
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:45:54Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Human induced pluripotent stem cells as a model for
neurodevelopmental disease

Author(s) Mc Donagh, Katya

Publication
Date 2015-10-01

Item record http://hdl.handle.net/10379/5579

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


 

 

 
 PhD thesis:  

Human induced pluripotent stem cells as a 

model for neurodevelopmental disease 

A thesis submitted to the National University of Ireland in fulfillment of the 

requirements for the degree of  

Doctor of Philosophy  

By  

Katya Mc Donagh, M.Sc. 

 

 

 

 

 

 

Supervisor: Prof. Sanbing Shen (REMEDI)  

Institution: Regenerative Medicine Institute (REMEDI), National University of Ireland, 

Galway 

Submitted: September 2015 

 



 
 

ii 
 

Table of contents         ii 

Acknowledgements         vii 

Abbreviations          viii 

Abstract          xiii

  

1 General introduction        1 

1.1 Induced pluripotent stem cells: origins     1 

1.1.1  The key players in maintaining pluripotency    3 

1.1.2  Induced pluripotent stem cells      5 

1.1.3  Advances in iPSC generation; considering the starting materials  6 

1.1.4  Choosing a reprogramming technique     8 

1.2  Autism spectrum disorders        10 

1.2.1  Characteristics        11 

1.2.2  The genetics behind ASD      15 

1.2.3  NRXN1: The neurexin family      17 

1.2.4  Neurexin gene function; roles in neurodevelopmental disorders  19 

1.2.5  The neuron, the synapse and synaptic development   22 

1.2.6  The neurexin-neuroligin interaction     24 

1.2.7  Animal models of NRXN1 knockout     27 

1.3  Fragile X Syndrome        30 

1.4  Amyotrophic lateral sclerosis       32 

1.4.1  Genetic causes of ALS       33 

1.5  Induced pluripotent stem cells as in vitro disease models   35 

1.6 Aims          38 

 

2  Materials and Methods       40 

2.1  Cell culture and iPSC generation      41 

2.1.1  Isolation and culture of human dermal fibroblasts   41 

2.1.2  Harvesting mouse embryonic fibroblasts for feeder layers  42 



 
 

iii 
 

2.1.3  Mitotic inactivation of MEFs and preparation of feeder layers  43 

2.1.4  Preparing MEF-conditioned medium for maintaining iPSC lines  44 

2.2  Reprogramming methods       46 

2.2.1  Magnetofection        46 

2.2.2  Nucleofection        47 

2.2.3  Reprogramming of fibroblasts using Retrovirus    48 

2.2.4  Retrovirus in combination with retinoic acid receptor antagonists to generate 

iPSCs          50 

2.2.5  Lentivirus        52 

2.2.6  Epi5 non-viral reprogramming      55 

2.2.7   iPS culture maintenance       57 

2.3  Characterization of induced pluripotent stem cell lines    58 

2.3.1  Alkaline phosphatase staining      58 

2.3.2  Gene expression analysis       58 

2.3.2.1  RNA isolation        58 

2.3.2.2  cDNA synthesis        59 

2.3.2.3  Quantitative Real-Time polymerase chain reaction (qRT-PCR)  59 

2.3.7  Embryoid body formation assay      64 

2.3.8  Spontaneous differentiation assay     65 

2.3.9  Immunocytochemistry        65 

2.4  Teratoma formation assay (in vivo administration of iPSCs)   68 

2.4.1  Ethics statement       68 

2.4.2  Intratesticular injection of iPSCs in SCID/ NSG mice   68 

2.4.3  Post-operative monitoring of the animals    69 

2.5  Histology 

2.5.1  Fixation and embedding of the samples     69 

2.5.2  Haematoxylin and Eosin staining      69 

2.5.3  Masson’s Trichrome with Gomori’s Aldehyde Fuchsin   70 

2.6  Terminal differentiation of iPSCs to generate neurons    71 



 
 

iv 
 

2.6.1  Differentiating iPSCs to neural progenitor cells via EB formation  71 

2.6.2  Isolating and expanding neural progenitor cells from neurospheres 72 

2.6.3  Terminal plating of NPCs to generate GABA interneurons  73 

2.6.4  Differentiating iPSCs to neural progenitor cells from an iPSC monlayer using 

Dual SMAD inhibition       74 

2.6.5  Terminal differentiation of NPCs to hypothalamic neurons  76 

2.6.6  Generation of astrocytes from NPCs      77 

2.6.7  Direct induction of astrocytes and neurons from iPSCs   77 

2.7  Harvesting neuronal cells for proteomics     78 

2.8  Mass spectrometry analysis       78 

 

 

3 Reprogramming fibroblasts into iPSCs     80 

3.1  Introduction         81 

3.2  Fibroblast isolation and culture       83 

3.3 Magnetofection         89 

3.4 Nucleofection         93 

3.5 Retinoic acid receptor antagonists to replace KLF4/ c-MYC   96 

3.6 Reprogramming using lentivirus       98 

3.7 Episomal reprogramming to generate iPSCs     103 

3.8  Discussion         110 

 

4 Characterisation of iPSCs       115 

4.1 Introduction         115 

4.2  Identifying iPSC colonies by an ESC-like morphology    116 

4.3  Alkaline phosphatase staining as an early determining factor in pluripotency 120 

4.4 qRT-PCR analysis of endogenous pluripotency gene expression   125 

4.5 Immunocytochemistry for the detection of ESC markers    129 

4.6 In vitro assessment of pluripotency (EB formation assay)    133 



 
 

v 
 

4.7 Teratoma formation assay       140 

4.8 Pluritest         145 

4.9 Discussion         151 

 

5 Differentiation of iPSCs into glial/neuronal subtypes    158 

5.1 Introduction         158 

5.2 Results          161 

5.2.1  Investigating expression of NRXN1 in patient and control lines   161 

5.3.1  Generating GABA interneurons from NRXN1 patient-derived iPSCs  166 

5.3.2  qRT-PCR to validate neuronal markers and examine the differential expression of 

autism associated genes in GABA interneurons     172  

5.3.3  Dual SMAD inhibition for highly efficient neural differentiation   176 

5.3.4  qRT-PCR to validate neuronal markers and examine the differential expression of 

autism associated genes in hypothalamic neurons/astrocytes generated using SMAD 

inhibition         186 

5.3.5  Induction of NPCs to astrocytes using 10% FBS     192 

5.3.6  Induction of NPCs to astrocytes using defined factors BMP4 and CNTF  196 

5.3.7  Direct induction of iPSCs to a population of neurons and astrocytes  200 

5.3.8  qRT-PCR to validate astrocyte/ neuronal markers    205  

5.4.1  The NRXN1 deletion does alter the neurodevelopmental pathway in GABAergic 

interneurons differentiated for 30 days      211 

5.4.2 The NRXN1 deletion does alter the neurodevelopmental pathway in hypothalamic 

neurons differentiated for 30 days      219 

5.4.3 The NRXN1 deletion does alter the neurodevelopmental pathway in a mixed population 

of astrocytes and neurons induced directly from iPSCs after 14 days of differentiation

          223 

5.5  Discussion         227 

 

6.  General discussion and future perspectives     233 

6.1  Methods for the generation of iPSCs      234 

6.2  The characterization of iPSC lines      240 

6.3  Examining the effects of the NRXN1 deletion on differentiated neurons  242 



 
 

vi 
 

 

References          249 

  



 
 

vii 
 

Acknowledgements 

Firstly, to my supervisor Prof. Sanbing Shen, for the opportunity to work in his lab, my 

fellow lab members past and present, and everyone in REMEDI. I would like to thank 

Prof. Thomas Ritter for his kindness and support. I also wanted to thank SFI for my 

funding. I am also very grateful all those in the Department of Anatomy for their help 

and support, especially Dr Kerry Thompson for all her help with microscopy and Mark 

Canney for all his help with the histology. I would also like to extend my thanks to Alex 

von Kriegsheim, Amaya Garcia and Systems Biology Ireland in the Conway Institute in 

University College Dublin for their help with the proteomics data. 

A special thanks is due to Stephanie for all the time she spent correcting my thesis, and 

for her company during those long TC sessions. 

A special thanks is also due to my GRC committee – Dr Linda Howard, Prof Frank 

Barry and Prof Matt Griffin - for their help and advice. 

To my parents, for all the support they have given me over the last four years and all my 

life.  

Finally, thanks to all my friends. There are too many to name, but you all know who you 

are, and thanks for all the laughs and good times you’ve given me. 

  



 
 

viii 
 

 

Glossary  

AA    Ascorbic acid 

ADP    Adenosine diphosphate 

AFP    Alpha fetoprotein 

ALS    Amyotrophic lateral sclerosis 

AP    Alkaline phosphatase 

AS    Asperger’s syndrome 

ASM    Alpha smooth muscle actin 

ASD    Autism spectrum disorder 

ATP    Adenosine triphosphate 

BDNF    Brain derived neurotrophic factor 

bFGF    Basic fibroblast growth factor 

BMP-4    Bone morphogenic protein-4 

C9orf72   Chromosome 9 open reading frame 72 

CASK    Calcium/ calmodulin- dependent serine protein kinase 

CDD    Childhood disintegrative disorder 

cDNA    complementary deoxyribonucleic acid 

CNTF     Cilliary neurotrophic factor 

CNS    Central nervous system 

CNV    Copy number variant 

dcAMP   Dibutyryl cyclic adenosine monophosphate 

DCX    Doublecortin 

DNA    Deoxyribonucleic acid 



 
 

ix 
 

EB    Embryoid body 

EBNA     Epstein-Barr nuclear antigen-1 

EGF    Epidermal growth factor 

E/I    Excitatory/ inhibitory 

ESC    Embryonic stem cell 

EtOH    Ethanol 

FALS    Familial amyotrophic lateral sclerosis 

FBS    Fetal bovine serum 

FGF    Fibroblast growth factor 

FMR1    Fragile X mental retardation  

FOXG1   Forkhead Box G1 

FTD    Frontotemporal dementia 

FXS    Fragile X syndrome 

FXTAS   Fragile X Premutation Tremor/ Ataxia Syndrome 

GABA    gamma-aminobutyric acid 

GAPDH   Glyceraldehyde 3-phosphate dehydrogenase  

GDNF    Glial derived neurotrophic factor 

GFAP    Glial fibrillary acidic protein 

GFP    Green fluorescent protein 

GLAST   Glutamate aspartate transporter protein 

HDF    Human dermal fibroblast 

hiPSC    Human induced pluripotent stem cell 

hPSC    Human pluripotent stem cell 



 
 

x 
 

ICM    Inner cell mass 

ID    Intellectual disability 

IGF1    Insulin-like growth factor-1 

iMEF    Irradiated Mouse embryonic fibroblasts 

iPSC    Induced pluripotent stem cell 

Klf4    Krueppel-like factor 4 

KO    Knockout 

LIF    Leukemia inhibitory factor 

LMN    lower motor neuron 

LNS    Laminin/ neurexin/ sex hormone-binding globulin 

LPHN2   Latrophilin-2 

LRRTM   Leucine-rich repeat transmembrane neuronal protein 

MAP2    Microtubule-associated protein 2 

MD    Mitochondrial dysfunction 

MEF    Mouse embryonic fibroblast 

MeOH    Methanol 

MOI    Multiplicity of infection 

MR    Mental retardation 

mRNA ̀    Messenger ribonucleic acid 

MSC    Mesenchymal stem cell 

NaB    Sodium butyrate 

NaCl    Sodium chloride 

NLGN    Neuroligin 

https://en.wikipedia.org/wiki/Microtubule-associated_protein_2


 
 

xi 
 

NMDA   N-methyl-D-aspartate 

NEAA    Non-essential amino acids 

NOD    Nonobese diabetic 

NPC    Neural progenitor cell 

NRXN    Neurexin 

NSC    Neural stem cell 

NSG    NOD-SCID gamma 

NT    Neurotransmitter 

ORS    Origin of root sheath 

PAX6    Paired box 6 

PBMC    Peripheral blood mononuclear cell 

PCDH19   Protocadherin 19 

PDD    Pervasive developmental disorder 

PDZ Post synaptic density protein (PSD95), Drosophila disc 

large tumor suppressor (Dlg1), and zonula occludens-1 

protein (zo-1) 

PBS    Phosphate buffered saline 

PFA    Paraformaldehyde 

PFU    Plaque forming unit 

PBMC    Peripheral blood mononuclear cell 

POF    premature ovarian failure 

RAR    Retinoic acid receptor 

RNA     Ribonucleic acid 



 
 

xii 
 

SALS    sporadic amyotrophic lateral sclerosis 

SCID    Severe combined immunodeficiency 

SHANK2   SH3 and Multiple Ankyrin Repeat Domains 2  

SHH    Sonic hedgehog 

SLC1A3 Solute carrier family 1 (glial high-affinity glutamate 

transporter), member 3 

SOD1 Superoxide dismutase 1 

TF    Transcription factor 

TUJ1    Beta III tubulin 

UMN    Upper motor neuron 

VGAT    GABAergic vesicular transporter 

VPA    Valproic acid 

WT    Wild-type 

γ-MEF    Gamma irradiated mouse embryonic fibroblast 

 

 

 

 

 

 

 

 

 

 

 



 
 

xiii 
 

Abstract 

Autism spectrum disorders (ASD) are neurodevelopmental disorders which encompass a 

wide range of symptoms, including intellectual disability and delayed development, 

while the phenotype can range from mild to severe. Despite the identification of over 

100 candidate genes associated with increased susceptibility to autism, no underlying 

mechanism has been revealed for ASD. In addition to this, access to patient material and 

primary brain cells is limited, and animal models cannot precisely recapitulate the 

complex pathways which result in ASD pathology.  

Consequently, the aims of this research project are two-fold. Firstly, to establish an 

efficient method for the generation of induced pluripotent stem cells from a bank of 

patient-derived and non-affected control fibroblasts cells. In total 20 skin biopsies were 

collected, cultured and banked for the project. The second aim of this project was to 

differentiate iPSCs from a cohort of NRXN1-α deletion patients (one exon 6-13 deletion 

and two exon 1-5 deletions) and non-affected controls to examine the ability of the lines 

to differentiate to neuronal subtypes, identify any phenotypic differences and attempt to 

establish the functional impact of the deletion on neurodevelopmental pathways.  

iPSC lines from the deletion cohort and non-affected controls were differentiated in 

parallel in order to generate a population of GABA interneurons, neuronal subtypes 

found in the hypothalamus and a mixed population of astrocytes and neurons found in 

the cortex using different protocols. The principle aim of generating these neuronal 

subtypes was to establish whether or not there were any differences in the ability of the 
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patient and control samples to differentiate into neurons and investigate the functional 

impact of the deletion on the underlying biological pathways during differentiation.  

Firstly, it was found that there was no significant difference in the ability of the NRXN1 

deletion patient lines to differentiate compared to the non-affected controls. No obvious 

morphological differences were identified between the samples and qPCR analysis of 

markers for different stages of the differentiation process demonstrated that the lines 

differentiated at the same rate. Following analysis of the proteins using mass 

spectrometry, it was found that a considerable number of proteins were found to be 

significantly differentially expressed affecting a number of pathways, including 

mitochondrial function and the cytoskeleton.  

Taken together, this work has led to the establishment of a bank of fibroblasts from a 

number of patient and control cohorts enabling the generation and validation of iPS 

patient-derived cell lines, and enables the investigation of the functional impact of 

NRXN1 on neurodevelopment in health and disease. 

Keywords: Autism spectrum disorder, neurexin, deletion, induced pluripotent stem cells, 

neurodevelopment, differentiation, mitochondria, cytoskeleton 
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Introduction 

1.1 Induced pluripotent stem cells: origins 

“Pluripotency” is defined as the capacity of a cell to differentiate into any cell type in 

the body and is not bound to any particular lineage. This term was initially employed to 

describe a population of cells known as embryonic stem cells (ESCs). These cells were 

first derived from explanted mouse blastocysts cultured on a feeder layer (Evans and 

Kaufman 1981), and it was found that these cells could be cultured indefinitely and are 

capable of differentiating in vitro and in vivo. It was not until much later that these 

pluripotent cells were isolated and cultured from explanted human tissues and shown to 

have the capacity to differentiate in vitro into the three primary germ layers; mesoderm, 

ectoderm and endoderm, but not the extra-embryonic tissues (Thomson, Itskovitz-Eldor 

et al. 1998). ESCs are pluripotent stem cells that can be retrieved from the inner cell 

mass (ICM) of the blastocyst at the early stage of embryo formation. These cells have 

developed within 5 days of fertilization of the human oocyte (Thomson, Itskovitz-Eldor 

et al. 1998), and inevitably removing this inner cell mass ultimately destroys the 

embryo. For this reason, huge ethical controversies surround the use of ES cells in 

research and it is illegal to work with ES cells in Ireland. In spite of this, much research 

has been dedicated to investigating the underlying transcriptional network which 

maintains ESCs in their naïve pluripotent state. Such studies highlighted a particular 

network of interacting transcription factors (TFs), which enables the self-renewal 

properties of the cells, thus retaining the pluripotent state. The key factors were found to 

be OCT4, SOX2, KLF4 and c-MYC (Masui, Nakatake et al. 2007; Niwa 2007). 
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1.1.1 The key players in maintaining pluripotency 

OCT4 (also known as OCT3/4) is a member of the POU (Pit-Oct-Unc) family of TFs 

which are capable of activating target genes via the binding of an octameric sequence 

binding motif (consensus sequence ATGCAAAT) (Scholer, Ruppert et al. 1990). OCT4 

is found to be expressed exclusively in ESCs, and studies have shown that mouse 

embryos in which OCT4 has been knocked down results in an embryo devoid of an 

ICM, which heavily implies the role of this gene in the maintenance of pluripotency 

(Nichols, Zevnik et al. 1998). SOX2, (Sex determining region Y-box 2), is a member of 

the Sry related HMG box family of proteins (Sinclair, Berta et al. 1990). Sox2 has also 

been found to play a critical role during early embryogenesis and the maintenance of 

pluripotency via interaction with both OCT4 and Nanog. Unlike OCT4, Sox2 expression 

is not restricted to embryonic cells but is also expressed in a population of somatic cells 

and has been shown to play a role in the differentiation of neural stem cells (Miyagi, 

Masui et al. 2008). Expression of Sox2 as a crucial mediator of pluripotency has been 

irrevocably shown in studies. For example, ablation of the Sox2 gene results in early 

embryonic lethality (Avilion, Nicolis et al. 2003). In these deficient embryos, 

undifferentiated cells fail to proliferate and were found only capable of producing 

primitive endoderm-like cells and trophectoderm. Sox2 expression has also been shown 

to have a crucial role in early neurodevelopment, e.g. a knock down of the Sox2 gene in 

neural stem cells results in neurodegeneration and defective neurogenesis (Ferri, 

Cavallaro et al. 2004). 

KLF4 (Krueppel-like factor 4) is a member of the Krueppel like factors, a zinc-fingers 

family of proteins which regulation proliferation, differentiation and apoptosis (Evans 
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and Liu 2008). Klf4 has been shown to bind to the promoter region of its own gene, 

making it capable of its own activation, and has been found to be crucial in the 

reprogramming process and in maintaining pluripotency in ESCs. This gene has been 

shown to inhibit the differentiation of ESCs when other factors required to maintain 

pluripotency have been removed, such as leukemia inhibitory factor (Zhang, 

Andrianakos et al. 2010). KLf4 is a potent inhibitor of proliferation and has been proven 

to suppress the p53 pathway directly by acting on its promoter (Rowland, Bernards et al. 

2005), while p53 has been shown to suppress Nanog expression during ES/iPS cell 

differentiation (Lin, Chao et al. 2005). Therefore, it is plausible that Klf4 may contribute 

indirectly to the activation of Nanog and other iPS cell specific genes through the 

suppression of p53. Klf4 has been shown to directly activate Nanog by binding its 

promoter region and regulating Nanog expression directly (Chan, Zhang et al. 2009). 

Klf4 functions both as a transcriptional activator and a repressor to regulate 

differentiation and proliferation of different cell types.  

c-MYC is a member of the Myc family of proto-oncogenes and the fourth TF found to 

be indispensible in maintaining pluripotency in ESCs. These genes are typically 

involved in many cellular processes, including proliferation, differentiation and 

apoptosis (Meyer and Penn 2008). Targeted knock down of c-Myc in mouse embryos 

was found to result in embryonic lethality, indicating its importance during 

embryogenesis (Davis, Wims et al. 1993). A knockout of c-Myc in mouse ESC lines 

drastically interfered with the cells’ ability to self-renew and retain pluripotency, while 

increasing differentiation and dramatically reducing the survival rate (Varlakhanova, 

Cotterman et al. 2010). Further studies sought to elucidate how c-Myc acts within the 
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pluripotency network and found that c-Myc associates with histone acetyltransferase 

complexes which include TIP60 and GCN5, which may prompt global histone 

acetylation; thus relaxing the chromatin structure and permitting Oct-4 and Sox2 to bind 

to their specific target site (Fernandez, Frank et al. 2003).  

1.1.2 Induced pluripotent stem cells 

A direct consequence of all research investigating the underlying transcriptional network 

responsible for the development and maintenance of pluripotency enabled the generation 

of induced pluripotent stem cells to become a reality. In 2006, a new technology was 

established which carried all the benefits of using ESCs but without the ethical 

implications- the generation of induced pluripotent stem cells (iPSCs) from mouse 

somatic cells, followed promptly by the reprogramming of human somatic cells 

(Takahashi and Yamanaka 2006; Yamanaka and Takahashi 2006). Takahashi and 

Yamanaka demonstrated that reprogramming could be induced in somatic cells simply 

by forced expression of four exogenous factors; OCT4, SOX2, KLF4 and c-MYC. 

Initially, 24 genes that were hypothesized to be crucial for maintaining pluripotency in 

ESCs were investigated to determine which cocktails would be capable of also inducing 

pluripotency. These genes were introduced to the host mouse embryonic fibroblasts 

using a retrovirus delivery system. Starting with 24 candidate exogenous factors, the 

genes were introduced using separate retrovirus vectors and the number of factors 

narrowed down to four by withdrawing the candidate genes one by one in order to 

determine which factors, when withdrawn, had no effect on colony formation. Colonies 

which emerged in the reprogramming dishes were picked based on morphological 

similarity to ESCs. The resultant pluripotent cells were found to share the self-renewal 
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characteristics of ESCs, along with the same morphology, cell surface marker 

expression, similar gene expression profiles, all in addition to the capacity to 

differentiate into cells of any lineage. iPSCs were not found to be identical to ESCs in 

that endogenous expression of genes such as OCT4, SOX2 and NANOG were lower in 

iPSCs; however, protein expression of these endogenous factors was comparable to 

ESCs.  

 

1.1.3 Advances in iPSC generation; considering the starting materials 

Since the first published work on iPSCs in 2006, this technology has advanced at a rapid 

pace. The original starting material for reprogramming was mouse embryonic 

fibroblasts. Human adult dermal fibroblasts, being quite a robust material with relatively 

simple culture conditions, quickly became the most commonly used starting material for 

reprogramming (Ebert, Yu et al. 2009; Luo, Fan et al. 2014). Numerous other somatic 

cells have been reprogrammed including peripheral blood cells including T cells and 

monocytes (Loh, Hartung et al. 2010; Staerk, Dawlaty et al. 2010), exfoliated cells 

isolated from urine samples (Zhou, Benda et al. 2011), keratinocytes (Aasen, Raya et al. 

2008; Aasen and Izpisua Belmonte 2010) and mesenchymal stem cells (MSCs) (Niibe, 

Kawamura et al. 2011), which may not be the most suitable starting material considering 

the invasiveness of the procedure of harvesting bone marrow (Gnecchi and Melo 2009). 

However, MSCs can also be isolated from cord blood and placenta (Zhang, Hirai et al. 

2011).  
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Of course, one of the ultimate benefits of iPSCs is the fact that it is a source of stem 

cells which can be produced from somatic cells which do not require invasive 

techniques to obtain them. This is reflected in the increasing number of publications 

detailing the generation of iPSCs from cells isolated from hair and urine. Keratinocytes 

can be readily isolated from the origin of root sheath of hair follicles with as few as ten 

hairs required to establish culture (Aasen and Izpisua Belmonte 2010). Hair can be 

plucked painlessly which, of course, has an advantage. When considering iPS colony 

efficiency is approximately 0.01%, then 10,000 cells will only give rise to maximal one 

colony in theory. Keratinocytes are reported have approximately a 100-fold greater 

reprogramming efficiency than adult fibroblasts and reprogramme at a faster rate (2-

fold) (Aasen, Raya et al. 2008). With regards to the timing, keratinocytes reprogramme 

faster after retrovirus infection with the four key factors. Colonies were identified 10 

days post infection.  

Although it appears to be the least practiced technique, the generation of iPSCs from 

urine does have the unique advantage of the ease of access to samples and it is a rather 

unlimited source, since urine is simply a waste product. One of the main challenges in 

the iPSC field, and indeed many research areas, is the reluctance of many people to 

donate biological samples, particularly if a small medical procedure is involved, such as 

a skin punch biopsy or even the drawing of blood, which children can find stressful. A 

recent publication claims that 30ml of urine is required for sufficient isolation of 

exfoliated renal epithelial cells (between 2000-7000 cells being passed daily), which can 

be successfully cultured (Linder 1976; Dorrenhaus, Muller et al. 2000; Zhang, McNeill 

et al. 2008) to produce colonies of epithelial-like cells within 2 weeks of culture, 
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yielding a high enough number for reprogramming (Zhou, Benda et al. 2012). The paper 

claims to have a rather high reprogramming efficiency (4%) using a retrovirus as the 

delivery system. Colonies emerged after 3-4 weeks with an iPSC-like morphology 

which stained positive for alkaline phosphatase activity, Nanog expression and had the 

capacity to form teratomas with cells from all three germ layers when injected into an 

immunodeficient mouse. Based on how readily available urine is as a source for somatic 

cells, this could provide an excellent starting material for iPSC generation and diminish 

the reluctance of potential donors to give samples. 

 

1.1.4 Choosing a reprogramming technique 

In addition to the many types of starting materials for reprogramming which have been 

investigated, there has been a rapid advance in the techniques used to reprogramme the 

cells. The technology has evolved very rapidly since the pioneering work of 

Yamanaka’s lab in 2006. Initial publications on the generation of iPSCs relied heavily 

on the use of retrovirus and lentivirus delivery systems for the forced expression of the 4 

key TFs. While the use of a lentivirus to deliver the genes of interest into the cell is quite 

efficient, it does raise concerns over the risk of insertional mutagenesis in the host 

genome and the potential for tumorigenesis. The silencing of the transgenes remains 

unpredictable with a possibility of these genes becoming reactivated at a later stage 

(Woods, Muessig et al. 2003; Yanez-Munoz, Balaggan et al. 2006). The main advantage 

of using a lentivirus is its ability to transduce both dividing and non-dividing cells. This 

has led to considerable efforts to replace the original technology with non-integrative 
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methods. One such alternative is the use of episomal vectors delivered into the cell via 

nucleofection or electroporation. These plasmid vectors do not integrate and generate 

so-called ‘footprint-free’ iPSCs using a system of oriP/EBNA (Epstein-Barr nuclear 

antigen-1) vectors in order to deliver the exogenous reprogramming factors. This 

method is advantageous in that it requires only a single transfection to induce 

reprogramming and the vectors can be used in numerous somatic cell types. The 

efficiency is not as high as seen with the lentivirus (0.001% efficiency compared to 

0.01-1% observed with lentivirus reprogramming (Robinton and Daley 2012)) but it 

removes the risk associated with integration of a virus on potential oncogenic activity.  

The use of the non-integrating Sendai-virus has grown in popularity in recent years in 

relation to generation of iPS due to the risks associated with lentivirus and the low 

efficiency associated with episomal reprogramming. This is an RNA virus which bears 

no risk of insertion into the host genome (Zhou and Zeng 2013). Instead, it is found that 

the Sendai virus transgene expression is decreased with successive cell divisions or 

could be removed from the culture system completely using antibiotic based negative 

selection. In addition to this, efficiency was reported to be quite high (0.02% on 

average) while still producing high quality iPSCs which are comparable in gene 

expression profile and differentiation capacity to ESCs (Fusaki, Ban et al. 2009; 

Macarthur, Fontes et al. 2012).  

 

 

 



Chapter 1 
 

10 
 

1.2 Autism spectrum disorders  

Autism spectrum disorder (ASD) is classed as a neurodevelopmental disorder which 

encompasses a heterogeneous range of disorders including classic autism, childhood 

disintegrative disorder, Asperger’s, and pervasive developmental disorder not-otherwise 

specified, and can range from mild to severe, depending on the case. It is now estimated 

that 1 in 68 children are affected by ASD in some form (Blenner and Augustyn 2014; 

Maenner, Rice et al. 2014; Neggers 2014). This has been increased from 1 in 88 at the 

last estimate by the Centre for Disease Control (CDC) in 2012 and 1 in 110 in 2006 

(Fombonne 2005; Charles 2006; Kippes and Garrison 2006). This seemingly drastic 

climb is however, not considered to be reflective of an increasing incidence of autism 

occurring in children, but rather due in part to a broadening of diagnostic criteria and 

also to increased understanding within the medical community. The understanding of 

ASD has come a long way since the 1960’s belief on behalf of practitioners that autism 

was a consequence of ‘refrigerator mothers’, a theory that essentially blamed autism on 

the mother of the child not being nurturing enough (Chamak and Cohen 2003). This 

view was eventually replaced once it was finally understood that autism was a 

neurodevelopmental disorder with a genetic basis.  

The term ‘autism’ was first coined by a Swiss psychiatrist Eugene Bleuler in an article 

in 1912 as a means of describing the behaviour he had documented within a particular 

cohort of schizophrenic patients who had harbored ‘detachment from reality’ and failed 

to communicate with others (Bleuler 1986). The term autism, which stems from the 

Greek word ‘autos’ meaning ‘self’, was again used in 1943 by Leo Kanner to describe 

11 children he had examined, all of whom displayed similar delays in regular 
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development and varying degrees of disturbances in behaviour (Kanner 1968). He noted 

that all the children demonstrated specific common characteristics and an ‘inability to 

relate themselves’ and to others, which at the time was dismissed as psychosis and 

‘feeblemindedness’. In 1944, the term ‘Asperger’s Syndrome’ was first used in a 

publication by pediatrician Hans Asperger as a means of describing a cohort of four 

young boys which bore striking similarities to those described by Kanner (Asperger 

1974). Asperger used the term ‘autistic psychopathy’ to explain “a lack of empathy, 

little ability to form friendships, one-sided conversation, intense absorption in a special 

interest and clumsy movements” he observed in all subjects. What was once dismissed 

as infant psychosis had garnered interest and was no longer dismissed simply as infant 

psychosis. 

 

1.2.1 Characteristics 

The criteria for the diagnosis of ASD is provided by the Diagnostic and Statistical 

Manual of Mental Disorders 5
th

 Edition published (DSM-5) which sets out which 

conditions must be present for a diagnosis on the autism spectrum, and these symptoms 

must be present from early childhood (Tanguay 2011). ASD is characterized by a set of 

specific behaviours which include repetitive or stereotyped behaviours, impaired social 

and communication skills and delays in developmental milestones (Matson, Kozlowski 

et al. 2012). Children with ASD may display unusual fixations on certain routines or 

objects, e.g. lining up or stacking toys in particular ways or playing with one part of a 

toy, becoming upset when a routine is interrupted. Other behaviour characteristics of 
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ASD include hand flapping, spinning or rocking their head and/or body. Social skills 

can be affected in a variety of ways. Often a child with ASD will have difficulty 

forming relationships with others and understanding emotions and facial expressions 

while preferring to play alone and avoiding eye contact (Jones, Carr et al. 2008). ASD 

patients can appear quite introverted, preferring their own company. With regards to 

communication skills, ASD is often characterized by delayed speech and language 

skills. Some people with ASD repeat the same words or phrases over and over while 

some fail to put words into sentences, repeat the question they are asked or provide an 

answer unrelated to the question. People with ASD might not be capable of 

understanding the body language or the tone of voice of others and may not respond 

appropriately. Other unusual types of behaviour commonly observed in ASD include 

self-harm and aggression. Changes in routine can trigger temper tantrums and impulsive 

behaviours such as head-banging and hand-biting and it is often difficult to comfort a 

child with ASD. Each case of ASD is different and this is why the term ‘spectrum’ is 

quite important. Children with ASD will develop certain skills in certain areas at 

different times and in milder cases it can be more difficult to detect. There are general 

age-specific milestones to measure the development of a child’s social and mental skills 

in the first few years of life and as cases range from mild to severe it can help to 

determine if there are any red flags, for example; a child may demonstrate high 

intelligence but does not know how to interact with other children.  

There are a number of co-morbid symptoms also associated with ASD, the most 

prevalent of which is intellectual disability (ID). ID is characterized by impaired 

cognitive and social skills ranging from mild to severe which encompasses depression, 
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anxiety and self-injury (Myrbakk and von Tetzchner 2008). Recent studies have shown 

a considerable overlap in ASD and ID, albeit with varying numbers. This could be due 

in part to the changing diagnostic criteria for ASD in addition to a heightened awareness 

surrounding the autism spectrum. It is estimated that 50-70% of those with ASD also 

exhibit an ID which has been used to divide ASD into subgroups of high-functioning 

and low-functioning, and it was concluded that the more severe the person’s ID, the 

greater the possibility of an ASD diagnosis (Vig and Jedrysek 1999). It has also been 

found that while ASD patients with and without ID shared the core common ASD 

characteristics, those with autism and a lower IQ (<70) show greater inclination toward 

self-harm and stereotyped behaviours (Bartak and Rutter 1976; Munson, Dawson et al. 

2008). Other common co-morbid symptoms include epilepsy at a rate of about 25% 

(Olsson, Steffenburg et al. 1988; Danielsson, Gillberg et al. 2005; Hara 2007), attention 

deficit hyperactivity disorder at a rate of 28% and social anxiety at a rate of 29% 

(Simonoff, Pickles et al. 2008).  

Autism (Kanner’s autism, classic autism) is characterized by the delay in development 

in infancy and up to the age of three in areas including speech and language, social and 

communication skills and repetitive and stereotyped behaviors. Autism is typically 

noticed within the first year of a child’s life but there are two differing courses of 

development of the disorder. In the first instance the child may demonstrate normal 

development but will begin to regress or lose any acquired skills at around 2-3 years of 

age in areas including language, e.g. losing any words that they had learned, becoming 

incontinent, and social and cognitive regression (Rett’s Syndrome, childhood 

disintegrative disorder [CDD]). The onset of regression may be either gradual, over a 
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period of months, or acute in which case the child will lose mental and physical abilities 

suddenly (Homan, Mellon et al. 2011). 

The second course of development, which is the classic form of autistic disorder, 

involves a noticeable delay in developmental milestones in the first 1-2 years. Typical 

problems include failure to speak, make eye contact or respond to social cues or sensory 

stimuli, e.g. individuals affected do not respond to their own name. Autistic children do 

not engage in ‘pretend play’ while displaying stereotyped behaviours such as ‘hand-

flapping or hand biting’ and restricted interests, for example they may have an obsessive 

interest in one item in particular or a particular action on that object (Stronach and 

Wetherby 2012; Paula-Perez 2013). Disturbances in motor function including hypotonia 

and motor apraxia have been acknowledged in autism with symptoms typically 

improving as the child gets older (Ming, Brimacombe et al. 2007). Many autistic 

children are noted to have delays in development with regards to balance, walking, 

grasping objects and stereotypic movement. Studies have managed to correlate the 

degree of motor impairment to autism through observations in subgroups of children 

with high functioning and low functioning autism along with forms of Asperger’s. 

Studies that focused on children with normal intelligence levels (>85) highlighted that 

while these children had defective motor skills, it had nothing to do with mental 

retardation. Three subgroups of children were studied; children with expressive 

language disorder, children with receptive language disorder and children with classic 

autism. It was discovered that children with expressive language disorder were the most 

affected by defects in gross and fine motor skills, indicating the importance of 
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therapeutic intervention at an early stage to ease the burden of neuro-motor development 

(Noterdaeme, Mildenberger et al. 2002). 

Asperger’s differs from autistic disorders in that there are no noticeable delays in 

language or cognitive development. Individuals with Asperger’s do demonstrate some 

of the milder characteristics of autism including ritual and repetitive behaviours, skewed 

social communication skills and difficulties with non-verbal communication. Those 

affected are usually more socially awkward and favour routine (Szatmari, Bremner et al. 

1989). Pervasive developmental disorders are characterized by milder symptoms of 

autism, termed “subthreshold autism”, patients of which may have only a subset of 

difficulties in social communication skills and stereotyped behaviours (Volkmar, Lord et 

al. 2004). 

 

1.2.2 The genetics behind ASD 

Not one single cause can be attributed to the development of ASD but rather multiple 

genetic factors are at play. As a result ASD is considered a polygenic disorder while 

environmental factors may contribute to phenotype (Klauck 2006). Possible factors 

which have been implicated in an increased risk of autism include exposure to specific 

compounds in utero such as valproic acid, used as an anti-depressant/ anti-convulsant 

(Schneider and Przewlocki 2005) and alcohol (Aronson, Hagberg et al. 1997). Case 

studies have also examined the link between perinatal complications such as delivery via 

emergency c-section, neonatal infection or fetal stress during delivery and the 

occurrence of autistic behaviour (Juul-Dam, Townsend et al. 2001; Glasson, Bower et 
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al. 2004). Autism is considered a highly heritable disorder due to the apparent high 

concordance rate of autism as defined in strict terms in 60% of monozygotic twins. 

