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                                              Propositions belonging to the dissertation

From stem cells to Schwann cells

Potential applications of iPS cells and neural crest stem cells

by Ming-San Ma

1. Given the diverse roles of hypothalamic tanycytes in both neurogenesis and metabolism, their 

integrative functions in human physiology remain of great interest. (this dissertation)

2. Expression of pluripotency factors in somatic cells does not necessarily facilitate iPS induction.

(this dissertation)

3. Although the potential of iPS cells for cell therapy, tissue engineering, and treatment of human 

disease has been clearly recognized (Yamanaka, Nobel Prize 2012), their clinical value has yet to be 

proven. (this dissertation)

4. (Iatrogenic) trigeminal or facial nerve injuries might benefit from iPS-based Schwann cell 

engineering.

5. Although iPS-based tooth tissue engineering might be possible in the future, dental implantology 

will likely remain more successful, controllable, and cost-effective.

6. The lack of attention for healthy nutrition in the medical training program, and in Dutch healthcare 

in general, is reflected in the unhealthy diets of many medical doctors and in the quality of the 

meals served in hospitals.

7. Given the fact that patient privacy is considered an important (legal) principle in Dutch healthcare, 

its large-scale violation in waiting rooms of medical institutions (by calling out patient names) is 

remarkable.

8. In today’s globalizing world, parents should take into consideration that their children’s given names 

could evoke unintended and unwanted associations in other languages.

9. Given the present-day distribution of “African” genes across the continents, from an evolutionary 

point of view, the 16th- to 18th-century transatlantic slave trade can be regarded as a third (or fourth) 

wave of migration in the “Out of Africa” theory.

10. Although biomedical scientists use the term 'orchestration' synonymously with ‘regulation’ or 

‘coordination’ (e.g. of gene expression or epigenetic mechanisms), most of them do not know what 

orchestration actually is.

11. The order of the titles “MD” and “PhD” properly indicates the order of priority for most MD-PhD 

students.

12. Although their name suggests otherwise, and although their creation reflects the present times of 

(bio)technological innovations, iPS cells are no product of Apple.

13. “Musik ist höhere Offenbarung als alle Weisheit und Philosophie.” – Ludwig van Beethoven
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STEM CELLS: GENERAL INTRODUCTION

Stem cells are found throughout the animal kingdom and have 3 basic properties. Firstly, they are able to 

self-renew by undergoing symmetric division and clonogenic expansion. Secondly, they are basic, non-

specified cells with no tissue-specific function other than providing functional cells to a specific tissue. 

This is a consequence of their third property, namely their ability to undergo asymmetric divisions to 

give rise to more specialized daughter cells that ultimately make up the different tissues and organs 

of the organism, a process called ‘differentiation‘. Based on their differentiation capacity, several types 

of stem cells can be distinguished. All (stem) cells arise from totipotent stem cells, formed in the first 

stage after zygote formation and typically expressing Oct-4 and β-hCG, which can generate embryonic 

as well as extra-embryonic tissues. Pluripotent stem cells are able to give rise to cells that constitute 

the three germ layers (ectoderm, mesoderm, and endoderm); they can be found in the inner cell mass 

of the blastocyst stage of a developing embryo (embryonic stem cells, ESCs). Pluripotent stem cells can 

differentiate into >200 somatic cell types and are generally identified by the expression of transcription 

factors like Oct4, Sox2, Nanog, Rex-1, specific surface markers like the stage-specific embryonic antigens 

(SSEA), and a class of transmembrane glycoproteins (TRA-1-60, TRA-1-81). Somatic or adult stem cells are 

tissue-specific and more lineage-restricted (therefore multipotent) and can be found in all continuously 

self-renewing tissues e.g. bone marrow, intestine, skin and liver. Although the self-renewing capacity of 

the adult brain is very limited, a restricted number of stem cells (neural stem cells) can be found in the 

adult brain as well. Multipotent stem cells give rise to progenitor or precursor cells, which subsequently 

differentiate into an end-stage mature somatic cell.

The three best-characterized types of mammalian stem cells are ESCs, hematopoietic stem cells (HSCs) 

(which give rise to all lineages of blood cells) and neural stem cells (NSCs) (which give rise to the 3 

neural cell lineages: oligodendrocytes, neurons, and astrocytes). In 2006, a new ‘type’ of stem cells 

was described, which has since then attracted considerable attention: the induced pluripotent stem 

cell (iPSC). iPSCs share many properties with ESCs but are generated from somatic cells. Their creation 

implies that the classification of stem cells as functionally strictly separate entities has become a mere 

operational one, as it offers the possibility for (almost) any cell to become a stem cell in vitro.

Understanding the genetics and molecular mechanisms underlying stem cell properties such as self-

renewal and differentiation has been an important focus of stem cell research and is crucial for elucidating 

their role in tumor formation, or the development of safe and controllable stem cell-based regenerative 

therapies. Current knowledge of these mechanisms in specific populations of stem cells is discussed in 

more detail in this chapter.

Stem cells, in general, continue to hold great promise for cell replacement and tissue engineering as an 

approach for treating human disorders. Over the past decades, considerable progress has been made 

in the application and testing of stem cell technologies for the treatment of specific disorders in animal 

models as well as in clinical trials. Stem cell-based therapeutical studies can generally be divided into two 

categories: 1) the application of undifferentiated isolated stem cells directly in animal disease models 

to induce in vivo tissue regeneration based on the spontaneous differentiation into the proper cell 

type; or 2) the transplantation of mature cell types derived from stem cells after in vitro differentiation 

and purification. As grafted undifferentiated stem cells may give rise to tumor formation, the second 

strategy is considered to be a more safe and controlled approach. Differentiation strategies and clinical 

significance of stem cells will be discussed in the course of this chapter.

PLURIPOTENT STEM CELLS

Pluripotent stem cells: introduction

Pluripotent stem cells are stem cells with the broadest differentiation potential of all stem cells. A few 

subtypes of pluripotent stem cells are known: embryonic carcinoma cells, embryonic germ cells, epiblast 

stem cells, embryonic stem cells, and induced pluripotent stem cells. Some adult (somatic) stem cells are 

believed to display pluripotent characteristics. The most extensively studied pluripotent stem cells are 

embryonic stem cells (ESCs). The development of a procedure to isolate ESCs from the human blastocyst 

(Thomson, et al., 1998) has boosted the attention for ESCs as potential source for cell therapy and clinical 

application. In 2006, another groundbreaking discovery was made with the so-called induced pluripotent 

stem cells (iPSCs). These cells appeared remarkably similar to ESCs but were created from common 

adult skin fibroblasts (Takahashi and Yamanaka, 2006) (Nobel Prize 2012). In the following sections the 

molecular mechanisms underlying ESC and iPSC physiology, and the similarities and differences between 

the two cell types as well as their clinical potential will be discussed.

Embryonic stem cells, self-renewal, and pluripotency 

ESCs are cell lines derived from the inner cell mass (ICM) of the pre-implantation blastocyst (Evans 

and Kaufman, 1981; Martin, 1981) and display a unique combination of properties. Firstly, they display 

self-renewal by means of symmetrical division, which can continue indefinitely in vitro under proper 

conditions. ESCs typically maintain a high telomerase activity, which correlates with the indefinite 

proliferation of stem cells in vitro (Thomson, et al., 1998). Undifferentiated ESCs can be recognized by the 

expression of specific surface markers such as stage-specific embryonic antigen (SSEA-1 in mES; SSEA-3 

and SSEA-4 in human ESCs) and tumor rejection antigens TRA-1-60, TRA-1-81, and TRA-2-54 (Biswas and 

Hutchins, 2007). Secondly, ESCs are pluripotent and have the ability to give rise to cell lineages of all three 

germ layer, as well as to germ line cells. ESCs express the POU class transcription factor Oct4 gene (also 

known as Oct3 or Oct3/4) (Hansis, et al., 2000), which is expressed only in totipotent and pluripotent 

mouse cells (Pesce, et al., 1998) and is down-regulated in differentiated cell types (excluding the germ 

line) (Niwa, et al., 2000; Yeom, et al., 1996). Nichols et al (1998) showed by means of target gene deletion 

that Oct4 is essential for the pluripotent identity of the ICM (Nichols, et al., 1998). Upon differentiation, 

Oct4 determines the developmental fate of ESCs, as critical levels of Oct4 cause cells to differentiate 
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into either endo- or mesoderm, or trophectoderm (Niwa, et al., 2000). Upon xenotransplantation in 

immunodeficient mice, ESCs form teratomas consisting of cell types derived from ectoderm, mesoderm, 

and endoderm (Thomson, et al., 1998; Park, et al., 2003). Another proof of ESC pluripotency is their 

ability to form so-called embryoid bodies in vitro, floating clusters of randomly differentiated ESC-derived 

cells containing cell types of all three germ layers (Itskovitz-Eldor, et al., 2000).

Transcriptional regulation of pluripotency

Nanog, Oct4, and Sox2 are considered to form a core transcriptional circuitry regulating pluripotency, 

since they show strong overlap in promotor binding of several hundreds of genes in human ESCs (Boyer, 

et al., 2005). Moreover, Oct4, Sox2, and Nanog bind to and autoregulate their own as well each other’s 

promotors (Boyer, et al., 2005). This autoregulatory network may enhance the stability of pluripotency 

and reflects the ‘master regulatory’ function of these factors in determining cell state (Jaenisch and Young, 

2008). The same network is thought to play a crucial role in establishing and maintaining pluripotency 

upon reprogramming of somatic cells (Jaenisch and Young, 2008).

Nanog is a divergent homeobox transcription factor that promotes self-renewal, pluripotency and epiblast 

formation in ESCs, embryonic carcinoma cells, and embryonic germ cells. It is absent in hematopoietic 

stem cells, differentiated cells and adult tissue (Chambers, et al., 2003; Mitsui, et al., 2003). It was 

functionally identified through its ability to maintain mouse ESCs in the absence of LIF and feeder layers 

(Chambers, et al., 2003; Mitsui, et al., 2003). Overexpression of Nanog appeared to be sufficient for 

self-renewal. Neither mutation of gp130 receptors (preventing STAT3 recruitment) nor inhibition of JAK 

prevented Nanog induced self-renewal in ESCs, suggesting that Nanog can act independently of the 

STAT3 pathway through a different mechanism (Chambers, et al., 2003). Shi et al (2006) showed that 

knockdown of Nanog resulted in a decrease in Rex-1 expression, while overexpression stimulated Rex-1 

expression (Shi, et al., 2006). By means of a Rex-1 reporter they showed that the Rex-1 promotor is a 

direct target of transactivation by Nanog. Moreover, Sox2 cooperates with Nanog to superactivate the 

Rex-1 promotor (Shi, et al., 2006). Rex-1 is a developmentally regulated acidic zinc finger gene, known 

both as marker and regulator of pluripotency (Hosler, et al., 1989).

POU domain-containing transcription factor Oct4 (also called Oct3) is a member of the POU (Pit-Oct-Unc) 

class of homeodomain proteins. It is encoded by Pou5f1 and is alternatively spliced into isoforms Oct4A 

and Oct4B (Takeda, et al., 1992). The function of the latter is currently unknown. Oct4(A) specifically 

binds within the enhancers of Oct4 target genes to octomer sequence ATGCAAAT. It is expressed in 

the inner cell mass of the preimplantation embryo, as well as in mouse and human ESCs (Palmieri, 

et al., 1994). Oct4 plays a crucial role in regulating expression of pluripotency genes and is therefore 

essential in controlling pluripotency and differentiation both in vivo and in ESCs; however, it also plays 

an important role in germ layer commitment, together with Sox2 (Thomson, et al., 2011). Independent 

modulation of Oct4 and Sox2 levels alters their binding pattern to the genome (Thomson, et al., 2011); 

Oct4 expression in somatic cells may therefore lead either to induction of either germ layer progenitors, 

or pluripotency as is the case during iPS reprogramming (reviewed in Sterneckert, et al., 2012). Oct4 as 

well as Nanog also associate with a Nanog and Oct4-associated deacetylase (NODE) repressor complex 

consisting of Nanog, histone deacetylase (HDAC)1/2 and metastasis-associated protein (Mta)1/2, as 

well as members of repressor chromatin remodeling complexes NuRD and Sin3A (Liang, et al., 2008). 

This complex has been proposed as a repressor of Nanog and Oct4 target genes, thus competing with 

direct Oct4 and Nanog activation in regulating gene transcription. Knockdown of NODE subunits led to 

increased expression of developmentally regulated genes and ESC differentiation (Liang, et al., 2008). 

In addition, the NODE complex contains Sall4, a zinc-finger transcription factor that has been shown to 

cooperate with Nanog by co-occupying Nanog binding sites in ESCs, stabilizing ESC maintenance (Wu, 

et al., 2006). Furthermore, Oct4, similarly to but independently of Nanog, activates the Rex-1 promotor, 

again promoting proliferation and inhibiting differentiation (Shi, et al., 2006).

HMG-box transcription factor SOX2 can heterodimerize with Oct4 to affect the expression of several 

genes in mouse ESCs (Botquin, et al., 1998; Nishimoto, et al., 1999; Yuan, et al., 1995). The octamer-

binding elements of Oct4 are close to Sox2-binding sox elements. A POU/HMG ternary complex can 

bind to composite sox–oct elements on specific locations (Reményi, et al., 2003; Williams, et al., 2004). 

Besides acting together, Sox2 and Oct4 also influence each other’s expression. Sox2 contributes to 

pluripotency, at least in part, by regulating Oct4 levels (Masui, et al., 2007). Sox2, like Oct3/4 and Nanog, 

is also capable of activating the Rex-1 promotor (Shi, et al., 2006).

Klf4 (Krüppel-like factor 4) is known as an oncogene as well as a tumor suppressor gene and is normally 

expressed in a variety of tissues. However, Bourillot (2009) showed that Klf4, along with thirteen other 

genes, is a direct downstream gene of STAT3 signaling as well as of Nanog in ESCs (Bourillot, et al., 2009). 

Knockdown of Klf4 leads to an increase in differentiation and an upregulation of early differentiation 

markers (Bourillot, et al., 2009). Klf4 is known to promote cell proliferation by transcriptional suppression 

of p53 (Rowland, et al., 2005). Since p53 induces differentiation of ESCs by suppressing Nanog expression 

(Lin, et al., 2004), it is likely that Klf4 acts as a positive regulator of Nanog. This implies that Nanog 

and Klf4 positively influence each other’s expression. Moreover, Jiang (2008) showed that Klf family 

members Klf2, Klf4, and Klf5, together with Nanog co-occupy many overlapping genes, indicating a certain 

redundancy between the coalescing STAT3 and Nanog regulatory pathways (Jiang, et al., 2008). Klf4 also 

cooperates with Sox2 and Oct3/4 to activate an enhancer sequence of the pluripotency associated gene 

Lefty1 (Nakatake, et al., 2006; Li, et al., 2010). 

c-Myc is involved in several cellular functions such as cell cycle regulation, proliferation, growth, 

differentiation and metabolism (Dang, 1999). c-Myc is also a proto-oncogene responsible for malignant 

transformation and together with N-Myc and L-Myc it contributes to the genesis of human tumors 

(Adhikary and Eilers, 2005). It has been shown to be a target of Nanog in mouse ESCs (Loh, et al., 2006) 

as well as a direct target of Stat3 (Li, et al., 2010). c-Myc exerts downstream effects on master regulator 

genes by binding to Oct4 and Sox2 (Jiang, et al., 2008) as well as several ESC-specific (predominantly 

active) genes co-occupied by Nanog (Jiang, et al., 2008; Kidder, et al., 2008). Activation of c-Myc 

supports the characteristic ESC cycle (short G1 and suppression of apoptosis and senescence pathways) 

(Cartwright, et al., 2005).
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Induced pluripotent stem cells

Takahashi and Yamanaka first reported the generation of iPSCs from mouse and human embryonic and 

adult fibroblasts by retroviral induction of the four transcription factors Oct4, Sox2, Klf4, and c-Myc, a 

combination narrowed down from a list of 24 candidate pluripotency genes (Takahashi and Yamanaka, 

2006; Takahashi, et al., 2007). Upon retroviral induction with all 24 genes, the authors were able to obtain 

pluripotent colonies by selection for neomycin, which was knocked into the locus of the ESC-specific 

gene Fbx15. The essential four factors were identified by withdrawing each single factor individually 

from the initial mix of 24 reprogramming factors (revealed by inability to form Fbx15-positive colonies). 

Subsequently, Takahasi and Park showed that also human cells could be reprogrammed towards iPSCs 

with the same four factors (Takahashi, et al., 2007; Park, et al., 2008). Of the four reprogramming factors 

of the ‘Yamanaka mix’, Oct4 represents the most crucial one for inducing pluripotency; it cannot be 

exchanged for other members of the Oct-family (Nakagawa, et al., 2008a). Oct4 alone also appeared to 

be sufficient to produce iPSCs (Kim, et al., 2009b; Kim, et al., 2009c). Others have shown that Sox2, Klf4, 

and c-Myc can be replaced by other related factors of their respective families, like Sox1 or Sox3, Klf2 or 

Klf5, and N-Myc (Nakagawa, et al., 2008a; Yamanaka and Tanabe, 2009), or substituted by a different set 

of factors including Nanog and Lin28 (Yu, et al., 2007; Liao, et al., 2008).

Properties of iPSCs

iPSCs are highly similar to ESCs regarding morphology, gene expression profile, epigenetic status, and in 

vitro differentiation potential. They express ESC-specific markers such as SSEA and alkaline phosphatase 

(AF), and pluripotency transcription factors like Oct4, Sox2, Nanog, Rex1, and Utf1. Like ESCs, iPSCs have 

the ability to differentiate into all of the three germ layers as evidenced by their in vitro generation of 

embryoid bodies and teratoma formation after implantation in vivo. Similar to ESCs, mouse iPSCs are 

able to give rise to adult chimeras and show competence for germline transmission (Maherali, et al., 

2007; Okita, et al., 2007). However, while the use of ESCs is considered controversial because of ethical 

concerns regarding the sacrifice of (human) embryos (Cattaneo and Corbellini, 2011), there are no such 

concerns about the use of iPSCs. Therefore, they form an attractive autologous alternative for ESCs in the 

study of degenerative diseases, and for regenerative medicine and tissue engineering in humans. So far, 

the applicability of iPSCs has been successfully demonstrated for the treatment of Parkinson's disease 

and sickle cell anemia in rodent models for these diseases (Wernig, et al., 2008; Hanna, et al., 2007).

Despite the clear clinical potential of iPSCs, there are several issues still to be solved, like the use of genome-

integrating carcinogenic retroviruses and of proto-oncogenes such as c-Myc in the reprogramming 

process. Expression of the reprogramming factors is only required temporarily; the transgenes are 

silenced by iPSCs once they have been established and endogenously express the essential transcription 

factors (Maherali, et al., 2007). However, unwanted retroviral transgene reactivation of c-Myc can lead 

to genomic instability and tumorogenesis (Nakagawa, et al., 2008a; Okita, et al., 2007; Melino, 2011). 

Several modified protocols have been developed to address these issues: iPSCs were generated without 

c-Myc (Nakagawa, et al., 2008a; Koyanagi, et al., 2008; Huangfu, et al., 2008b; Wernig, et al., 2007) as 

well as by means of non-integrating adenoviruses (Stadtfeld, et al., 2008b), non-integrating plasmids 

(Okita, et al., 2008), recombinant proteins (Zhou, et al., 2009; Kim, et al., 2009a), mRNA’s (Warren, et al., 

2010), small molecules (Desponts and Ding, 2010), piggyBag transposons (Woltjen, et al., 2009; Kaji, et 

al., 2009), minicircle vectors (Jia, et al., 2010), non-integrating episomal vectors (Yu, et al., 2009; Chou, et 

al., 2011), or Sendai virus vectors (Ban, et al., 2011). In particular, the use of small molecules interacting 

at the epigenetic level can be an important step towards the efficient creation of safe iPSCs.

Another issue regarding iPSCs is efficiency of reprogramming. At least three different stages can be 

distinguished during reprogramming, represented by intermediate, partially reprogrammed (or pre-

iPSCs), and fully reprogrammed iPSCs, of which only the latter two can form ESC-like colonies. Complete 

reprogramming to a true ESC-like state with all epigenetic ESC characteristics is inefficient (0.01%–0.1%) 

and occurs at a slow speed (~2 wk) in most studied somatic cells (Brambrink, et al., 2008; Stadtfeld, 

et al., 2008a). Manipulating the epigenetic profile during reprogramming has been shown to increase 

efficiency and can be established by means of small molecules like DNA methyltransferase inhibitors 

(5-azacytidine [5 AzaC]) (Han & Sachdev et al. 2010), histone methyltransferase inhibitors (BIX-01294) 

(Shi, et al., 2008), and (histone deacetylase) HDAC inhibitors (Kretsovali, et al., 2012). c-Myc has been 

shown to be exchangeable for the HDAC inhibitor valproic acid (VPA) (Huangfu, et al., 2008b), even 

increasing iPSC formation 50-fold. Huangfu (2008b) showed that a combination of Oct4, Sox2, and 

VPA was sufficient for establishing pluripotency. A combination of human ESC extracts, HDAC inhibitor 

trichostatin A (TSA), 5 AzaC, and retinoic acid (RA) was used by Han et al. (2010) to reprogram human 

fetal fibroblasts to pluripotency (Huangfu, et al., 2008a; Han, et al., 2010).

It seems likely that clinical application of iPSCs will not be possible as long as the reprogramming process 

cannot be controlled in the safest possible way. Several issues still need to be addressed such as the 

relevance of epigenetic memory to iPSC differentiation capacity, the reprogramming efficiency, the effect 

of unknown mutations in the starting cells, as well as the risk of teratoma formation in vivo. Unraveling 

the mechanisms by which adult somatic cells can be reprogrammed to a pluripotent state is therefore 

of great interest.

Mechanisms of pluripotency induction

Reprogramming is a slow, stochastic process that takes several weeks (Hanna, et al., 2009; Stadtfeld and 

Hochedlinger, 2010). It is the result of a cascade of expression of pluripotency genes, downregulation 

of differentiation genes and massive epigenetic chromatin modification. Apparently, somatic cell 

reprogramming recapitulates many mechanisms responsible for the maintenance and regulation of 

pluripotency in ESCs (discussed in section ‘Transcriptional regulation of pluripotency').

It has been shown that a minimum time period of 8 days of transgene expression is required, during 

which cells downregulate cell-type specific genes and after which early pluripotency markers like SSEA-

1, AF, and Fbx15 start to be expressed (Brambrink, et al., 2008; Stadtfeld, et al., 2008a). During this 

period, the levels of exogenous Oct4, Sox2, and other transcription factors steadily increase leading to 

1



Chapter 1

22

General introduction

23

the promotor activation of Rex1, which induces self-renewal analogous to Nanog (Ben-Shushan, et al., 

1998). Furthermore, the interconnected autoregulatory loop formed by Oct4, Sox2, and Nanog will be 

boosted in a feed-forward process, finally resulting in the maintained expression of these factors (see 

section ‘Transcription regulation of pluripotency') (Takahashi and Yamanaka, 2006; Jaenisch and Young, 

2008; Maherali, et al., 2007; Okita, et al., 2007; Wernig, et al., 2007). Once upregulated, Oct4 and Nanog 

interact with NODE, thereby recruiting transcription factor Sall4 (see section ‘Transcription regulation of 

pluripotency'). Sall4 has not only been shown to maintain ESC pluripotency (Wu, et al., 2006), but also 

to enhance reprogramming in mouse blastocysts and fibroblasts (Tsubooka, et al., 2009). Knockdown 

of Sall4 significantly decreased efficiency of iPSC generation, while retroviral transduction significantly 

increased its efficiency (Tsubooka, et al., 2009). 

The functions of Klf4 and c-Myc in pluripotency reprogramming are less well defined compared to Oct4 

and Sox2. It is assumable that Klf4, like in ESCs, positively regulates Nanog through p53 suppression (Lin, 

et al., 2004). Since Klf4 also acts through the activation of Lefty1 (Nakatake, et al., 2006; Li, et al., 2010), 

and co-occupies target genes of Nanog (Jiang, et al., 2008), these pathways might account for the fact 

that Nanog can substitute for transgenic Klf4 in iPS induction (Yu, et al., 2007). The successful substitution 

of Klf4 with Klf2 and Klf5 as described by Nakagawa (2008) might be explained by an apparent functional 

redundancy of Klf family members (Nakagawa, et al., 2008a). Indeed, only triple knockdown of Klf2, Klf4, 

and Klf5 induced differentiation in ESCs, while individual or double silencing did not lead to any change 

in ESC phenotype (Jiang, et al., 2008). Since c-Myc is a target of Nanog (Loh, et al., 2006), it can be 

argued that Nanog regulates downstream c-Myc expression and therefore can substitute for transgenic 

c-Myc. Wnt, a developmentally regulated secretory protein that controls differentiation, movement and 

proliferation (Ogawa, et al., 2006a), has been shown to directly connect to the core transcription factor 

network in ESCs. Wnt might effectuate iPSC induction as it positively regulates the expression of its 

downstream factor Tcf3, which in turn occupies and regulates the promoters of c-Myc as well as of the 

other core transcription factors (Cole, et al., 2008; Tam, et al., 2008; Yi, et al., 2008). Additionally, c-Myc 

has been proposed to be involved in histone modification (see below).

Lin28 is an RNA-binding protein that is highly expressed in human and mouse ESCs and which decreases 

dramatically during ESC differentiation (Darr and Benvenisty, 2009). Although iPSCs can be generated with 

Lin28 and Nanog substituting for Klf4 and c-Myc (Liao, et al., 2008), Lin28 is not required for maintenance 

of pluripotency as several iPSC clones have shown to lack its expression (Yu, et al., 2007). However, Qiu 

(2009) provided proof that Lin28 regulates Oct4 expression at the posttranscriptional level in human 

ESCs by directly binding to Oct4 mRNA at high affinity sites within its coding region (Qiu, et al., 2010). 

Oct4 mRNA contains sequence elements that stimulate Lin28 dependent translation. Indeed, inhibition 

of Lin28 leads to decreased levels of Oct4 protein (Qiu, et al., 2010). Thus Lin28 might act as an agonist 

in the Oct4 associated transcriptional network.

Additionally, fibroblasts undergoing reprogramming have been shown to inactivate the Ink4–Arf pathway, 

necessary in order to sustain cell-survival (Li, et al., 2009; Utikal, et al., 2009). Consistently, silencing of 

this pathway as established in Ink4a/Arf-deficient immortalized fibroblasts, leads to dramatic increases 

in reprogramming efficiency and speed (Li, et al., 2009; Utikal, et al., 2009; Banito, et al., 2009; Hong, et 

al., 2009; Kawamura, et al., 2009).

Transcription factors can also act on an epigenetic level to establish genome-wide as well as local 

chromatin remodeling crucial for the reprogramming process. Epigenetic factors known to play a role in 

maintenance of pluripotency of ESCs may have a pluripotency inductive effect during reprogramming. 

Some known examples will be addressed here. Knoepfler et al. (2006) showed that c-Myc plays a role in 

the maintenance of active chromatin, and is thus potentially responsible for reported higher efficiency of 

reprogramming (Nakagawa, et al., 2008a; Knoepfler, et al., 2006). Since (transgenic) c-Myc is dispensible 

for reprogramming (Nakagawa, et al., 2008b), other factors may substitute for its epigenetic effects. The 

fact that VPA increases reprogramming efficiency indicates that during the process there are ‘epigenetic 

blocks’ that need to be overcome. The epigenetic pathway by which HDACi VPA is able to substitute for 

c-Myc and Klf4 (Huangfu, et al., 2008b) is not yet known, although genome-wide acetylation induced 

by VPA and other HDAC inhibitors could allow for a more accessible chromatin structure that enables 

the binding of ectopically expressed transcription factors (reviewed in Feng, et al., 2009). Moreover, by 

means of bisulfite sequencing it has been shown that DNA is demethylated at the promotors of regulator 

genes Nanog, Oct4, and Fbx15 in iPSCs (Maherali, et al., 2007; Okita, et al., 2007; Wernig, et al., 2007). 

An example of local epigenetic regulation at the histone level is the binding in somatic cells of the Oct4 

gene by methylated H3K9 (a repressive chromatin mark) (Feldman, et al., 2006), which in iPSCs is likely 

to be demethylated (allowing for active Oct4 transcription) (Loh, et al., 2007). Upon generation of iPSC, 

clearly these marks of epigenetic silencing must be progressively removed.

Additional mechanisms involve regulatory downstream genes of Oct4. Loh et al. (2006, 2007) showed in 

ESCs that Oct4 binds to and positively regulates expression of histone demethylases Jmjd1a and Jmjd2c 

(Loh, et al., 2006; Loh, et al., 2007; Cloos, et al., 2006; Fodor, et al., 2006; Klose, et al., 2006). Upon 

iPSC induction in fibroblasts, Jmjd1a and Jmjd2c expression is upregulated (Takahashi and Yamanaka, 

2006). Jmjd1a and Jmjd2c, respectively demethylate H3K9Me2 at the promotor region of selfrenewal 

regulating gene Tcl1, and H3K9Me3 at the promotor region of Nanog (Loh, et al., 2007; Ivanova, et 

al., 2006; Matoba, et al., 2006), thereby promoting Nanog-mediated self-renewal. Consistently, RNAi-

mediated depletion of Jmjd1a or Jmjd2c leads to ESC differentiation, a reduction in the expression of 

ESC-specific genes (Oct4, Sox2, and Nanog) and an induction of lineage marker genes (Loh, et al., 2007), 

confirming their essential roles in maintenance of pluripotency. 

