
 

Deciphering the role of orphan nuclear receptor GCNF 
in germ layer specification and early neural induction 

by utilizing CRISPR/Cas9 
 

 

 

 

 

 

 

 

 

Inaugural-Dissertation 

zur Erlangung des Doktorgrades 

der Hohen Medizinischen Fakultät 

der Rheinischen Friedrich-Wilhelms-Universität 

Bonn 

 

 

 

 

 

 

 

 

Nils Christian Braun 
aus Köln 

2022 



 

Angefertigt mit der Genehmigung  

der Medizinischen Fakultät der Universität Bonn 

 

 

 

 

 

 

1. Gutachter: Prof. Dr. Oliver Brüstle 

2. Gutachter: Prof. Dr. Hubert Schorle  

 

 

 

 

 

 

Tag der Mündlichen Prüfung: 21.12.2021 

 

 

 

 

 

 

Aus dem Institut für Rekonstruktive Neurobiologie 

Direktor: Prof. Dr. Oliver Brüstle



 

 

3 

Table of contents 
 
List of abbreviations 6 

1. Introduction 11 

1.1 The discovery of pluripotent stem cells revolutionized regenerative medicine 11 

1.2 Human pluripotent stem cells to study the development of the nervous system 13 

1.3 GCNF during embryonic and neural development 15 

1.3.1 GCNF belongs to the orphan nuclear receptors and binds to specific response 

elements 16 

1.3.2 GCNF plays an important role during embryonic and neural development 18 

1.4 Genome editing is a powerful tool for both clinical translation and basic research 21 

1.4.1 Introducing double strand breaks at specific locations in the genome results in 

enhanced site-directed mutagenesis 22 

1.4.2 CRISPR/Cas systems serve as an adaptive immunity in bacteria and archaea 24 

1.4.3 The CRISPR/Cas9 system enables versatile and cost-effective genome editing 

in a variety of cell types 26 

1.5 Aim of the study 29 

2. Materials and methods 31 

2.1 Cell culture 31 

2.1.1 Cell lines 31 

2.1.2 Reagents and media for cell culture work 31 

2.1.3 Coating 33 

2.1.4 Cryopreservation and thawing of cells 33 

2.1.5 Maintenance of human induced pluripotent stem cells 34 

2.1.6 Undirected embryoid body-based differentiation experiment 34 

2.1.7 Neural induction experiment with dual-SMAD inhibition 34 

2.2 Cloning 35 

2.2.1 Duplexing of oligonucleotides and sgRNA sequence customization of the Cas9 

plasmid 36 

2.2.2 Generation of DNA fragments with PCR 37 

2.2.3 Restriction digestion, dephosphorylation and ligation of DNA fragments 39 



 

 

4 

2.2.4 Gibson Assembly to build gene targeting vectors 39 

2.2.5 Transformation of competent bacteria 40 

2.2.6 Insert confirmation 42 

2.3 Genome editing with CRISPR/Cas9 43 

2.3.1 Nucleofection and selection 43 

2.3.2 Genotyping and SNP analysis of monoclonal genome edited cell line 44 

2.4 RNA-based expression analysis 45 

2.4.1 RNA isolation 45 

2.4.2 Quantitative RT-PCR analysis 46 

2.4.3 3’-mRNA sequencing 47 

2.5 Western blot analysis 48 

2.5.1 SDS polyacrylamide gels 48 

2.5.2 Protein transfer to PVDF membranes and protein detection 50 

2.6 Immunocytochemistry 51 

2.7 In silico analysis and bioinformatics 52 

2.7.1 Software and online tools 52 

2.7.2 Statistical analysis 52 

2.7.3 Next-Generation Sequencing based 3’-mRNA sequencing 53 

2.8 Supplementary lists 53 

2.8.1 Technical equipment 53 

2.8.2 Primers and oligonucleotides for cloning 54 

2.8.3 Primers for quantitative RT-PCR 57 

2.8.4 Antibodies 57 

3. Results 59 

3.1 Establishment of GCNF-deficient hiPSCs utilizing CRISPR/Cas9-mediated 

genome editing 59 

3.1.1 Prediction of sgRNAs targeting the endogenous GCNF gene 59 

3.1.2 A plasmid-based Cas9 vector allows sgRNA customization to target a specific 

genomic sequence 61 

3.1.3 Cloning of a knockout gene targeting vector to introduce a puromycin resistance 

cassette into the GCNF open reading frame 63 

3.1.4 Feasibility test of hiPSC nucleofection 64 



 

 

5 

3.1.5 Genotyping of single cell-derived hiPSC clones 66 

3.2 GCNF-ablated single cell-derived hiPSC clones pass quality control parameters 68 

3.3 GCNF-deficient hiPSCs show alterations in germ layer specification 72 

3.3.1 GCNF knockout hiPSCs exhibit impaired germ layer differentiation in an 

undirected differentiation experiment 72 

3.3.2 3’-mRNA sequencing and gene ontology analysis indicate defective neural 

induction in GCNF-ablated hiPSCs 76 

3.3.3 Gene expression analysis with quantitative RT-PCR and immunocytochemistry 

confirms defective neural induction in GCNF-ablated hiPSCs 78 

3.4 Establishment of a CRISPR/Cas9-mediated C-terminal tagging strategy to assess 

the GCNF target repertoire with ChIP-seq 82 

4. Discussion 87 

4.1 GCNF-ablated hiPSCs are capable of self-renewal in the pluripotent state but 

show alterations in early germ layer specification 87 

4.1.1 GCNF-ablated cells exhibit altered germ layer specification in an EB-based 

undirected differentiation paradigm 88 

4.1.2 GCNF-ablated cells exhibit impaired neural induction 89 

4.1.3 GCNF-ablated cells show alterations in WNT signaling 92 

4.1.4 GCNF ablation might cause dysregulation of nuclear receptor co-factors 94 

4.2 Implementation and potential improvements of CRISPR/Cas9-mediated genome 

editing in hiPSCs 95 

4.3 Outlook 97 

5. Summary 99 

6. List of figures 100 

7. List of tables 102 

8. References 104 

9. Appendix 129 

9.1 Supplementary figures 129 

10. Acknowledgements 139 

11. List of publications 140 

 



 

 

6 

List of abbreviations 
 
A Adenine 

AAV Adeno-associated virus 

AF-1 Activation function 1 

AF-2 Activation function 2 

AM Active Motifs 

AnP Antarctic phosphatase 

APS Ammonium persulfate 

ATP Adenosine triphosphate 

BCA Bicinchoninic acid assay 

BF1 Brain factor 1  

bFGF Basic fibroblast growth factor 

bGH Bovine growth hormone polyadenylation sequence 

C Cytosine 

c-MYC Avian myelocytomatosis virus oncogene cellular homolog 

Cas CRISPR-associated 

cDNA Complementary DNA 

ChIP Chromatin immunoprecipitation 

CO2 Carbondioxide 

COUP-TFII Chicken ovalbumin upstream promoter transcription factor 2 

CRISPR Clustered regularly interspaced short palindromic repeats 

crRNA Crispr-RNA 

CYP26 Cytochrome P450 26A1 

DAPI 4’,6-diamidino-2-phenylindole 

DBD DNA binding domain 

DEPC Diethyl pyrocarbonate 

DMEM Dulbecco’s Modified Eagle’s Medium 

DMEM/F12 Dulbecco’s Modified Eagle’s Medium/Nutritient Mixture F-12 

DMSO Dimethyl sulfoxide 

DNA Desoxyribonucleic acid 

DNMT DNA methyltransferase 



 

 

7 

dNTP Desoxyribonucleosid triphosphate 

DR0 Direct repeat with zero spacer 

DSB Double strand break 

dsDNA Double stranded DNA 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

eGFP Enhanced Green fluorescent protein 

EMSA Electrophoretic mobility shift assay 

En1 Engrailed 1 

EOMES Eomesodermin 

FCS Fetal calf serum 

FDA Food and Drug Administration 

FEZF1 FEZ family zinc finger 1/Forebrain embryonic zinc finger-like protein 1 

FEZF2 FEZ family zinc finger 2/Forebrain embryonic zinc finger-like protein 2 

FGF2 Fibroblast growth factor 2 

FGF8 Fibroblast growth factor 8 

FOXG1 Forkhead box G1 

FST Follistatin 

G Guanine 

GCNF Germ Cell Nuclear Factor 

HAL Homology Arm left 

HAND1 Heart and neural crest derivatives expressed 1 

HAR Homology Arm right 

HCl Hydrogen chloride 

HDR homology directed repair 

HEK293 Human embryonic kidney 293 

hESC Human embryonic stem cell 

hiPSC Human induced pluripotent stem cell 

HNH Endonuclease domain that contains histidine and asparagine 

hPSC Human pluripotent stem cell 

HRP Horseradish peroxidase 

iap E. coli alkaline phosphatase 



 

 

8 

ICC Immunocytochemistry 

ICM Inner cell mass 

IgG Immunglobulin G 

kDa Kilo Dalton 

KLF4 Kruppel-like factor 4 

KRAB Kruppel-associated box of Kox1 

KSR Knockout serum replacement 

LAAP L-ascorbic acid 2-phosphate 

lacZ β-galactosidase 

LBD Ligand binding domain 

lncRNA long non-coding RNA 

lt-NES Long-term self-renewing neuroepithelial-like stem cells 

loxP Locus of X-over P1 

MBD Methyl-CpG-binding domain 

mESC murine embryonic stem cell 

MgCl2 Magnesium chloride 

miRNA micro RNA 

MIT Massachusetts Institute of Technology 

mRNA messenger RNA 

NaCl Sodium chloride 

NaOH Sodium hydroxide 

NaSe Sodium selenite 

NCoR1 Nuclear receptor co-repressor 1 

NE Non-edited 

NEAA Non-essential amino acids 

NFIB Nuclear factor 1 B-type 

NGS Next generation sequencing 

NHEJ Non-homologous end joining 

NPC neural precursor cell 

NR6A1 Nuclear Receptor Subfamily 6, Group A, Member 1 

NRIP1 Nuclear receptor-interacting protein 1 

NSC neural stem cell 



 

 

9 

NT2/D1 NTERA-2 cl.D1 

NTD N-terminal Domain 

OCT4 Octamer-binding transcription factor 4 

ORF Open reading frame 

Ori Origin of replication 

OSKM OCT4, SOX2, KLF4, c-MYC 

PAM Protospacer adjacent motif 

PAX2 Paired box 2 

PAX3 Paired box 3 

PAX5 Paired box 5 

PAX6 Paired box 6 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PFA Paraformaldehyde 

PGK Phosphoglycerate kinase 1 promoter 

PNK Polynucleotide Kinase 

polyA polyadenylation sequence 

PuroR Puromycin resistance 

PVDF Polyvinylidene fluoride 

qRT-PCR Quantitative Real-Time PCR 

RA Retinoic acid 

RE Response element 

RI ROCK-inhibitor Y-27632 

RIPA Radioimmunoprecipitation assay buffer 

RNA Ribonucleic acid 

RNP Ribonucleoprotein complex 

rpm Rounds per minutes 

RSPO3 R-Spondin 3 

RuvC Endonuclease domain found in an E. coli DNA repair protein 

RXR Retinoid X receptor 

SDS Sodium dodecyl sulfate  

sgRNA Single-guide RNA 



 

 

10 

smNPC Small molecule neural precursor cell 

SMRT Silencing mediator for retinoid or thyroid-hormone receptors 

SOX2 SRY-box transcription factor 2 

SPRY1 Protein sprouty homolog 1 

SRSR Short regularly spaced repeats 

ssODN Single-stranded oligonucleotide 

Str8 Stimulated by retinoic acid gene 8 

SYBR SYBR Green I  

T Thymine 

T2A Self cleaving peptide T2A 

TALEN Transcription-like effector nucease 

TAT Transactivator of Transcription  

TBR1 T-box, brain, 1 

TBS-T Tris-buffered saline with Tween20 

TDGF1 Teratocarcinoma-derived growth factor 1 = CRIPTO 

TEMED Tetramethylethylenediamine 

TGFβ1 Transforming growth factor β1 

tracrRNA Transactivating crRNA 

TREP Tandem Repeats 

TRIF Transiently retinoid-induced factor 

Tris Tris(hydroxymethyl)aminomethane 

TRPM8 Transient receptor potential cation channel subfamily M member 8 

UTR Untranslated region 

VP16 Herpes simplex virus protein vmw65 

VPR VP64-p65-Rta 

WNT Wingless-related integration site 

ZFN Zinc finger nuclease 

ZO-1 Zonula occludens-1  

 
 
 
 

 



 

 

11 

1. Introduction 
 
1.1 The discovery of pluripotent stem cells revolutionized regenerative medicine 

 
Stem cells are defined as being capable of both self-renewal as well as giving rise to 

differentiated progeny that may carry out a defined function in an association of cells or 

an organ system. Pluripotent stem cells (PSCs) are able to form cells from all three germ 

layers, ectoderm, mesoderm and endoderm (De Los Angeles et al., 2015), thereby giving 

rise to all cells of the human body. A major breakthrough in regenerative medicine, was 

the establishment of murine embryonic stem cells (mESCs) from the inner cell mass (ICM) 

of a mouse blastocyst (Evans and Kaufman, 1981).  

By studying mESCs, researchers not only learned how to generate many different cell 

types (Keller, 1995) but also how to genetically modify mESCs in the cell culture dish and 

reintroduce the modified cells into blastocysts to create a mouse deficient for a desired 

gene (Kuehn et al., 1987) or carrying a desired genetic modification (Nandi et al., 1988). 

The work on genetically modified mice revolutionized biomedicine and allowed valuable 

insights into processes of development as well as into mechanisms of disease (Watase 

and Zoghbi, 2003). Despite the groundbreaking research on mESCs, it still needed more 

than a decade of research until human embryonic stem cell lines (hESCs) were 

established from the ICM of a human blastocyst (Thomson et al., 1998). The generation 

of hESCs holds the promise to not only learn about a disease in a model system but also 

to create therapies to replace cells that were irreversibly damaged due to injury or disease. 

The ethical concerns raised by the generation and research with hESCs could be 

overcome by the discovery of induced pluripotent stem cells (iPSCs). These cells are 

generated by introducing four embryonic genes OCT4, SOX2, KLF4 and c-MYC into 

terminally differentiated somatic cells and reprogram them to an embryonic stem cell-like 

cell type (Takahashi and Yamanaka, 2006). Soon after murine iPSCs had been described 

(Takahashi and Yamanaka, 2006), it became also possible to reprogram a variety of 

human somatic cells to hiPSCs, including fibroblasts and blood (Seki et al., 2010; 

Takahashi et al., 2007; Yu et al., 2007). In terms of cell replacement therapy, cells 

generated from patient hiPSCs have the advantage of being immunologically compatible 

with the donor tissue, whereas there may be the need for immunosuppression in hESC-
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derived cell replacement therapies (Fig. 1). Although cell replacement therapies for clinical 

translation are still in their infancy, some of them are already at the level of primate studies 

(Kikuchi et al., 2017; Liu et al., 2018) or even at the level of clinical trials (Deinsberger et 

al., 2020; Mandai et al., 2017). Generating hiPSCs from healthy donors and differentiating 

them site by site with hiPSCs from a patient suffering from a specific disease contributed 

to the field of disease modelling. In many cases this methodology helped to decipher how 

a disease unfolds its detrimental effect on the molecular level. Disease modelling could 

thereby also facilitate search for pharmacological substances to treat a specific aspect of 

a pathology (Fig. 1). However, to assess phenotypes of disease it is often crucial to obtain 

a specific cell type from human pluripotent stem cells (hPSCs). Until today, scientists 

generated a roadmap for differentiation into a variety of cell types, with which it becomes 

increasingly possible to generate a desired cell type (Tabar and Studer, 2014).  

 
Fig. 1: Stem cells have revolutionized regenerative medicine. The generation of 
hiPSCs from blood with the four Yamanaka factors (OSKM), packaged into non-
integrating vectors, like Sendai viruses, makes it possible to readily obtain 
pluripotent stem cells. HiPSCs can be differentiated into cells that are hard or 
impossible to access, like neuronal subtypes. Neurons that had been generated 
that way may be utilized in a cell replacement therapy or for personalized medicine 
and drug screening that may yield specific medication for a certain disease. 
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1.2 Human pluripotent stem cells to study the development of the nervous system 

 
As hPSCs resemble a very early stage of human development they can be utilized to 

obtain information about embryogenesis. This is especially interesting for questions that 

address organs like the central nervous system where model organisms like the mouse 

lack key features of human development and where it is impossible to obtain human tissue 

due to ethical concerns. HPSCs can be expanded indefinitely without losing pluripotency 

when kept in self-renewing conditions (Takahashi et al., 2007; Thomson et al., 1998). 

Once hPSCs enter the process of differentiation they undergo a large variety of changes 

on morphologic, transcriptomic and epigenetic level (Han et al., 2018). These changes 

are reminiscences of the stages it takes a unicellular zygote to generate an embryo. After 

fertilization, the zygote undergoes several cleavages and thereby forms the ball-shaped 

morula in a process called compaction, that is accompanied by zygotic genome activation 

(Jukam et al., 2017). The morula develops into the fluid-filled blastocyst which is 

composed of two parts: The outer surface of the blastocyst consists of cells of the 

trophoblast, which forms the placenta after implantation (Shahbazi and Zernicka-Goetz, 

2018). At the interior of the blastocyst lies the ICM (Pedersen et al., 1986). The ICM 

develops into the hypoblast and the epiblast (Roode et al., 2012). In the process of 

gastrulation, the epiblast develops further into the three germ layers, ectoderm, mesoderm 

and endoderm (Rossant and Tam, 2017). The ectoderm will differentiate into the brain 

and gives also rise to the epidermis (Murry and Keller, 2008). In the presence of 

morphogens like NOGGIN, FOLLISTATIN and CHORDIN, a part of the ectoderm 

differentiates into the neuroectoderm, which is the earliest stage of brain development 

(Conti and Cattaneo, 2010; Pevny et al., 1998). In the process of neurulation, the 

neuroectoderm subdivides into the neural plate and the neural crest. The cells of the 

neural crest are formed where neural plate and epidermis adjoin and they give rise to a 

large variety of cells including neuronal and non-neuronal cells (Green et al., 2015). The 

neural plate instead folds to the neural groove which then closes to form the neural tube.  

It is possible to assign different neurodevelopmental stages to in vitro counterparts in the 

form of characterized stem cell populations (Conti and Cattaneo, 2010) (Fig. 2 A). Starting 

from hPSCs (Fig. 2 B) these populations of neural stem or precursor cells (NSCs or NPCs 

respectively) have been reported to resemble different developmental stages. Early 
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neuroepithelial stem cells are characterized by the formation of rosette structures that are 

supposed to be an in vitro reminiscence of the polarized cells of the neural plate and 

neural tube (Elkabetz et al., 2008), a theory which is supported by the presence of zonula 

occludens (ZO-1) expression at the center of the rosette structures (Elkabetz et al., 2008; 

Koch et al., 2009) (Fig. 2 C). The first neural differentiation paradigms of hPSCs relied on 

undirected differentiation and subsequent extraction of rosette structures (Elkabetz et al., 

2008; Koch et al., 2009). However, more recent approaches rely on inhibition of TGFβ- as 

well as BMP-mediated SMAD signaling (dual-SMAD inhibition) and allow the neuralization 

of hPSCs with high efficiency (Chambers et al., 2009). When the early neuroepithelial 

stem cells differentiate to neural stem cells in vitro they can either form clustered colonies 

of cells when exposed to WNT signaling, like small molecule neural precursor cells 

(smNPCs) (Reinhardt et al., 2013) (Fig. 2 D) or smaller rosette structures when maintained 

as lt-NES with EGF and FGF2 (Koch et al., 2009) (Fig. 2 E). A population of rosette 

forming NSCs, similar to lt-NES, had been generated directly from fetal brain tissue, 

adding evidence to the hypothesis of cultured NSCs being in vitro correlates of an in vivo 

counterpart (Tailor et al., 2013). Upon growth withdrawal, NSCs further differentiate and 

generate mature neurons (Fig. 2 F). In vivo, the neural tube structure already resembles 

the basic architecture of the adult brain, with the most anterior part of the neural tube 

generating the telencephalon, and the following parts from anterior to posterior generating 

the diencephalon, mesencephalon, cerebellum, hindbrain and spinal cord (Stiles and 

Jernigan, 2010). The central cavity enclosed by the neural tube will develop into the 

cerebrospinal fluid filled ventricular system (Stiles and Jernigan, 2010). In the next weeks 

and months of development, these structures become more and more mature and 

neurons gradually adopt their final identity. Whereas neurons can be generated from 

stable NSC intermediates, like smNPCs or lt-NES, they typically exhibit posterization 

which might be a problem when more anterior neuronal cell types are required (Conti and 

Cattaneo, 2010). Therefore, many recent approaches focus on generation of specific 

neural subtypes, like cortical excitatory neurons or dopaminergic neurons, directly from 

hPSCs (Kriks et al., 2011; Shi et al., 2012). Usually, these paradigms utilize dual-SMAD 

inhibition to neuralize a population of hPSCs and then expose them with specific stimuli 

to guide them into the desired cell type, without stabilizing transiently emerging NSCs. 
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Fig. 2: Different stages of neurodevelopment have in vitro counterparts.  (A) Stages of 
human neurodevelopment and their in vitro counterparts. Illustration is adapted from 
Conti and Cattaneo (2010). (B-F) Microscopic images of the cell types with its 
decreasing developmental potential and increasing differentiation. (B) HPSCs exhibit 
the highest potential as they can give rise to almost all cell types of the human body, 
including cells of the central nervous system. (C) Once hPSCs enter the neural lineage, 
neural stem cells are generated that are usually NESTIN-positive. The spontaneous 
rosette formation is a property that is believed to be reminiscent of the neural tube. ZO-
1 expression at the center of the rosette structures is a marker for this polarization. (D) 
Neural stem cells can either form clusters when kept under constant WNT signaling 
(smNPCs) or (E) exhibit rosette formation when kept under EGF and FGF2 (lt-NES). 
(F) Finally, neurons are generated that can be further divided into specific subtypes, e.g. 
dopaminergic neurons in the midbrain that are positive for β3-tubulin and FOXA2. 
Scale bar = 100 µm. 

 

1.3 GCNF during embryonic and neural development 

 
In the last decades researchers gained a deeper understanding of the molecular level of 

brain development. It requires an extraordinary orchestration of transcription factors, 

miRNAs, secreted proteins, DNA methylation and histone modification to generate such 
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a complex organ as the human brain. Classical transcription factors and nuclear receptors 

are crucial for guiding neural differentiation as they interact with specific motifs on the 

DNA, thereby repressing or activating downstream genes. Nuclear receptors form a 

diverse family which had been systematized by the Nuclear Receptors Nomenclature 

Committee in 1999 (Nuclear Receptors Nomenclature Committee, 1999). They are 

involved in many essential biological processes including inflammation, metabolism, 

reproduction and development (Glass and Ogawa, 2006; Jeong and Mangelsdorf, 2009) 

and are especially interesting for clinical applications because they bind to DNA in order 

to transmit a signal after sensing a signaling molecule. Indeed, around 13 % of FDA-

approved drugs act on nuclear receptors (Overington et al., 2006). Many nuclear receptors 

are well known for eliciting effects of clinically and endocrinologically well-known 

hormones like thyroids, retinoids, estrogen, testosterone, and the glucocorticoids (Tata, 

2002). Stem cell maintenance and differentiation is also modulated by nuclear receptors, 

by participating in gene networks that mediate self-renewal or shift the balance towards 

differentiation (Jeong and Mangelsdorf, 2009; Mullen et al., 2007). 

 

1.3.1 GCNF belongs to the orphan nuclear receptors and binds to specific response 

elements 

 
A very interesting candidate gene that may be involved in the modulation of stem cell self-

renewal and differentiation is Germ Cell Nuclear Factor (GCNF, gene symbol NR6A1). 