Abnormal social and cognitive behaviours deemed to be on the ‘autism spectrum’ were 

observed in monozygotic twins (>90%) as opposed to dizygotic twins (approx. 10%) 

(Bailey, Le Couteur et al. 1995; Hallmayer, Cleveland et al. 2011). Autism has also been 

found to have a 2-3% recurrence rate in those with affected siblings when compared to 

the general population. The inheritance ratio of male versus female also points towards 

genetic involvement with boys affected at a rate four times greater than girls, which 

implicates the sex chromosomes in development of ASD (Fombonne 2005; Stacy, 

Zablotsky et al. 2014).  

Autism is also associated with other separate and distinct disorders, including Fragile X 

Syndrome (Brown, Jenkins et al. 1982), Rett Syndrome (Mount, Charman et al. 2003) 

and tuberous sclerosis (Curatolo, Porfirio et al. 2004), which further indicate numerous 

genetic factors at play. Multiple genome-wide and cytogenetic studies have been carried 

out in attempt to narrow down the affected chromosomes and identify the autism 

susceptibility genes. While there is a not a great deal of reproducibility between many of 

the studies, possibly due to each study setting out differing criteria for inclusion in the 

study, a combination of a collection of international studies did manage to identify 

overlapping regions of interest including 2q, 7q and 16p which are likely to contain 

ASD susceptibility genes (2001; Liu, Nyholt et al. 2001). While over 100 candidate 

genes for ASD have been identified and investigated, no single gene has yielded 

conclusive evidence as being a causative factor in autism while countless genes have 

been suspected to act in concert to manifest the clinical phenotype.  
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There are two proposed routes for ASD neurobiology. Firstly, there is abnormal cell 

development and synaptic growth and secondly, there is the improper function and 

connectivity of excitatory and inhibitory neurons (El-Ansary and Al-Ayadhi 2014). 

Synaptogenesis occurs in the first three years of an infant’s development and involves 

the pruning and elimination of immature dendritic spines (Tau and Peterson 2010). This 

hypothesis was initially indicated by the overlap between ASD, Fragile X syndrome and 

Rett Syndrome. Fragile X syndrome (FXS) is the largest known single gene cause for 

ASD, accounting for 2-5% of cases, while 30% of FXS patients are diagnosed with ASD 

(Jeste 2011)In addition to this, 25% of FXS patients and between 10-30% of those with 

ASD also suffer from some form of epilepsy (Hagerman and Stafstrom 2009; Stafstrom, 

Hagerman et al. 2012). Intellectual disability, ranging from mild to severe, is a co-

morbid feature in 60% of ASD cases while most individuals with Asperger’s and 

pervasive developmental disorder (PDD) demonstrate a normal intelligence range 

(Charman, Pickles et al. 2011). In addition to this, 10% of those with autism are 

considered ‘savants’ and demonstrate remarkable intelligence and skills within a 

particular area; most commonly, arithmetic, musical skills and art. While possessing 

incredible skill in one area, on average the autistic savant is less capable of carrying out 

average activities (Miller 1999; Treffert 1999). 

 

1.2.3 NRXN1: The neurexin family 

The neurexins are a family of transmembrane proteins with a primary known function as 

presynaptic adhesion molecules essential for synaptic development and maintenance, in 
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addition to Ca
2+ 

transmission at both excitatory and inhibitory synapses. In vertebrates, 

there are 3 identified neurexins (NRXN) classed as I, II and III. There are 3 NRXN1 

genes, NRXN1, NRXN2 and NRXN3 (Ullrich, Ushkaryov et al. 1995). NRXN1, located 

on chromosome 2p16.3 is one of the largest known human genes, spanning 1.12Mb with 

24 exons (Figure 1.1). Neurexin 1α is the longer transcript of the NRXN1 genes and 

encodes an N-terminal signal peptide with three repeats of two laminin/ neurexin/ sex 

hormone-binding globulin (LNS) domains separated by an epidermal growth factor 

(EGF)-like sequence which is followed by an O-glycosylation sequence, a 

transmembrane domain and a cytoplasmic tail of 55 amino acids (Missler and Sudhof 

1998). 

 

Figure 1.1: Diagram depicting the structure of the NRXN1 gene. Patient cohorts for this 

study have deletions in the α-NRXN region. Image modified from Structure and 

Evolution of Neurexin Genes: Insight into the Mechanism of Alternative Splicing 

(Tabuchi and Sudhof 2002) 

 

 

An upstream promoter which lies on the 5’ end to exon 1 is employed to generate the 

larger α-NRXN1, and the smaller β-NRXN1 is generated by a downstream promoter in 

intron 18. Both α- and β-NRXN1 are single transmembrane proteins. α-NRXN has 6 

LNS domains each separated by 3 EGF-like sequences. In contrast, β-NRXN1 contains 
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only a single LNS domain, which follows a β-NRXN1 specific sequence from the 

extracellular N-terminus with a long atypical signal peptide. The LNS domains are 

followed by an O-glycosylation region (O-glyc), a transmembrane domain and a short 

cytoplasmic tail containing a type II PDZ recognition motif. It is estimated that there 

may be over 1000 NRXN1 isoforms expressed due to the presence of 5 alternative splice 

sites and alternative promoter usage (Lise and El-Husseini 2006).   

The longer transcript, α-NRXN, is thought to exert both excitatory and inhibitory effects 

in the brain. The short isoform, encoded by exons 19-25 with short extracellular domain, 

is termed β-NRXN and is hypothesized to facilitate scaffold recruitment for excitation.  

It is for this reason that dysregulation of NRXN genes has been implicated in excitatory/ 

inhibitory (E/I) imbalance in the brain by destabilizing the NRXN/ NLGN interaction 

(Dean and Dresbach 2006; Craig and Kang 2007; Krivosheya, Tapia et al. 2008).  

 

1.2.4 Neurexin gene function; roles in neurodevelopmental disorders 

Neurexins are synaptic adhesion molecules, partnered with neuroligins, which are 

involved in synaptic development and maintenance. Synapses are the location of cell 

contact in the brain which enables the communication of information. Neurexins and 

neuroligins bind one another to promote adhesion and connectivity between axons and 

dendrites in the brain, facilitating the recruitment of scaffolding proteins and receptor 

channels during neurodevelopment (Sudhof 2008). As the synapses mature, scaffolding 

molecules are recruited which connect the cytoskeleton and plasma membrane into a 

network with the synaptic vesicles and fusion network. The minimal amount of 
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stimulation to drive synaptic assembly was investigated in non-neuronal cells in order to 

discover the basic machinery which drives synaptic assembly. The presence of 

neuroligin 1 and neuroligin 2 in HEK293 cells can induce differentiation of postsynaptic 

specializations in co-culture with axons. There was an accumulation of synapsin, 

synaptotagmin and integral membrane proteins of synaptic vesicles in the axons of 70-

80% of the transfected cells (Graf, Zhang et al. 2004). Similar results occurred when 

neuroligins were expressed in a fibroblast line (COS-7) and in glial cells (Scheiffele, 

Fan et al. 2000; Chih, Gollan et al. 2006). 

Neuroligin 1, 3 and 4 localize to glutamatergic synapses while neuroligin 2 localizes to 

GABAergic synapses. Neuroligins bind only β-NRXN extracellularly but not α-NRXN 

while intracellularly neuroligins bind a scaffolding protein, PSD95, by its PDZ domain  

Neurexins bind the scaffolding protein CASK, a calcium/ calmodulin- dependent serine 

protein kinase which functions in synapse protein anchorage and ion channel trafficking 

plus the phosphorylation of neurexins in response to synaptic activity driven Ca
2+ 

and 

Mg
2+

 (Mukherjee, Sharma et al. 2008). Neuroligin is bound by scaffolding protein 

PSD95 on the other side of the synapse. CASK and PSD95 are membrane associated 

guanylated kinases. 

Copy number variants (CNVs), which are large duplications or deletions in regions of 

the genome (spontaneous mutation in genome during meiosis), are increasingly being 

identified as the root cause of numerous neurological disorders. CNVs in the neurexin 1 

gene have been associated with numerous neurodevelopmental disorders such as 

schizophrenia (Kirov, Rujescu et al. 2009; Rujescu, Ingason et al. 2009), autistic 
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disorder (Kim, Kishikawa et al. 2008) and intellectual disability (Zweier 2012). Such 

mutations also appear to be highly heritable with examples of multiply affected families 

including one study of three families with intragenic deletions in NRXN1. In one 

family, the proband had a 380kB deletion in exon 19-22, disrupting the NRXN1-β 

isoform and was diagnosed with Aspergers, depression and learning difficulties. The 

NRXN1 deletion was identified in three of the probands five children, of whom one had 

ASD and severe developmental delay. The second child had normal development but 

suffered from anxiety and behavioural problems. The third affected child had mild 

autism and developmental delays (Wisniowiecka-Kowalnik, Nesteruk et al. 2010). De 

novo CNVs are estimated to be responsible for approximately 10% of ASD cases based 

on studies of sporadic autism cases with controls using comparative genomic 

hybridization (Sebat, Lakshmi et al. 2007). Deletions in the exonic region of the 

NRXN1 genes has been shown to produce a recurrent phenotype in patients, including 

moderate to severe intellectual disability, ASD, motor developmental delays, severe 

language development delays, epileptic seizures and hypotonia (Vinas-Jornet, Esteba-

Castillo et al. 2014) . Deletions in NRXN1-α and NRXN1-β produce similar phenotypes 

(Curran, Ahn et al. 2013).  

The dosage of the NRXN1α deletion has been suggested to associate with severity and 

type of the phenotypes. Such theories have arisen from studies of families in which 

multiple family members are affected by neurodevelopmental disorders. In one such 

case, a family of were found to be multiply affected by neurological and psychiatric 

illness with varying degrees of NRXN1 mutation. The original proband was identified 

as having a compound heterozygous NRXN1 deletion of 451kB affecting the promoter 
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of the gene and exons 1-4 plus a point mutation. The proband was diagnosed with 

autism, severe intellectual disability and suffered from seizures. This deletion was found 

to be inherited from the probands mother who bore mild autistic traits. A point mutation 

was identified in the probands brother who was diagnosed as having a schizotypal 

personality disorder which was believed to have been inherited from the father, who was 

diagnosed as a paranoid schizophrenic (Duong, Klitten et al. 2012). In another family 

study, two sisters were identified as having biallelic NRXN1 deletions, essentially 

disrupting the NRXN1-α and –β isoforms. These girls were born to two healthy parents 

from whom the deletions were inherited yet did not have autistic traits or indeed suffer 

from any psychiatric illness. However, the daughters exhibited a severe phenotype 

including severe epilepsy, severe developmental delays with one sister being non-verbal 

and breathing abnormalities. The probands had another sibling who was unaffected 

(Harrison, Connell et al. 2011). The evidence of this and other such studies of multiply 

affected families suggest there is a gene dose effect of the NRXN1 mutation on the 

severity of resultant psychiatric and neurological disorders.  

 

1.2.5 The neuron, the synapse and synaptic development 

Information is processed in the brain via specific signal transmission at synapses to relay 

a form of sensory input and affect an output, a movement or an action. A synapse is an 

intracellular junction, one of an estimated 0.15X10
15 

synapses in the human brain 

(Pakkenberg, Pelvig et al. 2003), and is characterized by the presence of synaptic 

vesicles in the presynaptic axon, a synaptic cleft and densities on the pre-and post 
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synaptic membranes. A synapse connects a neuron to a target cell, a neuron or non-

neuronal cell, and is responsible for communication within the nervous system. These 

synapses connect an intricate set of neurons and non-neuronal cells in the brain and the 

correct development and function of the central nervous system depends entirely on the 

establishment of very specific synaptic connections between neuronal and non-neuronal 

cells. During neurodevelopment, the axonal growth cone of the neuron is guided 

towards their target dendrite by chemical cues to form a point of contact at which stage 

maturation and specification occurs. The required pre- and post-synaptic scaffold 

proteins are recruited to the site and the structure is stabilized. Each neuron has one axon 

but can have extensive branching of dendrites, resulting in a single neuron having 

thousands of potential inputs.  

A number of psychiatric disorders have been attributed to defective synaptic pruning 

and/or overgrowth of dendrites and dendritic spines (Jan and Jan 2010). An example of 

this was shown via the postmortem quantitative analysis of the brains of schizophrenia 

patients which showed increased neuron densities compared with unaffected controls 

and decreased density of dendritic spines which could result from over-pruning of 

dendrites (Glantz and Lewis 2000).  A similar reduced density and length of dendrites 

has been recorded in cases of mental retardation (MR) with less complex dendritic 

branching in the cerebral cortex (Kaufmann and Moser 2000).  On the other hand, 

Fragile X Syndrome (FXS), which is commonly co morbid with MR, a marked increase 

is witnessed in long dendrites with co-occurring, short dendritic spines with the presence 

of more dendrites bearing an immature morphology. Overall, there is a greater density 

of dendritic spines, usually seen in early development, when compared to unaffected 
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controls. This difference in dendrite number and maturation suggests a defect in 

synaptic pruning (Irwin, Patel et al. 2001). The vast majority of synaptic connectivity 

occurs during the first three years of an infant’s life and correlates with the standard age 

of onset of ASD (Belmonte, Allen et al. 2004). This also coincides with the occurrence 

of macrocephaly within the first years of life which has been observed as accelerated 

increase in head circumference by 14 months and often precedes a diagnosis of ASD 

(Courchesne, Carper et al. 2003). Head growth is typically normal at birth in ASD 

patients but experiences accelerated growth within the first couple of months and this 

was found to be the case in up to 35% of subjects in one study (Dementieva, Vance et al. 

2005). It is the overlap of abnormal brain development and the aberrant ability to prune 

and mature dendritic branches, seen in disorders such as FXS and MR, which implicate 

mutations in synaptic molecules such as NLGN and NRXNs in the development of 

ASD. This, in turn, manifests an imbalance in excitation and inhibition, which is 

believed to account for the high co-morbidity of epilepsy with ASD (LeBlanc and 

Fagiolini 2011). 

 

1.2.6 The neurexin-neuroligin interaction 

Cell adhesion molecules are considered critical to correct synapse formation, being 

responsible for connecting the axonal growth cone to its target dendrite, and NRXNs 

have been identified as playing a critical role in synaptic development. NRXNs are 

presynaptic cell surface adhesion proteins which have been shown to mediate synapse 

formation via their interaction with  several endogenous ligands such as neuroligins 
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(NLGN), neurexophilins, leucine-rich repeat transmembrane neuronal proteins 

(LRRTMs) and glutamate receptor delta 2 (GluRd2). NRXNs are concentrated at the 

synapse and have a role at both excitatory and inhibitory synapses (Scheiffele, Fan et al. 

2000), and different neuron subtypes express different combinations of neurexin 

isoforms dictating the synaptic activity. It was found that forced expression of NLGNs 

in non-neuronal cells, HEK293 cells, initiated the formation of presynaptic structures on 

the axons of contacting cells (Graf, Zhang et al. 2004). Complimentary to this, it was 

then shown that the presence of neurexins alone was sufficient to induce glutamatergic 

post-synaptic differentiation in addition to the initiating clustering of GABA receptors 

and scaffold proteins for post-synaptic cells in a fibroblast-neuron co-culture (Graf, 

Zhang et al. 2004). This assembly of scaffold proteins was observed to be executed via 

the neurexin binding of neuroligins.  

NLGNs are a family of transmembrane proteins comprised of 5 postsynaptic cell 

adhesion proteins in higher primates and humans; NLGN1, NLGN2, NLGN3, NLGN4 

and NLGN4Y, each with a distinct role in synaptic function. NLGNs are believed to 

engineer the formation of synaptic specializations and the assembly of ion channels. 

NLGN1 is localized at excitatory synapses while NLGN2 resides at inhibitory synapses. 

The neuroligins are much simpler in structure than the neurexins and are subject to 

alternative splicing at only two sites compared with the 5 sites in neurexins. Each of the 

NLGNs include a N-terminal acetylcholinesterase-like domain which binds β-NRXNs 

(Ichtchenko, Nguyen et al. 1996), in addition to identical intracellular C terminal motifs 

which binds to the PDZ domains of target scaffold proteins including the PSD-95 family 

(PSD-95/ SAP90, PSD-93/chapsyn, SAP102 AND SAP97) (Irie, Hata et al. 1997). This 
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neuroligin/ PSD-95 interaction, on the third PDZ domain initiates the formation of a 

larger, multi-protein complex and induces synapse specification via localization of N-

methyl-D-aspartate receptor subunit 2 (NMDA2 receptor) and K
+
 channels to synapses. 

On the other side of the intercellular junction, the COOH- cytoplasmic tail of the 

neurexins engages the PDZ domain of another distinct scaffold protein, CASK, whose 

full name is calcium/calmodulin-dependent serine protein kinase (MAGUK family). 

CASK, a multidomain protein which functions in signaling and anchoring of 

transmembrane proteins and ion trafficking, is found primarily in the brain (Hata, Butz 

et al. 1996).  

Mutations in the NLGNs have been implicated in autism in several case studies to date, 

one of the earliest being mutations in the X-linked NLGN3 and NLGN4 in a cohort of 

siblings including a frameshift mutation in NLGN4 found in two affected brothers, one 

with ASD and one with Asperger’s (AS). In another study, two brothers from a separate 

Swedish family, again one with classic autism and the other diagnosed with AS, a C T 

transition was observed as a potential causative factor (Jamain, Quach et al. 2003). The 

binding of neurexins and neuroligins is governed by alternative splicing of both the 

neurexin and the neuroligin genes. It was demonstrated by Sudhof et al. that without 

splicing, the neuroligins can bind β-neurexins alone. However, upon removal of an 8 

amino acid sequence, neuroligin isoforms are generated which can bind both α- and β-

neurexins (Boucard, Chubykin et al. 2005).  

The NRXN1 gene has been identified in numerous cases which showed deletions, 

mutations and copy number variations (CNVs). These CNVs in the 2p16.3 region of 

patients have been associated with intellectual disability, cognitive dysfunction and a 
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number of psychiatric disorders including schizophrenia, bipolar disorder and autism 

(Vinas-Jornet, Esteba-Castillo et al. 2014). Some have been noted to share common and 

mild dysmorphic facial features including a long face, deep set eyes and a prominent 

maxilla (Vinas-Jornet, Esteba-Castillo et al. 2014). Most of these autism-associated 

deletions in NRXN1 are thought to affect the expression of the α-isoform of NRXN1 

while leaving the β-NRXN1 coding sequences unaffected. Correct interaction of 

NRXN-NLGNs at the intercellular junctions within the brain are therefore, critical in the 

concerted effort to assemble to correct scaffold proteins to the site to ensure 

specification and signaling during the maturation of the synapse.  

 

1.2.7 Animal models of NRXN1 knockout 

Numerous neurexin-1 deficient mouse models have been generated in an attempt to 

elucidate the effects of total and partial loss of the gene during development and how 

this relates to the ASD and schizophrenia phenotypes. The hypothesis that there is 

dysregulation in synaptic function and an imbalance of excitatory/ inhibitory neurons in 

autism is supported by the fact that up to 30% of patients with ASD also suffer from 

epilepsy (Canitano 2007). This hypothesis was further supported by the confirmation of 

mutations in NLGNs in ASD cases (Jamain, Quach et al. 2003).  Detailed investigations 

have been carried out in neurexin-1 knockout models of mice and the effects on synaptic 

transmission. These studies found that the deletion resulted in a decrease in both 

spontaneous and provoked synaptic vesicle release, suggesting that NRXNs and the 

NRXN-NLGN interaction are required for the coupling of presynaptic vesicle 
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organization and extracellular synaptic organization to coordinate transmission (Missler, 

Zhang et al. 2003).  

The effects of NRXN deletion were investigated in knockout mouse models. Missler et. 

al. demonstrated the impact of NRXN-α deletions using homologous recombination to 

remove the large first coding exons of one, two and all three α-NRXN genes. The 

models generated were comprised of the wild type model, neurexin 2α KO, neurexin 

2α/3αdouble KOs, neurexin 1α/2α double KOs and triple KOs. It was observed these 

double and triple knockout mice of the NRXN alpha isoforms survived the prenatal 

period. However, triple knockout mutants died within one day of birth and although the 

double knockout survived for up to one week, these animals died as a result of 

respiratory problems similar to the triple knockout attributed to failed development of 

the neuronal networks involved in the regulation of the respiratory system. It was also 

revealed that single knockout models, with a NRXN3 deletion had diminished survival 

rates, indicating the importance of the α-NRXNs in survival (Missler, Zhang et al. 

2003). The same study examined the overall structure of the brain in these NRXN-

devoid models and found no difference in the overall ultrastructure or size of the brain 

or indeed, difference in the number of synaptic vesicles. The study did reveal that the 

density of GABA releasing terminals in the triple knockout mouse model was decreased 

two-fold, while the density of the excitatory terminals remained unchanged. These 

changes were accompanied by an apparent decrease in spontaneous neurotransmitter 

release in both the neocortex and brain stem of the double and triple knockout models. 

Finally, the study discovered a significant reduction in Ca
2+ 

channel currents. One of the 

primary dictators of presynaptic function are the voltage gated Ca
2+ 

channels which 
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mediate the influx of Ca
2+ 

into the synapse, in turn triggering neurotransmitter release.  

These Ca
2+ 

channels are regulated by a number of synaptic proteins including CASK, 

SNARE and synaptogymin (Su, Seo et al. 2012; Weiss and Zamponi 2012), all of which 

are found to interact with NRXNs in synaptic organization (Mozhui, Wang et al. 2011). 

Studies on Neurexin1α KO mice established diminished presynaptic Ca
2+ 

currents. 

These mice with mutated Ca
2+ 

neuronal channels had a more subtle phenotype due to a 

compensation which upregulates other Ca
2+ 

channels in response (Dudanova, Tabuchi et 

al. 2007). 

Further studies into the ultrastructure of the brains of the KO mice revealed that only 

mild structural abnormalities occurred in certain areas of the brain which were 

predominantly comprised of shortened dendritic branching and decreased numbers of 

dendritic spines. The ultrastructure of both excitatory and inhibitory neurons was 

relatively normal. The study served to establish that the diminished NRXN-α does not 

impact upon synapse formation but rather these proteins are required for maintenance of 

synaptic function (Dudanova, Tabuchi et al. 2007). 

Animal studies have also been conducted to examine the effects of the CNV of the 

NRXN1α gene and reveal a phenotype corresponding to human behaviours. NRXN1α 

KO mice displayed core behaviours characteristic of autism, including social 

withdrawal, increased anxiety and danger avoidance, impaired nest building ability, 

reduced locomotor activity and an increase in aggressive behaviour in male mice 

(Etherton, Blaiss et al. 2009; Grayton, Missler et al. 2013). Some of these studies 

revealed a more discrete phenotype than others with increased time spent on grooming 
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but also demonstrated an improvement in motor learning found in mice with a 

homozygous deletion (Etherton, Blaiss et al. 2009).  

Other studies focused on response of mice with a heterozygous deletion (+/-) in both 

male and female mice to determine if there was a comparable phenotype to humans with 

relation to information processing (Etherton, Blaiss et al. 2009). This examined the 

response of the KO mice to novel surroundings and their ability to familiarize to and 

adapt to their novel surroundings. This study revealed that the KO mice had increased 

responsiveness and locomotor activity upon introduction to unknown surroundings 

while main differences in responsiveness to novel habitats was found to be sex-

dependent with male mice exhibiting a significantly greater response. The importance of 

these findings lies in the greater tendency of males to be affected by ASD than females 

(Blokhuis, Groen et al. 2013; Grayton, Missler et al. 2013; Werling and Geschwind 

2013).  

 

1.3 Fragile X Syndrome 

Fragile X Syndrome (FXS) is an X-linked disorder arising as a result of a loss of 

function mutation in Fragile X Mental Retardation 1 gene (FMR1) located on the X 

chromosome at position Xq27.3. FXS is a single gene disorder and the most commonly 

inherited form of mental retardation which is commonly found to be co-morbid with 

autism (Garber, Visootsak et al. 2008). There is a physical phenotype commonly 

associated with FXS, a disorder which mostly affects males and is the result of 

trinucleotide repeat (a CGG repeat expansion) affecting the 5’ untranslated region of the 
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FMR1 gene on the X chromosome (Verkerk, Pieretti et al. 1991). This presence of a 

repeat expansion leads to instability and triggers hypermethylation of the CGG repeats 

and the gene promoter in conjunction with hypoacetylation of its associated histones 

inducing chromatin condensation and subsequent silencing of the FMR1 gene (Fu, Kuhl 

et al. 1991). This epigenetic modification results in either the loss of its protein product 

in its entirety or a partial loss, both of which have a consequent and definitive 

phenotype.  

The FMR1 gene encodes the cytoplasmic FMR protein which binds RNA and is found 

to be expressed in the brain, ovaries and the testes. This protein has been shown to be 

involved in mRNA transportation from the nucleus of neuronal cells to dendrites.  

mRNAs that bind the FMR protein play an important role in neuronal function and 

maturation, and synaptic plasticity. In the healthy FMR1 gene, there is a sequence of 

between 6 and 54 CGG trinucleotide repeats in the 5’ untranslated region of the gene 

following a CpG island in an unaffected individual. In cases of the full mutation 

resulting in FXS, greater than 200 copies of the repeat are present. In rare cases, 

considered to be <1% of cases, FXS may be caused by point mutations (De Boulle, 

Verkerk et al. 1993), deletions (Mannermaa, Pulkkinen et al. 1996) or missense 

mutations (Myrick, Nakamoto-Kinoshita et al. 2014), which still have a critical effect of 

decimating protein function. In the mutated FMR1 gene, CGG trinucleotide repeats are 

caused by strand slippage during DNA replication in the Okazaki fragments. Okazaki 

fragments are short fragments of DNA that are formed due to the 5’-3’ polarity of DNA 

polymerase during DNA replication on the lagging strand. An unstable expansion is 

created when strand slippage occurs and extra nucleotides are added to the template 
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strand by DNA repairing enzymes in order to make it complementary to the newly 

formed strand (Penagarikano, Mulle et al. 2007). This slippage alone does not have the 

capacity to introduce such extensive repeats and an endonuclease, FEN-1, has been 

implicated in increasing repeat instability (Gordenin, Kunkel et al. 1997).  

The most common phenotype associated with FXS is intellectual disability with the IQ 

of patients falling in the range of 20-70. These learning difficulties are accompanied by 

delayed speech and cognitive dysfunction which affects short term memory formation 

(Eliez, Blasey et al. 2001; Johnston, Eliez et al. 2001; Cornish, Sudhalter et al. 2004). 

Other associated clinical features include attention deficit disorder accompanied by 

hyperactivity and often hypersensitivity to stimuli such as touch. Individuals with FXS 

with ASD also demonstrate classic autism related features such as repetitive, stereotyped 

behaviours, anxiety, depression and aggression (Cronister, Schreiner et al. 1991).  

 

1.4 Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS), which is also commonly known as motor neuron 

disease or Lou Gehrig’s disease, is an idiopathic, neurodegenerative disease which was 

originally described by the neurologist Jean-Marie Charcot (Jay 2000). Charcot 

combined both phenotype from clinical cases and autopsy-derived material and proved a 

significant link between the clinical symptoms observed in his patients and the location 

of lesions found in the nervous system from autopsies. Both upper motor neurons 

(UMN) and lower motor neurons (LMN) are affected with this condition. Motor neurons 

are affected throughout the nervous system including those located in the primary motor 
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cortex, corticospinal tracts, brainstem and spinal cord regions all of which are subject to 

degeneration. This, in turn leads to aberrant or inadequate signaling to the associated 

muscles and ultimately muscle weakening which results in muscle weakness and muscle 

atrophy of voluntary muscles (Wijesekera and Leigh 2009). This degeneration of motor 

neurons is accompanied by ubiquitinated intraneuronal inclusions. These inclusions are 

not always present. Their presence could result in the dysregulation of cell signaling and 

other cellular mechanisms.  

1.4.1 Genetic causes of ALS 

The vast majority of cases (90%) are sporadic cases of the disease (SALS) with only 5-

10% of cases observed to be familial (FALS) and mostly autosomal dominant in 

inheritance (Swerts and Van Den Bergh 1976; Mulder, Kurland et al. 1986).  Life 

expectancy at this moment remains critically low with 50% of patients surviving 

between 3-5 years from the onset of the disease. At best, 20% of patients survive 

between 5-10 years, usually as a result of respiratory failure.  

It has become clear that mutations in a multitude of genes are responsible for 

contributing to ALS development. While only 5-10% of cases are observed to be FALS, 

it was discovered that in 20% of these familial cases there were mutations in the gene 

superoxide dismutase 1, an antioxidant (SOD1) while 5% of sporadic cases also had 

mutations in the SOD1 gene (Rosen 1993). Mutations in TARDBP, which encodes TAR 

DNA binding protein-43 (TDP-43) and a functionally similar protein, FUS 

(Kwiatkowski, Bosco et al. 2009), both of which are DNA/ RNA binding proteins, and 

their accumulation with nuclear inclusions have long been associated with both ALS and 
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frontotemporal dementia (FTD), a disorder characterized by progressive degeneration of 

the frontal and temporal lobes affecting cognitive function, speech and behaviour 

(Weder, Aziz et al. 2007; Mackenzie, Rademakers et al. 2010). Other genes found to be 

accumulated within these inclusions are optineurin (OPTN), Ubiquilin-2 (UBQLN2) and 

C9orf72 (Blokhuis, Groen et al. 2013). 

More recently it has been established that hexanucleotide repeat expansions have been 

found to be the underlying cause for a significant number of FALS and FTD cases (Al-

Chalabi, Jones et al. 2012), along with a small proportion of cases of Alzheimer’s 

disease (Renton, Majounie et al. 2011; Harms, Benitez et al. 2013). Three isoforms of 

the C9orf72 protein, a cytoplasmic protein, are produced by the gene and expressed in 

many tissues; yet, the function of this gene has yet to be ascertained. The normal version 

of the C9orf72 gene contains a repeat nucleotide sequence (GGGGCC) which is 

repeated up to 30 times and located in the noncoding region between exon 1a and exon 

1b. Greater than 30 of these repeats are associated with ALS and in many instances 

hundreds of copies of the repeat have been observed in patients (Mori, Weng et al. 2013; 

Xu, Poidevin et al. 2013; Cooper-Knock, Bury et al. 2015). It is known that the presence 

of the repeat expansion in high numbers interferes with the normal protein production, 

although the exact mechanism is not yet understood. There are a number of hypotheses 

surrounding the potential effect of the repeat expansion on the development of ALS and 

FTD. One theory proposed that the mechanism of action for the repeat expansions 

occurs via haploinsufficiency, resulting in the generation of abnormal amounts of RNA, 

inducing toxicity and dysregulation of biological pathways within the cells (Ciura, 

Lattante et al. 2013; Ling, Polymenidou et al. 2013). The accumulation of RNA 
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aggregates containing the hexanucleotide repeat provides a potential mechanism of 

disease pathology. It is believed that the accumulation of RNA transcripts with the 

GGGGCC repeats are susceptible to an unconventional mechanism of translation –

 repeat-associated non-ATG (RAN) translation, causing toxicity and possibly altering 

RNA metabolism (Sareen, O'Rourke et al. 2013). A second hypothesis links the 

formation of g-quadruplexes, nucleic acid sequences rich in guanine formed from DNA 

and RNA and often localized to RNA foci, induce toxicity within the cell and sequester 

RNA binding proteins. The complexes have been shown to form complexes with heme 

and interfere with oxidative activity, and are likely to play a role in oxidative stress and 

inflammation in ALS (Grigg, Shumayrikh et al. 2014).  

 

1.5 Induced pluripotent stem cells as in vitro disease models 

The ability to generate ESC-like cells offered considerable potential in the field of 

regenerative medicine and drug development due to the capacity of these cells to 

provide in vitro disease models. The relatively non-invasive techniques of acquiring 

somatic cells and the seemingly subsequent ease of reprogramming now meant that it 

would be possible to create patient-specific models of disease which was previously 

limited, particularly in relation to the field of neurobiology. iPSCs have vast potential in 

cell replacement therapy due to their capacity to self-renew, meaning they can be 

cultured indefinitely, in theory, compared to primary cells isolated from patients such as 

MSCs which have a limited life span in culture (typically 7- 12 passages) before they 

begin to undergo replicative senescence and display morphological abnormalities 
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(Wagner, Horn et al. 2008).  Similar problems have been encountered in relation to the 

culture of human neural stem cells. While adult neural stem cells (NSCs) have been 

successfully isolated and cultured from both patients and postmortem tissue for studies 

in vitro (Schwartz, Tassone et al. 2005; Feldmann and Mattern 2006), these cells are not 

a pure population of stem cells but rather a heterogeneous mixture of NSCs, neural 

precursor cells and glial cells. As a consequence, these applications for these cells for in 

vitro studies are constrained by their own limited lifespan in culture (Palmer, Schwartz 

et al. 2001).  

iPSC technology provides a suitable means of culturing large numbers of cells with 

unlimited differentiation capacity. This provides the ability to restore tissues or perhaps 

entire organs damaged or lost due to injury or disease. In recent years, promising studies 

have emerged demonstrating the capacity of iPSCs to generate functional gut-like 

organs (Ueda, Yamada et al. 2010) and the generation of a correctly vascularized and 

functional liver as a result of implantation of 3D iPSC-derived liver buds. Extensive 

progress has already been made in the field in using iPSCs to create disease models, 

particularly diseases with highly penetrant mutations. Numerous studies have 

successfully managed to recapitulate the disease phenotype in vitro using iPSCs, such as 

Parkinson’s disease (Nguyen, Byers et al. 2011) or Alzheimer’s disease (Kondo, Asai et 

al. 2013). Another promising avenue for iPSC technology is the advent of gene editing 

using CRISPR-Cas 9 editing to induce site-specific single strand breaks in the DNA and 

facilitate specific deletions or mutations to recapitulate disease phenotypes (Horii, 

Tamura et al. 2013).  
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The potential for iPSCs as in vitro models for studying the neurodevelopmental 

pathways in autism has become increasingly popular. Although hundreds of autism 

associated genes have been identified to date it is such a complex disorder involving 

multiple factors and the pathogenesis of idiopathic ASD still eludes researchers. The 

differentiation of iPSCs to different neuron subtypes can and has allowed researchers to 

recapitulate a specific patient’s neurodevelopmental pathways in the lab and permit 

detailed analysis or drug screening (Boissart, Poulet et al. 2013; Foldy, Malenka et al. 

2013). To date, there has not been a flurry of publications investigating the effects of the 

NRXN1 deletion in patient-derived iPSCs. One publication did examine the functional 

impact of knocking down the NRXN1 gene in healthy human iPSCs and ESCs. The 

authors partially knocked down NRXN1-α in iPSC-derived neural stem cells and 

performed RNA sequencing analysis to determine the effects (Zeng, Zhang et al. 2013). 

It was found that the loss of NRXN1-α affected multiple pathways in neuronal 

differentiation, including cell/ synaptic adhesion and neuronal differentiation pathways 

with significant differential expression of many genes involved in neurodevelopment. 

These genes included EPHA7, which regulates neurodevelopment via cell adhesion 

(Clifford, Athar et al. 2014), SLC1A3, a glutamate transporter protein which functions 

in the termination of excitatory neurotransmission and OTP which plays a role in the 

specification of cell fate (Maggi, Zasso et al. 2014). The partial knockdown also resulted 

in reduced expression of GFAP which correlated with the decreased NRXN1-α 

expression. Such studies demonstrate how the partial loss of one gene can result in 

multiple pathways being affected. 
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1.6 Aims 

Although numerous studies have been conducted over the last couple of decades and 

hundreds of candidate genes have been identified which may cause or predispose 

individuals to ASD, the pathways underlying this spectrum of neurodevelopmental 

disorders has yet to be determined. ASD encapsulates such a vast range of complex 

disorders (Lord, Cook et al. 2000). Due to the fact that the phenotype can range from 

mild to severe and can be attributed to no one single gene mutation, it is impossible to 

fully recapitulate ASD in animal models. Individuals can be affected by numerous co-

morbid disorders such as mental retardation, epilepsy and bipolar disorders (Volkmar, 

Lord et al. 2004). In addition to this, there are still no FDA approved drugs which treat 

autism at the core of its symptoms. The advent of iPSCs ushered in a new means of 

modeling this range of complex psychiatric disorders by enabling researchers to take 

adult cells from patients and generate stem cell models in vitro which are specific to an 

individual’s disorder.  This had numerous implications for the field of regenerative 

medicine which included the ability to recapitulate patient-specific disease phenotype by 

differentiation to the cell type affected. This provides a novel insight into the underlying 

pathways contributing to disease and provides a model for drug screening. 

The aims of the PhD project include the generation of iPSCs from fibroblasts obtained 

from patients with neurodevelopmental and neurodegenerative diseases and controls. 

The first phase of the project aims to establish a reliable method for isolation and 

banking down of an adult cell line from patient and donor samples. The study then 

focuses on employing different methods to generate iPSC lines using both non-viral and 

viral based techniques in order to elucidate which is the most efficient and suited to 
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further application (chapter 3). This study also includes a comprehensive 

characterization of the iPSCs generated in order to validate that the lines generated were 

truly pluripotent using a number of different techniques. This was aimed at showing the 

iPSCs produced were expressing all the key hESC markers and capable of 

differentiation to cells of all three germ lineages both in vitro and in vivo (chapter 4). 