Cooperation of Oct4 with the methyltransferase Eset represses the expression of differentiation 

genes, which might thus prevent re-differentiation during reprogramming (see section ‘Transcriptional 

regulation of pluripotency'). Other epigenetic mechanisms contributing to induction and maintenance of 

pluripotency in iPSCs are bivalent domains (Lister, et al., 2009), Polycomb-group proteins, heterochromatin 

DNA hypomethylation of satellite repeats, and maintenance of DNA methylation marks of imprinted 

gene loci (Djuric, et al., 2010), mechanisms that all have been shown to play a role in ESC pluripotency 

regulation (see section ‘Transcription regulation of pluripotency'). Inactive-X chromosome reactivation 

in female iPSCs remains an area of controversy because of the poor fidelity of X-inactivation markers in 
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Figure 1: Schematic representation of transcription regulation of pluripotency. Transcription factors Oct4, Sox2, Nanog, and  

c-Myc form the core of the transcriptional network. They activate each other´s as well as their own promotors, leading to activa-

tion of self-renewal and pluripotency target genes, and their epigenetic modifiers (selection, indicated in green), and repression 

of lineage commitment genes (selection, indicated in red). The block arrows indicate potential positive (green) and negative 

(red) feedback mechanisms from downstream genes to the core genes. (Adapted from MacArthur, et al., 2009.)

pluripotent cells (Shen, 2008). Similar to ESCs, 5-hydroxymethylcytosine (5hmC) has been described in 

iPSCs; however, its biological implications are currently unknown (Tahiliani, et al., 2009). A schematic 

representation of the core transcription factors and their interactions are shown in Figure 1.

Differences between ESCs and iPSCs

Despite obvious similarities between ESCs and iPSCs regarding DNA methylomes, expression of 

pluripotency genes, teratoma forming capacity, and in vitro differentiation capacity (Chin, et al., 2009; 

Doi, et al., 2009; Deng, et al., 2009), there are distinct differences between these two cell types, especially 

at the epigenetic level (Robinton and Daley, 2012). It is known from nuclear transfer experiments that 

reprogramming as well as reprogramming efficiency can be complicated by the presence of epigenetic 

memory (Tamashiro, et al., 2002; Blelloch, et al., 2006). Residual DNA methylation signatures have been 

found in iPSCs, leading to restrictions in differentiation potential (Kim, et al., 2010), most prominently 

in iPSCs of early passage (Polo, et al., 2010). For example, it has been shown that iPSCs derived from 

human retinal-pigment epithelial cells show a higher tendency to differentiate back into the cell type 

of origin than ESCs (Hu, et al., 2010). Polo (2010) showed that iPSCs generated from tail-tip fibroblasts, 

splenic B cells, bone-marrow-derived granulocytes, and skeletal muscle precursors showed sustained 

active expression of markers for their respective original cell types (Polo, et al., 2010). In addition, so-

called differentially methylated regions (DMRs) in iPSCs have been described, which are enriched for 

genes that are important for developmental processes, in fact representing hot spots of failed epigenetic 

reprogramming (Lister, et al., 2011). DMRs are transmitted to differentiated progeny at a high frequency 

and cannot be erased through passaging (Lister, et al., 2011). These findings do not affect the overall 

potential of iPSCs, as they still have several advantages over ESCs. However, in order to obtain better 

understanding of the factors contributing to residual somatic memory, and to predict its implications for 

the differentiation of iPSCs and ultimately for therapeutical application, more detailed analysis at the 

epigenetic level is required.

Differentiation of pluripotent stem cells

iPSCs, cell therapy, and tissue regeneration

iPSCs can be a valuable tool for mechanistic studies of disease, in vitro drug screening, evaluation of 

potential therapeutics, and for cell therapy and regenerative medicine - with or without gene repair. 

In vitro differentiation of iPSCs, analogous to ESC differentiation, can be used in strategies aimed at 

treatment of human disease. The potential of iPSCs for therapeutic regeneration has been firstly and 

convincingly shown by Hanna et al (2007), who altered the blood cell phenotype in a humanized mouse 

model for sickle cell anemia by transplantation of genetically ‘corrected’ hematopoietic cells derived from 

iPSCs (Hanna, et al., 2007). Similar transplantation-based approaches have been reported for the nervous 

system. iPSC-derived dopaminergic neurons have been shown to improve symptoms in a Parkinson rat 

model (Wernig, et al., 2008). iPSCs have been applied in a variety of other neurodegenerative disease 

(animal) models, such as for amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), familial 

dysautonomia, Rett’s syndrome, and schizophrenia (Han, et al., 2011). Successful differentiation of 

insulin-producing cells (Kroon, et al., 2008), hepatocytes (Song, et al., 2009), anterior foregut endoderm 

(Green, et al., 2011), and intestinal cells (Spence, et al., 2011) from human iPSCs has been reported.

Induction of differentiation

Pluripotent stem cells can be maintained in culture in the presence of factors that stimulate self-renewal, 

most notably leukemia inhibitory factor (LIF) (Pease, et al., 1990) and bFGF (Ogawa, et al., 2006b). 

Upon withdrawal of LIF or similarly, upon inhibition of JAK/STAT3 signaling, ESCs as well as iPSCs rapidly 

differentiate (Takahashi and Yamanaka, 2006; Boeuf, et al., 1997; Niwa, et al., 1998). Concomitantly, 

Stat3 levels decrease rapidly during differentiation of ESCs (Nemetz and Hocke, 1998). Differentiation 

can be stimulated by activation of the Notch and Bmp4 pathways (Chambers and Smith, 2004; Lowell, 

et al., 2006). During differentiation Oct4 is downregulated and Polycomb-repression of regulator genes 
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is lost (Lengner, et al., 2007). Meanwhile, a set of nuclear trans-acting repressors is upregulated that 

has been shown to silence Oct4, including ARP-1, COUP-TF1, and GCNF (Ben-Shushan, et al., 1995). 

Besides, chromatin immunoprecipitation (ChIP) analyses have shown that ESCs undergo functionally 

important global and gene-specific remodeling of chromatin structure during differentiation (Feldman, 

et al., 2006). Overall, chromatin of pluripotent cells is more ‘open’ and active, while differentiation is 

associated with a transition to ‘closed’, less-permissive chromatin (Meshorer and Misteli, 2006). Locally, 

transcriptional Oct4 repression is followed by a pronounced increase in histone H3K9 methylation at Oct4 

by histone methyltransferase G9a (Feldman, et al., 2006). G9a causes histone modifications associated 

with heterochromatin, such as H3K9me2 and H3K9me3, and also recruits DNA methyltransferases 

Dnmt3a/3bm, which in turn are responsible for subsequent de novo CpG methylation at the Oct4 

promoter (Feldman, et al., 2006). Together, these epigenetic changes have an important role in the 

inhibition of Oct4 re-expression, thereby preventing reprogramming and favoring differentiation 

(Feldman, et al., 2006).

Differentiation of iPSCs towards a neural cell lineage

As Wernig showed with his Parkinson model, one of the most promising and challenging aspects of iPSC 

technology is the possibility of generating autologous cells for cell substitution therapy (Wernig, et al., 

2008). Due to its stochastic nature, spontaneous differentiation of pluripotent cells is not an effective 

way for the generation of neuronal cell types; targeted differentiation is mandatory (Du and Zhang, 

2004). Targeted differentiation towards neurons and glial cells requires the exposure to growth factors 

known to play a role during embryonic development of the respective tissue; in fact embryonic neural 

differentiation should be recapitulated. (For a description of in vivo neural development, see section 

‘Neural stem cells and embryonic development’.) The most common in vitro approach to differentiate 

pluripotent cells towards neural cells mimics in vivo neural differentiation by means of the formation 

of floating spheres, so-called embryoid bodies (EBs). ESCs and iPSCs spontaneously form EBs upon 

withdrawal of LIF and in the absence of feeder layers, which are known to produce LIF (Stewart, et 

al., 1992). Because default differentiation of EBs only yields a small percentage of neural cells, EBs are 

generally exposed to retinoic acid (RA) for 4 days increasing differentiation efficiency reportedly to 

38% neural cells (-4/+4 protocol) (Jones-Villeneuve, et al., 1982; Wobus, et al., 1988; Fraichard, et al., 

1995). RA is a well-known inducer of differentiation and, as indicated before, of particular importance in 

rostro-caudal patterning (Maden, 2002). Moreover, it has been shown to directly contribute to silencing 

of the Oct4 locus (Okamoto, et al., 1990; Pikarsky, et al., 1994), and therefore to loss of pluripotency. 

This inactivation is mediated by trans-acting repressors, such as ARP-1, COUP-TF1, and GCNF, which 

are induced transiently at onset of differentiation (Ben-Shushan, et al., 1995; Fuhrmann, et al., 2001). 

EBs go through the so-called cystic stage, consisting of outer layers of visceral and parietal endoderm 

surrounding a core of ectoderm, mesoderm, and endoderm cell lineages. Spontaneous differentiation of 

EBs occurs in a stochastic manner and recapitulates embryogenic differentiation and tissue generation 

such as hematopoiesis, cardiogenesis, angiogenesis, and neurogenesis (Guan, et al., 1999). A different 

culturing system used for induction of neurogenesis is co-culture of differentiating pluripotent stem cells 

with stromal cells (e.g. PA6 or MS5 cells), which secrete (largely undefined) factors supportive of a specific 

neuronal phenotype. Neural stem cells or neural precursor cells can be enriched by culturing in serum-

free media supplemented by specific morphogens and growth factors. Protocols have been developed 

to differentiate ESCs and iPSCs, using either EBs or stromal cell activity, into oligodendrocytes (Liu, et al., 

2000; Tokumoto, et al., 2010; Nistor, et al., 2005), dopaminergic neurons (Kim,et al., 2010; Kim, et al., 

2002; Perrier, et al., 2004), sensory and sympathetic neurons (Pomp, et al., 2005), motoneurons (Lee, et 

al., 2010), and neural crest cells and Schwann cells (Pomp, et al., 2005; Lee, et al., 2007).

ADULT STEM CELLS

Adult stem cells: introduction

Somatic or adult stem cells are multipotent stem cells that reside in specific tissues of the adult 

organism; they have a restricted capacity to differentiate into cell types of these tissues, although, under 

specific in vitro circumstances, they are able to differentiate into cell types of other tissues (a process 

called ‘transdifferentiation’) (Phinney and Prockop, 2007). Contrary to ESCs, adult stem cells are not 

accompanied by ethical controversies concerning their use, as they generally can be readily isolated 

from adult tissues. Although their limited differentiation capacity and in vitro expansibility as well the 

difficulty to define and identify them might restrict the clinical potential of adult stem cells, they have 

been successfully tested for treatment of a variety of diseases in animal models as well in patients. 

Some of the best-described populations of adult stem cells are hematopoietic stem cells, mesenchymal 

stem cells of the bone marrow, neural stem cells of the adult brain, and neural crest stem cells. These 

populations, their properties and their clinical potential will be discussed in the following sections, with 

specific attention to neural stem cells.

Neural stem cells

Neural stem cells and embryonic development

Neural stem cells (NSCs) are multipotent stem cells that give rise to the neural lineages of the central 

nervous system (CNS): neurons, astrocytes, and oligodendrocytes (Gage, 2000). The formation of 

the adult CNS from NSCs is established during embryonic development through a temporally and 

spatially well-organized sequence of events (Figure 2). Neural development starts with differentiation 

of neuroepithelium from ectoderm, forming the neural plate, in which morphogens Bmp, Wnt, and 

FGF play central and antagonizing roles (Rowitch and Kriegstein, 2010). The neural plate folds to form 

the neural tube, which is rostrocaudally subject to gradients of Wnt, FGF, Bmp, and RA to give rise to 

rostrocaudally specified subunits of the CNS (fore-, mid-, and hindbrain, and spinal cord). Dorsoventrally, 

the neural tube is subject to a Shh-Bmp gradient, specifying more subdivisions (Rowitch and Kriegstein, 

1



Chapter 1

28

General introduction

29

Figure 2: Schematic overview of the origin of neural stem cells and neural lineages in the mammalian brain. Neuroepithelial cells 

selfrenew or give rise to early neurons in the embryonic neuroepithelium. Neuroepithelial cells convert into elongating radial glia 

cells, which produce neurons directly or through intermediate progenitor cells. Radial glia cells also produce intermediate pro-

genitor cells, which give rise to oligodendrocyte precursor cells and ultimately oligodendrocytes. At the end of embryonic deve-

lopment most radial glia covert into astrocytes. Neonatal radial glia cells also produce ependymal cells and tanycytes. A 

subpopulation of radial glia cells persists in the adult SVZ as neural stem cells (type B cells), which maintain their apical contact 

with the ventricle lumen. Type B cells give rise to transit amplifying cells (type C cells), which continue to produce neurons and 

oligodendrocytes into adulthood. Tanycytes, a specialized subtype of ependymal cells, are likely to produce specific subtypes of 

neurons in the adult hypothalamus. Black arrows indicate differentiation into different cell types or proliferation of the same cell 

type. Marker expression of different stages of macroglial development is indicated in red font. (Adapted from Rowitch and 

Kriegstein, 2010.)

2010). Thus, the fate of each developing cell in the CNS is more or less predetermined by its positional 

code within a three-dimensional gradient of morphogens and the unique mix of morphogens at each 

position (Rowitch and Kriegstein, 2010; Osterfield, et al., 2003). The neural tube consists of so-called 

neuroepithelial (NE) cells, which are considered as the most primitive NSCs of the developing brain, 

typically expressing markers like vimentin and intermediate filament protein nestin (Alvarez-Buylla, et 

al., 2001; Li and Zhao, 2008; Merkle, et al., 2004; Spassky, et al., 2005). NE cells predominantly undergo 

limited cycles of expansion through symmetrical proliferative divisions, thus increasing their numbers 

(Hsieh and Gage, 2004).

Upon the onset of neurogenesis (E10-E12 in mice), NE cells in the ventricular zone (VZ) either give rise 

to neurons through asymmetric differentiative divisions, or downregulate some epithelial features to 

transform into radial glia (RG) cells, which can be considered a specialized type of NE cells (Noctor, et al., 

2002; Haubensak, 2003; Götz and Huttner, 2005; Misson, et al., 1988). RG cells span the full thickness 

of the developing cortex (they contact the ventricle lumen and possess a long process that extends 

toward the pial surface), and can be distinguished from NE cells by the expression of astroglial markers 

like astrocyte specific glutamate transporter GLAST, S100, vimentin, glial fibrillary acidic protein (GFAP), 

brain-lipid-binding protein (BLBP), and radial cell 2 (RC2) (Götz and Huttner, 2005). They continue to 

express some epithelial markers, e.g. nestin (Hartfuss, et al., 2001). Shh signaling mediates the differential 

exposure to gradients of patterning transcription factors (such as Nkx2.2, Olig2, and Pax6), defining 

regionally restricted domains along the neural tube, and thus already predestining RG cells for either a 

neuronal or glial fate (Rowitch and Kriegstein, 2010; Guillemot, 2007).

Like the NE cells, RG cells generate neurons through asymmetric divisions (E9.5-E-12.5 in mice) 

(Haubensak, 2003; Götz and Huttner, 2005; Miyata, et al., 2001; Noctor, et al., 2001; Delaunay, et al., 

2008). Neighboring RG cells act as scaffolds or rails for guiding the migrating new neurons towards their 

proper location in the developing cortex (Schmechel and Rakic, 1979; Nadarajah, et al., 2001) (reviewed 

in (Anthony, et al., 2004)). Subsequently, pro-neural basic helix–loop–helix (bHLH) transcription factors 

such as Mash1, Ngn1-3, and Math1 will initiate a program of terminal differentiation (Rowitch and 

Kriegstein, 2010). Following neurogenesis, RG cells start generating neural/glial progenitors through 

terminal symmetric divisions; at midgestation, these progenitors accumulate forming the subventricular 

zone (SVZ) as a secondary germinal zone (which will persist into adulthood) (Merkle, et al., 2004).

At E13.5 (and continuing until early postnatal), RG cells switch from a neurogenic towards a gliogenic 

mode, producing astrocytes (the so-called neuron-glial ‘switching’ model) (Qian, et al., 2000). This 

process is characterized by Notch-mediated downregulation of pro-neural bHLH transcription factors 

and other pro-neural genes (Guillemot, 2007; Sommer, et al., 1996; Turnley, et al., 2002; Sauvageot and 

Stiles, 2002; Hirabayashi, et al., 2005). Also, increasing levels of IL-6 type cytokines like cardiotrophin-1 

(CT-1), leukemia inhibitory factor (LIF), and ciliary neurotrophic factor (CNTF) are produced and secreted 

by the embryonic neurons. These activate JAK-STAT signaling, which promotes astrogliogenesis through 

binding of Stat3 recognition sites within the GFAP promotor (Barnabé-Heider, et al., 2005; Nakashima, 

et al., 1999; Bonni, et al., 1997; He, et al., 2005). Epigenetic factors such as demethylation of these Stat3 

recognition sites contribute to the timing of the gliogenesis (Takizawa, et al., 2001). Additionally, a pro-

glial transcriptional program involving Sox9 and Nfia is essential in the neuron-glial switch. These factors 

not only promote astroglial and oligodendroglial fates, but also inhibit neurogenesis: Sox9 mutants show 

defective astrocyte as well as oligodendrocytes specification in the spinal cord, while silencing of Nfia 

prevents generation of glial cells and leads to premature neuronal differentiation (Esain, et al., 2010; 

Deneen, et al., 2006). Mature astrocytes appear around E18, with their numbers peaking in the neonatal 

period (Bayer and Altma n, 1991).

Between E14 and E16, radial glia cells also form the ciliated ependymal cells and (supposedly) the so-

called tanycytes of the ventricular linings, which play essential roles in the transport of CSF and in brain 

homeostasis (Spassky, et al., 2005; Rodríguez, et al., 2005).

1



Chapter 1

30

General introduction

31

In the third and last phase in CNS development (overlapping with the second phase), RG cells form 

oligodendrocytes. Unlike astrocytes, which can arise from many areas of the CNS, oligodendrocytes 

appear to arise only in specific locations within the CNS. In this process, three sequential waves can 

be distinguished (Rowitch and Kriegstein, 2010). A first wave of (Nkx2.1-expressing) oligodendrocytes 

precursor cells (OPCs) appears in the ventral forebrain as early as at E12.5; these OPCs migrate into the 

entire telencephalon. A second wave of (Gsh2-expressing) OPCs arises from the embryonic SVZ at 15.5, 

and a third wave of (Emx1-expressing) OPCs is generated from the cortex around birth (P0) (Kessaris, 

et al., 2006). Similarly to the brain, in the spinal cord the first OPCs are generated in the ventral region 

(E12.5), mostly the motor neuron progenitor (pMN) domain (which also generates motor neurons) 

(Orentas and Miller, 1996; Takebayashi, et al., 2002; Spassky, et al., 1998; Fu, et al., 2002; Cai, et al., 2005; 

Vallstedt, et al., 2005); a second subset of OLPs appears from the dorsal region (E16.5) (Vallstedt, et al., 

2005; Fogarty, et al., 2005); a third wave, with yet unclear origin, starts after birth. Shh, as well as FGF2 

and insulin-like growth factor I (Igf-I) influence early oligodendrocyte lineage specification (Kessaris, et 

al., 2006; Kessaris, et al., 2008). Besides, bHLH factors Olig1 and Olig2 have been demonstrated to be 

essential and sufficient for oligodendrocyte specification (Ross, et al., 2003). Terminally differentiated 

oligodendrocytes are first seen postnatally (Bayer and Altman, 1991).

At birth, there are only a few restricted brain areas still containing NSCs, originating from the embryonic 

RG lineage, which will remain active into adulthood (Merkle, et al., 2004; Morshead and van der Kooy, 

2004; Doetsch, 2003). Embryonic RG cells as such do not persist; postnatally they have all differentiated 

into the neural lineages. Therefore NSCs constitute different populations during embryonic development 

and in the adult organism (unlike HSCs).

Adult neurogenesis and the adult stem cell niche

Neurogenesis in the adult brain is supposed to play a role in learning, the processing and storing of 

information, memory and olfaction (Lledo, et al., 2006; Zhao, et al., 2008). Besides, adult neurogenesis 

has been described during pathological conditions such as epilepsy, stroke, and Alzheimer’s disease 

(Zhao, et al., 2008; Baratchi, et al., 2012; Macas, et al., 2006). Two specific brain regions are classically 

associated with adult neurogenesis: the dentate gyrus of the hippocampus (or subgranular zone, SGZ), 

and the subventricular zone of the lateral ventricles (SVZ). Within the SVZ niche, a distinction is made 

between slowly dividing astrocytic cells (type B cells), rapidly dividing transit amplifying cells (type C 

cells), and migratory neuroblasts (type A cells) (Doetsch, 2003). Newly formed neurons migrate from the 

SVZ through the rostral migratory stream (RMS) anteriorly towards the olfactory bulb. This process of 

tangential migration is mediated by SLIT-ROBO signaling, integrins, and PSA-NCAM (Lledo, et al., 2006). 

Once migrated to the olfactory bulb, the SVZ derived neuroblasts further differentiate into interneurons 

(granular and periglomerular neurons), and functionally integrate in the bulbar circuitry. The SGZ forms 

a slightly different niche, containing SGZ astrocytes (B cells) and ultrastructurally dark intermediate 

GFAP-negative D precursors; the latter in turn give rise to nascent type G granule neurons that integrate 

locally into the granular layer of the dentate gyrus (Gage, 2000; Seri, et al., 2001). Type B cells are of 

radial glial origin, and although characterized by an astrocytic phenotype, are considered to be the ‘true’ 

adult NSCs in both the SGZ and the SVZ (Doetsch, 2003; Doetsch, et al., 1999). The neurogenic niches 

maintain NSCs in a proliferative state, for which factors like Bmp, Notch, Noggin, Shh, and Ephrin-A2 are 

responsible (reviewed in Alvarez-Buylla and Lim 2004; Lledo, Alonso et al. 2006). Both type B and type 

C cells secrete Bmp, while ependymal cells of the neurogenic niche secrete Noggin, which inhibits Bmp-

driven gliogenesis, favoring neurogenesis (Lim, et al., 2000). Ependymal cells are therefore important 

regulators in the SVZ and promote the maintenance of a neurogenic niche. Located next to the lateral 

ventricles, they also capture factors secreted into the cerebrospinal fluid by the choroid plexus (Doetsch, 

2003). 

From the hippocampus it is estimated that 1 neuron is produced each day for every 2000 existing neurons 

in rodents (Kempermann, et al., 1997). Although the rate of neurogenesis declines with age, neurogenesis 

persists in the dentate gyrus in elderly rodents as well as humans (Altman, 1962). A considerable amount 

of newly-formed neurons die after formation. Most interestingly, Villeda (2011) showed that blood-

borne chemokines might influence adult neurogenesis; increasing peripheral CCL11 chemokine levels 

in vivo in young mice decreased adult neurogenesis and impaired learning and memory (Villeda, et al., 

2011). However, factors controlling survival, functional maturation, synapse formation, and integration 

of newborn neurons into neuronal circuits remain still largely elusive.

Culturing neural stem cells

NSCs can be isolated from the embryonic or the adult mouse brain by dissecting out stem cell containing 

regions, such as the SVZ or the hippocampus. After enzymatic dissociation the cells can be selectively 

cultured in vitro as neurospheres in serum-free medium containing high concentrations of EGF and bFGF 

(FGF2), the main mitogens used for propagating cultured NSCs (Reynolds and Weiss, 1992). NSC can be 

isolated from humans and propagated in vitro as neurospheres as well (Svendsen, et al., 1998; Westerlund, 

et al., 2005). Neurospheres typically contain nestin-positive cells (Frederiksen, et al., 1988; Lendahl, et 

al., 1990) as well as cells expressing various NSC markers such as Musashi1, Sox2, and doublecortin (Dcx) 

(Pevny and Rao, 2003). They express a variety of receptors such as cytokine, chemokine and growth 

factor receptors, as well as EGF and bFGF receptors (Campos and Oliveira, 2004; Bez, et al., 2003; Lobo, 

et al., 2003). Upon withdrawal of mitogens, and when cultured in adhesive culture dishes in growth 

factor-free medium supplemented with serum, NSCs differentiate spontaneously into the three neural 

lineages, which can be identified with immunohistochemistry using antibodies directed against specific 

antigens of astrocytes (GFAP), oligodendrocytes (O4, Nkx2.2, Ga1C), and neurons (Neu-N, TuJ1, βIII-

tubulin, MAP-2).

Several proteins have been proposed as markers for NSC, most prominently intermediate filament protein 

nestin as well as Musashi1, Sox2, PSA-NCAM, GFAP-δ, or surface antigens CD24 (Calaora, et al., 1996) 

and CD133 (Uchida, et al., 2000). Expression of these markers differs temporally and specially; this is a 

recurring limitation in studies using cultured NSCs. Neurospheres contain neuronal and glial progenitors 

in different states of differentiation and therefore exhibit considerable heterogeneity (Suslov, et al., 
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2002). Nestin-positive cells negative for both glial and ependymal markers are responsible for about 

63% of neurosphere-forming activity in the SVZ (Rietze and Whitcombe, 2001). Type C cells, isolated as 

Dlx2-high/CD24-low cells, represent about 70% of neurosphere-forming activity in the SVZ (Doetsch, et 

al., 2002).

Alternatively, NSCs can be grown in monolayers (Wachs, et al., 2003; Pollard, et al., 2006; Sun, et al., 

2008). The combination of adherent growth and the continuous provision of EGF and FGF would give rise 

to almost pure populations of proper NSCs (either embryonic or adult), with a negligible differentiated 

fraction (Conti, et al., 2005). This population of NSCs shows morphologic and antigenic similarities to 

forebrain radial glial cells and might be similar to the multipotent cell fraction in neurospheres (Conti, et 

al., 2005; Conti and Cattaneo, 2010).

Neural stem cells for cell therapy

Acute as well as chronic CNS diseases, such as multiple sclerosis (MS), Parkinson’s disease (PD), 

Huntington’s disease (HD), trauma, stroke, and spinal cord injury (SCI), are generally characterized by 

both (primary or secondary) neurodegeneration and (primary or secondary) inflammation. Although 

endogenous SVZ neural stem cells have been shown to have the ability to migrate towards the site of 

a lesion (Yamashita, et al., 2006), intrinsic self-repair in CNS disease lacks the capacity for full and long-

lasting recovery (reviewed in Martino 2006). Even strategies aimed at mobilizing stem cells from the 

stem cell compartments in order to establish compensatory neurogenesis have been proven ineffective 

(Arlotta, et al., 2003)(Goldman, 2004). Most likely, CNS inflammation forms the main obstacle in CNS 

regeneration (Martino and Pluchino, 2006).

Since NSCs, both embryonic and adult, have already shown to survive well and to be capable of migration 

after transplantation in the CNS (Gage, 2000), transplantation of NSCs or neural precursor cells (NPCs) 

into the damaged CNS might offer a more effective modality for the treatment of human neurological 

disease. NSCs can be administered to the brain by intralesional injection in case of focal diseases such 

as PD and stroke. Another possible route is systemic administration through intravenous or intrathecal 

injection, especially for multifocal diseases, such as MS. In this case, cells follow a chemoattractant 

gradient to migrate from the blood or cerebrospinal fluid towards the lesion (Pluchino, et al., 2003; Chu, 

et al., 2004). Several studies have shown neurogenesis and functional recovery of brain ischemia after 

grafting of NSCs (Kokaia, 2011). For example, human fetal NSCs appeared to differentiate and improve 

functional outcome after grafting in a rat stroke model (Darsalia, et al., 2007). Also, (genetically modified) 

mouse and human NSCs have shown to improve recovery in a mouse stroke model (Sakata, et al., 2012; 

Lee, et al., 2009). Treatment of spinal cord injury (SCI) has been another major focus of NSC application. 

Murine stem cell line C17.2 cells as well as NPCs have been successfully used to treat SPI in rodent models, 

with and without the use of scaffolds (Teng, et al., 2002; Ogawa, et al., 2002). Moreover, transplantation 

of human NSCs into mouse and primate models of SPI leads to differentiation of the transplanted cells 

into neurons, astrocytes, and oligodendrocytes, and recovery of motor function (Cummings, et al., 2005; 

Iwanami, et al., 2005).

However, clinical improvement in many cases does not correlate well with the numbers of NSC-derived 

differentiated neuronal cells. E.g, transplantation of adult or (human) embryonic NSCs into PD rodent 

models hardly shows generation of TH-positive neurons (indicative of proper dopamine synthesis), while 

there was significant functional recovery (Ourednik, et al., 2002; Mark Richardson, et al., 2005). Also, 

human NCSs transplanted in a rat HD model differentiate into NeuN-positive neuronal cells at a very low 

rate, while significant improvement in motor function was observed (McBride, et al., 2004). Similarly, 

NSC-derived oligodendrocyte differentiation was only seen at a very low rate in a mouse MS model, 

despite functional recovery (Pluchino, et al., 2003). Other studies showed that treatment of animal 

models for PD with NSCs appeared to have a neuroprotective effect (Yasuhara, et al., 2006; Akerud, et 

al., 2001).

These findings have led to the understanding that the therapeutic effect of NSC transplantation might 

be caused not by differentiation into target cells but rather by a immunomodulatory and neurotrophic 

‘bystander effect’. Through this effect, transplanted NSCs influence the inflammatory microenvironment 

by the release of cytokines and chemokines, and the expression of chemokine receptors and death 

receptor ligands. This way, NSCs have been suggested to induce apoptosis of inflammatory T-cells, as well 

as downregulate effector functions of inflammatory T-cells, antigen-presenting dendritic cells, microglia, 

and macrophages (Martino and Pluchino, 2006; Pluchino, et al., 2003; Martino, et al., 2010).

NSCs have not only successfully been applied in repair of the CNS, but also for treatment of disorders 

of the PNS. For example, transplanted NSCs reportedly differentiated into S100/p75NTR-positive cells and 

increased axonal regeneration in peripheral nerve injury rodent models (Heine, et al., 2004; Murakami, 

et al., 2003). 

