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ABBREVIATIONS 
 
BMP- Bone Morphogenic Protein     

CRABP2- Cellular Retinoic Acid Binding Protein 2 

CRISPR- Clustered Regularly Interspaced Short Palindromic Repeats 
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iPSCs- Induced Pluripotent Stem Cells 

INDEL- Insertion/Deletion of nucleobases 

LGE- Lateral Ganglionic Eminence 

MCOPS12- Microphthalmia, syndromic 12 

MSN- Medium Spiny Neuron 
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NSC- Neural Stem Cell 

oRGC- outer Radial Glia Cell 

oSVZ- outer Subventricular Zone 

PBMC- Peripheral Blood Mononuclear Cells 
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RA- Retinoic Acid 

RALDH- Aldehyde Dehydrogenase 

RAR- Retinoic Acid Receptor 

RARb- Retinoic Acid Receptor beta  
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RARE- Retinoic Acid Response Element 

RARbR387C- The most prevalent MCOPS12 RARb mutation 

RBP1- Retinol Binding Protein 1 

RBP4- Retinol Binding Protein 4 

RDH10- Retinol Dehydrogenase 10 

RNP- Ribonuclear Protein Complex 

RP- Roof Plate 

RXR- Retinoid X Receptor 

SC- Stem Cell 

SHH- Sonic Hedhog 

STRA6- Signaling Transporter and Receptor of Retinol 6 

SVZ- Subventricular Zone 

TGF- Transforming Growth Factor 
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SUMMARY 
 

MCOPS12 is an ultra-rare and lethal neurodevelopmental disorder that affects 

the striatum, the eyes and other internal organs. The disease is linked to mutations in 

the Retinoic Acid Receptor beta (RARb). Microphthalmia, cognitive and progressive 

motor impairments are the most common symptoms of MCOPS12. The cognitive and 

developing motor deterioration is linked to striatal circuitry misregulation. 95% of the 

striatum is composed of two subpopulations of Medium Spiny Neurons (MSNs). The 

direct Dopamine Receptor 1 positive (DR1+) and indirect Dopamine Receptor 2 

positive (DR2+) striatal MSN subpopulations are antagonistic in their action in the 

control of motor function. It is hypothesized that a misregulation of the precise balance 

between DR1+ and DR2+ MSN subpopulations in the striatum can lead to cognitive 

and movement disorders in MCOPS12 patients.  

The main aims of this study are: a) To reprogram human MCOPS12 patient-

derived somatic cells into iPSCs and generate robust lines, b) To develop a protocol 

for direct DR1+ and indirect DR2+ MSN differentiation from human iPSCs; valuable 

tools for the investigation of MCOPS12 biology.   

In this study I investigated the effect of MCOPS12 RARbR387C mutation on 

MSNs. For this, I first reprogramed MCOPS12 patient derived blood cells into iPSC 

lines. Then, I successfully developed a differentiation protocol that generates direct 

DR1+ and indirect DR2+ MSNs within D55. I differentiated MCOPS12 Patient Derived 

(PD) iPSCs and wild type (wt) control iPSCs into a mixed DR1+ and DR2+ MSN 

subpopulation. I performed transcriptomic analysis of these derived MSNs at D55 of 

differentiation. I also employed CRISPR/Cas9 to induce the RARbR387C mutation into 

wt control iPSCs and to repair MCOPS12 RARbR387C PD iPSCs to the wt genotype. 

These engineered iPSCs are a perfect isogenic control to study the RARbR387C 

mutation and will benefit further MCOPS12 research. Data from the transcriptomic 

study will be integrated with existing MCOPS12 mice transcriptomic data and clinical 

patient data. The data integration will hopefully shed new light on MCOPS12 disease 

development, progression and could potentially lead to new therapies for people 

affected by MCOPS12.  

Our developed MSN protocol has the potential to become a perfect tool for 

various striatal disease and disorder investigations and disease modeling. It also could 
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be used as a pharmaceutical drug screenings platform to target striatal neurons 

negatively affected by Parkinson’s or Huntington’s diseases.  

The thesis has six chapters. The first chapter introduces the reader into brain 

development and formation. The second chapter contains a description of the MSN 

differentiation protocol: ‘Methods to generate direct and indirect striatal medium 
spiny neuron populations from human induced pluripotent stem cells’. Chapter 

3 introduces the MCOPS12 disease and explains the existing data from mouse and in 

vitro studies. Chapter 4 is composed of three parts. The first part contains results for 

MCOPS12 PD iPSC line establishment and validation. The second part introduces the 

setup of differentiated MCOPS12 MSN RNA sequencing analysis and the third part 

explains the CRISPR/Cas9 engineering approach to induce the RARbR387C mutation 

into wt cells and repair the RARbR387C mutation in MCOPS12 iPSCs to the wt genotype. 

In chapter 5, I discuss my results and provide an outlook for further MCOPS12 

research. Finally, chapter 6 contains methods, protocols and materials used during 

this project.    
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CHAPTER 1 
 
BRAIN DEVELOPMENT 
 
Early Embryogenesis. Fertilization to Gastrulation 

Fertilization is when a male gamete sperm fuses to a female gamete oocyte to 

form a fertilized diploid egg, called the zygote (Wamaitha & Niakan, 2018). Billions of 

sperm cells migrate up the uterus into the fallopian tubes where they meet a mature 

oocyte released from one of the ovaries. By that time only several hundred sperm cells 

have survived. Only one sperm cell can penetrate into the oocyte and fertilize it. Once 

the sperm cell makes contact with the oocyte, it releases hydrolytic enzymes to break 

through the zonal pellucida and membrane. When this happens, the oocyte secretes 

molecules, that hardens its outer physical barriers and makes penetration by other 

sperm cells impossible (Okabe, 2013). Once inside, the sperm releases its nucleus, 

which fuses with the oocyte nucleus to generate a fertilized diploid zygote. The formed 

zygote then descends down the fallopian tubes towards the uterus.   

During the descent, the zygote undergoes several mitotic cleavage steps 

(Figure 1). During this process, by day 4, a 32-cell cluster is formed from one zygote, 

and is then called a morula. The morula goes through several steps of cellular change, 

called compaction and blastulation, at the end becoming a blastocyst (Iwata et al., 

2014). At this stage, the blastocyst consists of a single outer layer of trophoblast, a 

fluid-filled blastocyst cavity called the blastocoel and a pluripotent stem cell mass 

called inner cell mass. It is important to note that at this stage cells in the inner cell 

mass (embryonic stem cells) are equivalent to induced Pluripotent Stem Cells (iPSCs) 

from their potency perspective. Both embryonic stem cells and iPSCs express Sox2, 

Oct4 and Nanog pluripotency markers and are able to give rise to every cell type in 

the human body (Wang et al., 2012).  

At day 8-9, in humans the blastocyst implants into the uterus by adhering to the 

endometrium, which is the uterine membrane lining. Once implanted, the blastocyst’s 

inner cell mass starts transforming into a bilaminar disc, composed of epiblast and 

hypoblast (Figure 2a). The blastocyst cavity transforms into the primary yolk sac and 

a new cavity opens up inside the epiblast, called amniotic cavity.  
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During the gastrulation phase, 3-weeks post fertilization, the primitive streak 

starts to appear at the midline of the epiblast (Rossant & Tam, 2022; Zhai et al., 2022). 

This establishes the axis of the embryo. Cells begin migrating inward through the 

primitive streak towards the hypoblast in a process called gastrulation. The bilaminar 

disc develops into a trilaminar disc at the end of cell migration. The three germ layers 

(ectoderm, mesoderm and endoderm) are formed by the end of gastrulation (Figure 

2b). Ectoderm is formed from the epiblast, which forms nervous system, eyes and 

epidermis. Mesoderm is formed in between the epiblast and hypoblast and develops 

into skeletal structure, muscle cells, connective tissue and blood. Endoderm is formed 

from the hypoblast and forms the internal organs.   

 

 
 

Figure 1. From fertilization to the implantation of blastocyst. The mature oocyte 

is fertilized by one sperm cell inside the fallopian tube. The zygote undergoes several 

cleavage steps and a process of compaction to become a blastocyst before it implants 

in the uterine lining.  
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Figure 2. Embryonic bilaminar and trilaminar discs. (a) Bilaminar embryo disc is 

composed of epiblast and hypoblast. (b) Bilaminar disc forms into a trilaminar disc 

composed of: ectoderm, mesoderm and endoderm. Cells migrate from epiblast 

(ectoderm) inwards through primitive streak to form an additional mesoderm layer. 

 
Neurulation 

Neurulation is the next step after the gastrulation during the embryonic 

development. It is the beginning of the central and peripheral nervous system 

formation. During the neurulation phase the neural plate forms into a neural tube within 

week 4 of embryogenesis.  

Neurulation starts with neural induction during which ectodermal cells acquire 

a neural fate. This is driven by the establishment of a BMP (Bone Morphogenic 

Protein) signaling gradient in the ectoderm (Bond et al., 2012). From the vertebrate 

studies, it is known that the ectoderm separates into three regions, depending on the 

BMP signaling intensity. Cells exposed to the highest amounts of BMP, remain 

ectoderm. Medium levels of BMP signaling pushes the cells to acquire a neural crest 

lineage fate (appears during neural tube closure) and these form the peripheral 

nervous system as well as cranial structures, pigment cells and adrenal glands. Low 

levels of BMP signaling, results in the cells developing into neural plate (the 

primordium of the central nervous system).  

The BMP inhibitors, nodal, noggin, chordin, follistatin and the morphogen SHH 

(Sonic Hedhog), are secreted by the axial mesodermal pre-organizing center 

(notochord), just below the ectoderm and modulate BMP signaling at the midline of 

the overlying ectoderm. (Sasal et al., 1995; Stern, 2006; Wessely & De Robertis, 

2002). The neural plate is formed in the BMP absent region along the midline of the 

ectoderm. The neural plate first appears at the cranial end of the embryo and grows 

from rostral to caudal. The rostral end of the neural plate builds the future brain and 
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the caudal forms the spinal cord. By the end of the third week of gestation, the neural 

plate starts folding in the middle, creating two neural folds and the neural groove 

between them. When the two neural grooves connect dorsally at the midline, it pinches 

off the neural plate from the ectoderm, forming the neural tube inside the embryo 

(Figure 3) (Darnell & Gilbert, 2017; Stiles & Jernigan, 2010). Neural tube formation 

starts in the middle of the embryo and extends in cranial and caudal directions at the 

same time. Primary neurulation is completed when the neural tube is completely 

formed along the cranial-caudal axis. Secondary neurulation forms the posterior end 

of the neural tube from a clump of neuroectodermal cells. 

After the neural tube is established, two organization centers appear, the RP 

(Roof Plate) and the FP (Floor Plate) (Brambach et al., 2021; Ulloa & Marti, 2010). 

The RP, the dorsal of the neural tube keep secreting high BMP and WNT molecules. 

FP, the ventral most cells of the neural tube secrete high amounts of the BMP 

antagonists: nodal, noggin, chordin and SHH. This establishes a dorso-ventral axis of 

BMP signaling in the neural tube.  
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Figure 3. Neural tube formation 

(a) The notochord secretes BMP 

antagonists establishing BMP free 

zone in the middle of the ectoderm. 

This region is called the neural 

plate. (b) The neural plate starts 

folding into the neural tube by 

establishing two neural folds and a 

neural groove between them. (c) 

The neural tube finally pinches of 

the ectoderm. Two zones are 

established: RP and FP. RP 

secretes high amounts of BMP and 

FP secretes high amounts of SHH. 

RP and FP establish dorso-ventral 

axis in the developing embryo. 

 

  

 
Neural patterning 

Patterning of the neural tube is an intricate and concerted mechanism that 

depends on the morphogen 3D gradients. Patterning initiates right after the neurulation 

is completed and neural tube is fully formed at around end of week 4 of the embryo 

development. Patterning initially establishes three recognizable brain vesicles: 

prosencephalon (forebrain), mesencephalon (midbrain) and rhombencephalon 

(hindbrain) (Darnell & Gilbert, 2017; Rallu et al., 2002) (Figure 4). 

Patterning occurs in two separate axes: the dorso-ventral and rostro-caudal 

(Brambach et al., 2021; Kiecker & Lumsden, 2012; Ulloa & Marti, 2010). The axis 

specification is guided by various morphogen gradients. Dorso-ventral axis is 

regulated primarily by BMP/TGFb-3 and WNT signaling coming from the RP (dorsal 

side) and SHH coming from the FP (ventral side). Rostro-caudal patterning is primarily 

controlled by WNT, FGFs and RA (Retinoic Acid) signaling. Low amounts of WNT, 

FGFs and RA specify rostral part of the nervous system that becomes the brain and 
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high amounts specify caudal parts that become the spinal cord (Rallu et al., 2002) 

(Figure 5).  

With the progression of neural patterning, the three primitive brain regions 

subdivide further (Darnell & Gilbert, 2017; Rallu et al., 2002). The prosencephalon 

splits into telencephalon to become cerebrum and the majority of the basal ganglia, 

and the diencephalon that gives rise to eyes, thalamus, hypothalamus, epithalamus 

and subthalamus. The mesencephalon does not divide into any other separate parts 

and becomes the future midbrain. The rhombencephalon splits into the 

metencephalon that becomes pons and cerebellum, and the myelencephalon which 

becomes the medulla oblongata (Figure 4).  

The telencephalon in mammals has two separate regions: the pallium, which is 

located dorsally and subpallium, which is located ventrally. Pallium gives rise to 

cerebral cortex and the subpallium gives rise to the basal ganglia (striatum).   

 

 
 
Figure 4. Formation of brain vesicles. Neural tube initially splits into three brain 

vesicles: prosencephalon, mesencephalon and rhombocephalon. With the 

progression of the embryo development these three brain vesicles subdivide further. 

Prosencephalon splits into telencephalon and diencephalon. Mesencephalon stays 

the same. Rhombocephalon splits into metencephalon and myelencephalon. These 

parts shape into different brain regions. 
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Figure 5. Dorso-ventral and rostro-
caudal neural patterning. Embryonic 

patterning appears in two axes: dorso-

ventral and rostro-caudal. Dorso-

ventral patterning is controlled by 

BMP/WNTs at the dorsal side and 

SHH at the ventral side. Rostro-caudal 

patterning is controlled via RA, WNTs 

and FGFs gradient. Higher RA, WNTs and FGFs instructs caudalization.   

 

Production of human brain neurons 
Human brain neurons are produced from Neuroepithelial (NE) cells that line the 

inside of the neural tube and form so called Ventricular Zone (VZ) (Martinez-Cerdeno 

& Noctor, 2018). NE cells are Neural Stem Cells (NSCs) that give rise to all of the 

central nervous system neurons and macroglia.  

During the beginning of neurogenesis (Villalba et al., 2021), the NE cells of the 

neural tube form neural progenitor cells called radial glia cells (RGCs). The RGCs 

undergo interkinetic nuclear migration (INM) during cell division. During INM the soma 

of the RGC moves radially along the apical-basal axis within the VZ (Mukhtar & Taylor, 

2018; Pinto & Gotz, 2007). This soma movement in the VZ depends on the cell cycle 

phase. The RGC soma is located apically at the neural tube luminal surface during the 

M phase of the cell cycle. With the progression through the G1 phase, the RGC soma 

shifts radially towards the VZ basal boundary. DNA replication during the S phase 

occurs at the VZ basal boundary, the outside of the VZ. After DNA replication is 

complete the RGC soma descents from the basal VZ border during the G2 phase back 

to the neural tube luminal surface and mitosis is initiated.   

RGCs in the VZ, first undergo symmetric divisions (Figure 6a) in a neural 

expansion phase of brain development (Mukhtar & Taylor, 2018; Pinto & Gotz, 2007). 