The final phase of the project was to direct differentiation of the iPSCs into astrocytic 

and neuronal cells to provide novel insights into the neurobiology underlying NRXN1 

deletions and autism spectrum disorders (chapter 5). The NRXN1 deletion iPSC lines 

generated as part of this study all have exonic deletions in the alpha isoform of the 

NRXN1 gene. Based on previous studies which used NRXN1-α knockout models in 

mice, it was observed that there was an imbalance in excitatory/ inhibitory neurons and 

dysregulation of synaptic function (Missler, Zhang et al. 2003). It was therefore, 

hypothesized that neurons differentiated from these NRXN1-α deletion derived iPSC 

lines would recapitulate neurodevelopmental pathways in vitro enabling examination of 

the impact of the deletion at a molecular level. The overall aim of this section was to 

attempt to establish the impact of the deletion on other genes involved in development at 

an early stage. Protein would be harvested from different subsets of neurons generated 

and subject to proteomic analysis in an attempt to gauge if there was dysregulation of 

pre- and post- synaptic protein assembly which affect synaptic plasticity. 

 

 

 



40 
 

 

Chapter Two  

Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 
 

41 
 

 

2 Materials and Methods 

 

2.1 Cell culture  

2.1.1 Isolation and culture of human dermal fibroblasts 

 

Human dermal fibroblasts (HDF) were isolated from skin punch biopsies (3mm) 

collected by a trained clinician. The tissue was collected in a 50ml falcon tube 

containing 25ml of complete fibroblast medium (comprised of DMEM, high glucose, 

4.5g/L , 1% non-essential amino acids (NEEA, 10mM) plus 100 U/ml penicillin, 100 

μg/ml streptomycin [all Invitrogen, Dun Laoghaire, Ireland]) and 10% fetal bovine 

serum (FBS, [Hyclone, Fisher, Ireland]) and transported to the cell culture facility at 

room temperature prior to being put into culture. 

 

The biopsy pieces were washed in Dulbecco’s Phosphate Buffered Saline (DPBS 

[Invitrogen]) containing penicillin/ streptomycin and then cut mechanically into 4-6 

smaller pieces using a sterile scalpel blade depending on the size. Another sterile blade 

was used to score the bottom of the wells on a six well dish. The skin tissue pieces were 

then dragged along the score marks until the tissue stuck down into the markings. The 

samples were divided among separate wells and maintained in 2.5ml complete fibroblast 

medium per well at 37˚C and 5%CO2. After 3 days the tissue debris and medium was 

removed and exchanged with another 2.5 ml medium. Medium was changed every 3 

days. Cells began to migrate out from the tissue after 5-6 days. Once the cells reached 
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confluency they were removed using 0.25% Trypsin/ EDTA (T/E [Invitrogen]), counted 

and replated in to T75 flasks to expand stocks. A bank of HDFs from each donor was 

frozen down at the end of each passage up to passage 4. Cells pellets were 

cryopreserved in 90% FBS, 10% Dimethyl-sulfoxide (DMSO [Sigma-Aldrich, Dublin, 

Ireland]) in cryovials and stored in the -80˚C freezer until transfer to long term storage 

in liquid nitrogen.  

 

2.1.2 Harvesting mouse embryonic fibroblasts for feeder layers 

 

Animals were sacrificed at E13.5 of pregnancy in a sterile hood and the embryos 

collected to harvest mouse embryonic fibroblasts (MEFs). The embryos were transferred 

to a 10cm dish containing 5 ml of DPBS with 100 IU/ml of Penicillin and 100ug/ml 

Stretomycin (P/S). All surrounding tissues including placenta were removed using a 

sterile blade. The head was then removed along with internal parts and the remainder of 

the body was transferred to a new 10cm dish. 1.5ml 0.25% T/E was added to the tissue 

and this was mechanically cut into finer pieces using a scalpel blade. The tissue, still in 

T/E was placed in an incubator at 37˚C and 5% CO2 for 20 minutes to digest the tissue 

and release cells. At this point 5ml of complete MEF medium (DMEM, high glucose, 

4.5g/L, 2mM L-glutamine plus 100 U/ml penicillin, 100 μg/ml streptomycin [all 

Invitrogen, Dun Laoghaire, Ireland]) and 10% fetal bovine serum (FBS, [Hyclone, 

Fisher, Ireland]) was added to the minced tissue at this point to neutralize the activity of 

the trypsin and the sample pipetted up and down repeatedly (approx. X20) to break up 

the tissue further. The sample was then transferred to a T75 flask in 12ml MEF medium 
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and maintained at 37˚C and 5% CO2. The medium was changed every 3 days and dead 

cells/ debris removed by washing with DPBS. 

Once cells became 90% confluent the medium was aspirated and the cells washed with 

DPBS. 2.5ml of 0.25% T/E was added to the cells which were incubated at 37˚C in 5% 

CO2 for five minutes to detach cells. After this time, 5ml of complete MEF medium was 

added, the sample transferred to a 15ml tube and centrifuged at 500g for 5 minutes. The 

cell pellet was resuspended, the cell number counted and the MEFs reseeded AT A 

DENSITY OF 1.0x105 cells per T175 to expand stocks of MEFs. MEFs were frozen 

down at each passage up to passage 4 (it is recommended to use mitotically inactive 

MEFs as feeder layers for human pluripotent stem cells [hPSCs] between passage 3 and 

passage 5). Cells pellets were cryopreserved in 90% FBS, 10% DMSO (Sigma) in 

cryovials and stored in the -80˚C freezer until transfer to long term storage in liquid 

nitrogen. MEFs were frozen down at 3.0X106 cells per vial in 1 ml cryopreservation 

medium.  

 

 

2.1.3 Mitotic inactivation of MEFs and preparation of feeder layers 

MEFs were inactivated between passage 3 and passage 5 and were mitotically 

inactivated 24 hours prior to use as a feeder layer for induced pluripotent stem cells 

(iPSCs). For inactivation using Mitomycin C (Fisher Scientific, Ireland), the MEFs were 

plated into 10cm2 dishes and maintained in complete MEF medium until they had 

reached confluence. 2mg of mitomycin C was reconstituted in 2ml of MEF medium 

giving a concentration of 1mg/ml and inactivation medium was prepared by adding 1ml 
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of the 1mg/ml solution to 100ml of MEF medium giving a final concentration of 10µg/ 

ml. The medium was removed from each of the 10cm2 dishes and exchanged with 6ml 

of this inactivation medium and placed in a humidified incubator at 37˚C and 5% CO2 

for 3 hours. The inactivation medium was then removed and the cells washed three 

times in DPBS. Cells were trypsinized with 2ml of 0.25% T/E per dish for 3-5 minutes 

at 37˚C until the cells had visibly begun to detach under the microscope. The T/E was 

neutralized with 5 ml MEF medium and the cells spun down at 400g for 5 minutes. The 

inactivated MEFs (iMEFs) were either replated for use as feeder cells on 0.1% gelatin 

coated dishes (1g gelatin from porcine skin, Sigma, in 100ml milliQ water, sterile 

filtered). 2ml of 0.1% gelatin were added to the wells of a six well dish and incubated at 

37˚C for 1 hour at which point the 0.1% gelatin was aspirated off, the wells washed with 

2ml of DPBS and ready for iMEFs to be seeded. Inactivated MEFs were cryopreserved 

for future use in 90% FBS, 10% DMSO at a density of 4.0X106 cells per cryovial. 

 

2.1.4 Preparing MEF-conditioned medium for maintaining iPSC lines 

Inactivated MEFs were seeded into T175 flasks at a density of 4.0X106 cells per flask 

and allowed to adhere overnight at 37˚C and 5% CO2 in 20ml fibroblast medium. After 

24 hours in culture the medium was replaced with 17ml of KO iPS medium (as 

described in Table 2.1 below). The iPS medium was left on for 24 hours before 

harvesting the MEF conditioned medium which was filter sterilized with a 0.2µM filter 

(Fisher, Ireland) and stored at -80˚C until required. The medium was changed and 

harvested daily from day 1 until day 6 at which point the MEFs began to detach and 

were discarded.  
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2. 1: Composition of iPSC maintenance medium 

Reagent (all Invitrogen, Ireland) Volume 

Knockout DMEM 195mL 

Knockout serum replacement 50mL 

NEAA 2.5mL 

L-glutamine 2.5mL 

β-mercaptoethanol 182µl 

basic fibroblast growth factor (Peprotech, UK) 10 ng/ml 
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2.2 Reprogramming methods 

 

2.2.1 Magnetofection 

Plasmids were ordered in from Addgene (US, as listed in the table below) and the 

plasmid DNA was purified using the Plasmid Maxi Kit (Qiagen, UK).  

2. 2: The plasmids used in the nucleofection protocol, all from Addgene 

Plasmid: Vector 

backbone: 

Gene/ insert 

name: 

Depositing 

lab: 

Vector type: 

pEP4 E02S 

EN2L 

(Plasmid 

#20922) 

 

pCEP4 Oct4 and 

Sox2; Nanog 

and Lin28 

James 

Thompson 

(Yu, Hu et al. 

2009) 

Episomal/EBNA 

OKSIM  

(Plasmid 

#24603) 

 

pSin4-EF2-

IRES-Pur 

Oct4 KLF4 

Sox2 c-Myc 

Jose Cibelli 

(Ross, Suhr 

et al. 2010) 

Mammalian 

Expression, 

Lentiviral, 

Cre/Lox 

pEB-C5  

(Plasmid 

#28213) 

 

pCEP4 Oct4, Sox2, 

Klf4, c-Myc, 

Lin28 

Linzhao 

Cheng 

(Chou, Mali 

et al. 2011) 

 

Mammalian 

Expression 
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Human dermal fibroblasts were cultured in 10cm2 dishes to 80% confluence in complete 

fibroblast medium. 10µg DNA was used to transfect each dish. The DNA was 

resuspended in 200µl DMEM with 10µl PolyMag Neo™ (OzBiosciences, France). 1µl 

of PolyMag Neo™ was used per 1µg of DNA. The solution was vortexed and left to 

incubate at room temperature for 30 minutes prior to transfection. The medium was 

removed from the fibroblasts and replaced with 8ml basal high glucose DMEM (Life 

Technologies) containing the PolyMag Neo™ plus plasmid DNA and the dish incubated 

at room temperature on the Magnetofection™ super magnetic plate for 20 minutes. 

After incubation, the medium was removed and replaced with MEF conditioned iPS 

knockout medium (table 2.1) supplemented with 10ng/ml bFGF (Peprotech, UK). The 

medium was changed every other day. On day 3 after magnetofection, the medium was 

also supplemented with different combinations of small compounds. For 

magnetofection, the medium was supplemented with 1mM valproic acid (VPA, Sigma), 

0.5mM sodium butyrate (NaB, Sigma) or a combination of both compounds together. 

The small compounds were added fresh immediately prior to medium change. 

 

2.2.2 Nucleofection 

Plasmids used for the nucleofection method were the same as those used for the 

magnetofection protocol. Fibroblasts were thawed and seeded a week prior to 

nucleofection. Once cells had reached 90% confluence they were trypsinized and 

counted. 5X105 fibroblasts were resuspended in 100µl Human Dermal Fibroblast 
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Nucleofector® Solution (Lonza, UK) plus 6µg pEB-C5 plasmid DNA. The solution was 

transferred to a cuvette and nucleofected using programme U-023. Immediately after 

nucleofection, the solution was transferred to a 10cm2 dish coated in complete fibroblast 

medium supplemented with 10ng/ml bFGF. The medium was switched to iPS medium 

after 48 hours and changed every other day. After 6 days, once the fibroblasts had 

become confluent, the cells were split on to dishes with inactivated MEF feeder layers in 

iPS medium supplemented with a combination of small compounds: 

1. pEB-C5 + 1mM VPA + 0.5mM NaB 

2. pEB-C5 + 1mM VPA + 0.5mM NaB + 0.5µM A8301 (ALK5 inhibitor, 

Stemgent) 

3. pEB-C5 + 1mM VPA + 0.5mM NaB + 10 µM CHIR 99021 (GSK3-inhibitor, 

Sigma) 

4. pEB-C5 + 1µM RG108 (DNMT-inhibitor, Stemgent) 

The medium was changed every other day and monitored for any changes in 

morphology. 

 

2.2.3 Reprogramming of fibroblasts using Retrovirus 

The plasmids used for retrovirus production were ordered from Addgene (as listed 

below) and the DNA purified using the Plasmid Maxi Kit (Qiagen). 
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2. 3: The plasmid used for retrovirus production supplied by Addgene 

Plasmid: Vector backbone: Gene/ insert 

name: 

Depositing lab: Vector type: 

pMXs-hOCT3/4  

(Plasmid #17217 

pMXs OCT3/4 Shinya 
Yamanaka 
 
(Takahashi, 
Tanabe et al. 
2007) 

Mammalian 

Expression, 

Retroviral 

pMXs-hSOX2  

(Plasmid #17218) 

 

pMXs SOX2 Shinya 

Yamanaka 

Mammalian 

Expression, 

Retroviral 

pMXs-hKLF4  

(Plasmid #17219 

 

pMXs KLF4 Shinya 

Yamanaka 

Mammalian 

Expression, 

Retroviral 

pMXs-hc-MYC  

(Plasmid #17220) 

 

pMXs c-MYC Shinya 

Yamanaka 

Mammalian 

Expression, 

Retroviral 

pCMV-VSV-G  

(Plasmid #8454) 

 

NA- Envelope None Bob Weinberg 

(Stewart, 
Dykxhoorn et 
al. 2003) 

Mammalian 

Expression 

pUMVC  

(Plasmid #8449) 

 

pUMVC None- Packaging 

plasmid 

Bob Weinberg Mammalian 

Expression, 

Retroviral 
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Each plasmid was used to produce a separate retrovirus. HEK293T cells (ATCC, US) 

were seeded 24 hours prior to transfection in 10cm2 dishes. 10µg of each plasmid was 

incubated with 9µg packaging plasmid (pUMVC ), 1µg envelope (pCMV-VSV-G ), and 

20µl JetPei (Polyplus Transfection, France) diluted in a final volume of 1.5ml of 

150mM NaCl, which was allowed to incubate for 20 minutes. The medium on the 293T 

cells was replaced with 10ml fresh medium with 500ul of the plasmid cocktail. After 16 

hours, the medium was removed and discarded. 10ml fresh medium was added and the 

dishes incubated for 72 hours at 37˚C before harvesting the virus infected medium. The 

retrovirus was filtered through a 0.45µM filter and concentrated )by centrifugation at 

27,000rpm for 2.5 hours at 8˚C. The supernatant was removed and the pellet 

resuspended. The retrovirus was stored at -80˚C until required.  

 

2.2.4 Retrovirus in combination with retinoic acid receptor antagonists (to generate 

iPSCs) 

Fibroblasts were seeded on day 0 at a density of 2.5X104 per well of a 6 well dish. Once 

cells had reached 40-50% confluence, fibroblasts were transduced with a retrovirus 

cocktail (50µl hOCT4, hSOX2, hKLF4 and hc-MYC in 800µl DMEM) plus 5ng/ml 

Polybrene (Millipore) added per well and incubated overnight at 37˚C. The transduction 

was repeated after 24 hours. After 48 hours, the medium was replaced with complete 

fibroblast medium and the medium changed every other day. The fibroblasts were 

trypsinized on day 7 and reseeded at a density of 5.0X104 cells per well on a 6 well dish 

coated with gamma-irradiated MEFs (γ-MEFs, VHBio, UK). The medium was switched 
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to iPS medium supplemented with 10ng/ml bFGF. At this point treatment of the cells 

with retinoic acid receptor antagonists (RAR) began. These RAR antagonist stocks were 

diluted down to a working concentration of 10-4  nM in DMSO/ methanol (1:1) and the 

compounds were used at a final concentration of 10-7 (100nM). The following 

compounds were used (supplied by Dr. Philip Hughes, University of Birmingham): 

AGN195393- a pan RXR antagonist  

AGN196996- a RARalpha antagonist (α) 

AGN194431- a RARbeta/gamma antagonist (β/ γ) 

AGN205728- a RARgamma antagonist (γ) 

2. 4: The combination of retrovirus vectors with the key transcription factors and the combination in which they 

were used with the RAR antagonists 

No. TFs used: Compound used: 

2 factors (OCT4, SOX2) pan RXR antagonist 

 RARalpha antagonist 

 RARbeta/gamma antagonist 

 RARgamma antagonist 

3 factors (OCT4, SOX2, KLF4) pan RXR antagonist 

 RARalpha antagonist 

 RARbeta/gamma antagonist 

 RARgamma antagonist 

4 factors (OCT4, SOX2, KLF4, c-MYC) No compounds 
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The medium was changed every other day. MEF conditioned iPS medium was used 

after day 7.  

2.2.5 Lentivirus 

 

The plating density of the fibroblasts was determined by seeding a range of cell numbers 

from 1 x 104 to 1 x 105 cells per well of a 6-well plate. The optimal plating density of 

the fibroblasts was determined as the number of cells that should be seeded at day 0 in 

order to have the cells reach 90-95% confluency by day 6- day 7 to ensure the 

fibroblasts are not too confluent. The optimum density was determined to be 5.0X104 

fibroblasts per well of a six well plate. On day 0 two wells were plated for each line to 

be reprogrammed at a density of 5.0X104 fibroblasts per well. Cells were maintained in 

2.5ml of medium per well of a six well dish overnight at 37˚C. 

 

24 hours prior to transduction, fibroblasts were trypsinized using 0.25% T/E and the 

number of cells counted in one well of each line of the 6-well plates. The number was 

counted for each line as the deletion/ expansion/ age of the donor or control may affect 

the proliferation rate of the sample. This cell count was used to calculate the volume of 

virus needed to achieve a target multiplicity of infection (MOI) which, in this case, was 

an MOI of 5.Many protocols use an MOI of 10-15, however this increases the number 

of virus genes which transduce each cell. An MOI of 5 was deemed high enough to 

efficiently reprogramme the cells. The formula used to calculate the MOI is: 
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Virus volume= number of cells/ virus titre (IFU/ml) X MOI/ 1ml X 1000 

 

One vial of Human STEMCCA Constitutive Polycistronic (OKSM) Lentivirus (Merck-

Millipore, Cork, Ireland) from the reprogramming kit was thawed at room temperature 

(from storage at -80˚C  and kept the vial on ice after it is thawed). The viral titre was 

3.2X109 infectious units (IFU) for the batch used. The virus was diluted 1:100 by 

resuspending 15µl of virus in 1500µl of DMEM high glucose. This dilution was 

factored in when calculating the virus volume required. The medium from each well was 

replaced with 1mL fibroblast medium. Polybrene (Merck-Millipore) was diluted 1µl 

Polybrene in 9µl cell culture grade water (Sigma) and 5µl of the 1:10 dilution was added 

to each well to be transduced to give a final concentration of 5µg/ml. The required 

volume of thawed virus calculated was added directly to the wells containing the 

fibroblasts to be transduced. The plate was rocked gently from side to side to distribute 

the virus among the target cells and the plates were incubated overnight in a humidified 

37°C, 5% CO2 incubator. 

 

 

On day 2 of the process, the medium from each well was again replaced with 1ml of 

fresh fibroblast medium and a second transduction was carried out on the cells using the 

same protocol as the previous day. The second well of untransduced cells for each line 

was trypsinized and counted and the virus volume to be added was adjusted according to 

the new cell number. Again, 5µg/ml Polybrene was added to each well along with the 

virus and then cells incubated over night.  
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On day 3 the medium containing virus was discarded and the cells washed three times 

with DPBS to remove virus particles. The medium was replaced with 3ml of knockout 

iPS medium, as described in table 2.1, supplemented with 10ng/ml basic fibroblast 

growth factor (bFGF [Peprotech]) and the cells were monitored daily for any changes in 

morphology with daily medium changes, adding the bFGF fresh each time. 

 

On day 5 the inactivated MEF feeder layers to support the reprogramming of the 

fibroblasts were prepared. Wells were coated with a 0.1% gelatin solution for 30 

minutes- 1 hour at 37°C until ready to thaw or plate out inactivated MEFs. The 0.1% 

gelatin coating solution was aspirated from each well before seeding the inactivated 

MEFs either generated in house or bought commercially (GlobalStem).  1.5 x 105 

inactivated MEFs were plated out per well of a 6-well dish in MEF medium to allow the 

cells to attach overnight. By day 6 the human fibroblasts in the reprogramming dishes 

were between 80-90% confluent and ready to be split onto feeder layers. The medium 

was removed and the wells washed with DPBS. The human fibroblasts were trypsinized 

as per the usual protocol and  replated on to the feeder layer at a density of 4.0X104 cells 

per well, typically splitting the cells 1:5. The medium was changed every other day. The 

MEF feeder layers began to detach by day 12 and had to be either ‘topped up’ by adding 

approx. 5.0X104 MEFs to each well or the regular iPS medium was exchanged for MEF 

conditioned medium supplemented with 10ng/ml bFGF depending on the state the 
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MEFs were in. Freshly inactivated MEFs were added every 7 days during the 

reprogramming timeline.  

The iPS clones were isolated after day 25 of reprogramming. The medium was removed 

from the well and replaced with 1 ml of iPS medium with bFGF. The larger colonies 

were identified under the microscope and a 10µl pipette tip was used to manually cut the 

colony away from the surrounding MEFs. The medium was gently pipetted to break up 

the colony into smaller fragments and the medium transferred to a new MEF coated well 

of a six well dish in 2.5ml medium. Multiple individual colonies were picked for each 

donor. Smaller colonies were pooled together in some instances.  

The cells from original reprogramming dishes were harvested and cryopreserved. 2ml of 

iPS medium was added to wells containing a mix of fibroblasts and unpicked colonies 

and the cells were scraped using cell scrapers. The cells were transferred to 15ml tubes 

and centrifuged at 100g for 5 minutes before being resuspended in iPS freezing medium 

(90% KO serum replacement, 10% DMSO). 1 well of reprogramming cells was frozen 

per cryovial.  

 

 

2.2.6 Epi5 non-viral reprogramming 

A week prior to reprogramming the fibroblasts were thawed and seeded in to a T75 flask 

to facilitate recovery. Cells used were generally no higher than passage 6 to ensure 

higher efficiency. Upon 75-90% confluency, the fibroblasts were trypsinized and 

counted. 1.0X105 cells were transfected per line in this protocol. 1.0X105 cells were 

resuspended in 100µl nucleofection buffer (Nucleofector™ Kits for Human Dermal 
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Fibroblast [NHDF], Lonza, Switzerland). 1µl of the Epi5™ Reprogramming Vectors 

(Oct4, Sox2, Lin28, L-Myc, Klf4, part of the Epi5™ Reprogramming Kit [Thermo 

Fisher]) was added to the 100µl suspension along with 1µl of the  Epi5™ p53 & EBNA 

Vectors and the suspension pipetted up and down gently to mix. This solution was 

transferred to a cuvette for nucleofection using the Nucleofector™ 2b Device (Lonza) 

using the programme U0023. Immediately after the transfection process, the cell 

suspension was split between 2 Geltrex™ coated wells of a 6 well dish (5.0X104 cells 

per well, including dead cells) in 3ml of complete fibroblast medium and incubated 

overnight at 37˚C. 

The following day the medium was replaced with 8.5ml of N2B27 medium (for 

components see table 2.5) supplemented with 100ng/ml bFGF (added fresh immediately 

prior to use). Medium was changed every other day from this point until day 15 post 

transfection when N2B27 medium was replaced with 8.5ml Essential 8™ Medium 

(E8™ Medium, Life Technologies). Medium was changed every other day. iPSC 

colonies were picked between days 18 and 30 once they were deemed large enough to 

survive being isolated and transferred. 
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2. 5: Composition of the N2B27 reprogramming medium (all Life Technologies) 

Reagent  Volume 

DMEM/F-12 with HEPES 96ml 

N-2 Supplement (100X) 1ml 

B-27® Supplement (50X) 2ml 

MEM NNEA (10 mM) 1ml 

GlutaMAX™-I (100X) 0.5ml 

β-Mercaptoethanol (1000X) 182µl 

 

2.2.7  iPS culture maintenance 

Cells were cultured initially on feeder layers up to passage four at which point the iPSCs 

were transferred to feeder free culture. Any differentiation surrounding the colonies was 

removed using a 20µl pipette tip and the well washed with DPBS to remove dead cells/ 

debris. Dishes were coated with Geltrex™ LDEV-Free hESC-qualified Reduced Growth 

Factor Basement Membrane Matrix (Invitrogen). 5ml of Geltrex™ was thawed 

overnight at 4˚C and aliquotted the following day in 500µl aliquots which were stored at 

-20˚C. Geltrex™ was diluted 1:100 by adding 500µl of the solution to 50ml of KO 

DMEM. 1.5ml of the diluted solution was added to the wells of a six well dish and 

incubated for a minimum of 1 hour at 37˚C and 5%CO2. The Geltrex™ coating was 

only removed immediately prior to use of the dish. iPSCs were grown to 80% 

confluence and passaged every 6-7 days in mTeSR1 (StemCell Technologies, France) 

with daily medium changes required. In September 2013 mTeSR1 was replaced with the 
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use of PluriSTEM™ Human ES/iPS Medium (Millipore) or E8™ Medium (Life 

Technologies) for iPS maintenance. Cells were only required to be fed every other day.  

 

2.3 Characterization of induced pluripotent stem cell lines 

2.3.1 Alkaline phosphatase staining 

Alkaline phosphatase (AP) staining was carried out using the Alkaline Phosphatase 

Staining Kit II (Stemgent, US). iPSC colonies of interest were picked and seeded into 

the wells of a 24 well plate (in triplicate) and allowed to attach and grow to 70% 

confluence. After 48 hours, the cells were washed twice with DPBS and fixed using 

300µl per well of the Fix solution supplied with the kit for 2 minutes. The wells were 

washed again with DPBS twice. Staining solutions A, B and C were mixed 1:1:1 

immediately prior to use and 500ul of the mixture was added to each well for incubation 

in the dark for 10 minutes. The staining solution was removed once the colonies had 

turned a noticeable pink/ purple colour and the wells washed with DPBS and maintained 

in 500ul DPBS to prevent the wells from drying out. The AP staining was imaged 

immediately after washing.  

2.3.2 Gene expression analysis 

2.3.2.1 RNA isolation 

Total RNA was isolated from human dermal fibroblasts, iPSC lines and iPSC derived 

neurons using the RNeasy Mini Kit (Qiagen, Netherlands) according to manufacturer’s 

instructions. Cells were washed twice in DPBS prior to being detached using cell 
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dissociation reagents, 0.25% Trypsin/ EDTA (Invitrogen) for fibroblasts and Accutase 

(Invitrogen) for iPSCs and neurons. Cells were collected in 15ml tubes and centrifuged 

at 200g for 5 minutes. RNA was eluted in 30µl RNA/ DNA free water. Samples were 

stored at -80⁰C until required. 

2.3.2.2 cDNA synthesis 

The quantity and quality of RNA was determined using the Nanodrop. cDNA for qRT-

PCRs was synthesized using the Tetro cDNA Synthesis Kit (Bioline, United Kingdom). 

The following components were added to synthesize the cDNA from the RNA: 1µg 

RNA was used for each sample along with 1µl dNTP mix 10mM total, 1µl Oligo (dT)18 

Primer Mix, 4µl 5X RT Buffer, 1µl (200U/µl) Reverse Transcriptase plus 1µl (10U/µl) 

RNase inhibitor. DEPC treated water was added to make the total volume per sample up 

to a final volume of 20µl. The complete reaction mixture was gently mixed and 

centrifuged briefly. The mixture was incubated at 45⁰C for 30 minutes and the reaction 

terminated by incubating at 85⁰C for 5 minutes. The samples were chilled on ice 

following reaction termination and either stored at -20⁰C until required or used 

immediately.  

2.3.2.3 Quantitative Real-Time polymerase chain reaction (qRT-PCR) 

mRNA gene expression analysis was performed using SYBR® Green based detection 

RT-PCR (Applied Biosystems, Thermo Fisher, US). The full list of primer sequences 

used for gene expression analysis in qRT-PCR can be seen in table 2.6 below. All 

primers used were designed by Prof. Sanbing Shen or using NCBI/ PrimerBLAST 
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software unless indicated otherwise and synthesized by Eurofins MWG Operon 

Genomics (Germany).  

The PCRs were carried out on the Applied Biosystems StepOne Plus in MicroAmp Fast 

96 well reaction plates (Applied Biosystems). Each reaction consisted of 10µl Fast 

SYBR Green master mix, 0.75 µl forward primer (at the appropriate dilution, 200nM), 

0.75 µl reverse primer and 6.5µl RNase free water. 2µl of the required cDNA, to give a 

final concentration of 10ng cDNA per well, is added to the reaction mixture to give a 

final volume of 20µl per well. Each reaction was carried out in duplicate/ triplicate. The 

mRNA expression levels of all genes of interest were normalized to that of the mRNA 

expression of the housekeeping gene GAPDH. The PCR programme can be seen in 

figure 2.1.  The data was collected at the end of each cycle in Step 2. 
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2. 6: Primer sequences used for gene expression analysis 

Gene  Forward primer 5’-3’ Reverse 5’-3’ 

OCT4 
(endogenous) 

ACTTCACTGCACTGTACTCCTC CACCCTTTGTGTTCCCAATTCC 

SOX2 
(endogenous) 

AGACTTCACATGTCCCAGCACT CGGGTTTTCTCCATGCTGTTTC 

NANOG 
(endogenous) 

ATAACCTTGGCTGCCGTCTC AGCCTCCCAATCCCAAACAA 

OCT4 
(transgene) 

CTGTC TCCGTCACCACTCTG CCTGGACCTGGATTGCTTTCTA  

SOX2 
(transgene) 

TGTGGTTACCTCTTCCTCCCA AATGCTCGTCAAGAAGACAGGG 

KLF4 
(transgene) 

AAACCTTACCACTGTGACTGGG CCTGGACCTGGATTGCTTTCTA 

c-MYC 
(transgene) 

AGCATACATCCTGTCCGTCCAA CCAGAGGTTGATTATCGGAATTC 

GAPDH ATTCCACCCATGGCAAATTC TCTCGCTCCTGGAAGATGGT 

SLC1A3 GGCTGCCATTTTCATTGCTCAAGT GTTCATGTCGTGACAAGTGCTC 

EPHA7 TCAGTTGGAGAATGGCTACAAG ACATCCTCAATAGTCATCCTGG 

NUMB TCACCAATGCCTTCAGCACACC TGGAAGAGACCTGGAGAGGCAG 

PHOX2B CTGTATGGTGGATGGACTGTAT AATTGAGTCACAGAACACAGTTG 

PCDH19 GCTAACACCATTACAGCACTGG CAGTAATAGTGTCATCAGGCTC 

TNC GATGCCAAGACTCGCTACAAGC TTGTAGGACAGAGCACAGTTGG 

OTP AACACACACACTCGCACTCTCG GATGAGGCGGTTGGTAGCAATG 

LMX1B AAGGTCCGAGAGACACTGGCAG AGCGGCGTGTAGGAAGCCATCA 

LHX5 AGACTACCAAGGCGACTACTAC TAGCCGCTGGTGCCGCTCATT 

GFAP CCAACCTGCAGATTCGAG TCTTGAGGTGGCCTTCTGAC 

S100B AGACGGTCATGCAAGAAAGC GCTACAACACGGCTGGAAAG 

NCAN AGAAGGCTACACAGAAGCACAC ATCATTCTCA CTCCTAACTCTG 

HES5 TTGGAGTTGGGCTGGTG CCCAAAGAGAAAAACCGA 
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PAX6 CCGCCTATGCCCAGCTTCAC AAGTGGTGCCCGAGGTGCCC 

NESTIN GCACTTCAAGATGTCCCTCAG GGGAAGTTGGGCTCAGGACTG 

SHANK2 GAGCAGCAGCCTCTATGCTT GGGAGAGCTTGAGGGTGAAC 

MAP2 CAGTTTCTGCGCCCAGATTTTA TCCCAATCAATGCTTCCTCG 

DCX TCTCTCAGCATCTCCACCCA GGGCTAGGCAACCCATTCAT 

FMR1 CCCAGAAACCTGAACTCAAGGC TCTCTTCCTCTGTTGGAGCTTT 

MAP2 CAGTTTCTGCGCCCAGATTTTA TCCCAATCAATGCTTCCTCG 

ADGRL2 

(LPHN2) 

ACACAAAAGGAGGGCTACGG GCCCAGCTTCATCAAAACCA 

SLC32A1 

(vGat1) 

ATTTATGTGCCGCACTTCGC AGATGGCGACGTCGAAGAAG 

SLC17A7 

(vGlut1)  

AGCTGGGATCCAGAGACTGT CCGAAAACTCTGTTGGCTGC 

 

Primers were designed to detect the expression of the transgenes introduced using the 

lentivirus vector. Each primer set was designed to include a sequence from additional 

constructs adjacent to the genes of interest. These included the 2A peptide which 

enables production of multiple protein products from a single transgene and the internal 

ribosomal entry site (IRES) sequence which is a nucleotide sequence facilitating 

translation initiation in the middle of a messenger RNA (mRNA) sequence. The 

woodchuck hepatitis post-transcriptional regulatory element (WPRE) sequence is also 

included in the lentivirus vector to increase expression of genes delivered via viral 

transfection. These sequences were checked against the genes of interest to ensure the 

reverse primers would not bind to endogenously expressed genes (figure 2.1). 

https://en.wikipedia.org/wiki/Nucleotide_sequence
https://en.wikipedia.org/wiki/Translation_(genetics)
https://en.wikipedia.org/wiki/Messenger_RNA
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Figure 1.2: Schematic map of EF1α-hSTEMCCA (OKSM) lentiviral vector from 
Merck Millipore (Part number SCR544-1) against which the exogenous primers were 
designed to detect expression of the transgene 

 

Table 2.1: List of exogenous primers designed against the structure of the lentivirus vector 

Gene Primer sequence 
Oct4For CTGTC TCCGTCACCACTCTG 
2A Rev CCTGGACCTGGATTGCTTTCTA  
SOX2For TGTGGTTACCTCTTCCTCCCA 
IRESRev AATGCTCGTCAAGAAGACAGGG 
KLF4For AAACCTTACCACTGTGACTGGG 
2A Rev CCTGGACCTGGATTGCTTTCTA 
c-MYFor AGCATACATCCTGTCCGTCCAA 
WPRERev CCAGAGGTTGATTATCGGAATTC 
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2.3.7 Embryoid body formation assay 

Embryoid bodies (EB) were 3D aggregates formed in suspension from iPS cell colonies. 

The first method to generate EBs was the ‘cut and paste method’. Once iPSCs had 

reached 70% confluence any differentiated areas were scraped away from the wells 

using a 20µl pipette tip and the wells washed with DPBS. The media was replaced in 

each well with 3ml  EB media  (195ml KO DMEM, 20% KO serum, 1% NEAA, 1% L-

glutamate and 50µl 2- mercaptoethanol minus bFGF). The colonies were cut into 

sections of roughly the same size and cell number using a sterile 10µl pipette tip and 

detached from the dish using a cell scraper (Sarstedt). Cells were transferred to a T75 

cell culture flask in a total volume of 25mL of EB media. The flasks were incubated 

titled at a 60⁰ angle or greater to prevent the cells from settling and attaching to the sides 

of the flask.  

A second method used to generate more uniform EBs employed the use of AggreWell™ 

400 plates (StemCell Technologies, France). On day 6 after passaging, iPSCs were 

dissociated using Accutase and counted. The iPSCs were centrifuged at 100g for 3 

minutes and the pellet resuspended in EB media supplemented with 10µM Rock 

Inhibitor (Y27632 [Sigma]) and without bFGF. The suspension was pipetted gently up 

and down to ensure all remaining clumps had been broken down and a single cell 

suspension remained. 1.2X105 cells were aliquoted per well of the dish (each well 

containing 1200 microwells) in a final volume of 2ml and the plate centrifuged for 3 

minutes at 100g to capture the single cells in the microwells. The plates were incubated 

for 24 hours at 37⁰C to allow the EBs to form. 
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After 24 hours the EBs were removed from the microwells by gently pipetting up and 

down using a 5ml pipette. The EBs were transferred to a T75 flask in 20ml of EB 

medium and fed every other day until differentiation. 

2.3.8 Spontaneous differentiation assay 

The EB media was changed every other day until day 8. At this point individual EBs 

were picked up using a 1ml pipette tip and seeded onto Geltrex™ ™ coated 8 wells of 

an Ibidi chamber slides (Ibidi, Germany). On average, 2-3 small EBs or 1 large EB was 

seeded per well of the dish. EBs were fed every other day for the following 6 days 

during which time the EBs were allowed to spontaneously differentiate without any 

interference. On day 6 the dishes were fixed and stained for the presence of markers of 

all three germ layers. 

2.3.9 Immunocytochemistry  

Prior to immunocytochemistry, the cells were seeded in either 8-well chamber slides 

(Ibidi) or the wells of a 24 well plate and cultured until ~70% confluent. Cells were then 

fixed using 4% paraformaldehyde (Santa Cruz, US) for 10 minutes followed by X3 

washes with DPBS (5 mins each). The cells were permeabilized by incubating for 10 

minutes with ice cold 100% methanol for 10 minutes at -20⁰C. Cells were then washed 

x3 with DPBS, again for 5 minutes and subsequently blocked via incubation with 

blocking buffer containing 5% Normal Goat Serum (NGS [Sigma]) containing 0.5% 

Triton-X-100 (Sigma) diluted in PBS (Sigma)). Following this, the cells were incubated 

in the primary antibody overnight in antibody dilution buffer (0.1% BSA, 0.3% Triton-

X-100 in PBS [for a list of antibodies used refer to table 2.7]). The primary antibody 
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was removed, the wells washed X3 in PBS and the cells incubated with the secondary 

antibody for one hour at room temperature. The nuclei were counterstained with 

Hoechst (Sigma) at a dilution of 1:2000 for 10 minutes at room temperature. After X3 

washes in PBS for 5 minutes the samples were maintained in 300µl PBS per well to 

prevent drying out prior to imaging. Plates were stored at 4⁰C in the dark until imaging. 