Although the above-mentioned techniques may sound promising, future trials with NSCs in humans 

should prove their clinical value. More recently, iPSC technology has provided an exciting source for 

autologous NSCs for cell therapy (see sections ‘Properties of iPSCs’ and ‘Differentiation of iPSCs towards 

a neural cell lineage’). 

Neurogenesis outside SVZ and SGZ

Besides in the SVZ and SGZ, NSCs have been described in other parts of the adult brain. In the cortex, 

progenitor cells have been identified that divide and that differentiate into new neurons (Magavi, et al., 

2000; Gould, 2007), an effect that could be triggered by selective neuronal degeneration (Magavi, et 

al., 2000). These findings are in concert with in vitro data, which showed that postnatal mouse cortical 

astroglia are capable of generating glutamergic or GABAergic neurons, albeit upon overexpression of 

neurogenic transcription factors such as neurogenin-2 (Ngn2) and distal-less homeobox 2 (Dlx2) (Heinrich, 

et al., 2011). However, adult neurogenesis has also been described in the striatum (Benraiss, et al., 2001; 

Pencea, et al., 2001; Teramoto, et al., 2003), the substantia nigra (Zhao, et al., 2003; Lie, et al., 2002), the 

amygdala (Park, et al., 2006; Rivers, et al., 2008), and the hypothalamus (Rietze, et al., 2000; Kokoeva, 

et al., 2005; Migaud, et al., 2010; Lee and Blackshaw, 2012). Additionally, neurogenic cells have been 

discovered in the perivascular niche, as well as in the meninges. Pericytes are mesenchymal cells that 
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contribute to the blood-brain barrier (Daneman, et al., 2010); they can be cultured as neurospheres and 

generate neurons and glial cells after ischemic injury in the monkey hippocampus (Yamashima, et al., 

2004). The meninges harbor cells expressing nestin and doublecortin (Dcx); they appear to be capable of 

forming glial scars in the spinal cord in vivo, and can give rise to neurons and oligodendrocytes in vitro 

(Decimo, et al., 2011). Although the rate of neurogenesis in the above-mentioned regions seems to be 

substantially lower in comparison to the classical areas (SVZ and SGZ), this does not necessarily implicate 

a lower physiological importance (Lee and Blackshaw, 2012). To which extent these different neurogenic 

niches contribute to functional circuits, remains to be elucidated. Especially the hypothalamus has been 

a new focus of study, since recent publications have convincingly shown adult neurogenesis in this area, 

which is highly involved in many homeostatic and metabolic functions.

Hypothalamic tanycytes and neurogenesis

In postnatal and adult rodents, the ependymal layer of the third ventricle consists of terminally 

differentiated multi-ciliated ependymal and non-ciliated radial glia-like cells known as tanycytes 

(Millhouse, 1971; Horstmann, 1954). Tanycytes arise from embryonic radial glia cells and share some 

characteristics with both astrocytes and radial glia but have several unique functions (Rodríguez, et al., 

2005; Levitt and Rakic, 1980; Flament-Durand and Brion, 1985). Based on differential gene expression, 

function, innervation and localization, tanycytes can be divided into four classes, α1,2 and β1,2 (Rodríguez, 

et al., 2005); among their specific properties are: expression of glucose and glutamate transporters, 

expression of neuropeptide and hormone receptors, expression of several neural progenitor markers 

such as nestin, vimentin, Notch, GFAP (Lee and Blackshaw, 2012), transport of molecules from the CSF 

to the blood, communication with GnRH neurons, and modulation of glutamate concentrations and 

neurotransmitter supply in the hypothalamus (Rodríguez, et al., 2005; Nilaweera, et al., 2011). Since 

decades, tanycytes have been associated with neurogenesis as well (De Vitry, et al., 1980; Anthony, et al., 

2004). Xu (2005) showed increase of nestin/BrdU-positive cells in the ventricular ependymal layer upon 

intraventricular bFGF injection (Xu, et al., 2005); these cells differentiated into GFAP-positive astrocytes 

and Hu-positive neurons. Bennett (2009) isolated nestin-positive cells also expressing GFAP and vimentin 

from several circumventricular organs, including the median eminence (ME) of the hypothalamus, which 

could proliferate as neurospheres and give rise to NeuN-expressing neurons and S100ß-expressing glial 

cells (Bennett, et al., 2009). Using BrdU, Lee et al. (2012) showed that especially the adult hypothalamic 

proliferative zone (HPZ) of the median eminence (ME)/third ventricle is rich in proliferating cells positive 

for nestin, vimentin, and Sox2, which were identified as β2-tanycytes; lineage analysis using genetic fate 

mapping showed that these cells could give rise to newborn Hu-positive neurons (Lee, et al., 2012). 

The HPZ was shown to be a highly neurogenic area compared to other hypothalamic areas. These data 

demonstrate that tanycytes function as significant neural progenitors (Lee, et al., 2012). Interestingly, 

these authors found a relationship between fat-intake in experimental animals and adult hypothalamic 

neurogenesis. Using BrdU labeling they showed a four times increased hypothalamic neurogenesis after 

30 days in mice fed with high–fat diet (HFD), suggesting a long-term effect of feeding and metabolism 

on ME neurogenesis. Irradiation of the ventrobasal hypothalamus in HFD-fed animals attenuated weight 

gain with 85%, suggesting a role for ME neurogenesis in controlling baseline energy consumption and 

storage (Lee, et al., 2012). Li et al. (2012) confirmed the existence of nestin-positive/Sox2-positive neural 

stem cells (htNSCs) in the ME as well in the third ventricle wall, and showed using DNA markers and 

genetic labeling that these cells (tanycytes as well as cells of the mediobasal hypothalamus) generated 

new neurons (Li, et al., 2012). In contrast to Lee however, this study showed a reduction in neurogenesis 

after four months in HFD-fed mice (Li, et al., 2012). The authors linked this effect to activation of the 

pro-inflammatory pathway involving IkB kinase b / nuclear factor-kB (IKKβ/NF-kB); IKKβ/NF-kB was 

shown to inhibit htNSC survival through apoptosis, and differentiation through upregulation of Notch 

signaling. NF-kB also leads to the production of pro-inflammatory cytokines such as TNF-a and IL-1b, 

factors which have previously been associated with decreased neurogenesis (Koo, et al., 2008). While 

there is no immediate explanation for the different findings in these two similar studies, the ultimate 

question remains to what extent hypothalamic stem cells are regulators of food intake, body weight 

homeostasis, and related diseases such as obesity (Livesey, 2012). Mechanistic questions such as whether 

newborn ME neurons migrate, and which factors regulate their neurogenesis remain to be answered 

(Lee and Blackshaw, 2012). The strategic position in a unique neurovascular niche, with exposure to 

both fenestrated ME capillaries and CSF of the third ventricle, is in some ways similar to the SVZ and SGZ 

neurogenic niches and may account for the specific neurogenic capacity of ME tanycytes/htNSCs (Lee 

and Blackshaw, 2012; Mercier, et al., 2003). Also, metabolic homeostasis might be regulated through 

production of neuropeptides by newly formed hypothalamic neurons, which have shown to release 

substances like agouti-related peptide (AGRP), pro-opiomelanocortin (POMC), and neuropeptide Y (NPY) 

(Kokoeva, et al., 2005; Lee and Blackshaw, 2012; Pierce and Xu, 2010).

Neural crest stem cells

Origin of neural crest stem cells

The neural crest (sometimes referred to as the fourth germ layer) is a transient population of migratory 

multipotent progenitor cells that emerges and delaminates from the dorsal neural tube during early 

embryonic development in vertebrates (E9 in mice). Premigratory epithelial cells of the neuroectoderm 

undergo a process called epithelial-to-mesenchymal transition (EMT), giving rise to migratory neural 

crest cells (NCCs). EMT is triggered by activation of signaling pathways involving Wnts, TGFs, FGFs, and 

Bmps, as well as transcription factors such as c-Myb, and msh homeobox 1 (Msx-1) (Villanueva, et al., 

2002; Sauka-Spengler and Bronner-Fraser, 2008; Kalluri and Weinberg, 2009; Bronner and LeDouarin, 

2012). A complex interplay between these signaling pathways results in the activation of key regulators 

in the transcriptional network underlying EMT, leading to delamination and migration of NCCs.

Migration in EMT is characterized by the loss of adhesion molecule E-cadherin in cell-cell contacts; 

E-cadherin is a hallmark of both the epithelial state and architecture (Thiery, 2002; Peinado, et al., 2004). 

Julien (2007) showed that serine/threonine kinase Akt induces this loss through activation of the nuclear 
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factor-kB (NF-kB) pathway, which positively regulates the promotor of Snai1 (Julien, et al., 2007; Thant, 

et al., 2000). The Snai1 family of zinc finger transcription factors, consisting of Snai1 (Snail), Snai2 (Slug), 

Zeb1 and Zeb2, directly represses E-cadherin transcription through binding to regulatory elements in 

its promotor (Batlle, et al., 2000; Cano, et al., 2000; Hajra, et al., 2002; Nieto, 2002; De Craene, et al., 

2005). In an additional epigenetic mechanism, Snai1 recruits histone demethylase LSD1 to remove the 

active H3K4m2 chromatin mark at the E-cadherin promotor, thus downregulating its transcriptional 

activity. Moreover, phosphorylation of Snai1 Ser residues by kinases such as GSK3β and PAK1 potentiates 

E-cadherin repression by recruiting Snai1 to the nucleus.

Downregulation of E-cadherin leads to cytoplasmic activation of another class of adhesion molecules, 

namely integrins, through activation of the small GTPase Rap1 (Balzac, et al., 2005); integrins in turn 

negatively regulate expression and proper function of E-cadherin (Thiery and Sleeman, 2006). Integrins 

are required for newly migrated NCCs to interact with the ECM.

Upon delamination, the migrating NCCs express SRY-box 10 (Sox10) and endothelin receptor B (Ednrb). 

Heterogeneity in developmental restriction within the neural crest cell population are thought to cause 

differences in responsiveness to environmental signals, thus giving rise to lineage segregation during 

migration and homing (Kalcheim and Burstyn-Cohen, 2005). Migration along the anterior-posterior axis of 

the organism results in distinct populations of neural crest cells, which give rise to domain-specific neural 

crest derived tissues (cranial to caudal): cranial neural crest, giving rise to the thymus and craniofacial 

bone and cartilage structures, bones of the middle ear, odontoblasts of the tooth primordial, neurons, 

and glia (Santagati and Rijli, 2003); cardiac neural crest, giving rise to melanocytes, cartilage, connective 

tissues of the large arteries, part of the cardiac septum, and pharyngeal arch neurons (Le Lievre and 

Le Douarin, 1975); trunk neural crest, which migrate via two major pathways, namely the dorsolateral 

pathway, giving rise to melanocytes, and the ventral pathway, giving rise to dorsal root ganglia (DRG) 

and sympathetic ganglia, adrenomedullary cells, Schwann cells, and boundary cap cells (Mayer, 1973; 

Erickson, et al., 1992; Weston, 1963; Le Douarin and Teillet, 1974; Maro, et al., 2004; Hjerling-Leffler, et 

al., 2005); and vagal and sacral neural crest, giving rise to the enteric nervous system (Le Douarin and 

Teillet, 1973; Natarajan, et al., 1999; Bondurand, et al., 2003).

NCCs can be isolated from the embryonic neural crest; in vitro they can differentiate into a range of 

neural crest derivatives, as well as self-renew, and are therefore referred to as neural crest stem cells 

(NCSCs) (Baroffio, et al., 1991; Sieber-Blum and Cohen, 1980). Although the neural crest constitutes 

a transient cell population, populations of multipotent, self-renewing post-migratory NCSCs persist in 

tissues of the adult organism such as the sciatic nerve, DRG, gut, and skin (reviewed in Shakhova and 

Sommer, 2010). Two populations of adult NCSCs, enteric neural crest stem cells from the gut, and hair 

follicle neural crest cells, will be discussed hereafter.

Enteric neural crest stem cells

The mature enteric nervous system (ENS), unlike other parts of the PNS, largely operates independently 

of the brain or the spinal cord (Gershon, 1997). It contains distinct classes of neuronal subtypes, as well 

as glia. Enteric neurons are organized in ganglia, which are located within an outer (between smooth 

muscle layers) and an inner (submucosal) myenteric plexus. The ganglia of each plexus are interconnected 

to form extensive neuronal networks along the entire length of the gut. Enteric neurons express pan-

neuronal markers like neurofilament M, Hu antigen, SCG10, PGP9.5 and upon terminal differentiation 

express markers like neuropeptide Y; enteric glial precursors express brain fatty acid-binding protein 

(B-FABP), upon differentiation continue to express glial marker S100ß, and after terminal differentiation 

start to express GFAP (E16.5 in mice) (Heanue and Pachnis, 2007).

The neurons and glial cells of the ENS are derived from the neural crest. Microinjection of cell tracers 

in avian embryo models has elucidated the specific target regions of migrating neural crest cells during 

embryonic development. The vagal neural crest gives rise to the ENS along the entire length of the gut 

whereas the sacral neural crest mainly contributes to the hindgut (Natarajan, et al., 1999; Bondurand, et 

al., 2003). Colonization of the gut by migrating neural crest cells takes place in a rostro-caudal manner. 

Upon entering of neural crest cells into the foregut (in the chick embryo E1.5, in mice E9-9.5, in humans 

at 4 weeks gestation) they begin to express RET; these cells are termed enteric neural crest-derived cells 

(ENCCs). At E8.5 (chick), E15 (mouse) or 7 weeks gestation (humans) colonization up to the hindgut is 

completed (Burns and Douarin, 1998; Fu, et al., 2003). This unidirectional migration and colonization 

process is regulated by the Ret signaling pathway. Glial cell-line-derived neurotrophic factor (GDNF), 

expressed by cells in the gut wall, acts as a chemoattractant to NCCs expressing the GDNF ligand 

Ret/GFRα1 receptor complex. The importance of this pathway for proper ENS function is apparent 

as knockdown of Ret, Gdnf, or Gfrα1 in mouse and zebrafish leads to several enteric dysganglionosis 

phenotypes (Heanue and Pachnis, 2007). Equivalently, heterozygous mutations in RET are known to 

lead to sporadic and familial forms of Hirschprung’s disease (also known as congenital aganglionosis) in 

humans (Brooks, et al., 2005).

Kruger (2002) showed the existence of a p75NTR-positive population of multipotent NCCs within the adult 

ENS, which were further characterized by others (Bondurand, et al., 2003; Kruger, et al., 2002; Almond, et 

al., 2007; Mosher, et al., 2007) (referred to as ENS progenitor cells, or NCSCs). These cells in fact represent 

a postmigratory resident population of NCCs. Rauch (Rauch, et al., 2006b) showed co-expression of 

PGP9.5 with neural stem cell/neural progenitor marker nestin in the embryonic human ENS, whereas 

around week 14 of gestation nestin expression was restricted to glial cells and PGP9.2 expression to 

neuronal cells. Nestin-positive cells could also be isolated from adult human myenteric plexus samples, 

although co-expression of nestin with either GFAP or N-CAM seems to indicate heterogeneity among the 

adult nestin-positive population (Schäfer, et al., 2009). Whether nestin can thus be regarded a proper 

marker for a defined population of NCSCs, and whether nestin-positive ENS cells represent the same 

population as the p75NTR-positive cells remains unclear and requires further investigation. Regarding the 

function of NCSCs, it remains a question if NCSCs undergo actual neurogenesis or gliogenesis in vivo 

(Kruger, et al., 2002). NCSCs can be isolated from mice and humans (Almond, et al., 2007; Rauch, et al., 

2006a) and selectively cultured as neurospheres or neurosphere-like bodies (NLB) in the presence of EGF 

and bFGF. They can either proliferate or be differentiated into neurons and glia, and in animal models 
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be used for recolonizing the colon after transplantation (Natarajan, et al., 1999; Bondurand, et al., 2003; 

Kruger, et al., 2002; Almond, et al., 2007). These studies show the potential of these cells for future 

treatment of ENS disorders in humans.

Hair follicle neural crest stem cells

Several groups have described populations of NCSCs residing in the adult mammalian skin, especially 

in distinct structures within the hair follicle. Toma reported the existence of so-called skin precursor 

cells (SKPs), multipotent, self-renewing human and mouse skin cells capable of generating neurons, glia, 

smooth muscle cells and adipocytes (Toma, et al., 2001). Upon injection in a chick embryo model, SKPs 

appeared to locate to classic NCSC targets such as DRG and peripheral nerves, as well as the skin. These 

cells also expressed neural crest markers like Slug, Snail, Twist, Pax3, and Sox9 (Fernandes, et al., 2004). 

Subsequently, different groups have used Wnt1-Cre/R26R mice to locate β-galactosidase-positive NCSCs. 

Fernandes and Hunt showed that β-galactosidase-positive cells resided in the whisker hair follicle papilla; 

these cells were Sox10-positive, showed sphere-forming capacity and could be differentiated into βIII-

tubulin, MAP2, S100β and CNPase-positive neuronal and glial cells (Fernandes, et al., 2004; Hunt, et al., 

2008). Sieber-Blum used the same tracing system, but described a different population of β-galactosidase-

positive cells in the bulge region of whisker follicles (so-called Epi-NCSCs)(Sieber-Blum, et al., 2004). 

These cells were also Sox10-positive but in clonal analysis gave rise to neurons, glia, smooth muscle 

cells, melanocytes, Schwann cells (upon exposure to NRG1), and adipocytes (upon exposure to Bmp2). 

Apart from the dermal papilla and the bulge region, also the capsula and dermal shaft of the whisker 

follicle are described to contain β-galactosidase-positive cells (Wong, et al., 2006). These cells were also 

p75NTR-positive as well as Sox10-positive, and formed spheres upon culturing. Some groups describe the 

isolation of multipotent cells from the hair follicle, which express the neural stem cell/neural progenitor 

marker nestin. Amoh isolated nestin-positive/keratin 15-negative multipotent skin-derived cells from the 

hair follicle bulge of nestin-driven GFP transgenic mice, which could be differentiated into neurons, glia, 

keratinocytes, smooth muscle cells, and melanocytes in vitro (Amoh, et al., 2004; Amoh, et al., 2010). 

Yu also isolated nestin-positive cells, in this case from human hair follicles (Yu, et al., 2006). These cells 

also expressed neural crest markers Snail, Slug, Sox9, Twist, and Bmp4, proliferated as spheres and could 

be differentiated into neurons, smooth muscle cells, and melanocytes (Yu, et al., 2006). However, the 

precise anatomic origin of these stem cells was not described. Interestingly, the same study also showed 

the presence of Nanog-positive and Oct4-positive cells in the bulge area of catagen/telogen follicles; 

however, these cells were not further characterized (Yu, et al., 2006). Epi-NCSCs also express nestin 

(Sieber-Blum, et al., 2004). Given their similar expression and differentiation patterns, it seems likely that 

the Wnt1-expressing Epi-NCSC population is in fact the same population as the nestin-positive/keratin 

15-negative population. Despite their similar abilities to give rise to neuron crest lineages, it remains 

unclear whether the nestin-positive populations within the hair follicle constitute the same population 

of cells as SKPs. Better genetic characterization of these different populations and the identification of 

specific markers are required to be able to properly define the specific populations of NCSCs within the 

mammalian hair follicle.

In the meantime, the common differentiation properties of hair follicle derived NCSCs have gained 

interest as to their therapeutic potential. Amoh reported isolation of hair follicle cells from humans, which 

were transplanted in a sciatic nerve injury immunoincompetent mouse model where they differentiated 

into GFAP-positive Schwann cells and promoted the recovery of pre-existing axons (Amoh, et al., 2005). 

The same group also claimed repair of spinal cord injury in C57BL/6 immunocompetent mice, in which 

nestin-expressing hair follicle stem cells were transplanted to the injury site. The transplanted cells again 

differentiated into GFAP-positive as well as CNPase-positive Schwann cells that significantly improved 

motor function (Amoh, et al., 2009).

 

SCHWANN CELLS

Schwann cells: introduction

Schwann cells (SCs) are the main glial cells of the peripheral nervous system (PNS). They exert multiple 

functions: 1) myelinating axons of the PNS; 2) providing trophic support for developing or regenerating 

axons; 3) regulating formation of nodes of Ranvier; and 4) regulating their own survival (Jessen and 

Mirsky, 2005). Mature SCs develop from two earlier developmental stages, namely SC precursor cells 

(SCPs; mouse E12-13) and immature SCs (mouse E13-15), which in turn develop from migrating NCCs 

(Jessen and Mirsky, 2005). Axonal survival and differentiation factors are responsible for this transition 

as well as for the formation of the main mature SC phenotypes, the myelinating and the non-myelinating 

SCs. Transition of SC precursors to mature SCs is regulated by members of at least 4 different families of 

growth factors. These are: neuregulins (NRGs), fibroblast growth factors (FGFs), insulin-like growth factors 

(Igfs), and endothelins (ETs) (Brennan, et al., 2000). This transition is characterized by the upregulation of 

markers P0, growth associated protein 43, CD 9, and calcium-binding protein S100β (Brennan, et al., 2000), 

and the formation of an autocrine survival loop involving β-isoforms of neuregulin-1 (NRG1), insulin-like 

growth factor 1 (Igf-1), neurotrophin-3 (NT3), and platelet-derived growth factor-BB (PDGF-BB) (Jessen 

and Mirsky, 1999). Besides S100ß, mature SCs express glial markers GFAP and O4. Transcription factors 

that that are essential in mature myelinating SC formation are POU domain protein Oct-6, SRY-related 

HMG-box protein Sox10, and the zinc-finger transcription factor Krox-20 (Jaegle, et al., 1996; Topilko, 

et al., 1994). Some of these key regulators of SC development and myelination will be discussed in the 

following sections. The role of SCs in peripheral nerve injury will be addressed as well.

 

Factors in Schwann cell maturation, myelination, and proliferation

Neuregulins and erB signaling 

Neuregulins initiate cellular responses by binding to tyrosine kinase receptors erBb3 and erBb4 of the 

erB family of receptors. NRG1 binds to the receptor tyrosine kinases of a heterodimeric erBb2/erBb3 

high affinity co-receptor, which undergoes dimerization and phosphorylation and recruits Src homology 
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2 domain-containing (SHC) signal-transducing proteins such as mitogen-activated protein kinases (MAP 

kinases) and phosphatidylinositol 3-kinase (PI 3-kinase). Their downstream regulation of target genes 

promotes SC proliferation, survival and differentiation (Grinspan, et al., 1996; Sliwkowski, et al., 1994; 

Peles and Yarden, 1993; Burden and Yarden, 1997). Null mutations in the erB signaling system (knocking 

out neuregulin-1, erBb2 or erBb4) are lethal at E10.5 due to cardiac ventricular defects, but several 

studies in mutant mice have been able to show the importance of the erB signaling system for SC 

development and function. For example, in vitro PI3K and MAPK inhibition leads to increased apoptosis 

in SCs (Li, et al., 2001; Parkinson, et al., 2002). The importance of the erBb3 receptor subunit has been 

shown in gene targeted erBb3Δ and erBb3- mutant mice, which are characterized by complete absence 

of SC precursors leading to subsequent sensory and motor neuronal death (Riethmacher, et al., 1997). 

Conditionally knocking out erBb2 in mice results in SCs with abnormally thin myelin sheaths and loss of 

motoneurons (Garratt, et al., 2000), while targeting of any component of the erBb2/erBb3 co-receptor 

during development results in hypoplasia of the sympathetic ganglion chain, defects in cranial sensory 

ganglia and defective SC development (Meyer and Birchmeier, 1995; Morris, et al., 1999). Apparently, 

tissues that are most affected by defective erB signaling are all of neural crest origin. Britsch (1998) 

created a mouse phenotype by means of mutations in the erbB2 and erbB3 receptors and NRG1 in which 

the migratory capacity of neural crest cells was lost, resulting in deficits in the sympathetic nervous 

system (Britsch, et al., 1998). Despite the apparent importance of erB-mediated PI3K and MAPK signaling 

for NCCs, the exact roles and mechanisms of differential activation of these pathways are still unknown 

(Fricker and Bennett, 2011).

Transcriptional regulation of myelination

Axon diameter determines whether SCs will myelinate or only ensheath axons (Voyyodic, 1989). In a 

process called ‘radial sorting’, promyelinating SCs start myelinating single large diameter axons (≳1 μm), 

while ensheathment occurs on smaller diameter axons; in that case a single SC wraps around multiple 

small unmyelinated axons (forming so-called Remak bundles). This process is disrupted upon mutation 

in the laminin α2 gene (Xu, 1994), as well as in conditional knockouts of α6β4 and α6β1 integrins (Feltri, 

2002), but is poorly understood. Factors that are suggested to play a role in this process are NRG1, Igfs, 

NT3, and brain-derived neurotrophic factor (Bdnf) (reviewed in Jessen & Mirsky, 2005). Once selected 

for myelination, a set of key transcription factors is expressed that orchestrates the process of axonal 

myelination. SRY-related high-mobility group (HMG) domain protein Sox10 is a crucial transcription 

modulator expressed in both migrating neural crest cells and in their derivatives, such as the developing 

enteric nervous system (ENS), melanocytes and SCs. Targeted deletion of Sox10 leads to a failure to form 

SC precursors from neural crest cells, and hypomorphic Sox10 mutations lead to SC defects in mice (Britsch, 

2001; Schreiner, 2007). Mutations in Sox10 are associated with peripheral demyelinating neuropathy, 

central dysmyelinating leukodystrophy, Waardenburg syndrome and Hirschsprung disease (Inoue, 2004). 

Sox10 is expressed throughout SC development, while only upon axonal contact promyelinating SCs start 

to express later transcription factors like POU domain octamer-binding transcription factor 6 (Oct6), 

brain 2 class III POU-domain protein (Brn2), and zinc-finger protein and master regulator of myelination 

early growth factor response 2 (Erg2, Krox20 in rodents) (Friedrich, 2005; Jaegle, 2003; Topilko, 1994).  

Sox10 has a direct regulating effect on myelination, acting synergistically with ERG2/Krox20 (Nagarajan, 

2001; Ghislain, 2006). Expression of peripheral myelin genes like Mpz and Connexin 32 is regulated 

by combined activity of Erg2/Krox20 and Sox10 (Topilko, 1994; Zorick, 1999; Peirano, 2000) as Sox10 

directly binds to the Mpz promotor (Schreiner, 2007; Peirano, 2000; Slutsky, 2003), and together with 

Erg2/Krox20 directly regulates the Connexin 32 promotor (Bondurand, 2001). Additional transcriptional 

regulation is described by Ghislain (2002), who identified an upstream enhancer of the Erg2/Krox20 

gene, designated myelinating Schwann cell element (MSE), which is activated by direct binding of Oct6 

and its related protein Brn2. Later, the same author found that Sox10 acts synergistically with Oct6 and 

Brn2 to activate the MSE (Ghislain, 2006). Kao (2009) additionally showed that NRG1 directly influences 

onset of myelination by induction of NFAT4c expression. Transcription factor NFTAc4, synergistically with 

(again) Sox10, activates the Erg2/Krox20 MSE, as well as the Mpz promotor (Kao, 2009). Some of the 

above-mentioned transcription factors, such as Sox10, Oct6 and Krox20, are widely used as molecular 

markers for identification of the SC phenotype in differentiation or tracing studies.

  

Peripheral nerve damage, Schwann cells, and nerve repair

Peripheral nerve damage is regularly seen after traumatic accidents (Kreiger 1981, Eser 2009). While 

the regenerative capacity of the PNS is higher than that of the CNS, spontaneous axonal regeneration 

frequently leads to misdirected innervation or neuropathic pain due to neuroma formation (Sunderland 

1978). Reconstruction of a nerve defect has been described using gluing or laser technology (Narakas 

1988, Almqvist 1988); however, these techniques do not improve regeneration (Vastamäki, 1990). 

Surgical reconstruction of a nerve gap can be established by means of end-to-end neurorraphy (up to 3 

cm) or by transplantation of an autologous nerve graft (>5-10 mm, mostly sural nerve), using microscopic 

instruments and microfilament sutures (Sunderland, 1991; Terzis, 1997). The autologous nerve graft is 

still considered to be the ‘gold standard’ among clinicians. However, this technique inherently induces 

morbidity due to the sacrifice of a healthy sensory peripheral nerve at the donor site, and functional 

recovery turns out to be often poor (Mackinnon, 1989). Over the past decades nerve conduits (or nerve 

guides/scaffolds) have been developed to guide axonal regeneration across major nerve defects, which 

has made surgical reinnervation possible (for gaps up to 25 mm) while avoiding the disadvantages of 

an autologous graft (reviewed in Schlosshauer, 2006; Johnson, 2008; Bell, 2012). Several materials 

have been used in constructing nerve guides, both completely synthetic degradable (e.g. polyglycolic 

acid or co-polymers of lactid acid and caprolactone), non-degradable materials (eg. silicone), and 

biomimetic materials derived from biological sources (e.g. collagen, chitosan and silk), some of them 

with additional factors (e.g. neurotrophins, NGF, GDNF) to optimize the micro-environment for axonal 

outgrowth (reviewed in Battiston, 2005; Angius, 2012; Bell 2012). It is known that outgrowth of the 

proximal stump towards the distal stump cannot bridge a gap beyond 15 mm without extra support 
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(Lundborg, 1982). SCs have been shown to play a crucial role in the intrinsic regenerative response after 

peripheral nerve injury. Upon nerve injury, within 24-36 hours Wallerian degeneration begins as the 

myelin sheath degrades and is infiltrated by macrophages, which, in concert with SCs, start to clear 

axonal debris (Waller, 1850). Although the distal axon degenerates and disappears, the connective tissue 

basement membranes remains; SCs proliferate and line these endoneurial tubes forming so-called 

bands of Büngner (Büngner, 1891). Due to their plastic nature, in this process SCs de-differentiate into 

a phenotype similar to immature SCs and stimulate axonal outgrowth by the production of a variety 

of factors, such as neurotrophic factors (e.g. Ngf, Bdnf, Cntf, and NT3), ECM proteins (e.g. laminin 1 

and 2, fibronectin) and adhesion molecules (e.g. L1 and N-CAM) (Fawcett and Keynes, 1990; Nadim, 

Anderson et al., 1990; Frostick, Yin et al., 1998; Terenghi, 1999; Fornaro, Tos et al., 2001). Moreover, 

SCs regulate their own survival by means of the aforementioned autocrine survival loop. It is for these 

properties that in several studies nerve conduits have been coated with SCs in order to upgrade efficient 

neurite outgrowth, which indeed resulted in enhanced axonal regeneration (Hadlock, Elisseeff et al., 

1998; Fansa, Keilhoff et al., 2001; Frerichs, Fansa et al., 2002; Zhang, Blain et al., 2002; Evans, Brandt et 

al., 2002; Schlosshauer, Muller et al., 2003; Fansa, Dodic et al., 2003; Fansa and Keilhoff, 2004; Stang, 

Fansa et al., 2005). The rat sciatic nerve model is classically used to study in vivo nerve regeneration. 