GCNF belongs to the orphan nuclear receptors because no ligand has yet been found 

(Wang and Cooney, 2013). Human GCNF is mapped to chromosome 9 (Agoulnik et al., 

1998) with the recent Ensembl coordinates being Chromosome 9: 124,517,275 – 

124,771,311 reverse strand GRCh38:CM000671.2 in the region of q33.3 (Yates et al., 

2020). Human GCNF shares a high degree of homology with murine GCNF with an overall 

of 98.7 % similarity (Süsens and Borgmeyer, 1996). Whereas there is only few information 

about GCNFs function in comparison to its well-known relatives, it shares the basic 

structure with all members of the nuclear receptor family (Fig. 3 A) (Greschik and Schule, 

1998; Tata, 2002). The GCNF DNA-binding domain (DBD) contains two Zinc-finger motifs 

and is evolutionary strongly conserved (Wang and Cooney, 2013). Indeed, whereas the 

overall amino acid sequence of GCNF shares 32 – 34 % with the retinoid X receptor 
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(RXR), the GCNF DBD shares up to 61 % similarity with the RXR DBD, including a P-box 

sequence that is crucial for DNA binding (Hirose et al., 1995). The DBD mediates the 

interaction of GCNF with its specific response element (RE) on the DNA (Fig. 3 B). This 

interaction has recently been resolved by a crystal structure study (Weikum et al., 2016). 

The function of GCNF relies on a functional DBD as GCNF is not capable of serving its 

role in embryonic development without DNA binding. The loss of a functional DBD 

phenocopies the full knockout of GCNF (Lan et al., 2002). Due to the similarity of the 

GCNF DBD to the RXR DBD it was suggested early that their RE should share common 

features. Electrophoretic mobility shift assay (EMSA) identified GCNF binding to either an 

extended half-site TCAAGGTCA or a direct repeat with zero spacer (DR0) 

AGGTCAAGGTCA (Chen et al., 1994; Yan et al., 1997). Whereas some nuclear receptors 

depend on heterodimerization with RXR, EMSA suggests that GCNF binds DNA as a 

homodimer (Borgmeyer, 1997). Upon RA treatment, some experiments suggested that 

GCNF might also bind to its DR0 RE as part of a larger TRIF complex (transiently retinoid-

induced factor) (Gu et al., 2005). The ligand-binding domain (LBD) is another common 

feature of nuclear receptors (Huang et al., 2010; Kumar and Thompson, 1999). Whereas, 

the GCNF DBD is related to the RXR DBD, the GCNF LBD shares 26 % similarity with 

the COUP-TFII LBD (Hirose et al., 1995; Süsens and Borgmeyer, 1996; Weikum et al., 

2016). Generally, the nuclear receptor LBD consists of 12 α-helices that serve in binding 

a lipophilic ligand, where the helix 12 harbors an AF-2 activation function, that mediates 

activation of a gene upon ligand-binding. However, in the helix 12 core region of GCNF a 

glutamine is substituted with a lysine, thereby rendering this region of GCNF different from 

any other nuclear receptor (Greschik et al., 1999; Kapelle et al., 1997; Yan and Jetten, 

2000). More recent studies indicate that the LBD harbors a β-sheet which was shown to 

interact with transcriptional corepressors like NCoR1 and SMRT (Weikum et al., 2016) 

(Fig. 3 C) and a Gal4-GCNF LBD assay indicates that GCNF interacts with DNA 

methyltransferases (Gu et al., 2011) (Fig. 3 D). The repressive activity of GCNF has also 

been reported in several functional cell culture studies (Cooney et al., 1998; Fuhrmann et 

al., 2001; Hummelke and Cooney, 2004). Interestingly, a conditional ablation of the GCNF 

LBD does not disrupt its function in female ovarian germ cells indicating that it is not 

required for its function as a transcriptional repressor (Okumura et al., 2013). The hinge 
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region lies in between the DBD and LBD and was also described to interact with 

corepressors (Yan et al., 1997).  

 

 
Fig. 3: GCNF belongs to the orphan nuclear receptors and binds to a response element 
(RE) on the DNA to mediate gene regulation. (A) The GCNF protein consists of different 
domains. The DNA-binding-domain (DBD) mediates the interaction and binding to the 
respective RE on the DNA. Whereas other nuclear receptors usually have an N- and C-
terminal activation function, the AF1 seems to be absent in GCNF and the AF2 amino 
acid sequence is different from the consensus sequence (AFs marked in grey). Ligand-
binding domain (LBD), Hinge region (H). (B) Depiction of the GCNF RE as a Bitscore 
model, generated by the JASPAR online tool (Fornes et al., 2020). The frequency of 
each nucleotide is indicated by the size of the letters. (C) Upon binding to its RE on the 
DNA, GCNF acts as a repressor of transcription by recruiting co-repressors like NCoR1 
and SMRT. (D) GCNF is also reported to recruit DNA methyltransferases (DNMT), that 
mediate silencing of target genes by inducing DNA methylation. Schemes in C and D 
are adapted from Gu et al. (2011). 

 

1.3.2 GCNF plays an important role during embryonic and neural development 

 
As the first full-length GCNF open reading frame (ORF) was obtained from a mouse 

testicular cDNA library, its implication in gonad development was hypothesized (Chen et 

al., 1994). Indeed, GCNF is indispensable for gametogenesis and GCNF knockout mice 
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show impaired spermatogenesis and oogenesis (Sabour et al., 2014). Similarly, in vitro, 

GCNF-deficient mESCs do not properly differentiate into germ cells when treated with 

respective developmental cues (Sabour et al., 2014). In the adult organism, GCNF only 

remains expressed in the gametes (Katz et al., 1997). Interestingly, the gametes are also 

the only place where persistent OCT4 expression is observed (Schöler et al., 1989b; 

Yeom et al., 1996; Yoshimizu et al., 1999). OCT4 is also highly expressed in the ICM of 

the blastocyst stage and is one of the four Yamanaka factors that mediate reprogramming 

of somatic cells into iPSCs (Takahashi and Yamanaka, 2006). This renders OCT4 being 

a key component of the pluripotency network (Schöler et al., 1989a; Schöler et al., 1989b; 

Takahashi and Yamanaka, 2006). The presence of DR0 elements in the OCT4 promoter 

suggested that GCNF might negatively regulate OCT4 when PSCs exit pluripotency and 

enter differentiation. First evidence indicating GCNF-mediated regulation of OCT4 came 

from retinoic acid (RA) induced differentiation of the murine embryonic carcinoma cell-line 

P19. In that context, endogenous GCNF as well as exogenously overexpressed GCNF is 

capable of silencing OCT4 expression by binding to its RE in the OCT4 promoter, whereas 

GCNF fused to a VP16 transactivator domain upregulates OCT4 (Fuhrmann et al., 2001). 

GCNF establishes OCT4 silencing upon RA-induced differentiation by recruiting MBD2 

and MBD3 (methyl-CpG binding domain protein) as well as DNA methyltransferases to 

the OCT4 promoter, which is subsequently methylated (Gu et al., 2011). Indeed, it was 

also shown that GCNF represses OCT4 and modulates gene expression in hESCs (Wang 

et al., 2016). Interestingly, partially reprogrammed iPSCs do not differ phenotypically from 

regular iPSCs, but are not capable of proper differentiation. The impairment in 

differentiation was found to be mediated by inaccurate demethylation of the GCNF 

promoter (Wang et al., 2013). The question remains why GCNF is downregulating OCT4 

on the one hand, but is expressed in the adult reproductive organs along with OCT4. 

Apparently, in germ cells GCNF downregulates OCT4 to facilitate induction of Str8 

(stimulated by retinoic acid gene 8) which in turn induces meiosis in primordial germ cells 

(Sabour et al., 2014). A similar mechanism might explain the role of GCNF in placental 

development (Morasso et al., 1999). As the silencing of OCT4 is one of the key processes 

that mediates differentiation and is indispensable for gastrulation, the question arises 

whether GCNF only serves in exiting pluripotency or whether it is additionally involved in 

mediating entry into a specific germ layer. Among the first clues that GCNF might also be 
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involved in neural differentiation is the observation that a murine embryonic carcinoma 

cell line upregulates GCNF expression upon RA-induced neural differentiation (Bauer et 

al., 1997). In Xenopus laevis, GCNF seems to be involved in anterior-posterior patterning 

(David et al., 1998). The loss of GCNF results in the expression of the RA degrading 

enzyme CYP26, which leads to a net decrease of RA and in turn to the expansion of 

anterior structures and a more posterior shifted midbrain-hindbrain boundary (Barreto et 

al., 2003a). Additionally, the use of morpholinos that downregulate GCNF expression in 

Xenopus oocytes result in defective neural tube closure and affect integrin levels (Barreto 

et al., 2003b). In situ hybridization data indicates GCNF expression in the embryonic 

mouse brain (Bauer et al., 1997). A knockout of GCNF in the mouse results in embryonic 

lethality at day E10.5 due to disrupted heart development (Chung et al., 2001), but is also 

characterized by malformation of the neural tube, disturbed construction of the anterior 

neural ridge as well as the midbrain-hindbrain organizer region (Akamatsu et al., 2009; 

Chung et al., 2006). In mammals, GCNF seems to be especially involved in forebrain 

patterning. In the mouse embryo, loss of GCNF leads to decreased levels of key 

components of forebrain development like BF1, FGF8, SPRY1 (Chung et al., 2006). 

Additionally, also the midbrain-hindbrain-boundary is not set up in the regular way 

indicated by a loss of PAX2, EN1 and WNT1 as well as disturbed development of the 

cranial nerves (Chung et al., 2006). There is also evidence that GCNF promotes the 

development of primitive NSCs, that still have characteristics of PSCs, in comparison to 

definitive NSCs, which are restricted to the neural lineage (Akamatsu et al., 2009). 

Interestingly, it has also been shown that GCNF binds to DR0 elements in the CRIPTO 

(gene symbol TDGF1) promoter (Hentschke et al., 2006). CRIPTO is known to be part of 

the pluripotency network (Fiorenzano et al., 2016), and additionally is crucial for early 

mesoderm specification as well as heart development (Xu et al., 1998). It is especially 

worth noting that a CRIPTO ablation in the mouse embryo enhances neuronal 

differentiation (Parisi et al., 2003). Therefore, CRIPTO downregulation by GCNF might 

mediate both exit of pluripotency as well as favoring ectoderm towards mesoderm 

specification. Taken together, GCNF serves as an important factor in embryogenesis. 

Besides its well described mediation of pluripotency exit, a large amount of evidence is 

pointing to an additional role in neural development. Given the high amount of evolutionary 
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conservation of GCNF, it is very likely to serve a similar purpose in human neural 

development as described in mouse and Xenopus models. 

 

1.4 Genome editing is a powerful tool for both clinical translation and basic research 

 
In the second half of the twentieth century scientists suggested DNA being at the core of 

inheritance (Watson and Crick, 1974). In this model the sequence of the nucleotides 

adenine (A), thymine (T), guanine (G) and cytosine (C) encodes information within the 

DNA. DNA serves as the information storage molecule in the form of discrete sections 

called genes. Genes determine the structure of proteins in the process of protein 

biosynthesis. Whereas DNA itself is an inert molecule, proteins are the effectors of 

biological activity and maintain all of the cell’s vital functions. Distortion of DNA at specific 

loci causes an aberrant protein to be expressed. The analysis of the resulting phenotype 

after mutation of a protein coding gene enables researchers to understand and 

characterize the function of the according protein. In lower organisms, like drosophila, 

introduction of unspecific DNA damage by chemical mutagens was sufficient to uncover 

important processes of development (Nusslein-Volhard and Wieschaus, 1980), which also 

contributed to the understanding of human disease (Bier, 2005). However, this method 

could not be utilized for higher organisms like the mouse, because it is not feasible to 

create mouse mutants in that high numbers (Capecchi, 2001). Whereas homologous 

recombination was previously only known to occur in cells that undergo meiosis 

(Creighton and McClintock, 1931; Hunter, 2015), it was discovered to be also present in 

somatic cells (Folger et al., 1982). Site-directed mutagenesis that relied on homologous 

recombination proofed to be sufficient to insert exogenous DNA sequences at desired 

locations in human carcinoma cell lines (Smithies et al., 1985) as well as mESCs (Thomas 

and Capecchi, 1987). MESCs that had been edited were utilized to generate mice 

deficient for a specific gene (Thomas and Capecchi, 1990), and the concept of the 

knockout mouse became famous for deciphering the role of many genes involved in 

human health and disease (Watase and Zoghbi, 2003). Whereas techniques were 

developed to recover the rare events of a desired modification with antibiotic selection 

(Mansour et al., 1988) the overall efficiency can be as low as one successfully targeted 

clone per one million electroporated cells (Capecchi, 1989; Thompson et al., 1989). 
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1.4.1 Introducing double strand breaks at specific locations in the genome results in 

enhanced site-directed mutagenesis 

 
Experiments with rare-cutting endonucleases (meganucleases) like the homing 

endonuclease I-SceI from yeast provided evidence that the efficiency of modifying a gene 

can be enhanced by the introduction of double strand breaks (DSBs) (Rouet et al., 1994a). 

The specificity of meganucleases to one specific site is mediated by long restriction sites 

of up to 18 bp (Belfort and Bonocora, 2014; Jasin, 1996) (Fig. 4 A) and opened the 

possibility to obtain further understanding of the cellular repair machinery. In the mouse 

genome a DSB at a specific location resulted in an enhanced homologous recombination 

frequency of up to 1000 fold (Rouet et al., 1994b). Additionally, two major repair 

mechanisms could be distinguished that cells utilize to fix a DSB: The first of these 

processes was later termed homology-directed repair (HDR) in the genome editing field 

and describes the high accuracy repair of DNA utilizing homologous recombination. 

Opposed to that, in the second process, non-homologous end joining (NHEJ), the 

proximal and distal sites of the DNA are joined and ligated. This process might serve well 

in repairing DNA, but is also prone to introduce errors and mutations at the respective 

location in the genome (Jasin and Rothstein, 2013; Rouet et al., 1994b). Even though a 

variety of meganucleases where described, their large recognition sites had to be inserted 

into the cell line first, before making use of the DSB-mediated enhancement of 

homologous recombination (Belfort and Bonocora, 2014).  

Zinc-finger motif containing eukaryotic transcription factors are characterized by a 

modular structure where each “finger” recognizes a triplet of nucleotides (Pavletich and 

Pabo, 1991). As DNA binding and cutting domains are separate in the FokI restriction 

enzyme (Li et al., 1992) fusing its cutting domain with Zinc finger motifs mediated in vitro 

DNA cleavage at a specified position (Kim et al., 1996), especially upon dimerization 

(Bitinaite et al., 1998) (Fig. 4 B). Zinc Finger Nucleases (ZFNs) were first utilized in 

Xenopus oocytes (Bibikova et al., 2001) and drosophila (Bibikova et al., 2002), and later 

transferred to the mouse (Carbery et al., 2010) as well as human cell lines (Urnov et al., 

2005). Until now, ZFNs have been used in numerous studies in many different organisms 

(Urnov et al., 2010). 
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Fig. 4: Genome editing can be enhanced by a variety of endonucleases. 
(A) Meganucleases are restriction enzymes found in yeast and are characterized by 
long recognition sequences. Meganucleases contributed to the understanding of how 
a DSB increases homologous recombination. (B) Zinc Finger Nucleases (ZFNs) were 
the first nucleases that could be customized. Each module targets three base pairs. 
Dimerization of two FokI domains mediate a DSB. (C) TAL Effector Nucleases 
(TALENs) are characterized by modules that target individual base pairs. Although it 
is difficult to assemble TALEN modules it is more feasible than ZFNs. More 
information can be found in a comprehensive comparison of ZFNs, TALENs and 
CRISPR/Cas9 (Kim and Kim, 2014). 

  

In order to infect a variety of plants, Xanthomonas bacteria express Transcription-like 

effector (TALE) molecules in the plant cell to hijack the hosts transcriptional machinery 

(Bogdanove et al., 2010). Bioinformatical analysis as well as experimental approaches 

revealed that two hypervariable amino acids within each repeat can be mapped to one 

base pair in the binding site of the hosts genome (Boch et al., 2009; Moscou and 

Bogdanove, 2009). Fusing a customized TALE array to a FokI cutting domain to generate 

a TAL Effector Nuclease (TALEN) has initially been shown to work in yeast assays 

(Christian et al., 2010; Li et al., 2011) and after further optimization in human immortal cell 

lines like K562 and HEK293 cells (Miller et al., 2011) as well as hESCs and hiPSCs 

(Hockemeyer et al., 2011) (Fig. 4 C). However, whereas ZFNs may result in cytotoxicity, 
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both ZFNs and TALENs are limited in the sophisticated way to assemble its modular DNA 

binding region (Kim and Kim, 2014; Ramirez et al., 2008). 

 

1.4.2 CRISPR/Cas systems serve as an adaptive immunity in bacteria and archaea 

 
In 1987 a group of researchers found an obscure repeat region in close proximity of the 

iap gene in the E. coli K12 strain. Direct repeats with 29 nucleotides were found to be 

interrupted by spacers of 32 nucleotides (Ishino et al., 1987). In the following years, this 

repeat region was also found in another chromosomal region of the same E. coli strain as 

well as in two other gram-negative bacteria, specifically Salmonella typhimurium and 

Shigella dysenteriae (Nakata et al., 1989). Similar repetitive regions are present in gram-

positive bacteria like Mycobacteria (Groenen et al., 1993; Hermans et al., 1991), as well 

as in archaea (Mojica et al., 1993) where they were studied more systematically in 

Haloferax mediterrani and Haloferax volcanii and assigned “Tandem Repeats” (TREPs) 

(Mojica et al., 1995). A comparative study searched for the presence of these structures 

and characterized common properties in completed microbial genomes. In a huge 

diversity of species, the structures were usually present in clusters, consisted of partially 

palindromic, conserved repetitive units interspaced by non-repetitive sequences. The 

novel repetitive structures were thus re-assigned “short regularly spaced repeats” (SRSR) 

(Mojica et al., 2000). After another profound analysis and characterization of the SRSRs 

in over 40 different genomes they were finally assigned Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR) (Jansen et al., 2002). In close proximity of the 

CRISPR loci conserved CRISPR-associated (Cas) genes, cas1 - 4 were found. Due to 

their basic amino acid sequence it was hypothesized that the cas proteins might be 

involved in DNA binding or modification (Jansen et al., 2002). Subsequently, the repeats 

were recognized to be derived from foreign genetic elements, like bacteriophages or 

plasmids, thereby suggesting a form of prokaryotic immune system (Mojica et al., 2005). 

Acquisition of new spacers within the CRISPR array mediates immunity against 

bacteriophages in Streptococcus thermophilus (Barrangou et al., 2007). The spacer 

sequences within a CRISPR structure was shown to interfere with horizontal gene transfer 

by plasmids indicating DNA targeting (Marraffini and Sontheimer, 2008). This was 

accompanied by the recognition of CRISPR giving rise to a pre-crRNA that is processed 
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into mature crRNAs, as well as description of the respective processing apparatus that is 

assembled by several cas genes and termed Cascade (Brouns et al., 2008). Conserved 

motifs that surround the proto-spacer (exogenous DNA that gives rise to a spacer) were 

hypothesized to prevent auto-immunity. The protospacer adjacent motif (PAM) sequence 

(e.g. NGG in the Streptococcus pyogenes CRISPR/Cas system), is only present on the 

invader’s DNA, but not in the CRISPR array through which a microbial organism 

discriminates between an own and a foreign genetic element (Mojica et al., 2009).  

 

   
Fig. 5: CRISPR/Cas9 is an ancient adaptive immunity in bacteria and archaea. Cas 
proteins detect exogenous, viral DNA. In the process of spacer acquisition this 
machinery incorporates viral sequences with specific features (proto-spacers) as a 
spacer into a CRISPR array. The CRISPR array gives rise to a pre-crRNA that is 
processed into mature crRNAs. A tracrRNA gene gives rise to a tracrRNA that 
associates with a crRNA and the Cas9 protein to the functional Cas9 ribonucleoprotein 
complex (RNP). The mature Cas9 protein complex detects exogenous viral sequences 
by Watson-Crick base pairing of the crRNA with the viral sequence and mediates its 
cleavage by introducing a DSB (yellow triangle) (Wright et al., 2016). 

 

It was found that the maturation of a functional crRNA requires another RNA molecule, 

the so-called transactivating crRNA (tracrRNA). Interestingly, the sequence of the 
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tracrRNA shows complementarity to parts of the crRNA thereby suggesting Watson-Crick 

base pairing between the two molecules (Deltcheva et al., 2011). In 2012, the history of 

CRISPR research culminated in the description of the CRISPR/Cas9 system. In that 

system, a crRNA harbors a variable spacer of 20 bp that interacts with its target DNA. In 

nature the targeted DNA may originate from a virus or a plasmid. The 3’ end of the crRNA 

is derived from the spacer and associates with the tracrRNA. The crRNA/tracrRNA duplex 

associates with the Cas9 protein to build the functional Cas9 complex (Jinek et al., 2012). 

It was further shown that the crRNA/tracrRNA/Cas9 ribonucleoprotein complex is capable 

of cutting DNA templates in vitro. The researchers could also show that the same 

efficiency can be reached by fusing the crRNA and tracrRNA to one single chimeric RNA 

(Jinek et al., 2012). The knowledge that had been collected about CRISPR made it also 

possible to assemble the basic principle of CRISPR/Cas9-mediated bacterial immunity 

(Fig. 5). 

 

1.4.3 The CRISPR/Cas9 system enables versatile and cost-effective genome editing in 

a variety of cell types 

 
Soon after the uncovering of the RNA-guided endonuclease, several research groups 

published its application as a tool for genome editing in a variety of cells including hPSCs 

(Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013). The most widely used system is 

the Streptococcus pyogenes CRISPR/Cas9 system and encompasses the co-expression 

of a single-guide RNA (sgRNA) as well as the Cas9 enzyme. The PAM motif in that system 

is NGG. Upon binding of the sgRNA, Cas9 mediates a blunt cleavage of the DNA three 

base pairs upstream of the PAM sequence (Jinek et al., 2012) (Fig. 6). This system has 

been thoroughly characterized and the interaction of its cleavage domains (HNH and 

RuvC) with the DNA has even been investigated by a crystal structure study (Nishimasu 

et al., 2014). Modifications to optimize genome editing with the CRISPR/Cas9 system had 

been reported on different levels. For example, inactivation of one of the two 

endonuclease domains limits Cas9 cleavage to single strands (so called nicks). 

Compared to the classical Cas9 endonuclease, nickases have been described to yield 

significantly lower off-target effects (Ran et al., 2013a).  
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Fig. 6: The CRISPR/Cas9 system as a tool for genome editing. 
In the most widely used CRISPR/Cas9 system for genome 
editing the customizable part of the crRNA is fused with a 
scaffold RNA that corresponds to the tracrRNA of the bacterial 
adaptive immunity to a single-guide RNA (sgRNA). Upon 
Watson-Crick base pairing of the sgRNA to the targeted DNA 
sequence, the two endonuclease domains HNH and RuvC 
mediate a DSB. PAM: protospacer adjacent motif in orange, 
sgRNA sequence in red, scaffold RNA in purple. The DSB site 
is indicated by two red triangles. 

 

Additionally, CRISPR/Cas9 systems from different bacterial species have been 

investigated. Promising results have been found with Francisella novicida Cpf1, which 

acts similar to Cas9 but relies on a crRNA without the need of a tracrRNA, yields sticky 

ends upon DNA cleavage and exhibits a different PAM specificity (Zetsche et al., 2015). 

Similarly, Neisseria meningitidis Cas9 (NmCas9) has been investigated and might exhibit 

a higher specificity due to longer protospacer and PAM sequences (Hou et al., 2013). 