Symmetric division initially increases the RGC pool, generating two RGCs in the 

process. Next, in order to allow the formation of committed daughter cells and self-

renewal, RGCs go through asymmetric cell divisions (Figure 6a). Lengthening of the 

G1 RGC cycle phase is associated with the transition from symmetric stem cell division 

to asymmetric division. On the other hand, symmetrically dividing RGCs during the 
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neural expansion phase display longer cell cycle S phase compared to asymmetrically 

dividing RGCs during the neurogenesis phase. Mitotic spindle orientation is an 

important factor contributing to the type of RGC division and the fate of the daughter 

cells (Figure 6a). During symmetric divisions, the plane of cleavage is orientated 

perpendicular to the apical surface of the cell. During asymmetric divisions, the plane 

of cleavage is parallel to the apical surface and luminal surface of the neural tube and 

the dorsal daughter loses contact to the lumen of the neural tube. Therefore, the 

regulation of RGC self-renewing capacity (symmetric mode) and production of 

neurons (asymmetric mode) is controlled by INM, the modulation in cell cycle phase 

length and mitotic spindle orientation (Mukhtar & Taylor, 2018; Pinto & Gotz, 2007).  

Throughout the neurogenesis, some asymmetric stem cell divisions give rise to 

one daughter RGC and one neuron, in a process known as direct neurogenesis 

(Villalba et al., 2021). With the progression of neurogenesis, the committed progeny 

of the RGCs leave the VZ to become Intermediate Progenitors (IP). These IPs 

populate a new layer called the subventricular zone (SVZ) (Figure 6b) (Lui et al., 2011). 

In addition, primates and humans generate a second population of NSCs that migrate 

to the outer SVZ (oSVZ). The cells in the oSVZ have a RGC morphology and are 

referred to as oRGCs (Mukhtar & Taylor, 2018; Pinto & Gotz, 2007). In humans, SVZ 

is extensively expanded, which becomes a source of neural progenitors. 

The oRGCs have no contact to the VZ while still containing the basal process 

and display specific unipolar morphological appearance (Figure 6b). During cell 

divisions, oRGCs soma also undergo movements comparable to VZ RGCs. Although, 

this movement is not the same as INM of the VZ RGCs. The soma of oRGCs migrates 

in a basal direction and at the end of this migration, they divide via asymmetric mode 

and self-renew. The generation of extra cells expands the SVZ further (Figure 6b). At 

this point, two SVZs can be found: the inner SVZ (iSVZ) and outer SVZ (oSVZ). In 

humans, the oSVZ layer is the main neural expansion zone for neurons of the outer 

cortical layers (Fietz et al., 2010; Mukhtar & Taylor, 2018; Reillo & Borrell, 2012). 

oRGCs with self-renewing capacity continue to proliferate, while new neurons are born 

from their IP daughter cells. After neurogenesis, gliogenesis or the formation of 

astrocytes and oligodendrocytes is  initiated (Pinto & Gotz, 2007).   
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Figure 6. (a) Symmetric and Asymmetric NSC (RGC) divisions. NSC spindle 

orientation determines the type of division in the VZ. Vertical spindle orientation (left), 

gives rise to two NSCs and angular (right) gives rise to one NSCs and one BP/IP cell 

(differentiation committed daughter cell). (b) Composition and organization of 
developing human embryo neuronal proliferative zones. Initially NSCs in VZ 

undergo neural expansion, giving rise to SVZ. SVZ then further expands and gives 

rise to oSVZ. Neural expansion mainly appears in oSVZ. Newborn neurons appear 

within iSVZ and oSVZ. (Mukhtar & Taylor, 2018; Pinto & Gotz, 2007).  

 

Striatum and Medium Spiny Neuron development 
The striatum is a cluster of neurons that is located in the subcortical area, just 

below the cerebral cortex. It is a composite structure made out of the caudate nucleus 

and putamen and it is the main input region of the basal ganglia (Haber, 2016). The 

striatum plays an important function in the control of movement, regulation of cognition 

and it is also linked to the reward and reinforcement systems (Haber, 2016; Prager & 

Plotkin, 2019; Yager et al., 2015).   

The striatum starts forming during neurogenesis phase (Pauly et al., 2012). 

Striatal progenitors migrate from the Lateral Ganglionic Eminence (LGE), located in 

the ventral telencephalon, via a tangential migration stream in the latero-caudal 

direction (Figure 7). Upon arrival towards the future striatum area, LGE progenitors 

start maturing and form the striatum.  

Two major pathways are found it the striatum (Gerfen et al., 1990). One of them 

has neurons projecting to the Substantia Nigra and is called the Striatonigral pathway. 

The neurons that build this pathway can be distinguished by their expression of the 

dopamine D1 receptor (DR1) and its associated marker Substance P. This pathway is 

also referred to as the direct pathway. The other pathway from the striatum contains 
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neurons projecting to the Globus Pallidus and is called Striatopallidal pathway. The 

neurons of the striatopallidal pathway express the dopamine D2 receptor (DR2) and 

its associated marker PENK. This pathway is also referred to as the indirect pathway 

(Figure 8).   

 

 
 
Figure 7. Striatal development in the developing embryo. Lateral ganglionic 

eminence (LGE) progenitors move from the subventricular zone (SVZ) in a latero-

caudal direction towards the area of the future striatum. Left figure shows sagittal view 

of the LGE position. Right figure shows the coronal view of the LGE progenitor 

tangential migration towards the future striatum.  
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Figure 8. Striatonigral and Striatopallidal pathways in the striatum. The two major 

striatal neuronal connection pathways are shown. In the striatonigral (direct) pathway 

neurons project from striatum to substantia nigra. In the striatopallidal (indirect) 

pathway neurons project from the striatum to globus pallidus external. An additional 

direct pathway projects from striatum to globus pallidus internal.   
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Abstract 

The striatum is the largest structure of the basal ganglia and receives inputs from 

many brain regions including the substantia nigra and the cerebral cortex. The striatum 

is involved in motor coordination, reward and motivation and other executive functions 

including cognition. Defects in the striatal system lead to movement disorders 

including Parkinson’s and Huntington’s disease, dyskinesias and chorea, but also rare 

developmental disorders including MCOPS12. Medium spiny neurons (MSNs) are 

GABAergic and the primary outputs of the striatum. There are two subpopulations of 

striatal MSNs which are generated from the lateral ganglionic eminence (LGE) during 

brain development and which are defined on the basis of their projection patterns. Both 

populations of MSNs are implicated in major neurodegenerative diseases and rare 

neurodevelopmental disorders. Understanding MSN biology is critical to gain insights 

into the neurodegenerative and neurodevelopmental disorders that affect these cells. 

Here, we describe robust protocols to generate LGE progenitors and MSN neurons 

from human induced pluripotent stem cells (hiPSCs). By slightly modifying the culture 

conditions to reflect the dorsoventral gradient of sonic hedgehog, ventral forebrain 

progenitors are determined to generate direct (dopamine receptor 1, DR1+) and 

indirect (dopamine receptor 2, DR2+) MSNs. In addition, the DR1 and DR2 MSNs 

express substance P and PENK, respectively. Hence, the two MSN populations retain 

characteristics of the MSNs found in vivo and which generate the striatonigral and 

striatopallidal projection pathways. These simple differentiation pathways could be 

used to study neurodevelopmental and neurodegenerative disorders including 

Huntington’s disease and Parkinson’s disease. 
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Introduction 

The striatum is the largest nucleus of the basal ganglia located in the forebrain (Fazl 

& Fleisher, 2018). It is a crucial component in the reward and motor circuitry systems 

interlinked with other major parts of the brain (Hyman et al., 2006). Improper function 

of the striatum is also implicated in altered cognitive responses (Macpherson & Hikida, 

2019) and therefore is an important therapeutic target in major psychiatric disorders. 

The striatum receives glutamatergic afferent neuron inputs from multiple layers of the 

cortex and dopaminergic input from the substantia nigra pars compacta (Lanciego et 

al., 2012). The striatum tightly regulates other parts of the basal ganglia via direct 

inhibitory efferents to the globus pallidus internal, globus pallidus external and 

substantia nigra pars reticulata (Figure 1a) (Lanciego et al., 2012). The signals from 

all three anatomical locations are then relayed through thalamus straight into the 

cortex (Figure 1a). The human striatum is composed of 90-95% GABAergic neurons 

which are comprised of two DR1+ and DR2+ MSN subpopulations (Fazl & Fleisher, 

2018; Gerfen et al., 1990; Lanciego et al., 2012). MSNs in humans, are the main 

neurons involved in major neurodegenerative diseases affecting striatum (Fazl & 

Fleisher, 2018). DR2/PENK+ MSN subpopulation of Striatopallidal pathway is 

progressively lost in Huntington’s disease (Glass et al., 2000; Reiner et al., 1988), 

while DR1/SUBP+ (SubstanceP) MSN subpopulation of Striatonigral pathway affect 

Parkinson’s disease progression (Berthet et al., 2009; Gerfen, 2003; Jenner, 2008). 

Besides this there is evidence suggesting that dysfunctional DR1+ and DR2+ MSN 

subpopulations are involved in Schizophrenia and Autism associated psychiatric 

disorders (Madras, 2013; Portmann et al., 2014; Skene et al., 2018).  

MSN precursors are generated during early brain development from the lateral 

ganglionic eminences (LGE) (Waclaw et al., 2009). The LGE is located in the ventral 
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telencephalon below the dorsal telencephalic primordium and dorsal to the medial 

ganglionic eminence (MGE) (Figure 1b) (Marin et al., 2000). The MGE generates 

parvalbumin+ neuron progenitors that migrate laterally to form the globus pallidus (GP) 

and parvalbumin-, somatostatin- and calretinin-positive interneurons that migrate 

dorsally into the forming cerebral cortex (Marin et al., 2000; Xu et al., 2004). The 

progenitors of the MGE express the transcription factors GSX2, DLX2, and NKX2.1 

(Figure 1b). The progenitors of the LGE express GSX2, DLX2, CTIP2, NOLZ1 and 

FOXP1 (Figure 1b) (Anderson et al., 1997; Arlotta et al., 2008; Pei et al., 2011; Urban 

et al., 2010). The LGE is the source of neurons that migrate laterally to form the striatal 

nuclei and anterior through the rostral migratory stream to form interneurons of the 

olfactory bulb (Waclaw et al., 2009). LGE progenitors can be identified by a combined 

expression of GSX2, DLX2, NKX2.1, CTIP2, NOLZ1 and FOXP1 (Anderson et al., 

1997; Arlotta et al., 2008; Pei et al., 2011; Urban et al., 2010).  

Human induced pluripotent stem cells (iPSCs) have the capability to differentiate 

into most cell types of the body. This important characteristic can be used to generate 

a wide array of neuronal cell types in vitro with an almost unlimited supply. This is 

important as human neuronal tissue is very difficult to obtain from patients. Two well-

known iPSC differentiation protocols for generating brain neurons have been 

described on the basis of a dual SMAD (TGFb and BMP receptor) inhibition to produce 

neural progenitors that are then further specified to dorsal cortical neurons or nigra 

dopaminergic neurons (Kriks et al., 2011; Shi et al., 2012). Critically, both protocols 

follow the in vivo spatiotemporal neural specification pathways of the respective brain 

regions and try to replicate these in vitro. The tightly controlled environment in in vitro 

culture enables the controlled generation of specified progenitors and later the 

differentiation of functional neurons (Kriks et al., 2011; Shi et al., 2012). External 
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signaling molecules and small molecule inhibitors, cell media composition and the 

cellular substrate all play roles in supporting cell growth and differentiation in these 

cortical and dopaminergic neuron differentiation protocols. 

Here we established a protocol that generates striatal MSNs from human iPSCs 

firstly by producing LGE progenitors and then differentiating these to striatal neurons. 

The LGE progenitors recapitulate neurodevelopmental stages by expressing DLX2, 

GSX2, PAX6, NOLZ1 and FOXP1 as in vivo. 

The differentiation protocol we show also generates the two main subpopulations 

of MSNs in the striatum which form the direct and indirect pathways. We also show 

that these MSNs co-express DR1 and SUBP or DR2 and PENK. We believe that the 

robust differentiation of striatal MSNs from human iPSCs will be very important for 

studying striatal development but also in studying neurodevelopmental disorders and 

neurodegenerative diseases that affect the striatum including Huntington’s and 

Parkinson’s disease. 
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Results 

Modulation of BMP/TGFb and Sonic Hedgehog pathway modulates human 

iPSCs neural fate 

The striatum is formed from stem and progenitor cells in the LGE of the developing 

embryo. 95 percent of the neurons in the adult striatum are MSNs (Fazl & Fleisher, 

2018; Gerfen et al., 1990; Lanciego et al., 2012). Therefore, we aimed to establish a 

differentiation protocol for MSNs that recapitulates the normal patterning and 

differentiation observed within the developing anterior neural tube. We took advantage 

of the neuralizing effects of TGFb/BMP signal inhibition on human iPSCs (Tomishima, 

2008). LDN193189 (LDN) inhibits ALK1/2/3/6 receptors and SB431542 (SB) ALK4/5/7 

receptors preventing ectoderm fate and enabling neuroectodermal commitment. BMP 

and TGFb signaling inhibition results in iPSCs adopting an anterior dorsal neural fate. 

Sonic Hedgehog (SHH) is expressed by the axial mesoderm and ventral structures of 

the neural tube (floorplate) (Brambach et al., 2021). SHH is a ventralizing signal during 

brain development (Brambach et al., 2021). In order to induce a ventral forebrain fate 

specification that correlates with the formation of the ganglionic eminences, we varied 

the concentration of SHH and a synthetic agonist of smoothened (Purmorphamine: 

Pur) in the early patterning stages of the differentiation protocol between days 1 and 

6, and assessed marker gene expression for early and late progenitors and MSN 

neurons (Figure 1c). In addition, we supported stem and progenitor expansion by 

cultivating the cells on Laminin521 as a substrate before switching the cells at the late 

progenitor stage (day 20) to Laminin111. We induced neuronal differentiation by 

changing from LGE expansion medium to MSN differentiation BACGTD medium 

containing BDNF, ascorbic acid, cAMP, GDNF, TGFb3 and DAPT at day 11.  
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BMP/TGFb inhibition and Sonic Hedgehog pathway activation regulates the 

formation of early LGE progenitors from human iPSCs 

During neurodevelopment, the LGE forms in the ventral forebrain and generates 

the progenitors of the striatal MSNs (Figure 1b). We tested whether the concentration 

of the ventralizing morphogen SHH would change the fate of iPSC differentiation. We 

exposed iPSCs to 100 ng/ml SHH and 2 µM Pur (medium1) or 50 ng/ml SHH and 1 

µM Pur (medium2) between day 1 and 6 of differentiation and examined progenitor 

marker cell expression at day 11 by using qPCR. Both medium1 and medium2 induced 

the expression of the LGE and MGE markers DLX2, GSX2 and NKX2.1 (Figure 1b 

and Figure 2a) and suppressed the expression of the dorsal marker PAX6 where 

expression is markedly higher in iPSC derived cortical neuron cultures induced in the 

absence of SHH and Pur (Figure 2b). Cells exposed to the higher levels of SHH and 

Pur (100 ng/ml and 2 µM, respectively: medium1) expressed the ventral and MGE 

marker NKX2.1 at higher levels than those exposed to lower levels of SHH and Pur 

(50 ng/ml and 1 µM, respectively: medium2) at day 11 of differentiation (Figure 2b). 

We also analyzed the expression of the later LGE progenitor markers CTIP2, NOLZ1 

and FOXP1 and the mRNAs for both were already detectable at day 11 (Figure 2b). 

We then analyzed expression of ventral neural progenitor markers at the protein 

level at day 11 of differentiation (Figure 2c-e). DLX2 and GSX2 expressing cells were 

detected in both medium1 and medium2. Quantification revealed that more cells 

expressed DLX2 after exposure to high levels of SHH (medium1: 10.1 ± 2.3%) 

compared to after exposure to reduced levels of SHH (medium2: 2.2 ± 0.4%) (Figure 

2f). GSX2 was expressed by a similar proportion of cells irrespective of SHH levels 

(medium1: 25.3 ± 3.8%, medium2: 26.8 ± 4.4%: Figure 2f). 
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DLX2 and GSX2 are expressed by ventral cortical progenitors early in development of 

the mouse. We examined the expression of NOLZ1 and FOXP1 proteins at day 11 of 

differentiation (Figure 2d). As predicted by the expression of the mRNAs of 

transcription factors, NOLZ1 was expressed by many cells at day 11 and the 

proportion of expressing cells was not majorly affected by the levels of SHH medium1: 

48.9 ± 2.8%, medium2: 53.4 ± 7.3%: Figure 2g). Similarly, FOXP1 protein was present 

by most cells at day 11 (medium1: 76.8 ± 2.7%, medium2: 81.9 ± 2.3% Figure 2g). 