Besides their practical and economic advantages, rats are resistant to peri-operative infections and meet 

dimensional requirements regarding compatibility of nerve diameter, anatomic accessibility, and nerve 

guide size. The rat sciatic nerve model is mostly used for electrophysiological, functional (walking track 

analysis), and histological assessments of nerve regeneration (reviewed in Angius 2012).

 

DISSERTATION OUTLINE

This dissertation is thematically divided into two parts. The research described in the first part of this 

dissertation has a translational character and concerns the potential of a subset of adult neural stem cells, 

the neural crest stem cells, for targeted differentiation into mature glia cells of the adult PNS (Schwann 

cells) and the implications for future cell therapy. In Chapter 2, the iPS-reprogramming of neural crest 

stem cells is studied, in particular the significance of endogenous expression of pluripotency-regulating 

transcription factors. Neural crest stem cells can be isolated from the adult gut, but are more readily 

accessible from hair follicles in the skin. Skin-derived iPSCs may provide a relatively easy source for 

autologous SCs, which can be used for treating peripheral nerve defects or potentially even degenerative 

diseases of the CNS (not the scope of this dissertation). Chapter 3 describes a strategy to induce the 

differentiation of skin-derived iPSCs towards SCs. An overview of the literature available on the targeted 

differentiation of SCs from pluripotent stem cells, and advantages and disadvantages of different 

methods, are presented and discussed in Chapter 4. In Chapter 5, we test a technique that can be used 

for studying peripheral nerve regeneration by means of transplanted SCs. Using the luciferase system 

we show that SCs can be monitored longitudinally after in vivo implantation in a mouse model. The 

second part of this dissertation , Chapter 6, comprises more fundamental research and focuses on neural 

stem cell physiology and adult neurogenesis, and the potential function and expression pattern of the 

cytoplasmic protein UGS148 in the context of neurogenesis and tanycyte physiology. Finally, Chapter 7 

provides a summary and general discussion, and addresses future perspectives of the presented work.
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INTRODUCTION 

 

Mammalian somatic cells can be reprogrammed towards a pluripotent state by means of transduction 

with (combinations of) specific transcription factors such as Oct4, Sox2, Klf4, c-Myc (Yamanaka factors), 

Nanog, or Lin28 (Takahashi and Yamanaka, 2006; Takahashi, et al., 2007; Yu, et al., 2007; Liao, et al., 

2008). These so-called induced pluripotent stem (iPS) cells are in many aspects similar to embryonic stem 

(ES) cells and provide a potential autologous source of stem cells for application in tissue engineering 

and regenerative medicine (Chin, et al., 2009; Wernig, et al., 2008; Hanna, et al., 2007). In order to 

develop safe and reproducible iPS technology for future clinical use, focus over the past few years has 

been to find strategies 1. to minimize the number of reprogramming factors needed (Kim, et al., 2008); 

2. to avoid potentially oncogenic factors like c-Myc (Nakagawa, et al., 2007); 3. to replace integrative 

viruses with other nonintegrative transgene carriers to avoid potentially mutational insertions (Okita, 

et al., 2008; Zhou and Freed, 2009); 4. to simplify and standardize reprogramming using defined small 

molecules instead of transcription factors (Desponts and Ding, 2010; Jia, et al., 2010; Yu, et al., 2009); 

and 5. to find cell types which are both easily accessible and more proned to reprogramming (Kim, et al., 

2009; Eminli, et al., 2008; Tsai, et al., 2010). In the present study we focus on the latter strategy.

The neural crest is a population of migratory multipotent progenitor cells in vertebrates that emerges 

and delaminates from the dorsal neural tube during neurulation. It contributes significantly to the 

development of mammalian craniofacial tissues (reviewed in Santagati and Rijli, 2003). As a result, neural 

crest stem cells (NCSCs) persist in several craniofacial structures in the adult organism, and therefore are 

a relatively accessible source of stem cells for transplantation studies and tissue engineering (reviewed 

in Shakhova and Sommer, 2010; Kaltschmidt, et al., 2012). The mammalian hair follicle contains several 

compartments of stem cells which are responsible for regeneration of these structures during the anagen 

phase of the hair as well as after injury (reviewed in Fuchs and Horsley, 2008; Tiede, et al., 2007). A cell 

population of neural crest origin has been identified in the hair follicle bulge region by the expression 

of β-galactosidase expression under the Wnt1 promoter in transgenic mouse models (Sieber-Blum, et 

al., 2004; Wong, et al., 2006; Nagoshi, et al., 2008). These hair follicle neural crest stem cells (HFNCSCs) 

express neural crest markers Sox10 and neural crest/neural stem cell marker nestin and can be 

differentiated towards neural crest lineages such as neurons, smooth muscle cells, and melanocytes in 

vitro (Toma, et al., 2001; Li, et al., 2003; Hunt, et al., 2008; Fernandes, et al., 2004; Sieber-Blum, et al., 

2004). Amoh and Hoffman (Amoh, et al., 2005; Amoh, et al., 2005; Amoh, et al., 2009; Hoffman, 2006) 

isolated nestin-positive/keratin 15-negative multipotent skin-derived cells from the hair follicle bulge 

of nestin-driven GFP transgenic mice which could be differentiated into neurons, glia, keratinocytes, 

smooth muscle cells, and melanocytes in vitro.

Another population of post-migratory neural crest stem cells that persist in the adult mammalian organism 

are enteric neural crest stem cells (ENCSCs). These cells can be isolated from fetal, neonatal and adult 

rodents and humans (Kruger, et al., 2002; Schäfer, et al., 2003; Suárez-Rodríguez and Belkind-Gerson, 

2004; Almond, et al., 2007; Rauch, et al., 2006), and selectively cultured as neurospheres or neurosphere-

like bodies (NLB) in the presence of EGF, bFGF, and GDNF. They can differentiate into glia and neurons in 

vitro (although it remains a question whether NCSCs actually undergo neurogenesis or gliogenesis in vivo 

(Kruger, et al., 2002); they have the ability to colonize the colon after transplantation in animal models 

(Almond, et al., 2007; Natarajan, et al., 1999; Kruger, et al., 2002; Bondurand, et al., 2003; Burns, 2005).

In the present study we isolated nestin-expressing NCSCs from the adult mouse whisker follicle 

(Sieber-Blum, et al., 2004; Sieber-Blum and Hu, 2008; Amoh, et al., 2005; Amoh, et al., 2009), as well 

as adult mouse ENCSCs from the myenteric plexus (Shakhova and Sommer, 2010), and analyzed the 

expression of pluripotency genes in these NCSC populations. We hypothesized that (high) endogenous 

expression of one or more pluripotency factors might facilitate pluripotency induction compared to, for 

instance, skin fibroblasts and/or that less transcription factors would be necessary to induce pluripotency. 

We could confirm the pluripotent expression profile of adult NCSCs, but also show that this does not 

facilitate their reprogramming into iPS cells, and that a full set of Yamanaka factors is still required.

MATERIAL AND METHODS

Isolation of HFNCSCs

Neural crest stem cells were isolated from mouse whisker follicles as previously described (Sieber-Blum et 

al. 2004). In short, whiskers of adult C57BL/6 mice and nestin-GFP transgenic mice were dissected under 

a binocular microscope. Hair follicle bulges were cultured on PDL-laminin-coated culture plates (one 

per well) in NCSCS medium consisting of Neuralbasal (Gibco Invitrogen 21103-049) with 1% Glutamax 

(Gibco Invitrogen 35050-038), 1% L-glutamine (PAA M11-006), 5 μg/ml Heparin (Sigma H4784), 2% B27 

serum free supplement (Gibco Invitrogen 17504-044), 20 μg/ml epidermal growth factor (EGF) (Gibco 

Invitrogen PHG0311), 20 μg/ml basic fibroblast growth factor (bFGF) (Gibco Invitrogen PHG0021), and 

0.2% Primocin (Amaxa VZA-1022), under standard culture conditions. The medium was changed every 

2-3 days. 

Isolation of ENCSCs

Enteric neural crest stem cells were isolated from adult mouse myenteric plexus (MP). In short, the gastro-

intestinal tract was isolated and the colon dissected longitudinally. The muscular layers were separated 

under a binocular microscope and enzymatically digested using Liberase TH (Roche 05401135001) 

in Hank's Balanced Salt Solution (HBSS) for 4.5 hours at 37°C. The MPs were then separated from the 

remaining tissue by gentle shaking, transferred to MEM-Hepes (PAN-Biotech), and allowed to sediment. 

After centrifugation the MPs were plated out and cultured in NCSC medium supplemented with 100 ng/

ml glial cell-derived neurotrophic factor (GDNF) (Tebu-bio 450-10-B) under standard culture conditions. 

The medium was changed every 2-3 days. 
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iPS induction

For reprogramming of the mouse HFNCSCs we have used both the retroviral and lentiviral transduction 

approach. For retroviral transduction, retroviral particle containing supernatants were produced using 

Phoenix Eco packaging cells which were transfected using Fugene with separate pMX-based vectors 

encoding murine Oct4, Sox2, Klf4 and cMyc plasmids (Addgene) as described previously (Czepiel, et 

al., 2011). For lentiviral transduction, HEK293T cells were transfected with a lentiviral self-inactivating 

pRRL.PPT.SF plasmid containing murine Oct4, Klf4, Sox2, c-Myc, and dTomato complimentary DNAs 

and co-transfected with pMD2-VSV-G and pCMV-Δ8.91 packaging vectors. Lentiviral supernatant was 

collected 48 hours post-transfection and filtered through a 0.45 µm filter (Whatman). Around 20,000 

HFNCSCs were transduced with viral supernatant supplemented with 8 µg/ml Polybrene (Sigma-Aldrich), 

which was replaced by fibroblast medium after 24 hours. Transfection efficiency was evaluated based 

on fluorescent dTomato expression. Four days post-transduction cells were dissociated using 0.05% 

trypsin-EDTA and seeded onto irradiated mouse embryonic fibroblasts (iMEFs) feeder layers on a 1% 

gelatin coated 6-wells plate and cultured in ES medium. Colonies were counted after 7 days and four 

clones were isolated using a binocular microscope and subcultured by passaging with trypsin-EDTA and 

culturing on iMEFs in ES medium. Previously generated fibroblast-derived iPS cells (F-iPSCs) and IB10 

embryonic stem cells (ESCs) were also cultured on iMEFs in ES medium.

 

EB formation

For embryoid body (EB) formation HFNCSC-derived iPS cells (HF-iPSCs) were dissociated using 0.25% 

trypsin/EDTA and grown for 8 days as suspension cultures in 10 cm low attachment petri dishes in EB 

medium consisting of KO-DMEM supplemented with 15% fetal calf serum, 2 mM L-glutamin, 100 U/ml 

penicillin/streptomycin, 100 µM β-mercaptoethanol, 2 mM nonessential amino acids. EBs were replated 

onto 1% gelatin coated 6-wells plates and cultured for one additional day in EB medium. For in vitro 

default differentiation, medium was switched to N2 medium consisting of DMEM/F12 supplemented 

with 1% N2 supplement (R&D Systems), 2 mM L-glutamin, 100 U/ml penicillin/streptomycin, and 1 mM 

sodium pyruvate for 5 days.

Immunocytochemistry

Immunocytochemistry was performed as previously described (Czepiel, et al., 2011). The following 

antibodies were used: mouse anti-mouse nestin (1:200; Chemicon, MAB 353), mouse anti-mouse Oct4 

(1:100; Santa Cruz, 5279), rabbit anti-mouse Sox2 (1:200; Abcam, 15830), mouse anti-mouse Sox2 

(1:200; Cell Signaling, 4900S), rabbit anti-Nanog (1:200; Abcam, 80892), mouse anti-mouse SSEA-1 IgM 

(1:200; Santa Cruz, 21702), mouse anti-mouse desmin (1:200; Dako M0760), mouse anti-mouse GATA 

(1:200; Santa Cruz, 25310), and mouse anti-mouse β-III tubulin (1:400; Abcam 7751). The following 

fluorescently labeled secondary antibodies were used: Alexa Fluor 488-conjugated donkey anti-rabbit 

(1:300; Molecular Probes, A21206), Alexa Fluor 488-conjugated goat anti-mouse IgM (1:300; Invitrogen, 

M31601), DyLight 488-conjugated goat anti-rabbit (1:100; Jackson Immunoresearch), and Cy3-conjugated 

donkey anti-goat  (1:300; Jackson Immunoresearch). For nuclear visualization, cells were counterstained 

with Hoechst 33342 (1:1000; Jackson Immunoresearch) in PBS. Alkaline phophatase activity of iPS 

colonies was detected using an alkaline phosphatase detection kit (Sigma).

qRT-PCR

Total RNA was extracted (Chomczynski and Sacchi, 1987) and transcribed into cDNA using random 

hexamers and M-MLV reverse transcriptase (Fermentas). Purity of the RNA was confirmed by means 

of gel electrophoresis. Quantitative real-time PCR was performed in 384-wells plates using the iQ SYBR 

Green Supermix (Bio-Rad) on an AB17900HT system (Applied Biosystems) with the following cycling 

parameters: 95°C for 3 minutes, 39 cycles with 95°C for 10 seconds, and 58°C for 30 seconds. qRT-

PCR primers were designed with PerlPrimer for the transcripts listed in table 1. Housekeeping genes 

hydroxymethylbilane synthase (HMBS) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 

used as internal controls for normalization. The data were processed with SDS version 2.3 analysis 

software (Applied Biosystems). The relative expression ratio of target genes was quantified using the 

2−ΔΔCt calculation method (Schmittgen and Livak, 2008).

Accession no. Gene Forward primer (5’-3’) Reverse primer (5’-3’)

NM_013633 Oct4 CCTGGGCGTTCTCTTTGGA CCTCGAAGCGACAGATGGTG

NM_011443 Sox2 AACCAGAAGAACAGCCCGGA CCGGGACCATACCATGAAGG

NM_010637 Klf4 GGGAGAAGACACTGCGTCCA CCTCACGCCAACGGTTAGTC

NM_001177352 c-Myc AGGGCCAAGTTGGACAGTGG GCGGTTGTTGCTGATCTGCT

NM_028016 Nanog GATTCAGAAGGGCTCAGCACC TAGCTGCAATGGATGCTGGG

NM_001110251 HMBS CCGAGCCAAGGACCAGGATA CTCCTTCCAGGTGCCTCAGA

table 1: Primers used for quantitative real-time PCR (qRT-PCR).

Western Blot

Proteins were extracted from cell samples using lysis buffer supplemented with protease inhibitors. Cell 

lysates were sonicated and quantitated by DC Protein Assay (Bio-Rad, Hercules, CA) and proteins were 

separated on 15% sodium dodecyl sulfate-polyacrylamide gels and then transferred onto polyvinylidene 

fluoride membranes. Membranes were incubated in Odyssey blocking buffer and incubated O/N in 

primary antibodies diluted in PBS + 0.1% Tween-20. The following primary antibodies were used: mouse 

anti-mouse Oct4 (1:1,000; Santa Cruz, 5279; non cross-reactive with Oct-3/4 isoform B), mouse anti-

mouse Sox2 (1:1,000; Cell Signaling, 4900S), rabbit anti-mouse Klf4 (1:1000; Abcam 34814), rabbit anti-

mouse Nanog (1:1000; Abcam, 80892), mouse anti-mouse β-actin (1:10,000; Abcam 6276), and rabbit 

anti-mouse β-actin (1:10,000; AbD Serotec AHP1387). The following day, membranes were washed and 
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incubated for 1 hour in fluorescent conjugated secondary antibodies: donkey anti-mouse IRDye 680CW 

(1:10,000; LI-COR Biosciences), and donkey anti-rabbit IRDye 800CW (1:10,000; LI-COR Biosciences). 

Blots were washed, scanned with the LI-COR Odyssey infrared imaging system (LI-COR Biosciences), and 

analyzed with Odyssey 2.0 software.

RESULTS

Isolation and culturing of NCSCs

We isolated hair follicle-derived neural crest stem cells from the adult mouse whisker follicle of nestin-

GFP transgenic mice as well as from C57Bl/6 mice (Figure 1A). Explants were placed in laminin-coated 

6-wells plates and NCSCs were allowed to migrate out of the follicle bulges (Figure 1B, C). For assessment 

of pluripotency gene expression with immunohistochemistry, C57Bl/6 cells were replated in small 

badges of 10-100 cells on laminin and allowed to clonally expand in selective proliferation medium. In 

this way pure populations of HFNCSCs could be obtained which proliferated in monolayers as described 

previously (Sieber-Blum et al. 2004). To compare the pluripotency gene expression profile with HFNCSCs, 

ENCSCs were isolated from adult mouse myenteric plexus and grown as neurospheres (Figure 1D-F).

Expression of pluripotency factors in NCSCs

Monolayers of nestin-GFP HFNCSCs (p0) were FACS-sorted for GFP after 1 week in vitro and analyzed 

for mRNA expression of pluripotency genes using qRT-PCR. Similarly, after 5 days in vitro, the ENCSC-

neurospheres were harvested and analyzed by means of qRT-PCR (Figure 2A). Pluripotency gene 

expression was compared with that in mouse embryonic fibroblasts (MEFs) and embryonic stem cells 

(ESCs). Compared to MEFs, Oct4, Sox2, and Nanog are expressed up to 500-fold higher in HFNCSCs (Oct4: 

p > 0.05; Sox2 and Nanog: p < 0.05). HFNCSCs expressed Klf4, Sox2, c-Myc, and Nanog at levels that did 

not significantly differ from those in ES cells (p > 0.05 for all factors); only Oct4 is expressed a 100-fold 

higher in ESCs (p < 0.05). Similar to HFNCSCs, ENCSCs expressed Oct4, Sox2, and Nanog at considerably 

higher levels (around 50 times) than MEFs, although the expression in ENCSCs was lower than in ESCs 

and HFNCSCs. To further characterize HFNCSCs as potential candidate for iPSC induction, after 1 week 

in vitro HFNCSCs were analyzed by means of immunocytochemistry. All cells were nestin-positive while 

>95% strongly expressed Sox2 (Figure 2B). Also pluripotency markers Oct4 and Nanog were expressed 

although weaker in comparison to Sox2. Oct4 expression was seen mainly in the cytoplasm but not in the 

nucleus (in accordance with previous findings (Atlasi 2008).

Reprogramming of HFNCSCs into iPS cells

In view of the specific endogenous pluripotency expression profiles of the HFNCSCs, we tested 

whether we could reprogram these cells into iPSCs while omitting the transcription factors already 

Figure 1: A: Schematic depiction of the location of the bulge (B) region within the hair follicle; others structures depicted are 

blood sinus (BS), capsula (C), dermal papilla (DO), outer root shaft (ORS), and sebaceous gland (SG). B: Brightfield images 

showing isolation of the bulge of a mouse whisker follicle. Sequentially: isolated hair follicle; transversal cut is made just 

below the ring sinus and above the papilla (dotted lines); a longitudinal incision is made through the middle section of the 

follicle (dotted line); the capsula is opened and the bulge region with the attached hair is isolated (arrow indicates bulge). 

Scale bar: 200 µm. C: Bright field images of adult mouse hair follicle neural crest stem cells (HFNCSCs) migrating out of the 

bulge after 5 days on laminin (left panel), and 2 weeks after isolation (and after removal of bulge) (middle panel, magnification 

in right panel). D: Brightfield image of isolated murine gastrointestinal tract including stomach (ST), duodenum (D), and 

small intestine (SI). E: Schematic depiction of the location of the myenteric plexus (MP) between muscularis interna (MI) and 

muscularis externa (ME). Other structures are: lumen (L), mucosa (M), submucosa (SM), submucous plexus (SP), and serosa 

(S). F: Bright field image showing enteric spheres with neural processes after 1 week of culturing. 
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Figure 2: A: qRT-PCR analysis for mRNA expression levels of Oct4, Sox2, Klf4, c-Myc, and Nanog in ESCs, HFNCSCs, and ENCSCs, 

showing relative values normalized to HMBS and compared to expression levels of MEFs (logarithmic scale).  Error bars 

represent S.D. (n = 3); *p < 0.05, #p = 0.045 compared to ESCs, One-way ANOVA, Bonferroni post-hoc multiple comparisons 

test. B: Characterization of HFNCSCs with immunocytochemistry. HFNCSCs strongly express nestin and weakly express Oct4; 

Sox 2 and Nanog are also expressed; nuclei are counterstained with Hoechst (blue). Scale bar: 200 μm.

Figure 3: Characterization of HF-iPSCs. A: HF-iPSC colonies in culture and stained for alkaline phosphatase (AP). B: Colonies 

stained for pluripotency markers showing Oct4, Sox2, SSEA-1, and Nanog expression. C: Default differentiation of dissociated 

EBs plated on Matrigel™-coated culture dishes gives rise to cells expressing Desmin (mesoderm), GATA-4 (endoderm), and 

βIII-Tubulin (ectoderm). Nuclei were counterstained with Hoechst (blue). Scale bar = 100 µM.D: qRT-PCR analysis for mRNA 

expression levels of Oct4, Sox2, Klf4, c-Myc, and Nanog in F-iPSCs and HF-iPSCs, showing relative values normalized to HMBS 

and compared to expression levels of MEFs (logarithmic scale).  Error bars represent S.D. (n = 3); *p < 0.05, one-way ANOVA, 

Bonferroni post-hoc multiple comparisons test. E: Western Blot analysis of cell culture samples confirming presence of 

pluripotency factors in ESCs, F-iPSCs, and HF-iPSCs.
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highly expressed by the HFNCSCs (Sox2, Klf4, and/or c-Myc were left out in different combinations as 

well as altogether; Oct4 was always present). After 4 weeks, no colonies were observed in any of the 

conditions. Only lentiviral transduction of all four Yamanaka factors in a polycistronic vector resulted in 

the appearance of iPS colonies within 5-7 days post-transduction (Figure 3A). Of 2*104 transduced cells, 

we counted an average of 5 colonies per field of view at 100x magnification, or a total of 1125 colonies; 

efficiency was calculated at 0.056 % which is slightly higher than efficiencies with fibroblasts and other 

cell types. Colonies displayed a proper ESC-like morphology with a large nuclear/cytoplasmic ratio and 

prominent nucleoli. HFNCSC-derived iPS cells (HF-iPSCs) were characterized as to their reprogramming 

and pluripotent characteristics. Like ESCs, HF-iPSCs showed positive alkaline phosphatase activity and 

expression of ESC–associated antigens Oct3/4, Sox2, Nanog, SSEA-1, and SSEA-4 (Figure 3A, B; results 

shown for one clone). HF-iPSCs were further characterized by means of quantitative real time-PCR 

analysis for pluripotency markers and reprogramming factors. High expression levels of Oct4, Sox2, 

Klf4, and Nanog mRNA were observed. Expression levels of Sox2 and c-Myc were lower (both p < 0.05), 

while Oct4, Klf4, and Nanog were higher in HF-iPSCs in comparison to previously generated fibroblast-

derived iPS cells (F-iPSCs) (Nanog p < 0.05, Oct4 and Klf4 p > 0.05) (Figure 3D). Expression of pluripotency 

factors was confirmed on the protein level by means of Western Blot analysis; expression levels were 

comparable to those in F-iPSCs, and comparable to or higher (Sox2, Nanog) than levels in ESCs (Figure 

2E). Embryoid bodies (EBs) were generated using RA according to a -4/+4 protocol, default differentiated 

in vitro, and stained for markers representative of the three germ layers: desmin, GATA and b-III tubulin 

(Figure 3C). Positive staining indicated proper default differentiation into the three germ layers.

DISCUSSION

Several authors have reported the expression of pluripotency-related genes in adult NCSCs populations. 

Yu described the presence of nestin-positive cells within the human hair follicle bulge, which in addition 

were positive for pluripotency factors Nanog and Oct4 (Yu, et al., 2006). Sieber-Blum also showed the 

expression of (different) pluripotency factors in bulge NCSCs; c-Myc, Klf4, and Sox2 were expressed at 

similar levels compared to ESCs while Oct4 and Nanog were significantly lower expressed than in ESCs 

(Sieber-Blum and Hu, 2008). We confirmed that the nestin-expressing NCSCs from the bulge region of 

the adult mouse whisker follicle (HFNCSCs) co-express pluripotency genes Oct4, Sox2, Klf4 and Nanog. 

Expression of Oct4 was lower than in ESCs, but in contrast to Sieber-Blum, we showed Nanog expression 

levels similar to ESCs. Like Yu, we were able to detect expression of both Oct4 and Nanog on the protein 

level. In addition we demonstrated a similar expression pattern in another adult NCSC type, namely 

enteric neural crest stem cells (ENCSCs), suggesting that the presence of the pluripotency transcription 

factors was neural crest stem cell specific.

Oct4, Sox2, Klf4, c-Myc, and Nanog and regulation of pluripotency

Interestingly, expression of Nanog, Oct4, and Sox2 is considered to be restricted to pluripotent cells 

(Chambers and Tomlinson, 2009); in mouse ESCs these genes form a core transcriptional circuitry 

regulating pluripotency (Boyer, et al., 2005). Oct4, Sox2 and Nanog bind to and autoregulate their 

own as well each other’s promotors; this way the autoregulatory network may enhance the stability 

of pluripotency and reflects the ‘master regulatory’ function of these factors in determining the stem 

cell state (reviewed in Jaenisch and Young, 2008). This same network is thought to play a crucial role in 

establishing and maintaining pluripotency upon reprogramming of somatic cells (reviewed in Jaenisch 

and Young, 2008). Nichols et al. showed by means of target gene deletion that Oct4 is essential for 

the pluripotent identity of the inner cell mass (Nichols, et al., 1998). Upon differentiation, Oct4 

determines the developmental fate of ESCs, as critical levels of Oct4 cause cells to differentiate into 

either endoderm or mesoderm, or trophectoderm, while overexpression of Oct4 triggers differentiation 

into endoderm and mesoderm (Niwa, et al., 2000; Ivanova, et al., 2006). Sox2 and Nanog are required 

for maintenance of epiblast and ESC pluripotency; Sox2-deficient ESCs differentiate into trophectoderm 

while Nanog-deficient ESCs differentiate into extra-embryonic endoderm (Mitsui, et al., 2003; Masui, et 

al., 2007). Nanog downregulation also induces expression of markers for trophectoderm and epiblast-

derived lineages such as mesoderm, ectoderm and neural crest cells. Wang et al. however showed that 

pluripotency is differently regulated in human ESCs (Wang, et al., 2012); here OCT4 together with the 

BMP4 pathway regulates the specification of major cell fates, while NANOG acts as a specific repressor 

of neuroectoderm and neural crest lineages (Wang, et al., 2012).

Function of pluripotency factors in neural crest stem cells

The expression of pluripotency factors in non-pluripotent stem cells has been described before. Some 

authors have shown Oct4 and Nanog expression in mesenchymal stem cells (MSCs) and neural stem cells 

(NSCs) (Tsai, et al., 2012; Massa, et al., 2012). Recently, the group of Morshead reported the presence of 

periventricular primitive NSCs in the adult mouse forebrain, which are LIF-responsive and Oct4-positive, 

but not pluripotent (they give rise to adult GFAP-positive/Oct4-negative NSCs)(Sachewsky, et al., 2014). 

The studies by Tsai et al. and Massa et al. indicate that Oct4 and Nanog are essential for the maintenance 

of multipotency and proliferation in MSCs and NSCs (Tsai, et al., 2012; Massa, et al., 2012). Knockdown of 

Oct4 and Nanog in MSCs leads to reduced proliferation and upregulation of differentiation markers (Tsai, 

et al., 2012); Oct4 and Nanog were strongly downregulated after differentiation of neurosphere-derived 

NSCs. Little is known about the mechanistic function of these factors in adult stem cells. The expression 

of Oct4, Sox2, and Nanog has recently been described in HFNCSCs as well as ENCSCs from postnatal 

rats and postnatal humans (Yu, et al., 2006; Hagl, et al., 2013)(table 2). We confirmed the expression 

of Oct4, Sox2, and Nanog in murine HFNCSCs and ENCSCs. In neural crest stem cells, intermediate level 

expression of Oct4 is thought to regulate the repression of mesoderm and endoderm differentiation 

while Sox2 expression may repress trophectoderm differentiation (Niwa, et al., 2000; Adachi, et al., 

2010). Both in mouse and human ESCs, especially Nanog appears to repress differentiation of neural 
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crest lineages. High levels in NCSCs might be necessary to hold back differentiation towards neural crest 

lineages. Factors from the neural crest niche (e.g. the dermal papilla) might induce changes in Oct4 and 

Nanog expression and thus allow neural crest differentiation. Factors like Sox10 may also play a crucial 

role in maintenance or differentiation permission (Kim, et al., 2003).

It must be noted that alternatively spliced transcripts or alternative translation products of the Oct4 gene 

can lead to diverse expression patterns and functions; splice variants of Oct4 (Oct4B) might wrongfully 

suggest characteristics of pluripotency (Wang and Dai, 2010). Also, reports of Oct4 and Nanog expression 

in adult somatic cells have been challenged by the proposed possibility of detection of pseudogene 

transcripts (Liedtke, et al., 2007); some of these transcripts might be functionally important, others 

might not (Lin, et al., 2007).

