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1. Summary

1 SUMMARY

The goal of this project was to find a multipotent adult stem cell source suitable for use in

transplantation therapies of degenerative diseases. The skin, a very accessible tissue, would

be an ideal source that could be taken from a patient without overly invasive procedures

and would eliminate the need for immunosuppression and the ethical issues associated with

the use of embryonic stem cells. The work of my PhD focuses on the characterization of

sphere-forming multipotent cells from the adult trunk skin of mice and humans, and on the

description of their exact localization in vivo. Many publications report the isolation of

multipotent cells from the skin, but in contrast to all of these cell populations, my cells

express the neural crest stem cell (NCSC) markers p75 and SoxlO, pointing to different

origins of multipotent cells in the skin. To determine the nature of multipotent skin-derived

cells, we genetically mapped the fate of neural crest cells in face and trunk skin of mice. In

whisker follicles of the face, many mesenchymal structures are neural crest derived and,

intriguingly, contain cells with sphere-forming potential. In the trunk skin, however,

sphere-forming neural crest cells are restricted to the glial and melanocyte lineages. This

result was confirmed by isolation of pure populations of these specific lineages using

fluorescence activated cell sorting (FACS) and sphere formation assays. Thus, multipotent

cells in the adult skin can be obtained from many neural crest derivatives, and these are of

distinct nature in face and trunk skin. These results are very important, given the fact that

until now, multipotent neural crest-derived cells in the skin had only been characterized

clearly in vibrissal follicles of the mouse. These findings are relevant for the design of

therapeutic strategies, because the potential of a multipotent cell in vivo likely depends on

its nature and origin. The fact that our cells are derived from the neural crest, probably

makes them better candidates for treatment of diseases of the peripheral nervous system

(PNS) or lesions involving non-neural cell types such as chondrocytes or melanocytes.

Injection of my cells into models of Parkinson's disease or multiple sclerosis showed that

their potential for giving rise to cell fates of the central nervous system (CNS) is very

restricted or inexistent as the mice did not show any improvement. These cells were also

not able to integrate into embryonic CNS tissue in either rat or chicken or into hippocampal

brain slices. Skin-derived neural crest cells survived in the CNS environment, but were not
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1. Summary

able to integrate into the tissue or to differentiate. These cells will need further

characterization as to their potential in vivo and to their normal role in skin.



2. Zusammenfassung

2 ZUSAMMENFASSUNG

Das Ziel dieses Projektes war es, eine geeignete Quelle für multipotente Stammzellen zu

finden, um sie für zukünftige Transplantationstherapien einzusetzen. Vor allem

Krankheiten, welche mit dem Verlust oder der Degeneration eines bestimmten Zelltyps

zusammenhängen, könnten durch Zelltransplantationen behandelt werden.

Die Haut ist ein Organ, welches für eine Probeentnahme leicht zugänglich ist und somit

eine ideale Quelle für die Gewinnung von Stammzellen darstellt. Der Patient könnte das

Gewebe für seine Transplantation selber spenden, ohne dabei einen sehr invasiven Eingriff

erleiden zu müssen. Eine immunsuppressive Behandlung wäre nicht nötig, und ethische

Aspekte die mit der Verwendung von embryonalen Stammzellen zusammenhängen,

könnten umgangen werden.

Der Schwerpunkt meiner Doktorarbeit ist die Charakterisierung multipotenter Zellen aus

der Haut des Rumpfbereiches erwachsener Mäuse und Menschen. Diese Zellen besitzen

die Fähigkeit "Spheroide" zu bilden. Desweiteren befasst sich meine Arbeit mit der

genauen in vivo Lokalisation dieser Zellen in der Haut. Viele Publikationen berichten von

der Gewinnung von multipotenten Stammzellen aus der Haut, welche jedoch im Gegensatz

zu den von mir beschriebenen Zellen weder SoxlO noch p75 (Markerproteine für

Neuralleisten-Stammzellen) exprimieren. Dieser Unterschied deutet auf eine

unterschiedliche Herkunft von multipotenten Zellen aus der Haut hin. Um die

Eigenschaften unserer multipotenten Stammzellen zu testen, haben wir "genetic fate

mapping" von Hautgewebe aus dem Kopf- und Rumpfbereich von Mäusen durchgeführt.

Im Schnurrhaarfollikel der Mäuse gibt es viele Strukturen, die von der Neuralleiste

abstammen. Alle diese Strukturen enthalten Zellen mit der Fähigkeit Spheroide zu bilden.

In der Haut aus dem Rumpfbereich sind Spheroid-bildende Zellen, die von der Neuralleiste

abstammen, auf Glia und Melanozyten beschränkt. Diese Ergebnisse wurden durch die

Anreicherung von reinen Populationen dieser beiden Zelltypen durch FACS und der

nachfolgenden Entstehung von Spheroidkulturen bestätigt. Somit konnten wir zeigen, dass

multipotente Zellen aus der Haut erwachsener Mäuse und Menschen aus verschiedenen

Neuralleisten-Derivaten gewonnen werden können, die sich je nach Ursprung aus Kopf¬

oder Rumpfbereich unterscheiden. Die Lokalisation und Herkunft von Neuralleisten-
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2. Zusammenfassung

Stammzellen der Haut konnte in vorangegangenen Publikationen bis jetzt nur in

Schnurrhaarfollikeln von Mäusen beschrieben werden.

Diese Erkenntnisse sind für die Planung therapeutischer Strategien wichtig, da das

Potential von bestimmten Zellen in vivo möglicherweise von ihren Eigenschaften und ihrer

Herkunft geprägt ist. Da die in dieser Arbeit beschriebenen Zellen Neuralleisten-Derivate

sind, sind sie möglicherweise besser geeignet für die Behandlung von Erkrankungen des

Periphären Nervensystems oder von Läsionen, die durch den Verlust von nicht-neuralen

Zellen wie Chondrozyten oder Melanozyten entstehen. Die Injektion unserer Zellen in

Parkinson- oder Multiple Sklerose-Mausmodelle, hat gezeigt, dass ihr Potential Zelltypen

des Zentralen Nervensystems (ZNS) hervorzubringen beschränkt oder nicht vorhanden ist.

Die Mäuse zeigten keine Besserung der Symptome. Die Hautzellen waren auch nicht in der

Lage in Schnitte des Hippocampus von Ratten oder in das embryonale ZNS von Huhn oder

Ratte zu integrieren. Zellen der Neuralleiste aus der Haut haben zwar im Gewebe des ZNS

überlebt, jedoch weder integriert noch differenziert. Weitere Forschung auf diesem Gebiet

ist nötig, um das in vivo Potential dieser Zellen zu charakterisieren und ihre normale Rolle

in gesundem Zustand des Gewebes beschreiben zu können.
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3. Introduction

3 INTRODUCTION

3.1 Stem cells and their therapeutic potential

Stem cells are the founder cells of every organ and tissue in the body. A true stem cell is

defined by its ability to divide at the single cell level and generate an identical daughter

cell (self-renewal) as well as another daughter cell that can differentiate into multiple

distinct cell types (Crane and Trainor, 2006). These features allow stem cells to play a role

in processes like organogenesis of the embryo, tissue homeostasis, regeneration and repair

of certain tissues of the adult organism, and even diseases like cancer. In addition, self-

renewal and multipotency make stem cells good candidates for the treatment of all types of

degenerative diseases by cell-replacement therapy, an issue that has received a lot of

attention by researchers. Different kinds of stem cells have been described to date,

according to the time point and tissue of their isolation.

3.1.1 Embryonic stem cells (ESCs)

ESCs were first isolated from the mouse by in vitro culture of cells derived from the inner

cell mass (ICM) of early embryos or blastocysts (Evans and Kaufman, 1981; Martin,

1981). Under the appropriate culture conditions, ESCs can proliferate indefinitely while

retaining the ability to differentiate into all types of somatic cells (Guasch and Fuchs,

2005). Therefore, murine ESCs have been transplanted into rodent models of diseases

associated with the loss of a particular cell type, such as myocardial infarction (Klug et al.,

1996), neurodegenerative diseases (Lindvall and Kokaia, 2006; Lindvall et al., 2004),

myelin disease (Brustle et al., 1999), and liver failure (Chinzei et al., 2002). The

integration of ESC-derived cells into host tissues has been quite successful, and resulted in

partial recovery of the animals in some cases. Nevertheless, problems like the formation of

teratomas are associated with some ESC transplantations (Bjorklund et al., 2002; Chinzei

et al., 2002). The reason could be that naive, undifferentiated ESCs remain in the

transplanted cell population that lead to tumor formation.

Pluripotent ESCs have also been isolated from human blastocysts (Reubinoff et al., 2000;

Thomson et al., 1998), but the risk of developing cancer, as well as important ethical

issues, have to be considered before the clinical application of human ESCs in patients is
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3. Introduction

feasible at a bigger scale.

3.1.2 Adult stem cells

Various tissue-specific stem cells have been found in the adult skin, intestine, muscle,

blood, and nervous system of mammals. They are thought to give rise to cells of their

tissue of origin and to be responsible for homeostatic cell replacement and tissue

regeneration, because tissues like blood, skin, and gut must perpetually self-renew (Wagers

and Weissman, 2004). Stem cells in adult tissues are thought to be localized in a special

microenvironment called a "niche". The niche shelters them from differentiation and

apoptotic signals, maintaining a balance between stem cell quiescence and activity (Moore

and Lemischka, 2006). Every time a stem cell exits the niche it must be replenished, but

excessive stem cell production must be avoided because of cancer risk.

Recently, multipotent adult stem cell populations have been isolated from skin (Amoh et

al., 2005; Belicchi et al., 2004; Dyce et al., 2004; Fernandes et al., 2004; Joannides et al.,

2004; Shih et al., 2005; Sieber-Blum et al., 2004; Toma et al., 2001; Toma et al., 2005),

bone marrow (Jiang et al., 2002a; Jiang et al., 2002b), muscle (Cao et al., 2003; Jiang et al.,

2002b; Qu-Petersen et al., 2002) and brain (Jiang et al., 2002b; Rietze et al., 2001). These

stem cells can give rise to cells not found in their tissues of origin. Therefore, several

explanations have been proposed for their apparent plasticity: If a broad developmental

potential is not inherent to an adult cell, it might be due to transdifferentiation, a process by

which a cell differentiates from one lineage to an unrelated lineage by direct activation of

an otherwise dormant differentiation program. Otherwise, this conversion could also

happen via de-differentiation of a cell to a more primitive multipotent cell and subsequent

redifferentiation along a new lineage pathway (Wagers and Weissman, 2004). Another

possible explanation for apparent plasticity of adult stem cells especially after cell

transplantations is cell fusion. Fusion events occur naturally in the generation of

multinucleated skeletal myofibers from myoblasts or pathologically to mediate viral entry

into a target cell. Cell fusion has recently been implicated in contributions of transplanted

bone marrow cells to liver hepatocytes, cardiac myocytes and Purkinje neurons and is

potentially associated with transfer of donor markers and nuclei (Wagers and Weissman,

2004).

The fact that some adult stem cells may be capable of differentiating across lineage
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3. Introduction

boundaries makes them interesting for clinical applications. If an accessible tissue could be

used as an autologous stem cell source, there would be no need for immunosuppression

and ethical issues could be avoided. As the plasticity of adult stem cells is thought to be

more restricted than that of ESCs, the risk of developing cancer is lower. Few cases of

successful transplantations using multipotent adult stem cells from another tissue or even

the same tissue to be repaired have been reported until now. In one study, adult neural stem

cells were injected intravenously and intracerebroventricularly into mice with

Experimental Autoimmune Encephalomyelitis (EAE), a model for multiple sclerosis. The

administered cells promoted multifocal remyelination and functional recovery (Pluchino et

al., 2003).

3.2 Stem cells and their role in cancer

Cells with stem cell qualities have been identified in cancers of haematopoietic origin and

in some solid tumors (Dean et al., 2005). This observation led to the hypothesis that stem

cells might be at the origin of some cancers.

The "cancer stem cell hypothesis" postulates that normal stem cells that give rise to

multipotent progenitors and differentiated cells in a tissue can accumulate mutations. These

changes in the DNA allow these cells to acquire aberrant proliferation properties and cause

a pre-malignant lesion. Additional mutations would then lead to increased proliferation,

decreased apoptosis, evasion of the immune system, and further expansion of the stem cell

compartment. This implies that the stem cell represents the cell of origin of the tumor

(Fig.l).

Evidence for the existence of so-called cancer stem cells comes from studies of acute

myelogeneous leukaemia, where it was shown that 0.1-1% of all isolated cells had

leukaemia initiating activity (Lapidot et al., 1994). These leukaemia-initiating cells shared

many markers and properties of normal haematopoietic stem cells (Bonnet and Dick, 1997;

Hope et al., 2004). Therefore, it is now believed that leukaemia arises from a stem cell that

becomes transformed and gives rise to a large population of clones. Stem cells with a

capacity to self-renew and undergo pluripotent differentiation have also been isolated from

human tumors of the central nervous system (CNS) (Hemmati et al., 2003; Singh et al.,

2004a; Singh et al., 2004b) and breast cancer lesions (Al-Hajj et al., 2003; Dontu et al.,

2003). There is also some evidence for the existence of stem cells in melanoma lesions
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3. Introduction

(Fang et al., 2005).

Siéra «li Ptegciitii! Difleratiated cette

Muiatioe

Additional IlltllltlCIItl

Figure 1. The cancer stem cell hypothesis
In healthy tissue multipotent stem cells give rise to transient amplifying progenitors and eventually to mature

cells Mutations in a stem cell can give rise to a stem cell with aberrant proliferation and result in a pre-

malignant lesion Additional mutations lead to further increased proliferation, decreased apoptosis, decreased

responsiveness to differentiation-inducing cues, evasion of the immune system and further expansion of the

stem cell compartment Eventually all these processes lead to the formation of a tumor

Tumor stem cells are thought to be only a small, multipotent fraction of the whole tumor

cell population, giving rise to more differentiated cells that retain a finite ability to divide

and eventually form the heterogeneous bulk of the tumor. Stem cells are also thought to be

associated with resistance to chemotherapy due to their quiescence and the presence of

ATP-binding cassette (ABC) transporters that allow them to efflux drugs and toxins from

their cytoplasm. Given these characteristics, tumor stem cells could be responsible for

relapse, the formation of a new tumor, and even metastasis.
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3. Introduction

3.3 The neural crest

One frequently used model to study stem cell biology is the neural crest.

3.3.1 Formation and induction of neural crest stem cells (NCSCs)

Vertebrate neurogenesis commences with the formation of the neural plate, which is

initially a flat, single-cell-layer thick, neuroepithelial sheet that extends the length of the

body axis. The bilateral halves of the neural plate then curl up and fuse to form a neural

tube that ultimately gives rise to the entire vertebrate CNS. Neural crest cells (NCCs) are

born at the interface between the non-neural ectoderm (surface ectoderm and presumptive

epidermis) and the dorsal region of the neural plate at the neural plate border (Crane and

Trainor, 2006) (Fig. 2).

Studies of the development of the NC have been carried out in Xenopus, avians, zebrafish,

and mice. Depending on the animal model, there are slight differences in the process.

Induction of NCCs requires contact-mediated tissue interactions between neural plate,

surface ectoderm and lateral mesoderm. Lineage-tracing experiments have shown that both

neuroepithelium and surface ectoderm give rise to NCCs in avians (Selleck and Bronner-

Fraser, 1995). A dorso-ventral BMP gradient (Liem et al., 1995; Marchant et al., 1998;

Mayor et al., 1995; Selleck et al., 1998), the signalling pathways Notch (Wakamatsu et al.,

2000), FGF (Monsoro-Burq et al., 2003; Monsoro-Burq et al., 2005) and Wnt (Garcia-

Castro et al., 2002) have also been implicated in the induction and patterning ofNCCs.

During the folding of the neural tube, NC precursors are contained within the neural folds

and subsequently within the dorsal portion of the neural tube when closure is complete

(Barembaum and Bronner-Fraser, 2005) (Fig. 2).

9



3. Introduction

menial plate
piraxiil mesjÉenii

Figure 2. Neurulation and formation of the neural crest

Interactions between the non-neural ectoderm (blue) and the mesendoderm (green) with the prospective
neural plate (purple) induce the neural plate border (light blue). As neurulation proceeds, the neural plate
rolls up and the neural plate border forms the neural folds. Near the time of neural tube closure, the NCCs

undergo an epithelial to mesenchymal transition and delaminate from the neural folds or dorsal neural tube

and migrate along defined pathways (from Basch et al., 2004).

3.3.2 NCC delamination and migration

In mice NC formation and migration commence well before fusion of the bilateral halves

of the neural plate is complete. NCCs undergo an epithelial to mesenchymal transformation

that will confer on them the ability to migrate (Trainor, 2005). This implies deep changes

in cell morphology and in the expression of cell surface adhesion and recognition

molecules (Morales et al., 2005).

The emergence of NCCs from the neural tube begins at the region of the caudal midbrain

and rostral hindbrain, and proceeds simultaneously as a wave rostrally towards the
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3. Introduction

forebrain and caudally towards the tail. NCCs can be subdivided into at least four broad

distinct axial populations: cranial, cardiac, vagal and trunk. Each migrates along unique

pathways, contributing to a unique set of specific cell and tissue types that are distinct for

each axial level (Crane and Trainor, 2006) (Fig. 3).

Figure 3. Fate map of the neural crest-derived phenotypes along the neural axis

The various cell phenotypes yielded by NCCs at different levels of the neural fold (light blue) are shown in

chick embryos of 7 (left) and 28 (right) somites. Left, tissues that arise from the cephalic NC. Right, tissues

that arise from the trunk NC in cervical, thoracic and lumbosacral regions of the spinal cord. The region that

gives rise to mesectoderm (green) extends from the level of mid-diencephalon down to rhombomere 8

(corresponding to S4). Melanocytes (grey) are produced along the entire length of the neural axis. The

parasympathetic ciliary ganglion (yellow) derives from the mesencephalic NC. Enteric ganglia (orange) arise

from both vagal (S1-S7) and lumbosacral (posterior to S28) NC. Caudal to S4, the trunk NC yields PNS

sympathetic ganglia (red), whereas the sensory ganglia (dark blue) are generated by the mesencephalic NC

and by the NC from posterior rhombencephalic to lumbosacral levels. Endocrine cells (violet) originate from

the NC of S2-S4 and S18-S24 levels (from Le Douarin et al, 2004).

Cranial NC migrate throughout the head and contribute to most of the bones and cartilage

of the head, connective tissue of the face, as well as neurons and all the glia of the cranial

ganglia. The cardiac NC give rise to some tissues of the heart like the articopulmonary

septum and aortic arch smooth muscle cells, and to parasympathetic cardiac ganglia (Kirby

et al., 1983; Kirby and Stewart, 1983). The vagal NCCs contribute to nearly the entire gut

and the majority of neurons and glia that constitute the enteric nervous system, and finally

11



3. Introduction

trunk NCCs give rise to sympathetic and parasympathetic ganglia (peripheral nervous

system (PNS)), the enteric nervous system (Burns and Douarin, 1998) and secretory cells

from the endocrine system. NCCs from all levels give rise to pigment cells and sensory

neurons (Crane and Trainor, 2006; Trainor, 2005).

3.3.3 Growth factor responsiveness and multipotency of NCSCs

Several growth factor/receptor signaling pathways are implicated in the development of

specific NC derivatives. Gliogenesis in the PNS is regulated by epidermal growth factor¬

like neuregulins that signal through the ErbB receptor family. Neuregulin (NRG)

instructively promotes gliogenesis in cultured NCSCs. Soluble NRG1 triggers

differentiation into satellite glia (Hagedorn et al., 1999; Morrison et al., 1999; Paratore et

al., 2001; Shah et al., 1994) whereas membrane-bound NRG1 induces a Schwann cell

phenotype (Leimeroth et al., 2002).

Sympathetic neuron development is driven by bone morphogenetic proteins (BMPs) and

transforming growth factor (TGF) ß (Hagedorn et al., 2000; Hagedorn et al., 1999; Mehler

et al., 1997; Morrison et al., 1999; Shah et al., 1996). Growing evidence has also been

provided that BMPs control NCC differentiation into parasympathetic and enteric lineages

(White et al., 2001).

In addition to their effects on autonomic neuronal sublineages, BMPs and TGFß also

induce smooth muscle-like cells from NCSCs in vitro (Hagedorn et al., 2000; Hagedorn et

al., 1999; Morrison et al., 1999; Shah et al., 1996). Smooth muscle cells, however, do not

differentiate from trunk NCCs in vivo, suggesting that additional mechanisms suppress

inappropriate non-neural fates in the PNS. These mechanisms might involve cell-cell

interactions in developing ganglia, as communities of NCSCs behave differently than

single NCSCs, and undergo apoptosis or neurogenesis instead of producing smooth muscle

cells in response to TGFß (Hagedorn et al., 2000; Hagedorn et al., 1999).

Melanocyte lineage differentiation in the skin is stimulated by stem cell factor (SCF) and

endothelin (ET)-3, which activate the tyrosine receptor kinase c-Kit and ETRB/B2,

respectively. In cultures, SCF supports early NCC and melanocyte precursor survival in

conjunction with other cues (Lahav et al., 1998; Lahav et al., 1994). Melanocytes also

depend on Wnt proteins for both precursor expansion and lineage specification (Hari et al.,

2002; Jin et al., 2001; Le Douarin and Dupin, 2003).
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3. Introduction

Sustained ß-catenin activity in neural crest cells promotes the formation of sensory neurons

in vivo at the expense of virtually all other neural crest derivatives, while in culture Wntl

instructs NCSCs to adopt a sensory neuronal fate in a ß-catenin dependent manner (Hari et

al., 2002; Lee et al., 2004).

Enteric gangliogenesis by NCCs depends upon ligands of the glial-derived neurotrophic

factor (GDNF)-family and on the ET-3/ETRB pathway (Le Douarin and Dupin, 2003).

The first data demonstrating multipotency of NCCs came from in vitro studies in quail

embryos. The developmental potential of single pre-migratory trunk neural crest cells was

investigated, and three types of clones were found: unpigmented clones consisting of

adrenergic neurons, pigmented clones consisting of melanocytes, and mixed clones

(Sieber-Blum and Cohen, 1980). Reintroducing cultured quail NC colonies into host chick

embryos resulted in contributions of the transplanted cells to various NC derivatives in the

host (Bronner-Fraser et al., 1980). Subsequently it was shown that both pre-migratory and

migratory trunk NCCs in avian embryos are pluripotent (Bronner-Fraser and Fraser, 1989).

Similar to the trunk NC, quail cranial NCCs yield neuronal and glial lineages of the PNS as

well as melanocytes. Additionally they yield cartilage, bone, and connective tissue

(Baroffio et al., 1991), but the majority of clones give rise to only one or two lineages.

Therefore, these cells are rather progenitors than stem cells, because they become

progressively committed or restricted to different developmental fates (Baroffio et al.,

1991).