Staphylococcus aureus Cas9 (SaCas9) turned out to be especially well-suited for gene 

therapy approaches. Due to its small size it can be packaged into an adeno-associated 

virus (AAV) along with an sgRNA. A single dose of SaCas9-containing AAVs resulted in 

efficient gene modification in mice (Ran et al., 2015). SgRNAs have also been subjected 

to modification. Truncated sgRNAs have been described to significantly reduce off-target 

activity (Fu et al., 2014) and chemically modified sgRNAs resulted in efficient genome 

editing of mouse hepatocytes in vivo  (Yin et al., 2017). Single-stranded oligonucleotides 

(ssODNs) have already been found to be useful repair templates in ZFN-mediated 

genome editing and were also successfully used in CRISPR/Cas9-mediated genome 

editing (Chen et al., 2011; Ran et al., 2013b). This made it possible to investigate single-
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nucleotide changes in an isogenic setting of even complex diseases like schizophrenia 

(Schrode et al., 2019). To further improve ssODN-mediated gene editing, 

phosphorothioate modifications yielded promising results (Renaud et al., 2016). Another 

interesting direction of research is a modified Cas9 enzyme, in which both endonuclease 

domains have been rendered inactive. Upon association with an sgRNA this so-called 

dead Cas9 (dCas9) has the ability to bind DNA, but will no longer mediate its cleavage. 

Fusing dCas9 to different co-factors made it possible to guide a functional module to a 

specific sequence of DNA without damaging it, instead eliciting a desired function like 

recruitment of repressors or activators. For example, fusing dCas9 to an activation domain 

like the hybrid tripartite activator VP64-p65-Rta (VPR) (Chavez et al., 2015), or to a 

repressor module like the Kruppel-associated box of Kox1 (KRAB) domain (Gilbert et al., 

2013) leads to transcriptional activation (CRISPRa) or inhibition (CRISPRi) of targeted 

genes in a desired manner without changing the sequence of nucleotides. As sgRNA 

pools can easily be generated by oligonucleotide synthesis and incorporated into plasmids 

for virus production, it is also possible to use CRISPR/Cas9 in screening approaches 

(Shalem et al., 2014; Wang et al., 2014). Usually, in such an experiment, a pool of viruses 

is applied to a culture of cells, with each virus encoding a different sgRNA along with the 

Cas9 enzyme. Each cell of an initially homogenous culture will exhibit a different 

modification, thereby generating a pool of tens of thousands of cells with different 

knockouts. This culture can be subjected to a specific read out, like cell survival or the 

activation of a reporter construct. By purifying genomic DNA from the enriched culture, 

amplifying the sequences of the sgRNA pool by PCR and subjecting them to NGS, 

enriched knockouts can be identified by bioinformatical analysis.  

As a summary, CRISPR/Cas9 technology and its improvements, were found to be a 

versatile tool in many fields of biomedicine, and combining CRISPR/Cas9 with hiPSCs is 

an interesting approach to decipher processes of neurodevelopment. 
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1.5 Aim of the study 

 
GCNF is indispensable in embryonic development and contributes to germ cell 

differentiation. Its presence in the early neuroepithelium indicates that it might also be 

involved in neurodevelopment and neural stem cell formation. Expanding our knowledge 

of these processes might contribute to a better understanding of brain development, 

neural stemness and pluripotency. Considering that GCNF belongs to the nuclear 

receptor family, it might also serve as a target for pharmacological intervention. Small 

molecule agonists or antagonists of GCNF might be used to activate neural regeneration 

in cases of stroke or epileptic surgery. This thesis aims at deciphering how GCNF 

participates in the exit of pluripotency, germ layer specification, and the entry into neural 

development by utilizing hiPSCs as well as CRISPR/Cas9 technology. To that end several 

steps had been outlined, which will be addressed within this thesis: 

 

1. Establishing a CRISPR/Cas9 system to generate hiPSCs deficient for GCNF 

CRISPR/Cas9 offers a cost effective and powerful tool to manipulate genomes of almost 

any organism. HiPSCs provide the unique possibility to investigate processes of human 

brain development in vitro. Combining these two techniques might yield insights into 

human brain development without the need of animal experiments and within a 

reasonable time frame. Therefore, the first aim was the establishment of a CRISPR/Cas9 

system to permanently knockout the GCNF gene in hiPSCs.  

 

2. Characterization of the resulting GCNF-ablated hiPSCs 

Apart from the fact that the procedure of genome editing might act as a noxious stimulus 

GCNF-ablation itself might interfere with pluripotency or genomic integrity of hiPSCs. To 

rule out any kind of damage, it is an absolute necessity to thoroughly characterize GCNF-

ablated cells. After genotyping we wanted to analyze whether hiPSCs show pluripotency 

markers, as well as adequate morphology and growth properties. Subsequently, it was a 

very important part to confirm GCNF ablation on both RNA and protein level. The cells 

were also subjected to a SNP karyotyping to confirm genomic integrity after genome 

editing. 
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3. Impact of GCNF on germ layer specification with a focus on neural development 

As GCNF might be involved in early neuroectodermal differentiation it seems plausible to 

assess the properties of ectodermal differentiation in an undirected differentiation 

experiment. Therefore, the cells were subjected to an embryoid body-based undirected 

differentiation experiment to investigate whether there is a bias towards a specific germ 

layer by qRT-PCR and a TaqMan-based Scorecard assay. One of the key questions to 

be addressed was whether GCNF-ablated hiPSCs show impaired neurodevelopment. To 

assess potential deficits in neurodevelopment we wanted to perform a classical dual-

SMAD inhibition-based neural induction protocol for 48 h and 96 h. By utilizing a Next 

Generation Sequencing (NGS) based 3’-mRNA sequencing, we expected to get a first 

overall picture of how GCNF plays into the orchestration of neuroectodermal 

differentiation. Subsequent confirmation with qRT-PCR and immunocytochemistry was 

conducted to consolidate these findings. 
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2. Materials and methods 
 
2.1 Cell culture 

 
All cell culture work was performed in a laminar flow hood under sterile conditions. Cells 

were cultivated at 37 °C in a humified incubator with 5 % CO2. Standard plasticware to 

cultivate cells were purchased from BD Falcon, Nunc, BD Biosciences, Greiner Bio-One, 

and PAA. When not stated otherwise cells were centrifuged in a Heraeus Megafuge 1.0R. 

 

2.1.1 Cell lines 

 
All experiments in this work have been performed with the hiPSC line iLB-C-133-bm-s4 

which is an established hiPSC line in our institute. This male hiPSC line was generated 

with Sendai-Virus-mediated reprogramming from blood. All quality checks, like self-

renewal and stable pluripotency markers, as well as genomic integrity, assessed by SNP 

analysis, were passed successfully. The cells were checked for absence of mycoplasma 

contamination with PCR on a regular base. 

 

2.1.2 Reagents and media for cell culture work 

 
All cell culture reagents (Tab. 1) and specific media for cell maintenance and 

differentiation experiments (Tab. 3) had been opened or prepared under sterile conditions 

in a laminar flow hood. Usually media was further supplemented with 

Penicillin/Streptomycin to reduce the risk of contamination. Small molecules, which were 

used in cell culture (Tab. 2), were usually obtained as solid powder and were prepared 

under sterile conditions.  
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Tab. 1: Media and cell culture solutions 

Medium/Reagent Manufacturer 
2-Mercaptoethanol (50 
mM) 

Gibco* 

B27 supplement (50X) Gibco* 
Collagenase Type IV Gibco* 
Dimethylsulfoxid 
(DMSO) 

Sigma 

DMEM/F12 Gibco* 
EDTA PanReac 

AppliChem 
Geltrex Gibco* 
KnockOut Serum 
Replacement (KSR) 

Gibco* 

KnockOut™ DMEM Gibco* 
L-Glutamine (200 mM) Gibco* 

 

Medium/Reagent Manufacturer 
Matrigel Corning Life 

Science 
N2 supplement (100x) GE Healthcare 
Neurobasal Gibco* 
Non-essential amino 
acids (NEAA) Gibco* 
PBS Gibco* 
Penicillin/Streptomycin Gibco* 
StemMACS™ iPS-
Brew XF 

Miltenyi Biotec 

StemPro Accutase Gibco* 
*Gibco is now part of Thermo Fisher 
Scientific 

 
 
Tab. 2: Small molecules used in cell culture 

Reagent Manufacturer 
stock 
concentration solvent 

basic fibroblast growth 
factor (bFGF) 

R&D systems** 10 µg/ml 0.1% BSA in PBS 

Collagenase IV Gibco* 1 mg/ml DMEM/F12 
Heparin Sigma-Aldrich 1 mg/ml PBS 
Insulin Sigma-Aldrich 5 mg/ml 1% acetic acid 
L-Ascorbic-Acid-2-
Phosphat (LAAP) 

Sigma-Aldrich 64 mg/ml H2O 

LDN193184 Axon Medchem 2 mM DMSO 
Natrium-Selenit 
(NaSe) 

Sigma-Aldrich 14 mg/ml (working 
stock: 14 µg/ml) 

H2O 

Puromycin Enzo Life Sciences 10 mg/ml H2O 
ROCK-inhibitor  
Y-27632 BioTechne 10 mM H2O 
SB431542 Axon Medchem 50 mM DMSO 
TAT-Cre Merck Millipore 1500 units  
Transferrin Sigma-Aldrich 10 mg/ml H2O 
Transforming growth 
factor b1 (TGFβ1) 

PeproTech 2 µg/ml 0.1% BSA in PBS 

All stocks were stored at -20 °C. 
*Gibco and Invitrogen are now part of Thermo Fisher Scientific. 
**R&D systems is now part of BioTechne. 
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Tab. 3: Cell culture media for hiPSCs and differentiation paradigms 

N2B27 
48.25% DMEM/F12 
48.25% Neurobasal 

0.5% N2 supplement 
1% L-Glutamine 
1% B27 supplement 
1% Penicillin/Streptomycin 

 
embryoid body medium 

79% 
KnockOut™ 
DMEM 

1% Pen/Strep 
20% KSR 

1% NEAA 
0.5% L-Glutamine 

 
hiPSC freezing medium 

90% KSR 
10% DMSO 

 

E8 medium 
99% DMEM/F12 

64 µg/ml 
L-Ascorbic-Acid-2-
Phosphat (LAAP) 

14 n/ml 
Natrium-Selenit 
(NaSe) 

20 µg/ml Insulin 
10 µg/ml Transferrin 

1% Penicillin/Streptomycin 
100 ng/ml Heparin 

2 ng/ml 
Transforming growth 
factor b1 (TGFβ1) 

10 ng/ml 
basic fibroblast growth 
factor (bFGF) 

 
 

 

2.1.3 Coating 

 
Either Matrigel or Geltrex were thawed overnight at 4 °C on ice and diluted in cold 

DMEM/F12 in a ratio of 1:30 or 1:60. Plastic dishes were coated with an appropriate 

volume of diluted Geltrex or Matrigel according to dish size. The covered plates were then 

stored at 4 °C until usage. 

 

2.1.4 Cryopreservation and thawing of cells 

 
To establish a cell bank, hiPSC cultures were grown until a confluency of ~ 90 %. Cells 

were incubated with Accutase for 10 minutes at 37 °C and washed with DMEM/F12. After 

centrifugation for 5 min at 1200 rpm, the cell pellet was resuspended in ice-cold hiPSC 

freezing medium (Tab. 3) and transferred to cryotubes. The cell suspension was frozen at 

-80 °C in CoolCell™ cryoboxes for at least 24 h before transfer to a -150 °C freezer for 

long-term storage. In order to thaw the cell suspension, the cryotube was warmed up at 

37 °C in a water bath for 1 – 2 min until only a frozen clump remained. The cells were then 

transferred to a falcon tube containing DMEM/F12, followed by centrifugation for 5 min at 
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1200 rpm. The cell pellet was resuspended in 10 µM ROCK-inhibitor Y-27632 (RI) 

containing StemMACS™ iPS-Brew or E8 medium (Tab. 3). 

 

2.1.5 Maintenance of human induced pluripotent stem cells 

 
Proliferating hiPSCs were cultivated feeder-free on Geltrex- or Matrigel-coated 6-well 

plates with StemMACS™ iPS-Brew or E8 medium until they reached a confluency of 

~ 90 %. The cells were either passaged with EDTA/PBS or Accutase. For the first method, 

cells were incubated 3 min with EDTA/PBS before dissociated colonies were transferred 

to freshly prepared Geltrex- or Matrigel-coated 6-well plates, using a 1000 µl pipette. 

When the cells were passaged as single cells, they were incubated with Accutase for 

10 min at 37 °C before washing them with DMEM/F12, transferred to a 15 ml falcon tube 

and centrifuged for 5 min at 1200 rpm. The cell pellet was resuspended in 10 µM RI 

containing StemMACS™ iPS-Brew or E8 medium and plated on freshly prepared Geltrex- 

or Matrigel-coated 6-well plates.  

 

2.1.6 Undirected embryoid body-based differentiation experiment 

 
For the embryoid body-based undirected differentiation experiment hiPSCs were 

expanded in StemMACS™ iPS-Brew until they reached confluency. After incubation with 

1 - 1.2 mg/ml Collagenase IV for 45 – 60 min, hiPSCs detached in a continuous layer. The 

layer of cells was carefully transferred to a falcon tube and centrifuged for 1 min at 

800 rpm. The cells were resuspended in StemMACS™ iPS-Brew and transferred to 

uncoated petri dishes. Within the next 48 h, the cells formed aggregates that are 

commonly known as embryoid bodies. The embryoid bodies were collected, centrifuged 

at 300 rpm for 1 min and resuspended in embryoid body medium (Tab. 3) and transferred 

to fresh petri dishes. The cell aggregates were differentiated for 2 weeks in embryoid body 

medium before RNA was extracted from pooled embryoid bodies per cell line. 

 

2.1.7 Neural induction experiment with dual-SMAD inhibition 

 
For the neural induction experiment, 300,000 cells of non-edited and GCNF-ablated 

hiPSCs were seeded on 6-well plates for RNA extraction. Additionally, hiPSCs were 
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seeded on coverslips for immunocytochemistry. The cells were grown until they reached 

a confluency of around 90 % in StemMACS™ iPS-Brew before the medium was switched 

to neural induction medium, which consists of N2B27 medium (Tab. 3) supplemented with 

LDN193184 (400 nM) and SB431542 (10 µM) (Tab. 2), two small molecule inhibitors of 

SMAD signaling. The cells were cultivated for 48 h and 96 h before cells were subjected 

to RNA extraction using the Trifast reagent or fixed with paraformaldehyde for 

immunocytochemistry. 

 

2.2 Cloning 

 
Genome editing in hiPSCs encompasses two major tasks: Firstly, the generation of a 

Cas9 vector with a customized sgRNA to cause a DSB at a specific site in the genome. 

Secondly, the generation of a gene targeting vector that mediates homologous 

recombination at the site of the DSB to mediate incorporation of exogenous DNA at the 

respective locus. To perform the sgRNA customization of the Cas9 enzyme a widely used 

CRISPR/Cas9 vector (pSpCas9(BB)-2A-Puro (PX459) V2.0 [Addgene plasmid #62988]) 

was purchased from Addgene and amplified in E. coli. The small spacer sequence was 

exchanged with oligonucleotides corresponding to a specific site in the human 

endogenous GCNF locus. The sequences were determined with the CHOPCHOP web 

tool (https://chopchop.cbu.uib.no). To generate gene targeting vectors for both GCNF-

ablation as well as GCNF-tagging, the human reference genome from Ensembl 

(http://www.ensembl.org) was utilized to retrieve the consensus DNA sequence of the 

GCNF gene. Homology arms were PCR amplified from human genomic DNA and cloned 

upstream and downstream of a PGK driven puromycin resistance cassette. In gene 

targeting vectors that delivered a tag, the corresponding sequence was cloned between 

the left homology arm and the puromycin resistance cassette. HiPSCs were then 

nucleofected with gene targeting vectors, along with respective sgRNA/Cas9 plasmids. 

All Sanger sequencing results are presented by the SnapGene® Viewer software (from 

GSL Biotech; available at snapgene.com). 
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2.2.1 Duplexing of oligonucleotides and sgRNA sequence customization of the Cas9 

plasmid 

 
The sgRNA customization of the Cas9 plasmid was performed as described previously 

(Ran et al., 2013b). Briefly, two oligonucleotides were duplexed to yield a short DNA 

fragment that encodes the sgRNA and exhibits overhangs to fit in the digested BbsI 

restriction site of pSpCas9(BB)-2A-Puro (PX459) V2.0 (addgene plasmid #62988). 

Generally, the standardized protocol to program the Cas9 plasmid encompassed the 

following steps: First, the two complementary oligonucleotides are duplexed by mixing 

equal amounts of the forward and reverse oligonucleotides (100 µM) and adding 

Polynucleotide kinase (PNK) as well as a PNK buffer. For efficient phosphorylation it is 

important that the buffer contains ATP. This might either be contained in the buffer or 

added separately. Subsequently, the mixture is subjected to the duplexing program in a 

thermocycler (Tab. 4). The resulting phosphorylated oligonucleotide duplex is diluted 

1:200 and 1 µl of the dilution is added to a ligation reaction (16 °C overnight incubation) 

that includes the linearized and dephosphorylated pX459 vector (Tab. 4). The plasmid is 

then utilized to transform competent bacteria. The correct incorporation is finally confirmed 

by Sanger sequencing (Seqlab). 

 

Tab. 4: Standardized duplexing procedure to program the Cas9 enzyme 

Annealing and phosphorylation  
1 µl Oligo FOR 

(100 µM) 
1 µl Oligo REV 

(100 µM) 
1 µl 10X T4 Ligation 

Buffer (NEB) 
0.5 µl T4 PNK (NEB) 
6.5 µl H2O 

 
Thermocycler program for duplex 
annealing 
Step Temperature Time 
1 37 °C 30 min 
2 95 °C 5 min 
3 25 °C ramp down 

5°C/min 
 

Ligation in the pX459 vector 
50 ng BbsI-digested 

plasmid 
1 µl Phosphorylated 

and annealed oligo 
duplex (1:200 
dilution) 

1 µl T4 Ligation buffer 
(10X) 

1 µl T4 Ligase 
to 10 µl H2O 

 
These procedures were performed 
according to the recommendations of the 
Feng Zhang laboratory. 
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2.2.2 Generation of DNA fragments with PCR 

 
Several PCR programs were utilized in this study. The standard PCR protocol, which was 

performed to obtain DNA constructs, was based on Q5 polymerase (Tab. 5) utilizing a 

standard PCR program (Tab. 6). For fragments that originated from difficult templates, like 

genomic DNA, a touchdown PCR program was utilized (Tab. 7). In a first round, a gradual 

decrease of annealing temperature enhances specific primer binding so that the specific 

PCR product is enriched, whereas the second round serves in amplifying the enriched 

DNA at a lower annealing temperature. The same touchdown PCR protocol utilized for 

obtaining fragments from genomic DNA was also used to perform genotyping for single 

cell-derived hiPSCs, that have been subjected to CRISPR/Cas9-mediated genome editing 

(see 2.3.2). The cloning of the right homology arm for the gene targeting vector was 

difficult and a different strategy had to be used. A larger fragment encompassing the 

intronic region that preceded and followed the first exon was amplified using the Phusion 

polymerase (Tab. 8, Tab. 9). This fragment served as a template for another PCR 

reaction, by which the right homology arm could be obtained (Tab. 10).  
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Tab. 5: 25 µl Q5 polymerase chain 
reaction 

Volume Final Reagent 
5 µl 1X 5X Q5 Reaction 

Buffer 
2.5 µl 1 mM 10 mM dNTPs 
0.33 µl 0.132 

µM 
10 µM Primermix  

5 µl 1X 5X Q5 High GC 
Enhancer 

0.25 µl 0.02 
U/µl 

Q5 polymerase 

variable < 1 µg template 
Up to 25 µl  H2O 

usually the mix was prepared with 10% of 
excess. 
 

Tab. 6: Cycling conditions for Q5 standard 
polymerase chain reaction 

Step Tempera-
ture 

Time 

Initial denaturation  98 °C 1-5 
min 

Denaturation  
35x 

98 °C 30 s 
Annealing 59 °C* 30 s* 
Elongation 72 °C 60 s 
Final Elongation 72 °C 5 

min 
Pause 10 °C  - 

*primer dependent 
 

Tab. 7: Cycling conditions for Q5 
polymerase touchdown PCR 

Step Tempera-
ture 

Time 

Initial denaturation 98 °C 5 
min 

Denaturation  
6x* 

98 °C 60 s 
Annealing 63 °C 30 s 
Elongation 72 °C 5 

min 
Denaturation  

35x** 
98 °C 60 s 

Annealing 57 °C 30 s 
Elongation 72 °C 5 

min 
Final elongation 72 °C 10 

min 
Pause 10 °C  - 

*with ∆T = -1 
**with ∆T = 0 

Tab. 8: 50 µl Phusion polymerase chain 
reaction 

Volume Final Reagent 
10 µl 1X 5X Phusion GC 

Buffer 
1 µl 200 

µM 
10 mM dNTP 

2.5 µl 500 
nM 

10 µM primer for 

2.5 µl 500 
nM 

10 µM primer rev 

variable <1 µg template DNA 
1.5 µl  3% DMSO 
0.5 µl 1.0 

unit 
Phusion 
polymerase 

Up to 50 µl  - H2O 
Reaction performed according to the NEB 
protocol. 
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Tab. 9: Cycling conditions for Phusion 
polymerase larger fragments 

Step Tempera-
ture 

Time 

Initial denaturation  98 °C 5 
min 

Denaturation  
45x 

98 °C 60 s 
Annealing 60 °C* 30 s* 
Elongation 72 °C 220 

s 
Final Elongation 72 °C 5 

min 
pause 10 °C  - 

*primer dependent 

Tab. 10: Cycling conditions for Phusion 
polymerase right homology arm 

Step Tempera-
ture 

Time 

Initial denaturation  98 °C 5 
min 

Denaturation  
35x 

98 °C 60 s 
Annealing 72 °C* 30 s* 
Elongation 72 °C 120 

s 
Final Elongation 72 °C 5 

min 
pause 10 °C  - 

*primer dependent 
 

2.2.3 Restriction digestion, dephosphorylation and ligation of DNA fragments  

 
To perform a restriction digest, the appropriate amount of DNA was diluted in H2O and 

1 µl of the specific restriction endonuclease was mixed with the respective 10X buffer. 

After incubation at 37 °C for 1 h, the digested fragment was separated on an agarose gel. 

The obtained band was excised and the linearized DNA was subjected to gel purification. 

The concentration of the purified DNA was estimated with a NanoDrop spectrophotometer 

(Thermo Fisher Scientific). Plasmid DNA, that served as a backbone, was further treated 

with 1 µl of Antarctic phosphatase (AnP) (and a respective amount of 10X AnP buffer) to 

prevent re-ligation without incorporation of the insert. The DNA was exposed to AnP for 

30 min at 37 °C. Subsequently, the enzyme was heat inactivated by incubating it for 5 – 

10 min at 80 °C. The linearized, dephosphorylated backbone was stored at -20 °C. 

Ligation was performed by incubation of the respective DNA fragments with 1 µl of T4 

DNA ligase in the appropriate ligation buffer overnight at 16 °C.  

