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1. Introduction 
 

1.1 The human cortex and its neuronal diversity  
 
The human cerebral cortex represents roughly three quarters of the human brain and 

functions as an organizing center of afferent and efferent signals (Mountcastle 1998). 

It is a distinct six-layered structure subserving critical functions. Those six layers are 

populated by cortical neurons. During embryogenesis cortical neurons are generated 

within the ventricular zone (VZ; Molyneaux et al., 2007) (Figure 1). At an early stage 

of development, this zone consists of a single layer of rapidly dividing cells, which is 

the germinal neuroepithelium. The massive proliferation drastically enlarges the 

neuroepithelium. During the course of neurogenesis, a second proliferative layer 

develops upstream of the VZ. This layer is termed as subventricular zone (SVZ; 

Bayer and Altman 1991). The VZ and SVZ comprise neural progenitors including 

radial glia cells (RGC), intermediate progenitors (IP) and outer RGCs, which will give 

rise to glutamatergic projection neurons of the six neocortical layers (Molyneaux et 

al., 2007). Those glutamatergic projection neurons migrate radially toward the pial 

surface to end up in the cortical plate (CP; Kassai et al., 2008). In human, the 

development of the cortical plate is initiated during the seventh week of gestation, 

when a layer of pioneering neurons initiates the so-called preplate (Marin-Padilla 

1978; Marin-Padilla 1992). Between the seventh and the eighth week of gestation the 

preplate splits into the subplate and the marginal zone (Derer and Nakanishi, 1983; 

Goffinet and Lyon, 1979; Goffinet 1979; Nichols and Olson, 2010; Sheppard and 

Pearlman, 1997). In between the marginal zone and the subplate, the cortical plate, 

which is the destination of the migrating neurons, will develop (Figure 1). The 

marginal zone, which will be on top of the future cortical plate, contains Cajal-Retzius 

cells. Those cells secrete the chemotropic factor Reelin, which is necessary for the 

correct positioning of migrating neurons within the CP (D’Arcangelo et al., 1995; 

Hoerder-Suabedissen and Molnar, 2013; Osheroff and Hatten, 2009). 

After exiting the cell cycle, the immature neurons, which are born in the VZ, migrate 

with a multipolar morphology through an intermediate zone between the SVZ and the 

subplate (Noctor et al., 2004; Tabata and Nakajima, 2003). When they reach the 

subplate, they change their morphology from multipolar to bipolar and they attach to 

the fibers of the radial glia (Jossin and Cooper, 2011). Radial glia cells assist the 

radial migration of projection neurons. They span through the neuroepithelium while 
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keeping attached to the pial surface and the luminal side of the neural tube (Bystron 

et al., 2006; Howard et al., 2008; Lui et al., 2011; Taverna et al., 2014) (Figure 1). 

Thus they serve as guiding tracks for immature neurons, which migrate along the 

RGCs to the pial side, where they settle as postmitotic neurons and build the cortical 

plate (Olson 2014; Rakic 1988; Rakic 2007). The cortical plate is formed in an inside 

out pattern, which means that early born neurons establish the deep layers of the 

future structure and later born neurons pass the early born neurons to form the upper 

layers (Angevine and Sidman, 1961; Mountcastle 1998; Rakic 1974). It is believed 

that early born neurons originate from apical radial glia cells in the ventricular zone, 

whereas the neurons of the upper layers derive from secondary progenitors in the 

subventricular zone (Lui et al., 2011). At this neural migration stage, integration of 

many different molecules including reelin (RELN), are required for the formation of a 

complete neocortex. Reelin plays an important role in the formation of the cortical 

plate. It is an extracellular matrix protein, which is synthesized and secreted by the 

Cajal-Retzius cells of the marginal zone (Curran and D’Arcangelo, 1998; Jossin et 

al., 2003).  

 

 
Figure 1 Development of the cerebral cortex. After an initial expansion phase, neuroepithelial progenitor cells 

differentiate and migrate along radial glial cells towards the cortical plate. During early neurogenesis, deep layers 

of the cortical plate (blue) are generated. During the course of neurogenesis, the later born neurons migrate 

through the early born neurons to compose the upper layers of the cortical plate (green). In upper layers 

intracerebral projection neurons are located, which project within the brain. The deep layers consist of 

subcerebral neurons, which can project up to the spinal cord. Adopted from Shibata et al., 2015.  
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At the end of cortical development, mammalian brains commonly show a six-layer 

neocortex, whereupon each layer possesses a specific function by producing 

complex synaptic connections. The different functionalities of layers are 

accomplished by different neuronal subtypes. There are three classes of cortical 

projection neurons within the human neocortex, defined as associative, commissural 

and corticofugal projection neurons. The upper layers of the cortical plate (layers 

II/III) consist predominantly of callosal projection neurons, which belong to the group 

of commissural neurons. Their name derives from the way of their axonal projections, 

because they extend their axons across the corpus callosum. These neurons never 

project axons outside the telencephalon. Underneath these layers, mostly 

corticofugal projection neurons form the deep layers of the cortex (layers V/VI). This 

group of neurons is further subdivided into corticothalamic neurons and subcerebral 

projection neurons. The corticothalamic neurons are primarily located within layer VI 

and are known to project subcortically to the thalamus. The superficial layer V 

consists mostly of subcerebral projection neurons, which are pyramidal neurons of 

the largest size. They possess long-range projections to the brainstem and the spinal 

cord (Molyneaux et al., 2007).   

Within the cerebral cortex another type of neuron exists, namely inhibitory 

interneurons, which are generated in the ventral telencephalon and have to migrate 

tangentially into the cortex to integrate into local networks (Hansen et al., 2013; Ma et 

al., 2013). These interneurons play an essential role in modulating brain activity by 

making synaptic connections with excitatory neurons or other interneurons (Gelman 

and Marin 2010).  

	
  

1.1.1 The role of transcription factors in directing the generation of projection 

neurons in the cerebral cortex 
 

During the cortical development, transcription factors (TF) are important for the 

specification of these different types of projection neurons within the human cortex. 

TF are key regulators of gene transcription, which are composed of at least one 

DNA-binding domain. Alone or together with other co-factors they promote or block 

the recruitment of the RNA-polymerase to the DNA strand. By that, TF can induce or 

repress the transcription of specific genes.  
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The generation and specification of the different neuronal subtypes requires the 

expression of various key transcription factors. 

For the production of corticothalamic neurons the T-box transcription factor Tbr1 acts 

as a key TF (Han et al., 2011; Hevner et al., 2001; McKenna et al., 2011) (Figure 2). 

It promotes the corticothalamic identity through a repression of the expression of the 

TF Fezf2 by binding a conserved consensus site (Han et al., 2011). Fezf2 is a zinc 

finger TF, which promotes the specification of corticofugal neurons (Chen et al., 

2008; Molyneaux et al., 2005; Shim et al., 2012). Through the decrease of Fezf2 

expression via Tbr1, this facilitation is decreased and the developing neurons adopt a 

corticothalamic identity.  

For the specification of corticofugal neurons there are two more important TF besides 

Fezf2. Those TF are Ctip2 and Satb2 (Figure 2). Ctip2 is a COUP TF1-interacting 

protein, which is essential for the axonal outgrowth of corticofugal neurons (Arlotta et 

al., 2005). The chromatin remodeling protein Satb2 acts usually as a major regulator 

of callosal neurons but is also involved in the specification of corticofugal neurons. It 

was shown that Satb2 promotes the identities of cortifugal and callosal neurons in a 

cell context-dependent manner (Leone et al., 2015; McKenna et al., 2015). Satb2 

induces the expression of corticofugal genes, which are essential for the fate 

specification (e.g. Fezf2) and represses also other corticofugal genes, which are 

necessary for the axonal development of corticofugal neurons (e.g. Ctip2) (McKenna 	
  

et al., 2015). The resulting high levels of Fezf2 in turn repress the Satb2 expression 

leading to a decreased expression. The reduced Satb2 expression ensures high 

expression levels of corticofugal genes like Ctip2, which further promote the 

corticofugal identity (McKenna et al., 2015).  

During the specification of callosal neurons, Satb2 does not activate Fezf2 and 

remains highly expressed (McKenna et al., 2015). The high levels of Satb2 promote 

the expression of upper layer genes, which are important for the development of 

callosal neurons (McKenna et al., 2015). The repression of corticofugal genes is still 

present. It represses for example Ctip2 by binding to regulatory regions (MAR 

sequences) in the Ctip2 locus (Alcamo et al., 2008). Recently it was described that 

the protooncogene Ski is coexpressed with Satb2 in superficial layers (Leone et al., 

2015). It is not involved in the interaction between Satb2 and the MAR sequences, 

but it is required for the recruitment of HDAC1, which leads to an assembly of the 

NuRD complex resulting in the repression of Ctip2 (Leone et al., 2015). In order to 
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that, it is proposed that the absence of Ski in deeper layers is another key difference 

between callosal neurons of the upper layers and corticofugal neurons of the deeper 

layers, because the repression of corticofugal genes appears to be stronger with Ski.    

    

	
  

	
  
Figure 2 Specification of cortical neurons via transcription factors. NSCs divide asymmetrically when 

neurogenesis is started. Neurons derive then from generated BPs. The neurons are sequentially generated and 

populate the cortical layers in an inside out fashion. The neurons are specified through a distinct set of 

transcription factors as indicated. Due to their specification, neurons define the different layers. The upper layers 

II/III show a prominent Brn1/2, Cux1/2 and Satb2 expression, whereas deep layers are defined through neurons 

expressing Fezf2, Ctip2, ER81, Slit, Tbr1 and Foxp2. BPs indicate basal progenitors; IZ, intermediate zone; 

NGNs, newborn neurons; NSCs, neural stem cells; SVZ, subventricular zone; VZ, ventricular zone. Modified from 

Mukhtar and Taylor 2018.  

 

1.1.2 The role of microRNAs in regulating cortical development 
 

In the last decade, the work on MicroRNAs (miRNAs) became more and more 

important in research. miRNAs are ∼ 22 nucleotides long and belong to the class of 

small, non-coding RNAs (Lewis et al., 2005). They are highly conserved and are able 

to regulate the expression of a variety of genes (Candiani et al., 2011; Friedman et 
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al., 2009). This regulation is usually in a negative manner by binding to the 3’UTR of 

a messenger RNA (mRNA) (Carthew and Sontheimer, 2009; Kim et al., 2009).  

As part of the non-coding RNAs, they were first neglected, but in the last couple of 

years it was shown that those miRNAs could act as key players in different biological 

processes such as developmental processes or in signaling pathways (Ambros 2004; 

Bartel 2004). In particular it was revealed that they are involved in the regulation of 

processes in the central nervous system (CNS) like neurite outgrowth and neuronal 

function (Mc Neill and Van Vactor, 2012). A few miRNAs were found, which can also 

activate the translation of target genes (Schwartz et al., 2008; Vasudevan et al., 

2007). 

The biogenesis of miRNAs consists of different steps. Primarily, miRNAs are 

transcribed by the RNA polymerase II (Cai et al., 2004; Lee et al., 2004). However, 

meanwhile various miRNAs were reported to be transcribed by RNA polymerase III 

(Borchert et al., 2006; Ozsolak et al., 2008). The transcription results in an immature 

nuclear precursor, which is referred as pri-miRNA. The pri-miRNA contains a stem 

loop after transcription and it is further processed by the type III-like ribonuclease 

Drosha (Krol et al., 2010; Miyoshi et al., 2010). Afterwards, the pri-miRNA is cleaved 

and persists as a 60-100 nucleotides long hairpin-containing intermediate precursor. 

This precursor is called pre-miRNA (Krol et al., 2010; Miyoshi et al., 2010). Via 

Exportin5, the pre-miRNA is exported out of the nucleus into the cytoplasm and there 

processed again by the RNase III-like ribonuclease protein dicer. The dicer cleaves 

the pre-miRNA into an 18-22 nucleotides long duplex, which is the mature miRNA 

(Krol et al., 2010; Miyoshi et al., 2010). Afterwards, one strand of the duplex is loaded 

into the RNA-induced silencing complex (RISC complex). The RISC complex 

comprises RNA binding proteins of the Argonaute family, which are important for the 

future binding to a mRNA (Meister 2013). For the binding, there is a complementarity 

between 2-8 nucleotides of the miRNA and a region within the 3’UTR of the mRNA 

(Brennecke et al., 2005). miRNAs are regulating the expression of genes usually via 

an induction of a post-transcriptional silencing through an inhibition of the target 

translation as well as through a destabilization of the mRNA (Schwartz et al., 2008; 

Vasudevan et al., 2007) (Figure 3). 	
  

As regulators of gene expression, microRNAs play an important role in a variety of 

cellular processes. Amongst others they have a central role in many processes 

during the cortical development like cell type specification, migration, differentiation, 
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apoptosis, maturation and synaptogenesis (Davis et al., 2008; De Pietri Tonelli et al., 

2008; Kawase-Koga et al., 2009; Nowakowski et al., 2013).  

                              

                             	
  
Figure 3 Biogenesis of microRNAs (miRs). After transcription, the miR consists of a hairpin structure (1). It is 

processed via a cleavage with Drosha (2) and subsequently exported from the nucleus into the cytoplasm (3). In 

the cytoplasm, the miR is further processed by a hairpin cleavage (4). Afterwards the Dicer unwinds the miR 

duplex structure and one strand of the duplex is loaded into the RISC-complex. The RISC-miR combination then 

binds at the specific target messenger RNA (mRNA) and inhibits their expression. (Adopted from Im and Kenny 

2012). 

 

Small alterations of their expression were associated with numerous of brain 

disorders (Abelson et al., 2005; Kim et al., 2007; Stark et al., 2008; Wang et al., 

2009). In this regard, one well-studied microRNA is microRNA-124, which is highly 

specific to postmitotic neurons and has been reported to promote neurogenesis by 

targeting polypyrimidine tract-binding protein 1 (PTBP1) (Makeyev et al., 2007). 

Another microRNA, which is broadly expressed within the developing cortex, is 

microRNA-9. microRNA-9 is known to target the TF Foxg1 and Gsx2, which results in 

a regulation of developmental patterning and neuronal migration (Clovis et al., 2012; 

Shibata et al., 2011). 
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In this context, two additional microRNAs, namely microRNA-22 and microRNA-132, 

were described to be involved in cortical development. microRNA-22 is a widely 

expressed microRNA, which was shown to be involved in many different cellular 

processes in mammalian systems (Landgraf et al., 2007). In regard to cortical 

development, Volvert and colleagues described the role of microRNA-22 in neuronal 

polarization and migration during the development of the cortex through targeting 

CoREST and thereby influencing the intracellular Doublecortin (Dcx) level (Volvert et 

al., 2014). Furthermore, several studies pointed out that microRNA-22 has an anti-

apoptotic effect and thus linked to different kinds of cancer or Huntington Disease 

(Berenguer et al., 2013; Jovicic et al., 2013). 

microRNA-132 is like many other microRNAs connected to a variety of cellular 

processes including apoptosis or signaling pathways like the Notch signaling 

pathway (Salta et al., 2014; Wong et al., 2013). With respect to cortical development 

it is involved in the neuronal development itself, by regulating axonal outgrowth and 

the neuritogenesis (Hancock et al., 2014; Remenyi et al., 2013; Vo et al., 2005). 

Altered expression of microRNA-132 was reported to have a massive implication of 

dendritic complexity and spine density (Edbauer et al., 2010; Magill et al., 2010).  

 

1.1.3 Human cortical malformations – perturbed cortical layer formation  
 

Human cortical malformations associated with defects in neuronal migration result in 

severe developmental consequences including epilepsy and intellectual disability.  

Prominent disorders due to an abnormal neuronal migration and a subsequent 

disrupted cortical layer formation are periventricular heterotopia, subcortical band 

heterotopia and lissencephaly (Pang et al., 2008). Periventricular heterotopia is 

caused by an arrest of neuronal migration along the radial glial fibers, which results in 

linearly distributed, heterotopic neurons. The subcortical band heterotopia is 

characterized by an additional band of subcortical neurons between the ventricles 

and the cerebral cortex (Gleeson et al., 1999). The brain of lissencephalic patients 

exhibits abnormal gyri (pachygyria) or no gyri (agyria; Barkovich et al., 2012; Francis 

et al., 2006) (Figure 4). Although several of the genes responsible for human 

congenital disorders have been identified, the pathophysiological mechanisms 

causing such malformations are not entirely understood. In regard to lissencephaly it 

is the widespread notion that heterozygous deletion or mutations of LIS1 causes 
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lissencephaly in humans (Kato and Dobyns, 2003). LIS1 is a member of an 

intracellular multiprotein complex together with NDEL1 and 14.3.3ε. It functions as a 

regulator of cytoplasmatic dynein, microtubule dynamics and centrosomal protein 

localization (Reiner and Sapir, 2013; Wynshaw-Boris, 2007). The disruption of this 

multiprotein complex has influences in neuronal migration and proliferation of radial 

glia cells (Bi et al., 2009; Tsai et al., 2005; Yingling et al., 2008).  

The Miller Dieker Syndrome (MDS) is a severe form of lissencephaly leading to 

enlarged ventricles and an abnormally thick cerebral cortex with a disorganized 

cortical plate (Dobyns et al., 1983; Francis et al., 2006). Furthermore, the cortex is 

simplified without any (agyria) or abnormal cortical convolutions (pachygyria; 

Barkovich et al., 2012; Francis et al., 2006). Although the cortical plate is enlarged, it 

consists of only four layers instead of six (Ferrer and Fernandez-Alvarez, 1977). 

Moreover, the existing four layers of the cerebral cortex are disorganized. The 

molecular layer I is closely located to the pial surface. The underlying layer II consists 

of pyramidal neurons in the upper part und granular cells in the lower part. Layer III 

persists of either multipolar neurons or neurons harboring a round cell soma instead 

of a pyramidal. Beneath this layer pleiomorphic neuronal cells and misoriented 

pyramidal neurons were found to build the fourth layer (Romero et al., 2018). MDS is 

linked with a haploinsufficiency on chromosome 17p13.3, harbouring a lot of different 

genes including PAFAH1B1 (LIS1) and YWHAE, which are encoding for Lis1 and 

14.3.3ε respectively (Cardoso et al., 2003; Chong et al., 1997; Dobyns et al., 1983; 

Hattori et al., 1994; Reiner et al., 1993; Schwartz et al, 1988). Lis1 and 14.3.3ε form 

together with NDEL1 an intracellular multicomplex, which is important for the 

regulation of microtubule dynamics and the cytoplasmic dynein (Wynshaw-Boris 

2007). Recently it was shown that the causes for a disruption in the cortical niche are 

alterations within the microtubules network of radial glia cells (Iefremova et al., 2017). 

Moreover, cell divisional changes were also identified in outer radial glia cells 

(Bershteyn et al., 2017). Besides the lissencephalic brain, MDS is associated with 

craniofacial dysmorphisms, mental and motor impairment as well as epilepsy 

(Dobyns et al., 1983; Nagamani et al., 2009; Yingling et al., 2003). Furthermore, 

MDS patients have a reduced lifespan. If there are born at all, patients usually die 

during their first couple of years of life (Yingling et al., 2003).  
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Figure 4 Cortical malformations in neurological diseases. Examples for different cortical malformations. A: 

MRI and scheme of a brain with periventricular heterotopia. A migration arrest results in an accumulation of 

heterotypic neurons. B: MRI and scheme of a brain with subcortical band heterotopia. Neurons build an additional 

band between the ventricles and the cerebral cortex. C: MRI and scheme of a brain with lissencephaly. The brain 

is malformed due to agyria and pachygyria. Modified from Pang et al., 2008.	
  

 

1.2 How to make a human neuron in vitro 
 

1.2.1 Guided differentiation of pluripotent stem cells (PSC) into telencephalic 

progenitors and neurons  

 

For a long time, the major limitation in experimental human brain research was the 

lack of available model systems. With the advent of induced pluripotent stem cells 

(iPS cells) and defined protocols for the guided differentiation of these cells into 

specific somatic cell fates, cells of the human brain has become freely available for 

biomedical research and disease modeling. In fact, iPS cell research has 
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revolutionized the study of human brain development and disease (Takahashi and 

Yamanaka, 2006). Major advances in our understanding of developmental programs 

and the improvement of in vitro protocols eventually cumulated in the generation of 

guided differentiation protocols. To guide the differentiation of PSCs for the 

generation of neural progenitor cells (NPCs) and functional neurons, developmental 

signals, which resemble those signals that instruct the respective cell identity during 

in vivo development, were used. In vivo, the determination of the neuronal fate is 

initiated with the positional identities of NPCs instructed by morphogens and 

mitogens (Fasano et al., 2010; Kriks et al., 2011; Pasca et al., 2011). Different 

morphogens form gradients along the dorsal-ventral and anterior-posterior axis, 

which specify the identity of NPCs. For example sonic hedgehog (SHH) is secreted 

from ventral regions, whereas the dorsal regions secrete bone morphogenetic protein 

(BMP) and WNT proteins (Ciani and Salinas, 2005; Fuccillo et al., 2006; Liu and 

Niswander, 2005). The positioning along the anterior-posterior axis is defined by 

signaling cues downstream of fibroblast growth factors (FGFs) and retinoic acid (RA) 

(Maden 2007; Mason 2007).     

In an elegant study, Gaspard et al. cultured mouse PSCs in a default differentiation 

medium. As a result, the cells naturally adopted a telencephalic identity with the 

majority expressing ventral progenitor cell markers due to an induced SHH 

expression during neuronal conversion. In response to that, they showed that an 

application of a SHH antagonist, here cyclopamine, prevented the ventralization and 

led to the induction of excitatory cortical neurons, derived from the dorsal 

telencephalon (Gaspard et al., 2008).  