Also the cardiac NC consists of a heterogeneous population of pluripotent, multipotent and

unipotent progenitor cells in avians (Ito and Sieber-Blum, 1991) as well as in mammals

(Youn et al., 2003).

In vitro cultures of individual trunk NCCs demonstrated the presence of low numbers of

pluripotent cells that could generate glial, neuronal, myofibroblast and melanocyte cells in

avians (Trentin et al., 2004). However, NCSCs from rat expiants, DRGs or embryonic

sciatic nerves were also cultured in the presence of instructive growth factors. 70-90% of

the individual crest-derived cells challenged with changing environmental conditions were

competent to respond to BMP2, TGFß, NRG1 or Notch signalling and adopted a particular

fate at the expense of alternative fates. This high percentages show that most of the

undifferentiated cells isolated from neural crest expiants or from early postmigratory neural

crest derivatives must be uncommitted, multipotent progenitor cells (Sommer, 2001).
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3.3.4 Persistence of NCSCs postnatally and into adulthood

The first experiments to test the persistence of NCSCs in vivo used E14.5 rat sciatic nerve

tissue. Flow cytometry was used to identify a cell population positive for low affinity

neurotrophin receptor (p75) and negative for Myelin protein 0 (PO). This cell population

self-renewed and was capable of generating neurons, Schwann cells, and smooth muscle¬

like cells in clonal cultures (Morrison et al., 1999). Similar multipotent progenitors, on the

contrary, could not be isolated from postnatal sciatic nerves. Dorsal root ganglia (DRGs)

from E14 and El6 rat embryos also contain multipotent progenitors (Hagedorn et al.,

1999).

Surprisingly, multipotent NC progenitors could also be isolated from the adult gut. They

self-renewed extensively and formed neurons, glia, and smooth muscle cells in clonal

culture, although they showed altered factor responsiveness (Kruger et al., 2002).

Cardiac NCSCs could be isolated from the adult in the form of cardiospheres via

fluorescence activated cell sorting (FACS), using a NC-specific promoter. They expressed

markers like nestin and musashi-1, and differentiated into NC lineages including neurons,

Schwann cells and smooth muscle. After transplantation into chicken embryos they

migrated along with endogenous neural crest and colonized the PNS within the DRGs and

peripheral nerves (Tomita et al., 2005).

Adult vibrissal follicles, the hair follicles in the face of some mammals, were also shown to

contain multipotent progenitors, as well. Clones derived from cells from the upper part of

vibrissal follicles contained neurons, smooth muscle, rare Schwann cells, chondrocytes and

melanocytes (Sieber-Blum and Grim, 2004; Sieber-Blum et al., 2004). NC-derived cells

from the vibrissal dermal papilla (DP) of young mice also differentiated into smooth

muscle cells and neurons, similar to NC-derived cells from the trunk skin, although their

single-cell potential and, in the case of back skin, their in vivo localization was not

established clearly (Fernandes et al., 2004; Toma et al., 2001).

3.3.5 Identification of NCSCs

To study the potential of a specific cell type it must first be clearly identified. In our study

we used mainly two methods: marker expression and lineage tracing.

3.3.5.1 P75 and SoxlO as markers for NCSCs

The low affinity neurotrophin receptor p75 is a transmembrane glycoprotein that is
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expressed in many different tissues both during embryogenesis and in the adult. In the

PNS, p75 is expressed by NCSCs, Schwann cells (Bernd, 1986; Smith-Thomas and

Fawcett, 1989) and some types of neurons. It has been widely used to enrich multipotent

NCSCs using FACS (Kruger et al., 2002, Bixby, 2002 #4809; Morrison et al., 1999;

Stemple and Anderson, 1992) or to perform prospective identification of NCSCs on the

culture dish (Hagedorn et al., 1999; Kleber et al., 2005; Lee et al., 2004; Paratore et al.,

2001). Nevertheless, p75 doesn't seem to mark precursors for all neural crest derivatives

(Crane and Trainor, 2006).

SoxlO is a member of the Sry HMG-box family, a large group of transcription factors that

bind DNA by means of a high mobility group (HMG) domain. SoxlO expression is

activated as a consequence of NC induction at the neural plate border; in mouse, SoxlO is

not expressed in the migrating cranial NC and appears to be confined at all times to the

trunk (Hong and Saint-Jeannet, 2005) SoxlO sustains survival of multipotent postmigratory

NCCs before lineage segregation (Kim et al., 2003; Paratore et al., 2001). SoxlO is also

required for the acquisition of the glial fate (Paratore et al., 2001), its expression persisting

in differentiated glia (Britsch et al., 2001; Kuhlbrodt et al., 1998). It is also detectable

during melanocyte development in mammals (Potterf et al., 2001; Southard-Smith et al.,

1998).

3.3.5.2 Lineage tracing of NC-derived cells

Lineage tracing or fate-mapping is a frequently used method to identify NC-derived cells.

It consists of following back the derivation of a differentiated cell to a tissue of the embryo,

to find out the ancestry of the adult cell. Fate mapping in avians is possible due to

accumulations of heterochromatin in quail nucleoli that are not found in chicken cells. This

permits transplantations between the two species and identification of cells from the host

and the donor. This technique facilitated the fate mapping of the avian NC and the

identification of cellular derivatives of corresponding domains of the dorsal neural tube

from chick and quail embryos (Le Lièvre and Le Douarin, 1975).

For studies in mice, the most widely used model for lineage tracing is a two-component

system based on Cre/lox recombination to mark the cell lineage of interest by gene

expression. One component is a transgene expressing Cre recombinase under the control of

a lineage specific promoter. The second component is a conditional reporter gene termed
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R26R, which expresses ß-galactosidase from the ROSA26 locus upon Cre-mediated

excision of a loxP-flanked transcriptional "stop" sequence (Soriano, 1999). The ROSA26

locus has been shown to be ubiquitiously and uniformly active at all developmental and

postnatal times, and its expression has no apparent sensitivity to genetic or environmental

manipulation (Soriano, 1999; Zambrowicz et al., 1997). Without recombination, the

transcript originating from the ROSA26 promoter encodes an irrelevant sequence, whereas

after Cre-mediated recombination the transcript produces a functional ß-galactosidase

protein. Importantly, the progeny of cells that have undergone recombination will continue

to be ß-galactosidase positive, even though the Cre transgene is no longer active (Jiang et

al., 2000). Recently, a mouse reporter line has been constructed in which cells express

enhanced yellow fluorescent protein (EYFP) from the ROSA26 locus instead of ß-

galactosidase (Srinivas et al., 2001). This is a big advantage, because EYFP expression can

be monitored in living tissues, in contrast to lacZ expression (Fig. 4).

Figure 4. Cre-mediated recombination in the ROSA26 locus

Cre recombinase (under the control of a lineage-specific promoter) excises a STOP sequence from the R26R

gene, allowing the expression of either ß-galactosidase or EYFP. The cells of interest that have undergone
recombination become labeled and their progeny continues to express the reporter.

In the case of lineage tracing of NC-derived cells, the most widely used promoter to

control Cre is Wntl (Danielian et al., 1998). The Wntl gene is expressed specifically in the

neural plate, in the dorsal neural tube, and in the early migratory NC population at all axial

levels excluding the forebrain. Expression of Wntl is extinguished as the crest cells

migrate away from the neural tube, and appears not to be expressed at any other time or in

any other place during development or in postnatal life (Echelard et al., 1994; Jiang et al.,

16



3. Introduction

2000). Wntl-Cre R26R mice have been used in many NC lineage tracing studies (Chai et

al., 2000; Fernandes et al., 2004; Jiang et al., 2000; Hari et al., 2002; Lee et al., 2004;

Sieber-Blum and Grim, 2004; Sieber-Blum et al., 2004; Szeder et al., 2003).

Another promoter used to control the expression of Cre recombinase specifically in NCCs

is the human tissue plasminogen activator (Ht-PA) promoter. It labels all the known NC

derivatives. However, in contrast to Wntl-Cre, the Ht-PA-Cre does not target cells in the

dorsal neural tube. NCCs are labelled only as they begin to migrate, but not before they

undergo their epithelial-to-mesenchymal transition (Pietri et al., 2003).

To track NC-derivatives such as Schwann cells, a transgenic mouse has been used where

Cre recombinase is under the control of the Desert hedgehog (Dhh) promoter. The Dhh

gene is prominently expressed in Schwann cell precursors of the developing nerves and in

Sertoli cells of the testis (Bitgood and McMahon, 1995). Dhh-Cre activity was observed in

peripheral glia from E12 onwards (Jaegle et al., 2003).

In the case of the melanocyte lineage, several promoters have been used to identify either

melanoblasts or melanocytes, all from genes involved in melanogenesis. In the case of

Dopachrome tautomerase (Dct) also known as Trp2, the gene is expressed at E12.5 in the

presumptive retinal pigment epithelium, migrating melanoblasts, and in the telencephalon

(Guyonneau et al., 2002).

3.4 The skin

The skin is the largest organ in the body. It provides protection against environmental

insults and dehydration, and is an important gateway for sensory input. In addition to

forming an environmental barrier, the skin has evolved to produce an amazing variety of

appendages including scales, feathers, hair follicles, sweat glands and mammary glands

(Millar, 2005). Mammalian skin consists of mainly two layers; epidermis and dermis, and

it harbors many different cell types: epithelial cells that form the stratified epidermis and

contain specialized intermediate filament proteins called keratins, mesenchymal cells that

form the underlying dermis, melanocytes that provide skin pigmentation, and glial cells

that myelinate some of the axons that innervate the skin. In addition, skin also contains

antigen-presenting cells like dendritic Langerhans cells, Merkel mechanoreceptor cells,

which form complexes with sensory axons, and mast cells that produce histamine (Millar,

2005). Both melanocytes and glial cells are derivatives of the neural crest. In the case of
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Merkel cells, a neural crest origin has also been suggested, but is still debated (Moll and

Moll, 1992; Szeder et al., 2003).

To maintain its high level of regeneration and homeostasis, the skin also harbors different

types of stem cells: epidermal stem cells in the basal layer of the epidermis and hair follicle

and melanocyte stem cells in the upper permanent part of the hair follicle. Multipotent,

neural crest-derived cells have also been identified, but their exact localization and in vivo

role in skin has not been clearly investigated yet.

3.4.1 The epidermis

The epidermis is a thin but tough layer of stratified squamous epithelium made of

keratinocytes. It rests on top of a basement membrane of extracellular matrix (ECM),

which separates it from the underlying dermis (Fuchs and Raghavan, 2002). The epidermis

originates from the outer layer of the embryo, the surface ectoderm, which proliferates and

migrates from the dorsal midline to cover the embryo and persists as a single-layered

epithelium until approximately E9.5 of mouse embryogenesis. At this stage, epidermal

stratification begins as basal cells withdraw from the cell cycle, lose their ability to adhere

to the basal membrane and start to migrate. BMPs activate the epidermal differentiation

program and induce the expression of keratin proteins (Fuchs and Raghavan, 2002).

By birth, the epidermis consists of a basal layer that differentiates to form the suprabasal

(spinous and granular) layers, and an outer, "cornified", enucleated shell, the stratum

corneum, which constitutes the epidermal barrier and is continuously shed and replenished

through life (Fig. 5).

3.4.2 The dermis

The mammalian dermis consists of loosely packed fibroblasts. Fate mapping experiments

have shown that the lateral plate mesoderm gives rise to ventral trunk dermis, while the

dermis of the head arises, at least in part, from the neural crest. Analysis of chick-quail

chimeras revealed that in avian embryos the dorsal dermis arises from the dorsal region of

somites (Millar, 2005).
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Figure 5. Diagram of the histology of the epidermis

The basal layer of the epidermis is composed of mitotically active cells that are attached to the basement

membrane. When they start to differentiate, basal cells stop dividing, detach from the basement membrane

and migrate towards the skin surface. As they enter the spinous layer, they strengthen their cytoskeletal and

intercellular connections becoming more resistant to mechanical stress. Once this task is completed, the cells

enter the granular layer, where they synthesize cornified envelope precursor proteins and lamellar granules
filled with lipid bilayers. When the cells enter the final phases of terminal differentiation, the cornified

envelope proteins are cross-linked and the lipids extruded. Cell death follows leaving dead, flattened squames

at the skin surface, which are periodically sloughed and replenished by cells from the inner layers moving
outward (from Alonso and Fuchs, 2003).

3.4.3 The hair follicles

The hair follicle is a skin appendage exclusive to mammals and it is in charge of producing

pigmented epithelial fibers, the hair. The hair follicle is the only organ in the mammalian

body that undergoes cyclic transformations during its entire lifetime (Stenn and Paus,

2001). There are different kinds of hair follicles depending on their location on the body

surface.

3.4.3.1 Pelage hair follicles

Hair follicle formation occurs only once in the lifetime of an individual and therefore,

mammals are born with a fixed number of follicles (Stenn and Paus, 2001). Murine fur

consists of four different hair types, which all start to develop between E14 and E17. The

initial signal in specifying any skin appendage is a dermal cue (Hardy, 1992), which

probably involves Wnt signaling (Andl et al., 2002). Transplantation experiments suggest

that the epithelium possesses the information as to what kind of appendage to make, while

the mesenchyme presents the stimulus (Garber et al., 1968).

In response to the dermal cue, the epithelium thickens into distinct placodes of
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keratinocytes, which grow downward to form a hair follicle (Fig. 6). At this stage, the

underlying mesenchymal cells organize into a dermal condensate of specialized fibroblasts,

the DP, which will become the permanent mesenchymal portion of the hair follicle (Fuchs

et al., 2001). The developing hair germ cells that lose contact with the DP become the outer

root sheath (ORS), which is contiguous with the developping, now stratifying epidermis.

Those cells that maintain contact with the DP, the matrix cells, then proliferate and form

the three cylinders of the inner root sheath (1RS) and the three layers of the hair shaft

(Fuchs et al., 2001), which contains bundles of keratins that confer high tensile strength

and flexibility (Alonso and Fuchs, 2006). Shortly thereafter, a sebaceous gland emerges as

an appendage to the upper segment of each hair follicle, formed from keratinocytes from

the hair follicle epithelium. The sebaceous gland secretes lipids (sebum) into the hair canal

at the skin surface. At this stage melanin begins to be synthesized in the newly formed hair

follicle pigmentary unit and mast cells, Langerhans cells, and macrophages populate the

hair follicles and the perifollicular mesenchyme.

Figure 6. Hair follicle morphogenesis (following page)
Hair follicle morphogenesis consists of eight developmental stages The process starts with a signal from the

dermis, which instructs the epidermis to thicken at distinct places to form placodes made of keratinocytes A

placode then grows downward to form a cup of uniform cells, the hair germ that opens to the ectoderm

Probably it is the hair germ that cues the underlying mesenchymal cells to condensate into the DP The bulb

of the hair germ epithelium forms a cloak around the DP, which m turn stimulates the epithelium to

proliferate and grow downward The developing hair germ cells that lose contact with the DP become the

ORS The cells that maintain contact with the DP, the matrix cells, withdraw from the hair cycle and move

upwards m concentric cylinders of cells, each of which adopts a morphologically distinct differentiation

program The three cylinders that compose the 1RS form first until finally the hair appears at the center of the

developing follicle withm this cylinder As hair shaft cells terminally differentiate, they extrude their

organelles and become tightly packed with bundles of keratins Shortly thereafter, the sebaceous gland is

formed from keratinocytes of the hair follicle epithelium The development of hair follicles is accompanied

by incoming nerve fibers, which are present before hair morphogenesis starts and will eventually innervate

the newly formed follicles at FNA and FNB (see skm innervation) Dp, dermal papilla, 1RS, inner root

sheath, ORS, outer root sheath, sg, sebaceous gland (from Peters et al, 2002a)
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3.4.3.1.1 The hair cycle

All mature follicles undergo a cycle consisting of phases of growth (anagen), regression

(catagen), rest (telogen), and shedding (exogen) (Fig. 7). The reason for this cycling is not

obvious, but cleansing of the body surface, adapting to a changing environment, and

protection from malignant degeneration are some speculations (Stenn and Paus, 2001). In
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humans, hair follicles grow synchronously only before and around birth. After that, each

follicle has its own inherent rhythm and thus the cycles are asynchronous (Chase, 1954). In

most rodents, however, large collections of follicles cycle together in waves. The

completion of the first two hair cycles is largely synchronous. However, as the mouse ages,

the waves become less frequent and synchronous hair growth occurs only in small patches

(Stenn and Paus, 2001).

Figure. 7 The stages of the hair cycle
The hair cycle can be divided into phases of growth (anagen), regression (catagen), rest (telogen) and

shedding of the hair shaft (exogen) (from Alonso and Fuchs, 2006).

3.4.3.1.1.1 Anagen

In mice, the first anagen phase after morphogenesis is completed in back skin by about P8

and lasts until about PI6. Subsequent anagen phases follow most of the steps of

morphogenesis. At the point when the epithelial finger reaches its deepest level, the

cylinders of the follicle form. The outermost cylinder forms the ORS and maintains itself
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via basal cell growth while the cells in the central cylinders reverse their growth direction

and progress upward forming the 1RS and hair shaft, fed by cells from the matrix.

Morphologically, there are at least eight cell lineages in the anagen follicle: ORS,

companion layer, Henle's layer, Huxley's layer, cuticle of the 1RS, cuticle of the shaft,

shaft cortex and shaft medulla (see inset in Fig. 7) (Stenn and Paus, 2001).

However, matrix cells have a finite proliferative capacity, setting a biological limit to the

number of hair and 1RS cells they can generate. The timer appears to be genetically

determined, but is influenced by the size and stimulatory output of the DP as well as other

factors in the surrounding environment (Fuchs et al., 2001).

3.4.3.1.1.2 Catagen

When the proliferative capacity of the matrix cells is exhausted, a destructive phase

follows. In mice, the onset of the first catagen ranges from P14 at the upper back to PI 8 in

the lower back near the tail and lasts three to four days (Alonso and Fuchs, 2006). The first

catagen begins in a wave spreading from the top of the head caudally towards the tail and

laterally down the sides of the animal (in contrast to anagen which starts caudally and

spreads rostrally to the head). In humans, the first entry into catagen occurs already in

utero (Paus and Foitzik, 2004).

In mice, the progression of the hair cycle is evident from the color and thickness of the

skin, which changes from the dark gray or black of anagen to the pale pink of catagen,

becoming thinner. The lower two-thirds of the hair follicle undergo apoptosis and as the

follicle shrinks, the DP cells maintain contact with the basement membrane that separates

the epithelium and mesenchyme. This draws the DP up to the base of the permanent

epithelial portion of the hair follicle, a region known as the bulge. The purpose of catagen

is to delete the old hair shaft factory (Stenn and Paus, 2001). After extensive apoptosis, the

follicle enters a resting phase known as telogen (Fig. 7).

3.4.3.1.1.3 Telogen

During telogen, the proliferative and biochemical activity of the hair follicle reach the

lowest point during the hair cycle (Paus and Foitzik, 2004). The old hair shaft, called club

hair, left without anchorage, becomes fragile and can be liberated from its site when

physically stressed. In mice, the first telogen is short, lasting only one or two days, from

approximately P19 to P21 in the mid back. The second telogen, however, lasts more than
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two weeks beginning around P42 (Alonso and Fuchs, 2006). Telogen can last for months

in humans or barely at all in the case of whisker follicles. Following the resting period, a

new hair cycle is spontaneously initiated, as a fresh hair germ-like structure streams down

from the bulge (Alonso and Fuchs, 2006) (Fig. 7).

3.4.3.2 Vibrissal hair follicles

The vibrissae or whiskers are found in the face of some mammals (excluding humans) and

are produced by extremely large and densely innervated follicles. They serve an important

sensory function (Fig. 8).

Figure 8. The whisker pad of rodents

Vibrissae are localized in the whisker pads of some mammals an have an important sensory function The

hair cycle stage of a vibrissa at a given time depends on its localization in the pad (Adapted from Nishimura

et al, 2005)

Vibrissae are the first follicles to develop in mice and their formation starts around E12.

They consist, as do all hair follicles, of an epithelial core surrounded by a mesenchymal

sheath, which is in continuity with the DP in the hair bulb. However, vibrissal follicles

differ from pelage hair follicles by the presence of vascular sinuses encompassed by a rigid

capsula, surrounded by bundles of striated muscle fibers. In contrast to the pelage follicle,

cycling of the vibrissal follicle is different in that the lower follicle does not regress

upward. Nevertheless, there is a cyclical change in the diameter of the follicle (Stenn and

Paus, 2001) (Fig. 9).

Figure 9. Schematic representation of the various structures of a vibrissal follicle (following page)
Vibrissal follicles are the biggest hair follicles and share many structures of pelage follicles like the

sebaceous gland (SG), outer root sheath (ORS), dermal papilla (DP) and hair shaft Not shown are the dermal

sheath that covers the ORS and is not of epidermal origin, and the nerve The bulge is the epidermal stem cell

compartment of hair follicles and belongs to the ORS (Adapted from Oshima et al, 2001)
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3.4.4 Skin innervation

The skin is abundantly innervated by sensory, and motor neurons (sympathetic and

parasympathetic axons) residing in the DRGs and sympathetic ganglia In mice, nerve

fibers begin to be seen at El4, when hair follicles are still absent (Peters et al, 2002a)

Nerve fibers that invade the subepidermal mesenchyme form an increasingly dense

network that eventually becomes organized into three horizontally oriented nerve plexuses

the subepidermal, the deep cutaneous and the subcutaneous nervous plexus The

subepidermal nervous plexus is located close to the epidermis and consists of thin, mostly

unmyelinated nerve fibers that end freely in the subepidermal layer of the dermis or

penetrate the epidermal basal membrane and innervate the epidermis Single branches of

the deep cutaneous plexus, which is located on the dermis-subcuti s border, innervate hair

follicles and arrector pili muscles Some single fibers arising from this plexus are very

thick and are probably myelinated, as they are positive for S-100 and myelin basic protein

(MBP) when stained with antibodies against these proteins Some fibers end freely in the

dermis Nerve fibers from the subcutaneous nervous plexus innervate subcutaneous blood

vessels (see references in Botchkarev et al, 1997)

3.4.4.1 Hair follicle innervation

The bulge region has the highest density of nerve fibers compared to other innervated skin

regions All telogen pelage follicles in murine back skin contain two distinct follicular

neural networks, termed follicular neural network (FN) A and B Numerous nerve fibers

arising from the subepidermal nervous plexus form the FNA, which extends from the
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perifollicular epidermis to the level of the sebaceous gland enwrapping the infundibulum

of the hair follicle. The FNB consists of longitudinal and circular fibers arranged in a

highly organized manner around the bulge of the follicle just below the sebaceous gland

and above the insertion of the arrector pili muscle. These two types of fibers are associated

with distinct types of nerve endings. The longitudinal fibers arise from the deep cutaneous

nervous plexus and are formed from myelinated nerve fibers that penetrate the DS of the

follicle, where they lose their myelin sheath. However, these nerve fibers still have a coat

of Schwann cell processes. They are thought to function as rapidly adapting type I

mechanoreceptors and have close contacts to the ORS basal lamina. The circular fibers

arise from both the deep cutaneous and the subepidermal nervous plexus. They are located

distally to the longitudinal nerve fibers, in the DS and have an unmyelinated Schwann cell

sheath ending freely. They could possibly function as slowly adapting type II

mechanoreceptors. Another type of nerve endings, which has no Schwann cells, contacts

the basal lamina of the ORS (see references in (Botchkarev et al., 1997) (Fig. 6).

