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1. Introduction

1. Introduction

1.1 The development of vertebrate embryos

The basic anatomical development of vertebrates is comparable in almost all species.
After fertilisation, the zygote is formed, division continues and the blastocyst is
generated. The blastocyst is built of an epithelial cell layer with inner hollow space.
The epithelial layer develops to the three germ layers called entoderm, mesoderm
and ectoderm. The nervous system and epidermis are derived from the ectoderm. The
entoderm gives rise to the gut and its adnexa. Muscles, connective tissues and other

parts of the body are derived from the mesoderm (Alberts, 2009).

1.2 The development of the vertebrate nervous system

The nervous system is split into the central nervous system (CNS), including the
brain and spinal cord, and the peripheral nervous system (PNS) that contains the
autonomic, peripheral sensory and the enteric nervous system. Both are derived from
the ectoderm but their development and generated PNS and CNS derivatives are
completely different as will be described below.

The peripheral nervous system is derived from the neural crest, a transient structure,
sometimes called the fourth germ layer that originates from the ectoderm. The bona
fide neural crest is located between the future neural and non-neural ectoderm and is
called neural plate border at this stage. The neural crest is induced through a regula-
tory network including BMP, Wnt and FGF, which are secreted the from neural plate,
underlying mesoderm and adjacent non-neural ectoderm (Figure 1A). Intermediate
levels of BMPs induce the expression of ,neural crest specifiers“ such as Snail, Slug,
Tcfap2, Sox9 and FoxD3 (Figure 1A) (reviewed in Meulemans and Bronner-Fraser
2004). High BMP signaling leads to the induction of the epidermis. Low BMP signaling,

resulting from the presence of BMP inhibitors, such as noggin, chordin and follistatin
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Figure 1: The development of the nervous system. (A) displays the generation of
the neural crest (NC) controlled by BMP, Wnt and FGF and the BMP antagonists such
as FGF, chordin, noggin and follistatin. After neurulation (B), NC cells start to migrate
to their destinations. (C) At the trunk region they differentiate into melanocytes (M),
generate the DRG and the sympathetic ganglia (S). Neural plate (NP), neural plate
border (NPB), epidermis (E), notochord (N), dorsal aorta (A), neural tube (NT).

(Figure1A) (LaBonne and Bronner-Fraser, 1998), and FGF signaling induce the neural
plate that will form the entire CNS later in development (Rentzsch et al., 2004; Londin
et a., 2005). Wnt signaling also plays a role in neural crest induction and it is thought
that FGF is one of the inducers of Wnt. In the chicken, it was shown that Wnt inhibition
results in the failure of neural crest formation (Patthey et al., 2009). In the mouse, Wnts
are expressed just before the neural crest cells start to migrate and Wnt inhibition re-

sults in abnormalities of neural crest derivatives. Wnt signaling seems not be essential
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in the early development of the mouse neural crest (Ikeya et al., 1997). However, FGF
does not only induce Wnt signaling. When FGF receptors are blocked in ectoderm, the
neural crest fails to develop (reviewed in Milet and Monsoro-Burq, 2012). This is ex-
plained by the contribution of FGF signaling to the adjustment of the intermediate level
of BMP signaling by inducing an inhibitory phosphorylation on the Linker domain of
Smad1 (Streit et al., 2000; Kudoh et al., 2004). The regulatory network of neural crest
inducer and induced genes is very complex and not fully understood yet.

Neurulation starts after the induction of the neural plate, neural plate border and
epidermis. During this process the neuroepithelium, including the neural plate and
neural plate border, begins to form neural folds. The neural crest remains located in
a dorsolateral position during this process (Figure 1B) (Murphy and Bartlett, 1993).
Neural folds fuse to each other at the midline to generate the neural tube which will
form the brain and spinal cord later in development. In the mouse, the closure of the

neural tube begins at E8 (Copp et al., 2003).

1.2.1 The development of the peripheral nervous system (PNS)

The peripheral nervous system (PNS) is derived from the neural crest, which is built of
multipotent stem cells (Le Douarin, 1982; Le Douarin and Kalcheim,1999). The neural
crest cells delaminate from the closing neural tube after epithelial- mesenchymal
transition and migrate through the embryo until they reach their destinations and
differentiate into neurons, melanocytes, endocrine and glial cells (Le Douarin, 1982; Le
Douarin and Kalcheim,1999). The first population of neural crest cells starts to migrate
at the cranial region, where they generate the cranial sensory ganglia, parasympathetic
ganglia and in addition mesenchymal derivatives that will form the skeleton of the
face and other cranial mesenchymal derivatives (Le Douarin and Kalcheim, 1999).
Vagal (somites 1 to 7) the neural crest cells form the enteric nervous system. Trunk
neural crest cells migrate ventrally through the rostral part of the somites and at their

final destinations they generate the dorsal root ganglia (DRG), sympathetic ganglia (S)
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(Figure 1C) and chromaffin cells of the adrenal gland. Melanocytes are generated from

neural crest cells at all axial levels migrating beneath the ectoderm (Squire, 2008).

1.2.2 Dorsal root ganglia (DRG)

The DRG contains cell bodies of the neurons that transmit information from sensory
receptors in the periphery into the spinal cord. While early migrating neural crest cells
generate the sympathetic and enteric nervous system, the glial cells and neurons from
the DRG are generated by later migrating neural crest cells (Lefcort, 2007). The DRG
is built up by three cell migrating waves. The first wave of migrating neural crest cells
forms the ventrolateral neurons of the DRG (Wegner and Stolt, 2005; Wakamutsu et
al., 2000; Marmigiere and Ernfors, 2006; Bononi and Bradley, 2006). This population
comprises proprioceptive and mechanoreceptive neurons, which express TrkC and
TrkB (Carr et al., 1978; Rifkin et la., 2000). The second wave of migrating neural crest
cells generates the mediodorsal neurons and the external layer of glial cells in the
DRG (Wegner and Stolt, 2005; Wakamutsu et al., 2000; Marmigiere and Ernfors,
2006; Bononi and Bradley, 2006). During this phase nociceptive and thermoreceptive
neurons, which express TrkA, are produced (Carr et al., 1978; Rifkin et la., 2000). TrkA
and TrkC are receptors for the neurotrophins NGF and NT3, which are important for
the survival and axon growth (reviewed in Klein, 1994; Dechant et al., 1994; Barbacid,
1994). In the third phase, cells from the boundary cap migrate through the dorsal roots
into the DRG. The boundary cap is a transient cell structure that lies in the meninges
of the spinal cord, is derived from the neural crest and emerges in mice at E10.5.
Cells of the boundary cap proliferate during embryogenesis and disappear postnatally
(Golding and Cohen, 1997; Topilko et al., 1994; Le Douarin et al., 1992; Altman and
Bayer, 1984; Hjerling-Leffler et al., 2005). Approximately 5% of the neurons and glial
cells of the DRG are derived from the boundary cap (Hjerling-Leffler et al., 2005).
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1.2.3 Cranial neural crest derivatives

It has been believed for many years that the facial skeleton is derived from the
mesoderm as the skeleton of the whole body. That point of view changed at the end
of the 19th century, when it was proposed that the skull is derived from the cranial
neural crest rather than from the mesoderm (Platt, 1893). Almost 100 years later it was
revealed that not only most parts of the skull are neural crest-derived. It was shown that
many other cranial tissues at the facial region are neural crest progeny. Neural crest-
derived cranial mesenchymal tissues include the smooth muscles, adipose tissue of
skin over the calvarium, skin in the face as well as the ventral part of the neck and
many connective components in cephal organs (reviewed in Le Douarin et al., 2004).
Neural crest-derived cells were found in each layer of the meninges as well as in the
dermis in the forebrain region (Figure 2). In the leptomeninx, a layer between arachnoid
and pia mater (Figure 2), neural crest-derived pericytes were detected (Etchevers et
al., 1999; Etchevers et al., 2001). Cranial neural crest-derived pericytes were also
found at blood vessels in other cranial regions as in the face and ventral neck regions
(reviewed in Le Douarin at al., 2004). Pericytes lie adjacent to endothelial cells, the

inner layer of the blood vessels, and contribute to the capillary vasoconstriction, and

<— Epidermis
<— Dermis
<«— Conjunctive layer
<«— Periost
<—— Bone
<—— Dura mater
<—— Arachnoid > Meninges
<— Pia mater

Blood vessels
<— Neuroepithelium

Figure 2: The anatomy of the layers from embryonic anterior head. All blue marked
layers contain neural crest-derived cells as in the dermis, conjunctive layer, periost,
bone and meninges (dura mater, arachnoid and pia mater). Modified after Etchevers
et al., 1999.
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to the secretion of specialized extracellular matrices for the microvessels (reviewed in
Bergers and Song, 2005). Pericytes in the head are also necessary for the blood-brain
barrier (reviewed in Armulik et al., 2011). Endothelial cells of the blood vessels in the
head, in contrast to pericytes, are derived from the mesoderm (reviewed in Le Douarin,
2004). Interestingly, trunk neural crest cells do not generate mesenchymal derivatives
during normal development with the exception of lower vertebrates, where the dorsal
fin is neural crest-derived (Kague et al., 2012).

The cranial neural crest cells also give rise to neurons and glial cells (satellite cells)
of the cranial sensory ganglia, parasympathetic ganglia and Schwann cells that myeli-

nate peripheral axons (Le Douarin and Kalcheim, 1999).

1.2.4 Glial cells in the PNS and the development of Schwann cells

During development, the neural crest gives rise to myelinating- and non-myelinating
Schwann cells as well as to satellite glial cells (Georgiou et al., 1994; Gershon et al.,
1993; Anderson, 1993; Bronner-Fraser, 1993; Le Douarin et al., 1991). Myelinating
Schwann cells surround large axons and non-myelinating Schwann cells enclose
smaller axons in peripheral nerves. The satellite glial cells are usually found in the
ganglia but not in peripheral nerves. They are associated with the cell body of neurons.
In the mouse, Schwann cell precursor cells emerge between E12 and E13 (Jessen
and Mirsky, 1997) and express the transcription factor Sox10. Sox10 is a transcription
factor that binds as all Sox family transcription factors to a specific DNA sequence, the
so called Sry-Box. It is expressed in migrating neural crest cells, is down regulated in
developing neurons but maintained in Schwann cells, plays a role in early stages of
the development of Schwann cells and later during the differentiation into myelinating
Schwann cells (Britsch et al., 2001; Schreiner et al., 2007). Schwann cell precursor
cells express low levels of PO, which is a marker for glial cells in the PNS (Lee et al.,
1997). For the survival of Schwann cells, factors secreted from neurons are necessary.

Neuregulin, a factor secreted from adjacent neurons, binds to ErbB3/ErbB2 receptors
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Figure 3: The development of Schwann cells. The neural crest gives rise to many
cell types including the Schwann cells of the PNS. Neural crest cells are character-
ized by their expression of Sox10, Tcfap2a, Ncad, p75 and Erbb2/3. Schwann cell
precursor cells additionally express PO and Cadherin 19. Immature Schwann cells
downregulate Tcfap2a and Cadherin 19 as well as start to express O4, GFAP, S10083
and Oct6. Immature Schwann cells differentiate either into myelinating or non-myeli-
nating Schwann cells. Myelinating Schwann cells lose p75 as well as GFAP expression
and Krox20, Periaxin, MAG, MBP and PMP22 expression is induced. Non-myelinating
Schwann cells maintain GFAP and p75 expression but are devoid of myelinating genes
as Krox20, Periaxin, MAG, MBP and PMP22. Modified after Jessen and Mirsky, 2005.

and is important for the survival and development of Schwann cell precursor cells
(Wolpowitz et al., 2000; Morrissey et al., 1995). Schwann cell precursor cells develop
into immature Schwann cells between E13 and E15 in the mouse. Postnatally,
immature Schwann cells start to differentiate into myelinating Schwann cells. Tcfap2a
and Cadherin 19 are down regulated during the differentiation of Schwann cell
precursor cells into mature Schwann cells (reviewed in Jessen and Mirsky, 2005).
Immature Schwann cells express O4, GFAP and S1008, which are only weakly or
not expressed in Schwann cell precursor cells (reviewed in Jessen and Mirsky, 2005;
Woodhoo and Sommer, 2005). Significant expression of GFAP is not detectable until

the time of birth (reviewed in Jessen and Mirsky, 2005). Many transcription regulators,
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like Krox20, Sox10 and Oct6, are involved during the differentiation of immature
Schwann cells to myelinating Schwann cells (Reiprich et al., 2010). Sox10 and Oct6
act together to induce Krox20 expression in vitro (Ghislain and Charnay, 2006). Sox10
and Krox20 then induce the expression of myelin-specific genes like Periaxin, MAG
(myelin associated glycoprotein), PO (protein zero), MBP (myelin basic protein) and
PMP22 (proteolipid protein 22). N-CAM, the neurotrophin receptor p75 and GFAP
(glial fibrillary acidic protein), which are expressed in immature and non-myelinating
Schwann cells, are down regulated during the transition into myelinating Schwann
cells (Figure 3) (reviewed in Jessen and Mirsky, 2005). Myelinating Schwann cells are
able to dedifferentiate. Adult nerve injuries induce the dedifferentiation of myelinating
Schwann cells into immature Schwann cells, which then secrete factors that promote
axon regeneration. It is thought that Notch1 plays a major role during this process,
as it blocks myelination during the development and is repressed by Krox20 during

differentiation (Woodhoo et al., 2007).

1.2.5 The development of the central nervous system (CNS)

The neural tube forms the central nervous system. During neurulation the cranial and
caudal parts of the CNS are already committed to their brain and spinal cord fates, re-
spectively. The spinal cord is divided into repeating segments, each with sensory and
motor innervation. Before neural tube closure, the three primary vesicles at the cranial
region, prosencephalon (forebrain), mesencephalon (midbrain) and rhombencephalon
(hindbrain) are formed, which give rise to all structures of the brain (Figure 4A and B)

(reviewed in Nowakowsky and Hayes, 1999).

1.2.6 The development of the neural tube

The neural tube has characteristic dorsoventral areals, induced by morphogen

gradients. The development of the ventral part of the neural tube is patterned by a
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Figure 4: The development of the central nervous system (CNS). (A) The cranial
part of the neural tube forms three vesicles: Prosencephalon, mesencephalon and
rhombencephalon. (B) Prosencephalon develops to telencephalon and diencephalon,
and rhombencephalon becomes metencephalon and myelencephalon. (C) Dorsoventral
patterning of the spinal cord by Shh and BMP morphogen gradients results in the
differentiation of different types of interneurons at dorsal and ventral regions and
motoneurons at the ventral region of the neural tube. Floor plate (FP) and roof plate
(RP). Modified after Nowakowsky and Hayes, 1999.

gradient of sonic hedgehog (Shh), secreted from the floor plate and notochord. The
floor plate is only found in vertebrates. The ventral interneurons, motoneurons and
cells of the floor plate are specified by increasing levels of the Shh morphogen (Figure
4C). At the dorsal region, the BMPs play an essential role for spinal cord pattering.
BMPs are initially secreted by the non-neural ectoderm during neural plate generation
and induce the generation of the dorsal roof plate. The roof plate also secretes BMPs
which leads to the emergence of a BMP morphogen gradient and to the specification

of different dorsal interneurons (Figure 4C) (Squire, 2008).

1.2.7 The development of CNS cell types during embryogenesis

The CNS of vertebrates is built of three major kinds of cell types: Neurons, astrocytes

and oligodendrocytes. Those three cell types are derived from the neuroepithelium.

Neurons, astrocytes and oligodendrocytes are sequentially generated in different parts
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of the brain (Altman and Bayer, 1984). In the following, the generation of motoneurons,
astrocytes and oligodendrocytes in the spinal cord is described which is of relevance

in the context of the present study.

1.2.8 Motoneurons

Motoneurons are responsible for muscle contraction. Degenerative diseases of moto-
neurons like Amyotrophic lateral sclerosis (ALS) result in muscle atrophy and complete
paralysis (Gurney et al., 1994).

The molecular control of motoneuron and interneuron differentiation has been analyzed
in great detail, revealing specific cascades by transcription factors that act at different
dorso-ventral domains.The ventral spinal cord contains four interneuron domains (pO,
p1, p2 and p3) as well as one motoneuron domain (pMN) (Figure 5), in which different
types of interneurons and motoneurons are generated. A set of homoeodomain
proteins, whose expression is dependent on distinct levels of Shh, determine these
distinguishable domains in the ventral spinal cord. The motoneurons are derived from
progenitors which are only located at the pMN domain. The pMN domain is defined by
the expression of Olig2, Pax6 and Nkx6.1 as well as other genes in adjacent domains
like Nkx2.2 and Irx3, which determine the boundary of the pMN domain (Figure 5) (Fu
et al., 2002; Zhou et al., 2000; Briscoe et al., 2000, Lu et al., 2000). Olig2 is essential
for motoneuron development. It is induced by Nkx6.1 and Nkx6.2 and is sufficient
to promote Ngn2 expression, cell cycle exit as well as neuronal marker expression
(Bennettetal., 2001; Lui et al., 2003; Novitch et la., 2001; Sun et al., 1998). In vitro it has
been shown that Olig2 is induced by FGF2 (reviewed in Rowitch, 2004). The expansion
of Olig2 expression outside of the pMN domain is inhibited by the expression of Irx3
(expressed dorsally at the p0O, p1 and p2 interneuron domain) and Nkx2.2 (expressed
ventrally at the p3 interneuron domain) (Figure 5) (Sun et al., 2003; Lu et al., 2002).
Along the rostral/caudal axis specialized motoneuron subclasses have distinct

positions in repeating segments to innervate different peripheral muscles and targets
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Figure 5: Early spinal cord patterning and development of motoneurons and
oligodendrocytes. The motoneuron (pMN) domain sequentially gives rise to moto-
neurons and to the cells of the oligodendrocyte lineage after motoneuron production.
The pMN domain is characterized by the expression of Olig2 and its expansion is in-
hibited by Irx3 and Nkx2.2. Olig2 is induced through Nkx6.1 and Nkx6.2 and is essen-
tial for the induction of neuronal genes in motoneuron development. Dorsal expansion
of Nkx2.2 is inhibited by Pax6. In mouse, oligodendrocyte development is induced by
Olig2, Sox10 and Pdgfra. After migration starts, OPCs start to express Nkx2.2. Moto-
neuron domain (pMN); Interneuron domains of the ventral spinal cord (p0, p1, p2, p3).

(reviewed in Lee and Pfaff, 2001). Motoneuron subclasses at the rostral/caudal region
are specialized through distinct retinoic acid levels and the Hox gene code (reviewed

in Lee and Pfaff, 2001; Dasen et al., 2003).

1.2.9 Astrocytes

Astrocytes are responsible for the composition of the extracellular environment in the
CNS. They have many receptors for neurotransmitters and control the ion concen-

tration in extracellular spaces by gap junctions and ion channels (Kettenmann et al.,
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1984; Brightman and Reese, 1969). It is thought that astrocytes play a major role
in the establishment of functional synapses (Ullian et al., 2001). Astrocytes, like late
immature- and non-myelinating Schwann cells, express GFAP. GFAP is a marker for
astrocytes in the CNS (Bignami et al., 1972; Walz and Lang, 1998). In the spinal cord
astrocytes are generated at all dorsal and ventral regions, except for the motoneuron
region, where only motoneurons and oligodendrocytes are generated (Pringle et al.,

1998).

1.2.10 Oligodendrocytes

The maijority of oligodendrocytes populate the white matter tract and generate myelin
for the isolation of axons to allow fast impulse propagation (Bunge, 1968). Dysfunction
of myelin through injury, pathological degeneration (Waxman, 1991) or genetical
ablation (Nave, 1995) leads to serious defects in the CNS. For example, focal myelin
degeneration in the disease of Multiple sclerosis results in the progressive loss of the
neuronal functions in the CNS (Waxman, 1991).

In the following section the development of oligodendrocytes in the spinal cord will be
delineated, because it belongs to the best understood models. Oligodendrocyte pre-
cursor cells (OPCs) develop within the pMN domain at a selective time window, start-
ing after motoneuron development (Lu et al., 2000; Richardson et al., 1997; Spassky
et al., 2000). In the mouse, oligodendrocyte precursor cells are born at E12.5 and start
to express Pdgfra and Sox10. Early oligodendrocyte progenitor cells start to migrate
to the dorsal and ventral parts of the spinal cord at E13.5 and start to express Nkx2.2
(Fu et al., 2002; Zhou et al., 2001). At about E13.5 oligodendrocyte precursor cells
are also generated at the dorsal spinal cord and are not regulated by Shh signaling
(Vallstedt et al., 2005, Cai et al., 2005). Late OPCs (Figure 6) start to express the POA
antigen, which is recognized by O4 antibody. However, O4-positive OPCs are still pro-
liferative until the onset of the final differentiation (Bansal and Pfeifer, 1992; Warrington

et al., 1993; Ono et al., 2001). During maturation, oligodendrocytes extend multiple
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Olig2 Olig2 Olig2 NG2 Olig2 04
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Oligodendrocyte Oligodendrocyte

Figure 6: The differentiation of oligodendrocytes. Oligodendrocyte precursor cells
(OPCs) are characterized by their expression of Olig2, Sox10, Pdgfra, Nkx2.2 and NG2.
O4 expression is induced in late OPCs. Premyelinating oligodendrocytes additionally
express PLP and MAG. MBP and MOG are expressed in Myelinating oligodendrocytes.

processes for later myelination. Contrary to Schwann cells, where each Schwann cell
myelinates a single axon, oligodendrocytes are able to myelinate many axons with
their processes. During this differentiation, oligodendrocytes mature into premyelinat-
ing oligodendrocytes that express MAG, CNP and MBP (Figure 6). Myelinating oligo-
dendrocytes start to express PLP and MAG (Figure 6) (reviewed in Nicolay et al., 2007;
reviewed in Miller, 2002; reviewed in Zhang, 2001; reviewed in Woodruff, 2001). Like
in Schwann cells, Sox10 plays a major role in the induction of genes that are important

for myelination (Stolt et al., 2002; Liu et al., 2007 ).

1.3 Stem cells in the developing and adult tissue

A stem cell is a cell which is characterized by the ability to divide throughout the life-
time of an organism and to produce both stem cells (self-renewal) and differentiated

daughter cells. Thus, stem cells are identified by their potential to self-renew, based on

the production of at least one equivalent daughter cell. Furthermore, they have a more
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or less broad developmental potential, which means that they are able to differentiate
into different cell types. Thus, stem cells can be subdivided into different categories de-
pending on their developmental potential. A totipotent stem cell, the zygote, is able to
form a whole organism. Pluripotent stem cells have the potential to differentiate into all
cell lines of an organism. Therefore, they differentiate into cells of all three germ layers.
They are described as embryonic stem cells (ESCs) and are not able to form an entire
organism, in contrast to totipotent stem cells. Multipotent stem cells have a restricted
developmental potential and are able to generate multiple cell lines that constitute an
entire tissue/organ. Oligopotent stem cells form at least two cell lines within a specific
tissue. Unipotent stem cells form only one cell line or cell type within a specific tissue
(Smith, 2006).

ESCs are defined as pluripotent stem cells and can be isolated from the morula
or from the inner part of the blastocyst. Recent findings describe the production of
induced pluripotent stem cells (iPSCs) derived from fibroblasts (Takahashi et al., 2006;
Takahashi et al., 2007; Park et al., 2007; Yu et al., 2007) which will be described in
more detail below. An alternative to ESCs and iPSCs for cell replacement therapies are
tissue-specific stem cells. Tissue-specific stem cells populate embryonic-, postnatal-
and adult tissues and function in maintenance and repair of relevant tissues (Smith et

al., 2006).

1.3.1 Induced pluripotent stem cells (iPSCs)

The work with human ESCs is of high interest because of their potency to generate
cells of all three germ layers and their potential use to treat degenerative diseases by
transplantation. However, the use of human ESCs is an ethical issue which is discussed
controversely in different countries. In Germany, the isolation and generation of human
ESCs is forbidden by law to secure the human dignity and life protection. The begin of
human life starts after egg fertilization and the generated zygote is already under the

protection of human dignity in Germany. The use of human ESCs for cell replacement
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therapies is also complicated because of tissue rejection after the transplantation of
heterologous human ESCs into patients (Swijnenburg et al., 2005; Nussbaum et al.,
2007; Bonnevie et al, 2007). The generation of iPSCs avoids these problems because
it allows the generation of autologous stem cells from adult tissue. In 2006 the research
group of Yamanaka showed for the first time the successful reprogramming of mouse
embryonic and adult fibroblasts into induced pluripotent stem cells (iPSCs) by retroviral
introduction of a group of defined factors i.e. Oct3/4, Sox2, c-Myc and KiIf4, which
were known for their role in the maintenance of pluripotency in ESCs (Takahashi et al.,
2006). One year later the same group demonstrated the generation of iPSCs derived
from adult human dermal fibroblasts by the same factors (Takahashi et al., 2007).
Simultaneously, several other groups confirmed these findings (Park et al., 2007; Yu
et al., 2007). The advantage of iPSCs is that they can be produced from patient tissue
and that transplanted iPSCs are not rejected. However, like ESCs also iPSCs generate
teratomas after transplantation into syngeneic or immunodeficient mice and teratoma
will also be formed after transplantation of human iPSCs into patients (reviewed in
Ben-David and Benvenisty, 2011). Another disadvantage represents the retrovirally
introduced transgenes in iPSCs. At the present stage iPSCs cannot be used for stem
cell based therapy because of safety concerns (Aoi et al., 2008). Transient transgene
introduction via expression plasmids, episomal vectors or Piggy Bac transposon are
expected to avoid permanent genetic alteration during iPSC induction. In addition,
cultured iPSCs tend to genomic alteration by acquiring chromosomal trisomy which
leads to enhanced proliferation and is probably linked to the culture conditions used
(reviewed in Ben-David and Benvenisty, 2011). An alternative for the generation of
specific cell types from iPSCs is the direct reprogramming of fibroblasts to specific
cell types without pluripotent state. Recent investigations describe the generation of
induced neural stem cells (iINSCs) from fibroblasts by defined factors (Han et al., 2012).
INSCs show the potential to self-renew, display nearly identical features to control NSCs
and are able to differentiate into neurons, astrocytes and cells of the oligodendrocyte

lineage in vitro and in vivo (Han et al., 2012). Other groups demonstrated the generation
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of oligodendrocyte-like cells from fibroblasts by ectopic expression of the transcription
factors, Sox10, Olig2 and Zfp536 or Nkx6.1. Induced oligodendrocyte-like cells show
the potential to mature into myelinating oligodendrocytes after the transplantation into
hypomyelinated and shiverer mice (Yang et al., 2013; Najm et al., 2013). It remains

unclear, however, whether tumors develop from the implanted cells.

1.3.2 Tissue-specific stem cells

Tissue-specific stem cells populate fetal and adult tissue and function as a cell
reservoir. During embryonic development, the cells of the germ layers undergo multiple
steps of proliferation and the progeny differentiate into multipotent, tripotent, bipotent
and unipotent precursor cells in the organism. The majority of the cells develops into
differentiated progeny, whereas a small fraction of the cells remains as stem cells in
the specific environment (stem cell niche) and has a restricted developmental potential
(reviewed in Young and Black, 2004). For example hematopoietic stem cells populate
the bone marrow and are able to differentiate into all mature blood cells (reviewed in
Wilson and Trumpp, 2006). Myofibroblasts contribute to the maintenance and repair
of muscle tissue (Mauro, 1961). Additionally, the small intestine, which includes the
duodenum, jejunum and ileum, harbours stem cells that show the ability to renew the
epithelium within a time period of 5 days (reviewed in Barker et al., 2008). Tissue-
specific stem cells were identified in many postnatal and adult tissues (reviewed in

Young and Black, 2004) and some of them will be described below.

1.3.3 Mesenchymal stem cells

At least two distinct stem cell populations, the hematopoietic stem cells and the
mesenchymal stem cells (MSCs), also called multipotent marrow stromal cells or
mesenchymal stromal cells, reside in the bone marrow stroma. Besides the bone

marrow stroma, which is the first tissue analyzed for MSC isolation, cells with MSC
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characteristics can be isolated from other mesodermal-derived tissues such as the
peripheral blood, fetal liver and lung, adipose tissue, skeletal muscle, amniotic fluid,
synovium and the circulary system (reviewed in Wagey, 2011). MSCs are defined by
their ability to self-renew, and their multipotent developmental potential, which means
the ability to differentiate in several mesenchymal cell types (reviewed in Caplan,
1991). There is a considerable interest to use MSCs in regenerative medicine because
of their ability to repair damaged muscle including the ischemic heart muscle (reviewed
in Grove et al., 2004). To standardize such approaches the International Society for
Cellular Therapy defined minimal criteria of human MSCs for cellular therapy. MSCs
should have the following characteristics: /) They must be adherend on plastic. ii) They
must express certain surface antigens, such as CD105, CD73 and CD90, and must
be devoid of CD45 (pan-leukocyte marker), CD35 (marker for primitive hematopoietic
progenitor cells), CD14 and CD11b (markers for monocytes and macrophages) as well
as CD79a and CD19 (markers for B cells). Finally, they must be able to differentiate
into osteoblasts, adipocytes and chondroblasts in vitro. These criteria only apply for
human MSCs and are not well characterized for murine MSCs (Dominici et al., 2006).
Notably, many if not all of the markers are also expressed by cultured pericytes (Crisan
et al., 2008). Furthermore, long term cultured pericytes are able to differentiate into
chondrocytes, adipocytes and osteocytes in vitro, having the same developmental
potential like MSCs. It turned out that endogenous pericytes within the tissue express
all the above mentioned MSC markers, which raises the question if MSCs originate
from pericytes (Crisan et al., 2008). Indeed, it was even suggested that all MSCs
are pericytes (reviewed in Caplan, 2008). This is supported by the finding that MSCs
derived from endometrium express pericyte markers such as CD146 and PDGF-RJ
(Schwab and Gargett, 2007). An alternative possibility would be that pericytes represent
a subpopulation of MSCs (Blocki et al., 2013). Although the origin of MSCs, even if
heterogeneous, is presently not clear, a close similarity of MSC and Pericyte identity

is evident.
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1.3.4 Stem cells in the central nervous system (CNS)

There are two very well described adult stem cell niches in the CNS, the subgranular
zone of the dentate gyrus and the subventricular zone (SVZ). CNS stem cells in the SVZ
display characteristics of radial glial cells and astrocytes, reflected by their expression
of GFAP and Nestin (Merkle et al., 2004). They generate neuroblasts in the SVZ that
migrate through the rostral stream into the olfactory bulb where they differentiate into
interneurons (Figure 7). These stem cells contribute to the maintenance of the olfactory
system in vivo (reviewed in Louis, 2013). Stem cells, which are described as radial
glia-like cells, populate the subgranular zone of the dentate gyrus and express, like
SVZ stem cells, GFAP and Nestin (Seri et al., 2001). They generate mature granule
cells after many steps of asymetric and symetric dividing (Figure 7). The generation of
mature granule cells takes about 4 to 6 weeks (Zhao et al., 2007) and it is thought that

newborn mature granule cells are required for processing new memory (Deisseroth et

radial glia- 7@ mature
like cell granule
cell

Figure 7: Stem cell niches in the CNS. The two major stem cell niches in the CNS
are the subventricular zone (SVZ) (A) and the subgranular zone (SGZ) of the dentate
gyrus (dg)(B). (A) Stem cells of the SVZ migrate through the rostral migratory stream
(RMS) into the olfactory bulb (OB) where they generate interneurons. (B) Radial glia-
like cells in the subgranular zone of the dentate gyrus generate mature granule cells
after many steps of asymetric and symetric dividing. Dentate gyrus (dg); Ventricle
(V); Corpus callosum (CC); Cortex (Cx); Granule cell layer (GCL); CA3 region of the
dentate gyrus (CA3). (A) Modified after Saha et al., 2012; (B) modified after Hanson et
al., 2011.
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al., 2004; Wiskott et al., 2006). In vitro, stem cells isolated from the adult CNS generate
neurospheres (NS), and show stem cell properties. They have an at least oligopotent
developmental potential, demonstrated by the differentiation into neurons, astrocytes
and oligodendrocytes, and have the ability to self-renew (Reynolds and Weiss, 1992;
Richards et al., 1992).

Different research groups found stem cell niches in other postnatal and adult regions
of the CNS. Cells which are isolated from postnatal and adult cerebellum display stem
cell characteristics by using the neurosphere assay (Lee et al., 2005; Klein et al.,
2005). Furthermore, stem cells were isolated from the adult spinal cord, which have
the ability, as SVZ-derived NS, to self-renew and differentiate into neurons, oligoden-
drocytes and astrocytes in vitro (Weiss et al., 1996). The isolation of CNS stem cells
and the generation of CNS cell types is of considerable interest for the potential use in
regenerative medicine to treat diseases like Multiple sclerosis, Parkinson, Alzheimer

and others.