In a different study, an inhibition of the WNT pathway combined with an inhibition of 

SMAD signaling showed to promote a forebrain identity in human PSC-derived 

NPCs. Therefore the culture conditions were modified by implementing BMP and 

Activin/Nodal inhibitors, which prevents the transcriptional activity of SMAD in the 

end (Chambers et al., 2009). A further differentiation to forebrain neurons was not 

reported. Based on this finding different studies demonstrated the generation of 

cortical neurons by inhibiting the SMAD signaling pathway (Li et al., 2009; Pasca et 

al., 2011). Shi et al. showed that the combination of retinoid signaling with an 

inhibition of SMAD signaling promoted the neural induction and led to a directed 

differentiation of human PSCs to cerebral cortex stem and progenitor cells. This 

differentiation was followed by an extended period of cortical neurogenesis 



Introduction 

	
  12	
  

accompanied by a terminal differentiation to cortical neurons with equal amounts of 

deep layer neurons and upper layer neurons (Shi et al., 2012). Excitatory cortical 

neurons could also be generated from human PSCs without the addition of 

morphogens. Only SMAD signaling was inhibited. In contrast to Shi et al., the 

majority of the generated neurons had a deep layer identity (Espuny-Camacho et al., 

2013).   

 

1.2.2 TF based cell programming of PSC  

 

The guided differentiation by using developmental signals appeared to be successful 

but also time-consuming. The neural differentiation usually takes 4-6 weeks and the 

maturation to functional neurons could last months depending of the desired 

neuronal subtype (Tao and Zhang, 2016; Xie et al., 2013). Furthermore, the guided 

differentiation was accompanied by variability with low purities of the desired 

neuronal subtype. In addition, different PSCs from different donors showed strong 

differences in their differentiation potential (Bock et al., 2011; Hu et al., 2010; Wu et 

al., 2007). As explained in chapter 1.1.1, cell fates are determined by an interplay of 

transcription factors during embryonic development. In a first approach, TF based 

reprogramming was shown to induce PSCs from fibroblasts (Takahashi and 

Yamanaka, 2006). Similarly, TFs were identified, which led to the rapid and 

homogenous induction of specific cell types. For example, Ngn2 was shown to 

efficiently direct the differentiation of mouse and human PSC to a generation of pure 

excitatory neurons. Thereby it was possible to induce these neurons in less than two 

weeks (Thoma et al., 2012; Zhang et al., 2013). The generated neurons exhibited 

neuronal transcription profiles, had the ability to form synapses and could produce 

action potentials (Zhang et al., 2013). Additionally, these neurons showed a 

functional integration and active electrophysiological properties after transplantation 

into a mouse brain (Zhang et al., 2013). Besides Ngn2, Zhang et al. further described 

NeuroD1 as another transcription factor, which was able to direct the differentiation of 

human PSCs to an excitatory cortical identity in response to overexpression (Zhang 

et al., 2013). Another transcription factor, which was reported to drive the neuronal 

differentiation of human PSCs, is Ascl1 (Chanda et al., 2014; Pang et al., 2011; 

Yamamizu et al., 2013). The expression of Ascl1 alone was described to be sufficient 

for the neuronal differentiation. But in contrast to the differentiation with Ngn2 or 
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NeuroD1, the expression of Ascl1 had to be combined with Brn2 and Mytl1 to 

increase neuronal maturation and complexity (Pang et al., 2011).        

The power of transcription factors is also underlined by the ability to generate more 

types of neurons by ectopically expressing different transcription factors. Andersson 

and colleagues were one of the first, who performed a successful generation of 

neurons by applying a subset of transcription factors. They used the homeodomain 

transcription factors Lmx1a and Msx1, which are expressed in midbrain dopamine 

progenitor cells. Overexpression of those two TF resulted in a directed differentiation 

of ESCs into functional dopaminergic neurons of the midbrain (Andersson et al., 

2006). In a similar manner it was possible to generate serotonergic neurons from 

ESCs. Therefore only the transcription factors were changed to Ascl1, Gata2 and 

FoxA2 (Nefzger et al., 2011). All these results led to the conclusion that specific 

combinations of transcription factors are linked to the instruction of specific neuronal 

identities.    

	
  

1.2.3 Direct conversion of fibroblasts into functional neurons  

 

The accomplishments in PSC programming raised the question whether a 

differentiated somatic cell can be directly converted into a different cell type without 

bypassing a pluripotent state.  

The idea of converting one differentiated cell into another differentiated cell was not 

new. First indications were already shown several years ago by forced expression of 

lineage-specific genes in somatic cells such as MyoD. MyoD encodes for a 

transcription factor, which is crucial for the specification of skeletal muscle cells. 

Expression of MyoD was shown to be sufficient for a successful conversion of 

fibroblasts into contracting muscle cells (Choi et al., 1990; Davis et al., 1987; 

Weintraub et al., 1989). In addition, exogenously expression of interleukin (IL)-2 and 

granulocyte-macrophage colony-stimulating factor receptors resulted in a myeloid 

conversion of committed lymphoid progenitors (Kondo et al., 2000). Furthermore, it 

was reported in other studies that Cebpa in B cells or Pu.1 in combination with 

Cebpa in fibroblasts is sufficient to induce characteristics of macrophages (Feng et 

al., 2008; Xie et al., 2004). Also in vivo studies confirmed the possibility of direct 

reprogramming between divergent lineages. For example, the expression of 

neurogenin 3 in combination with Pdx1 and Mafa led to the conversion of pancreatic 
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exocrine cells into functional ß-cells in vivo (Zhou et al., 2008). 

Groundbreaking work was done by Vierbuchen and colleagues, who efficiently 

converted mouse fibroblasts into functional neurons, which they termed induced 

neurons (iN) (Vierbuchen et al., 2010). In their work, they started with 19 TF, which 

were either specifically expressed in neural cell types or they had a role in 

reprogramming to pluripotency. After testing different combinations of TF they 

narrowed it down to the three TF Asl1, Brn2 and Mytl1 (Vierbuchen et al., 2010). Out 

of these transcription factors, Ascl1 was found to be crucial for the conversion 

process. Ascl1 is an evolutionary conserved transcription factor, which was first 

identified in Drosophila melanogaster, and is known for its proneural activity 

(Masserdotti et al., 2016). In the course of mammalian development it directs stem 

cells within the brain to neuronal identities (Casarosa et al., 1999). To increase the 

transdifferentiation efficiency and maturation of the iNs, as well as to promote the 

generation of more complex neural phenotypes, the transcription factors Brn2 and 

Myt1l were used (Vierbuchen et al., 2010). Both factors were previously known for 

their roles in normal neurogenesis. More recently, Myt1l has emerged as a repressor 

of non-neuronal fates in developing cells, thereby improving the efficiency of 

reprogramming and the functional maternity of the iN (Mall et al., 2017). On the basis 

of that work it was reported that an addition of NeuroD1, another basic helix–loop–

helix transcription factor, to three combined TF was sufficient to convert also human 

fibroblasts into functional neurons (Pang et al., 2011). More recently, the role of Ascl1 

as a key factor for direct reprogramming was underlined by demonstrating that Ascl1 

expression alone is sufficient to convert human fibroblasts into glutamatergic neurons 

(Chanda et al., 2014). However, the importance of Brn2 and Myt1l for neuronal 

generation was once again pointed out by the finding that Ascl1 alone is sufficient to 

induce the neuronal feature of non-CG methylation, but the expression of the other 

two TFs is required to create a methylation pattern, which is more alike to mature 

neurons (Luo et al., 2019). Other studies combined Ascl1 expression with the 

expression of Ngn2 to convert fibroblasts into neurons (Liu et al., 2013; Son et al., 

2011).  

In contrast to these studies, it was recently demonstrated that neurons could be 

chemically induced without the application of transcription factors by using small 

molecules. Mouse and human fibroblasts were directly converted by using forskolin, 

ISX9, CHIR99021, SB431542 and I-BET15125 or with a mixture of valproic acid, 
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CHIR99021, Repsox, forskolin, SP600125, GO6983 and Y-27632 (Hu et al., 2015; Li 

et al., 2015).  

Besides small molecules, also microRNAs became targets in regard to direct 

transdifferentiation. It was shown that an overexpression of microRNA-124 and 

microRNA-9 is sufficient to reprogram human fibroblasts into neurons via a regulation 

of the REST complex (Victor et al., 2014; Xue et al., 2013). In combination with this 

crosstalk, another regulatory pathway, which includes miRNA-9, nPTB and Brn2, was 

found in the course of human fibroblasts conversion (Xue et al., 2016).  

 

1.2.4 Enhancing direct conversion efficiencies  

 

Although the reported transdifferentiations were successful in instructing a specific 

cell fate, the conversion efficiencies were rather low (Broccoli et al., 2011). Different 

approaches were executed to increase the conversion efficiency by using small 

molecules and microRNAs.  

In a first report Ladewig et al. demonstrated that the combination of a set of small 

molecules with the expression of the transcription factors Ascl1 and Ngn2 resulted in 

an increase of the conversion efficiency with yields up to 200% and neuronal purities 

up to 80% (Ladewig et al., 2012). The set of small molecules consisted SB-431542, 

noggin and CHIR99021. Noggin was already identified in the frog as a BMP inhibitor 

and thereby as a neural inducing factor in the Spemann organizer. Together with SB-

431542, which is known to inhibit the Lefty/Activin/TGFβ pathways by blocking the 

phosphorylation of ALK4, ALK5, ALK7 receptors, it was demonstrated that his 

combination is sufficient to induce the neural conversion of human ESCs by 

instructing a dual inhibition of SMAD signaling (Chambers et al., 2009). In addition to 

the dual SMAD inhibition, WNT signaling was activated by using the GSK-3β inhibitor 

CHIR99021 (Ladewig et al., 2012). Another study reached an efficient conversion of 

human fibroblasts into neurons by combining the TF Ngn2 with two small molecules. 

Forskolin, an activator of cAMP signaling, and dorsomorphin, an inhibitor of bone 

morphogenetic protein signaling, showed to enable Ngn2 for the generation of 

cholinergic neurons (Liu et al., 2013). Additionally, it was found that the combination 

of GSK-3β inhibition and cAMP signaling activation led to a strong increase of 

conversion efficiencies. Together with this combination, additional regulators like a 

HDAC inhibitor, a Scr kinase inhibitor or a SIRT1 activator increased also the 
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neuronal purity of the generated cell population (Pfisterer et al., 2016). 

In addition to small molecules it was also demonstrated that microRNAs are capable 

of enhancing the efficiency of the neuronal conversion. MicroRNA-9/9* and 

microRNA-124 were previously known to control several genes, which regulate 

neuronal differentiation and function (Cheng et al., 2009; Makeyev et al., 2007; 

Packer et al., 2008; Visvanathan et al., 2007; Yoo et al., 2009). Instruction of its 

expressions showed to enhance the efficiency of the neuronal conversion from 

human fibroblasts (Yoo et al., 2011).    

 

1.2.5 Direct conversion of fibroblasts into defined neuronal subtypes 

	
  

The achievements in directly converting fibroblasts into functional neurons by using a 

cocktail of 3-4 TFs raised the question, whether this cocktail could be integrated with 

lineage-specific transcription factors in order to generate defined neuronal subtypes 

from fibroblasts.   

To look into this issue, it was screened for transcription factors, which instruct the 

developmental generation of distinct neuronal subtypes. The identified TF were then 

overexpressed for the subsequent conversion. As one of the first, dopaminergic 

neurons were generated by integrating Lmx1a and FoxA2 into the cocktail of the 

three transcription factors (Pfisterer et al., 2011). In a similar approach, spinal motor 

neurons were generated. Therefore Ngn2, Lhx3, Isl1 and Hb9 were added to the 

mixture (Son et al., 2011). In contrast to these works, it was demonstrated that 

neurons could be successfully generated with complete different mixtures of 

transcription factors. The generation of dopaminergic neurons was also reached by 

using Ascl1, Nurr1 and Lmx1a (Caiazzo et al., 2011) or the addition of Foxa2, Pitx3 

and EN1 to the previous combination (Kim et al., 2011). Furthermore, the application 

of the lineage specific TF FoxA2, Lmx1b and FEV together with Ascl1 resulted in the 

generation of serotonergic neurons (Xu et al., 2016). Besides the neurons of the 

midbrain or brainstem, different types of neurons from the cerebral cortex were also 

directly generated from fibroblasts by using a distinct combination of transcription 

factors. The combination of Ascl1, Foxg1, Sox2, Dlx5 and Lhx6 for instance convert 

mouse fibroblasts into GABAergic interneurons (Colasante et al., 2015). 
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1.2.6 Direct conversion – a tool for disease modeling 
 

The possibility to generate specific neuronal subtypes from fibroblasts holds also 

great promises for the regenerative medicine. Such induced neurons of a specific 

subtype derived from human somatic cells could be beneficial for disease modeling 

due to the possibility to use patient-derived fibroblasts for the conversion. Then 

fibroblasts from patients with the disease, which should be modeled, can be 

converted into the specific cell type, which is connected to this disease. The induced 

neurons display the genotypic and phenotypic pattern of the distinct disease and can 

be utilized for analyses. How it can be applied was recently shown. Hu et al. reported 

the successful conversion of human fibroblasts from patients with the Alzheimer’s 

disease (AD). In this report, they induced neurons, which shared typical 

characteristics of AD diseased cells like an abnormal Aβ production (Hu et al., 2015). 

In another report, motor neurons from ALS (amyotrophic lateral sclerosis) patients 

were generated via direct conversion. Also these neurons showed the 

pathophysiology of the respective disease (Liu et al., 2015).   

Another issue, which makes the direct conversion beneficial for disease modeling, is 

aging. In contrast to iPSC-derived cells, cells generated via direct conversion retain 

some characteristics of their starting cells, like their epigenetic status and age 

signature. In this regard, Mertens et al. showed that directly induced neurons exhibit 

an age-dependent regulation of genes, which were associated with aging. They 

found that RanBP17, a receptor, which is usually decreasing with aging, showed also 

a decrease in response to the age of the induced neurons. This decrease of 

RanBP17 could not be found in iPSCs (Mertens et al., 2015). Furthermore it was 

demonstrated that directly induced neurons keep the age of the donor cells at the 

epigenetic level through their microRNA expression profile (Huh et al., 2016). Since 

there are many diseases, which develop sporadically in old age, the retention of the 

age signature from the donor cell is very advantageous for a successful modeling.  

Another advantage of direct conversion in regard to disease modeling is that this 

method is less expensive and time consuming. The generation of neurons from 

fibroblasts via iPSCs requires roughly 4-6 month including 2 months of the 

generation and validation of the iPSC clones and 2-6 weeks for the subsequent 

directed differentiation to functional neurons (Nicholas et al., 2013). In contrast to 

iPSC differentiation, direct conversion is rather fast. Here, human induced neurons 
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can be generated within 1-3 weeks with an addition of a respective maturation time 

(Pang et al., 2011; Liu et al., 2013).  

In addition to disease modeling, it was attempted to use directly induced cells for cell 

replacement studies. In one of the first approaches, directly induced dopaminergic 

neurons were shown to survive in vivo in mice (Caiazzo et al., 2011). The neurons 

were induced by using the three TFs Ascl1, Nurr1 as well as Lmx1a and before the 

transplantation they showed several characteristics of functional dopaminergic 

neurons in vitro. In parallel, dopaminergic neurons were induced in another study 

with a combination of the six TFs Lmx1a, Nurr1, Ascl1, Foxa2, EN1 and Pitx3 (Kim et 

al., 2011). In both studies it was demonstrated that a transplantation of induced 

dopaminergic neurons results in an engraftment of the neurons into the neural circuit 

and it also improved the symptoms in the mouse model of Parkinson’s disease.   
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1.3 Aim of this study 
 

The aim of this study was to investigate whether it is possible to specifically generate 

deep-layer corticofugal projection neurons by ectopic expression of the transcription 

factor Fezf2 and whether the generated neurons can could be used for modeling 

aspects of early cortical developmental malformations. This study should examine 

two different approaches to generate the desired population of cells. First, guided 

differentiation of PSC into telencephalic progenitors and corticofugal neurons should 

be combined with ectopic expression of the TFs Fezf2 and Ngn2. Second, it should 

be tested whether subcerebral projection neurons can be directly induced from 

human fibroblasts using the TFs Fezf2, Ascl1 and Ngn2. Derived neurons should be 

further characterized by immunocytochemical-, PCR- and morphological analyses in 

regard to their identity.    

Furthermore, it should be investigated whether the generated cortical layer specific 

neurons can be utilized for modeling the early cortical malformation MDS, which 

represents a severe from of lissencephaly due to a deletion along chromosome 17 

involving beside others the well-studied genes LIS1 and YWHAE (LIS1 and YWHAE 

are both part of the LIS1/NDEL1/14.3.3ε complex which is essential for the regulation 

of cytoplasmic dynein, centrosomal protein localization and microtubule dynamics). In 

MDS it was reported that neurons of the deep cortical layers exhibit immature 

morphologies. Corticofugal neurons induced by ectopic expression of the TFs Fezf2, 

Ascl1 and Ngn2 from control and MDS derived cells should be utilized to investigate 

whether the described phenotypic changes in vivo can be recapitulated in the 

developed in vitro cell culture system. Moreover, it should be examined whether 

additional genes located on the deletion side might contribute to the disease 

phenotype. More specifically, the role of two microRNA should be deciphered in 

detail. To that end, gain- and loss-of-function studies should give a deeper 

understanding on the molecular mechanisms leading to the disease specific 

alterations of the corticofugal neurons.  

By that, this study should contribute to the field of direct lineage reprogramming by 

demonstrating the generation of a specific neuronal subtype in vitro and provide a 

valuable approach for modeling early cortical developmental malformations. 	
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2. Materials 
 

2.1 Technical equipment 

	
  

Appliance Name Manufacturer Registered office 

Autoclave  D-150 Systec  Wettenberg, 
Germany 

Block heater  Thermomixer  Eppendorf Hamburg, Germany 

Centrifuge 
(Cell culture)  

Megafuge 1.0R  Sorvall  Hanau, Germany 

Centrifuge (table 
top) 5415D Eppendorf  Hamburg, Germany 

Counting chamber  Fuchs-Rosenthal  Faust  Halle, Germany 

Digital camera  C 5050 Zoom  Olympus Optical  Hamburg, Germany 

Nucleofector  Nucleofector 2b  Lonza  Basel, Switzerland 

Fluorescence lamp  HAL100  Carl Zeiss  Jena, Germany 

Fluorescence 
Microscope    

Axioskop 2 Carl Zeiss Jena, Germany 

Freezer -80°C  HERAfreeze  Kendro  Hanau, Germany 

Gel 
electrophoresis 
chamber  

Agagel  Biometra  Göttingen, Germany 

Imaging system  Chemidoc 2000  Bio-Rad München, Germany 

Imaging system  Geldoc EZ  Bio-Rad München, Germany 

Incubator  HERAcell  Kendro  Hanau, Germany 

Inverse light 
microscope   

Axiovert 25 Carl Zeiss Jena, Germany 

LED light source  Colibri 2 Carl Zeiss  Jena, Germany 

Liquid nitrogen 
store  MVE 611  Chart Industries  Burnsville, USA 

Microscope   Axiovert 40 CFL  Carl Zeiss Jena, Germany 

Microscope   Axiovert 200M Carl Zeiss  Jena,Germany 

Microscope   Axio Imager Z1 Carl Zeiss  Jena,Germany 

Microscope   DMI6000 B Leica 
Microsystems Wetzlar, Germany 
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Appliance Name Manufacturer Registered office 

Microscope 
camera  Axiocam MRM  Carl Zeiss  Jena, Germany 

Micro- 
Spectrophotometer  

Nanodrop ND-
1000  

Thermo Fisher 
Scientific  

Wilmington, USA 

PCR cycler  T3000 
Termocycler  Biometra Göttingen, Germany 

pH-meter   CG840 Schott  Mainz, Germany 

Pipette-boy  Accu-Jet  Brand  Wertheim, Germany 

Power supply for 
electrophoresis 

Standard Power 
Pack P25  Biometra Göttingen, Germany 

Real-time qPCR 
machine 

Mastercycler 
realplex Eppendorf Hamburg, Germany 

Refrigerators 
4°C /-20°C  

G 2013 Comfort  Liebherr  Lindau, Germany 

Secure horizontal 
flow hood   

HERAsecure Kendro  Hanau, Germany 

Shaker   Bühler KS15 Johanna Otto  Hechingen, 
Germany 

Sterile laminar flow 
hood 

HERAsafe  Kendro  Hanau, Germany 

Stereo microscope  STEMI 2000-C  Carl Zeiss  Göttingen, Germany 

Table centrifuge  Centrifuge 5415R  Eppendorf  Hamburg, Germany 

Thermocycler  T3 Thermocycler  Biometra  Göttingen, Germany 

Ultracentrifuge Sorvall Discovery 90 SE Hanau, Germany 

Vacuum pump  Vacuubrand  Brand  Wertheim, Germany 

Vortexer   Vortex Genie 2 Scientific 
Industries  New York, USA 

Water bath   1008  GFL 
Burgwedel, 
Germany 
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2.2 Cell culture and molecular biology consumables 

	
  

Consumables Manufacturer Registered Office 

4-well culture dishes 
Thermo Fisher 
Scientific  

Wilmington, USA 

6-well culture dishes Corning Corning, USA 

12-well culture dishes Corning Corning, USA 

24-well culture dishes Corning Corning, USA 

Cell Strainer 40 µm Nylon  Corning Corning, USA 

Coverslips Menzel Gläser Braunschweig, Germany 

Cryovials 1 ml  Nunc  Wiesbaden, Germany 

Cryovials 1.8 ml  Nunc  Wiesbaden, Germany 

PCR strip tubes 0.2 ml  peqLab  Erlangen, Germany 

Petri dishes ∅ 10 cm  PAA  Pasching, Austria 

Serological pipettes 1 ml   Sarstedt Nümbrecht, Germany 

Serological pipettes 2ml  Sarstedt Nümbrecht, Germany 

Serological pipettes 5ml  Costar, Corning Corning, USA 

Serological pipettes 10ml  Greiner Bio-One  Kremsmünster, Austria 

Serological pipettes 25ml  Costar, Corning Corning, USA 

Syringes 50 ml   BD Biosciences Heidelberg, Germany 

Syringe filter 0.2 µm   PALL Dreieich, Germany 

TC dishes ∅ 3.5 cm  FALCON, Corning Corning, USA 

TC dishes ∅ 6 cm  FALCON, Corning Corning, USA 

TC dishes ∅ 10 cm  FALCON, Corning Corning, USA 

Tubes 0.5 ml  Axygen, Corning Corning, USA 

Tubes 1.5 ml  Axygen, CorningBio-One  Corning, USA 

Tubes 2 ml Axygen, CorningBio-One  Corning, USA, Germany 

Tubes 15 ml  FALCON, Corning Corning, USA 

Tubes 50 ml  FALCON, Corning Corning, USA 

qPCR plates 4titude Wotton, UK 

qPCR seals 4titude Wotton, UK 
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2.3 Chemicals 