The staining was imaged using a Spinning Disc Confocal Microscope (Andor, Northern 

Ireland) or the Fluoview FV1000 confocal laser scanning microscope (Olympus, USA) 

unless otherwise stated. In the case of embryoid bodies the cells were fixed in 4% PFA 

for 15 minutes and permeabilized using 1% Triton-X-100 due to the size and density of 

the specimens. 
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2. 7: List of antibodies used for IC, the source and the dilutions used 

Name Company Cat.no. Dilution Host/clonality  

Nanog Cell Signalling 3580P2 1:300 rabbit IgG    

Sox2 Cell Signalling (D6D9) XP 1:400 rabbit IgG    

Oct4 Cell Signalling 2840S 1:400 rabbit IgG1    

SSEA4 Cell Signalling 5744P2 1:300 mouse IgG2a    

TRA160 Cell Signalling 9656 1:300 mouse IgG1    

TRA181 Cell Signalling 4745P2 1:400 mouse IgM    

S100β Abcam ab11178 1:200 mouse IgG1    

GFAP Dako Z0334 1:200 Rabbit IgG    

Nestin Millipore MAB5326 1:250 mouse IgG1    

BtubIII Sigma T2200 1:400 rabbit IgG    

Dcx Abcam ab18723 1:200 rabbit IgG    

GABA Abcam ab9446 1:300 rabbit IgG    

GFAP Cell Signalling 4542S 1:200 rabbit IgG    

AFP Sigma A8452 1:300 mouse IgG2a  

 ASM Sigma  A2547 1:300 mouse IgG2a  
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2.4 Teratoma formation assay (In vivo administration of iPSCs) 

2.4.1 Ethics statement 

All procedures performed on animals throughout the duration of these studies were 

approved by the Animal Ethics Committee of the National University of Ireland, 

Galway and conducted under license from the Department of Health, Ireland. 

Additionally, animal care and management followed the Standard Operating Procedures 

of the Animal Facility at the National Centre for Biomedical Engineering Science, 

Galway, Ireland. 

2.4.2 Intratesticular injection of iPSCs in SCID/ NSG mice 

1X106 iPSCs per line to be tested were dissociated using Accutase and rinsed with 

DPBS. The cells were counted and resuspended in 20µl of Geltrex™ diluted 1:30 in 

DMEM/ F12. The suspension was kept on ice until required. Mice were anaesthetized 

briefly for the procedure with 3-4% isofluorane/ 1L/min oxygen. The abdomen was 

shaved and cleaned using iodine solution followed by 70% ethanol solution. A small 

1cm incision was made in the lower abdomen with surgical scissors and the testes along 

with fatty tissue were drawn outside using sterile forceps for injection. The 20µl cell 

suspension was very slowly injected into the center of the testis capsule and monitored 

for any swelling or overflow of cell suspension. The needle tip was drawn out slowly to 

avoid disturbing the cells or causing them to be drawn back out. The testis and 

surrounding tissue was returned to its position in the abdomen and the peritoneum 

closed with 3 sutures. The animals were monitored for an hour following the surgical 

procedure.  
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2.4.3 Post-operative monitoring of the animals 

The mice were monitored on a regular basis following the injection of iPSCs to check 

for any signs of stress or discomfort. Any changes in the abdominal area of the mouse 

were monitored with teratomas expected to be noticeable 4 weeks post-injection. Mice 

with teratoma formation after 8 weeks were euthanized by CO2 inhalation and the 

teratomas and/ or testes removed for fixation and processing.  

2.5 Histology 

2.5.1 Fixation and embedding of the samples 

The teratomas excised from the mice were documented, i.e. measured and imaged. Due 

to the size of the teratomas and the presence of fluid filled cysts, these had to be cut into 

smaller pieces prior to being transferred directly to 4% Paraformaldehyde in PBS for 24 

hours at 4⁰C. The samples were then transferred to 70% ethanol at 4⁰C until they were 

processed. All samples were embedded in histological cassettes and processed using an 

overnight programme using an automatic tissue processor (Leica Microsystems, 

Ireland). The samples were finally paraffin embedded in molten wax and once cooled 

and solidified, stored at 4⁰C until required. 

The paraffin embedded samples were cut into 5µm sections using a microtome (Leica) 

and transferred to glass slides. The slides were dried overnight at 56⁰C.  

2.5.2 Haematoxylin and Eosin staining  

The dried slides were deparaffinized the following day by placing in xylene twice for 10 

min at a time, followed by two changes of absolute alcohol (2 min each) and hydration 
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through graded alcohols (95%, 75% and 50% alcohol – 2 min in each bringing the slides 

to distilled water). Next, slides were stained for 6 min in Mayer’s Haematoxylin (Sigma-

Aldrich), the nuclei blued by washing in running water (4 min), and then counter-stained 

in eosin (Sigma-Aldrich) for 2 min. The slides were dipped quickly in distilled water 

and dehydrated through graded alcohols (50% alcohol-10sec, 75% alcohol-10 sec, 90% 

alcohol-2 min followed by absolute alcohol twice - 2 min each). Finally, the slides were 

cleared twice in xylene for 10 min at a time. Slides were mounted in DPX. mounting 

medium (Sigma-Aldrich), coverslips applied and left to dry. Slides were then ready to 

be visualized microscopically. 

2.5.3 Masson’s Trichrome with Gomori’s Aldehyde Fuchsin 

The dried slides were deparaffinized by placing in xylene (2 changes of 10 min) 

followed by rehydration through graded alcohols (two changes of absolute alcohol -2 

min each, then 95%, 70% and 50% alcohol through to distilled water- 2 min each) 

bringing the slides to running water to remove alcohol. Slides were oxidized in 0.5% 

KmnO4 / 0.5% H2SO4 (equal parts) for 2min, then rinsed in tap water and bleached in 

2% Sodium Metabisulphite (Na2S2O5) for 2 min. Slides were washed in water for 30 

sec followed by 1 min in 70% alcohol. Next, slides were stained in Gomori’s Aldehyde 

Fuchsin for 1 min, quickly dipped in water, then 95% alcohol for 10 sec and water again 

for 10 sec. Next, slides were stained in Celestine blue (4 min), rinsed in water (30 sec), 

stained in Mayer’s Haemalum (4 min), dipped quickly in water (20 sec), differentiated 

in acid alcohol and steeped in running tap water for 4 min to blue the nuclei. Next, slides 

were stained in Masson’s Cytoplasmic Stain (1 min), quickly dipped in water (10 sec) 

and differentiated in 1% dodeca-  Molybdophosphoric Acid (H3PO4 12MoO324H2O) [1 
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min]. This was followed by rinsing in water (10 sec), counterstaining in fastgreen (1 

min), differentiation in 1% acetic acid (1 min) and dehydration through graded alcohols 

(50%, 70%, 95% and absolute alcohol- 1 min each). Slides were cleared in xylene twice 

(10 min each), mounted in DPX and coverslipped for visualization. 

 

2.6 Terminal differentiation of iPSCs to generate neurons and astrocytes 

2.6.1 Differentiating iPSCs to neural progenitor cells via EB formation 

EBs were generated from iPSC lines to be differentiated using either the ‘cut and paste 

method’ or the Aggrewell™ 400 protocol as described in section 2.3.7 and the EBs 

which were most uniform and approx. 200nm in size, were selected for differentiation. 

EB media was removed from EBs on day 4 after formation, the EBs centrifuged at 100g 

for 3 minutes and re-suspended in neural induction media (NIM, listed in table 2.8)  

supplemented with 0.2% heparin (StemCell Technologies). EBs were fed with 

supplemented NIM every other day for 6 days. At this stage the ‘induced’ EBs were 

seeded on Geltrex™ coated wells of a 6 well plate with NIM. EBs were selected 

individually using a 1ml pipette tip and approx. 40-50 EBs were seeded per well of a 6 

well dish and allowed to adhere. Cells were fed every other day with the same medium 

until day 10 upon appearance of neural rosettes.  

The non-rosette-like clusters were identified and scraped from dishes, leaving only the 

neural rosettes (primitive neuroepithelia). At this point the medium was exchanged for 

3ml/ well NIM supplemented with 1.5µM Purmorphamine (Pur, Sigma) and the medium 

changed every other day until neural tube-like rosettes formed, typically by day 16. Next 
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the neural rosettes were lifted from the bottom of the dish with a pipette tip and 

transferred to a T75 flask and cultured in NIM supplemented with 1XB27 plus 1.5µM 

Pur until neurospheres have formed by day 18/19. The medium was half changed with 

NIM/ 1XB27/ 1.5µM Pur every other day, for the following 7 days, allowing the 

neurospheres to settle to the bottom corner of the flask. 

2. 8: Composition of neural induction medium (NIM) 

Reagents (Life Technologies) Volume 

DMEM/F12 242.5mL 

N2 supplement (100X) 2.5mL 

NEAA (100X) 2.5mL 

L-glutamine (100X) 2.5mL 

 

2.6.2 Isolating and expanding neural progenitor cells from neurospheres 

24 hours prior to NPC isolation and/ or terminal differentiation, a stock of 0.1mg/ml 

Poly-L-Ornithine (PLO) solution (Sigma) was diluted 1:100 in cell culture grade water 

and each well coated with 2ml of this dilution and incubated for 3 hours. After 

incubation, the PLO was replaced with 1.5ml/well diluted laminin (Life Technologies) 

solution. 1mg/ml of the laminin stock was diluted to 9.6µg/ml in DMEM/F12 basal 

medium and incubated overnight at 37˚C. Plates were washed X3 with DPBS 

immediately prior to use.  

In order to generate a population of GABA interneurons, the neurospheres were 

dissociated on day 20 using Accutase. Spheres were collected in a 15ml tube and 
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centrifuged at 100rpm for 3 minutes. The supernatant was removed, the neurospheres 

washed with DPBS by centrifugation at 100rpm for 3 min and 1.5ml of Accutase was 

added and incubated at 37˚C for 5 min until the spheres began to break apart. The cells 

were washed with NIM and centrifuged again at 100rpm for 3 min and resuspended in 

NIM supplemented with 1XB27 plus 20ng/ml bFGF. The NPCs were counted and 

seeded at a density of 1.0X105 cells per well on PLO/Laminin coated plates in 2.5ml 

NIM/1XB27/20ng/ml bFGF. The medium was changed every other day and passaged 

once every 7 days when cells reached 85% confluence. 

2.6.3 Terminal plating of NPCs to generate GABA interneurons 

NPCs were dissociated from the dish using Accutase as described previously in section 

2.6.2 and washed in neural differentiation medium (NDM). The NPCs were counted and 

reseeded at a denity of 2.5X105 cells per well in PLO/Laminin coated plates of a 6 well 

dish. Cells were maintained in 2.5ml neural differentiation medium (NDM, seen in table 

2.9) supplemented with 10ng/ml BDNF, 10ng/ml GDNF, 10ng/ml IGF-1(all R&D) and 

1µM cAMP (Sigma).The medium was subject to a half change every 3 days and the 

cells allowed to mature for up to 60 days. 
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2. 9: Composition of neural differentiation medium (NDM) 

Reagents (Life Technologies) Volume 

Neurobasal medium 242.5mL 

N2 supplement (100X) 2.5mL 

B27 supplement (50X) 5.0mL 

NEAA (100X) 2.5mL 

Glutamax (100X) 2.5mL 

 

2.6.4 Differentiating iPSCs to neural progenitor cells from an iPSC monlayer using 

Dual SMAD inhibition 

iPSCs were cultured until 80% confluent at which point any differentiation was removed 

from the wells and the cells were passaged using 0.02% versene/ EDTA (Sigma). The 

iPSCs were washed with DPBS and incubated in 1ml/ well versene for 3-4 minutes at 

37⁰C. Once signs of detachment became visible the versene was removed and replaced 

with 1ml pre-warmed E8™ Medium. Cells were detached using a cell scraper to 

generate a suspension of uniform large clusters of iPSCs which were transferred to 

Geltrex™ coated wells. Two wells of confluent iPS were transferred to roughly one 

Geltrex™ coated well to ensure almost 100% confluency in the wells in the following 2-

3 days. E8™ Medium was added to each well to a final volume of 3ml and the medium 

changed daily until neural induction began. 

Once cells were close to reaching 100% confluency, the E8™ Medium was replaced 

with 2ml/ well of NIM (see table 2.8 for composition) supplemented with 100nM 
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LDN193189 + 10µM SB431542 (Sigma). The medium was replaced daily with this 

supplemented neuralization medium up until day 7 or until the formation of a thickened 

neuroepithelial sheet.  

On formation of this neuroepithelial sheet cells were passaged. The medium was 

removed and cells washed with room temperature (RT) Hanks balanced Salt Solution 

(HBSS, Life Technologies). Cells were dissociated by incubation at 37˚C with 1ml cold 

(4˚C) Accutase for 5 minutes. Cells were released from the bottom of the dish using a 

pipette and transferred to a 15ml tube containing an equal volume of RT neuralization 

medium. Cells were centrifuged at 100g for 3 minutes and resuspended in the required 

volume of neuralization medium supplemented with 10µM Rock Inhibitor. The cell 

suspension was aliquotted across Geltrex™ coated wells. Cells were passaged 1:1 at this 

stage and incubated at 37˚C overnight. After 24 hours the medium was replaced in each 

well with 2ml neuralization medium without supplementation daily until day 12. On day 

12 and day 16 cells were passaged 1:1 as described on day 7 into neuralization medium 

supplemented with 10µM Rock inhibitor. Medium was changed daily between passages 

with 2ml unsupplemented neuralization medium. On day 20, cells were passaged as 

described previously but wells were split 1:2 to yield a population of neural progenitor 

cells which could be further passaged and expanded or differentiated to the required 

neuron subtype. 

NPCs were cultured in neural expansion medium (seen in table 2.10) supplemented with 

20ng/ml bFGF. Medium was changed every other day and the cells passaged 1:2 once 

they reached 70-80% confluence.  NPCs were maintained and differentiated until 
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passage 6 at which point the proliferation rate slowed. NPCs were cryopreserved in 10% 

DMSO/ 90% KO serum replacement.  

2. 10: Composition of neural expansion medium 

Reagents (Life Technologies) Volume 

DMEM/F12 242.5mL 

N2 supplement (100X) 2.5mL 

B27 supplement (50X) 5.0mL 

NEAA (100X) 2.5mL 

Glutamax (100X) 2.5mL 

 

2.6.5 Terminal differentiation of NPCs to hypothalamic neurons 

For terminal plating of NPCs cells were passaged using Accutase as described in section 

2.6.2. The NPCs were counted and reseeded in the PLO/ laminin coated wells at a 

density of 2.0X105 cells per well in neural differentiation medium (as listed in table 

2.10) supplemented with 10µM Rock inhibitor, 10µM DAPT (N-[N-(3,5-

Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester, Sigma)  plus 200µM L-

Ascorbic acid (AA, Sigma). The medium was replaced daily with this supplemented 

medium until day seven. From day seven, the medium, without DAPT and AA, was 

subject to half changes every 4-5 days. The medium was replaced fully only if there was 

considerable numbers of dead cells floating. The cells were allowed to differentiate for 

between 7 and 60 days. 
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2.6.6 Generation of astrocytes from NPCs  

NPCs were split at a ratio of 1:8 using Accutase as described previously on to either 

Fibronectin or Geltrex™ coated wells. For the first astrocyte differentiation protocol, the 

NPCs were seeded in NPC medium at low density in coated dishes (2.0X104). 24 hours 

later, the medium was switched to high glucose DMEM supplemented with 10% FBS, 

0.3% N2 and 5ng/ml cilliary neurotrophic factor (CNTF, R&D). The medium was 

subject to change every other day.  

In the second method applied, the NPCs were split 1:6 using Accutase and seeded on to 

Geltrex™ coated wells in NPC medium supplemented with 10µM Rock inhibitor and 

20ng/ml bFGF. The following day, the medium was switched to neurobasal medium 

supplemented with 1XB27, 10ng/ml BMP-4 and 10ng/ml CNTF. The medium was 

changed every other day with 2ml/well of this BMP-4/ CNTF medium for the next 14 

days at which point the astrocytes were harvested or passaged.  

2.6.7 Direct induction of astrocytes and neurons from iPSCs 

In order to generate a mixed population of astrocytes and neurons, iPSCs were seeded as 

normal on Geltrex™ coated wells in E8™ Medium and grown to between 70-80% 

confluence by day 6. At this point, the medium was switched to RPMI 1640 

supplemented with 1XB27 minus insulin, 100ng/ml Activin A (R&D) and 10ng/ml bone 

morphogenic protein-4 (BMP-4, R&D). The medium was changed every other day for 

five days. On day five the medium was switched to RPMI1640 supplemented with 

1XB27 supplement with insulin and the cells monitored for changed in proliferation rate 
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and morphology. The cells were washed with PBS once a week prior to medium 

changes to remove dead cells.  

2.7 Harvesting neuronal cells for proteomics 

The cells were washed X3 with DPBS to remove any potential contaminants including 

serum and serum replacements. 200µl of 1% SDS was added to each well and the cells 

detached using a cell scraper creating a highly viscous solution. The cells were collected 

in 1.5ml eppendorf tubes and stored at -80˚C until shipped to Systems Biology Ireland, 

University College Dublin (UCD) for proteomic analysis to compare the NRXN1 

deletion patient derived neurons and astrocytes to the non-affected controls.  

2.8 Mass spectrometry analysis 

Mass spectrometry was carried out and the data analyzed by Systems Biology Ireland in the 

Conway Institute (University College Dublin). The neurons and/ or astrocytes were lysed in 

1% SDS and collected in 1.5ml tubes. Samples were shipped on ice to be analyzed by mass 

spectrometry. The lysates were processed by using the FASP protocol as previously 

described (Wisniewski, Zougman et al. 2009). In brief, the cell lysates were prepared using 

sonication. Detergents were removed from the lysates via sequential wash steps in spin 

molecular weight cut-off columns and digested with trypsin. The peptides samples were 

analyzed using Q-Exactive Mass Spectrometer as previously described (Farrell, Kelly et al. 

2014). The proteins were identified and quantified with the MaxQuant 1.5 software suite by 

searching against the human uniprot database, with N-terminal actylation and methionine 

oxidation as variable modification and a FDR of 0.01. Mass accuracy was set a 4.5 ppm for 

the MS and 20 ppm for the MS/MS. LFQ was performed by MaxLFQ as previously 
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published (Cox, Hein et al. 2014). One-way ANOVA was carried out to compare NRXN1 

deletion samples with controls neurons/ astrocytes. The mean expression levels (M) and 

standard error of means (SEM) were quantified, and folds of changes in the treated samples 

were calculated against the control neurons (set as 1). p<0.05 was considered statistically 

significant. Total proteins which were significantly altered in relation to the NRXN1 

deletion were analyzed by the DAVID software program for pathway using GO Biological 

processes and GO cellular components.  
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Chapter 3 Reprogramming fibroblasts into iPSCs 

3.1 Introduction 

iPSCs are a population of pluripotent stem cells capable of generating any cell type in 

the body when subject to optimal culture conditions. Such a property makes these 

embryonic-like cells invaluable in the field of regenerative medicine. iPSCs provide the 

ability to investigate cellular pathways which are otherwise difficult to recreate in a lab 

surrounding and have, as a result, become one of the key players in the study of both 

neurodevelopmental and neurodegenerative diseases. Cell lines derived from a patient, 

in particular, present a unique opportunity to investigate diseases at a cellular level. 

iPSC-derived patient cell lines confer the ability to study neurodevelopmental pathways 

such as autism which otherwise would be much more difficult. Neuronal tissue can only 

be extracted post-mortem limiting samples available and these cells cannot be 

maintained as a live culture long-term.  

The isolation of certain types of stem cells, e.g. mesenchymal stem cells (MSCs), 

require invasive techniques being isolated from bone marrow (Gnecchi and Melo 2009), 

adipose tissue (Arana, Mazo et al. 2013) and umbilical cord tissues (Kouroupis, 

Churchman et al. 2013). These MSCs are only capable of differentiation to certain 

lineages. Pluripotent stem cells are even more difficult to source with hESCs, although 

they are capable of differentiation to any cell type in the body, being derived from the 

blastocyst leading to the destruction of the embryo (Thomson, Itskovitz-Eldor et al. 

1998). Considering the ethical implications and the technical limitations associated with 

the use of hESCs, the reprogramming of somatic cells using both non-viral and viral 

based techniques promises an attractive and abundant alternative. A considerable 
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number of somatic cell types have been successfully reprogrammed: to date there are 

publications on the successful generation of iPSCs from adult dermal fibroblasts 

(Takahashi and Yamanaka 2006), peripheral blood cells (Staerk, Dawlaty et al. 2010), 

keratinocytes derived from hair follicles (Aasen and Izpisua Belmonte 2010) and 

exfoliated cells from urine samples (Zhou, Benda et al. 2011) . Since the first 

publication on hiPSC generation in 2006, there has been a plethora of papers detailing 

the methods for the generation of iPSCs, and many of these employed the use of viral 

vectors. There is considerable controversy concerning the use of viral vectors, in 

particular retrovirus and lentivirus. The main problem associated with virus use is the 

insertion of the vector backbone and the transgenes themselves into the host genome 

with the potential for reactivation or residual expression of the viral DNA and the 

potential for tumorigenesis (Malik and Rao 2013). The fact that iPS generated with 

retrovirus would be unsuitable for clinical use has prompted investigation into alternate 

methods using non-integrating episomal vectors (Yu, Hu et al. 2009), transgene free 

Sendai viral vectors (Fusaki, Ban et al. 2009) and chemical compounds for 

reprogramming (Hou, Li et al. 2013). 

The aim of this chapter was to investigate the different methods for reprogramming and 

to establish whether or not the addition of small chemical compounds could improve 

this reprogramming efficiency. A number of different methods were tested, first to 

investigate if iPSCs could be generated without a virus-based technique or indeed if a 

virus was used could a small compound (RAR antagonist) be used as a substitute for the 

oncogenic c-MYC. Following from this, the ultimate aim was to generate a bank of 

iPSCs from a cohort of autism and ALS patients and age-matched controls to further 
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investigate the potential of iPSCs to examine their use in monitoring disease 

development and progression at a cellular and molecular level. 

3.2 Fibroblast isolation and culture 

Human dermal fibroblasts (HDF) were isolated from skin punch biopsies donated by 

both ASD patients and non-affected controls within the same age bracket. The age 

ranged from 4 years old to 23 years old with each iPS line being compared to another of 

typically the same age. For the older ALS samples, age matched controls were obtained 

from non-affected volunteers. The biopsies, which were 3mm in diameter, were taken 

from non-UV exposed areas of skin (below the iliac crest) by a trained registrar in 

University College Hospital Galway (UCHG). 

Fibroblasts were chosen as the starting material over other available cell types which 

included peripheral blood mononuclear cells (PBMCs) and keratinocytes derived from 

hair follicle origin of root sheath (ORS). While PBMCs did offer a high number of 

starting cells (5.0-10.0X10
6 

cells) compared to fibroblasts which, on average, took 2 

weeks from seeding to reach confluence, the fibroblasts were considerably easier to 

culture, more cost effective and had greater viability following transport. While the 

majority of skin biopsies were taken in UCHG, it was sometimes 6-8 hours before the 

samples were delivered to the lab, which meant samples were kept at room temperature 

in fibroblast medium.  

For isolating fibroblasts from the explants, the skin punch biopsy was simply 

mechanically cut into smaller pieces and then dragged along the bottom of the dish until 

the pieces stuck down into the score marks created. It is a very basic technique 
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compared to enzymatic treatments which have the potential to result in over-digestion 

and damage to the sample, thereby reducing the ability of the surviving cells to adhere to 

the dish.  
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Figure 3.1: Fibroblasts emerged from skin explants after 7-8 days in culture. (a) a 

piece of the biopsy from 003v control donor on day 1 after 24 hours in culture (20X). (b) 

Between days 3 -7 the majority of cells which migrate out from the biopsy are 

keratinocytes. Predominantly fibroblasts visible on day 5 in 002v control. (c) Fibroblasts 

begin to crawl out around day 7 of culture. (d) by day 12 fibroblasts have taken over 

other cell types in culture, control 001v (10X). The thick black lines on the dish are 

score marks from the scalpel blade. Scale bar 100µm. 
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Overall, the protocol had a high success rate with the successful isolation of HDFs from 

all biopsies (>20 skin biopsies from both patients and controls), which was an important 

factor in relation to the patient-derived samples. 

With regards to growth, keratinocytes and fatty cells emerged from the biopsies first 

after 3-4 days culture (figure 3.1). The fibroblasts generally migrated out of the biopsy 

after 7-8 days, overtaking the other cell populations by day 12. By the end of the first 

passage, culture is dominated by fibroblasts. To demonstrate that the cells isolated from 

the biopsies were fibroblasts, cells harvested from the biopsy were stained with TE-7 

(Millipore), an antibody against fibroblasts in tissue and cultured fibroblasts (figure 3.2). 

These cells stained 100% positive for TE-7. Together with the morphology and the 

origin of the samples, it was concluded that these were fibroblasts. 
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Figure 3.2: Validation of skin biopsy derived fibroblasts. (a) Representative image of 

fibroblasts derived from a skin explant, NRXN1C4. Cells demonstrated a large, often 

branched cytoplasm with long spindly extensions. (b) All cells stained positive for the 

fibroblast-specific marker TE-7 by passage 1, confirming their identity, as seen in donor 

NRXN1C4. Scale bar 100um. 

 

 

To check the viability of the HDFs in response to transport/ delay prior to culture, 3X 

explants were taken from one volunteer. One biopsy was put into culture immediately 

upon arrival at the lab (within 1 hour of the biopsy being taken). One sample was left in 

35ml of fibroblast medium at 4˚C for 48 hours prior to culture. The third biopsy piece 

was kept in 35ml fibroblast medium at room temperature for 48 hours prior to being put 

into culture.  

After 48 hours left at room temperature or at 4˚C, the biopsies were put into culture as 

per the usual protocol and the medium changed every other day. After 72 hours in 

culture, cells began to emerge from the biopsy pieces, indicating that the biopsies could 
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survive outside the body in medium for 2 days. Cells grew to confluency by day 14 of 

culture. 

 

Figure 3.3 Skin explants could survive storage in medium for 48 hours at lower 

temperatures. (a) Keratinocytes could be seen migrating out from the biopsy pieces by 

day 4 from the sample stored at 4˚C for 48 hours prior to culture. (b) A number of cells 

with fibroblast-like morphology appeared to grow from the biopsy pieces stored at room 

temperature in fibroblast medium before culture. Scale bar 100um.  
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 3.3 Magnetofection  

The first attempt at reprogramming fibroblasts into iPSCs included delivering plasmid 

DNA containing the gene of interest into the target cells by magnetic force. The basic 

principle involves coating metallic nanoparticles in the plasmid DNA and this is 

incubated with the target cells on a strong magnet which draws the DNA and thus, the 

genes of interest into the cells. Three plasmid vectors, pEB-C5, pEP4 E02S EN2L and 

OKSIM, were used to transfect with this technique, all of which containing a 

combination of the key reprogramming factors. Cells were magnetofected with a GFP 

plasmid (pMAX-GFP, Lonza, size 4700bp) to estimate the efficiency prior to 

transfections with efficiency of 50-60%. However the GFP plasmid was considerably 

smaller than the plasmids containing the genes of interest which did not give an accurate 

estimate for transfection efficiency. pEB-C5 contained inserts for OCT4, SOX2, KLF4, 

c-MYC and LIN28. pEP4 E02S EN2L contained OCT4, SOX2, NANOG and LIN-28. 

OKSIM contained OCT4, SOX2, KLF4 and c-MYC. All are expressed as a single 

polycistronic unit. A combination of small compounds, in this case the histone 

deacetylase inhibitors valproic acid (VPA) and Sodium Butyrate (NaB), which 

previously have been shown to increase reprogramming efficiency (Huangfu, Maehr et 

al. 2008), were also added to investigate if the reprogramming efficiency could be 

improved. Following Magnetofection the cells were maintained under standard 

reprogramming conditions, cultured in iPSC medium supplemented with 10ng/ml bFGF 

and the medium changed every other day, supplemented with 10ng/ml bFGF. The small 

compounds were added to the medium from day 7 to day 21. 
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Table 3.1: magnetofected cells were treated using different combinations of 

plasmid/ small compound to investigate which, if any, could generate colonies and 

if a cocktail of small compounds could enhance this reprogramming efficiency 

Plasmid: Compounds added: Colonies formed: 

pEB-C5 VPA, NaB No 

pEB-C5 VPA, NaB, A8301 No 

pEB-C5 VPA, NaB, CHIR99021 No 

pEB-C5 RG108 No 

pEP4 E02S EN2L VPA, NaB No 

pEP4 E02S EN2L VPA, NaB, A8301 No 

pEP4 E02S EN2L VPA, NaB, CHIR99021 No 

pEP4 E02S EN2L RG108 No 

OKSIM VPA, NaB Yes 

OKSIM VPA, NaB, A8301 Yes 

OKSIM VPA, NaB, CHIR99021 Yes 

OKSIM RG108 Yes 

 

Fibroblasts transfected with 2 of the plasmids, pEP4 and pEB-C5, failed to demonstrate 

any change in morphology or sign of reprogramming when maintained under 

reprogramming conditions for 40 days. Fibroblasts maintained their elongated 

morphology and simply grew confluent (figure 3.4a). Within 10 days of the transfection, 

small changes in the fibroblast morphology could be seen in the group transfected with 

OKSIM. Some fibroblasts began to shrink down to a small, star shaped or rounded 

shape and small clusters could be seen together (figure 3.4 b, c, areas marked with an 

arrowhead). While some of these clusters of cells did grow larger (figure 3.4 d) these 

‘colonies’ seemed to be only partially reprogrammed and never achieved the true hESC-

like morphology, lacking defined borders and tightly compacted cells. A number of 

these larger colonies were picked up and transferred to a fresh feeder layer; however, 

once transferred, the cells returned to a fibroblast-like morphology within 24 hours. 
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Large clumps attached and long spindle-like protrusions emerged. Cells were 

maintained in iPS medium and these fibroblast-like cells were scraped from the wells. 

After 7 days under these conditions, iPSCs failed to emerge from the colonies attached. 

The cells were discarded 14 days after picking.   
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Figure 3.4: Fibroblasts appeared to undergo ‘partial’ reprogramming when 

subject to transfection with the OKSIM plasmid alone or in conjunction with VPA 

and VPA/ NaB. (a) Fibroblasts transfected with the plasmid pEP4 E02S EN2L did not 

show any changes in morphology when maintained under reprogramming conditions. 

(b) Changes in morphology which resembled reprogramming to iPS were observed by 

day 14 with small rounded clusters of cells, cells transfected with OKSIM and treated 

with VPA, marked with an arrowhead. (c) Similar changes were observed in cells 

transfected with OKSIM plus treatment with VPA and NaB. (d) By day 35, these 

aggregates had become larger but never demonstrated the defined border and tightly 

compact morphology of iPSCs. Scale bar 100µm.  
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3.4 Nucleofection  

The next step was to elucidate whether or not the cells could be reprogrammed using 

another transfection method. Nucleofection, an electroporation based method for 

transfection, has been reported to be the most effective non-viral method for DNA 

delivery. The fibroblasts were thawed and cultured one week prior to the procedure to 

facilitate recovery. The pEB-C5 plasmid and OKSIM plasmid were used to transfect the 

fibroblasts both alone and in conjunction with small compounds (Table 3.2). 5X10
5 

cells 

were nucleofected per condition and seeded immediately into γ-MEF coated 10cm
2
 

dishes. Cells from healthy control donors were nucleofected with the programme U-023 

with the Nucleofector™ 2b Device (Lonza, Switzerland). Transfections were optimized 

using transfection with pmaxGFP (Lonza) and based on manufacturer’s instructions. 

Two programmes were recommended for use with adult dermal fibroblasts. P-022 was a 

low efficiency, high viability programme while U-023 was chosen based on the high 

efficiency, low viability programme. Fibroblasts nucleofected with GFP using U-023 

had 44.14% GFP expression after 24 hours (Figure 3.5a). 

Table 3.2: Nucleofected cells were treated using different combinations of plasmid/ 

small compound to investigate which, if any, could generate iPSC colonies and if a 

cocktail of small compounds could enhance this reprogramming efficiency 

Plasmid: Compounds added: Colonies formed: 

pEB-C5 VPA, NaB No 

pEB-C5 VPA, NaB, A8301 No 

pEB-C5 VPA, NaB, CHIR99021 No 

pEB-C5 RG108 No 

OKSIM VPA, NaB 9 

OKSIM VPA, NaB, A8301 11 

OKSIM VPA, NaB, CHIR99021 6 

OKSIM RG108 No 
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Similar to the observations with Magnetofection, small patches of suspected 

reprogramming could be observed in the wells within 7 days of the transfection. Due to 

the nature of the transfection method, there was >40% survival once the cells were 

reseeded into dishes. These small clusters of cells however failed to grow any larger and 

never gave rise to colonies which were large enough to pick and attempt to culture as 

iPSCs. These transfected cells were maintained in reprogramming conditions (iPSC KO 

medium) with medium changes every other day supplemented with 10ng/ml bFGF. The 

small compounds were added from day 7 to day 21. By day 35 there were no 

identifiable reprogrammed cells and the wells were comprised of confluent fibroblasts. 



Chapter 3 
 

95 
 

 

Figure 3.5: Fibroblasts showed minimal changes in morphology/ reprogramming 

to iPS in response to nucleofection. (a) Transfection was optimized using pmaxGFP. 

On average, 40% of the transfected fibroblasts expressed GFP 24 hours after 

transfection. (b, c) Small clusters of rounded cells could be seen by day 8 of culture after 

transfer to feeder layers but these were comprised of <10 cells (d) These small cell 

aggregates failed to grow and by day 35 there were no colonies recognizable as iPSCs. 

Scale bar 100µM 
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3.5 Retinoic acid receptor antagonists to replace KLF4/ c-MYC 

The next step in the attempt to generate iPSC employed the use of retinoic acid receptor 

and antagonists to investigate whether or not the number of reprogramming factors 

could be reduced. The aim was to try to find a receptor antagonist which could induce 

reprogramming in the absence of c-MYC and, if possible, KLF4. Retrovirus was 

generated for each of the 4 TFs individually and the control fibroblasts were transduced 

with the combinations of the TFs. The cells were transduced at 24 hours and again at 48 

hours. On day 6 the fibroblasts were plated onto γ-MEFs at a density of 5X10
4
 cells per 

well. The cells were maintained under reprogramming conditions and on day 7 

treatments began with the RAR antagonists. The medium was supplemented with these 

compounds for 14 days. The first colonies of small iPSC-like cells appeared by day 14 

(figure 3.6 a,c, e), 7 days after treatment began, and continued to grow in size and 

assumed a flat and round morphology. No colonies appeared in the wells treated with 2 

TFs or 3 TFs alone (Table 3.3). A number of colonies emerged under the other 

conditions (2 or 3 TFs in the presence of RAR antagonists), which were 

morphologically similar to iPSCs. All the colonies which were large enough were 

mechanically broken into smaller clumps and transferred to individual γ-MEF coated 

wells. Though the cell clumps attached and iPSC-like cells emerged around the edges 

(Figure 3.6b, d, f), this morphology was not maintained into passage 2 with the cells 

reverting to their original fibroblast-like morphology. 
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Table 3.3: A summary of the treatment conditions used in attempt to induce 

reprogramming in the absence of c-MYC. Cells were transduced with 2, 3 or all 4 

of the reprogramming factors and treated with a selection of RAR antagonists 

Day 30 of 

reprogramming 

Factors Factors plus RAR antagonist combination 

OCT4, 

SOX2 

alone 

O,S + 

RARα 

antagonist 

O, S + 

RARγ 

antagonist 

O,S + RXR 

PAN 

antagonist 

O, S +RAR 

β/ γ 

antagonist 

Colony no. 0 4 12 4 4 

 OCT4, 

SOX2, 

KLF4 

alone 

O,S, K + 

RARα 

antagonist 

O, S, K + 

RARγ 

antagonist 

O,S, K + 

RXR PAN 

antagonist 

O, S, K 

+RAR β/ γ 

antagonist 

Colony no.  0 3 1 5 0 

 4 factors 

OCT4, 

SOX2, 

KLF4, c-

MYC 

 

Colony no. 9 
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Figure 3.6 The effects on a retrovirus cocktail of 2, 3 or 4 factors combined with 

RAR agonists and antagonists on reprogramming. (a,b) Day 7 and passage 1 

respectively, colonies from a healthy control, 02v line treated with 2 factors (OCT4, 

SOX2) plus RARα became visible (a) and continued to grow with small, rounded 

morphology which attached in passage 1 and retained iPSC-like morphology  (b). (c, d) 

Day 7 and passage 1 respectively, similar effects could be seen in fibroblasts treated 

with 3 factors (OCT4, SOX2, KLF4) plus RARα (e, f) Day 7 and passage 1 respectively, 

colonies also emerged in fibroblasts transduced with the 4 factors which survived and 

maintained their morphology for only 2 passages at which point they differentiated. 
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3.6 Reprogramming using lentivirus 

Fibroblasts were subject to transduction with a single lentivirus construct (EF1α-

hSTEMCCA, Millipore) containing the 4 key TFs for reprogramming (hOCT4, hSOX2, 

hKLF4 and hc-MYC). The fibroblasts were transduced twice, 24 hours apart as 

recommended by the manufacturer. The protocol used was based loosely on the 

manufacturer’s instructions. Changes were made in order to begin with the lowest virus 

copy number. An MOI of 5 was used for each transduction and calculated based on cell 

number. While a higher MOI could have been used, it was recommended to introduce 

the lowest possible copy number of the virus due to the risk of insertional mutagenesis. 