Although the mRNA of the neuronal transcription factor CTIP2 was detectable at low 

levels, we did not detect CTIP2 protein expressing cells at day 11 (data not shown). 

PAX6 is expressed by progenitors and stem cells of the dorsal telencephalon. Few 

PAX6 expressing cells were present in the cultures and consistent with the ventral fate 

specification of SHH, fewer cells exposed to higher levels of SHH agonists (medium1) 

expressed PAX6 (11.2 ± 1.4%) compared to those exposed to lower SHH agonist 

levels medium2: 22.9 ± 4.4%) (Figure 2h). These data suggest that the culture 

conditions used induce a ventral telencephalic LGE and MGE progenitor fate, and the 

levels of SHH fine-tune the dorsoventral patterning. 

 

LGE and MGE progenitors mature into ventral neural progenitors 

LGE/MGE progenitors can be subdivided into early and late progenitors. Early 

progenitors in LGE/MGE ventricular zone express DLX2, GSX2 and NKX2.1 (Figure 

1b), but not the dorsal marker PAX6. Upon commitment to differentiation, MSN 

precursors exit from the ventricular zone and upregulate NOLZ1, FOXP1 and CTIP2. 

We examined the expression of the early LGE/MGE markers at day 20 of 

differentiation at the mRNA level. DLX2, GSX2 and NKX2.1 were still expressed at 

day 20 albeit at lower levels than at day 11 suggesting the cells continued to progress 
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along a differentiation pathway (Figure 3b). Whereas DLX2 and GSX2 levels were 

reduced in the cultures exposed to lower levels of SHH (medium2) compared to cells 

cultured in medium1. NKX2.1 mRNA levels were comparable irrespective of SHH 

levels but expression had reduced by approximately 10-fold compared to day 11 

(Figure 3b).  

Conversely, the mRNA expression levels of the late progenitor markers, CTIP2, 

NOLZ1 and FOXP1 were increased at day 20 compared to day 11 (Figure 3b 

compared to Figure 2b). NOLZ1 mRNA levels were increased at day 20 over day 11 

7.2-fold and 4.2-fold (medium1 and medium2), respectively, and FOXP1 mRNA levels 

were increased by 3.4-fold and 2.4-fold over day 11 levels (medium 1 and medium2, 

respectively). This supported that between day 11 and day 20 of differentiation, the 

cells had progressed in their differentiation. We assessed the expression of CTIP2 

mRNA and supporting the hypothesis that the cells were more differentiated, CTIP 

mRNA levels were increased by 7.8- and 5.8-fold (medium1 and medium2, 

respectively) compared to day 11. PAX6 mRNA expression levels remained very low 

in both medium1 and medium2 cultured cells indicating that the cultures were highly 

ventralized (Figure 3b). 

Immunostaining for DLX2 and GSX2 confirmed the presence of some LGE/MGE 

early progenitors in the cultures at day 20 (Figure 3c, e). However, most of the cells at 

day 20 expressed NOLZ1 (64.7± 6.9% and 62.0± 0.6%) and FOXP1 (78.0 ± 6.3% and 

67.2 ± 9.2%) as markers of striatal and MSN precursors (Figure 3d, f). These data 

indicate that at day 20 of differentiation, the cultures contained mostly late LGE, striatal 

neuron progenitors, but the transition to differentiation is dynamic and temporally 

heterogeneous.  

 



 29 

SHH-treated cultures generate both DR1 and DR2 MSNs 

Our analyses indicated that the culture conditions we implemented were able to 

drive cortical differentiation of human iPSCs in a spatiotemporal trajectory towards a 

ventral forebrain fate (Figure 1). The marker expression we observed in the progenitor 

stages of the culture were consistent with the formation of LGE and MGE cells and 

precursors of striatal neurons. The striatum consists of predominantly MSN neurons 

of two basic subtypes, DR1 and SUBP expressing MSNs of the direct pathway and 

DR2 and PENK expressing MSNs of the indirect pathway (Figure 1a) (Fazl & Fleisher, 

2018; Gerfen et al., 1990; Lanciego et al., 2012). 

We addressed whether the LGE progenitors in our cultures were able to generate 

MSNs. The substrate on which human iPSC neurons are cultured has a major effect 

on their further differentiation and maturation (Roth et al., 2021). Therefore, we 

replated the progenitors at day 20, transferring them from Laminin521 to Laminin111 

(BioLamina) which has been proposed to be favorable for neuronal maturation and 

survival (Figure 1c). Recombinant Laminin111 is a pure trimeric form of the Laminin 1 

isoform compared to the heterotrimeric Laminin521 composed on Laminin 5, Laminin 

2 and Laminin 1 (BioLamina).  

Direct MSNs can be distinguished by their co-expression of DR1 and SUBP 

compared to indirect MSNs that express DR2 and PENK (Figure 4a). The 

combinatorial expression of the two dopamine receptors with SUBP or PENK is a 

hallmark of striatal MSNs. 

MSN neurons co-express DARPP32 and CTIP2 (Nicoleau et al., 2013). MSNs are 

GABAergic neurons and also express GAD67, a key enzyme in the GABA synthesis 

pathway. We analyzed MSN neuron differentiation in the cultures at two timepoints, 

day 35 and day 55. We analyzed the expression of DR1/SUBP (direct MSNs), 
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DR2/PENK (indirect MSNs), DARPP32, CTIP2 and GAD67 at day 35 of differentiation 

(Figure 4). qPCR results indicated that DR1 and SUBP mRNA are expressed at low 

levels at day 35 of differentiation. DR2 and PENK mRNAs were detected, with DR2 

mRNA being expressed higher in medium1 conditions and PENK mRNA being higher 

in medium2 condition suggesting differences in the rate of differentiation. Similarly, 

GAD67 mRNA was detected in both medium1 and medium2 after 35 days of 

differentiation indicating GABAergic neurons. DARPP32 and CTIP2 mRNAs were also 

detected, with higher mRNA levels for both observed in medium1. We show the 

presence of mRNA for both MSN populations at day 35 of differentiation.  

In order to further validated the presence of MSN neurons we performed 

immunocytochemistry (Figure 4c). DR1/MAP2+ neurons were present in both cultures 

of medium1 and medium2. DR1/MAP2+ neurons were found in clusters. SUBP/MAP2+ 

neurons were also present in the cultures at day 35 of differentiation. The expression 

of DR1 and SUBP overlapped in some neurons although many DR1+ neurons did not 

express SUBP (Figure 4c and d). DR1+ neurons were mostly found in clusters (14.5 ± 

0.8%, medium1 and 15.9 ± 1.6%, medium2). SUBP+ neurons were 4.7 ± 0.2% of all 

cells in medium1 and 4.6 ± 1.1% of all cells in medium2 at day 35. 

Neurons co-expressing DR2 and PENK were also found in medium1 and medium2 

cultures at day 35 (Figure 4c and d). All DR2+ neurons also expressed PENK (Figure 

4c and d). DARPP32 and CTIP2 were also expressed at day 35 and their expression 

was overlapping in most cells (Figure 4c and d). DR2+ neurons (19.1 ± 1.3%, medium1 

and 21.7 ± 1.3% medium2) and PENK+ neurons (18.7 ± 2.8%, medium1 and 22.0 ± 

1.2% medium2) were found at very similar percentages of total cells in the cultures. 

More DARPP32+ cells were present in the medium1 conditions (22.1 ± 1.3%) 

compared to medium2 (11.3 ± 1.5%) while CTIP2+ cells accounted for a similar 
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proportion of cells in both medium conditions (26.7 ± 2.1%, medium1 and 28.6 ± 1.7% 

medium2). Therefore, changing the cell substrate from Laminin521 to Laminin111 at 

day 20 resulted in MSN differentiation at day 35 and the expression of DR1/SUBP, 

DR2/PENK and DARPP32/CTIP2. However, the exposure to different levels of SHH 

signaling affected the proportions of neurons expressing DARPP32. 

 

The number of DR1 and DR2 positive MSNs increased with time 

We next assessed the expression of MSN markers in the cultures after 55 days of 

differentiation. We performed similar qPCR analysis of mRNA expression and 

immunostaining (Figure 5a). DR1 mRNA was expressed at a higher level at day 55 

compared to day 35 cultures and 3.3 fold in medium2 compared to medium1 treated 

cells at day 55 (Figure 5b). SUBP mRNA was also expressed at similar levels in both 

medium1 and medium2 conditions (Figure 5b). DR2 mRNA expression also increased 

over day 35 and was higher in medium1 treated cells than medium2 treated cultures 

at day 55 (Figure 5b). PENK mRNA levels in both medium1 and medium2 were 

increased 20- and 5-fold compared to day 35 supporting an increased maturation and 

MSN differentiation over time. GAD67 mRNA levels were similarly increased (fold of 

7.5- and 6-fold, medium1 and medium2, respectively) at day 55 compared to the levels 

at day 35. However, DARPP32 and CTIP2 mRNA levels were only minor changed 

between day 35 to day 55 (Figure 5b). 

We examined the expression of MSN marker proteins at day 55 by 

immunohistochemistry (Figure 5c and d). Interestingly, the DR1/SUBP co-expressing 

neurons were increased at day 55 compared to day 35 (Figure 5c and d). DR1/SUBP+ 

neurons were also increased at day 55 compared to day 35 (Figure 5c and d). This 

suggested that direct pathway DR1/SUBP+ MSNs progressively mature within the 
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neuronal cultures. DR2/PENK co-localized in many cells throughout the MSN cultures. 

Similar DARPP32/CTIP2 were co-expressed by many cells at day 55. 

Similar to day 35 DR1+ neurons clustered and most DR1+ neurons also expressed 

SUBP. The DR1+ neurons were 20.0 ± 3.1% (medium1) and 17.2 ± 2.1% (medium2) 

of the cells in the cultures. SUBP+ neurons made up 15.8 ± 6.2% (medium1) and 12.4 

± 3.1% (medium2) of the cells at day 55 and were thus also increased over the day 35 

cultures. Similarly, DR2+ and PENK+ neuron numbers also increased in the day 55 

cultures compared to day 35 and were present at similar levels in medium1 and 

medium2 treated cultures. DARPP32+ and CTIP2+ cell numbers did not change much 

between day 35 and day 55 of differentiation but the DARPP32+ cell numbers were 

slightly increased in medium2. The increase in DR1/SUBP+ and DR2/PENK+ neurons 

at day 55 compared to day 35 suggested a maturation of these MSNs over time. 

GAD67 mRNA levels increased at around 7-fold between day 35 and day 55 

supporting that GABA+ neuron neurons increased and also suggested a maturation of 

the neurons. 
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Discussion 

MSNs in the striatum receive information from different brain regions and are the 

major efferent neuron population distributing information from the striatum to other 

basal ganglia and to the cerebral cortex. Many neurological diseases that result in 

movement disorders affect directly or indirectly striatal function (Fazl & Fleisher, 2018; 

Lanciego et al., 2012). In addition, some neurodevelopmental disorders result in 

aberrant striatal function (Fazl & Fleisher, 2018). Hence, being able to study human 

striatal MSN function in vitro could have major implications for human brain 

development and disease. As neurons of the central nervous system are difficult to 

obtain from patients, iPSCs as a source of MSNs has major advantages by providing 

an almost unlimited source of cells. A number of differentiation protocols have been 

described to generate MSN cells from pluripotent cells (Carri et al., 2013; Fjodorova & 

Li, 2018), but they were not robust in our hands. Therefore, we set out to develop a 

simple and efficient striatal MSN differentiation protocol that does not rely on the 

transgenic expression of neurogenic transcription factors, but that recapitulates the 

differentiation pathway taken by MSNs in vivo. 

In order to induce neuroectodermal fate in human iPSCs, we used dual SMAD 

inhibition (Tomishima, 2008). We then induced ventral forebrain patterning of these 

neuroectodermal cells by treating with SHH and the smoothened agonist Pur as 

ventralizing signals (Brambach et al., 2021). The striatum is generated by the 

progenitors of the ventral forebrain that reside in the LGE. As the LGE lies dorsal to 

the MGE and caudal ganglionic eminence but ventral to the dorsal cortex, we used 

two concentrations of SHH agonist to induce ventral fate and modulated the 

concentration to tailor the differentiation. Our results show that both medium1 

containing 100 ng/ml SHH and 2 µM Pur and medium2 containing 50 ng/ml SHH and 
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1 µM Pur induce LGE progenitor fate determination in iPSC-derived neural ectoderm 

cells and generate both DR1 and DR2 expressing MSNs at the expense of dorsal 

cortical progenitor (PAX6+) generation. Although reducing SHH signaling resulted in a 

reduction in NKX2.1 expression and an increased PAX6 levels indicating a more 

dorsal fate, both medium1 and medium2 resulted in similar levels of DR1 and DR2 

MSN differentiation. It remains to be shown whether additional adjustments to the 

levels and timing of SHH signaling could potentially change the relative levels of direct 

and indirect MSN differentiation. In the future, it will be important to address whether 

DR1 and DR2 neurons generated by the two culture conditions are transcriptionally 

and functionally identical. In addition, our differentiation protocols generate MSNs that 

express SUBP in combination with DR1 and PENK together with DR2. This indicates 

that the MSNs generated in vitro follow the same differentiation path, and reach a 

lineage-typical gene expression pattern. This is important as often iPSC-derived 

neurons express aberrant lineage-specific markers. We found that the number of 

neurons expressing MSN markers increased with time in the cultures and were highest 

at day 55, the latest time-point analyzed. Future studies will be required to address 

whether MSN formation continues after day 55 and whether these acquire a more 

differentiated state and what other neuron types are generated in these cultures. It will 

also be important to test these MSNs functionally by assessing their 

electrophysiological function. The LGE is a source of olfactory bulb interneurons and 

the MGE also generates interneurons of the dorsal cortex (Parnavelas et al., 2002). 

Furthermore, it will be important to address the formation of glial cells in these cultures. 

In conclusion, we have generated human iPSC differentiation protocols that give 

rise to LGE and MGE progenitors and subpopulations of MSN neurons. These 

protocols are robust and will be invaluable to study human MSNs in vitro. In addition, 
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these protocols will be important to study diseases that affect the striatum and MSNs 

by isolating patient derived iPSCs or engineering human iPSCs to carry disease-

causing mutations. In summary, we believe our MSN differentiation protocols will be 

of great benefit to study neurodevelopmental, neurodegenerative and psychiatric 

diseases and disorders. 
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Methods 

Human iPSC culture 

Human induced pluripotent stem cell (hiPSC) line Nas2 was cultured onto 10 μg/ml 

of Biolaminin 521 LN (BioLamina) in mTeSR-1 medium (StemCell Technologies). 

hiPSCs were passaged via enzymatic dissociation with Accutase (Gibco) every 4-5 

days at a confluence of around 90%. 10 μM of ROCK inhibitor (Miltenyi) was added 

into mTeSR-1 medium for every single passaging.  

 

MSN differentiation 

For LGE progenitor induction. hiPSCs were plated at the density of 2x105 cells/cm2 

onto 10 μg/ml of Biolaminin 521 LN pre-coated cell culture dishes in mTeSR-1 medium 

containing 10 μM of ROCK inhibitor. Cell cultures were expanded for 1 day until 

confluent.  

LGE progenitor induction (Day 0-Day 11) 

LGE progenitor induction (LPI) media. At day 0, LGE progenitor induction (LPI) 

media consisted of KnockOut (KO) DMEM (Gibco), 15% KO serum replacement 

medium (Gibco), 100x GlutaMAX (Gibco), 100x Non-Essential Amino Acid (NEAA) 

(Gibco) and 50 mM of 2-mercapthoethanol (Gibco) supplemented with 10 μM 

SB43154212 (Miltenyi) and 100 nM LDN193189 (Miltenyi). At day 1, LPI media was 

removed and fresh LPI media was added supplemented with: 1) 100 ng/ml SHH	C25II 

/ 2µM Purmorphamine or 2) 50 ng/ml SHH	C25II / 1 µM Purmorphamine, which was 

used until day 7.  