3.4.4.1.1 Hair follicle innervation during the hair cycle

There are substantial and highly selective changes in the innervation of both the hair

follicle and various skin compartments during the hair cycle. In general, a significant

transient increase in fiber number is associated with early anagen in both FNA and FNB,

although an increase only in the number of circular but not longitudinal fibers can be

detected in FNB. The number of circular fibers declines again during later stages of the

hair cycle (Fig. 10).

How are these changes in innervation achieved? A collapse-and-extension concept could

not accurately explain the changes of innervation during the hair cycle, at least not in

murine skin, because the most prominent innervation changes occur in the permanent

portion of the follicle, not in the cycling part. The increase in fiber number most probably

has to be attributed to sprouting of existing nerve fiber processes. It is accompanied by

NCAM and growth associated protein (GAP) 43 expression, both of which indicate growth

of nerve fibers. As differentiated neurons do not have the ability to proliferate, it is highly

unlikely that the detected fibers derive from new neurons, which would have to grow

within days to the skin periphery (Botchkarev et al., 1997).
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Figure 10 Hair cycle-dependent plasticity of murine skin and hair follicle innervation

The schematic drawing summarizes the observed changes in protein gene product (PGP) 9.5 immunoreactive

nerve fibers during the murine hair cycle. An increase in fiber density of the FNA and of circular, but not

longitudinal fibers of the FNB is observed during anagen II. The innervation of epidermis, dermal

compartments and subcutis is denser during anagen II than during telogen and anagen VI. APM, arrector pili
muscle; DP, dermal papilla; FNA+B, follicular neural network A+B; HM, hair matrix; HS, hair shaft; I+B,

bulge; Mel, melanocytes; ORS, outer root sheath; SG, sebaceous gland (from Botchkarev et al, 1997).

3.4.5 Skin pigmentation

Melanocytes, the pigment producing cells of skin, hair follicle, inner ear, and uveal tract of

the eye (iris, ciliary body, and choroid) are derived from the neural crest. On the other

hand, the outer layer of the neuroectodermal optic cup, which gives rise to the retinal
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pigment epithelium is derived from the developing forebrain of the embryo (Guyonneau et

al., 2004).

The pigments produced by melanocytes, the melanins, are polymorphous and

multifunctional biopolymers that protect the skin against ultraviolet (UV)-induced damage.

Their biosynthesis starts with L-Tyrosine, which is transformed through complex oxidation

and reduction reactions into the different types of melanin. Under physiological conditions,

melanin synthesis in melanocytes is restricted to melanosomes, specialized vesicles that

contain the relevant enzymes for melanogenesis (Slominski et al., 2004).

In humans, melanocytes are localized in the basal layer of the epidermis in close contact

with keratinocytes at various stages of progression to the upper cornified layer and in hair

follicles. In contrast, many furred mammals, including the mouse, lack melanogenically

active melanocytes in their adult truncal epidermis. Instead, melanin is only produced in

the hair follicle bulb and only during anagen, to pigment the hair shaft cortex (Slominski et

al., 2004). Independent of their location, the task of melanocytes is to transfer melanin

granules to keratinocytes, but how this is achieved is still debated. Nevertheless,

melanocyte growth, dendricity, spreading, cell-cell contacts, and melanization can all be

regulated by keratinocyte-secreted factors (Tenchini et al., 1995).

3.4.5.1 Pigmentation during the hair cycle

Dct-lacZ transgenic mice express lacZ under the control of the dopachrome tautomerase

(Dct) promoter (see section 3.5.2.1). Dct is an early melanocyte marker. In the Dct-lacZ

mice at least one lacZ+ cell is maintained in the lowest permanent portion throughout the

hair cycle. At the transition from telogen to anagen, the lacZ expression level and cell size

of melanocyte lineage cells increases and eventually they divide. Other lacZ+ cells,

surrounded by the growing hair germ, extended their processes towards the DP and became

localized to the hair matrix, dividing and differentiating into pigmented melanocytes

(Nishimura et al., 2002) (Fig. 11).

The earliest signs of imminent hair follicle regression (catagen) are retraction of

melanocyte dendrites and attenuation of melanogenesis. The melanogenically active

melanocytes of the anagen phase are no longer detectable at this stage (Slominski et al.,

1994). Keratinocyte proliferation, however, continues for some time so that the most

proximal telogen hair shaft remains unpigmented.
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Figure 11. Melanoblast and melanocyte distribution during hair cycling
Stem cells (blue) are maintained in the lowest permanent portion of the hair follicle throughout the hair cycle

They are reactivated at early anagen to supply amplifying progeny (red) to the hair matrix, where most of

them mature into differentiated melanocytes (green) AC, amplifying cells, C, cycling portion, P, permanent

portion, SC, stem cells, SG, sebaceous gland, Mel, mature melanocytes (Adapted from Nishimura et al,

2002)

3.5 Stem cell types in skin

3.5.1 Epidermal stem cells

Several techniques have been used to identify and isolate stem cells from the skin. One

takes advantage of the characteristic expression of cell surface markers, a standard

procedure used for the isolation of haematopoietic stem cells (HSCs). In skin, specific

markers for stem cells could not be identified to date. It has been shown, however, that

epidermal stem cells express high levels of ßl (Jones and Watt, 1993) and a6 integrins and

low levels of the transferrin receptor, in contrast to transient amplifying cells that express

high levels of both a6 integrin and the transferrin receptor (Tani et al., 2000). Nevertheless

the integrins could not be considered to be exclusive stem cell markers.

Another way to isolate stem cells is by sorting the so-called side population. This idea is

based on the presence of ABC drug transporters in stem cells. Cells with these transporters

show efflux of the Hoechst 33342 dye (Wagers and Weissman, 2004). This technique in

combination with selection by size, yielded a virtually homogeneous population of

epidermal stem cells (Dunnwald et al., 2001; Liang and Bickenbach, 2002). However, their

specific location in vivo cannot be shown in this way.

Another method used to identify stem cells in a tissue takes advantage of the fact that they

are slow cycling, relatively quiescent. After a pulse with bromodeoxyuridine (BrdU) or

[3H] thymidine, all dividing cells incorporate the nucleotide into newly synthesized DNA.

When the label is chased over a long period, only those cells that divide rarely and still

reside in the tissue over time will retain their label (Alonso and Fuchs, 2003). Recent
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experiments showed that the majority of label-retaining cells (LRCs) in the skin reside in

the bulge region of the hair follicle with only a fraction of LRCs in the basal layer of the

interfollicular epidermis (Cotsarelis et al., 1990). The bulge resides within the ORS in a

small niche just below the sebaceous gland, at or near the site of insertion of the arrector

pili muscle. Bulge cells retain the label for longer than stem cells of the epidermis, and

they can give rise to all the layers of the hair follicle (1RS, hair shaft), the epidermis

(Taylor et al., 2000) and sebaceous glands (Oshima et al., 2001). In rat whisker follicles,

95% of colony-forming cells were found in the bulge, and 5% were found in the matrix

region (Kobayashi et al., 1993).

Epidermal stem cells in the hair follicle are important for the hair cycle. It seems likely that

the process of activating these stem cells to initiate anagen depends on factors that are both

intrinsic and extrinsic to the bulge cells themselves. In vibrissal follicles it has been shown,

that bulge stem cells leave the niche and migrate down into the matrix toward the DP,

where they receive their cue to divide and differentiate (Oshima et al., 2001). Clonogenic

keratinocytes located in the lower region or the bulb are still multipotent and participate in

long-term hair follicle renewal when transplanted (Claudinot et al., 2005).

3.5.2 Neural crest-derived stem cells

3.5.2.1 Melanocyte stem cells

Cutaneous melanocytes originate in the NC, where the emergence of a committed

melanocyte lineage appears to be determined mainly by MITF, FGF2 and ET-3 amongst

others factors (Dupin and Le Douarin, 2003). Melanocyte precursors, melanoblasts,

migrate from the dorsal portion of the closing neural tube and move dorsolaterally to

populate the basal layer of the epidermis and the hair follicle. Human melanocytes enter

the dermis and are already present in the epidermis two weeks before hair morphogenesis

(Holbrook et al., 1989).

In mice, melanoblasts migrate through the epidermis until all are localized in the hair

follicles. Once localized there, they are separated into two populations: differentiated

melanocytes, which are localized in the hair matrix region and are responsible for hair

pigmentation, and melanocyte stem cells that are localized at the lower permanent portion

of the hair follicle and are responsible for the repopulation of the melanocyte system in

subsequent hair cycles (Osawa et al., 2005).
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Melanocyte stem cells were identified using a transgenic mouse carrying the lacZ reporter

under the control of the Dct promoter (Mackenzie et al., 1997). Dct encodes the enzyme

dopachrome tautomerase (also known as Trp-2), which is involved in melanogenesis

together with Trp-1 and Tyrosinase. Dct is specifically expressed in melanoblasts and

melanocytes, with an onset of expression in skin at about El 1 (Guyonneau et al., 2004).

Dct-lacZ+ cells were localized in the ORS of the lower permanent portion of the hair

follicle, the bulge and in the sub-bulge area. They were also abundant in the hair matrix

(Nishimura et al., 2002).

The tyrosine kinase receptor c-Kit is expressed in melanoblasts during migration

(Botchkareva et al., 2001; Peters et al., 2002b; Wilson et al., 2004) and also involved in

differentiation (Luo et al., 1995) and survival/apoptosis of melanocytes (Ito et al., 1999).

However, the melanocyte stem cells of the bulge seem to lose c-Kit expression and are

independent of its signalling pathway. To show this, neonatal mice were treated with an

anti c-Kit antibody (ACK2), which selectively depleted amplifying populations of

melanoblasts. Only cells in the bulge were labelled with lacZ in Dct-lacZ transgenic mice.

Additionally, the first hairs to develop were almost all unpigmented, but pigmentation was

restored in the next hair cycle. This indicates the existence of a population of melanoblasts

that survive independently of stem cell factor (SCF)/c-Kit signalling (Nishimura et al.,

2002).

The melanocyte cells in the bulge region were shown to be slow-cycling, activated only

during anagen. When pulsed during anagen, but not at other times, they retained a BrdU

label at least 70 days (Nishimura et al., 2002). Single-cell-based gene expression profiling

and immunohistochemistry revealed that melanocyte stem cells express Dct, Pax3, and

SoxlO. The latter was downregulated in 60% of the melanocyte stem cells of the bulge

(Osawa et al., 2005). In contrast, differentiated melanocytes from the matrix express

proteins involved in melanogenesis, like Tyrosinase, Dct and Trp-1, in addition to c-Kit,

Mitf, Pax3 and SoxlO, which play an important role in melanocyte development

(Mollaaghababa and Pavan, 2003).

Hair graying is associated with a loss of melanocyte stem cells that clearly precedes the

loss of pigmented melanocytes in the hair matrix. It is caused by an incomplete

maintenance of melanocyte stem cells and associated with ectopic pigmentation and

differentiation within the melanocyte stem cell niche (Nishimura et al., 2005).
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3.5.2.2 Skin-derived precursors (SKPs)

SKPs were isolated from embryonic, neonatal, juvenile and adult skin from mice, and

cultured in the presence of EGF and FGF as spheres (Fernandes et al., 2004; Toma et al.,

2001). The earliest time point where sphere formation could be observed was E14, with the

highest number of spheres formed from E15 to E19 skin. Sphere-forming cells comprised

0.5-1%) of the whole plated population. In neonatal skin there was already a tenfold

decrease in stem cells (Fernandes et al., 2004).

Many cells in the undifferentiated spheres were shown to express nestin (a marker for

neural precursors), fibronectin, and Sca-1 (a stem cell marker). Some cells also expressed

the transcription factors snail, slug and twist (important in neural crest induction), Pax3,

and Sox9. Undifferentiated cells did not express p75 and SoxlO (markers for neural crest

stem cells and glial cells), and no melanocyte or glial markers. They could only be isolated

from the dermis. After differentiation in high density, some cells from spheres expressed

different neuronal markers from various stages of differentiation, and several glial markers.

Non-neural cell types like smooth muscle cells and adipocytes were also contained in the

cultures. Embryonic and neonatal spheres produced p75 only after differentiation

(Fernandes et al., 2004; Toma et al., 2001).

After injection of neonatal skin-derived primary spheres into the chick NC migratory

stream in ovo, SKPs migrated into peripheral NC targets like the spinal nerve, DRG,

peripheral nerves and the dermis of skin. A subpopulation of these cells expressed S100

(Fernandes et al., 2004).

SKPs were also isolated from whisker pads of Wntl-Cre/R26R mice. Spheres expressed ß-

galactosidase and some cells expressed ßlll tubulin upon differentiation. In addition, cells

cultured from microdissected DPs also formed spheres and SKPs were shown to express

some DP markers, therefore it was concluded that the DP is one niche for SKPs. Evidence

for the exact localization of SKPs in back skin was not conclusive, although the DP was

mentioned (Fernandes et al., 2004).

To assess the neuronal potential of SKPs in vivo, undifferentiated SKP spheres were

transplanted into neonatal rat hippocampal slice cultures. Cells showed no migration or

neuronal differentiation, but when the cells were predifferentiated, they migrated and

expressed p75, ßlll tubulin and tyrosine hydroxylase (TH) four to six weeks after

transplantation. Patch-clamp recordings of differentiated cells from primary El 8 spheres in
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culture showed that SKP-derived neurons did not possess voltage-gated inward sodium

currents (Fernandes et al., 2006).

Neonatal SKPs could also be pushed to a glial phenotype with forskolin or NRG1

treatment. When differentiated SKPs were transplanted into the distal part of crushed

sciatic nerves of shiverer mice they associated with axons and expressed MBP. They also

integrated into white matter tracts of newborn shiverer organotypic cerebellar slice cultures

and expressed MBP (McKenzie et al., 2006).

SKPs were also isolated from adult human scalp (Toma et al., 2001) and neonatal foreskin

tissue. As foreskin contains no hair follicles at all, the localization of SKPs in foreskin is

unknown (Toma et al., 2005).

3.5.2.3 Epidermal neural crest stem cells (EPI-NCSCs)

EPI-NCSCs were isolated from whisker follicles of adult Wntl-Cre/R26R mice by

microdissecting the "bulge" region and culturing it in a medium with chicken embryo

extract (CEE) and fetal calf serum (FCS). Whole expiants were put on the plate and cells

migrated out after 48h of culture. The cells were ß-galactosidase positive and some

expressed SoxlO. Treatment with NRG1 induced differentiation into Schwann cells and

treatment with BMP2 induced differentiation into chondrocytes. Self-renewal was shown

by serial cloning, and clonal analysis showed clones containing ßlll tubulin, smooth

muscle actin, melanocytes, chondrocytes, and rarely some Schwann cells (Sieber-Blum et

al., 2004). However, it was not clear if all of these cell types arose in the same clone. These

cells were proposed to be localized in the epidermal part of the vibrissal follicle, although

the DS (neural crest-derived) was not removed before culture.

Gene profiling by LongSAGE was performed with differentiated NCSCs (after 7 days of

differentiation), embryonic mouse NCSCs (after 2 days of culture) and mouse EPI-NCSCs

(after 2 days of culture). Nineteen genes were proposed as a common signature of EPI-

NCSCs and undifferentiated NCSCs from expiants (not expressed in differentiated

NCSCs). This list of genes included genes involved in lineage choice, Wnt signalling, cell

migration, cell invasiveness, cell proliferation and prevention of apoptosis. These results

were compared to the gene profile from LRCs of the bulge (Tumbar et al., 2004) of

transgenic mice that express histone H2B-green fluorescent protein (GFP) restricted to skin

epithelium (K5 promoter and tetracycline regulation). Of the bulge exclusive population
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(GFPhlgh minus GFPlow/ß4 integrin positive), only one of 91 genes was in common. When

the profiles were compared to the GFPhlgh population that may also include basal layer and

other ORS cells, 51 from 91 genes were in common, but differentially expressed (Hu et al.,

2006). None of the NC signature genes occured in DP signatures published before from

either back skin (Rendl et al., 2005) or vibrissae (O'Shaughnessy et al., 2004).

After acute implantation of EPI-NCSCs in the contusion lesioned murine spinal cord, the

cells survived and intermingled with host neurons. They did not migrate, proliferate, or

form tumors. Some cells of the grafts expressed ßlll tubulin (46%>), glutamic acid

decarboxylase (GAD67) (a GABAergic marker) (19.4%>), regulation of phenobarbitol-

inducible P450 (RIP) (an oligodendrocyte marker), or MBP, while GFAP was not

expressed (Sieber-Blum et al., 2006).

3.5.3 Other cells with stem cell properties isolated from skin

Cells with stem cell-like potential have also been isolated from the dermis of humans.

These cultures contained cells that express nestin and musashi but no p75, and were

induced to differentiate with conditioned medium of hippocampal astrocytes. The cells

differentiated into about 10%> of neurons, and clonal spheres produced smooth muscle cells

(Joannides et al., 2004).

Similar stem-like cells were isolated from pig fetal skin. Upon differentiation by growth

factor withdrawal they generated ßlll tubulin-positive neurons, GFAP-positive glia, and

adipocytes from clonal spheres (Dyce et al., 2004). Media from both studies contained

EGF andFGF.

In a similar medium, but containing 10%> FBS, cells from adult human scalp were isolated

and cultured in adherent conditions. Their surface antigen profile was similar to that of

bone marrow mesenchymal stem cells, and they had an osteogenic, chondrogenic, and

adipogenic potential also similar to that of the mesenchymal cells. The cells of interest

comprised 0.5-2%> of the isolated tissue cells. The differentiation into neurons was tested

with RT-PCR, and microtubule-associated protein (Map) 2 and neurofilament (NF) were

found to be upregulated after differentiation. GFAP-positive cells could be found under all

different culture conditions (Shih et al., 2005).

Cells with stem cell properties were also identified in skin via nestin expression (transgenic

mice carrying EGFP under the control of the nestin second-intron enhancer). They were
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described to be located in the upper ORS of the back skin hair follicles including the bulge,

colocalizing with keratin 5/8 and 15 expressing cells (Li et al., 2003). Cells expressing

EGFP were isolated from vibrissal bulge and pelage hair follicles in telogen phase from

nestin EGFP mice under the microscope. The cells were cultured as spheres in medium

containing FGF. In an undifferentiated state they were keratin 15-negative, but positive for

CD34. The EGFP-expressing cells were induced to differentiate in RPMI 1640 medium

containing 10%> FBS, and produced neurons, glia, keratinocytes, smooth muscle cells, and

melanocytes with an amazing variety of marker expression and an amazing neuronal

potential of 48% in vibrissae and 68%> in pelage. Single cells from the vibrissal bulge were

cultured, formed a colony, and such colonies were induced to differentiate. These colonies

were described to contain neurons, astrocytes, oligodendrocytes, keratinocytes and smooth

muscle cells although it is not completely clear if all the lineages arose from the same

clone. If a cell colony or sphere was transplanted into the subcutis of nude mice, the cells

differentiated into neurons (Amoh et al., 2005).

Few attempts have been made to isolate cells and try to establish their potential in vivo.

Cells from skin of 14-week old human fetuses and individuals between 12-65 years of age

were enriched for cells expressing the HSC marker AC133 by magnetic cell sorting

(MACS). AC133 is a marker found on HSCs (Yin et al., 1997) and in cells from cord

blood (de Wynter et al., 1998). Cultured in the presence of EGF and FGF, these cells

express nestin but not p75 in an undifferentiated state. They are able to differentiate in

vitro into neurons, astrocytes, and rare oligodendrocytes. Spheres were also generated from

single cells. Short-term predifferentiated cells were transplanted into the lateral ventricles

of adult mice, where they engrafted into the ventricular zone and migrated from there

mainly into host cortex, but also into striatum and hippocampus. 69%> of the cells that

engrafted expressed GFAP, while there were only few neurons (Belicchi et al., 2004).

There are many different reports describing the isolation of cells with stem cell properties

from the skin. Most of these publications focus on the in vitro potential of the isolated cells

with the aim of future therapeutic use. However, it is just as important to describe the

origin and localization of a cell type in the tissue, because the origin might influence its

behaviour in a new environment. It will be crucial now, to distinguish clearly between

different cell types isolated from skin to choose the one best suited for a certain

application.
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4.1 Abstract

Given their accessibility, multipotent skin-derived cells might be useful for future cell

replacement therapies. Here, we describe the isolation of sphere-forming multipotent cells

from the adult trunk skin of mice and humans. Unlike previously characterized skin-

derived precursor cells, these cells express the neural crest stem cell (NCSC) markers p75

and SoxlO, pointing to different origins of multipotent cells in the skin. To determine the

nature of multipotent skin-derived cells, we genetically mapped the fate of neural crest

cells in face and trunk skin of mouse. In whisker follicles of the face, many mesenchymal

structures are neural crest derived and, intriguingly, contain cells with sphere-forming

potential. In the trunk skin, however, sphere-forming neural crest cells are restricted to the

glial and melanocyte lineages. Thus, multipotent cells in the adult skin can be obtained

from many neural crest derivatives, and these are of distinct nature in face and trunk skin.

These findings are relevant for the design of therapeutic strategies, because the potential of

a multipotent cell in vivo likely depends on its nature and origin.

37



Multipotent Neural Crest-Derived Cells in the Adult Skin 4.2 Introduction

4.2 Introduction

Embryonic, fetal, and adult tissues are used as sources to investigate the developmental and

therapeutic potential of stem cells. Because of their accessibility and the possibility that the

patient could act as stem cell donor, adult stem cells from the skin have received particular

attention (Slack, 2001). Apart from multipotent epithelial stem cells that form hair follicles,

sebaceous glands, and epidermis (Blanpain et al., 2004; Claudinot et al., 2005; Oshima et

al., 2001; Taylor et al., 2000) and so-called melanocyte stem cells that generate pigmented

cells (Nishimura et al., 2002), a multipotent cell dubbed skin-derived precursor cell (SKP)

has been isolated from both the murine and human dermis (Toma et al., 2001). SKPs have

the potential to produce in vitro cell types normally not found in the skin, such as neuronal

cells. Subsequently, several laboratories provided evidence for the existence of multipotent

cells present in the skin of mice, pigs, and humans (Amoh et al., 2005; Belicchi et al.,

2004; Dyce et al., 2004; Joannides et al., 2004; Shih et al., 2005; Sieber-Blum et al., 2004;

Toma et al., 2005). These cells have been expanded either in floating sphere cultures or in

adhesive clonogenic cell cultures, indicating their self-renewing capacity. Moreover, skin-

derived cells have been reported to undergo differentiation in vitro to varying degrees into

cells expressing neuronal, glial, osteoblast, chondrocyte, smooth muscle, melanocyte, and

adipocyte lineage markers.