1.3.5 Neural crest stem cells (NCSCs)

The first in vivo evidence for a multipotent state of neural crest stem cells (NCSCs)
was obtained from lineage tracing experiments, where it was shown that the progeny
of individual dye-labeled neural crest cells migrate and differentiate into cell types
of the DRG, sympathetic ganglia, Schwann cells of ventral roots, as well as into
neuroepithelial cells and neurons of the neural tube in vivo (Bronner-Fraser and Fraser,
1989). These results were supported by the findings from Frank and Sanes in 1991,
who showed that the progeny of single LacZ-carrying retrovirus-labeled NCSCs are
able to differentiate into both, neurons and glial cells of the DRG (Frank and Sanes,
1991). Earlier findings that the facial skull and other facial mesenchymal tissues in the
cranial region are neural crest-derived were supported by using several transgenic
mouse lines, expressing Cre under the control of neural crest gene promotors such,

as Wnt1, PO and Sox10, and so activating GFP or LacZ expression (reviewed in Dupin
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and Douarin, 2014). Additionally, a multipotent state of NCSCs was also demonstrated
in vitro, using clonal cultures that generate colonies from cephalic NCSCs that contain
several cell types like neurons, glial-, pigment cells and cartilage and show the potency
to self-renew (Baroffio et al., 1988; Baroffio et al., 1991).These results underline that
NCSCs have a high developmental plasticity, reflected by their differentiation into cells
of the peripheral nervous system and mesenchymal lineage. An important breathrough
in the analyses of neural stem cells came with the studies of Reynolds and Weiss in
1992. They showed that neural stem cells generate neurospheres (NS) in vitro under
specific medium conditions containing growth factors such as EGF and FGF (Reynolds
and Weiss,1992; Reynolds and Rietze, 2005). One single NS is generated by a single
stem cell, which produces daughter cells throughout continuous dividing that leads
to the emergence of a spherical structure. Since cultured NS are able to fuse with
each other, and two fused NS with a unipotent developmental potential would mimic
a broader developmental potential, clonal NS assays are used to avoid this problem
(Sinseg et al., 2006; Jessberger et al., 2007; Mori et al., 2007; Coles-Takabe et al.,
2008). Clonal NS can be generated by very low density cultures to avoid NS fusion or by
seeding one single cell in one well. The multipotent state of NCSCs was only confirmed
in a few clonal cultures, arguing that the cells need different environmental cues for
differentiation (Baroffio et al., 1988; Baroffio et al., 1991; reviewed in Sommer, 2001).
It was shown that certain factors promote cell type specific differentiation of NCSCs.
For example TGF- promotes smooth muscle differentiation, BMP2 autonomic neuron
differentiation, NRG1 glial differentiation and Wnt1 sensory neuron differentiation
(reviewed in Shakhova and Sommer, 2010). Furthermore, multipotent and self-
renewing NCSCs can be isolated via the low affinity NGF receptor p75 (Stemple and
Anderson, 1992) and Sox10 is required for the survival of NCSCs (Paratore et al.,
2001). Interestingly, NCSCs are found in many postmigratory tissues (Dupin et al.,

2007) and some of them will be described below.
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1.3.6 Postmigratory NCSCs

NCSCs reside in many embryonic, postnatal and adult postmigratory neural crest-
derived tissues. In 1992, the group of Sieber-Blum successfully isolated multipotent
cells from quail embryonic DRG and the sympathetic ganglion (Duff et al., 1992).
Since the DRG and the sympathetic ganglion are composed of many different cell
types, the identity of those multipotent stem cells was unknown. Convincing evidence
for the existence of postmigratory NCSCs was obtained by the Anderson lab. The
group isolated p75-positive, PO-negative, multipotent and self-renewing NCSCs from
E14.5 rat sciatic nerve that generate neurons and glia when transplanted into chicken
embryos (Morrison at al., 1999). These results were supported by the finding that p75-
positive multipotent NCSCs can also be isolated from embryonic and adult rat gut
(Kruger et al., 2002). Several other groups confirmed the existence of multipotent,
self-renewing postmigratory trunk NCSCs (Hjerling-Leffler et al., 2005; Li et al., 2007,
Nagoshi et al., 2008).

Cranial NCSCs often have a broader developmental potential in comparison to
postmigratory trunk NCSCs, because of their potency to generate mesenchymal
derivatives like osteocytes, chondrocytes and adipocytes. Cranial NCSCs were found
in the olfactory mucosa, respiratory mucosa, oral mucosa, eye, periodontium and the
palate (reviewed in Kaltschmidt et al., 2011).

Since the trunk neural crest has a more restricted developmental potential in comparison
to the cranial neural crest, the detection of in vitro generated mesenchymal derivatives
from trunk-derived NCSCs, under defined medium conditions, was surprising (Calloni
et al., 2007; Calloni et al., 2009; Ido et al., 2006). John et al., (2011) demonstrated
that the generation of mesenchymal derivatives from the trunk neural crest is TGF-f3

dependent (John et al., 2011).
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1.3.7 Easily accessible tissue sources for NCSC isolation

It is of considerable interest to isolate NCSCs from easily accessible tissues with
respect to their potential use in regenerative medicine. An easily accessible tissue for
NCSC isolation represents the facial skin. Using a Wnt1-Cre/R26R mouse to trace the
localization of NCSCs, galactosidase-positive signals were found in whisker papilla
cells, mainly at the bulge region (Sieber-Blum et al., 2004). Those bulge-derived cells
which also express Nestin and Sox10, have the ability to self-renew as well as to
differentiate into neurons, Schwann cells and into chondrocytes (Sieber-Blum et al.,
2004).

An additional easily accessible tissue source for NCSC isolation is the adult rat palatal
rugae. Nestin- and p75-coexpressing NCSCs, which lie adjacent to Meissner corpuscles
and Merkel cell-neurite complexes, were detected (Widera et al., 2009). These NCSCs
are also colocalized within neurofilament-M-positive axons. So called palatal neural
crest-related stem cells (pNCSCs) could be cultured by using the neurosphere (NS)
assay. Newly propagated pNCSCs revealed the expression of neural crest markers,
such as Sox9, Twist, Slug and p75. Those cells also express the stem cell markers
CD133 and Nestin as well as pluripotency genes, such as Sox2, Oct4, KIf4 and c-Myc.
Furthermore, pNCSCs were able to differentiate into neurons, GFAP-expressing
glial cells and smooth muscle cells in vitro. The potency to generate mesenchymal

derivatives from pNCSCs was not analyzed (Widera et al., 2009; Widera et al., 2011)

1.3.8 NCSCs have the potential to generate CNS derivatives

Postmigratory NCSCs display a high developmental plasticity shown by their
differentiation into cells of the peripheral nervous system as well as into cells of the
mesenchymal lineage. First evidence for the plasticity of DRG progenitors to generate
CNS progeny came from Svenningsen and colleagues (2004). They revealed that

satellite glial cells of the DRG show the potential to generate OPCs that express Ng2
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as well as Pdgfra and generate GFAP-expressing astrocyte-like cells (Svenningsen
et al., 2004). In addition, Dromard et al., (2007) detected Olig2-expressing cells in NS
cells derived from E13.5 DRG that were cultured in the presence of high amounts of
FGF and EGF.

Furthermore, parallel studies by Baron-Van-Evercooren and Rohrer demonstrated
that NCSCs, derived from postmigratory tissues, show the ability to differentiate into
CNS cell types in vitro and in vivo (Zujovic et al., 2009; Binder et al., 2011; Zujovic et
al., 2011) The group of Baron-Van-Evercooren showed that E10.5 boundary cap cells
transplanted into the spinal cord display CNS characteristics. Transplanted boundary
cap cells express CC1, Olig2 and MOG, which are usually expressed in cells of the
oligodendrocyte lineage (Zujovic et al., 2009). The group of Rohrer found out that
NCSCs derived from E12.5 mouse DRG display CNS characteristics in culture and are
able to differentiate into CNS cell types in vitro and in vivo. After transplantation into
brains of postnatal shiverer mice, the injected cells predominantly differentiated into
cells of the oligodendrocyte lineage, including myelinating oligodendrocytes (Binder et
al., 2011). Similar findings were obtained from the group of Baron-Van-Evercooren. They
showed that boundary cap derived NCSCs generate CNS oligodendrocytes in vitro and
in vivo (Zujovic et al., 2011). Even adult human skin-derived NCSCs differentiate into
dopaminergic neurons by different combinations of supplemented factors (Narytnyk
et al., 2014). Taken together, these findings demonstrate convincingly that NCSCs
acquire CNS fates and thus may represent a potential source for CNS stem cell based

therapies.
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2. Aim of the project

Postmigratory neural crest-derived stem cells (NCSCs) display a high developmental
potential, reflected by their differentiation into cells of the PNS and cells of the
mesenchymal lineage. In addition, the generation of CNS cell types from NCSCs
were recently described (Zujovic et al., 2009; Binder et al., 2011; Zujovic et al., 2011;
Narytnyk et al., 2014).

Sox10-positive NCSCs from E12.5 mouse DRG cultured in the presence of EGF and
FGF show the ability to self-renew, generate neurospheres (NS) and have an at least
oligopotent developmental potential. Passage 3 NCSC NS express the CNS transcrip-
tion factor Olig2 and are able to differentiate into CNS cell types, including neurons,
oligodendrocytes and astrocytes in vitro (Binder et al., 2011). PNS marker genes, such
as Peripherin and p75, are undetectable in passage 3 NS (Binder et al., 2011, Marlen
Weber, Diploma thesis, 2010). In vivo, it has been demonstrated that the majority of
DRG-derived NCSCs differentiate into cells of the oligodendrocyte lineage upon in-
jection into embryonic, postnatal and adult mouse brains (Binder et al., 2011). These
DRG-derived NCSCs acquire a ventral spinal cord identity in NS culture, as it is indi-
cated by the expression of trunk Hox genes, ventral neural tube marker genes and
the lack of cortical markers (Binder et al., 2011). It is, however, unclear whether the
reprogramming of NCSCs to rNCSCs (reprogrammed neural crest-derived stem cells)

results in a partial or complete CNS identity.

The aim of the project is to analyze the reprogramming of embryonic DRG-derived
NCSCs towards CNS fates in more detail. This includes the examination of the molecular
and cellular mechanism of the reprogramming process in vitro. Gene expression
profiles of INCSCs and spinal cord stem cells (SCSCs) are expected to give detailed
information of the gene expression pattern of INCSCs in comparison to SCSCs.

Furthermore, it is aimed to establish a culture system, that prevents the reprogram-

ming process of DRG-derived NCSCs. The differentiation potential and the cell type
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identity of those NCSCs will be analyzed.

The use of INCSCs for cell therapies requires an accessible source of these cells in
the adult organism. As the DRG from adult mice is not an easily reachable tissue, it
was of interest to identify an alternative source. An easily attainable tissue source that
contains NCSCs is the adult rat palatal rugae (Widera et al., 2009; Widera et al., 2011).
It is aimed to investigate whether NCSCs from adult mouse palate acquire a CNS
identity in the presence of EGF and FGF like embryonic DRG-derived rNCSCs.
Additionally, using a Sox70-GFP mouse line, the cell type identity of palate-derived

NS-forming cells will be examined.
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3. Materials and Methods

3.1 Materials

3.1.1 List of manufacturers

Manufacturer

Chemical/Substance

Applied Biosystems, Carlsbad, California

Random Hexamer Primer

Prepro Tech EC, London, UK

NGF

Boehringer, Mannheim, Germany

DTT

Cell Systems Biotech. Vertrieb GmbH, St.
Katharinen, Germany

Collagenase (220 U/mg)

Charles River Deutschland GmbH, Extertel,
Germany

C57BI/6J mice

Difco, Detroit, Michigan, USA

Bacto-Yeast-Extract, Bacto-Trypton, Bacto-Agar

Fisher Scientific, Nidderau, Germany

Omnifix single-use syringe, canulaes

Gibco BRL, Invitrogen, Life Technologies,
Eggenstein, Germany

Agarose, L-Glutamine, Fetal Calf Serum (FCS),
Penicillin-Streptomycin (5000 U/ml), Trypsin-
EDTA, B-Mecaptoethanol, dNTP Set (PCR),
Laminin, M-MLV Reverse Transcriptase, M-MLV
Reverse Transcriptase Kit, N2-Supplement
(100x), B27-Supplement (50x), bFGF, EGEF,
Trypsin-EDTA, Oligo dT20-Primer, RNase H,
RNase out, secondary antibodies, Super Script llI
Reverse Transcriptase, Super Script |l
Polymerase Kit, RT Kit, Taq DNA-PohI)}/merase kit,
1 kb plus ladder, ELECTROMAX™ DH5a-E™
Component cells, Trizol, MEM

Merck, Millipore, Darmstadt, Germany

Boric acid, CaCl x 2H,0, Glucose, MgSQO, x
7H,0, NaCl, NaHCOs;, Na,HPQ,, LiCl, KH,HPO,,
rabbit anti-Olig2, Paraformaldehyde

MWG Biotech., Ebersberg, Germany

Oligonucleotides (Primer)

Nunc, Wiesbaden, Germany

35 mm cell-culture dishes

Qiagen, Hilden, Germany

Gel extraction kit, Plasmid Purification Midi and
Mini kit, Qiashredder-columns, RNeasy Mini Kit,
PCR Purification Kit, HotStarTaq Plus Master Mix
Kit

R&D Systems, Wiesbaden, Deutschland

BMP4, Neuregulin1, NT3, goat anti-Sox3

Riedel-De-Haen, Seelze, Germany

Ethanol, NaOH, HCI, Trinatriumcitrate

Roche Diagnostics, Mannheim, Germany

Restrictionendonucleases (with
Buffers), Proteinase K, Ampicillin

matching

Roth, Karlsruhe, Germany

Triton-X-100

Serva, Heidelberg, Germany

Paraformaldehyde, Bromphenolblue

Sigma-Aldrich-Chemicals,
Taufkirchen, Germany

DMEM/F12, DNase1, Ethidiumbromid, HEPES,
Isopropanol, Poly-DL-Orinithine, Hydrobromid,
Bovine-Serum-Albumin  (BSA), Yeast RNA,
Xylencyanol, Heparin, Forskolin, Ascorbic acid
sodium, cAMP, Retinoic acid (RA)

VWR, Darmstadt, Germany

Glass Cover Slips (10 mm Diameter),
Pasteurpipettes

Worthington, Freehold, Ohio, USA

Trypsin, Soybean-Trypsin-Inhibitor

Promega, Mannheim, Germany

pGEM®-T Easy vector system, BDNF, GDNF,
rabbit anti-p75

Lonza AG, KdéIn, Germany

Amaxa' Basic Neuron SCN Nucleofector ™ Kit
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J.T.Baker, Deventer, Netherland

Potassium chloride (KCI)

Becton Dickson, Le Pont de Claix, France

Petri-dishes (60x15 mm, 35x10 mm)

BD Falcon, Franklin Lakes, NJ, USA

Cell strainer (40 ym, 100 um), reaction tubes (50
ml, 15 ml)

Greiner-Bio-One GmbH, Frickenhausen,
Germany

Cell culture flasks, 4 well-plates

PAA Laboratories GmbH, Colbe, Germany

Accutase, Amphotericin B

Abcam, Cambridge, UK

Mouse anti-p75, Mouse anti-Peripherin

Santa Cruz Biotechnology, Inc., Heidelberg,
Germany

Goat-anti Sox10

Hiss Diagnostics GmbH, Freiburg, Deutschland

Mouse and rabbit anti-Tuj1

Developmental Studies Hybridoma Bank, lowa
City, lowa, USA

Mouse anti-Tcfap2a

Cell Signaling Technology, Leiden, Netherland

Rabbit anti-CNPase

Sanofis Aventis, Frankfurt, Germany

DAPI

SARSTEDT, Numbrecht, Germany

Petri-dishes, 10 mm

Table 1: List of all chemicals and substances and the according manufactures

3.1.2 Media, solutions and supplements

If not stated otherwise, media and solutions were made with highly purified H,O

(MilliQ-filter system by Millipore).

3.1.2.1 Media used for cell culture

All media were sterile filtrated

Medium

Composition

Proliferation medium for rNCSCs, SCSCs, and
NCSCs from postnatal (P3) mice

DMEM/F12 1:1

1% N2-Supplement

1% B27-Supplement

0.7% L-Glutamine

1% Penicillin/Streptomycin (P/S)
20 ng/ml bFGF

20 ng/ml EGF

0.5 U/ml Heparin

Proliferation medium for FGF NCSCs and FGF
SCSCs

DMEM/F12 1:1

1% N2-Supplement
1% B27-Supplement
0.7% L-Glutamine
1% PIS

20 ng/ml bFGF

0.5 U/ml Heparin

Proliferation medium for EGF SCSCs

DMEM/F12 1:1

1% N2-Supplement
1% B27-Supplement
0.7% L-Glutamine
1% P/S

20 ng/ml EGF

0.5 U/ml Heparin
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Proliferation medium for BMP NCSCs

DMEM/F12 1:1

1% N2-Supplement
1% B27-Supplement
0.7% L-Glutamine
1% P/S

20 ng/ml bFGF

20 ng/ml EGF

0.5 U/ml Heparin

10 ng/ml BMP4

Proliferation medium for pNCSCs

DMEM/F12 1:1

3% B27-Supplement
1% L-Glutamine

1% PIS

1% Amphotericin b
40 ng/ml bFGF

20 ng/ml EGF

0.5 U/ml Heparin

Standard differentiation medium

DMEM/F12

1% B27-Supplement
1% L-Glutamine

1% P/S

1.5% FCS

50 nM retinoic acid (RA)

Schwann cell differentiation medium

DMEM/F12

1% B27-Supplement

1% L-Glutamine

1% P/S

1% FCS

4 uM forskolin

50 ng/ml neuregulin 1 (NRG1)

Medium, containing EGF and FGF, for neuronal
differentiation of BMP NCSCs

DMEM/F12 1:1

1% N2-Supplement
1% P/S

1% L-Glutamine

10 ng/ml bFGF

10 ng/ml EGF

Neuronal differentiation medium of BMP NCSCs

DMEM/F12 1:1

1% N2-Supplement
1% P/IS

1% L-Glutamine

10 ng/ml BDNF

10 ng/ml GDNF

10 ng/mI NT3

10 ng/ml NGF

200 uM ascorbic acid
0.5 mM cAMP

BSA in DMEM/F12

3% (w/v) BSA in DMEM/F12

Table 2: List of all used cell culture media
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3.1.2.2 Solutions and Supplements used for cell culture

Solutions

Composition

Trypsin-EDTA

0.05% (w/v) Trypsin, 0.02 g (v/v) EDTA in HBSS

0.15 M Borate buffer

9.28 g Boric acid dissolved in 1 | H,O; pH
adjusted to pH 8.3 with 30% NaOH; autoclaved

Poly-DL-ornithine in Borate Buffer

0.5 mg/ml Poly-DL-ornithine in 0.15 M Borate
buffer, steril filtered

Trypsin solution

1890 U/ml Trypsin disssolved in PBS; sterile
filtrated; stored at -20°C, before use diluted 1:10
in PBS

Collagenase 250 U/ml Collagenase dissolved in PBS; sterile
filtrated
DNase1 2mg/ml DNAse1 in PBS; sterile filtrated; stored at

-20, before use diluted 1:100 with medium

Soybean-Trypsin-Inhibitor

5.8 mg/ml Soybean-Trypsin-Inhibitor dissolved in
PBS; sterile filtrated; stored at -20°C, before use
diluted 1:20 with medium

10x PBS

1.3 mM NaCl, 40 mM Na,HPOQO,, 14 mM KH,PO,,
24 mMKCI, pH 7.3

PBS/Glucose

1 mg/ml Glucose in PBS; sterile filtrated

Ampbhotericin B

250 pg/ml

B27-Supplement

50% (stocksolution)

N2-Supplement

100% (stocksolution)

bFGF (human recombinant)

20 ng/ml, 40 ng/ml (100 ng/ul stocksolution)

EGF (mouse)

20 ng/ml (200 ng/ul stocksolution)

Heparin sodium salt

10.000 U/ml (stocksolution)

L-Glutamine

200 mM (stocksolution)

BMP4 (human, recombinant)

10 ng/ml (40 ng/ul stocksolution

BDNF (human, recombinant)

10 ng/ml (20 ng/ul stocksolution

GDNF (human, recombinant)

NT3 (human, recombinant)

10 ng/ml (20 ng/pl stocksolution

NGF (human, recombinant)

)
)
10 ng/ml (20 ng/pl stocksolution)
)
)

10 ng/ml (20 ng/pl stocksolution

Forskolin (human, recombinant)

4 uM (10mM stocksolution)

Neuregulin1 (human, recombinant)

50 ng/ml (100 ng/ul stocksolution)

cAMP

500 uM (50 mg/ml stocksolution)

Ascorbic acid

200 UM

Table 3: List of all cell culture supplements and solutions

3.1.2.3 Media used for bacterial cultures

Medium

Composition

LB-medium (Luria Bertani)

10 g Tryptone, 5 g Yeast extract, 10 g NaCl,
dissolved in 1 | H,O; autoclaved

LB- (Luria Betani) ampicillin medium

LB-medium + Ampicillin (50 mg/ml)

LB- (Luria Bertani) selection-agar-plates

LB-medium + 15 g Bacto' "-Agar; autoclaved,
cooled down to 37°C while stirring in water bath;
addition of Ampicillin (50 mg/ml); poured into
bacteria dishes and stored at 4°C until use

Table 4: List of all used bacterial media
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3.1.2.4 Solutions for bacterial cultures

Solution

Composition

5-Bromo-4-chloro-3-indonyl--D-
galactopyranoside (X-Gal)

20 mg X-Gal dissolved in 1 ml
dimethylformamide; stored at -20°C

Isopropyl-B-D-1-thiogalactopyranoside (IPTG)

200 mg IPTG dissolved in 1 ml H,O; stored at
-20°C

Table 5: List of all used solutions for bacterial cultures

3.1.2.5 Solutions for molecular biological use

Solution Composition
50x TAE buffer 40 mM Tris acetate, 2 mM EDTA,; pH 8.0
TE buffer 50 mM Tris-HCI pH 8.3, 1 mM EDTA pH 8.0

6x DNA-loading buffer

0.25% (v/v) Bromphenolblue, 0.25% (v/v)
Xylencyanol, 30% (v/v) Glycerol

Table 6: List of all used molecular biological solutions

3.1.2.6 Solutions for Immunocytochemistry

Solutions

Composition

Krebs-Ringer-Solution/0.1% BSA (KRH/A)

125 mM NaCl, 4.8 mM KCI, 1.3 mM CaCl, x
2H,0, 25 mM HEPES, 1.2 mM MgSO, x 7H,0,
1.2 mM KH,PO,, 5.6 mM Glucose, 0.1% BSA,
pH 7.3

0.1 M Sodium phosphate buffer

0.1 M NaHPO, x 2H,0, 0.1 M NaH,PO,4 x H,0;
pH 7.0; autoclaved

4% Paraformaldehyde

4 g Paraformaldehyde dissolved in 100 ml 0.1 M
Sodium phosphate buffer at 60°C; stored -20°C

10x PBS 1.3 mM NaCl, 40 mM Na,HPO,, 14 mM KH,POQO,,
24 mM KCl, pH 7.3

PBT1 0.1% Triton-X-100, 1% BSA dissolved in PBS

PBT2 0.1% Triton-X-100, 0.1% BSA dissolved in PBS;

stored at -20°C

Table 7: List of all used solutions for immunocytochemistry
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3.1.2.7 Antibodies used for immunocytochemistry

Antibody Species | Dilution | Manufacturer

anti-Olig2 rabbit 1:500 Millipore

anti-p75 rabbit 1:600 Promega

anti-p75 mouse 1:200 Abcam

anti-Sox10 guinea 1:1000 Kindly provided by M. Wegner, University of

pig Erlangen, Erlangen, Germany

anti-Sox10 goat 1:100 Santa Cruz

anti-Tuj1 mouse 1:500 HISS Diagnostic

anti-Tuj1 rabbit 1:500 HISS Diagnostic

anti-Peripherin mouse 1:1000 Abcam

anti-O4 mouse 1:10 Hybridoma supernantant; hybridoma cells
kindly provided by M. Schachner, Center for
Molecular Neurobiology, Hamburg, Germany

anti-CH-PG 473HD rat 1:100 Kindly provided by A. Faissner, Ruhr
University Bochum, Bochum, Germany

anti-lex5750 rat 1:100 Kindly provided by A. Faissner, Ruhr
University Bochum, Bochum, Germany

anti-Sox3 goat 1:500 R&D Systems

anti-Fabp7 rabbit 1:2000 Kindly provided by T. Miller, MDC, Berlin,
Germany

anti-Tcfap2a mouse 1:10 Hybridoma  supernatant;  Developmental
Studies Hybridoma Bank

anti-Phox2b rabbit 1:50 Kindly provided by C. Goridis, ENS, Paris,
France

anti-CNPase rabbit 1:100 Cell Signaling Technology

anti-GFAP mouse 1:750 Sigma-Aldrich

Alexa 594 goat anti-mouse goat 1:500 Life Technologies

Alexa 594 goat anti-rabbit goat 1:500 Life Technologies

Alexa 546 goat anti-rat goat 1:500 Life Technologies

Alexa 488 goat anti-mouse goat 1:500 Life Technologies

Alexa 488 donkey anti-mouse | donkey | 1:500 Life Technologies

Alexa 488 donkey anti-mouse | donkey | 1:500 Life Technologies

Alexa 488 goat anti-rabbit goat 1:500 Life Technologies

Alexa 488 goat anti-guina pig | goat 1:500 Life Technologies

Alexa Cy3 donkey anti-goat donkey | 1:500 Life Technologies

DAPI 1:500 Sanofis Aventis

Table 8: List of all used antibodies

3.1.3 DNA constructs and primers

3.1.3.1 Plasmids

Plasmid Size of insert manufacturer
pPB-CAG.Olig2-puDtk 931 bp Marlen Weber
pPB-CAG.Nkx6.2-puDtk 1045 bp Marlen Weber

pCMV5-GTXfl (=Nkx6.2) 1045 bp Stephan Rehberg
pCMV5-Olig2 931 bp Elisabeth Sock
pPB-CAG.OSKM-puDtk 5004 bp Yusa et al., (2009)

mPB 1787 bp Cadinanos and Bradley, (2007)

Table 9: List of all plasmids
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3.1.3.2 Primers for cloning

Name Sequence (5" — 3)

Olig2-sense ATGAATTCACCACCATGGACTCGGACGCCAG
Olig2-anti ATGACGTCATGCATTTACTTGGCGTCGGAGGTG
Nkx6.2-sense ATGAATTCGCGCCCATGGACGCTA

Nkx6.2-anti ATATGCATTCACAAGGCGTCCCCC

Table 10: List of all primers used for cloning

3.1.3.3 Primers for RT-PCR

Name Sequence forward Sequence reverse Annealing
Temp. (°C)
Hoxb6 GGTTCAATGGTAGATTCGCTG CTCCTCTTCTTCCTTCTAGGT 58
Sox1 CAGAGTCTCTCACCCAGGTCTTAT | TTGAGCTCTGGTCTTACTGAATTG | 59
Tcfap2a | CACACACACCGGGGCTTA GTACTTCCGCCACCGTGA 63
Tcfap2b | CCTGAAGTGTGGACATGAAATAA | ACCTAGGAACAAACTCCATGAGAC | 59
G
DIx2 GTAGCCTCATTTCTTGTTTTCCTC | ACTATTCGGATTTCAGGCTCAAG 59
Bgn TATGCTTCCTGACACTTTTCTTCC | CGTCTTGATAGCAGAGTATGAACC | 59
Oct4 AGCCTTAAGAACATGTGTAAGCTG | ACTGAGTAGAGTGTGGTGAAGTG | 59
G
Nanog | ATCCCGAGAACTATTCTTGCTTAC | ATCAGACCATTGCTAGTCTTCAAC | 59
Klf4 GGAGAAAGGAAGAGTTCAAGAGA | ATTTTCCTTGTCAAAAGTATGCAG | 59
C
Sox2 AGTGGTACGTTAGGCGCTTC CGATATCAACCTGCATGGAC 59
Olig1 CAAAAGAGGAACAGCAGCAG GTGGCAATCTTGGAGAGCTT 58
Olig2 CACAGGAGGGACTGTGTCCT GGTGCTGGAGGAAGATGACT 58
Pax6 CGGAGGGAGTAAGCCAAGAG TCTGTCTCGGATTTCCCAAG 58
DIx1 CTACTCCATGCACTGTTTACACTC | AAGTACTGAGTTTGTTGGAACCTC | 59
Erbb3 AGCAGAGGTATTAATGAGCAAAC | TAATGCAGACTGGAATCTTGATGG | 59
C
Mgp TGAAATCAGTCCCTTCATCAACAG | CTGTTTCTTCGCGCTAATATTTGG | 59
Lgals3 | CAAAATACAAGTCCTGGTTGAAGC | CACACAAAGTTTAAAAGGCTAGGG | 59
Rgs5 TGCTAACTCTTTCGCTCATGTTAG | TTGAGAATGTCCAGATAACACAGC | 59
Kcnj8 AAACCAGTGTCCATCAGAATCATG | CAGGACCTAAGAATGACGAAACT | 59
G
Pdgfrb | ATACTTACTACGTCTACAGCCTCC | CTCAGCAATTTCTACATCTCCCAG | 59
S1pr3 TTCTGTATTCTCAAAAGCCTCACC | CTTGAACTCAGGACCATACAGATG | 59
Abcc9 CACACACACATTTTCACAGCATAG | TTAAAATGAGTACAGGAACCACGG | 59
Ly6a CTCTGAGGATGGACACTTCT GGTCTGCAGGAGGACTGAGC 59
Hoxc10 | GAGCGCTATAACCGTAACGC CTGAGGCGATTCCAGATGTT 58
Emx1 GAGCCTTTGAGAAGAATCAC CTAGTCATTGGAGGTGACAT 58
Foxg1 TTTGCCATTTCATTCAAACCTGAC | GACCTGTTAGTGACCACATACATC | 58
Nr2e1 ATGCCCCGTAGACAAGACAC GGCCCATTGTGCTATTCCTA 58
Gapdh | ACTCAAGGGCATCTTGGGCTACA | TGGGTGGTCCAGGGTTTCTTACTC | 57
C

Table 11: List of all primers used for RT-PCR
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3.1.4 Organisms

3.1.4.1 Mus musculus

Strain name Origin
C57Bl/6J Charles River Deutschland GmbH, Germany
Sox10-GFP Kindly provided by Bill Richardson, UCL, London,

UK (Kessaris et al., 2006)

Table 12: List of all used mouse lines

3.1.4.2 Bacteria

Strain name

Origin

ELECTROMAX " DH5a-E™" competent cells

Invitrogen

Table 13: List of all used bacterium lines
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3.2 Methods

3.2.1 Cell culture

Eukaryotic primary cells were treated under sterile conditions (laminar flow hood and

sterile materials).

3.2.1.1 Tissue-dissection and dissociation to primary cells

Tissues were isolated from embryonic, postnatal or adult mice under semi sterile con-
ditions. The dissociation of the tissues was performed under sterile conditions (laminar
flow hood and sterile materials). The dissection and cell dissociation of the different tis-
sues will be described below. For the centrifugation steps the HERAEUS MULTIFUGE

3S-R Centrifuge was used.

3.2.1.1.1 Dissection and dissociation of the dorsal root ganglia (DRG) from E12.5

mouse embryos

12.5 days pregnant C57BI/6J mice were killed by cervical dislocation. The abdomen
was opened and the uterus was removed to isolate E12.5 mouse embryos. The
embryos were transferred to MEM (Invitrogen) and staged after Karl Theiler (Theiler,
1989). Afterwards the embryos were decapitated, the abdomen was opened and all
inner organs were removed. The spinal column was opened laterally and the ventral
part of the spinal column was removed. The spinal cord and appended DRGs were
now accessible for the removal/dissection. DRGs were separately dissected, their
processes were removed and DRGs were transferred into PBS/Glucose. DRGs were
transferred into a 15 ml reaction tube (BD Falcon) and washed with PBS. Thereafter,
DRGs were centrifuged for 2 min at 800 g. Afterwards, DRGs were incubated for

digestion with a trypsin solution (trypsin 0.1% in PBS (w/v)) for 8 minutes at 37°C. To
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stop the digestion, 1 ml PBS with soybean-trypsininhibitor and desoxyribonuclease
1 (DNase1) was supplemented. The DNase1 destroys released genomic DNA. A
Single cell suspension was obtained by mechanical dissociation, using a fire polished
siliconized pasteur-pipette. Subsequently, the cells were centrifuged for 2 min at 800
g, supernatant discarded and the appropriate medium was added (see Materials, Table

2). The cell number per ml was determined using the Neubauer Chamber.

3.2.1.1.2 Dissection and dissociation of the spinal cord (SC) from E12.5 mouse

embryos

12.5 days pregnant C57BI/6J mice were Killed by cervical dislocation. The abdomen
was opened and the uterus was removed to isolate E12.5 mouse embryos. The embry-
os were transferred to MEM (Invitrogen) and staged after Karl Theiler. Supsequently,
the embryos were decapitated, the abdomen was opened and all inner organs were
removed. The spinal column was opened laterally and the ventral part of the spinal
column was removed.

The SC was dissected from the DRGs and the Meninges and were carefully removed.
Afterwards, the spinal cord was collected in PBS/Glucose and cut into small pieces.

The cell dissociation was performed as described in section 3.2.1.1.1.

3.2.1.1.3 Dissection and dissociation of the dorsal root ganglia (DRG) from P3

mouse

3 days old C57BI/6J mice were killed by direct decapitation. The DRGs were dissected
as described for embryonic derived DRGs (see section 3.2.1.1.1). DRGs were collected
in PBS/Glucose and afterwards transferred into a 15 ml reaction tube (BD Falcon). They
were washed with PBS, centrifuged for 3 minutes at 800 g and the supernatant was
discarded. The cells were incubated for digestion with a trypsin solution (trypsin 0.1%

in PBS (w/v)) for 50 minutes at 37°C. To stop the digestion, 1 ml PBS with soybean-
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trypsininhibitor and desoxyribonuclease 1 (DNase1) was supplemented. A single cell
suspension was obtained by mechanical dissociation, using a fire polished siliconized
pasteur-pipette. Afterwards, the cells were centrifuged for 3 minutes at 800 g, the
supernatant was removed and the appropriate medium was added (see Materials,

Table 2). The cell number per ml was determined using the Neubauer Chamber.