 Cell population Origin Defined by  

expression of

Pluripotency genes

Sieber-Blum (2008) Mousewhisker follicle 

bulge

Neural crest Sox10, nestin Sox2, Klf4, c-Myc

Yu (2006) Human scalp hair  

follicle, precise region 

not described

Neural crest Nestin, neural crest 

markers

Oct4, Nanog

Tsai (2009) Mouse back skin der-

mal papilla

Mesenchyme Lef1/integrin α-9 Sox2, c-Myc

table 2: Studies describing expression of pluripotency genes in mammalian NCSC populations.

iPS induction from HFNCSCs

As an accessible cell source, HFNCSCs are a clinically relevant cell type for iPSC induction. We showed 

that, despite their high expression of pluripotency factors, HFNCSCs can only be reprogrammed using a 

full set of Yamanaka factors, with an efficiency comparable or only slightly higher than generally found 

for fibroblasts. Our data suggest that the levels and activities of the endogenous factors were inadequate 

to significantly facilitate iPS reprogramming of HFNCSCs. This implies that endogenous expression might 

not be necessarily sufficient for substitution of transgenes, and that the ability and disposition for 

reprogramming still depends on the cell type and its epigenetic signature. Cell type appears to be a major 

factor in determining reprogrammability (Maherali and Hochedlinger, 2008). Unlike e.g. neural progenitor 

cells, HFNCSCs or neural crest stem cells in general might be too specified to overcome certain epigenetic 

barriers restricting reprogramming, unless a full set of factors is expressed. Characterization of four-

factor derived HF-iPSCs did show ESC-like colony morphology, EB formation and differentiation patterns, 

as well as pluripotency marker expression, confirming proper pluripotency induction. The expression of 

transgene mRNAs was higher than in fibroblast-derived iPSCs, especially for Oct4 and Nanog, potentially 

reflecting the high expression levels in the original cells. Assessment of the methylation profiles of the 

promotor regions of key pluripotency genes would be insightful for determining whether these high 

expression levels in HF-iPSCs in comparison to F-iPSCs are due to epigenetic differences.

To summarize, pluripotency factors are expressed in adult NCSCs such as HFNCSCs and ENCSCs; however, 

their expression is no guarantee for facilitated pluripotency induction, and their precise function in 

NCSCs has still to be elucidated.
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INTRODUCTION

Schwann cells (SCs) are the glial cells of the peripheral nervous system, and are important contributors 

to proper peripheral nerve development, maintenance, and regeneration. Unlike neurons in the central 

nervous system (CNS), peripheral neurons have an (albeit limited) capacity to regenerate their axons 

after injury. This regenerative capacity depends on the interplay between peripheral (motor and sensory) 

neurons and SCs. It is known from peripheral nerve trauma that SCs are able to phagocytose myelin 

debris and dedifferentiate from a myelinating to a proliferating precursor phenotype providing guidance 

and trophic support to newly outgrowing axons. Autologous SC transplantation studies (with or without 

biodegradable scaffolds) in peripheral nerve gap models have proven that SCs indeed can promote 

bridging of nerve defects in vivo (Fansa and Keilhoff, 2004b; Sinis, et al., 2005). In addition, there is some 

evidence that SCs improve functional outcome when transplanted in the CNS (Oudega and Xu, 2006).

SCs can be differentiated from stem cells by recapitulating their ontogeny, which generally includes 

the formation of neural crest cells as an intermediate step. The neural crest consists of a transient 

population of multipotent stem cells which delaminates from the neural plate border during neural tube 

closure and migrates rostrally, caudally and ventrally to give rise to a wide range of tissues throughout 

the adult organism such as: melanocytes, cranial bone structures, myofibroblasts, neural cells of the 

sympathetic and parasympathetic nervous system, sensory neurons, muscular satellite cells, and SCs 

(Le Douarin and Kalcheim, 1999). Mesenchymal stem cells (MSCs) of mouse and human origin can be 

induced to differentiate along the neural crest lineage and are therefore a plausible source of SCs for 

clinical applications (Dezawa, et al., 2001; Keilhoff, et al., 2006). However, they have a limited in vitro 

expansibility and can be isolated only invasively. Other studies have shown that neural crest cells can be 

derived from mouse ES cells, which can be further differentiated into sensory neurons, smooth muscle 

cells, melanocytes (Motohashi, et al., 2007) and glial cells (Rathjen, et al., 2002; Kawaguchi, et al., 2010). 

Glial cells expressing SC markers like GFAP, p75, S100b, and MBP have been derived from neural crest 

cells of human ES cell-origin as well (Lee, et al., 2007; Jiang, et al., 2009).

The discovery of induced pluripotent stem (iPS) cells has provided another novel potential source for 

autologous SCs. iPS cells are pluripotent stem cells which are obtained by reprogramming somatic cells 

(e.g. adult fibroblasts) via the forced expression of specific pluripotency-related transcription factors such 

as Oct4, Sox2, Klf4, c-Myc, Nanog, or Lin28 (Takahashi and Yamanaka, 2006; Liao, et al., 2008). They share 

many characteristics with ES cells including gene expression profile, methylation pattern, embryoid body 

formation and proliferation and differentiation potential. As such, they provide a promising alternative to 

ES cells for application in tissue engineering, cell therapy, and regenerative medicine (Chin, et al., 2009; 

Hanna, et al., 2007).

In this study we describe a method to differentiate mouse induced pluripotent stem cells (iPS cells) 

towards SCs using embryoid body (EB) formation, without using stromal cell induced activity. By means 

of a CNPase-GFP knock-in reporter construct, SC development could be identified in vitro. iPS-derived 

Schwann cells (iPS-SCs) were characterized by means of FACS sorting and SC marker expression.

MATERIAL AND METHODS

Cell culture and CNPase-GFP iPS cell generation

HEK293T cells were maintained in fibroblast medium (consisting of Dulbecco’s modified Eagle’s medium 

(DMEM), 10% fetal calf serum, 2mM L-glutamin, 100 U/ml penicillin/streptomycin, 2 mM nonessential 

amino acids and 1 mM sodium pyruvate) and transfected with a lentiviral self-inactivating pRRL.PPT.SF 

plasmid containing murine Oct4, Klf4, Sox2, c-Myc, and dTomato complimentary DNAs. Cells were co-

transfected with pMD2-VSV-G and pCMV-Δ8.91 packaging vectors. Lentiviral supernatant was collected 

48 hours post-transfection, filtered through a 0.45 µm filter (Whatman), and concentrated using a 100K 

Amicon Ultra Centrifugal Filter device (Millipore). CNPase-GFP mouse embryonic fibroblasts featuring 

CNP-ase driven GFP expression (derived from transgenic mice originally generated by Yuan (Yuan, et al., 

2002)) were used for iPS induction. One day before transduction, CNPase-GFP fibroblasts were replated 

onto uncoated 6-wells plates and cultured in fibroblast medium. Around 100,000 CNPase-GFP fibroblasts 

were transduced with viral supernatant supplemented with 8 µg/ml Polybrene (Sigma-Aldrich), which 

was replaced by fibroblast medium after 24 hours. Transfection efficiency was evaluated based on 

fluorescent dTomato expression. Four days post-transduction, cells were dissociated using 0.1% trypsin 

and seeded onto irradiated mouse embryonic fibroblast feeder layers (iMEF, 20 Gy) in a 1% gelatin coated 

6-wells plate, and cultured in mouse embryonic stem cell medium (ES medium) consisting of Knockout-

DMEM (KO-DMEM) supplemented with 15% knockout serum replacement, 2mM L-glutamin, 100 U/

ml penicillin/streptomycin, 100 µM β-mercaptoethanol, 2 mM nonessential amino acids, and 1000 U/

ml ESGRO leukemia inhibitory factor (LIF). iPS colonies were fragmented 14 days post-transduction, 

replated onto fresh iMEFs in ES medium and subsequently passaged every 3-4 days.

RT-PCR

For mRNA expression analysis, total RNA from the CNPase-GFP miPS derived Schwann cells was extracted 

using TriReagent (Sigma-Aldrich) according to the method described by Chomczynski and Sacchi 

(Chomczynski and Sacchi, 1987). Total RNA (1 μg) was transcribed into cDNA in a PTC-200 Peltier Thermal 

Cycler (MJ Research) using random hexamers and M-MLV reverse transcriptase (Fermentas). The PCR 

reaction was performed on 1 μl of cDNA in a Thermal Cycler with Taq DNA polymerase (Fermentas) for 

35 cycles with an annealing temperature of 60°C. Primers are listed in table 1. cDNA was visualized on a 

1% TAE-agarose gel by staining with ethidium bromide.

Differentiation towards neural crest and Schwann cells

For embryoid body (EB) formation CNPase-GFP iPS cells were dissociated using 0.25% trypsin/EDTA and 

grown for 8 days as suspension cultures in 10 cm low attachment petri-dishes in EB medium consisting of 

KO-DMEM supplemented with 15% fetal calf serum, 2mM L-glutamin, 100 U/ml penicillin/streptomycin, 

100 µM β-mercaptoethanol, 2 mM nonessential amino acids, of which 4 days with and 4 days without 

1*10-6 M all-trans retinoic acid (ATRA) (-4/+4 protocol). EBs were then replated onto 1% gelatin-coated  
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Figure 1: Characterization of CNPase-GFP mouse iPS cells. A: CNPase-GFP iPS colonies in culture and stained for alkaline phos-

phatase (AP). B: Colonies stained for pluripotency markers showing Oct4, Sox2, SSEA-1, and Nanog expression. C: Default differ-

entiation of dissociated EBs plated on Matrigel™-coated culture dishes gives rise to cells expression markers for different germ 

layers: Desmin (mesoderm), GATA-4 (endoderm), and βIII-Tubulin (ectoderm). Nuclei were counterstained with Hoechst (blue). 

Scale bar = 100 µM. D: PCR analysis of ES marker gene expression in CNPase-GFP mouse iPS cells (clone 1).

Accession no. Gene Forward primer (5‘-3‘) Reverse primer (5‘-3‘)

NM_013633 Oct4 TCTTTCCACCAGGCCCCCGGCTC TGCGGGCGGACATGGGGAGATCC

NM_011443 Sox2 TAGAGCTAGACTCCGGGCGATGA TTGCCTTAAACAAGACCACGAAA

NM_010637 Klf4 GCGAACTCACACAGGCGAGAAACC TCGCTTCCTCTTCCTCCGACACA

NM_001177352 c-Myc TGACCTAACTCGAGGAGGAGCTGGAATC AAGTTTGAGGCAGTTAAAATTATGGCTGAAGC

NM_028016 Nanog CAGGTGTTTGAGGGTAGCTC CGGTTCATCATGGTACAGTC

Table 1: Primers used for PCR.

6-wells plates and cultured for one additional day in EB medium. For default differentiation, medium was 

switched to N2 medium consisting of DMEM/F12 supplemented with 1% N2 supplement (R&D Systems), 

2 mM L-glutamin, 100 U/ml penicillin/streptomycin, and 1 mM sodium pyruvate for 5 days.

For neural crest induction, medium was switched to neural crest induction medium consisting of N2 

medium enriched with 200 ng/ml sonic hedgehog (SHH), 100 ng/ml fibroblast growth factor 8 (FGF8), 

20 ng/ml brain-derived neurotrophic factor (BDNF), and 0.2 mM ascorbic acid (AA) (all R&D Systems). 

After 5 days, cultures were grown in N2 medium supplemented with BDNF, AA and 10 ng/ml FGF2, while 

SHH and FGF8 were withdrawn. After 14 days, groups of polygonal cells developed which were detached 

with 0.25% trypsin/EDTA and replated and cultured on Matrigel™ pre-coated glass slides in a 24 wells 

plate (5-10*103 cells/cm2) for 2 days. For specific differentiation towards SCs, medium was switched to 

N2 medium supplemented with 40 ng/ml neuregulin-1 (NRG-1), 2 µM forskolin and 10 ng/ml FGF2. SCs 

were collected after 60 days of culture, during which half of the medium was changed every 3 days (for 

a schematic differentiation protocol see Figure 2A).

Immunocytochemistry

Cell cultures on glass coverslips were fixed with 4% paraformaldehyde, washed with PBS, and pre-

incubated in PBS/0.1% Tween 20 (PBS-Tween) containing 5% normal goat serum (NGS) and 3% bovine 

serum albumine (BSA). Cells were then incubated overnight in primary antibodies diluted in PBS-

Tween/1% NGS/1% BSA at 4°C. The following antibodies were used: mouse anti-mouse Oct4 (1:100; 

Santa Cruz, 5279), mouse anti-mouse Sox2 (1:200; Cell Signaling, 4900S), rabbit anti-Nanog (1:200; 

Abcam, 80892), mouse anti-mouse SSEA-1 IgM (1:200; Santa Cruz, 21702), mouse anti-mouse desmin 

(1:200; Dako M0760), mouse anti-mouse GATA (1:200; Santa Cruz, 25310), mouse anti-mouse β-III tubulin 

(1:400; Abcam 7751), mouse anti-GFP (1:100, Millipore, MAB3580), and rabbit anti-mouse Oct6 (1:100, 

kindly provided by Dr. D. Meijer, #1909). After washing with PBS, cells were then incubated for 1 hour 

at room temperature in fluorescently labeled secondary antibodies Alexa Fluor 488-conjugated donkey 

anti-rabbit (1:300; Molecular Probes, A21206), Alexa Fluor 488-conjugated goat anti-mouse IgM (1:300; 

Invitrogen, M31601), DyLight 488-conjugated goat anti-rabbit (1:100; Jackson Immunoresearch), Cy3-

conjugated donkey anti-goat  (1:300; Jackson Immunoresearch), and Alexa Fluor 633-conjugated anti-rat 

(1:300, Molecular Probes, A21094). For nuclear visualization, cells were counterstained with Hoechst 

33342 (1:1000; Jackson Immunoresearch) in PBS. Glass coverslips were rinsed with H2O and mounted 

in Moviol. Pictures were made using an Axioskope 2 fluorescent microscope (Zeiss) in combination 

with a mercury lamp (HBO 100) and Leica Application Software. For confocal microscopy, sections were 

imaged with a Leica TCS SP8 confocal microscope using a PlanApo 63x/1.4 objective. Images were taken 

sequentially  in three channels using 405/638 nm, 488 nm, and 552 nm laser lines with a pinhole setting 

of 1 AU and a pixel resolution of  106 nm, using Leica LAS AF 3.3 software.     
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Figure 2: In vitro differentiation of CNPase-GFP mouse iPS cells towards SCs. A: differentiation scheme. B: iPS colony on irradiated 

MEF. C: EB cultured according to the -4/+4 protocol. D: EB 1d after plating on gelatin coated culture dishes. E: after 5 d in neural 

induction medium. F: after 4d in neural crest medium. G: after 14d in neural crest medium. H: 2d after cells were detached and 

replated onto Matrigel™ coated culture dishes. I: 20d on Matrigel™ in SC differentiation medium; cells arise from cell clusters 

exhibiting spindle shape SC morphology. J-L: CNPase-GFP mouse iPS cell-derived SCs in culture. J: 30d after replating on 

Matrigel™ in SC differentiation medium (SDM). Clusters of GFP positive cells give rise to migrating GFP positive cells; CNPase-GFP 

fluorescent images are overlayed with brightfield (BF) images. K: 50d on Matrigel™ in SDM, higher magnification, showing both 

CNPase-GFP positivity and SC morphology; L: idem after 60d. Scale bar = 100 µM.

FACS sorting 

CNPase-GFP miPS-derived SCs were dissociated using 0.1% trypsin and analyzed by flow cytometry using 

a FACS Calibur flow cytometer (Becton Dickinson) and a MoFlo highspeed cell sorter. Data were analyzed 

with WinMDI 2.8 and FloJo 7.6.5 software.

RESULTS

Characterization of CNPase-GFP iPS cells

We generated iPS cells from CNPase-GFP transgenic mouse fibroblasts. In order to evaluate 

reprogramming and induced pluripotency, CNPase-GFP iPS cells were compared to mouse ES cells. Like 

ES cells, CNPase-GFP iPS cells showed positive alkaline phosphatase activity (Figure 1A) and expression 

of ES cell–associated antigens Oct3/4, Sox2, Nanog, SSEA-1 and SSEA-4 (Figure 1B). To verify capacity for 

differentiation into cell types derived from each of the three embryonic germ layers, embryoid bodies 

(EBs) were default differentiated and stained for markers representative of the three germ layers: desmin, 

GATA and b-III tubulin. Positive staining indicated the capacity of CNPase-GFP iPS cells to differentiate 

into cell types of the three germ layers (Figure 1C). CNPase-GFP iPS cells were further characterized by 

means of PCR analysis for pluripotency markers and reprogramming factors. High expression levels of 

Oct4, Sox2, Klf4, c-Myc and Nanog mRNA confirmed successful induction of pluripotency (Figure 1D).

Differentiation towards Schwann cells

A schematic representation and various stages of the differentiation process are depicted in Figure 2. 

Undifferentiated CNPase-GFP iPS cells were maintained on irradiated MEFs in the presence of leukemia 

inhibitory factor (LIF). For neural induction, EBs were formed in the presence of ATRA according to a 

-4/+4 protocol. After plating on gelatin, EBs started to attach and medium was switched to N2 medium 

supplemented with appropriate morphogens (SHH, FGF8, BDNF and Ascorbic Acid) to promote neural 

crest formation. Cells started to migrate out of the colonies and at day 14 of differentiation cells with 

polygonal neural crest cell morphology started to appear. For neural crest enrichment, neural crest cells 

were replated on Matrigel™ coated culture dishes, on which they formed clusters of cells. For targeted 

differentiation towards SCs, they were cultured in the presence of NRG1, FSK, and FGF2 for up to 60 
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Figure 3: CNPase-GFP mouse iPS cell-derived SCs (60d) express SC markers in cell culture. A: most cells expressing CNPase-GFP 

are also positive for mature SC marker Oct6 (yellow cells). Hoechst is used as nuclear stain; B: magnifications of A. Scale bar = 100 

µM. C: Quantification of total amount of differentiated cells (Diff), and of the GFP-positive (GFP+), Oct6-positive (Oct6+), double 

positive, and negative fractions. Results are presented as mean percentages ± standard errors of the mean. For exact percentages 

see main text. D: FACS sorting for GFP, showing a distinct population of GFP-positive cells.

days. After 20 days cells with a typical SC morphology migrated out of neural crest clusters. In a later 

stage, a typical parallel longitudinal SC orientation was observed in the cultures; in this stage, cells 

started to express CNPase strongly (seen as GFP expression; Figure 2J-L). Immunocytochemistry (ICC) 

was performed to confirm GFP (CNPase) expression as well Oct6 expression (Figure 3A-B). Fluorescent 

images were analyzed and the numbers of cells expressing GFP and Oct6 were counted (Figure 3C). Of 

the total of cells, 81.6% ± 29.5% expressed at least one of the two markers (GFP and/or Oct6). Of the 

differentiated cells, 57.0% ± 25.0% (or 52.4% ± 23.0% of total cells) was double positive for both GFP and 

Oct6. Of the differentiated cells, 78.4% ± 9.6% (or 61.9% ± 21.9% of total cells) was GFP-positive; 78.6% 

± 32.8% (or 72.2% ± 30.1% of total cells) was Oct6-positive. FACS sorting for GFP showed >50% CNPase 

positivity, confirming the ICC data (Figure 3D).

DISCUSSION

iPS cells have been differentiated in vitro into a range of neural cell types relevant for the potential 

treatment of CNS neurodegenerative diseases such as MS, Parkinson’s disease, or amyotrophic lateral 

sclerosis (Ogawa, et al., 2011; Dimos, et al., 2008). In the present study we show that CNPase-GFP 

positive mouse iPS can be effectively differentiated towards Schwann cells (SCs).

Targeted differentiation of iPS cells towards SCs can serve a number of purposes: 1. Patient iPS-derived 

SCs can be used for the development of in vitro models for immune-mediated neuropathies like 

Charcot-Marie-Tooth disease, Guillain-Barré syndrome, Schwannomatosis and chronic inflammatory 

demyelinating polyneuropathy; 2. Peripheral nerve injuries (PNI) are common and can lead to 

considerable long-term morbidity (Eser, et al., 2009; Novak, et al., 2011). SC transplantation has been 

shown to improve functional outcome in nerve injury models (Fansa and Keilhoff, 2004a). iPS-derived 

SCs might be used in autologous cell therapy for the treatment of patients with PNI; 3. Remyelination of 

the CNS has been established in animal models using cells of the oligodendrocytic lineage (Keirstead, et 

al., 2005; Totoiu, et al., 2004). It is known that SCs can myelinate axons of the CNS as well (Blakemore, 

1977); they have already been used for promoting exogenous myelination in CNS demyelinating diseases 

like multiple sclerosis (MS) or CNS injury (Duncan, et al., 1981; Pearse, et al., 2004). Therefore, iPS-

derived SCs might offer an autologous source of cells for regeneration of the CNS.

Several studies have shown induction of neural crest and subsequent SC differentiation using stromal 

cell-derived inducing activity (SDIA). Lee et al. (Lee, et al., 2007; Lee, et al., 2010) described a protocol for 

the differentiation of ES cells into neural crest by firstly recapitulating neuroectoderm formation on MS-5 

feeder layers, and subsequently by inducing neural crest formation with the morphogens SHH, FGF8, BDNF 

and AA. These factors have been shown to initiate dopaminergic patterning of differentiating embryonic 

stem cells (Chambers, et al., 2009; Lee, et al., 2000; Perrier, et al., 2004). Directed differentiation towards 

SCs was established using NRG1, forskolin, FGF2 and CNTF. Mizuseki et al. (Mizuseki, et al., 2003) used 

co-culturing of ES cells on PA6 stromal cells and neural rosette formation to differentiate and enrich 

p75NTR-positive neural crest cells from non-human ES cells. Liu et al. (Liu, et al., 2012) showed neural crest 

differentiation from iPS of human origin, as well as subsequent differentiation towards cells expressing 

GFAP, p75, and Sox9, by means of SDIA.

Although the use of SDIA is an efficient method to differentiate human pluripotent stem cells into 

neural cells (Kawasaki, et al., 2000), a major drawback is the risk of introducing xenogenic pathogens 

or antigens in a patient, if clinically applied. Recently, a protocol was published by Menendez et al. for 

the differentiation of neural crest cells from human pluripotent stem cells without the use of SDIA, 

however no SC generation was shown (Menendez, et al., 2013). We developed a specific protocol for 

differentiation of SCs from mouse iPS cells without the use of SDIA. We used EB formation as a neural 

crest induction model, as others have effectively done before (Kawaguchi, et al., 2010; Zhou and Snead, 

2008). For subsequent neural crest and SC differentiation, we have adapted Lee’s protocol used for 

human embryonic stem cells (Lee, et al., 2007). In the absence of gp130 signaling, ES cells form three 
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dimensional cell aggregates in suspension culture which randomly differentiate into all three germ layers, 

so-called embryoid bodies (EBs). Retinoic acid causes loss of pluripotency and is an inducer of neural 

differentiation in EBs (Li, et al., 1998). Morphogens and growth factors often have multiple functions 

at different stages during mammalian embryonic development. For the in vitro recapitulation of the 

development of specific cell lineages, it is therefore mandatory to introduce the proper factors at crucial 

time points. For SCs, we adapted a differentiation scheme that closely follows a protocol for neural cell 

type specification. Morphogens like SHH, FGF8 and BMP4 are used for the generation of dopaminergic 

neurons; however, they do not only play roles in ventral midbrain neuronal development, but also in 

neural crest development and migration as well as morphogenesis of neural crest-derived structures 

(Jeong, et al., 2004; Trumpp, et al., 1999). Neurotrophic factors BDNF and bFGF (FGF2) are known to 

increase survival and differentiation among neural crest cells (Kalcheim and Gendreau, 1988; Sieber-

Blum, 1991). Ascorbic acid is known to promote neuronal differentiation from embryonic stem cells, 

while its exact mechanism remains inconclusive (Yu, et al., 2004). 

Essential for the induction of the SC lineage is neuregulin-1 (NRG1). Shah et al. (Shah, et al., 1994) showed 

that NRG1 commits the differentiation of neural crest progenitor cells towards a glial lineage. Forskolin 

and FGF2 are potent mitogens for SCs (Davis and Stroobant, 1990). We left out CNTF as it appeared 

to bias differentiation to a GFAP-expressing astrocytic lineage. GFP-expression under the CNPase 

promotor was used for identification of SCs. CNPase (2',3'-Cyclic nucleotide 3'-phosphohydrolase) is a 

myelin-associated enzyme which is expressed almost exclusively in the two myelinating cell types of 

the nervous system (oligodendrocytes and SCs) (Sprinkle, 1989). In order to distinguish differentiated 

SCs from oligodendrocytes, co-expression of Oct6 was determined. Octamer binding factor 6 (Oct6) is 

a transcription factor expressed in the developing nervous system during embryogenesis and used as a 

marker for promyelinating SCs (Jaegle, et al., 2003).

We showed efficient SC generation using the described protocol. Our efficiency typically appeared much 

higher compared to e.g. dopaminergic differentiation in previously published protocols. Meanwhile, 

several groups are working on optimization of in vitro neural crest differentiation; even higher efficiencies 

of SC differentiation might be reached by inhibition of SMAD signaling using small molecules such as 

SB435142 and LDN-193189, favoring neural crest specification (Chambers, et al., 2012; Kreitzer, et al., 

2013).

Our results show that fibroblast-derived mouse iPS cells can be efficiently differentiated towards cells 

with a proper SC phenotype, without the use of stromal cells.
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INTRODUCTION

Schwann cells (SCs) are the main glial cells of the peripheral nervous system (PNS). They exert multiple 

functions: 1) myelinating axons of the PNS, 2) providing trophic support for developing or regenerating 

axons, 3) regulating formation of nodes of Ranvier, and 4) regulating their own survival (Jessen and 

Mirsky, 2005a). Mature SCs develop from two developmental stages, namely SC precursor cells and 

immature SCs, which in turn develop from migrating neural crest cells (NCCs) (Jessen and Mirsky, 

2005a). SCs are major players in PNS disorders and in peripheral nerve injury (PNI) and the target of 

various treatment strategies. Therefore, engineering of SCs is of considerable importance and can serve 

a number of purposes:

1. In vitro disease modeling: Patient-derived SCs can be used for the development of in vitro models 

to study in detail the pathogenic processes in immune-mediated peripheral nervous system (PNS) 

diseases like Charcot-Marie-Tooth disease, Dejerine-Sottas disease, Guillain-Barré syndrome, chronic 

inflammatory demyelinating polyneuropathy, and Schwannomatosis;

2. Gene therapy for the treatment of PNS diseases: Knowing the role of SCs in PNS diseases may lead to 

approaches to modify their activity, for instance via gene therapy. It has been shown that recombinant 

adenoviral vectors can efficiently deliver exogenous genes to SCs in in vivo animal models (Kamholz, et 

al., 2000). These vectors might also be useful for in vitro gene targeting in diseased patient SCs before 

those are transplanted back into the patient (Stadtfeld and Hochedlinger, 2010);

3. Treatment of PNI: Peripheral nerve injuries are very common and can lead to considerable long-term 

morbidity (Eser, et al., 2009), (Novak, et al., 2011). SCs play a crucial role in the intrinsic regenerative 

response after peripheral nerve injury. Upon nerve injury, within 24-36 hours Wallerian degeneration 

begins. The myelin sheath degrades and is infiltrated by macrophages that, in concert with SCs, start 

to clear axonal debris. Although the distal axon degenerates and disappears, the connective tissue 

basement membrane remains. SCs proliferate and line these endoneural tubes, forming so-called bands 

of Büngner. In this process SCs de-differentiate into a phenotype similar to immature SCs and stimulate 

axonal outgrowth by the production of a variety of factors, such as neurotrophic factors (e.g. NGF, BDNF, 

CNTF and NT3), ECM proteins (e.g. laminin 1 and 2, fibronectin) and adhesion molecules (e.g. L1 and 

N-CAM) (Faweett and Keynes, 1990; Frostick, et al., 1998). Moreover, SCs regulate their own survival by 

means of an autocrine survival loop consisting of IGF-2, PDGF-BB, NT3, and LIF (Jessen and Mirsky, 2002). 

It is for these properties that in several studies nerve conduits have been coated with SCs in order to 

upgrade efficient neurite outgrowth, which indeed resulted in enhanced axonal regeneration (Hadlock, 

et al., 1998; Evans, et al., 2002). SC transplantation has been shown to improve functional outcome in 

nerve injury models (Fansa and Keilhoff, 2004);

4. Treatment of CNS diseases: Remyelination of the CNS has been established in animal models using 

cells of the oligodendrocytic lineage (Keirstead, et al., 2005; Totoiu, et al., 2004). Since it was shown that 

SCs can also myelinate axons of the CNS (Blakemore, 1977), they have been considered as alternative 

vehicles for promoting exogenous myelination in CNS demyelinating diseases (e.g. multiple sclerosis, 

MS) or CNS injury (Duncan, et al., 1981; Honmou, et al., 1996). However, SCs grafted into the CNS appear 

to have a limited ability to migrate and survive and, in view of their intrinsic capacity to myelinate only 

one axon, are inefficient for myelinating bundles of demyelinated central axons (Iwashita, et al., 2000). 

On the other hand, several authors reported the successful treatment of spinal cord injury in animal 

models using SCs that in vivo appeared to differentiate from implanted mesenchymal stem cells (MSCs) 

(see below).