LPI/N2 media (75%/25%; 50%/50%; 25%/75% transition). At day 5, full LPI/N2 

media replacement was made: 25% of N2 media consisting of DMEM F-

12+HEPES+L-Glutamine (Gibco), 100x N2 supplement (Gibco), 100x GlutaMAX and 
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1.6 mg/ml of D-Glucose (Sigma) was mixed with 75% of fresh LPI media without 10 

μM of SB43154212. At day 6, half of 75% LPI/25% N2 media was replaced. At day 7, 

50% of LPI media without of 10 μM SB43154212, SHH	C25II, Purmorphamine/50% of 

N2 media was fully replaced. At day 8, half of 50% LPI without of 10 μM SB43154212, 

SHH	C25II, Purmorphamine/50% N2 media was replaced. At day 9, full of 25% LPI 

without of 10 μM SB43154212, SHH	 C25II, Purmorphamine/75% N2 media was 

replaced. At day 10, half of 25% LPI without of 10 μM SB43154212, SHH	C25II, 

Purmorphamine/75% N2 media was replaced.  

MSN commitment (Day 11-Day 20) 

BACGTD NB/B27 media. At day 11, LPI/N2 media was changed to NB/B27 media 

consisting of Neurobasal (Gibco), 50x B27 (+ vitamin A) (Gibco), 100x GlutaMAX 

supplemented with 20 ng/ml BDNF (brain-derived neurotrophic factor) (Miltenyi), 0.2 

mM ascorbic acid (Sigma), 0.5 mM dibutyryl cAMP (Sigma), 20 ng/ml GDNF (glial cell 

line-derived neurotrophic factor) (Miltenyi), 10 μM TGFb3 (transforming growth factor 

type b3) (Miltenyi) and 10 mM DAPT (Tocris) and cultured till day 20 with half medium 

change every other day.  

MSN differentiation (Day 20-Day 55) 

At day 20, late-LGE progenitors were enzymatically dissociated with Accutase and 

plated onto 20 μg/ml Laminin111 (BioLamina) pre-coated culture plates at a density of 

1.6 x 105 progenitors/cm2 in BACGTD NB/B27 media. Half of BACGTD NB/B27 media 

change was performed every other day.  
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RNA isolation 

For RNA isolation, differentiation medium was removed from cells and Trizol 

(Invitrogen) reagent was added in order to perform cell lysis. RNA was isolated and 

purified in accordance to manufacturer’s protocol and guidelines. 0.5 μg of purified 

total RNA was treated with DNase 1 and then reverse-transcribed using SuperScript 

IV reverse transcriptase and random primers in guidelines with manufacturer’s 

instructions (Invitrogen).  

 

RT-qPCR analysis 

RT-qPCR reaction was performed in a total volume of 20 μl containing 60 ng cDNA 

with 35 cycles using PowerUp SYBR Green Master Mix (appliedbiosystems) according 

to the manufacturer’s instructions. Primer set sequences can be located in the 

Supplementary section Table.1.  

 

Immunocytochemistry 

Cells were fixed with 4% paraformaldehyde (Sigma) for 10 min, washed 3x with 

PBS Mg+/Ca+ for 10 min per wash. Then cells were treated with blocking solution 

containing 0.2% Triton X-100 (Sigma) in PBS Mg+/Ca+, 10% donkey serum 

(GeneTex) and 1% BSA (Sigma) for 1h at RT. Next, cells were incubated at 4 oC o/n 

with the primary antibodies (supplementary Table.2) and washed 3 times with PBS 

Mg+/Ca+ containing 1% BSA for 10 min per wash. Once the primary antibody washing 

was completed, appropriate secondary antibodies conjugated with Alexa488, Cy3 and 

Cy5 (Jackson ImmunoResearch) were diluted 1:350 in PBS Mg+/Ca+ containing 1% 

BSA and 0.2 μg/ml DAPI (Roche) for nuclear staining for 1h at RT on a tilting device 

with slow motion. Then the cells were washed 3 times with PBS Mg+/Ca+ containing 
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1% BSA for 10 min per wash. Finally, 0.02% of NaN3 (Sigma) was added onto the 

cells to inhibit a potential contamination and proceeded with imaging.  

Images were taken with Leica SP5 Confocal microscope using 40x or 60x oil 

objective with resolution of 1024 x 1024 dpi and 400 Hz speed. LAS-AF imaging 

software was used to adjust Leica SP5 Confocal microscope parameters. Acquired 

images were then processed using Omero online tool and finalized with adobe 

illustrator.  

 

Quantification and statistical analysis 

Cell counting was performed using Fiji (Image-J, NIH, MD, USA) software. Multiple 

z-plane images of neuronal clusters were analyzed. The counting was conducted by 

tracking single cell markers through multiple z-planes. Data are presented as average 

percentages of co-labelled cells. Statistical significance was determined by two-tailed 

unpaired Student’s t-test on mean values using GraphPad Prism v9 (GraphPad 

Software, Inc, La Jolla, CA, USA). Statistical analysis of percentages was performed 

following transformation of percentages into their arcsine square root value. 

Significance was determined at * - p <0.05, ** - p <0.01, *** - p < 0.001 or p values are 

given in the graphs. Deviance from mean is displayed as standard error of the mean 

if not otherwise indicated. 
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Supplementary Information 

Marker Forward primer Reverse primer 

DLX2 

GSX2 

NKX2.1 

PAX6 

CTIP2 

NOLZ1 

FOXP1 

DR1 

SUBP 

DR2 

PENK 

DARPP32 

GAD67 

ACTACCCCTGGTACCACCAGAC  

TCACTAGCACGCAACTCCTG  

CGCATCCAATCTCAAGGAAT  

AATAACCTGCCTATGCAACCC  

CTCCGAGCTCAGGAAAGTGTC  

ACATTTTGCACCCCGAGTAC  

CTACCGCTTCCATGGGAAATC  

AGGGACATGTCTTTGGCTTCAG  

TGGGGTTGAAAATTCAAAAAG  

CTGAGGGCTCCACTAAAGGAG  

GCTGTCCAAACCAGAGCTTC  

TTGGAAAATCCAGAAAACCG  

CGTCTTCGACCCCATCTTCGT		

TCTGCTCTCAGTCTCTGGCGAGTTCTC  

TTTTCACCTGCTTCTCCGAC  

TGTGCCCAGAGTGAAGTTTG  

AACTTGAACTGGAACTGACACAC  

TCATCTTTACCTGCAATGTTCTCC  

GGAGTACGGCTTGAAACTCG  

CTGTTGTCACTAAGGACAGGG  

GGGAACAGTGTTAGCACCTGTT  

GGAGTTTCCTTCCTTTTCCG  

CATTCTTCTCTGGTTTGGCG  

TCTGGCTCCATGGGATAAAG  

CTGGTAGAAGCCGGTGAGAG  

CGCAGATCTTGAGCCCCAGTT		

Table 1. Primers used for RT-qPCR analysis. 
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Antibody Company Catalog no. Dilution 

DLX2 

GSX2 

PAX6 

CTIP2 

NOLZ1 

FOXP1 

DR1 

SUBP 

DR2 

PENK 

DARPP32 

GAD67 

MAP2 

TUB3 

Millipore 

Millipore 

Covance 

Abcam 

Abnova 

Abcam 

Sigma 

Immunostar 

Millipore 

Abcam 

Abcam 

Chemicon 

Sigma 

Sigma 

Ab5726  

ABN162 

PRB-278P 

AB18465 

H00084858 

Ab32010 

D2944 

20064 

AB5084P 

ab77273 

AB40801 

AB1511 

M4403 

T8660 

1:300 

1:1000 

1:400 

1:400 

1:500 

1:500 

1:500 

1:400 

1:200 

1:100  

1:100 

1:200 

1:1000 

1:600 

Table 2. Primary antibodies, their source and dilutions used for immunocytochemistry 

analysis. 
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Figure 1. (a) Direct and Indirect MSN pathways in human basal ganglia. The direct 

MSN pathway links the striatum to the Globus Pallidus internal (GPi) and the striatum 

to the substantia nigra (SN). The indirect MSN pathway links the striatum to the GP 

external (GPe) and from there fibers connect to the Subthalamic Nucleus (STN). (b) 

Visual representation of the origins of the MSNs during human embryonic 

development. (top) Sagittal view of the developing human embryonic forebrain. MSNs 

originate from the Lateral Ganglionic Eminence (LGE) in the ventral telencephalon 

marked in yellow circle. (bottom) Coronal view of the developing human embryo. LGE 
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progenitors migrate laterally from the LGE, differentiate to MSNs and form the 

striatum. The MGE is located more ventrally to the LGE, from where interneurons (INs) 

migrate towards cortex and parvalbumin+ neurons migrate laterally to form the Globus 

pallidus. The dorsal cortex forms from PAX6+ progenitors, while the LGE and MGE 

progenitors are PAX6-. Markers used to identify LGE and MGE are shown in a box on 

the right. PV - parvalbumin, SST - somatostatin. (c) Schematics of MSN protocol. 

The differentiation protocol is divided into three parts. LGE progenitor induction (Day 

0-11) starts with dual SMAD inhibition (LDN/SB) and ventralization signals (SHH/Pur) 

to acquire early LGE identity. MSN commitment (Day 11-20) commits early LGE 

progenitors to late progenitors and promoting neuronal differentiation and survival with 

BACGTD medium. At day 20, late progenitors are replated from Laminin521 onto 

Laminin111 coating. MSN differentiation (Day 20-55) further differentiates late LGE 

progenitors towards mature MSNs. BACGTD- BDNF, Ascorbic acid, cAMP, GDNF, 

TGF8, DAPT.   
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Figure 2. Analysis of early LGE progenitor marker gene expression by qPCR and 

immunocytochemistry. (a) Scheme of early LGE progenitor induction and 

expression of associated markers. (b) qPCR analysis of DLX2, GSX2, NKX2.1, CTIP2, 

NOLZ1, FOXP1 and PAX6 displayed as 2^-(Ct[GOI]-Ct[Actin]). Dual SMAD (dSMAD) 

cortical differentiation samples were used as a positive control for PAX6 expression. 

(c-e) Immunocytochemistry for DLX2, GSX2, NOLZ1, FOXP1 and PAX6. (f-h) 

Quantification of DLX2, GSX2, NOLZ1, FOXP1 and PAX6 positive cells represented 

as percentage marker positive cells of total cells (quantified as DAPI+ cells).  

Scale bars in c, d and e = 50 µm. The values in b, f, g and h are means ± standard 

error of the mean.  
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Figure 3. Analysis of late LGE progenitor marker gene expression by qPCR and 

immunocytochemistry. (a) Scheme of late LGE progenitor generation and their 
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associated markers. (b) qPCR analysis of DLX2, GSX2, NKX2.1, CTIP2, NOLZ1, 

FOXP1 and PAX6 displayed as 2^-(Ct[GOI]-Ct[Actin]). (c, d) Immunocytochemistry for 

DLX2, GSX2, NOLZ1 and FOXP1. (e, f) Quantification of DLX2, GSX2, NOLZ1 and 

FOXP1 positive cells represented as percentage marker positive cells of total cells 

(quantified as DAPI+ cells). 

Scale bars in c and d = 50 µm. The values in b, e and f are means ± standard error of 

the mean.  
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Figure 4. Day 35 MSN analysis by qPCR and immunocytochemistry. (a) Scheme 

of protocol of differentiation of LGE progenitors to MSNs and their associated markers. 

(b) qPCR analysis of DR1, DR2, PENK, GAD67, DARPP32 and CTIP2 displayed as 

2^-(Ct[GOI]-Ct[Actin]). (c) Immunocytochemistry for DR1, SUBP, DR2, PENK, 

MAP2/TUB3, DARPP32 and CTIP2. (d) Quantification of DR1, SUBP, DR2, PENK, 
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DARPP32 and CTIP2 positive cells represented as percentage marker positive cells 

of total cells (quantified as DAPI+ cells). 

Scale bars in c = 50 µm. The values in b and d are means ± standard error of the 

mean. 
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Figure 5.  Day 55 MSN analysis by qPCR and immunocytochemistry. (a) Scheme 

of protocol of differentiation of LGE progenitors to MSNs and their associated markers. 

(b) qPCR analysis of DR1, SUBP, DR2, PENK, GAD67, DARPP32 and CTIP2 

displayed as 2^-(Ct[GOI]-Ct[Actin]). (c) Immunocytochemistry for DR1, SUBP, DR2, 

PENK, MAP2/TUB3, DARPP32 and CTIP2 markers. (d) Quantification of DR1, SUBP, 
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DR2, PENK, DARPP32 and CTIP2 positive cells represented as percentage marker 

positive cells of total cells (quantified as DAPI+ cells). 

Scale bars in c = 50 µm. The values in b and d are means ± standard error of the 

mean.  
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CHAPTER 3 
 
MCOPS12 
 
Overview 

MCOPS12 (Microphthalmia, syndromic 12) is a neurodevelopmental disorder 

that causes progressive motor and cognitive impairments in children. MCOPS12 is 

linked to mutations in the Retinoic Acid Receptor beta (RARb) (Srour et al., 2016; 

Srour et al., 2013). Previous studies in mice and in vitro, have shown that the disease-

linked mutations in RARb can lead to enhanced activity of RARb in response to 

Retinoic Acid (RA). Therefore, the current hypothesis is that MCOPS12 causing 

mutations in RARb lead to a Gain of Function (GOF) mechanism in RA signaling. The 

MCOPS12 patients develop sever motor defects that are linked to aberrant striatal 

motor circuits (Crittenden & Graybiel, 2011; Srour et al., 2016). It has been proposed 

that the deficit is linked to defects in striatal MSNs (Crittenden & Graybiel, 2011; Srour 

et al., 2016). The RARbR387C mutation is the most prevalent in MCOPS12 (Figure 9).  

 

 
 

Figure 9. MCOPS12 disease. RA binds to Cellular Retinoic Acid Binding Protein 2 

(CRABP2) which translocates RA from the MSN cytoplasm into the nucleus. When in 

the nucleus, RA binds to the RARb/RXRg transcriptional receptor complex. Co-

repressors are released and co-activators are recruited. The RARb/RXRg complex 

then binds to the Retinoic Acid Response Element (RARE) and modulates target gene 
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transcription. It is known that RARb modulates DR1 gene transcription indirectly and 

DR2 gene transcription directly (Chatzi et al., 2011; Liao et al., 2005; Rataj-Baniowska 

et al., 2015). The RARbR387C mutation causes a change in proper RARb functioning. 

The normal DR1 and DR2 modulation is altered and this translates to abnormal 

striatum and correspondingly abnormalities in MSN functioning. These changes lead 

to a neurodevelopmental disease known as MCOPS12.  

 

Retinoic Acid Receptor beta  
RA signaling is heavily implicated in developmental processes (Kam et al., 

2012). Misregulation of the RA pathway leads to abnormalities in eyes, diaphragm, 

limb and brain development. In many cases, internal organs, like heart, kidney and 

lungs are affected too (Kam et al., 2012). Developmental defects arise from both loss 

and gain of RA signaling. This indicates the importance of RA signaling in normal 

developmental processes and the formation of fully functional vital organs (Petkovich 

& Chambon, 2022).   

RA is an activating ligand for heterodimeric receptor complex consisting of a 

Retinoic Acid Receptor (RAR) and Retinoid X Receptor (RXR) (Petkovich & Chambon, 

2022; Pohl & Tomlinson, 2020). RAR has three homologues: RARa, RARb and RARg. 

RXR has also three homologues: RXRa, RXRb and RXRg. Various combinations of 

these RAR/RXR homologues are possible and are found in different cells throughout 

the body (Krezel et al., 1999). RA receptors are composed of one RAR homologue 

and one RXR homologue that mobilize co-activators and co-repressor molecules to 

form a macromolecular complex. The heterodimeric RAR complex is a ligand activated 

transcriptional factor and when bound by co-activators or co-repressors drives target 

gene transcriptional modulation. It is estimated that more than 500 genes are 

responsive to RA (Balmer & Blomhoff, 2002).   