3.2.1.1.4 Dissection and dissociation of the palate from adult mouse

The cells from adult palate were isolated from palatal tissue dissected from 3 to 5
C57BI/6J mice or from Sox70-GFP mice (kindly provided by Bill Richardson, UCL,
London, UK) of the age of 6 to 8 weeks, collected in PBS and cut into small pieces.
The tissue was transferred into a 50 ml reaction tube (BD Falcon), washed with PBS
and centrifuged for 10 min at 300 g. The supernatant was then removed. To obtain a
single cell fraction, the tissue was treated with 250 U/ml collagenase (Worthington)
for 3 h at 37°C. Afterwards, the cells were mechanically dissociated by pipetting and
were washed through a 100 ym and 40 uym cell strainer (BD Falcon). The cells were
centrifuged for 5 min at 400 g. The supernatant was discarded, fresh medium was
added (see Materials, Table 2) and the cells were cultured as described below (see

section 3.2.1.2.4).

3.2.1.2 Cultivation of primary cells

3.2.1.2.1 Coating of culture dishes

For the cultivation of primary cells and for the differentiation of neurospheres (NS),
4-well plates were coated with Poly-DL-ornithine laminin. At first Poly-DL-ornithine was
dissolved in 0.15 M Borate buffer (0.5 mg/ml), applied to each well and incubated over
night at RT (room temperature). Afterwards, the wells were washed twice with sterile

H,O and dried under a laminar flow hood. The 4-well plates were stored at 4°C. For
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laminin coating, laminin was dissolved in PBS (10 pg/ml), applied to each Poly-DL-
ornithine coated well and incubated for at least 2 hours at RT. Thereafter, the wells

were washed three times with PBS and 80 ul medium was pipetted into each well.

3.2.1.2.2 Short-term cell cultures

Previously isolated cells were plated on poly-DL-ornithine laminin coated 4-well plates
in standard differentiation medium without retinoic acid (RA) (see Materials, Table 2)

and cultured for 3h at 37°C and 5% CO,,

3.2.1.2.3 The generation and cultivation of neurospheres (NS) from E12.5 mouse
DRGs (rNCSCs, BMP NCSCs and FGF NCSCs), P3 mouse DRGs (NCSCs derived

from postnatal mouse DRGs) and E12.5 mouse spinal cord (SCSCs)

A NS is generated by a single stem cell, which produces daughter cells by continuous
proliferation that leads to the emergence of a spherical cell aggregate. Neural stem
cells generate neurospheres (NS) in vitro under specific medium conditions containing
growth factors such as EGF and FGF (Reynolds and Weiss,1992; Reynolds and Rietze,
2005). A NS contains differentiated cells that are located inside of the NS as well as
proliferating stem cells that populate the external layer. To avoid necrosis of cells inside
the NS, due to an insufficient supply of nutrients, the NS have to be enzymatically and
mechanically dissociated into single cells after reaching a certain size. Plated single
cells are able to generate NS.

For the cultivation of INCSCs, BMP NCSCs, FGF NCSCs, SCSCs and NCSCs derived
from postnatal mouse DRG, cells of different tissues were cultured in a proliferation
medium (see Materials, Table 2) on uncoated petri-dishes (3,5 cm, 6 cm from Becton
Dickson and 10 cm petri dishes from SARSTEDT) at 37°C and 5% CO, for 5 to 10 days.
After the generation of NS, NS and the medium were transferred into a 50 ml reaction

tube (BD Falcon) and centrifuged for 5 min at 800 g. The supernatant (conditioned
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medium) was not discarded because it contains unknown secreted factors from the NS
that increases the efficiency of NS generation. Therefore, the conditioned medium was
removed from the pellet and was sterile filtrated using a syringe with a 0,20 pm filter
(VWR). A half of conditioned as well as a half of fresh proliferation medium were mixed
for cultivation. The NS-pellet was transferred to 1 ml Accutase (PAA) and incubated for
30 to 45 min at 37°C. Afterwards, a single cell suspension was obtained by mechanical
dissociation, using a fire polished siliconized pasteur-pipette. Thereafter, the cells were
centrifuged for 5 min at 800 g, the supernatant was removed and the cells were washed
through a 40 ym cell strainer (BD Falcon) to obtain a single cell fraction. The cell
number per ml was determined by using the Neubauer Chamber. For the generation
and propagation of secondary NS and all subsequent passages, cells were cultured in
proliferation medium (a half fresh medium as well as a half conditioned medium) (see
Materials, Table 2) on uncoated petri-dishes at 37°C and 5% CO.,,.

For delayed BMP4 application, passage 3 rNCSCs were dissociated into single cells
as described above and cultured in a proliferation medium which was used for BMP
NCSCs (see Materials, Table 2). The cells were analyzed at passage 5.

For delayed BMP4 removal, passage 3 BMP NCSCs were dissociated into single cells
as described above and cultured in a proliferation medium which was used for INCSCs

(see Materials, Table 2). The cells were analyzed at passage 5.

3.2.1.2.4 The generation and cultivation of NS from adult palate

The isolation of palatal cells was already described above (see section 3.2.1.1.4). For
the generation and propagation of NS, cells from adult palate were cultured in cell cul-
ture flasks (greiner bio-one) containing 3 ml proliferation medium (see Materials, Table
2) at 5% CO,, 5% O, and 37°C. The same amount of fresh medium was added every
3 to 4 days. After 7 days in culture, the NS were passaged. The NS including medium
were transferred into a 15 ml reaction tube (BD Falcon) and centrifuged for 10 min at

150 g. Afterwards, the supernatant was discarded and 0.05% trypsin-EDTA was added
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for enzymatically dissociation. The NS including trypsin were transferred into the used
cell culture flasks and incubated in an incubator by shaking for 5 min at 37°C. There-
after, the NS and trypsin-EDTA were transferred back into the 15 ml reaction tube and
PBS was added. NS suspension was centrifuged for 10 min at 150 g. The supernatant
was removed and a fresh proliferation was medium added. A single cell suspension
was obtained by mechanical dissociation by pipetting. The cell number per ml was
determined by using the Neubauer Chamber. For the generation of secondary NS and
all subsequent passages, the cells were cultured in culture flasks containing 3 ml fresh

proliferation medium (see Materials, Table 2) at 37°C, 5% O, and 5% CO,,

3.2.1.2.5 NS short term cultures

To analyze the cell type identity of NS cells under proliferation conditions, NS at a
defined passage were transferred to poly-DL-ornithine laminin coated 4-well plates.
This results in the attachment of NS to the culture surface. In the presence of the
proliferation medium (see Materials, Table 2) the NS were incubated for 24 h at 37°C
and 5% CO, or for pNCSCs at 37°C, 5% O, and 5% CO,. Afterwards, the attached NS

cells were analyzed via immunocytochemistry.

3.2.1.2.6 NS differentiation

NS cells show the ability to differentiate into different cell types under differentiation
conditions. To examine the differentiation potential of NS cells, NS at a defined passage
were plated into poly-DL-ornithine/laminin coated 4-well plates and cultured as surface
attached cells in the presence of a differentiation medium (see Materials, Table 2). NS
were incubated for 7 days at 37°C and 5% CO,. For neuronal differentiation of BMP
NCSCs the incubation period requires 14 days. Amedium change was performed every

3 to 4 days. Thereafter, differentiated NS were analyzed via immunocytochemistry.
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3.2.1.2.7 Transfection of BMP NCSCs via electroporation

For the transfection of mmOlig2 and mmNkx6.2 into BMP NCSCs, the Piggy Bac (PB)
transposon system was used. PB is originally isolated from Trichoplusia ni (Cary et
al., 1989). The PB transposon system is based on a cut and paste mechanism. The
PB transposon vector contains two inverted terminal repeat sequences (ITRs) at both
ends of the inserted gene. The PB Transposase recognizes the ITRs, cuts the insert
at the ITRs and integrates it into TTAA chromosomal sites (Ding et al., 2005). The ad-
vantage of the PB transposon system is that the inserted gene can be removed from
the genome by introducing a PB Transposase without leaving footprints (Mitra et al.,
2008). Transient transgene introduction via PB transposon is expected to avoid perma-
nent genetic alteration of cells in contrast to the retrovirally introduced genes.

In this study a two-plasmid donorhelper system was used. The donor plasmid
is carrying the gene of interest plus ITRs. In the present study the donor plasmid,
pPB-CAG.OSKM-puDtk, was used (Yusa et al., 2009). OSKM was replaced either with
mmOlig2 (pPB-CAG.Olig2-puDtk) or mmNkx6.2 (pPB-CAG.Nkx6.2-puDtk). The helper
plasmid (mPB) is carrying the transposase that catalyzes the insertion of the gene of
interest into the host genome (Cadifianos and Bradley, 2007).

For the transfection of passage 1 BMP NCSCs via electroporation the small cell
number kit (SCN) (Lonza AG) was used. Primary BMP NCSCs were dissociated into
single cells (see section 3.2.1.2.3). 6000 cells were centrifuged at 800 g for 5 minutes
and the supernatant was discarded. 20 ul Nucleofector™, containing PB donor plasmid
with  mmOlig2 (pPB-CAG.Olig2-puDtk) or mmNkx6.2 (pPB-CAG.Nkx6.2-puDtk)
at DNA a concentration of 1,30 ug as well as the helper plasmid (mPB) at a DNA
concentration of 0,64 ug, was added to the cells and transferred to a cuvette. The cells
were electroporated by using the SCN program 2 (Amaxa Biosystems). Afterwards,
500 pl proliferation medium, used for the cultivation of rNCSCs (see Materials, Table
2), was added to each cuvette. For a step gradient density centrifugation, to remove

cellular debris, 3 ml DMEM/F12 (Sigma-Aldrich) containing 3% BSA (high density)
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was filled in a 15 ml reaction tube (BD Falcon) and overlayed with the cell suspension.
Thereafter, the cells were centrifuged at 60 g for 25 minutes, the supernatant containing
all debris was discarded and the proliferation medium was added. The cell number
per ml was determined by using the Neubauer Chamber. Transfected cells were
plated with proliferation medium that was used for NCSCs (see Materials, Table 2)
on poly-DL-ornithine laminin coated 4-well plates for 16 h to analyze the transfection
efficiency or in a medium containing half fresh proliferation medium and half conditioned
medium of INCSCs (see Materials, Table 2) on petri-dishes or poly-DL-ornithine laminin

coated 4-well plates for the propagation and generation of NS.

3.2.2 Immunocytochemistry

3.2.2.1 Fixation of cultured cells

The cells were washed twice with 1 ml Krebs-Ringer-solution/0.1% BSA, fixed with 1
ml 4% paraformaldehyde in 0.1 M NaH,PO, pH 7,3 for 15 minutes and washed twice
with 1ml PBS (phosphate-buffered saline). The cells can be stored at 4°C for at least

3 weeks.

3.2.2.2 Immunostainings of intracellular antigens

After blocking with PBT1 (1% BSA/0.1% TritonX100/PBS) for at least 30 minutes, 60
gl of PBT1 containing the diluted antibody (see Materials, Table 2) was applied to the
cells. The cells were incubated with primary antibodies in PBT1 for 1 hour. Afterwards,
the cells were washed twice with 80 yl PBT2 (0.1% BSA/0.1% TritonX100/PBS) and in-
cubated with secondary antibodies and DAPI in 60 ul PBT2 for one hour. After washing
the cells with 80 ul PBT2 and 80 pl PBS the cells were mounted with Poly-Aquamount
and glass coverslips.

The staining for mouse anti-Tcfap2a and mouse anti-p75 involved overnight incubation
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with primary antibodies at 4°C. Mouse anti-p75 was applied in PBS rather than in

PBT1. The second antibody staining was performed as described above.

3.2.2.3 Cell surface immunostainings

To detect O4, 473HD and Lex5750 epitopes, cells were washed twice with Krebs-
Ringer-solution/0.1% BSA followed by the incubation with the primary antibodies in
60 pl Krebs-Ringer-solution/0.1% BSA for 20 minutes (O4) or 40 minutes (Lex473,
Lex5750). The cells were fixed afterwards and secondary the antibody staining was

performed as described above (see section 3.2.2.1 and 3.2.2.2).

3.2.2.4 Quantification of immunostainings

Immunostainings were analyzed at a fluorescent microscope (Carl Zeiss Microimaging

GmbH, Jena, Deutschland)

3.2.3 Working with nucleic acids

3.2.3.1 RNA isolation

Total RNA was isolated from the mouse 46C ES cell line (kindly provided by A. Smith,
Stem Cell Institute, University of Cambridge, UK), passage 3 rNCSCs, BMP NCSCs,
SCSCs and pNCSCs using the RNeasy Kit and QlAshredder (Qiagen), following

manufacturers instructions (Qiagen).

3.2.3.2 cDNA synthesis

cDNAfrom RNAwas synthesized using the M-MLV Reverse Trancriptase Kit (Invitrogen),

following manufacturers instructions (Invitrogen).

42



3. Materials and Methods

3.2.3.3 PCR (Polymerase Chain reaction)

Selective DNA sequences can be amplified by PCR over a billion times.

The reaction solution was composed by following the manufacturers instructions
(Invitrogen). For the DNA synthesis of mmOlig2 the reaction solution contains 6%
DMSO. The DNA-polymerase used in this work is derived from the heat-stable
microorganism Thermus aquaticus (Taq) (Invitrogen, Karlsruhe, Germany).

PCR procedure:

1. Initiation step: At this step the reaction must be started at 95°C, which is followed
by the addition of the Tag-DNA polymerase (manual hot start taq) which needs a heat
step to get activated.

2. Denaturation step: the primer and the template DNA were denaturated at 95°C.

3. Annealing step: The reaction temperature was lowered to a primer dependent
temperature to allow the annealing of the primer and DNA single strands.

4. Elongation step: This reaction needs a temperature at 72°C. At this time the DNA

polymerase synthesizes a new DNA strand complementary to the DNA template strand.

Step 2 to 4 are repeated in a desired number. The PCR products are analyzed by gel

electrophoresis (see section 3.2.3.4).

For the DNA sythesis of mmNkx6.2 the HotSarTag® Plus Master Mix Kit (Qiagen,
Hilden, Germany) was used. The DNA-polymerase was directly added to the the
reaction solution. The reaction solution was composed, following the manufacturers
instructions (Qiagen, Hilden, Germany). The PCR procedure was performed as

described above.

The Real time PCR (RT-PCR) was performed using the HotStarTag® Plus Master Mix

Kit (Qiagen), following the manufacturers instructions (Qiagen), and 160 ng of the cho-

sen cDNA as template was added. The PCR procedure was performed as described
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above. Samples were taken for all tissues 15 cycles after Gapdh detection, except of

Gapdh taken 8 cycles after Gapdh detection.

3.2.3.4 Gel electrophoresis

The gel electrophoresis is a method to separate DNA strands by their length. To asses
the length, a DNA ladder was used. Long fibers of agarose polymers were netted in
a gel. The higher the concentration of agarose gel, the smaller the pores in the gel
are. The gel electrophoresis functions as a filter, which is connected with an electrical
field. The electrical field pushes the negatively charged DNA through the gel pores and
separates DNA fragments according to their lengths. Smaller DNA fragments move
faster through the gel pores than longer ones.

In order to prepare the agarose gel 1% - 3% (w/v), the agarose was dissolved in TAE.
This mixture was boiled in a microwave until the agarose was melted. After the gel was
hardened, the gel tray was transferred into a buffer chamber that contains TAE. The
DNA solution was mixed in a ratio of 1:6 with a 6x loading buffer. The slots of the gel
were filled with DNA solution by pipetting. Additionally, a 1 kb plus ladder (Invitrogen,
Karlsruhe, Germany), which contains DNA fragments of known size, was pipetted in
one slot. After the gel was loaded with DNA, it was run at 80-120 V and 40 mA. To de-
tect the DNA, the gel was transferred into a bath containing Ethidium bromide for 30
minutes. Ethidium bromide intercalates with the DNA. The DNA can be visualized by

using ultraviolet light.

3.2.3.5 Gel extraction

For the extraction of DNA from the gel, DNA bands were cut by a scalpel out of the

gel. The extraction was performed, following the manufacturers instructions, using the

QIAquik Gel Extraction kit (Qiagen, Hilden, Germany).
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3.2.3.6 Measurement of DNA concentration

To measure DNA concentrations, a spectrophotometer (ND-1000) was used. DNA has

a absorbance between 230 nm and 320 nm.

3.2.3.7 Ligation of DNA fragments

Ligation is a mechanism to integrate a double stranded DNA fragment into DNA strands
that have double-strand breaks. The DNA ligase forms covalent phosphodiester bonds
between the 3 hydroxyl end of one nucleotide with one 5 phosphate end of another. For
the ligation into the pGEM®-T-Easy vector, pGEM®-T-Easy vector system (Promega)
was used (Promega, Mannheim, Germany). For the ligation of DNA fragments into the
Piggy Bac Donor plasmid the T4 DNA ligase (Invitrogen) was used. The ligation was

carried out at RT for 2 h, followed by an overnight incubation at 4°C.

3.2.3.8 Transformation of electro-competent bacteria

The plasmid containing the insert can be transformed into the E.coli (Escherichia coli)
bacteria strains by electroporation. For this, a 50 yl of DH5a bacteria solution was de-
frosted on ice and 1 pl of the DNA was added to the bacteria solution. The solution was
transferred into a pre-cooled 2 mm electroporation cuvette (Eurogentec, San Diego,
California, USA) und put into a gene pulser (Bio RAD). The gene pulser was set to 2.5
V (field strength 12 kV/m), the pulse controller to 200 Q as well as the Capacitance
Extender to 25 pFd. This allows a 5 ms pulse. The pulse leads to the emergence of
little pores in the bacteria membrane which allows the DNA to enter. After the transfor-
mation, 200 pl LB-medium was added to the bacteria. The solution was transferred into
a 15 ml reaction tube (BD Falcon) and incubated for 30 to 50 minutes at 37°C while
shaking. Afterwards, the mix was plated on a LB-selection agar plate and incubated

over night at 37°C. The agar plates were treated with ampicillin, X-Gal and IPTG before
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it was plated for white blue screening

A white blue screening was used to detect a successful transformation of the
pGEM®-T-Easy vector. The vector encodes a a subunit of the LacZ gene, which is
transformed into E.coli. E.coli has an integrated lac operon in his host DNA which
encodes the 3-Galactosidase. IPTG is needed to induce the expression from the Lac
Promotor. The a subunit of lacZ will disrupt the production of B-Galactosidase. X-Gal
is required for the screen, which will be metabolized by B-Galactosidase to form an
insoluble product which is bright blue. This functions as an indicator because cells
which turn blue do not have the inserted gene in the plasmid. In turn, the cells which
keep white have the inserted gene in the plasmid. White clones were picked one day
after and afterwards transferred into Liquid LB-medium, containing ampicillin, and

incubated at 37°C and 200 rpm shaking over night.

3.2.3.9 The isolation of Plasmid DNA from bacteria cultures

This method is used to extract the plasmid out of E.coli. 2ml of E.coli in media was
taken and centrifuged. The cells were in the pellet. The supernatant was discarded.
For the isolation of the plasmid the Qiaprep® Spin Miniprep kit (Qiagen) was used.
For the extraction of higher DNA amounts the Qiagen ® Plasmid Midi kit (Qiagen) was

used.

3.2.3.10 Digestion of DNA

The restriction enzymes or endonucleases are enzymes which are isolated out of the
bacterias and cut specific DNA sequences, the so called restriction sites. The restric-
tion enzymes mostly bind as homodimers to symetric DNA. Some enzymes as EcoR1
recognize continuous sequences and other recognize discontinuous sequences as
Bgl2.

2 to 5 units restriction enzyme were added to 1 yl DNA and the according digestion
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buffer (Roche, Darmstadt, Germany). The reaction was incubated 1 to 5 hours at 37°C.
The analysis of the digestion was performed, using gel electrophoresis (see section

3.2.3.4).

3.2.3.11 Microarray analysis

Microarry analysis is used to quantify the expression level of ten thousands of genes
within a tissue sample. In this study the Affymetrix microarray was used. One Affym-
etrix gene chip consists of 10 to 20 oligonucleotide pairs with a length of 25 bp that
hybridize to the RNA of the transcribed gene. Each oligonucleotide pair consists of
a perfect match and mismatch oligonucleotide. The perfect match oligonucleotide is
complementary to the target RNA. The mismatch oligonucleotide has the identical se-
quence of the perfect match oligonucleotide except of one base, and is supposed to
detect non-specific hybridization (reviewed in Hochreiter et al., 2006)

To perform a affymetrix microarry 3 replicates of each cultured 3rd passage rNCSCs,
BMP NCSCs, SCSCs and pNCSCs, were transferred to TRIzol (Life Technologies)
and shreddered twice by using the QlAshredder™ (Qiagen). The Cells which were lyz-
ed in TRIzol were stored at -80°C until the RNA isolation was performed.

RNA isolation and Microarray analyses were performed by Dr. Galina Apostolova
(Innsbruck Medical University, Institute for Neuroscience, Innsbruck, Austria), and
as described in Weber et al., (2015): Total RNA was isolated using TRIzol reagent
(Life Technologies), purified by RNeasy MinElute kit (Quiagen) and analyzed for
RNA integrity (2100 Bioanalyzer). RNA samples from three independent cell cultures
of INCSCs, BMP NCSCs, SCSCs and pNCSCs were labeled and hybridized to
Affymetrix Mouse Genome 430 2.0 Arrays. Microarray hybridization was performed at
the Expression Profiling Unit of the Medical University Innsbruck. Pre-processing and
differential expression analysis were performed in R (http://www.r-project.org) using
packages from the Bioconductor project (Gentleman et al., 2004). Raw expression

values were normalized and summarized using the GCRMA method (Wu et al., 2004).
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The moderated t-test (Smyth et al., 2004) was applied to assess the significance of
differential expression between the compared groups; the resulting p-values were
adjusted for multiple hypothesis testing following the method of Benjamini and
Hochberg (Benjamini and Hochberg, 1995) for a strong control of false discovery rate.
A gene was considered as differentially expressed when it was up- or down-regulated
at least 1.5-fold and its adjusted p-value was lower than 0.05. Gene ontology analysis
was carried out to study the biological function of genes differentially expressed
between rNCSCs, BMP NCSCs and pNCSCs using DAVID (Huang et al., 2009).
Principal component analysis (PCA) was performed on samples based on normalized
expression of all genes. To correct for batch effects either ComBat package was used
(Johnson and Li, 2007) or SCAN - a single-sample normalization approach which
allows concurrent use of independent gene expression datasets (Piccolo et al., 2012).
Profiling results have been deposited at the Gene Expression Omnibus (GEO) under
accession GSE57003. The following publicly available expression data downloaded
from GEO were used for comparison with the microarray data generated in this study:
GSE50824 (GSM1230380, GSM1230381, GSM1230382, GSM1230383); GSE8034
(GSM200043, GSM200044, GSM200045).

(Weber et al., 2015)
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4. Results

4.1 Detailed analysis of the reprogramming of DRG-derived NCSCs (neural

crest-derived stem cells) to cells with CNS identity

Until now there are only few reports showing that NCSCs, derived from different post-
migratory neural crest-derived tissues, are able to generate CNS cell types. However,
these findings are of considerable interest as they suggest that NCSCs are a potential
source for regenerative medicine in the CNS. The group of Baron-Van-Evercooren re-
vealed that boundary cap NCSCs generate CNS oligodendrocyte-like cells in vitro and
in vivo (Zujovic et al., 2011).

We demonstrated that Sox10-positive NCSCs from E12.5 DRG mouse embryos
generate neurospheres (NS) and show the potential to self-renew. 3rd passage NS of
DRG-derived NCSCs express the CNS transcription factor Olig2 and differentiate into
CNS cell types, including neurons, oligodendrocyte-like and astrocyte-like cells and lack
neural crest markers, such as p75 and Peripherin. Furthermore, in vivo experiments
showed that the majority of injected DRG-derived NCSCs differentiate into cells of the
oligodendrocyte lineage and are able to myelinate axons in brains of postnatal shiverer
mice. The results indicated that NCSCs were reprogrammed to cells with CNS fates
without genetic modification (Binder et al., 2011).

In the first part of this study the reprogramming of embryonic DRG-derived NCSCs

(rNCSCs) towards CNS fates is analyzed in more detail.

4.1.1 3rd passage rNCSCs NS express several oligodendrocyte marker genes

Previous studies revealed that 3rd passage rNCSCs differentiate into oligodendro-
cyte-like cells in vitro and in vivo (Binder et al., 2011). While in vivo generated oligoden-
drocyte progeny were analyzed in great detail, in vitro generated oligodendrocyte-like

cells were only identified by the coexpression of O4 and Olig2, the characteristic
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F|gure 8: rINCSCs differentiate into oligendrocyte-like cells. 3rd passage rNCSCs
differentiate into oligodendrocyte-like cells characterized by their morphology and the
coexpression of O4/0lig2 (a), O4/Sox10 (b), Olig2/Sox10 (c) and O4/CNPase (d), see
arrowheads. Scale bar: 30 um. (Weber et al., 2015).

morphology of oligodendrocytes (Figure 8a) and the lack of the neural crest/neural
crest-derivative marker p75 (Binder et al., 2011; Marlen Weber, Diploma thesis, 2010).
Therefore, in vitro generated oligodendrocyte progeny of 3rd passage rNCSCs were
analyzed for additional marker genes via immunocytochemistry upon treatment with
standard differentiation medium (see Materials and Methods, section 3.2.1.2.6 and
Table 2).

Identified O4-positive oligodendrocyte-like cells coexpress Sox10 (Figure 8b), a marker
expressed in the oligodendrocyte lineage but also in Schwann cells and migrating
neural crest cells (Britsch et al., 2001; Schreiner et al., 2007; Fu et al., 2002; Zhou et
al., 2001). Sox10 is coexpressed with Olig2 (Figure 8c) and the quantification revealed
that virtually all Sox10-positive cells coexpress Olig2 (Supplementary Figure 1). Olig2
is a marker gene known to be expressed in cells of the oligodendrocyte lineage and
is not found in neural crest/neural crest derivatives, including Schwann cells of the
the PNS (Vallstedt et al., 2005; Fu et al., 2002; Kuspert et al., 2011; Binder et al.,
2011). Additionally, CNPase-expressing cells were detected representing a small
fraction of O4-positive cells (Figure 8d). CNPase is expressed in early myelinating
oligodendrocytes (Sprinkle et al., 1989; Gravel et al., 1996; reviewed in Nicolay et
al., 2007). Oligodendrocyte progeny were not further characterized via other myelin
markers, such as MAG, MOG and MBP. The coexpression of O4/0lig2, O4/Sox10,
Olig2/Sox10 and O4/CNPase and the lack of p75 (Binder et al., 2011; Marlen Weber,
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Diploma thesis, 2010) strongly support the assumption that oligodendrocytes rather

than PNS Schwann cells are generated from rNCSC in vitro.

4.1.2 Marker gene expression of rNCSCs is similar to spinal cord-derived stem

cells (SCSCs)

Previous studies revealed that 3rd and 10th passage rNCSCs differentiate into CNS
cell types, such as neurons, astrocyte-like and oligodendrocyte-like cells (Binder et
al., 2011; Marlen Weber, Diploma thesis, 2010). In neurosphere cultures of CNS stem
cells EGF and FGF induce Olig2 expression in virtually all NS cells (Hack et al., 2004).
Olig2 expression was also detected in 3rd and 10th passage rNCSCs by qPCR un-
der proliferation conditions (Binder et al., 2011). However, upon differentiation only a
subpopulation of cells (17,9%) express Olig2 (Marlen Weber, Diploma thesis, 2010).
Thus, it was unknown if also under proliferation conditions only a fraction of INCSCs
express Olig2. It was also unclear if p75 expression is lost during differentiation or
under proliferation conditions. Furthermore, it was of interest to examine if rINCSCs

contain differentiated cell types.
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Figure 9: NCSCs lose their PNS identity in NS culture and
acquire the CNS progenitor marker Olig2. NCSCs as well
as SCSCs (spinal cord stem cells) express Olig2 at a high
level (Aa, Ag and B). NCSCs and SCSCs lack p75 neural
crest- derivatives (Ab and h). Very few Sox10-positive cells
0 were detected (Ac and i). A few differentiated Tuj1-positive
neurons (Ad and j) and GFAP-positive glial cells (Ae and k)
were observed. O4-positive cells were never detected (Af and
0 =Ncscs scscs . |)- Scale bars: 30 um. n=3; mean = SEM. (Weber et al., 2015).
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For the analysis short-term cultures of 3rd passage rNCSCs were used (see Materials
and Methods, Section 3.2.1.2.5 and Table 2). The quantification of immunostainings
indicated that virtually all cells of INCSCs NS express Olig2 under proliferation
conditions (Figure 9Aa and B). INCSCs NS lack p75-positive cells (Figure 9Ab) and
O4-expressing glial cells (Figure 9Af). Sox10-positive cells (Figure 9Ac), Tuj1-positive
neurons (Figure 9Ad) and GFAP-positive glial cells (Figure 9Ae) were only detected
in very low numbers. Of note, similar results were obtained from 3rd passage spinal
cord stem cells (SCSCs). SCSCs were isolated from E12.5 spinal cord and treated
as described for INCSCs (see Materials and Methods, section 3.2.1.1.2, 3.2.1.2.3,
3.2.1.2.5 and Table 2). Olig2 expression was detected in virtually all SCSCs, shown by
quantification (Figure 9Ag and B). SCSCs lack p75 (Figure 9Ah) and O4 expression
(Figure 9Al). A few Tuj1- (Figure 9Aj), GFAP- (Figure 9Ak) and Sox10-positive cells
(Figure 9Ai) were detectable in SCSCs. This data set confirms that NCSCs in NS
culture acquire CNS marker gene expression. Additionally, the same marker genes are
expressed by SCSCs, suggesting that rNCSCs have acquired a CNS identity during

NS culture.

4.1.3 The reprogramming of DRG NCSCs (rNCSCs) is complete at passage 2 to 3

and is maintained at least up to passage 10

It was unknown at which passage the reprogramming of rNCSCs to cells with CNS
identity starts and when the reprogramming is completed. Therefore, short-term DRG
cultures and 1st, 2nd, 3rd and 10th passage rNCSCs were analyzed for the proportion
of p75- and Olig2-positive cells (see Materials and Methods, section 3.2.1.2.5). The
quantification indicated that p75, a marker gene for neural crest and neural crest
derivatives (Morrisson et al., 1999; Paratore et al., 2001), is expressed in a high
proportion of cells in the E12.5 DRG starting population (96.5% * 0.5%, n=3 (Figure
10A)) and is strongly decreased in passage 1 (P1) NS (7.8% £ 5.9%, n=4 (Figure 10A))
and lost between passage 2 and 3 (P2: 0.1% £ 0.0%, P3: 0.0%, n=4 (Figure 10A)).
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Figure 10: p75 is downregulated and Olig2 is upregulated in rNCSCs during long
term culture. (A) The proportion of p75- and Olig2-positive cells was analyzed in DRG
short-term cultures and first, 2nd, 3rd and 10th passage (1-10P) NS via immunocyto-
chemistry. p75 is downregulated (DRG starting population: 96.5% + 0,5%, P1: 7.8%
+ 5.9%, P2: 0.1% £ 0.0% (n=3 to 4; mean + SEM)) and is undetectable from passage
3 onwards. Olig2 is not detected in DRG cultures and is upregulated (P1: 73.7%
19.4%, P2: 90.7% + 1.8%, P3: 94.2% + 1.6% and P10: 89.7% * 2.0% (n=3 to 4; mean
+ SEM)). (B) Olig2/p75-coexpressing cells were never detected in first passage NS.
Scale bar : 30 um. (Weber et al., 2015).

The CNS marker gene Olig2 is undetectable in the starting population of E12.5 DRGs
(n=5) (Figure 10A). As Olig2 is expressed in E12.5 spinal cord (Fu et al., 2002; Zhou et
al., 2001) a contamination of the DRG preparation by CNS cells from the spinal cord is
excluded. Of note, Olig2 expression appeared in the majority of cells already in passage
1 NS cells (P1: 73.7% £ 19.4%, n=4 (Figure 10A)), the first time point analyzed. The
number of Olig2-expressing cells peaks at passage 2 to 3, where more than 90% of the
NS cells express Olig2 (n=4 (Figure 10A)). Furthermore, a homogeneous population
of Olig2-positive and p75-negative cells is at least maintained until passage 10 (Olig2:
89.7% % 2.0%, p75: 0.0 £ 0.0 (n=3)) (Figure 10A), the latest passage analyzed. p75-
and Olig2-coexpressing cells were never observed in passage 1 NS cells (Figure 10B).
This leads to the assumption that p75 is downregulated before Olig2 is expressed in
rNCSCs. The results demonstrate that NCSCs derived from E12.5 DRG acquire the
CNS marker Olig2 already in passage 1 and lose their PNS identity, indicated by the
loss of p75.
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4.1.4 rNCSCs acquire a SCSC identity in NS culture

Since the expression of the marker genes, Olig2, p75, Sox10, Tuj1, GFAP and O4,
seemed to be identical in 3rd passage rNCSCs and SCSCs (see section 4.1.2), it
was of interest to examine if INCSCs express further CNS (progenitor) marker
genes. To address this question gene expression profiles of 3rd passage rNCSCs
and SCSCs were compared by Affymetrix microarrays (see Materials and Methods,
section 3.2.3.11). Interestingly, INCSCs and SCSCs revealed a virtually identical gene
expression pattern (Figure 11A). Among the 45.101 probe sets on the array, only
one gene (Efcab7) was differentially expressed following the established criteria for
differential expression (adjusted p-value < 0.05; fold change = 1.5). The scatter plot of
microarray data demonstrates that INCSCs and SCSCs express genes at a high level
that are expressed in the spinal cord neuroepithelial cells and ventricular zone cells,
such as Fabp7, Ptprz1, Tnc, Olig1, Olig2, Pax6, Sox1, Sox2, and Sox3 (Figure 11A)
(Feng et al., 1994; Matsumata et al., 2012; Arai et al., 2005; Ligon et al., 2007; Lu et
al., 2002; Sun et al., 2003; Fu et al., 2002; Meijer et al., 2014; reviewed in Thiel 2006;
Garcion et al., 2001; Ito et al., 2005; Sirko et al., 2010; Karus et al., 2013; reviewed
in Sarkar and Hochedlinger, 2012). However, genes expressed in neural crest/neural
crest derivatives and mesenchymal neural crest derivatives, such as Snai2, TcfapZ2a,
Dix1, DIx2, Erbb3, Phox2b, Mgp, Lgals3 and Bgn (Sakai et al., 2005; Wolpwitz et
al., 2000; Morrissey et al., 1995; Erickson et al., 1997; reviewed in Hilger-Eversheim,
2000; Schorle et al., 1996; Zhang et al., 1996; Moser et al., 1997; reviewed in Rohrer
et al., 2011; Thomas et al., 1997; Lou et al., 1997; Wilda et al., 2000; Yu et al., 2013;
Henderson et al, 2008; Hsu et al., 2000) are undetectable or expressed at background
levels (Figure 11A). For a number of genes indicated in the scatter plot the differential
expression was confirmed via RT-PCR (Figure 11B) and/or immunocytochemistry
(Figure 11C) (indicated in red in the scatter plot). The immunocytochemistry analyses
showed a virtually uniform expression of Sox3, Fabp7, the chondroitin sulphate

proteoglycan CH-PG (recognized by the mAB 473HD) and the LewisX (LeX) glycan
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Figure 11: rNCSCs show uniform expression of CNS marker genes. 3rd passage
rNCSCs and SCSCs were analyzed via affymetrix gene array (A), RT-PCR (B) and
immunocytochemistry (C). The scatter plot shows a virtual identical gene expression
pattern of INCSCs and SCSCs (A). Genes characteristic for CNS stem cells, neural
crest and neural crest derivatives as well as ESCs genes are indicated (red). Differential
expression represents log2 fold change. (B) RT-PCR confirms gene array data (CNS
marker: Olig1, Olig2, Pax6 and Sox1; Neural crest and cranial mesenchymal neural
crest marker: Tcfap2a, Tcfap2b, DIx1, DIx2, Erbb3, Mgp, Lgals3 and Bgn; Pluripotency
marker: Oct4, Nanog, KiIf4 and Sox2). Trunk anteroposterior (AP) identity is shown by

Hoxb6 expression (B). (C) Virtually all cells express 473HD, Lex5750, Sox3, Fabp7
and are devoid of Tcfap2a and Phox2b. Scale bars: 30 um. (Weber et al., et al. 2015).