In order to study or therapeutically employ large numbers of autologous (patient-derived) SCs, various 

stem cell populations have been considered as potential sources with, recently, focus on induced 

pluripotent stem cells (iPSCs). In the present review we will survey the types of stem cells available for 

autologous SC generation and continue with recapitulating the cellular and molecular mechanisms that 

play a role in in vivo neural crest (NC) formation and SC differentiation. We will outline the current in 

vitro strategies for generating SCs from pluripotent stem cells, both from embryonic stem cells (ESCs) 

and iPSCs. Subsequently, we will discuss methods to optimize SC engineering from iPSCs, and review 

the issues that have to be solved with regards to future clinical applications. Lastly, we will address SC 

engineering in relation to the newest developments in stem cell biology (e.g. direct conversion), and we 

will conclude with general prospects regarding future SC engineering.

Stem cell sources for autologous Schwann cells

Various types of multipotent adult stem cells may serve as an autologous source for SCs. Most adult stem 

cell types can be isolated with minimal invasive procedures although the yield is generally low. Given 

their accessibility and broad availability, multipotent mesenchymal stem cells (MSCs) are an obvious 

adult stem cell source of SCs for clinical applications (Dezawa, et al., 2001; Brohlin, et al., 2009). Adipose 

tissue has been identified as a rich source for MSCs which showed in vitro capability to generate SCs, and 

could myelinate spinal cord axons in vivo (Kingham, et al., 2007; Chi, et al., 2010). However, MSCs have 

a limited in vitro expansibility. Another accessible source of multipotent adult stem cells with potential 

for in vitro SC differentiation are skin-derived (SKPs) or hair follicle neural crest stem cells (Epi-NCSCs) 

(Fernandes, et al., 2004; Krause, et al., 2014). Amoh et al. reported the in vivo differentiation of human 

hair follicle cells into SCs after transplantation in a sciatic nerve injury mouse model, which promoted 

the recovery of axons (Amoh, et al., 2005). These cells were also used for treatment of injured spinal 

cord axons in mice, giving rise to glial fibrillary acidic protein (GFAP)/CNPase-positive SCs and leading 

to improved remyelination and motor function (Amoh, et al., 2009). Others have isolated SKP spheres, 

differentiated them towards SCs and subsequently applied them for induction of remyelination in injured 

rat spinal cord (Biernaskie, et al., 2007a; Biernaskie, et al., 2007b). Also, adult neural stem cells, the 

multipotent stem cells located in specific areas in the adult brain, have been shown to differentiate into 

S100/p75NTR-positive SCs and were able to improve axonal regeneration in peripheral nerve injury rodent 

models (Heine, et al., 2004; Murakami, et al., 2003). However, these cells are of limited clinical relevance 

for human therapies.
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neural tissues and promote ventralization (Jessell, 2000). Some authors use BMP to induce NC formation 

(Mizuseki, et al., 2003; Okawa, et al., 2013). Although early BMP antagonism (e.g. by means of FGF2) is 

necessary for neural induction, late BMP4 exposure appears to suppress ventralization and to promote 

dorsalization, thus favoring NC formation (Mizuseki, et al., 2003). FGF2 is also used for its caudalizing 

effect (Villanueva, et al., 2002b), reviewed in (Monsoro-Burq, et al., 2003), and later on is a part of the 

autocrine survival loop of differentiated SCs (Haastert, et al., 2007). Other factors regularly used are 

brain derived-neurotrophic factor (BDNF) and ascorbic acid (AA). BDNF is known to increase survival and 

differentiation among NCCs (Kalcheim and Gendreau, 1988), while AA promotes neuronal differentiation 

from embryonic stem cells (Yu, et al., 2004); it also is an inducer of myelination (Eldridge, et al., 1987).

A number of authors have shown the differentiation of NCCs derived from mouse and human ESCs (table 

1). These NCCs have been further differentiated into NC derivatives like sensory and sympathetic neurons 

(Pomp, et al., 2005a), smooth muscle cells, melanocytes (Motohashi, et al., 2007), and SCs (Rathjen, et 

al., 2002; Mizuseki, et al., 2003; Kawaguchi, et al., 2010a). SCs or SC-like cells expressing markers like 

GFAP, p75NTR, S100b, and myelin basic protein (MBP) have been derived from human ESCs as well (Lee, 

et al., 2007; Zhou and Snead, 2008; Jiang, et al., 2009). Lee et al. developed a protocol for induction of 

NC from human ESCs, recapitulating neuroectoderm formation using MS-5 feeder cells and subsequent 

NC induction, using morphogens SHH, FGF8, BDNF, and AA (Lee, et al., 2007; Lee, et al., 2010). Co-

culturing of ESCs on stroma cells (SDIA) and neural rosette formation were used to differentiate and 

enrich p75NTR-positive NCCs from ESCs. Final differentiation towards SCs was accomplished by culturing 

in medium with ciliary neurotrophic factor (CNTF), cAMP enhancer forskolin (FSK), and NRG1. Other 

protocols for the differentiation of ESCs in SCs have been developed using combinations of stromal cells, 

and neurosphere formation in combination with FGF2 (Pomp, et al., 2005b; Ziegler, et al., 2011). NRG1, 

FSK and FGF2 were used for targeted SC induction. One group described peripheral nerve repair using 

ES-derived embryoid body cells without further in vitro differentiation (Cui, et al., 2008).

Induced pluripotent stem cells as source of Schwann cells

iPSCs are highly similar to ESCs regarding morphology, gene expression profile, epigenetic status, and in 

vitro differentiation potential (Chin, et al., 2009; Doi, et al., 2009). They express ES cell-specific markers 

such as SSEA and alkaline phosphatase and pluripotency transcription factors like octamer-binding factor 

4 (Oct4), SRY-box 2 (Sox2), Nanog, reduced expression 1 (Rex1), and undifferentiated embryonic cell 

transcription factor 1 (UTF1). Like ESCs, iPSCs have the ability to differentiate into all of the three germ 

layers as evidenced by their in vitro generation of EBs and teratoma formation after implantation in vivo. 

Similar to ESCs, mouse iPSCs are able to give rise to adult chimeras and show competence for germline 

transmission (Maherali, et al., 2007; Okita, et al., 2007). iPSCs are a promising alternative to ESCs for 

mechanistic studies of disease, in vitro drug screening, evaluation of potential therapeutics, and for cell 

therapy and regenerative medicine - with or without gene repair (Figure 3). In vitro differentiation of iPSCs, 

analogous to ES cell differentiation, can be used in strategies aimed at treatment of human disease.

To date, only few studies have shown NCC differentiation and subsequent SC differentiation from iPSCs 

(table 1). Liu et al. differentiated NCC from human iPSCs using EB formation and PA6 stromal cell line-

conditioned medium supplemented with FGF2, Rock inhibitor, and AA (Liu, et al., 2012). NCCs (expressing 

Msx-1, SRY-box 9 [Sox9], and Slug) were purified by means of FACS sorting for low affinity neurotrophin 

receptor p75NTR, and SC differentiation was accomplished by culturing in medium supplemented with 

NRG1. iPS-derived SCs were positive for S100b, p75NTR, Sox9, and ERBB3, as well as for myelin markers 

like peripheral myelin protein 22 (PMP22) and MBP, and were able to in vitro myelinate rat sensory 

neurons (Liu, et al., 2012). Menendez et al. published a protocol for the differentiation of NCCs from 

human iPSCs without the use of stromal cells, although no SC generation was shown (Menendez, et 

al., 2013). Our group has differentiated SCs from transgenic mouse CNPase/GFP-positive iPSCs using 

EB formation and NC induction by means of SHH, FGF8, and BDNF, without stromal cells. After NRG1-

induced targeted differentiation, we obtained efficiencies of around 50% differentiated SCs, as identified 

by the expression of GFP and Oct6 (unpublished data).

iPS-derived SCs cells have been used for nerve regeneration in animal models. Wang et al. differentiated 

human ES and iPSCs towards neural crest stem cells (NCSCs) using both EBs and neural rosette formation, 

and serum-free medium containing FGF2 and EGF (Wang, et al., 2011). The NCSCs were FACS sorted for 

p75NTR expression and in vitro differentiated towards SCs expressing GFAP and S100b using CNTF, NRG1, 

and cAMP analogue dibutyryl cyclic-AMP (dbcAMP). However, the authors reported that these SCs were 

unfit for transplantation, and NCSCs were used for implantation instead. NCSCs were seeded in nerve 

conduits, implanted in a rat sciatic nerve injury model, and after 1 month formed S100b-expressing 

cells indicating in vivo glial differentiation. Okawa et al. used PA6 (SDIA) and BMP4 to differentiate GFP-

positive mouse iPSCs towards NC-like cells, which were then FACS-sorted for p75NTR expression and 

implanted intramuscularly in a mouse model for diabetic neuropathy (Okawa, et al., 2013). Interestingly, 

4 weeks after transplantation, GFP-positive S100b-expressing SC-like cells could be detected, indicating 

intramuscular glial differentiation. Two research groups seeded (uncharacterized) neurospheres derived 

from mouse iPSCs in nerve conduits and found SC formation after implantation in a mouse sciatic nerve 

injury model (Uemura, et al., 2012; Ikeda, et al., 2013). Functional recovery was higher in animals 

with transplanted iPS-derived neurosphere cells compared to control animals. Also, S100b expression 

was higher than in the control group (Uemura, et al., 2012; Ikeda, et al., 2013). Notably, no teratoma 

formation was observed in any of the reported studies.

Some groups use neurosphere formation as a culture method for NC formation from both ESCs and 

iPSCs, with or without prior neural rosette formation (Pomp, et al., 2008; Ziegler, et al., 2011; Uemura, 

et al., 2012; Wang, et al., 2011). As Lee et al. pointed out, identical protocols are often used for neural 

and NC formation, and thus neurospheres are indeed to be expected to contain a NC subpopulation 

(Lee, et al., 2007). Pomp et al. indeed showed that both CNS and PNS precursors could be found within 

ES derived neurospheres (after SDIA) (Pomp, et al., 2008). The efficiency for NC enrichment appears to 

depend on the stage of the cells (see below).
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types as well as less controllability of differentiation. Also, absence of contact with extracellular matrix 

components may cause lack of developmental support. However, as EBs do not carry risks of xenogenic 

contamination, they seem clinically more relevant than the use of SDIA.

As mentiond earlier, culture of NCSCs as neurospheres has been described as a method for induction 

of NC (Ziegler, et al., 2011; Uemura, et al., 2012; Wang, et al., 2011). Although neurosphere formation 

does not seem to be mandatory for NC formation, it appears to increase efficiencies up to 10-fold (Pomp, 

et al., 2008). Most authors refer to neurospheres as to any floating cell cluster containing CNS or PNS 

precursor cells, regardless of the stage of culture. Prolonged culture of undifferentiated iPSCs in medium 

containing FGF2 and EGF, however, will increase the amount of CNS lineage progenitors (‘true’ neural 

stem cells) within these spheres, at the expense of NCCs (Uemura, et al., 2012; Ikeda, et al., 2013). Pomp 

et al., Ziegler et al., and Wang et al. did demonstrate the presence of NCCs in ES-derived neurospheres 

based on the expression of NC markers (Pomp, et al., 2008; Ziegler, et al., 2011; Wang, et al., 2011); 

however, they all used SDIA, EB formation, or rosette formation prior to neurosphere culture. It seems 

likely that PNS progenitors can be efficiently expanded using neurosphere formation, but that induction 

of NC does require prior use of one of the two main model systems (SDIA, EB formation).

To become clinically relevant, the efficiency of in vitro differentiation methods should be optimized to 

shorten the time period needed for generation of transplantable cells, without compromising safety (e.g. 

increased risk for teratoma formation). Preparation of cells should be confined to a limited time period, in 

order to prevent missing a crucial therapeutic window. The efficiency of in vitro neural differentiation can 

be greatly enhanced by inhibition of BMP and TGFβ signaling through dual SMAD inhibition, which can be 

established with small molecules such as SB435142 and LDN-193189 (Chambers, et al., 2012; Kreitzer, et 

al., 2013). These molecules not only induce neuralization but can also be used to favor NC specification, 

as shown in human pluripotent stem cells (Chambers, et al., 2012; Kreitzer, et al., 2013). Menendez et 

al. also showed that blockade of SMAD signaling enhances differentiation of human pluripotent stem 

cells towards multipotent NCCs (Menendez, et al., 2013). NC differentiation using dual SMAD inhibition 

does not require stromal cells and can give up to 90% p75NTR–positive cells. Subsequently, Kreitzer et 

al. also showed spontaneous differentiation towards GFAP-positive cells. However, these cells were not 

yet further characterized, and, as SC generation was not the purpose of the study, no efficiency was 

mentioned (Kreitzer, et al., 2013).

A diagram suggesting the consecutive steps that can be taken for optimizing the tissue engineering of SCs, 

based on several protocols, is depicted in Figure 4. Taking safe future clinical application into account, 

this protocol does not make use of SDIA, but only chemically defined morphogens after EB formation. 

Combination with dual SMAD inhibition might increase the efficiency of NC formation. FACS sorting for 

mature markers diminishes the chance of contamination with tumorigenic pluripotent cells.

Targeted differentiation of SCs requires positive regulators of myelination (see earlier). Therefore, NRG1, 

cAMP or cAMP substitutes such as dbcAMP or forskolin, and laminin-coated culture dishes are desired 

for in vitro differentiation of SCs, mimicking the in vivo micro-environment.

Proper characterization of tissue engineered Schwann cells

Most studies, except for the study by Liu (Liu, et al., 2012), lack a proper proof of functionality, such 

as evidence of in vitro myelination and/or in vivo myelination, or proper gene expression analysis of 

purified iPS-derived SCs. In all in vivo studies so far, progenitor stages e.g. undifferentiated NCCs, were 

implanted instead of mature SCs. Furthermore, the use of markers is mandatory for proper definition 

of the differentiated cell phenotype. While gene expression of immature SCs (SC precursors) partially 

overlaps with expression in migrating NCCs, mature SCs do have a defined phenotype. Markers that 

are often used are GFAP, p75NTR, S100b, and MBP. However, some markers such as S100b and GFAP are 

not restricted to SCs, and unless pre-differentiated NCCs are FACS sorted for NC markers such as p75NTR 

and HNK1, it cannot be ruled out that the S100b-positive or GFAP-positive cells are astrocytes, and not 

SCs. As S100b is mainly expressed in astrocytes, and partial neural differentiation is to be expected from 

iPS neurospheres, S100b expression in neurosphere-derived cells may indicate astrocytic differentiation 

rather than SC differentiation (Ikeda, et al., 2013). CNPase on the other hand is purely restricted to 

the two myelinating cell types, oligodendrocytes and SCs, and in combination with other markers such 

as S100b, GFAP, or Oct6 might show better proof of a mature SC phenotype. Expression of genuine 

myelination markers such as P0 and PMP-22 in an in vitro or in vivo myelination model should be the 

standard for proving proper functionality of iPS-derived SCs.

Future prospects: Direct conversion?

New stem cell technologies have been developed since the iPS ‘revolution’. In 2010, the group of Wernig 

showed that it is possible to directly convert mouse fibroblasts into functional neurons in vitro by means 

of lentiviral transduction of three transcription factors (Ascl1, Brn2, and Myt1l) (Vierbuchen, et al., 2010). 

These induced neurons (iNs) expressed neuronal markers, generated action potentials and formed 

functional synapses (Vierbuchen, et al., 2010). Recently, two studies have reported the direct conversion 

of mouse fibroblasts into myelinogenic oligodendrocyte precursor cells (OPCs) by transfecting the 

fibroblasts with a combination of either Olig2, Sox10, and Zfp536, or Olig2, Sox10 and Nkx6.2 (Yang, et 

al., 2013; Najm, et al., 2013). No direct conversion of fibroblasts towards myelinogenic SCs has yet been 

described. A potential gene cocktail for such a conversion might contain Egr2/Krox20, together with 

Sox10 and Oct6/Brn2. Egr2/Krox20, master regulator gene of myelination, has been shown to upregulate 

myelination genes and to promote the transition of SC precursors towards non-proliferating myelinating 

SCs (Parkinson, et al., 2004), while Sox10, Oct6, and Brn2 all exert their promyelinating functions through 

synergistic targeting of Egr2/Krox20 (described earlier). However, a systematic search for appropriate 

inducing factors might still be required. Also, timing of exogenous expression will be of importance; e.g. 

Oct6 might require only transient expression, as misexpression may cause hypomyelination (Jaegle, et 

al., 2003; Ryu, et al., 2007). The implications of the source cell type to be used are not fully clear, however 

the published studies indicate that direct conversion is not limited to cell types ‘within’ the same germ 

layer. A most interesting option for the application of direct conversion could be direct conversion in situ. 
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In this approach, lost cells are replenished in vivo at the proper location near a lesion; e.g. fibroblasts 

might be converted into remyelinating SCs near injured peripheral nerves, bypassing time-consuming in 

vitro differentiation protocols.

Concluding remarks

The groundbreaking discovery that somatic cells can be reprogrammed into iPSCs has offered an 

inexhaustible, autologous (patient-derived) source of any type of cell, including SCs. To induce the specific 

differentiation of these iPSCs into myelinogenic SCs in vitro, the conditions, pathways and processes 

that normally regulate the formation of SCs during embryonic and neonatal development need to be 

recapitulated. It is crucial to have a complete understanding of the cellular and molecular, genetic, and 

epigenetic mechanisms, at the different intermediate stages of in vivo SC development, in order to be 

able to effectively recapitulate this development in vitro. Apart from further elucidation of regulation 

of SC formation, it is essential that issues related to the safe clinical use of iPS-derived cells are solved. 

However, with the ongoing progress in the development of zero-footprint, xenogen-free production of 

iPSCs according to new, strict GLP regulations, clinical application of autologous iPS-derived SCs in the 

treatment of peripheral nerve injury or peripheral nervous system diseases, let alone CNS diseases, may 

not be that far.
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 INTRODUCTION

Artificial nerve guides for supporting axonal regeneration in peripheral nerve defects are widely used 

alternatives for traditional autologous nerve grafts (Chalfoun, et al., 2006; IJkema-Paassen, et al., 2004; 

Schlosshauer, et al., 2006; Meek and Coert, 2002; Navarro, et al., 2003). Since regenerating nerve stumps 

can only bridge gaps up to 30 mm across a synthetic nerve guide in humans, several studies have used 

nerve guides seeded with Schwann cells (SCs) in order to optimize the micro-environment for nerve 

regeneration (Evans, et al., 2002; Fansa and Keilhoff, 2004; Mackinnon and Dellon, 1990; Schlosshauer, et 

al., 2003; Zhang, et al., 2002). SCs play a crucial role in the intrinsic regenerative response after peripheral 

nerve injury and stimulate neurite outgrowth by producing a variety of factors, such as cytokines MCP-

1 and LIF, neurotrophic factors NGF, BDNF, CNTF and NT3, extracellular matrix proteins laminin-2 and 

fibronectin, and adhesion molecules L1 and N-CAM (Frostick, et al., 1998; Nadim, et al., 1990; Terenghi, 

1999; Tofaris, et al., 2002). Various recent studies have put forward promising autologous sources for 

SCs, such as bone marrow and adipose stem cells, neural crest derived hair follicle stem cells, skin stem 

cells and, more recently induced pluripotent stem cells (iPS) (Amoh, et al., 2005; Caddick, et al., 2006; 

Cuevas, et al., 2002; Jiang, et al., 2008; Keilhoff, et al., 2006; Marchesi, et al., 2007; Takahashi, et al., 

2007). However, before SC implantation can be safely applied clinically, fate and biological behavior of 

these cells, such as survival, migration, proliferative activity and functionality have yet to be elucidated 

in detail. In this study we investigated the applicability of bioluminescent imaging (BLI) as a noninvasive 

longitudinal imaging technique for monitoring the fate of SCs seeded in a commercially used nerve 

guide.

 

MATERIAL AND METHODS

Isolation and transfection of SCs

Sciatic nerves were excised from the hindlimbs of newborn (P4) Wistar rats. The nerves were cleaned 

from adherent tissue and collected in Hanks buffered saline solution (HBSS) with 0.6% glucose, 1% 

penicillin/streptomycin (Invitrogen, Breda, The Netherlands) and 13 mM HEPES. SCs were purified and 

cultured as described previously (Evans, et al., 2002). Arabinoside-cytosine (Ara-C) was added to the 

medium at a concentration of 1%, 24 hours after isolation. The culture medium was switched 48 hours 

after isolation to SC medium (SCM) containing 200 μg/ml Bovine Pituitary Extract (BPE, Sigma-Aldrich), 

and it was refreshed approximately twice a week. SCs were transfected with a pcDNA3-luc plasmid vector 

that contained the firefly luciferase (Fluc) gene at 40% confluency (48 hours after isolation), using JetPEI 

reagent (PolyPlus Transfection, Illkirch, France) according to the manufacturer’s recommendations. After 

48 hours transfection was terminated. Transfection efficiency was assessed by means of a standard 

luciferase assay as well as immunocytochemistry.

Preparation of nerve guides and seeding of Fluc-SCs

The fabrication of P(DLLA-ε-CL) nerve guides has been described previously (Meek and Coert, 2008). The 

nerve guides were manufactured by Polyganics. One hour prior to SC seeding, the inner lining of the nerve 

guides was coated with a solution of 1 μg/ml fibronectin and 5 μg/ml laminin in DMEM (Invitrogen). The 

coating mixture was injected into the lumina of the tubes. The supernatant was removed after 1 hour 

and immediately prior to cell seeding to prevent desiccation of the coating. Transfected SCs (Fluc-SCs) 

were harvested using a cell scraper 48 hours after the start of transfection, and about 3 × 105 cells in 45 

μl SCM were injected in the nerve guides. The nerve guides were immersed in SCM enriched with 200 

μg/ml BPE and incubated at standard culture conditions.

Scanning electron microscopy (SEM)

Pre-implantation and post-explantation, nerve guides seeded with SCs were cut longitudinally into two 

halves using a scalpel blade. They were fixed with 2% glutardialdehyde in 0.1M sodium cacodylate buffer 

for 3 hours at pH 7.4. Further processing and SEM was carried out according to standard procedures.

Implantation of nerve guides

Implantation experiments were performed in 8 adult female Wistar rats 48 hours after seeding of Fluc-

SCs. Animals were anesthetized (2.5% isoflurane in oxygen 1.5 L/min), and the relevant skin area was 

shaved. A 3 cm incision was made in the flank, and the nerve guides were carefully placed in the groin 

inside an intermuscular pocket (at an estimated depth of 5 mm). The skin was sutured using separate 

nylon sutures.

Bioluminescent imaging (BLI)

For in vitro imaging of Fluc-SCs in the nerve guides, fresh SCM with beetle D-luciferin (150 μg/ml) was 

allowed to diffuse into the nerve guides. Luciferase activity was assessed using the In Vivo Imaging 

System IVIS®100 (Xenogen, Alameda, CA, now Caliper Life Sciences, Hopkinton, USA). For in vivo imaging 

of the implanted Fluc-SCs, a bolus of beetle D-luciferin solution (150mg/kg; Xenogen) in 0.9% NaCl was 

injected intraperitoneally just prior to imaging. Grey-scale images were taken as reference. Animals 

were imaged from the lateral side for 40 minutes. To reduce background signals, the skin was shaved 

locally. Sequential images were taken with an integration time of 5 minutes and a delay time of 1 minute 

(binning factor 16, field of view 15, f/stop 1, open filter). Data were analyzed using Living Image®2.50 

(Xenogen) and Igor Pro© (WaveMetrics, Lake Oswego, USA) software.

Immunocytochemistry (ICC)

Pre-implantation and post-explantation, Fluc-SCs were fixed with 4% paraformaldehyde and washed 

with PBS. Standard ICC was performed using the following antibodies: anti-Oct6 (1:100, kindly provided 

by Dr. D. Meijer, #1909), anti-p75 (MAB375, Chemicon, Hampshire, UK, 1:300), and anti-luciferase 
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DISCUSSION

We demonstrate that SCs can effectively be transfected to express luciferase. They can be detected 

transcutaneously after subcutaneous implantation in rats by means of bioluminescent imaging (BLI), 

after seeding in commercially available CE/FDA approved poly(DL-lactide-ε-caprolactone) [P(DLLA-ε-CL)] 

nerve guides (Meek and Coert, 2008). Since the nerve guides are not permeable until onset of hydrolysis, 

supply of luciferin to the SCs depends on unimpeded diffusion through the open tube endings (Meek, 

et al., 2004). Our findings in one animal stress the importance for a careful and bloodless technique to 

prevent blood clot formation (e.g. diathermic surgery, tube implantation remote from the incision). In 

clinical usage, the viability of implanted cells might be endangered if diffusion of nutrients to the tube 

lumen is obstructed. In the present report, we used as a proof of concept a non-viral gene transfection 

method, which was chosen for its high efficiency and low toxicity. Stable long-term expression of 

luciferase would require either the use of a lentiviral vector for luciferase gene transfection or isolation 

of SCs from luciferase knock-in animals.

BLI provides a powerful tool for molecular imaging of ongoing in vivo biological processes (Contag, 2007; 

Sadikot and Blackwell, 2005). We have demonstrated that it also can be applied to study the fate and 

functionality of SCs in an implanted nerve guide, in case free diffusion of luciferin is guaranteed in an 

in vivo setting. By using gene constructs in which the luciferase gene is coupled to, and its expression is 

under the control of, promotors for the transcription of functional proteins, BLI might offer a significant 

contribution to evaluate the role of Schwann cells in the axonal bridging of large peripheral nerve gaps. 

This way, a functional molecular imaging model of nerve regeneration can be established.

P(DLLA-ε-CL) nerve guides have proven their regenerative capacity in preclinical randomized controlled 

trials, and have been used with similar outcomes compared to autologous nerve grafting in a clinical 

study (as Neurolac®). Neurolac® nerve guides are among the best-documented nerve guides regarded 

functional outcome as well as biocompatibilty. The transparency of Neurolac® offers an advantage for 

pre-clinical studies, especially in combination with reporter technologies such as bioluminescence. 

Neurolac® is the only transparent FDA-approved nerve guide currently available. Disadvantages described 

in animal studies include foreign body reactions, swelling with lumen blockage, incomplete degradation, 

and premature fragmentation and collapse leading to neuroma formation (Kehoe, et al., 2012). These 

effects will be relevant when choosing the appropriate material for preclinical long-term studies (as well 

as for clinical use).
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Figure 1: A: Alignment of UGS148 transcripts in mouse (Mus musculus, protein LOC103712), rat (Rattus norvegicus, protein 

691995), cow (Bos taurus, protein LOC788205), human (Homo sapiens, protein LOC728392), and gorilla (Gorilla gorilla, 

predicted protein LOC101127367). The conservation scoring is performed by PRALINE. The colour key/scoring scheme 

indicates the level of conservation. B and table 1: The predicted protein contains several domains known to be serving as 

sorting signals.

 Motif Accessory poteins Sorting signal

DxE Sec24p Diacidic ER export motif involved in ion channel trafficking

YXXΦ AP1, AP2, AP3, AP4 melanosome biogenesis, basolateral sorting

[D/E]xxx[L/I] AP1, AP3 TGN-endosome sorting, melanosome biogenesis 

tM AP1, AP3 Transmembrane domain

table 1

6

INTRODUCTION

Neurogenesis in adult mammals is known to occur in the subventricular zone (SVZ) of the anterolateral 

ventricular wall, as well as in the dentate gyrus subgranular zone (SGZ) of the hippocampus (Alvarez-Buylla 

and Lim, 2004). The cells in these regions are considered ‘remnants’ of embryonic neuroepithelium and 

radial glia and can be identified by expression of typical NSC markers such as nestin, vimentin, Sox2 and 

GFAP (Alvarez-Buylla, et al., 2001). Throughout the lifespan of the animal, the NSCs in the SGZ and SVZ 

undergo continuous self-renewal as well as differentiation towards granule neurons (SGZ) and specific 

interneurons (SVZ). Of those newly generated neurons, a relatively small percentage eventually survives 

and is integrated in the neuronal circuitry of the granular zone of the hippocampus, or in the glomerular 

and granular layer of the olfactory bulb, respectively. Over the last decade, it has been suggested that 

in addition to the SVZ and the SGZ, cells, several other brain regions also retain neurogenic capacity. 

These regions include neocortex, striatum, amygdala, hypothalamus, substantia nigra, piriform nucleus, 

olfactory tubercle and vagus nucleus (Gould, 2007). It has been described that nestin expressing cells 

within the circumventricular organs such as the organum vasculosum of the lamina terminalis, subfornical 

organ, median eminence, pineal gland, subcommissural organ, area postrema and choroid plexus 

undergo proliferation and are able to give rise to neurons in vitro (Bennett, et al., 2009). Neurogenesis 

in the ependymal layer of the third ventricle (3V) has already been described by (Xu, et al., 2005). More 

recently, hypothalamic tanycytes of the 3V have been shown to have neurogenic (as well as gliogenic) 

capacity (Robins, et al., 2013; Haan, et al., 2013; Lee, et al., 2012).

In various studies the specific signature of NSCs has been outlined by determining their gene expression 

profile and comparing it with that of pluripotent stem cells (D'Amour and Gage, 2003; Gurok, et al., 2004; 

Bonnert, et al., 2006). Within the list of genes that are specific for neural stem cells, the uncharacterized 

RIKEN cDNA63330403K07 gene, 6330403K07RIK (UGS148), appeared to be particularly prominent. 

Genepaint data show high expression of this gene in the embryonic central nervous system suggesting a 

role of UGS148 in neural stem cell regulation and in neural development (Bennetts, et al., 2006).

The poorly annotated protein encoded by 6330403K07RIK (RefSeq transcript NM_134022) is known 

as AV161034 or AI41545, but predominantly as UGS148, since the gene was also identified as cDNA 

in the urogenital sinus and seems to be involved in prostate cancer. Conceptual translation of the 

6330403K07Rik mRNA (363 bp) reveals a hypothetical protein of 121 amino acids of unknown function. 