 

Chemicals  Manufacturer  Registered office 

Agar  Sigma-Aldrich  Deisenhofen, Germany 

Agarose  PeqLab  Erlangen, Germany 

Ampiciline  Sigma-Aldrich  Deisenhofen, Germany 

B-27 supplement  Gibco by Life 
Technologies  

Waltham, USA 

Bromphenol blue Sigma-Aldrich  Deisenhofen, Germany 

CaCl2 Sigma Aldrich  Deisenhofen, Germany 

Chloroform  Carl Roth  Karlsruhe, Germany 

Chloroquin  Sigma Aldrich  Deisenhofen, Germany 

DAPI Sigma Aldrich Deisenhofen, Germany 

DMEM Gibco by Life 
Technologies  

Waltham, USA 

DMEM/F12 (1:1)  Gibco by Life 
Technologies  

Waltham, USA 

DMSO Sigma Aldrich Deisenhofen, Germany 

DNA ladder (100bp/1kbp)  PeqLab  Erlangen, Germany 

dNTPs  PeqLab  Erlangen, Germany 

Doxycycline Sigma Aldrich Deisenhofen, Germany 

EDTA Sigma Aldrich Deisenhofen, Germany 

EGF R&D Systems Minneapolis, USA 

Ethanol  Sigma Aldrich Deisenhofen, Germany 

Ethidium bromide  Sigma-Aldrich  Deisenhofen, Germany 

FCS  Invitrogen  Karlsruhe, Germany 

FCS, tetracycline free Takara (Clontech) Kusatsu, Japan 

FGF2 R&D Systems Minneapolis, USA 

G418 solution  Carl Roth  Karlsruhe, Germany 

Geltrex Gibco by Life 
Technologies  

Waltham, USA 

Glucose  Sigma-Aldrich  Deisenhofen, Germany 

Glycerol  Sigma-Aldrich  Deisenhofen, Germany 

HCl  Sigma Aldrich  Deisenhofen, Germany 

Isopropanol  Sigma Aldrich  Deisenhofen, Germany 
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Chemicals  Manufacturer  Registered office 

Laminin Invitrogen  Karlsruhe, Germany 

LB-Medium powder  Carl Roth  Karlsruhe, Germany 

L-glutamine (100x) 
Gibco by Life 
Technologies  

Waltham, USA 

Methanol ROTIPURAN Carl Roth  Karlsruhe, Germany 

Mowiol  Carl Roth  Karlsruhe, Germany 

N2 supplement (100x)  
Gibco by Life 
Technologies  

Waltham, USA 

Neurobasal medium  
Gibco by Life 
Technologies  

Waltham, USA 

Non-essential amino acids  
(100x) 

Gibco by Life 
Technologies  

Waltham, USA 

DPBS  
Gibco by Life 
Technologies  

Waltham, USA 

PFA  Sigma Aldrich Deisenhofen, Germany 

Penicillin-Streptomycin 
Gibco by Life 
Technologies  

Waltham, USA 

Poly-L-lysine 
hydrobromide  Sigma Aldrich  Deisenhofen, Germany 

Poly-L-ornithine  Sigma-Aldrich  Deisenhofen, Germany 

Puromycin PAA Pasching, Austria 

Sodium pyruvate (100x) Invitrogen  Karlsruhe, Germany 

TriFast peqGOLD PeqLab  Erlangen, Germany 

Triton-X-100  Sigma Aldrich  Deisenhofen, Germany 

Trypane Blue  Invitrogen  Karlsruhe, Germany 

Trypsin-EDTA (10x)  
Gibco by Life 
Technologies  

Waltham, USA 

TrypLE Express 
Gibco by Life 
Technologies  

Waltham, USA 
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2.4 Cell culture 
 

2.4.1 Cell culture media 

 
All cell culture reagents were prepared under sterile conditions and stored at 4°C; % = v/v. 

MEF (mouse embryonic feeder)  

86%        DMEM-high-glucose 

10%           FCS 

1x             Sodium pyruvate 

1x          L-Glutamine 

1x       Non-essential amino acids 

1x       Pen / Strep 
 
 

Tetracycline free MEF (mouse embryonic feeder)  

86%        DMEM-high-glucose 

10%           FCS, tetracycline free 

1x             Sodium pyruvate 

1x          L-Glutamine 

1x       Non-essential amino acids 

1x       Pen / Strep 
 
 

Neuron conversion (NC) medium 

98%     DMEM/F12 

0,5x           N2 Supplement 

0,5x           B27 Supplement 

1 mg/ml Doxycyclin 
10 µM Forskolin 

3 µM CHIR99021 

250 µg/ml Dibutyryl-cAMP 

0,5 µM LDN 

0,5 µM A83 
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Neural maturation (NM) medium 

98%     DMEM/F12 

0,5x           N2 Supplement 

0,5x           B27 Supplement 

1 mg/ml Doxycyclin 

20 ng/ml BDNF 

250 µg/ml Dibutyryl-cAMP 

20 ng/ml GDNF 

1 µg/ml Laminin 
 
 

Neural stem cell (N2) medium 

98%     DMEM/F12 

0,5x           N2 Supplement 

0,5x           B27 Supplement 

1x          Penicillin/Streptomycin 

0.8mg/ml D-Glucose solution 

0,15 µg/ml cAMP 
 
 

Neural induction medium  

96.8%     DMEM/F12 

0.5x       N2 Supplement 

0.5x        B27 supplement 

1x          Non-essential amino acids 

1x        Penicillin/Streptomycin 

0.8mg/ml D-Glucose  

0,15 µg/ml cAMP 

0,5 µg/ml LDN 

0,2 µg/ml A83 

2 µM XAV939 
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Neuronal generation (NGMC) medium  

96.8%     DMEM/F12 

0.5x       N2 Supplement 

0.5x        B27 supplement 

1x          Non-essential amino acids 

1x        Penicillin/Streptomycin 

0.8mg/ml D-Glucose  

0,15 µg/ml cAMP 
	
  
	
  

E8 medium 

100%     DMEM/F12 

64 µg/ml           LAAP 

14 ng/ml         Sodium-selenit 

10 µg/ml Holo-transferin 

2 ng/ml TGFβ1 

100 ng/ml bFGF 
	
  
	
  
WASH medium   

100% DMEM-high-glucose 

1x Pen/Strep 
	
  
	
  
Freezing medium for progenitors   

70% KOSR 

20% Cytobuffer 

10% DMSO 
	
  
	
  

Freezing medium for fibroblasts   

90% Tetracycline free MEF 

10% DMSO 
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2.4.2 Cell culture solutions 

 

1xTrypsin/EDTA (TE) 

90%       PBS 

10%       Trypsin/EDTA (TE) 10x 
 
 

Poly-L-ornithine (PO) 

100%        H2O 

1.5 mg/ml  Poly-L-ornithine (PO) mixed, sterile-filtered and stored at 4°C 
 
 

Laminin (Ln) coating solution 

100%     H2O 

1 µg/ml Laminin (Ln) in PBS 
 
 

Geltrex (GT) LDEV-free coating solution 

98%      DMEM/F12 

2%         Geltrex 
	
  
	
  

2x HBS buffer  

8 g  NaCl 

0.38 g  KCl 

0.1 g  Na2HPO4 

5 g  Hepes 

1 g  Glucose 

H2O was added to 500 ml, the pH was adjusted to 7.05, the mixture was sterile-
filtered and stored at -20°C 
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2.4.3 Cell culture additives 

 
Reagent                                 Concentration                      Solvent 

A83 0,5 µg/ml EtOH 

B27 supplement 50x Supplement mix 

CHIR99021 3 µM DMSO 

BDNF 20 ng/ml PBS + 0.1% BSA 

Chloroquine 50 mM H2O 

Doxycycline 1 mg/ml H2O 

Dibutyryl-cAMP 250 µg/ml H2O 

FGF2                                     10 µg/ml PBS + 0.1% BSA 

Forskolin 10 µM DMSO 

GDNF 20 ng/ml PBS + 0.1% BSA 

G418                                      50 mg/ml H2O 

Laminin 1 µg/ml Supplement 

LDN (direct conversion) 0,5 µg/ml DMSO 

LDN (iPSC) 0,2 µg/ml DMSO 

N2 supplement 100x Supplement  

Puromycin 1 mg/ml H2O 

ROCK inhibitor Y-27632 5mM H2O 

XAV939 2 µM DMSO 
 
	
  

2.4.4 Cell lines 
 

Cell line  Source 

E. coli DH5a   Invitrogen, Deisenhofen, Germany 

GM06097 Coriell Institute for Medical Research 

GM06047 Coriell Institute for Medical Research 

GM00696 Coriell Institute for Medical Research 

HEK-293FT Leiden, Netherlands, Dr. Alex Van der Eb 

iPSC  Bonn, Germany (Iefremova et al., 2017) 
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2.5 Molecular biology 

	
  

2.5.1 Reagents 

	
  

PFA fixation solution (4%) 

40 g  PFA 

1000 ml  H2O 

The solution was heated until PFA dissolved completely, pH adjusted to 7.4 and 
sterile filtered. 
 
 
6x DNA loading buffer  

2 ml  EDTA (0.5M; pH 8.5) 

6 g  Sucrose 

0,2 ml  2% Bromphenol-blue-solution 

0,2 ml  2% Xylene-cyanol-solution 

0,2 g  Ficoll 

3,8 ml  Aqua bidest. 

The solution was mixed well, prepared in 1 ml aliquots and stored at 4°C 
 
 

Immuno-blocking solution 

89.9%    PBS 

10%     FCS 

0.1%      Triton X100 (only for intracellular epitopes) 
 
 

Moviol / DABCO  

12 ml  Tris solution (0.2 M; pH 8.5) 

6 ml  H2O 

6 g  Glycerol 

2.6 g  Moviol 

0.1 g  DABCO 
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PCR master mix (10 ml) 

1 ml 10x reaction buffer 
600 µl MgCl2 (50 mM) 
40 µl each dNTPs 

8.24 ml Ampuwa H2O 
	
  
	
  

qPCR master mix (5 ml) 

2000 µl GoTaq® Flix buffer 
1000 µl MgCl2 (25 mM) 
20 µl each dNTPs 

7.5 µl 1000x SYBR-green 

1 µl Fluorescin 

400 µl DMSO 

1511.5 µl Ampuwa H2O 
 
 

2.5.2 Enzymes 
 

Enzyme name Manufacturer Registered office 

DnaseI (molecular biology) Invitrogen Karlsruhe, 
Germany 

Phusion High Fidelity DNA 
Polymerase  New England Biolabs  Frankfurt, 

Germany 

T4 DNA Ligase  New England Biolabs  Frankfurt, 
Germany 

Taq DNA Polymerase, recombinant  Invitrogen  Karlsruhe, 
Germany 

Antarctic phosphatase New England Biolabs  Frankfurt, 
Germany 
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2.5.3 Plasmids 
 

Plasmid name Source or parent DNA sequence 

pMD2.G Gift from Dider Trono, Lausanne, Switzerland 

psPAX2 Gift from Dider Trono, Lausanne, Switzerland 

pLVX-EtO Modified from pLVX-Tet-ON-Advanced (Clontech) 

pLVXTP Equivalent to pLVX-Tight-Puro (Clontech) 

pLVXTP-N2AA Ngn2 Ascl1 Modified from pLVX-Tet-ON-Advanced (Clontech) 

pLVXTP-Fezf2 Modified from pLVX-Tet-ON-Advanced (Clontech) 

pLVXTP-Ngn2 Modified from pLVX-Tet-ON-Advanced (Clontech) 

pLVXTP-miR-22 sponge Modified from pLVX-Tet-ON-Advanced (Clontech) 

pLVXTP-miR-132 sponge Modified from pLVX-Tet-ON-Advanced (Clontech) 

pLVXTP-miR-22 Modified from pLVX-Tet-ON-Advanced (Clontech) 

pLVXTP-miR-132 Modified from pLVX-Tet-ON-Advanced (Clontech) 
	
  
 

2.5.4 Restriction endonucleases 
 

Enzyme name Restriction site Manufacturer Registered office 

BamHI 5’…G^GATCC…3’ 
3’…CCTAG^G…5’ 

New England 
Biolabs 

Frankfurt, Germany 

EcoRI 5’…G^AATTC…3’ 
3’…CTTAA^G…5’ 

New England 
Biolabs 

Frankfurt, Germany 

MluI 5’...A^CGCGT...3’ 
3’...TGCGC^A...5’ 

New England 
Biolabs 

Frankfurt, Germany 

 
 

2.5.5 Bacterial solutions 
 

LB agar  

20 g          LB-Medium powder (Roth) 

15 g            Agar 

H2O was added to 1 l, the mixture was autoclaved and stored at 4 °C 
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LB medium  
40 g      LB-Medium powder (Roth) 

H2O was added to 2 l, the mixture was autoclaved and stored at 4 °C 
	
  
	
  

2.5.6 Kits 
 

Name  Producer  Office 

DNeasy Blood & Tissue Kit  Qiagen  Hilden, Germany 

iScript cDNA Synthesis Kit  Bio-Rad  München, Germany 

miScript II RT Kit Qiagen  Hilden, Germany 

miScript SYBR Green PCR 
Kit Qiagen  Hilden, Germany 

NucleofectorTM  Lonza Basel, Switzerland 

peqGOLD Gel Extraction Kit  Peqlab Biotechnologie  Erlangen, Germany 

peqGOLD Plasmid Miniprep 
Kit  Peqlab Biotechnologie  Erlangen, Germany 

PureLink™ HiPure Plasmid 
Maxiprep Kit 

Thermo Fisher 
Scientific Waltham, USA 

 
 

2.5.7 Primer 

 

Cloning primer* 

Name                                       

 

Primer sequence (5’-3’) 

miR-22_BamHI_F CAGCGAGGTTAACAGCTTCC 

miR-22_EcoRI_R CTCCTCAATCCAGCCAGTGT 

miR-132_BamHI_F GGATCCTCGAGGATCCAGGGGCGGT 

miR-132_EcoRI_R GAATTCTCGAGCTAGCCCTCCTGCCA 
 
 
 
 
 
 



Materials 

	
  34	
  

Sequencing primer 
Name                                       

 
Primer sequence (5’-3’) 

pTRE_F TAAGCAGAGCTCGTTTAGTG 

Puro_R TGTACTCGGTCATGGTAAGC 

 
 

qPCR primer 
Name                                       

 
Primer sequence (5’-3’) 

Clim1_F                  CAGTGCTTCAAAAGCCACAA 

Clim1_R                  GTGCTCCAAGTCAACTGCAA 

CRYM_F GAAGCTGTGCTGTACGTGGA 

CRYM_R TTGGCTGCAACTGTGTCTTC 

Cux1_F GCTCTCATCGGCCAATCACT 

Cux1_R TCTATGGCCTGCTCCACGT 

Ctip2_F                  AGAACTGCAGCAACTTGACG 

Ctip2_R                  GTACACCTCCTTGCCGATCT 

Dkk3_F TATGTGTGCAAGCCGACCTT 

Dkk3_R CTCCTCCATGAAGCTGCCAA 

ER81_F TACCCCATGGACCACAGATT 

ER81_R CACTGGGTCGTGGTACTCCT 

miR-22-3p AAGCTGCCAGTTGAAGAACTGT 

miR-132-3p TAACAGTCTACAGCCATGGTCG 

p250GAP_F                  AGCGGGGAATCTTGAAAGAGA 

p250GAP _R                  GATATTGGAGGCAACACCAGAAA 

Pdk1_F GCAAAATCACCAGGACAGCC 

Pdk1_R ACCCAGCGTGACATGAACTT 

PTEN_F                  TTTGAAGACCATAACCCACCAC 

PTEN _R                  ATTACACCAGTTCGTCCCTTTC 

Rac1_F                  CACTGTCCCAACACTCCCAT 

Rac1_R                  GCCGAGCACTCCAGGTATTT 

RNU5 GTGGAGAGGAACAACTCTGAGTC 

Tbr1_F                  TCTCGACCACTGACAACCTG 

Tbr1_R                  CCGTCCAAGACAGGAGAGAG 

Tle4_F CCCAGCATTTATCACATGGACA 

Tle4_R GCACTGCTACCGATGGGTG 
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qPCR primer 
Name                                       

 
Primer sequence (5’-3’) 

Wnt7b_F CCAACTACTGCGAGGAGGAC 

Wnt7b_R TGGTGTACTGGTGGGTGTTG 
 
 
 
PCR primer  Primer sequence (5’-3’) 

Ascl1 
transgenic/endogenous_F CTACTCCAACGACTTGAACTCCA 

Ascl1 transgenic_R ATTCACGCGTCTATCAGAACCA 

Fezf2 
transgenic/endogenous_F GCCTTCCACCAGGTCTACAA 

Fezf2 transgenic_R TTCACGCGTTCATCAGCTCT 

Ngn2 
transgenic/endogenous_F AATTCCACCTCCCCCTACAG 

Ngn2 transgenic_R GGTAGCAGAAATGGCAGCTC 
 

 

2.5.8 Oligonucleotides 

	
  

Cloning 
oligonucleotides 

name                                            

 

Oligonucleotide sequence (5’-3’) 

miR-132 
sponge_MluI_F  

GCAGCAACGCGTCGACCATGGACAAGACTGTTAAATT
CGACCATGGACAAGACTGTTAACGCGTTGCTGC 

miR-132 
sponge_MluI_R 

GCAGCAACGCGTTAACAGTCTTGTCCATGGTCGAATTT
AACAGTCTTGTCCATGGTCGACGCGTTGCTGC 

miR-22 
sponge_MluI_F  

GCAGCAACGCGTACAGTTCTTCCGTGGCAGCTTAATT
ACAGTTCTTCCGTGGCAGCTTACGCGTTGCTGC 

miR-22 
sponge_MluI_R 

GCAGCAACGCGTAAGCTGCCACGGAAGAACTGTAATT
AAGCTGCCACGGAAGAACTGTACGCGTTGCTGC 
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2.5.9 Antibodies 
 

Primary antibody  Dilution  Source 

βIII-tubulin (ms) 1:1000 BioLegend 

βIII-tubulin (rb) 1:5000 BioLegend 

Ctip2 (rat) 1:1000 Abcam 

Cux1 (rb) 1:300 Santa Cruz Biotechnology 

Dach1 (rb) 1:100  ProteinTech 

Dcx (rb) 1:500 NEB 

Map2AB (ms) 1:250 Sigma-Aldrich 

Otx2 (gt) 1:500 R&D Systems 

Pax6 (rb) 1:500 DSHB 

Tbr1 (rb) 1:500 Abcam 

Satb2 (rb) 1:400 Sigma-Aldrich 

Sox2 (ms) 1:300 R&D Systems 
	
  
	
  

Secondary antibody  Dilution  Source 

Alexa488 gt-anti-ms  1:1000 Life technologies 

Alexa488 gt-anti-rb 1:1000 Life technologies 

Alexa555gt-anti-ms  1:1000 Life technologies 

Alexa555gt-anti-rb 1:1000 Life technologies 

Alexa555gt-anti-rat 1:1000 Life technologies 
ms = mouse; rb = rabbit; gt = goat 
 
	
  

2.6 Software 
 

Name  Application  Producer 

ApE – A plasmid Editor 
v2.0.47  Cloning strategies  M. Wayne Davis 

AxioVision 40 4.5.0.0 Fluorescence microscopy  Carl Zeiss  

Excel 2008 Data analysis Microsoft 

Image J 1.42q Quantifications NIH 

Illustrator CS3 Figures Adobe 
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Name  Application  Producer 

LAS X  Fluorescence microscopy/ 
Live Cell Imaging Leica 

Microsoft Office 2008  Figures and text 
processing  Microsoft 

Photoshop CS3  Figures processing  Adobe 

Power Point 2008 Graphic illustration Microsoft 

Primer3 v0.4.0  Primer picking  
Rozen and Skaletsky 
(2000) 

Prism 6 Data analysis and 
statistics GraphPad 

Quantity One 4.6.8 Electrophoresis gel 
documentation  

Bio Rad 
 

Word 2008 Writing documents Microsoft 
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3. Methods 
	
  

3.1 Cultivation of human fibroblasts 

 

Fibroblasts were commercially received from Coriell Institute for Medial Research. 

The cells were cultured on 6-well tissue culture dishes (Falcon) coated with 1x 

gelantine. The culture medium consisted of DMEM (Gibco) with 10% tetfree FCS, 1x 

Sodium pyruvate, 1x non-essential amino acids, 1x penicillin-streptomycin and 1x L-

glutamine. The medium was changed every 3 days. Cells were usually spilt 1:2 once 

a week. For splitting, the culture medium was removed, the cells were washed two 

times with PBS followed by a digestion into single cells with Trypsin-EDTA for 3-6 

min at 37°C. To stop the digestion, double of the amount of culture medium was 

added on the TE and the cells were collected in a tube. Afterwards the cells were 

centrifuged for 3 min at 800xg. The resulting cell pellet was resuspended in fresh 

culture medium and plated on 1x gelatin coated cell culture dishes.    

 

3.2 Cultivation of human induced pluripotent stem cells (hiPSCs) 

 

Pluripotent stem cells were cultured on 6-well tissue culture dishes (Falcon) coated 

with GelTrex. The cell expansion medium consisted of Pluripro® medium (Cell 

Guidance) and E8 Medium (50:50). The medium was changed every day. The cells 

were usually split 1:3 every 2-3 days. For splitting, cells were digested with TryplE 

Express for 5-9 min at 37°C. The same amount WASH medium was added to stop 

the digestion and the cells were collected in a tube. Thereafter, the cells were 

centrifuged for 4 min at 1200xg. The cell pellet was resuspended in fresh culture 

medium and plated on Geltrex coated cell culture dishes.  