SCSCs
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(recognized by the mABs 5750 (Figure 11C). Tnc and Ptprz1 are carriers of the
CH-PG and LeX glycan, are expressed during development of the mouse spinal cord
and are important compounds of the CNS stem cell niche (Karus et al., 2013; Sirko et
al., 2007; Capela et al., 2006; Sirko et al., 2010).

In order to analyze if rINCSCs undergo a pluripotency state during reprogramming,
RT-PCRs were performed to characterize pluripotency gene expression, such as
Nanog, Klf4, Oct4 and Sox2 in INCSCs as compared to embryonic stem cells (ESCs).
rNCSCs and SCSCs express Nanog, Klf4 and Oct4 at background levels and Oct4
expression was undetectable (Figure 11A and B). Sox2 is expressed at high levels
in INCSCs and SCSCs (Figure 11A and B) as expected from Sox2 expression in the
developing spinal cord, ventricular zone stem cells and glial lineage (Aquino et al.,
2006; Le et al., 2005; Cavallaro et al., 2008; Ferri et al., 2004; Graham et al., 2003;
Miyagi et al., 2008; Cimadamore et al., 2011). Furthermore, rNCSCs show low level
expression of pluripotency genes even at passage 1 (Supplementary Figure 3), the
time point when rNCSCs switch from PNS to CNS identity (see section 4.1.3). This
suggests that reprogramming does not involve a transient pluripotency state. The
anteroposterior (AP) identity of INCSCs and SCSCs is maintained, as shown by the
expression of Hoxb6 and Hoxc10 which are absent in cranial tissues such as E14.5
fore/midbrain (Figure 11B and 12). Conversely, fore/midbrain markers, such as Emx1,
Foxg1 and Nr2e1 (Kelly et al., 2009; Bishop et al., 2001) were only detectable at

background levels or were even lacking in rNCSCs, SCSCs and E14.5 spinal cord

| scscs || rNcscs  |[Foreimidbrain)l sc | Figure 12: The anteroposte-

Hoxbb o e e W e Dordentity s malntained by

DRG-derived rNCSC neuros-
Hoxc10_ pheres. RT-PCR of rNCSCs,
Emx1 N scscs, E14.5 fore/midbrain
Foxg1 [ ond E14.5 Spinal cord (SC)
Nrze' [ /<" performed. rNCSCs and

Capdh e - - - - - - - O

in fore/midbrain such as Emx1,
Foxg1 and Nr2e1. Genes expressed at the trunk region and spinal cord were detected
in INCSCs and SCSCs (Weber et al., 2015).
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(Figure 12). In addition, Unsupervised Principal Component Analysis (PCA) of the
gene expression profiles demonstrate that NSCs from cortex and cerebellum, such
as radial glia progenitors (RGPs) and granule neuron progenitors (GNPs), do not
cluster together with rNCSCs and SCSCs (Supplementary Figure 2). They do not
share common gene expression characteristics. On the other hand all three probe
sets of INCSCs and SCSCs cluster together and share common gene expression
characteristics, demonstrating the homogeneity and reproducibility of INCSCs cultures
(Supplementary Figure 2). These results demonstrate a complete reprogramming of

rNCSCs to cells with a SCSC trunk spinal cord identity.

4.1.5 The reprogramming is induced by FGF and can be blocked by BMP4

NCSCs, derived from E12.5 DRG, are reprogrammed to cells with CNS identity
(rNCSCs) in a proliferation medium containing growth factors EGF and FGF. For CNS
stem cells it has been shown, that EGF and FGF inhibit regional and cell type-specific
differentiation and also increase the developmental potential (Hack et al., 2004; Gabay
etal., 2003). EGF and FGF induce the expression of Olig2 in virtually all CNS stem cells
maintained in NS cultures and are required for self-renewal (Hack et al., 2004). Thus,
it was of interest to analyze the role of EGF and FGF in the reprogramming process
of INCSCs. Dissociated DRG cells were cultured in a proliferation medium containing
either both EGF and FGF or only EGF or FGF. 3rd passage NS were analyzed after
differentiation, using the standard differentiation medium (see Materials and Methods,
section 3.2.1.2.6 and Table 2).

In the presence of EGF and FGF O4/0lig2-coexpressing oligodendrocyte-like (Figure
13A) and GFAP-positive but p75-negative astrocytes are produced from 3rd passage
NS (Figure 13J) (Binder et al., 2011).

When the cells were only cultured with EGF, the generation of secondary NS was pre-
vented (Data not shown) (Binder et al, 2011). Under the same conditions 3rd passage

NS were generated in embryonic spinal cord cultures that display CNS characteristics,
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| FGF/EGF I FGF |[_FGF/EGF/BMP4 | Figure13:FGFisessential

’ ‘ for the reprogramming
and BMP4 blocks
reprogramming of E12.5
DRG-derived NCSCs. 3rd
passage rNCSCs cultured
in the presence of EGF
and FGF differentiated
into 04/0lig2-positive
oligodendrocyte-like cells
(A) and GFAP-positive
astrocyte-like cells (G and
J) and are devoid of p75
(D and J). NCSCs cultured
in the presence of FGF,
differentiated into O4/Olig2-
positive  oligodendrocyte-
like cells with immature
morphology, (compare
B,E and A,D), and are
devoid of p75. They also
differentiated into GFAP-
positive astrocyte-like
cells (H and K). When
proliferation medium
was supplement with BMP4, reprogramming towards CNS identity was prevented,
demonstrated by the lack of Olig2-positive CNS cells (C). No O4- (C and F) and GFAP-
positive glial (L) cells were observed under differentiation conditions. However, p75/
Sox10-positive neural crest derivatives were generated (l). Scale bar: 30 ym. (Left two
columns were published in Binder et al., 2011 and right column in Weber et al., 2015).

such as O4 and Olig2 expression (Supplementary Figure 4).

FGF alone was sufficient for the generation of 3rd passage NS (FGF NCSCs) from
DRG cultures. In addition, 3rd passage FGF NCSCs were able to differentiate into
04/0lig2-coexpressing oligodendrocyte-like cells (Figure 13B) albeit with less mature
morphology in comparison to oligodendrocyte-like cells of EGF/FGF rNCSCs (compare
Figure 13 A,D and B,E) (Binder et al., 2011). FGF NCSCs, like rNCSCs, generated
GFAP-expressing astrocyte-like cells that lack p75 expression (Figure 13 H and K)
(Binder et al., 2011). As FGF is essential for the growth of NCSCs in neurosphere
cultures its function in the reprogramming to CNS fates remains unclear. Interestingly,

embryonic spinal cord cell cultures generate 3rd passage NS in the presence of FGF
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and generated oligodendrocyte progeny with mature morphology (Supplementary
Figure 4).

In previous studies it has been shown that CEE (chicken embryo extract) in combination
with BMP4 blocks the reprogramming of NCSCs towards a CNS identity. CEE is an
established component of neural crest cultures (Molofsky et al., 2003; Calloni et al.,
2009; Nagashimada et al., 2012). BMP4 plays a role in the early induction of the neural
crest during development (reviewed in Meulemans and Bronner-Fraser, 2004) and
elicits the transdifferentiation of CNS neural stem cells into neural crest cells (Gajavelli et
al., 2004). In the present study it is demonstrated that BMP4 supplementation prevents
Olig2 expression in 3rd passage NS (BMP NCSCs) (Figure 13C). Additionally, BMP
NCSCs lack O4- (Figure 13C and F) and GFAP-positive glial cells (Figure 13L).They
rather generate p75/Sox10-positive neural crest derivatives (Figure 13l (indicated with
arrows)). Thus, the generation of INCSCs is dependent on FGF but not EGF and is
prevented by BMP4.

4.1.6 BMP4 represses the reprogramming of BMP NCSCs from passage 1 onwards

To understand the cellular mechanisms that prevent the reprogramming in the presence
of BMP4, P1 (passage 1), P2 and P3 NS were analyzed in short-term cultures. The
results indicate that the reprogramming is already efficiently antagonized by BMP4 at
passage 1, as shown by the expression of p75 (Figure 14Aa,b,c and B) and Sox10
(Figure 14A.d,e,f and B) and the lack of the CNS marker gene Olig2 and O4 (Figure
14Ag,h,i). A high fraction of BMP NCSCs express Sox10 from passage 1 onwards
(P1: 65.6% + 6.0%, P2: 61.3% % 3.5%, P3 45.5% + 1.8% (n=3; mean + SEM)) (Figure
14B), in contrast to rINCSCs which rapidly lose Sox10 expression in NS culture (Binder
et al., 2011) (Figure 14B). p75 remains expressed only in a small subpopulation of
BMP NCSCs (DRG starting population: 96.5% + 0.5%, P1: 5.4% + 1.3%, P2: 6.4% +
2.8%, P3: 5.3% % 2.3% (n=3; mean + SEM)) (Figure 14B).
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from passage 1 (P1) onwards via
immunocytochemistry. A high fraction of BMP NCSCs express Sox10 (DRG starting
population: 22.1% + 1.7%, P1: 65.6% + 6.0%, P2: 61.3% £ 3.5%, P3: 45.5% + 1.8%
(n=3; mean + SEM)) (Ad,e,f and B). A small subpopulation of BMP NCSCs express
p75 (DRG starting population: 96.5% + 0.5%, P1: 5.4% + 1.3%, P2: 6.4% % 2.8%, P3:
5.3% % 2.3% (n=3; mean = SEM)) (Aa, b, c and B). BMP NCSCs are devoid of Olig2-
and O4-positive cells at all passages (Ag,h,i). Scale bar: 30 um. (Weber et al., 2015).

4.1.7 BMP NCSCs display strong differences in gene expression pattern in

comparison to rNCSCs

The analysis of marker gene expression indicates that BMP NCSCs maintain their
neural crest identity. For a more global comprehensive analysis, Affymetrix microarrays
were carried out comparing the transcriptome of 3rd passage BMP NCSCs with 3rd
passage rNCSCs. BMP NCSCs and rNCSCs display strong differences between their
gene expression patterns, demonstrated via a scatter plot of the Affymetrix microarray
data (Figure 15A). 28% of all probe sets are significantly differentially expressed (1.5
fold-change, adjusted p-value <0.05). The PCAanalysis demonstrates that BMP NCSCs
do not cluster together with INCSCs and SCSCs (Supplementary Figure 2). Whereas
rNCSCs express genes at a high level that play a role in neural plate development,

ventricular zone and neuroepithelial cells, such as Fabp7, Ptprz1, Tnc, Olig1, Olig2,
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Figure 15: BMP NCSCs maintain the PNS identity and show strong differences
in gene expression pattern compared to rNCSCs. (A) Scatter plot of microarry data
sets demonstrates strong differences between gene expression profiles of BMP NCSCs
and rNCSCs. CNS stem cell and neural crest marker genes are indicated (red). (B)
Differential expression of marker genes is confirmed by RT-PCR (CNS marker: Olig1,
Olig2, Pax6 and Sox1; Neural crest/neural crest-derivative marker: Tcfap2a/b, DIx1/2,
Erbb3, Mgp, Lgals3 and Bgn; MSC marker: Rgs5, Pdgfrb, S1pr3, Abcc9 and Kcnj8).
Sox2 is strongly expressed in BMP NCSCs, rNCSCs and ESCs, whereas Oct4, Nanog
and Klf4 are only expressed at high levels in ESCs. Trunk AP identity is shown by
Hoxb6 expression. (C) Passage 3 BMP NCSCs generate p75-positive and Tuj1-positive
cells with neuronal morphology (b,d) and Tuj1/Phox2b-positive autonomic neurons (g;
arrows). O4- and GFAP-positive glial cells were not observed (e,f). BMP NCSCs are
devoid of CNS markers Olig2 (a), 473HD (i), Sox3 (k) and Fabp7 (I). Lex5750 (j) is
expressed in very few cells. BMP NCSCs express neural crest markers Tcfap2a (h)
and Sox10 (c). Scale bar: 30 um. (Weber et al., 2015).
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Sox1, Sox2, and Sox3 (Figure 15a and Table 14), BMP NCSCs express those genes
at background or undetectable levels. However, genes expressed in neural crest and
neural crest derivatives, such as Sox10, TcfapZ2a, Tcfap2b, DIx1, DIx2, Erbb3, Phox2b,
Mgp, Lgals3 and Bgn (Figure 15a) were also expressed in BMP NCSCs at a high
level. Interestingly, Gene Ontology (GO) analysis of the microarray data demonstrated
an enrichment of genes characteristic for non-neural tissues, such as vasculature,
cartilage and bone, in BMP NCSCs (Table 15). Analyzing the data in more detalil,
genes expressed in MSCs, perivascular pericytes and vascular smooth muscle cells,
such as Pdgfrb, Rgs5, S1Pr3, Acta2, Spp1, Timp2, CD248 and Ly6a (Bondjers et al.,
2003; Bondjers et al., 2006; Ishii et al., 2012; Lozito and Tuan, 2010; Kong et al.,
2014; reviewed in Armulik et al., 2011), were strongly expressed in BMP NCSCs (Table
14 and Figure 15A and B). Furthermore, genes that contribute to chondrocyte and
osteocyte development, including Bgn, Mgp, Lgals3, Col2a1, Col9a1, Fmod, and Acan
(Suzuki et al., 2006; Zhang et al., 2003; Embree et al., 2010; reviewed in Emans and
Peterson, 2014), were expressed at high levels in BMP NCSCs (Table 14 and Figure
15A and B). Of note, mesenchymal derivatives of the neural crest are restricted to the
cranial neural crest in vivo but can be induced also from the trunk neural crest in vitro
(John et al., 2011). In the context of mesenchymal differentiation it is of interest that
the microarray data reveal high expression of BMPs in BMP NCSCs (Supplementary
Figure 5). Interestingly, 1d2 and Id4 are strongly expressed in BMP NCSCs, whereas
in INCSCs only Id2 is expressed at high levels (Supplementary Figure 5). Id genes
belong to the inhibitor of differentiation (Id) family and their expression is controlled
through the canonical pathway of BMP signaling (reviewed in Miyazono et al., 2005).

The expression of genes indicated (red) in the scatter plot was confirmed via RT-
PCR (Figure 15B) and/or immunocytochemistry in short term cultures of 3rd passage
rNCSCs (Figure 15C). The immunocytochemistry displayed high expression of
the neural crest marker Tcfap2a in about 79% % 4% BMP NCSCs (Figure 15Ch,
Supplementary Figure 6). A subpopulation of 7% + 3% (n=3) BMP NCSCs expresses

the autonomic progenitor marker Phox2b (reviewed in Rohrer, 2011) and Tuj1/Phox2b-
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Comparison of gene expression of rINCSCs and BMP NCSCs

Gene symbol Gene name Fold change P-value
Early neural genes (neural plate)

Zic1 zinc finger protein of the cerebellum 1 10.12 5.63E-10
Sox3 SRY-box containing gene 3 7.21 2.35E-08
Gbx2 gastrulation brain homeobox 2 473 0.00016
Sox11 SRY-box containing gene 11 7.18 3.38E-08
Pou3f1 (Oct6) POU domain, class 3, transcr. factor 1 5.78 1.77E-05
Pou3f4 (Brn4) POU domain, class 3, transcr. factor 4 5.65 1.08E-10
Spinal cord ventricular zone

Fabp7 fatty acid binding protein 7, brain 11.38 3.14E-11
Olig1 oligodendrocyte transcription factor 1 11.07 7.31E-11
Olig2 oligodendrocyte transcription factor 2 10.62 2.97E-11
Pax6 paired box gene 6 6.36 1.54E-08
Sox1 SRY-box containing gene 1 5.56 1.24E-06
Sic1a3 Glial high affinity glut. transp. (Glast) 5.70 5.61E-05
Ptprz1 protein tyrosine phosphatase, receptor z 10.50 6.44E-11
Tne tenascin C 9.05 1.11E-08
Neural crest

Snai2 snail homolog 2 (Drosophila) -9.89 2.87E-10
Erbb3 v-erb-b2 homolog 3 -8.72 2.55E-10
Sox10 SRY-box containing gene 10 -7.42 8.50E-10
Tcfap2a transcription factor AP-2, alpha -6.93 7.04E-07
Tcfap2b transcription factor AP-2, beta -6.80 4.07E-05
Dix2 distal-less homeobox 2 -6.79 1.21E-09
Chondrocyte/osteoblast

Bgn biglycan -11.12 2.97E-11
Mgp matrix gla protein -10.43 3.03E-09
Lgals3 galectin -10.07 2.66E-09
Col2a1 collagen, type Il, alpha 1 -10.99 2.97E-11
Col9a1 collagen, type IX, alpha 1 -9.23 4.38E-08
Fmod fibromodulin -11.02 5.78E-10
Acan aggrecan -9.21 5.99E-08
Ogn osteoglycin -9.58 6.15E-08
MSC/pericyte

Pdgfrb Pdgf receptor, beta -7.88 3.26E-08
Rgs5 Regulator of G-protein signaling 5 -9.71 4.54E-09
S1pr3 Endothelial diff. spingolipid G-pr. coupl. rec 3 -7.49 2.79E-09
Acta2 Smooth muscle actin, alpha 2 -5.9 9.81E-05
Spp1 Secreted phosphoprotein 1 -5.39 1.71E-06
Timp2 Tissue inhibitor of metalloprotease 2 -4.77 5.00E-06
CD248 Endosialin -2.19 4.47E-05
Ly6a Lymphocyte antigen 6 comp.; Sca-1 -2.9 0.0098

Table 14: Analysis of the gene expression in rNCSC and BMP NCSC neurospheres
by Affymetrix microarrays. The following genes were selected for display: i) genes
expressed in neural plate epithelial cells /i) in the spinal cord ventricular zone, jii) in
neural crest iv) in mesenchymal neural crest derivatives, v) in MSC/perivascular cells.
The average signal fold change is shown (log2-fold values). P-values were adjusted
for multiple hypothesis testing (Benjamin and Hochberg, 1995) (Weber et al., 2015).
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Gene ontology of genes differentially expressed in BMP NCSCs relative to rNCSCs

Cluster GO term Fold enrichment P-value
Annotation cluster 1 (Enrichment score 17.27)

GOTERM_BP-FAT GO0:0001944~vasculature development 3.06 4.96E-21
GOTERM_BP-FAT G0:0001568~blood vessel development 3.02 6.64E-20
GOTERM_BP-FAT G0:0048514~blood vessel morphogenesis 3.11 1.83E-17
GOTERM_BP_FAT G0:0001525~angiogenesis 3.30 1.33E-13
Annotation cluster 2 (Enrichment score 10,03)

GOTERM_BP_FAT G0:0001501~skeletal system development 3.01 5.63E-23
GOTERM_BP_FAT G0:0060348~bone development 2.85 1.16E-08
GOTERM_BP_FAT G0:0001503~ossification 2.82 1.17E-07
GOTERM_BP_FAT G0:0001649~osteoblast differentiation 2.78 9.84E-04
Annotation cluster 3 (Enrichment score 9,95)

GOTERM_BP_FAT G0:0048736~appendage development 3.22 1.46E-11
GOTERM_BP_FAT G0:0060173~limb development 3.22 1.46E-11
GOTERM_BP_FAT G0:0035108~limb morphogenesis 3.25 1.93E-11
GOTERM_BP_FAT GO0:0035107~appendage morphogenesis 3.25 1.93E-11
GOTERM_BP_FAT G0:0035113~embr. append. morph. 3.27 6.18E-10
GOTERM_BP_FAT G0:0030326~embr. limb morphogenesis 3.27 6.18E-10
GOTERM_BP_FAT G0:0048598~embryonic morphogenesis 1.98 7.63E-09
Annotation cluster 4 (Enrichment score 9,65)

GOTERM_BP_FAT G0:0035295~tube development 2.58 2.75E-14
GOTERM_BP_FAT GO0:0048729~tissue morphogenesis 2.58 4.70E-13
GOTERM_BP_FAT G0:0001763~morph. of a branch. struct. 3.21 4.61E-12
GOTERM_BP_FAT G0:0035239~tube morphogenesis 2.73 5.62E-11
GOTERM_BP_FAT G0:0048754~branch. Morph. of a tube 3.21 3.59E-09
GOTERM_BP_FAT G0:0002009~morph. of an epithelium 243 2.95E-08
GOTERM_BP_FAT G0:0060562~epithelial tube morph. 2.77 1.02E-07
GOTERM_BP_FAT G0:0060429~epithelium development 2.03 1.64E-07
Anotation cluster 5 (Enrichment score 8,99)

GOTERM_BP_FAT G0:0001763~morph. of a branch. struct. 3.21 4.61E-12
GOTERM_BP_FAT G0:0048732~gland development 2.37 1.07E-08
GOTERM_BP_FAT G0:0048732~gland morphogenesis 3.22 2.04E08

Table 15: Gene ontology of genes differentially expressed in BMP NCSCs rel-
ative to rNCSCs. Genes with at least two-fold (q<0.05) differential expression in
BMP NCSCs vs rNCSCs were analyzed, using DAVID (http://david.abcc.ncifcrf.gov).
The top five most highly enriched clusters of GO terms are presented (Weber et al.,
2015).

coexpressing neurons were also detected (Figure 15Cg, Supplementary Figure 6).
The PNS identity of Phox2b-expressing cells is unclear as Phox2b is also expressed
in autonomic CNS neurons (Kang et al., 2007; Tiveron et al., 1996). However, the
coexpression of Phox2b and Tcfap2a characterizes these cells as PNS autonomic
neurons (Supplementary Figure 6). Tcfap2a is expressed in premigrating and migrating
neural crest and neural crest derivatives (reviewed in Hilger-Everheim et al., 2000;
Schorle et al., 1996; Zhang et al., 1996). BMP NCSCs lack the CNS stem cell marker

of 473HD (Figure 15Ci) and reveal expression of Lex5750 (Figure 15Cj) in very few
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cells. Sox3- (Figure 15Ck), Olig2- (Figure 15Ca) and Fabp7-positive CNS cells (Figure
15Cl) were never detected and are restricted to INCSCs. GFAP- (Figure 15Ce) and
O4-positive glial cells (Figure 15Cf) were not found under proliferation conditions. BMP
NCSCs maintain, as rNCSCs, their trunk AP identity as shown by the expression of
Hoxb6 (Figure 15A and B). Furthermore, a transient pluripotency state of BMP NCSCs
was excluded since pluripotency genes such as Oct4, Nanog and KLf4 were only
expressed at background or undetectable levels (Figure 15A and B). The expression of
neural crest/neural crest-derivative and MSCs/pericyte progenitor marker genes and
the lack of CNS marker in BMP NCSCs suggests a heterogeneous cell population that

consists of MSC/pericyte progenitors and NCSCs with the potential to generate neural

progeny.

4.1.8 BMP NCSCs differentiate to Peripherin-positive PNS neurons

In NS of BMP NCSCs a low number of Tuj1/p75-coexpressing neurons was observed.
Tuj1 marks immature neurons as well as mature neurons. A subpopulation of Tuj1-
positive neurons coexpresses Phox2b, a marker known to be expressed in proliferating
neuroblasts and postmitotic neurons of the sympathetic ganglia (reviewed in Rohrer,
2011). To provide additional evidence for the potential of BMP NCSCs to produce
PNS neurons, differentiation condition established for INCSCs were used (Personal
communication with Widera, Institute for Cell Biology, University of Bielefeld, Bielefeld,
Germany). After plating, BMP NCSCs NS were treated with EGF and FGF and
differentiation was induced by a complex medium containing neurotrophins, such as
BDNF, GDNF, NT3 and NGF as well as cAMP and ascorbic acid (see Materials and
Methods, section 3.2.1.2.6.and Table 2). To identify more mature PNS neurons, the
cultures were analyzed for the expression of Peripherin and TH (Tyrosin hydroxylase).
Peripherin is expressed in many but not all postmitotic neurons of the DRG and the
sympathetic nervous system (Troy et al., 1990). TH is expressed by neuroblasts and

neurons of the sympathetic ganglia (reviewed in Rohrer, 2011). The presence of
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Figure 16: BMP NCSCs differentiate
into Peripherin-expressing PNS

¢ neurons. Using a differentiation medium,
Peripherin containing neurotrophins for neuronal

survival and differentiation, BMP NCSCs

differentiate into Peripherin-expressing

neurons. Scale bar: 30 ym. (Weber et al.,
Peripherin/Tuj1/DAPl ——u 2015).

neurons coexpressing Tuj1 and Peripherin demonstrates the potential of BMP NCSCs

to acquire a (more) mature PNS neuron phenotype (Figure 16). Notably, only a small
number of Tuj1-positive neurons were generated and only a small number of them
express both Tuj1 and Peripherin (Supplementary Figure 7). TH-expressing cells were

not detected in BMP NCSCs (Data not shown).

4.1.9 BMP4 NCSCs in contrast to rNCSCs are able to differentiate into Schwann

cell-like cells

The demonstration of PNS neurons in BMP NCSCs cultures raised the question if BMP
NCSCs are able to acquire a PNS glia fate. O4-positive Schwann cells or satellite glia
cells were not observed, neither under proliferation conditions in short term cultures nor
under standard differentiation conditions (see Materials and Methods, Table 2). During
the devolopment of the PNS, the survival and differentiation of Schwann cells are
dependent on certain factors, secreted from neurons. Two of these factors, responsible
for glial survival and maturation, are forskolin and neuregulin 1 (NRG1) (Wolpowitz et
al., 2000; Morrissey et al., 1995; Yamada et al., 1995).Thus, a differentiation medium
supplemented with NRG1 and forskolin was used to stimulate/elicit Schwann cell
differentiation. 3rd passage BMP NCSCs treated with NRG1 and forskolin are indeed
able to differentiate into O4/p75-positive PNS glial cells (Figure 17B). A PNS identity
of these O4-positive glial cells is implicated not only by the coexpression of the PNS
marker p75 but also by the lack of Olig2 expression (Figure 17F) and a Schwann

cell morphology rather than oligodendrocyte morphology. These findings demonstrate
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Figure 17: BMP NCSCs differentiate into O4/p75-coexpressing PNS glial cells.
3rd passage BMP NCSCs and rNCSCs were treated with NRG1 and forskolin for 7
days. In the presence of NRG1 and forskolin, BMP4 NCSCs differentiate into O4/
p75-coexpressing PNS glial cells (B) that are devoid of Olig2 expression (F). Without
NRG1 and forskolin treatment, BMP NCSCs do not differentiate into O4/p75-positive
PNS glial cells (A) and lack Olig2-positive cells (E). rNCSCs cultures, treated with
NRG1 and forsklin, are devoid of O4/p75-positive PNS glial cells and rather contain
04/0lig2-positive oligodendrocyte-like cells that lack p75 expression (D and H) like in
the control (C and G). Scale bar: 30 um. (B is published in Weber et al., 2015).

a neural crest-specific response of BMP NCSCs to NRG1 and forskolin i.e. to the
generation and maintenance of Schwann cells.

In contrast, INCSCs were not able to differentiate into O4/p75-coexpressing PNS glial
cells (Figure 17D) upon treatment with NRG1 and forskolin. O4/0lig2-coexpressing and
p75-negative oligodendrocyte-like cells with oligodendrocyte morphology were detect-
ed (Figure 17D and H). rNCSCs do not respond to Schwann cell survival and maturing

factors such as NRG1 and forskolin, confirming a stable CNS identity of rNCSCs.
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4.1.10 Delayed BMP4 removal from BMP NCSCs does not induce CNS marker
gene expression in BMP NCSCs

The repression of the CNS reprogramming by BMP4 raises the question if BMP4 is
continuously required for the maintenance of the neural crest identity in BMP NCSC
cultures at later passages. In order to shed light on this question, BMP4 was removed
from the proliferation medium. 3rd passage BMP NCSCs were dissociated into single
cells and cultured in the absence of BMP4, using the same EGF/FGF proliferation

medium as for INCSCs (see Materials and Methods, Table2). Notably, in the absence
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Figure 18: Delayed BMP4 removal from
BMP NCSCs does notinduce a CNS iden-
3 tity. 3rd passage BMP NCSCs were disso-

» 3 ciated into single cells, BMP4 was removed
Sox10/p75/DAPI Sox10/p75/DAPI from the proliferation medium and BMP
NCSCs were analyzed at 5th passage un-
der proliferation (B) and differentiation (A)
conditions. 5th passage BMP NCSCs with-
out BMP4 are devoid of Olig2- (Aa), O4-
(Ac) and GFAP-expressing cells (Ag) and
differentiate into p75/Sox10-coexpressing
neural crest or neural crest derivatives (Ae
and B), comparable to control BMP4 treated BMP NCSCs at the 5th passage (Ab, d,
f, h and B). The proportion of p75- and Sox10-positive cells and p75/Sox10-double
positive cells did not differ in BMP NCSCs with or without BMP4 (B). Scale bar: 30 uym.
n=3; mean + SEM. (Weber et al., 2015).

GFAP/p75/DAPI GFAP/p75/DAPI
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of BMP4, EGF and FGF induce CNS fates in INCSCs. The cells were analyzed at the
5th passage under proliferation conditions in short-term cultures or under standard
differentiation conditions (see Materials and Methods, Table 2). Of note, the proportion
of p75-, Sox10-expressing as well as Sox10/p75-coexpressing cells was not changed
upon BMP4 removal (Figure 18B). Interestingly, the proportion of Sox10-positive cells
in 5th passage BMP NCSCs decreased (Figure 18B), compared to 3rd passage BMP
NCSCs (see section 4.1.6). BMP NCSCs, maintained in the absence of BMP4, lack
the CNS marker gene Olig2 (Supplementary Figure 8). Also under differentiation con-
ditions, BMP NCSCs cultured without BMP4 did not generate Olig2-positive CNS cells
(Figure 18Aa) nor O4- (Figure 18Aa and c) and GFAP-expressing glial cells (Figure
18Ae). Additionally, p75/Sox10-positive cells (Figure 18Ae, see arrows) were detect-
ed after differentiation. BMP NCSCs kept with or without BMP4 from passage 3 to
passage 5 showed identical properties which suggests that the PNS identity of BMP
NCSCs stays stable after the delayed BMP4 removal.

4.1.11 The CNS identity of rNCSCs stays stable after delayed BMP4 application

As BMP4 maintains the PNS identity of BMP NCSCs the question is raised if BMP4 is
able to induce PNS traits in INCSCs. Therefore, 3rd passage rNCSCs were dissociated
into single cells and cultured as NS in a medium supplemented with BMP4 (BMP4/
EGF/FGF). The effect of BMP4 addition was analyzed at the 5th passage in short term
cultures. For the differentiation the standard differentiation medium was used without
BMP4 (see Materials and Methods, Table 2). Interestingly, Olig2 is slightly down
regulated in rINCSCs NS treated with BMP4, in comparison to the control rINCSCs
without BMP4. However, Olig2 is still expressed in approximately 70% of the cells
(Figure 19B). Furthermore, the CNS marker gene Sox3 is massively down regulated
upon the BMP4 treatment of rNCSCs NS (Figure 19C). rNCSCs supplemented with
BMP4 differentiated into GFAP-positive astrocyte-like cells that lack p75 expression
(Figure 19Ae and g) like control INCSCs without BMP4 (Figure 19Af and h). Additionally,
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Figure 19: CNS identity of INCSCs stays
stable after delayed BMP4 application.
gy 3rd passage rNCSCs were dissociated
\L RS gt e into single cells, BMP4 was added the

2 proliferation medium and rNCSCs were
analyzed at 5th passage under proliferation
in short-term cultures (B and C) or after differentiation for 7 days (A). INCSCs with
BMP4 still differentiate into GFAP-positive astrocyte-like cells (Ae and g), express
Olig2 (Aa) and lack p75-positive cells (Ac) like control INCSCs without BMP4 (Ab,
d, f and h). rINCSCs with BMP4 lack O4-positive oligodendrocyte-like cells (Aa and
c). However, control INCSCs generate O4/0lig2-expressing oligodendrocyte-like cells
(Ab and d). Under proliferation conditions Olig2 is decreased in rNCSCs with BMP4
(B), compared to the control (B) but still expressed in many cells (n=3, mean + SEM).
(C) Sox3 is strongly downregulated in BMP4-treated rNCSCs. Scale bar: 30 um.
(Weber et al., 2015).
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Olig2 was still expressed after differentiation (Figure 19Aa and e). In contrast to control
rNCSCs without BMP4 (Figure 19Ab), INCSCs with BMP4 lose the ability to differentiate
into O4/0lig2-coexpressing oligodendrocyte-like cells (Figure 19Aa). The lack of
oligodendrocyte-like cells could be caused by an effect of BMP4 on oligodendrocyte
differentiation, which has previously been observed in the CNS (Samanta et al., 2004;

Mekki-Dauriac, 2002; Miller et al., 2004). The results support the notion that the CNS
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identity of INCSCs, demonstrated by the expression of the CNS marker gene Olig2,
the generation of astrocyte-like cells and the lack of p75, stays stable after delayed

BMP4 application.