Conserved domains are found across mammalian species (Figure 1A). BLAST analysis reveals homology 

to several known proteins and peptides specifically involved in intracellular protein sorting, trafficking, 

and exocytosis (Figure 1B and table 1). The protein also contains one (conserved) transmembrane helix 

at amino acids 97-116 (HMMTOP transmembrane topology predictor (Tusnady and Simon, 2001)). 

In the present study, we have determined the mRNA as well protein expression and distribution of UGS148 

in embryonic and adult neural stem cells. Our findings show for the first time high expression of UGS148 

protein in embryonic neural stem cells, confirming previous mRNA data, and low expression levels in 

most adult neural stem cells. Surprisingly, high expression of UGS148 was present in adult tanycytes in 

the hypothalamus, suggesting its potential as a specific marker for this neurogenic cell population. 
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6

reagent (Roche) and 0.1% Tween for 1h (hybridisation detection). After washing in Buffer 1 and 2×5 min 

in Buffer 3 (100 mM Trizma base, 100 mM NaCl, 50 mM MgCl2.6H20, pH 9.5), antibody detection was 

visualized by means of overnight incubation in nitroblue tetrazolium/S-bromocresyl-3-indolphosphate 

chromogen (Roche), while protected from light. Color reaction was stopped in 10 mM Tris-HCl/1 mM 

EDTA. Sections were rinsed with dH2O, coverslipped and stored in glycerol jelly.

Gene transfection

All gene transfections were performed by means of the Amaxa transfection system (Amaxa, Cologne, 

Germany). Neurospheres were dissociated in Accutase and 1.5×106 cells were transfected with vector 

DNA (5-10 μg) according to the manufacturer’s recommendations. Transfected cells were cultured in 

proliferation medium at standard culture conditions for 24h. Cells were plated out on poly-L-lysin/laminin 

coated coverslips to assess differentiation pattern 48h after transfection. Cells were differentiated for 

96h in Dulbecco’s modified Eagle’s medium (DMEM) with 0.5% fetal calf serum, 2mM L-glutamin, and 

100 U/ml penicillin/streptomycin, and then fixated in 4% PFA.

Antibody construction

A polyclonal rabbit antibody against UGS148, recognizing the mouse peptide antigen CRAPKSASSAGRKSG, 

was custom made and tested for specificity by GenScript Corporation (New Jersey, USA).

Immunohistochemistry

Tissue cryosections were fixed with 4% PFA and underwent heat-mediated antigen retrieval with Citrate 

Buffer (pH 6.0). Cells/sections were then washed with PBS, and pre-incubated in PBS/0.1% Tween 20 (PBS-

Tween) containing 5% normal goat serum (NGS) and 3% bovine serum albumin (BSA). Cells were then 

incubated overnight in primary antibodies diluted in PBS-Tween/1% NGS/1% BSA at 4°C. The antibodies 

used are listed in table 2 and supplementary Table 1. For nuclear visualization, cells were counterstained 

with Hoechst 33342 (1:1000; Jackson Immunoresearch) in PBS. Glass coverslips were rinsed with H2O 

and mounted in Moviol. Pictures were made using an Axioskope 2 fluorescent microscope (Zeiss) in 

combination with a mercury lamp (HBO 100) and Leica Application Software.

Electron microscopy

Frontal and parasagittal Vibratome sections were cut at 60 μm and collected in phosphate-buffered 

saline, pH 7.4. The sections were incubated at room temperature for 16–24 h in rabbit anti-UGS148 (1:10) 

in TBS containing 0.05% Triton X-100, subsequently incubated in goat anti-rabbit globulin serum (Nordic) 

1/200 in TBS with 0.05% Triton X-100 for 1.5–2 h and then in rabbit peroxidase–anti-peroxidase 1/400 in 

TBS with 0.05% Triton X-100 for 1.5–2 h. The incubation buffers were supplemented with 1% normal goat 

serum, 0.08% bovine serum albumin and 0.1% cold-water fish gelatin (Amersham Pharmacia). Between 

incubations, the sections were thoroughly rinsed three times for 15 min in TBS. Finally, the sections were 

incubated in 0.03% 3,3′-diaminobenzidine (DAB)/0.01% hydrogen peroxide for 10–15 min. The DAB 

MATERIAL AND METHODS

Animals

C57BL/6 mice were housed under standard conditions and handled according to the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals.

Cell culture

Mouse embryonic fibroblasts (MEFs) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

with 10% fetal calf serum (FCS), 2mM L-glutamin, and 100 U/ml penicillin/streptomycin. Embryonic neural 

stem cells (eNSCs) were isolated from e14.5 C57BL/6 embryos as described before (Vescovi 1993). In 

short, the telencephalon was cut and mechanically triturated in ice-cold phosphate buffered saline (PBS), 

chemically treated with 1% Accutase (Sigma), and finally passed through a 70 µm cell strainer (Falcon). 

C57BL/6 eNSCs were cultured in Neurobasal Medium supplemented with 2% B27, 2mM L-glutamin, 

100 U/ml penicillin/streptomycin, 5 µg/ml heparin, 20 ng/ml fibroblast growth factor-2 (FGF2), and 20 

ng/ml epidermal growth factor (EGF). After 3-5 days, cells were growing as floating neurospheres that 

were subsequently dissociated with Accutase and passaged every 3-4 days. Cells were cultured at 37°C 

in a humidified incubator with a 5% CO2 atmosphere. For additional cell culturing: see supplementary 

Material and Methods.

In situ hybridisation (ISH)

For creation of probes, a 350 bp section of the 6330403K07RIK gene was amplified using the following 

primers: 5’-GCTGGGCTGTCCGGAAAG and 5’-TCGCCTTTTCGCGCAAGC. The PCR products were 

cloned into a pCRII vector. Both sense and anti-sense DIG-labeled RNA riboprobes were made from 

this vector by in vitro RNA transcription using T7 polymerase and SP6 polymerase, according to the 

manufacturer’s protocol (DIG RNA labeling kit, Roche). Brains from adult C57BL/6 mice were fixed in 4% 

paraformaldehyde (PFA) and dehydrated in 20% sucrose. Cryosections of 14 μm thickness were made on 

3-aminopropyltriethoxysilane (APES) coated glass slides. Sections were post-fixated in 4% PFA ISH fixative 

containing 100 mM NaOH and 100 mM Na2B4O7.10H2O (pH 9.5), washed in KPBS and proteolytically 

treated for 30 mins at 37˚C with 2 μg/ml proteinase K dissolved in 50 mM NaCL, 50 mM EDTA and 0.1M 

Tris-HCl. Sections were washed with dH2O and 2× sodium salt citrate (SSC) (1×SSC is 150 mM NaCl and 

17.5 mM sodium citrate, pH 7.0) and dehydrated by a graded alcohol sequence. Sections were then 

overnight hybridized with DIG-labeled riboprobes in hybridization buffer at 60˚C. After washing in 4×SSC, 

sections were enzymatically treated with 20 μg/μl RNAse in 200 mM NaCl, 10 mM Tris-HCl and 1 mM 

EDTA at 37˚C. This was followed by subsequent washing steps in 2×SSC, 1×SSC, 0.5×SSC, 30 min at high 

stringency (60˚C) in 0.01% SSC, and finally in Buffer 1 (100mM Trizma base and 150 mM NaCl, pH 7.5). 

Sections were then pre-incubated for 30 min in maleic acid buffer (100 mM maleic acid, 75 mM NaCl, 

pH 7.5) containing 2% blocking reagent (Roche) and 0.1% Tween, followed by incubation in alkaline-

phosphatase conjugated anti-DIG antibody (1:500, Roche) in maleic acid buffer containing 2% blocking 
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 Antibody Dilution Catalogue no.

Ms-anti-βIII-tubulin 1:200 Abcam ab7751

Ms-anti-GFAP 1:200 Millipore MAB 3402

Ms-anti-Nestin 1:200 Chemicon MAB 353

Gp-anti-DCX 1:1000 Millipore MAB 2253

Gt-anti-DIO2 1:20 Antibodies-Online 190862

Ms-anti-PCNA 1:200 Abcam ab29

Gt-anti-Rb Dylight488 1:200 Jackson 111-485-003

Gt-anti-Ms Cy3 1:200 Jackson 115-166-003

Dk-anti-Gp Dylight549 1:200 Jackson 706-515-148

Dk-anti-Gt Cy3 1:200 Jackson 705-165-003

 Accession no. Gene Forward primer (5’– 3’) Reverse primer (5’– 3’)

NM_134022 UGS148 GCTGGGCTGTCCGGAAAG AGGTGAAGATGCAGG

NM_008629 Musashi CACAGCCTAAGATGGTCACTC TGTTTCACATCTTCCACCGT

NM_016701.3 Nestin AGGTGGGCAGCAACTGGCA TCAGCCTCCAGCAGAGTCCTGT

NM_008714 Notch ATGTATGCCAGGTTATGAAGGT CTCATTGATCTTGTCCATGCAG

NM_013627 Pax6 CGGAGTTATGATACCTACACCC GTGAAATGAGTCCTGTTGAAGTG

NM_011443 Sox2 AACCAGAAGAACAGCCCGGA CCGGGACCATACCATGAAGG

NM_172301 Cyclin B1 GGTGTCTTCTCGAATCGGGGAACC TCGTGTTCCTAGTGACCCTGAGCG

NM_001081117 Ki67 TCATCAAGGAACGGCCCCAGTCT TGGAAGTCCTGCCTGATCTGCGT

NM_007393.3 β-actin AGACCTCTATGCCAACACAG TAGGAGCCAGAGCAGTAATC

NM_32599 GAPDH CATCAAGAAGGTGGTGAAGC ACCACCCTGTTGCTGTAG

NM_001110251 HMBS CCGAGCCAAGGACCAGGATA CTCCTTCCAGGTGCCTCAGA

table 2: Antibodies used for immunocytochemistry and immunohistochemistry.

table 3: List of primers used for qRT-PCR analysis.

6

reaction product was subsequently enhanced using gold-substituted silver peroxidase (GSSP). The fine 

particulate labeling is the gold precipitate. To facilitate the reaction and permeability for the antibodies 

used we applied low concentrations of Triton TX100. The specificity of the antibody was confirmed 

with Western Blot. Sections were analyzed in a Philips CM 100/80 kV transmission electron microscope 

(Philips).

Western Blot

For Western blot analysis proteins were extracted from cell samples using lysis buffer supplemented 

with protease inhibitors. Cell lysates were cleared by centrifugation at 14,000 rpm for 15 min at 4°C 

and quantitated by DC Protein Assay (Bio-Rad, Hercules, CA). Equal amounts of protein were separated 

on 15% sodium dodecyl sulfate-polyacrylamide gels and then transferred onto polyvinylidene fluoride 

membranes (Millipore). Membranes were incubated in blocking buffer (Odyssey, LI-COR Biosciences, 

Cambridge, UK) for 1 hour and incubated O/N at 4°C. Primary antibodies were diluted in 1:1 (v/v) OBB 

and PBS-T (PBS + 0.1% Tween-20). The following primary antibodies were used: rabbit anti-UGS148 

(GenScript Corporation), mouse anti-PCNA (Abcam, ab29), anti-caspase-3 (Cell Signaling, #9665), anti-

cleaved caspase-3 (Cell Signaling, #9661S), mouse anti-b-actin (Abcam, ab6276). The following day, 

membranes were washed in PBS-T thrice and incubated for 1 hour in fluorescent conjugated secondary 

antibodies: donkey anti-mouse IR Dey 680 (LI-COR Biosciences) and donkey anti-rabbit IR Dey 800CW 

(LI-COR Biosciences). Blots were washed with PBS-T thrice, scanned with the LI-COR Odyssey infrared 

imaging system (LI-COR Biosciences), and analyzed with Odyssey 2.0 software.

qRT-PCR

Total RNA was extracted according to the method described by Chomczynski and Sacchi (Chomczynski 

and Sacchi, 1987). Total RNA was transcribed into cDNA using random hexamers and M-MLV reverse 

transcriptase (Fermentas). Quantitative real-time PCR was performed in 384-wells plates using the 

iQ SYBR Green Supermix (Bio-Rad) on an AB17900HT system (Applied Biosystems) with the following 

cycling parameters: 95°C for 3 minutes, 39 cycles with 95°C for 10 seconds, and 58°C for 30 seconds. 

qRT-PCR primers were designed with PerlPrimer for the transcripts listed in table 3. Housekeeping genes 

hydroxymethylbilane synthase (HMBS), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 

b-actin were used as internal control for normalization. The data were processed with SDS version 2.3 

analysis software (Applied Biosystems). The relative expression ratio of target genes was quantified using 

the 2−ΔΔCt calculation method (Schmittgen and Livak, 2008).

Cell survival assay

Cells were co-incubated with propidium iodide (2 μg/mL) (Sigma) and Syto 13 (2.5 μM) (Molecular 

Probes) for 15 min at 37 °C. Pictures were made using an Axioskope 2 fluorescent microscope (Zeiss) in 

combination with a mercury lamp (HBO 100) and Leica Application Software.
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Figure 2: A: Western Blot analysis of UGS148 protein expression of undifferentiated and differentiated C57Bl/6 eNSCs of 

different passages, showing decreased expression after differentiation regardless of passage number. Expression is lower 

after prolonged passaging. B: Immunocytochemical stainings of UGS148 protein expression in E14.5 mouse embryonic 

neurosphere cryosections and co-expression of stem cell markers GFAP (first column, second column showing details) and 

nestin (third column, fourth column showing details). There is partial overlap between UGS148 expression and nestin or GFAP 

expression (yellow). Arrows indicate double-positive cells. Hoechst is blue. Scale bar 100 μm.

6

RESULTS

Expression of UGS148 in embryonic neural stem cells

To analyze the expression of the UGS148 protein in eNSCs of C57BL/6 mice, a custom antibody against a 

unique epitope of UGS148, consisting of the amino acid sequence CRAPKSASSAGRKSG, was generated and 

tested for specificity by GenScript Corporation (New Jersey, USA). To analyze UGS148 in eNSCs, Western 

Blots were made of different passages of differentiated and undifferentiated eNSCs. Differentiation 

of NSCs was induced by withdrawal of mitogens during culturing for 10 days on laminin/PDL-coated 

coverslips. The protein expression level of UGS148 (detected at the expected size of 14 kD) was highest 

in proliferating eNSCs, correlating with the presence of the proliferation marker PCNA (Proliferating cell 

nuclear antigen) and appeared to decrease upon differentiation and upon prolonged passaging (Figure 

2A). The expression of UGS148 protein in eNSC neurospheres was confirmed by double immunostaining 

using anti-UGS148, anti-nestin, and anti-GFAP antibodies (Figure 2B). In summary, although some 

remnant UGS148 protein expression is found after NSC differentiation, our data might indicate that 

UGS148 is involved in maintaining NSC stemness. These data are supported by a strong correlation of 

UGS148 expression with the expression of Musashi, Notch, and Pax6 in a number of relevant (neural) 

stem cells and cell lines (supplementary Figure 1).

UGS148 modulates embryonic NSC proliferation

To further analyze the role of UGS148 in the proliferation of embryonic NSCs, we silenced its expression 

in C57BL/6 eNSCs using doxycycline-induced shRNA-mediated knockdown. A MISSION plasmid shRNA 

expressing vector, containing the U6 promotor was obtained from Sigma Aldrich; we were able to obtain 

an overall silencing efficiency of 50% as shown by qRT-PCR (supplementary Figure 2A) and confirmed 

by Western Blot (supplementary Figure 2B) without affecting cell survival (supplementary Figure 2C) 

and apoptosis (data not shown). From quantitative analysis of cell growth, a significant decline in cell 

proliferation was apparent after silencing in C57BL/6 eNSCs (Figure 3A); no effect was seen on the 

differentiation pattern (Figure 3B). To explain the decrease in proliferation, we investigated the effects on 

cell cycle. FACS analysis for propidium iodide was performed in NSCs after doxycycline-induced shRNA-

mediated knockdown. The G2/M phase was significantly decreased in the silenced condition, while cell 

cycle was arrested in the G1 phase (Figure 3C and D). From these results, we concluded that UGS148 

allows the cell cycle to enter the G2 phase; silencing prevents entering this phase and thus reduces cell 

proliferation. 

UGS148 expression in the adult mouse brain

To analyze in vivo UGS148 expression distribution in the adult mouse brain, qRT-PCR analysis was 

performed in various isolated brain regions (Figure 4A). Expression of UGS148 was found in several 

brain regions, but particularly in the hypothalamus. To analyze mRNA expression in the brain in more 

detail, in situ hybridization was performed. Whereas UGS148 was shown to be prominently expressed in 
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embryonic neural stem cells, expression in most of the neurogenic regions of the adult brain, i.e. the SVZ 

and the SGZ regions, was low. However, high expression was found in the lateral hypothalamus as well 

as in the 3V floor/roof of the median eminence and the lateroventral walls of the 3V (Figure 4B-E and 

Table 4). The pattern of UGS148 expression in the adult mouse brain was further confirmed at protein 

level by means of immunohistochemical staining. Expression of UGS148 could be detected in the adult 

neurogenic regions, the subventricular zone (SVZ) and hippocampal subgranular zone (SGZ), but was low 

compared to the expression in the 3V (supplementary Figure 3). Some UGS148 appeared to be present 

in the choroid plexus and in the cerebellum.

Figure 3: Silencing of UGS148 in E14.5 NSCs. A: A slight but significant decrease in proliferation is seen after silencing in 

C57Bl/6 E14.5 NSCs (A); *p < 0.05, t-test. Quantification was done using hemocytometer counting chambers. Cells were 

plated on laminin and analyzed with immunocytochemistry. B: No significant effect is seen in the differentiation pattern of 

C57Bl/6 E14.5 NSCs after silencing; p > 0.05, t-test. Under the current conditions, neurons (MAP+) and astrocytes (GFAP+) 

were differentiating; oligodendrocyte differentiation was rarely observed (data not shown). C and D: Silencing of UGS148 in 

NSCs affects cell cycle characteristics. Flow-cytometric histograms of DNA content of control cells (left graph) and UGS148-

depleted cells (right graph), cultured in medium with 5% FCS (C) or 10% FCS (D). Cell cycle was arrested in the G1 phase and 

the subsequent G2/M phase was clearly decreased in the silenced condition. 

Figure 4: UGS148 mRNA is differentially expressed in brain regions. A: a representative qRT-PCR showing UGS148 mRNA 

expression relative to HMBS expression, normalized to levels in cortex. B: schematic representation of expression throughout 

the brain. C: hypothalamus, at Bregma -2.56. D: lateral hypothalamus. E: 3V walls and floor. F: cortex. The inserts are 

magnifications of the red boxes. 

telencephalon

Lateral ventricles

Cortex

Hippocampus

Corpus callosum

+

+

+

–

Diencephalon

Third ventricle

Thalamus

Hypothalamus

++++

+/–

++

Mesencephalon

Pons  +/–

Diencephalon

Third ventricle

Thalamus

Hypothalamus

++++

+/–

++

rhombencephalon

Fourth ventricle

Cerebellum granule layer

Cerebellum Purkinje layer

Medula

–

–

–

+/–

Table 4: UGS148 mRNA expression distribution in the CNS based on in situ hybridization.

6Figure 4
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Figure 5: Immunofluorescent staining of C57BL/6 adult mouse brain 3V. Co-localization of UGS148 is found with nestin (A-D 

and E-H) and rarely with GFAP; UGS148 and GFAP expression are mostly mutually exclusive (I-L). Positivity for DIO2 indicates 

that the UGS148-expressing cells lining the 3V are tanycytes (M-P). Positive nucleolar staining for PCNA (Q-T) shows that these 

cells are in a proliferative stage (late S-phase). Hoechst is blue. Green arrows indicate exclusive UGS148-expression, yellow 

and purple arrows indicate double-positive cells. The inserts are magnifications of the red boxes. Scale bar 300 μm.

UGS148 is expressed in tanycytes of the adult hypothalamus

Because of the remarkable expression pattern of UGS148 in the 3V floor and walls, we studied the 

phenotype of the UGS148-expressing cells (Figure 5). UGS148-positive cells were found throughout 

the third ventricle, but their location differed from rostrally to caudally. Between Bregma -2.12 and 

-2.56, positive cells were mostly observed in the 3V floor/median eminence roof, corresponding to the 

location of β-tanycytes, whereas more rostrally and more caudally expression was mostly seen in the 3V 

walls, corresponding to the location of a1-tanycytes (Figure 6). Co-localization was found with nestin 

but almost none with GFAP; no co-localization was found with RC2, CD133, DCX, RIP, and βIII-tubulin 

(data not shown). Double staining for deiodinase-2 (DIO2) indicated that the UGS148-expressing cells 

lining the 3V were indeed tanycytes (Lechan and Fekete, 2005). These cells were also positive for PCNA, 

indicating that they were in a proliferative stage (late S-phase). High UGS148 expression was also seen in 

large trigonial neurons in the lateral hypothalamic area (at Bregma -2.56).

6

Figure 6: Rostro-caudal expression distribution of UGS148 in tanyctyes of the 3V in the adult mouse brain.
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Intracellular location of UGS148 

Since determining the intracellular localization of UGS148 might provide clues about the expected sorting 

and trafficking functions of the protein, we performed electron microscopy on ultrathin sections of the 

3V in which UGS148 was visualized by diaminobenzidine (DAB) immunohistochemistry and subsequent 

gold-substituted silver-intensified peroxidase (GSSP) treatment (Figure 7). UGS148 was found in small 

precipitates as well as in larger aggregates located along the endoplasmic reticulum (ER), while no 

protein was detectable within the ER-cisternae. Accumulation of UGS148 was observed around the 

nuclear membrane, but no UGS148 could be detected within the nucleus. Furthermore, UGS148 was 

found around mitochondria and along the base of ciliary processes. 

Figure 7: Intracellular expression of UGS148 in tanycytes lining the 3V. A and B: Localization of positive cells in the 3V wall. 

Vibratome sections of adult C57BL/6 mouse brain were fixed with 4% PFA and UGS148 expression was visualized by IHC 

and DAB staining (B) and TEM micrographs with gold-substituted silver-intensified peroxidase (GSSP) (C and D). C: UGS148 

expression is seen along the ER (pseudo-colored in yellow). The cytoplasm is pseudo-colored in green; cytoplasmic labeling 

is found in small single gold precipitates and in larger aggregates (triangles). In the adjacent neuropil boutons form synaptic 

contacts with the soma (terminal, term). All labeling is seen alongside intracellular structures. Nucleus and surrounding 

neuropil are pseudo-colored in blue. Bar indicates 1 µm. D: UGS148 is also expressed in the cytoplasm, around mitochondria 

and at the base of the cilia (pseudo-colored in red); cytoplasmic aggregates are indicated with triangles. Z.a.: zonula adherens; 

z.o.: zonula occludens. The inserts are magnifications of the red boxes. Bar indicates 1 µm.

Figure 8: Schematic overview of expression of neural stem cell markers and UGS148 in the 3V. In the 3V UGS148-positive cells 

appear to be tanycytes. Tanycytes can be divided into α-tanycytes and β-tanycytes, both with a distinct expression profile, 

and distribution alongside the 3V walls. Neurogenesis from β-tanycytes has been described by several authors (Lee, et al., 

2012; Haan, et al., 2013). (Limited) neurogenesis from α-tanycytes has been shown by others (Xu, et al., 2005; Robins, et al., 

2013). As there is partial overlap with Nestin/GFAP-expression as well as with neuronal markers βIII-tubulin and doublecortin, 

UGS148-expression might mark a transitional stage during hypothalamic neurogenesis. Expression of UGS148 is differentially 

distributed alongside the ventricle walls, dependent on the rostro-caudal position.

6
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DISCUSSION

Expression profiling has revealed the RIKEN cDNA63330403K07 gene (6330403K07RIK) as one of the 

most prominently expressed genes in multipotent murine neural stem cells (NSCs) (D'Amour and Gage, 

2003). Although this gene is associated with regulating maintenance and proliferation of hematopoietic 

stem cells (Bystrykh, et al., 2005), its expression and function in neural stem cells have not been explored. 

In the present study, we demonstrate that the actual protein encoded by 6330403K07RIK, designated 

UGS148, is indeed selectively expressed in cultured NSCs, at a high level in the embryonic stage, and 

in the SVZ and hippocampal SGZ of the adult brain, albeit at low levels. Interestingly, continuous high 

expression of UGS148 was detected in the adult hypothalamus, i.e. in the 3V floor, median eminence, 

and walls of the 3V, with a distinct rostro-caudal distribution. Lechan and Fekete showed a rostro-caudal 

distribution of the tanycyte marker iodothyronine deodinase type II (Dio2) mRNA expression in the rat 

3V wall, with a pattern much like that of GLAST and UGS148 (Lechan and Fekete, 2005). By means of 

immunocytochemistry we confirmed co-expression of UGS148 and Dio2 in cells of the 3V wall, indeed 

identifying the UGS148 positive-cells as tanycytes.

Tanycytes arise from embryonic radial glia cells and share some characteristics with both astrocytes and 

radial glia but have several unique functions (Levitt and Rakic, 1980; Flament-Durand and Brion, 1985; 

Rodríguez, et al., 2005). For decades, tanycytes have been associated with neurogenesis (de Vitry, et al., 

1981; Anthony, et al., 2004; Bennett, et al., 2009; Lee, et al., 2012; Haan, et al., 2013). Xu et al. showed 

increase of nestin/BrdU positive cells in the 3V ependymal layer upon intraventricular FGF2 injection; 

these cells differentiated into GFAP+ astrocytes and Hu+ neurons (Xu, et al., 2005). The strategic position 

in a unique neurovascular niche, with exposure to both fenestrated median eminence (ME) capillaries 

and CSF of the 3V, is in some ways also similar to the SVZ and SGZ neurogenic niches and may account 

for the specific neurogenic capacity of tanycytes (Lee, et al., 2012; Mercier, et al., 2003). Interestingly, 

relationships between fat-intake in experimental animals and adult hypothalamic neurogenesis have 

been suggested in studies by Lee et al. and Li et al. (Lee, et al., 2012; Li, et al., 2012). Despite contrasting 

findings in these two similar studies, tanycytes are likely to be involved in regulating food intake, body 

weight homeostasis, and related diseases such as obesity (Livesey, 2012). Indeed, tanycytes have a 

variety of more specialized properties, such as the expression of glucose and glutamate transporters, 

expression of neuropeptide and hormone receptors, regulation of hypothalamic T3 concentrations, 

transport of molecules from the CSF to the blood, communication with GnRH neurons, and modulation 

of glutamate concentrations and neurotransmitter supply in the hypothalamus (reviewed in Rodríguez, 

et al., 2005; Nilaweera, et al., 2011). 

What could be the function of UGS148 in the NSCs of the SVZ and SGZ and in the hypothalamic tanycytes? 

UGS148 is a protein of 121 amino acids and based on the specific domains and its high homology to a 

large variety of intracellular proteins (as revealed by BLAST analyses), its function is likely involved in 

intracellular sorting, trafficking and exocytosis of proteins, and/or membrane incorporation of receptor 

units. The protein also contains one (conserved) transmembrane helix at amino acids 97-116 (HMMTOP 

transmembrane topology predictor (Tusnady and Simon, 2001)). UGS148 has been shown to localize 

at the endoplasmic reticulum (Bennetts, Fowles et al. 2006), which is confirmed by our EM findings. 

The ultrastructural location of UGS148 close to the nuclear membrane and alongside tubular structures 

suggests that it also might have a function in protein shuttling between the ER and the nucleus, e.g. in 

case of the FGF receptor-1, which is known to be transported towards the nucleus (Leadbeater, et al., 

2006). Alternatively, UGS148 could be not only involved in intracellular transport but possibly also in 

membrane incorporation of growth factor receptor units. Fibroblast growth factor, in particular FGF2, 

is a crucial regulatory factor for the proliferation of the NSCs in the SVZ and the SGZ (Reynolds and 

Weiss, 1992) and likewise for the 3V tanycytes (Xu, et al., 2005; Robins, et al., 2013). The reduction in 

proliferation of the cultured NSCs we observed after silencing of UGS148 might have been caused by a 

reduced rate of FGF signaling, although this remains to be determined. Possibly, UGS148 may contribute 

to the membrane incorporation of receptors for other growth factors such as BDNF, CNTF, or IGF, all of 

which stimulate neurogenesis after intraventricular injection (Pencea, et al., 2001; Kokoeva, et al., 2005; 

Pérez-Martín, et al., 2010). Besides their potential role in neurogenesis (for a schematic overview see 

Figure 8), UGS148 in tanycytes may also be involved in the specific endocrine functions of tanycytes 

and/or the proper membrane incorporation of various receptor units contributing to food intake and 

metabolism regulation (Sousa-Ferreira, et al. 2014; Rodríguez, et al., 2005; Nilaweera, et al., 2011). A 

role of UGS148 in endocrine release is also suggested by the expression of this protein in neurons in 

the lateral hypothalamus (potentially direct progeny of 3V tanycytes (Haan, et al., 2013)), which are 

known to release substances like agouti-related peptide (AGRP), pro-opiomelanocortin (POMC), and 

neuropeptide Y (NPY) (Lee, et al., 2012; Pierce and Xu, 2010; Kokoeva, et al., 2005).

In summary, UGS148 is a multipotent stem cell-specific intracellular trafficking protein highly expressed 

in embryonic NSCs and in hypothalamic tanycytes of the 3V in the adult brain. Mechanistic studies on 

UGS148, in vitro blocking and in vivo silencing studies, as well as lineage tracing should narrow down the 

putative intracellular functions of UGS148 and its role in stem cell and tanycyte physiology.