 

Retinoic Acid metabolism 
RA metabolism starts with retinol (also known as Vitamin A) (Ghyselinck & 

Duester, 2019; Kedishvili, 2016). Retinol is converted to RA metabolites via two 

sequential oxidation reactions (Figure 10). The first reaction oxidizes retinol to an 

intermediate product, called retinaldehyde by the enzyme RDH10. The second 

reaction oxidizes retinaldehyde to all-trans RA catalyzed by the RALDH enzyme. The 

final products, all-trans RAs, are biologically active compounds that activate RAR 
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complexes (Kedishvili, 2016). The conversion of retinol to retinaldehyde is a rate 

limiting step in RA production. Also, the enzyme Dehydrogenase/Reductase 3 

(DHRS3) catalyzes a reversible reaction converting retinaldehyde back to retinol.  

The final active product of RA metabolism, all-trans RAs, can be catabolized by 

Cytochrome P450, family 26 (CYP26) family enzymes to inactive it. Interestingly, 

genes associated with the synthesis and catabolism of RA are known to be self-

regulating via RA signaling feedback loops (Kedishvili, 2016).   

 

 
 
Figure 10. RA metabolic pathway. Retinol circulates in the blood bound to plasma 

Retinol Binding Protein 4 (RBP4). The Retinol-RBP4 complex binds to the Signaling 

Transporter and Receptor of Retinol 6 (STRA6) receptor which is located on MSNs. 

STRA6 receptor translocates retinol into the cytoplasm where it is bound by Retinol 

Binding Protein 1 (RBP1). Retinol then goes through two sequential oxidation 

reactions. The first reaction converts retinol to retinaldehyde via Retinol 

Dehydrogenase 10 (RDH10) enzymatic activity. This step is a rate limiting reaction in 

RA production and it is also a reversable reaction from retinaldehyde back to retinol 
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via DHRS3 enzymatic activity. The second reaction converts retinaldehyde to all-trans 

RA derivates via Aldehyde Dehydrogenase (RALDH) enzymatic activity. All-trans RA 

is then bound by CRABP2, which translocates RA into the nucleus of the MSN. There 

RA binds to RARb/RXRg complex and initiates gene transcriptional control.    

 

Mutations in RARb in MCOPS12 patients 
Several cases were characterized of patients with microphthalmia who carry de 

novo RARb protein mutations: RARbR387C, RARbR387S, RARbG296A and RARbL213P 

(Srour et al., 2013). Besides microphthalmia, MCOPS12 patients are also cognitively 

impaired and tend to experience regression in motor function, starting 12 months after 

birth (Srour et al., 2016). The motor functions of MCOPS12 patients progressively 

worsens to complete loss of being able to sit or stand and in some cases, it even leads 

to death. Loss of motor function is primary caused by dystonia.  

From in vitro experiments, it is known that the MCOPS12 RARb de novo 

mutations increase RA ligand activated transcriptional activity from 2 to 3 fold over the 

wild type receptor activity. This is further supported by RARb (Germain et al., 2004) 

and RXRg (Renaud et al., 1995) crystallography studies. It was demonstrated that 

RARbR387C, RARbR387S, RARbG296A and RARbL213P mutations modify amino acids 

neighboring sites in RARb that directly interact with retinoids. This is highly suggestive 

of the GOF mechanism (Germain et al., 2004; Renaud et al., 1995). Therefore, it is 

hypothesized that RA binding affinity to the mutated RARb complex is much stronger 

compared to the wild type receptor. The other possible hypothesis is that these RARb 

mutations affect protein stability and co-activator recruitment. This could lead to 

changes in the transcriptional enhancement that correspond to a GOF.  

 

RARb function in the developing striatum 
Various movement disorders, like dystonia or dyskinesia, are very often 

associated with dysfunctions of the striatum (Fieblinger, 2021; Gittis & Kreitzer, 2012). 

The striatum acts as an integration system for the control of voluntary movement. 

Incoming information via glutamatergic projection neurons from the cerebral cortex 

and subcortical areas is integrated and processed in the striatum. From there the 

striatal projection neurons project further on to other brain regions. Striatonigral and 

Striatopallidal pathways are antagonistic in voluntary movement coordination. Various 

striatum associated diseases and disorders arise when there is a misregulation of the 
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normal balance between these two neuronal populations (Crittenden & Graybiel, 

2011). Parkinson’s disease, Huntington’s disease and Schizophrenia diseases are all 

linked to aberrant striatal function.   

RA signaling is crucial for Striatopallidal and Striatonigral neuron generation 

(Podlesny-Drabiniok et al., 2017). The main source of RA in the developing forebrain 

is the LGE. The LGE is the structure that gives rise to striatal progenitors which with 

time mature into striatal projection neurons. High expression of RALDH1 enzyme, 

responsible for converting retinaldehyde into all-trans RA, is found in the LGE during 

late embryonic development (Molotkova et al., 2007). This further elevates the 

importance of RA signaling in the generation of striatal neurons.   

RALDH1 loss, in the developing mice LGE, alters GABAergic neuron 

differentiation potential in the striatum (Liao et al., 2005). In comparison, RARb loss 

reduces the Striatonigral neuronal population due to decreased proliferation and 

premature differentiation of DR1+ progenitors (Rataj-Baniowska et al., 2015). Both of 

these observations were made from mouse studies involving genetic knockouts for 

Raldh1 or Rarb, respectively. Furthermore, Rarb-/- and Rxrg-/- double knockout mice 

show impaired coordination and cognitive deficit (Chiang et al., 1998; Krezel et al., 

1998). Similar motor function abnormalities and misregulated responses to dopamine 

agonists have been observed in adult Rarb-/- mice. Therefore, we can hypothesize that 

loss of Rarb function, causes motor deficits. This could be explained by early striatal 

circuit development disruption and dopamine signaling alterations (Liao et al., 2008; 

Rataj-Baniowska et al., 2015). 

 

RARb function in the postnatal striatum 
The adult mice striatum expresses both RARb and its associated partner RXRg 

(Krezel et al., 1999). RARb is known to directly regulate DR2 transcriptional control in 

the adult striatum. This suggests that an imbalance in DR1 and DR2 signaling as well 

as decreased DR2 expression in the striatum result in motor function impairments and 

this is at least partly controlled by the RARb complex (Krezel et al., 1998; 

Niewiadomska-Cimicka et al., 2017; Samad et al., 1997). 

An alternative hypothesis of RARb function in the adult striatum suggests that 

RARb is an essential regulator of mitochondrial function (Niewiadomska-Cimicka et 

al., 2017). The striatal neurons in Rarb-/- mice exhibit disruption in network function 

and a progressive apoptotic cell death. This leads to decreased DR2+ neurons and a 
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loss of their function. In the same Rarb-/- mouse model, abnormalities in mitochondrial 

morphology were uncovered. This highly suggests that RARb possess a crucial 

regulatory function in mitochondrial integrity in adult striatal neurons. It was also shown 

that several key enzymes involved in RA metabolism were highly deregulated in 

RARb-/- mice. Thus, it appears that Rarb-/- adult mice striatum has an overall 

decreased RA availability. It is also important to note that there is evidence indicating 

that RA and/or RARb signaling might be compromised in Huntington’s and Parkinson’s 

disease (Crittenden & Graybiel, 2011; Fitzmaurice et al., 2013). This suggests RA 

cycle crucial involvement in other neurodegenerative disorders of the basal ganglia.   
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CHAPTER 4 
 

I hypothesize that a misregulation of the precise balance between DR1+ and 

DR2+ MSN subpopulations in the striatum can lead to cognitive and movement 

disorders in MCOPS12 patients. To address my hypothesis, I have used my expertise 

in pluripotent stem cell methodology to reprogram MCOPS12 patient peripheral blood 

mononucleocytes carrying the RARbR387C mutation to iPSCs. After reprogramming, I 

isolated clones for analysis by picking. I extensively characterized 7 independent 

MCOPS12 iPSC clonal lines. The MCOPS12 clonal iPSC lines were used for further 

investigations.  

In addition, I developed a genetic repair approach to correct the RARbR387C 

mutation in the patient iPSCs using CRISPR. This generated the best isogenic control 

cells for my analysis. At the same time, I also developed a method to genetically modify 

wt control iPSC lines to insert the MCOPS12 inducing RARbR387C mutation.  

 
 
RESULTS 
 
Reprogramming of PD PBMCs to iPSCs and establishment of clonal cell lines 

PBMCs are peripheral blood mononuclear cells with a round nucleus and 

include: T cells, B cells, NK cells and monocytes (Kleiveland, 2015). PBMCs are an 

easily accessible source of cells that can be isolated from small volumes of blood. 

PBMCs can also be separated and purified using established density gradient 

centrifugation and cell separators (Kleiveland, 2015). However, PBMC reprogramming 

to iPSCs is a demanding and important procedure that allows to obtain high-quality 

patient-derived SCs (Stem Cell) in unlimited supply. The critical steps of PBMC 

reprogramming to iPSCs are the complete conversion to the pluripotent state and the 

detailed characterization of the individual clones. 
I established and perfected PBMC isolation and reprogramming procedures 

using the commercially available CytoTune-iPS 2.0 Sendai Reprogramming Kit 

(ThermoFisher). Initially, in order to establish and optimize the protocol, I obtained 

blood from a healthy volunteer. I optimized the PBMC isolation procedure as 

MCOPS12 patients are very young, very rare (35 patients known world-wide), and 

relatively little blood can be isolated from juvenile patients. Therefore, I developed a 
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procedure that included isolation of PBMCs from fresh blood by Ficoll-Paque gradient 

centrifugation. After I established PBMC isolation from a healthy volunteer, I optimized 

PBMC reprogramming into iPSCs. Within a time-frame of two months, I successfully 

generated iPSC clones from a healthy volunteer’s PBMCs. I performed the same 

PBMC isolation procedure with MCOPS12 patient blood to generate stable patient 

derived iPSCs clonal lines.    

After successfully isolating MCOPS12 patient’s PBMCs, I cryopreserved and 

banked these PBMCs for long-term storage in liquid nitrogen. MCOPS12 patient 

PBMCs were thawed for reprogramming with the CytoTune-iPS 2.0 Sendai 

Reprogramming Kit. Sendai viruses are none integrating, RNA viruses. The CytoTune-

iPS 2.0 kit uses replication incompetent recombinant viruses that express either: Sox2, 

Oct3/4, c-Myc or Klf4. Superinfection of PBMCs with these viruses induces the 

expression of the endogenous pluripotency network genes and results in the 

reprogramming of the epigenetic network and gene regulation to a pluripotent 

embryonic stem cell-like state (Vlahos et al., 2019). A critical step in the process is the 

stable activation of the endogenous pluripotency gene network (Gonzalez et al., 2011). 

In order to optimize the generation of iPSCs, I established the reprogramming of the 

PBMCs on a defined Laminin 521 substrate (LN521: BioLamina). The MCOPS12 iPSC 

clones were manually picked and expanded on LN521. The clones were extensively 

“cleaned" to remove all spontaneously differentiating cells by scraping and aspiration 

under a microscope. Under sterile conditions the working clones were fully 

characterized to establish MCOPS12 clonal iPSC lines. Once characterization was 

complete, MCOPS12 clonal iPSC lines were expanded and cryopreserved at early 

passages.  

 

Procedure workflow for PBMC reprogramming to iPSCs 

• Within 5 hours of blood isolation from the volunteer/MCOPS12 patient, PBMCs 

were isolated by centrifugation using Ficoll-Paque gradient using PBMC 

isolation filters and frozen.   

• The PBMC reprogramming was performed with the CytoTune-iPS 2.0 Sendai 

Reprogramming Kit (ThermoFisher) in accordance with IMI Stem Bank 

protocols with slight optimization.  
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• Sendai virus infected PBMCs were plated onto iPSC growth supporting LN521 

substrate and cultivated until colonies of the appropriate size formed for further 

processing.  

• Multiple clones were picked and replated onto individual LN521 pre-coated cell 

culture wells to obtain cell lines.  

• The iPSC clones were cleaned by removing all of the differentiated cells and 

were expanded. 

• The individual MCOPS12 iPSC clones were frozen in aliquots at early 

passages.  

 

Using this procedure, I isolated multiple MCOPS12 iPSC clones. These clones 

were then extensively characterized (Figure 11a). I developed a PCR-based 

genotyping procedure, designing primers that recognized specifically the wt RARb 

allele or the RARbR387C allele. In addition to our standard iPSCs, I also reprogrammed 

PBMCs from the MCOPS12 patient’s mother and father. These maternal and paternal 

cells are a partial genetic control for the patient’s iPSCs. After initial characterization 

by genotyping and morphological inspection (Figure 11b), seven patient-derived 

clones were selected of the thirty-two clones. All of the seven clones carry a 

heterozygous RARbR387C mutation and had one mutated and one wt RARb gene 

(Figure 11c). The maternal and paternal clones were wt for the RARbR387C mutation, 

confirming the spontaneous germline mutation in the RARb gene of the patient.  

I validated the expression of pluripotency markers of the seven MCOPS12 iPSC 

clones. All seven clones expressed the pluripotency markers: Oct3/4, Sox2 and Nanog 

(Figure 11d). As the MCOPS12 patient clonal iPSC lines were differentiated into 

MSNs, I wanted to validate that selected seven MCOPS12 iPSC clones were able to 

differentiate into neurons. I used a well-established dopaminergic neuron 

differentiation protocol in our lab to show the capability of the clones for neuronal 

differentiation. All seven MCOPS12 iPSC clones successfully differentiated into 

dopaminergic neurons, confirming their neuronal differentiation potential (Figure 11e).  

PBMC reprogramming into clonal iPSC lines is a long and demanding 

procedure. Therefore, it was important to screen for mycoplasma contamination in the 

cultures.  Using a commercially available mycoplasma screening kit, I confirmed the 

absence of any potential contamination (Figure 11f). In addition, I validated the genetic 
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integrity of each individual MCOPS12 clone by karyotyping (ThermoFisher). 

Karyotyping was performed using GeneChip technology, that is able to identify single 

nucleotide polymorphisms within the genome and analyze copy number variants. The 

assay is able to detect mosaicism, submicroscopic aberrations and aneuploidies. 

Karyotyping confirmed that all seven clones had a normal karyotype with no genetic 

aberrations (Figure 11g).  

 

In summary, I showed that all seven MCOPS12 iPSC clones were: 

• carrying a RARbR387C heterogenous allele,  

• had iPSC morphological appearance, 

• expressed the pluripotency markers: Oct3/4, Sox2 and Nanog, 

• were able to differentiate into dopaminergic neurons, 

• were mycoplasma free, 

• had a normal karyotype.  

 

These data validate that I have successfully generated seven MCOPS12 iPSC 

clonal lines in accordance with IMI stem bank protocols.  
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Figure 11. (a) iPSC generation. PBMCs were isolated from an MCOPS12 patient and 

reprogrammed to iPSCs using Sendai viruses expressing Klf4, Sox2, c-Myc and 

Oct3/4 reprogramming factors (CytoTune iPSC 2.0). Seven monogenic single cell 

clones were generated and each clone was validated. (b) Morphological analysis. 