 

2.2.4 Gibson Assembly to build gene targeting vectors 

 
Gibson assembly was performed by utilizing the NEBuilder HiFi DNA Assembly. The 

NEBuilder online tool (https://nebuilder.neb.com/) was used to determine the overhangs 

best suited for the Gibson Assembly reaction. Several steps were performed to obtain a 

gene targeting vector for the exon 1 of the GCNF gene. First, the AAVS1-TRE3G-EGFP 
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(Addgene plasmid #52343) was linearized using the restriction enzymes SbfI and NotI, 

thereby leaving a backbone fragment that harbors an Ampicillin resistance gene, as well 

as the ori region. To obtain the sequence of the homology arms, the respective genomic 

region was searched in the Ensembl genome browser (Yates et al., 2020) and homology 

arms were cloned from genomic DNA using a touchdown PCR (see 2.2.2). The puromycin 

resistance cassette was assembled from the following sources: The PGK promoter was 

obtained from pLVX-pTight-Puro, a widely-used construct for lentiviral delivery of 

transgenes. The bGH polyA sequence as well as the puromycin resistance gene was 

amplified from the AAVS1-TRE3G-EGFP plasmid. The PCR fragments were obtained by 

using a classical PCR (Tab. 6). The Gibson Assembly was performed following the 

manufacturer’s instructions. Usually, 0.05 pmol per fragment were mixed in a volume of 

10 µl. The NEBuilder HiFi DNA Assembly Mastermix was added in a ratio of 1:1 to a final 

volume of 20 µl. The mix was vortexed and centrifuged followed by an incubation at 50 °C 

for 1 h in a thermocycler. 1 – 5 µl of the assembly preparation was then used to transform 

competent bacteria. Single cell-derived clones were amplified and analyzed either by 

restriction digestion or colony PCR. Promising candidate clones were further amplified 

and subjected to Sanger sequencing. A similar strategy was used for cloning the gene 

targeting vectors for C-terminal tagging of the endogenous GCNF gene. A spacer, that 

harbors BbsI restriction sites, was included between the left homology arm and the loxP-

flanked puromycin cassette. This allows for an efficient exchange of C-terminal tags. 

 

2.2.5 Transformation of competent bacteria 

 
Transformation of bacteria was done by standardized procedures and recipes (Tab. 11, 

Tab. 12, Tab. 13). Briefly, competent bacteria (either house-made or NEB DH5α E. coli) 

were thawed on ice. 1 – 5 µl of ligation preparation was added, bacteria were gently mixed 

and incubated on ice for 30 min. In the next step, a heat shock was performed at 42 °C 

for 45 s. Subsequently, cells were incubated on ice for 2 min and 500 µl prewarmed LB 

was added. After incubation at 37 °C for 1 h in a heating block while shaking at around 

300 rpm the bacteria suspension was seeded on ampicillin containing Agar plates. After 

an overnight incubation at 37 °C bacteria colonies were readily visible. Single colonies 

were picked for further amplification in LB medium containing 100 mg/ml ampicillin. To 
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perform a miniprep 5 – 6 ml of LB medium was inoculated and incubated at 37 °C 

overnight. The following day, the bacteria suspension was lysed and DNA was prepared 

using the peqGOLD plasmid miniprep Kit. The DNA concentration of the miniprep 

preparation was estimated by NanoDrop. To check for the correct integration of an insert 

either a plasmid digest or a colony PCR was performed. Finally, the correct sequences of 

chosen clones were confirmed by Sanger sequencing. To establish long term storage of 

plasmids, glycerol stocks were prepared by mixing 300 µl of bacteria solution with 300 µl 

of autoclaved glycerol. Glycerol stocks were stored at – 80 °C. Usually, once the desired 

sequence of a plasmid was verified, a higher volume of bacterial cultures was prepared 

and plasmid DNA was purified by utilizing a PureLink™ HiPure Plasmid Maxiprep Kit or 

Midiprep Kit. 

 

Tab. 11: Reagents and recipes for DNA amplification in bacteria 

LB Medium: 
10 g Tryptone 
5 g Yeast extract 
10 g NaCl 
1 ml NaOH solution (1 M) 
Fill H2O to 1000 ml.  
After Autoclaving store it at 4 °C 

 
Ampicillin 
100 mg/ml Ampicillin sodium salt in H2O 

 
Bacteria glycerol stock 
Mix 300 µl Bacteria solution with 300 µl 
glycerol, store at – 80 °C 

 
 

LB Agar plates 
15 g Agar have to be dissolved in 1000 
ml of LB and subjected to autoclaving. 
 
For agar plate preparation, heat Agar 
until it is completely dissolved. When the 
solution reaches 50 °C, add Ampicillin to 
a final concentration of 100 µg/ml. 
 
Pour the solution into sterile petri dishes 
and let it solidify at RT. Store the 
prepared plates in sealed plastic bags at 
4 °C. 
 

All components purchased from Sigma-
Aldrich or Roth. 

 

Tab. 12: Solutions for agarose gel electrophoresis 

50x TAE buffer 
242 g Tris 
100 ml EDTA (0.5 M sol., pH 8.5) 
57 ml Acetic Acid (100%) 
Add H2O to 1000 ml. 

All components were purchased from 
Sigma-Aldrich. 

6x DNA loading buffer 
3 ml Glycerol 
0.25 mg Bromophenol blue 
0.25 mg Xylene cyanol 
Add H2O to 10 ml. 
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Tab. 13: Reagents and kits for cloning 

Reagent/Kit Manufacturer 
Agarose Peqlab** 
Antarctic 
Phosphatase 
(AnP)  

NEB 

DNA ladders (100 
bp & 1 kb) 

Both ladders 
from NEB and 
Peqlab** 

DNeasy Blood & 
Tissue Kit 

Qiagen 

dNTPs Peqlab** 
Gel extraction Kit, 
peqGOLD 

Peqlab** 

Maxwell®RSC 
Blood DNA Kit 

Promega 

NEB DH5a NEB 
NEB stable NEB 
NEBuilder HiFi 
DNA Assembly 
Master Mix 

NEB 

Phusion High-
Fidelity PCR Kit 

NEB 
 

Reagent/Kit Manufacturer 
Plasmid miniprep 
Kit, peqGOLD  

Peqlab** 

PureLink™ HiPure 
Plasmid Maxiprep 
Kit 

Invitrogen* 

PureLink™ HiPure 
Plasmid Midiprep 
Kit 

Invitrogen* 

Q5 High-Fidelity 
DNA Polymerase 

NEB 

Restriction 
enzymes 

NEB 

T4 ligase NEB 
T4 
Polynucleotidkinase 

NEB and Thermo 
Fisher Scientific 

Taq DNA 
Polyermase 

Invitrogen* 

*Invitrogen is now part of Thermo Fisher 
Scientific. 
**Peqlab is now part of VWR. 

 

2.2.6 Insert confirmation 

 
Insert confirmation was either done by a test restriction digestion or by a colony PCR.  

Generally, a single test digestion reaction consisted of ~ 2 µl of purified plasmid DNA 

obtained by a miniprep, 0.5 µl of a specific restriction enzyme suited to test for the 

presence of the correct sequence, 2 µl of a respective buffer, and H2O filled to a total 

reaction volume of 20 µl. The reaction mix was incubated at 37 °C for 1 h, before 6X 

loading buffer was added and the mixture was loaded on a gel. Colonies that showed the 

correct restriction fragment pattern was subjected to further analysis. To perform a colony 

PCR, colonies were picked and thoroughly diluted in 20 µl of water. Depending on how 

many clones were subjected to analysis, a Taq-polymerase containing master mix was 

prepared that included primers that were present in both backbone and insert (Tab. 14). 

19 µl of master mix and 1 µl of bacterial solution were mixed and a specific PCR program 

was applied (Tab. 15). Subsequently, the PCR reactions were mixed with 4 µl of 6X 

loading buffer and run on a gel. Positive colonies were subjected to further analysis. 
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Tab. 14: Mastermix for one colony PCR 
reaction 

Volume Reagent 
2 µl 10X PCR Buffer 
0.6 µl 50 mM MgCl2 
0.4 µl 10 mM dNTPs 
13.9 µl H2O 
0.1 µl Taq polymerase 
2 µl Primermix 10 µM 
1 µl Bacterial solution 

 

Tab. 15: Cycling conditions for colony PCR 

Step Temperature Time 
Initial denaturation 
to break bacterial 
cell membranes 

95 °C 5 
min 

Denaturation  
35x 

95 °C 30 s 
Annealing 60 °C 30 s 
Elongation 72 °C 30 s 
Final elongation 72 °C 10 

min 
Pause 10 °C  - 

 

 

2.3 Genome editing with CRISPR/Cas9 

 
Genome editing relies on transferring a plasmid encoding for Cas9 and a customizable 

sgRNA along with a gene targeting vector to a cell line. The cloning of these components 

is discussed in the last section (see 2.2), whereas this section covers the use of the 

CRISPR/Cas9 constructs in cell culture. 

 

2.3.1 Nucleofection and selection 

 
The nucleofections in this study were performed with the Lonza 2D Nucleofector. HiPSCs 

were incubated with RI containing StemMACS™ iPS-Brew for approximately 60 min. 

During this incubation time, the nucleofection reagents were mixed. The basis of the 

nucleofection mix consists of 82 µl of Lonza Nucleofection solution and 18 µl of Lonza 

supplement 1. Two plasmids were added to the nucleofection mix. The first plasmid 

encodes the Cas9 enzyme, and a puroymycin N-acetyltransferase, that mediates 

transient resistance against puromycin. Additionally, it encodes an U6-driven, 

customizable sgRNA sequence. The second plasmid is the gene targeting vector that 

mediates incorporation of exogenous DNA into the genome of nucleofected hiPSCs. A 

pmaxCloning™ plasmid may be added to monitor the nucleofection efficiency. The 

pmaxCloning™ plasmid does not integrate, is only transiently active and is diluted out of 

the culture after around 2 days. The RI-incubated cells were dissociated with Accutase for 

15 min at 37 °C, harvested and diluted in DMEM/F12. Around 2.5 mio cells were 
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transferred to a 2 ml Eppendorf tube and centrifuged for 4 min at 1200 rpm. The hiPSCs 

were carefully resuspended in the nucleofection mix. The nucleofection mix was 

transferred to an electroporation cuvette, which was subjected to program B-23 of the 

Lonza 2D Nucleofector. This program has been optimized to nucleofect hiPSCs. After 

that, hiPSCs are resuspended in antibiotic free StemMACS™ iPS-Brew supplemented 

with 10 µM RI. Finally, cells were plated on fresh Geltrex- or Matrigel coated 6-well plates. 

A medium change with RI-supplemented StemMACS™ iPS-Brew was done 24 h later. 

Pen/Strep was either added to the cell culture medium after 24 h or at 48 h of 

nucleofection. 48 h after the cells had been subjected to nucleofection the medium was 

switched to StemMACS™ iPS-Brew supplemented with RI and 0.5 µg/ml puromycin, 

which was maintained for 7 days. During the selection for edited cells, puromycin-resistant 

clones that had undergone successful editing events emerged. After 7 days of selection, 

polyclonal confluent cultures were obtained, which could be used for preliminary 

experiments, although it is recommended to subject the cells to single cell cloning in order 

to derive monoclonal cell lines.  

 

2.3.2 Genotyping and SNP analysis of monoclonal genome edited cell line 

 
To derive single cell clones, the cells were seeded on Geltrex-coated 10 cm dishes in 

single cell density in StemMACS™ iPS-Brew, supplemented with RI. The cells were 

switched to non-RI containing medium, when groups of 20 – 100 cells appeared that were 

presumably derived from a single cell. 24 h after RI withdrawal, the loose cells gathered 

in small colonies. When the colonies were grown to an appropriate size, they were picked 

with a pipette and transferred to single wells of a 48 well plate in RI-containing 

StemMACS™ iPS-Brew medium. Upon further expansion, genomic DNA of single cell-

derived clones was either won by lysing cells with Quick extract (Biozym) or by preparation 

of high-quality DNA. For Quick extract DNA preparation, the cell suspension was diluted 

in Quick extract reagent and treated 5 min at 65 °C and 10 min at 95 °C. To obtain high-

quality genomic DNA, cells were collected and DNA was extracted with the DNeasy Blood 

& Tissue Kit (Qiagen) or a Maxwell® RSC Instrument. The prepared DNA was subjected 

to genotyping, utilizing a touchdown PCR (Tab. 7). Cells that showed the aimed genotype 

were expanded and cryo vials were frozen as backups. High-quality DNA was handed 



 

 

45 

over to the genomics department where single nucleotide polymorphism (SNP) were 

assessed by an Infinium OmniExpressExome (Illumina) chip. The obtained data sets were 

then analyzed to exclude larger genomic aberrations. 

 

2.4 RNA-based expression analysis 

 
To prevent RNA degradation by ubiquitously present RNAses DEPC-containing RNAse-

free H2O, as well as disposable plastic ware and surface RNAse decontaminants (RNAse-

ExitusPlus) have been used during this work. 

 

2.4.1 RNA isolation 

 
RNA was isolated with the peqGOLD TriFast (Peqlab – VWR) reagent according to the 

manufacturer’s instruction with small modifications (further reagents see Tab. 16, Tab. 

17). The isolated RNA was primarily subjected to reverse transcription and qRT-PCR 

analysis. One set of RNA samples was also analyzed in a 3’-mRNA sequencing 

experiment. Briefly, the cells were washed at least one time with PBS to remove dead 

cells and debris that might interfere with subsequent analysis. The washed cells were 

lysed with 1 ml of TriFast and transferred to RNAse-free 1.5 ml Eppendorf tubes. The 

resulting suspension could be stored at - 80 °C before RNA preparation. The thawed 

samples were mixed with 200 µl of chloroform, incubated for 15 min at RT and after 10 

min of centrifugation at 12,000 rpm (Centrifuge 5415R, Eppendorf) three phases were 

separated within the tube. The aqueous upper phase, that contains the RNA, was 

transferred to a fresh RNAse-free tube. 500 µl isopropanol and 70 µg/ml glycogen were 

added to precipitate the RNA, which was followed by an incubation for 1 h on ice or 

overnight at -20 °C. Subsequently, the RNA was precipitated by centrifugation at 

12,000 rpm for 10 min and two washing steps with 800 µl of cold 75 % ethanol in DEPC-

H2O followed. The washed pellet was dried for up to 1 h at RT and then carefully 

resuspended in 20 µl DEPC-H2O. To obtain pure RNA samples, the samples were treated 

with DNAse I (Invitrogen) for 15 min. The DNAse I enzyme was inactivated with EDTA 

and denatured for 10 min at 65 °C. The generated samples were stored at -80 °C. 
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Tab. 16: Kits and reagents for RNA 
extraction 

Reagent/Kit Manufacturer 
Chloroform Roth 
DEPC Sigma-Aldrich 
DNAseI 
Amplification 
Grade Kit 

Invitrogen* 

Ethanol for 
molecular biology 

Roth 

Glycogen (35 
mg/ml) 

Peqlab (VWR) 

Isopropyl alcohol Roth 
PeqGOLD TriFast Peqlab (VWR) 
RNAase-
ExitusPlus 

Labomedic 

*Invitrogen is now part of Thermo Fisher 
Scientific. 

 
Tab. 17: Recipe for DEPC-H2O 

Preparation 
Dissolve DEPC to a final concentration 
of 1 ml/l in H2O 
Light-protected overnight incubation 
while stirring under the hood with lid 
open 
next day autoclaving 

 
 
 
 
 
 
 
 
 

 

2.4.2 Quantitative RT-PCR analysis 

 
A SYBR Green-based qRT-PCR was utilized to quantify RNA-expression levels. To that 

end, complementary DNA (cDNA) was generated from the isolated RNA by reverse 

transcription with the iScript cDNA Synthesis Kit (Bio-Rad) following the manufacturer’s 

instruction. The resulting cDNA was diluted to 150 ng/µl. The PCR was performed in an 

Eppendorf Realplex Mastercycler with a SYBR Green-based reaction mix (Tab. 18). A 

master mix was prepared for the reaction that included Taq polymerase as well as the 

SYBR Green based reaction mix (Tab. 19). After preparing mixes specific for each primer 

pair and dispensing them on a 96-wellplate (4titude Brooks Life Sciences) 300 ng of cDNA 

in a volume of 2 µl was added to each reaction (Tab. 19). Technical triplicates were 

prepared to ensure consistency of the measurements. The PCR itself was performed 

following a standardized scheme (Tab. 20). The analysis of the resulting data was done 

by the comparative ∆∆Ct method (Livak and Schmittgen, 2001). The mRNA expression 

levels were normalized to 18S rRNA reference levels. In the qRT-PCR reaction either 

primers that had been thoroughly characterized in preceding projects were used or a 

primer testing was performed. The primer testing included a serial dilution assay, 

subsequent melting curve analysis and gel electrophoresis to confirm product specificity. 

Primer design was achieved with the Primer3web online tool. MRNA specificity was 
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achieved by a primer design that yielded PCR products spanning exon-exon junctions. As 

opposed to genomic DNA, mRNA derived sequences had undergone splicing and 

therefore are lacking intronic sequences that would interfere with the generation of the 

product. To account for the 3’-end synthesis bias of the reverse transcription reaction, 

primers (Tab. 33) were usually designed to bind in the last exons.  

 

Tab. 18: Recipe for 2x qRT-PCR mix (for 10 ml stock) 

Component Manufacturer Amount 
10x PCR buffer (without MgCl2) Invitrogen 2 ml 
MgCl2 Solution (50 mM) Invitrogen 1.2 ml 
dNTPs (each 100 mM) Peqlab (VWR) 40 µl each 
SYBR Green I nucleic acid gel stain (1000x) Sigma-Aldrich 15 µl 
Fluorescein calibration dye (100 µM) Bio-Rad 2 µl 
H2O  6.623 ml 

 

Tab. 19: Reaction set up for Taq qRT-
PCR 

Component Amount 
2x qRT-PCR mix 10 µl 
Taq polymerase 0.12 µl 
cDNA (150 – 500 
ng/µl) 

2 µl 

Forward/reverse 
primer (3 µM each) 

0.8 µl 

Add H2O to a final volume of 20 µl  
 
 
 

Tab. 20: Cycling conditions for Taq qRT-
PCR 

Step Temperature Time 
Initial denaturation 95 °C 3 

min 
Denaturation 40-

45x 
95 °C 15 s 

Annealing 60 °C 20 s 
Elongation 72 °C 30 s 
Final elongation 72 °C 10 

min 
Dissociation curve 55-95 °C  

 

2.4.3 3’-mRNA sequencing 

 
To perform 3’-mRNA sequencing, RNA samples were diluted to 150 ng/µl and handed 

over to the Next Generation Sequencing facility. Upon library preparation, the NGS 

reaction was performed on an Illumina HiSeq 2500 with 10 million single-end reads per 

sample. After receiving, the FASTQ files were analyzed with R (detailed description of the 

subsequent analysis, see 2.7.3). 
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2.5 Western blot analysis 

 
To prepare cell lysates, the medium was removed and the cell culture plate was washed 

once with PBS. Cold PBS was added and the cells were detached using a cell scraper 

(Cell lifter, Corning). The cell suspension was collected in a 15 ml Falcon tube on ice. The 

Falcon tubes were then centrifuged 5 min at 2000 g (Heraeus Megafuge 40R) to pellet 

the cells. For cell lysis, the pellets were resuspended in RIPA buffer supplemented with 

protease inhibitor (Tab. 21), transferred to an Eppendorf tube and gently shaken for 30-

60 min on ice. The lysate was centrifuged at 12,000 rpm for 15 min at 4 °C (Eppendorf 

Centrifuge 5415R). The supernatant contained the protein suspension, which was 

transferred to a fresh Eppendorf tube, frozen on dry ice and stored at -80 °C. To estimate 

protein concentration a BCA assay was performed (Thermo Fisher Scientific). 40 µg of 

protein was diluted in fresh Eppendorf tubes and 5xLaemmli buffer (Tab. 21) was added. 

The mixture was mixed thoroughly and heat-denatured at 95 °C for 10 min. It was then 

either immediately loaded on a gel or stored at -20 °C. 

 

2.5.1 SDS polyacrylamide gels 

 
For the analysis of proteins, they were separated by their size via SDS polyacrylamide gel 

electrophoresis (SDS-PAGE). In detail, a Mini-PROTEAN vertical electrophoresis system 

(Bio-Rad) was utilized. Gels were prepared according to a standard protocol (Tab. 22) 

and consists of a stacking and a separation gel (10 % SDS). 40 µg of protein per sample 

were loaded on the gel, next to 10 µl of a size marker (Color Plus Prestained Protein 

Ladder 10-230 kDa, NEB). Gel electrophoresis was performed in running buffer (Tab. 23) 

at 100 V for 2 h.  
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Tab. 21: Reagents for preparing protein 
lysates 

RIPA buffer 
Tris HCl 50 mM (pH 7.5) 
EDTA 1 mM 
Deoxycholic acid 
sodium salt 

0.5% 

NaCl 150 mM 
SDS 0.1% 
Igepal CA-639 1% 
Protease inhibitor 
cocktail 

1:100 

 
5x Laemmli buffer 
Tris HCl 312.5 mM (pH 6.8) 
SDS 10% 
Glycerol 50% 
Bromophenol blue 0.1% 
2-Mercaptoethanol 
(freshly added) 

10% 

 
The Halt Protease Inhibitor Cocktail was 
purchased from Thermo Fisher Scientific, 
all other reagents were purchased from 
Roth or Sigma-Aldrich. 
 

Tab. 22: Recipes for self-made SDS 
polyacrylamide gels 

Separation gel (10 ml) 
H2O 4 ml 
Acrylamide Mix (30 
%) 

3.4 ml 

Tris HCl (pH 8.8) 2.6 ml 
SDS (10 %) 100 µl 
APS (10 %) 100 µl 
TEMED 4 µl 

 
Stacking gel (2 ml) 
H2O 1.15 ml 
Acrylamide Mix (30 
%) 

330 µl 

Tris HCl (pH 6.8) 500 µl 
SDS (10 %) 20 µl 
APS (10 %) 20 µl 
TEMED 2 µl 

 
All reagents were purchased from Roth or 
Sigma-Aldrich. 
 

 

 
Tab. 23: Recipes for Western blotting 

10x Running buffer (in H2O) 
Trizma-Base 25 mM 
Glycin 193 mM 
SDS 0.1% (w/v) 

 
1x Transfer buffer (in H2O) 
Trizma-Base 2.5 mM 
Glycin 19.3 mM 
Methanol 20% 

 
Stripping buffer (in H2O) 
SDS 2% (w/v) 
Tris HCl 62.5 mM (pH 6.7) 
2-Mercaptoethanol 2 mM (freshly 

added) 
 

Ponceau staining solution (in H2O) 
Ponceau S 0.1% (w/v) 
Acetic Acid 5 % 

 
TBS-(T) (in H2O) 
Tris HCl 10 mM (pH 7.5) 
NaCl 150 mM (TBS50: 50 

mM) 
(Tween20) 0.1% 

 
All reagents were purchased from Roth or 
Sigma-Aldrich. 
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2.5.2 Protein transfer to PVDF membranes and protein detection 

 
The separated proteins were transferred to a methanol-activated PVDF membrane by 

using the wet blotting technique with a Mini Trans-Blot Cell (Bio-Rad). Blotting was 

performed in transfer buffer (Tab. 23) at 70 V for 2 h during which constant stirring and 

cooling by ice was applied. Subsequently, the successful transfer of proteins was 

confirmed by a Ponceau staining (Tab. 23) of the membrane. Western blot analysis with 

antibodies (Tab. 34) was performed with specific conditions (Tab. 24). Blocking of the 

membrane was performed in 10 % milk powder in TBS-T (Tab. 23) for 1 h at RT. The 

primary antibody was diluted in TBS-T with 5 % milk powder and depending on the 

antibody incubated for 2 h at RT or overnight at 4 °C. After three washing steps with TBS-

T, the horseradish peroxidase (HRP)-linked secondary antibody was applied in TBS-T 

and 5 % milk powder for 1 h at RT. After three more washing steps with TBS-T, substrates 

for the HRP were added to the membrane. Depending on the expected protein 

concentration, Luminata Classico or Forte Western HRP substrates (Merck Millipore) 

were used. The proteins were detected by analyzing the chemiluminescence of the HRP-

catalyzed reaction of the substrate with a Chemiluminometer (Bio-Rad). Various proteins 

can be analyzed on the same membrane using antibodies of the same species. To reapply 

antibodies for different proteins, the remaining antibodies need to be removed by using 

stripping buffer (Tab. 23), which was supplemented with fresh 2-Mercaptoethanol, and 

incubation at 55 °C for 15 min. Afterwards, blocking and incubation with respective 

antibodies could be performed again. 