6
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SUPPLEMENTARy MATERIAL AND METHODS

Cell culture

GL261, NG108, and HEK293 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 

10% fetal calf serum (FCS), 2mM L-glutamin, and 100 U/ml penicillin/streptomycin. Primary cortical 

neurons were isolated from e14.5 C57BL/6 embryos as described before (Moidunny, et al., 2010) and 

cultured in Neurobasal Medium supplemented with 2% B27, 2mM L-glutamin, 100 U/ml penicillin/

streptomycin, and 0.4% glucose. Primary astrocytes were isolated from cortices of postnatal C57BL/6 

mice as described previously (Matos, et al., 2008), and cultured in DMEM with 10% FCS, 2 mM L-glutamin, 

100 U/ml penicillin/streptomycin, and 1 mM sodium pyruvate. Oli-neu cells were cultured in Sato 

medium consisting of DMEM supplemented with 2% horse serum, 100 U/ml penicillin/streptomycin, 2 

mM L-glutamin, 10 µg/ml apotransferine, 10 µg/ml insulin, 100 µM putrescine, 200 nm progesterone, 

500 nm triiodo-L-thyronine, 220 nm sodium selenite and 520 mM L-thyroxin. Mouse embryonic stem 

cells (mES) and previously characterized mouse induced pluripotent stem cells (Czepiel, et al., 2011) were 

cultured in ES medium consisting of Knockout-DMEM (KO-DMEM) supplemented with 15% knockout 

serum replacement, 2mM L-glutamin, 100 U/ml penicillin/streptomycin, 100 µM β-mercaptoethanol, 

2 mM nonessential amino acids, and 1000 U/ml ESGRO leukemia inhibitory factor (LIF). All cells were 

cultured at 37°C in a humidified incubator with a 5% CO2 atmosphere.

SUPPLEMENTARy FIGURES

 

Supplementary Figure 1: Spearman correlation analysis was used to determine the strength of the relationship between 

UGS148 expression and expression of 8 other stem cell-related markers in mouse (neural) stem cells and cell lines (primary 

neurons, primary astrocytes, Oli-neu, GL261, NG108, undifferentiated and differentiated DBA and C57BL/6 eNSCs, ES cells, 

and mouse iPS cells). UGS148 mRNA levels are strongly associated with expression of stem cell marker Musashi (R2 = 0.721; 

p (2-tailed) = 0.001); it also significantly correlates with the expression of stem cell markers Notch (R2 = 0.495; p (2-tailed) = 

0.016) and Pax6 (R2 = 0.579; p (2-tailed) = 0.07). There is a borderline significant correlation with Nestin expression (R2 = 0.589; 

p (2-tailed) = 0.056). UGS148 expression does not correlate with mRNA levels of Sox2 (R2 = 0.214; p (2-tailed) = 0.527) or those 

of cell cycle markers Cyclin B1 (R2 = 0.513; p (2-tailed) = 0.106) and Ki67 (R2 = 0.131; p (2-tailed) = 0.719).

 Antibody Dilution Catalogue no.

Ms–anti–rIP 1:250 Chemicon MAB1580

Ms–anti–CD133 1:1000 eBioscience 14–1331–80

Ms–anti–rC2 IgM 1:50 Millipore MAB 5740

Gt–anti–Ms–IgM Cy3 1:200 Jackson 115–165–020

Supplementary Table 1: Antibodies used for immunocytochemistry and immunohistochemistry.
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Supplementary Figure 2: shRNA-induced silencing of UGS148 mRNA and protein. A: shRNA construct used for silencing. A: 

qRT-PCR showing shRNA-induced silencing of UGS148 mRNA relative to β-actin expression, using 4 different constructs and 

a control construct. C57Bl/6 eNSC were transfected with four shRNA silencing constructs. Error bars represent S.D. (n=3). 

After 24h mRNA expression was tested by means of qPCR. Of four tested constructs, construct pKLO1.2 and pKLO1.4 showed 

consistent silencing relative to 3 tested housekeeping genes; β-actin is shown. Expression is normalized to the mock condition. 

B: Western Blot analysis of UGS148 expression after transient transfection with silencing constructs in HEK293 cells. C: Cell 

death and survival was quantified using propidium iodide (PI, red) and Syto-green (SG, green) staining 72h after Amaxa 

transfection with silencing constructs. No significant differences in cell death or survival were observed; p > 0.05, t-test. Cells 

transfected with ‘empty’ constructs served as controls. Error bars represent S.D. (n=3). 

Supplementary Figure 3: Immunofluorescent staining of C57BL/6 adult mouse brain (subventricular zone and rostral migratory 

stream). There is co-expression of UGS148 with Nestin (A-D) and GFAP (E-H). Positive nucleolar staining for Proliferating Cell 

Nuclear Antigen (PCNA; I-L) shows that the proliferating, migrating cells of the rostral migratory stream (RMS) are UGS148-

negative, whereas negative PCNA staining shows that the UGS148-positive cells are not in a proliferative stage. In the dentate 

gyrus (DG) of the hippocampus there is partial co-expression with nestin (M-P) and DCX (U-X), and co-expression of UGS148 

with βIII-tubulin in the granular layer (Q-T). There is no co-expression with PCNA in the nucleus, although PCNA expression is 

seen in the cytoplasm which indicates that these cells are in the G1/early S-phase and therefore not highly proliferative (not 

shown). Hoechst is blue. Green arrows indicate exclusive UGS148-expression, red arrows indicate exclusive neural marker 

expression, yellow arrows indicate double-positive cells, pink arrows indicate UGS148-negative/PCNA-positive cells. LV: 

lateral ventricle; DG: dentate gyrus. Scale bar 300 μm. 
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SUMMARy AND GENERAL DISCUSSION

Stem cells continue to be a prominent subject in biomedical research, as more and more innovative 

stem cell-based technologies become available, and clinical application of stem cells for the treatment 

of a wide range of human disorders is becoming feasible. In this dissertation, diverse aspects of (neural) 

stem cell physiology and differentiation have been addressed that are relevant for their potential clinical 

application. The stem cells that have been studied in this dissertation are induced pluripotent stem 

cells (iPSCs), neural stem cells (NSCs), neural crest stem cells (NCSCs), as well as a cell type ultimately 

generated by NCSCs, i.e. Schwann cells (SCs). 

The specific aims of the various parts of this dissertation were:

1)  to explore the use of iPSCs and NCSCs for translational purposes, in particular focused on the generation 

and potential clinical application of (autologous) SCs for peripheral nerve restoration;

2)  to develop an in vivo model for examining the fate and efficacy of implanted SCs for the treatment of 

peripheral nerve injury;

3)  to characterize and describe the distribution of a yet functionally undefined intracellular transport 

protein, UGS148, in the mouse brain; the gene encoding for this protein has been previously shown to 

be one of the most prominently expressed genes in embryonic NSCs.

In Chapter 1, we presented an extensive introduction addressing the background of the above research 

questions. In the subsequent 3 chapters, NCSCs and iPSCs were the main focus of research.

The choice of cell type depends on its accessibility and reprogrammability, and is of major importance for 

the generation of iPSCs. Accessible sources of donor cells are keratinocytes, gingival fibroblasts, adipose 

stem cells, peripheral blood mononuclear cells, and epithelial-like cells from urine samples. In particular 

for young patients urine samples and pulpal cells from deciduous tooth are a safe and undisputed 

source. Another potential source are adult NCSCs, which are post-migratory cells of neural crest origin. 

They persist in isolated populations in several craniofacial structures in the adult vertebrates, and as 

such are a (relatively) accessible source of stem cells for transplantation studies and tissue engineering. 

In Chapter 2, we showed that two types of NCSCs, i.e. hair follicle neural crest stem cells (HFNCSCs) 

and enteric neural crest stem cells (ENCSCs), express the pluripotency genes Oct4, Sox2, and Nanog. 

These transcription factors, together with Klf4 and c-Myc, have been shown essential for inducing the 

reprogramming of somatic cells into iPSCs. Reduction of the number of exogenous reprogramming 

factors has been considered a strategy to simplify a standardized and clinically safe iPSC reprogramming 

procedure. Therefore, we argued that the endogenous expression of three major reprogramming 

transcription factors might substitute for exogenous factors and thus facilitate the reprogramming of 

NCSCs into iPSCs.

We described the generation of iPSCs from HFNCSCs isolated from the mouse whisker pad. Our results 

showed that these cells still do require a full set of reprogramming factors for iPSC induction: HFNCSC-

derived iPSCs were created with efficiencies similar to fibroblasts. We concluded that high endogenous 

levels of pluripotency factors are no guarantee for facilitated induction of pluripotency in hair follicle 

NCSCs; it appears they do not significantly affect the specific combinations and transient concentrations 

of exogenous iPSC transcription factors.

iPSCs provide an unprecedented, theoretically unlimited source of autologous cells for cell based 

therapies. They have been differentiated in vitro into a range of neural cell types relevant for the potential 

treatment of CNS neurodegenerative diseases such as MS, Parkinson’s disease, or amyotrophic lateral 

sclerosis. In Chapter 3 we showed that iPSCs can be effectively differentiated into SCs, the myelinating 

and supportive cells for peripheral axons. We used fibroblasts from CNPase-GFP transgenic mice for the 

generation of iPSCs and demonstrated that they could be specifically differentiated into SCs without the 

use of stromal cells. Our specific differentiation protocol and the CNPase-GFP reporter system allowed us 

to generate a highly enriched population of mouse SCs. These iPSC-derived SCs could be used for future 

transplantation purposes.

An overview of current strategies and methods to generate SCs from pluripotent stem cells was 

presented in Chapter 4. SCs can be differentiated from ES cells and iPSCs by recapitulating their 

ontogeny, with neural crest formation as an intermediate step. During embryonic development, SC 

differentiation from NCSCs requires positive regulators of myelination, which are also mandatory for the 

in vitro differentiation of myelinogenic SCs. The iPSC-derived SCs may be used for cell grafting, e.g. in the 

treatment of peripheral nerve injury or even CNS diseases, or as a tool to study SC-associated peripheral 

nervous system disorders. 

Chapter 5 focused on peripheral nerve injury and the potential application of (eventually iPSC-derived) 

SCs in its treatment. Nerve guides coated with SCs have proven to promote axonal regeneration in 

peripheral nerve lesions. Transplantation of SCs into a nerve lesion may enhance recovery by means 

of remyelination and/or the secretion of neurotrophic factors. To examine the exact mechanisms that 

support axonal regeneration, tracking techniques might give valuable information. Labeling of SCs with 

chemical markers, fluorescent dyes, or quantum dots can be used for tracking implanted cells but do not 

give direct information of ongoing biological dynamics and cell behavior. Bioluminescent imaging (BLI) 

can track the in vivo behavior of the transplanted cells and thus might give more insight in the sequential 

steps of SC-sustained axonal regeneration. We examined the applicability of BLI for in vivo monitoring of 

the fate of SCs in implanted nerve guides. Rat SCs were transfected with the firefly luciferase (Fluc) gene 

and seeded in vitro in nerve guides that were subsequently implanted subcutaneously in rats. In vivo 

bioluminescence of the transfected SCs (Fluc-SCs) was assessed with a BLI system. Scans were validated 

ex vivo, using immunocytochemistry and electron microscopy. We could demonstrate that BLI allows 

longitudinal in vivo monitoring of Fluc-SCs, given that proper access of luciferin to the cells is assured. By 

coupling the luciferase reporter gene to promotors of genes encoding for proteins involved in peripheral 

nerve repair, BLI might enable in vivo evaluation of the implanted SCs and their biological contribution 

during different stages of axonal bridging. 

The last part of this dissertation comprised more fundamental research and focused on recent 

developments in the field of adult neurogenesis and tanycyte physiology. In Chapter 6 we introduced 

UGS148, an intracellular transport protein, and described its expression, distribution and potential 
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function in neurogenic cells in the mouse brain. UGS148 is encoded by the RIKEN cDNA63330403K07 

gene that has been shown to be one of the most prominently and characteristically expressed genes 

in embryonic NSCs and other multipotent stem cells. We generated an antibody against a specific 

epitope of this protein and used the antibody to study the expression of UGS148 with Western Blot 

and immunohistochemistry along with its mRNA expression using qPCR and in situ hybridization. We 

confirmed that UGS148 was highly expressed in (cultured) embryonic NSCs as well as, though at a low 

level, in adult NSCs located in the SVZ and the hippocampal dentate gyrus. Remarkably, we found high 

expression of UGS148 in the hypothalamic tanycytes of the adult mouse brain. Tanycytes of the third 

ventricle have been identified as having neurogenic capacity. The molecular function of UGS148 remains 

elusive. Based on its molecular structure and amino acid sequence, UGS148 contains several conserved 

domains such as a transmembrane region, domains associated with intracellular protein transport 

and sorting as well as with shuttling proteins between the ER and the nucleus or the ER and the cell 

membrane. Using electron microscopy, we confirmed previous observations that UGS148 is indeed 

also localized in the ER. In summary, UGS148 is a protein involved in intracellular sorting, trafficking 

and exocytosis of proteins, and/or membrane incorporation of receptor units. Our in vitro experiments 

suggested an indirect role for UGS148 in neurogenesis, in particular in the regulation of proliferation, 

likely via modifying the rate of membrane incorporation of growth factor receptor units, e.g. for FGF2. 

Apart from a role in neurogenesis, the typical high expression of UGS148 in the hypothalamic tanycytes 

may imply a function of UGS148 related to food intake and homeostasis, presumably also via regulating 

the proper incorporation of various types of receptor units for relevant hormones and cytokines. 

Mechanistic studies, such as in vivo silencing of the UGS148 gene, and generation of a conditional 

knockout mouse model, will be necessary to obtain more detailed information about the function of 

UGS148. Our data add up to recent studies which have shown that the adult hypothalamus contains 

cells with stem cell characteristics, which can generate neurons, which in turn play a role in the control 

of metabolism and energy balance. Future studies need to unravel how hypothalamic tanycytes, being 

the connection between the cerebrospinal fluid and hypothalamic neurons, might mediate physiological 

effects via their capacity to act as a NSC.

Autologous iPSCs offer the promise of cell replacement therapies that do not require the use of 

immunosuppressive drugs to prevent immunological rejection. Targeted gene-repair strategies, such 

as homolo gous recombination using the CRISPR/Cas9 technology, can be used for repairing genetic 

defects in patient-derived iPSCs. Several studies on neurological, hematological, and metabolic disease 

models have given a proof of principle that human disease can be treated by iPSC technology. Essential 

for effective and safe clinical application of iPSCs will be 1) the drastic shortening of the generation 

and differentiation procedures, and 2) annihilation of the risks for iPSC-related complications, e.g. 

tumorigenesis.

Human iPSCs typically take 1 month to give rise to first-generation colonies, regardless of the 

reprogramming technique used. Characterization of the iPSCs will take several days to weeks. This 

process is still complicated by the fact that there is no consensus on the protocols to create the most 

reliable and safe clinically-grade iPSC lines, and the criteria to define them. Dependent on the gene-

therapies required and the duration of cell-specific differentiation protocols, several weeks might be 

needed to subsequently differentiate the desired target cells. The final iPSC-derived cells may be of 

varying quality, and therefore again need extensive characterization before they can be applied clinically. 

Altogether, the entire process from source cell to target cell may take several months; iPS cells may 

therefore intrinsically not be suitable for the treatment of acute or life-threatening conditions. The 

creation of iPSC HLA-haplotype banks, which will make matching HLA-specific iPSC-lines readily available 

for treatment of patients, may solve part of this problem, but does not address the issue of prolonged 

differentiation times.

Another major obstacle for therapeutic use are potential genomic modifications caused by integration of 

DNA viruses into the host genome, increasing the risk of insertional mutagenesis. Cre-mediated excision 

of transgene sequences in iPSCs created with retrovirus or lentivirus is elaborate and does not rule out 

the possibility of small amounts of remaining sequences, and might thus not be the proper way. Several 

alternative methods are being developed to enable generation of zero-footprint iPSCs without residual 

transgene sequences. These methods make use of cytoplasmic Sendai virus, episomal vectors, direct 

mRNA or protein expression of reprogramming factors, direct miRNA transfection, piggyBac transposons, 

or chemical reprogramming by means of small molecules. Drawbacks of most of these techniques are 

the extensive generation times, labor-intensiveness, low efficiencies, and special technical requirements 

needed. Episomal vectors and Sendai virus, having the most optimal efficiencies, are currently considered 

to be the most feasible techniques for the generation of clinically-grade iPSCs. Another important criteria 

for safe iPSCs is the use of xeno-free culture systems during the differentiation process. Non-human 

feeder cells and the use of factors produced from or in contact with animal products pose the risk of 

introduction of xenogenic pathogens or antigens in the patient, and should be avoided. Methods such as 

chemically defined medium (mTeSR) combined with Matrigel can substitute for the use of feeder cells.

iPSC technology might offer promising possibilities in the field of peripheral nerve regeneration. Also, 

patient-derived iPSCs would offer unique possibilities to gain mechanistic insight into Schwann cell-

related diseases. The ultimate proof to show the clinical potential of iPSC-derived SCs will have to be 

provided in clinical trials in patients with PNS or CNS diseases or injuries. However, as long as clinically-

grade iPSCs are not available, autologous nerve grafting will likely continue to remain the gold standard 

for peripheral nerve regeneration.
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Het zenuwstelsel van mensen en andere zoogdieren kan beschadigd raken als gevolg van ziekteprocessen 

of mechanische traumata. Stamcellen bieden mogelijkheden voor weefselregeneratie en celtherapie bij 

dergelijke aandoeningen. In dit proefschrift wordt onderzoek beschreven dat zich richt op het ontwikkelen 

van methodes om perifere zenuwschade te herstellen met behulp van stamcellen. Daarnaast wordt 

basaal onderzoek beschreven naar een nog niet eerder gekarakteriseerd eiwit, UGS148, in neurale 

stamcellen in het centraal zenuwstelsel.

In Hoofdstuk 1 wordt uitgebreid ingegaan op de verschillende soorten stamcellen die in dit proefschrift 

aan de orde komen. Hierbij is er met name aandacht voor geïnduceerde pluripotente stamcellen (iPS-

cellen). iPS-cellen zijn basale, pluripotente stamcellen met dezelfde eigenschappen als pluripotente 

embryonale stamcellen, maar zonder de praktische en ethische bezwaren van embryonale stamcellen. 

Deze iPS-cellen kunnen gegenereerd worden uit 'gewone' somatische cellen (lichaamscellen) door 

ze met behulp van een set genen die coderen voor specifieke pluripotentie-transcriptiefactoren 

terug te programmeren tot een basale stamceltoestand. iPS-cellen kunnen vervolgens (in principe in 

ongelimiteerde hoeveelheden) gedifferentieerd worden tot (vrijwel) elk mogelijk celtype, en in potentie 

toegepast worden voor het behandelen van een scala aan aandoeningen. Aangezien iPS-afgeleide cellen 

van de patiënt zelf afkomstig zijn, zal implantatie van dergelijke cellen niet leiden tot immunologische 

afstotingsreacties. 

Het creëren van iPS-cellen is een gecompliceerd proces. Een bekend probleem is dat het genereren van iPS-

cellen vaak inefficiënt verloopt. Sommige celtypes kunnen gemakkelijker worden teruggeprogrammeerd 

tot iPS-cel dan andere celtypes. In Hoofdstuk 2 wordt een celtype gebruikt, neurale crest stamcellen 

uit de haarfollikels van muizenharen, waarvan wij veronderstelden dat zij eenvoudiger (dat wil zeggen, 

met minder transcriptiefactoren) zouden kunnen worden teruggeprogrammeerd, aangezien enkele 

van de noodzakelijke transcriptiefactoren al in deze cellen tot expressie komen. (Soortgelijke endogene 

expressie bleek overigens ook aanwezig in neurale crest stamcellen van het maag-darmkanaal.) Dit bleek 

echter niet het geval; wij waren weliswaar in staat iPS-cellen te creëren uit de haarfollikelcellen, maar 

slechts met een efficiëntie die gelijk was aan die van fibroblasten, en met dezelfde set factoren. Dit wijst 

erop dat endogene expressie van iPS-transcriptiefactoren geen garantie is voor eenvoudigere inductie 

van pluripotentie.

iPS cellen kunnen, net als embryonale stamcellen, in vitro differentiëren tot alle mogelijke lichaamscellen, 

mits zij in een juiste sequentie blootgesteld worden aan de juiste cocktail van differentiatie - en 

groeifactoren. Er zijn op deze manier reeds vele protocollen ontwikkeld voor de succesvolle differentiatie 

van iPS-cellen tot zenuwcellen, hartcellen, levercellen, etc. In Hoofdstuk 3 wordt beschreven hoe wij 

iPS-cellen (gegenereerd uit muizenfibroblasten) differentiëren tot Schwanncellen, de myeliniserende 

steuncellen van het perifeer zenuwstelsel. Na beschadiging van perifere axonen, zoals kan optreden bij 

een grote verwonding, zijn perifere zenuwcellen in staat opnieuw uit te groeien, mits de afstand die zij 

moeten overbruggen niet te groot is. Dit proces van regeneratie kan versneld en in goede banen geleid 

worden door implantatie van Schwanncellen. Lichaamseigen Schwanncellen kunnen niet 'geoogst' 

worden zonder lokaal functieverlies. iPS-technologie biedt de mogelijkheid tot het (ongelimiteerd) 

opkweken van autologe cellen. Wij beschrijven een methode om met hoge efficiëntie Schwanncellen 

te creëren uit iPS-cellen, door het combineren van specifieke kweekmethoden, groeifactoren, en FACS-

sorting. 

In Hoofdstuk 4 wordt een overzicht gegeven van de factoren die een rol spelen bij het generen van 

Schwanncellen uit iPS-cellen. Meerdere onderzoeksgroepen zijn in staat geweest Schwanncellen te 

genereren uit embryonale stamcellen. Wij zetten in dit hoofdstuk uiteen welke technieken succesvol zijn 

gebleken bij embryonale stamcellen, en op welke manier deze toegepast kunnen worden bij iPS-cellen.

Indien men iPS-afgeleide Schwanncellen daadwerkelijk wil gebruiken voor het bevorderen van perifeer 

zenuwherstel, moeten deze cellen in een zenuwdefect geïmplanteerd worden. Om deze geïmplanteerde 

cellen te kunnen bestuderen en volgen, testen wij in Hoofdstuk 5 een techniek om Schwanncellen zichtbaar 

te maken nadat deze onderhuids in een zenuwgeleider zijn geïmplanteerd, namelijk bioluminescentie. De 

survival van geïmplanteerde Schwanncellen kon met deze methode vastgelegd worden. Bioluminescentie 

zou verder ontwikkeld kunnen worden tot een reportermethode om de expressie van specifieke genen in 

Schwanncellen tijdens het perifeer regeneratieproces te kunnen vervolgen. 

Cruciaal voor het gebruik van stamcellen is hun identificatie en isolatie aan de hand van specifieke 

markers. In Hoofdstuk 6 onderzoeken wij de expressie en mogelijke functie van het eiwit UGS148 in 

multipotente neurale stamcellen. Eerder onderzoek heeft aangetoond dat dit eiwit sterk tot expressie 

komt in multipotente stamcellen. Wij beschrijven dat UGS148 daarnaast een specifieke marker is 

voor tanycyten gelegen in de bodem en wand van de 3e hersenventrikel, een gebied dat steeds meer 

beschouwd wordt als een derde regio waar neurogenese plaatsvindt. Deze regio is des te interessanter 

aangezien het ook een rol speelt in het metabolisme. UGS148 is onder andere betrokken bij intracellulair 

transport van eiwitten naar de celmembraan en reguleert zo mogelijk de gevoeligheid van de stamcel 

voor factoren die betrokken zijn bij de proliferatie van stamcellen. 

Samengevat zijn iPS-cellen een belangrijke potentiële bron voor het genereren van autologe 

(lichaamseigen) Schwanncellen, die vervolgens voor perifeer zenuwherstel kunnen worden gebruikt (als 

alternatief voor een autoloog zenuwtransplantaat), of voor onderzoek aan Schwanncellen en Schwanncel-

gerelateerde aandoeningen. Echter, voordat iPS-cellen bij patiënten kunnen worden toegepast is het 

noodzakelijk dat deze volledig zonder risico's zijn. iPS-cellen worden gecreëerd met behulp van oncogene 

(kankerverwekkende) transcriptiefactoren; ook kan integratie en reactivatie in het gastheergenoom van 

de gebruikte DNA-fragmenten plaatsvinden. Dit kan tumorformatie in de hand werken. Steeds meer 

onderzoeken richten zich op het ontwikkelen van methodes om iPS-cellen te genereren zonder deze 

risico's, en inmiddels zijn er al goede alternatieven voorhanden. Toekomstig dierexperimenteel onderzoek 

zal moeten uitwijzen of iPS-afgeleide Schwanncellen inderdaad een verbeterde uitkomst geven bij herstel 

van perifeer zenuwletsel. Een potentiële nieuwe techniek is directe conversie van bindweefselcellen tot 

Schwanncellen. Directe conversie kan inmiddels al worden gebruikt voor het genereren van zenuwcellen, 

hartcellen en pancreascellen, maar is nog nooit voor Schwanncellen toegepast.

8
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dr. E. van Wolde, en prof. dr. J.W.M. Roebroeks en prof. dr. em. P.C. Emmer (Universiteit Leiden) bedanken 

voor hun deskundige visie op respectievelijk mijn stellingen nr. 5, 7 en 9. 

Belangrijk voor het onderhavige werk waren een aantal betrokken experts. Prof. dr. em. J.-P. Nicolai, 

hartelijk dank voor uw inzet en uw enthousiasme tav het zenuwgeleider-project. Dr. M.F. Meek, beste 

Marcel, dankzij jou ben ik destijds met mijn promotie begonnen. Prof. dr. Van Dam, beste Go, hartelijk 

dank voor je bijdragen mbt de bioluminescentie. Prof. Dr. med. K.-H. Schäfer, thank you and your 

laboratory for your invaluable expertise and input regarding my neural crest stem cell studies. Also Dr. 

D. Grundmann from your lab has been of great help. Prof. dr. G. de Haan, beste Gerald, dank voor je 

inbreng mbt het ‘D27’-project. Prof. dr. J.J. van der Want, beste Han, hartelijk dank voor de EM analyse 

en je persoonlijke betrokkenheid; het was een eer om op je UMCG-afscheid muziek te mogen spelen! Dr. 

K. Sjollema, beste Klaas, hartelijk dank voor je hulp bij de confocale microscopie.

Ook de analisten van de afdeling Neuroscience zijn onmisbaar geweest. Beste Nieske, we konden altijd 

goed met elkaar overweg. Dankje voor je technische ondersteuning, voor je inzet voor de afdeling, maar 

vooral voor je humor en relativeringsvermogen! Evelyn, ik ben blij dat je bij de verschillende projecten 

betrokken bent geweest; o.a. de qRT-PCRs in dit boek waren er niet geweest zonder jouw betrouwbare 

hulp. Ietje, waar nodig kon ik altijd aanspraak doen op je hulp en ervaring in het immunolab; dankjewel. 

Ellie, ook jouw hulp bij de in situ hybridisaties was van grote waarde. Michiel en Michel, dank voor jullie 

inzet bij het subkloneren en de microscopie, en Freark, dank voor je hulp bij de EM. Marjolein en Loes: 

dank voor de organisatie op het celkweek- en het ML-II lab! Geert Mesander, Henk Moes en Roelof Jan 

van der Lei: dank voor alle hulp bij het FACS-sorten en de flow-cytometrie.

De stafleden van de afdeling Neuroscience, dr. B.J.L. Eggen, dr. R. Bakels, dr. I. Zijdewind, prof. dr. K. Biber, 

en sinds kort prof. dr. J.D. Laman en dr. A. Kocer, ben ik zeer erkentelijk voor hun betrokkenheid. Graag wil 

ik daarnaast mijn collega-onderzoekers bedanken. Dr. V. Balasubramaniyan, dear Veerakumar, you have 

not only been of great help, but also a pleasant colleague and a good friend; thank you for that, and I 

hope we shall keep in contact! Dr. M.R. Czepiel, dear Marcin, thank you for your collaboration on several 

projects, and your friendship. I wish you and Dr. Śmigielska-Czepiel (Kasia) all best with your newly 

started (medical) careers! Dr. F. Sher, dear Falak, thanks for your valuable instructions and the good 

conversations. Dr. S. Moidunny, dear Sham, I felt honored to be your paranymph at your defense; I also 

will never forget Queensday 2010! I want to thank my office mates: Dr. R.A. Roessler, Divya (thank you 

also for your kind collaboration), Arun, Duco, and Zhuoran for all discussions and the good atmosphere in 

our office. I want to thank my collegues Wandert, Ilia, Thaiany, Dr. V. Kannan, Xin, Zhilin, Suping, Dr. A.H. 

de Haas, Dr. M. Olah, Dr. H.R.J. van Weering, Dr. E.K. de Jong, Inge, Ria, Koen, Dr. R.P. Thummer, Xiaoming, 

Thais, Rianne, Corien, Fabrizio, Annebet, Dr. M. van Zwam, Dr. C.J. Huisman, Dr. R. Somasundaram, Dr. 

K.F.A. Messanvi, Dr. M. Stančić, Dr. A. Gerrits, and Dr. R. Wichmann for the good time at the Dept. of 

Neuroscience and the UMCG. Ik wil tot slot ‘mijn’ studenten Tina Krause, Anneriek de Vries en Niels Haan 

bedanken, alsook de vele overige studenten die hun bijdrages aan het lab hebben geleverd.

Aan de medewerkers van de BCN Office, Diana, Janine en Nynke: dank voor de organisatie van alle 

graduate school activiteiten. Gerry, dank voor het regelen van de zaken rondom mijn aanstelling. En 

natuurlijk Trix: hartelijk dank voor de uitstekende organisatie van de afdeling.

Verder ben ik uiteraard dank verschuldigd aan mijn sponsoren, aan Rudie Knol, Jean-Paul Muis en 

Micha Wiertz  van drukkerij CPI Koninklijke Wöhrmann, en Jan en Shirley van De Weijer Design voor de 

professionele service en de prettige samenwerking bij de technische realisatie van dit proefschrift.
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afdeling Mond-, Kaak- en Aangezichtschirurgie van het UMCG bedanken, met name prof. dr. L.G.M. 
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