The formation of cells normally not present in skin might be due to transdifferentiation,

which describes the conversion of a cell type of a specific tissue lineage into a cell type of

another lineage (Wagers and Weissman, 2004). Alternatively, cells from a given lineage

might dedifferentiate into a more naive state that allows the cell to redifferentiate along

new lineages. Finally, multipotent cells with stem cell features might persist until

adulthood, able to generate a broad variety of cells depending on their environment. To

distinguish among these possibilities, the origin and nature of the cell in question has to be

determined, and its developmental potential has to be analyzed at the single cell level

(Wagers and Weissman, 2004).

The developmental origin and exact localization of skin cells giving rise to neural and non-

neural progeny is in many of the reported cases unclear. Multipotent skin-derived cells

have been enriched by means of markers found on hematopoietic stem cells (Belicchi et

al., 2004) or have been isolated from transgenic animals expressing green fluorescent
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protein (GFP) from promoter elements of Nestin (Amoh et al., 2005), a gene also expressed

in neural progenitor cells. One source unambiguously associated with multipotent SKPs is

the dermal papilla from whisker follicles (Fernandes et al., 2004). Whisker follicles are

large hair follicles of the face that serve as sensory organs for a wide range of mammals.

Genetic in vivo cell fate mapping revealed that the dermal papilla of these follicles is of

neural crest origin (Fernandes et al., 2004). Similarly, culturing expiants of bulge and

dermal sheath of whisker follicles allowed the identification of stem cells in the upper part

of the whisker follicle (Sieber-Blum et al., 2004). These were also shown to derive from

the neural crest, but were characterized by markers not expressed in SKPs.

A neural crest origin might explain the multipotency of at least some stem and progenitor

cells in the skin. Indeed, the neural crest -a transient structure in vertebrate development

induced at the dorsal part of the closing neural tube- contributes to a variety of tissues,

including the peripheral nervous system, craniofacial structures, smooth muscle cells in the

heart outflow tract, and melanocytes in the skin (Le Douarin and Dupin, 2003). Clonal

analysis revealed that multipotent, self-renewing neural crest stem cells (NCSCs) are not

only present during migration in early development, but can also be isolated from different

tissues at later stages and even from the adult organism (Bixby et al., 2002; Kruger et al.,

2002). Thus, it is conceivable that apart from the whisker follicle, other neural crest-

derived compartments in the skin, such as the niche for melanocyte stem cells (Nishimura

et al., 2002), might contain multipotent neural crest-derived cells, although this remains to

be elucidated.
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4.3 Results

p75/SoxlO-positive neural crest cells with stem cell properties can be isolated from the

adult murine and human skin

Floating sphere cultures have previously been used to identify self-renewing multipotent

cells in both murine and human skin (Belicchi et al., 2004; Fernandes et al., 2004;

Joannides et al., 2004; Toma et al., 2001; Toma et al., 2005). To further characterize

sphere-forming cells derived from the trunk skin of adult mice, dorsal and ventral skin

biopsies comprising both dermis and epidermis were dissociated and cultured in uncoated

tissue culture flasks in the presence of EGF and FGF2. Similar to previous reports,

formation of spheres was observed within four to seven days of culture. These spheres

could be passaged for several months without overt morphological changes (Fig. 1A),

pointing to the self-renewing capacity of cells present in the spheres. Intriguingly, unlike

SKPs enriched by marker selection (Belicchi et al., 2004) or cultured in slightly different

conditions than used here (Fernandes et al., 2004), 100% of all primary, secondary, and

later passage spheres generated from mouse trunk skin (n > 50 spheres) contained cells

expressing the low affinity neurotrophin receptor p75 and also the transcription factor

SoxlO, both markers for NCSCs (Fig. 1C, E) (Paratore et al., 2001; Stemple and Anderson,

1992). In spheres passaged more than 20 times, 67.0±10.5% of all cells expressed p75,

76.6±4.5% of all cells expressed SoxlO, and 58.6±10.5% of all cells were double positive

for p75 and SoxlO. 15.0±6.2% of all cells were negative for these markers, pointing to a

cellular heterogeneity within skin-derived spheres as also observed in sphere cultures from

other tissues (Reynolds and Rietze, 2005). The data indicate that skin-derived cells

expressing NCSC markers can be propagated in culture for prolonged time periods.

To address whether spheres with p75/SoxlO-positive cells can also be generated from adult

human skin, surgical samples of human thigh and face skin were dissociated and treated as

described above for mouse skin. Spheres readily formed (Fig. IB) and could be expanded

by passaging, such that after three months more than 109 cells had been generated from a

16 cm2 skin sample used as starting material. Similar to mouse cultures, all spheres

contained p75/SoxlO-positive cells, which accounted for more than 60% of all cells (Fig.

ID, F). However, other markers for premigratory or migratory NCSCs, such as Sox9 and

HNK-1, were not expressed.
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Mouse Human

Figure 1. Skin-derived spheres contain cells that express the NCSC markers p75 and SoxlO

Spheres were generated from murine adult trunk skm (A) and human adult thigh skm (B) Spheres passaged
for more than 22 times were allowed to spread on FN-coated plates (C-F) and fixed after 8 h

Immunocytochemical analysis revealed that both murine and human skm-denved spheres contain numerous

cells expressing p75 (visualized by Alexa488 fluorescence, green) and SoxlO (revealed by Cy3 fluorescence,

red) (E, F) Arrow double positive cell, arrowhead negative cell (C, D) corresponding DAPI stammg Scale

bar 20[^m

As p75 and SoxlO are markers for NCSCs (Paratore et al., 2001; Stemple and Anderson,

1992), we next examined whether the mouse trunk skin-derived spheres originate from the

neural crest. To this end, we mapped the fate of neural crest cells in vivo by mating

ROSA26 Cre reporter (R26R) mice, which express ß-Galactosidase upon Cre-mediated

recombination, with mice expressing Cre recombinase under the control of the Wntl

promoter (Jiang et al., 2000; Lee et al., 2004). In Wntl-Cre/R26R double transgenic mice,

virtually all NCSCs express ß-Galactosidase (Brault et al., 2001; Lee et al., 2004).

Importantly, despite the transient expression of Cre recombinase, the progeny of neural

crest cells continue to express ß-Galactosidase because of the genomic recombination

event, therefore allowing monitoring the fate of the neural crest cells in vivo. This method

has successfully been used before to demonstrate the neural crest origin of SKPs from the

dermal papilla of whiskers, of multipotent cells present in expiant cultures of the upper part

of whisker follicles, and of neuronal cells and smooth muscle generated in back skin
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expiant cultures (Fernandes et al., 2004; Sieber-Blum and Grim, 2004; Sieber-Blum et al.,

2004). Anti-ß-Galactosidase antibody staining revealed that all primary and late passage

spheres generated from the back skin of adult Wntl-Cre/R26R double transgenic mice were

comprised of neural crest-derived cells (Fig. 2; and data not shown). In particular, 100%) of

all p75-positive cells co-expressed ß-Galactosidase, as revealed by a typical punctuated

staining pattern (Lutolf et al., 2002). Since 87.3 ± 6.0%> of all p75-positive cells also

expressed SoxlO (3 independent experiments with spheres obtained after 20-35 passages),

the data demonstrate that sphere-forming, p75/SoxlO-expressing cells from the adult

mouse skin are indeed neural crest derivatives.

%Jtü# *#
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Figure 2. Skin-derived spheres are of neural crest origin
Neural crest-derived cells were identified by lmeage-tracmg in spheres generated from Wntl-Cre/R26R adult

mouse skm samples Primary spheres (not shown) and spheres at passage 20 were analyzed

immunocytochemically for p75 (green) (A) and ß-Galactosidase (red) (B) expression Note the

predominantly perinuclear expression of ß-Galactosidase (Lutolf et al, 2002) Overlay of (A) and (B) reveals

that spheres contain cells co-expressing p75 and ß-Galactosidase (D) (C), corresponding DAPI stammg

Scale bar lOycm

Migratory and postmigratory p75/SoxlO-positive NCSCs are able to give rise to various

neural and non-neural cell lineages (Bixby et al., 2002; Hagedorn et al., 1999; Stemple and

Anderson, 1992). To test the developmental potential of cells in spheres derived from

murine and human skin, spheres containing p75/SoxlO-positive neural crest cells were

allowed to settle on culture dishes and to differentiate at high cellular density. The

formation of glia expressing glial fibrillary acidic protein (GFAP), ßHITubulin (TuJl)-

positive neuronal cells, and smooth muscle actin (SMA)-expressing non-neural cells was

readily detectable both in mouse and human cell cultures (Fig. 3A-C, G-I), although the
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number of neuronal cells generated was highly variable and low in comparison to that of

glia and smooth muscle cells. Moreover, upon addition of ascorbic acid and BMP2, the

generation of chondrocytes stained by Alcian blue was observed (Fig. 3D, J), while

treatment with stem cell factor (SCF) in combination with endothelin (ET)-3 resulted in

formation of a few melanocytes, as revealed by DOPA reaction (Fig. 3E, K). Finally,

occasional adipocytes were detected (Fig. 3F, L). However, we never observed the

generation of keratinocytes as assessed by staining with a pan-keratin antibody (data not

shown), demonstrating that neural crest-derived sphere-forming cells are distinct from

epithelial stem cells of the skin.

Mouse Human

Figure 3. Cells from skin-derived spheres differentiate into neural crest cell lineages and adipocytes
Late passage spheres obtained from murine and human skin were allowed to spread at high densities on

different substrates and were incubated in media permissive for cell differentiation. Marker expression
indicated the generation of GFAP-positive glia (A, G), TuJl-positive neuronal cells (B, H), and SMA-

positive smooth muscle cells (C, I). Some plates (A, B, G, H) were counterstained with DAPI. Cells with

features of chondrocytes, melanocytes, and adipocytes were identified by Alcian blue staining (D, J), DOPA

reaction (E, K), or with Oil Red O (F, L), respectively. Scale bar 20[^m.

The above data are consistent with the idea that skin-derived spheres contain multipotent

cells capable of generating neuronal cells, glia, smooth muscle, and other non-neural cell

types. In analogy to NCSCs isolated from other stages and locations, it is likely that this

broad potential is inherent to the p75/SoxlO-expressing neural crest-derived cells found in

the spheres. To address this hypothesis, we plated neural crest cells from mouse trunk skin-
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derived spheres at clonal density, and prospectively identified and mapped single

undifferentiated, unpigmented p75-positive clone founder cells, as described before for

migratory and postmigratory multipotent neural crest cells (Hagedorn et al., 1999; Kleber

et al., 2005; Lee et al., 2004; Stemple and Anderson, 1992). The clone founder cells were

then incubated in culture conditions permissive for neurogenesis, gliogenesis, and non-

neural cell formation (Stemple and Anderson, 1992). As illustrated in Fig. 4A, 57.9%> of all

p75-positive founder cells were at least tripotent, giving rise to clones consisting of neural

and non-neural cell types. Virtually no p75-positive cell was restricted to a single cell

lineage. Thus, p75/SoxlO-positive neural crest-derived cells prepared from the adult trunk

skin are multipotent and can be expanded in culture. Upon isolation, these cells therefore

exhibit properties of NCSCs.

Several instructive growth factors-including Wnt, bone morphogenic protein (BMP),

neuregulin (NRG), and transforming growth factor (TGF)ß-have been shown to promote

specific fate decisions in NCSCs at the expense of other possible fates. While Wnt

responsiveness is lost at later developmental stages (Kleber et al., 2005), postmigratory

NCSCs isolated from various structures maintain their responsiveness to BMP2, NRG1,

and TGFß, although the biological activity of these factors changes with time and location

(Bixby et al., 2002; Kruger et al., 2002). Similarly, prospectively identified p75-positive

neural crest cells isolated from the adult back skin and plated at clonal density were

sensitive to BMP2, NRG1, and TGFß, respectively (Fig. 4B-D). In particular, all three

instructive growth factors suppressed multipotency without affecting survival of founder

cells. However, the effect of these factors on adult skin-derived neural crest cells was

different from their reported activities on other types of NCSCs: all three factors promoted

the generation of clones containing non-neural cells that were mostly SMA positive, and

we were unable to identify growth factors inducing exclusively neuro- or gliogenesis in

skin-derived, multipotent neural crest cells. In contrast, NCSCs isolated from other sources

but cultured in the same conditions give rise to neurons and glia, respectively, in response

to BMP2 and NRG1 (Le Douarin and Dupin, 2003; Sommer, 2001). Hence, adult skin-

derived neural crest cells, although displaying NCSC features, are intrinsically different

from other types ofNCSCs and show altered factor responsiveness.
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Figure 4. Clonal analysis of skin-derived multipotent neural crest-derived cells

Spheres derived from mouse skin were dissociated after passage 17 and single cells were plated at clonal

density in standard medium (SM) with or without the addition of instructive growth factors. Cells were

prospectively identified with p75 staining and mapped on the plate. A clone was counted positive for a given
cell type when it contained at least one cell expressing the appropriate marker (TuJl, neuronal cells; NG2,

glia; SMA, smooth muscle). N (neuronal cells), G (glia), S (smooth muscle), O (other), death (lost clones).

(A) Culture in SM without addition of instructive growth factors was permissive for the generation of

heterogeneous clones. Multipotent cells generated 3 or 4 different fates: G/N/S/O, G/S/O, or N/S/O. Bipotent
cells generated mostly S/O clones. Clones containing exclusively S, N, or G were not identified. (B) Cultures

containing BMP2 generated S-only clones, S/O, and N/S/O clones. Clone types containing glial cells were

significantly decreased or not generated at all. (C) Cultures containing NRG1 also generated S/O and S-only
clones. Multipotent cells generated mostly G/S/O clones. Clone types containing neuronal cells were

decreased or not generated. (D) TGFß addition increased the number of S/O clones and of S-only clones.

Each bar represents the mean ± SD of three independent experiments, counting at least 50 clones per

experiment.
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Multiple sources of sphere-forming neural crest cells in the whisker follicle

Apart from back skin-derived p75/SoxlO-positive multipotent cells (Figs. 1, 2), the neural

crest origin of sphere-forming cells in the adult skin has been demonstrated for SKPs from

the dermal papilla of whisker follicles, which however are negative for the NCSC markers

p75 and SoxlO (Fernandes et al., 2004). This could either reflect differential regulation of

NCSC markers in the same cell type due to varying culture conditions, or indicate sphere-

forming capacity of skin cells from different neural crest derivatives. To address this issue,

we first performed a detailed mapping of neural crest derivatives in the adult skin and

investigated which of these neural crest derivatives express the NCSC marker SoxlO in

vivo. We initially focused on the whisker follicle because this structure has been identified

before as a source of multipotent neural crest-derived cells (Fernandes et al., 2004; Sieber-

Blum et al., 2004). In the head, the neural crest contributes to craniofacial bones and

cartilage, teeth, eyes, blood vessels, and other mesenchymal structures (Santagati and Rijli,

2003). This contribution can be monitored in Wntl-Cre/R26R double transgenic mice, in

which virtually all neural crest cells as well as their progeny express ß-Galactosidase

(Jiang et al., 2000; Lee et al., 2004; Wurdak et al., 2005). Many mesenchymal structures in

whisker follicles isolated from Wntl-Cre/R26R double transgenic mice expressed ß-

Galactosidase (Fig. 5A). In particular, the capsula, the ringwulst, the dermal sheath, and -

as previously published (Fernandes et al., 2004; Sieber-Blum et al., 2004)- the dermal

papilla turned out to be neural crest derived. The neural crest origin of all these structures

was confirmed by fate mapping experiments performed in Ht-PA-Cre/R26R mice, in which

Cre recombinase is expressed in neural crest cells independently from Wntl promoter

activity (Pietri et al., 2003) (Fig. 5B). Of all neural crest-derived structures within the

whisker follicle, only the dermal sheath appeared to contain SoxlO-expressing cells (Fig.

5C), as revealed by X-Gal staining of whisker follicles isolated from Soxl0lacZ mice that

express ß-Galactosidase from the SoxlO locus (Britsch et al., 2001). Capsula, ringwulst,

and dermal papilla did not express SoxlO in vivo, while glial cells in nerve endings and

melanocytes were SoxlO-positive (Fig. 5C), in agreement with earlier reports (Kuhlbrodt et

al., 1998; Potterf et al., 2001). Thus, the whisker follicle comprises various SoxlO-positive

and SoxlO-negative tissues of neural crest origin.
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Figure 5. Many mesenchymal structures of whisker hair follicles derive from the neural crest and

harbor cells capable of generating spheres

(A) Whisker follicles from Wntl-Cre/R26R mice were dissected out and incubated in X-Gal solution to

reveal neural crest-derived cells in the dermal sheath (DS), capsula (C), dermal papilla (DP), ringwulst (RW),
nerve (N), and regions above the sebaceous gland (SG). The SG itself was negative. Melanocytes (M) were

not or only very weakly X-Gal positive, as reported (Fernandes et al, 2004). (B) Whiskers dissected from Ht-

PA-Cre/R26R mice and treated with X-Gal solution. The same structures as in the Wntl-Cre/R26R follicles

were shown to be derived from the neural crest. (C) Whiskers dissected from SoxlOacZ mice and incubated in

X-Gal solution. Cells in which the SoxlO promoter was active were identified in DS, N, and M. C, DP, RW

and SG were negative. (D) Different neural crest-derived structures were microdissected from Wntl-

Cre/R26R whisker follicles (A) and cultured in medium permissive for sphere formation. All structures have

the potential to form X-Gal positive spheres. The RW was isolated from rat whisker follicles and therefore

not stained with X-Gal (n.d.= not done). Six independent experiments were performed for each structure.

Scale bar 50[^m.

In order to investigate which of these neural crest derivatives contain cells with sphere-

forming potential, dermal papilla, capsula, the upper part of the dermal sheath (without the

bulge), and the lower part of the dermal sheath were isolated from whiskers of adult Wntl-

Cre/R26R double transgenic mice by microdissection, dissociated, and cultured in the same

conditions as used before for trunk skin-derived multipotent neural crest cells. In addition,
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rat whiskers were used to dissect the ringwulst, which in mice was too small to be isolated

without contamination from other tissues. Strikingly, all these whisker follicle structures

harbor cells with the capacity to generate spheres (Fig. 5D). X-Gal staining of Wntl-

Cre/R26R mouse cell cultures confirmed that the spheres were neural crest-derived.

Therefore, neural crest cells with sphere-forming potential are not confined to a particular

niche in the whisker follicle. Likewise, multipotency is not restricted to a neural crest cell

type from a particular location, given that multipotent neural crest cells have been isolated

from both the dermal papilla and the upper part of the whisker follicle (Fernandes et al.,

2004; Sieber-Blum et al., 2004).

Glial cells in nerve endings as well as the melanocyte lineage are associated with

sphere-forming p75/SoxlO-positive neural crest cells in the adult back skin

Unlike in the head, the mesenchyme in the trunk is not derived from the neural crest

(Santagati and Rijli, 2003). Accordingly, ß-Galactosidase expression in back skin of Wntl-

Cre/R26R mice was not as broad as in whisker follicles, and was restricted to a few

locations (Fig. 6A, G). The same structures were also labelled in the back skin of Ht-PA-

Cre/R26R mice (Fig. 6B, H). In particular, both in the anagen and telogen stage, X-Gal

staining was found in the permanent part of the pelage follicle including the bulge region

below the sebaceous gland (Fig. 6A, B, K). This area comprises the location of melanocyte

stem cells (Nishimura et al., 2002) and glial cells in nerve endings (Botchkarev et al.,

1997). In addition, pigmented melanocytes in the bulb region (the lower part of the hair

follicles) (Fig. 6G, H) and nerves expressed ß-Galactosidase. In contrast, other hair follicle

structures such as the dermal papilla, dermal sheath, and the outer and inner root sheaths

were X-Gal negative and in the trunk skin do not originate from the neural crest (Fig. 6A,

B, G, H).

To determine the potential origin of SoxlO-positive sphere-forming neural crest cells

isolated from the adult trunk skin (Fig. 1), we assessed SoxlO expression by virtue of ß-

Galactosidase activity in the back skin of Soxl0lacZ mice in vivo. Interestingly, SoxlO-

expressing cells were confined to exactly the same areas as were X-Gal-positive cells in

Wntl-Cre/R26R and Ht-PA-Cre/R26R mice, including nerves, melanocytes, and a domain

consistently found below the sebaceous gland in anagen and telogen stage that

encompasses the hair follicle bulge with the niche for melanocyte stem cells and nerve
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endings (Fig. 61, J, L). Importantly, both in Wntl-Cre/R26R and Ht-PA-Cre/R26R mice, X-

Gal-positive cells in the region below the sebaceous gland co-expressed SoxlO and p75

protein (Fig. 6C, D, E, F). Thus, p75/SoxlO-positive multipotent neural crest-derived cells

from the trunk skin (Figs. 1-4) are connected to the glial or the melanocyte lineage, or to

both of these lineages.

Figure 6. Localization of neural crest-derived and SoxlO-positive cells in murine back skin

Back skm from Wntl-Cre/R26R (A, C, E, G), Ht-PA-Cre/R26R (B, D, F, H) and SoxlO1"02 (I, J) mice with

pelage follicles m anagen phase was stained with X-Gal solution and embedded m resm In all three

transgenic mouse models, positive cells identified on sections were localized inside hair follicles (in the bulge

region below the SG (arrows) and in the bulb (G, H, J)) and in glial cells outside hair follicles (A, B, I)
overview Enlarged areas show X-Gal-positive cells in the bulge area co-expressing SoxlO (C, D) and p75

(E, F) visualized by immunofluorescence The panels to the right represent overlays of X-Gal and marker

stammgs Melanocytes (M) in the bulb stained with X-Gal The dermal papilla (DP) was X-Gal negative in

all three mouse lines Back skm from Wntl-Cre/R26R (K) and SoxlO"cZ (L) mice was collected in telogen

phase, stained with X-Gal solution and embedded in resm Positive cells identified on sections are clearly
visible below the SG in both transgenic mouse models Scale bars in (A, G) 20\jlki, scale bar in (C) lO^m
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To elucidate whether p75/SoxlO expression and the capacity to form spheres are associated

with glial cells from skin, we made use of Dhh-Cre mice that express Cre recombinase in

the peripheral glial lineage from early stages onwards, but not in migrating neural crest

cells or in neural crest-derived cells of other than glial lineages (Jaegle et al., 2003). ß-
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Galactosidase activity was detectable in nerves and nerve endings in the back skin of adult

Dhh-Cre/R26R mice (Fig. 7A). As predicted from the proposed location of glial cells

associated with nerve endings in the hair follicle (Botchkarev et al., 1997), X-Gal staining

in pelage follicles of Dhh-Cre/R26R mice was confined to a region around the bulge (Fig.