Fibroblasts were reprogrammed at the earliest possible passage and no line was older 

than passage 8 when transduced at a density of 5.0X10
4 

cells per well, which had been 

determined as the best density to allow fibroblasts to reach 90% confluence by day 7. 

 Once the transduced fibroblasts reached >80% confluency the cells were trypsinized, 

counted and reseeded at a density of 4X10
4
 cells per well. By day 10 of reprogramming, 

small clusters of cells (>5-6 cells) became apparent with small, rounded morphology 

while a considerable number of other cells had a small, star shaped morphology (Fig 

3.7). These suspected iPSC colonies were marked on the dish. These clusters continued 

to grow larger. Colonies were left to grow until day 24 at which point they could be 

isolated and transferred to individual MEF coated wells of a six well plate. Colonies 

were isolated by manually cutting them into smaller pieces using a 10µl pipette tip and 

the clumps transferred in the medium to a new well. 

 There was considerable variability in the number of colonies between donors based on 

age. The anticipated reprogramming efficiency was 0.01-0.1% based on previous 
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publications. The overall reprogramming efficiency was found to be 0.101% using this 

method (table 3.5). iPSCs derived from the younger donors (between ages 4-23 years of 

age) yielded between 92 and 145 iPS colonies per line. The ALS samples yielded a 

much lower colony number over the same space of time with between 36 and 54 

colonies. All lines were reprogrammed using the same starting cell number. Overall, a 

significantly greater reprogramming efficiency was observed in the younger samples 

than the iPSC lines derived from the older donor fibroblasts (aged 50- 70 years of age) 

with a 2.48 fold difference in efficiency. This difference in reprogramming ability was 

not reflected in the iPSC colonies once they were picked. Any clones that were picked 

from the iPSC lines behaved as typical iPSCs from the younger donors, being passaged 

at the same rate and yielding the same number of cells at the end of passages (on 

average 1X10
6 

iPSCs/ well by day 6 after passaging). iPSC colonies were successfully 

generated on the first attempt using the lentivirus method and isolated from each of the 

lines reprogrammed. Three iPSC clones from each donor were selected based on having 

the best morphology and least amount of spontaneous differentiation by passage 2 and 

maintained in culture for further characterization.  
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Figure 3.7: Representative images for the reprogramming process using lentivirus 

on day 7, day 10 and day 16 (a, d, g) Numerous patches of reprogramming (a) 

NRXN1C1, (d) NRXN1D2 and (g) SC132 cells had appeared by day 7, with small 

pronounced clusters of iPSC-like cells becoming visible. Similar numbers could be seen 

in the samples (b, e, h) By day 10 each of the samples had small defined clusters of 

reprogramming cells. (c, f, i) By day 16, compact colonies could be seen with the naked 

eye in the dish and under the microscope (10X); these colonies had defined edges. Scale 

bar 100µm. 

 

 



Chapter 3 
 

101 
 

Table 3.4 A summary of the number of colonies generated for each cell line and 

their reprogramming efficiencies Overall the reprogramming efficiency was quite 

good. The only outliers were the older samples from the ALS patients, ALS21 and 

ALS31 

Fibroblast 

line 

No. of 

colonies 

total 

No. of 

starting 

cells 

Reprogramming 

efficiency % 

Age of 

parent 

fibroblast 

donor 

Passage 

number 

002v 107 1X10
5
 0.107 20 5 

003v 145 1X10
5
 0.145 21 5 

NRXN1D1 124 1X10
5
 0.124 4 4 

NRXN1C1 113 1X10
5
 0.113 9 3 

NRXN1D2 103 1X10
5 0.103 19 4 

NRXN1D3 97 1X10
5
 0.097 20 4 

NRXN1C3 111 1X10
5
 0.111 20 4 

SC126 92 1X10
5
 0.092 13 5 

SC128 105 1X10
5
 0.105 23 5 

SC132 130 1X10
5
 0.130 13 5 

SC163 102 1X10
5 0.102 20 7 

ALS21 36 1X10
5 0.036 44 5 

ALS31 54 1X10
5 0.054 56 5 
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Figure 3.8: Comparison of reprogramming efficiencies between young (4-23 years 

of age) and older cohort (44-70 years of age). (a) A greater than 2 fold difference in 

reprogramming efficiency was observed between the age groups. (P= 0.0001, 2 tailed t 

test). (b) The effects of passage number on the reprogramming efficiency was also 

observed and it was shown that the higher passage number (> passage 5) did not 

significantly alter the ability of cells to be reprogrammed (P= 0.4488, 2 tailed t-test) 
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3.7 Episomal reprogramming to generate iPSCs 

Episomal reprogramming provided a virus-free, feeder-free alternative to the use of a 

single Polycistronic lentivirus. Episomal reprogramming required a kit containing 5 

episomal vector which delivered the five reprogramming factors Oct4, Sox2, Klf4, L-

Myc, and Lin28. This method also included the delivery of two vectors expressing 

mp53DD (a dominant negative mutation of p53) and EBNA1 (an Epstein-Barr protein) 

to enhance reprogramming efficiency. The vectors were delivered by transfection using 

nucleofection (programme U-023), which was carried out only once. The transfected 

cells were transferred immediately to feeder-free conditions.  

Changes in morphology were noticed at a much earlier stage than with the method 

utilizing lentivirus. There was a considerable amount of cell death following the 

nucleofection protocol. The same starting number of cells, 1X10
5 

fibroblasts, was used 

for each donor line. In the younger samples there was on average >60% viability 

following nucleofection. By day 4 after transfection, once the cells had recovered, small, 

rounded and star-shaped cells, similar to those seen in other reprogramming methods 

became visible in the wells. The ALS and age-matched control samples took longer to 

recover from the nucleofection process with <40% of the cells surviving the 

nucleofection; in some cases, approximately 20% of the cells survived and attached after 

24 hours. The cells which had clustered together by day 4 continued to grow in the FXS 

samples, SC126 and SC132, and colonies were isolated and transferred to new wells for 

expansion by day 21. The samples from older donors yielded low colony numbers with 

the first ESC-like colonies only emerging on day 30. The colonies which most 

resembled ESCs were selected between day 30 and 50 from the reprogramming ALS 
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and ALS control lines. These samples had a much lower reprogramming efficiency 

compared with the FXS samples from younger donors (Table 3.4) with a 4-fold greater 

reprogramming efficiency in the younger samples compared to the ALS and ALS 

control samples. The lower reprogramming efficiency of the older samples using Epi5 

when combined with the data from the lentiviral reprogramming suggests that the age of 

the donor may affect the reprogramming efficiency.  

There were however outliers in the Epi5 reprogramming method. The 2 samples 

reprogrammed from the 4
th

 family of NRXN1 (NRXN1D41 and NRXN14C2) donors 

did not generate iPSCs with similar success as the age matched samples. While 

reprogramming cells became visible by day 7, there were less than 10 defined colonies 

in each sample by day 45. Even after these colonies had been picked, many failed to 

retain their iPSC-like morphology with many forming EBs after passaging or 

spontaneously differentiating. Of the 8 colonies picked from the NRXN14C2 control 

line, only 2 clones survived passaging to be maintained as iPSCs.  

While the episomal method is simpler and more cost-effective than using lentivirus, the 

reprogramming efficiency was found to be significantly greater with the lentivirus 

(figure 3.9c) with a 3.59 fold difference in reprogramming efficiency. 
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Figure 3.9: Representative images of different stages of episomal reprogramming. 

(a, d, g) Numerous patches of reprogramming had appeared by day 4, after 

nucleofection with each line with small pronounced clusters of iPSC-like cells becoming 

visible. There was a considerable difference in the number of cells which survived and 

attached when comparing the ALS/ ALS controls with the younger FXS samples. (b, e, 

h) By day 6, each of the samples had small defined clusters of reprogramming cells 

though the ALS samples still had fewer reprogramming cells. (c, f, i) By day 15 

compact colonies could be seen with the naked eye in the dish and under the microscope 

(10X) these colonies had defined edges in the younger samples (SC126) while the older 

samples took longer to recover and form distinctive colonies. Scale bar 100µm. 
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Table 3.5 A summary of the number of colonies generated for each cell line and 

their reprogramming efficiencies Overall the reprogramming efficiency was lower 

than observed in the lentivirus method with a 3.59 fold difference although the lower 

reprogramming efficiency of the older samples was reflected using episomal 

reprogramming 

 

Fibroblast 

line 

No. of 

colonies 

total  

No. of 

starting 

cells 

Reprogramming 

efficiency % 

Age of 

parent 

fibroblast 

donor 

Passage 

number 

SC126 75 1X10
5 

0.075 13 5 

SC132 63 1X10
5
 0.063 13 5 

ALS001C 14 1X10
5
 0.014 57 3 

ALS002C 11 1X10
5 0.011 51 3 

ALS003C 21 1X10
5 0.021 47 3 

ALS 24 23 1X10
5
 0.023 60 4 

NRXN1D4 11 1X10
5 0.011 18 2 

NRXN1C4.1 8 1X10
5 0.008 16 2 
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Figure 3.10: The differences in reprogramming efficiencies observed between lentivirus 

and episomal reprogramming and between the different age groups (a) A large difference in 

reprogramming efficiency was recorded between lentivirus and episomal reprogramming with a 

3.5 fold difference (P= 0.0001) (b) The difference in age groups ability to generate iPSCs was 

reflected in the episomal reprogramming method but this difference was not deemed significant 

(P= 0.2576) (c) This difference only became significant however when the outlying samples 

from the 4
th
 NRXN1 deletion family were removed. (P=0.0008) (d) The effects of passage 

number on reprogramming efficiency determined that there was a significant difference in 

expression between lines reprogrammed between P1-4 and P5-8 however there was significantly 

higher reprogramming efficiency in the samples at P5 and older which were the samples from 

younger donors (P= 0.0001, 2 tailed t-test) 
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Table 3.6. : A list of the fibroblast samples from the NRXN1 deletion donors and 

non-affected controls collected and banked for reprogramming. Lines were 

reprogrammed to iPSCs using either lentivirus or episomal methods as stated 

 

Cell line ID Gender Age Status Deletion Reprogramming 

method 

001v M 21 Volunteer Negative Lentivirus 

002v F 20 Volunteer Negative Lentivirus 

003v M 21 Volunteer Negative Lentivirus 

NRXN1D1 M 9 Proband 

NRXN1del 

Exon 6-13 Lentivirus 

NRXN1C1 M 4 Sibling 

control  

Negative Lentivirus 

NRXN1D2 M 19 Proband 

NRXN1del 

Exon 1-5 Lentivirus 

NRXN1D3 M 19 Proband 

NRXN1del 

Exon 1-5 Lentivirus 

NRXN1C3 M 20 Sibling 

control  

Negative Lentivirus 

NRXN1D4.1 F 18 Proband 

NRXN1del 

Intron 5 Epi5 episomal 

reprogramming 

NRXN1D4.2 M 50 Parent 

NRXN1del 

Intron 5 - 

NRXN1C4.1 F 50 Parent control  Negative - 

NRXN1C4.2 M 13 Sibling 

control  

Negative Epi5 episomal 

reprogramming 

NRXN1C4.3 M 16 Sibling 

control  

Negative - 

NRXN1D5 F 24 Proband 

NRXN1del 

Exon 6-17 - 

NRXN1C5.1 M 66 Parent control Negative - 

NRXN1C5.2 F 60 Parent control  Negative - 

NRXN1C5.3 F 38 Sibling 

control 

Negative - 
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Table 3.7: A list of the ALS samples, FXS samples and their age matched controls 

which were collected and banked. Lines were reprogrammed using either 

lentivirus or episomal methods as stated 

Cell line ID Gender Age Status Repeat 

expansion 

Reprogramming 

method 

SC126 M 13 FXS patient Positive Lentivirus/ Epi5 

SC128 M 23 FXS patient Positive Lentivirus/ Epi5 

SC132 M 13 FXS patient Positive Lentivirus/ Epi5 

SC163 M 20 FXS patient Positive Lentivirus 

SCC176 M 14 FXS control Negative - 

SCC194 M 24 FXS control Negative - 

SCC198 M 20 FXS control Negative - 

ALSC01 F 58 ALS control Negative Epi5 episomal 

ALSC02 M 51 ALS control Negative Epi5 episomal 

ALSC03 F 47 ALS control Negative Epi5 episomal 

ALS14 F 71 ALS patient Not tested - 

ALS17 F 61 ALS patient Not tested - 

ALS18 F 66 ALS patient Negative - 

ALSC18 F 66 Sibling 

control 

Negative - 

ALS20 M 29 ALS control Negative - 

ALS21 M 44 ALS patient Positive Lentivirus 

ALS24 M 60 ALS patient Negative Lentivirus 

ALS31.1 F 56 ALS patient Positive Lentivirus 

ALS31.2 F 70 ALS patient Negative - 
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3.8 Discussion 

Collectively, the data collected showed that fibroblasts provided a reliable starting 

material for the generation of iPSCs in their ability to survive storage at room 

temperature for up to 48 hours prior to culture, an important parameter considering a 

number of the patient samples were being taken in other countries. This is in comparison 

to keratinocytes derived from hair follicles which failed to grow due to the time it took 

to transport the samples from the clinic in Denmark to the lab (approx. 48 hours). An 

additional advantage of these adult fibroblasts is the vast number of cells which can be 

derived from a small punch biopsy. These cells require minimum work to isolate the 

adult dermal fibroblasts and are low maintenance (supplementary growth factors are not 

required); yet one 3mm piece of tissue can provide, on average, 4X10
6 

cells by the end 

of passage 1. This is compared to the difficulties in harvesting stable culture of 

peripheral blood mononuclear cells from blood samples or keratinocytes from hair 

follicles. Although blood cells provide a high starting cell number (3.5-10X10
6 

cells/ml), 

the culturing of PBMCs following density gradient centrifugation proved much more 

difficult with the majority of cells not surviving the first passage (data not shown). It 

proved much easier and cheaper to sustain fibroblasts for long enough to reprogramme 

them. Keratinocytes took on average 3 weeks to produce confluent wells by the end of 

passage 0 (unpublished data) with cells only emerging from the biopsy after 2 weeks. 

While the actual process of taking a skin biopsy is more invasive, sometimes requiring a 

suture, none of the biopsies received failed to yield large numbers of fibroblasts for 

reprogramming, ensuring the tissue only had to be taken once. This was an important 

factor, particularly in relation to skin biopsies taken from patients.  
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The initial attempts at reprogramming using non-viral techniques proved unsuccessful 

even when used in conjunction with small compounds which, in other publications, were 

reported to have increased reprogramming efficiency by up to 100 fold (Huangfu, 

Maehr et al. 2008). Although cells with an altered morphology similar to that of iPSCs 

emerged 7 days after the initial transfection, the colonies failed in many instances to 

grow in size. While more colonies were observed to emerge in the following weeks, 

even these failed to survive once picked and transferred to iPSC culture conditions. This 

could have simply been a result of partial reprogramming. Only the largest colonies 

were picked up and transferred to new wells; yet within 7 days the clumps which had 

attached had the appearance of fibroblasts. This change in morphology which was seen 

may be a result of the initial introduction of the exogenous factors which was enough to 

stimulate the cells to become more stem cell-like and induced a change in gene 

expression. This induction acted in concert with the small compounds, comprised of 

HDAC inhibitors and demethyltransferases, and was sufficient to result in the early 

morphological changes but not enough to overcome the terminally differentiated state of 

the parent cells and reactivate the pluripotency genes fully. The conditions may not have 

been sufficient to induce endogenous expression of the important factors such as SOX2 

which are vital in the maintenance of the pluripotent state. 

When attempts to generate iPSCs using non-viral methods had conclusively failed, the 

next aim was to investigate if iPSCs could be generated from fibroblasts but in the 

absence of c-MYC and if possible, KLF4, which would remove what is considered the 

oncogene factors. RARs have been shown to have a role in both development (Mark, 

Ghyselinck et al. 2009) and, more recently, in the reprogramming process (Wang, Yang 
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et al. 2011). RARα and RARγ have been shown to increase iPSC colony generation by 

10-100 fold in conjunction with the Yamanaka factors OKSM. This was shown to be 

important in the early stages of reprogramming while longer treatment periods resulted 

in fewer colonies. While initially the reprogramming was successful in this study with 

just 2 of the Yamanaka factors plus RAR α and RARγ, these colonies never achieved 

what could be considered the perfect iPSC morphology with a tightly defined border. 

Colonies did grow larger over time but once picked failed to retain their iPSC-like 

morphology. This may have been due to overexposure to the RAR antagonists. This 

method had the potential to generate iPSCs but the treatment with the RAR antagonists 

was not optimal. Time did not permit further investigation. 

In principle, iPSCs hold vast potential for their use in patient specific therapy if the 

reprogramming method rules out the risk of vector integration and tumorigenesis. 

However, somatic cell reprogramming has a notoriously low efficiency (0.02-0.1%) and 

the initial non-viral methods in this study failed to result in anything greater than partial 

reprogramming. Considering the fact that this project was never intended for any 

translational study, it was deemed acceptable to switch to lentivirus expressing the 

Yamanaka factors for generating iPSCs. Any iPSCs generated would be used for further 

investigation into developmental pathways in vitro only. The reprogramming method 

was quite basic. The cells were transduced twice with the single polycistronic lentivirus 

cassette and cultured in iPSC medium and small iPSC colonies could be seen within 2 

weeks. These colonies differed in appearance from the earlier attempts at 

reprogramming producing partially reprogrammed cells in that they formed more 

densely packed colonies.  The colonies increased in size and many new colonies 
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emerged over the following week with some lines giving rise to >100 colonies. Of the 

ones picked 90% attached and retained their iPSC morphology.  The only limiting factor 

in successful reprogramming observed was the age of the donor. A significant difference 

in the final number of iPSC clones produced from the same number of starting cells was 

observed upon reprogramming the ALS samples and their age matched controls. It has 

been shown that there is a twofold decrease in reprogramming efficiency in dermal 

fibroblasts from older mice (aged 2+) (Li, Collado et al. 2009; Wang, Miyagoe-Suzuki 

et al. 2011). There have also been numerous publications on the generation of iPSCs 

from older patient samples in recent years (Soldner, Hockemeyer et al. 2009).  

A final attempt at non-viral reprogramming was made with the commercially produced 

Epi5 kit to investigate if this would be an even simpler and more efficient alternative to 

using the lentivirus. While the protocol was observed to have an effect on morphology 

at a much earlier stage (with obvious changes in morphology seen by day 4); overall., 

the efficiency was lower than observed with the use of the lentivirus, with the efficiency 

ranging from 0.008% to 0.075%.  

In summary, while non-viral techniques such as episomal reprogramming for generating 

iPSCs are significantly less efficient when compared with the lentivirus protocol, this 

‘footprint-free’ protocol, which does not have the risk of transgene integration, did 

produce enough stable iPSC colonies for further studies. 
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Chapter 4 Characterisation of iPSCs 

4.1 Introduction 

The ultimate appeal of iPSCs is their ability to differentiate into any cell type in the 

body and the implications this has for the future of drug discovery and regenerative 

medicine. This pluripotent state has been found to be governed by a pluripotent-cell-

specific gene regulatory network (GRN), the centre of which is comprised of the 3 

transcription factors involved in both early embryonic development and maintenance of 

the pluripotent state and self-renewal in ESCs; OCT4, SOX2 and NANOG (Boyer, Lee 

et al. 2005). The expression of these genes is indicative of the functional properties of 

hESCs, e.g. it has been demonstrated that embryonic pluripotent cells shift between high 

and low states of Nanog expression, depending on the cell cycle stage. Low Nanog 

expression correlates with an increased tendency towards differentiation, while cells 

with a high Nanog expression demonstrate a greater capacity for self-renewal 

(Chambers, Silva et al. 2007). Recent data has also demonstrated that these three genes 

are responsible for germ layer fate determination in ESCs (Thomson, Liu et al. 2011).  It 

has been determined that the primary cause of transcriptional variation in iPSCs can be 

attributed to differences in the genetic background of the donors (Rouhani, Kumasaka et 

al. 2014).  In this study, there is considerable genetic and epigenetic variability between 

iPSC lines, which cannot be avoided. The lines reprogrammed in this project were 

derived from donors with a number of parameters which may have had an influence on 

the derivation of iPSCs, including the age, gender and health status. All lines were 

compared using the same battery of tests under the same conditions to minimize any 

extra variability. Besides donor-to-donor variability, clone-to-clone variability was 
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examined. In an attempt to limit the issue of variability, one aim of the project was to 

use age-matched or sibling controls. 

At the time of iPSC generation using lentivirus it was standard practice to culture IPS 

colonies on MEF feeder layers. The feeder layer was required to facilitate iPSC 

proliferation and to inhibit spontaneous differentiation via the secretion of factors such 

as leukemia inhibitory factor (LIF) by the MEFs (Williams, Hilton et al. 1988).  A need 

to eliminate possible contaminants from animal or human products led to the 

development of feeder-free cultures using defined matrices, such as Matrigel (Totonchi, 

Taei et al. 2010). The need for MEF-conditioned medium in the absence of a feeder 

layer was replaced with medium supplemented with high concentrations of bFGF (10-

100ng/ml). The switch to feeder-free conditions led to a more stable iPSC culture with 

reduced background differentiation. It also eliminated any effects as a result of batch-to-

batch variability from the γ-MEFs. MEF quality was inversely proportional to the level 

of spontaneous IPSC differentiation. While colonies were initially chosen based on their 

ESC-like morphology, it was essential to quantify exactly how pluripotent these cells 

were. 

 The aim of this chapter was to investigate the quality and pluripotency of the iPSC lines 

generated and ensure they were suitable for further applications. This chapter details the 

level of expression of endogenous pluripotency genes and hESC surface markers along 

with the ability to generate cells from all three germ layers both in vitro and in vivo. 

Other details, such as disorder related specifics, were not factored into the 

characterization tests.  
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4.2 Identifying iPSC colonies by an ESC-like morphology 

Fibroblasts were reprogrammed using lentivirus and Epi5 reprogramming methods and 

cultured in media supplemented with FGF for approx. 30 days (chapter 3). Upon the 

formation of clearly defined colonies, the IPSC were isolated based on their presumed 

hESC-like morphology. The standard hESC colony is a densely packed, round colony 

with a smooth, defined border. The colonies were comprised of small, round cells with 

prominent nucleoli and a high nucleus-to-cytoplasm ratio (figure 4.1). This ESC-like 

morphology should be retained by the iPSCs; loss of this hESC-like appearance was 

indicative of differentiation or cell stress. Any lines which had excessive differentiation 

after passaging were removed from culture. Overall, cells which were chosen based on 

their ESC-like appearance proved to be pluripotent once picked up and transferred to 

feeder-free conditions.  

The morphology of iPSC colonies vary slightly depending on culture conditions and are 

more densely packed and less prone to have spontaneous differentiation around the 

edges of the colony once transferred from a MEF feeder layer to feeder-free conditions.  
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Figure 4.1 Representative images of the hESC-like morphology of the iPSC lines. 

The cellular morphology provided an indication for which IPSC clones should be 

selected for maintenance and characterization (a,b). Higher magnification (20X) images 

of iPSC colonies demonstrate the small, rounded morphology of the cells with their high 

nucleus:cytoplasm ratio (a) NRXN1D2-X1 (b) NRXN1D3-2, scale bar 100µm (c, d) 

iPSC colonies on MEF feeder layers prior to passage 4. Colonies are quite compact with 

cells clustered together (c) NRXN1C3-4 (d) NRXN1D3-X1, scale bar 100µm. (e, f) 

iPSC colonies form tighter colonies with much more defined borders and less 

spontaneous differentiation once transferred to feeder-free conditions (e) ALS31-9 (f) 

SC132-1, scale bar 100µm. 
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Figure 4.2: Representative images for iPSC colonies in passage 3 and 4 from 

NRXN1D4C2 and NRXN1D4C3: (a, b) iPSC colonies are passaged every 6-7 days 

and split 1:6 on to Geltrex coated plates. On average >50% of the cells attached after 24 

hours and many of those that attach failed to form tightly packed colonies or  

immediately underwent spontaneous differentiation as seen (c,d) formed large EB-like 

clumps which grew more dense and did not demonstrate an iPSC-like morphology with 

differentiation around the edges.  
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4.3 Alkaline phosphatase staining as an early determining factor in pluripotency 

High alkaline phosphatase (AP) activity has been established as one of the most basic 

yet earliest and most simple methods for identifying the undifferentiated pluripotent 

state in hESCs (Yamanaka and Takahashi 2006; Lu, Tsai et al. 2011) and iPSCs (Lu, 

Tsai et al. 2011). AP is a hydrolase enzyme which dephosphorylates nucleotides and 

proteins, among other molecules. Undifferentiated pluripotent cells such as iPSCs will 

turn a deep pink/ purple colour in the presence of AP when fixed, while differentiating 

or terminally differentiated cells such as fibroblasts will remain colourless (figure 4.3 a-

c). This method can be used as a rapid means of detecting cells with a high AP activity, 

present on the cell surface, but is not a definitive test, and serves only as a starting point. 

Other methods such as pluripotency gene expression and teratoma forming ability must 

be tested. 

Any iPSC colonies selected for characterization were first subject to AP staining, and 

lines which were shown to be AP positive (AP +) were maintained in culture and 

characterized further. Cells were seeded at a low density in a 24 well plate and 

maintained for 3 days prior to staining until the colonies reached 70% confluence. At 

this point the cells were fixed and stained for 10 minutes. All lines were stained using 

the same protocol, including the fibroblast controls. Cells were considered AP+ if the 

colony stained a strong pink/ purple throughout. If cells stained around the edges and 

faintly in the middle, they were considered partially AP+. Cells were considered AP 

negative (AP-) if there was no recognizable colour change.  Overall, the majority of 

iPSC colonies chosen on the basis of their ESC-like morphology stained positive for AP 
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activity with deep pink/ purple staining throughout the colonies. Some lines did 

demonstrate only partial AP staining (figure 4.4 a, b) which may have more to do with 

the density of the colonies or the colonies were beginning to differentiate at the time the 

cells were fixed. In areas with visible patches of spontaneous differentiation, the cells 

which had lost pluripotency remained colourless and could be easily identified. Any 

iPSC lines which were found to be AP negative overall were discarded from culture.  
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Figure 4.3 Representative images for AP staining of iPSC lines to validate their 

undifferentiated state. Lines which stained positive for AP activity stained quite 

clearly (a) 02v-1, (b) NRXN1C1-1, (c) 03v-1, (d) NRXN1D1-1, (e) SC128-1 and (f) 

SC132-1, scale bar 100µm. 
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Figure 4.4: AP staining of ALS patient-derived iPS lines. Different lines were stained 

to a different extent with some only exhibiting partial AP staining. (a) ALS21-1 

demonstrated (+) staining in some colonies with staining only around the borders. (b) 

Partial staining seen in the majority of colonies in ALS21-2. (c) Other wells of ALS21-1 

showed uniform staining of colonies. (d) The iPSC clones from ALS31 all resulted in 

intense uniform staining for (+) AP activity, shown here ALS31-X1, scale bar 100µm. 
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Figure 4.5: AP stain for negative cells used as a control to demonstrate a lack of AP 

activity. Samples were stained in parallel to the iPSC lines and did not stain a deep 

pink/ purple colour, indicating they were AP- (a) NRXN1C1 (b) NRXN1C3  
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4.4 qRT-PCR analysis of endogenous and exogenous pluripotency gene 

expression 

 

The alkaline phosphatase staining served as an early indicator of undifferentiated 

pluripotent stem cells. Next, it was necessary to quantify the levels of endogenous 

expression of the 3 genes responsible for maintaining cells in the pluripotent state and 

facilitating self renewal; OCT4, SOX2 and Nanog. RNA was isolated from 3 iPSC 

clones derived from each donor to also examine heterogeneity in iPSC lines. RNA was 

isolated using the same timing and conditions for each line. RNA was harvested from 

cells 6 days after passaging as the cells were approaching 70% confluence. 1µg of RNA 

was used per sample to synthesize cDNA and a final concentration of 10ng cDNA was 

used per well in the qRT-PCR. Primers were used at a final concentration of 100nm. 

GAPDH was found to be the most suitable housekeeping gene to normalize all the data 

to (data not shown). Other housekeeping genes included beta actin, RNA polymerase 

and Drosha. Positive controls harvested from ESCs were not available. The parental 

fibroblasts from which the iPSC lines were derived were used as the negative control. 

All of the iPSC lines showed significantly increased expression levels for the 3 

pluripotency-associated genes. Expression of the genes of interest were absent in the 

control fibroblast lines. While the majority of iPSC lines had similar expression levels 

for each of the genes, there were differences between clones (Figure 4.5 a) derived from 

the same line and also some variability between donors (Figure 4.5 b). In spite of this, 

the changes were negligible in comparison to the negative controls. The lines all had 

similar patterns of expression, e.g. a typical SOX2 mRNA expression increase of 4X10
3 

fold compared to the parent fibroblasts. Nanog expression levels, although generally 
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found to be much lower compared to the OCT4 and SOX2 levels, was still significantly 

increased in the iPSC samples compared to the controls (Figure 4.5 c). 

qPCR was also carried out to observe whether or not the high levels of endogenous 

OCT4 and SOX2 levels were due in any part to the presence of the transgenes used to 

reprogramme the lines. Primers were designed against the lentivirus construct, as 

outlined in the methods section, to include a sequence from the gene of interest but also 

a sequence outside of these genes such as the IRES sequence to ensure binding of the 

primers to the transgenes alone. RNA was harvested from the iPSC lines generated at a 

number of time points to demonstrate the decrease/ absence of expression of the 

transgenes in the lines. By passage 3 (figure 4.6d) it was found that there were 

negligible levels of the transgene present in the iPSC lines. While there was still some 

expression in a couple of the lines this was gradually reduced over the following 

passages.  
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Figure 4.6: Representative results for qRT-PCR to determine endogenous 

expression levels for the pluripotency factors OCT4, SOX2 and NANOG. (a) 3 

NRXN1 deletion donor and 3 non-affected control IPS lines (2 clones per line) were 

subjected to qPCR to compare mRNA expression of OCT4 (P= 0.0001 for NRXN1 

deletion lines)(a) and SOX2  (P= 0.0001 for NRXN1 deletion lines, P= 0.0001 for FXS 

lines)(b) . ddCt values were normalised to those of the parent fibroblasts. There was a 

significant difference in expression of the genes when compared to those of the parent 

fibroblasts. (b)The FXS samples all on average had similar levels of SOX2 expression 

when the clones were compared between lines with differences in OCT4. (c) All the 

lines tested demonstrated increased NANOG expression compared to the control 

fibroblasts (P= 0.04 for NRXN1 deletion lines, P=0.01 for FXS lines). (d) To 

demonstrate that the high expression of these genes was not due to expression of the 

transgenes introduced with the lentivirus, qPCR was carried out on iPSC lines at various 

passages. Shown here, at passage 3, expression was shown to be greatly reduced in all 

lines. Some expression of exogenous OCT4 and SOX2 remained but at low levels by 

this passage. All qPCRs were done in duplicate or triplicate. All PCRs were normalized 

to GAPDH.  PCRs were repeated in duplicate, all with 3 technical replicates of each 

samples. P values obtained using t-test. P values <0.05 considered significant. 
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4.4 Immunocytochemistry for the detection of ESC markers 

To complement and further confirm the qRT-PCR data, the iPSC lines were also 

examined for endogenous pluripotency-associated marker expression on a protein level. 

This was achieved via immunocytochemistry. All iPSC lines were cultured and stained 

under the same conditions. iPSC colonies were seeded onto Geltrex coated wells of an 8 

well chamber slide and cultured in PluriStem medium, with changes every other day for 

4 days until the wells were 70% confluent and colonies were large enough to stain. Cells 

were fixed and stained for 6 markers in total; the 3 TFs OCT4, SOX2 and NANOG were 

stained for to corroborate the qRT-PCR data. The iPSCs were double stained with cell 

surface markers SSEA4, TRA 1-60 and TRA 1-81. Images were acquired using the 

Olympus laser scanning confocal microscope.  

The cells all stained positive at similar levels for the TF markers (Figure 4.7-4.9, green), 

while there was no visible expression in the fibroblast controls. There was variability in 

the expression of the surface markers between clones and between lines. The surface 

markers were more difficult to detect and seemed to have different expression levels 

from clone to clone (Figure 4.7-4.9, red), though upon analysis this was not related to 

donor, age or disease state (data not shown). While the expression of the surface 

markers was not as consistent and in many cases not as strong as the nuclear markers, it 

was still present in the iPSCs and completely absent in the fibroblast controls. 

 Overall, all of the iPSC lines stained positive for 6 pluripotency markers, though some 

more positive than others. The staining pattern was similar to the qRT-PCR data which 

showed varying expression of each of the genes; yet, in comparison to the negative 

controls, the iPSCs had significantly increased expression of the proteins of interest. 
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Figure 4.7: Representative images from ICC staining for markers of pluripotency 

OCT4 (green)  and SSEA4 (red). (a) 001cc1 and (b) NRXN1D1-1 showed consistent 

staining for both OCT4 and SSEA4, although it was more strongly expressed in 

NRXN1C1-1. (c) NRXN1D2-4 and (d) SC128-1 were observed to have strong OCT4 

expression but the SSEA4 was only detectable in patches, scale bar 50µm. In d) It is 

worth noting that in (d) there is a large area of differentiation in which there is no OCT4 

expression. This highlights that expression of OCT4 is switched off upon differentiation.  
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Figure 4.8: Representative images from ICC staining for the markers of 

pluripotency SOX2 (green) and TRA1-60 (red). All lines stained were found to be 

positive for the markers with consistent staining for both SOX2 and TRA 1-60. (a) 03V-

1 has quite consistent expression while (b) 02V-1 seemed to have less SOX2 detected. 

This area of imaging had a high number of dividing cells which led to the SOX2 marker 

being switched off. (c) NRXN1D3-2 has stronger TRA 1-60 expression which may just 

be due to the colonies being more densely packed. (d) SC126-1 was positive for both 

markers, scale bar 50µm. 
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Figure 4.9: Representative images from ICC staining for the markers of 

pluripotency NANOG (green) and TRA 1-81 (red). (a) SC132-1, cells stained 

positive for the markers NANOG and TRA 1-81, while an area of differentiation can be 

seen at the bottom of the colony where the nuclei are visible but there is no NANOG or 

TRA 1-81 signal. (b) NRXN1D2-X1, (c) ALS21-2 and (d) ALS31-1, all the lines were 

positive for the markers with varying degrees of TRA 1-81 expression, scale bar 50µm 
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4.5 In vitro assessment of pluripotency (EB formation assay) 

The preliminary data for characterization was indicative that the cells generated from 

fibroblasts were pluripotent. The next step was to demonstrate that these iPSCs could 

form embryoid bodies (EBs), 3D aggregates capable of spontaneously differentiating 

and giving rise to cells from all 3 germ layers. Also, many of the protocols for 

differentiation first require the generation of EBs. Early attempts at EB formation 

focused on the traditional cut and paste method, also used for passaging the cells. 

Colonies were cut into small sections of the same size using a 10µl pipette tip under a 

microscope and the wells then scraped using a cell scraper. The detached clumps were 

transferred to suspension in T75 flasks in 25ml of EB medium. While this method did 

generate EBs, it was not efficient. The EBs formed were heterogeneous in size and there 

was considerable loss of cells (Figure 4.9a, b). Typically, 2-3X10
6
 iPSCs were cut and 

placed in suspension for each iPSC line, which resulted in less than 100 EBs per flask 

by day 4, at which point neural induction was due to begin. Another limiting factor was 

the differing sizes of the EBs which ranged from 100-500µm, a factor which affected 

the differentiation potential of the cells. EBs were picked using a 1ml pipette tip and 

seeded into adherent culture to examine spontaneous differentiation. The EBs which 

were smaller in size, <200µm, attached and began to differentiate, while the larger 

spheres (accounting for 60% of the EBs, >200um) failed to attach and differentiate. The 

lines used to generate EBs using this method were subject to spontaneous differentiation 

with the EBs attaching and cells emerging after 24 hours (Figure 4.10). These cells were 

maintained in EB medium for 6 days to allow cells to grow out. The samples were fixed 

with 4% PFA and stained for markers of the 3 germ layers; alpha fetoprotein 
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(endoderm), alpha smooth muscle actin (mesoderm) and beta III tubulin (ectoderm). 

Each line stained positive for all 3 germ layers (Figure 4.11-4.13). 

In an attempt to standardise EB formation and have more control over the differentiation 

potential of the cells, protocols were switched to the use of Aggrewell™400 plates with 

microwells (Fig 4.9c, d). Using this method, iPSCs were dissociated with Accutase, 

counted and transferred to the wells of the Aggrewell, each of which contained 1200 

microwells. Approximately, 2.0X10
5 

iPSCs were transferred to each well, resulting in 

approx. 200 cells per EB. The plates were centrifuged and the V-shape of the wells 

forced the cells to form aggregates. After 24 hours the EBs were formed and could be 

transferred from the wells to suspension in T75 flasks. The number of EBs generate was 

ten-fold to that seen with the cut and paste method with uniform-sized EBs with a more 

heterogeneous shape (figure 4.9). Between 800-1100 EBs were formed per line (Fig. 

4.9e, f). The more controlled size and shape led to an increase in attachment in adherent 

culture with 90% of the EBs seeded attaching and beginning to differentiate within 24 

hours.  