 

3.3 Design of lentiviral vectors 

 

As a conditional expression system, a modified variant of the Lenti-XTM Tet-On 

Advanced system (Clonetech) was used. The modification was due to an exchange 

of the CMV promoter by an EF1α promoter in the plasmid to regulate the expression 

of the rtTAAdv protein. For the overexpression of Fezf2, Ascl1, Ngn2, microRNA-22, 



Methods 

	
  39	
  

microRNA-132, as well as for the sponges of microRNA-22 and microRNA-132, the 

plVX-Tight-Puro vector was used. 

PCR products were unravelled by agarose gel electrophoresis. The desired bands 

were manually pruned under UV light. The cut PCR products were isolated by gel 

purification (peqGOLDTM Gel Extraction Kit, Peqlab). Afterwards they were digested 

with the appropriate restriction enzymes (listed in chapter 2). At the end, they were 

ligated (T4 DNA Ligase, NEB) into a pLVX-Tight-Puro vector, which was previously 

linearized and dephosphorylated (FastAPTM, Fermentas). This vector was under the 

control of the inducible TREtight promoter. For selection, a puromycin resistance 

cassette was located on the vector. All generated vectors are listed in chapter 2.5.3.  

 

3.4 Production and concentration of lentiviral particles 

 

To produce lentiviral particles, HEK293-FT cells were cultured on a polyornithine 

(1x)- coated 10 cm dish in MEF medium. When cells showed a 60-70% confluence, 

they were co-transfected with lentiviral plasmids of the second generation by 

calcium-phosphate precipitation as described before (Kutner et al, 2009). 0,1x Tris 

EDTA was mixed with 3,5 µg of the envelope plasmid pMD2.G, 7 µg of the 

packaging plasmid psPAX2 and 10 µg of the transfer vector. The mixture was filled 

up to 500 µl with H20. 50 µl of 2,5M CaCl2 was added to the suspension and mixed 

until no flowmarks were visible anymore. Then the suspension was slowly mixed with 

500 µl of 2x HBS (pH=7), followed by an incubation of 30 min at RT. After this, it was 

added dropwise to the HEK293-FT cells, which were pre-incubated with 25 µM 

chloroquine (30 min, 37°C in MEF). On the second and third day, the medium of the 

dishes was changed and the supernatants were collected and pooled. The pooled 

supernatants were filtered through a 0,45 µm filter and concentrated by using a 

membrane based anion exchange chromatography using polyethylene glycol 6000 

(PEG 6000) (Kutner et al, 2009). This mixture was incubated for 1,5 h at 4°C, while it 

was inverted every 30 min. For the concentration of the particles, the mixture was 

centrifuged (4700 xg; 4°C, 30 min). Viral particles were resuspended in virus freezing 

medium, aliquoted and for long term storage transferred to -80°C. 
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3.5 Lentiviral transduction of human fibroblasts 
 

For generating fibroblast cell lines for the transcription factor based direct conversion, 

lines were first transduced with lentiviral particles containing the EF1α regulated 

rtTAAdv protein. Lentiviral particles were added to the usual culture medium. The cell 

lines were always transduced for 24 h. After transduction, cells were chemoselected 

with G418 (100 µg/ml) for five days. Afterwards, the cells were transduced with the 

pLVXTP-Ascl1-Ngn2 virus to obtain an inducible system for the direct conversion and 

with pLVXTP-Fezf2 for the later differentiation to subcortical neurons. After this 

transduction, the cells were chemoselected with puromycin (1 µg/ml) for three days. 

To generate overexpression- and knockdown-lines of the respective microRNA, cells 

were additionally transduced with the respective pLVXTP construct.     

 

3.6 Lentiviral transgenesis of hiPSCs 

 

For generating hiPSC lines for the transcription factor based direct differentiation, 

lines were first transduced with lentiviral particles containing the EF1α regulated 

rtTAAdv protein. Lentiviral particles were added to conditional KOSR medium. The 

cell lines were always transduced for 24 h. After transduction, cells were 

chemoselected with G418 (100 µg/ml) for five days. Afterwards, the cells were 

transduced with pLVXTP-Fezf2 for the later differentiation to subcortical neurons. 

Additionally cells were transduced with pLVXTP-Ngn2. After this transduction, the 

cells were chemoselected with puromycin (1 µg/ml) for three days. 

 

3.7 Transcription factor based direct conversion of human fibroblasts into 

induced neurons (iN) 

 

Transduced fibroblasts were cultured in tetracycline free MEF medium and 

expanded. For the conversion into iNs fibroblasts were cultivated to a high density 

and Doxycycline (1 mg/ml) was added to the medium to induce the expression of 

transgenes for the conversion. After 2 days, the medium was changed to neuron 

conversion medium (NC). NC was supplemented by: Doxycycline (1 mg/ml) for the 

proper induction of transgenes, CHIR99021 (3 µM), which inhibits GSK3 and 
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activates the Wnt-signaling pathway, Forskolin (10 µM) a cAMP activator, dibutyryl-

cAMP (250 µg/ml), which is an PKA activator, and for a dual SMAD inhibition, LDN 

(0,5 µg/ml) and A83 (0,5 µg/ml) were added. The cells were cultivated in NC for 10 

days, while the medium was changed every second day. After 10 days, the medium 

was switched to neural maturation medium (NM) for further maturation of the iNs. 

The NM contained Doxycycline (1 mg/ml) and dibutyryl-cAMP (250 µg/ml) like the NC 

medium. In addition, it was supplemented with the growth factors BDNF (20 ng/ml) 

and GDNF (20 ng/ml) as well as with Laminin (1 µg/ml). iNs were cultivated in NM 

until they were fixed or harvested for experiments.  

 

3.8 Directed differentiation of hiPSC 

 

Pluripotent stem cells were cultured to a high density. Subsequently the medium was 

switched to neural induction medium. Thereby dual SMAD inhibition and inhibition of 

the Wnt-signalling pathway was applied to the cells (Shi et al., 2012). Furthermore 

doxycycline was added to the media to ensure the induction of transgene expression. 

The medium was changed every other day. During the first ten days with neural 

induction media, the cells were not split. In this induction phase, the pluripotent stem 

cells differentiated into cortical progenitors, which are more specified than the stem 

cells. In contrast the cortical progenitors are rather unipotent than pluripotent and 

differentiate further into one specific cell type. After ten days the cells were split for 

the first time in a 1:2 ratio. From this split on, cortical progenitors were split every two 

or three days until the first neurons could be observed. When the first neurons came 

up, the medium was switched to neuronal generation medium (NGMC). NGMC was 

changed as soon as the phenol red inside the medium on the cells showed a color 

change to yellow. The neurons were further cultured until they were fixed or 

harvested for experiments.    

 

3.9 RNA extraction 

 

Fibroblasts or neurons were harvested at different time points. Therefore the cells 

were washed one time with PBS, scratched off the plate with a cell scraper and 

collected in PBS in a 1.5 ml tube. Subsequently the cell suspension was centrifuged 



Methods 

	
  42	
  

for 4 min at 1200 xg. Following the centrifugation the pellet was lysed with 500 µl 

Trifast and homogenized. Thereupon, 200 µl chlorophorm were added to the 

suspension and the tubes were inverted for 30 s at RT. Afterwards, the mixture was 

incubated for 12-15 min at RT, followed by a centrifugation (10 min, 12000 xg). After 

centrifugation, the mixture is unravelled into three different phases. The upper one 

contains RNA, the intermediate DNA and the lower one proteins. The upper phase 

was transferred to a new 1.5 ml tube. Next, the RNA was precipitated. For the 

precipitation, 250 µl isopropanol were added, the mixture was then inverted for 15 s 

and incubated on ice for up to three hours. The precipitation was followed by a 

centrifugation (10 min, 12000 xg, 4°C). After the centrifugation, a gel-like RNA-

precipitate was observable. In the following, this precipitate was washed with 800 µl 

of 75% EtOH-Diethyl pyrocarbonate (DEPC) water. Every wash step was followed by 

a centrifugation (10 min, 12000 xg, 4°C).  After washing, the precipitate was air-dried 

for 30-60 min at RT. After that, the precipitate was redissolved in 20 µl DEPC water 

and shaken for 30 min at RT.  

 

3.10 RNA purification 

 

The extracted RNA was purified with DNaseI (Invitrogen) by digesting the single- and 

double stranded DNA. Therefore 2,5 µl of 10x DNaseI reaction buffer and 2,5 µl of 

DNaseI were added to every RNA samples and incubated for 15 min at RT. 

Afterwards, the DNaseI was inactivated by adding 2,5µl EDTA (25 mM) and a 

following incubation for 10 min at 65°C. At last, the RNA concentration was 

measured using a micro-sprectrophotometer (Nanodrop ND-1000). 

	
  

3.11 cDNA synthesis 

 

Total RNA was extracted from cell pellets by using a Trifast-chloroform-extraction 

(see chapter 3.9) and mRNA was purified with a DNaseI treatment (see chapter 

3.10). For cDNA synthesis, 1 µg of RNA was utilized and reversely transcribed into 

cDNA by using the qScript cDNA Synthesis Kit (Quanta) in correspondence to the 

manufacturer’s protocol. In a last step the cDNA concentration was measured using 

a micro-sprectrophotometer (Nanodrop ND-1000). 
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3.12 Quantitative RT-PCR 
 

The quantitative RT-PCR was processed on a Biorad-iCycler realplex mastercycler. 

The reactions were done in triplicates by using a Taq DNA polymerase and the 

SYBR-green detection method. The evaluation of the PCR products were performed 

by using a dissociation curve analysis (iCycler iQTM Real-Time PCR Detection 

System). To assure comparable gene expression levels, the GOI expression levels 

were normalized to 18s mRNA expression levels (Quantitative RT-PCR primers 

listed). For the subsequent analyses, the ΔΔCt-value method was used. 

	
  

Step Temperature Time 

Initial denaturation 95°C 2 min 

40 cycles:   

Denaturation 95°C 15 s 

Annealing 60°C 15 s 

Elongation 72°C 20 s 

	
  

3.13 Immunocytochemical analysis 

 

First, the cells were fixed by using 4% PFA for 10 min at RT. Then, the cells were 

washed two times with PBS, followed by a blocking step with 10% FCS and 0,1% 

Triton-X-100 in PBS for 1 h at RT. Thereafter, primary antibodies (listed in materials) 

were dispensed ON at 4°C. After this incubation, the primary antibodies (in blocking 

solution) were removed and the cells were washed at least two times with PBS. The 

last washing step was performed for 5 min. After washing, secondary antibodies (in 

blocking solution) were applied to the cells for 1 h at RT in the dark. After 1 h, 

secondary antibodies were washed away and DAPI was put on the cells for 5 min at 

RT in the dark. At the end, the cells were washed again with PBS and covered with 

Moviol and a coverslip. Stainings were kept at 4°C.   
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3.14 Branching Assay 
 

For analysis of the neuronal outgrowth of iNs, a so-called branching assay was 

developed. Therefore iNs were generated as described in chapter 3.7. The iNs were 

fixed after 23 d and 28 d. As described in Chapter 3.7, the fixed iNs were stained for 

βIII-tubulin. On the basis of the stainings the neuronal outgrowth was quantified. For 

this quantification every branchpoint of every neuron was counted. Neurons without 

any branchpoints were counted as zero. In the end the mean of all branchpoints was 

calculated by dividing the total number of counted branchpoints through the total 

number of counted neurons. Thereby value for each line was calculated, which is 

easily to compare between different lines.  

 

3.15 Motility Assay  

 

For the motility assays iNs were generated as described in Chapter 3.7. After 23 

days, the iNs were digested with TryplE Express for 5-9 min at 37°C. The same 

amount WASH medium was added to stop the digestion and the cells were collected 

in a tube. Thereafter, the cells were centrifuged for 4 min at 1200 xg. After 

centrifugation, the pellet was resuspended gently avoiding single cell formation. The 

cell suspension was subsequently replated. The new plate was covered with poly-L-

lysine for 60 min at RT and PBS/Laminin (1:200) for 2 h at 37°C. After replating, the 

iNs were cultured in NM for additional 12 d. After 35 days, live cell imaging was 

performed with the Live Cell microscope (37°C; 5% CO2). Neurons were imaged for 

every 30 min for 2 days. Analysis was conducted by using the ImageJ software. 

 

3.16 Statistical analysis  

 

For quantification of the different cell lines, data was generated in biological 

duplicates and ≥3 technical replicates. Aberrations are mentioned in due course. 

Results represented in a bar chart show means + standard deviation (SD). Means 

and standard deviations were calculated using GraphPad Prism 6 software and 

Microsoft Excel 2008. To determine a significance difference between groups, 
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student’s t-test was conducted by using GraphPad Prism 6 software (*p ≤ 0,05; **p ≤ 

0,01; ***p ≤ 0,001; ****p ≤ 0,0001). 
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4. Results 
 

4.1 In vitro generation of cortical layer specific human neurons 
 

4.1.1 Directed differentiation of human pluripotent stem cells to into cortical 

progenitors and neurons 
 

Significant progress has been made in the controlled and guided differentiation of 

PSCs into cortical progenitors, neural rosettes and cortical layer-specific neuronal 

subtypes that appear with a remarkably preserved temporal order (Gaspard et al., 

2008; Shi et al., 2012). We applied the protocol described by Shi et al., 2012 to 

differentiate PSC into cortical progenitors and neurons with several adaptations (see 

chapter 3.8). In brief, PSC were cultured as a monolayer of single cells. Neural 

induction was initiated in 95% confluent cultures by an inhibition of dual SMAD 

signaling to block mesoderm and endoderm formation and the Wnt-signaling to 

prevent a ventralization of the cells. Following telencephalic specification, terminal 

differentiation was initiated by a withdrawal of the applied inhibitors (see schematic 

overview Figure 5 A). 

Efficient and homogenous neural induction was investigated 12 days following neural 

induction by immunocytochemical analyses (Figure 5 B-C). PSC-derived neural 

progenitors homogeneously express the neural stem cell marker SOX2, the 

neuroepithelial marker Dach1 (Figure 5 C) as well as the dorsal marker Pax6 and the 

forebrain marker OTX2 (Figure 5 B) suggesting a dorsotelencephalic cellular identity. 

Cortical progenitors were further differentiated into glutamatergic cortical neurons, 

which stain positive for the neuronal marker βIII-tubulin and the glutamate transporter 

vGlut indicating homogenous differentiation into glutamatergic neurons (Figure 5 D). 

The differentiation pattern of the dorsal cortical progenitors showed a preserved 

temporal order with sequential generation of neurons of the deep (Ctip2+, Figure 5 E) 

and upper cortical layers (Satb2+, Figure 5 F) (Gaspard et al 2008; Shi et al 2012). 

By that, our data confirm the efficient and homogenous differentiation of PSC into 

progenitors and neurons exhibiting a dorsal cortical identities. 
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Figure 5 Differentiation of PSCs into dorsal cortical progenitors and excitatory cortical neurons. A: 

Schematic overview of the differentiation protocol. B-C: Progenitors express the NSC marker Sox2, the NESC 

marker Dach1, the forebrain marker Otx2 and the dorsal marker Pax6. D-F: Differentiated neurons (ßIII-Tubulin) 

are positive for the glutamate transporter vGlut and cortical layer-specific transcription factors Ctip2 and Satb2 

Scale bars 100µm. NSC: neural stem cell; NESC: neuroepithelial-like stem cell. Experiments were performed 

together with Julia Ladewig. 

 
	
  

4.1.2 Transcription factor-based induction of PSC into corticofugal neurons 

	
  

Next, we asked if it is possible to direct the differentiation of PSCs into corticofugal 

neurons. Corticofugal neurons project their axons to subcortical targets such as the 

thalamus and subcerebral targets like the midbrain and spinal cord. They are 

predominantly located inside cortical layer V (subcerebral neurons), but build also a 

population within layer VI (corticothalamic neurons) (Leone et al., 2015; Molyneaux et 

al., 2007). During cortical development, the TF Fezf2 plays a central role for the 

specification of corticofugal neurons inside cortical layer V (Chen et al., 2008; 

Molyneaux et al., 2005; Shim et al., 2012). 
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4.1.2.1 Generation of transgene inducible PSC lines 

 

To test whether Fezf2 represents a potent transcription factor to direct the 

differentiation of PSC into a homogenous population of corticofugal neurons, we 

transfected PSCs with a lentiviral vector carrying the TF Fezf2 (F). Fezf2 was 

described to act as a master regulator for instructing the corticofugal fate of cortical 

neurons (Arlotta et al., 2005; Inoue et al., 2005; for a detailed description of the 

vector design see chapter 3.3). In addition, we applied the pro-neural TF Ngn2 (N), 

which was described to rapidly induce functional neurons from human PSCs in less 

than two weeks with a yield and purity of almost 100% (Zhang et al., 2013). The 

generated PSC were termed hPSC-FN. As a control, we also generated a PSC line 

carrying Ngn2, only (termed: hPSC-N). Transgenes were encoded by doxycycline-

inducible (tet-on) lentiviral vectors. Thereby the expression of transgenes was 

regulated by adding doxycycline to the media. Furthermore, lentiviral vectors 

possessed a puromycin resistance cassette providing the transfected cells with a 

resistance for puromycin. Following transfection, cells were selected via puromycin 

treatment. Expression of the transgene(s) was verified by PCR analyses following 

four days of doxycycline treatment using transgene specific primers. In accordance to 

the introduced construct the PCR analyses showed that treatment with doxycycline 

evoked the expression of the transgenes Ngn2 and Fezf2 in the hPSC-FN line, while 

the hPSC-N line only exhibit a transgenic expression of Ngn2 (Figure 6). A sample of 

the hPSC-FN line, which was not treated with doxycycline, served as negative control 

and confirmed that transgene expression is tightly controlled by the application of 

doxycycline (Figure 6). 
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Figure 6 Validation of transgene inducible PSC lines. Transduced iPSC lines were characterized via PCR 

analyses. Expression of Fezf2 could be detected in the hPSC-FN line, while expression of Ngn2 was visible in the 

hPSC-FN and the hPSC-N line. The hPSC-FN line not treated with doxycycline did not exhibit a transgene 

expression Induced N+F-PSC line shows expression of Fezf2 and Ngn2, whereas there is no signal observable 

without induction with doxycycline. The N-PSC line shows only Ngn2 expression. Performed together with Julia 

Ladewig. 

      
 

4.1.2.2 Differentiation of PSCs into corticofugal neurons 

 

The	
  hPSC-FN line as well as the hPSC-N line were differentiated along the in chapter 

3.8 described and validated differentiation protocol into cortical progenitors and 

neurons. The transgene expression was induced by doxycycline addition at day 3 of 

the differentiation protocol. Generated neurons were analyzed by immocytochemical 

analyses 8 weeks following differentiation for the expression of the cortical layer 

specific markers Tbr1 (layer VI), Ctip2 (layer (V), Cux1 (layers II-IV) and Satb2 

(layers II/III). A sample of the hPSC-FN line, which was not induced with doxycycline, 

served as control. 

We found that control-derived βIII-tubulin positive neurons, which were not induced 

with doxycycline, exhibited a prominent expression for the layer VI marker Tbr1 while 

Ctip2 positive layer V neurons were found to a lesser extent. The expression of the 

layer II/III Satb2 was only occasionally detectable and Cux1 positive neurons 

(representing cortical layer II-IV) were not detectable (Figure 7 A upper panel). In 

contrast, ectopic expression of Fezf2 and Ngn2 led to neuronal cultures in which the 
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majority of the βIII-tubulin positive neurons co-expressed the cortical layer V marker 

Ctip2, whereas expression of markers for upper cortical layers (Satb2 and Cux1) 

could not be observed (Figure 7 A middle panel). The ectopic expression of the pro-

neural transcription factor Ngn2 alone led to neuronal cultures exhibiting a strong and 

homogenous expression of Cux1. Since neurons expressing markers for other 

cortical layers were largely absent from these cultures, our data indicate a 

predominant generation of neurons from upper cortical layer in response to the 

exclusive expression of Ngn2 (Figure 7 A lower panel). 

To further investigate the differentiation pattern of the different PSC lines, we 

analyzed expression of the cortical layer specific markers Tbr1, Ctip2 and Cux1 by 

PCR. To that end, neuronal cultures derived from the hPSC-FN and hPSC-N line 

were differentiated for 6 or 8 weeks. After that, RNA was harvested and cDNA was 

obtained. Following PCR analyses, we found that the control neurons, which were 

not induced with doxycycline, exhibited no expression of Cux1. The expression of 

Ctip2 was strong at both time points (Figure 7 B). The ectopic induction of Fezf2 and 

Ngn2 within the hPSC-FN line led to a strong Ctip2 expression following 6 weeks of 

differentiation, which was even increasing following 8 weeks of differentiation. The 

expression levels of Tbr1 were weak compared to neurons, which had no transgene 

induction (Figure 7 B). Expression of Cux1 was hardly detectable following 6 weeks 

of differentiation but showed increased expression after 8 weeks of differentiation 

(Figure 7 B). The ectopic induction of Ngn2 only led to a clear expression for Cux1. 

The Ctip2 expression was rather weak, while Tbr1 was not detectable (Figure 7 B). 

These data support the previous results of the immunocytochemistry analyses. To 

quantify expression levels of the different cortical layer specific markers, we 

performed quantitative real-time PCR analyses of neuronal cultures differentiated for 

8 weeks with or without induction of the transgenes. Besides Tbr1, Ctip2 and Cux1, 

we also included Tle4 in our analyses as a marker specific for corticofugal neurons of 

the cortical layer V. Gene expression values of hPSC-FN and hPSC-N derived 

neurons were analyzed in relation to the expression values of hPSC-FN derived 

neurons with no transgene induction. Here we found a more than 1-fold increase in 

the expression of the layer V marker Ctip2 in hPSC-FN derived neurons. The 

expression of the other layer V marker Tle4 showed also an increase of 0,25-fold. 