4.1.12 Is forced Olig2 expression able to induce oligodendrocyte generation in

BMP NCSCs?

It has been described that the combined action of three transcription factors, Olig2,
Sox10 and Nkx6.2 or Zfp536, is sufficient to induce oligodendrocyte marker genes
in cultures of mouse and rat fibroblasts. Induced oligodendrocyte-like cells display
a oligodendrocyte specific-morphology and are able to myelinate axons in shiverer
or hypomyelinated mice. The combination of Olig2 and Sox10 also induced
oligodendrocytes, although with lower efficiency (Najm et al., 2013; Yang et al., 2013).
Passage 1 BMP NCSCs express Sox10 at a high level (approximately 65% of the
cells express Sox10 (see section 4.1.6)), which raises the question whether Sox10 in
combination with forced Olig2 expression is able to induce oligodendrogenesis. For
forced Olig2 expression in BMP NCSCs, a Piggy Bac transposon plasmid containing
mmOlig2 (pPB-CAG.Olig2-puDtk) was used. Piggy Bac transposons integrate into the
host genome but can be removed by the transfection of cells with a transposase-
expressing vector. The transient transgene introduction the via Piggy Bac transposon is
expected to avoid permanent genetic alteration, in contrast to the permanent retroviral
introduced genes, for example the retrovirally introduced pluripotency genes in iPSCs
(reviewed in Ben-David and Benvenisty, 2011).

Primary BMP NCSCs were dissociated into single cells and were transfected with the
Piggy Bac transposon containing mmOlig2 (see Materials and Methods see section
3.2.1.2.7). In order to check the efficiency of the transfection, the cells were plated
on poly-DL-ornithine laminin coated 4-well plates in a medium, containing EGF and
FGF, and stained for Olig2 16 h after transfection. The transfection rate determined

from the number of Olig2-positive cells was about 15% % 0,1% (Figure 20A and B).
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Figure 20: BMP NCSCs express Olig2 after Olig2 transfection. Primary BMP NCSCs
were dissociated into single cells and transfected with Piggy Bac transposon plasmid
containing mmOlig2. Cells were cultured with EGF/FGF on poly-DL-ornithine laminin
coated 4-well pates and analyzed 16 h after transfection. The transfection efficiency
was about 15% + 0,1% (n=2) (A and B). Control, untransfected cells did not express
Olig2 (C). Mean £ SEM. Scale bar: 30 um. Red arrows indicate Olig2-positive cells.

The Olig2 transfected cells and control BMP NCSCs were cultured for 11 days in the
presence of EGF and FGF for the generation of NS and were either analyzed in short
term cultures or after differentiation in the presence of a oligodendrocyte differentiation
medium. Although virtually all cells express Sox10 in these cultures, oligodendrocyte-
like cells were not observed in NS short term cultures and after differentiation (Data not
shown), according to Njam et al., (2003) and Yang et al., (2013). The high proportion of
Sox10-positive cells in BMP NCSC cultures maintained without BMP4 after passage1
suggests that the Sox10 expression is reduced by BMP4 between passage 1 and
passage 3 (Data not shown). Using substrate attached rather than floating NS cultures
and a medium conditioned by rNCSCs a low number of oligodendrocyte-like cells
was detected in Olig2-transfected cultures. After 18 days in a proliferation medium
and after 7 days of standard differentiation without RA (see Materials and Methods,
section 3.2.1.2.6 and Table 2) O4/0lig2-coexpressing cells with oligodendrocyte
specific-morphology were detected in the Olig2-transfected cell fraction (Figure 21A
and B (0O4/0lig2-coexpressing cells are indicated with white arrows)). As a control,
Piggy Bac transposon plasmid, containing mmNkx6.2-transfected cells were used.
Although, Nkx6.2 is able to induce Olig2 expression in the pMN domain of the ventral
spinal cord (Bennett et al., 2001; Lui et al., 2003; Novitch et al., 2001; Sun et al.,
1998) neither Olig2 nor O4 was induced by Nkx6.2 in BMP NCSCs (Figure 21C). This
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Figure 21: Forced expression of Olig2 induces O4/0Olig2 coexpression in BMP
NCSCs with oligodendrocyte morphology. Freshly Olig2 transfected cells were
cultured on poly-DL-ornithine laminin coated 4-well plates for 18 days under proliferation
conditions and were analyzed after differentiation for 7 days. Olig2 transfected
BMP NCSCs generated very few O4/0lig2-coexpressing cells with oligodendrocyte
morphology (A and B, white arrows). As a control Nkx6.2 transfected cells were used,
that did not induce Olig2 and O4 expression (C). White arrowheads indicate double-
positive cells and red arrows single Olig2-positive cells. Scale bars: 30 ym. n=1.

preliminary result represents the proof of the principle that oligodendrocyte development
may be induced by Olig2 expression in BMP NCSCs. However, these results must be

confirmed by using more markers.

4.2 NCSCs derived from postnatal DRG are able to generate CNS cell types

in vitro

NCSCs derived from E12.5 DRG can be reprogrammed to cells with CNS identity in a
medium containing EGF and FGF. To investigate whether NCSCs are maintained dur-
ing development and keep the potential for CNS reprogramming, NCSCs from post-
natal (P3) DRG were obtained. It will be analyzed if NCSCs from postnatal (P3) DRG

acquire CNS fates, as observed for embryonic INCSCs.

4.2.1 NCSCs from postnatal (P3) DRG acquire the CNS marker Olig2 but the PNS

marker p75 is maintained in NS culture under proliferation conditions

The properties of 3rd passage NS cells from postnatal mouse DRG were analyzed
in short-term cultures (see Materials and Methods, section 3.2.1.2.5). Virtually all

cells express Olig2 (Figure 22A). p75 was massively reduced but detectable in a
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Figure 22: NCSCs from
postnatal DRG acquire the
CNS marker gene Olig2,
however, the PNS marker p75
is maintained. 3rd passage NS

from P3 DRG were analyzed

under proliferation conditions in
Olig2 DAPI DAPI DAPI short-term cultures. VlrtuaIIy all
NS cells express Olig2 (A). p75
(B) and Sox10 expression was
detected in a low number of
cells (C). Tuj1-positive neurons
(D), GFAP-positive astrocytes

-2 ] 04/DAPI (E) and a few O4-positive
- - - - ' - oligodendrocyte-like cells (F)
were generated.
Tuj1 pAPl  [erar ] pari DAPI Scale bars: 30 pm (n=2).

low number of cells (Figure 22B), in contrast to rINCSCs which completely lack p75

expression at passage 3. Additionally, Sox10-expressing cells were detected (Figure
22C). Differentiated cell types, such as Tuj1-positive neurons (Figure 22D) and GFAP-
positive glial cells that display an astrocyte morphology (Figure 22E) were found in
low numbers. O4-positive glial cells with oligodendrocyte morphology emerged (Figure
22F), in contrast to INCSCs that lack O4 expression under proliferation conditions (see
section 4.1.2). This leads to the conclusion that progenitor cells from postnatal DRG
can be propagated in medium containing EGF and FGF which results in the acquisition

of Olig2 and the loss of PNS markers in the vast majority of cells.

4.2.2 3rd passage NS derived from postnatal (P3) DRG differentiate into CNS cell

types including oligodendrocyte and astrocyte progeny

To analyze the differentiation potential of postnatal derived NCSCs, 3rd passage NS
were treated with the standard differentiation medium (see Materials and Methods,
section 3.2.1.2.6 and Table 2). As observed for embryonic DRG-derived NS GFAP-

expressing glial cells with astrocyte morphology, that lack the neural crest marker
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Figure 23: 3rd passage NS
g cells derived from P3 DRG

@ differentiate to CNS cell
types and PNS neurons.
3rd passage NS differentiate
P8 to Tuj1-positive neurons that
are devoid of Peripherin (A)
but coexpress p75 (B). GFAP-
positive astrocyte-like cells (C)
and O4-positive oligodendro-
cyte- like cells (D) are devoid
of p75 expression. 0O4-ex-
pressing oligodendrocyte-like
cells coexpress Olig2 (E) and
some O4- positive cells co-
express Sox10 (F). Sox10/
Olig2-coexpressing cells were
detected (indicated with white
arrowheads) as well as only
Olig2- (indicated with red ar-
rowheads) and Sox10- (indi-
cated with green arrowheads)
expressing cells (G). p75- (H)

__l Sox10/04/DAPI

Sox10/ /DAPI Sox10/p75/DAPI Sox10/ IDAPI- =

and Tuj1-positive cells (I) co-
express Sox10. Scale bars:
Sox10 s°x1o Sox10 30 um. n=5 (A - E published in

Binder et al., 2011).

p75, could be identified (Figure 23C). The emergence of oligodendrocyte-like cells
was indicated by the coexpression of O4 and Olig2, the morphology characteristic
for oligodendrocytes (Figure 23E) as well as the lack of p75 expression (Figure 23D).
O4-positive cells that coexpress Sox10 were also detected (Figure 23F). Some Sox10-
positive cells coexpress Olig2, which suggests the generation of OPCs (Figure 23G
(indicated with white arrowheads)). However, also marker combinations typical for
neural crest and neural crest progeny were detected as cells that coexpress Sox10
and p75 or Tuj1 and Sox10 (Figure 23H and I). Although the Tuj1/p75-coexpressing
neurons lack Peripherin expression (Figure 23A) they are tentatively characterized
as immature PNS neurons by the coexpression of Tuj1 and Sox10 (Figure 23l). In
the stellate ganglion Sox10 is coexpressed with Tuj1-positive proliferating neuroblasts

(Gonsalvez et al., 2012).
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These findings confirm that progenitors from postnatal-derived DRG differentiate into
CNS cell types, including oligodendrocyte-like cells and astrocyte-like cells, but main-
tain the potential to generate PNS cells such as immature PNS neurons. This implies
that postnatal DRG derived NCSCs display a more restricted developmental plasticity

when compared with NCSCs from embryonic DRG.

4.3 Do adult NCSCs from mouse palate acquire CNS fates?

The use of INCSCs for cell therapies requires an accessible source of these cells in
the adult organism. As the DRG from adult mouse is not an easily accessible tissue, it
was of interest to identify an alternative source. An easily accessible tissue source that
contains NCSCs is the adult rat palatal rugae. Widera et al., (2009 and 2011) identified
Nestin/p75/S100-positive neural crest-derived cells adjacent to Meissner corpuscles
within the palate of adult Wistar rats. These so-called palatal neural crest-related stem
cells (PNCSCs) can be propagated in NS culture for at least 20 passages. Primary NS
revealed a high expression of Sox2, Nestin, p75, Slug, Twist and Sox9. A few cells
expressed GFAP and pluripotency genes, such as Oct4, KIf4 and c-Myc, were also de-
tected. pPNCSCs differentiated into neurons and glial cells in vitro (Widera et al., 2009;
Widera et al., 2011). However, it was unclear if NCSCs, derived from adult mouse
palate (pNCSCs), acquire CNS fates in NS culture. In addition a direct proof for neural

crest origin of pPNCSCs was lacking.

4.3.1 Progenitor cells from adult mouse palate (pPNCSCs) are derived from

Sox10-positive NCSCs or glial cell

To investigate whether neurosphere forming cells in dissociated adult mouse palate are
derived from the neural crest, the palate was dissociated from a Sox70-GFP mice (see
Materials and Methods, section 3.2.1.1.4). In this mouse strain, GFP is expressed under

the control of the Sox10 promotor which allows to identify Sox10-expressing neural
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Figure 24: NS forming cells were derived from Sox10-positive NCSCs or Schwann
cells and Sox10 was downregulated during NS culture. GFP-Sox10-positive fresh-
ly isolated palatal cells display Schwann cell morphology (Aa and b). After 5 days in
culture the majority of NS were GFP-positive (Ac and d). p75 (P1: 63.3% % 0.2%,
P3: 11.3% £ 7.3%, n=3; mean + SEM)) and Sox10 (P1: 34% + 1.9%, P3: 1.2% + 0.7%
(n=3 to 5; mean + SEM)) are downregulated during NS culture (B). Scale bars: 30 ym.
(Weber et al., 2015).

crest cells and Schwann cells. Sox10-GFP-positive cells from freshly isolated palate
displayed a Schwann cell morphology (Figure 24Aa and b). The cells were cultured
in a proliferation medium (see Materials and Methods, section 3.2.1.2.4 and Table 2).
After 5 days in culture, small aggregates, displaying a NS morphology, appeared and
94.5% £ 2% of NS displayed GFP expression (Figure 24Ac, d). The proportion of NS-
containing GFP-positive cells strongly decreased after 7 days in culture, when only
52% £ 2% of the NS contained GFP-positive cells (Data not shown). Furthermore, the
proportion of Sox10-positive cells was reduced during NS culture from 34% £ 1.9%
in passage 1 NS cells to 1.2% + 0.7% in passage 3 (Figure 24B), analyzed in short
term cultures. The neural crest/neural crest-derivative marker p75 was expressed at
high levels in passage 1 NS, when about 63.3% * 0.2% of the cells express p75
and subsequently p75 expression decreases so that only 11.3% + 7.3% of the cells
express p75 in passage 3 NS (Figure 24B). This result supports the assumption that

palate-derived NS are generated from Sox10/p75-positive NCSCs or Schwann cells
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that downregulate these neural crest markers p75 and Sox10 during NS culture.
4.3.2 3rd passage pNCSCs lack the expression of the CNS marker gene Olig2

3rd passage pNCSCs NS cells were analyzed for the expression of CNS versus PNS
marker genes. Interestingly, pPNCSCs lack the CNS marker Olig2 (Figure 25a) and no
O4-(Figure 25f) and GFAP-expressing CNS or PNS glial cells (Figure 25e) were found.
Alow number of p75- (Figure 25b) and Sox10-positive neural crest derivatives (Figure
25c¢) and Tuj1/p75-coexpressing PNS neurons (Figure 25d) were detected. A similar
result was observed after the differentiation of pNCSCs i.e. the lack of Olig2 (Figure
259), the absence of O4-(Figure 251) and GFAP-positive glial cells (Figure 25k), the
generation of a few cells expressing p75 (Figure 25h) and Sox10 (Figure 25i) as well

as Tuj1/p75-coexpressing neurons (Figure 25j). Due to the fact that the majority of

T e f '
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Figure 25: 3rd passage pNCSCs are devoid of the CNS marker gene Olig2. 3rd
passage pNCSCs were analyzed under proliferation conditions in short-term cultures
and under differentiation conditions via immunocytochemistry. Under proliferation
conditions pNCSCs lack Olig2, GFAP and O4 expression (a, e, f). A few p75- (b),
Sox10- expressing (c) and Tuj1/p75-coexpressing cells (d) were detected. Also after
differentiation pNCSCs lack Olig2 expression (g) and GFAP- and O4-positive glial cells
are absent (k,l). Only few p75- (h) and Sox10-positive cells (i) as well as Tuj/p75-
coexpressing cells (j) were detected. Scale bars: 30 um. n=3. (Weber et al., 2015).
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cells were negative for marker genes such as Olig2, p75, Sox10, GFAP and O4, the

cell type identity of most pNCSCs was unclear.

4.3.3 pNCSCs acquire cranial neural crest fates

In order to identify pNCSCs the gene expression profile was analyzed by an Affymetrix
microarray, of pPNCSCs and rNCSCs. The comparison revealed strong differences in the
gene expression pattern as 31% of the probe sets are differentially expressed (1.5 fold
change, adjusted p-value <0.05) (Figure 26A). PCA analysis demonstrate that pPNCSCs
do not cluster together with INCSCs and SCSCs (Supplementary Figure 2). pPNCSCs
are devoid of the CNS or neural plate marker genes (Fabp7, Olig1, Olig2, Pax6, Sox1)
that are selectively expressed by rNCSCs (Figure 26A). However, pNCSCs express
genes at a high level which are expressed in neural crest/neural crest-derivatives such
as TfapZ2a, DIx1, DIx2 and Erbb3 (Figure 26A). The GO analysis revealed for pNCSCs
an enrichment of the GO terms vasculatory development, blood vessel development
and morphogenesis and angiogenesis (Table 17). Furthermore, pNCSCs express
genes at a high level that are found in MSCs/pericyte progenitors, such as Pdgfrb,
Rgs5, Abcc9, S1pr3, Kenj8 and Ly6a (Figure 26A and Table 16). In the head region,
the cranial neural crest generates, besides PNS progeny, mesenchymal derivatives
such as cells in the meninges, brain, retina, optic nerve and thymus (reviewed in Le
Douarin, 2004). Pericytes in the face and neck region are also neural crest derived
(reviewed in Le Douarin, 2004). Interestingly, the vast majority of palatal mesenchyme
is derived from the cranial neural crest (Ito et al., 2003). The expression of MSC and
pericyte marker genes thus reflects the normal development of cranial neural crest
stem cells and the generation of a subset i.e. mesenchymal derivatives. Furthermore,
PNCSCs lack Hoxb6 expression, which is a trunk restricted marker gene (Figure 26A).
Pluripotency genes are only weakly expressed except of Sox2 and Klf4 (Figure 26A).
The differential expression of a number of genes, indicated in the scatter plot (red)

was confirmed via RT-PCR (Figure 26B). These results lead to the assumption that
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Figure 26: Gene expression profiling of pPNCSCs and rNCSCs reveal strong
differences in gene expression pattern. The scatter plot demonstrates strong
differences in gene expression pattern of pPNCSCs and rNCSCs (A). CNS stem cell and
neural crest marker genes are indicated (red). (B) The differential expression of marker
genes is confirmed by RT-PCR (CNS marker: Olig1, Olig2, Pax6 and Sox1; Neural
crest/neural crest derivative marker Tcfap2a, DIx1/2, Erbb3, Mgp, Lgals3 and Bgn);
MSC marker: Rgs5, Pdgfrb, S1pr3, Abcc9 and Kcnj8). Sox2 is strongly expressed in
PNCSCs, rNCSCs and ESCs. Kif4 is expressed in pNCSCs and ESCs. Nanog and
Oct4 are only expressed at high levels in ESCs. Hoxb6 is only expressed in INCSCs
and is missing in pNCSCs. (Weber et al., 2015).
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pPNCSCs are not able to generate any CNS cell types, at least under the medium
conditions used and are restricted to the generation of a subset of cranial neural crest

derivatives.
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Comparison of gene expression of INCSCs and pNCSCs

Gene symbol Gene name Fold change P-value
Early neural genes (neural plate)

Zic1 zinc finger protein of the cerebellum 1 10.95 1.43E-09
Sox3 SRY-box containing gene 3 6.59 1.73E-08
Gbx2 gastrulation brain homeobox 2 4.65 0.00045
Sox11 SRY-box containing gene 11 9.15 1,61E-08
Pou3f1 (Oct6) POU domain, class 3, transcr. factor 1 4.11 0.00011
Pou3f4 (Brn4) POU domain, class 3, transcr. factor 4 5.12 1.82E-08
Spinal cord ventricular zone

Fabp7 fatty acid binding protein 7, brain 9.75 7.46E-08
Olig1 oligodendrocyte transcription factor 1 10.78 1.31E-11
Olig2 oligodendrocyte transcription factor 2 10.32 3.37E-11
Pax6 paired box gene 6 6.48 4.25E-09
Sox1 SRY-box containing gene 1 5.72 7.99E-07
Sic1a3 Glial high affinity glut. transp. (Glast) 6.76 1.83E-08
Ptprz1 protein tyrosine phosphatase, receptor z 10.78 6.44E-11
Neural crest

Snai2 snail homolog 2 (Drosophila) -6.05 2.87E-10
Erbb3 v-erb-b2 homolog 3 -3.29 2.55E-10
Tcfap2a transcription factor AP-2, alpha -4.5 7.04E-07
Twist1 twist1 transcription factor -7.44 0.00037
Dix1 distal-less homeobox1 -4.73 0.00022
DIx2 distal-less homeobox2 -3.67 0.00057
Chondrocyte/osteoblast

Bgn biglycan -11.10 6.92E-11
Mgp matrix gla protein -11.35 3.76E-10
Lgals3 galectin -11.09 2.26E-10
Col2a1 collagen, type Il, alpha 1 -0.28 ns
Col9a1 collagen, type IX, alpha1 -0.07 ns

Fmod fibromodulin -0.18 ns

Acan aggrecan -0.12 ns

Ogn osteoglycin -0.29 ns
MSC/pericyte

Pdgfrb Pdgf receptor beta -10.94 2.77E-10
Rgs5 Regulator of G-protein signaling 5 -11.68 9.23E-12
Abcc9 ATP-binding cassette, subfamily C, 9 -9.58 217E-11
Ly6a Lymphocyte antigen 6 comp.; Sca-1 -9.34 7.41E-08
S1pr3 Endothelial diff. spingolipid G-pr. coupl. rec 3 -9.24 2.38E-11
Kcnj8 Potassium inwardly-rect. Channel J8 -8.22 1.08E-08
Enpep Glutamylaminopeptidase -6.60 4.63E-05
Spp1 Secreted phosphoprotein 1 -6.87 1.04E-08
Timp2 Tissue inhibitor of metalloprotease 2 -6.23 4.54E-10
CD248 Endosialin -4.14 5.71E-06

Table 16: Comparison of the gene expression of rNCSCs and pNCSCs analysis
of gene expression in INCSC and BMP NCSC neurospheres by Affymetrix
microarrays. The following genes were selected for display: i) genes expressed in
neural plate epithelial cells ji) in the spinal cord ventricular zone, iii) in neural crest, iv)
in mesenchymal neural crest derivatives, v) in MSC/perivascular cells. The average
signal fold change is shown (log2-fold values). P-values adjusted for multiple hypothesis
testing (Benjamin and Hochberg, 1995) (Weber et al., 2015).
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Gene ontology of genes differentially expressed in pPNCSCs relative to rNCSCs
Cluster GO term Fold enrichment P-value

Annotation cluster 1 (Enrichment score 17.15)

GOTERM_BP-FAT G0:0001944~vasculature development 2.49 1.89E-19
GOTERM_BP-FAT G0:0001568~blood vessel development 2.45 4.01E-18
GOTERM_BP-FAT G0:0048514~blood vessel morphogenesis 2.48 3.98E-15
GOTERM_BP_FAT G0:0001525~angiogenesis 2.84 8.17E-15
Annotation cluster 2 (Enrichment score 10,27)

GOTERM_BP_FAT G0:0009611~response to wounding 1.98 2.35E-12
GOTERM_BP_FAT GO0:0006952~defense response 1.82 2.45E-10
GOTERM_BP_FAT G0:0006954~inflammatory response 213 2.62E-10
Annotation cluster 3 (Enrichment score 6,28)

GOTERM_BP_FAT GO0:0001763~morph. of a branch. struct. 2.55 8.82E-11
GOTERM_BP_FAT G0:0035295~tube development 1.91 8.97E-09
GOTERM_BP_FAT GO0:0048754~branch. morph. of a tube 2.55 2.46E-08
GOTERM_BP_FAT G0:0048729~tissue morphogenesis 1.81 1.11E-06
GOTERM_BP_FAT G0:0035239~tube morphogenesis 1.96 1.45E-06
GOTERM_BP_FAT G0:0060429~epithelium development 1.67 1.41E-05
GOTERM_BP_FAT G0:0002009~morph. of an epithelium 1.79 5.00E-05
GOTERM_BP_FAT GO0:0060562~epithelial tube morph. 1.93 2.41E-04
Annotation cluster 4 (Enrichment score 6,17)

GOTERM_BP_FAT G0:0032963~collagen metabolic process 4.39 9.62E-08
GOTERM_BP_FAT G0:0044259~multicell. org. m. metab. pr. 4.20 2.34E-07
GOTERM_BP_FAT G0:0044243~multicell. org. catabolic pr. 4.61 1.11E-06
GOTERM_BP_FAT G0:0044236~multicell. org. metabolic pr. 3.86 1.12E-06
GOTERM_BP_FAT G0:0030574~collagen catabolic process 4,52 4.79E-06
Annotation cluster 5 (Enrichment score 5,42)

GOTERM_BP_FAT GO0:0001501~skeletal system development 1.95 7.74E-10
GOTERM_BP_FAT G0:0060348~bone development 2.26 6.16E-07
GOTERM_BP_FAT G0:0001503~ossification 2.24 3.10E-06
GOTERM_BP_FAT G0:0001649~o0steoblast differentiation 2.15 0.00586

Table 17: Gene ontology of genes differentially expressed in pNCSCs relative to
rNCSCs. Genes with at least two-fold (q<0.05) differential expression in pNCSCs vs
rNCSCs were analyzed using DAVID (http://david.abcc.ncifcrf.gov). The top five most
highly enriched clusters of GO terms are presented. (Weber et al., 2015).
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5. Discussion

5.1 DRG-derived NCSCs are reprogrammed to CNS stem cells

NCSCsfromE12.5 mouse DRG acquire CNS marker gene expression and downregulate
PNS marker genes upon propagation as free floating NS cultures in the presence
of EGF and FGF (Binder et al., 2011; Weber et al., 2015). This is reflected by the
acquisition of Olig2 in the majority of cells and the loss p75 of expression. Furthermore,
rNCSCs show the ability to generate CNS cell types, such as neurons, astrocytes and
oligodendrocytes. On the other hand, PNS glial cells or neurons were not detected
even after the treatment with factors that promote Schwann cell differentiation in neural
crest cultures or after delayed BMP4 application (Binder et al., 2011; Weber et al.,
2015). This implies a stable CNS identity of rINCSCs.

The generation of CNS cell types from postmigratory NCSCs was confirmed by
findings of the Baron-van-Evercooren lab (2011).The group was able to generate
oligodendrocyte-like cells from E10.5 mouse boundary cap-derived cells in vitro and in
vivo (Zujovic et al., 2011). Earlier findings also suggested that DRG progenitors are able
to generate CNS cell types in vitro (Svenningsen et al., 2004). Furthermore, Dromard
et al., (2007) detected Olig2-expressing cells in NS cultures derived from E13.5 DRG
that were cultured in the presence of high amounts of FGF and EGF. Dromard and
colleagues could not exclude a potential contamination from spinal cord cells, which
may result in an overgrowth of CNS-derived stem cells and the loss of NCSCs within
a couple of passages. In the present study, the contamination of DRG cultures by
CNS cells from the spinal cord was excluded by the following features: i) All processes
of the dissected DRGs are removed which includes the dorsal roots projections to
the spinal cord. i) The starting E12.5 DRG population lacks Olig2-immunoreactive
cells, in contrast to E12.5 spinal cord where Olig2 is expressed in the pMN domain
(Fu et al., 2002; Zhou et al., 2001). iii) Dissected DRGs lack the expression of Olig2,
Olig1, Nkx2.2, Nkx6.1 and Pax6, analyzed via qPCR (Binder et al., 2011). iv) DRG-
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derived NCSCs, cultured with EGF only, could not be maintained beyond passage 2, in
contrast to embryonic spinal cord neurosphere cultures. v) In contrast to FGF NCSCs
that generate oligodendrocyte-like cells with immature morphology, embryonic spinal
cord-derived NS differentiate into oligodendrocyte-like cells that display a mature
oligodendrocyte morphology.

Since earlier conclusions on the reprogramming of DRG-derived NCSCs were only
based on the analysis of differentiated rNCSCs (Binder et al., 2011), it was unknown
whether the reprogramming towards CNS identity of rNCSCs under proliferation

conditions is complete or partial.

5.1.1 rNCSCs and SCSCs display an identical gene expression profile

To address the issue if CNS reprogramming of rNCSCs is complete, gene expression
profiles of 3rd passage rNCSCs and SCSCs were compared by Affymetrix microarrays.
The results demonstrate a virtual identical gene expression pattern of INCSCs and
SCSCs. Only one gene is statistically differentially expressed in INCSCs and SCSCs,
but it seems not to play a role in PNS or CNS development. The neural crest and
neural crest-derivative marker genes (Tcfap2a, DIx1, DIx2, Erbb3, Phox2b, Mgp,
Lgals3 and Bgn) are expressed at only background or undetectable levels, indicating
that INCSCs completely lose PNS marker gene expression. On the other hand, CNS
restricted genes, which are expressed in the ventricular zone and neuroepithelium,
such as Fabp7, Olig1, Olig2, Ptprz1, Tnc, Pax6, Sox3 and Sox1, are expressed at high
and comparable levels in INCSCs and in SCSCs.

Fabp7 is transiently expressed in radial glial cells, just before neural differentation starts
(Feng et al., 1994). It is also found in neural stem cells of the postnatal dentate gyrus
and plays a role in neurogenesis, by displaying a positive effect on proliferation, and
antagonising the survival of new born neurons (Matsumata, et al., 2012). Furthermore
it has been reported that Fabp7 is a downstream target of Pax6 (Arai et al., 2005).

Pax6 is important during the differentiation of neurons in the CNS, by upregulating
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the pro-neural bHLH transcription factor Ngn2. Pax6 also plays a role in proliferating
neuroepithelial cells, which suggests that in the early developing cortex Pax6 rather
upregulates Fabp7 than Ngn2 (Arai et al., 2005). This leads to the suggestion that
Fabp7 and Pax6 are essential for the maintenance of the proliferating state in rNCSCs.

The transcription factors Olig1 and Qlig2 play a role during oligodendrogenesis. They

can act together in a heterodemeric state or alone to regulate tissue-specific develop-
ment (Meijer et al., 2014). Olig1 and Olig2 are thought to contribute to the oligodendro-
cyte differentiation of rINCSCs (Binder et al., 2011).

Sox1, Sox2 and Sox3 are SoxB1 transcription factors that bind, as all Sox family
transcription factors, to a specific DNA sequence, the so called Sry -Box. They often
function as binding partners and interact with other Sox transcripion factors to regulate
transcription regulatory elements. Sox1, Sox2 and Sox3 play a role during neurulation.
Sox2 and Sox3 are already expressed in the neural plate and neural tube (reviewed
in Thiel, 2006). In neural progenitor cells SoxB1 transcription factors are thought to be
important in the proliferation maintenance and the differentiation repression (Graham
et al., 2003). Sox3 is uniformly expressed in INCSCs but as Sox1 and Sox2 expression
was only detected via RT-PCR it remains unclear whether Sox1 and Sox2 are
expressed in all or only subpopulations of rINCSCs. Those three transcription factors
could contribute to the maintenance of the proliferative and undifferentiated state of
rNCSCs.

Tenascin ¢ (Tnc) is a glycoprotein which is expressed during early stages of CNS

development and is downregulated during CNS maturation. It remains expressed in
at least two stem cell niches, the gyrus dentatus and SVZ. In the cortex and SVZ of
Tnc-deficient postnatal mice it has been shown that progentitor cell proliferation is
reduced and that OPC proliferation is impaired (Garcion et al., 2001). This implies
that Tnc is essential for oligodendrocyte formation in rINCSCs. In addition, Ptprz1 and
Tnc are carriers of the chondroitin sulphate proteoglycan (CH-PG) recognized by the
mAB 473HD and the LewisX (LeX) glycan recognized by the mABs 5750, which are

uniformly expressed in INCSCs and SCSCs. CH-PG is expressed in neural progenitor
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cells of the embryonic forebrain, and when CH-PG is digested in cortical precursor
cells NS formation fails. CH-PG interacts with FGF, thus playing an important role in
NS formation, self-renewal and proliferation (Ito et al., 2005; Sirko et al., 2010). 5750\
is expressed in the developing embryonic spinal cord and coexpressed with Nestin-
positive neural precursor cells at E13.5 (Karus et al., 2013).

Taken together, these results suggest that rNCSCs acquire a complete SCSC CNS
identity, demonstrated by the identical gene expression pattern of INCSCs and SCSCs,
the downregulation of PNS marker genes and the uniform expression of the CNS

markers Olig2, Sox3, Fabp7, 473HD and 5750~

5.1.2 rNCSCs acquire a ventral neural tube identity

Some of the CNS marker genes expressed in INCSCs and SCSCs, such as Sox2, Sox3
and Zic1, are not only expressed in spinal cord and brain but additionally expressed
at earlier stages in the neural plate (reviewed in Thiel et al., 2006; Nagai et al., 1997).
This raises the question whether rNCSCs have a spinal cord/brain or neural plate
identity. The data set of this study demonstrates that INCSCs have a spinal cord rather
than neural plate identity, since NCSCs lack Oct4 expression thatis expressed during
neural plate development (Archer et al., 2011). Furthermore, Olig2, Fabp7 and Pax6
are expressed in the neural tube and brain but are not yet detectable in the neural
plate (Feng et al., 1999; Bertrand et al., 2000; Novitch et al., 2001; Binder et al., 2011).
The acquisistion of a spinal cord identity of rINCSCs was already suggested in an
earlier published data set (Binder et al., 2011). It was shown that rNCSCs express
trunk Hox genes (Hoxb6 and Hoxc10) as well as ventral neural tube marker genes
(Olig2 and Nkx2.2). A brain identity of INCSCs was excluded because cortical markers
were not upregulated in NCSCs (Binder et al., 2011). Several findings of the present
study provide additional support for the assumption that rNCSCs acquire a spinal
cord identity. i) NCSCs and SCSCs have an identical gene expression pattern. ii)

rNCSCs and SCSCs express trunk (Hoxb6 and Hoxc10) marker genes and lack fore/
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midbrain markers (Emx1, Nr2e1 and Foxg1) (Kelly et al., 2009; Bishop et al., 2001).
iif) Unsupervised principal component analysis (PCA) of the microarray data sets of
rNCSCs and brain derived stem cells such as granule neuron progenitors (GNPs) and
radial glia progenitors (RGPs) demonstrate that INCSCs and brain-derived stem cells
do not share common gene expression characteristics.