In order to examine the pluripotency of the cells, EBs were picked using a 1ml pipette 

tip and seeded into Geltrex-coated wells of an 8 well chamber slide for each line. Once 

attached, the EBs were left in culture to differentiate for 6 days. At this point, a number 

of different cell types could be seen emerging from the EBs (figure 4.10). Each of the 

lines was subject to EB formation using Aggrewell and subsequently cultured for 6 days 

prior to being fixed and stained for markers from the 3 germ layers:  alpha fetoprotein 

(endoderm), alpha smooth muscle actin (mesoderm) and beta III tubulin (ectoderm)  

(Figure 4.11-4.13). 
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Figure 4.10: EB formation success varied depending on the technique used. (a, b) 

03V-1 and NRXN1D1-1 respectively, 5 days after cutting the colonies manually and 

seeding into suspension. The EBs formed were heterogeneous in size and shape (c, d). 

Aggrewell™400 plates used to generate uniform size EBs shown in NRXN1D1-1 and 

NRXN1C3-3 respectively, 24 hours after seeding into the plate. The size of the EBs was 

controlled by the number of cells seeded. Scale bar 200µm. (e, f) NRXN1D2-4  and 

NRXN1D2-11 5 days after reseeding into suspension. The EBs survived in much higher 

numbers using this method and were more uniform in size, scale bar 100µM. 
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Figure 4.11: Spontaneous differentiation of EBS formed using cut & paste or 

Aggrewell. The Aggrewell produced small, more uniform sized EBs (a, c) 02V-1 EB 

after 24 hours and 3 days in adherent culture, respectively. The small EBs attached in 

higher numbers and cells emerged after 24 hours. (b, d) NRXN1D1-1 at 24 hours and 3 

days, respectively, EBs were formed using the cut & paste method giving large, 

heterogeneous EBs of which less attached. The larger ones which did attach did 

differentiate, if more slowly. Scale bar 100µm. 
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Figure 4.12: EBs differentiate into endoderm. EBs from iPS lines 02V-1 (a), 

NRXN1C3-4 (b), NRXN1D2-4 (c) were allowed to differentiate for 8 days, and then 

stained for the presence of AFP (red), scale bar 50 µm. 
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Figure 4.13: EBs differentiate into mesoderm. EBs from iPS lines 02V-1 (a), 

NRXN1C3-4 (b), NRXN1D2-4 (c) were allowed to differentiate for 8 days, and then 

stained for the presence of actin (red), scale bar 50 µm.  
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Figure 4.14: EBs differentiate into ectoderm. EBs from iPS lines 02V1 (a), 

NRXN1C3-4 (b), NRXN1D2-4 (c) were allowed to differentiate for 8 days, and then 

stained for the presence of TUJ1 (red), scale bar 50 µm. 
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4.6 Teratoma formation assay 

Collectively, the characterization data gathered to this point on the pluripotency of the 

cells confirmed the iPSC lines generated were functionally pluripotent and fit for 

purpose. The teratoma formation assay, which examines the ability of PSCs to 

differentiate into cells from all three germ layers in vivo, was considered to be the final 

step in validating the pluripotent potential of the iPSC lines.  

For the purposes of this experiment, 1.0X10
6 

iPSCs were injected into the testis of 2 

different types of immunocompromised mouse to compare efficiency for teratoma 

formation; the severe combined immunodeficient (SCID; n=11) mouse and the NOD 

scid mouse (NSG; n=11). iPSCs were cultured under standard PSC conditions and 

harvested once they had reached 75% confluence. Cells were not allowed to become 

over-confluent to avoid background differentiation, cell senescence or loss of 

pluripotency. The dissociated iPSCs were resuspended in 50µl KO DMEM 

supplemented with 1% Geltrex, as per publication the protocol was based on 

(Wesselschmidt 2011), maintained on ice until required for use and injected into the 

testis of the mouse. Mice were monitored on a regular basis and the presence of the first 

tumor formation was indicated after six weeks in the first mouse, a SCID mouse. The 

next teratoma did not become visible until week ten, which also happened to be in a 

SCID mouse. After 20 weeks the decision was made to sacrifice the animals and excise 

any growths, if they were present. The assay was continued to this point to allow for any 

late tumor growths.  

 In total, a solid teratoma was only generated in 3 out of the 22 mice injected; SC126-1, 

NRXN1D1-4 and NRXN1D1-X1, all of which were formed in SCID mice. The 
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teratomas were all between 2- 2.5cm
2
 in size. Large fluid filled testicular cysts were 

found in three of the animals, ranging in size from 1.5- 4.0 cm, while the rest of the 

animals showed no sign of engraftment of the iPSCs or abnormal growth of any nature. 

When the teratomas were excised from the animals and sectioned for histological 

staining, the 3 tumors did reveal a disorganized mass which encapsulated cells from all 

three germ layers. A number of different cell types were identified in close proximity to 

one another, including muscle, cartilage, early bone tissue, adipose tissue, neural cells 

and gut-like epithelium. The histology slides were stained with either H&E stain or 

Mason’s Trichrome, and teratomas were only considered pluripotent if cells were 

identified from all three germ layers; ectoderm, mesoderm and endoderm (Figure 4.14). 

The Mason’s Trichrome was useful for readily picking out the different cell types 

staining for cartilage (purple), keratin and muscle (red), collagen and bone (green). A 

considerable amount of cartilage was found in the teratomas upon sectioning, along with 

gut-like epithelium, skeletal muscle and collagen. Each of the 3 teratomas sectioned was 

observed to have cells from each germ layer within the disorganized mass. 

 The testes were removed from the animals which failed to show any signs of growth 

and subject to the same staining to compare the unaffected tissue to the teratoma 

formation and to confirm that there were no other tissue types present. No other cell 

types were identified in any of the sections of testis. Overall, due to the low success rate 

of teratoma formation upon IPSC injection, this method failed to prove that the iPSC 

lines were indeed pluripotent using this method. 
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Figure 4.15: Teratomas were excised from the mice and sectioned for staining to 

validate the presence of cells from all three germ layers.  (a-c) Sections stained with 

Trichrome revealed the presence of cartilage, neural cells and gut-like epithelium 

respectively in NRXN1D1-4 (d-f) Similar cells were found in the sections from 

NRXN1D1-X1 except for a higher amount of early bone formation (stained green, d) 

The same cell types were found among the disorganized mass in sections of SC126-1 (g-

i). Scalebar 100µm  
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Figure 4.16: The teratomas excised from the animals. These teratomas were large, 

being >2cm, and solid their own blood supply (a) NRXN1D1-4 (b) NRXN1D1-X1 and 

(c) SC126-1.  Large, fluid filled cysts were also found which contained no defined tissue 

(d). All images were taken immediately after harvesting. 
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Figure 4.16: The testes of many of the mice remained unchanged 12 weeks after 

injection with iPSCs. The testes had no visible change in morphology or size (a) testes 

injected with SC128-1 while smaller fluid filled cysts were found (b). When the testes 

were sectioned and stained with H&E, only normal testes tissue was detected (c) testes 

injected with SC128-1 and (d) 03V-1. Scalebar 100µm 
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4.7 Pluritest 

The teratoma formation assay, failed as a means of conclusively demonstrating that the 

iPSC lines generated were truly pluripotent with only 3 out of 22 animals having 

generated teratomas following the injection of iPSCs. Pluritest is widely regarded as the 

new animal-free alternative to the teratoma formation assay. RNA was isolated from 24 

iPSC lines using the Qiagen kit, as per manufacturer’s instructions, and the RNA 

quantified using the Nanodrop. 30-50µl of RNA at a final concentration of 100ng/µl was 

required per sample. The samples were shipped to Cedars Sinai, Los Angeles for the test 

to be run. The PluriRaw or pluripotency score shows if the samples analyzed have a 

similar pluripotency signature as an established stem cell matrix model. The novelty 

score determines the presence of genes which should not be typically present in 

pluripotent cell types and could be indicative of contamination with differentiated cells 

or karyotypic abnormalities (Muller, Brandl et al. 2008; Muller, Schuldt et al. 2011). 

Overall, if a line is found to have a pluripotency score of greater than 20 and a novelty 

score less than 1.7, the line is considered pluripotent and to have passed. In total, only 8 

of the 24 lines tested were found to have passed the Pluritest assay (table 4.2).  

 

 

 

 

 



Chapter 4 
 

146 
 

Table 4.2:  A summary of the Pluritest results generated from the iPSC lines. Lines 

which were given a ‘pass’ achieved the required PluriRaw and novelty scores which 

deemed them pluripotent. Other lines which failed to meet the criteria were deemed to 

require further evaluation 

 

Sample name Pluri Raw Pluri Logit P Novelty Novelty Logit P Results 

002V-1 22.922 1 1.487 0.022 Pass 

003V-1 16.792 1 1.737 0.222 Further Evaluate 

003V-2 20.26 1 1.645 0.101 Pass 

003V-X1 17.404 1 1.763 0.27 Further Evaluate 

NRXN1C1-1 15.528 1 1.791 0.329 Further Evaluate 

NRXN1C1-2 18.079 1 1.689 0.149 Further Evaluate 

NRXN1C1-X1 21.283 1 1.648 0.103 Pass 

NRXN1D1-4 17.835 1 1.706 0.172 Further Evaluate 

NRXN1D1-1 22.02 1 1.618 0.078 Pass 

NRXN1D1-X1 8.816 1 1.943 0.697 Further Evaluate 

NRXN1D2-4 15.057 1 1.632 0.09 Further Evaluate 

NRXN1D2-11 23.115 1 1.66 0.115 Pass 

NRXN1D2-X1  20.089 1 1.681 0.139 Further Evaluate 

NRXN1C3-3 10.965 1 1.754 0.252 Further Evaluate 

NRXN1C3-4 18.812 1 1.677 0.133 Further Evaluate 

NRXN1C3-X1 18.812 1 1.726 0.203 Further Evaluate 

NRXN1D3-1 19.566 1 1.446 0.015 Further Evaluate 

NRXN1D3-2 23.075 1 1.515 0.029 Pass 

NRXN1D3-X1 22.126 1 1.675 0.132 Further Evaluate 

NRXN1D4-1 12.338 1 1.526 0.032 Further Evaluate 

NRXN1D4-2 -0.658 0.341 1.548 0.04 Further Evaluate 

NRXN1D4-X1 2.708 0.938 1.68 0.138 Further Evaluate 

NRXN1C4-1 20.167 1 1.439 0.014 Pass 

NRXN1C4-2 21.3 1 1.347 0.005 Pass 
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Table 4.3a:  A summary of the pluripotency assays carried out on the iPSC lines 

generated. A  indicates the line was positive for the test. An  indicates the line failed 

the test. A – indicates the test has not been carried out. 

 

iPSC line ID Morphology AP stain qPCR Immunocytochemistry 

02v-1     

02v-2    - 

02v-x1     

03v-1     

03v-2     

03v-x1     

NRXN1D1-1     

NRXN1D1-4     

NRXN1D1-X1     

NRXN1C1-1     

NRXN1C1-2     

NRXN1C1-X1     

NRXN1D2-4     

NRXN1D2-11     

NRXN1D2-X1     

NRXN1D3-1     

NRXN1D3-2     

NRXN1D3-X1     

NRXN1C3-3     

NRXN1C3-4     

NRXN1C3-X1     

NRXN1D4-1     

NRXN1D4-X1     

NRXN1C4.1-2     

NRXN1C4.1-4     
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Table 4.3b:  A summary of the pluripotency assays carried out on the iPSC lines 

generated. A  indicates the line was positive for the test. An  indicates the line failed 

the test. A – indicates the test has not been carried out. 

 

iPSC line ID EB formation 3 germ 

layers 

Teratoma 

formation 

Pluritest 

02v-1     

02v-2 - - - - 

02v-x1 - - - - 

03v-1     

03v-2   -  

03v-x1   -  

NRXN1D1-1     

NRXN1D1-4     

NRXN1D1-X1     

NRXN1C1-1     

NRXN1C1-2     

NRXN1C1-X1     

NRXN1D2-4   -  

NRXN1D2-11   -  

NRXN1D2-X1   -  

NRXN1D3-1   -  

NRXN1D3-2   -  

NRXN1D3-X1   -  

NRXN1C3-3   -  

NRXN1C3-4   -  

NRXN1C3-X1   -  

NRXN1D4-1   -  

NRXN1D4-X1   -  

NRXN1C4.1-2   -  

NRXN1C4.1-4   -  
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Table 4.3c:  A summary of the pluripotency assays carried out on the iPSC lines 

generated. A  indicates the line was positive for the test. An  indicates the line failed 

the test. A – indicates the test has not been carried out. 

 

iPSC line ID Morphology AP stain qPCR Immunocytochemistry 

SC126-1     

SC128-1     

SC132-1     

ALSC01-1     

ALSC01-2     

ALSC01-X1     

ALSC03-1     

ALSC03-2     

ALSC03-X1     

ALS24-1     

ALS24-2     

ALS24-x1     

ALS21-1     

ALS21-2     

ALS21-X1     

ALS31-8     

AS31-9     

ALS31-X1     

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 
 

150 
 

Table 4.3d:  A summary of the pluripotency assays carried out on the iPSC lines 

generated. A  indicates the line was positive for the test. An  indicates the line failed 

the test. A – indicates the test has not been carried out. 

 

iPSC line ID EB formation 3 germ 

layers 

Teratoma 

formation 

Pluritest 

SC126-1    - 

SC128-1    - 

SC132-1    - 

ALSC01-1   - - 

ALSC01-2   - - 

ALSC01-4   - - 

ALSC03-1   - - 

ALSC03-2   - - 

ALSC03-11   - - 

ALS24-1   - - 

ALS24-2   - - 

ALS24-x1   - - 

ALS21-1   - - 

ALS21-2   - - 

ALS21-X1   - - 

ALS31-8   - - 

AS31-9   - - 

ALS31-X1   - - 
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4.8 Discussion 

The main appeal of iPSCs in the field of regenerative medicine is their similarity to 

hESCs, not only in their ability to self-renew but also their expression of hESC markers 

such as SSEA4, TRA 1-60 and TRA 1-81 (Feng, Jia et al. 2013). Thus, while ESCs are 

derived from the pre-implantation inner blastocyst and have this naïve pluripotency, iPS 

cells are created by forced expression of selected embryonic transcription factors in a 

somatic cell such as a fibroblast in order to drive terminal differentiation back to an 

embryonic-like state. This method relies on the memory of the cell effectively being 

erased. The reprogramming methods used have varying reprogramming efficiencies 

ranging from 0.005-0.1%, and the previous chapter has demonstrated how iPSC colonies 

which have emerged may only be partially reprogrammed or fully reprogrammed.  

Since the first publication on the derivation of PSCs from somatic cells (Yamanaka and 

Takahashi 2006), there has been a barrage of publications utilizing this technology to 

investigate disease and produce patient-specific in vitro models. The promise of using 

iPSCs as a tool in regenerative medicine relies on the fact that the cell lines generated 

are truly pluripotent and not transformed or partially reprogrammed. As such, a standard 

battery of assays has been developed to validate the pluripotent status of these cells, 

which served as the basis for the characterization methods in this study.  

All the iPSC clones selected from the reprogramming dishes were chosen based on their 

morphology. Colonies began to emerge quite early on (day 6 in the episomal 

reprogramming and day 10 in the lentivirus reprogramming). However, not all of the 

initial colonies developed into fully reprogrammed iPSCs. Colonies which had a flat, 



Chapter 4 
 

152 
 

tightly packed appearance which steadily expanded and had a well-defined border were 

selected, and typically these colonies did attach and grow.  Some clones which were 

selected did fail to retain their ESC-like identity once transplanted to fresh wells, which 

was the most obvious indication that reprogramming was incomplete with these cells.   

The simplest, most primitive way to identify whether or not the colonies picked have the 

potential to be iPSCs was examined via the AP staining assay. Positive AP staining can 

be considered a preliminary indication of the presence of undifferentiated stem cells. AP 

staining is not considered a definitive test to identify pluripotency but rather a basic 

benchmark to choose lines with which to continue the characterisation process. Overall, 

it was found that the majority of iPSC lines picked were AP+. Any clones which were 

AP- were discarded. A negative result was distinguished as a colony which has no 

noticeable colour change, comparable to the parent fibroblast lines which were used as 

the negative control. The AP staining combined with the morphology served as a good 

indicator of the whether or not the cells were iPSCs. However, these two observations 

were not enough to confirm if the cells were truly pluripotent. 

qRT-PCR was used to examine expression of the endogenous pluripotency-associated 

transcription factors OCT4, SOX2 and NANOG which have been deemed essential in 

the maintenance of the embryonic-like state (Wernig, Meissner et al. 2007), the ability 

to self-renew and also determines the overall capacity of the line to differentiate (Loh, 

Wu et al. 2006). Each of the iPSC lines was tested using qRT-PCR for these genes with 

the parental fibroblasts used as the negative controls, and the results did confirm 

significant expression of the 3 TFs in the iPS cells. On average, compared to the 

fibroblasts, the derived iPSC lines demonstrated a 2000-4000 fold increase in the 
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expression of OCT4, deemed to be the most critical factor in the induction of 

reprogramming (Radzisheuskaya, Chia Gle et al. 2013), with similar expression of 

SOX2. Although NANOG was found to be expressed at a lower level, it was still 

increased by an average of 500-1000 fold compared to the fibroblast controls. These 

data did confirm that the iPSCs generated did endogenously express the 3 TFs at high 

levels.  

The iPSC lines were also subject to immunocytochemical staining to confirm the 

presence of surface markers SSEA4, TRA 1-60 and TRA 1-81 along with endogenous 

protein levels for OCT4, SOX2 and NANOG. All iPSC lines were cultured and stained 

under the same conditions, again using the parent fibroblasts as a negative control. The 

data collected from the staining reflected the qRT-PCR with high levels of expression of 

all the markers of interest. There was no visible difference in expression between the 

iPSC lines regardless of age or disease state. There was clear nuclear staining present 

indicative of OCT4, SOX2 and NANOG proteins. The surface markers were slightly 

more difficult to detect, even using a laser scanning confocal to image and creating Z-

stacks of the images. Although the surface markers were not so highly expressed they 

were present and visible on the cells, some more so than others, but this may just be 

cooperating with the qRT-PCR data in which different levels of the TFs were expressed. 

The expression of the different markers at varying levels between lines may just be a 

result of the cell condition, for example, seeing OCT4 switched off during cell division. 

There was no detectable signal in the negative control fibroblasts for any of the markers 

stained for with just the nuclei being visualized.  
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Collectively, the characterization data so far builds a strong case that these cells are 

ESC-like with regards to morphology and gene/ protein expression. However, the whole 

promise of these pluripotent stem cells is their ability to differentiate into any cell in the 

body. This ability needed to be tested and validated in vitro and in vivo. To determine if 

the cells were pluripotent in vitro, the EB formation assay was employed in which 

iPSCs are cultured in suspension as 3D aggregates which can spontaneously 

differentiate once attached to a culture surface. These differentiated EBs were then 

investigated to observe whether or not the cells which emerged were derived from all 3 

germ layers. This spontaneous differentiation was examined using ICC staining for 

markers against the three germ layers; AFP, ASM and TUJ1. EBs were generated from 

each iPS line and allowed to differentiate. While the EB formation method required 

optimization to get adequately sized EBs, all lines did test positive for the 3 germ layers. 

For the purposes of this experiment, iPSCs were injected into the testis of 2 different 

types of immunocompromised mouse to compare efficiency for teratoma formation. 

This was in part due to the lack of consistency in publications. The two mouse strains 

chosen were the severe combined immunodeficient (SCID) mouse and the NOD SCID 

mouse (NSG). The SCID mouse is homozygous for the SCID mutation and 

characterized by an absence of B and T lymphocytes (Bosma and Carroll 1991), while 

the NSG mouse is defined by its lack of mature B and T cells, natural killer cells and 

cytokine signalling. The NSG mouse model has seen increased use due to its apparent 

high susceptibility to engraftment of human cells (Ito, Takahashi et al. 2012; Kanaji, 

Tadokoro et al. 2014). The testes were chosen as the injection site due to the fact that the 

cells would be encapsulated. The teratoma formation assay has long been considered 
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‘the gold standard’ of pluripotency tests to establish the ability of iPS lines generated to 

form a tumor in vivo which contains cells from all three embryonic germ layers 

(ectoderm, endoderm and mesoderm). The basic premise of this experiment is that when 

putative pluripotent stem cells are injected into an immunocompromised animal, usually 

a mouse, the cells can give rise to a benign tumor which is comprised of differentiated 

cells originating from all three germ lineages (Zhang, de Almeida et al. 2008). There is a 

considerable amount of variability between methods used for teratoma formation, 

including different cell numbers (0.5-2.0X10
6
), different injection sites and how the 

cells are prepared, be it in medium, Matrigel or saline solution (Muller, Goldmann et al. 

2010). The accuracy and reliability of this assay has been called into question in recent 

years and has even led to the development of alternative methods to examine the 

pluripotent potential, the most prominent of which is the ‘Pluritest’ assay (Muller, 

Goldmann et al. 2010; Buta, David et al. 2013). 

 Overall, the teratoma assay failed to work in spite of preliminary data including high 

levels of expression of endogenous pluripotency genes and the ability to form cells from 

all three germ layers in vitro. Only 3 mice were found to have developed solid 

teratomas, confirmed by sectioning the teratomas harvested and staining the tissues. 

Three mice were found to have large fluid-filled cysts while the remaining animals had 

no observable growth at all. The remainder of the lines failed to form teratoma which 

was indicative that it was not the method of injection or the site but rather the lines may 

not actually be pluripotent in nature. 

The next logical step was to investigate pluripotency with what is considered to be the 

new gold standard, the Pluritest. This technique is a microarray-based method which 
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analyses genes expressed in a cell and compares them with a database of genes 

expressed in the embryonic cell, giving a definitive result of how similar the cell line is 

to that of an embryonic stem cell line (Petit, Kesner et al. 2012). It is a means of 

standardizing iPSC characterization which eliminates the need for animals and the 8-12 

week period of waiting for teratomas to grow prior to the histological analysis (Muller, 

Schuldt et al. 2011). RNA was harvested from 24 iPSC lines and shipped to Cedars 

Sinai, Los Angeles for the microarray. The results generated from the Pluritest data 

called into question the pluripotency of these lines. Of 24 lines tested only 8 were found 

to have passed the criteria to confirm pluripotency. The failure of one of the lines, 

NRXN1D1-X1 which had previously passed the teratoma formation assay indicated that 

the teratoma formation assay may have produced ‘false positives’.  

Overall, it was found that the lines generated were pluripotent expressing all the 

required genes and proteins .  Taken together, the results presented in this chapter show 

the pluripotency status of iPS lines generated from human dermal fibroblasts, as 

validated by morphology, alkaline phosphatase expression, and the expression of 

pluripotency markers on a molecular and protein level. The teratoma formation assay 

and Pluritest assay, however, did not confirm this pluripotency with many of the lines 

failing. Once a line has failed these assays they should not be considered truly 

pluripotent. 
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Chapter 5 Differentiation of iPSCs into glial/neuronal subtypes 

5.1 Introduction 

Stem cell biology has become an increasingly popular field for the creation of in vitro 

models of disease. Often, research can be limited by a lack of access to the diseased 

tissue or patients’ consent to invasive procedures. The ability to create any cell type 

under defined conditions in culture has been followed by a wave of publications 

describing novel iPSC-derived cell models of complex neurodevelopmental and 

neurodegenerative diseases in recent years. There have been numerous iPSC studies on 

ASDs such as Rett syndrome (Marchetto, Carromeu et al. 2010), Fragile X Syndrome 

(Urbach, Bar-Nur et al. 2010), Prader Willi Syndrome (Yang, Cai et al. 2010), and many 

neurodegenerative diseases, including Huntington’s (Kaye and Finkbeiner 2013), 

Parkinson’s disease (Byers, Lee et al. 2012) and Alzheimer’s disease (Israel, Yuan et al. 

2012), 

Autism spectrum disorder (ASD) is a term which encapsulates a complex range of 

neurodevelopmental disorders affecting social, communication and behavioural skills, 

and is typically diagnosed in infancy or the first three years of a child’s life (Lord, Cook 

et al. 2000). ASD is a heterogenous condition, affecting each individual to different 

degrees, including intellectual disability, susceptibility to seizures and stereotyped 

behaviours.  ASD also varies in the severity of the symptoms, often affecting the age of 

initial detection and diagnosis and the pervasiveness of the disorder. The genetic basis 

for ASD was proven in early twin studies and further validated when autism and autistic 

traits were observed to be highly heritable (Steffenburg, Gillberg et al. 1989; Bailey, Le 
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Couteur et al. 1995). Subtle autistic-like traits have also been observed in non-affected 

siblings of autistic probands (Piven, Palmer et al. 1997). 

The neurexins are a family of presynaptic heterophilic cell adhesion proteins which bind 

to neuroligins (NLGNs), forming trans-synaptic complexes at both excitatory and 

inhibitory (E/I) synapses, facilitating signalling across synapses. Neurexins play a vital 

role in synaptic development, plasticity and specificity as well as Ca
2+ 

transmission at 

these E/I synapses (Geppert, Ushkaryov et al. 1992; Ushkaryov, Petrenko et al. 1992; 

Sudhof 2008). NRXN1α disruptions and deletions have been found to be complicit in 

neurodevelopmental disorders, including schizophrenia (Kirov, Gumus et al. 2008), 

bipolar disorder (Grozeva, Kirov et al. 2010), autism (Duong, Klitten et al. 2012), as 

well as addiction (Bierut, Madden et al. 2007).  

Numerous areas of the brain have been documented to be affected by autism, including 

the amygdala, the area responsible for emotional response, and the neocortex, which is 

responsible for higher function, perception and behavioural traits. Disruption in GABA 

signalling has been attributed to impaired neurodevelopment in autism (Pizzarelli and 

Cherubini 2011). GABA interneurons facilitate the release of GABA, the main 

inhibitory neurotransmitter in the brain. These interneurons are believed to be vital in 

maintaining an excitatory/ inhibitory balance within the neuronal circuitry, not only in 

the adult brain. The NRXNs interact with NLGNs, recruiting postsynaptic scaffold 

proteins and neurotransmitter (NT) receptors, effectively establishing synaptic Ca
2+

 

channels and facilitating Ca
2+

 channel triggered NT release (Sudhof 2008). More 

recently, it has been established that while beta-NRXNs are required for establishing 

both glutamatergic and GABAergic synapses, the alpha-NRXNs have been found to be 
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involved only in the formation of GABAergic synapses (Kang, Zhang et al. 2008). 

Dysfunctional NRXN1α could derail synaptic formation and lead to an E/I imbalance 

seen in autism (Sudhof 2008). 

The hypothalamus is the area of the brain responsible for homeostasis, linking the 

endocrine and nervous system via either stimulation or inhibition of a number of 

hormones, including oxytocin, growth hormone-inhibiting and releasing hormone and 

corticotrophin releasing hormone (Hiller-Sturmhofel and Bartke 1998). Oxytocin, for 

example, has a vital role in numerous behaviours, including social recognition, bonding 

and anxiety (Hoge, Pollack et al. 2008; Churchland and Winkielman 2012). It has been 

hypothesized that hypothalamus dysfunction and hormonal imbalance are implicated in 

neurodevelopmental disorders, including autism and pervasive developmental disorders 

(Amaral, Schumann et al. 2008; Insel 2010), while neuroimaging studies revealed that 

there was reduced grey matter observed in the brains of autistic patients associated with 

oxytocin and vasopressin release (Kurth, Narr et al. 2011). 

Recent studies have also implicated astrocytes, glial cells found in the brain and spinal 

cord, in the pathogenesis of neurodevelopmental disorders including autism with regards 

to differential expression of astrocyte specific markers in areas of the brain and evidence 

of astrogliosis in the cerebellar cortex of autistic brain samples (Fatemi, Folsom et al. 

2008; Yang, Higashimori et al. 2013). Astrocytes have numerous roles in development, 

the most relevant of which is the part played in synaptogenesis and modulation of 

synaptic transmission. Astrocytes have also been found to express membrane 

transporters for several neurotransmitters, including glutamate and GABA. Abnormal 

expression of glutamate aspartate transporter protein (GLAST, aka EEAT1 aka 
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SLC1A3), which is expressed throughout the CNS and highly expressed by astrocytes, 

has also been observed in the cerebellum of autistic patient brain samples (Purcell, Jeon 

et al. 2001). 

Thus, the implication of both astrocytes and neuronal subtypes in neurodevelopmental 

disorders has been well-established; however, the exact effect of NRXN1 deletion in 

this process remains unknown. The NRXN1 deletion patient samples acquired for this 

study are all affected in the alpha region (with deletions varying in size across the 

isoform). The aim of this chapter was to differentiate the iPSC lines derived from the 

NRXN1 deletion patients and non-affected controls to neuron subtypes to investigate 

firstly, whether or not these iPSCs could be differentiated to forebrain GABA 

interneurons, an enriched population of neurons from the hypothalamus and astrocytes. 

Following validation that the differentiated cells were expressing the correct markers, it 

was intended to determine any differential expression in a number of autism associated 

genes and whether or not the NRXN1 deletion lines showed differential ability to 

differentiate towards certain lineages, i.e. the ability to differentiate into astrocytes, 

which has provided conflicting results in numerous publications with some publications 

observing reduced GFAP expression in NRXNX1 deletion-derived astrocytes (Zeng, 

Zhang et al. 2013), while others found there to be an increased expression upon 

differentiation (Edmonson, Ziats et al. 2014). The final aim of the project was to 

ascertain through proteomic analysis if there was any significant differential expression 

of proteins as a result of the NRXN1α deletion in the three different neuron subtypes 

which had been generated to see if there was any overlap between the genes altered and 
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attempt to establish a functional impact of the NRXN1-α deletion on the early stages of 

neurodevelopment in vitro. 

 

5.2 Results 

5.2.1 Investigating expression of NRXN1 in patient and control lines  

Firstly the iPSC lines generated and to be differentiated to a subpopulation of neurons 

were examined via immunocytochemistry and qPCR for any differences in expression 

between the deletion patients and their non-affected controls of NRXN1-α and also the 

beta isoform. iPSC lines from each donor were cultured, fixed and stained in 8 well 

chamber slides. Each line was stained for the expression of NRXN1-α. It was found that 

the deletion patient iPSC lines still stained quite positive for the protein, though maybe 

at a slightly reduced level (figure 5.1), these levels were not quantified via IC. These 

lines were subsequently induced to differentiation and each line was stained for the 

same antibody at the neural precursor stage and following terminal differentiation to 

immature neurons (figure 5.2). A similar pattern was observed once the cells underwent 

differentiation. All lines were found to express considerable levels of the NRXN1 

protein at the neural precursor stage and once they had begun terminal differentiation. 

In parallel to the immunocytochemistry, RNA was harvested from each of the lines at 

the iPSC stage, the NPC stage and following terminal differentiation to determine if 

there was a reduction in expression of the NRXN1-α gene in each of the lines at the 

iPSC stage and the terminally differentiated stage (primers were designed against exon 

1-5 and 6-18, the two areas which were found to be deleted in the samples). RNA was 

harvested from confluent wells of undifferentiated iPSCs or at day 30 of terminal 
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differentiation to determine the levels of expression of NRXN1-α. The results found 

were comparable to the IC staining. While there were slight variations in expression 

between individual patients and their controls, there were only slight differences overall 

in expression of levels but no significant difference in expression of NRXN1-α was 

determined between the patient samples and the non-affected controls (figure 5.3). 

 

Figure 5.1: iPSC lines were stained with an antibody against NRXN1-α to 

determine if there were any differences in expression levels. Each of the NRXN1 

deletion lines was stained in parallel to their non-affected controls. The control lines 

were found to have slightly stronger expression of NRXN1 (a, NRXN1C1-2) compared 

to the deletion patient samples (b, NRXN1D1-4). Scalebar 50µm 
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Figure 5.2: NPC lines derived from NRXN1 deletion patients and their non-

affected controls were plated for terminal differentiation and stained for NRXN1-α 

(green) and NRXN1-β (red) to determine if there were any differences in 

expression levels. Each of the NRXN1 deletion lines was stained in parallel to their 

non-affected controls. The control lines were found to have slightly stronger expression 

of NRXN1-α while there was no noticable difference in the level of NRXN1-β 

expression (a, NRXN1C1-1, c, NRXN1C3-3) compared to the deletion patient samples 

(b, NRXN1D1-4, NRXN1D3-X1). Scalebar 50µm 
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Figure 5.3: qPCR to determine whether or not there was reduced expression within 

the NRXN1-α gene as a result of the deletion in patient and non-affected control 

samples. Primers were designed against sequences within the NRXN1 gene which were 

known to be deleted (exon 1-5 and exon 6-17) and examined in (a, d) iPSCs from 3 

patients and 3 controls (b, e) in neurons enriched from the hypothalamus after 30 days 

terminal differentiation and (c, f) GABA interneurons after 30 days of terminal 

differentiation. Slight changes were observed from one donor to another however no 

significant difference was observed. ns= not significant 
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5.3.1 Generating GABA interneurons from NRXN1 patient-derived iPSCs 

In order to investigate the in vitro effects of the NRXN1 deletion iPSC lines from 3 

NRXN1 deletion patients and 3 non-affected controls (two sibling controls were 

included in this to limit genetic variability plus one age-matched control) were 

differentiated to neuronal lineages. The first method employed differentiation to a 

population of GABA interneurons based on a protocol for the generation of forebrain 

GABA neurons, claiming a purity of over 90% (Liu, Liu et al. 2013).  

iPSC lines were first induced to form EBs using the cut and paste method and cultured 

in suspension for 4 days prior to neural induction. Due to the heterogeneous nature of 

the EBs formed using this method, a large proportion (approx. 50%) of the spheres 

failed to form neural rosettes; instead attaching and differentiating into cells with an 

epithelial morphology. Aggrewell plates provided much more uniform, smaller EBs (see 

chapter 4), which made it easier to identify neural rosettes. The number of neural 

rosettes formed upon attachment was lower than the numbers stated in the Liu et al. 

publication, which was 90%. It was found that just over 45% of spheres attached formed 

neural rosettes (data not shown). The correct differentiation was validated in the early 

stages based on morphology, first with the selection of neural rosettes (figure 5.4a-c), 

indicating that the primitive neuroepithelia had been formed (Chambers, Fasano et al. 

2009). These rosettes were picked and transferred to suspension to form neurospheres. 

Following culture of the neurospheres, the cells were dissociated to a population of 

single cells, both neural stem cells (NSCs) and neural progenitor cells (NPCs), and 

cultured to expand the population of NPCs. These NPCs could be cultured for up to 5 
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passages, being split 1:6 every 7 days, in 20ng/ml bFGF and 20ng/ml EGF 

supplemented medium, prior to being differentiated. These NPCs had a heterogeneous 

morphology comprised mainly of small jagged cells which proliferated steadily (Figure 

5.5 a-c). 

To induce terminal differentiation, the NPCs were dissociated and plated onto Poly-L-

Ornithine/ laminin coated plates in neurobasal medium supplemented with 10ng/ml 

BDNF, GDNF and 20ng/ml IGF. Within 24 hours long outgrowths emerged from the 

attached cells which began to form connections with surrounding cells, The cell bodies 

became small and defined with long axons connecting clusters of these neuron-like cells 

by day 15 (Figure 5.4. d-f). There was considerable cell death in the first 14 days, 

possibly of non-neuronal cells. By day 30 following terminal differentiation the cells 

had quite a uniform appearance (Figure 5.6) with a more dense and complicated network 

being formed between the neurons. More intricate branching was observed by day 30 at 

a higher magnification in the neurons (Figure 5.6 c, d), indicating a more mature 

morphology. 

Following 7 days of terminal differentiation the lines were fixed and stained for markers 

of mature neurons and also residual expression of NPC markers (figure 5.7) to 

determine if the cells were of a neural lineage and also if they were successfully induced 

towards a GABAergic cell type. Although considerable amounts of nestin expression 

was observed, SOX3, which is expressed transiently by proliferating and differentiating 

NPCs (Wang, Stromberg et al. 2006), seemed to be expressed only in every other cell. 

TUJ1 positively stained the newly emerged long neurite outgrowths which were 

abundant in the wells and characteristic of neuronal cells. The cells did stain positive for 
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GABA, with some cells staining more positive than others. It was quite early in the 

differentiation protocol (day 30) but the staining was specific and indicative of the 

presence of GABA neurons.  