The upper layer marker Cux1 exhibited a minor increase of 0,1-fold. Only the layer VI 

marker Tbr1 showed a 0,4-fold decrease (Figure 7 C).   
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Figure 7 Transgenic Fezf2 expression instructs deep cortical layer identity. A: Immunocytochemical 

characterization of 8 weeks old neurons. Neurons with no induction of Fezf2 (F) and Ngn2 (N) show many 

neurons stained positive for Tbr1 and Ctip2. Markers for upper cortical layers (Satb2 and Cux1) are almost absent 

(upper panel). Induction of hPSC-FN shows many neurons stained positive for Ctip2. Tbr1 and upper cortical 

markers are almost absent (middle panel). The absence of Fezf2 shows a huge number of Cux1 positive neurons. 

Also Satb2 staining shows more positive neurons. Tbr1 and Ctip2 positive neurons are much less (lower panel). 

Scale bar 100µm. B: PCR characterization of 6 weeks and 8 weeks old neurons. Cux1 signal is strongest in 

hPSC-N line and weaker in the induced hPSC-FN line. The uninduced hPSC+FN line shows no Cux1 signal. 

Ctip2 signal is strongest in the induced hPSC-FN line and is also strong in the uninduced hPSC-FN line. The 

hPSC-N line shows no detection of Ctip2 signal. Tbr1 signal is strongest in the uninduced hPSC-FN line. Weak 

signal is observable in the induced hPSC-FN line. N-line shows no signal. C: quantitative real-time PCR analyses 

of neurons. Induced hPSC-FN line shows more expression of Ctip2, Tle4 and Cux1 and less expression of Tbr1 

compared to the uninduced hPSC-FN line. The hPSC-N line shows less expression of Tbr1, Ctip2 and Tle4 but 

more expression of Cux1. Performed together with Julia Ladewig.	
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In contrast, hPSC-N derived neurons displayed only an increase for the upper layer 

marker Cux 1 (0,7-fold). The layer VI marker Tbr1 (0,6-fold) as well as the layer V 

markers Ctip2 (0,6-fold) and Tle4 (0,6-fold) showed a clear decrease (Figure 7 C).  

Thus,	
   the results of the quantitative real-time PCRs go in line with the previous 

analyses indicating that ectopic expression of Fezf2 during the cortical differentiation 

of PSC led to the induction of a deep cortical layer identity.   

Taken together these data illustrate that the ectopic expression of the transcription 

factors Fezf2 and Ngn2 lead to an increase in the expression of the cortical layer V 

marker Ctip2 as well as to the corticofugal marker Tle4 suggesting efficient direct 

induction of PSC into cortical layer 5 neurons. Interestingly, this data suggests that 

ectopic expression of the pro-neural transcription factor Ngn2 exclusively converted 

PSC into neurons with an upper layer identity.  

 

4.1.3 Transcription factor based direct conversion of human fibroblasts into 

corticofugal neurons 

 

It could be shown that the ectopic expression of the pro-neural transcription factors 

Ascl1 (A) and Ngn2 (N) can convert human fibroblasts into functional induced 

neurons (iN; Ladewig et al., 2012; Liu et al., 2013; Vierbuchen et al., 2010). When 

combining pro-neural TF with brain region specific transcription factors, iN with 

distinct regional identities could be generated (Pfisterer et al., 2011; Son et al., 2011). 

We wanted to explore whether combining Ascl1 and Ngn2 with the deep cortical 

layer specific transcription factor Fezf2 is sufficient to directly convert human 

fibroblasts into corticofugal neurons. 

 

4.1.3.1 Generation and validation of human fibroblasts carrying tet–on 

controllable Ascl1, Ngn2 and Fezf2 constructs  
 

We transduced human skin fibroblasts derived from a healthy control individual 

(CTRL; for more details see Chapter 3.6) with a construct carrying the transcription 

factors Ascl1 (A) and Ngn2 (N) (CTRL-AN) exclusively or with the construct carrying 

the transcription factors Ascl1, Ngn2 in combination with a construct carrying Fezf2 

(F) (CTRL-FAN; Figure 8 A). The transgenes, encoded on these constructs, were 
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doxycycline inducible. The production of the lentiviral particles and the transduction 

of fibroblasts are described in chapters 3.3 – 3.5. To verify whether the introduced 

transgenes are indeed expressed following doxycycline induction, PCR analyses 

using RNA isolated from transduced cells after four days of doxycycline treatment 

were performed. cDNAs were amplified using transgene specific primer pairs (listed 

in materials, chapter 2.5.6). Here we could confirm the expression of A and N in 

CTRL-FAN and CTRL-AN fibroblasts (Figure 8 A). As expected, expression of Fetz2 

was only detectable in CTRL-FAN fibroblasts (Figure 8 A). These data confirmed that 

treatment with doxycycline leads to robust transgene induction in transduced 

fibroblast lines. 

 

4.1.3.2 Direct conversion of human FAN-fibroblasts into corticofugal neurons 

	
  

Highly efficient direct conversion of AN-fibroblasts into functional iNs could be shown 

by an implementation of synergistic SMAD pathway inhibition in combination with an 

inhibition of GSK3β (Ladewig et al., 2012). We applied this protocol to convert FAN- 

and AN-fibroblasts into iN cells and analyzed the derived cultures 28 days following 

doxycycline induction for the expression of neuronal marker by 

immunocytochemistry. CTRL-FAN-derived cells were found to give rise to βIII-tubulin 

positive induced neurons (Figure 8 B). A fraction of the generated induced neurons 

co-expressed the neuronal marker Map2 (Figure 8 C). Expression of the cortical 

layer specific markers Tbr1 (layer VI) and Ctip2 (layer V) could also be detected 

(Figure 8 D, E).  

To further verify the cellular identify of the CTRL-FAN-derived neurons, we performed 

qRT-PCR using specific primer pairs for genes, which were described to be specific 

for corticofugal neurons of the deep cortical layers including ER81, Clim1, Dkk3, 

Crym and Wnt7b (Ye et al., 2015). Gene expression values of CTRL-FAN-derived 

iNs were analyzed in relation to the expression value of CTRL-AN-derived iNs. Here 

we found that the gene expression for ER81 (1,64 ± 0,2444), Clim1 (1,484 ± 0,1668) 

and Crym (2,738 ± 0,4659) was significantly increased in CTRL-FAN-derived 

neurons. The expression of Dkk3 was enhanced in comparison to neurons derived 

from the CTRL-AN line, too (2,191 ± 0,1409) (Figure 8 F). Only the Wnt7b expression 

was not as distinct as the other markers. This data indicate that ectopic expression of 
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the transcription factor Fezf2 (F) in combination with the expression of Ascl1 and 

Ngn2 leads to the generation of corticofugal-like iNs. 

Corticofugal neurons cannot only be characterized by marker expression but also by 

their specific morphology. It was described that these neurons, which extend 

projections to the brain stem and the spinal chord, exhibit pyramidal cell bodies, 

(Molyneaux et al., 2007).  

 

	
  
Figure 8 FAN-derived iNs show a corticofugal-like marker expression and morphology. A:  Validation of 

transgenic gene expression after 4 days doxycycline treatment. CTRL-AN displays an expression signal for the 

transgenes Ascl1 and Ngn2, but lacking the expression of Fezf2. CTRL-FAN shows a transgenic expression for 

Fezf2, Ascl1 and Ngn2. B-E: Immunocytochemical analyses of 28 days old neurons for neuronal markers βIII-

tubulin (B), Map2 (C), Tbr1 (D) and Ctip2 (E). F: quantitative real time PCR analyses of 28 days old iNs. Deep 

layer markers are differentially expressed throughout neurons with (FAN) and without (AN) Fezf2 expression. 

Neurons derived from an FAN line show in most cases an elevated expression of the markers. Data presented as 

mean + SD. For statistical analysis an unpaired t-test was used (n=3; *p ≤ 0,05; **p ≤ 0,01). Scale bars: 50µm. 

 

In a first set of analyses we investigated the morphology of the cell bodies in our iN 

cultures 23 days following doxyxycline induction. To visualize the iNs, we stained the 

cells for βIII-tubulin. In our analysis we distinguished between cell bodies with a 
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pyramidal and a round morphology (Figure 9 A). Here we found a significant increase 

in the portion of pyramidal neurons in the CTRL-FAN-derived population  (37,52% ± 

3,070) compared to CTRL-AN-derived cells (19,61% ± 3,405; Figure 9 B).  

 

	
  
Figure 9 FAN-derived iNs show an increase in pyramidal cell bodies A: Representative images of a neuron 

with a round cell body (left) and a pyramidal shaped cell body (right). B: Quantification of cell bodies with a 

pyramidal cell body. 19,61% of CTRL-AN-derived iNs and 37,52 of CTRL-FAN-derived iNs had a pyramidal cell 

body. C: Quantification of differently shaped cell bodies of 23 days old neurons. Neurons derived from an FAN 

show more pyramidal cell bodies than AN neurons (n=4). D: Quantification of the branchpoint index for each 

neuronal population. CTRL-FAN-derived iNs shows an average of 1,309 ± 0,06778; CTRL-AN-derived iNs: 

0,8438 ± 0,09156. Data presented as mean + SD. For statistical analysis an unpaired t-test was used (n=3; *p ≤ 

0,05). E: Schematic overview of the transcription factor based direct conversion. Introduction of Fezf2 led to 

neurons with corticofugal-like phenotypes (CiNs). Data presented as mean + SD. For statistical analysis an 

unpaired t-test was used (n=4; **p ≤ 0,01) Scale bars: 50µm. 

 

In a next set of experiments, we analyzed the morphology of the CTRL-FAN and 

CTRL-AN-derived iNs cells 28 days following doxycyline induction in more detail. To 

that end, we developed a branching assay. In this assay, each branchpoint of an iN 

was counted and the mean value was calculated. The branching assay revealed a 

significantly increase in branchpoints in CTRL-FAN-derived iNs compared to CTRL-
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AN- derived iNs (Figure 9 C). These data indicate that introduction of the 

transcription factor Fezf2 leads to a generation of iNs with a higher morphological 

complexity.  

The morphology analyses together with the expression analyses suggest that ectopic 

expression of Fezf2 in combination with Ascl1 and Ngn2 lead to the generation of iN 

cell with corticofugal-like phenotypes, which we will term in the following CiNs (Figure 

9 D). 
 

4.2 CiNs to model malformations of cortical development (CDM) 
 

4.2.1 Generation of CiNs derived from Miller-Dieker-Syndrome patient 

fibroblasts 
 

Fibroblasts from two patients (MDS1 and MDS2) suffering from Miller Dieker 

syndrome (MDS), a very severe form of lissencephaly (see chapter 2.4.4), were 

subjected to our developed CiN protocol. In brief, we used the construct carrying the 

transcription factors Ascl1, Ngn2 as well as Fezf2 for the transduction of MDS1- 

(MDS1-FAN) as well as MDS2-derived fibroblasts (MDS2-FAN).  

The expression of the transgenes in each line was validated by PCR following 4 days 

of doxycycline treatment (Figure 10 A). Here we could confirm the efficient induction 

of the introduced transcription factors Fezf2, Ascl1 and Ngn2 upon doxycycline 

induction. Following the first validation step, MDS1-FAN and MDS2-FAN fibroblasts 

were subjected to the direct conversion protocol (see chapter 3.7). Cells were 

analyzed 28 days following transgene induction for the expression of pan-neuronal 

markers as well as markers specific for corticofugal neurons of the deep cortical 

layers	
  including ER81, Clim1, Dkk3, Crym and Wnt7b (Ye et al., 2015). 

Immunocytochemistry revealed that cells derived from both MDS lines were found to 

give rise to βIII-tubulin positive iNs (Figure 10 B). The expression of regional specific 

markers was analyzed via quantitative real-time PCR. Gene expression values of 

MDS1-iNs and MDS2-iNs were analyzed in relation to the expression value of the 

CTRL-AN-derived iNs. MDS2-iNs showed a significant increase in the expression of 

ER81 (6,799 ± 1,472), Clim1 (6,679 ± 0,9157), Dkk3 (52,71 ± 6,590), Crym (4,311 ± 

2,214) and Wnt7b (4,378 ± 0,2921) in relation to the expression value of CTRL-AN-

derived iNs line. MDS1-iNs displayed a significant upregulation in the expression of 
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ER81 (1,460 ± 0,2382), Clim1 (2,177 ± 0,5435) and Dkk3 (4,914 ± 0,3388) (Figure 

10 C). The expression levels of Crym (2,824 ± 1,657) and Wnt7b (3,664 ± 1,025) 

were increased in relation to the CTRL-AN-derived iNs, but the difference was not 

significant (Figure 10 B).  

These data indicate that MDS1-FAN fibroblasts as well as MDS2-FAN fibroblasts 

could efficiently be converted into neurons with corticofugal like marker expression. 

Hence they are called in the following MDS-CiNs.  

 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
Figure 10 Characterization of Miller-Dieker-Syndrome patients-derived iNs. A: Validation of transgenic gene 

expression in MDS1-FAN and MDS2-FAN lines after 4 days of doxycycline induction. Both MDS-FAN lines show 

a transgenic expression for Fezf2, Ascl1 and Ngn2 B: Immunocytochemistry analysis of 28 days old iNs for 

neuronal markers βIII-tubulin. C: Quantitative real time PCR analyses for the expression of regional specific 

markers in of 28 days old MDS1-iNs and MDS2-iNs in relation to CTRL-AN-derived iNs., MDS1-FAN-iNs and 

MDS2-iNs show an up-regulation to the analyzed markers in relation to CTRL-AN-derived iNs. Data presented as 

mean + SD. For statistical analysis an unpaired t-test was used (n=3; *p ≤ 0,05; **p ≤ 0,01; ***p ≤ 0,001).  
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4.2.2 Phenotypic characterization of MDS patient-derived CiNs 

 

4.2.2.1 Characterization of lissencephaly patient-derived CiNs migration 

behavior  

 

MDS represents a severe form of lissencephaly, which is characterized by a 

haploinsufficiency on chromosome 17p13.3 harbouring a lot of different genes 

including PAFAH1B1 and YWHAE, which are encoding for Lis1 and 14.3.3ε 

respectively (Cardoso et al., 2003; Chong et al., 1997; Dobyns et al., 1983; Hattori et 

al., 1994; Reiner et al., 1993; Schwartz et al, 1988). Both genes were described to 

interact with NDEL1 an intracellular multicomplex, which is important for the 

regulation of microtubule dynamics and the cytoplasmic dynein (Wynshaw-Boris 

2007). Deletion of those genes leads to a misregulation of microtubule stability and 

dynein dysfunction, which was described to lead to impaired neuronal migration 

(Moon and Wynshaw-Boris 2013).  

To investigate whether MDS-derived CiNs recapitulate the disease phenotype in 

vitro, we analyzed the migration behavior of CTRL-CiNs and MDS1-CiNs by 

performing a motility assay. To that end we used live cell-imaging microscopy to 

investigate neuronal movements in 35 days old CiNs over a time period of 2 days. 

After imaging, the motility was quantified by tracking single neurons over time (Figure 

11 A + B).  

Thereafter, the speed of each neuron was calculated. At the end, the speed of CTRL-

derived CiNs was compared to the speed of MDS-derived CiNs. The tracking of the 

CiNs is visualized in Figure 8 A + B as colored lines. The CTRL-derived CiNs showed 

colored lines, which extend over the visual field, whereas the MDS-derived CiNs 

were moving more back and forth in a smaller area of the field (Figure 11 A+B). The 

dot blot displays every tracked CiN as a single dot. The higher the dots are located in 

this diagram, the more motile and faster were the neurons (Figure 11 C). The 

comparison of CTRL-derived CiNs and MDS-derived CiNs indicates that the MDS-

derived CiNs appeared to be less motile (Figure 11 C). This result was reinforced by 

a quantification of the mean speed of the CiNs. This quantification revealed a 

significant difference between CTRL-derived CiNs and MDS-derived CiNs (Figure 11 

D).  
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These data indicate that MDS-derived CiNs indeed feature the hallmark of an 

impaired migration and by that recapitulating the disease phenotype in vitro. 

 

             	
  
Figure 11 MDS-derived CiNs are less motile than CTRL-derived CiNs. A+B: Representative images of traced 

CTRL-FAN-CiNs (A) and MDS 1-FAN-CiNs (B). Every colored line is a traced CiN. C+D: Quantification of 

neuronal speed. Dot blot represents every single traced CiN (C; CTRL: n=143; MDS: n=155). Comparison of the 

mean speed reveals a greater speed in CTRL-FAN (D). Data presented as mean + SD. For statistical analysis an 

unpaired t-test was used (n=3; *p ≤ 0,05). Scale bar: 250µm.  

 

4.2.2.2 Morphological phenotyping of MDS-derived CiNs 

 

Corticofugal neurons of the deep cortical layers exhibit a neuronal subtype specific 

complex branching structure with a lot of branchpoints and they extend their 

projections subcerebral to the brain stem and spinal cord (Molyneaux et al., 2007). 

Biopsy data from MDS-patients reveal immature neuronal morphologies with a 

reduced branching pattern and thereby a decrease in complexity (Sheen et al., 

2006). To identify whether MDS-derived CiNs recapitulate the in vivo observed 

phenotypic alterations in vitro, we applied the already developed branching assay to 

23 days and 28 days old CTRL- and MDS-derived CiNs.  More specifically, we 
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counted each branchpoint of at least 150 CiNs per condition and calculated the mean 

value termed branchpoint index. This branchpoint index thus represents the degree 

of complexity of either CTRL- or MDS-derived CiNs, respectively.     

When subjecting 23 days old CTRL and MDS-derived CiNs to the branching assay, 

we found CiNs with a variety of different numbers of branchpoints ranging from no or 

one branchpoint to up to twelve branchpoints per CiN (Figure 12 A). While CTRL- 

CiNs displayed many processes with a lot of branchpoints, MDS1- as well as MDS2- 

CiNs show rather simple morphologies with either no process or one process without 

a branchpoint (Figure 12 B-D). When calculating the branchpoint index 23 d after 

doxycycline induction CTRL-CiNs showed a significant higher branchpoint index 

(1,338 ± 0,1083) then the MDS-derived CiNs (MDS1-CiNs: 0,6041 ± 0,03557; MDS2-

CiNs 0,3263 ± 0,03786; Figure 12 E).    

	
  
Figure 12 MDS-derived CiNs show morphological alterations after 23 days. A: Representative images of 

CiNs with no, two or six branchpoints (indicated by red circle). B-D: Immunofluorescence analyses of CTRL-CiNs 

(B), MDS1-CiNs (C) and MDS2-CiNs (D) stained for the pan-neuronal marker βIII-tubulin. E: Quantification of the 

branchpoint index for each neuronal population. Data presented as mean + SD. For statistical analysis an 

unpaired t-test was used (n=4; ****p ≤ 0,0001) Scale bars: A: 50µm; B-E: 100µm. 

 

When performing the branching assay with CiNs 28 days after doxycycline induction, 

we found a similar result as described for 23 days old CiNs. In more detail, the 

CTRL-CiNs exhibited an increased amount of branches and seemed to be more 
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complex in comparison to MDS1-CiNs and MDS2-CiNs, which showed a lot of CiNs 

with no branchpoint or only one or two branchpoints (Figure 13 A-C). When 

investigating the branchpoint index, we got a result, which had the same distribution 

as our branching assay with 23 days old CiNs. The CTRL-CiNs represent a more 

complex population showing a score of 1,274 ± 0,1185 (Figure 13 D). The 

branchpoint score of MDS 1-CiNs was again significantly lower (0,6323 ± 0,03339) 

compared to CTRL-derived CiNs. Also the score of MDS2-CiNs was significantly 

lower than the score of CTRL-CiNs, even though it was slightly increased  (0,4506 ± 

0,04759) (Figure 13 D).  

These data indicate that the MDS-derived CiNs develop less complex morphologies 

in comparison to CTRL-derived CiNs. By that our data recapitulate the morphological 

alterations described in MDS in vivo in an in vitro cell culture system. 

 

	
  
Figure 13 MDS-derived CiNs show morphological alterations after 28 days. A-C: Immunofluorescence 

analyses of CTRL-CiNs (A), MDS1-CiNs (B) and MDS2-CiNs (C) stained for the pan-neuronal marker βIII-tubulin. 

D: Quantification of the branchpoint index for each neuronal population. Data presented as mean + SD. For 

statistical analysis an unpaired t-test was used (n=4; ****p ≤ 0,0001) Scale bars: 100µm. 
 

4.2.3 Mechanistic principles underlying the phenotypic changes in MDS-

derived CiNs 
 

MDS is linked with a haploinsufficiency on chromosome 17p13.3, harbouring a lot of 

different genes including PAFAH1B1 and YWHAE, which are encoding for LIS1 and 

14.3.3ε respectively (Cardoso et al., 2003; Chong et al., 1997; Dobyns et al., 1983; 

Hattori et al., 1994; Reiner et al., 1993; Schwartz et al, 1988). Heterozygous 

deletions or mutations of LIS1 were described to be the most usual cause of 

lissencephaly (Kato and Dobyns, 2003). The strong phenotype in MDS was shown to 

be due to the deletion of 14.3.3 in addition to LIS1, as 14.3.3ε stabilizes the LIS1-
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NDEL complex (Toyo-oka et al., 2003; Yingling et al., 2008). Thus both genes are 

well studied and connected to neuronal migration defects. However, morphological 

alterations were not reported in regard to PAFAH1B1 and YWHAE. Whether and to 

what extend other genes, which are located on the deletion side, might have an 

influence on the phenotype has not been investigated so far.	
  To decipher whether 

other genes might contribute to the severe form of lissencephaly in MDS, we 

analyzed in detail whether genes, which are located on the deletion site on 

chromosome 17p13.3, might be known to impact neurite outgrowth, neuronal 

branching or neuronal migration. More specifically, we screened through the 2116 

genes, which are heterozygous deleted, by using the USC Genome Browser (Figure 

14 A).  

	
  
Figure 14 Deletion site on chromosome 17p13.3 in MDS. A: Overview of the deletion site. Enlisted are all 

genes, which are deleted in MDS. B: Zoom into the deleted region. The two microRNAs, which we found to be 

possibly involved in MDS specific alterations in morphology and migration behavior, are encircled. The image was 

created with the USC Genome Browser.   