PCA analysis also shows that all three probe sets of INCSCs cluster together which
demonstrates the homogeneity and reproducibility of INCSC cultures. These data sup-
port and extend the findings of Binder et al., (2011) using a genome wide expression

analysis to demonstrate that INCSCs acquire the identity of SCSCs.

5.1.3 rNCSCs are directly reprogrammed to cells with SCSC identity

Two mechanisms for cell lineage conversion that are very well defined are termed “re-
programming (with pluripotency state)” and “direct reprogramming or transdifferentia-
tion”. The question arises if the reprogramming process of INCSCs involves a transient
pluripotency state.

i) Reprogramming: It has been shown for the first time in 2006 that the combination

of four transcription factors (Oct4 (O), Sox2 (S), KiIf4 (K), and c-Myc (M) (OSKM))

induces the reprogramming “cascade” towards pluripotency when they are ectopicially
overexpressed in differentiated fibroblasts (Takahashi et al., 2006). These induced
pluripotent stem cells (iPSCs) show the potential to give rise to cells of all three germ
layers.

The reprogramming involves a number of intermediate states. The initial steps of the
reprogramming towards pluripotency, before transcriptional changes take place and
cell division starts, include epigenetic modifications i.e. remodeling chromatin structure,
DNA methylation and Histone modifications. The core of three pluripotency inducing
genes, OSK, shows the ability to re-open the chromatin. Furthermore, it has been
demonstrated that OSK access and bind to genomic DNA (regulatory DNA sites) that

are fully packed in nucleosomes. The opening of the chromatin is important to allow the
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transcription factors to bind on recognition elements, such as specific enhancers and
promotor regions of the DNA, to initiate the transcription of their target genes. c-Myc
enhances the initial binding of OSK but cannot access target sites on his own. c-Myc
is also not required for the reprogramming towards pluripotency. Interestingly, most
pluripotency restricted genes are activated late during the reprogramming process. This
is due to the fact that their promotor regions are highly methylated and demethylation
starts late during the reprogramming process. On the other hand somatic enhancers
that are inactivated by the reprogramming factors are lately hypermethylated during this
process. Since the reprogramming towards pluripotency requires a complex “cascade”
of changes it is not surprising that it only occurs at a low frequency in below 1 percent
of cells within a time period of 1 to 2 weeks (reviewed in Papp and Path, 2013).

ii) _Direct reprogramming_or transdifferentiation: Another mechanism of cell fate

modification, termed direct reprogramming or transdifferentiation, is the direct change
or switch of a differentiated cell type into another differentiated cell type, without going
through a pluripotency state (reviewed in Amamoto and Arlotta, 2014). This process
involves cell dedifferentiation to an intermediate state, that can include cell cycle
reentering and subsequently differentiation to a new cell lineage. Transdifferentiation or
direct reprogramming of cells can also include an intermediate unnatural phase where
two genetic programs are activated (reviewed in Jopling et al., 2011). One example for
the direct reprogramming is the generation of induced neural stem cells (iNSCs) from
fibroblasts by ectoptic expression of defined factors (Han et al., 2012).

In this study it was shown that NCSCs directly reprogram into rNCSCs that have a
SCSC identity. Reprogramming that includes a pluripotency state is excluded because
passage 1 and passage 3 rNCSCs NS express pluripotency genes only at background
or undetectable levels. Furthermore, the results imply that the direct reprogramming
involves dedifferentiation, the loss of PNS characteristics into an intermediate state
that includes cell cycle reentering. An unnatural state where two genetic programms
are activated is excluded because passage 1 rNCSCs lack cells coexpressing PNS

and CNS markers (Olig2/p75). Thus, the results suggest the loss of one program by
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dedifferentiation (PNS identity) and subsequently the upregulation of another program
(CNS identity). The absence of a pluripotent state during rNCSC reprogramming is
also supported by previous results that INCSCs do not give rise to tumors upon the
transplantation into embryonic or adult mouse brains (Binder et al., 2011). This is a
considerable advantage as compared to iPSCs and ESCs that generate teratomas
after transplantation into syngeneic or immunodeficient mice (reviewed in Ben-David
and Benvenisty, 2011). Another disadvantage of iPSCs is the retrovirally introduced
transgenes. At the present stage iPSCs cannot be used for stem cell based therapy
because of safety concerns (Aoi et al., 2008). Since rNCSCs were generated without
genetic modifications and give rise to CNS progeny, NCSCs are a safe potential source

for regenerative medicine in the CNS.

5.1.4 Direct reprogramming of BMP NCSCs into oligodendrocyte-like cells by

Olig2 overexpression

It has been demonstrated that forced expression of the combination of Olig2 and
Sox10 induces oligodendrocyte marker gene expression in embryonic fibroblasts by
direct reprogramming (Najm et al., 2013; Yang et al., 2013). This raises the question if
ectopic overexpression of Olig2 in BMP NCSCs that endogenously express Sox10 is
sufficient to induce oligodendrogenesis. For forced Olig2 expression in BMP NCSCs,
a Piggy Bac transposon plasmid containing mmOlig2 was generated. Piggy Bac
transposons integrate into the host genome but can be removed at a later stage by the
transfection of the cells with a transposase-expressing vector. The transient transgene
introduction via the Piggy Bac transposon avoids permanent genetic alterations, in
contrast to the permanent retrovirally introduced genes, for example the retrovirally
introduced pluripotency genes in iPSCs (reviewed in Ben-David and Benvenisty, 2011).
Ectopic overexpression of Olig2 in BMP NCSCs, which express Sox10 at high levels,
induces the oligodendrocyte marker O4 in a very small fraction of Olig2-positive cells.

04/0lig2-coexpressing cells display an oligodendrocyte-specific morphology, which
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implies that Olig2 overexpression is able to induce the direct reprogramming towards
oligodendrocyte lineage, albeit in a very low number of cells. The low number of induced
oligodendrocyte-like cells by ectopic overexpression of Olig2 is in agreement with the
findings of Njam et al., (2013). Njam and colleagues demonstrated that the ectopic
overexpression of Olig2 and Sox10 induces PLP1 expression in embryonic fibroblasts
with lower efficiency than the combination of Olig2, Sox10 and Nkx6.2.

The low efficiency of oligodendrocyte generation may also be explained by effects of
the cellular context on Olig2 phosphorylation. The transcription factor Olig2 exists in
a phosphorylated and unphosphorylated state (Sun et al., 2011; Meijer et al., 2014).
In cycling precursor cells Olig2 is phosphorylated at triple serin motifs within the
terminal domain. During the differentiation into cells of the oligodendrocyte lineage the
phosphorylation vanishes (Sun et al., 2011; Meijer et al., 2014). Thus, the Olig2 protein
may be phosphorylated in the majority of Olig2-expressing cells which would block
the differentiation into oligodendrocytes. Taken together, these preliminary results
demonstrate the possibility to induce oligodendrocyte development in BMP NCSCs by
transdifferentiation. These findings must be confirmed by additional experiments and
marker genes for oligodendrocytes as well as a more efficient combination of induced
transcription factors. In addition, it remains to be shown that the oligodendrocyte

development is possible after the removal of the introduced genes.

5.2 The neural crest fate is maintained in the presence of BMP4

rNCSCs from E12.5 DRG acquire a SCSC identity in the presence of EGF and FGF.
The presence of BMP4 in a proliferation medium (BMP4/EGF/FGF) prevents NCSCs
from turning into SCSCs and furthermore it maintains the neural crest identity in BMP
NCSCs. The reprogramming towards CNS identity is already efficiently antagonized by
BMP4 at passage 1, reflected by the lack of Olig2 and the expression of p75. NCSCs
are generally considered to coexpress p75 and Sox10 (Wong et al., 2006; Stemple

and Anderson, 1992; Paratore et al, 2001). The large fraction of cells devoid of both,
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Sox10 and p75, is explained by the presence of neural crest-derived mesenchymal
stem cells, as discussed below (see section 5.2.2). Sox10-positive but p75-negative
cells in BMP NCSCs may represent PNS glial cells that have down regulated p75 in
culture. Downregulation of p75 in glial cells of the DRG has been observed during
embryonic development (Hu et al., 2011). Functional evidence for the maintenance
of neural crest fates was obtained by the generation of PNS glia and neurons in BMP
NCSC cultures. BMP NCSCs differentiate into Schwann cells in response to NRG1
and forskolin, which was shown to induce Schwann cell differentiation in neural
crest cultures (Wolpowitz et al., 2000; Paratore et al., 2001; Morrissey et al., 1995;
Yamada et al., 1995). Furthermore, Tuj1/p75- and Tuj1/Phox2b-coexpressing neurons
were detected. The expression of the autonomic neuron marker Phox2b suggests
that autonomic neurons are generated from DRG-derived BMP NCSCs. This is not
unexpected as sympathetic neuron development involves the induction of Phox2b by
BMP4 (Schneider et al., 1999; Reissmann et al., 1996; Shah et al., 1996; reviewed in
Rohrer, 2011). However, additional expression of genes characteristic for sympathetic
neurons (TH) were not observed under the conditions used. A small fraction of Tuj1-
expressing neurons induce the PNS neuron marker Peripherin after the differentiation
in the presence of neurotrophins (Toy et al., 1990). Of note, Peripherin is only expressed
in a subpopulation of postmitotic neurons of the DRG (Toy et al., 1990). Therefore,
it cannot be excluded that Tuj1-positive but Peripherin-negative neurons are also
peripheral postmitotic neurons. Melanocytes, an additional neural crest progeny,
were undetectable under the medium conditions used. The presence of melanocyte
progeny in NCSC cultures varies between different cultures/sources (Morrison et al.,
1999; Sieber-Blum and Cohen, 1980; Bronner-Fraser et al., 1980; Bronner-Fraser and
Fraser, 1989; Amoh et al., 2005; Sieber-Blum and Grim, 2004) and may be dependent
on the activation of Wnt signaling (reviewed in Delfino-Machin et al., 2007).

These results demonstrate that in the presence of BMP4 neural crest markers are
partially maintained and the upregulation of the CNS marker gene Olig2 is prevented.

The neural crest identity is demonstrated by the ability to differentiate into neural crest
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progeny.

5.2.1 The gene expression profile indicates high expression of neural crest-

specific genes in BMP NCSCs

To adress the issue whether the reprogramming towards CNS identity is fully blocked
in the presence of BMP4/FGF/EGF, gene expression profiles from 3rd passage BMP
NCSCs and rNCSCs were obtained. BMP NCSCs and rNCSCs display strong differ-
ences in gene expression pattern. CNS specific genes such as Fabp7, Olig1, Olig2,
Ptprz1, Tnc, Pax6, Sox3 and Sox1 are restricted to NCSCs and are only expressed at
background or undetectable levels in BMP NCSCs. BMP NCSCs express genes char-
acteristic for neural crest and neural crest derivatives, such as Snai2, Erbb3, Sox10,
DIx1/2 and Tcfap2a/b, at high levels.

Snai2 is one of the early neural crest specifiers. Of note, it has been suggested that
BMPs positively regulate Snai2 expression by the direct binding of Smad to the Snai2
promotor (Sakai et al., 2005). In addition, Snai2 can be upregulated in neural plate ex-
plants of chicken embryos by BMPs (Liu and Jessel, 1998; Marchant et al., 1998). This
implies that Snai2 upregulation in BMP NCSCs may be mediated by BMP4.

Sox10 is expressed in migrating neural crest cells and is down regulated in early
neurons. It is maintained in the Schwann cell lineage, plays a role in early stages of
Schwann cell development and later during the differentiation into myelinating Schwann
cells (Britsch et al., 2001; Schreiner et al., 2007). Furthermore, it is suggested that
Sox10 plays a crucial role in the maintenance of the stem cell state of NCSCs (Kim et
al., 2003).

Erbb3 is areceptortyrosine kinase and belongs to the EGF receptor family. ErbB3/ErbB2
receptors are important for the survival and development of Schwann cell precursor
cells (Wolpowitz et al., 2000; Morrissey et al., 1995). Interestingly, both, Sox10 and
Erbb3, expression is initiated just when the neural crest cells delaminate. It has been

shown that Sox10 positively regulates Erbb3 expression and directly modulates Erbb3
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transcription in the zebrafish neural crest (Britsch et al., 2001; Prasad et al., 2011).
The Erbb3 knock out causes defects of neural crest derivatives, including the loss of
peripheral glial cells (Erickson et al., 1997; Wolpowitz et al., 2000). High expression of
Erbb3 in BMP NCSCs supports the suggestion that Sox10-positive but p75-negative
cells are associated with PNS glial cells as already discussed above.

Icfap2a is expressed in premigrating and migrating neural crest cells (reviewed in
Hilger-Eversheim et al., 2000). In the zebrafish it was shown that Tcfap2a directly
activates Sox10 expression in the neural crest (Van Otterloo et al., 2012). Additionally,
in Tcfap2a-deficient mice the neural crest migration is impaired, which results in
abnormalties of neural crest derivatives (Schorle et al., 1996; Zhang et al., 1996).
Tcfap2a is also expressed in Schwann cell precursor cells but is down regulated
during differentiation (reviewed in Jessen and Mirsky, 2005). Notably, a high fraction of
approximately 79% of BMP NCSCs express Tcfap2a. Tcfap2b, as Tcfap2a, is expressed
in the neural crest and in neural crest derivatives, such as the sympathetic ganglia,
DRG and chromaffin cells of the adrenal gland (Moser et al., 1997; Hong et al., 2011,
Schmidt et al., 2011).

The results indicate that BMP4 in combination with EGF and FGF is responsible for
the neural crest maintenance and the inihibition of CNS reprogramming of E12.5 DRG-

derived NCSCs.

5.2.2 The DRG displays a source for MSC-like/pericyte precursor cells

Interestingly, a strong enrichment of genes, such as Bgn, Mgp, Lgals3, Col2a1, Col9a1,
Fmod and Acan, expressed by mesenchymal derivatives, was detected via Affymetrix
microarray in BMP NCSCs. These genes contribute to the development of chondrocytes
and osteocytes. Mesenchymal neural crest derivatives are not generated by the trunk
neural crest in higher verterbrates. In contrast, the cranial neural crest gives rise to
the facial skeleton and other cranial mesenchymal tissues, including smooth muscle,

adipose tissue of skin over the calvarium, skin in the face as well as the ventral part of
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the neck and many connective components in cephalic organs (reviewed in Le Douarin
etal., 2004). Trunk mesenchymal derivatives are only found in lower vertebrates, where
the dorsal fin is neural crest-derived (Kague et al., 2012), suggesting that the potential
of trunk NCSCs to generate mesenchymal derivatives in vivo is lost during evolution. In
the present study it is shown that the mesenchymal potential of trunk neural crest can
be induced in vitro by defined medium conditions (BMP4/EGF/FGF). These findings
are in agreement with the findings by John et al., (2011), who demonstrated TGF-(3-
dependent generation of mesenchymal derivatives from trunk-derived NCSCs of the
pharyngeal apparatus. Sox10 was identified as a key player in the transition of trunk
NCSCs into mesenchymal derivatives. Sox10-positive cells are unable to differentiate
into osteocytes or chondrocytes. The mesenchymal potential of trunk neural crest cells
is induced by Sox10 downregulation, mediated by TGF-31 (John et al., 2011). BMP4
is a member of the TGF-3 family. The findings of the present study indicate that BMP4,
as TGF-B1, may induce mesenchymal fates in NCSCs and that the downregulation of
Sox10 during NS culture in the presence of BMP4 elicits the mesenchymal potential.
The expression of trunk marker genes, such as Hoxb6 and Hoxb10 (Data not shown),
in BMP NCSCs excludes a switch of trunk to cranial identity of BMP NCSCs.

Surprisingly, genes expressed in mesenchymal stem cells (MSCs) and pericyte pro-
genitors, such as Pdgfrb, Rgs5, S1pr3, Acta2, Spp1, Timp1, CD248, Kcnj8, Abcc9 and
Ly6a, were additionally enriched in BMP NCSCs. As MSCs and pericytes both in vivo
and in culture share common marker gene expression, it is not easy to distinguish
these cell types (Crisan et al., 2008; Schwab et al., 2007). Furthermore, the origin and
identity of MSCs in native tissues is poorly understood. Some research groups suggest
that all or at least a subpopulation of MSCs are pericytes (reviewed in Caplan, 2008;
Blocki et al., 2013). Notably, in the cranial region, cells of the neural crest generate
pericytes in face and neck region as well as in the meninges (Etchevers et al., 1999;
Etchevers et al., 2001; reviewed in Armulik et al., 2011). These data suggest that the
addition of BMP4 to the proliferation medium promotes MSC/pericyte progenitor gen-

eration in BMP NCSCs. Since pericytes, as MSCs and the cranial neural crest, show
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the potential to differentiate into osteocytes, chondrocytes and adipocytes (Crisan et
al., 2008), an enrichment of osteocyte and chondrocyte marker expression could be
associated with the differentiation potential of pericytes/MSCs in BMP NCSCs. To fur-
ther prove the potential of trunk derived BMP NCSCs to generate mesenchymal proge-
ny cells, the differentiation into mature chondrocytes, osteocytes and adipocytes must
be demonstrated. These experiments could not be accomplished within the time frame
of this study.

In conclusion, BMP NCSCs represent a heterogeneous cell population which consists
of neural crest cells with a neural potential that represents the Sox10-positive fraction
as well as neural crest-derived MSCs/pericytes and mesenchymal progeny that is

expected to represent the Sox10-negative fraction.

5.3 Adult NCSCs maintain neural crest fates

For regenerative medicine, NCSCs must be isolated from an adult, easily accessible
tissue source. Since the DRG does not fulfill these criteria, the palate of adult mice
was used in this study to isolate NCSCs. Within the adult rat palate p75- and Nestin-
positive cells reside in the innervation of Meissner corpuscules and Merkel cells. It is
thought that these cells generate NS in palatal cultures (Widera et al., 2009; Widera et
al., 2011). In the present study NCSCs from the adult mouse palate (pNCSCs) were
isolated and cultured in the presence of EGF and FGF. The data set demonstrates
that NS-forming cells arise from Sox10-positive NCSCs as discussed below. NS cells
were analyzed for the expression of NCSC marker genes. A continuous decrease in
the proportion of Sox10- and p75-positive cells is observed until passage 3, the latest
passage documented. This correlates with the observed decrease of Sox10 and p75
in INCSCs derived from E12.5 DRG (Binder et al., 2011). However, the CNS marker
gene Olig2 was not induced in pNCSCs. The microarray data of 3rd passage pNCSCs
display an enrichment of neural crest marker genes and pericyte/MSC marker gene

expression in pNCSCs. As pericytes in the face and neck region as well as the vast
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majority of palatal mesenchymal cells are derived from the cranial neural crest (Ito et
al., 2003), the expression of pericyte/MSC marker genes in pNCSCs reflects the normal
potential of the cranial neural crest. This suggests that MSC/pericyte marker genes
are upregulated in the large fraction of Sox10-negative cells and that their expression
correlates with the down regulation of Sox10.

Why are pNCSCs not able to induce CNS traits, such as Olig2 expression even though
they are cultivated under nearly the same conditions as embryonic and postnatal
DRG-derived NCSCs? i) Proliferation medium of pNCSCs is supplemented with higher
amounts of FGF and the cells were cultured under low oxygen conditions. Under
the same medium conditions, used for INCSC propagation, pNCSCs could not be
propagated as NS culture. The different culture condition could prevent the acquisition
of CNS traits. On the other hand, INCSCs can be propagated as NS culture and induce
Olig2 expression under the same medium condition which were used for pNCSCs
(Data not shown), concluding that the different culture conditions can be excluded
as explanation. ij) The inability of pPNCSCs to generate CNS progeny could also be
explained by the reduced plasticity of NCSCs at adult stages. This notion is supported
by the finding that postnatal DRG NCSCs only partly lose the PNS differentiation
potential, whereas embryonic NCSCs are completely reprogrammed to CNS identity.
iif) The high level BMP production by pNCSCs (Data not shown) may be responsible
for the differentiation of pPNCSCs towards mesenchyme/pericytes rather than neural
development. The decrease of Sox10 expression to about 10% of pNCSCs can not be
explained exclusively by BMP signaling as BMP NCSCs maintain Sox10 and the PNS
potential even in the continuous presence of BMP4. iv) An alternative explanation,
discussed below in detail, would be different cell identities of embryonic and adult

NCSCs.

96



5. Discussion

5.4 Identity and origin of NCSCs at different postmigratory locations

Why show NCSCs isolated from different postmigratory tissues and developmental
stages differences in their developmental potential?

During embryonic development the neural crest cells delaminate and migrate to
different locations within the entire embryo. Along the anterioposterior (AP) axis all
neural crest cells in the trunk region have the same developmental potential in vivo
(Le Dourian, 1982; Le Douarin and Kalcheim, 1999). The fate of neural crest cells is
determined during the migration to their destinations by different cues in the environment
(reviewed in Gilbert, 2000). In addition, there is a difference in the developmental
potential of cranial and trunk neural crest cells with respect to mesenchymal fates.
Cell lineage tracing experiments, using Wnt1, Sox10 and PO reporter mouse lines,
demonstrated that the cranial neural crest gives rise, besides neural progeny and
melanocytes, to mesenchymal derivatives of the facial skull and facial mesenchymal
tissue (reviewed in Dupin and Douarin, 2014). On the other hand, trunk derived neural
crest cells have lost the ability to generate mesenchymal derivatives and are restricted
to give rise to neural progeny as well as dorsally located melanocytes. NCSCs from
varius postmigratory regions display a different developmental potential in vitro and
upon transplantation. It is not really surprising that cranial postmigratory NCSCs in
vitro have a broader developmental potential, by generating mesenchymal progeny,
than trunk postmigratory NCSCs (reviewed in Kaltschmidt et al., 2011). But also the
developmental potential of postmigratory trunk NCSCs differs depending on their
location. Sciatic nerve-derived NCSCs differentiate into glial cells rather than into
neurons upon transplantation into the gut. They are unable to populate the gut or
even to differentiate into enteric neurons, whereas gut derived NCSCs differentiate into
enteric neurons (reviewed in Delfino-Machin et al., 2007). The distinct developmental
potential of postmigratoty NCSCs, isolated by different groups and in different locations,
may be explained by different propagation protocols but may also be due to different

cellular identity of the “neural crest stem cells”. Notably, there is no set of markers that
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allows to unambiguously identify neural crest stem cells. Commonly used markers,
such as p75, Sox10 and Nestin, are expressed in NCSCs but also in glial cells (Kruger
et al., 2002; Sieber-Blum et al., 2004; reviewed in Delfino-Machin et al., 2007). Thus,
to identify a neural crest stem cell rather than glial origin of isolated cells, glial markers
must be absent. Morrison et al., (1999) identified neural crest stem cells from the sciatic
nerve by the expression of p75 and the lack of glial marker PO, but in most studies the
analysis of isolated stem cells for glial marker gene expression is neglected.

Also for NCSCs from embryonic DRG that arise from Sox10-positive cells (Binder et
al., 2011), it remains unclear whether they originate from Sox10-positive glial cells or
residental neural crest stem cells. Therefore, they were termed reprogrammed neural

crest-derived stem cells, pointing out that a glial origin is not excluded. A glial origin

of propagated NS from the embryonic chick DRG has previously been demonstrated
(Ellen Binder, Phd thesis, 2009; unpublished Data). It was shown by cell sorting that
proliferating cells with stem cell characteristics from the DRG of chicken embryos are
derived from O4-positive glial cells. Neurosphere-forming cells from the adult rat DRG
were also shown to arise from satellite glial cells (Li et al., 2007).

Within the adult rat palate, p75- and Nestin-positive cells reside in the innervation of
Meissner corpuscules and Merkel cells. It is thought that these cells give rise to NS
when the adult palate is dissociated and cultivated with EGF and FGF (Widera et al.,
2009; Widera et al., 2011). In the present study, a Sox70-GFP mouse line was used
to identify NS-forming cells from the mouse palate. The finding that 95% of the NS
contain GFP-positive cells after 5 days in culture strongly suggests that pPNCSC NS

arise from Sox10-positive neural crest-derived stem cells. A glial origin of pNCSCs

is suggested because in freshly isolated palatal cell cultures Sox10-positive cells
display a Schwann cell morphology. Notably, the proportion of Sox10 (GFP)-positive
NS decreases rapidly in culture, which may either be explained by decreased Sox10
expression or by an overgrowth of NS that arise from a different cell type, such as
pericyte. The generation of pPNCSCs from pericytes with neural crest origin could

explain the different developmental potential of pPNCSCs as compared to rNCSCs that
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arise from Sox10-positive cells. Another, more likely possibility is that pNCSCs are
derived from Sox10-positive cells that acquire a more restricted developmental potential
during development. This is supported by the findings of other research groups that
have demonstrated that NCSCs within aging show a more restricted developmental
potential (reviewed in Delfino-Machin et al., 2007). ANCSC origin of pNCSCs is also
supported by the findings that pericytes from the cortex, that are neural crest-derived
(Etchevers et al., 2001), lack the expression of Sox2 (Karow et al., 2012), which is
strongly expressed by pNCSCs as well as by immature Schwann cells (Aquino et al.,
2006).

In conclusion it remains unclear whether the heterogeneous potential of postmigratory
NCSCs is caused by different cell type origin, different propagation protocols or through
a restriction in the developmental potential during NCSC development in the specific
tissue.

In order to compare the developmental potential of different postmigratory NCSCs the
cell type origin of NCSCs must be clarified by the establishment of a uniform isolation
protocol and furthermore the propagation protocols must be standardized. i) The Cell
type origin of NCSCs must be identified by cell sorting via neural crest marker genes,
such as Nestin, Sox10 or p75. /i) Since there is no marker gene specific for NCSCs yet,
cells must be at least negative for glial markers, such as PO, O4 or PLP. iii) An uniform

propagation protocol must be established.

5.5 The role of FGF and BMP4 in the reprogramming process towards CNS
identity of rNCSCs

Inthe early development of the organism, BMPs are involved in the neural crestinduction.
Intermediate levels of BMP signaling, resulting from the presence of BMP inhibitors,
lead to the induction of the neural crest. However, high FGF signaling induces the
neural plate, and it is proposed that FGFs contribute to the adjustment of BMP signaling

involved in neural crest induction (reviewed in Meulemans and Bronner-Fraser, 2004;
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Figure 27: Two possible pathways that may play a role in the induction (rNCSCs)
or repression (BMP NCSCs) of Olig2. (A) In BMP NCSCs, the FGF MAPkinase
(MAPK) pathway and BMP Smad dependent pathway stay in competition. BMP Smad
dependent pathway (bright colors) has a dominant effect over FGF MAPk pathway
(pale colors). This results in the dimerization of Smad1 and Smad4 and the transition
into the nucleus. Subsequently, Smad4 is able to bind to the Olig2 promotor to inhibit
Olig2 transcription. (B) rNCSCs are cultured in the presence of FGF. In response to
FGF, the Linker domain of Smad1 is phosphorylated through the MAPk pathway. This
leads to the inhibition of the dimerization of Smad1 and Smad4. Therefore, Smad4 has
lost the ability for transnuclear migration to inhibit Olig2 transcription.
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Streit et al., 2000; Kudoh et al., 2004; La Bonne and Bronner-Fraser, 1998). The BMP-
dependent neural crest induction also indicates that BMPs prevent the induction of a
CNS identity at this stage. The antagonism between BMP and FGF in the generation of
a neural crest and CNS identity also explains the findings in NCSC cultures. In cultured
BMP NCSCs, FGF may contribute to the intermediate level of BMPs and leads to the
neural crest maintenance. High FGF signaling in the absence of BMP is thought to
induce CNS fates in rNCSCs.

What are the molecular mechanisms that underlie the antagonism between BMP and
FGF? BMPs belong to the TGF- family that bind to cell surface serine/threonine kinase
receptors and induce the dimerization of Co-Smad (Smad4) and R-Smad (Smad1,5,8)
in the cytoplasm. Subsequently, the expression of the inhibitor of differentiation (ld)
family is induced in the nucleus. The Id family consists of basic helix-loop-helix (bHLH)
transcription factors, such as 1d1-1d4, that do not contain the basic DNA binding region
adjacent to the bHLH region. Ids are known to inhibit transcription by dimerization with
HLH transcription activators, which then are unable to bind to the DNA.

On the other hand, FGF is able to repress the canonical Smad-dependent pathway
of BMPs through the phosphorylation of Smad1 on the Linker domain. As a result,
phosphorylated Smad1 prevents the dimer formation with Smad4, impairing the
BMP Smad-dependent pathway (reviewed in Miyazono et al., 2005). Reduced Smad
signaling results in the downregulation of Id genes which leads to the induction of
neuronal differentiation as it was reported for ESCs (reviewed in Zhang and Li, 2005).
The specific steps resulting in CNS versus PNS/neural crest development downstream
of BMP/FGF are not understood. In the following section potential mechanisms involved
in the control of Olig2 expression are discussed as exemplary model for the BMP/FGF
antagonism.

In vivo and in vitro evidence shows that BMPs inhibit Olig2 whereas FGFs induce
Olig2 in CNS cultures (Bilican et al., 2008; Chandran et al., 2003; Mekki-Dauriac et
al., 2002). Previous findings demonstrate that Smad4, one of the Co-Smads, directly

regulates the Olig2 promotor. When Smad4 binding on the promotor is prevented,
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high expression of Olig2 is observed. This suggests that BMPs directly regulate Olig2
expression (Bilican et al., 2008). It is also proposed that FGF signaling through MAPk-
pathway contributes to relieved Olig2 repression by intefering with Smad1 and Smad4
dimerization. This prevents the binding of Smad4 to the Olig2 promotor (Blilican et al.,
2008).

The present study indicates that FGF may be able to induce Olig2 expression in
neurosphere cultures of INCSCs by inhibiting the Smad4 binding on the Olig2 promotor
(Figure 27). Notably, BMPs are expressed in the DRG during development (Guha et
al., 2003) and also in pNCSCs.

On the other hand, high BMP4 signaling in neurosphere cultures of BMP NCSCs may
inhibits Olig2 expression by Smad4 binding on the Olig2 promotor which leads to the
inhibition of Olig2 transcription (Figure 27).

Taken together, it is hypothesized that the CNS versus PNS/neural crest identity of
NCSCs is controlled by the antagonistic function of BMP and FGF.
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6. Summary

The neural crest gives rise to the neurons and glial cells of the peripheral nervous system
(PNS) (Bronner-Fraser and Fraser, 1989; Frank and Sanes, 1991). Self-renewing neural
crest-derived stem cells (NCSCs) are present in migratory neural crest and various
postmigratory locations, including peripheral ganglia (Duff et al., 1992; Morrison et
al., 1999; Kruger er al., 2002). It is demonstrated that NCSCs from embryonic mouse
dorsal root ganglia (DRG) are reprogrammed in neurosphere (NS) cultures in the
presence of EGF and FGF. Reprogrammed NCSCs (rNCSCs) generate exclusively
central nervous system (CNS) progeny, both in vitro and upon transplantation into the
mouse brain (Binder et al., 2011). In this study the timing and mechanisms underlying
the reprogramming were addressed. Most of the cells acquire CNS characteristics at
passage 2, reaching a stable proportion of >90% of Olig2-positive cells at passage
3, which is maintained at least up to passage 10. The PNS marker p75 is completely
lacking from passage 3 onwards. Furthermore, it was shown that the reprogramming
does not involve a transient pluripotency state. This suggests a direct reprogramming
of NCSCs to cells with CNS identity. The reprogramming leads to a stable CNS identity
as shown by delayed BMP4 application. This result is in agreement with the previous
observation that rINCSCs only generate CNS progeny, in particular mature myelinating
oligodendrocytes, upon transplantation into embryonic, postnatal and lesioned adult
mouse brains (Binder et al., 2011). Genome wide gene expression profiles of rNCSC
NS demonstrates already in culture a complete switch to a (spinal cord stem cell)
SCSC CNS identity. These results demonstrate a complete reprogramming of PNS
progenitors to CNS identity without genetic modification and imply PNS cells as a
source for stem cell-based CNS therapy.

The reprogramming of NCSCs is completely blocked in the presence of BMP4 in
NS cultures, as shown by the expression of neural crest markers p75 and Sox10. In
addition, BMP4 NCSCs generate PNS neurons (Tuj1/Phox2b- and Peripherin/Tuj1-

coexpressing cells) and Schwann cells (O4/p75-coexpressing cells). Genome wide
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gene expression profiles of BMP NCSCs demonstrate that BMP NCSCs express
genes at high levels which are characteristic for neural crest/neural crest derivatives,
mesenchymal derivatives of neural crest and perivascular pericytes/MSCs. On the
other hand CNS marker genes are restricted to NCSCs and are only expressed at
background or undetectable levels in BMP NCSCs. These findings imply that the CNS
versus PNS identity is controlled by antagonistic functions of FGF and BMP4.