 

 

Figure 5.4: Differentiation of EBs into neural rosettes and subsequent ‘mature’ 

neurons in culture. In order to obtain neural rosettes, the ‘induced EBs’ were 

seeded into adherent conditions and allowed to attach. Neural rosettes developed 

after 24 hours in culture from the ‘induced’ lines. The population of cells which were 

believed to have undergone neural induction were selected based on their neural rosette-

like morphology following induction (a)03V-1 (B) NRXN1D1-4 (C) SC132-1 24 hours 

after attaching. Once cells were plated to terminally differentiate they assumed a 

neuron-like morphology with small, pronounced cell bodies and long outgowths 

forming a network between cells by day 15: (d) 03V-1, (e) NRXN1D1-4 and (f) SC132-

1. scale bar 100µm. 
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 Figure 5.5: Dissociated neurospheres attached in small clusters and contained a 

population of neural precursor cells which proliferated steadily. (a) NRXN1C3-3, 

(b) NRXN1D2-4 and (c) NRXN1D2-11 in passage 1 as NPCs, all of which had a similar 

morphology and growth rate. Scale bar 100µm. 
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Figure 5.6: Following terminal differentiation, these cells assumed the morphology 

of mature neurons with small pronounced cell bodies with long axons extending 

out forming connections with surrounding cells. By day 30 these neurons had formed 

a network with their surrounding cells with little or no proliferating cells remaining in 

the dish. (a) 03V-1, (b) NRXN1D1-1, (c) NRXN1D2-4 and (d) NRXN1D2-11. Scale bar 

100µm. 
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Figure 5.7: IC to validate differentiation towards a neural lineage, and towards a 

population of GABA neurons. By day 7 cells were found to be expressing GABA 

(green, a, b) in the vast majority of cells which was indicative that cells were becoming 

GABA interneurons while also expressing nestin (red). TUJ1 (red) positively stained the 

long neurite outgrowths which were throughout the wells with reduced NPC marker 

SOX3 (green) expression (c, d). Nuclei were counterstained with Hoechst (blue). Scale 

bar 50µm. 
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5.3.2 qRT-PCR to validate neuronal markers and examine the differential 

expression of autism associated genes in GABA interneurons  

Protein and RNA were harvested from each line at day 30 after terminal differentiation 

firstly for proteomic analysis but also for qRT-PCR respectively, to compare mRNA 

expression levels between patient and control GABA interneurons for a number of 

genes. The first set of genes included markers for mature and immature neurons to 

determine if there was varying capacity to differentiation to a neural lineage between the 

patient and controls. mRNA expression was measured for MAP2 (a neuronal marker), 

DCX (an immature neuron marker), GFAP (an astrocyte marker) and vGAT (a marker 

for GABAergic vesicular transporter [Figure 5.8 a, b]). Overall, while there were slight 

differences in expression between donors for each of the markers, there was no 

significant difference observed when the NRXN1 deletion samples were compared to 

the non-affected control samples via a 2 tail student’s t-test (DCX; P=0.806, MAP2; 

P=0.5518, GFAP; 0.728, vGAT; 0.455). RNA was isolated from each line at the same 

time and only high quality RNA was used.   This indicated that by day 30 there was no 

significant difference in differentiation capacity, though different lines may differentiate 

at differing rates.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

The next set of qRT-PCR analyses investigated a series of genes which were reported to 

be ‘significantly differentially expressed’ when comparing NRXN1 deletion-derived 

neural stem cells to non-affected controls via both qPCR and RNA sequencing data 

analysis (Zeng, Zhang et al. 2013). mRNA expression levels of these genes were 

investigated in GABA interneurons. The analyzed data (figure 5.9) revealed no 

significant change in any of the genes analysed when using the two-tailed t-test 
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(SLC1A3; P= 0.384, EPHA7; P=0.815, LHX5; P=0.367, OTP; P= 0.441, PCDH19; P= 

0.789, ZFX3; P= 0.26O, NUMB; P= 0.870; LMX1B; P= 0.478). Some large differences 

were observed in the expression of SLC1A3 (a glutamate transporter); for example, in 

NRXN1D2 there is a 50-fold increase in expression compared to the age-matched 

control, but collectively there was no significant difference. Similar results were seen 

across the board with differences between individual samples and their controls, e.g. 

LHX5 (involved in neural crest differentiation) and OTP (specification of cell fates). 

The location and size of deletion may have more of an effect on expression of these 

genes.  
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Figure 5.8: qRT-PCR on GABA interneurons to assess mRNA levels of neuron and 

astrocyte markers. qRT-PCT was carried out to determine if the NRXN1 deletion 

significantly altered the cells’ ability to differentiate into dendrites (MAP2, a), 

astrocytes (GFAP, a), neurons (DCX, b) and GABA interneurons (vGAT, b), compared 

to the non-affected controls. Error bars represent +/- SD. Two-tailed t-test was carried 

out. n.s.= not significant. Values were all calculated using the ΔΔCT method, and 

normalised to GAPDH. The errors represent SD. PCRs were carried out twice, each with 

3 technical replicates  
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Figure 5.9: Expression of ‘autism associated genes’ in iPSC-derived GABA 

interneurons isolated from NRXN1 deletion patients and non-affected controls. 

qRT-PCR was performed on mRNA isolated from GABA interneurons at day 30, and 

the levels of SLC1A3, EPHA7 (a), PCDH19, ZFX13 (b), NUMB, LMX1B (c), LHX5 

and OTP (d) investigated. Values were all calculated using the ΔΔCT method, and 

normalised to GAPDH. The errors represent SD. PCRs were carried out twice, each with 

3 technical replicates represent +/- SD . Two-tailed t-test was carried out. n.s.= not 

significant.  
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5.3.3 Dual SMAD inhibition for highly efficient neural differentiation 

The data collected from the previous protocol served to highlight the difficulties and 

inefficiencies surrounding neural differentiation protocols which require the formation 

of EBs and have numerous steps. This was found to be particularly true with regards to 

cell loss and the high numbers of starting cells and materials required. It was decided to 

investigate the potential of direct differentiation from iPS to neurons in a monolayer 

using a dual SMAD inhibition protocol which induced rapid neural conversion while the 

cells remained in adherent conditions (Chambers, Fasano et al. 2009). iPSCs were plated 

at a high density to allow cells to be 90% confluent within 24-48 hours before LDN 

193189 and SB431542 were added daily to the neuralization medium until a uniform 

thickened layer of neuroepithelium formed. The rapid induction of neuralization was 

accompanied by large amounts of cell death from days 2-5 with 40% of the cells dying. 

By day 7 of treatment the majority of lines formed this densely packed, thick layer of 

tiny cells (approx 30µM, smaller than iPSCs), apart from a couple of lines which were 

slower to neuralize (figure 5.10). It was only when cells formed this thickened layer that 

they could be split 1:1 for further treatment.  

After 25 days in culture, the cells could be split 1:4 and cultured as NPCs in neurobasal 

media supplemented with bFGF. These NPCs were morphologically similar to the NPCs 

generated via EB formation protocols with small, jagged cells (Figure 5.11).  Cells 

proliferated quickly and were split 1:6 every 6 days until terminally plated for 

differentiation. NPCs were fixed and stained to confirm the expression of NPC markers 

including Nestin (red) and SOX3 (green) which were found to be expressed  in the 

majority of cells from each line (Figure 5.12) and quite evenly distributed. 
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Once the NPCs had been validated, these cells were terminally differentiated to a 

heterogenous population of hypothalamic neurons by plating at a high density (2X10
5
 

cells/ well) in Poly-L-Ornithine/Laminin coated 6 well dishes. Cells were seeded at a 

high density to promote survival and account for cell death in the initial week of 

terminal differentiation. Once plated, the cells immediately underwent a change in 

morphology from NPCs to neuron-like cells with small cell bodies and branched 

outgrowths which formed connections with their surrounding cells (Figure 5.13). To 

induce differentiation to hypothalamic neurons, the cells were supplemented with the 

notch response inhibitor DAPT and ascorbic acid daily for the first 7 days after which 

cells were subject to a half medium change every 5 days. During this time the neurons 

formed a dense network of heterogeneous with branching connecting one cell to several 

others with numerous different morphologies visible in each line by day 30 (Figure 

5.14). While the control cell lines formed a flattened layer of cells, the NRNXN1 

deletion lines had a tendency to grow in clusters (Figure 5.14 d, e) while the third 

NRXN1 deletion patient derived lines (NRXN1D3CA, Figure 5.14 f) had large areas of 

dead cells on top of the layer of neurons.  

These neurons were fixed and stained on day 30 to validate that the cells were 

expressing both neuron markers and also to identify some of the cell types in the wells. 

It was found that all lines had high expression of the mature neuron marker MAP2 

(representative images shown in figure 5.15 b, figure 5.16 b) which highlighted the long 

axons present, while only a small subset of cells expressed GABA, indicating the 

presence of GABAergic neurons (figure 5.15 a, figure 5.16 a). During the differentiation 

phase, numerous large, flat cells were observed surrounding the neurons believed to be 
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astrocytes. This was confirmed by the high expression of GFAP in cells with this 

morphology (Figure 5.15 c, figure 5.16 c), indicating that a heterogeneous population of 

neurons and astrocytes had been generated. There were no significant differences in the 

numbers of neurons and astrocytes generated between control and NRXN1-deletion 

patient-derived cells (data not shown).  
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Figure 5.10: The combination of dual SMAD inhibitors induced rapid 

neuralization in a monolayer of iPSCs. (a) NRXN1C1-2, (b) 03V-2 and (d) 

NRXN1D1-4 after 7 days of treatment formed a densely packed thickened 

neuroepithelium while other lines required 2-3 days extra under these conditions; (c) 

NRXN1C3-3, (e) NRXN1D2-4 and (f) NRXN1D3-1  were slower to neuralize. Scale 

bar 100µm. 
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Figure 5.11: Cells acquired the standard NPC morphology with small, jagged 

shaped cells in passage 1 by dual SMAD inhibition. (a) NRXN1C1-1 and (b) 

NRXN1C3-3 24 hours after plating; (C) NRXN1D2-4 had a similar morphology with 

some cells attaching and growing in clusters. Scale bar 100µm.  
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Figure 5.12: NPCs express nestin and Sox3 upon dual SMAD inhibition. NPCs at 

passage 2 were fixed and stained using antibodies to detect markers Nestin (red) and 

SOX3 (green). Neural precursors generated from each line using the dual SMAD 

inhibition method were found to express nestin and SOX3 equally and in all cells and 

had the same morphology and staining patterns. (a) 02V-1, (b) 03V-2, (c) NRXN1D1-1 

and (d) NRXN1D2-11. Nuclei were counterstained with Hoechst. Scale bar 50µm.  
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Figure 5.13: Terminal differentiation of NPCs at day 4, using dual SMAD 

inhibition. 2X10
5 

cells were seeded per well of a 6 well dish for each line which at first 

appeared quite dense but allowed for cell death over the following weeks and the loss of 

proliferating cells. Neurites were found to be extending from the cell bodies (arrows). 

(a) NRXN1C1-2 (b) 03V-1, (b) NRXN1D1-4 and (c) NRXN1D2-4 all had quite similar 

morphology by day 4 of terminal plating. Scale bar 100 μm. 
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Figure 5.14: Terminal differentiation of NPCs at day 30, using dual SMAD 

inhibition. Cells were maintained under ‘mature’ neural differentiation conditions for 

30 days to observe morphology and ability of neurons generated to form connections 

with one another. Overall, the neurons generated had quite similar morphology with 

small, dense cell bodies and the emergence of neurite outgrowths after 24-48 hours. (a) 

NRXN1C1-2, (b) 03V-2 and (c) NRXN1C3-3 formed a flattened monolayer of cells 

which continued to mature. (d) NRXN1D1-4 and (e) NRXN1D2-4 grew in clusters; 

however, the neurons between them shared a similar morphology to the controls. (f) 

NRXN1D3-1 demonstrated more cell death than others. Scale bar 100µm. 
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Figure 5.15: NPs, generated using dual SMAD inhibition, differentiated into a 

mixed population of neurons and astrocytes. IC was performed to validate that the 

cells were differentiating towards a neural lineage, and to identify if different subtypes 

were present. NRXN1D1-1 was stained for markers of mature neurons and specific cell 

types including (a) GABA which was present in few of the cells by day 30, (b) MAP2 

which was more abundantly expressed by day 30, while cells also stained positive for 

astrocyte marker GFAP (c). Nuclei were counterstained with Hoechst. Scale bar 50µm. 
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Figure 5.16: IC to validate that the cells were differentiating towards a neural 

lineage upon dual SMAD inhibition, and to identify if different subtypes were 

present. NRXN2D1-4  was stained for markers of mature neurons and specific cell 

types including (a) GABA which was present in a number of the cells by day 30 (b) 

MAP2 which was more abundantly expressed by day 30 while cells also stained positive 

for astrocyte marker GFAP with a branched astrocyte-like morphology (c). Nuclei were 

counterstained with Hoechst, magnification 40X oil lens, scalebar 50µM 
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5.3.4 qRT-PCR to validate neuronal markers and examine the differential 

expression of autism associated genes in hypothalamic neurons/astrocytes 

generated using SMAD inhibition 

Similar to the neurons derived using the EB formation method, protein and RNA were 

harvested from each line at day 30 for both proteomic analysis and also for qRT-PCR 

analysis respectively, to compare mRNA expression levels for a number of genes 

between patient and control neurons and astrocytes generated using dual SMAD 

inhibition. The first set of genes included markers for mature and immature neurons to 

determine if there was varying capacity to differentiation to a neural lineage between the 

patient and controls using the dual SMAD inhibition method. In addition, genes known 

to be associated with autism were investigated.. 

 mRNA expression was measured for MAP2 (a neuronal marker), GFAP (an astrocyte 

marker), DCX (an immature neuron marker), and vGAT (a marker for GABAergic 

vesicular transporter [Figure 5.17 a, b]). Overall, while there were differences in 

expression between donors for each of the markers, there was no significant difference 

observed when the NRXN1 deletion samples were compared to the non-affected control 

samples via a two-tailed student’s t-test (DCX; P=0.705, MAP2; P=0.5518, GFAP; 

0.728, vGAT; 0.504). RNA was isolated from each line at the same time and only high 

quality RNA was used.   This indicated that by day 30 there was no significant 

difference in differentiation capacity, though different lines may differentiate at 

differing rates.        

When the samples from the hypothalamic neurons generated via dual SMAD inhibition 

were compared to the GABAergic neurons generated using the EB formation method, a 
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difference was observed in the differentiation efficiency. The same starting quantity of 

RNA was used (1µg) and the same cDNA quantity was used per well (2ng); yet, there 

was found to be a significant increase in the expression of neuronal marker MAP2 in the 

SMAD neurons compared to the neurons generated using the EB formation method 

(P=0.0254, 5-fold increase in expression), while GFAP expression was not found to be 

significantly different (P=0.419) between the two methods (Figure 5.18 a). The level of 

immature neuron marker DCX was also found to be significantly increased in the 

SMAD neurons (P=0.0362) compared to neurons generated via the EB formation 

method while no significant difference was observed for expression of vGAT 

(P=0.1811) between the 2 methods (Figure 5.18 b)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

The next set of qRT-PCR analyses investigated a series of genes in hypothalamic 

neurons which were reported to be ‘significantly differentially expressed’, some of 

which had been previously examined with the GABA interneurons generated. The qRT-

PCR data were collected to examine mRNA expression levels of these genes in 3 

NRXN1 deletion and 3 non-affected control hypothalamic neuronal cell lines. The 

analyzed data (figure 5.19) revealed no significant change in any of the genes analysed 

when using the two-tailed t-test (SLC1A3; P= 0.384, EPHA7; P=0.815, FMR1; P= 

0.795, LPHN2; P=0.673 PCDH19; P= 0.789, SHANK2; P= 0.481). As seen with the 

GABA interneurons, some large differences were observed in the expression of 

particular genes between donors, e.g. LPHN2 which had increased expression in 

neurons derived from the first NRXN1 donor but collectively there was no significant 

difference. Similar results were seen across the board with differences between 

individual samples and their controls.  Nestin expression was also examined to 
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determine whether or not a population of NPCs still resided with the maturing neurons. 

Expression was found to be almost absent and did not differ between patients and 

controls (data not shown). 
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Figure 5.17: qRT-PCR on neurons and astrocytes generated using SMAD 

inhibitors to assess mRNA levels of neuron and astrocyte markers. qRT-PCR was 

carried out to determine if the NRXN1 deletion significantly altered the cells’ ability to 

differentiate into dendrites (MAP2, a), astrocytes (GFAP, a), neurons (DCX, b) and 

GABA interneurons (vGAT, b), compared to the non-affected controls. Error bars 

represent +/- SD . Two-tailed t-test was carried out. n.s.= not significant. Values were all 

calculated using the ΔΔCT method and normalised to GAPDH The errors represent SD. 

PCRs were carried out twice, each with 3 technical replicates.  
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Figure 5.18: Comparison of qRT-PCR results between cells generated using EB 

formation and SMAD inhibition. qRT-PCRs were analyzed to compare the 

differentiation efficiency of the protocols to determine if there was a significant 

difference between the ability of the protocol using EB formation (“GABA”) and the 

dual SMAD inhibition (“hypothalamic”) protocol to generate neurons and astrocytes. 

Error bars represent +/- SD .  Two-tailed t-test was carried out, P<0.05, n.s.= not 

significant. Values all calculated using the ΔΔCT method, and normalised to GAPDH. 

The errors represent SD. PCRs were carried out twice, each with 3 technical replicates 
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Figure 5.19: Expression of ‘autism associated genes’ in iPSC-derived hypothalamic 

neurons isolated from NRXN1 deletion patients and non-affected controls. qRT-

PCR was performed on mRNA isolated from GABA interneurons at day 30 and the 

levels of SHANK2, FMR1 (a), LPHN2, FOXG1 (b), Nestin, SLC1A3 (c) and EPHA7, 

PCDH19 (d) investigated. Error bars represent +/- SD. Two-tailed t-test was carried out. 

n.s.= not significant. Values were all calculated using the ΔΔCT method. The errors 

represent SD. PCRs were carried out twice, each with 3 technical replicates 
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5.3.5 Induction of NPCs to astrocytes using 10% FBS 

Recently, astrocytes, the most abundant cell type in the brain, have been the focus of 

numerous publications in relation to their role in neurodevelopmental disorders such as 

Fragile X Syndrome and Rett Syndrome (Maezawa, Swanberg et al. 2009; Jacobs, 

Nathwani et al. 2010). Numerous publications have demonstrated both increased and 

decreased astrocytic GFAP expression in iPS-derived cells from patients with ASD 

(Laurence and Fatemi 2005; Edmonson, Ziats et al. 2014). Three protocols were used to 

determine which would be the most suited to examine the effects, if any, of the NRXN1 

deletion on astrocyte development. The cell line which showed the most efficient 

differentiation would be harvested for proteomic analysis.  

 The first protocol was the most basic: following NPC generation using dual SMAD 

inhibition, cell culture media was changed to 10% FBS, 1% N2 supplement in DMEM/ 

F12 on day 6 of passage 1 when NPCs were confluent. Cells were split 1:8 under these 

conditions and allowed to proliferate. Within 24 hours, these NPCs had lost their 

original morphology and had spread out to become a heterogeneous population of large, 

flat cells. Maintenance was minimal with the cells being fed every 2-3 days and 

passaging every 7 days, yielding quite a large cell number (Figure 5.20). By day 30, 

these cells did not have the same complex ‘star-like’ astrocyte morphology and seemed 

to tend toward a more uniform fibroblast-like morphology (data not shown). 

To determine if these cells were differentiating to an astrocyte lineage, cells were taken 

at 14 days (passage 2), fixed and stained for markers to validate the presence of 

astrocytes. While these cells were found to be expressing GFAP (green, figure 5.21), it 

was at a level lower than expected while many cells were found to still be expressing 
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nestin (red) at high levels, indicating there was still a population of NPCs within. Taken 

with the lack of homogeneous, astrocyte-like morphology this indicated that this method 

may not have been the most suitable. 

 

 

Figure 5.20: Differentiation of NPCs into astrocytes using 10% FBS. Phase-contrast 

images are taken of ‘astrocytes’ in passage 2 at day 14. These cells grew quite rapidly 

and had a highly heterogeneous morphology varying from small, progenitor like cells (a, 

b) NRXN1C1-2, 03V-2 respectively to spindly, branched cells (c, d, e) NRXN1C3-3, 

NRXN1D1-4 and NRXN1D2-4 respectively to larger, flat cells (f) NRXN1D3-1. Scale 

bar 100µm. 
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Figure 5.21: Expression of astrocyte marker GFAP and neural stem cell marker 

nestin in NPCs cultured in 10% FBS at day 14. Cells were harvested in passage 2 and 

stained for the presence of astrocyte markers and NPC markers. GFAP (green) 

expression was detected in a high percentage of the cells; however, it was not strong 

expression and highlighted the lacked of defined morphology. GFAP expression was 

found to be equal among the lines stained while nestin (red) was also found to be 

expressed in many of the cells. (a) NRXN1C1-2, (b) 03V-2, (c) NRXN1D1-1 and (d) 

NRXN1D3-1. Nuclei were counterstained with Hoechst. Scale bar 50µm. 
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5.3.6 Induction of NPCs to astrocytes using defined factors BMP4 and CNTF 

The data collected from culturing the NPCs in 10% FBS and no other factors implied 

that this was not enough to generate a population of astrocytes sufficient for the study. 

In turn, this was substituted with a protocol which utilized both defined medium 

(neurobasal medium plus 1%N2 and 1% B27), supplemented with 10ng/ml BMP4 and 

5ng/ml CNTF to stimulate differentiation (Rajan and McKay 1998; Shaltouki, Peng et 

al. 2013). NPCs, in passage 2, were split 1:6 on to Geltrex coated dishes to induce 

differentiation and the medium (containing CNTF and BMP4) was changed daily for 

five days, after which the medium was changed every other day and supplements not 

required. 

The cells derived using this method had a more heterogeneous morphology than seen 

with the undefined conditions. Large, flat cells could be seen in addition to cells with 

branching. Neuron-like cells were also noted within the wells with long axons and 

defined cell bodies (figure 5.22). After 30 days the cells had maintained this mixture of 

cell types with astrocyte-like cells being most pronounced. To determine how effective 

the method was at inducing astrocyte differentiation, cells were fixed and stained at day 

14 to investigate the expression of astrocyte, neuron and NPC markers. Surprisingly, 

there were considerably low numbers of cells which were GFAP positive (green, figure 

5.23), although the cells which were stained did have high GFAP expression and a 

unique star-like morphology in many cases. Expression of S100 beta, a marker for 

mature astrocytes, was completely absent in the cells stained (red, figure 5.24). By day 

14, a large amount of nestin (red) was still being expressed in many of the lines, 

indicating the presence of a large pool of NPCs present. Different cell lines also stained 
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positive for MAP2 (green, figure 5.24), demonstrating that the protocol also had the 

capacity to produce neurons.  
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Figure 5.22: Differentiation of NPCs into astrocytes under defined conditions using 

growth factors BMP4 and CNTF. Following plating and induction to astrocyte 

differentiation, the cells (pictured at day 20) acquired a heterogeneous morphology with 

both large, flat cells and neuron-like cells. (a) NRXN1C1-2, (b) 02V-1, (c) NRXN1C1-

4, (d) NRXN1D3-1 respectively. Scale bar 100µm. 
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Figure 5.23: Expression of astrocyte marker GFAP and neural stem cell marker 

nestin in NPCs cultured in BMP4 and CNTF at day 14. Cells were harvested at day 

14 and stained for the presence of astrocyte (GFAP) and neural stem cell (nestin) 

markers. A low number of cells stained positive for GFAP expression (green) by day 14, 

the lowest observed in (a) NRXN1C1-2 and (d) NRXN1D3-1, which also had 

considerable expression of nestin (red). While other lines, such as (b) 03V-2 and (c) 

NRXN1D2-4 had higher GFAP expression, the number of cells which stained was low 

overall. Nuclei were counterstained with Hoechst. Scale bar 50µm. 
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Figure 5.24: Expression of neuronal marker MAP2 and mature astrocyte marker 

S100B in NPCs cultured in BMP4 and CNTF at day 14. Cells were stained for the 

presence of neurons using MAP2 (green) and mature astrocytes using S100B (red). 

S100B expression was found to be completely absent in all of the lines stained. The 

control lines (a, b) NRXN1C1-2, 03V-2 did have much lower expression of MAP2 than 

the NRXN1 deletion lines (c, d) NRXN1D1-4, NRXN1D2-4. Nuclei were 

counterstained with Hoechst. Scale bar 50µm. 
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5.3.7 Direct induction of iPSCs to a population of neurons and astrocytes 

The final protocol applied for the differentiation was used in order to examine if the 

time required for differentiation and physical manipulation of the cells (i.e. treatement 

with various compounds and repeated enzymatic treatment to passage the cells) could be 

reduced. This protocol employed the direct differentiation of a confluent monolayer of 

iPSCs to a mixed population of neurons and astrocytes reportedly within 12 days (Haile, 

Nakhaei-Nejad et al. 2015) . iPSCs were seeded at a high density (split 1:1 from 

confluent wells) in order to have 80-90% confluence after 48 hours, at which point they 

were treated with a combination of Activin A (100ng/ml) for the initial 5 days 

supplemented with BMP4 (10ng/ml), after 24 hours, for 4 days as part of the neural 

induction.  

The effects of the Activin treatment were not immediately visible with the colonies 

remaining morphologically unchanged for the first 24 hours (figure 5.25 a-c). However, 

after 48 hours, once the BMP4 had been introduced there was a shift in the appearance 

of cells around the edges of the colonies with the defined borders disappearing and cells 

with an NPC-like morphology emerging. This pattern continued with cells at the centre 

of the colony growing thicker and suspected neural cells spreading out from the colonies 

after only 72 hours (figure 5.25 d-f). There was considerable cell death in the 4 day 

period of BMP4 treatment, which explained the need for such high cell density to begin 

with. Over the following days, the pool of cells which emerged from the colonies 

continued to spread across the wells with both NPC-like cells and cells with a distinctive 

neuronal morphology, including long axons forming connections with  other cells, being 

observed by day 12 of culture (figure 5.25 g-i). 
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In order to confirm that the cells were being directed to a neuronal lineage, cells were 

fixed and stained at day 14 to examine expression of astrocyte markers GFAP and 

S100B plus neural markers nestin and MAP2. All lines were found to stain positive for 

GFAP (green) expression, at a much higher level than seen in previous protocols 

focused solely on the generation of astrocytes. In addition to this, expression of the 

mature astrocyte marker S100B (red) was evident in the cells, although it was not highly 

expressed (figure 5.26). The thickened layer of cells found in the centre of the original 

iPSC colonies was also stained positive for the same markers (figure 5.26 c, d) to ensure 

that the differentiation was uniform throughout the dish and GFAP/ S100B were 

expressed. Cells were also stained for OCT4 at this point to ensure that there were no 

pluripotent cells remaining in the dish and that pluripotency marker expression had been 

down regulated, in particular in the centre of the colonies. Expression of OCT4 was 

found to be absent (data not shown). 

It was also necessary to determine if these differentiated cells contained a population of 

NPCs and if the protocol had the capacity to produce mature neurons within the narrow 

timeframe of 14 days. MAP2 (green) expression was detected in the lines and at a 

surprisingly high level considering the short time span with a high percentage of cells 

expressing MAP2 (figure 5.27), and the presence of long, branched axons. This was in 

comparison to staining from the previous protocols with only approximately 50% of 

cells staining positive. It was found that nestin (red) was predominantly expressed at the 

centre of the original colonies, in the thickened layers of cells, which may provide a 

bank of precursor cells (figure 5.27 a), while expression was minimal for nestin in the 
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surrounding areas where the cells had heterogeneous neuronal-like morphologies and 

grew in flattened monolayers (figure 5.27 b-d).   
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Figure 5.25 Representative images of the direct differentiation of iPSCs to a mixed 

population of neurons and astrocytes. 24 hours after induction, the cells still retained 

their iPSC-like morphology of tightly compacted small, rounded cells but with 

considerable cell death; (a-c) 03V-2, NRXN1D1-X1, NRXN1D2-X1, respectively. By 

72 hours, cells around the edge of the colonies had changed in morphology to more 

NPC-like and the defined border had disappeared around the colonies; (d-f) 03V-2, 

NRXN1D1-X1, NRXN1D2-X1, respectively. By day 12, the wells had a mix of cell 

types with a noticeable amount of neuron-like cells while the centre of the colonies had 

become a thickened layer; (g-i) 03V-2, NRXN1D1-X1, NRXN1D2-X1, respectively. 

Scale bar 100µm. 
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Figure 5.26: Expression of astrocyte markers GFAP and S100B at day 14 following 

direct iPS differentiation. The cells were analyzed at day 14 for the expression of 

astrocyte markers. A large proportion of the cells stained from each line were observed 

to have high expression of GFAP (green) while some of the cells were also beginning to 

express S100B (red). (a, b) NRXN1C1-2 and 03V-2, respectively, were shown to have 

quite an even distribution of GFAP. (c, d) NRXN1D1-X1 and NRXN1D2-4 staining 

respectively, depicts the thickened layer of cells at the centre of the original iPSC 

colonies from which cells emerged. Nuclei were counterstained with Hoechst. Scale bar 

200µm. 
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Figure 5.27: Expression of neuronal marker MAP2 and neural stem cell marker 

nestin at day 14 following direct iPS differentiation. The cells were analyzed at day 

14 for the expression of neuron- specific marker MAP2 (green) and NPC marker nestin 

(red). MAP2 was observed to be expressed abundantly in the cells stained, while nestin 

expression was found to be quite lowly expressed in the surrounding areas. There were 

some areas of higher nestin expression, particularly in the areas of thickened cell growth 

at the centre of the colonies (a) 03V-X1 while in areas where the cells grew in a 

monolayer the nestin expression was reduced (b, c, d) NRXN1D1-4, NRXN1D3-1, 

NRXN1D4-1 respectively. Nuclei were counterstained with Hoechst. Scale bar 200µm. 
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5.3.8 qRT-PCR to validate astrocyte/ neuronal markers  

Collectively, the data gathered from the astrocyte differentiation protocols suggested 

that the Activin A/ BMP4 treatment to induce direct differentiation of iPSCs to a mixed 

population was more efficient than the protocols which relied on differentiation from 

NPCs. The effects of the NRXN1 deletion on the differentiation capacity of the iPSC 

cells remained the primary interest.  As such, qRT-PCR was carried out to determine 

whether or not there was a differential capacity for the patient and control lines to 

differentiate to both mature neurons and astrocytes.  

Similar to the previous protocols, mRNA expression was measured for neuronal markers 

MAP2 and DCX, astrocyte marker GFAP and NPC markers PAX6 and nestin in cells at 

day 14 following induction of differentiation using the direct induction protocol 

requiring Activin A treatment (figure 5.28 a, b). Overall, while there were slight 

differences in expression between donors for each of the markers, apart from nestin, no 

significant difference was observed when the NRXN1 deletion samples were compared 

to the non-affected control samples via a 2 tail student’s t-test (DCX; P=0.978, MAP2; 

P= 0.084,PAX6; P=0.887, S100B; P= 0.372, GFAP; 0.487, nestin; 0.007, SHANK2; P= 

0.146). To highlight the similarities of the lines, the average expression for genes for 

patients and controls were analyzed (figure 5.26). It was observed that overall, the non-

affected controls indicated a slight tendency to differentiate faster than the NRXN1 

deletion patients with higher GFAP expression and lower OCT4 expression by day 7 of 

treatment (figure 5.26 a) but this difference was not significant (GFAP; P= 0.521, 

OCT4; P= 0.756). Expression of markers for immature neurons showed that there were 

comparable levels of NPC marker PAX6 and immature neuron marker DCX (figure 
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5.29 b, d) present in the patient and control lines by day 14. A significant difference was 

observed between patient and control when nestin expression was examined however 

(P= 0.007), with a 1.5 fold higher expression in the control samples compared to the 

NRXN1 patient-derived samples (Figure 5.29 b). The expression of mature neuron 

marker MAP2 and mature astrocyte marker were slightly greater in the control lines; 

however, these differences were not significant (figure 5.29 c, d).  

RNA was isolated from each line at the same time and only high quality RNA was used. 

This indicated that by day 14 there was no significant difference in differentiation 

capacity though different lines may differentiate at differing rates.        

qRT-PCR was also carried out to determine the down regulation of the pluripotency 

marker OCT4 in response to differentiation and to ensure that there was not a pool of 

pluripotent cells remaining amidst the neuronal cells. mRNA expression was examined 

at day 7 and day 14 of differentiation. The levels of OCT4 expression was measured and 

compared to the original parental iPSC lines. It was found that by day 7 of 

differentiation OCT4 expression had already been significantly reduced (P= 0.0217) 

compared to the original iPSCs (figure 5.30 a). While the cells did still express 

considerable amounts of OCT4 at day 7, there was on average a 2-fold decrease in the 

lines. When OCT4 expression was examined on day 14 of differentiation, OCT4 was 

found to be completely absent from the lines and thus, when compared to the parent 

iPSCs had highly significantly reduced expression (P= 8.855E-05, figure 5.30 b).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
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Figure 5.28: qRT-PCR to compare astrocyte, neuron and NPC markers between 

control and NRXN1 deletion cells, differentiated using the direct induction from 

iPSCs in 14 days method. qRT-PCR was carried out to determine if the NRXN1 

deletion significantly altered the cells’ ability to differentiate to a specific neuronal 

lineage for the NRXN1 deletion patients compared to the non-affected controls. mRNA 

was extracted on day x. Error bars represent +/- SD . Two-tailed t-test was carried out 

on NRXN1 deletion samples vs controls. **P<0.01, n.s.= not significant. Values were 

all calculated using the ΔΔCT method, and normalised to GAPDH. PCRs were carried 

out in duplicate and with 3 technical replicates for each sample. 
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Figure 5.29: qRT-PCR was analyzed based on average expression between patient 

and control to determine if the NRXN1 deletion significantly altered the cells 

ability to differentiate to a specific neuronal lineage compared to the non-affected 

controls differentiated using the direct induction from iPSCs in 14 days method. 

Error bars represent +/- SD . P<0.01, n.s.= not significant. Values were all calculated 

using the ΔΔCT method, and normalised to GAPDH   
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Figure 5.30: qRT-PCR data to determine the difference in OCT4 expression by day 

7 and day 14 following induction to a population of astrocytes and neurons directly 

from iPSCs. Error bars represent +/- SD . Two-tailed t-test was carried out. *P<0.05, 

****P<0.0001 n.s.= not significant. Values were all calculated using the ΔΔCT method, 

and normalised to GAPDH.  Error bars represent +/- SD.  
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5.4 The NRXN1 deletion does alter the neurodevelopmental pathway in 

GABAergic interneurons differentiated for 30 days 

While obvious morphological changes were not observed during the differentiation 

to neurons and astrocytes, further investigation was necessary at a molecular level. 

Protein was harvested at day 30 of terminal differentiation for the GABAergic 

interneurons from the neural stem cell stage.  Protein was harvested from the iPSC 

derived neurons of 3 NRXN1 deletion patients and 3 non-affected controls in 

triplicate. Cells were lysed in 1% SDS in preparation. Samples were digested, run 

and analyzed by Systems Biology Ireland, University College Dublin (see chapter 2, 

methods for details on sample preparation and mass spectrometry analysis). 

The proteomics data was analyzed using the DAVID web software. The proteomics 

data was analyzed first using the t-test. The biological pathways affected by the 

NRXN1 deletion was analyzed using cut-off values of p<0.05 values for 

differentially expressed proteins. In total, 5417 proteins were identified as being 

differentially expressed in the NRXN1 deletion samples compared to the controls. 

Once the cut-off values were applied this reduced the number of proteins. The list of 

significantly differentially expressed proteins was then further subdivided into the 

proteins which were upregulated and downregulated. The list of proteins which were 

identified as significantly upregulated in the NRXN1 deletion samples compared to 

the non-affected controls was analyzed using DAVID, and this software identified 

multiple pathways which were affected by the deletion, including mitochondrial 

pathways, oxidation reduction and contractile fibres involved in structural regulation 

of the cells (table 5.1). Surprisingly, the data did not reflect the expected results, with 

no significant impact identified on the pathways involving neuronal differentiation 

and synaptic plasticity. Instead, a large number of proteins were found to impact 
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upon the regulation of mitochondrial proteins and associated pathways which 

included pathways which respond to oxidative stress. A considerable amount of 

overlap was found in the proteins affecting the mitochondrion-related pathways and 

oxidation reduction. When the proteins involved were identified in these pathways 

and the fold change in expression was calculated, it was found that there were quite 

subtle increases in the expression of these proteins, although the changes were 

deemed significant (table 5.2). Some clusters were omitted as they repeated the 

pathways and proteins involved which were identified as significant. 

Table 5.1: Biological pathways found to be affected by the significantly upregulated proteins in 
the NRXN1 deletion samples of the 30 day old GABAergic neurons. FDR was calculated by 
Benjamini-Hochberg adjustment. 

Annotation Cluster 1 Enrichment Score: 18.87     

Category Term          
Count 

P-Value Fold 
Enrichment 

FDR 

GOTERM_CC_FAT GO:0044429~mitochondrial 
part 

89 5.97E-27 3.64 8.46E-24 

GOTERM_CC_FAT GO:0005739~mitochondrion 124 1.21E-26 2.77 1.71E-23 

GOTERM_CC_FAT GO:0031980~mitochondrial 
lumen 

48 1.00E-20 5.14 1.42E-17 

GOTERM_CC_FAT GO:0005759~mitochondrial 
matrix 

48 1.00E-20 5.14 1.42E-17 

GOTERM_CC_FAT GO:0031966~mitochondrial 
membrane 

58 3.51E-17 3.58 4.97E-14 

GOTERM_CC_FAT GO:0005740~mitochondrial 
envelope 

59 1.43E-16 3.42 1.55E-13 

 

Annotation Cluster 2 

Enrichment Score: 13.33     

GOTERM_CC_FAT GO:0043292~contractile 
fiber 

41 5.48E-26 8.24 7.77E-23 

GOTERM_CC_FAT GO:0044449~contractile 
fiber part 

38 5.93E-24 8.18 8.40E-21 

GOTERM_CC_FAT GO:0030016~myofibril 37 3.56E-23 8.11 5.04E-20 

Annotation Cluster 4 Enrichment Score: 6.96     

SP_PIR_KEYWORDS oxidoreductase 50 1.90E-10 2.78 2.73E-07 

GOTERM_BP_FAT GO:0055114~oxidation 
reduction 

53 8.14E-08 2.22 1.42E-04 
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One of the most significantly increased proteins identified in the NRXN1 deletion 

patient samples compared to the controls was creatine kinase (p= 0.003). This 

protein is expressed in numerous tissues but elevated expression is associated with 

mitochondrial disease and neurodegeneration (Burklen, Schlattner et al. 2006). 
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Table 5. 2: A list of proteins which were found to have increased expression in the NRXN1 
deletion patient GABAergic neurons at day 30 of differentiation which impact upon both 
mitochondrial and oxidative reductase pathways. The NRXN1 deletion samples were 
normalized to the non-affected controls which were set at a value of 1. 