During the screening, we focused on the respective Gene Ontology term (GO term) 

of each gene. The GO term categorizes the genes in regard to their molecular 

function or involvement in biological processes. Out of the 2116 investigated genes, 
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we found two microRNAs, namely microRNA-22 and microRNA-132, which were 

described to be involved in neuronal polarization, neuronal migration as well as 

neurite- and axonal outgrowth (Figure 14 B). (Hancock et al., 2014; Vo et al., 2005; 

Volvert et al., 2014) (detailed description in chapter 1.1.2).     

 

4.2.3.1 Generation of CiNs with a gain- and loss-of-function of microRNA-22 

and microRNA-132 
 

To experimentally test whether microRNA-22 and/ or microRNA-132 might have an 

impact on the disease specific phenotypic alterations observed in our in vitro model, 

we analyzed whether the phenotypic alterations are associated with an altered 

expression pattern of either microRNA-22 or microRNA-132.   

In a first set of experiments, we confirmed reduced expression levels of microRNA-22 

and microRNA-132 in CTRL-CiN and MDS1-CiNs by performing quantitative real-

time PCRs. Here we could show that both microRNAs exhibit significantly reduced 

expression levels in MDS1-CiNs compared to CTRL-CiNs (Figure 15 A).  

In a next set of experiments, we performed gain- and loss-of-function studies to 

investigate a possible contribution of both microRNAs to our identified phenotypic 

alterations in MDS-derived CiNs. For the gain-of-function experiments we used for 

each microRNA a vector where the gene expression could be induced by using 

doxycycline due to an integrated tet-on system. Furthermore, the constructs exhibited 

a puromycin resistance cassette1. Following the generation of lentiviral particles (see 

chapter 3.4), we transduced MDS1-FAN fibroblasts with either microRNA-22 (MDS1-

FAN-miR-22) or microRNA-132 (MDS1-FAN-miR-132). Thus it was possible to 

overexpress the microRNAs in MDS-derived CiNs, which possess usually a reduced 

expression.       

The MDS1-FAN-miR-22 and MDS1-FAN-miR-132 fibroblasts were then subjected to 

our direct conversion protocol. 28 days following transgene induction, the expression 

level of microRNA22 and microRNA 132 was validated via quantitative real-time 

PCRs. To that end, MDS1-miR-22-CiNs were analyzed for microRNA-22 expression 

levels and MDS1-miR-132-CiNs for expression levels of microRNA-132. The 

expression levels of MDS1-miR-22-CiNs and MDS1-miR-132-CiNs were normalized 
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  Cloning was performed by Tom Lickiss	
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to the expression level of MDS1-CiNs. The expression analyses revealed that MDS1-

miR22-CiNs exhibited a 2,077 ± 0,5380-fold increase in microRNA-22 expression 

levels and MDS1-miR132-CiNs a 13,54 ± 5,294-fold increase in expression levels of 

microRNA-132 (Figure 15 B+C). These data reveal that the transduction was 

successful and both microRNAs could be overexpressed in MDS cells.  

For the loss-of-function experiments microRNA sponges can be used. These 

sponges are oligonucleotides, designed to target the expression of a specific 

microRNA. The sponges are located in the cytoplasm and bind complementary to the 

mature microRNA. By that, the binding of the microRNA to its target mRNA is 

prevented leading to the inactivation of the microRNA function and target mRNA 

translation. To use sponges for our loss-of-function experiments, we used a 

doxycycline inducible and puromycin selectable vector with coding sequences for 

either a microRNA-22 sponge, or a microRNA-132 sponge2. Following the generation 

of lentiviral particles, we transduced CTRL-FAN fibroblasts with either the vector 

coding for the microRNA-22 sponge (CTRL-FAN-sp-22), or the vector coding for the 

microRNA-132 sponge (CTRL-FAN-sp-132). After transduction, the fibroblasts were 

converted along our direct conversion protocol for 28 days and both sponges were 

validated via quantitative real-time PCRs. We analyzed the microRNA-22 or 

microRNA-132 expression in CTRL-sp-22-CiNs and CTRL-sp-132-CiNs, 

respectively. Expression values of CTRL-sp-22-CiNs and CTRL-sp-132-CiNs were 

normalized to the expression value of CTRL-CiNs. Here we found that CTRL-sp-22-

CiNs showed a significant decrease in microRNA-22 expression (0,4833 ± 0,07172) 

and CTRL-sp-132-CiNs a significant decrease in microRNA-132 expression (0,364 ± 

0,02963) (Figure 15 D+E).  

These data confirm that the transduction of the fibroblasts was successful and that 

the sponges functioned, by decreasing the respective microRNA expression in 

CTRL-CiNs.  
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Figure 15 Validation of microRNA expression in CiNs derived from MDS- and transduced fibroblasts. A: 

Expression of microRNA-22 and microRNA-132 in CTRL-CiNs and MDS1-CiNs. Expression values of MDS1-

CiNs were normalized to expression values of CTRL-CiNs. B: Expression of microRNA-22 in MDS1-CiNs and 

MDS1-miR-22-CiNs. C: Expression of microRNA-132 in MDS1-CiNs and MDS1-miR-132-CiNs. D: Expression of 

microRNA-22 in CTRL-CiNs and CTR-sp-22-CiNs E: Expression of microRNA-132 in CTRL-CiNs and CTRL-sp-

132-CiNs. Expression values of CiNs with a microRNA overexpression were normalized to expression values of 

MDS-CiNs. Expression values of CiNs with a sponge were normalized to expression values of CTRL-CiNs. 28d 

old CiNs were used for all experiments. Data presented as mean + SD. For statistical analysis an unpaired t-test 

was used (n=3; **p ≤ 0,01; ****p ≤ 0,0001).   

.  

4.2.3.2 microRNA-22 and microRNA-132 impact CiN migration 

 

To decipher whether microRNA-22 and/or microRNA-132 contribute to the well-

studied migration defect in MDS, we investigated migration in MDS1-CiNs versus 
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MDS1-miR-22-CiNs or MDS1-miR-132-CiNs. To that end, we performed motility 

assays as described in chapter 4.2.2.1.  Following 35 days of doxycycline induction, 

CiNs of the three different lines were imaged and tracked. When analyzing the 

motility of the CiNs in a dot blot, we found that the majority of the MDS1-CiNs did not 

move faster than 5 µm/h. In comparison, the CiNs, which were derived from MDS1-

FAN-miR-22 and MDS1-FAN-miR-132 fibroblasts, showed an increased speed 

(Figure 16 A). This difference in speed was reinforced by the calculation of the 

average speed of the three different CiN populations. MDS1-FAN-CiNs showed an 

average speed of 3.4 ± 0,4415 µm/h, whereas the MDS1-FAN-miR-22-CiNs and 

MDS1-FAN-miR-132-CiNs exhibited averages of 7.4 ± 0,7191 µm/h and 6.7 ± 

0,09014 µm/h, respectively (Figure 16 B).  

These data indicate that there is a significant increase in neuronal speed, upon 

ectopic expression of microRNA-22 or microRNA-132 in MDS-CiNs. Interestingly, 

CiNs possessing an overexpression of either microRNA-22 or microRNA-132 

exhibited even a higher neuronal speed than control-derived CiNs (see chapter 

4.2.2.1) 

 

	
  
Figure 16 Migration aberrations in MDS-derived CiNs are correlated to microRNA expression.	
   A+B: 

Quantification of neuronal speed. Dot blot represents every single traced neuron (A; MDS1-CiNs: n=155; MDS1-

miR-22-CiNs: n=150; MDS1-miR-132-CiNs: n=150). Comparison of the mean speed revealed a greater speed 

CiNs with an overexpression of either microRNA-22, or microRNA-132.  (B). Data presented as mean + SD. For 

statistical analysis an unpaired t-test was used (n=3; **p ≤ 0,01; ***p ≤ 0,001). 

 



Results 

	
  67	
  

4.2.3.3 MicroRNA-22 and microRNA-132 impact CiN morphology 
 

To investigate whether the identified morphological alterations in MDS-derived CiNs 

are associated with the altered expression of microRNA-22 or microRNA-132, we 

analyzed the neuronal morphology of MDS1-miR-22-CiNs, MDS1-miR-132-CiNs, 

CTRL-sp-22-CiNs and CTRL-sp-132-CiNs as described in chapter 4.2.2.1. In brief, 

we performed a branching assay in the different CiN populations following 23 or 28 

days of doxycycline induction.    

In a first set of branching assays we analyzed if an ectopic expression of microRNA-

22 and/or microRNA-132 in a MDS background might impact the CiN morphology. 

Therefore we compared our results with the morphology of MDS1-CiNs without an 

ectopic expression of one of the microRNAs. 

When comparing the neuronal populations at day 23, we found that ectopic 

expression of microRNA-22 or microRNA-132 significantly increased the amount of 

branches (Figure 17 A-C). Compared to 0,6041 ±0,03557 in MDS1-FAN-CiNs, 

MDS1-FAN-miR-22-CiNs showed a branchpoint index of 0,7594 ±0,02398 (Figure 17 

D). The branchpoint index of MDS1-FAN-miR-132-CiNs was 0,9645 ±0,1426 (Figure 

17 D).   

Our analyses with 28 days old CiNs, which were derived from the three different 

fibroblast lines, showed a significantly increased amount of branches in regard to an 

ectopic expression of microRNA-22 or microRNA-132, too (Figure 17 E-G). At this 

time point, MDS-CiNs had a branchpoint index of 0,6323 ±0,03339, compared to 

0,7141 ±0,02042 and 0,9942 ±0,09095 for MDS1-miR-22-CiNs and MDS1-miR-132-

CiNs, respectively (Figure 17 H). These data reveal that the ectopic expression of 

microRNA-22 or microRNA-132 significantly increased the amount of branches after 

28 days. Taking the analyses of both time points together, our data indicate that the 

ectopic expression of micoRNA-22 and microRNA-132 increases branching in MDS-

derived CiNs.  

To further delineate the impact of microRNA-22 and microRNA-132 on neuronal 

branching, we performed loss-of-function experiments. Therefore we investigated the 

neuronal branching in CTRL-CiNs, CTRL-sp-22-CiNs and CTRL-sp-132-CiNs. Here 

we found a significantly decreased branching in CTRL-sp-22-CiNs and CTRL-sp-

132-CiNs compared to CTRL-CiNs after 23 days (Figure 18 A-C). CTRL-CiNs 

displayed a branchpoint index of 1,338 ±0,1083, while the CTRL-sp-22-CiNs and 
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CTRL-sp-132-CiNs showed a branchpoint index of 0,4550 ±0,03784 and 0,3005 

±0,05272, respectively (Figure 18 D).  

 

	
  
Figure 17 Ectopic expression of microRNA-22 and microRNA-132 leads to increased neuronal branching. 

A-C: Immunofluorescence analysis of MDS-derived CiNs (A) and CiNs with an ectopic expression of microRNA-

22 (B) and microRNA-132 (C) stained for the pan neuronal marker ßIII-tubulin 23 days following transgene 

induction. D: Quantification of the branchpoint index for each neuronal population 23 days following transgene 

induction. E-G: Immunofluorescence analysis of MDS-derived CiNs (E) and CiNs with an ectopic expression of 

microRNA-22 (F) and microRNA-132 (G) stained for the pan neuronal marker ßIII-tubulin 28 days following 

transgene induction. H: Quantification of the branchpoint index for each neuronal population 28 days following 

transgene induction. Data presented as mean + SD. For statistical analysis an unpaired t-test was used (n=4; **p 

≤ 0,01; ***p ≤ 0,001; ****p ≤ 0,0001). Scale bars: 100µm. 

 

Similarly, our loss-of-function experiments with 28 days old CiNs showed a significant 

decrease in neuronal branching in CTRL-sp-22-CiNs and CTRL-sp-132-CiNs 

compared to CTRL-CiNs (Figure 18 E-G). Here the branchpoint index of CTRL-CiNs 

was 1,274 ± 0,1185, whereas CTRL-sp-22-CiNs and CTRL-sp-132-CiNs exhibited a 

branchpoint index of 0,4897 ±0,1162 and 0,4543 ±0,02340, respectively (Figure 18 

H).     

Taken together these data show an association of the morphological alterations and 

the expression of the microRNAs. An ectopic expression of one of the microRNAs 

could improve the MDS branching pattern, whereupon the CiNs are still not as 
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complex as the control derived CiNs. In contrast a loss-of-function of one of the 

microRNAs shows a dramatic effect resulting in CiNs exhibiting even less branching 

compared to MDS-derived CiNs. Thereby this data confirms and strengthens our 

findings that microRNA-22 and microRNA-132 impact the neuronal morphology in 

MDS.            

 
 

	
  
Figure 18 Loss-of-function of microRNA-22 and microRNA-132 leads to decreased neuronal branching. A-

C: Immunofluorescence analysis of control-derived CiNs (A) and CiNs sponged for microRNA-22 (B) and 

microRNA-132 (C) stained for the pan neuronal marker ßIII-tubulin 23 days following transgene induction. D: 

Quantification of the branchpoint index for each neuronal population 23 days following transgene induction. E-G: 

Immunofluorescence analysis of control-derived CiNs (E) and CiNs sponged for microRNA-22 (F) and microRNA-

132 (G) stained for the pan neuronal marker ßIII-tubulin 28 days following transgene induction. H: Quantification 

of the branchpoint index for each neuronal population 28 days following transgene induction. Data presented as 

mean + SD. For statistical analysis an unpaired t-test was used (n=4; **p ≤ 0,01; ***p ≤ 0,001; ****p ≤ 0,0001). 
Scale bars: 100µm. 

 

4.2.4 microRNA-22 impacts CiN morphology via the PTEN / PDK1 signaling 

pathway 

	
  

It was described that microRNA-22 plays a role in cortical development and neural 

cell differentiation (Bar et al., 2010; Volvert et al., 2014). This description is 
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strengthened by our results of the gain and loss-of-function experiments (see chapter 

4.2.3.2) suggesting that microRNA-22, as well as microRNA-132, is involved in the 

development of the morphology of CiNs. To further analyze the role of microRNA-22 

in cortical development, we set out to investigate how this microRNA is associated 

with neuronal development by searching for a possible regulation downstream of 

microRNA-22.  

First we performed an unbiased screen for all possible target interactions of 

microRNA-22 using the miRTarBase (http://mirtarbase.mbc.nctu.edu.tw). After 

collecting 76 possible targets, we performed a gene ontology analysis by clustering 

the targets depending on their functional characteristics. Besides others, we found 

target genes described to regulate neuronal differentiation and the development of 

neuronal projections. In this context, we identified the phosphatase and tensin 

homologue PTEN as one of the microRNA-22 target genes. It was shown that the 

inhibition of PTEN promotes neurite outgrowth in an actin dependent manner (Adler 

et al., 2006; Ning et al., 2010). In addition, it was shown to play an important role by 

downregulating the Akt signaling pathway (Ohtake and Hayat 2015; Tsujita and Itoh 

2015). It dephosphorylates and thereby represses PIP3 function, which results in a 

downregulation of all downstream members and in the end to a disruption of the Akt 

signaling pathway. The disruption of the Akt pathway leads to a decreased 

detyrosination of the microtubules, which is important for axonal outgrowth and 

thereby for the neuronal morphology (Kath et al., 2018). Interestingly, PTEN was 

already described to be regulated by microRNA-22 in the context of cell cycle 

progression and cell survival (Bar et al., 2010). Bar and colleagues also showed that 

PTEN expression is inhibited by microRNA-22 (Bar et al., 2010).   

To investigate whether microRNA-22 indeed targets PTEN in CiNs, we analyzed 

PTEN expression levels by performing quantitative real-time PCRs with CTRL-, 

CTRL-sp-22-, MDS1- and MDS1-miR-22-CiNs. When comparing the expression 

levels in CTRL-CiNs with the expression in CTRL-sp-22-CiNs, we found a 5-fold 

increase in CiNs expressing the sponge for microRNA-22 (Figure 19 B). When 

comparing expression levels of MDS1- and MDS1-miR-22-CiNs, we found a 

significant decrease of PTEN expression in CiNs with an ectopic expression of 

microRNA-22 (Figure 19 B). Thus our results indicate the described interaction 

between microRNA-22 and PTEN. In more detail our data show that a depletion of 

microRNA-22 led to an increased PTEN expression since it is not longer inhibited. 
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Vice versa ectopic expression led to a decreased expression in regard to a stronger 

inhibition of PTEN.     

We further investigated downstream partners connected to the microRNA-22/PTEN 

signaling including the phosphoinositide-dependent kinase 1 (PDK1), which is 

important for the activation of Akt and is usually inhibited by PTEN. Here we found 

that ectopic expression of microRNA-22 resulted in a 5,5-fold increase of PDK1 

expression (Figure 19 C). Vice versa a loss-of-function of microRNA-22 led to a 

significant decrease in PDK1 expression (Figure 19 C). These results go in line with 

our PTEN analyses. An ectopic expression of microRNA-22 results in a stronger 

inhibition of PTEN. Thereby the inhibition of PDK1 via PTEN is attenuated and the 

expression of PDK1 is increased. In contrast, loss-of-function of microRNA-22 

diminishes the PTEN inhibition. PTEN is highly expressed, which inhibits and thereby 

reduces PDK1 expression. 

Our results suggest that microRNA-22 impact CiN morphology via the PTEN/PDK1 

signaling cascade. A loss of microRNA-22 expression leads to a disruption of the 

signaling pathway. Thereby the ratio of detyrosinated microtubules is reduced, which 

disrupts axonal outgrowth and the morphology of the neurons is altered (Figure 19 

A). 

 

	
  
Figure 19 Involvement of microRNA-22 in PTEN/Akt-signaling. A: Schematic overview of our proposed 

involvement of microRNA-22 in PTEN/Akt-signaling (modified from Kath et al., 2018). B: Gene expression 

analyses of PTEN in case of a loss-of-function and an ectopic expression of microRNA-22. Gene expression of 

CTRL-sp-22-CiNs was normalized to the expression in CTRL-CiNs. Gene expression of MDS1-miR-22-CiNs was 

normalized to the expression in MDS1-CiNs C: Gene expression analyses of PDK1 in case of a loss-of-function 

and an ectopic expression of microRNA-22. Normalizations were similar to PTEN analyses. For gene expression 

analyses 28d old CiNs were used. Data presented as mean + SD. For statistical analyses an unpaired t-test was 

used. (n=3; *p ≤ 0,05; ***p ≤ 0,001).  
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4.2.5 microRNA-132 impacts CiN morphology via p250GAP / Rac1-signaling 

 

MicroRNA-132 was described to be involved in cortical development, specifically in 

neurite growth and building the neurite morphology (Clovis et al., 2012; Hancock et 

al., 2014; Vo et al., 2005). To further analyze the impact of microRNA-132 on 

neuronal development, we performed an unbiased screen for all possible target 

interactions of microRNA-132 using the miRTarBase. We found 175 possible targets, 

which we clustered by performing a gene ontology analysis. According to the 

analysis, p250GAP was suggested to be a direct target of microRNA-132. p250GAP 

is a member of the Rho family of small GTPases, which are known to be regulators 

of the actin cytoskeletal organization (Hall 1998; Nakazawa et al., 2003; Nobes and 

Hall 1995; Ridley and Hall 1992; Van Aelst and D’Souza-Schorey 1997). In regard to 

microRNA-132, it was reported to be negatively regulated by microRNA-132 (Vo et 

al., 2005).  

To investigate whether microRNA-132 indeed targets p250GAP in CiNs, we analyzed 

p250GAP expression levels by performing quantitative real-time PCRs with CTRL-, 

CTRL-sp-132-, MDS1- and MDS1-miR-132-CiNs. By comparing the expression 

levels in CTRL-CiNs with the levels in CTRL-sp-132-CiNs, we found a 2,1-fold 

increase in CiNs expressing the sponge for microRNA-132 (Figure 20 B). Along this 

line, the comparison of expression levels in MDS1-CiNs and MDS1-miR-132-CiNs 

revealed a significant decrease of p250GAP expression in CiNs with an ectopic 

expression of microRNA-132 (Figure 20 B).  

Thus, our data confirm the described interaction between microRNA-132 and 

p250GAP. The ectopic expression of microRNA-132 resulted in an increased 

inhibition of p250GAP, whereas a loss of microRNA-132 led to enhanced expression 

of p250GAP.   

Next, we further investigated downstream partners connected to the microRNA-

132/p250GAP signaling including the small GTPase Rac1. Rac1 is known to regulate 

actin dynamics through an activation of WAVE (Miki et al., 1998; Stradal et al., 2004). 

Subsequently WAVE interacts with the Arp2/3 complex, which is responsible for the 

initiation of actin filament branches on existing filaments (Pilo Boyl et al., 2007; 

reviewed by Pollard 2007; Takenawa and Miki, 2001). Usually it is inhibited by 

p250GAP.     
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Here we found that ectopic expression of microRNA-132 resulted in a 6-fold increase 

of Rac1 expression (Figure 20 C). On the other hand a loss-of-function of microRNA-

132 led to a significant decrease in Rac1 expression (Figure 20 C). These results go 

in line with our p250GAP analyses. An ectopic expression of microRNA-132 leads to 

a stronger inhibition of p250GAP. Thereby the inhibition of Rac1 through p250GAP is 

attenuated and the expression of Rac1 is increased. Contrary, loss-of-function of 

microRNA-132 diminishes the p250GAP inhibition. p250GAP is highly expressed, 

which inhibits and thereby reduces Rac1 expression.  

Our results suggest that microRNA-132 impact CiN morphology via the 

p250GAP/Rac1 signaling cascade. A loss of microRNA-132 would lead to a 

disruption of Rac1 signaling. Thereby the downstream members WAVE and Arp2/3 

would not be activated and the building of new actin branches would be disrupted 

resulting in a neuronal morphology with less branches (Figure 20 A). 