7A), corresponding to the area that also contains ß-Galactosidase-expressing cells in Wntl-

Cre/R26R, Ht-PA-Cre/R26R, and SoxlOlacZ mice (Fig. 6A, B, I). In Dhh-Cre/R26R mice,

X-Gal-labelled cells of the bulge region were also labelled with anti-SoxlO antibody (Fig.

7C) and anti-p75 antibody (Fig. 7E) Pigmented melanocytes in the hair follicle bulb were

X-Gal negative, however, indicating that cells labelled in Dhh-Cre/R26R mice do not give

rise to melanocytes and thus are not related to the melanocyte lineage (Fig. 7G).

Figure 7. Lineage-tracing of cells from the glial or the melanocyte lineage in murine back skin

Back skin from Dhh-Cre/R26R (A, G) and Dct-Cre/R26R (B, H) mice was collected, stained with X-Gal

solution, and embedded in paraffin to identify progenitors and differentiated cells from the glial and

melanocyte lineage, respectively, by lineage-tracing. (A) X-Gal expressing cells on sections from Dhh-

Cre/R26R mice were localized inside hair follicles in the bulge region below the sebaceous gland (arrow) and

in glial cells outside hair follicles. (G) Melanocytes (M) in the hair follicle bulb were not stained. (B) X-Gal-

expressing cells on Dct-Cre/R26R sections were localized inside hair follicles in the bulge region (arrow).

(H) Melanocytes also stained for X-Gal in Dct-Cre/R26R skin. Enlarged areas show X-Gal positive cells in

the bulge area co-stained for SoxlO (C, D) and p75 (E, F). Scale bar in (A, G) 20^im, scale bar in (C) lO^im.
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To directly demonstrate that cells from the glial lineage tracked by Dhh-Cre promoter

activity possess sphere-forming potential, these cells have to be prospectively identified

and freshly isolated. One possibility to achieve this would be by using specific surface

antigen markers. However, such markers for the early glial lineage are currently

unavailable. In particular, p75 is not suitable for this purpose, because it is expressed in

several distinct structures of the skin, many of which are not neural crest derived

(Botchkareva et al., 1999; Rendl et al., 2005). Furthermore, nerve endings present in the

skin cannot be isolated by microdissection. Therefore, we used a genetic strategy to

prospectively identify and directly isolate cells associated with the glial lineage. To this

end, Dhh-Cre mice were mated with R26R-EYFP mice that express EYFP upon Cre-

mediated recombination (Srinivas et al., 2001). Cells expressing EYFP in the trunk skin of

Dhh-Cre/R26R-EYFP double transgenic mice were isolated by FACS and transferred into

medium permissive for sphere formation (Fig. 8A, B). While from unselected skin samples

more than 106 cells were used to generate about 50 spheres (Fig. 1; Materials and

methods), less than 10'000 cells from both the EYFP-positive and the EYFP-negative cell

fraction were seeded in these experiments, in order to assess a possible enrichment in the

spherogenic potential of FACS-selected cells. In two independent experiments, the EYFP-

positive cell population (Fig. 8A, green frame) gave rise to 15 and 12 spheres out of 8000

and 6000 cells, respectively (Fig. 8D). In contrast, the same number of EYFP-negative

cells (Fig. 8A, blue frame) did not form any spheres. Moreover, acutely fixed primary

spheres of EYFP-positive cells were composed of cells expressing both p75 and SoxlO

(Fig. 8C). Thus, p75/SoxlO-positive cells related to the glial lineage can be isolated from

the skin and form spheres.
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Figure 8. Both glial and melanocyte lineages contain sphere-forming cells

Sorting of cells from the skm of Dhh-Cre/R26R-EYFP (A) and Dct-Cre/R26R-EYFP mice (E) by FACS.

Green and blue regions indicate EYFP-positive and negative cells, respectively. Mice not carrying the

corresponding Cre were used as negative controls for EYFP fluorescence (B, F). Primary spheres derived

from EYFP-positive cells sorted from Dhh-Cre/R26R-EYFP (C) or Dct-Cre/R26R-EYFP (G) trunk skm

contain cells positive for both SoxlO (red) and p75 (green). (D, H) Quantification of the number of spheres
formed from EYFP-positive and EYFP-negative cells sorted from Dhh-Cre/R26R-EYFP and Dct-Cre/R26R-

EYFP skin from two independent experiments. Scale bars lOycm.

We next analyzed whether sphere-forming potential is a common feature of peripheral glia

or whether this potential is confined to cells of the glial lineage in the skin. Therefore, we

investigated whether sphere cultures can also be established from adult peripheral nerves.

Sciatic and trigeminal nerves from adult mice were dissociated and the cells were cultured

exactly as described above for skin-derived cells. However, in agreement with others

(Toma et al., 2001), we were unable to obtain spheres from peripheral nerve cultures (data
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not shown). Thus, nerve endings in skin comprising specialized glial cells, but not

peripheral nerves in general, contain cells with sphere-forming potential.

However, in cell preparations from the trunk skin of Dhh-Cre/R26R mice, only a fraction

of all p75/SoxlO-positive cells also expressed ß-Galactosidase (data not shown). This

could point to inefficient Cre-mediated recombination in Dhh-Cre/R26R mice.

Alternatively, sources in the skin other than the glial lineage might yield sphere-forming

neural crest-related cells. To address whether spherogenic neural crest-derived cells might

be connected to the melanocyte lineage, we traced the fate of trunk skin cells in Dct-

Cre/R26R mice (Guyonneau et al., 2002). Dct codes for the enzyme dopachrome

tautomerase (also called Trp-2), which is required for melanin synthesis and already

expressed in melanocyte stem cells (Nishimura et al., 2002). As reported (Guyonneau et

al., 2002), ß-Galactosidase activity in the back skin of Dct-Cre/R26R mice was detectable

in melanocytes (Fig. 7H) and in the hair follicle bulge region corresponding to the location

of melanocyte stem cells (Fig. 7B) (Nishimura et al., 2002). Moreover, the X-Gal-positive

cells in the bulge region also expressed SoxlO (Fig. 7D) and p75 (Fig. 7F).

To investigate whether -in addition to cells of the glial lineage- the early melanocyte

lineage also comprises undifferentiated neural crest-derived cells with the capacity to

generate spheres, we isolated EYFP-expressing cells prospectively identified in the skin of

Dct-Cre/R26/?-EYFP mice. Intriguingly, in two independent experiments, FACS isolation

and culturing of less than lO'OOO cells revealed that only EYFP-expressing (Fig. 8E, green

frame), but not EYFP-negative cells (Fig. 8E, blue frame), were able to form spheres (Fig.

8H). Analysis of acutely fixed primary spheres revealed many cells co-expressing p75 and

SoxlO, while pigmented differentiated melanocytes were absent (Fig. 8G). These data

indicate that the early melanocyte lineage comprises p75/SoxlO-positive cells that can be

propagated as spheres. Thus, as in whisker follicles of the face, the trunk skin contains

more than one source of sphere-forming neural crest-derived cells, namely glial cells in

nerve endings and cells of the melanocyte lineage.
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4.4 Discussion

In the present study, we show that cells with NCSC features can be isolated from the adult

trunk skin of both mouse and human. Like NCSCs from other embryonic and postnatal

sources, these neural crest-derived cells in the skin express p75 and SoxlO, and are

multipotent, able to generate several neural and non-neural lineages. Moreover, multipotent

neural crest cells from the adult skin display self-renewing capacity, in that mouse and

human skin-derived cells can be grown and expanded for months in floating sphere

cultures. However, both with respect to marker expression and to tissue origin, the

multipotent, spherogenic cells described here are distinct from other sphere-forming neural

crest-derived skin cells such as SKPs found in the dermal papilla of whisker follicles

(Fernandes et al., 2004). In fact, several structures of neural crest origin in the whisker

follicle have the capacity to generate spheres. In the trunk skin, genetic cell fate mapping,

SoxlO expression analysis in vivo and, importantly, prospective identification and direct

isolation demonstrate that cells displaying NCSC properties do not reside in mesenchymal

structures of hair follicles such as the dermal papilla and dermal sheath, but rather are

associated with the melanocyte lineage and nerve endings. Thus, multipotent sphere-

forming neural crest-derived cells in the skin are not confined to a particular niche but can

be attributed to distinct locations in face and trunk skin.

Sphere-forming multipotent neural crest cells reside in distinct structures of the adult

skin

Several reports have described the isolation of multipotent cells from murine and human

skin (Amoh et al., 2005; Belicchi et al., 2004; Dyce et al., 2004; Joannides et al., 2004;

Shih et al., 2005; Sieber-Blum et al., 2004; Toma et al., 2005), raising the question about

the origin of the endogenous cells able to self-renew and to generate multiple cell lineages,

including cell types normally not found in the skin. Multipotent cells expressing GFP

under the control of a Nestin regulatory element have been isolated from the hair follicle

bulge area of transgenic mice and reported to undergo neurogenesis in vivo upon

transplantation into the murine subcutis (Amoh et al., 2005). In these mice, Nestin-GFJ*-

expressing cells are associated with the outer root sheath (Li et al., 2003), which however

does not originate from the neural crest (Figs. 5 and 6). The nature of Nestin-expressing
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cells in the skin remains to be determined, though, as Nestin-GFP in another transgenic

mouse line (Kawaguchi et al., 2001) marks the inner but not outer root sheath (Wong C,

Okano H., and Barrandon Y., unpublished). In human skin Nestin may be widely

expressed in the epidermis, the bulge region, the inner root sheath, in some cells of the

basal layer, and more weakly in the sebaceous gland (Wang et al., 2006).

As mentioned before, the dermal papilla from whisker follicles has been shown to be of

neural crest origin and to harbor multipotent sphere-forming SKPs that are p75/SoxlO-

negative (Fernandes et al., 2004). However, many structures of the whisker follicle turned

out to be neural crest derived, including the dermal sheath, the ringwulst, and the capsula,

apart from the dermal papilla (Fig. 5). Intriguingly, upon microdissection, all these tissues

were shown to contain cells with sphere-forming potential. In agreement with these

findings, multipotent neural crest-derived cells were isolated from expiant cultures of the

upper part of whisker follicles comprising dermal sheath and the bulge region (Sieber-

Blum et al., 2004). Thus, multipotency and the capacity to self-renew appear to be a

widespread feature of neural crest-derived cells in the adult skin of the face.

It has been proposed that similar to SKPs from face skin, p75-negative cells isolated from

the mouse back skin or the human foreskin are also neural crest-derived, although this has

not been addressed yet (Fernandes et al., 2004; Toma et al., 2005). Most likely, however,

these latter sphere-forming cells are not associated with the dermal papilla of hair follicles,

because the human foreskin is devoid of hair follicles. Moreover, using in vivo cell fate

mapping we demonstrate that, unlike in whisker follicles of the face, only few structures of

pelage follicles in the trunk skin are actually neural crest derived. Dermal papilla, dermal

sheath, and other supportive structures do not appear to be neural crest derivatives (Figs. 5

and 6). This is consistent with studies in chicken and mouse, which showed that in the face,

neural crest cells form multiple non-neural tissues, while in the trunk mesenchymal tissues

are not neural crest-derived (Santagati and Rijli, 2003). These differences in facial vs.

trunk neural crest contribution might also be relevant for the study of hair follicle

development, given that whisker follicles are a widely used model system to investigate

mechanisms regulating follicular cell fates (Alonso and Fuchs, 2003; Gambardella and

Barrandon, 2003).

Given that hair follicles in the trunk skin receive less neural crest contribution than whisker

follicles, endogenous multipotent neural crest-derived cells in the trunk skin must be
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confined to fewer tissues. Skin structures harboring such cells are presumably marked by

SoxlO expression in vivo, given that cells displaying NCSC properties after isolation from

the adult trunk skin express SoxlO. Indeed, in Wntl-Cre/R26R, Ht-PA-Cre/R26R, Dhh-

Cre/R26R, and Dct-Cre/R26R mice, ß-Galacotsidase-expressing cells positive for p75 and

SoxlO were found in the bulge region encompassing melanocyte stem cells and glial cells

in nerve endings (Botchkarev et al., 1997; Nishimura et al., 2002) (Figs. 6, 7). However,

the only way to unambiguously demonstrate that these lineages contain resident

multipotent cells with the potential to self-renew is by prospectively identifying such cells

in the adult skin and testing their potential upon acute isolation. Due to the lack of specific

surface markers, we were not able to use antibodies to directly isolate multipotent cells

from back skin. In particular, p75 expression does not distinguish between glial and

melanocyte lineages (Fig. 7) and, in addition, is found in regions of the skin which are not

neural crest-derived, such as the outer root sheath of hair follicles, and -at early stages of

hair follicle morphogenesis- the dermal papilla (Botchkareva et al., 1999; Rendl et al.,

2005). Similarly, the melanoblast marker c-Kit is not suitable for isolation of prospective

multipotent cells from the melanocyte lineage, because it is not expressed in the bulge of

anagen hair follicles and because in vivo it is also found in epithelial skin cells not

originating from the neural crest (Peters et al., 2003; Peters et al., 2002). Moreover, in

preliminary experiments we failed to obtain spheres from c-Kit-positive skin cells isolated

by FACS (C.W. and L.S., unpublished observation). Nonetheless, we were able to identify

spherogenic neural crest-derived cells in the skin by using a genetic approach. Thereby, the

lineage-specific activity of Dhh-Cre and of Dct-Cre, respectively, combined with a Cre

reporter allele (Srinivas et al., 2001), led to EYFP expression in cells from either the glial

or the melanocyte lineage. Consistent with a dual origin of multipotent neural crest-derived

cells in the trunk skin, EYFP-positive cells isolated from both Dhh-Cre/R26R-EYTT> and

Dct-Cre/R26R-EYFJi mice formed spheres of p75/SoxlO-positive cells (Fig. 8). Thus, we

conclude that in the trunk skin of mice, spherogenic neural crest-derived cells are

associated with the glial as well as the melanocyte lineage. Based on their high similarities

to mouse cells in terms of marker expression and potential, we assume that the p75/SoxlO-

positive multipotent cells obtained from human skin (Figs. 1, 3) are also related to glial and

melanocyte rather than mesenchymal lineages.

An alternative explanation of our data would be that there is only one source of
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endogenous multipotent neural crest cells in the trunk skin, simultaneously marked in Dhh-

Cre/R26R as well as in Dct-Cre/R26R mice. However, the in vivo cell fate mapping

experiments (Fig. 7) reveal that cells labelled in Dhh-Cre/R26R mice do not give rise to the

same cell types as cells labelled in Dct-Cre/R26R mice and vice versa. That cells of the

bulge region marked in Dct-Cre/R26R mice generate melanocytes is in agreement with

earlier findings (Nishimura et al., 2002), which identified Z)c/acZ-positive cells of the bulge

region as so-called melanocyte stem cells generating differentiated melanocytes in the

lower part of the hair follicle. Our analysis of neural crest-derived cells isolated from Dct-

Cre/R26R mice supports the hypothesis that melanocyte progenitors in the bulge region are

not only self-renewing (Nishimura et al., 2002) but indeed represent multipotent cells

(Sommer, 2005).

The combined data indicate that the adult skin is host to sphere-forming cells with different

identities. In addition to multipotent, undifferentiated neural crest-related cells (Fernandes

et al., 2004; this study), the potential to self-renew has also been attributed to pigment cells

and possibly other developmentally restricted neural crest-derived cell types (Dupin et al.,

2000; Trentin et al., 2004). Similar to NCSCs isolated at different time points and from

different PNS regions (Kleber and Sommer, 2004), the multipotent neural crest-derived

skin cells described in this study display altered responsiveness to instructive growth

factors as compared to migratory NCSCs (Fig. 4). Thus, multipotent, self-renewing neural

crest-derived cells change intrinsic properties with time and location. This presumably

reflects their specific functional requirements, although the physiological role of

multipotent neural crest-derived cells in the skin remains to be determined. In particular, it

is unclear whether these cells display properties of NCSCs only upon transfer into culture,

or whether they are multifated and self-renewing in vivo as well. Moreover, it will be

interesting to elucidate whether and how these cells functionally interact with other,

unrelated stem cell types of the skin, such as epithelial stem cells also found in the bulge

region of hair follicles (Blanpain et al., 2004; Claudinot et al., 2005; Oshima et al., 2001;

Taylor et al., 2000). Finally, it should be addressed whether spherogenic neural crest-

derived cells persisting in the adult skin might represent a target for mutational

transformation leading to cancers such as melanoma (Pardal et al., 2003).
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Limited developmental and therapeutical potential of multipotent neural crest cells

from the adult skin

Adult stem cells as an alternative to embryonic stem cells are a prime target of applied

research that seeks to treat degenerative diseases by cell replacement therapies (Wagers

and Weissman, 2004). The skin might represent an ideal source for adult stem cells in

tissue repair, because it is easily accessible. Because skin-derived multipotent cells

described here are of neural crest origin, their capacity to give rise to neural and non-neural

cell types at clonal density (Fig. 4) does apparently not reflect transdifferentiation, but

rather the broad potential inherent to NCSCs. The fact that these cells can be easily

expanded in culture, even when isolated from the skin of adult humans, might make them a

valuable source for cell replacement therapies, because sufficient cell material could be

obtained for such purposes. However, in our hands spherogenic neural crest-derived cells

from the adult mouse skin displayed a rather restricted potential in vivo (data not shown).

In particular, skin-derived spheres of neural crest origin, when dissociated and injected into

the lateral ventricles of rat and chicken embryos or transplanted onto hippocampal brain

slices, remained largely undifferentiated in cell aggregates close to the injection site, and

failed to integrate into the host CNS tissue (Paratore C, Gossrau G., Perez-Bouza A.,

Stoeckli E., Brüstle O., and Sommer L., unpublished). This is in contrast to neural

progenitors obtained from embryonic stem cells or neural stem cells from the CNS

assessed in the same experimental paradigms (Benninger et al., 2003; Brustle et al., 1997;

Wernig et al., 2004). Moreover, we observed neither neural differentiation, tissue

integration, nor behavioral improvement upon transplantation of skin-derived multipotent

neural crest cells into the striatum of a 6-hydroxydopamine-lesioned mouse model for

Parkinson's disease (Paratore C, Ferger B., and Sommer L., unpublished) (Bjorklund et

al., 2002), or upon intravenous injection into mice with experimental autoimmune

encephalomyelitis (EAE), a model for multiple sclerosis previously used to test the

therapeutic potential of adult neural stem cells from the CNS (Paratore C, Bargsten P.,

Becher B., and Sommer L., unpublished) (Pluchino et al., 2003). These trials suggest that

multipotent cells of neural crest origin that are present in the adult skin cannot

transdifferentiate into neural cell types of the CNS. Likewise, SKPs failed to generate CNS

neurons upon transplantation into hippocampal slices (Fernandes et al., 2006). This does

not exclude that adult neural crest-related cells with stem cell properties might be of high
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value for the generation of Schwann cells, cartilage, or other neural crest-derived tissues

potentially useful in clinical applications. Hence, our study underlines the importance of

choosing the appropriate stem cell type for a given task.
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5 OUTLOOK

I have isolated multipotent progenitor cells from adult murine and human skin. Co-

expression of p75 and SoxlO at late passages suggested that my cells are neural crest-

derived progenitors, a hypothesis confirmed by lineage tracing experiments using the

Wntl-Cre/R26R mouse model. Skin sphere-derived cells could differentiate into many

neural crest lineages like neurons, glia, smooth muscle cells, melanocytes and

chondrocytes in vitro, forming higher numbers of non-neural cells. Fate mapping and

immunohistochemistry on skin sections showed that a distinct cell population localized

below the sebaceous gland of hair follicles stains for X-Gal, p75 and SoxlO, and likely

possesses the sphere-forming potential. This region, called the bulge, contains different

kinds of stem cells including the neural crest-derived melanocyte stem cells. In addition, it

receives innervation of myelinated axons, therefore also containing neural crest-derived

glial cells. Cells isolated from both the melanocyte and glial lineages by FACS using Dhh-

Cre/R26R-EYFP (glial lineage) and Dct-CrelR26R-EYFP (melanocyte lineage) transgenic

mice had the ability to form spheres containing p75/SoxlO positive cells, indicating that

there are several probably multipotent neural crest progenitors in skin. In addition, vibrissal

follicles contained many different structures derived from the neural crest with sphere-

forming ability.

5.1 Potential use for cell transplantation therapies

As mentioned before, adult stem cells have many advantages over embryonic stem cells for

use in transplantations, as long as they can be induced to produce the desired cell type.

Adult stem cells taken from an accessible tissue of the patient would be a big asset as not

only ethical issues could be avoided, but also lifelong immunosuppression. The interest of

most researchers lies in the neuronal potential of isolated adult stem cells, because of the

attractive prospect of healing or at least improving the life quality of patients affected by

neurodegenerative diseases such as Parkinson's disease.

We also tested the potential of our skin-derived cells to integrate into the striatum of a 6-

hydroxydopamine-lesioned mouse model for Parkinson's disease. Cells survived in the

brain of the mice for long periods of time, but did not show neuronal differentiation, or
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tissue integration and the mice showed no behavioral improvement (Paratore C, Ferger B.,

and Sommer L., unpublished). After injection of our cells into the tail vein of mice with

EAE, cells were found in the brain near blood vessels, but showed no glial phenotype

(Paratore C, Bargsten P., Becher B., and Sommer L., unpublished). These results suggest

that the neuronal and glial potential of our cells is too limited for use in transplantations at

least into the CNS. This is not altogether surprising given the fact that our cells are derived

from the neural crest, which contributes to the PNS, but not the CNS.

Testing the neural potential of our cells in a disease model known to be induced by neural

crest deficiencies, such as Hirschsprung disease might yield more promising results. This

disease is characterized by the absence of enteric ganglia from varying lengths of the

terminal colon so that the peristaltic movements of the distal gut are impaired and the gut

dilated. Often, Hirschsprung disease is accompanied by melanocyte deficiencies leading to

white patches of skin and hair (Shah-Waardenburg syndrome). Mouse models for

Hirschsprung disease include the Dom mouse (Lane and Liu, 1984) and mice carrying a

targeted SoxlO null allele (Britsch et al., 2001; Paratore et al., 2002). Skin-derived neural

crest progenitor cells would have to be tested in vitro for responsiveness to GDNF, and

then transplanted into aganglionic gut organ cultures or mice with Hirschsprung disease.

Neural crest-derived precursor cells from skin could also be used in models of disease

where non-neural cells are needed. Pigmentary disorders like vitiligo, where melanocytes

are destroyed via an autoimmune attack, are sometimes treated with autologous,

noncultured melanocyte-keratinocyte cell transplantations with good success rates

(Rusfianti and Wirohadidjodjo, 2006). This would require that our cells home to the

melanocyte niche and produce pigment. As there is no mouse model for vitiligo, it would

be very difficult to address this issue. Treatment of diseases caused by problems in

melanocyte development, such as piebaldism (Guerra et al., 2004) are also a possible target

for NC-derived precursors from the skin. Nevertheless, it would have to be evaluated if the

use of these cells would have any advantage in comparison to the techniques already used.