 

Tab. 24: Condition used for GCNF and β-Actin Western blot analysis 

Condition anti-GCNF antibody 
Blocking 10% milk powder in TBS-

T, 1 h at RT 
Primary 
antibody 
solution 

anti-GCNF mouse 
antibody, 1:1000 in 5% 
milk powder in TBS-T, 
overnight at 4 °C 

Washing TBS-T 
Secondary 
antibody 
solution 

HRP-goat anti-mouse, 
1:1000 in 5% milk 
powder in TBS-T, 2 h at 
RT 

 

Condition anti-β-Actin antibody 
Blocking 10% milk powder in TBS-

T, 1 h at RT 
Primary 
antibody 
solution 

anti-β-Actin mouse 
antibody, 1:5000 in 5% 
milk powder in TBS-T, 1 h 
at RT 

Washing TBS-T 
Secondary 
antibody 
solution 

HRP-goat anti-mouse, 
1:1000 in 5% milk powder 
in TBS-T, 1 h at RT 
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2.6 Immunocytochemistry 

 
To perform immunocytochemistry the cells were usually grown on plastic coverslips 

(Thermo Fisher Scientific). The medium of cultured cells was removed and washed once 

with PBS, before they were fixed with 4 % PFA for 10 min (ready-to-use PFA, purchased 

from Thermo Fisher Scientific) or 20 min (in-house made PFA, powder purchased from 

Sigma-Aldrich, Tab. 25). After PFA was removed and the plates have been washed with 

PBS, they were stored at 4 °C in PBS containing 0.1 % sodium azide (PBS azide) or were 

immediately subjected to the staining procedure. Initially, cells were permeabilized with 

0.5 % Triton-X-100 in PBS azide for 20 min and then incubated in blocking solution (Tab. 

25) for 1 - 2 h at RT. Next, the primary antibodies (Tab. 34) in 5 % FCS blocking solution 

were applied for either 2 h at RT or overnight at 4 °C. After primary antibody incubation, 

cells were washed three times with PBS and then incubated with the secondary antibody 

(Tab. 35) in 5 % FCS blocking solution for 1 – 2 h at RT. Finally, nuclei were stained by 

DAPI (4’,6-diamidino-2-phenylindole, 1:10,000 in PBS) exposure of 2 min. After three 

more washing steps, the coverslips were transferred to microscope slide and embedded 

in Mowiol (Tab. 25). Chemical substances used within this protocol were purchased from 

Sigma-Aldrich or Merck (if not stated otherwise). 

 

Tab. 25: Recipes for immunocytochemistry 

PFA 4 % solution 
40 g PFA dissolved in 1000 ml PBS  
Carefully heat the solution until it is 
dissolved 
Filtering and adjusting to pH 7.4 
Aliquot in 50 ml Falcon Tubes and store 
them at -20 °C  

 
2 N HCl 
167 ml HCl to 833 ml H2O 

 
 
 
 
 

Blocking solution 
FBS 5-10% 
Triton 0.1-0.5% 
Sodium azide 1% (w/v) 

 
Mowiol* 
2.49 g Mowiol and 6 g Glycerol have to 
be dissolved in 6 ml H2O 
12 ml of 0.2 M Tris HCl with a pH of 8.5 
have to be added 
10 min heating to 50 °C 
Centrifugation 
Aliquoting in 2 ml Eppendorf tubes and 
storing at -20 °C 

*purchased from Roth 
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2.7 In silico analysis and bioinformatics 

 
2.7.1 Software and online tools 

 
Software that has been used in this study is listed in the following table (Tab. 26). 
 
Tab. 26: Software and online tools 

Program/Database Manufacturer/Source 
Affinity Designer Version 1.8.4 Serif 
ApE – A plasmid Editor v2.0.61 M. Wayne Davis 
CHOPCHOP web tool https://chopchop.cbu.uib.no (Labun et al., 

2016) 
clusterProfiler R package Yu et al., 2012 
DESeq2 R package Love et al., 2014 
Endnote X9.3.3 Clarivate Analytics 
Ensembl Genome Browser http://www.ensembl.org/index.html 
Illumina Genome Studio V2011.1 Illumina 
ImageJ Version 2.0.0-rc-69/1.52p NIH (Schneider et al., 2012) 
JASPAR online tool Fornes et al., 2020 
Keynote Version 10.1 (6913) Apple 
Microsoft Office 2018 for Mac Microsoft 
NEBuilder Assembly tool  https://nebuilder.neb.com/ 
Numbers Version 10.1 (6913) Apple 
Primer3web Version 4.1.0 https://primer3.ut.ee 
PubMed https://pubmed.ncbi.nlm.nih.gov 
Salmon software  Patro et al., 2017  
SnapGene® Viewer software  GSL Biotech LLC 

(https://www.snapgene.com) 
 
2.7.2 Statistical analysis 

 
Most of the experiments were generated as biological replicates that resemble 

independent experiments. Graphs usually show results as mean + standard deviation 

(SD), which was computed with Apple Numbers. Statistical significance was analyzed by 

two-tailed Student’s t-test using spreadsheet analysis with Apple Numbers for non-edited 

control as well as edited experimental conditions. A p-value of ≤ 0.05 was regarded as 

statistically significant. 
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2.7.3 Next-Generation Sequencing based 3’-mRNA sequencing 

 
The raw reads containing FASTQ files were provided by the Next Generation Sequencing 

Core Facility. The downloaded datasets were subjected to transcript abundance 

estimation by utilizing the Salmon software (Patro et al., 2017). This methodology utilizes 

an index transcriptome to obtain read quantification. The further analysis was performed 

by utilizing the well-established R pipeline of the DESeq2 routine (Love et al., 2014). The 

clusterProfiler R package was used to perform a gene ontology analysis (Yu et al., 2012).  

 

2.8 Supplementary lists 

 
2.8.1 Technical equipment 

 
Tab. 27: Technical equipment 

Device Name Manufacturer 
Electroporator Amaxa 2D Nucleofector Lonza 
Centrifuge for bacteria 
pelleting 

Sorvall RC 6+ Centrifuge Thermo Fisher Scientific 

Centrifuge for cell culture 
work 

Heraeus Megafuge 1.0R Thermo Fisher Scientific 

Centrifuge Heraeus Megafuge 40R Thermo Fisher Scientific 
Centrifuge Centrifuge 5415R Eppendorf 
Chemiluminometer ChemiDoc Bio-rad 
Fluorescence microscopy 
inverse 

Zeiss AxioObserver Z1 Zeiss 

Fluorescence microscopy 
inverse 

Axiovert 200M Zeiss 

Gel documentation Geldoc2000 Bio-Rad 
Gel electrophoresis system 
used for DNA separation 

Agargel Biometra 

Gel electrophoresis system 
used for Protein separation 

Mini-Protean (vertical gel 
chamber), Mini-Trans-Blot 
Cell (wet blotting cell) 

Bio-Rad 

Horizontal flow hood for 
single cell picking 

HERAguard Thermo Fisher Scientific 

Incubator for cell culture HERAcell Thermo Fisher Scientific 
Light microscope (inverse) Axiovert 25 Zeiss 
Nucleic acid purification 
platform 

Maxwell® RSC Instrument Promega 

Real-Time PCR System Mastercycler realplex Eppendorf 
Spetrophotometer NanoDrop 1000 Peqlab (VWR) 
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Sterile laminar flow hood HERAsafe Thermo Fisher Scientific 
Thermocycler T3000 Thermocycler Biometra 

 
 

2.8.2 Primers and oligonucleotides for cloning 

 
Tab. 28: Primers and oligonucleotides to program the Cas9 plasmid 

Target Recipient 
plasmid 

Name Sequence (5’->3’; overhangs for BbsI 
cutting site in bold) 

hGCNF 
Exon 1 

pX459* NR6A1 KOE1 g4 
FOR 

CACC GACGAACCGCCGCCTAGCGG 
 

hGCNF 
Exon 1 

pX459* NR6A1 KOE1 g4 
REV 

AAAC CCGCTAGGCGGCGGTTCGTC 
 

hGCNF 
Exon 1 

pX459* NR6A1 C-term g81 
FOR 

CACC GGCAAGGAATGACCTGTTCC 
 

hGCNF 
Exon 1 

pX459* NR6A1 C-term g81 
REV 

AAAC GGAACAGGTCATTCCTTGCC 
 

*addgene plasmid #62988 pSpCas9(BB)-2A-Puro (PX459) V2.0 
(https://www.addgene.org/62988/) 
 

Tab. 29: Primers and oligonucleotides to clone the human GCNF knockout gene targeting 
vector 

Target Name Sequence (5’->3’) 

hGCNF NR6A1_KOE1_HAL FOR 
CCCTCACTAAAGGGACTAG
CTAGTCCTGCAGGAAATGA
AAGGGGAGGAGGGG 

hGCNF NR6A1_KOE1_HAL REV GTATGCTATACGAAGTTAT
CTAGGCGGCGGTTCGTCC 

hGCNF NR6A1_KOE1_PuroR FOR 

CGAACCGCCGCCTAGATAA
CTTCGTATAGCATACATTAT
ACGAAGTTATCAATTGTACT
TAGGATCCC 

hGCNF NR6A1_KOE1_PuroR REV CTTAGGATCCCTCGAGCGG
CCTAGTCAATAATCAATG 

hGCNF NR6A1_KOE1_HAR+mutPAM 
FOR 

TTATTGACTAGGCCGCTCG
AGGGATCCTAAGTACAATT
GTCTGGTACGCGTATAACT
TCGTATAGCATACATTATAC
GAAGTTATCGGAGTGGGA
GGCGGCGGGGGCTC 

hGCNF NR6A1_KOE1_HAR+mutPAM 
REV 

CGACTCACTATAGGGCGAA
TTGAATTTAGCGGCCGCGG
CGTTGAGGAAGGTGAGGC
GCAG 
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hGCNF NR6A1_KOE1_Intron FOR AACTGAGGAAAGGGGAAG
GC 

hGCNF NR6A1_KOE1_Intron REV GACGAGCGGTAGGAAGGG 
The backbone is derived from Addgene plasmid #52343 AAVS1-TRE3G-EGFP 
(https://www.addgene.org/52343/) 
 
Tab. 30: Primers and oligonucleotides to clone the human GCNF C-terminal knock-in 
gene targeting vector 

Target Name Sequence (5’->3’) 

hGCNF NR6AI_HALwoStop+IIS-RS 
FOR 

ACTAAAGGGACTAGCTAGT
CCTGCAGGGTTGCACCTG
GAGAATTCTG 

hGCNF NR6AI_HALwoStop+IIS-RS 
REV 

ATATCCGCGAAGACCCTTC
CTTGCCCACACTGGTC 

hGCNF revPGK-PuroR-bGH+loxP 
FOR 

TGTGGGCAAGGAAGGGTC
TTCGCGGATATCATAGAAG
ACCTATAACTTCGTATAGC
ATACATTATACGAAGTTATC
GGCCTAGTCAATAATCAAT
GTCGAG 

hGCNF revPGK-PuroR-bGH+loxP 
REV 

CTTAGGATCCCTCGAGGG
GTAGGGGAGGCGCTTT 

hGCNF NR6AI_HARmutPAM+MCSlox
P FOR 

GCCTCCCCTACCCCTCGAG
GGATCCTAAGTACAATTGT
CTGGTACGCGTATAACTTC
GTATAGCATACATTATACG
AAGTTATCCTGTTCCAGTC
GCCCTCCTCAGGCCAAC 

hGCNF NR6AI_HARmutPAM+MCSlox
P REV 

CACTATAGGGCGAATTGAA
TTTAGCGGCCGCTCAAGTG
ATTGCCAGGACTTTGC 

The backbone is derived from Addgene plasmid #52343 AAVS1-TRE3G-EGFP 
(https://www.addgene.org/52343/) 
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Tab. 31: Primers for Genotyping, insert validation, colony PCR and sequencing 

Target Name Sequence (5’->3’) 
hGCNF NR6A1_KOE1_Intron FOR AACTGAGGAAAGGGGAAGGC 
hGCNF NR6A1_KOE1_Intron REV GACGAGCGGTAGGAAGGG 
hGCNF NR6A1_Cterm val FOR GATATTAAGCAGGCACTCTGTG 

 
hGCNF NR6A1_Cterm val REV TTCAGAACATGGCATTCTGCTC 

 
PGK 
promoter 

PGK FOR AGCACCGCTGAGCAATGG 

PGK 
promoter 

PGK REV ACCAAAGAACGGAGCCGG 

Puromycin 
resistance 

PuroR FOR TTCCTGGCCACCGTCGG 

Puromycin 
resistance 

PuroR REV GAAGAGTTCTTGCAGCTCGG 

bGH polyA bGH FOR ATCGCATTGTCTGAGTAGGTGT 
bGH polyA bGH REV ACACCTACTCAGACAATGCGAT 
hGCNF NR6A1_Cterm seq FOR CAGGACAGAAGTTTTTTGGACTA 

 
hGCNF NR6A1_E1_endo REV GAAATGAAGCTCGGTGCCCA 
U6 
promoter 

pX459 sgRNA seq GAGGGCCTATTTCCCATGATT 

ccdB 
element 

ccdB REV GGCGTGTCAATAATATCACTCTG 

AM tag  AM tag FOR CTCTCAGGCTTACTGAACTAGT 
 
Tab. 32: Oligonucleotides for C-terminal tagging gene targeting vector 

Origin Name Sequence (5’->3’) 

synthetized NR6A1 3xFLAG Oligo FOR 

GGAAGATTATAAAGATGATGATGA
TAAAGATTATAAAGATGATGATGAT
AAAGATTATAAAGATGATGATGATA
AATGAACTAGT 

synthetized NR6A1 3xFLAG Oligo REV 

TTATACTAGTTCATTTATCATCATC
ATCTTTATAATCTTTATCATCATCAT
CTTTATAATCTTTATCATCATCATCT
TTATAATC 

synthetized NR6A1-C-AM-TGA FOR 

GGAATGCCAAGATCCTCAACGCAA
AGGCAACGTGATACTCTCTCAGGC
TTACGGGTGCCAAGATCCTCAACG
CAAAGGCAACGTGATACTCTCTCA
GGCTTACTGAACTAGT 

synthetized NR6A1-C-AM-TGA REV 
TTATACTAGTTCAGTAAGCCTGAGA
GAGTATCACGTTGCCTTTGCGTTG
AGGATCTTGGCACCCGTAAGCCTG



 

 

57 

AGAGAGTATCACGTTGCCTTTGCG
TTGAGGATCTTGGCA 

 
2.8.3 Primers for quantitative RT-PCR 

 
Tab. 33: Primers used for mRNA RT-PCR analysis 

Target Primer sequence FOR (5’->3’) Primer sequence REV (5’->3’) 
18s rRNA TTCCTTGGACCGGCGCAAG GCCGCATCGCCGGTCGG 
CRIPTO GCTGCCCAAGAAGTGTTCC TAGTACGTGCAGACGGTGGT 
FEZF2 ACGCTCACTATAATCTCACCCG TGGAGCTGCGGTTGAACG 

FOXG1 TGGGAGATAGGAAAGAGG 
TGAAAA GCACCAGGCTGTTGATGCT 

GCNF GAGGCCGGAATAAGAGCATT CAGGGGAACTGTGGTCACTATC 
NRIP1 GTGTTCCATGCCCAGTGAGA TTGGCTGTGACCTGTGAGAC 
OCT4 GTGGAGGAAGCTGACAACAA ATTCTCCAGGTTGCCTCTCA 
PAX3 GCCAATCAACTGATGGCTTT AGCGGTTGAGGTCTGTGAAC 
PAX6 AATAACCTGCCTATGCAACCC AACTTGAACTGGAACTGACACAC 
RSPO3 AGCTGACTGTGATACCTGTTTCA CCCTTCTTCGTGCATGGACT 
WNT4 ATGCTCTGACAACATCGCCT GCCAGCACGTCTTTACCTCA 

 
2.8.4 Antibodies 

 
Tab. 34: Primary antibodies 

Target Host/Isotype Source Catalog # Dilution* 
β-Actin Mouse IgG 

monoclonal 
Sigma-Aldrich A1978 1:5000 (WB) 

Flag Mouse IgG 
monoclonal 

Merck KGaA F1804-200UG 1:500 

GCNF Mouse IgG 
monoclonal 

Perseus 
Proteomics 

PP-H7921 1:1000 (WB) 

OCT3/4 Mouse IgG 
monoclonal 

Santa Cruz 
Biotechnology 

sc-5279 1:400 

PAX6 Rabbit IgG 
polyclonal 

BioLegend 901301 1:300 

SOX2 Rabbit IgG 
polyclonal 

Novus 
Biologicals 

NB110-37235 1:1000 

TRA1-60 Mouse IgM 
monoclonal 

EMD Millipore 
Corp USA 

MAB4360 1:300 

*Dilution for immunocytochemistry (ICC), if not stated otherwise. WB, Western blot. 
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Tab. 35: Secondary antibodies 

Antibody Source Dilution** 
HRP-linked goat anti-mouse IgG Cell Signaling 

Technology 
1:1000 (WB) 

Alexa488 goat anti-mouse IgG Invitrogen* 1:1000 
Alexa488 goat anti-rabbit IgG Invitrogen* 1:1000 
Alexa555 goat anti-mouse IgG Invitrogen* 1:1000 
Alexa555 goat anti-rabbit IgG Invitrogen* 1:1000 

*Invitrogen is now part of Thermo Fisher Scientific 
**Dilution for immunocytochemistry (ICC), if not stated otherwise. WB, Western blot. 
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3. Results 
 
3.1 Establishment of GCNF-deficient hiPSCs utilizing CRISPR/Cas9-mediated genome 

editing 

 
The CRISPR/Cas9 system allows genome editing in cell culture in a short period of time 

whereas it would have taken months with classical gene targeting techniques. Although 

its cost efficiency and feasibility are greatly appreciated in the scientific community, some 

requirements have to be addressed when setting up a genome editing experiment in 

hiPSCs. The first part of the result section focuses on these technical requirements to 

establish hiPSC clones deficient for the GCNF gene. 

 

3.1.1 Prediction of sgRNAs targeting the endogenous GCNF gene  

 
For CRISPR/Cas9-mediated genome editing it is of utmost importance to carefully 

investigate the genomic locus that is desired to be edited. Online databases provide the 

human reference genome and allowed for a first investigation of the genomic organization 

of GCNF. Many online algorithms from different laboratories provide sgRNA design by 

use of bioinformatic algorithms (Liu et al., 2020). These algorithms analyze a specific gene 

or DNA sequence for the presence of the PAM sequence that is a key requisite for the 

Cas9 endonuclease domains to introduce a DSB. Additionally, it serves to estimate off-

target frequency of a given sgRNA.  Due to the user-friendly interface as well as the wide 

acceptance in the scientific community, the CHOPCHOP online tool 

(https://chopchop.cbu.uib.no) for sgRNA prediction was chosen in this study to target 

GCNF (Labun et al., 2016). According to the on-target capacity and off-target risk of a 

given sgRNA, this algorithm assigns its ranking.  The ranking is indicated by a color code 

for each sgRNA. The sgRNAs that had been assigned red have a bias towards off-targets, 

the yellow ones are expected to exhibit an intermediate range, whereas the sgRNAs 

marked as green indicate a low off-target activity. The CHOPCHOP online tool was 

queried with NR6A1, the gene symbol of GCNF, in order to find an sgRNA that would 

allow the introduction of a DSB in close proximity of the start codon (Fig. 7 A). The ranking 

indicated several low off-target sgRNAs, that would allow cutting near the start codon, 

under the top 10 of predicted sgRNAs (Fig. 7 B). SgRNA 4 was further investigated 
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because it allows cutting downstream of the start codon, whereas several other high 

ranked sgRNAs would result in a cut upstream of it. Additionally, sgRNA 4 starts with the 

DNA base guanine which would allow a strong expression from the U6 promoter (Mali et 

al., 2013) (Fig. 7 C). Importantly, for sgRNA 4 no off-targets have been found (Fig. 7 B). 

Fig. 7: The CHOPCHOP online tool provides possible sgRNAs for a given gene. 
(A) The CHOPCHOP tool (https://chopchop.cbu.uib.no) is an online tool that outputs
potential sgRNAs for a specific gene. When queried with GCNF (gene symbol NR6A1)
it provided the depicted result. SgRNAs are categorized by a color code, with green
showing the best on-target and off-target ratio, whereas sgRNAs that are marked in
yellow and red are less well-suited. (B) The table indicates the ranking of the provided
sgRNAs along with the target sequences, the exact genomic location and potential off-
targets. For the highest ranking sgRNAs no off-targets are predicted. SgRNA 4 is
marked in green. (C) CHOPCHOP output for sgRNA 4 with important components being
highlighted. Note the start codon of the GCNF gene (green rectangle), as well as the
cutting site and the protospacer-adjacent motif (PAM, blue rectangle), which is required
for the Cas9 enzyme to bind the target DNA.
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3.1.2 A plasmid-based Cas9 vector allows sgRNA customization to target a specific 

genomic sequence 

 
Many different methods have been utilized to deliver the genome editing machinery into 

human cells. Among them is the mRNA-based delivery that relies on chemically modified 

mRNA (Hashimoto and Takemoto, 2015) as well as ribonucleoprotein complexes (RNP) 

that are widely appreciated for their efficiency (Chen et al., 2016). More recent systems 

lower costs by a modular RNP assembly with a customizable synthetic crRNA and a 

universal synthetic tracrRNA (Vakulskas et al., 2018). Although both mRNA- and RNP-

mediated genome editing is advertised with the promise of high efficiency, it is expensive 

and depends on company supply. The plasmid-based system instead provides maximum 

flexibility and minimal cost. The most broadly used system originated from the Feng Zhang 

laboratory from Massachusetts Institute of Technology (MIT), is well established in 

laboratories throughout the world and can be easily purchased from Addgene (Ran et al., 

2013b) (Fig. 8 A). From this series of plasmids, the pX459 plasmid seemed to be 

especially well-suited for the purpose of this study, as it encodes all necessary 

components on one plasmid to target and cut a desired gene and additionally allows for 

puromycin selection. PX459 encodes the Cas9 enzyme followed by a T2A-peptide-linked 

puromycin N-acetyltransferase that delivers resistance against puromycin. During 

translation, the T2A-peptide mediates cutting and separation between the Cas9 enzyme 

and the puromycin resistance (Ran et al., 2013b) (Fig. 8 A). Thus, the pX459 vector makes 

it possible to select for the delivery of the plasmid into the cells. A separate functional unit 

of the plasmid is the U6 promoter followed by the sgRNA sequence. The latter consists of 

a region that can be replaced with a BbsI digestion (Fig. 8 B) and subsequent 

incorporation of a small oligonucleotide encoding the chosen sgRNA (Fig. 8 C), thereby 

customizing the sgRNA to bind at the desired location. The customized part is followed by 

the scaffold sgRNA which resembles the tracrRNA of the bacterial system and mediates 

association with the Cas9 enzyme. To ensure a strong expression of the sgRNA from the 

U6 promoter it has to either naturally contain a G at the 5’ end or has to be designed that 

way (Mali et al., 2013). In the case of sgRNA 4 (Fig. 7 B, C) this step can be omitted as 

the sgRNA already contains a G at the 5’ end. The customization of the sgRNA sequence 

was done as such: The pX459 plasmid was obtained from Addgene and digested with 
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BbsI, which allows to remove a placeholder oligonucleotide and to replace it with the 

sequence of sgRNA 4 (Fig. 8 B, C). Successful incorporation of the respective 

oligonucleotides was confirmed with Sanger sequencing (Fig. 8 D). The resulting plasmid, 

once delivered to the cells, is supposed to express both Cas9 and the customized sgRNA, 

thereby navigating the nuclease to introduce a DSB at the desired location. 