 

	
  
Figure 20 Involvement of microRNA-132 in Rac1-signaling. A: Schematic overview of our proposed regulation 

of F-actin through microRNA-132. B: Gene expression analyses of p250GAP in case of a loss-of-function and an 

ectopic expression of microRNA-132. Gene expression CTRL-sp-132-CiNs was normalized to the expression 

CTRL-CiNs. Gene expression of MDS-miR-132-CiNs was normalized to the expression in MDS1-CiNs. C: Gene 

expression analyses of Rac1 in case of a loss-of-function and an ectopic expression of microRNA-132. 

Normalizations were similar to p250GAP analyses. For gene expression analyses 28d old CiNs were used. Data 

presented as mean + SD. For statistical analyses an unpaired t-test was used (n=3; *p ≤ 0,05; **p ≤ 0,01; ***p ≤ 

0,001). 
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5. Discussion 
 

A fundamental prerequisite for CNS disease modeling in vitro is the generation of 

human patient specific cell populations. In order to obtain this, tools and techniques 

for the production of pure subtype specific cell types need to be developed. Thereby 

disease associated cell types could be generated and analyzed for modeling of the 

respective disease.  

In the presented study, cortical layer specific neurons, namely corticofugal neurons, 

were induced by combining the directed differentiation of PSCs with the transcription 

factor-based conversion. Furthermore, a transcription factor-based direct 

programming approach has been developed for the generation of corticofugal 

neurons from human fibroblasts of a healthy control and two patients suffering from 

the most severe form of lissencephaly, the Miller-Dieker Syndrome.       

 

5.1 Fezf2 induces deep cortical layer identity 

 

5.1.1 Differentiation of hiPSCs into human cortical layer specific neurons 

 

Several transcription factors, alone or combinated, have been so far described as 

candidates for the directed differentiation of PSCs toward specific cell types. For 

instance, the combination of Ascl1 and Dlx2 results in the generation of GABAergic 

neurons, whereas the combination of Ascl1, Nurr1 and Lmx1a leads to dopaminergic 

neurons (Sun et al., 2016; Yang et al., 2017). Excitatory neurons, such as cortical 

neurons, were described to be successfully generated by Ascl1, Ngn2 or NeuroD1 

(Chanda et al., 2014; Thoma et al., 2012; Zhang et al., 2013). Since we wanted to 

specifically generate corticofugal neurons, we included the TF Fezf2 to our 

combination of Ascl1 and Ngn2. We decided to use Fezf2, because substantial work 

had been conducted especially in the mouse model showing that Fezf2 can be an 

important regulator for the instruction of corticofugal identity. Loss of Fezf2 in null 

mutant mice led to a failure in the fate specification of subcerebral neurons, a 

subclass of corticofugal neurons (Molyneaux et al., 2005), whereas ectopic 

expression of Fezf2 in neural progenitors of the mouse brain are able to give rise to 

any major type of projection neuron within the layer V of the mature mouse motor 
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cortex (Rouaux and Arlotta, 2010; Tantirigama et al., 2016). Furthermore, in vivo 

experiments in mice showed that ectopic Fezf2 expression in postmitotic neurons, 

like callosal neurons, has the power to convert them into corticofugal neurons 

(Rouaux and Arlotta, 2013). In this study we show that Fezf2 expression can direct 

the differentiation of human PSCs to the induction of corticofugal neurons in vitro. 

During the development of the human neocortex, the different neuronal subtypes are 

sequentially differentiated according to an inside-out manner starting with the early 

born neurons of the layer VI following the layers V-II (Rakic et al., 2009). This 

sequential differentiation was abolished in our hiPSC differentiation with Fezf2. The 

dominant expression of Ctip2 and Tle4 in the neurons indicates a corticofugal identity 

since Ctip2 is known to be specific for corticofugal neurons of layer V and Tle4 was 

reported to be specifically expressed in layer V neurons (Molyneaux et al., 2007). 

Moreover, neuronal markers for different layers than layer V showed no appreciable 

expression. Neither Tbr1, which is sequentially expressed corticothalamic neurons 

within layer VI (Molyneaux et al., 2007), nor the upper layer marker Cux1 were well 

expressed in the neuronal population. These results go in line with previous studies 

in mice, which suggested that Fezf2 is critical for the development of deep-layer 

cortical neurons, particularly for the development of corticospinal motor neurons, 

which belong to the group of subcerebral projection neurons in layer V (Chen et al., 

2005; Molyneaux et al., 2005; Molyneaux et al., 2007; Rouaux and Arlotta, 2010). 

The essential role of Fezf2 was emphasized by showing that the transgenic 

expression of Ngn2 alone resulted in the generation of a neuronal subpopulation, too. 

But here, callosal neurons of the upper cortical layer instead of corticofugal neurons 

were predominantly generated, as it was previously reported (Zhang et al., 2013).    

In addition to the performed experiments, the induced neurons could be further 

characterized in regard to their identity by performing RNA sequencing (RNA-seq) to 

analyze their transcriptome. In contrast to qPCRs, it is more robust and it gives 

information about the expression of an enormous number of genes each time. There, 

the neurons should show an enhanced expression for distinct corticofugal marker in 

response to transgenic Fezf2 expression. 

Another important characterization would be an analysis of the neuronal morphology. 

Corticofugal neurons are described to have a more elaborated dendritic tree than 

other neuronal types. Therefore the complexity of the different neuronal populations 
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could be quantified. Then, Fezf2-derived neurons should show a more complex 

dendritic tree.  

Nevertheless, these findings emphasize the successful induction of cortical layer 

specific neurons suggesting that Fezf2 acts as a master regulator for the induction of 

corticofugal identity in hiPSC-derived neurons. 

 

5.1.2 Direct conversion of human fibroblasts into human cortical layer specific 

neurons 
 

To accelerate the efficient generation of corticofugal neurons, we set out to directly 

convert human fibroblasts by using the transcription factor based direct conversion.  

For a rapid conversion of human fibroblasts to corticofugal neurons, we used the 

transcription factors Fezf2 and Ngn2 again. Furthermore, we added with Ascl1 

another transcription factor to the previous combination, since Ascl1 expression was 

previously shown to be important for the direct conversion of fibroblasts (Ladewig et 

al., 2012; Pang et al., 2011; Vierbuchen et al., 2010). In combination with the three 

transcription factors, we included small molecules to increase the conversion 

efficiency (adopted from Ladewig et al., 2012). 

By applying the transcription factors in combination with small molecules, we 

demonstrate the successful direct conversion of human fibroblasts to corticofugal 

neurons in response to transgenic Fezf2 expression. Again, it is not proven whether 

the directly induced neurons are fully functional. Also here, further experiments have 

to be performed by analyzing the electrophysiological properties of the directly 

induced neurons. Furthermore, single cell RNA sequencing analyses would give 

additional information about the conversion by showing that fibroblast-specific genes 

are downregulated and neuronal genes are upregulated.  

Similarly to our iPSC studies, the directly induced Fezf2-derived neurons showed a 

Ctip2 expression indicating a corticofugal fate (Rouaux and Arlotta, 2013). In contrast 

to our results with hiPSC-derived neurons, this generated neuronal population 

showed also Tbr1 positive corticothalamic neurons of layer VI, although transgenic 

Fezf2 was induced. An explanation for this could be that the transgenic Fezf2 was 

not expressed in sporadic cells after culturing them for several passages, since we 

exhibited a predominant generation of corticothalamic neurons by differentiating 

hiPSCs without transgenic Fezf2 expression. Moreover, induced neurons showed a 
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significant upregulation of genes, which were reported to be specific for corticofugal 

neurons, upon transgenic Fezf2 expression (Ye et al., 2015). Additionally to these 

findings, morphological analyses of the cell soma revealed a phenotype, which is 

characteristic for corticofugal neurons. The induction of transgenic Fezf2 led to an 

increase in neurons with a pyramidal shaped cell soma. These neurons are referred 

as pyramidal neurons. Large pyramidal cell somas are characteristic for corticofugal 

neurons from layer V of the neocortex (Molyneaux et al., 2007). Besides this, more 

experiments could be done to further characterize the directly induced neurons. One 

possibility could be to perform whole cell patch clamp recordings. There, Fezf2-

derived neurons should show an increased membrane time constant and a 

decreased membrane resistance due to the larger cell body and more complex 

dendritic tree of corticofugal neurons (Zuccotti et al., 2014). Again, a promising 

experiment would a whole transcriptome RNA sequencing to emphasize the 

corticofugal-like signature in gene expression. 

Taking everything into account, we demonstrate with these findings that it is also 

possible to generate corticofugal neurons directly from human fibroblasts by using 

the combination of the TFs Ascl1, Ngn2 and Fezf2.  

 

5.1.3 Direct conversion of somatic cells versus differentiation of PSCs 
 

As demonstrated, the transcription factor based direct conversion, as well as the 

differentiation of PSCs were feasible to induce corticofugal neurons. 

A clear advantage of directly converting somatic cell is the short generation time. 

Mature and functional neurons could be induced from fibroblasts within two weeks, 

whereas the differentiation of PSCs is a labour-intensive process (Vierbuchen et al., 

2010). The donor cells have to reprogrammed, before they are in a second step 

differentiated into the desired cell type. In contrast, the direct conversion technique 

consists of just a single-step and thereby accelerates the generation of mature cell 

types.  

In return, using PSCs has the benefit of an unlimited expandability while maintaining 

a pluripotent state. It is also possible to expand somatic cells, like fibroblasts, in vitro, 

but the cells often change their epigenetic signature and loose their differentiation 

capability. On the other side, the extensive propagation of PSCs increases the risk of 

various kinds of mutations, like point mutations, copy number variations or karyotypic 
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abnormalities (Bai et al., 2015; Garitaonandia et al., 2015; Maitra et al., 2005; 

Mitalipova et al., 2005; Sebastiano et al., 2014; Ronen and Benvenisty, 2012; 

Weissbein et al., 2014). Directly transdifferentiated cells were found to have a greater 

karyotypic stability than PSC-derived cells (Weissbein et al., 2014).  

When it comes to disease modeling, the speed of the direct conversion technique is 

a big plus. Thereby target cells of a great cohort of patients can be efficiently 

generated providing a great sample size for analyses. Because of that, this technique 

could be also beneficial for pharmacological screens. In addition, it improves 

especially the modeling of neurodegenerative diseases, because directly induced 

cells retain the age signature of the starter cells (Mertens et al., 2015).   

As one part of this work we demonstrate the capability of using directly converted 

neurons to model a cortical malformation as a prove-of-principle.    

In regard to disease modeling, differentiating PSCs holds the advantage that it is 

possible to genetically engineer their genome in an efficient manner due to the 

already discussed great expandability (Li et al., 2014). Thereby disease-associated 

mutations can be introduced into healthy control cells or rescued in patient cells.  

On this account transplantation studies demonstrated great promises for the 

regenerative medicine and possible cell replacement therapies. Espuny-Camacho 

and colleagues demonstrated that pyramidal neurons derived from human PSCs can 

integrate into a mouse brain in vivo (Espuny-Camacho et al., 2013). More recently it 

was shown that human iPS-derived dopaminergic progenitor cells survived and 

functioned as midbrain dopaminergic neurons in a primate model of Parkinsons 

Disease (Kikuchi et al., 2017). With respect to their high proliferative capacity, 

transplantation of PSC-derived cell populations can be dangerous. Undifferentiated 

cells inside the population could be transplanted, which could result in the formation 

of tumors. With regard to this, prolonged differentiation and purification was 

attempted to reduce this risk (Doi et al., 2014).  

In contrast, direct conversion of somatic cells to another somatic cell avoids the risk 

of tumor formation, because only postmitotic cells are used. Additionally no 

oncogenes are being used, since the lack of reprogramming.      
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5.2 Transcription factor based direct conversion as a powerful tool to study 
cortical development malformations 

 

These discussed techniques offer great opportunities to generate tissue specific 

cells, which were so far not easily accessible in human, and utilize them for analyses.  

One of those difficult accessible cell types are cortical neurons. These cells are part 

of the neocortex in the human brain, which is arranged with an incomparable 

complexity. Within this work we could show that a specific neuronal subtype of the 

neocortex, namely corticofugal neurons, can be generated from human fibroblasts. 

Within the last years different studies demonstrated how directly induced neurons 

could be applied to model different neurological diseases. For instance they were 

used to study neurodegenerative diseases like amyotrophic lateral sclerosis (ALS), 

frontotemporal dementia (FTD) or Parkinson’s disease (Caiazzo et al., 2011; Kim et 

al., 2011; Son et al., 2011; Wen et al., 2014). Furthermore chemical induced neurons 

were utilized to explore new insights into Alzheimer’s disease (Hu et al., 2015). 

In this work we wanted to investigate whether the induced corticofugal neurons can 

be used to model the most severe form of the neurodevelopmental disorder 

lissencephaly, namely Miller-Dieker Syndrome (MDS), by applying the transcription 

factor based direct conversion protocol to fibroblasts derived from MDS patients.  

Lissencephaly is associated with a group of cortical development malformations. 

Often described as a migrational disorder, the cortical plate of a MDS brain is 

disorganized and consists of only four instead of six layers (Sheen et al., 2006). The 

regionalization of the neurons is consequently disrupted and early born neurons, 

which normally populate the deep layers of the cortical plate, are suddenly located 

within the upper layers (Sheen et al., 2006).    

In this work we could successfully show that corticofugal neurons of the deep cortical 

layers can be induced by directly converting fibroblasts, which were derived from 

MDS patients.  

Despite the fact that there could be done more validations like immunocytochemical 

and morphological analyses, as they were performed for the characterization of 

control INs, the corticofugal identity of patient-derived iNs is strongly pointed out by 

gene expression analyses. The patient-derived iNs shared the same upregulation of 

the five specific corticofugal genes as we saw with iNs derived from a healthy control, 
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concluding that our direct conversion protocol can be successfully applied to MDS 

patient cells, too (Ye et al., 2015).   

Similarly to the characterization of control-derived iNs, we did not analyze iNs in 

regard to their functionality. Therefore further experiments have to be performed by 

analyzing the electrophysiological properties of the patient-derived iNs.  

Nevertheless these data indicate the specific induction of corticofugal neurons, 

generated for the first time by the direct conversion of MDS-derived fibroblasts.     

 

5.3 Impaired neuronal morphology and behavior in MDS  

 

As we were able to generate corticofugal neurons from MDS patient-derived 

fibroblasts, we next used the patient specific CiNs for analyses. 

Excessive studies in mouse models and postmortem human brains led to the 

predominant model that MDS and less severe lissencephaly variants are caused by a 

defect in neuronal migration (Gambello et al., 2003; Hirotsune et al., 1998; Kato and 

Dobyns 2003; Toyo-oka et al., 2003; Youn et al., 2009). Especially LIS1 emerged as 

a key factor concerning neuronal migration. Reduced levels of LIS1 were reported to 

lead to defects in neuronal migration in mice (Hirotsune et al., 1998; Smith et al., 

2000).     

To validate the functionality of our in vitro system, the migration of MDS patient-

derived CiNs was analyzed.  

Conducting time-lapse studies we could recapitulate this migration defect in MDS 

patient-derived CiNs. In comparison to control-derived CiNs, CiNs from patients 

showed a significant decrease in motility. Although our assay does not give 

information about a directed migration of the CiNs, the motility of a neuron provides 

important information about the migration capacity of a neuronal population. To 

analyze the directed migration of the CiNs, additional chemotaxis assays have to be 

conducted by applying a chemoattractant inside a Boyd- or Dunn Chamber.  

These data showed that our in vitro system is applicable to study the lissencephaly 

pathogenesis. Thus it provides the opportunity to study the disease pathogenesis in a 

human relevant cellular and genetic context, whereas studies in mice may not 

appropriately analyze certain aspects during cortical development, since the mouse 

brain is naturally lissencephalic.  
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While the neuronal migration defect (Hirotsune et al., 1998; Smith et al., 2000) and 

the resulting disrupted cortical layering (Sheen et al., 2006; Saito et al., 2011) was 

extensively studied, the morphology of the postmitotic neurons of lissencephalic 

brains remained less explored. In this regard, Sheen and colleagues reported that 

the neurons appear immature by analyzing brain tissue sections of MDS patients 

(Sheen et al., 2006). Interestingly, we observed significant differences in the 

complexity of neuronal branching between control- and patient-derived CiNs. Control-

derived CiNs showed a distinctive branching along their neurites, whereas the 

branching of patient-derived neurons was severely reduced. In many cases, the 

branches were even totally absent. This significant decrease of neuronal complexity 

in patient-derived neurons was not abolished over time, since it is demonstrated at 

two different time points.  

To strengthen this data, the branching of CiNs could be analyzed in more detail, e.g. 

by specifying primary and secondary branches. Also interesting would be to see, 

whether there is a difference in the axon length between control- and patient-derived 

CiNs.   

However this observation is strong evidence for a failed cytoskeletal development in 

patient-derived CiNs. Consequently, the development of dendrite and the axon is 

impaired. For the formation of axons and dendrites the neurite extension is the first 

essential step (Sainath and Gallo 2015). The neurite is formed by a regulation of the 

cytoskeleton within the neuronal cell body to produce actin rich filopodia. 

Reorganization of the actin cytoskeleton drives this morphological change (Sainath 

and Gallo 2015). After the formation of the neurites, dendrites and axons evolve, 

which are important for the transport of afferent and efferent signals. The 

arrangement of the dendrites has great impact for the processing of neural 

information (London and Häusser 2005; Spruston 2008). The dendritic branching 

pattern varies with the neuronal type. Thereby it influences the way in which a neuron 

receives the information (Stuart et al., 2000). This means that the complexity of a 

neuron is correlated to the particular assignment of it (Elston 2000; Poirazi and Mel 

2001). Thus the disrupted development of the axon and dendrites in MDS patient- 

derived CiNs leads to a reduction in signal transduction and processing within the 

neuronal network.  
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Collectively, we suggest that the decrease in neuronal complexity is, in addition to 

the disorganization of the cortical plate, crucial for the described mental retardation in 

MDS. 

 

5.4 microRNAs: important regulators besides LIS1 and YWHAE 

 

All cases of MDS are known to be connected with a haploinsufficiency on 

chromosome 17p13.3., involving 2116 genes, which are consequently deleted on 

one of the chromosome pair (Schwartz et al. 1988; Dobyns et al. 1991; Ledbetter et 

al. 1992). This leads to a reduced gene expression of this huge number of genes in 

MDS patients.  

In the past, the lissencephaly pathology was extensively investigated by using 

knockouts in rodents. Thereby LIS1 and YWHAE have been emerged as key factors 

being crucial for lissencephaly (Hirotsune et al., 1998; Toyo-oka et al., 2003; 

Gambello et al., 2003; Youn et al., 2009). But even though MDS has been 

extensively modeled by analyzing LIS1 and YWHAE mutants in rodents, a model, 

which allows the recapitulation of the complete genetic defects of MDS, was missing. 

In this work it was possible to work with MDS patient cells by directly converting them 

specifically to corticofugal neurons for the first time. Using directly induced neurons 

holds the advantage that the neurons can be genetically manipulated in a simple way 

and important cellular processes of the in vivo brain development can be 

recapitulated in vitro (Eiraku et al., 2008; Gaspard et al., 2008). Thereby it is possible 

to conduct rescue experiments or analyzing specific signaling pathways, which 

control disease related processes.            

On our search for genes, which might contribute to neurite outgrowth, neuronal 

branching and neuronal migration, we identified two microRNAs, namely microRNA-

22 and microRNA-132. Like LIS1 and YWHAEE,  both microRNAs were encoded on 

the deleted region in MDS. So far, they were not described in association with 

lissencephaly, but they were known to be involved in neuronal polarization, neuronal 

migration as well as neurite- and axonal outgrowth (Hancock et al., 2014; Vo et al., 

2005; Volvert et al., 2014).   

When performing gain-of-function experiments, we found that a restoration of either 

microRNA-22 or microRNA-132 in MDS-derived CiNs leads to a significant increase 

in neuronal motility. This shows that the expression levels of the microRNAs have an 
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impact on neuronal migration and that the extensively studied defect in neuronal 

migration in MDS is not only due to LIS1 and YWHAEE. In case of microRNA-22 

Volvert and colleagues described a role for the regulation of the expression of 

Doublecortin (Dcx), a microtubule-associated protein, which is important for the 

establishment of neuronal polarization and radial migration (Volvert et al., 2014). 

Surprisingly, CiNs with an overexpression of either microRNA-22 or microRNA-132 

possessed an even higher motility than control-derived CiNs. This excessive rescue 

effect could be due the elevated microRNA expression levels, which could overcome 

the effect of the LIS1 and YWHAE deletion. CiNs with an overexpression of 

microRNA-132, for example, showed the strongest increase, which correlates with 

the analyses of the microRNA expression levels, where the overexpression of 

microRNA-132 displayed the highest level. It could also be that the overexpression is 

too strong, which is why the microRNA expression levels would be higher than in the 

control. To analyze whether this would have an influence on the phenotype, it would 

be interesting to overexpress the microRNAs in the control line and investigate if the 

motility of the derived CiNs is increased compared to the unaffected control-derived 

CiNs. In that case, it would be strong evidence for the involvement of these 

microRNAs in neuronal migration. To further strengthen the correlation between the 

microRNA expression and neuronal migration it would be beneficial to conduct also 

loss-of-function experiments to see whether the neuronal migration is affected upon a 

decrease of microRNA expression. Furthermore, it would be interesting to see if 

there is a synergistic effect in response to an altered expression of the microRNAs in 

combination with LIS1 and/or YWHAEE observable.          

The importance of microRNA-22 and microRNA-132 for modeling MDS was further 

encouraged by analyzing the neuronal morphology with respect to both microRNAs.    