Another possibility would be transplantations for replacement of chondrocytes, although

preliminary experiments to differentiate our cells into compact chondrocyte pellets were

difficult to evaluate due to problems with the control cells.
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5.2 Comparison to other stem cells isolated from skin

There are many reports of multipotent stem cells isolated from skin, but differences in

isolation protocols, culture conditions, in vitro differentiation assays, marker expression

and models used for testing the in vivo potential makes it very difficult to compare these

cells and sort out whether they all represent different or similar kinds of stem or progenitor

cells.

Only two reports confirmed the isolation of NCSCs from skin. One population was found

in the upper part of the whisker follicle. These cells were termed EPI-NCSCs, because it is

suspected that they are localized in the epidermal part of the follicles, the stem cell-

containing bulge region (Sieber-Blum et al., 2004). However, in vibrissal follicles, there is

a neural crest-derived mesenchymal sheath covering the ORS and the bulge that was not

removed before the experiment. Therefore it is not certain that the cells migrating onto the

culture dishes are really NCCs coming from the epidermal part and not from the

mesenchymal sheath. Given the fact that these cells are from vibrissal follicles makes them

uninteresting for transplantations, as humans don't have whisker follicles. We did not find

evidence for neural crest-derived cells in the epidermis of trunk skin, and also could not

show that any mesenchymal part of trunk follicles was derived from the neural crest,

making our cells distinctly different from EPI-NCSCs.

The group of Freda Miller also isolated neural crest-derived cells from the dermis of

mostly embryonic and neonatal mice, and from adult humans, with very similar isolation

and culture conditions (Fernandes et al., 2004; Toma et al., 2001). However, their cells

never expressed p75 or SoxlO in an undifferentiated state, an important characteristic of

our cells. In addition, many SKPs if not most of them, expressed nestin, whereas only 10%

of our cells expressed this marker, even at late passages. SKPs also seem to have a broader

neuronal potential than our cells. In our differentiation assays, neurons were present, but

always in very limited numbers. When transplanted onto hippocampal brain slices or into

the lateral ventricles of rat embryos, they remained largely undifferentiated in cell

aggregates close to the injection site and failed to integrate into the host CNS tissue

(Paratore C, Gossrau G., Perez-Bouza A., Brüstle O., and Sommer L., unpublished). In

contrast, SKPs seem to integrate into hippocampal brain slices when transplanted after a

pre-differentiation period, although patch-clamp recordings indicated that SKP-derived
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neurons from primary spheres were not fully functional (Fernandes et al., 2006).

In the case of glial differentiation, our cells did not help in the recovery of mice with EAE

when injected into the tail vein, suggesting that glial differentiation potential in vivo (at

least in the CNS) is also limited. All these differences strongly suggest that our cells are

distinctly different from SKPs, but different media could also play a role. The DP of

whisker follicles is one niche that contains SKPs. Accordingly, the DP of back skin hair

follicles was also suggested to represent a niche for SKPs, but our data clearly show that

the DP in trunk skin is not NC-derived. Thus, it cannot be a niche for our neural crest-

derived cells isolated from the back skin.

Most other studies describing the isolation of multipotent stem cells from skin have not

addressed the localization or embryonic origin of the cells. Some papers clearly state that

their undifferentiated cells do not express p75 (Belicchi et al., 2004; Joannides et al., 2004)

or did not test it (Amoh et al., 2005; Dyce et al., 2004; Shih et al., 2005). Furthermore,

SoxlO was never tested in the studies (Amoh et al., 2005; Belicchi et al., 2004; Dyce et al.,

2004; Joannides et al., 2004; Shih et al., 2005). Most of the cell populations seem to be

positive for nestin (Amoh et al., 2005; Belicchi et al., 2004; Joannides et al., 2004) also

setting them apart from our cells.

Cells isolated from transgenic mice expressing EGFP under the control of the nestin

promoter seem to have an in vitro potential similar to that of my cells, with many lineages

being clearly NC-derived such as melanocytes and smooth muscle (Amoh et al., 2005).

That all these cell types could arise in the same differentiation medium sequentially at

different time points is quite amazing but in my cultures I never observed epidermal

(keratinocytes) and NC-derived cell types arising from the same progenitor. In my opinion,

such a conversion is quite unlikely. As nestin-EGFP cells were isolated under the

microscope and not using FACS, a contamination with epidermal bulge cells cannot be

ruled out, as they are supposed to be localized in the same region. Results from clonal

analysis were not clear in this study. In addition, in our hands, nestin expression in

transgenic mice was found in the 1RS, a layer of the hair follicle that consists of

differentiated cells (Wong C, Okano H, and Barrandon Y., unpublished).

Therefore, I counclude, that my cells seem to be different from the cells isolated by other

groups, and that a lot of work still needs to be done in this field to carefully test all these

cell types and evaluate their real use for transplantation therapies.
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5.3 Potential involvement in cancer

As some of our sphere-forming cells are probably early dct-positive precursors of the

melanocyte lineage or maybe even melanocyte stem cells, an interesting possibility would

be their involvement in the formation of melanoma. Melanoma is the most common skin

cancer. It is thought to be caused by a malignant transformation of melanocytes with

disruptions in proliferation, differentiation and apoptosis. Melanoma is a very metastatic

disease and resistant to most cancer therapies including chemotherapy (Chudnovsky et al.,

2005). The fact that melanoma is very difficult to treat with chemotherapy and that it

metastasizes very frequently, suggests that stem cells could be involved in the formation of

the tumor. One publication states that 20% of metastatic melanoma tumors tested contained

a subpopulation of cells that propagated as spheres. Cells from these spheres could

differentiate into melanocytic, adipocytic, osteocytic and chondrocytic lineages. When

injected into mice, the animals developed tumors. Multipotent cells were enriched in a

CD20 positive fraction from melanoma-derived spheres in one case (Fang et al., 2005). In

preliminary experiments we tested if melanoma cell lines contained cells that were positive

for the neural crest stem cell markers p75 and SoxlO and found small populations that co-

expressed these proteins.

5.4 Open questions

One of the most important questions that has not been addressed in this study is the role of

our cells in vivo in skin. A possible role involves replenishment of a particular cell type

either for regeneration in connection with the hair cycle or with disease. In the case of the

melanocyte lineage, it is not known if our cells are melanocyte stem cells that are activated

during anagen and have a role in the pigmentation of the hair shaft during the hair cycle

(Nishimura et al., 2002), or if they are different progenitor cells that also express dct.

About 60% of the melanocyte stem cells from the bulge were shown to downregulate

SoxlO (Nishimura et al., 2002), but their differentiation and spherogenic potential was not

tested yet. Some of the dct positive cells identified on sections of our Dct-Cre/R26R mice

clearly still expressed SoxlO and p75.

In the case of the glial cells with the spherogenic potential, it would be conceivable that

new glial cells are needed during the hair cycle, because it seems that hair follicle
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innervation is more plastic than previously thought. Immunohistochemistry showed that

PGP9.5 positive circular fibers of the FNB are increased at early anagen. These nerve

fibers are associated with Schwann cells, but probably not myelinated. However, a clear

role for multipotent neural crest-derived cells is not known.

It would be particularly interesting to address the interaction of our cells with other cell

types possibly localized in their vicinity. Given that some of our cells belong to the

melanocyte lineage, their culture with keratinocytes could give interesting information

concerning survival, melanization or dendricity. These processes have been shown to be

controlled by keratinocytes (Tenchini et al., 1995).

Another interesting experiment would be to assess label retention with BrdU, to see if the

cells that express EYFP or ß-Galactosidase in our transgenic mouse models retain the label

and are quiescent. Label-retention would be expected, because stem cells in general and

particularly also epidermal stem cells (Cotsarelis et al., 1990) and melanocyte stem cells

from the bulge were proven to be label-retaining.
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6 MATERIALS AND METHODS

6.1 Skin sphere cultures

Human thigh skin from an adult man (approx 45 yrs. of age) and face skin from an adult

woman (approx. 57 yrs. of age) (provided by Dr. G. Beer, Reconstructive Surgery,

University Hospital Zurich) were obtained in the frame of cosmetical surgery according to

the guidelines of the University Hospital Zurich. Murine skin was taken from adult

C57/BL6 mice (Elevage Janvier) of at least 8 weeks of age. The hair was shaved away,

about 4cm2 of back skin (composed of both dermis and epidermis) was dissected, and cut

into small pieces in a sterile cell culture dish using scissors. The pieces were transferred

into a 50ml falcon tube containing 20ml 0.1% Trypsin-EDTA (Invitrogen) in Hank's

balanced salts solution (HBSS) without Ca2+ and Mg2+ (Amimed) and digested for 50 min

at 37°C in a shaker rotating at 75 rpm. Trypsin activity was stopped with D-MEM

(Invitrogen) containing 10% FCS. Skin pieces were centrifuged at 1400 rpm for 3 min and

washed 3 times with D-MEM-F12 (Invitrogen) containing 100 Units/ml Penicillin,

100ug/ml Streptomycin (P/S) and lug/ml Amphotericin B (Fungizone, Invitrogen). After

centrifugation, the partially-digested skin pieces were dissociated mechanically in 1ml D-

MEM (see above) using a lOOOul pipette with a cut filter tip. The skin pieces were filtered

through a 40um cell strainer (BD Falcon). The cell suspension was centrifuged, washed

with medium and the cell pellet resuspended in 1ml Growth medium (GM) consisting of

D-MEM-F12 (1:1) containing lx B-27 Supplement (Invitrogen), 20ng/ml FGF2

(PeproTech), 10ng/ml EGF (PeproTech) (final concentration), P/S and Fungizone as

described for the washing medium above. In addition, GM for human cells contained

10ng/ml Leukemia Inhibitory Factor (LIF) (Sigma). Cells were counted using a Neubauer

chamber and 2.5 to 4 million cells were plated in GM into an uncoated T-25 cell culture

flask (BD Falcon). After 4 to 7 days in culture sphere formation was observed.

For FACS skin was taken from Dhh-Cre/R26R-EYFP or Dct-Cre/R26R-EYFP mice

between 10 and 16 days of age (hair follicles in anagen phase). The hair was shaved away,

about 4cm2 of back skin (composed of both dermis and epidermis) was dissected and

incubated in 2.5ml of 0.5mg/ml Dispase neutral protease (Roche) in HBSS (containing P/S

and Fungizone) in a 35mm dish for 30min at 4°C. The adipose tissue was removed with
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forceps under a dissection microscope until the follicles were clearly visible and the sample

was cut into small pieces as described above. The pieces were transferred into a 50ml

falcon tube containing 20ml of lmg/ml Collagenase type I (Worthington) in HBSS and

incubated for 45 min at 37°C shaking at HOrpm. Samples were centrifuged, decanted and

a 0.1%) Trypsin-EDTA solution in HBSS was added. Skin pieces were further digested for

5 min at 37°C in a shaker rotating at 110 rpm. All solutions contained 100 Units/ml

Penicillin, 100ug/ml Streptomycin (P/S) and lug/ml Amphotericin B (Fungizone,

Invitrogen). Samples were further treated as described above, resuspended in GM, counted,

and the GM switched to PBS containing 5% FCS, P/S and Fungizone and transported on

ice. FACS was performed with a FACS Aria (Becton Dickinson) into GM.

6.2 Skin sphere passaging

Once a week the sphere suspension was transferred into a 15ml Falcon tube. Cells adhering

to the flask bottom were discarded. Spheres were centrifuged 3 min at 1300rpm and one

third of the supernatant was transferred as conditioned medium into a new T-25 flask. The

rest of the supernatant was discarded. Spheres were incubated with 300ul Trypsin-EDTA

solution (0.25%o) for 3 to 5min at room temperature (RT) (depending on the size of the

spheres), mixing well. 400ul of Ovomucoid solution (25mg Trypsin Inhibitor (Sigma),

10mg DNase (Roche) in 25ml medium (D-MEM or L-15)) were added and spheres were

dissociated mechanically with a lOOOul pipette, centrifuged, resuspended in fresh GM and

plated into a new flask containing one third conditioned medium. After some passages

spheres were cultured in flasks coated with Poly(2-hydroxyethylmethacrylate) (Poly-

Hema) (Sigma). Coating was performed at RT with a solution of 16mg/ml Poly-Hema in

95%o ethanol and left to dry in a sterile environment (stock solution 120mg/ml diluted

1:7.5).

6.3 Microdissection of vibrissae and vibrissal sphere cultures

The whisker pad was carefully cut away from the face of mice and rats. Vibrissal follicles

were dissected out of the pad using forceps and transferred into a dish containing medium

with 10%) FCS. Some were used without further microdissection for resin sections as

described for mouse back skin (see below). Eight vibrissal follicles in anagen phase were

69



6. Materials and methods

microdissected for vibrissal sphere cultures as follows: the capsula was removed as a first

step. The rest of the follicle was divided into three parts: the upper part containing the

bulge and still containing the dermal sheath (DS), the lower part still containing the DS and

the bulb still containing the DP. As a last step the DP was removed from the bulb. The

different structures were incubated separately but pooled from the eight vibrissae in 35mm

dishes. The upper and lower parts were incubated for 30 min with lmg/ml

collagenase/dispase in PBS at 37°C. After this step the DS were teased away from the

upper parts and transferred into another plate. The DS from the lower part was not teased

away because it was too small. All structures were then incubated with a 0.05%

Trypsin/EDTA solution in D-MEM for 1.5 to 2 hours at 37°C. Trypsin activity was

stopped with D-MEM containing 10%> FCS. The dishes were rinsed and the contents were

centrifuged in a 50ml falcon tube at 1290rpm for 5min. After two washing steps with GM

cells were plated on an uncoated 24 well for each structure and sphere formation was

observed within 1 to 2 weeks in culture. Six independent experiments were done.

Passaging was performed as described for skin spheres using 0.05% Trypsin-EDTA

instead of 0.25% for 2 min at RT.

6.4 Coating of dishes and plating of spheres

Dishes were coated either with fibronectin (FN) only or poly-D-lysine (pDL) and FN.

FN: A solution of lmg/ml FN (Sigma) was diluted 1:5 in PBS Dulbecco (Biochrom KG).

This solution was added to the plates and withdrawn immediately. Medium was added

without letting the plates dry.

pDL/FN: pDL (Sigma) was dissolved in ddH20 at a concentration of 0.5mg/ml. Dishes

were rinsed with this solution and air dried. They were washed two times with tissue

culture water and air-dried again. FN was added as described above.

Spheres were plated at low density and let settle. After some hours spheres spread and cells

migrated out.
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6.5 Cell differentiation

All differentiation assays were performed using spheres plated on FN as described above.

GFAP-positive glia, TuJl-positive neurons and SMA-positive smooth muscle cells were

observed when spread spheres were cultured 3 to 7 days in GM (see above).

Alcian blue-positive chondrocytes were observed in cultures of spread spheres on uncoated

dishes left for 9 days in D-MEM containing 10%> FCS, 50ug/ml ascorbic acid 2-phosphate

(Sigma), 10ng/ml FGF2 and P/S. Then the medium was switched to D-MEM containing

10% FCS, 50ug/ml Ascorbic acid 2-phosphate, 10ng/ml BMP2 (PeproTech) and P/S for

another 3 days.

Adipocytes were occasionally observed when spheres were cultured in the same BMP2-

containing medium as chondrocytes.

DOPA-positive melanocytes were observed when cultured in MEM (Invitrogen)

containing 10% FCS, 50ng/ml SCF (murine, PeproTech), lOOnM ET-3 (Sigma) and P/S

for at least 10 days.

6.6 Clonal analysis

Murine skin-derived spheres from late passages were dissociated with Trysin-EDTA as

described above for passaging and plated at clonal density on pDL/FN coated 35mm dishes

(Corning) (see above) in Standard medium (SM). Cells were left at 37°C for 2 hours until

they adhered to the plate. The medium was replaced with fresh medium containing ap75

antibody (see below) at a dilution of 1:150. Cells were incubated for 30 min at RT with the

primary antibody and then washed 3 times with PBS. The PBS was replaced with SM

containing the secondary antibody (Cy3-conjugated Goat anti Rabbit, see below) at a

dilution of 1:200. After an incubation period of 30 min at RT, cells were washed again 3

times with PBS. Fresh SM alone or supplemented with 100ng/ml BMP2 (PeproTech), or

InM NRG1 (R&D Systems) or O.lng/ml TGFß (R&D Systems) was added. After a few

hours, p75 positive live-labeled single cells were identified under the microscope

(Axiovert, see below), and mapped on the plate with adapted forceps. After 10 days the

cells were fixed and analyzed immunocytochemically as described below. Neurons and

glia were identified using the markers TuJl and NG2 respectively and smooth muscle cells

were stained with anti SMA antibodies as described above. Clones containing the different
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cell types were counted from 3 independent experiments.

6.7 Immunocytochemistry

Cells were fixed with a solution of 4% Formaldehyde (FA) in PBS for 10 min at RT and

washed 3 times with PBS. Blocking was performed for 10 min at RT with a solution of

10%o Goat serum (Invitrogen), and 0.1%> BSA (Fluka) in PBS. Where permeabilization was

needed the solution included 0.3% Triton X-100 (Fluka). Primary antibodies were used in

blocking buffer in the following dilution with an incubation time of 2 hours at RT: aSoxlO

1:3 (kind gift from Dr. Michael Wegner), ap75 1:200 (Chemicon), aGFAP 1:200 (Dako),

aTuJl 1:200 (Sigma), aSMA 1:200 (Sigma). The following antibodies were used with an

incubation period overnight at 4°C: aß-Galactosidase 1:100 (Roche), aNG2 1:200

(Chemicon). Cells were washed 3 times with PBS and then incubated with the following

secondary antibodies for 1 hour at RT: Cy3-conjugated Goat anti mouse 1:200 (Jackson),

Cy3-conjugated Goat anti Rabbit 1:200 (Jackson), Alexa 488-conjugated Goat anti Mouse

1:100 (Molecular Probes), Alexa 488-conjugated Goat anti Rabbit 1:100 (Molecular

Probes). After washing 3 times with PBS, nuclei were stained with DAPI at a dilution of

1:1000. Cells were kept at 4°C in PBS. Immunofluorescence was analyzed using an

Axiovert 100 microscope and Axiovision 4.1 software (Carl Zeiss Microimaging, Inc.).

6.8 Immunohistochemistry

Antigen retrieval was done in lOmM Tris, 1.7mM EDTA, ImM sodium citrate, total pH

7.8 in a controlled antigen retrieval device FSG 120-T/T (Milestone). The sections were

washed 2 times in PBS for 5 min and subsequently blocked first in 0.2% gelatine and 0.5%

BSA in PBS for 30 min and then in blocking buffer from an M.O.M kit (Vector

Laboratories). Slides were incubated with anti SoxlO monoclonal antibody (described

above) overnight at 4°C. After washing in PBS the sections were incubated with Alexa594

labeled Goat anti mouse IgG secondary antibody at a dilution of 1:200. Sections were

washed in PBS and mounted in fluorescence mounting medium (DAKO). Heat unmasking

for the p75 staining was done in lOmM tri-sodium citrate pH 6 using the same antigen

retrieval device. The antibody was used at a dilution of 1:5000. Alexa594-conjugated goat

anti mouse and Alexa488-conjugated goat anti rabbit (1:200; Molecular Probes) were used
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as secondary antibodies.

6.9 Other stainings

X-Gal: Skin was fixed in 4% PFA in PBS for 10 min at RT on a shaker and washed 3 times

with PBS. The pieces were then transferred into X-Gal solution (4mM K3Fe(CN)6, 4mM

K4Fe(CN)6, 2mM MgCl2, lmg/ml X-Gal (Axonlab) in PBS) and incubated overnight at

37°C. Samples were washed 3 times with PBS.

Cells were fixed with 4% FA in PBS for 10 min at RT, washed 3 times with PBS and

incubated overnight at 37°C in X-Gal solution. Next morning they were washed 3 times

with PBS and fixed again for 10 min with 4% FA.

Alcian Blue: Cells were fixed with 4% FA as described above. After washing with PBS

cells were incubated with a 3% solution of glacial acetic acid in distilled water for 3 min at

RT. This solution was replaced with a 1% Alcian blue solution (Chroma Gesellschaft) in

3%) acetic acid for 5 min at RT. Plates were rinsed with tap water.

Oil Red O: Cells were fixed with 4% FA as described above. After washing with PBS,

60%) isopropanol in water was added and cells were incubated for 15 min at RT. Cells were

incubated another 15 min in an Oil Red O mixture (0.35g Oil Red O (Sigma) in 50ml

Isopropanol and water in a 3:2 dilution). Washing was performed with tap water.

DOPA reaction: Cells were fixed with 2% PFA for 10 min at RT and washed 3 times with

PBS. They were incubated in a 0.1% solution of 3-(3,4-Dihydroxyphenyl)-L-alanine (L-

DOPA) in PBS for 5 hours at 37°C and then washed with PBS.

6.10 Resin sections

Skin from P12 mice (anagen) or 8 week old mice (telogen) and single vibrissae from Wntl-

Cre/R26R, Ht-PA-Cre/R26R, and Soxl0acZ transgenic mice were collected. The skin was

cut into small rectangular pieces with scissors. The pieces were fixed and incubated in X-

Gal solution as described above. Samples were washed 3 times with PBS and incubated for

24 hours at RT in Bouin's fixative. The skin was washed 2 times 15 min in ddH20 and

transferred into 80% Ethanol. One further dehydration step in 95% and 3 subsequent

dehydration steps in 100%> ethanol followed. Samples were transferred into a 1:1 mixture

of 100%) ethanol and glycomethacrylate, left for infiltration at 4°C for 1 to 2 weeks and
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embedded in glycomethacrylate resin. 4-5um sections were cut on a microtome using a

glass knife. Counterstains were done with nuclear Fast red.

6.11 Paraffin sections

Skin from P12 mice from Dhh-Cre/R26R and Dct-Cre/R26R was collected and treated with

X-Gal solution as described above. Skin pieces were run through a paraffin machine

overnight and embedded in paraffin on a membrane for western blots. Sections were cut to

a thickness of 7um and dried at 37°C overnight. For viewing under the microscope they

were deparaffinized and mounted with moviol.

74



7. References

7 REFERENCES

Al-Hajj, M., M.S. Wicha, A. Benito-Hernandez, S.J. Morrison, and M.F. Clarke. 2003.

Prospective identification of tumorigenic breast cancer cells. Proc. Natl. Acad. Sei. USA.

100:3983-3988.

Alonso, L., and E. Fuchs. 2003. Stem cells of the skin epithelium. Proc Natl Acad Sei US

A. lOOSuppl 1:11830-5.

Alonso, L., and E. Fuchs. 2006. The hair cycle. J Cell Sei. 119:391-3.