Fig. 8: The all-in-one vector pX459 can easily be customized to target a chosen 
sequence within the human genome. (A) The plasmid map indicates important 
elements. The sequence that encodes the Cas9 enzyme is followed by a T2A-peptide-
linked puromycin resistance. The U6 promoter driven sgRNA can be customized by 
BbsI digestion and subsequent incorporation of a small oligonucleotide. (B) BbsI 
digestion results in linearization of the plasmid backbone. (C) Two duplexed DNA 
oligonucleotides exhibit overhangs that allow incorporation into the BbsI-digested 
backbone. (D) Sanger sequencing confirms successful customization of the sgRNA 
sequence. A comprehensive publication describes the procedure in detail (Ran et al., 
2013b). 
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3.1.3 Cloning of a knockout gene targeting vector to introduce a puromycin resistance 

cassette into the GCNF open reading frame  

 
Another important consideration in a CRISPR/Cas9 approach is, whether to rely solely on 

NHEJ or the more complex HDR for gene repair. NHEJ has been successfully utilized to 

generate hiPSCs deficient for a specific gene (Perez et al., 2008). When a cell encounters 

a DSB at a specific location it may join the resulting ends in an end-to-end fashion in order 

to repair the damage. This process is fast, efficient and favored in mammalian cells 

(Sargent et al., 1997). On the other hand, NHEJ is also error-prone and tends to generate 

insertions or deletions at the respective location (Mao et al., 2008). Upon delivery of the 

Cas9/sgRNA-containing plasmid into the cells and the introduction of a DSB, NHEJ may 

introduce indels that might render a cell deficient for a specific gene of interest. On the 

other hand, upon Cas9/sgRNA delivery, an HDR approach may be utilized to incorporate 

a desired sequence into a specific site. Even though this process is less efficient it 

provides the possibility to introduce exogenous DNA into the genome. This may be a 

fluorescent protein like eGFP or a resistance gene. An HDR-based strategy was followed 

in this study to introduce a puromycin resistance cassette into the first exon of the GCNF 

gene (Fig. 9 A, B). This causes a disruption of the GCNF ORF, thereby leading to a GCNF 

knockout and allows to enrich for cells that incorporated the cassette into the genome by 

puromycin selection. To that end it was necessary to generate a gene targeting vector by 

molecular cloning. The goal was also to include loxP sites to make it possible to excise 

the puromycin resistance gene after editing. The first step was the careful inspection of 

the endogenous GCNF sequence that was retrieved from the current Ensembl reference 

genome (Yates et al., 2020) (Fig. 9 A). The desired targeting vector is depicted in a 

scheme in Fig. 9 B and encompasses a left homology arm (HAL) of 800 bp as well as a 

right homology arm (HAR) of 800 bp (Fig. 9 C, D). Importantly, a PAM mutation was 

included in the HAR fragment to prevent cutting of the gene targeting vector by the Cas9 

nuclease. The center of the construct harbors a puromycin resistance gene that is driven 

by a PGK promoter and is terminated by a bGH polyA sequence (Fig. 9 B, C). Notably, 

whereas cloning of the puromycin cassette and the HAL fragment was readily achieved, 

cloning of the HAR fragment required optimization and utilization of a different DNA 

polymerase.  
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Fig. 9: Construction of a gene targeting vector to disrupt GCNF and introduce a 
puromycin resistance cassette in hiPSCs.  (A) GCNF is encoded by the NR6A1 gene 
on chromosome 9. (B) The gene targeting vector encompasses a left homology arm 
(HAL), a right homology arm (HAR) and a PGK-driven puromycin resistance cassette 
(PuroR) in between. The start codon (ATG) of the GCNF ORF is indicated in green. The 
Cas9 cutting site is indicated as a yellow triangle. (C) The puromycin resistance cassette 
(1499 bp) and the HAL fragment (851 bp) was readily amplified by PCR. (D) The PCR 
amplification of the HAR fragment (921 bp) could only be achieved after first amplifying 
a larger fragment that served as a template for the aimed fragment. It was also needed 
to utilize a different polymerase (Phusion polymerase). The primers included overhangs 
for the subsequent Gibson assembly-based NEBuilder reaction. ORF = open reading 
frame, UTR = untranslated region. 

 

3.1.4 Feasibility test of hiPSC nucleofection 

 
Once, both the Cas9/sgRNA plasmid as well as the gene targeting vector are constructed, 

several stages have to be accomplished to generate a cell line that is deficient for a given 

gene (Fig. 10). Whereas lipofection is frequently used when transfecting immortalized cell 

lines, like HEK293FT cells, it is usually very inefficient in human stem cells (Cao et al., 

2010). Therefore, the delivery of the genome editing reagents was performed by 
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nucleofection, which has previously been described as an efficient way to introduce 

exogenous DNA into stem cells (Cao et al., 2010). 

 

 
Fig. 10: Timeline to establish an hiPSC line deficient for a specific gene with 
CRISPR/Cas9. Upon nucleofection of both, the sgRNA/Cas9 plasmid and the gene 
targeting vector, the cells are plated on fresh plates and cultivated for 48 h to ensure 
Cas9 expression and DSB formation. Initially, the majority of the cells are non-edited 
(blue). 48 h post nucleofection, the cells are exposed to puromycin for 7 days to select 
edited cells, and expanded for 1 – 3 weeks. The selection removes non-edited cells, 
which do not carry the puromycin resistance cassette, and only cells remain that had 
undergone heterozygous (dark green) or homozygous editing (bright green). A first 
analysis can already be done at the polyclonal level. The generation of monoclonal cell 
lines requires another 2 – 4 weeks and includes single cell seeding, clone picking, 
genotyping and qRT-PCR analysis. 

 

Nucleofection is an electroporation-based method and was tested with the pmaxCloning™ 

plasmid which encodes eGFP under control of the strong CMV promoter. The experiment 

provided a first insight that nucleofection might be capable to efficiently deliver genome 

editing constructs into hiPSCs (Fig. 11 A, B). Next, nucleofection was utilized to deliver 

the gene editing constructs that had been generated before to disrupt the endogenous 

GCNF gene. Therefore, hiPSCs were plated after nucleofection and selected with 

0.5 µg/ml puromycin. Upon puromycin treatment visible cell death indicated a robust effect 

of the antibiotic compound on non-edited cells. After several days of selection, the 

nucleofected cells could be expanded free of noticeable morphological abnormalities. 

QRT-PCR was chosen as a first read-out of targeted gene disruption. Compared to the 

non-edited parental cell line, already in the polyclonal pool of nucleofected and puromycin-

selected cells a strong decline in GCNF expression could be detected by qRT-PCR 

(Supplementary Fig. 1). 
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Fig. 11: Strong green fluorescence is induced 24 h after nucleofection of an eGFP-
containing plasmid. (A) Plasmid map of the control plasmid from Lonza Biosciences 
(pmaxCloning™). (B) EGFP signal 24 h post nucleofection. Scale bar = 200 µm. 

 

3.1.5 Genotyping of single cell-derived hiPSC clones 

 
Encouraged by the promising results on the polyclonal level (Supplementary Fig. 1), 

single cell-derived clones were generated and subjected to genotyping. To that end, two 

different PCR reactions were performed for 12 single cell-derived clones (Fig. 12 A). The 

non-edited parental cell line (NE) was included as a negative control. The first reaction 

yields a PCR product of 1295 bp and shows the existence of the non-edited endogenous 

GCNF locus. The second reaction yields a PCR product of 1153 bp and turns positive 

when the puromycin cassette was successfully integrated. The combination of both 

reactions makes it possible to assess whether a clone is non-edited (GCNF +/+), whether 

only one allele had been edited (GCNF +/-, heterozygous editing) or whether both alleles 

had been edited (GCNF -/-, homozygous editing) (Fig. 12 B). The reaction that included 

the non-edited parental cell line (NE) gave rise to an endogenous band, but not to an 

insert-band. Clones 2, 3, 5, 8, 9, 11 and 12 showed both the endogenous band, as well 

as the insert-band, indicating a heterozygous genotype or clones that contain not only 

edited, but also non-edited cells (mosaic clones) (Fig. 12 B). Clones 1, 4, 7 and 10 showed 

only the insert-band, but not the endogenous one, indicating that a homozygous editing 

occurred (Fig. 12 B). Clone 6 showed an endogenous band, but no insert-band. Due to 

the fact that clone 6 survived puromycin selection, this indicates a random integration of 

the plasmid.  
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Fig. 12: Genotyping of single cell-derived GCNF-ablated hiPSCs. (A) The genotyping 
relies on two PCR reactions. Primer P1 and P3 generate a 1295 bp band in non-edited 
alleles. When primer P1 is combined with P2, which binds in the insert, the reaction 
gives rise to a 1153 bp band that is only present when the puromycin cassette got 
inserted into the GCNF locus. The functional start of the ORF is marked by a green 
ATG, the disrupted start of the ORF is marked by a red ATG. (B) Presence or absence 
of the two PCR products on the agarose gel indicate whether a clone exhibits a 
homozygous loss of GCNF (GCNF -/-, endo-/insert+), a heterozygous loss of GCNF 
(GCNF +/-, endo+/insert+) or if random integration occurred (GCNF +/+, endo+/insert- ). 
The non-edited, parental cell line (NE, GCNF +/+, endo+/insert-), as well as H20 (-) was 
included as a control. The entire agarose gels can be found in Supplementary Fig. 2. 
(C) GCNF expression was also assessed with qRT-PCR to confirm the genotyping 
results on the transcript level. A reduction of GCNF mRNA indicates heterozygous 
editing, whereas a depletion of > 95 % indicates homozygous editing. NE = non-edited 
control. n=1.  
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To further analyze the cell lines, they were also subjected to qRT-PCR (Fig. 12 C). The 

clones did either show a strong reduction of GCNF mRNA levels, as compared to the non-

edited control, indicating heterozygous editing or an expression close to 0 %, indicating a 

homozygous editing and a full knockout of the GCNF gene. This was largely aligned with 

the results obtained from the genotyping reaction, except for clone 5 which showed a 

strong reduction of GCNF expression close to 0 %, but did show a product indicating a 

non-edited locus in the genotyping reaction. This may be caused by some non-edited cells 

contaminating the otherwise homozygous population of edited cells (Fig. 12 B, C). Clone 

12 appeared to be heterozygous in the genotyping PCR, but exhibited a fold change 

reduction of > 85 % in the qRT-PCR, which may also be caused by mosaicism 

(Fig. 12 B, C).  

 

3.2 GCNF-ablated single cell-derived hiPSC clones pass quality control parameters 

 
Based on the genotyping analyses, 3 presumptive homozygous knockout clones (C1, C4 

and C7) were chosen for further characterization. Their insert PCR product was subjected 

to Sanger sequencing, which is capable of confirming the incorporation of the construct 

into the endogenous GCNF locus. Indeed, analysis of the resulting sequence indicated a 

seamless transition of the GCNF 5’ upstream region into the region of the left homology 

arm. This excludes the possibility of the sequence being derived from the gene targeting 

vector and proofs its exact integration into the desired location in the genome (Fig. 13). 

The presence of the PGK promoter could also be confirmed in all clones (Supplementary 

Fig. 3). 
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Fig. 13: Sanger sequencing confirmed the incorporation of the puromycin resistance 
cassette at the desired genomic location in GCNF-ablated hiPSC clones. The PCR 
product was generated with one primer that binds outside the region of the left homology 
arm (5’ upstream) and one primer that binds inside the insert. The depicted sequence 
can only be generated when the integration of the puromycin cassette occurred at the 
aimed genomic location and excludes its derivation from the gene targeting vector. In 
the same sequencing reaction, the 5’ end of the PGK promoter could also be confirmed 
in all clones (Supplementary Fig. 3). 

 

Non-edited, as well as GCNF-depleted clones were checked for vitality and morphological 

abnormalities on a regular base in phase contrast microscopy (Fig. 14). No morphological 

abnormalities or overt differences in proliferation could be detected during cell clone 

expansion.  
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Fig. 14: Phase contrast images of non-edited, as 
well as GCNF-ablated hiPSC clones. 
Scale bar = 200 µm. 

 

Immunocytochemistry suggests that the pluripotency markers OCT4 and SOX2 were 

consistently expressed on a comparable level to the non-edited control hiPSCs in GCNF-

ablated clones (Fig. 15 A). To confirm GCNF depletion on mRNA level, RNA of the cells 

was collected in self-renewing conditions. QRT-PCR revealed a consistent and robust 

downregulation of GCNF mRNA in GCNF-depleted cells compared to the non-edited 

parental cell line (Fig. 15 B). Additionally, qRT-PCR was performed for OCT4 and 

CRIPTO. Both of them are known GCNF target genes and are expected to be upregulated 

upon GCNF depletion (Hentschke et al., 2006; Wang et al., 2016). However, in self-

renewing conditions no obvious upregulation of OCT4 and CRIPTO could be observed, 

indicating that other factors might compensate for the loss of GCNF in self-renewing 

conditions (Fig. 15 B). It is important to account for the fact that mRNA expression 

changes do not necessarily correlate with changes on protein level. Therefore, protein 

samples were collected in hiPSCs from non-edited controls and GCNF-ablated clones in 

self-renewing conditions. Western blot analysis showed GCNF depletion in the clones that 

had undergone the editing procedure (Fig. 15 C, Supplementary Fig. 4). As genome 

editing relies on introducing a DSB, which is a known cause for genomic aberration (Cullot 
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et al., 2019; Rayner et al., 2019), genomic DNA was subjected to a SNP analysis. SNP 

analysis confirmed genomic integrity of the hiPSC lines, and no major aberration could be 

detected as compared to the non-edited cell line (Supplementary Fig. 5 - 8). 

    

 
Fig. 15: GCNF-ablated hiPSC clones pass standard quality control and show significant 
reduction of both GCNF mRNA as well as protein. (A) Representative images of 
immunocytochemistry for SOX2 and OCT4 suggests a low degree of differentiation of 
the GCNF-ablated clones (C1, C4, C7) as well as the non-edited control (NE) hiPSCs. 
All stainings were performed in 3 independent biological replicates. Scale bars = 100 
µm. (B) QRT-PCR analysis shows GCNF down-regulation in the edited clones. Two 
known GCNF target genes show no signs of upregulation in self-renewing conditions. 
Data were normalized to 18s rRNA levels and are presented as mean + SD, relative to 
the expression in non-edited cells (set to 1, dashed line; n = 3). ****, p ≤ 0.0001. (C) 
Western blot analysis indicates prominent reduction of GCNF protein in GCNF-ablated 
clones and was performed in 3 independent biological replicates from hiPSCs in self-
renewing conditions (Supplementary Fig. 4). 
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3.3 GCNF-deficient hiPSCs show alterations in germ layer specification 

 
Several hiPSC lines deficient for GCNF have been successfully established. The 

generated cell lines were then employed to study how GCNF mediates exit of pluripotency 

and whether there is alteration in germ layer specification when hiPSCs are driven towards 

differentiation. Special emphasis was put on the assessment of alterations in 

neuroectodermal specification. 

 

3.3.1 GCNF knockout hiPSCs exhibit impaired germ layer differentiation in an undirected 

differentiation experiment 

 
The first experiment was aimed at shedding light on the influence of GCNF on germ layer 

differentiation. Given its importance in the early neural lineage and the alteration in brain 

development in knockout mice, absence of GCNF might have an influence on germ layer 

commitment in a human stem cell model (Akamatsu et al., 2009; Chung et al., 2006). 

Therefore, hiPSCs were detached and transferred to floating culture in a Petri dish 

(Fig. 16 A). The absence of coating allows the stem cells to assemble into spheroid-

shaped embryoid bodies (EBs) in a serum-based medium (Fig. 16 B). The EBs were 

cultivated for 2 weeks and then subjected to RNA extraction.  
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Fig. 16: Embryoid body-based undirected differentiation experiment to assess 
alterations in germ layer specification. (A) HiPSCs were detached from the cell culture 
dish with collagenase IV and transferred to an uncoated Petri dish in a permissive 
medium, that allows differentiation into all three germ layers. Comparison of the GCNF-
ablated clones with the non-edited control (NE) might uncover differences in germ layer 
specification. (B) Shown are representative images of the spheroid-shaped embryoid 
bodies (EBs) 48 h after transfer to the EB medium. EBs formed in all clones 
including non-edited (NE) and GCNF-ablated clones (C1, C4, C7). Scale bar = 100 µm. 

 

As a first step, qRT-PCR was performed for GCNF, OCT4, CRIPTO and PAX6 (Fig. 17 A). 

The cells exhibited highly significant reduction of GCNF expression in all three GCNF-

depleted clones. Analysis of two known GCNF target genes, OCT4 and CRIPTO, showed 

an upregulation which was partly significant (Fig. 17 A). PAX6 expression was reduced in 

two clones, although not statistically significant (Fig. 17 A). The non-edited control and 

two GCNF-deficient clones (C1 and C7) where subjected to a Scorecard assay. The 

Scorecard is a TaqMan-based method assessing a large set of marker genes at the same 

time to investigate whether a population of hiPSCs is capable of differentiating into all 

three germ layers. The analysis of the Scorecard assay with the Thermo Fisher Scientific 

hPSC Scorecard analysis software yields a score for self-renewal and each germ layer, 

thereby visualizing whether the hiPSCs are capable to differentiate and to what extent 

they differentiate into each germ layer (Fig. 17 B). GCNF-depleted clones exhibited a 

slightly elevated level of the self-renewal score, even though the changes did not reach 
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statistical significance. In addition, an impairment of the ectodermal score could be 

observed in the GCNF-depleted clones, that reached statistical significance in C1 

(Fig. 17 B).  

   

 
Fig. 17: QRT-PCR and Scorecard values indicate alterations in germ layer 
specification. (A) The mRNA levels of EBs after 14 days of undirected differentiation 
were analyzed via qRT-PCR and confirmed GCNF depletion in the knockout clones. Its 
two target genes OCT4 and CRIPTO exhibit an upregulated expression level, although 
statistical significance is not reached for all clones. A trend indicates that PAX6 
expression might be impaired in the knockout clones, although no statistical significance 
is reached. Data were normalized to 18s rRNA levels and are presented as mean + SD, 
relative to the expression in non-edited (NE) cells (set to 1, dashed line; n = 3). 
*, p ≤ 0.05; ****, p ≤ 0.0001. (B) As compared to the non-edited control (NE), the GCNF-
ablated clones show a small increase in the expression of genes that are associated 
with self-renewal of hiPSCs. The ectoderm score seems to be slightly decreased 
although this effect is only statistically significant for C1. Data were normalized by the 
Thermo Fisher Scientific hPSC Scorecard analysis software and are presented as mean 
+ SD. n = 3. *, p ≤ 0.05. 
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To account for subtle changes in the undirected differentiation paradigm, statistical 

significance tests were performed for all 85 marker genes covered by the Scorecard 

assay. Interestingly, although the analysis yielded only a small list of significantly 

dysregulated genes, most of them could be assigned to the ectoderm (Fig. 18 A). In total, 

5 genes were found to be consistently dysregulated in the ectoderm, whereas only 1 

mesodermal marker gene and 3 endodermal marker genes were consistently changed 

(Fig. 18 B, C). More specifically, whereas the ectodermal marker genes WNT1, PAX3, 

NOS2 and TRPM8 appeared to be downregulated, PRKCA expression levels increased 

(Fig. 18 A). HAND1, a mesodermal marker gene as well as the endodermal marker gene 

EOMES exhibited a consistent upregulation (Fig. 18 B, C). Oppositely, the endodermal 

marker genes FOXP2 and SST, exhibited a consistent downregulation (Fig. 18 C). 

  

 
Fig. 18: Germ layer-specific genes that exhibit significant alterations in the Scorecard 
assay. (A) The ectodermal gene expression levels exhibit the most pronounced 
changes in significantly dysregulated marker genes. (B, C) Significantly dysregulated 
mesodermal and endodermal marker genes. All data were normalized by the Thermo 
Fisher Scientific hPSC Scorecard analysis software and are presented as mean + SD. 
n = 3. *, p ≤ 0.05; **, p ≤ 0.01. 
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3.3.2 3’-mRNA sequencing and gene ontology analysis indicate defective neural 

induction in GCNF-ablated hiPSCs 

 
Given the presumable role of GCNF during early neuroectodermal specification, it would 

be especially interesting to assess alterations of GCNF-ablated cells in a neural induction 

paradigm. To that end, non-edited as well as GCNF-deficient hiPSCs were subjected to a 

directed dual-SMAD inhibition-based neural induction for 48 h and 96 h (Fig. 19). This 

protocol relies on inhibition of both TGFβ- as well as BMP-mediated SMAD signaling and 

results in an efficient neuralization of hiPSCs (Chambers et al., 2009). 

 

 
Fig. 19: Dual-SMAD inhibition-based neural induction experiment. The cells were 
exposed to the dual-SMAD inhibition-based neural induction medium. RNA was 
collected after 48 h and 96 h. The RNA samples of four independently performed 
experiments were subjected to qRT-PCR. The RNA samples of one of the four 
experiments was also subjected to 3’-mRNA sequencing. 

 

The RNA of four experiments was collected on the respective timepoints to perform qRT-

PCR analysis. The RNA samples of the 96 h timepoint of one experiment were subjected 

to 3’-mRNA sequencing. The resulting data sets were analyzed with R. In the analysis, 

non-edited cells were compared to all three GCNF-deficient clones after 96 h of neural 

induction with dual-SMAD inhibition. The top differentially expressed genes (DEGs), 

included both up- and downregulated genes and are displayed as a heatmap in Fig. 20 A. 

As expected, GCNF (NR6A1) can be found within the top down-regulated genes. 

Interestingly, GCNF-ablated clones showed a strong decrease in PAX6 transcripts. 

Additionally, FEZF1 and FEZF2 (forebrain embryonic zinc finger 1 and 2), factors that are 

important for forebrain development (Shimizu et al., 2010), are strongly downregulated 

upon GCNF ablation.  
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Fig. 20: 3’-mRNA sequencing for analyzing the role of GCNF during neural induction. 
(A) The RNA samples of one of the four experiments were subjected to 3’-mRNA
sequencing. In the analysis non-edited hiPSCs (NE) were compared to all GCNF-
ablated hiPSCs (C1, C4, C7) after 96 h of dual-SMAD inhibition-based neural induction.
Presentation of the top 30 differentially expressed genes (DEGs) between non-edited
and all GCNF-ablated clones as a heatmap. Notably, GCNF (NR6A1) is among these
genes, thereby confirming the functional knockout. Interestingly, the heatmap shows
genes that are implicated in hormonal regulation (e.g. FST, WNT4, NRIP1) as well as
genes that are involved in maintenance of neural progenitors (e.g. PAX6, FEZF1,
FEZF2). (B) Gene Ontology analysis with clusterProfiler (Yu et al., 2012) reveals several
enrichment categories, for example ‘forebrain regionalization’ and ‘forebrain neuron fate
commitment’.

Also, NRIP1, a coactivator of nuclear receptors (Heim et al., 2007) as well as RSPO3, a 

mediator of canonical WNT signaling (de Lau et al., 2012) are strongly downregulated. 

Similarly, FST, which promotes the neuroectodermal fate by inhibiting BMPs (Liu and 

Niswander, 2005) was found to be down-regulated in the GCNF-deficient cells.  

WNT4 was found within the top upregulated genes, a factor that is involved in female 

gonad development and axon guidance (Jordan et al., 2003; Lyuksyutova et al., 2003). 
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Gene ontology analysis showed a significant enrichment of several GO terms that point 

towards the presumable effect of GCNF on brain development. Among the significant GO 

terms were “forebrain regionalization” and “forebrain neuron commitment” (Fig. 20 B).  