Stable is an example of a clone where all cells display iPSC morphology. 
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Differentiating is an example of a clone that contains clusters of spontaneously 

differentiated cells. Red circles indicate cell clusters with differentiated cell 

morphologies (non-iPSC morphological phenotype).  (c) iPSC genotyping by PCR. 

wt: amplification with a primer set specific for the wt allele. 311-bp amplicons indicate 

wt RARb gene in all of the iPSC clone (C1-C22) samples. R387C: amplification with a 

primer set specific for the RARbR387C allele. 311-bp fragments indicate a RARbR387C 

mutation in the MCOPS12 iPSC clones (C1-C22), but not in the clones generated from 

the father (F) and mother (M). Clones 1-5, 21 and 22 are seven MCOPS12 containing 

RARbR387C positive iPSC clones. (d) Oct3/4, Sox2 and Nanog expression. All seven 

MCOPS12 iPSC clones express Oct3/4, Sox2 and Nanog validating their pluripotency 

gene expression. 2nd antibody staining with no primary antibody used as staining 

control (Ctrl). (e) Differentiation potential. Dopaminergic neurons were successfully 

generated from all seven MCOPS12 iPSC clones and the wt control line Nas2 after 20 

days of neuron differentiation. Immunostaining was performed for the dopaminergic 

neuron-specific protein tyrosine hydroxylase (TH) and the general neuronal markers: 

Tubulin-bIII (Tub3) and microtubule associate protein 2 (MAP2). 2nd antibody staining 

showed no unspecific staining (2nd Ab). (f) Mycoplasma contamination testing. All 

seven MCOPS12 iPSC clones were not contaminated with mycoplasma and thus 

could be cryobanked. Mycoplasma: positive mycoplasma contamination. Positive only 

in the positive (+) control. Sample Ctrl: presence of the band indicates appropriate 

sample preparation. Internal Ctrl: presence of the band indicates successful PCR 

amplification. (g) Karyotype analysis by ThermoFisher services. All seven 

MCOPS12 iPSC clones displayed normal karyotype.  
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RNA sequencing of D55 wt control and MCOPS12 Medium Spiny Neurons 
Genetic mutations that cause MCOPS12 potentially affect the development and 

function of striatal neurons. The striatum contains two major populations of MSNs that 

can be defined by their differential expression of the dopamine receptors DR1 and 

DR2. I have developed an iPSC differentiation protocol to generate MSN progenitors 

between days 11 and 20 of differentiation and mature MSNs between days 35 and 55 

of differentiation. This is an important breakthrough in MCOPS12 research field and 

has implications for other neurological disorders (Parkinson’s and Huntington’s 

diseases).  

I isolated an extensive sample set for transcriptomic analysis of control and 

MCOPS12 derived iPSCs following MSN differentiation from days 11, 20, 35 and 55 

(Figure 12). I used 2 independent wt control iPSC lines and 3 MCOPS12 iPSC lines 

and performed differentiation into MSNs using 2 culture conditions containing different 

SHH levels: 100 ng/ml SHH and 2 µM Pur (medium1 condition) or 50 ng/ml SHH and 

1 µM Pur (medium2 condition). Medium1 condition pushes the cells towards the 

ventral identity and medium2 condition towards the dorsal identity (more details on 

different culture conditions can be found in chapter 2). In total 30 RNA samples were 

sequenced by Illumina NovaSeq with paired end reads of 2x50 on an SP100 flow cell, 

generating 25 million reads/library. The acquired data was sent to our MCOPS12 

bioinformatician collaborators, who are currently processing the data. The results will 

be analyzed and integrated with the existing MCOPS12 mice and patient clinical data.  

The combined gene expression data will be used to uncover the gene 

expression trajectory of human MSN development and identify miss-regulated genes 

resulting from the MCOPS12 mutation in RARbR387C.  
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Figure 12. Scheme of RNA extraction timepoints for RNA sequencing of MSN 
neurons differentiated from wt control and MCOPS12 iPSC clones. 2 wt control 

iPSC lines and 3 MCOPS12 iPSC lines were differentiated in the experiment to 

generate MSNs. 4 timepoints were selected for RNA extraction. D55 MSN RNA was 

sequenced.  
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CRISPR modifications of MCOPS12 iPSCs and wt control iPSCs 
iPSCs is a model for studying many human diseases. However, due to the 

diverse genetic background in humans, the optimal control for mechanistic 

experiments is a major challenge. In order to generate isogenic cells to study gene 

function, the disease-causing genetic mutation can be repaired in patient-derived cells 

to generate control cells with the same genetic background. Alternatively, control 

iPSCs can be modified and the disease mutation inserted by genetic engineering. Both 

methods produce mutant and none mutant cells for direct comparison.  

I have developed a strategy to use CRISPR-Cas9 to target the RARb gene to 

insert the RARbR387C mutation in to control cells and to repair the RARbR387C mutation 

in the MCOPS12 iPSC lines (Figure 13a). First, I designed three separate guide RNAs 

(gRNAs), which guide Cas9 to cut genomic DNA (gDNA) near to the RARbR387C 

mutation. gRNAs design and evaluation were performed using the online 

bioinformatics tool Crispor. Crispor provides estimations of the efficiency and 

specificity scores for each predicted gRNA. It also predicts the off-target cleavages in 

the genome with 1, 2, 3 and 4 potential mismatches. Three gRNAs with best scores 

for efficiency and specificity, and lowest off-target mismatches were chosen. I used a 

nucleofection approach to transfect the iPSCs with the Cas9 protein and gRNAs in a 

Ribonuclear Protein complex (RNP). The RNPs were nucleofected into iPSC lines 

together with appropriate HDR template. After nucleofection, cells were expanded and 

gDNA was collected for the genotyping to screen for wanted genetical modification. 

After initial tests in iPSCs, one gRNA was rejected due to off-target cleavage in gDNA. 

The two remaining gRNAs (gRNA1 and gRNA2) were further evaluated for genomic 

cleavage efficiency using BsajI restriction enzyme assays (Figure 13b). The two 

gRNAs contain a BsajI restriction site within their cleavage site, as these gRNAs are 

complementary to opposing gDNA strands, therefore the BsajI restriction sites are 

present in both target gDNA sequences. When Cas9 makes a cut in the gDNA, 

insertion/deletion (INDEL) mutations occur in the gDNA, due to non-homologous end 

joining (NHEJ). INDELs destroy the BsajI cleavage site in the targeted gDNA. After 

CRISPR, I extracted gDNA from the iPSCs and amplified a 475bp gDNA fragment 

containing the gRNA recognition site, to investigate cleavage efficiency by Bsaj1 

restriction digestion. Some amplified gDNA fragments had intact BsajI restriction sites 

and upon digestion with the enzyme 2 DNA fragments were generated: 166bp and 

309bp. Other amplified DNA fragments had lost the BsajI restriction site and upon 
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digestion with BsajI were uncut resulting in a 475bp fragment. Calculating the ratio of 

intensities of the cut vs uncut DNA fragments provided the cleavage efficiency induced 

by each gRNA (Figure 13c). By evaluating gRNA cleavage efficiency, I selected the 

most efficient gRNA. The selected gRNA had an average cleavage efficiency of 43% 

of target sequence. I designed 2 Homology Directed Repair (HDR) templates for the 

genomic region of the RARbR387C mutation. One to insert the RARbR387C mutation into 

wt control iPSC lines and one to repair the RARbR387C patient iPSC lines to wt. The 2 

HDR templates were almost identical with a length of 194bp and nucleotide sequence 

differed by only 1bp difference at the RARbR387C site.  

I designed a screening method to detect positive CRISPR edited clones by a 

PCR genotyping approach detecting the wt control and RARbR387C alleles. The 2 

primer pairs used for genotyping the iPSCs detect the wt and mutated alleles (Figure 

13d). The reverse primer was 22bp in length and had either a C to detect wt control or 

G to detect the RARbR387C allele. After primer set optimization, I was able to 

successfully design a robust genotyping approach to detect and discriminate wt control 

and RARbR387C genotypes. 

I introduced the RARbR387C mutation into wt iPSCs using 40pmol of HDR 

template (Figure 13e. wt à R387C). I also targeted the RARbR387C mutation in the 

MCOPS12 iPSC lines and induced a correction back to the wt sequence. However, it 

was difficult to assess the efficiency of this genetic repair likely due to the low efficiency 

of the targeting event. Unlike targeted wt control iPSCs, where the RARbR387C mutation 

was inserted, we expected that the corrected MCOPS12 lines would display a 

reduction in the intensity of the RARbR387C mutant allele (Figure 13e. R387C à wt). 

However, as the genotyping PCR was not performed on clones, the reduction in the 

RARbR387C mutant amplicon was not detectable. For further validation of genetic 

correction of the RARbR387C mutation in MCOPS12 iPSCs, individual targeted clones 

need to be isolated and genotyped. The genetically targeted iPSCs were expanded 

and banked in liquid nitrogen for long term storage. These genetically modified cell 

lines provide the best isogenic controls and valuable tools for the community to study 

the mechanisms downstream of the RARbR387C mutation. CRISPR off-target mutations 

were not evaluated. The CRISPR gRNA prediction software (Crispor) suggests the top 

4 putative target sequences. In order to assess off-target cleavage, these sites should 

be cloned from the selected iPSC clones and sequenced.  
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Figure 13. (a) CRISPR-Cas9 experiment scheme. MCOPS12 iPSCs and wt control 

iPSCs were nucleofected with gRNA/Cas9 RNP and the appropriate HDR template. 

After nucleofection, iPSCs were expanded and banked for long term storage.  (b) 

Scheme of gRNA1/2 Genomic Cleavage Detection (GCD) analysis for CRISPR-
Cas9 genetic modification of RARb locus. Location of the two gRNAs targeting the 

RARb gene and their distance to the RARbR387C mutation site. Both gRNAs contain a 

BsajI restriction enzyme cleavage site as part of their own DNA cleavage site. GCD 

template was made with GCD primers flanking both, gRNA1/2 and target modification 

site. (c) CRISPR-Cas9 cleavage efficiency experiment. Cleavage efficiency was 

evaluated by performing BsajI restriction digestion on an amplified 475bp template 

containing cleavage site for both gRNA1 (g1) and gRNA2 (g2). Template digestion by 
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BsajI generates two bands of 309 and 166 bp (NT). gRNA cleavage destroys the BsajI 

site preventing cleavage and the intact amplicon of 475 is preserved. The intensity of 

the bands was quantified with Fiji software and cleavage efficiencies calculated (right). 

gRNA2 was selected for further CRISPR targeting experiments. NT- non cleavage 

control. RE+ are samples digested with restriction enzyme BsajI. RE- are samples 

without restriction enzyme digestion. (d) wt control and RARbR387C genotyping 

design. Forward primer for both primer sets is the same. Reverse primer differs in one 

bp (red asterisk) differentiating wt control from mutant genotype. (e) Genotyping of 
wt control and MCOPS12 iPSCs post CRISPR. (upper) wt control primer set. (lower) 

RARbR387C primer set. All of the cells post CRISPR have a wt band. R387C mutation 

insertion in wt control cells, was performed with 10, 20 and 40 pmol of HDR template. 

wt à R387C with 40 pmol has the most intense band, indicating successful R387C 

integration in wt control genome. wt control cells do not have R387C mutation. 

MCOPS12 iPSC conversion in to wt version (R387C à wt) displays intense bands in 

all HDR template concentrations.  
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CHAPTER 5 
 
DISCUSSION 
 

MCOPS12 is a very rare and devastating developmental neurological disorder. 

Affected patients display microphthalmia, and progressive motor and cognitive 

impairments (Srour et al., 2016; Srour et al., 2013). It is rare that MCOPS12 patients 

survive beyond ten years of age. Mutations in the RARb are the cause of MCOPS12. 

However, the molecular mechanism of the disease-causing mutations in RARb remain 

unclear. Previous studies in mice and in in vitro models indicated that the mutations in 

RARb most likely drive a GOF leading to increased RA signaling (Germain et al., 2004; 

Renaud et al., 1995). The development of sever motor defects in MCOPS12 patients 

has been linked to defects in the striatum, which is part of the basal ganglia and 

responsible for movement control (Fieblinger, 2021; Gittis & Kreitzer, 2012). In 

humans, 90-95% of the striatum is composed of MSNs (Yager et al., 2015). MSNs in 

the striatum are GABAergic neurons that can be subdivided into direct and indirect 

pathway MSNs based on their projection circuits and connections in the brain. The 

direct pathway MSNs are characterized by their expression of DR1 and indirect 

pathway MSNs by the expression of DR2. These two types of MSNs function 

antagonistically in the control of voluntary movements. Therefore, the main hypothesis 

is that MSN composition, ratio or firing mode, is misregulated in the striatum of 

MCOPS12 patients. This leads to the severe movement deficits, which is one of the 

main symptoms of MCOPS12. 

The analysis of human neurodevelopmental disorders has been challenging. 

Genetically modified mice have been instrumental in understanding many human 

disorders but they also show limitations. The discovery of somatic cell reprogramming 

into iPSCs has provided a capability to replicate many aspects of human diseases in 

vitro (Aboul-Soud et al., 2021). Patient cells carrying disease-causing mutations can 

be reprogrammed into iPSCs providing unlimited amounts of stem cells as a means 

to study various human neurodevelopmental diseases and disorders. The combined 

data of human disease modeling based on human stem cells and animal-based 

models provide better insights into disease causes and mechanisms. In our EU RARE-

funded project, we used patient-derived (PD) iPSCs to generate an in vitro model of 
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MCOPS12 based on the generation of striatal MSNs. In order to understand the effects 

of the RARbR387C mutation on MSNs, we performed next generation sequencing of wt 

control and MCOPS12 PD MSN neurons. The data I generated will provide more 

insights into the mechanisms resulting in MCOPS12.  

In this project I generated MCOPS12 iPSCs by reprograming patient PBMC 

from blood samples. Initially, I generated three hundred individual PD clones. 

However, many iPSC clones generated are not stably reprogrammed. Many of the 

iPSCs I generated from the MCOP12 patient PBMCs were also not stable, did not 

proliferate or over-time converted back to a non-pluripotent differentiated cell state. In 

my analysis only twenty three out of three hundred clones were stably reprogrammed 

and could be isolated and maintained. However, some of these clones also showed a 

propensity to spontaneously differentiate during passaging. Hence, these twenty three 

clones were extensively “cleaned” of differentiating cells and further expanded in large 

numbers as pluripotent stem cells. Finally, only seven clones were stable, had a 

homogeneous pluripotent morphological appearance, expressed the pluripotency 

markers Oct3/4, Sox2 and Nanog, and were proliferative enough to be expanded to 

sufficient numbers. All seven clones were genotyped and shown to carry the 

RARbR387C mutation and had an otherwise intact karyotype. I also showed that these 

clones could be differentiated into dopaminergic neurons (Kriks et al., 2011). These 

findings reflect the need for careful control and validation of iPSCs. Now, we have 

seven independent MCOPS12 iPSC lines that were established in accordance of IMI 

Stem Banc protocols, expanded and banked in liquid nitrogen for long term storage. 

These cells are a valuable resource for further RARbR387C MCOPS12 research. We 

will publish the information and description of these MCOPS12 iPSC lines and make 

them available to the scientific community. 

Genetic mutations that cause MCOPS12 affect the development and function 

of striatal neurons. The striatum contains two major populations of MSNs that can be 

defined by their differential expression of the dopamine receptors DR1 and DR2 

(Gerfen et al., 1990). Generating a functional protocol for MSN differentiation that 

develops neuronal networks required a systemic and methodological approach. Using 

genetic and developmental biological data and information about the formation of the 

striatum (Pauly et al., 2012), we used a combination of specific growth factors, 

chemical inhibitors, and timing, together with selective switching of substrate coatings 

to develop a robust striatal differentiation protocol from human iPSCs. As striatal 
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neurons are generated by progenitor cells of the ventral forebrain, we used the 

published dopaminergic neuron differentiation protocol (Kriks et al., 2011), which 

generates mesencephalic floorplate progenitors, as a basis to build our MSN protocol. 

The logic was that the factors that drive ventralization of brain progenitors in the 

mesencephalon are also active in the ventral forebrain. We used a dual SMAD 

inhibition mechanism to initially induce neural fate determination of iPSCs. However, 

as the LGE, the source of the striatal neuron progenitors, is located between the dorsal 

telencephalon and the anterior floorplate, we reduced the levels of the ventralising 

signals as well as those posteriorizing the progenitors in the dopaminergic neuron 

differentiation protocol. We extensively and systematically tested several alternate 

conditions of the protocol with various combinations of growth factors and small 

molecules and their concentrations and settled on to two conditions that we believed 

to have a great potential to generate MSNs. In our MSN protocol, we did not use WNT 

or FGF8, which posteriorize neural progenitors, to push the cells towards a rostral LGE 

identity from where MSNs arise. In addition, we modified the levels of SHH signaling 

in the cultures to reduce the strength of the ventralising signals. Our MSN protocol 

generates a mixture of various neuronal cell types including MSNs within D55. We 

addressed the formation of the ventral forebrain structures by qPCR and 

immunocytochemistry from early time points (D11 and D20) of differentiation. These 

data strongly suggest that our protocol generates MSN progenitors that follow the 

normal developmental program in vivo and express regional specific markers of the 

LGE and MGE and finally the striatum. Our qPCR and ICC data indicate that both 

medium1 (100ng/ml SHH/2uM Pur) and medium2 (50ng/ml SHH/1uM Pur) conditions 

induce ventral forebrain progenitors that express DLX2, GSX2, NOLZ1 and FOXP1 at 

D11, conducive with having an LGE identity and being MSN progenitors. In addition, 

we found that these ventral MSN markers were expressed at higher levels at D20, 

suggesting maturation of these striatal progenitors. We differentiated the LGE 

progenitors in order to form mature neurons. By the D35, we found two distinct MSN 

populations in our neuronal cultures, DR1+ direct pathway MNSs and DR2+ indirect 

pathway MSNs. We also showed that these neurons expressed SUBP and PENK, 

additional markers that label MSNs in combination with DR1 and DR2, respectively. 