Amoh, Y., L. Li, K. Katsuoka, S. Penman, and RM. Hoffman. 2005. Multipotent nestin-

positive, keratin-negative hair-follicle bulge stem cells can form neurons. Proc Natl Acad

Sei USA. 102:5530-4.

Andl, T., S.T. Reddy, T. Gaddapara, and S.E. Millar. 2002. WNT signals are required for

the initiation of hair follicle development. Dev Cell. 2:643-53.

Barembaum, M., and M. Bronner-Fraser. 2005. Early steps in neural crest specification.
Semin Cell Dev Biol. 16:642-6.

Baroffio, A., E. Dupin, and N.M. Le Douarin. 1991. Common precursors for neural and

mesectodermal derivatives in the cephalic neural crest. Development. 112:301-305.

Basch, M.L., M.I. Garcia-Castro, and M. Bronner-Fraser. 2004. Molecular mechanisms of

neural crest induction. Birth Defects Res C Embryo Today. 72:109-23.

Belicchi, M., F. Pisati, R. Lopa, L. Porretti, F. Fortunato, M. Sironi, M. Scalamogna, E.A.

Parati, N. Bresolin, and Y. Torrente. 2004. Human skin-derived stem cells migrate
throughout forebrain and differentiate into astrocytes after injection into adult mouse brain.

JNeurosciRes. 77:475-86.

Benninger, F., H. Beck, M. Wernig, K.L. Tucker, O. Brustle, and B. Scheffler. 2003.

Functional integration of embryonic stem cell-derived neurons in hippocampal slice

cultures. J. Neurosci. 23:7075-7083.

Bernd, P. 1986. Characterization of nerve growth factor binding to cultured neural crest

cells: evidence of an early developmental form of the NGF receptor. Dev. Biol. 115:415-

424.

Bitgood, M.J., and A.P. McMahon. 1995. Hedgehog and Bmp genes are coexpressed at

many diverse sites of cell-cell interaction in the mouse embryo. Dev. Biol. 172:126-138.

Bixby, S., G.M. Kruger, J.T. Mosher, N.M. Joseph, and S.J. Morrison. 2002. Cell-intrinsic

differences between stem cells from different regions of the peripheral nervous system

regulate the generation of neural diversity. Neuron. 35:643-656.

Bjorklund, L.M., R. Sanchez-Pernaute, S. Chung, T. Andersson, I.Y. Chen, K.S.

McNaught, A.L. Brownell, B.G Jenkins, C. Wahlestedt, K.S. Kim, and O. Isacson. 2002.

Embryonic stem cells develop into functional dopaminergic neurons after transplantation
in a Parkinson rat model. Proc Natl Acad Sei USA. 99:2344-9.

75



7. References

Blanpain, C, W.E. Lowry, A. Geoghegan, L. Polak, and E. Fuchs. 2004. Self-renewal,

multipotency, and the existence of two cell populations within an epithelial stem cell niche.

Cell. 118:635-648.

Bonnet, D., and J.E. Dick. 1997. Human acute myeloid leukemia is organized as a

hierarchy that originates from a primitive hematopoietic cell. NatMed. 3:730-7.

Botchkarev, V.A., S. Eichmuller, O. Johansson, and R. Paus. 1997. Hair cycle-dependent

plasticity of skin and hair follicle innervation in normal murine skin. J Comp Neurol.

386:379-95.

Botchkareva, N.V., V.A. Botchkarev, L.H. Chen, G. Lindner, and R. Paus. 1999. A role for

p75 neurotrophin receptor in the control of hair follicle morphogenesis. Dev. Biol.

216:135-153.

Botchkareva, N.V., M. Khlgatian, B.J. Longley, V.A. Botchkarev, and B.A. Gilchrest.

2001. SCF/c-kit signaling is required for cyclic regeneration of the hair pigmentation unit.

FasebJ. 15:645-58.

Brault, V., R. Moore, S. Kutsch, M. Ishibashi, D.H. Rowitch, A.P. McMahon, L. Sommer,
O. Boussida, and R. Kemler. 2001. Inactivation of the ß-catenin gene by Wntl-Cre-

mediated deletion results in dramatic brain malformation and failure of craniofacial

development. Development. 128:1253-1264.

Britsch, S., D.E. Goerich, D. Riethmacher, R.I. Peirano, M. Rossner, K.A. Nave, C.

Birchmeier, and M. Wegner. 2001. The transcription factor SoxlO is a key regulator of

peripheral glial development. Genes Dev. 15:66-78.

Bronner-Fraser, M., and S. Fraser. 1989. Developmental potential of avian trunk neural

crest cells in situ. Neuron. 3:755-766.

Bronner-Fraser, M., M. Sieber-Blum, and A.M. Cohen. 1980. Clonal analysis of the avian

neural crest: migration and maturation of mixed neural crest clones injected into host

chicken embryos. J Comp Neurol. 193:423-34.

Brustle, O., A.C. Spiro, K. Karram, K. Choudhary, S. Okabe, and R.D. McKay. 1997. In

vitro-generated neural precursors participate in mammalian brain development. Proc. Natl.

Acad. Sei. USA. 94:14809-14814.

Brustle, O., K.N. Jones, R.D. Learish, K. Karram, K. Choudhary, O.D. Wiestler, I.D.

Duncan, and R.D. McKay. 1999. Embryonic stem cell-derived glial precursors: a source of

myelinating transplants. Science. 285:754-6.

Burns, A.J., and N.M. Douarin. 1998. The sacral neural crest contributes neurons and glia
to the post- umbilical gut: spatiotemporal analysis of the development of the enteric

nervous system. Development. 125:4335-4347.

Cao, B., B. Zheng, R.J. Jankowski, S. Kimura, M. Ikezawa, B. Deasy, J. Cummins, M.

Epperly, Z. Qu-Petersen, and J. Huard. 2003. Muscle stem cells differentiate into

haematopoietic lineages but retain myogenic potential. Nat Cell Biol. 5:640-6.

Chai, Y., X. Jiang, Y. Ito, P. Bringas, Jr., J. Han, D.H. Rowitch, P. Soriano, A.P.

McMahon, and H.M. Sucov. 2000. Fate of the mammalian cranial neural crest during tooth

and mandibular morphogenesis. Development. 127:1671-1679.

76



7. References

Chase, H.B. 1954. Growth of the hair. Physiol Rev. 34:113-26.

Chinzei, R., Y. Tanaka, K. Shimizu-Saito, Y. Hara, S. Kakinuma, M. Watanabe, K.

Teramoto, S. Arii, K. Takase, C. Sato, N. Terada, and H. Teraoka. 2002. Embryoid-body
cells derived from a mouse embryonic stem cell line show differentiation into functional

hepatocytes. Hepatology. 36:22-9.

Chudnovsky, Y., P.A. Khavari, and A.E. Adams. 2005. Melanoma genetics and the

development of rational therapeutics. J Clin Invest. 115:813-24.

Claudinot, S., M. Nicolas, H. Oshima, A. Rochat, and Y. Barrandon. 2005. Long-term
renewal of hair follicles from clonogenic multipotent stem cells. Proc Natl Acad Sei USA.

102:14677-82.

Cotsarelis, G., T.T. Sun, and R.M. Lavker. 1990. Label-retaining cells reside in the bulge
area of pilosebaceous unit: implications for follicular stem cells, hair cycle, and skin

carcinogenesis. Cell. 61:1329-37.

Crane, J.F., and P.A. Trainor. 2006. Neural Crest Stem and Progenitor Cells. Annu Rev

Cell Dev Biol.

Danielian, P.S., D. Muccino, D.H. Rowitch, S.K. Michael, and A.P. McMahon. 1998.

Modification of gene activity in mouse embryos in utero by a tamoxifen- inducible form of

Cre recombinase. Curr. Biol. 8:1323-1326.

de Wynter, E.A., D. Buck, C. Hart, R. Heywood, L.H. Coutinho, A. Clayton, J.A. Rafferty,
D. Burt, G. Guenechea, J.A. Bueren, D. Gagen, L.J. Fairbairn, B.I. Lord, and N.G Testa.

1998. CD34+AC133+ cells isolated from cord blood are highly enriched in long-term
culture-initiating cells, NOD/SCID-repopulating cells and dendritic cell progenitors. Stem

Cells. 16:387-96.

Dean, M., T. Fojo, and S. Bates. 2005. Tumour stem cells and drug resistance. Nat Rev

Cancer. 5:275-84.

Dontu, G, M. Al-Hajj, W.M. Abdallah, M.F. Clarke, and M.S. Wicha. 2003. Stem cells in

normal breast development and breast cancer. CellProlif 36 Suppl 1:59-72.

Dunnwald, M., A. Tomanek-Chalkley, D. Alexandrunas, J. Fishbaugh, and J.R.

Bickenbach. 2001. Isolating a pure population of epidermal stem cells for use in tissue

engineering. Exp Dermatol. 10:45-54.

Dupin, E., C. Glavieux, P. Vaigot, and N.M. Le Douarin. 2000. Endothelin 3 induces the

reversion of melanocytes to glia through a neural crest-derived glial-melanocytic

progenitor. Proc. Natl. Acad. Sei. USA. 97:7882-7887.

Dupin, E., and N.M. Le Douarin. 2003. Development of melanocyte precursors from the

vertebrate neural crest. Oncogene. 22:3016-23.

Dutt, S., M. Kleber, M. Matasci, L. Sommer, and D.R. Zimmermann. 2006. Versican V0

and VI guide migratory neural crest cells. J. Biol. Chem. 281:12123-12131.

Dyce, P.W., H. Zhu, J. Craig, and J. Li. 2004. Stem cells with multilineage potential
derived from porcine skin. Biochem BiophysRes Commun. 316:651-8.

Echelard, Y., G Vassileva, and A.P. Mcmahon. 1994. Cis-acting regulatory sequences

governing Wnt-1 expression in the developing mouse CNS. Development. 120:2213-2224.

77



7. References

Evans, M.J., and M.H. Kaufman. 1981. Establishment in culture of pluripotential cells

from mouse embryos. Nature. 292:154-6.

Fang, D., T.K. Nguyen, K. Leishear, R. Finko, A.N. Kulp, S. Hotz, P.A. Van Belle, X. Xu,
D.E. Elder, and M. Herlyn. 2005. A tumorigenic subpopulation with stem cell properties in

melanomas. Cancer Res. 65:9328-37.

Fernandes, K.J., N.R. Kobayashi, C.J. Gallagher, F. Barnabe-Heider, A. Aumont, D.R.

Kaplan, and F.D. Miller. 2006. Analysis of the neurogenic potential of multipotent skin-

derived precursors. Exp Neurol. 201:32-48.

Fernandes, K.J., I.A. McKenzie, P. Mill, K.M. Smith, M. Akhavan, F. Barnabe-Heider, J.

Biernaskie, A. Junek, N.R. Kobayashi, J.G. Toma, D.R. Kaplan, P.A. Labosky, V. Rafuse,
C.C. Hui, and F.D. Miller. 2004. A dermal niche for multipotent adult skin-derived

precursor cells. Nat Cell Biol. 6:1082-93.

Fuchs, E., B.J. Merrill, C. Jamora, and R. DasGupta. 2001. At the roots of a never-ending
cycle. Dev Cell. 1:13-25.

Fuchs, E., and S. Raghavan. 2002. Getting under the skin of epidermal morphogenesis. Nat

Rev Genet. 3:199-209.

Garber, B., E.J. Kollar, and A.A. Moscona. 1968. Aggregation in vivo of dissociated cells.

3. Effect of state of differentiation of cells on feather development in hybrid aggregates of

embryonic mouse and chick skin cells. JExp Zool. 168:455-72.

Garcia-Castro, M.I., C. Marcelle, and M. Bronner-Fraser. 2002. Ectodermal Wnt function

as a neural crest inducer. Science. 297:848-851.

Guasch, G., and E. Fuchs. 2005. Mice in the world of stem cell biology. Nat Genet.

37:1201-6.

Guerra, L., G. Primavera, D. Raskovic, G. Pellegrini, O. Golisano, S. Bondanza, S. Kuhn,
P. Piazza, A. Luci, F. Atzori, and M. De Luca. 2004. Permanent repigmentation of

piebaldism by erbium:YAG laser and autologous cultured epidermis. Br J Dermatol.

150:715-21.

Guyonneau, L., F. Murisier, A. Rossier, A. Moulin, and F. Beermann. 2004. Melanocytes
and pigmentation are affected in dopachrome tautomerase knockout mice. Mol Cell Biol.

24:3396-403.

Guyonneau, L., A. Rossier, C. Richard, E. Hummler, and F. Beermann. 2002. Expression
of Cre recombinase in pigment cells. Pigment Cell Res. 15:305-9.

Hagedorn, L., J. Floris, U. Suter, and L. Sommer. 2000. Autonomic neurogenesis and

apoptosis are alternative fates of progenitor cell communities induced by TGFbeta. Dev.

Biol. 228:57-72.

Hagedorn, L., U. Suter, and L. Sommer. 1999. P0 and PMP22 mark a multipotent neural

crest-derived cell type that displays community effects in response to TGF-ß family
factors. Development. 126:3781-3794.

Hardy, M.H. 1992. The secret life of the hair follicle. Trends Genet. 8:55-61.

78



7. References

Hari, L., V. Brault, M. Kléber, H.Y. Lee, F. Ille, R. Leimeroth, C. Paratore, U. Suter, R.

Kemler, and L. Sommer. 2002. Lineage-specific requirements of ß-catenin in neural crest

development./. Cell Biol. 159:867-880.

Hemmati, H.D., I. Nakano, J.A. Lazareff, M. Masterman-Smith, D.H. Geschwind, M.

Bronner-Fraser, and H.I. Kornblum. 2003. Cancerous stem cells can arise from pediatric
brain tumors. Proc NatlAcad Sei USA. 100:15178-83.

Holbrook, K.A., R.A. Underwood, A.M. Vogel, A.M. Gown, and H. Kimball. 1989. The

appearance, density and distribution of melanocytes in human embryonic and fetal skin

revealed by the anti-melanoma monoclonal antibody, HMB-45. Anat Embryol (Berl).
180:443-55.

Hong, CS., and J.P. Saint-Jeannet. 2005. Sox proteins and neural crest development.
Semin Cell Dev Biol. 16:694-703.

Hope, K.J., L. Jin, and J.E. Dick. 2004. Acute myeloid leukemia originates from a

hierarchy of leukemic stem cell classes that differ in self-renewal capacity. Nat Immunol.

5:738-43.

Hu, Y.F., Z.J. Zhang, and M. Sieber-Blum. 2006. An Epidermal Neural Crest Stem (EPI-

NSCS) Molecular Signature. Stem Cells.

Ito, K., and M. Sieber-Blum. 1991. In vitro clonal analysis of quail cardiac neural crest

development. Dev Biol. 148:95-106.

Ito, M., Y. Kawa, H. Ono, M. Okura, T. Baba, Y. Kubota, S.I. Nishikawa, and M.

Mizoguchi. 1999. Removal of stem cell factor or addition of monoclonal anti-c-KIT

antibody induces apoptosis in murine melanocyte precursors. J Invest Dermatol. 112:796-

801.

Jaegle, M., M. Ghazvini, W. Mandemakers, M. Piirsoo, S. Driegen, F. Levavasseur, S.

Raghoenath, F. Grosveld, and D. Meijer. 2003. The POU proteins Brn-2 and Oct-6 share

important functions in Schwann cell development. Genes Dev. 17:1380-1391.

Jiang, X., D.H. Rowitch, P. Soriano, A.P. McMahon, and H.M. Sucov. 2000. Fate of the

mammalian cardiac neural crest. Development. 127:1607-1616.

Jiang, Y., B.N. Jahagirdar, R.L. Reinhardt, R.E. Schwartz, CD. Keene, X.R. Ortiz-

Gonzalez, M. Reyes, T. Lenvik, T. Lund, M. Blackstad, J. Du, S. Aldrich, A. Lisberg,
W.C. Low, D.A. Largaespada, and CM. Verfaillie. 2002a. Pluripotency of mesenchymal
stem cells derived from adult marrow. Nature. 418:41-9.

Jiang, Y., B. Vaessen, T. Lenvik, M. Blackstad, M. Reyes, and CM. Verfaillie. 2002b.

Multipotent progenitor cells can be isolated from postnatal murine bone marrow, muscle,
and brain. Exp Hematol. 30:896-904.

Jin, E.J., CA. Erickson, S. Takada, and L.W. Burrus. 2001. Wnt and BMP signaling

govern lineage segregation of melanocytes in the avian embryo. Dev. Biol. 233:22-37'.

Joannides, A., P. Gaughwin, C. Schwiening, H. Majed, J. Sterling, A. Compston, and S.

Chandran. 2004. Efficient generation of neural precursors from adult human skin:

astrocytes promote neurogenesis from skin-derived stem cells. Lancet. 364:172-8.

79



7. References

Jones, P.H., and F.M. Watt. 1993. Separation of human epidermal stem cells from transit

amplifying cells on the basis of differences in integrin function and expression. Cell.

73:713-24.

Kawaguchi, A., T. Miyata, K. Sawamoto, N. Takashita, A. Murayama, W. Akamatsu, M.

Ogawa, M. Okabe, Y. Tano, S.A. Goldman, and H. Okano. 2001. Nestin-EGFP transgenic
mice: visualization of the self-renewal and multipotency of CNS stem cells. Mol. Cell.

Neurosci. 17:259-273.

Kim, J., L. Lo, E. Dormand, and D.J. Anderson. 2003. SOX10 Maintains Multipotency and

Inhibits Neuronal Differentiation of Neural Crest Stem Cells. Neuron. 38:17-31.

Kirby, M.L., T.F. Gale, and D.E. Stewart. 1983. Neural crest cells contribute to normal

aorticopulmonary septation. Science. 220:1059-61.

Kirby, M.L., and D.E. Stewart. 1983. Neural crest origin of cardiac ganglion cells in the

chick embryo: identification and extirpation. Dev Biol. 97:433-43.

Kleber, M., and L. Sommer. 2004. Wnt signaling and the regulation of stem cell function.

Curr. Opin. Cell Biol. 16:681-687.

Kleber, M., H.Y. Lee, H. Wurdak, J. Buchstaller, M.M. Riccomagno, L.M. Ittner, U. Suter,
DJ. Epstein, and L. Sommer. 2005. Neural crest stem cell maintenance by combinatorial

Wnt and BMP signaling. J. Cell Biol. 169:309-320.

Klug, M.G., M.H. Soonpaa, GY. Koh, and L.J. Field. 1996. Genetically selected

cardiomyocytes from differentiating embronic stem cells form stable intracardiac grafts. J

Clin Invest. 98:216-24.

Kobayashi, K., A. Rochat, and Y. Barrandon. 1993. Segregation of keratinocyte colony-

forming cells in the bulge of the rat vibrissa. Proc Natl Acad Sei USA. 90:7391-5.

Kruger, GM., J.T. Mosher, S. Bixby, N. Joseph, T. Iwashita, and S.J. Morrison. 2002.

Neural crest stem cells persist in the adult gut but undergo changes in self-renewal,
neuronal subtype potential, and factor responsiveness. Neuron. 35:657-669.

Kuhlbrodt, K., B. Herbarth, E. Sock, I. Hermans-Borgmeyer, and M. Wegner. 1998.

SoxlO, a novel transcriptional modulator in glial cells. J. Neurosci. 18:237-250.

Lahav, R., E. Dupin, L. Lecoin, C. Glavieux, D. Champeval, C. Ziller, and N.M. Le

Douarin. 1998. Endothelin 3 selectively promotes survival and proliferation of neural crest-

derived glial and melanocytic precursors in vitro. Proc. Natl. Acad. Sei. USA. 95:14214-

14219.

Lahav, R., L. Lecoin, C. Ziller, V. Nataf, J.F. Carnahan, F.H. Martin, and N.M. Le

Douarin. 1994. Effect of the Steel gene product on melanogenesis in avian neural crest cell

cultures. Differentiation. 58:133-9.

Lane, P.W., and H.M. Liu. 1984. Association of megacolon with a new dominant spotting

gene (Dom) in the mouse. J. Hered. 75:435-439.

Lapidot, T., C. Sirard, J. Vormoor, B. Murdoch, T. Hoang, J. Caceres-Cortes, M. Minden,
B. Paterson, M.A. Caligiuri, and J.E. Dick. 1994. A cell initiating human acute myeloid
leukaemia after transplantation into SCID mice. Nature. 367:645-648.

80



7. References

Le Douarin, N.M., S. Creuzet, G. Couly, and E. Dupin. 2004. Neural crest cell plasticity
and its limits. Development. 131:4637-4650.

Le Douarin, N.M., and E. Dupin. 2003. Multipotentiality of the neural crest. Curr. Opin.
Genet. Dev. 13:529-536.

Le Lièvre, CS., and N.M. Le Douarin. 1975. Mesenchymal derivatives of the neural crest:

analysis of chimaeric quail and chick embryos. J. Embryol. exp. Morph. 34:125-154.

Lee, H.Y., M. Kleber, L. Hari, V. Brault, U. Suter, M.M. Taketo, R. Kemler, and L.

Sommer. 2004. Instructive role of Wnt/beta-catenin in sensory fate specification in neural

crest stem cells. Science. 303:1020-1023; published online 8 January 2004

(10.1126/science. 1091611).

Leimeroth, R., C. Lobsiger, A. Lussi, V. Taylor, U. Suter, and L. Sommer. 2002.

Membrane-bound neuregulinl type III actively promotes Schwann cell differentiation of

multipotent progenitor cells. Dev. Biol. 246:245-258.

Li, L., J. Mignone, M. Yang, M. Matic, S. Penman, G. Enikolopov, and R.M. Hoffman.

2003. Nestin expression in hair follicle sheath progenitor cells. Proc Natl Acad Sei USA.

100:9958-61.

Liang, L., and J.R. Bickenbach. 2002. Somatic epidermal stem cells can produce multiple
cell lineages during development. Stem Cells. 20:21-31.

Liem, K.F., G. Tremml, H. Roelink, and T.M. Jessell. 1995. Dorsal differentiation of

neural plate cells induced by BMP-mediated signals from epidermal ectoderm. Cell.

82:969-979.

Lindvall, O., and Z. Kokaia. 2006. Stem cells for the treatment of neurological disorders.

Nature. 441:1094-6.

Lindvall, O., Z. Kokaia, and A. Martinez-Serrano. 2004. Stem cell therapy for human

neurodegenerative disorders-how to make it work. Nat Med. 10 Suppl:S42-50.

Luo, D., H. Chen, G. Searles, and K. Jimbow. 1995. Coordinated mRNA expression of c-

Kit with tyrosinase and TRP-1 in melanin pigmentation of normal and malignant human

melanocytes and transient activation of tyrosinase by Kit/SCF-R. Melanoma Res. 5:303-9.

Lutolf, S., F. Radtke, M. Aguet, U. Suter, and V. Taylor. 2002. Notchl is required for

neuronal and glial differentiation in the cerebellum. Development. 129:373-385.