The use of INCSCs for cell therapies requires an accessible source of these cells in the
adult organism. Since the DRG is not an easily approachable tissue source, the adult
mouse palate, containing NCSCs, was chosen. These results suggest that pNCSCs
arise from Sox10-positive neural crest-derived stem cells, that downregulate PNS
marker gene expression, such as Sox10 and p75, in NS culture. Contrary to rNCSCs,
CNS marker upregulation was not observed. Notably, genome wide gene expression
profiles of pPNCSCs demonstrate an enrichment of genes expressed by mesenchymal
derivatives and perivascular pericytes/mesenchymal stem cells. Since the cranial crest
gives rise, besides PNS neural progeny and melanocytes, to mesenchymal derivatives,
the results demonstrate that pNCSCs have a restricted developmental potential in

comparison to rNCSCs and acquire mostly normal fates of the cranial neural crest.

Taken together, the results demonstrate that INCSCs acquire a SCSC identity in the
presence of EGF and FGF and that the reprogramming can be efficiently blocked by
BMP4. On the other hand, NCSCs derived from adult palate rather acquire mesenchymal

fates and do not acquire a CNS identity under the conditions used.
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7. Zusammenfassung

Die Neuralleiste besteht aus multipotenten Neuralleisten-Stammzellen (NLSZ). Im
Rumpfbereich besitzen diese Stammzellen das Potential Neurone und Glia periphe-
rer Ganglien zu bilden (Bronner-Fraser and Fraser, 1989; Frank and Sanes, 1991;
Baroffio et al, 1988; Baroffio et al., 1991). AuRerdem entstehen aus ihnen die dorsal
gelegenen Melanozyten (Zusammengefasst in Squire, 2008). Die Neuralleistenzellen
im cranialen Bereich des Korpers besitzen das zusatzliche Potential, mesenchymale
Derivate, wie z.B. grol3e Teile des Gesichtkeletts, Fettgewebe, Haut, Perizyten, so-
wie Bindegewebe im Nackenbereich, zu generieren (Zusammengefasst in Le Douarin,
2004).

Zellen mit NLSZ Eigenschaften wurden auch in vielen postmigratorischen Geweben,
die sich von der Neuralleiste ableiten, wie z.B. im DRG (Hinterwurzelganglion), Isch-
iasnerv und enterischen Nervensystem, nachgewiesen (Duff et al., 1992; Morrison et
al., 1999; Kruger et al, 2002).

Nach ersten Hinweisen (Svenningsen et al., 2004; Dromard et al., 2004) wurde in pa-
rallelen Studien von Baron van Evercooren (2009, 2011) und Rohrer (2011) gezeigt,
dass postmigratorische NLSZ in vitro und in vivo zu ZNS-Zelltypen differenzieren kon-
nen (Zujovic et al., 2009; Zujovic et al., 2011; Binder et al., 2011). Zellen aus der soge-
nannten Boundary Cap von E10.5 Mausembryonen kdnnen in vitro und in vivo zu Oli-
godendrozyten differenzieren (Zujovic et al., 2009; Zujovic et al., 2011). Die Boundary
Cap entsteht aus Zellen der Neuralleiste. Sie liegt angrenzend an das Neuroepithel
des Neuralrohrs. Dort minden die dorsalen sensorischen Afferenzen (dorsal root entry
Zone) in das Neuroepithel und es verlassen die ventralen motorischen Efferenzen
das Neuralrohr (Golding und Cohen, 1997). Die Boundary Cap enthalt multipotente
Stammzellen, die auf die Differenzierung von sensorischen Zelltypen spezialisiert sind
(Hjerling-Leffler et al., 2005; Altman und Bayer, 1984).

Die Arbeitsgruppe Rohrer konnte zeigen, dass Sox10-positive NLSZ aus dem DRG

von E12.5 Mausembryonen das Potential zur Selbsterneuerung aufweisen und Neu-
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rospharen (NS) generieren (Binder et al., 2011). Nach mehreren Passagen exprimieren
diese NS-Zellen den ZNS-Transkriptionsfaktor Olig2 und differenzieren zu ZNS-Neu-
ronen, Astrozyten und Oligodendrozyten in vitro und in vivo (Binder et al., 2011). Die
PNS-Marker p75 und Peripherin sind in den NS Kulturen nicht nachweisbar (Binder et
al., 2011; Marlen Weber, Diplomarbeit, 2010). In vivo Experimente mit GFP-markierten
Zellen zeigten, dass NS-Zellen, welche in die Gehirne von postnatalen shiverer-Mau-
sen injiziert wurden, zum grofdten Teil zu Zellen der Oligodendrozyten-Linie differenzie-
ren und Axone myelinisieren. In keinem der implantierten Tiere wurden Tumore beob-
achtet (Binder et al., 2011). Diese Ergebnisse zeigten, dass die NLSZ zu Stammzellen
mit ZNS-Eigenschaften rNLSZ (reprogrammierte Neuralleisten Stammzellen) repro-
grammiert werden. Diese Befunde implizieren, dass NLSZ eine potentielle Quelle fur
die regenerative Medizin im ZNS darstellen. In dieser Arbeit sollte die Reprogrammie-
rung von NLSZ aus dem DRG von E12.5 Mausembryonen zu Zellen mit ZNS-Eigen-
schaften im Detail untersucht werden. Au3erdem wurde angestrebt NLSZ aus adultem

Gewebe zu isolieren und daraus ZNS-Stammzellen zu generieren.

Die Ergebnisse dieser Arbeit zeigen, dass NLSZ aus dem DRG von E12.5
Mausembryonen in Gegenwart von EGF und FGF zu Zellen mit einer ZNS-ldentitat
reprogrammiert werden. Die Reprogrammierung beginnt zu einem frihen Zeitpunkt, in
Passage 1. Zu diesem Zeitpunkt exprimiert bereits die Mehrheit der Zellen den ZNS-
Transkriptionsfaktor Olig2 und der PNS-Marker p75 wird stark herunterreguliert. Eine
einheitliche Olig2 Expression und der Verlust der p75 Expression wird in NS-Zellen der
Passage 3 beobachtet.

Die Daten weisen darauf hin, dass NLSZ direkt zu Zellen mit ZNS-Identitat
umgewandelt werden, wobei ein genetisches Programm herunterreguliert und
ein anderes hochreguliert wird, ohne einem transienten Zustand bei dem zwei
unterschiedliche genetische Programme aktiv sind. Ein transient pluripotenter Zustand
kann ausgeschlossen werden, da in NS der 1. und 3. Passage die Expression von

Pluripotenzgenen sehr schwach oder nicht feststellbar ist.
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Durch den Vergleich der Genexpressionsprofile von rNLSZ und Ruckenmark-
Stammzellen (RMSZ) konnte ermittelt werden, dass rNLSZ in Kultur eine RMSZ-
Identitat erhalten. Das Expressionsmuster der beiden Stammzellpopulationen ist
identisch und Gene, die in der Neuralleiste und Neuralleistenderivaten exprimiert
werden sind in rNLSZ und RMSZ undedektierbar. Andererseits werden Gene, die in
der Ventrikularzone und im ZNS-neuralen Epithel aktiv sind, sehr stark in rNLSZ und
RMSZ exprimiert.

Die Ergebisse unterstutzen die Schlussfolgerung von einer fruheren Arbeit der AG
Rohrer, dass rNLSZ in Kultur eine ventrale Ruckenmarksidentitat erhalten (Binder et
al., 2011), da rNLSZ und RMSZ Gene exprimieren, die im ventralen Neuralrohr vor-
kommen. Andererseits sind Gene, die im Vorderhirn und Kortex exprimiert werden,
nicht nachweisbar.

Die Daten von Binder et al., (2011) legten nahe, dass die ZNS-Identiat der rNLSZ stabil
ist, da ins Gehirn injizierte rNLSZ keine PNS-Zellen bilden. In der vorliegenden Arbeit
wurde gezeigt, dass rNLSZ auch in Kultur eine stabile ZNS-Identitat besitzen. Die
Zugabe von BMP4 zu den Kulturen von rNLSZ in Passage 3 konnte keine Expression
von PNS-typischen Genen induzieren. Auch nach der Zugabe von BMP4 wird die
Expression von Olig2 aufrechterhalten und die Zellen behalten das Potential zu ZNS-
Zelltypen zu differenzieren. Zudem wird keine Schwannzelldifferenzierung induziert,
wenn rNLSZ mit Faktoren behandelt werden, welche die Schwannzelldifferenzierung
unterstutzen.

Da rNLSZ mit einer hohen Menge an Wachstumsfaktoren, EGF und FGF, behandelt
werden, liegt die Annahme nahe, dass diese Faktoren fur die Reprogrammierung
verantwortlich sind. Es stellte sich heraus, dass EGF nicht bendtigt wird, aber FGF
essentiell fur die NS-Kultivierung ist. DRG-Zellen, die nur mit EGF behandelt werden
bilden keine sekundaren NS, wahrend FGF-behandelte Zellen des DRGs (FGF-
NLSZ) NS bilden, die mindestens bis Passage 3 kultiviert werden konnen. FGF-NLSZ
exprimieren Olig2 und konnen zu Oligodendrozyten differenzieren.

Interessanterweise konnte durch die BMP4-Zugabe zu Beginn der Kultivierung die
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Reprogrammierung der NLSZ (BMP NLSZ) blockiert und die PNS-Identitat erhalten
werden. Olig2 wird weder in Passage 1 noch in spateren Passagen von BMP NLSZ
beobachtet. Dagegen bleibt die Expression von Neuralleistenmarkern, wie p75 und
Sox10, in Passage 1 BMP NLSZ erhalten, wobei p75 nur in einer kleinen Subpopulation
der Zellen vorkommt. Sox10 wird dagegen in 45% der Zellen exprimiert. Sox10-positive
und p75-negative Zellen konnten PNS-Gliazellen darstellen.

Passage 3 BMP NLSZ konnen zu Neuralleistenderivaten differenzieren. In Gegen-
wart von Faktoren, welche die Schwannzelldifferenzierung fordern, weisen BMP NLSZ
das Potential auf zu O4/p75-doppelpositiven peripheren Gliazellen zu differenzieren.
Unter Proliferationsbedingungen exprimiert ein Teil der Tuj1-positiven Zellen Phox2b,
ein Markergen welches in allen Neuronen und Neuronenvorlaufern des autonomen
Nervensystems vorkommt (Schneider et al., 1999; Reissmann et al., 1996; Shah et al.,
1996). Aullerdem differenzieren BMP NLSZ in der Gegenwart von Neurotrophinen zu
Peripherin/Tuj1-coexprimierenden peripheren postmitotischen Neuronen.

Zusatzlich zeigen Genexpressionsprofile, dass BMP NLSZs und rNLSZs ein
unterschiedliches Genexpressionsmuster aufweisen. Die Expression von ZNS-Genen
in BMP NLSZ ist unterhalb der Nachweisgrenze. Andererseits exprimieren BMP NLSZ
Gene, die charakteristisch fur Zellen der Neuralleiste und Neuralleistenderivaten sind.
AuRerdem wurden Gene in BMP NLSZ detektiert, die im Mesenchym, mesenchymalen
Stammzellen und Perizyten vorkommen. Im Gegensatz zu Neuralleistenzellen im
Rumpfbereich, kdonnen cranial gelegene Neuralleistenzellen zu mesenchymalen
Derivaten differenzieren (Zusammengefasst in Le Douarin, 2004). Die Differenzierung
von Rumpf Neuralleistenzellen zu mesenchymalen Derivaten wurde bisher nur in
niederen Wirbeltieren beschrieben, bei denen die dorsal gelegene Flosse von der
Neuralleiste abstammt (Kague et al., 2012). In vitro wurde bereits beschrieben, dass
NLSZ aus dem Rumpfbereich unter bestimmten Kulturbedingungen zu mesenchymalen
Derivaten differenzieren konnen (John et al., 2011). Es wird vermutet, dass hierbei
der TGF-B Signalweg eine wichtige Rolle spielt und das Sox10 die mesenchymale

Differenzierung inhibiert (John et al., 2011). Die Daten dieser Arbeit legen nahe,
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dass BMP4, ein Mitglied der TGF-B-Familie, die Differenzierung der BMP NLSZ
zu mesenchymalen Zellen induzieren konnte. Aulerdem wird vermutet, dass die
mesenchymale Induktion in den Sox10-negativen Zellen stattfindet und Sox10-positive
Zellen neurale Nachkommen der Neuralleiste darstellen.

Die Ergebnisse implizieren, dass die PNS- versus ZNS-ldentitat durch die
antagonistische Funktion von FGF und BMP4 kontrolliert wird. Diese beiden Faktoren
spielen bereits eine wichtige Rolle wahrend der Embryonalentwicklung der Neuralleiste
und dem neuralen (ZNS) Ektoderm.

Fir eine angewandte Zelltherapie im ZNS muss die Quelle fur die rNLSZ-Gewinnung
leicht zuganglich sein und aus dem adulten Organismus stammen. Im Palatum
von adulten Ratten wurden Nestin/S100/p75-positive NLSZ in der Innervation
von Meissner Korpuskeln nachgewiesen. Es wird vermutet, dass diese Zellen das
Potential aufweisen, NS zu generieren (Widera et al., 2009; Widera et al., 2011). In
der vorliegenden Arbeit sollte ermittelt werden, ob NLSZ aus dem Palatum von adulten
Mausen (pNLSZ) in Gegenwart von EFG und FGF das Potential besitzen, ZNS-
Zelltypen zu generieren. Es wurde zunachst gezeigt, dass die NS-bildenden Zellen von
Sox10-positiven NLSZ aus dem Gewebe abstammen. Wahrend der NS-Kultivierung
werden die Neuralleistenmarker, p75 und Sox10, sehr stark herunterreguliert. Eine
Induktion von ZNS-Genen konnte jedoch nicht beobachtet werden. Der Vergleich
der Genexpressionsprofile zeigten, dass pNLSZ und rNLSZ ein unterschiedliches
Genexpressionsmuster aufweisen. pNLSZ exprimieren Gene sehr stark, welche
in der Neuralleiste und vor allem in mesenchymalen Neuralleistenderivaten,
mesenchymalen Stammzellen und Perizyten vorkommen. Perizyten und der grofdte
Teil des Mesenchyms des Palatums stammen von der cranialen Neuralleiste ab (Ito et
al., 2003; Zusammengefasst in Le Douarin, 2004). Dies deutet darauf hin, dass pNLSZ
in NS Kulturen praferentiell zu mesenchymalen Stammzellen/Perizyten werden, also
ein normales Entwickungspotential der cranialen Neuralleiste verwirklichen. Es ist
unklar weshalb pNLSZ nicht zu ZNS-Stammzellen reprogrammiert werden. Da jedoch

in mehreren Arbeiten gezeigt wurde, dass das Entwicklungspotential von NLSZ
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7. Zusammenfassung

mit zunehmenden Alter eingeschrankt wird, ist anzunehmen, dass dies auch den
Unterschied zwischen rNLSZ und pNLSZ ausmacht (Zusammengefasst in Delfino-

Machin et al., 2007).

Zusammenfassend kann festgestellt werden, dass NLSZ aus dem embryonalen DRG
in Gegenwart von EGF und FGF eine ZNS-Identitat durch direkte Reprogrammierung
erlangen und BMP4 die Reprogrammierung blockiert. Eine Reprogrammierung von
adulten pNLSZ des Palatums zu Zellen mit ZNS-ldentitat wird unter den Kultivierungs-

bedingungen nicht beobachtet.

110



8. Literature

8. Literature

Alberts, B (2009), ‘Molecular biology of the cell.’, Fourth Edition, Garland Science.

Altman, J and SA Bayer (1984), “The development of the rat spinal cord.’, Adv. Anat. Embryol. Cell Biol
85, 1-164.

Amamoto, R and Arlotta P (2013), ‘Reshaping the brain: direct lineage conversion in the nervous sys-
tem.’, F1000Prime Rep., 33 (5), 5-33.

Amoh, Y, et al. (2005), ‘Multipotent nestin-positive, keratin-negative hair-follicle bulge stem cells can
form neurons.” ,Proc Natl Acad Sci U S A, 102, 5530-5534.

Anderson, DJ (1993), ‘Cell and molecular biology of neural crest cell lineage diversification.’, Curr.
Opin. Neurobiol., 3 (1), 8-13.

Anthony, TE and Heintz, N (2008), ‘Genetic lineage tracing defines distinct neurogenic and gliogenic
stages of ventral telencephalic radial glial development.’, Neural Dev, 30 (3), 1749-8104.

Aoi, T et al. (2008), ‘Generation of pluripotent stem cells from adult mouse liver and stomach cells.’,
Science 321, 699-702.

Aquino, JB et al. (2006), ‘In vitro and in vivo differentiation of boundary cap neural crest
stem cells into mature Schwann cells.”, Exp Neurol., 198 (2), 438—449.

Arai, Y et al. (2005), ‘Role of Fabp7, a downstream gene of Pax6, in the maintenance of neuroepithelial
cells during early embryonic development of the rat cortex.’, J Neurosci., 25 (42), 9752-9761.

Archer, TC (2009), ‘Interaction of Sox1, Sox2, Sox3 and Oct4 during primary neurogenesis.’, Develop-
mental Biology, 350( 2), 429-440.

Armulik, A et al. (2011), ‘Pericytes: developmental, physiological, and pathological perspectives, prob-
lems, and promises.’ Dev Cell, 21 (2), 193-215.

Bansal, R and Pfeiffer, SE (1992), ‘Novel stage in the oligodendrocyte lineage defined by reactivity of
progenitors with R-mAb prior to O1 anti-galactocerebroside.’, J. Neurosci. Res., 32(3), 309-316.

Barbacid M (1994), ‘The Trk family of neurotrophin receptors.‘, J Neurobiol., 25 (11),1386-403.
Barker, N, et al. (2008), ‘The intestinal stem cell.’,Genes & Development, 22, 1856-1865.

Baroffio, A, et al. (1988), ‘Clone-forming ability and differentiation potential of migratory neural crest
cells.” Proc Natl Acad Sci U S A, 85, 5325-5329.

Baroffio, A, et al. (1991), ‘Common precursors for neural and mesectodermal derivatives in the cephalic
neural crest.’, Development 112 (1), 301-5.

Ben-David, U and Benvenisty, N (2011), “The tumorigenicity of human embryonic and induced pluripo-
tent.’, Nat Rev Cancer, 11 (4), 268-77.

Benjamini, Y and Hochberg, Y (1995) ‘Controlling the false discovery rate: a practical and powerful
approach to multiple testing.’,J R Stat Soc Ser B, 57 (1), 289-300.

Bennett, G et al. (2001), ‘Coordinate Regulation of Motor Neuron Subtype Identity and Pan-Neuronal
Properties by the bHLH Repressor Olig2.’, Neuron, 31 (5), 773-789.

111



8. Literature

Bergers, G and Song, S (2005), ‘The role of pericytes in blood-vessel formation and maintenance.’,
Neuro-Oncology, 7 (4), 452—-464.

Bertrand, N (2000), ‘FGF signalling controls the timing of Pax6 activation in the neural tube.’, Develop-
ment, 127 (22), 4837-4843.

Bignami, A, et al. (1972), ‘Localization of the glial fibrillary acidic protein in astrocytes by immunofluo-
rescence.’, Brain Res 25, 43 (2), 429-35.

Bilican, B, et al. (2008), ‘Induction of Olig2 precursors by FGF involves BMP signalling blockade at the
Smad level.’, PLoS One, 3 (8), e2863.

Binder, E (2009), ‘Charakterisierung oligopotenter Zellen aus peripheren Ganglien und Nerven.,
Dissertation.

Binder, E, et al. (2011), ‘Peripheral nervous system progenitors can be reprogrammed to produce my-
elinating oligodendrocytes and repair brain lesions.’, J Neurosci., 31 (17), 6379-91.

Bishop, KM, et al. (2002), ‘Distinct Actions of Emx1, Emx2, and Pax6 in Regulating the Specification of
Areas in the Developing Neocortex.’, The Journal of Neuroscience, 22 (17), 7627—7638.

Blocki, A, et al., (2013), ‘Not All MSCs Can Act as Pericytes: Functional In Vitro Assays to Distinguish
Pericytes from Other Mesenchymal Stem Cells in Angiogenesis.’, Stem Cells and Development, 22 (17),
2347-55.

Bondjers, C, et al. (2003), ‘Transcription profiling of platelet-derived growth factor-B-deficient mouse
embryos identifies RGS5 as a novel marker for pericytes and vascular smooth muscle cells.’, Am. J.
Pathol., 162 (3), 721-729.

Bondjers, C, et al. (2006), ‘Microarray analysis of blood microvessels from PDGF-B and PDGF-Rbeta
mutant mice identifies novel markers for brain pericytes.’, FASEB J., 20 (10), 1703—-1705.

Bonnevie, LA, et al. (2007), ‘Is xenotransplantation of embryonic stem cells a realistic option?’, Trans-
plantation, 83 (3), 333-5.

Bononi, J, et al. (2008), ‘Chicken protocadherin-1 functions to localize neural crest cells to the dorsal
root ganglia during PNS formation.”, Mech Dev., 125 (11-12), 1033-47.

Brightman, MW und TS Reese (1969), ‘Junctions between intimately apposed cell membranes in the
vertebrate brain.’, J Cell Biol 40 (3), 648-77.

Briscoe, J, et al. (2000), ‘A homeodomain protein code specifies progenitor cell identity and neuronal
fate in the ventral neural tube.’, Cell, 101 (4), 435-445.

Britsch, S, et al. (2001), ‘The transcription factor Sox10 is a key regulator of peripheral glial develop-
ment.’, Genes Dev., 15 (1), 66-78.

Bronner-Fraser, M, et al. (1980), ‘Clonal analysis of the avian neural crest: migration and maturation
of mixed neural crest clones injected into host chicken embryos.’, J Comp Neurol., 193 (2), 423-434.

Bronner-Fraser M, (1993), ‘Segregation of cell lineage in the neural crest.’, Curr. Opin. Genet. Dev., 3
(4), 641-647.

Bronner-Fraser, M and Fraser, SE (1989), ‘Developmental potential of avian trunk neural crest cells in
situ.’, Neuron, 3 (6), 755-766.

Bunge, RP (1968), ‘Glial cells and the central myelin sheath.’, Physiol Rev., 48 (1), 197-251.

112



8. Literature

Cadifanos, J and Bradley, A (2007), ‘Generation of an inducible and optimized piggyBac transposon
system.’, Nucleic Acids Res., 35(12), e87.

Cai, J, et al. (2005), ‘Generation of oligodendrocyte precursor cells from mouse dorsal spinal cord inde-
pendent of Nkx6 regulation and Shh signaling.’, Neuron, 45 (1), 41-53.

Calloni, GW, et al. (2007), ‘Sonic Hedgehog promotes the development of multipotent neural crest
progenitors endowed with both mesenchymal and neural potentials.’, Proc Natl Acad Sci USA,104 (50),
19879-19884.

Calloni, GW, et al. (2009), ‘High frequency of cephalic neural crest cells shows coexistence of neuro-
genic, melanogenic, and osteogenic differentiation capacities.’, Proc Natl Acad Sci USA 2009,106 (22),
8947-8952.

Capela, A and Temple, S (2006), ‘LeX is expressed by principle progenitor cells in the embryonic
nervous system, is secreted into their environment and binds Wnt-1.’, Dev Biol., 291 (2), 300-313.

Caplan, Al, (1991), ‘Mesenchymal stem cells.’, J Orthop Res., 9 (5), 641-50.
Caplan, Al (2008), ‘All MSCs are pericytes?’, Cell Stem Cell., 3 (3), 229-230.

Carr, VM, et al. (1978), ‘Proliferative and degenerative events in the early development of chick dorsal
root ganglia. | Normal development.’, J Comp Neurol., 182 (4), 727-39.

Cary, L, et al. (1989), ‘Transposon mutagenesisofbaculoviruses: analysisofTrichoplusianitransposon
IFP2 insertions within the FP-locus of nuclear polyhedrosis viruses.’, Virology, 172 (1), 156-169.

Cavallaro, M, et al. (2008), ‘Impaired generation of mature neurons by neural stem cells from hypomor-
phic Sox2 mutants.’, Development, 135 (3), 541-557.

Chandran, S (2003), ‘FGF-dependent generation of oligodendrocytes by a hedgehogindependent path-
way.’, Development, 130 (26), 6599-6609.

Cimadamore, F, et al. (2011), ‘Human ESC-derived neural crest model reveals a key role for SOX2 in
sensory neurogenesis.’, Cell Stem Cell, 8 (5), 538-551.

Coles-Takabe, BL, et al. (2008), ‘Don’t look: Growing clonal versus non-clonal neural stem cell colo-
nies.’, Stem cells, 26 (11), 2938-44.

Copp, AJ, et al. (2003), “The genetic basis of mammalian neurulation.’, Nature, 4 (10), 784-93.

Crisan, M, et al. (2008), ‘A perivascular origin for mesenchymal stem cells in multiple human organs.’,
Cell Stem Cell, 3 (3), 301-313.

Dasen, J, et al. (2003), ‘Motor neuron columnar fate imposed by sequential phases of Hox-c activity.’,
Nature, 425 (6961), 926-33.

Dechant, G, et al. (1994), ‘Neurotrophin receptors.’, Prog Neurobiol., 42 (2), 347-52.

Deisseroth, K, et al. (2004), ‘Excitation—neurogenesis coupling in adult neural stem/progenitor cells.’,
Neuron, 42 (4), 535-552.

Delfino-Machin, M, (2007), “The Proliferating Field of Neural Crest Stem.’, Dev Dyn., 236 (12), 3242-54.

Ding, S, et al. (2005), ‘Efficient Transposition of the piggyBac (PB) Transposon in Mammalian Cells and
Mice.’, Cell, 122 (3), 473-83.

113



8. Literature

Dominici, M, et al. (2006), ‘Minimal criteria for defining multipotent mesenchymal stromal cells: the In-
ternational Society for Cellular Therapy position statement.’, Cytotherapy., 8 (4), 315-7.

Dromard, C, et al. (2007), ‘NG2 and Olg2 expression provides evidence for phenotypic deregulation of
cultured central nervous system and perpheral nervous system neural precursor cells.’, Stem Cells, 25
(2), 340-53.

Duff, RS, et al. (1991), ‘In vitro clonal analysis of progenitor cell patterns in dorsal root and sympathetic
ganglia of the quail embryo.’, Dev Biol., 147 (2), 451-459.

Dupin, E and Le Douarin, NM (2014), ‘The neural crest, a multifaceted structure of the vertebrates.’,
Birth Defects Res C Embryo Today, 102 (3), 187-209.

Dupin, E, et al. (2007), ‘Neural crest progenitors and stem cells.’, C R Biol, 330, 521-529.

Emans, P, (2014), ‘Developing Insights in Cartilage Repair.’, Springer-Verlag.

Embree, MC, et al. (2010), ‘Biglycan and Fibromodulin Have Essential Roles in Regulating Chondro-
genesis and Extracellular Matrix Turnover in Temporomandibular Joint Osteoarthritis.’, Am J Pathol.,

176 (2), 812-26.

Erickson, SL, et al. (1997), ‘ErbB3 is required for normal cerebellar and cardiac development: a com-
parison with ErbB2-and heregulin-deficient mice.’, Development, 124 (24), 4999-5011.

Etchevers, HC, et al. (1999), ‘Anterior cephalic neural crest is required for forebrain viability.”, Develop-
ment, 126 (16), 3533-3543.

Etchevers, HC, et al. (2001), ‘The cephalic neural crest provides pericytes and smooth muscle cells to
all blood vessels of the face and forebrain.’, Development, 128 (7), 1059-1068.

Feng, L, et al. (1994), ‘Brain Lipid-binding protein (BLBP): A novel signaling system in the developing
mammalian CNS.’, Neuron, 12 (4), 895-908.

Ferri, AL, et al. (2004), ‘Sox2 deficiency causes neurodegeneration and impaired neurogenesis in the
adult mouse brain.’, Development, 131 (15), 3805-3819.

Frank, E., and Sanes, J.R. (1991). Lineage of neurons and glia in chickdorsal root ganglia: analysis in
vivo with a recombinant retrovirus.’, Development 111, 895-908.

Fu, H, et al., (2002), ‘Dual origin of spinal oligodendrocyte progenitors and evidence for the cooperative
role of Olig2 and Nkx2.2 in the control of oligodendrocyte differentiation.’, Development, 129 (3), 681-93.

Gabay, L, et al. (2003), ‘Deregulation of dorsoventral patterning by FGF confers trilineage differentiation
capacity on CNS stem cells in vitro.’, Neuron, 40 (3), 485-99.

Gajavelli, S, et al. (2004), ‘BMP signaling initiates a neural crest differentiation program in
embryonic rat CNS stem cells.’, Exp Neurol., 188 (2), 205-23.

Garcion, E, et al. (2004), ‘Generation of an environmental niche for neural stem cell development by the
extracellular matrix molecule tenascin C.’, Development, 131 (14), 3423-32.

Gentleman, RC, et al. (2004), ‘Bioconductor: Open software development for computational biology
and bioinformatics.’, Genome Biol., 5 (10), R80.

Georgiou, J, et al. (1994), ‘Synaptic regulation of glial protein expression in vivo.”, Neuron, 12 (2), 443-
55.

114



8. Literature

Gershon, MD, et al. (1993), ‘From neural crest to bowel: development of the enteric nervous system.’,
J Neurobiol., 24 (2), 199-214.

Ghislain, J and Charnay, P (2006), ‘Control of myelination in Schwann cells: a Krox20 cis-regulatory
element integrates Oct6, Brn2 and Sox10 activities.”, EMBO Rep., 7 (1), 52-8.

Gilbert, SF (2000), ‘Developmental Biology.’, 6th edition, Sunderland (MA): Sinauer Associates.
Golding, JP and Cohen, J (1997), ‘ Border controls at the mammalian spinal cord: Late-surviving neural
crest boundary cap cells at dorsal root entry sites may regulate sensory afferent ingrowth and entry zone

morphologenesis.’, Mol Cell Neurosci., 9(5-6), 381-96.

Gonsalvez, DG, et al. (2013), ‘Proliferation and Cell Cycle Dynamics in the Developing Stellate Gangli-
on.’, The Journal of Neuroscience, 33(14), 5969 —5979.

Graham, V, et al. (2003), ‘SOX2 functions to maintain neural progenitor identity.’, Neuron., 39 (5), 749-
65.

Gravel, M, et al. (1996), ‘Overexpression of 2’,3’-cyclic nucleotide 3’-phosphodiesterase in transgenic
mice alters oligodendrocyte development and produces aberrant myelination.”, Mol. Cell. Neurosci. 7
(6), 453-66.

Grove, JE, et al. (2004), ‘Plasticity of Bone Marrow—Derived Stem Cells.’, Stem Cells, 22 (4), 487-500.

Guha, U, et al. (2004), ‘Target-derived BMP signaling limits sensory neuron number and
the extent of peripheral innervation in vivo.’, Development, 131 (5), 1175-86.

Gurney, ME, et al. (1994), ‘Motor neuron degenerationin mice that express a human CdZn dismutase
mutation.’, Science, 264 (5166), 1772-1775.

Hack, MA, et al. (2004),” Regionalization and fate specification in neurospheres: the role of Olig2 and
Pax6.’, Mol Cell Neurosci 25 (4), 664-78.

Han, WH, et al. (2012), ‘Direct Reprogramming of Fibroblasts into Neural Stem Cells by Defined Fac-
tors.’, Cell Stem Cell, 10 (4), 465-72.

Hanson, ND, et al. (2011), ‘Depression, Antidepressants, and Neurogenesis.’, Neuropsychopharmacol-
ogy, 36 (13), 2589-602.

Henderson, NC, et al. (2008), Galectin-3 expression and secretion links macrophages to the promotion
of renal fibrosis.”, Am J Pathol., 172 (2), 288-98.

Hilger-Eversheim, K, et al. (2000), ‘Regulatory roles of AP-2 transcription factors in vertebrate devel-
opment, apoptosis and cell-cycle control.’, Gene, 260 (1-2), 1-12.

Hjerling-Leffler, J, et al. (2005), ‘The boundary cap: a source of neural crest stem cells that generate
multiple sensory neuron subtypes.’, Development, 132 (11), 2623-32.

Hochreiter, S, et al. (2006), ‘A new summarization method for affymetrix probe level data.’, Bioinformat-
ics, 22 (8), 943-9.

Hong, SJ, et al. (2011), ‘Transcription factor AP-2(3 regulates the neurotransmitter phenotype and mat-
uration of chromaffin cells.’, Mol Cell Neurosci., 46 (1), 245-51.

Hsu, DK, et al (2000), ‘Targeted disruption of the galectin-3 gene results in attenuated peritoneal
inflammatory responses.’, Am J Pathol., 156 (3), 1073-83.

115



8. Literature

Hu, ZL, et al. (2011), ‘The role of the transcription factor Rbpj in the development of dorsal root ganglia.’,
Neural Dev., 6, 14.

Huang da ,W, et al (2009), ‘Systematic and integrative analysis of large gene lists using DAVID bioin-
formatics resources.’, Nat Protoc., 4 (1), 44-57.

Ido, A, et al. (2006), ‘Expression of chondrogenic potential of mouse trunk neural crest cells by FGF2
treatment.’, Dev Dyn., 235 (2), 361-7.

lkeya, M, et al (1997), ‘Wnt signaling required for expansion of neural crest and CNS progenitors.’, Na-
ture, 389(6654), 966-70.

Ishii, M, et al. (2012), ‘A Stable Cranial Neural Crest Cell Line from Mouse.’, Stem Cells Dev., 21 (17),
3069-80.

Ito, Y, et al. (2005), ‘Structural characterization of the epitopes of the monoclonal antibodies 473HD, CS-
56, and MO-225 specific for chondroitin sulfate D-type using the oligosaccharide library.’, Glycobiology.,
15 (6), 593-603.

Ito, Y, et al. (2003), ‘Conditional inactivation of Tgfbr2 in cranial neural crest causes cleft palate and
calvaria defects.’, Development, 130 (21), 5269-80.