The increase in DR1+ and DR2+ neurons at D55 compared to D35 suggests that the 

MSNs continue to differentiate in these cultures over time. The generation of MSN 

differentiation protocol from iPSCs is an important achievement, not only to study 
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MCOPS12, but a cell system to investigate neurodegenerative disorders including 

Huntington’s disease and Parkinson’s disease (Crittenden & Graybiel, 2011), to get 

better insights into the causes and progression of these diseases, and to examine 

striatal misregulation. In addition, I could show that this novel protocol allows to directly 

use PD iPSCs to understand disease mechanism and their impact on striatal function 

that might lead to the identification of potential treatments or even a cure for 

neurological diseases.  

NSCs progress through MSN progenitor stage to generate mature MSNs. 

Although the general pathway for MSN development is known, it remains unclear how 

development of the distinct MSN pools is generated (Figure 14.). One hypothesis for 

the formation of the two MSN subtypes is that there is a common NSC pool that 

generates both DR1 and DR2 MSNs. This common NSC pool could generate a 

common DR1/DR2 MSN progenitor pool or alternatively distinct progenitors restricted 

to DR1 or DR2 MSNs. An alternative hypothesis is that DR1 and DR2 MSNs have 

distinct NSC pools that differentiate through dedicated DR1 or DR2 MSN progenitors 

or a common pool. It is also not clear whether once matured DR1 and DR2 MSNs can 

transdifferentiate to the other MSN type. Finally, it is known that RARb directly controls 

DR2 gene expression and indirectly controls DR1 gene expression. Therefore, it is not 

clear if mutations in RARb affect the NSCs and their developmental progression into 

MSN progenitors or later stages of the differentiation process. Additional analyses will 

be required to address this question. Our engineered MSN differentiation protocol from 

iPSCs might help to answer these questions and fill in the gaps in MSN 

neurodevelopmental progression and the role of RARb in the process. 
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Figure 14. MSN development hypothesis. Three separate MSN NSC pools 

might exist: DR1, DR2 and common. The DR1 NSC pool can lead to the generation 

of the DR1 progenitor pool and the DR2 NSC pool can lead to the generation of the 

DR2 progenitor pool. Alternatively, a common NSC pool can give rise to separate DR1 

and DR2 progenitor pools or a common progenitor pool. The DR1 progenitor pool then 

can give rise to the DR1 MSNs and the DR2 progenitor pool can give rise to the DR2 

MSNs. Alternatively, a common progenitor pool could be the precursor for both DR1 

and DR2 MSNs. Once MSNs are matured, it is not known if interconversion between 

DR1 and DR2 MSNs is possible. Additionally, it is not known how mutations in RARb 

affect the generation of NSC pools, progenitor pools and mature DR1 and DR2 MSNs.  
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OUTLOOK 
 

To address the molecular mechanisms causing MCOPS12, we developed a 

human iPSC approach to model the disorder. We established a differentiation protocol 

that produces LGE progenitors at early stages of differentiation and direct DR1+ and 

indirect DR2+ MSNs at later stage of differentiation. DR1+ and DR2+ MSNs are the 

main neuron types within the striatum that are affected in MCOPS12. Obtaining high 

numbers of DR1+ and DR2+ MSNs in our differentiation protocol was a prerequisite for 

successful future analysis of MCOPS12 disease modeling in vitro. Although 

successful, the protocol could be further optimized in order to obtain higher numbers 

of MSNs in the culture system. The MSN marker expression analysis showed that our 

maturing cultures generated higher numbers of DR1+ and DR2+ neurons indicating 

continued production and or differentiation over time. Simply extending the MSN 

differentiation beyond the 55 days we used, such as to day 80 or day 100, might 

increase MSN numbers. In addition, temporal use of RARb agonists known to enhance 

RARb transcriptional upregulation could be used to increase MSN differentiation 

further. 

RNA sequencing is a tool to uncover gene expression abnormalities caused by 

genetic mutations or to track gene expression trajectories during development. In 

order to investigate developmental progression of MSN subtypes and identify temporal 

progenitor pools (Figure 14), RNA sequencing from the MSN differentiation cultures 

could be performed at earlier stages of differentiation and fate commitment (day 11 

and day 20). These data should allow us to describe the presence of and differences 

in distinct LGE progenitors that could explain the generation of DR1+ and DR2+ MSNs 

from the LGE. These analyses could also provide markers for different NSC and 

progenitor pools for the different MSN subtypes in accordance with my development 

hypotheses (Figure 14). 

To uncover the gene expression profile variations between control MSNs and 

MCOPS12 patient MSNs, we performed transcriptomic analysis of our cultures at D55. 

To get a better overview of the impact of the RARbR387C mutation on the MSN function, 

additional studies could be performed. First of all, CRISPR genetic editing to generate 

isogenic cell lines should be completed and the clones fully characterized. Isogenic 

iPSC lines should then be used to generate MSNs at D55 and transcriptomic studies 
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performed to validate differentiatial gene expression between control and MCOPS12 

MSNs in the result of the RARb mutation. I would expect to potentially uncover 

upregulated or downregulated gene expression profiles in MCOPS12 MSNs. Genes 

which are upregulated in MCOPS12 MSNs could be genetically knocked-down or 

knocked-out with CRISPR or mRNA silencing with shRNA or a CRISPR/Cas13 

systems. The expression of genes which are reduced in MCOPS12 MSNs could be 

re-expressed by transfection of viral mediated gene expression. Using a regulatable 

gene expression system, such as Tetracycline inducible gene regulation, the levels of 

gene expression could be tailored to obtain “normal” levels of expression in MSNs. 

For both studies, a readout then would be required to observe the impact of the 

misregulated gene on the MSN phenotype or function. As RARb and RA signaling 

have been linked to the regulation of metabolism, metabolomic studies should be 

performed to investigate the differences between the control MSNs and the MCOPS12 

MSNs carrying the RARbR387C mutation. Proteomic studies could also be carried out 

in order to determine protein interactions with RARb and identify putative RARbR387C 

mutation impact on cofactor assembly. Electrophysiological studies are important in 

neurodevelopmental disorder research in order to understand potential disturbances 

in action potential propagation of diseased neurons. For this, in vitro patch clamp 

analyses could be used to determine individual neuronal actional potential disruptions. 

Alternatively, multielectrode arrays might be used to investigate action potential 

propagation in a global neuronal network. Finally, if a robust readout can be 

determined for the RARb mutant MSNs, the iPSC striatal differentiation system could 

be used to screen for potential therapeutical drugs to restore MCOPS12 derived MSNs 

function and/or gene expression. 
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CHAPTER 6 
 
METHODS 
 

hiPSC Lines 
4 human induced pluripotent stem cell (hiPSC) lines in this project were used: 

Nas2 and three independent clonal RARBR387C PD lines. 

 
hiPSC Maintenance 

hiPSCs were seeded onto 10 μg/ml Laminin521 or Matrigel pre-coated plates 

and cultured in mTESR medium until the confluency of 70-90%. Once the wanted 

confluency was reached, hiPSCs were washed with PBS once and incubated with 

Accutase for 2-5 minutes. Once the cells detached from the plate, extra mTESR was 

added onto the cells to dilute Accutase. hiPSCs were then collected into 15ml falcon 

tube and pelleted by centrifugation at 100crf for 4 minutes. The cells were then counted 

and plated onto Laminin521 or Matrigel precoated plate with a confluency of 3 x 104 

hiPSCs/cm2 and cultivated in mTESR medium + 10μM ROCK inhibitor. The cells were 

fed daily and kept at 370C, 95% humidity and 5% CO2 incubator until the next 

passaging event.  

 
hiPSC Freezing 

hiPSCs were washed once with PBS, Accutase was added onto the cells for 2-

5 minutes. Once the cells detached from the plate, extra mTESR was added onto the 

cells to dilute Accutase. hiPSCs were then collected into 15ml falcon tube and pelleted 

by centrifugation at 100crf for 4 minutes. Supernatant was removed and Freezing 

Solution (10% DMSO + 90% Fetal Bovine Serum + 10μM ROCK inhibitor) was added 

onto the cells. Cells were resuspended with a concentration of 1 x 106 hiPSCs/ml. 1ml 

of Freezing Solution containing 1 x 106 hiPSCs was added to one cryovial. Cryovials 

with cells were then placed into a cold Mr. Frosty container and stored at -800C for 

24h. After 24h the cryovials with cells were moved to liquid nitrogen tank for long 

storage.  
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hiPSC Thawing 
Cryovials were removed from liquid nitrogen storage and thawed in a water 

bath at 370C. The cells were then transferred into a 15ml falcon tube containing 

mTESR medium. Cells were pelleted by centrifugation at 100rcf for 4min. Supernatant 

was removed from the cells and 1ml of mTESR was added onto the cells. Cells were 

resuspended and transferred onto Laminin521 or Matrigel pre-coated plates 

containing mTESR medium + 10μM ROCK inhibitor. The cells were fed daily and kept 

at 370C, 95% humidity and 5% CO2 incubator until the next passaging event.  

 
Peripheral Blood Mononuclear Cell reprogramming to iPSCs 
PBMC extraction from patient blood 

5ml of RARBR387C patient blood was drawn and PBMCs were isolated from the 

blood using Ficoll-paque density gradient centrifugation and SepMate-15 cell 

separator. Isolated PBMCs were frozen and stored at liquid nitrogen for long storage. 

PBMCs were reprogrammed into iPSCs using CytoTune-iPS 2.0 Sendai 

Reprogramming Kit (ThermoFisher) according to manufacturer’s protocol. 

 

PBMC reprogramming using CytoTune-iPS 2.0 Sendai Reprogramming Kit 

Frozen PBMCs were thawed and 5 x 105 PBMCs/cm2 were cultivated in PBMC 

medium (StemPro-34 medium + SCF + FLT3 + IL3 + IL6) for 4 days with half of PBMC 

media replacement every day. After 4 days, PBMCs were harvested and plated at a 

density of 3 x 105 PBMCs/3.5cm2 (1x 12wp well) in PBMC medium. CytoTune viruses 

were thawed and PBMCs were resuspended with Sendai vector preparations: 

polycistronic Klf4–Oct3/4–Sox2, cMyc, and Klf4. The cells were then centrifuged at 

1000rcf for 90 min at RT. Extra 1ml of PBMC medium was added and the cells were 

incubated at 370C o/n. Next day PBMC medium was changed to remove viruses and 

further cultivated for additional 2 days at 370C. 5 x 104 of transduced PBMCs were 

plated onto 10 μg/ml Laminin521 or Matrigel pre-coated 1x 6wp well in StemPro-34 

medium and incubated at 370C with full media change every second day for 4 days. 

StemPro-34 media was gradually transitioned to iPSC mTESR media within 2 days. 

Within 8-28 days of transduced PBMC culturing, single clonal 3D spheres started 

emerging. The spheres were manually picked with a pipette, resuspended into single 

cells and plated onto 10 μg/ml Laminin521 or Matrigel pre-coated 96wp plates with 

one clonal sphere/well. From this point on cells started acquiring iPSC morphology 
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and were treated as such. Cells were gradually expanded, routinely cleaned from 

differentiating cells and finally banked. To confirm the cell pluripotency, iPSC 

phenotyping was performed.   

 
hiPSC Phenotyping 

Human Peripheral Blood Mononuclear Cell derived clonal iPSC lines were 

validated for pluripotency. Morphological examinations were initially conducted via 

light microscopy to evaluate nucleo-cytoplasmic ratio and well-defined nucleoli. This 

suggested that PBMCs were fully reprogrammed into iPSCs. The second step 

included immunostaining PD iPSC lines for pluripotency markers: OCT3/4, SOX2 and 

NANOG (Antibodies table in Materials section). The third step was to investigate for 

karyotype abnormalities in iPSC lines which was performed by Thermo Fisher 

Scientific company. Fourth step included validating differentiation potential in iPSC 

lines. A well-established dopaminergic differentiation was performed with PBMC 

derived iPSC lines and at D20 dopaminergic neurons were immunostained for 

dopaminergic neuronal marker (TH) validating differentiation potential of hiPSC lines. 

All of the 7 PBMC derived iPSC lines were validated to be pluripotent and usable for 

further experiments. 

 

hiPSC Genetic Engineering with CRISPR-Cas9 
PD iPSCs carrying a R387C point mutation in RARb gene (RARBR387C) were 

repaired back to the wt genotype and control wt Nas2 iPSCs were engineered to carry 

RARBR387C. Genetic engineering was performed using CRISPR-Cas9 system. 2 HDR 

templates were constructed. One to repair RARBR387C mutation and the other one to 

insert it. HDR templates were 194bp in length and differed from one to another by one 

base point mutation. gRNA cut site was 68bp away from the point mutation of interest. 

To test for positive genetic engineering event, PCR primers were constructed with a 

product size of 311bp.  

3 PD iPSC lines and control wt Nas2 iPSCs were electroporated with 

gRNA/Cas9 RNP complex and its corresponding HDR template. Formation of 

gRNA/Cas9 RNP complex was performed in guidelines with manufacturer’s protocol. 

For electroporation 4D-Nucelofector from Lonza with a CA137 program was used. 

After the electroporation was completed, cells were transferred to 10 μg/ml 

Laminin521 pre-coated 48wp with mTESR medium +ROCK inhibitor. Cells were 
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grown for several days until it reached 70-90% confluency. Then the cells were 

harvested and frozen down at liquid nitrogen for long term storage. During the 

harvesting, a small aliquot of cells was taken, their gDNA extracted and genotyping 

performed to test for positive genetical editing. 

 

Medium Spiny Neuron differentiation 
For LGE progenitor induction, hiPSCs were plated at the density of 2 x 105 

cells/cm2 onto 10 μg/ml of Laminin521 pre-coated cell culture dishes in mTESR 

medium containing 10μM ROCK inhibitor. Cell cultures were expanded for 1 day until 

confluent.   
LGE progenitor induction (D0-D11) 
LPI (LGE progenitor induction) media. At day 0, LPI media consisted of KO DMEM, 

15% KO serum replacement medium, 100x GlutaMAX, 100x Non-Essential Amino 

Acid (NEAA) and 50 mM of 2-mercapthoethanol supplemented with 10 μM 

SB43154212 and 100 nM LDN193189. At day 1, LPI media was removed and fresh 

LPI media was added supplemented with: 1) 100 ng/ml SHH	 C25II/2μM 

Purmorphamine or 2) 50 ng/ml SHH		C25II/1μM Purmorphamine, which was used until 

day 5.    

LPI/N2 media (75%/25%; 50%/50%; 25%/75% transition). At day 5, full LPI/N2 media 

replacement was made: 25% of N2 media consisting of DMEM F-12+HEPES+L-

Glutamine, 100x N2 supplement, 100x GlutaMAX and 1.6 mg/ml of D-Glucose was 

mixed with 75% of fresh LPI media without 10 μM of SB43154212. At day 6, half of 

75% LPI/25% N2 media was replaced. At day 7, 50% of LPI media without of 10 μM 

SB43154212, SHH	 	C25II, Purmorphamine/50% of N2 media was fully replaced. At 

day 8, half of 50% LPI without of 10 μM SB43154212, SHH	 C25II, 

Purmorphamine/50% N2 media was replaced. At day 9, full of 25% LPI without of 10 

μM SB43154212, SHH		C25II, Purmorphamine/75% N2 media was replaced. At day 

10, half of 25% LPI without of 10 μM SB43154212, SHH		C25II, Purmorphamine/75% 

N2 media was replaced.  