Mackenzie, M.A., S.A. Jordan, P.S. Budd, and I.J. Jackson. 1997. Activation of the

receptor tyrosine kinase Kit is required for the proliferation of melanoblasts in the mouse

embryo. Dev Biol. 192:99-107.

Marchant, L., C. Linker, P. Ruiz, N. Guerrero, and R. Mayor. 1998. The inductive

properties of mesoderm suggest that the neural crest cells are specified by a BMP gradient.
Dev Biol. 198:319-29.

Martin, G.R. 1981. Isolation of a pluripotent cell line from early mouse embryos cultured

in medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sei USA. 78:7634-

8.

Mayor, R., R. Morgan, and M.G. Sargent. 1995. Induction of the prospective neural crest

of Xenopus. Development. 121:767-77.

81



7. References

McKenzie, I.A., J. Biernaskie, J.G. Toma, R. Midha, and F.D. Miller. 2006. Skin-derived

precursors generate myelinating Schwann cells for the injured and dysmyelinated nervous

system. JNeurosci. 26:6651-60.

Mehler, M.F., P.C. Mabie, D. Zhang, and J.A. Kessler. 1997. Bone morphogenetic proteins
in the nervous system. Trends Neurosci. 20:309-317.

Millar, S.E. 2005. An ideal society? Neighbors of diverse origins interact to create and

maintain complex mini-organs in the skin. PLoSBiol. 3:e372.

Moll, I., and R. Moll. 1992. Early development of human Merkel cells. Exp Dermatol.

1:180-4.

Mollaaghababa, R., and W.J. Pavan. 2003. The importance of having your SOX on: role of

SOX10 in the development of neural crest-derived melanocytes and glia. Oncogene.
22:3024-34.

Monsoro-Burq, A.H., R.B. Fletcher, and R.M. Harland. 2003. Neural crest induction by
paraxial mesoderm in Xenopus embryos requires FGF signals. Development. 130:3111-24.

Monsoro-Burq, A.H., E. Wang, and R. Harland. 2005. Msxl and Pax3 cooperate to

mediate FGF8 and WNT signals during Xenopus neural crest induction. Dev Cell. 8:167-

78.

Moore, K.A., and I.R. Lemischka. 2006. Stem cells and their niches. Science. 311:1880-5.

Morales, A.V., J.A. Barbas, and M.A. Meto. 2005. How to become neural crest: from

segregation to delamination. Semin Cell Dev Biol. 16:655-62.

Morrison, S.J., P.M. White, C. Zock, and D.J. Anderson. 1999. Prospective identification,
isolation by flow cytometry, and in vivo self-renewal of multipotent mammalian neural

crest stem cells. Cell. 96:737-749.

Nishimura, E.K., S.R. Granter, and D.E. Fisher. 2005. Mechanisms of hair graying:

incomplete melanocyte stem cell maintenance in the niche. Science. 307:720-4.

Nishimura, E.K., S.A. Jordan, H. Oshima, H. Yoshida, M. Osawa, M. Moriyama, I.J.

Jackson, Y. Barrandon, Y. Miyachi, and S. Nishikawa. 2002. Dominant role of the niche in

melanocyte stem-cell fate determination. Nature. 416:854-60.

O'Shaughnessy, R.F., W. Yeo, J. Gautier, CA. Jahoda, and A.M. Christiano. 2004. The

WNT signalling modulator, Wise, is expressed in an interaction-dependent manner during
hair-follicle cycling. JInvest Dermatol. 123:613-21.

Osawa, M., G. Egawa, S.S. Mak, M. Moriyama, R. Fréter, S. Yonetani, F. Beermann, and

S. Nishikawa. 2005. Molecular characterization of melanocyte stem cells in their niche.

Development. 132:5589-99.

Oshima, H., A. Rochat, C. Kedzia, K. Kobayashi, and Y. Barrandon. 2001. Morphogenesis
and renewal of hair follicles from adult multipotent stem cells. Cell. 104:233-45.

Paratore, C, D.E. Goerich, U. Suter, M. Wegner, and L. Sommer. 2001. Survival and glial
fate acquisition of neural crest cells are regulated by an interplay between the transcription
factor SoxlO and extrinsic combinatorial signaling. Development. 128:3949-3961.

82



7. References

Paratore, C, C. Eichenberger, U. Suter, and L. Sommer. 2002. SoxlO haploinsufficiency
affects maintenance of progenitor cells in a mouse model of Hirschsprung disease. Hum.

Mol. Genet. 11:3075-3085.

Pardal, R., M.F. Clarke, and S.J. Morrison. 2003. Applying the principles of stem-cell

biology to cancer. Nat. Rev. Cancer. 3:895-902.

Paus, R., and K. Foitzik. 2004. In search of the "hair cycle clock": a guided tour.

Differentiation. 72:489-511.

Peters, E.M., V.A. Botchkarev, S. Muller-Rover, I. Moll, F.L. Rice, and R. Paus. 2002a.

Developmental timing of hair follicle and dorsal skin innervation in mice. J Comp Neurol.

448:28-52.

Peters, E.M., D.J. Tobin, N. Botchkareva, M. Maurer, and R. Paus. 2002b. Migration of

melanoblasts into the developing murine hair follicle is accompanied by transient c-Kit

expression. JHistochem Cytochem. 50:751-66.

Peters, E.M., M. Maurer, V.A. Botchkarev, K. Jensen, P. Welker, G.A. Scott, and R. Paus.

2003. Kit is expressed by epithelial cells in vivo. J. Invest. Dermatol. 121:976-984.

Pietri, T., O. Eder, M. Blanche, J.P. Thiery, and S. Dufour. 2003. The human tissue

plasminogen activator-Cre mouse: a new tool for targeting specifically neural crest cells

and their derivatives in vivo. Dev Biol. 259:176-87'.

Pluchino, S., A. Quattrini, E. Brambilla, A. Gritti, G. Salani, G. Dina, R. Galli, U. Del

Carro, S. Amadio, A. Bergami, R. Furlan, G Comi, A.L. Vescovi, and G. Martino. 2003.

Injection of adult neurospheres induces recovery in a chronic model of multiple sclerosis.

Nature. 422:688-94.

Potterf, S.B., R Mollaaghababa, L. Hou, E.M. Southard-Smith, T.J. Hornyak, H.

Arnheiter, and W.J. Pavan. 2001. Analysis of SOX10 function in neural crest-derived

melanocyte development: SOXlO-dependent transcriptional control of dopachrome
tautomerase. Dev Biol. 237:245-57.

Qu-Petersen, Z., B. Deasy, R. Jankowski, M. Ikezawa, J. Cummins, R. Pruchnic, J.

Mytinger, B. Cao, C. Gates, A. Wernig, and J. Huard. 2002. Identification of a novel

population of muscle stem cells in mice: potential for muscle regeneration. J Cell Biol.

157:851-64.

Rendl, M., L. Lewis, and E. Fuchs. 2005. Molecular dissection of mesenchymal-epithelial
interactions in the hair follicle. PLoSBiol. 3:e331.

Reubinoff, B.E., M.F. Pera, CY. Fong, A. Trounson, and A. Bongso. 2000. Embryonic
stem cell lines from human blastocysts: somatic differentiation in vitro. Nat Biotechnol.

18:399-404.

Reynolds, B.A., and R.L. Rietze. 2005. Neural stem cells and neurospheres~re-evaluating
the relationship. Nat. Methods. 2:333-336.

Rietze, R.L., H. Valcanis, GF. Brooker, T. Thomas, A.K. Voss, and P.F. Bartlett. 2001.

Purification of a pluripotent neural stem cell from the adult mouse brain. Nature. 412:736-

9.

83



7. References

Rusfianti, M., and Y.W. Wirohadidjodjo. 2006. Dermatosurgical techniques for

repigmentation of vitiligo. Int JDermatol. 45:411-7.

Santagati, F., and F.M. Rijli. 2003. Cranial neural crest and the building of the vertebrate

head. Nat. Rev. Neurosci. 4:806-818.

Selleck, M.A., and M. Bronner-Fraser. 1995. Origins of the avian neural crest: the role of

the neural plate-epidermal interactions. Development. 121:525-538.

Selleck, M.A., M.I. Garcia-Castro, K.B. Artinger, and M. Bronner-Fraser. 1998. Effects of

Shh and Noggin on neural crest formation demonstrate that BMP is required in the neural

tube but not ectoderm. Development. 125:4919-4930.

Shah, N., A. Groves, and D.J. Anderson. 1996. Alternative neural crest cell fates are

instructively promoted by TGFß superfamily members. Cell. 85:331-343.

Shah, N.M., M.A. Marchionni, I. Isaacs, P. Stroobant, and D.J. Anderson. 1994. Glial

growth factor restricts mammalian neural crest stem cells to a glial fate. Cell. 77:349-360.

Shih, D.T., D.C Lee, S.C Chen, R.Y. Tsai, CT. Huang, C.C. Tsai, E.Y. Shen, and W.T.

Chiu. 2005. Isolation and characterization of neurogenic mesenchymal stem cells in human

scalp tissue. Stem Cells. 23:1012-20.

Sieber-Blum, M., and A. Cohen. 1980. Clonal analysis of quail neural crest cells: they are

pluripotent and differentiate in vitro in the absence of non-neural crest cells. Dev. Biol.

80:96-106.

Sieber-Blum, M., and M. Grim. 2004. The adult hair follicle: cradle for pluripotent neural

crest stem cells. Birth Defects Res C Embryo Today. 72:162-72.

Sieber-Blum, M., M. Grim, Y.F. Hu, and V. Szeder. 2004. Pluripotent neural crest stem

cells in the adult hair follicle. Dev Dyn. 231:258-69.

Sieber-Blum, M., L. Schnell, M. Grim, Y.F. Hu, R. Schneider, and M.E. Schwab. 2006.

Characterization of epidermal neural crest stem cell (EPI-NCSC) grafts in the lesioned

spinal cord. Mol Cell Neurosci. 32:67-81.

Singh, S.K., I.D. Clarke, T. Hide, and P.B. Dirks. 2004a. Cancer stem cells in nervous

system tumors. Oncogene. 23:7267-7273.

Singh, S.K., C. Hawkins, I.D. Clarke, J.A. Squire, J. Bayani, T. Hide, R.M. Henkelman,
M.D. Cusimano, and P.B. Dirks. 2004b. Identification of human brain tumour initiating
cells. Nature. 432:396-401.

Slack, J. 2001. Skinny dipping for stem cells. Nat. Cell Biol. 3:E205-E206.

Slominski, A., R. Paus, P. Plonka, A. Chakraborty, M. Maurer, D. Pruski, and S.

Lukiewicz. 1994. Melanogenesis during the anagen-catagen-telogen transformation of the

murine hair cycle. JInvest Dermatol. 102:862-9.

Slominski, A., D.J. Tobin, S. Shibahara, and J. Wortsman. 2004. Melanin pigmentation in

mammalian skin and its hormonal regulation. Physiol Rev. 84:1155-228.

Smith-Thomas, L.C, and J.W. Fawcett. 1989. Expression of Schwann cell markers by
mammalian neural crest cells in vitro. Development. 105:251-262.

84



7. References

Sommer, L. 2001. Context-dependent regulation of fate decisions in multipotent progenitor
cells of the peripheral nervous system. Cell Tissue Res. 305:211-2116.

Sommer, L. 2005. Checkpoints of melanocyte stem cell development. Sei. STKE.

2005:pe42.

Soriano, P. 1999. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat.

Genet. 21:70-71.

Southard-Smith, E.M., L. Kos, and W.J. Pavan. 1998. SoxlO mutation disrupts neural crest

development in Dom Hirschsprung mouse model. Nat. Genet. 18:60-64.

Srinivas, S., T. Watanabe, CS. Lin, CM. William, Y. Tanabe, T.M. Jessell, and F.

Costantini. 2001. Cre reporter strains produced by targeted insertion of EYFP and ECFP

into the ROSA26 locus. BMC Dev Biol. 1:4.

Stemple, D.L., and D.J. Anderson. 1992. Isolation of a stem cell for neurons and glia from

the mammalian neural crest. Cell. 71:973-985.

Stenn, K.S., andR. Paus. 2001. Controls of hair follicle cycling. Physiol Rev. 81:449-494.

Szeder, V., M. Grim, Z. Halata, and M. Sieber-Blum. 2003. Neural crest origin of

mammalian Merkel cells. Dev Biol. 253:258-63.

Tani, H., R.J. Morris, and P. Kaur. 2000. Enrichment for murine keratinocyte stem cells

based on cell surface phenotype. Proc NatlAcad Sei USA. 97:10960-5.

Taylor, G., M.S. Lehrer, P.J. Jensen, T.T. Sun, and R.M. Lavker. 2000. Involvement of

follicular stem cells in forming not only the follicle but also the epidermis. Cell. 102:451-

61.

Tenchini, M.L., F. Morra, C. Soranzo, and M. Malcovati. 1995. Effects of keratinocyte-
secreted soluble factors on spreading, number of dendrites and cell-cell contacts of human

epidermal melanocytes and dermal fibroblasts: a quantitative analysis. Epithelial Cell Biol.

4:143-55.

Thomson, J.A., J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J. Swiergiel, V.S.

Marshall, and J.M. Jones. 1998. Embryonic stem cell lines derived from human

blastocysts. Science. 282:1145-7.

Toma, J.G, M. Akhavan, K.J. Fernandes, F. Barnabe-Heider, A. Sadikot, D.R. Kaplan, and

F.D. Miller. 2001. Isolation of multipotent adult stem cells from the dermis of mammalian

skin. Nat. Cell Biol. 3:778-784.

Toma, J.G, I.A. McKenzie, D. Bagli, and F.D. Miller. 2005. Isolation and characterization

of multipotent skin-derived precursors from human skin. Stem Cells. 23:727-37'.

Tomita, Y., K. Matsumura, Y. Wakamatsu, Y. Matsuzaki, I. Shibuya, H. Kawaguchi, M.

Ieda, S. Kanakubo, T. Shimazaki, S. Ogawa, N. Osumi, H. Okano, and K. Fukuda. 2005.

Cardiac neural crest cells contribute to the dormant multipotent stem cell in the mammalian

heart. J Cell Biol. 170:1135-46.

Trainor, P.A. 2005. Specification of neural crest cell formation and migration in mouse

embryos. Semin Cell Dev Biol. 16:683-93.

85



7. References

Trentin, A., C. Glavieux-Pardanaud, N.M. Le Douarin, and E. Dupin. 2004. Self-renewal

capacity is a widespread property of various types of neural crest precursor cells. Proc.

Natl. Acad. Sei. USA. 101:4495-4500.

Tumbar, T., G. Guasch, V. Greco, C Blanpain, W.E. Lowry, M. Rendl, and E. Fuchs.

2004. Defining the epithelial stem cell niche in skin. Science. 303:359-63.

Wagers, A. J., and I.L. Weissman. 2004. Plasticity of adult stem cells. Cell. 116:639-48.

Wakamatsu, Y., T.M. Maynard, and J.A. Weston. 2000. Fate determination of neural crest

cells by NOTCH-mediated lateral inhibition and asymmetrical cell division during

gangliogenesis. Development. 127:2811-2821.

Wang, Y., Y. Zhang, Y. Zeng, Y. Zheng, G. Fu, Z. Cui, and T. Yang. 2006. Patterns of

nestin expression in human skin. Cell Biol. Int. 30:144-148.

Wegner, M. 2005. Secrets to a healthy Sox life: lessons for melanocytes. Pigment Cell Res.

18:74-85.

Wernig, M., F. Benninger, T. Schmandt, M. Rade, K.L. Tucker, H. Bussow, H. Beck, and

O. Brustle. 2004. Functional integration of embryonic stem cell-derived neurons in vivo. J.

Neurosci. 24:5258-5268.

White, P.M., S.J. Morrison, K. Orimoto, C.J. Kubu, J.M. Verdi, and D.J. Anderson. 2001.

Neural crest stem cells undergo cell-intrinsic developmental changes in sensitivity to

instructive differentiation signals. Neuron. 29:57-71.

Wilson, Y.M., K.L. Richards, M.L. Ford-Perriss, J.J. Panthier, and M. Murphy. 2004.

Neural crest cell lineage segregation in the mouse neural tube. Development. 131:6153-

6162.

Wurdak, H., L.M. Ittner, K.S. Lang, P. Leveen, U. Suter, J.A. Fischer, S. Karlsson, W.

Born, and L. Sommer. 2005. Inactivation of TGFbeta signaling in neural crest stem cells

leads to multiple defects reminiscent of DiGeorge syndrome. Genes Dev. 19:530-535.

Yin, A.H., S. Miraglia, E.D. Zanjani, G Almeida-Porada, M. Ogawa, A.G. Leary, J.

Olweus, J. Kearney, and D.W. Buck. 1997. AC 133, a novel marker for human

hematopoietic stem and progenitor cells. Blood. 90:5002-12.

Youn, Y.H., J. Feng, L. Tessarollo, K. Ito, and M. Sieber-Blum. 2003. Neural crest stem

cell and cardiac endothelium defects in the TrkC null mouse. Mol Cell Neurosci. 24:160-

70.

Zambrowicz, B.P., A. Imamoto, S. Fiering, L.A. Herzenberg, W.G. Kerr, and P. Soriano.

1997. Disruption of overlapping transcripts in the ROSA beta geo 26 gene trap strain leads

to widespread expression of beta-galactosidase in mouse embryos and hematopoietic cells.

Proc Natl Acad Sei USA. 94:3789-94.

86



8. Acknowledgements

8 ACKNOWLEDGEMENTS

First of all I would like to thank Prof. Lukas Sommer for giving me the opportunity to

carry out my PhD thesis in his laboratory. I am really grateful for all his help, support and

confidence during these four years and his enthusiasm in bringing this project to a

satisfactory end. Thank you for teaching me to overcome the frustrations of science in an

optimistic way.

I also want to thank Prof. Ueli Suter for accepting me in his unit and for his support during

my time at the ICB.

I am grateful to Prof. Esther Stöckli for accepting to be my co-referee.

Special thanks go to Christian Paratore for patiently teaching me nearly all the techniques I

know and for showing me the importance of working independently. Thank you for

fighting along till the nearly very end of this project and for being a supportive colleague

and friend.

Many thanks also go to Dr. Ned Mantei for correcting everything I gave him to read

(which was a lot), for solving all my computer problems and for giving me advice and

support during these four years.

I am also grateful to Prof. Yann Barrandon for teaching me many interesting facts about

skin.

Special thanks also go to Stine Büchmann for always giving me moral support and for a

nice, and giggling working atmosphere in the lab. Thank you also to Tina Turnherr for all

her help during these four years and to all my colleagues for a nice working atmosphere.

I am also grateful to Dr. Eva Niederer for all the time and effort invested in the FACS

sessions.

I am also very grateful to my parents, family and friends for their endless love, support and

understanding and for always believing in me. Last but not least I would like to thank Ruth

Wagner-Bauda for sharing good and bad times. Thank you for simply being there listening,

giving me support, and good advice. I would never have made it without you!

87



9. Curriculum Vitae

9 CURRICULUM VITAE

Personal profile

Name:

Address:

Telephone:

E-mail:

Birth date:

Place of birth:

Citizenship:

Marital status:

Education

Wong Christine

Oberwiesenstrasse 73a

8050 Zürich

+41 43 288 97 50

+41 44 633 33 36 (lab)

chri stine.wong@cell.biol.ethz.ch

18th of February 1978

Mexico City, Mexico

Swiss and Mexican Nationalities

Single

2002-2006 : Swiss Federal Institute of Technology Zurich (ETH)

Zurich, Switzerland

PhD Thesis: Multiple Origins of Neural Crest-Derived Cells in the Adult Skin

Supervised by Prof. L. Sommer, Swiss Federal Institute of Technology,

Zürich

1997-2002: Biocenter University ofBasel

Basel, Switzerland

Major: Biology II

Diploma: mTOR at the Neuromuscular Junction

Supervised by Prof. M. Rüegg, Biocenter Basel

88



9. Curriculum Vitae

Publications

Christine E. Wong*, Christian Paratore*, Ariane Rochat, Ueli Suter, Dies Meijer,

Friedrich Beermann, Yann Barrandon, and Lukas Sommer; Multiple Origins of Neural

Crest-derived Cells in the Adult Skin (submitted).

* equal contribution

Talks

Isolation and Characterization of Neural Crest Stem Cell-like Cells from Human

Melanoma; University Hospital Zurich; August 2005

Multiple Sources of Neural Crest Stem Cells in Adult Skin; ZNZ Symposium

(Neuroscience Center Zurich); October 2005

Multiple Sources of Neural Crest Stem Cells in Adult Skin; Baylor College of Medicine,

Houston, USA; April 2006

Multiple Sources of Neural Crest Stem Cells in Adult Skin; UCSF, Cancer Research

Institute, San Francisco, USA; April 2006

Multiple Sources of Neural Crest Stem Cells in Adult Skin; Burnham Institute for Medical

Research, La Jolla, USA; April 2006

Multiple Sources of Neural Crest Stem Cells in Adult Skin; The Scripps Research Institute,

La Jolla, USA; April 2006

Multiple Sources of Neural Crest Stem Cells in Adult Skin; London Research Institute,

London, UK; May 2006

Multiple Sources of Neural Crest Stem Cells in Adult Skin; Stamcel Instituut, Leuven,

Belgium; May 2006

89



9. Curriculum Vitae

Posters

C. E. Wong, C. Paratore, Y. Barrandon, P. Bargsten, B. Becher, U. Suter and L. Sommer;

Isolation and Characterization ofMultipotent Stem Cells from Adult Human and Murine

Skin; USGEB Meeting, Zurich Switzerland; February 2005

C. E. Wong, C. Paratore, A. Rochat, U. Suter, D. Meijer, F. Beermann, Y. Barrandon, and

L. Sommer; Multiple Sources of Neural Crest Stem Cells in the Adult Skin; ZNZ

Symposium Neuroscience Center Zurich, Switzerland; October 2005

C. E. Wong, C. Conrad, U. Suter, R. Dummer, and L. Sommer; Isolation and

Characterization of Neural Crest Stem Cell-like Cells from Human Melanoma;

International Workshop of Cancer Stem Cells, Milan, Italy; November 2005

C. E. Wong, C. Paratore, A. Rochat, M. T. Dours-Zimmermann, U. Suter, D. Meijer, F.

Beermann, S. Dufour, Y. Barrandon, and L. Sommer; Multiple Sources of Neural Crest

Stem Cells in the Adult Skin; Keystone Stem Cell Meeting, Whistler, Canada; March 2006

Languages

German: excellent

Spanish: excellent

English: excellent

French: good

References:

Prof. L. Sommer Swiss Federal Institute of Technology Zurich, Switzerland

lukas.sommer@cell.biol.ethz.ch

Prof. Y. Barrandon Swiss Federal Institute of Technology Lausanne, Switzerland

yann.barrandon@epfl.ch

Prof. U. Suter Swiss Federal Institute of Technology Zurich, Switzerland

usuter@cell.biol.ethz.ch

90