When conducting gain-of-function experiments as well as loss-of-function 

experiments we found that the morphological changes correlate with the expression 

pattern of either microRNA-22 or microRNA-132. This suggests that both microRNAs 

are important regulators for the development of axons and dendrites. A restoration of 

the expression of one of the microRNAs in MDS-derived neurons resulted in a rescue 

of neuronal complexity. CiNs with an overexpression of either microRNA-22 or 

microRNA-132 possessed a much more complex dendritic pattern as the untreated 

diseased neurons. Again, CiNs with an overexpression of microRNA-132 showed a 

greater effect, which is propably due to a stronger overexpression. In contrast to our 
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motility assays, gain-of-function of microRNA-22 or microRNA-132 did not reach the 

complexity levels of control-derived neurons. The downregulation of each microRNA 

shows even more striking results. Control-derived neurons with a downregulation of 

microRNA-22 or microRNA132 suddenly suffered from a massive loss of neuronal 

complexity. In correlation with the observed expression levels of microRNA-22 and 

microRNA-132 in CiNs with a downregulation of one of the microRNAs, CiNs with a 

downregulation of microRNA-132 exhibited the most impaired morphology. Those 

neurons exhibited even less dendritic branching than MDS patient-derived CiNs. This 

dramatic effect was surprising, as the microRNA expression levels in CiNs carrying a 

sponge were higher than the expression levels in MDS-derived CiNs. The exact 

reason for this result remains elusive. Also here, the branching could be evaluated 

more specifically by differentiating between primary and secondary branches to 

underline these remarkable findings.  

The influence of these microRNAs on neuronal development is not new. It was 

shown that introduction of microRNA-132 into primary cortical neurons stimulated the 

neurite outgrowth (Vo et al., 2005). Furthermore developing projection neurons of the 

embryonic mouse neocortex exhibited delays in neurite outgrowth and an impairment 

in radial migration with a reduced expression of microRNA-132 (Clovis et al., 2012). 

Similar results were observed in hippocampal neurons of young adult mice (Magill et 

al., 2010). But in this work we describe for the first time that these microRNAs are 

crucial for the development of corticofugal neurons of the deep cortical layers and 

thereby are important regulators in the MDS model.   

Altogether this work highlights two novel factors besides LIS1 and YWHAEE for the 

lissencephaly model. 

 

5.5 Impaired axonal outgrowth in MDS patients 

 

 As already mentioned, the use of MDS patient cells offered the possibility to 

generate genetically manipulated corticofugal neurons and analyze important cellular 

processes of the in vivo brain development in an altered genetic background in vitro. 

Thereby possible effectors downstream of the microRNAs could be investigated 

causing the disease phenotype. Therefore signaling pathways controlling disease 

related processes like the cytoskeletal regulation were analyzed.      
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This work shows that microRNA-22 regulates PTEN in a negative manner. More 

specifically, we found that an increase of microRNA expression led to a decrease of 

PTEN expression on mRNA levels. Conversely, a decrease of microRNA expression 

resulted in elevated expression of PTEN. Transferred to the MDS model, PTEN 

expression is stronger due to a partial lack of microRNA-22 expression.  

PTEN arose to be an important regulator of neuronal development. Amongst others it 

is involved in developmental disorders, including neuropathies and different kind of 

cancers (Knafo and Esteban 2017; Kreis et al., 2014; Mester and Eng 2013; Zhou 

and Parada 2012). More importantly it was previously described as a negative 

regulator of cell motility and that PTEN inhibition promotes neurite outgrowth (Gu et 

al., 1999; Iijima 2002; Kath et al., 2018; Liliental et al., 2000). The involvement of 

PTEN in the building of neuronal architectures can be explained through its influence 

in the PI3K/Akt signalling pathway. In the past, this pathway was described to play a 

role in axon growth (Atwal et al., 2000; Jiang et al., 2005; Kuruvilla et al., 2000; 

Markus et al., 2002; Shi et al., 2003). PTEN negatively regulates this pathway via a 

dephosphorylation of phosphatidylinositol-3,4,5-triphosphate (PIP3) to a diphosphate 

(PIP2) (Bar and Dikstein 2010).   

We identified that microRNA-22 influences the PI3K/Akt signaling pathway via PTEN 

by analyzing the gene expression of PDK1. PDK1 is a member of the PI3K/Akt 

signaling pathway by being an important activator of Akt. The analysis indicates that 

a higher expression of microRNA-22 leads to significantly more PDK1 gene 

expression and vice versa. This observation verifies the discussed role of PTEN, 

namely that high microRNA expression leads to reduced PTEN expression levels, 

which in turn results in a reduced dephosphorylation of PIP3. Since PIP3 activates 

PDK1, the PDK1 expression is enhanced upon PTEN inhibition, as we showed in our 

analyses. Consequently, the Akt kinase activity is enhanced. Akt is described to 

promote together with GSK3β the detyrosination of microtubules, which is important 

for the developing axon since elevated level of detyrosination promotes the 

outgrowth of developing axons (Kath et al 2018). With regard to that, elevated 

detyrosination of microtubules were obtained by a lack of PTEN expression (Kath et 

al., 2018). 

Taking all this into account, this work proposes the following mechanistic model: 

Under normal circumstances microRNA-22 inhibits PTEN expression. Thereby there 

is no distraction of the PI3K/Akt signalling pathway. There is a high intracellular level 
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of PIP3, which leads to an activation of PDK1 and subsequently Akt. This activation 

of the PI3K/Akt signalling pathway keeps then the detyrosination of microtubules up 

and promotes the outgrowth of developing axons.  

Conversely to this, in a lissencephalic brain it is vice versa. The heterozygous 

depletion of microRNA-22 results in increased PTEN expression. We postulate that 

the PI3K/Akt signaling pathway is thereby disrupted due to reduced levels of PDK1 

and Akt. Along our hypothesis reduced levels of detyrosinated microtubules are the 

consequence, leading to reduced axonal outgrowth and a decrease in neuronal 

complexity (see Figure 19). 

Altogether it demonstrates that the microRNA-22 is involved in the regulation of 

axonal outgrowth via the PI3K/Akt signaling pathway.  

 

5.6 Perturbed actin fiber formation in MDS   

 

Similar to the analysis of the regulative mechanism downstream of microRNA-22, we 

investigated regulators downstream of microRNA-132, explaining the morphological 

alterations in MDS patient-derived CiNs additionally to previous findings. A direct 

target screen revealed p250GAP as a candidate. This was substantiated by a report 

of Vo and colleagues, who described the small GTPase p250GAP as a direct target 

of microRNA-132 (Vo et al., 2005).  

This work shows that p250GAP is negatively regulated by microRNA-132. In specific, 

we found that an increase of microRNA-132 expression decreases the expression of 

p250GAP on mRNA level. In contrast, a decrease of microRNA-132 expression 

resulted in an increased expression of p250GAP. Transferred to the MDS model, 

p250GAP expression is increased upon a partial lack of microRNA-132 expression.  

The connection between microRNA-132 and p250GAP in regard to neuronal 

development was previously demonstrated by showing that both factors are involved 

in the mediation of dendritic growth and the formation of dendritic spines (Impey et 

al., 2010; Wayman et al., 2008). We assumed that this could be the result of a failed 

actin remodeling due to a disruption of the Rac signaling pathway. p250GAP is 

involved in the Rac signaling pathway by regulating Rac1 in  a negative manner 

(Magill et al., 2010). The Rac signaling pathway itself is an important regulator of 

actin remodeling in matters of building the cytoskeleton. The cytoskeleton of the brain 

includes three different filamentous structures: actin filaments, microtubules and 
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neurofilaments. Central for cytoskeletal dynamics are the actin filaments and 

microtubules (Coles and Bradke 2015).  The remodeling of the cytoskeleton is 

necessary for the migration and growth of neurons. Our analyses indeed prove the 

inhibitory function of p250GAP. It is shown that CiNs exhibited always an increased 

expression of Rac1 in response to an increased expression of microRNA-132 due to 

reduced levels of p250GAP. Conversely, a decrease of microRNA-132 reduces also 

the Rac1 expression upon increased p250GAP levels. The decrease in Rac1 

expression has a dramatic effect on the CiNs, since Rac1 is very important for 

neuronal development. It possesses a unique role in actin remodelling (Nobes and 

Hall, 1995; Hall, 1998). It promotes the expression of the WAVE-complex, whereas 

the WAVE-complex induces cytoskeletal remodelling through a direct interaction with 

the Arp2/3-complex (Takenawa and Miki 2001; Pilo Boyl et al., 2007). That Arp2/3-

complex is known to be an actin filament nucleator that binds the side of an existing 

actin filament and nucleates a new filament (Spillane and Gallo 2014). This is 

enabled through regulatory proteins like the Wiskott-Aldrich syndrome protein 

(WASp), which include the three motifs V (verprolin homology), C (connecting) and A 

(acidic). Those VCA domains act as mediators and consolidate the Arp2/3-complex 

and the first subunit of the daughter filaments. This daughter filament is then fixed 

with its pointed end at the mother filament, usually at the side (reviewed by Pollard 

2007). At the end, a new actin branch at the side of a filament develops. Reduction of 

Rac1 expression would lead to a disruption of this actin remodeling. 

The results of this work and the previously described role of microRNA-132 let us 

propose the following model of actin regulation via microRNA-132. Healthy neurons 

possess a normal level of microRNA-132 expression leading to a reduced expression 

level of p250GAP. Thereby the activity of the Rac signaling pathway is not disrupted 

through p250GAP and the actin remodeling takes place.  

In contrast, the expression of microRNA-132 is reduced in the lissencephalic brain. 

Thus the inhibition of p250GAP is less strong and it negatively regulates the Rac 

signaling pathway. Because of this, the actin remodeling is disrupted and through this 

disruption the dendritic arborization of the neurons is reduced and leading to a 

decrease in neuronal complexity (see Figure 20 A). 

Collectively these results indicate the important role of microRNA-132 in actin 

remodeling by acting via the Rac signaling pathway.  
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5.8 Conclusions 
 

This thesis describes the efficient generation of human cortical layer specific neurons 

from either human iPSCs or directly from human fibroblasts. More specifically, we 

used a directed differentiation combined with transcription factor based induction to 

convert human iPSC or human fibroblasts into corticofugal neurons of the cortical 

layer V. Furthermore it demonstrates the role of Fezf2 as a key factor for instructing a 

corticofugal identity in human cortical neurons.   

In addition to the generation of human cortical layer specific neurons, it highlights the 

acquired opportunity through these techniques by employing the generated 

corticofugal neurons to model a cortical malformation, specifically the Miller-Dieker 

Syndrome. In terms of modeling the most severe form of lissencephaly, it 

recapitulates migration defects caused by this disease. In addition, it delineates a 

failed branching of the neurons by showing that diseased neurons are less complex 

developed as their healthy counterparts. In addition, it describes for the first time the 

involvement of two microRNAs, namely microRNA-22 and microRNA-132, with 

regard to MDS. By introducing these two novel regulators, we demonstrate not only 

their influence in morphological phenotypes, but also their involvement in the genetic 

regulation behind the phenotype. Thereby this thesis gives new revealing insights 

about the Miller-Dieker Syndrome. 
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6. Abbreviations 
 
 
Abbreviation Full name 

AD Alzheimer’s Disease 
ALK Anaplastic lymphoma kinase 
ALS Amyotrophic lateral sclerosis 
ASCL1 achaete-scute family bHLH transcription factor 1 
BDNF Brain-derived neurotrophic factor 
bFGF Basic fibroblasts growth factor 
BMP Bone morphogenetic protein 
BRN2 (POU3F2) POU class 3 homeobox 2 
BSA Bovine serum albumin 
CaCl2 Calciumchloride 
CACNA1H Calcium voltage-gated channel subunit alpha1 H 
cAMP Cyclic adenosinmonophosphate 
Cdc42 Cell division cycle 42 
CDM Cortical development malformation 
cDNA Complementary DNA 
CiN Corticofugal-like neuron 
CLIM1 (LDB2) LIM domain binding 2 
cm Centimeter 
CNS Central nervous system 
CoREST REST corepressor 1 
CP Cortical plate 
CRYM Crystallin mu 
Ct Cycle threshold 
CTIP2 (BCL11B) B cell CLL/lymphoma 11B 
CTRL Control 
CUX1 Cut like homeobox 1 
DABCO 1,4-Diazabicyclo[2.2.2]octan 
DACH1 Dachshund family transcription factor 1 
DAPI 4,6 Diamidino-2-phenylindole 
db cAMP Dibutyryl-cAMP 
DCX Doublecortin 
DEPC Diethyl pyrocarbonate 
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DKK3 Dickkopf WNT signaling pathway inhibitor 3 
DLX5 Distal-less homeobox 5 
DMEM  Dulbecco’s Modified Eagle Medium 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
dNTP Desoxynucleoside triphosphate 
DOX Doxycycline 
e.coli Escherichia coli 
EDTA  Ethylenediaminetetraacetic acid 
EGF Epidermal growth factor 
EN1 Engrailed homeobox 1 
ER81 (ETV1) ETS variant 1 
ESC Embryonic stem cell 
FCS Fetal calf serum 
FEZF2 Fez family zinc finger 2 
FGF2 Fibroblast growth factor 2 
FOXA2 Forkhead box A2 
FOXG1 Forkhead box G1 
FTD Frontotemporal dementia 
GABA Gamma-Aminobutyric acid 
GATA2 GATA binding protein 2 
GDNF Glial cell-derived neurotrophic factor 
GO Gene onthology	
  
GOI Gene of interest	
  
gt Goat	
  
h Hour(s)	
  
H2O Water 
HCl Hydrogen chloride 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
IL Interleukin 
IP Intermediate progenitors 
iPS cell Induced pluripotent stem cell 
iN Induced neuron 
ISL1 Isl LIM homeobox 1 
Kcl Kaliumchloride 
KLF4 Krüppel like factor 4 
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KOSR Knockout serum replacement 
l Liter 
LAAP L-ascorbic-acid-2-phosphat 
LED Light-emitting diode 
LHX3 LIM homeobox 3 
LHX6 LIM homeobox 6 

LIS1 (PAFAH1B1) Platelet activating factor acetylhydrolase 1b 
regulatory subunit 1 

LMX1A LIM homeobox transcription factor 1 alpha 
LMX1B LIM homeobox transcription factor 1 beta 
Ln Laminin 
MAP2 Microtubule associated protein 2 
MDS Miller-Dieker Syndrome 
MgCl2 Magnesiumchloride 
MYOD1 Myogenic differentiation 1 
µg Microgram 
mg Milligram 
µm Micrometer 
mM Millimolar 
µM Micromolar 
min Minute(s) 
miR, miRNA microRNA 
ml Milliliter  
mRNA messenger RNA 
ms Mouse 
MSX1 Msh homeobox 1 
MYT1L Myelin transcription factor 1 like 
Na2HPO4 Disodium phosphate 
NaCl Sodiumchloride 
NC Neuron conversion medium 
NDEL1 NudE neurodevelopment protein 1 like 1 
ng Nanogram 
NGMC Neuronal generation medium 
NGN2 (NEUROG2) Neurogenin 2 
NPC Neural progenitor cell 
NM Neural maturation medium 
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nPTB (PTBP2) Polypyrimidine tract binding protein 2 
NURR1 (NR4A2) Nuclear receptor subfamily 4, group A, member 2 
OCT 3/4 (POU5F1) POU class 5 homeobox 1 
OSVZ Outer subventricular zone 
OTX2 Orthodenticle homeobox 2 
PAX6 Paired box 6 
p250GAP (ARHGAP32) Rho GTPase activating protein 32 
PBS  Phosphate buffered saline 
PCR Polymerase chain reaction 
PDK1 Pyruvate dehydrogenase kinase 1 
PDX1 Pancreatic and duodenal homeobox 1 
PEG 6000 Polyethylene glycol 6000 
Pen / Strep Penicillin-Streptomycin 
PFA Paraformaldehyde 
PITX3 Paired like homeodomain 3 
PO Poly-ornithine 
pre-miRNA precursor microRNA 
pri-miRNA primary microRNA 
PTBP1 Polypyrimidine tract-binding protein 1 
PTEN Phosphatase and tensin homolog 
puroR Puromycin resistance 
RA Retinoic acid 
RAC1 Rac family small GTPase 1 
RANBP17 Ran-binding protein 17 
rb Rabbit 
REST RE1 silencing transcription factor 
RELN Reelin 
RGC Radial glia cell 
RISC complex RNA-induced silencing complex 
RNA Ribonucleic acid 
RNA-seq RNA sequencing 
RT Room temperature 
RT-PCR Reverse transcriptase PCR 
RT-qPCR Real time quantitative PCR 
s Seconds 
SD Standard deviation 
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SHH Sonic hedgehog 
SIRT1 Sirtuin 1 
SKI Ski proto-oncogene 
SOX2  Sex determining region Y- box 2 
SVZ Subventricular zone 
TAP Transient amplifying daughter cell 
TBR1 T-box brain 1 
TC Tissue culture 
TE Trypsin/EDTA 
Tetfree FCS Tetracycline free fetal calf serum 
tetOn Tetracycline regulatable gene induction system 
TF Transcription factor 
TGFβ1 Transforming growth factor 

TLE4 Transducin like enhancer of split 4 
Tris Tris(hydroxymethyl)aminomethane 
UTR Untranslated region 
VZ Ventricular zone 
WASp Wiskott-Aldrich syndrome protein 
WNT Wingless/Integrated 
WNT7b Wnt family member 7B 
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7. Abstract 
 

Until recently, lineage commitment and differentiation have been considered to be 

unidirectional and irreversible. This traditional view has dramatically changed with the 

advent of cellular reprogramming and direct cell fate conversion. Today, almost any 

given somatic cell can, in principle, be efficiently transferred into any other desired 

cellular phenotype. These techniques offer great opportunities to generate tissue 

specific cells, which were so far not easily accessible in human. The human brain, 

which is equipped with almost incomparable complexity, certainly is the most 

prominent example for such a tissue. The human cortex for instance is composed of 

a 6-layer structure, and each layer contains specific neuronal subtypes subserving 

distinct functions. The behavior of the cortical neurons can be disrupted in 

developmental disorders including lissencephaly, a cortical malformation associated 

with defects in neuronal migration and maturation. 

In this thesis we use transcription factor-based direct conversion techniques, for the 

generation of cortical subtype-specific neurons from human induced pluripotent stem 

cell (iPSC) and human fibroblasts and utilize the derived neurons to investigate 

phenotypic changes associated with lissencephaly. In more detail, we identified a TF, 

which is sufficient to induce a deep layer corticofugal fate in cortical differentiated 

iPSC and in human fibroblasts. When generating induced corticofugal neurons 

(CiNs) from lissencephaly patients and healthy controls, we observed a decrease in 

neuronal complexity. In particular, we found significantly reduced neuronal branching 

in patient-derived CiNs. We suggest that two microRNAs, which are heterozygous 

deleted in the patient samples, play a role in the observed phenotypic changes. Gain- 

and loss-of-function studies in patient- and control-derived CiNs confirmed a role of 

both microRNAs in the disease phenotype. Finally, we identified microRNA 

downstream pathways involved in neuronal branching to be dis-regulated specifically 

in patient-derived CiNs.  

Our data indicate that direct programming serves as promising technique for the 

generation of cortical layer specific human neurons and the analyses of neuronal 

behavior in vitro.  
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8. Zusammenfassung 
 

Bis vor Kurzem wurde angenommen, dass die Differenzierung von Zellen und deren 

Bindung an ihre Abstammung irreversibel und nur in eine Richtung gerichtet ist. Mit 

der Entwicklung der zellulären Reprogrammierung und der direkten Konversion hat 

sich diese Sichtweise komplett geändert. Heutzutage ist es möglich fast jede 

somatische Zelle in einen anderen gewünschten Zelltyp in effizienter Weise 

umzuwandeln. Diese entwickelten Techniken offerieren große Möglichkeiten, wie 

z.B. spezifische Zellen des menschlichen Körpers zu generieren, die bislang nicht so 

frei zugänglich waren. Ein Beispiel dafür ist das menschliche Gehirn, welches das 

komplexeste aller menschlichen Organe ist. Allein der zerebrale Kortex besteht aus 

einer laminierten Struktur mit sechs verschiedenen Schichten, welche aus 

spezifischen neuronalen Subtypen bestehen, die jeweils verschiedene Funktionen 

innehaben. Bei Entwicklungsstörungen des zentralen Nervensystems (ZNS) 

verhalten sich jene Neurone anders als gewöhnlich. Ein Beispiel dafür ist die 

Lissenzephalie, die sich durch eine Fehlbildung des zerebralen Kortex äußert und mit 

Defekten in der Migration und Reifung der Neurone assoziiert ist. 

In dieser Arbeit haben wir mittels Transkriptionsfaktoren-basierten 

Konversionsverfahren subtyp-spezifische kortikale Neurone aus humanen induziert 

pluripotenten Stammzellen und humanen Fibroblasten hergestellt. Diese Neurone 

wurden anschließend für die Analyse phänotypischer Abweichungen im Bezug auf 

Lissenzephalie benutzt. Im Einzelnen haben wir einen Transkriptionsfaktor 

identifiziert, dessen Expression ausreicht, um aus iPSC und humanen Fibroblasten 

kortikofugale Neurone zu erzeugen. Im Zuge der Erzeugung kortikofugaler Neurone 

von Lissenzephalie Patienten und gesunden Kontrollen, haben wir eine 

Verminderung der Komplexität der Neurone beobachten können. Im Speziellen 

haben wir eine signifikante Abnahme in der Verzweigung der Neurone bei 

Lissenzephalie Patienten feststellen können. Im Weiteren legen wir nahe, dass die 

Expression zweier microRNAs, die bei den Patientenzellen heterozygot deletiert sind, 

mit den beobachteten morphologischen Unterschieden assoziiert sein könnte. Gain- 

und loss-of-function Experimente mit kortikofugalen Neuronen, die von Patienten und 

Kontrollen abgeleitet worden sind, bestätigen den Einfluss beider microRNAs. Am 

Ende haben wir zudem zwei Signalwege identifiziert, in denen jeweils eine der 

microRNAs involviert ist. Diese Signalwege sind beide in der Entwicklung der 
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neuronalen Verzweigung involviert und zeigen eine fehlerhafte Regulation in 

Neuronen, die von Patienten abgeleitet wurden. 

Zusammengefasst zeigt diese Arbeit, dass die direkte Konversion eine 

vielversprechende Methode für die Erzeugung von spezifischen Subtypen kortikaler 

Neurone und der anschließenden Analyse deren Verhaltens in vitro ist.         	
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