MSN commitment (D11-D20) 
NB/B27 media. At D11, LPI/N2 media was changed to NB/B27 media consisting of 

Neurobasal, 50x B27 (+ vitamin A), 100x GlutaMAX supplemented with 20 ng/ml 

BDNF (brain-derived neurotrophic factor), 0.2 mM ascorbic acid, 0.5 mM dibutyryl 
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cAMP, 20 ng/ml GDNF (glial cell line-derived neurotrophic factor), 10 μM TGFb3 and 

10 mM DAPT and cultured till D20 with half medium change every other day.  

MSN differentiation (D20-D52) 
At D20, late-LGE progenitors were enzymatically dissociated with Accutase 

and plated onto 20 μg/ml Laminin111 pre-coted culture plates at a density of 1.6 x 105 

progenitors/cm2 in NB/B27 media with full supplements. Half of NB/B27 media change 

was performed every other day.  

 

RNA isolation and reverse transcription to cDNA 
RNA isolation using phenol-chloroform 

For RNA isolation, differentiation media was removed from cells and Trizol 

(Invitrogen) reagent was added in order to perform cell lysis. RNA was isolated and 

purified using phenol-chloroform procedure in guidelines with manufacturer’s protocol.  

RNA integrity check 

Isolated RNA integrity was determined using RNA 6000 Pico Complete Kit 

using Agilent 2100 Bioanalyzer. Its concentration was measured using Quant-IT 

RiboGreen RNA Assay.  

RNA reverse transcription to cDNA 

0.5 μg of purified total RNA was treated with DNase 1 and then reverse-

transcribed using SuperScript IV reverse transcriptase and random primers in 

guidelines with manufacturer’s instructions (Invitrogen).  

 

RNA sequencing 
200ng of RNA was sent to university of Basel genomics facility for RNA 

sequencing. RNA-sequencing libraries were prepared using TruSeq stranded mRNA 

protocol to reverse transcribe and amplify RNA samples to cDNA. NovaSeq Illumina 

machine using PE 2x50 with SP flow cell was used to perform RNA sequencing. 

Libraries for 29 samples with >25M reads were obtained.  

 

RT-qPCR analysis 
RT-qPCR reaction was performed in a total volume of 20 μl containing 60 ng 

cDNA with 35 cycles using PowerUp SYBR Green Master Mix (appliedbiosystems) 

according to the manufacturer’s instructions. Primer set sequences can be located in 

the Supplementary section Table.1.  
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Immunocytochemistry and Imaging  
Cells were fixed with 4% paraformaldehyde for 10 min, washed 3x with PBS 

Mg+/Ca+ (made in house) for 10 min per wash. Then cells were treated with blocking 

solution containing 0.2% Triton X-100 in PBS Mg+/Ca+, 10% donkey serum and 1% 

BSA for 1h at RT. Next, cells were incubated at 4 oC o/n with the primary antibodies 

(supplementary Table.2) and washed 3x with PBS Mg+/Ca+ containing 1% BSA for 

10 min per wash. Once the primary antibody washing was complete, appropriate 

secondary antibodies conjugated with Alexa488, Cy3 and Cy5 were diluted 1:350 in 

PBS Mg+/Ca+ containing 1% BSA and 0.2 μg/ml DAPI for nuclear staining for 1h at 

RT on a tilting device with slow motion. Then the cells were washed 3x with PBS 

Mg+/Ca+ containing 1% BSA for 10 min per wash. Finally, 0.02% of NaN3 was added 

onto the cells to inhibit a potential contamination and proceeded with imaging.  

Images were taken with Leica SP5 Confocal microscope using 60x oil objective 

with resolution of 1024 x 1024 dpi and 400 Hz speed. Exposure time and laser intensity 

was maintained the same between conditions. LAS-AF imaging software was used to 

adjust Leica SP5 Confocal microscope parameters. Acquired images were then 

processed using Omero online tool and finalized with adobe illustrator. Cell counting 

was performed with Fiji software.   
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MATERIALS 
 
 

Antibodies 
Name Company Catalog number 

Primary 
CTIP2 Abcam  AB18465 
DARPP32 Abcam AB40801 
DLX2 Millipore AB5726 
DR1 Sigma D2944 
DR2 Milipore AB5084P 
FOXP1 Abcam  AB32010  
GAD67 Chemicon MAB5406 
GSX2 Millipore ABN162 
MAP2 Sigma M4403 
NANOG R&D Systems AF1997 
NOLZ1 Abnova  H00084858 
OCT-3/4 Santa Cruz SC-5279 
PAX6 Covance PRB-278P 
PENK Abcam AB77273 
SOX2 R&D Systems AF2018 
SUBP Immunostar  20064 
βIII-TUBULIN Sigma T8660 

Secondary 
Alexa 488 donkey anti-rabbit  
Alexa 488 donkey anti-mouse  
Alexa 488 donkey anti-goat  
Alexa 488 donkey anti-rat  
Alexa 488 donkey anti-chicken 

Jackson ImmunoResearch 
Laboratories 

711-545- 152 
715-546- 151 
705-545- 147 
712-546- 153 
703-545- 155 

Cyanine 3 donkey anti-rabbit  
Cyanine 3 donkey anti-mouse  
Cyanine 3 donkey anti-goat  
Cyanine 3 donkey anti-rat 

Jackson ImmunoResearch 
Laboratories 

711-165- 152 
715-165- 151 
705-165- 147 
712-166- 153 

Cyanine 5 donkey anti-rabbit  
Cyanine 5 donkey anti-mouse  
Cyanine 5 donkey anti-goat  
Cyanine 5 donkey anti-rat 

Jackson ImmunoResearch 
Laboratories 

711-496- 152 
715-175- 151 
705-176- 147 
712-175- 153 

 
Cell culture reagents 

Name Company Catalog number 
2-Mercaptoethanol Gibco 21985-023 
B27 supplement (50x) Gibco 17504-044 
DMEM/F12, GlutaMAX Gibco 31331-028 
DMSO Hybri-Max Sigma D2650 
GlutaMAXTM-I Supplement Gibco 35050-061 
HyClone ES Cell Screened Fetal Bovine Serum Thermo Scientific SH3007003E 
Laminin Roche 11 243217 001 
Laminin 111 BioLamina LN111-0501 
Laminin 521 BioLamina LN521-05 
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MEM Non-Essential Amino Acids (NEAA) Gibco 11140-050 
Matrigel hESC-qualified Matrix Corning 354277 
N2 supplement (100x) Gibco 17502-048 
Neurobasal Medium Gibco 21103 
PBS (+Ca +Mg) Gibco 14040-117 
PBS (-Ca -Mg) Gibco 10010-015 
Pen/Strep Gibco 15070063 
Poly-L-Lysine hydrobromide Sigma P9155 
ROCKi (Y27632) Miltenyi Biotec 130-103-922 
StemMACS Y27632 Miltenyi Biotec 130-104-169 
StemPro Accutase Gibco A1110501 
StemPro-34 SFM Medium Thermo Fisher 

Scientific 
10639-011 

Trypan Blue Solution Sigma T8254 
mTESR1 Stem Cell 

Technologies 
5850 

 
CRISPR-Cas9 molecules 

Genotyping primers for RARBR387C 
Name Forward primer Reverse primer 
WT GGTTGAGAACCCAATCTAACTAAC CCATTTTCAAGGTAATTACACG 
Mut GGTTGAGAACCCAATCTAACTAAC CCATTTTCAAGGTAATTACACA 

HDR Templates for RARBR387C 
WT 5’- 

GGGTTCATGTCCTTCAGAATTCTCCAGCATTTCTTGAATGAGAGGTGGCATTG 
ATCCAGGAATTTCCATTTTCAAGGTAATTACACGCTCTGCACCTTTTCAAAAGA 
GATAATGGAAATATGGTTAAGATAAGGAGTTAAGCTATGACAGATAACCAGGG 
ACCAATTTTCATATATTTTAACAGAGGTGTTTCC 
-3’ 

Mut 5’- 
GGGTTCATGTCCTTCAGAATTCTCCAGCATTTCTTGAATGAGAGGTGGCATTG 
ATCCAGGAATTTCCATTTTCAAGGTAATTACACACTCTGCACCTTTTCAAAAGA 
GATAATGGAAATATGGTTAAGATAAGGAGTTAAGCTATGACAGATAACCAGCG 
ACCAATTTTCATATATTTTAACAGAGGTGTTTCC 
-3’ 

 
Cell Lines 

Name Info 
Nas2 hiPSCs Cell line name: SA001 

Alternative names: SA0, CEBe033-A 
Registration: NIH Human Embryonic Stem Cell Registry; 
NIHhESC-10-0085 

RARBR387C PD  Generated in house 
 

Molecular biology reagents 
Name Company Catalog number 

1kb ladder Invitrogen 10787018 
5x FIREPol Master Mix Solis BioDyne 04-11-00125 
Agarose Fischer Bioreagents BPE1356-100 
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Albumin from bovine serum Sigma A3294 
CytoTune® 2.0 Sendai reprogramming 
vectors 

Thermo Fisher 
Scientific 

A16517 

DNase I Roche 10104159001 
FLT-3 Ligand Recombinant Human Thermo Fisher 

Scientific 
PHC9414 

Ficoll-Paque GE Healthcare 17-1440-03 
GeneArt™ Genomic Cleavage Detection Kit Invitrogen A24372 
IL-3 Recombinant Human Thermo Fisher 

Scientific 
PHC0034 

IL-6 Recombinant Human Thermo Fisher 
Scientific 

PHC0065 

Normal donkey serum Jackson 
ImmunoResearch 

017-000-121 

OligodT (20) primer Thermo Fisher 
Scientific 

18418020 

P3 Primary Cell 4D-Nucleofector™ X Kit S Lonza V4XP-3032 
Paraformaldehyde Sigma 41678-0030 
SCF (C-Kit Ligand) Recombinant Human Thermo Fisher 

Scientific 
PHC2111 

SensiFast Sybr HiROX kit Bioline BIO-92020 
Superscript III first strand kit Invitrogen 18080051 
TrIzol Reagent Invitrogen VX15596026 
Triton X-100 Fisher BPE151-500 
TrueCut™ Cas9 Protein v2 Invitrogen A36498 
Tween-20 Sigma P1379 
dATP Thermo Fisher 

Scientific 
10216-018 

dCTP Thermo Fisher 
Scientific 

10217-016 

dGTP Thermo Fisher 
Scientific 

10218-014 

dTTP Thermo Fisher 
Scientific 

10219-012 

 
Neuronal differentiation small molecules 

Name Company Catalog number 
L-Ascorbic Acid Sigma A4034 
BDNF Miltenyi Biotec 130-096-286 
CHIR Miltenyi Biotec 130-103-926 
DAPT Tocris / BioTechne 2634 
FGF8 Miltenyi Biotec 130-095-740 
GDNF Miltenyi Biotec 130-098-449 
LDN193189 Miltenyi Biotec 130-103-925 
Purmorphamine Miltenyi Biotec 130-104-465 
SB431542 Miltenyi Biotec 130-105-336 
SHH Miltenyi Biotec 130-095-727 
TGFb3 Miltenyi Biotec 130-094-007 
dcAMP Sigma D0627 
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Plasticware 

Name Company Catalog number 
12-well plate BD Biosciences 353225 
24-well plate BD Biosciences 353226 
500 mL rapid-flow bottle to filter, 0.2 um SFCA 
membrane 

Thermo Fisher 
Scientific 

291-4520 

6-well plate BD Biosciences 353224 
96 well, black/clear, tissue culture treated plate, 
flat bottom with lid 

BD Biosciences 353219 

Safe-Lock tubes, 0.5 mL Eppendorf 0030121.023 
TubeOne, 1.5 mL Starlab S1615-5500 
Falcon tube, 15 mL Corning 352099 
Falcon tube, 50 mL Starlab E1450-0100 
Zap Premier pipet tips, 1mL VWR 16466-008 
Zap Premier pipet tips, 0.2mL VWR 53510-106 
Zap Premier pipet tips, 0.4mL VWR 53510-014 
Zap Premier pipet tips, 0.1mL VWR 53509-138 
Petri Dish 35 x 10 mm BD Biosciences 353001 
SepMate-15 Stem Cell 

Technologies 
15410 

Stripette serological pipettes, individual plastic 
wrapped, 2 mL 

Corning 4486 

Stripette serological pipettes, individual plastic 
wrapped, 5 mL 

Corning 4487 

Stripette serological pipettes, individual plastic 
wrapped, 10 mL 

Corning 4488 

Stripette serological pipettes, individual plastic 
wrapped, 25 mL 

Corning 4489 

Stripette serological pipettes, individual plastic 
wrapped, 50 mL 

Corning 4490 

 
Primer sets 

Marker Forward primer Reverse primer 
DLX2 
GSX2 
NKX2.1 
PAX6 
CTIP2 
NOLZ1 
FOXP1 
DR1 
SUBP 
DR2 
PENK 
DARPP32 
GAD67 

ACTACCCCTGGTACCACCAGAC  
TCACTAGCACGCAACTCCTG  
CGCATCCAATCTCAAGGAAT  
AATAACCTGCCTATGCAACCC  
CTCCGAGCTCAGGAAAGTGTC  
ACATTTTGCACCCCGAGTAC  
CTACCGCTTCCATGGGAAATC  
AGGGACATGTCTTTGGCTTCAG  
TGGGGTTGAAAATTCAAAAAG  
CTGAGGGCTCCACTAAAGGAG  
GCTGTCCAAACCAGAGCTTC  
TTGGAAAATCCAGAAAACCG  
CGTCTTCGACCCCATCTTCGT		

TCTGCTCTCAGTCTCTGGCGAGTTCTC  
TTTTCACCTGCTTCTCCGAC  
TGTGCCCAGAGTGAAGTTTG  
AACTTGAACTGGAACTGACACAC  
TCATCTTTACCTGCAATGTTCTCC  
GGAGTACGGCTTGAAACTCG  
CTGTTGTCACTAAGGACAGGG  
GGGAACAGTGTTAGCACCTGTT  
GGAGTTTCCTTCCTTTTCCG  
CATTCTTCTCTGGTTTGGCG  
TCTGGCTCCATGGGATAAAG  
CTGGTAGAAGCCGGTGAGAG  
CGCAGATCTTGAGCCCCAGTT		

 
Scientific Hardware 
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Name Company 
Apotome.2 Microscope Zeiss 
ChemiDoc MP Imaging System Biorad 
CyBio Felix Analytik Jena 
DMi1 Microscope Leica 
Duomax 1030 Shaker Heidolph 
EVE PLUS Automatic Cell Counter NanoEntek 
5804 Centrifuge Eppendorf 
Fresco™ 21 Microcentrifuge ThermoFisher 
Heracell® 240i CO2 Incubator ThermoFisher Scientific 
Heraeus Megafuge 8R Centrifuge ThermoFisher Scientific 
Locator 8 Cryo Storage System ThermoFisher Scientific 
Lynx Stereo Vision Engineering 
MaxOne System MaxWell Biosystems 
MaxOne Single-Well Planar Microelectrode Arrays MaxWell Biosystems 
Mr. Frosty™ Freezing Container ThermoFisher Scientific 
NanoDrop One ThermoFisher Scientific 
PowerPac HC High-Current Electrophoresis Power Supply Biorad 
Safe 2020 Class 2 Biological Safety Cabinet ThermoFisher Scientific 
KNF Laboport Solid PTFE Vacuum Pump Merck 
T100 Thermal Cycler Biorad 
TCS SP5 Confocal Microscope Leica 
Thermomixer Compact ThermoFisher Scientific 
Vortex-Genie 2 Scientific Industries 
qTower3 Analytik Jena 

 
Scientific Software 

Name Company 
Illustrator Adobe 
Fiji (Image J) NIH 
LAS X Leica 
MaxLab Live software MaxWell Biosystems 
Photoshop Adobe 
Prism GraphPad 
Zeiss ZEN Zeiss 
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