Jessberger, S, et al. (2007), ‘Spontaneous fusion and nonclonal growth of adult neural stem cells.’,
Stem Cells, 25 (4), 871-82.

Jessen, KR and Mirsky, R (1997), ‘Embryonic Schwann cell development: the biology of Schwann cell
precursors and early Schwann cells.’, J Anat., 191 ( 4), 501-5.

Jessen, KR and Mirsky, R (2005), ‘The origin and development of glial cells in peripheral nerves.’, Nat
Rev Neurosci., 6 (9), 671-82.

John, N, et al. (2011), ‘Transforming growth factor 3-mediated Sox10 suppression controls mesenchy-
mal progenitor generation in neural crest stem cells.’, Stem Cells, 29 (4), 689-99.

Johnson, WE, et al. (2007), ‘Adjusting batch effects in microarray expression data using empirical
Bayes methods.’, Biostatistics, 8 (1), 118-27.

Jopling, C, et al. (2011), ‘Dedifferentiation, transdifferentiation and reprogramming: three routes to re-
generation.’, Nat Rev Mol Cell Biol., 12 (2), 79-89.

Kague, E, et al. (2012), ‘Skeletogenic fate of zebralsh cranial and trunk neural crest.’, PLoS One, 7
(11), e47394.

Kaltschmidt, B, et al., (2012), ‘Adult craniofacial stem cells: sources and relation to the neural crest.’,
Stem Cell Rev., 8 (3), 658-71

Kang, BJ, et al. (2007), ‘Central Nervous System Distribution of the Transcription Factor Phox2b in the
Adult Rat.’, J Comp Neurol., 503 (5), 627-41.

Karow, M, et al., (2012), ‘Reprogramming of Pericyte-Derived Cells of the Adult Human Brain into In-
duced Neuronal.’, Cell Stem Cell, 1 (4), 471-6.

Karus, M, et al. (2013), ‘Differential Expression of Micro-Heterogeneous LewisX-Type Glycans in the
Stem Cell Compartment of the Developing Mouse Spinal Cord.’, Neurochem Res., 38 (6), 1285-94.

Kelly, TK, et al. (2009), ‘Cell lineage and regional identity of cultured spinal cord neural stem cells and
comparison to brain-derived neural stem cells.’, PLoS One, 4 (1), e4213.

116



8. Literature

Kessaris, N, et al. (2006), ‘Competing waves of oligodendrocytes in the forebrain and postnatal elimi-
nation of an embryonic lineage.’, Nat Neurosci., 9 (2), 173-9.

Kettenmann, H, et al. (1984), ‘Aspartate, glutamate and gamma-aminobutyric acid depolarize cultured
astrocytes.’, Neurosci Lett. 23 52 (1-2), 25-9.

Kim, J, et al (2003), ‘SOX10 maintains multipotency and inhibits neuronal differentiation of neural crest
stem cells.’, Neuron, 38 (1), 17-31.

Klein, R, (1994), ‘Role of neurotrophins in mouse neuronal development.’, FASEB J. 8 (10), 738-44.

Klein, C, et al. (2005), ‘Cerebellum- and forebrain-derived stem cells possess intrinsic regional charac-
ter. Development.’;132 (20), 4497-508.

Kong, Y, etal. (2014), ‘Sphingosine-1-phosphate/S1P Receptors Signaling Modulates Cell Migration in
Human Bone Marrow-DerivedMesenchymal Stem Cells.’, Mediators Inflamm., 565369.

Kruger, GM, et al. (2002), ,Neural crest stem cells persist in the adult gut but undergo changes in sel-
frenewal, neural subtype potential, and factor responsiveness.’, Neuron, 35 (4), 657-69.

Kudoh, T, et al. (2004), ‘Combinatorial Fgf and Bmp signalling patterns the gastrula ectoderm into pro-
spective neural and epidermal domains.’, Development,131 (15), 3581-92.

Kispert, M, et al. (2011), ‘Olig2 regulates Sox10 expression in oligodendrocyte precursors through an
evolutionary conserved distal enhancer.’,Nucleic Acids Res., 39 (4), 1280-93.

LaBonne, C and Bronner-Fraser, M (1998), ‘Neural crest induction in Xenopus: evidence for a two-sig-
nal model.’, Development., 125 (13), 2403-14.

Le, N, et al. (2005), ‘Analysis of congenital hypomyelinating Egr2Lo/Lo nerves identifies Sox2 as an
inhibitor of Schwann cell differentiation and myelination.”, Proc Natl Acad Sci U S A, 102 (7), 2596-601.

Le Douarin, NM, et al. (1982), ‘The Neural Crest. New York.”, NY: Cambridge University Press.
Le Douarin, N, et al. (1991), ‘Glial cell lineages in the neural crest.’, Glia, 4 (2), 175-84.

Le Douarin, N, et al. (1992), 'The cellular and molecular basis of early sensory ganglion development.’,
In Sensory Neurons (ed. S. A. Scott), pp. 143-170. New York and Oxford: Oxford University Press.

Le Douarin, NM, and C. Kalcheim, (1999), ‘The Neural Crest.’, 2nd edn. New York, NY: Cambridge
University Press.

Le Douarin, NM, et al. (2004), ‘Neural crest cell plasticity and its limits.’, Development, 131 (19) 4637-
50.

Lee, MJ, et al. (1997), ‘PO is constitutively expressed in the rat neural crest and embryonicnerves and
is negatively and positively regulated by axons to generate non-myelin-forming and myelin-forming
Schwann cells, respectively.’, Mol Cell Neurosci., 8(5), 336-50.

Lee, SK and Pfaff, SL (2001), ‘Transcriptional networks regulating neuronal identity in the developing
spinal cord.’, Nat Neurosci., 4 Suppl, 1183-91.

Lee, A, et al. (2005), ‘Isolation of neural stem cells from the postnatal cerebellum.’, Nat Neurosci., 8 (6),
723-9.

Lefcort, F and George, L (2007), ‘Neural crest cell fate: to be or not to be prespecified.’, Cell Adh Migr.,
1 (4), 199-201.

117



8. Literature

Li, HY, et al. (2007), ‘Isolation and characterization of neural crest progentitors from adult dorsal root
ganglia.’, Stem Cells, 25 (8), 2053-65.

Ligon, KL, et al. (2007), ‘Olig2-regulated lineage-restricted pathway controls replication competence in
neural stem cells and malignant glioma.’, Neuron, 53 (4), 503-17.

Liu, J and Jessell, TJ (1998), ‘A role for rhoB in the delamination of neural crest cells from the dorsal
neural Tube.’, Development., 125 (24), 5055-67.

Liu, R, et al. (2003), ‘Region-specific and stage-dependent regulation of Olig gene expression and
oligodendrogenesis by Nkx6.1 homeodomain transcription factor.’, Development., 130 (25), 6221-31.

Liu, Z, et al. (2007), ‘Induction of oligodendrocyte differentiation by Olig2 and Sox10: evidence for recip-
rocal interactions and dosagedependent mechanisms.’, Dev Biol., 302 (2), 683-93.
693.

Lozito, TP 1,2 and Tuan, RS (2010), ‘Mesenchymal Stem Cells Inhibit Both Endogenous and Exoge-
nous MMPs via Secreted TIMPs.’, J Cell Physiol., 226 (2), 385-96.

Londin, ER, et al. (2005), ‘Chordin, FGF signaling, and mesodermal factors cooperate in zebrafish
neural induction.’, Dev Biol., 279 (1), 1-19.

Louis, SA, (2013), ‘Neural Stem Cells.’, STEMCELL Technologies, Version 4.0.0.

Lu, QR, et al. (2000), ‘Sonic hedgehog regulated oligodendrocyte lineage genes encoding bHLH pro-
teins in the mammalian central nervous system.’, Neuron, 25 (2), 317-29.

Lu, QR, et al. (2002), ‘Common developmental requirement for Olig function indicates a motor neuron/
oligodendrocyte connection.’, Cell, 109 (1), 75-86.

Luo, G, et al. (1997), ‘Spontaneous calcification of arteries and cartilage in mice lacking matrix GLA
protein.’, Nature., 386 (6620), 78-81.

Marchant, L, et al. (1998), ‘The inductive properties of mesoderm suggest that the neural crest cells are
speciled by a BMP gradient.’, Dev Biol., 198 (2), 319-29.

Marmigiere, F, and Ernfors,P (2007), ‘Specification and connectivity of neuronal subtypes in the senso-
ry lineage.’, Nat Rev Neurosci, 8 (2), 114-27.

Matsumata, M, et al. (2014), ‘Fatty acid binding proteins and the nervous system: Their impact on men-
tal conditions.’, Neurosci Res., pii: S0168-0102 (14) 00188-6.

Mauro, A (1961), ‘Satellite cell of skeletal muscle fibers.’, J Biophys Biochem Cytol., 9, 493-5.

Meijer, DH, et al. (2014), ‘An amino terminal phosphorylation motif regulates intranuclear compartmen-
talization of Olig2 in neural progenitor cells.’, J Neurosci., 34 (25), 8507-18.

Mekki-Dauriac, S, et al. (2002), ‘Bone morphogenetic proteins negatively control oligodendrocyte pre-
cursor specification in the chick spinal cord.’, Development, 129 (22), 5117-30.

Merkle, FT, et al. (2004), ’'Radial glia give rise to adult neural stem cells in the subventricular zone.’, Proc
Natl Acad Sci U S A, 101 (50), 17528-32.

Meulemans, D, and Bronner-Fraser, M (2004), ‘Gene-regulatory interactionsin neural crest evolution
and development.’, Dev Cell, 7 (3), 291-9.

118



8. Literature

Miller, RH (2002), ‘Regulation of oligodendrocyte development in the vertebrate CNS Progress in Neu-
robiology.’, Prog Neurobiol., 67 (6), 451-67.

Miller, RH, et al. (2004), ‘Patterning of spinal cord oligodendrocyte development by dorsally derived
BMP4., J Neurosci Res., 76 (1), 9-19.

Milet, C, et al. (2012), ‘Neural crest induction at the neural plate border in vertebrates.’, Dev Biol., 366
(1), 22-33.

Mitra, R, et al. (2008), ‘piggyBac can bypass DNA synthesis during cut and paste transposition.”, EMBO
J., 27 (7), 1097-1109.

Miyagi, S, et al. (2008), ‘Consequence of the loss of Sox2 in the developing brain of the mouse.’, FEBS
Lett., 582 (18), 2811-5.

Miyazono, K, et al. (2005), ‘BMP receptor signaling: Transcriptional targets, regulation of signals, and
signaling cross-talk.’, Cytokine Growth Factor Rev., 16 (3), 251-63.

Molofsky, AV, et al. (2003), ‘Bmi-1 dependence distinguishes neural stem cell self-renewal from pro-
genitor proliferation.’, Nature, 425 (6961), 962-7.

Mori, H, et al., (2007), ‘Observational examination of aggregation and migration during early phase of
neurosphere culture of mouse neural stem cells.’, J Biosc Bioeng, 104 (3), 231-34.

Morrissey, TK, et al. (1995), ‘Axon-induced mitogenesis of human Schwann cells involves heregulin
and p185erbB2.’, Proc Natl Acad Sci U S A, 92 (5), 1431-5.

Morrison, SJ, et al. (1999), ‘Prospective identification, isolation bya flow cytometry, and in vivo self-re-
newal of multipotent mammalian neural crest stem cells.’, Cell, 96 (5), 737-49.

Moser, M, et al. (1997), ‘Enhanced apoptotic cell death of renal epithelial cells in mice lacking transcrip-
tion factor AP-2beta.’, Genes Dev., 11(15), 1938-48.

Murphy, M and Bartlett, PF (1993), ‘Molecular regulation of neural crest development.’, Mol Neurobiol.,
7 (2), 111-35.

Nagai, T, et al. (1997), ‘The expression of the mouse Zic1, Zic2, and Zic3 gene suggests an essential
role for Zic genes in body pattern formation.’, Dev Biol., 182 (2), 299-313.

Nagashimada, M, et al. (2012), ‘Autonomic neurocristopathy-associated mutations in PHOX2B dysreg-
ulate Sox10 expression.’, J Clin Invest., 122 (9), 3145-3158.

Nagoshi, N, et al. (2008), ‘Ontogeny and multipotency of neural crest-derived stem cells in mouse bone
marrow, dorsal root ganglia, and whisker pad.’, Cell Stem Cell, 2 (4), 392-403.

Najm, FJ, et al. (2013), ‘Transcription factor-mediated reprogramming of fibroblasts to expandable,
myelinogenic oligodendrocyte progenitor cells.’, Nat Biotechnol., 31 (5), 426-33.

Narytnyk, A, et al. (2014), ‘Differentiation of Human Epidermal Neural Crest Stem Cells (hEPI-NCSC)
into Virtually Homogenous Populations of Dopaminergic Neurons.’, Stem Cell Rev., 10 (2), 316-26.

Nave, KA (1995), ‘Myelin genetics: new insight into old diseases.’, Brain Pathol., 5 (3), 231-2.
Nicolay, DJ, et al. (2007), ‘Transcriptional Control of Oligodendrogenesis.’, Glia, 55 (13), 1287-99.

Nowakowski, RS and Hayes, NL (1999), CNS development: an overview.’, Dev Psychopathol., 11 (3),
395-417.

119



8. Literature

Novitch, BG, et al. (2001), ‘Coordinate regulation of motor neuron subtype identity and pan-neuronal
properties by the bHLH repressor Olig2.’, Neuron, 31 (5), 773-89.

Nussbaum, JE, et al. (2007), ‘Transplantation of undifferentiated murine embryonic stem cells in the
heart: teratoma formation and immune response.’, FASEB J, 21 (7), 1345-57.

Ono, K, et al. (2001), ‘Extensive proliferation of oligodendrocyte precursors in the parenchyma of the
embryonic chicken central nervous system.’, Dev Biol., 231 (1), 77-86.

Papp, B and Plath, K (2013), ‘Epigenetics of reprogramming to induced pluripotency.’, Cell, 152 (6),
1324-43.

Paratore, C, et al. (2001), ‘Survival and glial fate acquisition of neural crest cells are regulated by an
interplay between the transcription factor Sox10 and extrinsic combinatorial signalling.’, Development,
128 (20), 3949-61.

Park, |H, et al., (2007), ‘Reprogramming of human somatic cells to pluripotency with defined factors.’,
Nature, 451 (7175), 141-6.

Patthey, C, et al. (2009), ‘Wnt-regulated temporal control of BMP exposure directs the choice between
neural plate border and epidermal fate.’, Development, 136 (1), 73-83.

Piccolo, SR, et al. (2012), ‘A single-sample microarray normalization method to facilitate personal-
ized-medicine workflows.’, Genomics,100 (6), 337-44.

Platt, JB, (1893). Ectodermic origin of the cartilage of the head.’, Anat. Anz., 8, 506-509.

Prasad, KM, et al. (2011), ‘SOX10 directly modulates ERBB3 transcription via an intronic neural crest
enhancer.’, BMC Dev Biol., 11, 40.

Pringle, NP, et al. (1998), ‘Dorsal spinal cord neuroepithelium generates astrocytes but not oligoden-
drocytes.’, Neuron, 20 (5), 883-93.

Reiprich, S, et al. , (2010), ‘Activation of Krox20 gene expression by Sox10 in myelinating Schwann
cells.’, J Neurochem.112 (3), 744-54.

Reissmann, E, et al. (1996), ‘Involvement of bone morphogenetic proteins-4 and-7 in the specification
of the adrenergic phenotype in developing sympathetic neurons.’, Development, 122, 2079-2088.

Rentzsch, F, et al (2004), ‘FGF signalinginduces posterior neuroectoderm independently of BMP sign-
aling inhibition.” Dev Dyn., 231 (4), 750-7

Reynolds, BA and Rietze, RL (2005), ‘Neural stem cells and neurospheres-reevaluating the reation-
ship.”, Nat Methods, 2 (5), 333-36.

Reynolds, BA und Weiss, S (1992), ‘Generation of neurons and astrocytes from isolated cells of the
adult mammalian central nervous sytem.’, Sccience, 255 (5052), 1707-10.

Richards, LJ, et al. (1992), ‘De novo generation of neuronal cells from the adult mouse brain.’, Proc Natl
Acad Sci U S A, 89 (18), 8591-5.

Richardson, WD, et al. (1997), ‘Origins of spinal cord oligodendrocytes: possible developmental and
evolutionary relationships with motor neurons.’, Dev Neurosci., 19 (1), 58-68.

Rifkin, JT, et al. (2000), ‘Dynamic expression of neurotrophin receptors during sensory neuron genesis
and differentiation.’, Dev Biol., 227 (2), 465-80.

120



8. Literature

Rohrer, H, (2011),Transcriptional control of differentiation and neurogenesis in autonomic ganglia.’, Eur
J Neurosci., 3(10), 1563-73.

Rowitch, DH (2004), ‘Glial specification in the vertebrate neural tube.’, Nat Rev Neurosci., 5 (5), 409-19.

Saha, B, et al. (2012), ‘Potentials of endogenous neural stem cells in cortical repair.’, Front Cell Neuro-
sci., 6, 14.

Sakai, D, et al. (2005), ‘Regulation of Slug transcription in embryonic ectoderm by beta-catenin-Lef/Tcf
and BMP-Smad signaling.’, Dev Growth Differ., 47 (7), 471-82.

Sakai, D, et al. (2006), ‘Cooperative action of Sox9, Snail2 and PKA signaling in early neural crest de-
velopment.’, Development, 133 (7),1323-33.

Samanta, J, et al. (2004), ‘Interactions between ID and OLIG proteins mediate the inhibitory effects of
BMP4 on oligodendroglial differentiation.’, Development., 131 (17), 4131-42.

Sarkar, A and Hochedlinger, K (2012), ‘The Sox Family of Transcription Factors:Versatile Regulators of
Stemand Progenitor Cell Fate.’, Cell Stem Cell., 12(1), 15-30.

Schmidt, M, et al. (2011), The transcription factors AP-23 and AP-2a are required for survival of sympa-
thetic progenitors and differentiated sympathetic neurons.’, Dev Biol., 355 (1), 89-100.

Schneider, C, et al. (1999), ‘Bone morphogenetic proteins are required in vivo for the generation of
sympathetic neurons.’, Neuron, 24 (4), 861-70.

Schorle, H, et al. (1996), ‘Transcription factor AP-2 essential for cranial closure and craniofacial devel-
opment.’, Nature, 381 (6579), 235-8.

Schreiner, S, et al. (2007), ‘Hypomorphic Sox10 alleles reveal novel protein functions and unravel de-
velopmental differences in glial lineages.’, Development, 134 (18), 3271-81.

Schwab, KE and Gargett, CE (2007), ‘Co-expression of two perivascular cell markers isolates mesen-
chymal stem-like cells from human endometrium.’, Hum Reprod., 22 (11), 2903-11.

Seri, B, et al. (2001), ‘Astrocytes five rise to new neurons in the adult mammalian hippocampus.’,
J Neurosci., 21 (18), 7153-60.

Shah, NM, et al. (1996), ‘Alternative neural crest cell fates are instructively promoted by TGFb super-
family members.’, Cell, 85 (3), 331-43.

Shakhova, O and Sommer, L (2010), ‘Neural crest-derived stem cells.’, StemBook, ed. The Stem Cell
Research Community, StemBook, http://www.stembook.org.

Sieber-Blum, M and Cohen, AM (1980), ‘Clonal analysis of quail neural crest cells: they are pluripotent
and differentiate in vitro in the absence of noncrest cells.’, Dev Biol., 80 (1), 96-106.

Sieber-Blum, M, et al. (2004), ‘Pluripotent neural crest stem cellsin the adult hair follicle.’, Dev Dyn.,
2231 (2), 258-69.

Sinsec, |, et al. (2006), ‘Defining the ayctual sensitivity and specifity of the neurosphere essay in stem
cell biology.”, Nat methods, 3 (10), 801-06.

Sirko, S, et al. (2007), ‘Chondroitin sulfate glycosaminoglycans control proliferation, radial glia cell dif-
ferentiation and neurogenesis in neural stem/progenitor cells.’, Development, 134 (15), 2727-38.

121



8. Literature

Sirko, S, et al. (2010), ‘Structural and functional analysis of chondroitin sulfate proteoglycans in the
neural stem cell niche.’, Methods Enzymol., 479, 37-71.

Smith, A (2006), ‘A glossary for stem-cell biology.’, Nature, 441 (7097), 1060.

Smyth, GK (2004), ‘Linear models and empirical bayes methods for assessing differential expression in
microarray experiments.’, Stat Appl Genet Mol Biol., 3, Article3.

Sommer, L (2001), ‘Context-dependent regulation of fate decisions in multipotent progenitor cells of the
peripheral nervous system.” Cell Tissue Res., 305 (2), 211-6.

Spassky, N, et al. (2000.), ‘Single or multiple oligodendroglial lineages: a controversy.’, Glia, 29 (2),
143-8.

Sprinkle, TJ (1989), ‘2’,3’-cyclic nucleotide 3’-phosphodiesterase, an oligodendrocyte-Schwann cell
and myelin-associated enzyme of the nervous system.’, Crit Rev Neurobiol., 4( 3), 235-301.

Squire, LR (2008), ‘Fundamental neuroscience.’, Third Edition, Academic Press, Elsevier.

Stemple, DL and Anderson, DJ (1992), ‘Isolation of a stem cell for neurons and glia from the mammalian
neural crest.’, Cell, 71 (6), 973-85.

Stolt, CC, et al. (2002), ‘Terminal differentiation of myelin-forming oligodendrocytes depends on the
transcription factor Sox10.’, Genes Dev., 16 (2), 165-70.

Streit, A, et al (2000), ‘Initiation of neural induction by FGF signaling before gastrulation.’, Nature., 406
(6791), 74-8.

Sun, T, et al. (1998), ‘Pax6 influences the time and site of origin of glial precursors in the ventral neural
tube.’, Mol Cell Neurosci., 12 (4-5), 228-39.

Sun, T, et al. (2003), ‘Crossrepressive interaction of the Olig2 and Nkx2.2 transcription factors in de-
veloping neural tube associated with formation of a specific physical complex.’, J Neurosci., 23 (29),
9547-56.

Sun, Y, et al. (2011), ‘Phosphorylation state of Olig2 regulates proliferation of neural progenitors.’,
Neuron, 69 (5), 906-17.

Suzuki, T, et al. (2006), ‘Sox genes regulate type 2 collagen expression in avian neural crest cells.’, Dev
Growth Differ., 48 (8), 477-86.

Svenningsen, F, et al. (2004), ‘Satellite cells of dorsal root ganglia are multipotential glial precursors.’,
Neuron Glia Biol., 1 (1), 85-93.

Swijnenburg, RJ, et al. (2005), ‘Embryonic stem cell immunogenicity increases upon differentiation
after transplantation into ischemic myocardium.’, Circulation, 112( 9 Suppl), 1166-72.

Takahashi, K and Yamanaka, S (2006), ‘Induction of Pluripotent Stem Cells from Mouse Embryonic and
Adult Fibroblast Cultures by Defined Factors.’, Cell 126 (4), 663-676.

Takahashi, K, et al. (2007), ‘Induction of pluripotent stem cells from adult human fibroblasts by defined
factors.’, Cell, 131( 5), 861-72.

Theiler, K, (1989), ‘The House Mouse: Atlas of Embryonic Development Springer.’, Springer-Verlag.

Thiel, G (2006), ‘Transcription factors in the nervous system. Development, Funktion and disease.’,
Wiley-VCH Verlag GmbH & CoKGaA, Weinheim.

122



8. Literature

Thomas, B L, et al. (1997), ‘Role of DIx-1 and DIx-2 genes in patterning of the murine dentition.’,
Development, 124 (23), 811-8.

Tiveron, MC, et al. (1996), ‘The Expression Pattern of the Transcription Factor Phox2 Delineates Syn-
aptic Pathways of the Autonomic Nervous System.’, J Neurosci., 16 (23), 7649-60.

Topilko, P, et al. (1994), ‘Krox20 controls myelinisation in the peripheral nervous system.’, Nature 371
(6500), 796-99.

Troy, CM, et al. (1990), ‘Ontogeny of the neuronal intermediate filament protein, peripherin, in the
mouse embryo.’, Neuroscience, 36 (1), 217-37.

Ullian, EM, et al, (2001), ‘Control of synapse number by glia.’, Science, 291(5504), 657-61.

Vallstedt, A, et al. (2005), ‘Multiple dorsoventral origins of oligodendrocyte generation in the spinal cord
and hindbrain.’, Neuron, 45 (1), 55-67.

Van Otterloo, E, et al. (2012), ‘Novel Tfap2-mediated control of soxE expression facilitated
the evolutionary emergence of the neural crest.’, Development, 139 (4), 720-30.

Wagey, R, (2011), ‘Mesenchymal Stem Cells.’, Stemcell Technologies , Version 3.0.0.

Wakamatsu Y. et al. (2000), ‘Fate determination of neural crest cells by NOTCH-mediated laeral inhibi-
tion and asymmetrical cell division during gangliogenesis.’, Development, 127 (13), 2811-21.

Walz, W, and MK Lang (1998), ‘Immunocytochemical evidence for a distinct GFAP-negative subpopula-
tion of astrocytes in the adult rat hippocampus.’,Neurosci Lett 257 (3), 127-30.

Warrington, AE, et al. (1993), ‘Differential myelinogenic capacity of specific stages of the oligodendro-
cyte upon transplantation into hypomyelinating hosts.’, J Neurosci Res., 34 (1), 1-13.

Waxman, SG (1992), ‘Demyelination in spinal cord injury and multiple sclerosis what can we do to en-
hance functional recovery?’, J Neurotrauma, 9 Suppl 1, S105-17.

Weber, M (2010), ‘Stammzellen im peripheren Nervensystem: Isolierung und Charakterisierung ihres
Entwicklungspotentials, Diploma thesis.

Weber, M, et al. (2015), ‘Alternative Generation of CNS Neural Stem Cells and PNS Derivatives from
Neural Crest-Derived Peripheral Stem Cells.’, Stem Cells, 33 (2), 574-88.

Wegner, M and Stolt, CC (2005), ‘From stem cells to neurons and glia: A Soxist’s view of neural devel-
opment.’, Trends Neurosci., 28 (11), 583-8.

Weiss S, et al. (1996), ‘Multipotent CNS stem cells are present in the adult mammalian spinal cord and
ventricular neuroaxis.’, J Neurosci., 16(23), 7599-609,

Widera, D, et al. (2009), ‘Adult palatum as a novel source of neural crest-related stem cells.’, Stem
Cells, 27 (8), 1899-910.

Widera, D, et al. (2011), ‘Schwann cells can be reprogrammed to multipotency by culture.’, Stem Cells,
20 (12), 2053-64.

Wilda, M, (200), ‘A Comparison of the Expression Pattern of Five Genes of the Family of Small Leu-
cine-Rich Proteoglycans during Mouse Development.’, J Bone Miner Res., 15 (11), 2187-96.

Wilson, A and Trumpp, A (2006),” Bone-marrow haematopoietic-stem-cell niches.’, Nat Rev Immunol,
6 (2), 93-106.

123



8. Literature

Wiskott, L, et al. (2006), ‘A functional hypothesis for adult hippocampal neurogenesis: avoidance of
catastrophic interference in the dentate gyrus.’, Hippocampus, 16 (3), 329-43.

Wolpowitz, D, et al. (2000), ‘Cysteine-rich domain isoforms of the neuregulin-1 gene are required for
maintenance of peripheral synapses.’, Neuron, 25 (1), 79-91.

Wong, CE, et al. (2006), ‘Neural crest-derived cells with stem cell features can be traced back to
multiple lineages in the adult skin.’, J Cell Biol., 175 (6), 1005-15.

Woodhoo, A, et al. (2007), ‘Regulation of the immature Schwann cell phenotype by Notch signalling.’,
Neuron Glia Biol, 2, S13 - S14.

Woodhoo, A and Sommer, L (2008), ‘Development of the Schwann cell lineage: From the neural crest
to the myelinated nerve.’, Glia, 56 (14), 1481-90.

Woodruff, RH, et al (2001), ‘Oligodendrocyte development in the spinal cord and telencephalon: com-
mon themes and new perspectives.’, Int J Dev Neurosci.,19 (4), 379-85.

Wu, Z, et al. (2004), ‘Preprocessing of oligonucleotide array data.’, Nat Biotechnol., 22 (6), 656-8.

Yamada, H, et al. (1995), ‘Schwann cell responses to forskolin and cyclic AMP analogues: comparative
study of mouse and rat Schwann cells.’, Brain Res., 681 (1-2), 97-104.

Yang, N, et al., (2013), ‘Generation of oligodendroglial cells by direct lineage Conversion.’, Nat Biotech-
nol, 31(5), 434-9.

Young, HE und Black, AC Jr (2004), ‘Adult stem cells.”, Anat Rec A Discov Mol Cell Evol Biol, 276 (1),
75-102.

Yu, J, et al. (2007), ‘Induced Pluripotent Stem Cell Lines Derived from Human Somatic cells.”, Science,
318 (5858), 1917-20.

Yu, L, etal. (2013), ‘Genetic and Pharmacological Inhibition of Galectin-3 Prevents Cardiac Remodeling
by Interfering With Myocardial Fibrogenesis.’, Circ Heart Fail, 6 (1), 107-17.

Yusa, K, et al. (2009), ‘Generation of transgene-free induced pluripotent mouse stem cells by the piggy-
Bac transposon.’, Nat Methods, 6 (5), 363-9.

Zhang, SC (2001) ‘Defining glial cells during CNS development.’, Nat Rev Neurosci, 2 (11), 840-3.

Zhang, J, et al. (1996), ‘Neural tube, skeletal and body wall defects in mice lacking transcription factor
AP-2.’, Nature, 381 (6579), 238-41.

Zhang, P, et al. (2003),’Regulation of human COL9A1 gene expression. Activation of the proximal pro-
moter region by SOX9.’, J Biol Chem, 278 (1), 117-23.

Zhanga, J and Li, L (2005), ‘BMP signaling and stem cell regulation.’, Dev Biol, 284 (1), 1-11.

Zhao, C, et al. (2008), ‘Mechanisms and functional implications of adult neurogenesis.’, Cell, 132 (4),
645-60.

Zhou, Q, et al. (2000), ‘Identification of a novel family of oligodendrocyte lineage specific basic helix—
loop—helix transcription factors.’, Neuron, 25 (2), 331-43.

Zhou, Q, et al. (2001), “The bHLH transcription factor Olig2 promotes oligodendrocyte differentiation in
collaboration with Nkx2.2.”, Neuron,31 (5), 791-807.

124



8. Literature

Zujovic, V, et al. (2009), 'Boundary Cap Cells are Highly Competitive for CNSRemyelination: Fast Mi-
gration and Efficient Differentiation in PNS and CNS Myelin-Forming Cells.’, Stem Cells, 28 (3), 470-9.

Zujovic ,V, et al. (2011), ‘Boundary cap cells are peripheral nervoussystem stem cells that can be redi-
rected into central nervous system lineages.’, Proc Natl Acad Sci U S A, 108 (26), 10714-9.

125



9. Supplementary Figures

9. Supplementary Figures

100,

80 4

60 -

40 4

20 4

Olig2/Sox10 ceoxpressing cells (%)

o

Supplementary Figure 1: Olig2 is coexpressed
in virtually all Sox10-positive cells of rNCSCs.
Quantifications of immunostainings of 3rd passage
rNCSCs indicate that virtually all Sox10-positive cells
coexpress Olig2. n=3; mean + SEM.

Supplementary Figure 2: PCA
(principal component analysis)

of expression profiles of
rNCSCs, SCSCs, BMP NCSCs,
PNCSCs, GNPs (granule neuron
progenitors) and RGPs (radial
glia progenitors). Unsupervised
@ scscs PCA comparing 3 replicates
@svpnescs | Of each cultured 3rd passage
rNCSCs, SCSCs, BMP NCSCs,
pNCSC, RGPs and GNPs. Each
dot represents the global gene
expression of a single microarray

@ GNP
X @ RGP

@ ™NCSCs
@ PNCSCs

sample. Distances between dots
indicate the difference between the
samples. Weber et al., 2015.
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Supplementary Figure 3: Passage 1 rNCSCs express
pluripotency genes at a low level. RT-PCRs of 1.
passage rNCSCs reveal high expression of Sox2.
KIf4 and Nanog a expressed at low levels and Oct4 is
undetectable.

Supplementary Figure 4: 3rd pas-

| EGF SCSCs

FGF SCSCs | sage SCSCs either cultured with EGF

(EGF SCSCs) or FGF (FGF SCSCs)
generate oligodendrocyte progeny.
3rd passage EGF SCSCs and FGF
SCSCs differentiate into O4/0lig2-co-
expressing oligodendrocyte-like cells,
analyzed via immunocytochemistry.
Scale bar: 30 ym
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;f %0 Supplementary Figure 6: BMP NCSCs contain
; 60 4 Tcfap2a and Phox2b positive cells under
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e 40 immunostainings of 3rd passage BMP NCSCs
E 20 reveal expression of Tcfap2a (79,5% * 4,4%)
and Phox2b-positive cells (7,3% = 3%). 100% of
0. Phox2b-positive cells coexpress Tcfap2a. n=3;

mean + SEM.
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Supplementary Figure 7: BMP NCSCs
differentiate into Peripherin/Tuj1 coexpressing
neurons. Quantification of immunostainings
reveal that 18,8% £ 7,8% of Tuj1-positive neurons
coexpress Peripherin after the differentiation in the
presence of neurotrophins. n=3; mean £ SEM.

Supplementary Figure 8: After delayed BMP4
removal, BMP NCSCs lack CNS marker genes.
Immunostainings of passage 5 BMP NCSCs after
delayed BMP4 removal indicate no upregulation of
Olig2 or O4. This was analyzed under proliferation
conditions on short term cultures. Scale bar: 30 um.
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