 
3.3.3 Gene expression analysis with quantitative RT-PCR and immunocytochemistry 

confirms defective neural induction in GCNF-ablated hiPSCs 

 
To confirm the results obtained by the bioinformatical approach, qRT-PCR was performed 

on genes, that had been identified as interesting candidates to be involved in three 

different categories that are linked to GCNF function: “pluripotency”, “brain development” 

and “hormonal regulation” (Fig. 21). It also included some additional genes that were 

hypothesized to exhibit alteration. This was done after 48 h and after 96 h of neural 

induction to get insights into the temporal dynamic of the GCNF knockout-mediated 

deficits. In the category of pluripotency, GCNF expression showed the expected strong 

decrease in all three knockout clones (Fig. 21 A). OCT4 expression showed a non-

significant slight increase after 48 h of dual-SMAD inhibition, whereas a significant 

upregulation of up to 2.34 ± 0.51 fold, compared to the non-edited cell line, was found 

after 96 h of neural induction (Fig. 21 B). Similarly, CRIPTO showed a non-significant 

increase upon 48 h of dual-SMAD inhibition, whereas a strong upregulation of up to 

6.16 ± 2.35 fold could be observed after 96 h (Fig. 21 C). The upregulation of the two 

known GCNF target genes OCT4 and CRIPTO is a strong indicator that GCNF loss-of-

function indeed impairs the exit of pluripotency. In the category of “brain development” the 

first genes subjected to qRT-PCR were PAX6 and FEZF2 as they were among the most 

differentially expressed genes in the 3’-mRNA sequencing experiment (Fig. 20 A). 

Whereas high variability of PAX6 mRNA levels after 48 h of neural induction indicates that 

PAX6 is only expressed in a small amount at this timepoint, its expression levels at 96 h 

were significantly decreased to around 0.25 fold in the edited clones as compared to the 

non-edited cells (Fig. 21 D). Similarly, FEZF2, a gene that is involved in forebrain 

differentiation showed a highly significant decrease in mRNA expression levels of around 

0.20 fold in the GCNF-ablated clones after 96 h of neural induction. (Fig. 21 E). As FOXG1 

was shown to be positively regulated by FEZF2 (Wang et al., 2011) and is impaired in a 

GCNF knockout mouse model (Chung et al., 2006), it was also included in the qRT-PCR 

analysis. Indeed, FOXG1 expression exhibited a similar pattern as FEZF2. Whereas upon 
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48 h of dual-SMAD inhibition only C4 already showed a significant downregulation of 

FOXG1, 96 h of differentiation resulted in a strong decrease in FOXG1 mRNA levels in 

the GCNF knockout clones (Fig. 21 F). Notably, PAX3, a known marker of neural crest 

development, was impaired in the undirected differentiation experiment (Fig. 18 A). 

Therefore, it was also investigated after 48 h and 96 h in the neural induction experiment. 

Whereas no cell line expressed PAX3 on a detectable level after 48 h, a strong decline in 

mRNA levels could be observed in GCNF-ablated clones as compared to non-edited 

control cells after 96 h of neural induction (Supplementary Fig. 9). The category “hormonal 

regulation” addressed the fact that GCNF is tightly connected to gonad development and 

has similar features as other nuclear receptors like the testosterone receptor or the 

estrogen receptor (Sabour et al., 2014; Tata, 2002; Weikum et al., 2016). Interestingly, 

WNT4 ranked among the most upregulated genes in the transcriptomic analysis 

(Fig. 20 A). This was confirmed by qRT-PCR. Whereas no upregulation was observed 

after 48 h of differentiation, a strong WNT4 upregulation of up to ~12 fold could be 

observed after 96 h (Fig. 21 G). RSPO3 belongs to the R-spondin family of proteins that 

are known regulators of WNT signaling (de Lau et al., 2012) and showed a strong 

decrease already in the 48 h, but more strongly in the 96 h condition (Fig. 21 H). Another 

interesting candidate in this category was NRIP1, which ranked among the most 

differentially expressed genes in the transcriptomic analysis (Fig. 20 A). NRIP1 serves as 

a coreceptor of nuclear receptors and mediates repression of target genes (Heim et al., 

2007). Considering that GCNF is described to act as a transcriptional repressor, NRIP1 

might be a potential candidate that mediates the repression of GCNF target genes. After 

48 h, only C4 showed a significant NRIP1 decrease, whereas after 96 h both C1 and C4 

showed a significant downregulation (Fig. 21 I).  
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Fig. 21: Genes with significantly altered expression in the 3’-mRNA sequencing were 
validated by qRT-PCR. These genes were ordered according to their presumable 
function into three major categories: “pluripotency”, “brain development” and “hormonal 
regulation”, all of which have been associated with GCNF function. (A) In the category 
of “pluripotency” GCNF expression was significantly decreased. (B, C) Pluripotency-
associated genes OCT4 (B) and CRIPTO (C) were significantly upregulated after 96 h 
of neural induction. (D-F) In the category of “brain development” neural stemness 
marker PAX6 was significantly decreased (D) which was accompanied by a likewise 
decrease in FEZF2 (E) and FOXG1 (F). (G-I) The last category addressed “hormonal 
regulation” and showed a significant upregulation of WNT4 (G), as well as a reduction 
of RSPO3 (H) and NRIP1 (I). All data were normalized to 18s rRNA levels and are 
presented as mean + SD, relative to the expression in non-edited (NE) cells (set to 1, 
dashed line; n = 4; RSPO3 and NRIP1 n=3; NRIP1 C7 n=2). *, p ≤ 0.05; **, p ≤ 0.01; 
***, p ≤ 0.001; ****, p ≤ 0.0001. 
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Immunocytochemistry for both OCT4 and PAX6, after 96 h of neural induction, confirmed 

the results on a protein level. A prominent reduction of PAX6 in the GCNF knockout clones 

as compared to the non-edited control could be observed. On the contrary, reactivity 

against OCT4 was elevated in the GCNF-ablated clones (Fig. 22). 

 

  
Fig. 22: Immunocytochemistry for OCT4 and PAX6 after 96 h of dual-SMAD inhibition 
confirms an effect of GCNF ablation on neural induction. GCNF-ablated clones (C1, C4, 
C7) show higher reactivity of an antibody against OCT4, as compared to the non-edited 
(NE) control, indicating a decreased capacity to silence the pluripotency network. On 
the contrary, PAX6 signal shows a prominent reduction in GCNF-ablated clones, 
suggesting an impairment of neural induction. n=3, exemplary images shown. 
Scale bar = 50 µm. 
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3.4 Establishment of a CRISPR/Cas9-mediated C-terminal tagging strategy to assess 

the GCNF target repertoire with ChIP-seq 

 
During the experiments that were supposed to shed light on how GCNF is involved in 

neural induction, an important question emerged: are the DEGs that were assessed by 

3’-mRNA sequencing, qRT-PCR and immunocytochemistry directly regulated by GCNF 

and were thus deregulated upon GCNF ablation or were they deregulated as an indirect, 

secondary effect. To decipher which genes are targeted by GCNF on a genomic level, 

methods that rely on chromatin immunoprecipitation (ChIP) are frequently utilized. ChIP-

experiments rely on fixation of genomic DNA as well as proteins bound to it (Park, 2009). 

Fragmentation of the DNA followed by an antibody-based pulldown of a specific 

transcription factor yields DNA fragments that are bound by the respective factor. 

Subsequent sequencing of the yielded DNA fragments unveils the target repertoire of the 

transcription factor. The usage of an antibody that targets specifically the transcription 

factor of interest is crucial for reliable results in a ChIP-seq experiment. However, in our 

group it proofed to be difficult to utilize GCNF antibodies in ChIP procedures (Klaus et al., 

in preparation). As the CRISPR/Cas9-mediated GCNF knockout was successfully 

implemented, the idea was developed to use the same technology to introduce a tag to 

the C-terminal region of the GCNF gene (Fig. 23 A). This tag might then be visualized with 

antibodies and used for pulldowns in order to perform ChIP-seq analysis. To that end, the 

CHOPCHOP sgRNA online tool was utilized to search for an sgRNA that targets the 

GCNF gene in close proximity of the stop codon (NR6A1 sgRNA 81). Oligonucleotides 

that code for the sgRNA were ordered and duplexed. Successful incorporation into the 

pX459 plasmid was confirmed with Sanger sequencing (Fig. 23 B). Additionally, a gene 

targeting vector was cloned that would allow for targeted recombination upon Cas9-

mediated cleavage. The center of the gene targeting vector harbors the desired C-terminal 

tag, that is followed by a puromycin resistance cassette. The resistance cassette is flanked 

by loxP sequences, to allow removal of the cassette after successful selection for edited 

cells. 800 bp of left and right homology arms enclose both the C-terminal tag and the 

puromycin cassette (Fig. 23 A). 
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Fig. 23: General strategy for C-terminal tagging of the GCNF gene. (A) An sgRNA/Cas9 
vector mediates cleavage of the GCNF gene in close proximity of the stop codon (red 
TGA). Co-transfection of a gene targeting vector provides the template for the 
incorporation of a C-terminal tag in the endogenous GCNF gene. A loxP-flanked 
resistance gene allows for transient puromycin selection. The resistance cassette is 
then removed by Cre recombinase, e.g. by administration of recombinant TAT-Cre. The 
cutting site of the Cas9 enzyme is indicated by a yellow triangle. (B) Sanger sequencing 
confirms the successful introduction of the sgRNA 81 sequence into the pX459 plasmid 
that is used to target the C-terminal region of the GCNF gene. 

 

The first C-terminal gene targeting vector was designed to introduce a 3xFLAG tag to the 

GCNF gene (Fig. 24 A, B). Therefore, oligonucleotides that code for the 3xFLAG tag were 

ordered and ligated into the gene targeting vector. The plasmid was amplified and hiPSCs 

were nucleofected with the 3xFLAG tag-containing gene targeting vector as well as the 

respective Cas9/sgRNA plasmid and subjected to puromycin selection. At the polyclonal 

level a staining for the 3xFLAG tag was performed in self-renewing conditions. 
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Fig. 24: CRISPR/Cas9-mediated insertion of a 3xFLAG tag in frame with the 
endogenous GCNF gene. Upon successful Cas9-mediated cutting, homologous 
recombination mediates insertion of the sequence that encodes for the 3xFLAG tag in 
frame with the endogenous GCNF gene. The sequence is followed by a loxP-flanked 
puromycin resistance cassette. (A) Scheme of the C-terminal GCNF locus upon 
successful editing. The respective locations of primer binding sites are indicated (P1-3). 
(B) Upon insertion of the sequence at the desired location, the GCNF gene is expressed 
along with the tag that is fused to its C-terminal region (tag marked in green). (C) 
Staining of the polyclonal, puromycin-selected hiPSCs against the 3xFLAG tag shows 
strong reactivity in single cells that seem to express the tagged GCNF gene (n=1). 
Scale bar = 50 µm. (D) After picking of single cell-derived clones, a multiplex PCR with 
all three primers (P1, P2, P3) was performed for genotyping. A 1900 bp band indicates 
the unaltered genomic location, whereas a 1171 bp band indicates successful editing. 
Clone 1, 3, 4, 10 and 11 seem to exhibit homozygous editing, clone 2, 5, 7, 8 and 9 are 
likely to exhibit a heterozygous editing. Clone 6 shows only the endogenous band and 
thus might exhibit a random integration of the puromycin resistance cassette. The entire 
agarose gel can be found in Supplementary Fig. 10 A. 
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Interestingly, the majority of cells did not show reactivity for the 3xFLAG antibody, however 

some cells did show strong fluorescence (Fig. 24 C). In most of the cells, GCNF protein 

level may not be high enough to stain at the level of pluripotency, whereas cells that 

undergo spontaneous differentiation might upregulate GCNF to a detectable level. The C-

terminal tagged hiPSCs were subjected to low-density seeding, single cell-derived clones 

were picked, expanded and subjected to a multiplex genotyping reaction (Fig. 24 D). 

Genotyping PCR confirmed the presence of heterozygous as well as homozygous editing. 

However, experiments performed by Frederike Klaus in our group indicated that the ChIP 

pulldown experiments with the 3xFLAG tag don’t yield sufficient amounts of DNA suitable 

for further analyses. 

Since the establishment of ChIP experiments proofed to be difficult, the system was 

switched to a tag that is utilized by Active Motifs (AM), a company specialized in ChIP-

seq strategies. Oligonucleotides encoding for the AM tag were ligated into the C-terminal 

GCNF targeting vector (Fig. 25 A). After nucleofection of the AM tag-containing gene 

targeting vector as well as the sgRNA/Cas9 vector into hiPSCs, they were subjected to a 

transient puromycin selection. Subsequently, the polyclonal pool of cells was exposed to 

recombinant TAT-Cre protein in order to excise the puromycin resistance gene 

(Fig. 25 A, B). After TAT-Cre exposure, cells were seeded in single cell density and grown 

until colonies emerged. These colonies were picked and subjected to a multiplex 

genotyping reaction. The genotyping results indicated successful excision of the 

resistance cassette in homozygous and heterozygous hiPSC clones (Fig. 25 C). In 

homozygous hiPSCs that appeared to have undergone TAT-Cre-mediated recombination, 

a second PCR was performed to amplify the region that surrounds the AM tag. Sanger 

sequencing revealed that the entire resistance cassette was successfully excised, leaving 

only the AM tag inserted in frame with the endogenous GCNF gene followed by a single 

loxP sequence (usually considered a loxP ‘scar’) (Fig. 25 D). Thus, the cells were 

successfully edited to express an AM tag attached to the GCNF C-terminus. These cells 

are currently used to identify the target gene repertoire of GCNF by utilization of ChIP-seq 

(Klaus et al., in preparation). 

 

 

 



 

 

86 

  

 
Fig. 25: CRISPR/Cas9-mediated insertion of an AM tag in frame with the endogenous 
GCNF gene. (A) The scheme depicts the TAT-Cre-mediated excision of the puromycin 
cassette in edited hiPSCs. Primer binding sites are indicated (P1-3). (B) Upon insertion 
of the sequence at the desired location, the GCNF gene is expressed along with the AM 
tag that is fused to its C-terminal region (tag marked in purple). (C) After single cell 
seeding and picking of colonies, the multiplex genotyping of monoclonal hiPSCs 
indicates successful heterozygous and homozygous editing as well as excision of the 
puromycin resistance cassette by recombinant TAT-Cre. Whereas the endogenous 
band exhibits a size of 1900 bp, the edited band exhibits a size of 1014 bp, when the 
puromycin cassette was excised. Single cell-derived hiPSCs in which the PCR reaction 
indicates a successful Cre recombination are marked as purple. The entire agarose gel 
can be found in Supplementary Fig. 10 B. (D) Sanger sequencing confirms the insertion 
of the AM tag encoding sequence. It did also show the successful excision of the 
puromycin resistance gene (data not shown). 
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4. Discussion 
 
The first part of the discussion will focus on the biological question that was addressed in 

this thesis, namely how GCNF deficiency impacts on early germ layer specification and 

neural induction of hiPSCs. The second part will discuss implementation as well as 

potential improvements of the CRISPR/Cas9 system utilized in this study, followed by an 

outlook to future experiments. 

 

4.1 GCNF-ablated hiPSCs are capable of self-renewal in the pluripotent state but show 

alterations in early germ layer specification 

 
A major motivation for this work was the fact that a variety of studies suggest GCNF being 

involved in early germ layer specification and neurodevelopment (Akamatsu et al., 2009; 

Bauer et al., 1997; Chung et al., 2006; David et al., 1998). However, most of the studies 

were performed in mice or teratocarcinoma cell lines. As access to human tissue of this 

stage of development is limited or impossible, human stem cells may be a valuable 

resource to obtain this information. First of all, it was an important step to characterize the 

single cell-derived GCNF-ablated hiPSCs at the stage of self-renewal. As GCNF is a well 

described negative regulator of OCT4, it is interesting, that its disruption did not lead to 

an upregulation of pluripotency-associated transcription factors at that stage. Instead, 

OCT4 levels were close to the non-edited level. The same was also true for CRIPTO 

which is another known target of GCNF (Hentschke et al., 2006). The absence of 

morphological abnormalities, a regular proliferation and presence of the pluripotency 

markers OCT4 and SOX2 indicate that loss of GCNF is not significantly interfering with 

hiPSC self-renewal and the maintenance of the undifferentiated state under in vitro 

conditions. However, it is uncertain whether the GCNF-ablated clones exhibit more subtle 

changes of pluripotency, a question that can only be addressed by more sophisticated 

methods like a teratoma-assay, or a deeper analysis of the pluripotency network by 

bioinformatical approaches. The following experiments aimed to investigate potential 

alterations in germ layer differentiation and whether these alterations are especially 

pronounced in the neuroectodermal fate. 

 



 

 

88 

4.1.1 GCNF-ablated cells exhibit altered germ layer specification in an EB-based 

undirected differentiation paradigm 

 
The first attempt to tackle the addressed question was the undirected differentiation of 

hiPSCs as EBs for 14 days and the subsequent extraction of RNA. QRT-PCR analysis 

confirmed GCNF ablation on mRNA level. On the other hand, OCT4 and CRIPTO 

expression proofed to be upregulated. The mRNA levels of the early neural progenitor 

marker PAX6 were slightly downregulated. Subsequently, a commercial Scorecard assay 

was utilized in the undirected differentiation experiment to uncover alterations in germ 

layer specification in differentiating GCNF-ablated hiPSCs. The germ layer scores, which 

are computed by the Thermo Fisher Scientific hPSC Scorecard analysis software 

supported the hypothesis of an ectodermal differentiation impairment of the knockout 

clones, although statistical significance was only reached in the ectoderm score of C1. A 

closer look at the underlying genes that are assessed by the Scorecard assay proofed to 

be valuable since most of the significantly changed genes in the experiment were 

assigned ectodermal genes, among them PAX3 and WNT1. PAX3 is primarily known for 

being involved in neural crest development and mutations in the gene might cause 

Waardenburg syndrome, which is characterized by facial dysmorphias as well as 

deafness (Wang et al., 2008). Additionally, it is associated with defects in neural tube 

closure (Sudiwala et al., 2019; Zhou and Conway, 2016). WNT1 has been reported to be 

a key factor in the formation of the isthmic organizer and the developing midbrain (Thomas 

and Capecchi, 1990) and also appeared to be consistently downregulated in the 

Scorecard assay. This is in line with previously published data in GCNF knockout mice. 

In an important study, GCNF knockout mice show a strong downregulation of WNT1 in 

the region of the isthmic organizer (Chung et al., 2006). Interestingly, PAX2 and PAX5, 

protein paralogues of PAX3, are impaired in the same study (Chung et al., 2006).  

Another interesting candidate that has been consistently downregulated in GCNF-ablated 

clones appeared to be TRPM8. TRPM8 is widely acknowledged as a Ca2+ channel that is 

activated by menthol and mediates the perception of cold in the peripheral nervous system 

(Dhaka et al., 2008). Additionally, it has also been found to be present in many regions of 

the rodent brain (Beukema et al., 2018). Due to the implication of GCNF in gonad 

development, it is especially interesting, that TRPM8 is highly expressed in both prostate 
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and prostate cancer where it appears to be upregulated upon androgen exposure 

(Asuthkar et al., 2015). 

Within the mesodermal markers, HAND1, a crucial factor for heart development 

(McFadden et al., 2005) exhibited higher mRNA levels in the GCNF knockout clones. Its 

upregulation might be a contributing factor to cardiac failure observed in GCNF knockout 

mice (Chung et al., 2001). Also, EOMES, a factor that is crucial for endoderm 

differentiation, appears to be consistently upregulated in GCNF knockout clones in the 

Scorecard assay. Interestingly, EOMES is reported to repress both pluripotency as well 

as neuroectodermal specification to promote mesodermal and endodermal specification 

(Tosic et al., 2019). While EOMES favors endodermal and mesodermal lineages and 

GCNF might favor the neuroectodermal lineage, both might synergistically repress the 

pluripotency network.  

Despite a reduction of the ectoderm score and alterations in underlying ectodermal genes, 

the variation in the experimental data was larger than expected. Although the utilized EB-

based protocol is advantageous to investigate the capacity of the cells to differentiate into 

all three germ layers at the same time, the undirected and spontaneous nature of the 

assay might be a cause of variation. Additionally, the collagenase IV-based generation of 

EBs could result in size variation as the detached cell layer might break into smaller 

clusters in an undefined way. To overcome the variability that arises from spontaneous 

differentiation into all germ layers, non-edited and GCNF-ablated hiPSCs could be 

differentiated into each germ layer separately by directed differentiation protocols that 

either mediate differentiation into ectodermal, mesodermal or endodermal fate. Size 

variation could be approached by the utilization of AggreWells™ in which a defined 

amount of hiPSCs is seeded in special low attachment wells, which promote the 

generation of uniformly sized and shaped EBs, and hence may serve in reducing variation. 

 

4.1.2 GCNF-ablated cells exhibit impaired neural induction 

 
Given the crucial role of GCNF in the establishment of the mouse nervous system (Chung 

et al., 2006), one of the key questions of this study was whether GCNF is also playing 

such a role in a human stem cell model of early neuroectodermal specification. To address 

this question, a dual-SMAD inhibition-based neural induction was conducted. It is also 
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advantageous that such a 2D culture results in a more defined and homogenous condition 

for a cell population, whereas a 3D culture is characterized by various compartments with 

heterogeneous cell niches. Thus, a 2D culture might reduce the amount of variation that 

had been observed in the EB-based experiment. Additionally, the dual-SMAD inhibition 

drives the entire system into the neural lineage, thereby further reducing the noise that 

originates from spontaneous and undefined differentiation into multiple germ layers in 

undirected approaches (Chambers et al., 2009). One important question was, at which 

time point GCNF elicits its main effect on the early neural lineage entry in differentiating 

hiPSCs. In several GCNF studies effects are investigated in a time window from 48 h to 

several days after pluripotent stem cell or teratocarcinoma cell differentiation. Most of the 

studies describe significant effects after already 48 h of differentiation (Fuhrmann et al., 

2001; Wang et al., 2013). A GCNF expression-dependent lacZ reporter indicates strong 

GCNF upregulation after 72 h of RA-mediated differentiation in mESCs (Lan et al., 2009). 

In this thesis, time points of 48 h and 96 h of neural induction were chosen because it 

allows the assessment of a temporal dynamic. The 3’-mRNA sequencing was performed 

for the 96 h timepoint of one of the four experiments as that timepoint was supposed to 

allow observation of more pronounced effects of GCNF depletion. Indeed, validation of 

the transcriptomic analysis with qRT-PCR confirmed the 96 h condition to show the more 

prominent effects. DEGs were either viewed as potentially linked to pluripotency, 

hormonal regulation or importance during brain development. Apart from GCNF, the 3’-

mRNA sequencing yielded PAX6, FEZF1 and FEZF2 among the top DEGs. This finding 

was confirmed for both PAX6 and FEZF2 by qRT-PCR. PAX6 is among the most 

important transcription factors in neurodevelopment and an early indicator of neural fate 

commitment (Götz et al., 1998; Thakurela et al., 2016). Both FEZF1 and FEZF2 are known 

to drive NPCs into a telencephalic identity (Shimizu et al., 2010). Importantly, FEZF2 

overexpression in mESCs lead to an upregulation of PAX6 and FOXG1 (Wang et al., 

2011). FOXG1 is an established marker of neural precursors that are capable of giving 

rise to cortical neurons (Shi et al., 2012). Additionally, it was shown to be impaired in the 

forebrain of developing GCNF knockout mouse embryos (Chung et al., 2006). A single-

gene query of FOXG1 in the transcriptomic analysis indicated a reduction in the GCNF-

ablated clones although the read-counts were very low (data not shown). Therefore, 

FOXG1 was also assessed in this study despite not being among the top 30 DEGs of the 
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3’-mRNA sequencing experiment. Indeed, consistent with previous data, FOXG1 

expression was decreased in GCNF-ablated cells subjected to the neural induction 

paradigm. The impairment of FOXG1 expression might be a result of FEZF2 

downregulation. Notably, ChIP-seq experiments indicated FEZF2 being regulated by 

FOXG1-binding to the FEZF2 promoter and specific enhancer regions (Eckler et al., 

2014). The combinatorial depletion of transcription factors, that are keys for early brain 

patterning as well as neurogenesis, clearly indicate that GCNF is playing an important role 

in these processes. Thus, it might be, that GCNF, apart from mediating exit of 

pluripotency, also activates a neural induction or even a telencephalic gene expression 

program. This hypothesis could be investigated by a time series analysis during a cortical 

differentiation. A very promising tool allows the conditional ablation of a gene in hiPSCs 

(Chen et al., 2015). A conditional ablation of GCNF at various timepoints of a cortical 

differentiation could clarify at which steps GCNF elicits its main function. The role of GCNF 

as an important factor of neural progenitors is further supported by an important study on 

epigenetic remodeling during in vitro neural differentiation from hPSCs to neurons. In this 

study, GCNF was among the top DEGs between the pluripotent stem cell stage and the 

neuroepithelial stem cell stage (Ziller et al., 2015). Additionally, the study emphasizes the 

role of PAX6 and FOXG1 in the neuroectodermal commitment. Whereas Ziller et al. (2015) 

place GCNF as an equal part of the neural core network, it may rather be, that it acts on 

top of these factors. In such a model GCNF would mediate exit of pluripotency and then 

either directly or indirectly activate factors that drive neuroectoderm differentiation. An 

interesting tool that could help to clarify that relationship would be a GCNF reporter. Cells 

with a high activity of the GCNF reporter could be compared to cells with a low expression 

of the GCNF reporter in early stages of neuroectodermal specification. An enrichment of 

neural transcription factors in cells with a higher GCNF reporter activity would indicate that 

GCNF is directly or indirectly activating genes that drive the cells into the neuroectoderm. 

This approach might be combined with a close monitoring of neuroectodermal 

transcription factors during differentiation from hiPSCs to early neuroectodermal 

progenitors.  

Whereas the experiments that were performed in this thesis indicate that the 

neuroectodermal lineage specification is indeed altered it is important to consider that 

GCNF deficiency results in a delayed exit of pluripotency, as indicated by upregulated 
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levels of OCT4 and CRIPTO. Therefore, deficits in neuroectoderm specification may not 

be a direct effect of GCNF deficiency but rather originate from persistent OCT4 expression 

and as a consequence, activation of the pluripotency network. Only further 

experimentation is capable to clarify whether deficiencies in neural induction are an 

indirect effect of delayed silencing of pluripotency, or whether loss of GCNF is the primary 

cause of a disrupted neural induction. To validate the effect of GCNF on neural induction 

it would be interesting to perform an experiment, in which key components of the 

pluripotency network, like NANOG or OCT4 are silenced by siRNAs. If the deficits in 

neural induction are still present in the GCNF-ablated hiPSCs, it would be a strong 

indicator of GCNF being a positive regulator of early neural induction. 

It is also worth noting, that there is growing evidence that factors that mediate pluripotency 

are also involved in lineage entry. In an important study, OCT4 was found to suppress the 

neural lineage, and proofed to be crucial for mesendodermal differentiation, whereas 

SOX2, another pluripotency factor, mediates the transition of pluripotent cells into the 

neuroectoderm (Thomson et al., 2011). By directly repressing OCT4, but not SOX2, 

GCNF might shift the balance between OCT4 and SOX2 towards the latter and therefore 

simultaneously initiate the exit of pluripotency as well as the entry into the neural lineage. 

In such a model the two processes differentiation and lineage selection would be strongly 

connected. 

 

4.1.3 GCNF-ablated cells show alterations in WNT signaling 

 
A direct link between FEZF2 expression and WNT signaling in mESCs has been shown 

since mESC differentiation for 4 days, followed by FEZF2 overexpression for 48 h results 

in significant downregulation of WNT1, WNT3a and WNT8b, whereas WNT4 shows a 

non-significant upregulation (Wang et al., 2011). Adversely, in the neural induction 

experiment of this thesis, GCNF ablation leads to a highly significant WNT4 upregulation. 

In the undirected differentiation experiment, GCNF-ablated clones show an impaired 

WNT1 expression, which is also true for FEZF2 overexpressing mESCs (Wang et al., 

2011). Thus, in mESCs, FEZF2 gain-of-function positively regulates WNT4 and negatively 

regulates WNT1, whereas GCNF ablation in hiPSCs leads to FEZF2 downregulation 

accompanied by WNT4 upregulation in the neural induction paradigm and WNT1 
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decrease in the undirected differentiation paradigm. This might indicate that FEZF2 

acquired a different role in WNT regulation in human neurodevelopment as compared to 

the mouse system. It is well-known that WNT molecules play a crucial role in brain 

development at almost all stages (Mulligan and Cheyette, 2012). WNT1 acts primarily 

through canonical WNT signaling (Niehrs, 2012) and is required for proper formation of 

the midbrain (Thomas and Capecchi, 1990). Oppositely, WNT4 is a crucial factor secreted 

by the floor plate of the spinal cord to guide commissural axons to its anterior target 

(Lyuksyutova et al., 2003; Mulligan and Cheyette, 2012). WNT4 is associated with the 

non-canonical WNT pathway and inhibits canonical WNT signaling by redistribution of β-

catenin to the cell membrane (Bernard et al., 2008). Additionally, a WNT4 gain-of-function 

mouse model results in impaired testicular vasculature (Jordan et al., 2003). Given the 

fact that GCNF is highly enriched in the testis, GCNF might be an important regulator of 

WNT4. It would be very interesting to assess whether the WNT4 gene contains GCNF 

binding sites. This question could be investigated with a luciferase assay. In such an 

experiment the WNT4 promoter would be cloned upstream of a luciferase gene. If WNT4 

is indeed inhibited by functional GCNF it would suggest an elevated level of 

bioluminescence in the GCNF-ablated clones. In a broader approach this question could 

also be tackled by a ChIP-based experiment. Endogenous tagging of the GCNF gene with 

CRISPR/Cas9 and a subsequent ChIP-seq could reveal genes that are regulated by 

GCNF. The alignment with transcriptomic data would allow to identify genes that are 

downregulated by GCNF and potentially reveal genes that are upregulated by GCNF.  

Interestingly, opposed to WNT4, RSPO3 expression was consistently down-regulated in 

the GCNF-ablated clones in the bioinformatical as well as the qRT-PCR analysis and 

might be an interesting part of dysregulated WNT signaling in GCNF-ablated clones. R-

spondins are a class of secreted proteins that activate canonical WNT signaling through 

WNT receptors (Cambier et al., 2014; de Lau et al., 2012).  

WNT1 and RSPO3 mediate canonical WNT signaling, whereas WNT4 acts on non-

canonical WNT signaling and can therefore be regarded as counteracting. Thus, GCNF 

ablation may lead to upregulation of WNT4 which shifts the balance towards non-

canonical WNT signaling. That may subsequently lead to a loss of RSPO3-mediated 

canonical WNT signaling. A possible way to gain deeper insights into how GCNF affects 

WNT signaling would be the utilization of a WNT reporter construct. In an established 
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system an array of WNT response elements (7xTCF) is cloned upstream of an eGFP gene 

and thus enables monitoring of canonical WNT signaling (Fuerer and Nusse, 2010). 

Sorting of cells into populations of high and low WNT activity and subsequent 

characterization may shed light on how GCNF modulates canonical and non-canonical 

WNT signaling. It is also noteworthy, that RSPO3 exhibits a strong expression in the 

dorsal telencephalon (Aoki et al., 2007). RSPO3 is also involved in vascular development 

(Kazanskaya et al., 2008). As the dual-SMAD inhibition is yielding a homogenous culture 

of neuralized cells, it would be interesting to investigate RSPO3 levels in the context of a 

mesodermal differentiation paradigm. 

 

4.1.4 GCNF ablation might cause dysregulation of nuclear receptor co-factors 

 
GCNF belongs to a family of genes, which are important for mediating the response of 

hormones such as RA or steroids. Therefore, the list of DEGs was especially searched 

for genes that are involved in hormonal regulation. In the 3’-mRNA sequencing experiment 

NRIP1 was among the top downregulated DEGs in the GCNF-ablated clones. This was 

aligned with results from qRT-PCR that also indicated a significant downregulation of 

NRIP1. Notably, NRIP1 is reported of being highly upregulated upon RA signaling and is 

reported to mediate repression of ligand-bound nuclear receptors (Kerley et al., 2001). 

NRIP1 is described to mainly bind to the AF-2 domain, a domain that is present in the 

LBD of most nuclear receptors, but is not conserved in GCNF (Greschik et al., 1999; 

Kerley et al., 2001; Weikum et al., 2016). Kerley et al. (2001) promote a model in which 

NRIP1 limits RA signaling. The same lab differentiated the human EC cell line NT2/D1 

with all-trans RA towards the neuronal lineage for 24 h and assessed via microarray 

analysis how a siRNA against NRIP1 alters gene expression. Interestingly, GCNF is 

among the top DEGs in this analysis (Heim et al., 2007), although this might be a site 

effect of an NRIP1 depletion-mediated enhancement of RA signaling. The fact that NRIP1 

mediates repression of target genes and also exhibits intrinsic repressive activity may 

suggest that it is also mediating GCNF target gene repression, despite the alteration in 

the AF-2 domain. However, in the model proposed by Heim et al., NRIP1 mRNA levels 

strongly increase upon RA signaling. Subsequently, it negatively regulates a subset of 

RA-inducible genes, among them being GCNF (Heim et al., 2007). The down-regulation 
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of NRIP1 in the neural induction experiment of this thesis may thus be a consequence of 

decreased GCNF-mediated RA signaling. Another study describes NRIP1 being recruited 

to RA receptor complexes, thereby mediating its repressive activity (Hu et al., 2004). 

Interestingly, NRIP1 is also expressed in the brain and female mice that lack NRIP1 are 

infertile, due to a failure to release oocytes at ovulation (Parker et al., 2003). This is in line 

with the functionality of GCNF in both gonad and brain development. A method to further 

investigate the relationship of GCNF and its co-factors might be a co-immunoprecipitation 

experiment which would clarify whether there is indeed an interaction between GCNF and 

NRIP1. This approach might also yield further binding partners that are involved in GCNF-

mediated repressive activity. Additionally, as NRIP1 appears to be tightly connected to 

RA signaling, RA treatment of the differentiating non-edited and GCNF-ablated hiPSCs 

may yield further insights into how GCNF and NRIP1 are connected to each other. 

 

4.2 Implementation and potential improvements of CRISPR/Cas9-mediated genome 

editing in hiPSCs 

 

One of the primary goals of this study was to establish a CRISPR/Cas9 system for 

mediating genome editing in hiPSCs. A widely-used plasmid-based system was utilized, 

as it is cost-effective and versatile. Its implementation as a standardized procedure for 

CRISPR/Cas9-mediated genome editing was successfully achieved. Especially 

customizing the sgRNA sequence to target a specific genomic location proofed to be 

robust and makes the technique a powerful “everyday” method for scientists. Although the 

study yielded insights into the biological questions addressed, it might be improved in a 

technical way. Whereas cloning of the gene targeting vectors for C-terminal tagging was 

achieved readily, cloning of the gene targeting vector for gene ablation turned out to be 

more challenging, as cloning of the right homology arm could only be achieved after 

several trials and switching of the polymerase. Additionally, it was only partially possible 

to sequence it, most likely due to a high GC content or secondary structures. The fragment 

was also smaller than expected which may result from length variation, since it is mostly 

derived from an intronic region, which usually exhibit a higher degree of polymorphism 

than exonic regions (Rigau et al., 2019). The high GC content made it also difficult to 

establish the genotyping PCR. Interestingly, despite the expected lack of the endogenous 
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PCR product in the knockout clones another smaller PCR product emerged. It is likely that 

it is an unspecific product originating from another genomic region, but this could only be 

clarified by gel extraction and subsequent Sanger sequencing. It is also important to note 

that the genotyping relied on a touchdown PCR that was run for over 40 cycles to exclude 

the presence of the endogenous allele with higher confidence, which might in turn lead to 

amplification of unspecific products.  

Taking the difficulties into account that arose from cloning the gene targeting vector and 

establishing a genotyping PCR for the insertion of the puromycin cassette, it might be 

possible to omit that time-consuming step in future studies by solely relying on NHEJ. 

Nucleofection of the sgRNA/Cas9 plasmid might already result in a decent number of 

targeted clones, that can be identified by Sanger sequencing. A highly efficient system 

that has recently been implemented in our group, relies on delivery of recombinant Cas9 

ribonucleoproteincomplexes (RNPs). In such a system a synthetic customized crRNA is 

assembled with a universal tracrRNA. CrRNA/tracrRNA-loaded RNPs usually result in a 

high frequency of knockout clones, that can also be identified by Sanger sequencing. To 

further increase the reliability of the observed phenotypes and to exclude off-target effects, 

it would be interesting to compare the GCNF-ablated clones to non-edited subclones from 

the same nucleofection batch. It would also be interesting to repeat the results in hiPSCs 

from different donors to account for effects that arose from the genomic background. 

Taking the crucial role of GCNF in germ cells into account as well as the fact that the top 

DEGs of the neural induction experiment contained sex-specific genes it would be 

especially interesting to investigate whether there is a phenotypic difference in GCNF 

knockout clones from male and female hiPSC lines. Sexual dimorphism in early brain 

development might in fact lead to a differential response to hormonal stimuli and thus alter 

neural phenotypes in GCNF knockout studies.  

Numerous studies emphasized the risk of off-target effects in CRISPR/Cas9-mediated 

genome editing experiments (Zhang et al., 2015). Although the cell lines that had been 

generated in this thesis did show overall genomic integrity in the SNP analysis, this does 

not exclude modifications at a single nucleotide level. Even a random insertion of the gene 

targeting vector is challenging to detect. Whereas the genotyping PCR can indicate 

successful integration at the desired location, it does not rule out the possibility of a 

random integration of the gene targeting vector in an undesired location. The risk of off-
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targets could either be improved by a deeper off-target analysis and a more rigorous 

selection of clones, or by utilization of more specific genome editing tools. For example, a 

TaqMan-based copy number analysis could be utilized to determine the number of 

integrated resistance cassettes into the genome. Another possibility would be an NGS-

based quality check that would be capable to detect more subtle changes, like single 

nucleotide modifications. The genome editing machinery might also be engineered in a 

way to reduce off-targets. This has been achieved by utilizing nickases. These Cas9 

variants are deficient for generating a full DSB but instead cleave only one strand of the 

double helix, resulting in significantly reduced off-target effects (Ran et al., 2013b). 

Another elegant study utilized a bacterial screen to identify Cas9 variants, that have high 

on-target, and low off-target activity. This led to the generation of a High-Fidelity Cas9 

enzyme (HiFi-Cas9) which can also be purchased as a recombinant protein (Vakulskas 

et al., 2018). The application of recombinant Cas9 proteins has the additional advantage 

of controlled temporal exposure of the Cas9 enzyme, which leads to a reduced frequency 

of off-targets. Notably, especially cells that are known to have damaged DSB repair 

pathways are prone to off-target effects, whereas hPSCs do not appear to have a strong 

off-target tendency, probably due to an intact DSB repair mechanism (Smith et al., 2014; 

Veres et al., 2014). 

 

4.3 Outlook 

 
The most important part of future investigations will be to further characterize the defects 

that are caused by GCNF ablation. As the neural induction paradigm already identified 

interesting candidate genes in a very early neurodevelopmental stage, it will be of interest 

to cultivate GCNF-ablated clones for a longer period of time. Therefore, a 10 day 

differentiation might be a well-suited starting point. This period of time could even be 

extended to a full cortical differentiation that might yield interesting insights whether GCNF 

participates in sophisticated processes like radial glia generation or cortical layering. 

Especially an organoid or a more standardized spheroid paradigm may address the 

question, whether GCNF ablation may result in an impaired neurogenesis, or whether it 

is disturbing the cortical 3D architecture. To identify GCNF expressing niches cortical 

organoids could be subjected to single cell RNA sequencing. This could help to investigate 
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whether some regions express GCNF also in later stages of neurodevelopment. To fully 

understand how GCNF is acting on neurodevelopment, it is also necessary to understand 

its target gene repertoire. One of the most insightful future experiments could be a ChIP-

seq experiment. A very important question that could be addressed with that methodology 

is whether GCNF is exclusively binding regions of DNA that are upregulated in the 

knockout. This would confirm its repressive activity. If the ChIP-seq reveals enrichment of 

downregulated DEGs, it would also suggest a potential function as a transcriptional 

activator. As there are no working ChIP-grade antibodies available, the strategy of a 

CRISPR/Cas9-mediated tagging of the endogenous GCNF gene, as described in this 

thesis, might be a valuable tool. Similarly, it would be interesting to assess the interactome 

of GCNF with a co-immunoprecipitation experiment. Maybe this could shed light on the 

binding partners of GCNF and whether NRIP1 is a downstream effector of its repressive 

activity. Rescue experiments could be done by overexpression of candidate genes, like 

PAX6 or FEZF2, that exhibit decreased levels in GCNF-ablated clones. Oppositely, it may 

be interesting to overexpress GCNF in differentiating hiPSCs to investigate whether it 

alters germ layer specification or increases neuroectodermal specification. Reporter 

constructs may facilitate investigation of the pathways involved in GCNF-dependent 

regulation. Especially for prominent signaling pathways like canonical WNT signaling such 

constructs are readily available and may yield useful insights how GCNF and WNT 

signaling are connected. It would also be interesting to utilize more advanced 

CRISPR/Cas9 systems to investigate GCNF function, like dCas9 to target GCNF binding 

sites in order to mimic the repressive activity of GCNF. By utilizing a CRISPR screen on 

a GCNF reporter cell line, negative and positive regulators of GCNF levels might be 

uncovered. To investigate whether GCNF deficiency leads to a general differentiation 

defect or a neuroectoderm-specific impairment, a conditional knockout of GCNF might be 

a valuable tool. With a conditional system GCNF could be removed at arbitrary points 

during neural induction, to investigate whether an impairment in neural differentiation 

persists even after the cells already entered the neuroectodermal lineage.  
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5. Summary 
 
Nuclear receptors are widely recognized as an important layer of transcriptional regulation 

and are usually activated by a signaling molecule. Nuclear receptors without a known 

ligand are designated orphan nuclear receptors. One of those receptors is GCNF. 

Whereas it is known that GCNF serves an important role in gonad development and its 

impact on silencing OCT4 upon differentiation of hPSCs is widely appreciated, less is 

known about its implication in germ layer specification and early neural induction. To 

tackle this question, the CRISPR/Cas9 technology was used to generate GCNF-deficient 

hiPSCs. All quality checks like stable pluripotency marker expression, as well as 

assessment of genomic integrity by SNP analysis, were passed successfully by the 

GCNF-deficient hiPSC clones. In self-renewing conditions GCNF ablation could be 

confirmed on mRNA as well as protein level. An undirected embryoid body-based 

differentiation experiment combined with a TaqMan-based analysis of differentiation 

potential, pointed towards an impaired ectodermal differentiation during germ layer 

specification. To investigate the impact of GCNF-deficiency more specifically on 

neuroectoderm formation, a directed neural induction experiment with GCNF-deficient 

hiPSC clones was performed and assessed by RNA-seq, qRT-PCR and 

immunocytochemistry. This approach revealed candidate genes that might be key players 

in GCNF downstream signaling. While OCT4 and CRIPTO, two known GCNF target 

genes, were found to be upregulated, the expression of key factors of early 

neurodevelopment like PAX6, FEZF2 and FOXG1 were significantly impaired upon GCNF 

ablation. Additionally, upregulation of WNT4 and reduced RSPO3 expression indicate 

GCNF being involved in WNT signaling. For future ChIP-seq experiments to identify 

GCNF target genes, CRISPR/Cas9 technology was utilized to generate hiPSC lines with 

ChIP-compatible tags (FLAG and AM) added to the C-terminus of the endogenous GCNF 

gene. In summary, CRISPR/Cas9 technology was successfully employed to generate an 

isogenic set of GCNF-deficient hiPSCs, that revealed a developmental impairment during 

germ layer specification and early neural induction. 
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9. Appendix 
 
9.1 Supplementary figures 

 
 

 

  
Supplementary Fig. 1: QRT-PCR 
indicates a prominent reduction of 
GCNF mRNA in the polyclonal pool of 
nucleofected hiPSCs. NE indicates 
non-edited, parental hiPSCs. PC 
indicates edited polyclonal hiPSCs. 
n=1.  
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Supplementary Fig. 2: Full agarose gels of the genotyping PCR to confirm genomic 
alteration of the GCNF locus. (A) The first PCR yields a product of 1295 bp when the 
GCNF locus is intact. This PCR product is generated in the clones 2, 3, 5, 6, 8, 9, 11 
and 12, as well as the non-edited control (NE). Notably, a smaller product is amplified 
in the GCNF knockout clones 1, 4 and 7. This lower product might be an unspecific 
amplification in the absence of the non-edited template. (B) The second PCR reaction 
yields a 1153 bp product when the puromycin cassette got inserted at the desired 
genomic location. This reaction yields a PCR product in all clones, except clone 6. The 
PCR product is also absent in the non-edited control (NE). Sequencing of that product 
confirmed the incorporation of the exogenous DNA (Fig. 13, Supplementary Fig. 3). 
On both agarose gels C1 – C12 is followed by the non-edited control (NE) and a water 
control (-).  
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Supplementary Fig. 3: The insert-specific PGK promoter can be found in the Sanger 
sequencing reactions of the three selected GCNF-ablated clones. The sequence 
corresponds to the start of the PGK promoter (marked in orange). 
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Supplementary Fig. 4: Three biological replicates confirm CRISPR/Cas9-mediated 
GCNF deficiency of the three selected GCNF-ablated clones in Western blot analysis. 
(A) Two biological replicates were loaded on one membrane. (B) The third biological 
replicate was loaded on a separate membrane. The samples were obtained from 
hiPSCs under self-renewing conditions. The absence of the GCNF band indicates 
successful GCNF disruption in all three, single cell-derived, clones (C1, C4, C7), as 
compared to the non-edited, parental cell line (NE). The membrane was cut in two 
pieces, the upper part was stained for GCNF, the lower part for β-Actin. 
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Supplementary Fig. 5: SNP karyotyping of the non-edited (NE) hiPSC line. B allele 
frequency and log R ratio plots are shown for all chromosomes. No prominent genomic 
alterations can be detected in the non-edited hiPSC line. 
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Supplementary Fig. 6: SNP karyotyping of the C1 clone. B allele frequency and log R 
ratio plots are shown for all chromosomes. No prominent genomic alterations can be 
detected when compared to the non-edited parental cell line (Supplementary Fig. 5). 
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Supplementary Fig. 7: SNP karyotyping of the C4 clone. B allele frequency and log R 
ratio plots are shown for all chromosomes. No prominent genomic alterations can be 
detected when compared to the non-edited parental cell line (Supplementary Fig. 5). 
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Supplementary Fig. 8: SNP karyotyping of the C7 clone. B allele frequency and log R 
ratio plots are shown for all chromosomes. No prominent genomic alterations can be 
detected when compared to the non-edited parental cell line (Supplementary Fig. 5). 
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Supplementary Fig. 9: PAX3 expression is impaired in the GCNF-ablated 
clones after 96 h of neural induction. Whereas PAX3 mRNA is not detectable 
after 48 h of neural induction, a prominent reduction of PAX3 mRNA can be 
observed after 96 h of neural induction in the GCNF-ablated clones when 
compared to non-edited control (NE). When the signal was below the detection 
threshold, values were set to 0. Data were normalized to 18s rRNA levels and 
are presented as mean + SD, relative to the expression in non-edited (NE) cells 
(set to 1, dashed line; n = 4). ****, p ≤ 0.0001. n.d. = not detectable. 
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Supplementary Fig. 10: Agarose gels for multiplex PCR reactions for the GCNF 
tagging approaches. (A) The multiplex PCR products for the 11 analyzed clones 
of the GCNF-3xFLAG hiPSCs were run on a gel. A PCR product of 1900 bp 
indicates the unaltered genomic location, whereas a PCR product of 1171 bp 
indicates a successful editing. (B) The multiplex PCR products for 20 analyzed 
GCNF-AM hiPSCs were run on a gel. The unaltered genomic location is indicated 
by a 1900 bp PCR product, whereas successful incorporation of the exogenous 
DNA and subsequent Cre-mediated excision is indicated by a PCR product of 
1014 bp. Single cell-derived hiPSCs in which the PCR reaction indicates a 
successful Cre recombination are marked as purple. A water control was included 
(-). 
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