Gene 
symbol 

Gene name P value Change 

CKM Creatine kinase M-type 0.0038 ↑ 

CYB5R3 NADH-cytochrome b5 reductase 3 0.0031 ↑ 

UQCRC
1 

Cytochrome b-c1 complex subunit 1, mitochondrial 0.016 ↑ 

CYC1 Cytochrome c1, heme protein, mitochondrial 0.0051 ↑ 

PPOX Protoporphyrinogen oxidase 0.013 ↑ 

OGDH 2-oxoglutarate dehydrogenase, mitochondrial 0.0009 ↑ 

PDHB Pyruvate dehydrogenase E1 component subunit beta, 
mitochondrial 

0.0013 ↑ 

IDH3G Isocitrate dehydrogenase [NAD] subunit gamma, 
mitochondrial 

0.0063 ↑ 

GCAT 2-amino-3-ketobutyrate coenzyme A ligase, 
mitochondrial 

0.056 ↑ 

PDHA1 Pyruvate dehydrogenase E1 component subunit alpha, 
somatic form, mitochondrial 

0.0004 ↑ 

HADHB Trifunctional enzyme subunit beta, mitochondrial;3-
ketoacyl-CoA thiolase 

0.0024 ↑ 

NDUFA
10 

NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 10, mitochondrial 

0.031 ↑ 

ACADV
L 

Very long-chain specific acyl-CoA dehydrogenase, 
mitochondrial 

0.0016 ↑ 

DHRS1 Dehydrogenase/reductase SDR family member 1 1.8E-05 ↑ 

NNT NAD(P) transhydrogenase, mitochondrial 0.0046 ↑ 

ALDH1
B1 

Aldehyde dehydrogenase X, mitochondrial 0.0034 ↑ 

PMPCB Mitochondrial-processing peptidase subunit beta 0.020 ↑ 

HADHA Trifunctional enzyme subunit alpha 0.0029 ↑ 

IVD Isovaleryl-CoA dehydrogenase, mitochondrial 0.037 ↑ 

 

The proteins with the most significant increase in expression in the NRXN1 deletion 

samples compared to the controls were identified as impacting the cytoskeletal 

pathways (table 5.3). Proteins included numerous myosin binding proteins and 
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troponin. The myosin proteins are a family of ATP dependent motor proteins 

involved in both muscle contraction and actin motility (Pollard and Cooper 2009). 

This altered expression of proteins could correlate with the level of mitochondrial 

proteins being differentially expressed. 

Table 5.3: Numerous proteins involved in regulation of contractile fibers and cytoskeleton 
structure were increased significantly in the NRXN1 deletion patient GABAergic neurons. The 
NRXN1 deletion samples were normalized to the non-affected controls which were set at a value 
of 1. 

Gene 
symbol 

Gene P value Change  

TNNT3 Troponin T, fast skeletal muscle 8.55E-05 ↑ 

MYLPF Myosin regulatory light chain 2, skeletal muscle isoform 0.0001 ↑ 

ACTN2 Alpha-actinin-2 0.0002 ↑ 

TNNI2 Troponin I, fast skeletal muscle 1.25E-05 ↑ 

MYBPC1 Myosin-binding protein C, slow-type 0.0008 ↑ 

MYBPH Myosin-binding protein H 0.0005 ↑ 

TNNT2 Troponin T, cardiac muscle 0.0013 ↑ 

MYH2 Myosin-2 0.0005 ↑ 

TNNC1 Troponin C, slow skeletal and cardiac muscles 6.03E-05 ↑ 

TPM2 Tropomyosin beta chain 0.0007 ↑ 

MYL4 Myosin light chain 4 0.0021 ↑ 

MYH4 Myosin-4 0.0005 ↑ 

MYH8 Myosin-8 0.0009 ↑ 

TNNT1 Troponin T, slow skeletal muscle 0.0002 ↑ 

TNNC2 Troponin C, skeletal muscle 0.0005 ↑ 

MYH3 Myosin-3 0.0002 ↑ 

GFAP Glial fibrillary acidic protein 0.0280 ↑ 

MYOM3 Myomesin-3 0.009 ↑ 
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The same procedure was repeated for the significantly downregulated proteins 

identified in the NRXN1 deletion samples compared to the non-affected controls. 

When analysed, the NRXN1 deletion was found to have a functional impact on the 

organelle lumen and the nuclear lumen with a significant number of downregulated 

proteins identified in each of these pathways, with between 115 and 180 proteins 

identified to interact in these pathways. When the downregulated proteins were 

examined from the lists, it was observed that many of these proteins that had 

decreased expression were involved in the DNA damage response, and also included 

proteins which are involved in mitochondrial pathways (table 5.5). The decrease in 

expression of the proteins was subtle, with a fold decrease no greater than 10% in 

those identified.  
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Table 5. 4: The proteins found to be have significantly decreased expression in the NRXN1 
deletion GABAergic neurons were identified as having an impact on organelle and nuclear 
lumen organization. FDR was calculated by Benjamini-Hochberg adjustment. The NRXN1 
deletion samples were normalized to the non-affected controls which were set at a value of 1. 

Annotation Cluster 
1 

Enrichment Score: 30.69     

Category Term Count P Value Fold 
Enrichment 

FDR 

GOTERM_CC_FAT GO:0031981~nuclear 
lumen 

160 6.04E-35 2.7 8.49E-32 

GOTERM_CC_FAT GO:0070013~intracellular 
organelle lumen 

173 3.67E-31 2.42 5.16E-28 

GOTERM_CC_FAT GO:0005654~nucleoplasm 115 1.19E-30 3.24 1.68E-27 

GOTERM_CC_FAT GO:0031974~membrane-
enclosed lumen 

176 2.04E-30 2.36 2.86E-27 

GOTERM_CC_FAT GO:0043233~organelle 
lumen 

173 6.22E-30 2.36 8.73E-27 

Annotation Cluster 
4 

Enrichment Score: 10.86     

GOTERM_CC_FAT GO:0043232~intracellular 
non-membrane-bounded 
organelle 

181 1.04E-15 1.73 1.40E-12 

GOTERM_CC_FAT GO:0043228~non-
membrane-bounded 
organelle 

181 1.04E-15 1.73 1.40E-12 
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Table 5. 5: A list of some proteins found to have significantly decreased expression in the 
NRXN1 deletion GABAergic interneurons involved in the intracellular organelle lumen. The 
NRXN1 deletion samples were normalized to the non-affected controls which were set at a value 
of 1. 

Gene symbol Gene name P value Change 

MORF4L1 Mortality factor 4-like protein 1 0.0036 ↓ 

XRCC5 X-ray repair cross-complementing 
protein 5 

0.0031 ↓ 

MYOD1 Myoblast determination protein 1 0.095 ↓ 

SNRPD3 Small nuclear ribonucleoprotein Sm 
D3 

0.0001 ↓ 

XRCC6 X-ray repair cross-complementing 
protein 6 

0.0029 ↓ 

IDE Insulin-degrading enzyme 5.44E-05 ↓ 

SNRPD1 Small nuclear ribonucleoprotein Sm 
D1 

0.00034 ↓ 

SNRPD2 Small nuclear ribonucleoprotein Sm 
D2 

0.036 ↓ 

XRCC1 DNA repair protein XRCC1 0.0042 ↓ 

GOT2 Aspartate aminotransferase, 
mitochondrial 

0.0015 ↓ 

SIN3A Paired amphipathic helix protein 
Sin3a 

0.021 ↓ 

RBM8A RNA-binding protein 8A 0.027 ↓ 

PRIM2 DNA primase large subunit 0.027 ↓ 

PGRMC1 Membrane-associated progesterone 
receptor component 1 

0.006 ↓ 

LIG1 DNA ligase;DNA ligase 1 0.030 ↓ 

DFFA DNA fragmentation factor subunit 
alpha 

0.0046 ↓ 

ERP29 Endoplasmic reticulum resident 
protein 29 

0.0034 ↓ 

HMGB1;HMGB1P1 High mobility group protein 
B1;Putative high mobility group 
protein B1-like 1 

0.0033 ↓ 

HMGB2 High mobility group protein B2 0.0037 ↓ 

 

 

   



Chapter 5 
 

219 
 

5.4.2 The NRXN1 deletion does alter the neurodevelopmental pathway in 

‘hypothalamic’ neurons differentiated for 30 days 

The same procedure was carried out on day 30 of terminal differentiation for a 

population of neurons enriched for in the hypothalamus for both the NRXN1 

deletion samples and the non-affected controls. Samples were prepared in the same 

manner, lysed in 1% SDS and shipped to SBI for analysis. It should be noted at this 

point that the same donors were used for differentiation to the neuron subtypes and 

the same lines from within each donor used. Protein was harvested from 3 NRXN1 

deletion patient lines and 3 non-affected controls in triplicate. In total, 4431 proteins 

were identified as being differentially expressed between the patient and control 

groups. The data was analyzed using a t-test with p< 0.05 used as the cut-off point. 

This time however the number of proteins which were differentially expressed was 

much lower at a total of 200 proteins. These proteins were subdivided into those 

which were upregulated and those downregulated and analyzed using the DAVID 

web software. Only 45 proteins were identified as being significantly increased in 

expression in the NRXN1 deletion hypothalamic neurons compared to the controls. 

Of these only one pathway was identified as having been affected by the NRXN1 

deletion: intracellular transport (table 5.6). When the proteins identified as affecting 

this pathway were analyzed, it was found that the increase in expression was an 

average of 1%.  When the P values were corrected to account for error, it was found 

that the intracellular transport pathway was not significantly affected. 
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Table 5. 6: The pathway affected by the upregulated proteins in the NRXN1 deletion 
hypothalamic neurons at day 30 of differentiation. FDR was calculated by Benjamini-Hochberg 
adjustment. 

Annotation Cluster 
1 

Enrichment Score: 1.53     

Category Term     
Count 

P Value Fold 
Enrichment 

FDR 

GOTERM_BP_FAT GO:0046907~intracellular 
transport 

11 3.77E-05 5.03 0.054 

GOTERM_BP_FAT GO:0006605~protein 
targeting 

5 0.005 6.99 7.17 

GOTERM_BP_FAT GO:0015031~protein 
transport 

8 0.010 3.15 14.60 

 

 

Table 5. 7: Proteins involved in the intracellular transport pathway affected by the NRXN1 
deletion were found to have minimally increased expression in the NRXN1 deletion 
hypothalamic neurons (1%). The NRXN1 deletion samples were normalized to the non-affected 
controls which were set at a value of 1. 

Gene symbol Gene name   P value Change 

NPC1 Niemann-Pick C1 protein 0.034 ↑ 

NRBP1 Nuclear receptor-binding protein 0.004 ↑ 

ATL2 Atlastin-2 0.026 ↑ 

YWHAB 14-3-3 protein beta/alpha;14-3-3 protein beta/alpha, 
N-terminally processed 

0.030 ↑ 

NDUFA13 NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 13 

0.040 ↑ 

BNIP3L BCL2/adenovirus E1B 19 kDa protein-interacting 
protein 3-like;BCL2/adenovirus E1B 19 kDa 
protein-interacting protein 3 

0.026 ↑ 

DSCR3 Down syndrome critical region protein 3 0.024 ↑ 

PPP3CA Serine/threonine-protein phosphatase 2B catalytic 
subunit alpha isoform;Serine/threonine-protein 
phosphatase 

0.038 ↑ 

OPTN Optineurin 0.010 ↑ 
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The same procedure was carried out for the proteins which were identified as 

significantly downregulated in the NRXN1 deletion samples compared to the 

controls. A similar pattern was observed in the proteins which were downregulated. 

Overall, the number of proteins which were differentially expressed in the 

GABAergic neurons compared to the hypothalamic neurons was 10-fold higher. 

Only 86 proteins were identified as being significantly decreased in the 

hypothalamic neurons compared to the non-affected controls at day 30 of 

differentiation. Interestingly, the proteins downregulated were found to have an 

impact on the organelle lumen and intracellular organelle lumen (table 5.8), which 

recapitulated the pathways affected by the NRXN1 deletion in the GABAergic 

interneurons. However, with the Benjamini-Hochberg adjustment the effect of these 

proteins was not deemed significant (FDR= 1.1164).  

Table 5. 8: The pathways affected by the significantly decreased proteins of the NRXN1 
deletion-derived hypothalamic neurons at day 30 of differentiation. FDR was calculated by 
Benjamini-Hochberg adjustment. The NRXN1 deletion samples were normalized to the non-
affected controls which were set at a value of 1. 

Annotation Cluster 
1 

Enrichment Score: 2.79     

Category 

Term Count P Value Fold 
Enrichment 

FDR 

GOTERM_CC_FAT GO:0070013~intracellular 
organelle lumen 

11 0.001 3.28 1.11 

GOTERM_CC_FAT GO:0043233~organelle 
lumen 

11 0.001 3.27 1.13 

GOTERM_CC_FAT GO:0031974~membrane-
enclosed lumen 

11 0.0013 3.16 1.46 

GOTERM_CC_FAT GO:0043228~non-
membrane-bounded 
organelle 

14 0.0018 2.46 1.97 

GOTERM_CC_FAT GO:0043232~intracellular 
non-membrane-bounded 
organelle 

14 0.0018 2.46 1.97 
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Due to the small number of proteins found to be differentially expressed when 

comparing the NRXN1 deletion neurons and the non-affected control derived 

neurons, it was found that there was no significant impact on the biological pathways 

in the hypothalamic neurons. When the proteins involved in the intracellular 

organelle lumen process were analyzed, the decrease in expression in the NRXN1 

samples was found to be quite small (table 5.9). 

 

Table 5. 9: List of proteins involved in the intracellular organelle lumen pathway impacted by 
the NRXN1 deletion were found to have only subtle decreases in expression compared to the 
non-affected control-derived  hypothalamic neurons. The NRXN1 deletion samples were 
normalized to the non-affected controls which were set at a value of 1. 

Gene symbol Gene name       P value Change 

TST Thiosulfate sulfurtransferase 0.047 ↓ 

NCBP2 Nuclear cap-binding protein 
subunit 2 

0.042 ↓ 

RCL1 RNA 3-terminal phosphate 
cyclase-like protein 

0.011 ↓ 

DHX16 Putative pre-mRNA-splicing 
factor ATP-dependent RNA 
helicase DHX16 

0.0036 ↓ 

RPS19 40S ribosomal protein S19 0.043 ↓ 

NOLC1 Nucleolar and coiled-body 
phosphoprotein 1 

0.0045 ↓ 

RPP30 Ribonuclease P protein subunit 
p30 

0.024 ↓ 

AKAP8 A-kinase anchor protein 8 0.010 ↓ 
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5.4.3 The NRXN1 deletion does alter the neurodevelopmental pathway in a 

mixed population of astrocytes and neurons induced directly from iPSCs after 

14 days of differentiation 

Due to the small number of differentially expressed proteins identified in the 30 day 

old hypothalamic neurons which failed to find any significant impact on biological 

pathways due to the NRXN1 deletion, a third set of proteins was sent for proteomic 

analysis. For this protocol, 12 samples were prepared.2 clones derived from 3 non-

affected controls and 2 clones derived from each of the 3 NRXN1 deletion patient 

samples were sent for mass spec analysis. These neurons were differentiated for a 

much shorter time period (14 days in total according to the protocol using Activin A 

and BMP4) compared to the protocol to differentiate to a population of GABA 

interneurons (85 days) and also the protocol which enriches for a mixed population 

of neurons found in the hypothalamus (55 days). It is possible the shorter time period 

may have an impact upon the results or the area of the brain from which the neuronal 

subtype would originate. The same mass spectrometry protocol was used for all three 

sample sets. As described in section 5.2.7, iPSC lines from 6 NRXN1 deletion lines 

and 6 non-affected controls were directly differentiated to a mixed population of 

astrocytes and neurons. In total, 5866 proteins were identified as being differentially 

expressed in the patient versus control samples. Again, data was analyzed using the 

same parameters (p< 0.05 and the differentially expressed proteins divided into 

upregulated and downregulated), and the list of differentially expressed proteins was 

again found to be quite small (200 genes). When the data was analyzed, the 

upregulated proteins, of which there were only 47, were not found to have any 

significant impact on biological pathways (table 5.10) once the corrected P values 

were applied (FDR= 16.39 for the co-enzyme biosynthetic processes). 
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Table 5. 10: The pathways affected by the upregulated proteins for the NRXN1 deletion derived 
astrocytes/ neuron population. No significant effect was found to result from these genes. FDR 
was calculated by Benjamini-Hochberg adjustment 

Annotation Cluster 
1 

Enrichment Score: 1.47 

Category Term Count P value Fold 
enrichment 

FDR 

GOTERM_BP_FAT GO:0009108~coenzyme 
biosynthetic process 

3 0.012 17.299 16.39 

GOTERM_BP_FAT GO:0051188~cofactor 
biosynthetic process 

3 0.023 12.305 28.99 

GOTERM_BP_FAT GO:0006732~coenzyme 
metabolic process 

3 0.053 7.801 55.00 

GOTERM_BP_FAT GO:0051186~cofactor 
metabolic process 

3 0.081 6.121 71.01 

 

Finally, the list of proteins determined to be significantly downregulated in the 

NRXN1 deletion derived neurons compared to the non-affected controls were 

analyzed, and the deletion was found to have an impact on the nuclear lumen and 

intracellular organelle processes at day 14 of differentiation (table 5.11). This was 

reflective of the results from the GABAergic interneurons, in which the significantly 

decreased proteins were implicated in the same pathways.  
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Table 5. 11: The biological pathways found to be affected by the NRXN1 deletion based on the 
significantly downregulated proteins in a mixture of neurons and astrocytes (differentiated 
directly from IPSCs) were reflective of those seen in the GABAergic interneurons. FDR was 
calculated by Benjamini-Hochberg adjustment. 

Annotation Cluster 
1 

Enrichment Score: 5.33 

Category Term Count P value Fold 
enrichment 

FDR 

GOTERM_CC_FAT GO:0031981~nuclear 
lumen 

35 1.16E-08 2.85 1.47E-
05 

GOTERM_CC_FAT GO:0070013~intracellular 
organelle lumen 

37 1.70E-07 2.46 2.16E-
04 

GOTERM_CC_FAT GO:0005730~nucleolus 22 2.61E-07 3.73 3.31E-
04 

GOTERM_CC_FAT GO:0043233~organelle 
lumen 

37 3.03E-07 2.40 3.83E-
04 

 

 

When the proteins identified in the pathways affected were further analyzed, it was 

observed that the decrease in expression in the NRXN1 deletion derived samples was 

quite low (table 5.12), and many of the proteins involved were found to be RNA-

binding proteins and RNA polymerases.  

Overall, the proteins with differential expression did not have huge differences in 

expression with the change in expression remaining between +/- 10% compared to 

the non-affected control samples. However, collectively, this may be enough to have 

an effect on neurodevelopment.  

 

 

 



Chapter 5 
 

226 
 

Table 5. 12: The proteins identified in the nuclear lumen pathways were found to have only 
slight decreases in expression in the astrocyte/ neuron population after 14 days of 
differentiation, ranging from a 1-4% decrease. The NRXN1 deletion samples were normalized 
to the non-affected controls which were set at a value of 1. 

Gene symbol Gene name P value Change 

POLR2E DNA-directed RNA polymerases I, II, 
and III subunit RPABC1 

0.047 ↓ 

UCHL1 Ubiquitin carboxyl-terminal hydrolase 
isozyme L1;Ubiquitin carboxyl-
terminal hydrolase 

0.024 ↓ 

UTP6 U3 small nucleolar RNA-associated 
protein 6 homolog 

0.034 ↓ 

RBM4 RNA-binding protein 4 0.034 ↓ 

CHEK1 Serine/threonine-protein kinase Chk1 0.021 ↓ 

INTS2 Integrator complex subunit 2 0.013 ↓ 

GLI3;GLI2 Transcriptional activator 
GLI3;Transcriptional repressor 
GLI3R;Zinc finger protein 

0.029 ↓ 

SUFU Suppressor of fused homolog 0.045 ↓ 

RBM4B RNA-binding protein 4B 0.040 ↓ 

TOE1 Target of EGR1 protein 1 0.035 ↓ 

MAK16 Protein MAK16 homolog 0.040 ↓ 

YEATS4 YEATS domain-containing protein 4 0.008 ↓ 

TBL3 Transducin beta-like protein 3 0.047 ↓ 

ELP2 Elongator complex protein 2 0.017 ↓ 

SUB1 Activated RNA polymerase II 
transcriptional coactivator p15 

0.018 ↓ 

KDM2B Lysine-specific demethylase 2B 0.012 ↓ 
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5.5 Discussion 

 Mutations and deletions in the NRXN1 gene have long been associated with 

predisposition to neuropsychiatric disorders, namely autism and schizophrenia (Kim, 

Kishikawa et al. 2008; Ching, Shen et al. 2010). Although there have been numerous 

clinical studies of NRXN1 deletion patients detailing phenotypic features such as the 

occurrence of intellectual disability, autism, cognitive ability and speech delays 

(Schaaf, Boone et al. 2012; Bena, Bruno et al. 2013; Curran, Ahn et al. 2013), there 

have been no publications based on in vitro models based on iPSC-derived neurons.  

One publication did investigate the in vitro effects of the NRXN1 deletion in 

differentiating cells by knocking down NRXN1 gene expression in NSCs (Zeng, 

Zhang et al. 2013). The paper sought to assess the functional impact of the 

knockdown via RNAseq. The most significant finding of this study was the 

decreased expression of GFAP positive astrocytes directly correlated to the level of 

NRXN1-α. In an attempt to elucidate what biological processes the deletion might 

affect during neurodevelopment, iPSC lines from 3 NRXN1 deletion patients, 

NRXN1 donor 1 with a deletion of exon 6-13, and the other two with a deletion of 

exon 1-5, were differentiated to separate subsets of neurons.  

The initial protocol was adapted from the Nature protocol to generate forebrain 

GABAergic interneurons (Liu, Liu et al. 2013). A continuous theme was observed 

with the initial differentiation protocol, in particular, in relation to the continued 

physical manipulation of the cells from adherent conditions to suspension and back 

to adherent conditions. The number of starting cells was very high compared to the 

final output of neural rosettes with considerable cell loss in the intermediate stages. It 

was found to be a very inefficient method which took several attempts to generate a 

population of uniform neurons from each iPSC line. The EB formation stage and 
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neural induction stage resulted in considerable loss in cell number. The original 

protocol states that “An overwhelmingly common practice in the field is to expand 

the neural progenitors with mitogens, such as FGF2, during this stage. Expansion of 

neural progenitors with FGF2 often caudalizes early progenitors, thus decreasing the 

efficiency of forebrain GABA neurons or other forebrain neurons.” –(Liu, Liu et al. 

2013). However, it was found that the expansion of a NPC population was necessary 

due to the large amount of cell loss as a result of EB formation, neural induction and 

neurosphere formation, which drastically reduced the number of NPCs. The plating 

density for terminal differentiation required 2.0X105 cells per well of a 6 well dish 

and it was found that lower numbers simply did not survive the terminal 

differentiation process. In order to have sufficient numbers for both validation that 

they were GABA neurons and for phenotypical analysis, it was deemed necessary to 

expand the cells as NPCs in EGF and bFGF for a 3-4 passages as it was not plausible 

to proceed immediately to the terminal differentiation stage using the resultant 

number of neurospheres.  

Gene expression analysis of the GABAergic interneurons revealed that, contrary to 

the results observed in the 2013 publication on the functional impact of the NRXN1 

knockdown (Zeng, Zhang et al. 2013), there was no significant difference in the 

ability of the NRXN1 deletion patient samples to generate astrocytes. This paper also 

produced a comprehensive list of autism associated genes which were found to be 

significantly differentially expressed between the knockdown and the non-affected 

control lines. Many of these genes were involved in the neuronal differentiation 

pathways including OTP, LHX5, NUMB, LMX1B, EPHA7 and SLC1A3. To 

investigate if these genes were affected by the deletions in the NRXN1 α patient 

samples during differentiation, neurons were harvested at 30 days and qRT-PCR 
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carried out to look at expression. However, no significant difference was observed in 

expression following analysis using the t-test. It is possible that the deletion in the 

paper, introduced using shRNA mediated virus particles rather than using iPSCs 

derived from NRXN1 deletion patient fibroblasts, had an effect on the results 

compared to what was seen in this study. The size and location of the deletion may 

determine the impact of the deletion on the biological pathway. 

To address the issue of low return of cell number from the differentiation protocol 

requiring EB formation, a dual SMAD inhibition protocol was substituted in its 

place. Effectively, this meant inducing neuralization while iPSCs were in a 

monolayer. While the timeframe required for the protocols using EB formation and 

dual SMAD inhibition are comparable, the smaller starting number of iPSCs (on 

average 4-fold less) for the dual SMAD inhibition protocol is an incentive.  

The expected phenotype from the NRXN1 deletion patient samples was expected to 

reflect previous data in both iPS models and animal knockout models of the disorder. 

This data had shown that overall there was a dysregulation of synaptic marker 

proteins and an imbalance of inhibitory and excitatory projections. This was found to 

affect neuronal differentiation pathways and synaptic proteins. Collectively the 

proteomics data from this study of NRXN1 deletion derived patient cells suggests 

that mitochondrial dysfunction and defective cytoskeletal pathways may play a key 

role neurodevelopment in the NRXN1 deletion patients. Proteomics analysis was 

carried out on 3 subsets of neurons generated; GABAergic neurons, hypothalamic 

neurons and a mixed population of astrocytes and neurons directly differentiated 

from iPSCs. The common pathways identified as being affected were the 

mitochondrion and the organelle lumen processing which can have major 

implications for homeostasis in the developing brain and also, synaptic plasticity. 
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The data generated from the hypothalamic neurons cannot really be considered as 

there were not significant changes in any of the pathways. However, the data from 

the GABAergic neurons and the mixed population of astrocytes were reflective of 

one another. The GABAergic neurons were considerably more mature, being 

harvested after 30 days of differentiation in addition to the time taken to induce 

differentiation (>40 days including EB formation, neural induction and the culturing 

of neurospheres). The population of astrocytes and neurons were quite immature in 

comparison, even though they did express markers of mature neurons (MAP2) and 

mature astrocytes (S100β). The difference in time taken to derive these cells may 

have an effect on the proteomics finding. In addition to this, the type of neurons 

involved may have had an effect on the differential gene expression seen. The 

GABAergic interneurons were a much more specific set of neurons which may be 

more affected by dysregulation in the mitochondria that a population of cells which 

included astrocytes.  

Overall, there are a number of differences between iPSC-derived neurons from each 

protocol. However, the protocol itself should not have an impact upon the end result. 

iPSCs hold huge promise in the field of cell replacement therapy and disease 

modeling. However, one issue which could obstruct progress in the field is the 

occurrence of intradonor variation which may account for the difference from line to 

line. This could also be extended to include variations in the ability of lines from the 

same parent origin to be differentiated to the required cell type. Recent studies have 

found that iPSC lines derived from separate donors showed varying capacity to be 

terminally differentiated (Thatava, Kudva et al. 2013). It was found in this study that, 

although the patient-derived iPSC lines were found to have similar pluripotency 

expression patterns and capacity to differentiate cells expressing the basal 
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endodermal markers such as FOXA2, individual lines showed notable 

inconsistencies in response to more directed differentiation to specific cell types. 

Such variations have been observed in protocols to generate hematopoietic lines 

from iPSCs (Mills, Wang et al. 2013) . Again, it was observed that while there was 

negligible difference for terminal differentiation between clones from the same 

donors, there was a considerable variations in generation of specific cell types 

(myeloid and erythroid progenitors) during differentiation between donors. Such 

results indicate that there are other factors influencing the capacity of these cells to 

be used as cell models including epigenetic factors 

Numerous factors have to be taken into consideration during the reprogramming 

process including the potential for acquired genetic differences between donors and 

clones. Factors which could account for these differences include the method of 

reprogramming used with the possibility of transgene insertion or reactivation, the 

potential for introduction of karyotypic abnormalities and the length of time each 

line has been in culture. Such variation may affect the rate at which an iPSC line can 

differentiate or reach maturity at a terminally differentiated stage.  

Previous studies have been carried out which identified features of mitochondrial 

dysfunction (MD) in ASD patients (Fillano, Goldenthal et al. 2002).  Studies have 

found that the occurrence of MD had increased prevalence in ASD (5%) compared 

to the general population (0.01%) (Rossignol and Frye 2012). Individuals with Rett 

Syndrome have been found to have abnormalities in the ultrastructure of the 

mitochondria in addition to abnormal levels of oxidative phosphorylation enzymes 

(Cornford, Philippart et al. 1994; Pons, Andreu et al. 2004) while other case studies 

have been published describing autistic children found to have MD and 

developmental regression (Poling, Frye et al. 2006).  
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Both neuronal and non-neuronal brain cells are incredibly vulnerable to oxidative 

stress (Wang and Michaelis 2010). The energy requirements of each cell type dictate 

the number of mitochondria present. The synapses of neurons, for example, are an 

area of high energy consumption and mitochondrial dysfunction would jeopardize 

the ability of these synapses to correctly behave (Harris, Jolivet et al. 2012). 

Mitochondria are found to be highly concentrated at axonal and dendritic terminals 

and are essential for synaptic plasticity and maintaining homeostasis (Levy, Faas et 

al. 2003). Studies have identified that MD results in decreased synaptic 

neurotransmitter release which has been found to affect GABAergic interneurons in 

particular, a cell type which has a particularly high firing rate (Kann, Papageorgiou 

et al. 2014). This may account for why such a large impact was identified in the 

GABAergic neurons compared to the other neuron subtypes.  
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6.  General discussion and future perspectives 

6.1 Methods for the generation of iPSCs 

Since the first publication on iPSCS in 2006 (Yamanaka and Takahashi 2006), these 

cells have become the viable alternative to the use of hESCs and have attracted 

considerable attention for their applicability in disease modeling, drug screening and 

their potential in cell replacement therapy (for review, see (Stadtfeld and Hochedlinger 

2010)).  

In the present study, the first aim was to establish optimal conditions for culturing 

primary adult cells in order to generate iPSCs from various cohorts of patients including 

ASD (this included the NRXN1 deletion patients and FXS) and ALS patients. To date, 

there have been numerous publications on the culture of various cell types, including 

monocytes and T cells from peripheral blood (Sommer, Rozelle et al. 2012), 

keratinocytes isolated from hair (Sharma, Livesey et al. 2014), and to a lesser extent 

renal epithelial cells isolated from urine have been used for reprogramming to iPSCs 

(Zhang, Wei et al. 2014).  

Although the means of obtaining human dermal fibroblasts via a skin punch biopsy is 

more invasive than the others, it was found that punch biopsies provided a more robust 

material which could survive at room temperature in basic fibroblast medium. This was 

an important factor considering access to the patient samples was quite limited in 

Ireland and would affect sample viability should the biopsies be taken in another 

country and require shipping. This was an important point considering the difficulty 

obtaining patient samples, especially from autistic children who found the procedure 

quite stressful. The type of samples required was also a limiting factor, with many 



Chapter 6 
 

235 
 

people reluctant to undergo a skin punch biopsy. It was found that the skin biopsies 

could be cultured using basic culture conditions which involved simply mechanically 

cutting the biopsy into smaller pieces which were tacked down to the surface of the dish 

to allow the fibroblasts to grow out of the following days. This method removed the 

need for enzymatic or chemical digestion. Overall, there was a 100% success rate with 

this culture method for skin biopsies. This was in comparison to attempt to culture 

monocytes harvested from peripheral blood cells using density gradient centrifugation 

and culture using numerous growth factors which failed on multiple occasions (data not 

shown). 

 More recently in the lab, an attempt has been made to employ the culturing of 

keratinocytes isolated from hair samples derived from a NRXN1-β and –αβ patient 

cohort identified in Denmark (Duong, Klitten et al. 2012) due to the lack of NRXN1-β 

and –αβ deletion patients in Ireland. The major limiting factor of this protocol is time. It 

has been found that the samples do not survive outside of the first six hours with no 

keratinocytes emerging in culture after 2-3 weeks (data not shown).  

Overall, in this study fibroblasts were successfully isolated and banked down for 13 skin 

punch biopsies without failure. The remainder of the fibroblast donor lines used in this 

project were received from other sources. The FXS cohort samples were supplied by 

The Autism Spectrum Disorders Stem Cell Resource at Children’s Hospital of Orange 

County (Brick, Nethercott et al. 2014). The ALS samples were provided via 

collaboration with Orla Hardiman, Biomedical Sciences Institute, Trinity College 

Dublin, Dublin, Ireland.  
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In order for iPSCs to be considered safe for use in cell-replacement therapy, the method 

used for the reprogramming of the somatic cells must be taken into consideration. The 

pioneering work by Yamanaka and Takahashi (Takahashi and Yamanaka 2006) relied 

on the use of a retrovirus to deliver the key exogenous transcription factors, OCT3/4, 

SOX2, KLF4 and c-MYC to reprogramme mouse embryonic and adult fibroblasts. 

These factors were delivered using four separate retrovirus vectors. The reprogramming 

of human adult fibroblasts was achieved using a combination of these factors, which 

commonly became known as the ‘Yamanaka factors’; however, the use of an altered set 

of exogenous factors was also successfully used to induce iPS generation; OCT3/4, 

SOX2, NANOG and Lin-28 (Takahashi, Tanabe et al. 2007; Lowry, Richter et al. 2008). 

However, the safety of the use of retrovirus is of great concern considering the potential 

for integration of the virus backbone into the host genome, the potential for sporadic 

reactivation of the transgenes and the potential risk of tumorigenesis. The integration 

from retrovirus occurs randomly and it is not known how many copies of each 

transgenes actually transduces each individual cell and thus, the copy number of 

exogenous retroviral DNA which could integrate into the host genome of each cell can 

vary extensively (Takahashi, Tanabe et al. 2007).  

Arguably, the most suitable method for the generation of iPSCs from adult cells would 

involve the use of no virus vectors at all. In the early phase of this project, the aim was 

to generate iPSCs using non-viral based techniques. Previous publications had shown 

that the addition of specific small chemical compounds, capable of removing the 

epigenetic memory of the cells greatly increased the reprogramming efficiency of 

somatic cells when used in conjunction with both viral and non-viral techniques 
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(Medvedev, Shevchenko et al. 2010). It has been established that minimizing the 

number of exogenous factors results in a decrease in reprogramming efficiency (Utikal, 

Maherali et al. 2009). In the early phase of the project, attempts were made to 

reprogramme cells without the use of a retrovirus or lentivirus as a delivery system, 

instead employing forced expression of the genes via alternate gene delivery systems, 

which included nucleofection and Magnetofection. These methods were deemed 

insufficient for the induction of reprogramming and to remedy this, a cocktail of small 

compounds were used in an effort to enhance reprogramming efficiency. To this effect, 

many chemical compounds were added to the ‘reprogramming cells’ following 

transfection, including Valproic acid (VPA), which reportedly had the capacity to 

enhance reprogramming efficiency 10-20 fold in human fibroblasts (Huangfu, Maehr et 

al. 2008). Other compounds tested included PD0325901 and CHIR99021, both 

inhibitors of MEK and GSK3 kinases (Shi, Do et al. 2008), RG108, a DNA 

methyltransferase inhibitor which was found to enhance reprogramming efficiency 30-

fold when using the factors OCT4 and KLF4 alone (Shi, Desponts et al. 2008) and A-

83-01, a TGF-β inhibitor also found enhance to reprogramming efficiency in the 

absence of core reprogramming factors by enhancing iPSC stability (the absence of A-

83-01 did not diminish reprogramming efficiency (Li, Wei et al. 2009)). Overall, the 

methods which employed the combination of non-viral transfection and small compound 

failed to generate iPSC colonies which survived and stained positive for AP activity. 

On the basis that the iPSCs generated as part of this project were not intended for any 

use other than as in vitro disease models, a single Polycistronic lentivirus vector 

containing the Yamanaka factors was used for the reprogramming of the fibroblasts. 
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Overall, the method proved reliable in terms of generating iPSC colonies. Not one 

reprogramming effort failed to generate colonies. The only factor which seemed to 

determine the reprogramming efficiency was found to be the age of the fibroblast donor. 

The reprogramming of the younger lines (between the ages of 4 years old and 23 years 

old) had quite a good efficiency, averaging around 0.112%. The reprogramming 

efficiency of the older samples (from 50-70 year old patients) was significantly lower 

(P= 0.0001, determined using a 2 tailed t-test) with greater than a 2-fold decrease in 

reprogramming efficiency. However, the colonies which emerged did have the 

characteristic ESC-like morphology and survived and retained this morphology once 

picked and expanded as separate iPSC lines.  

Aging of the cells has been found to have an impact on the capacity of a cell to undergo 

massive changes such as reprogramming to an embryonic-like state (Mahmoudi and 

Brunet 2012), as aging cells are likely to have accumulated genetic damage and harbor 

accumulated proteins (Collado, Blasco et al. 2007; Maslov and Vijg 2009). Cell cycle is 

postulated to be a major limiting factor in the reprogramming process and cellular 

senescence is associated with aging (Herbig, Ferreira et al. 2006; Hanna, Saha et al. 

2010). Cells obtained from older donors, particularly in this project where some of the 

samples were acquired from donors between 70-80 years old, may harbor a high number 

of senescent cells which could have impacted on the reprogramming process.  However, 

once these cells were reprogrammed to iPSCs, they were found to behave in an identical 

fashion to the iPSC lines derived from younger donors. The process of reprogramming 

is believed to rejuvenate the cells, wiping their epigenetic memory and essentially 

returning them to an embryonic state (Rando and Chang 2012). In total, 15 separate 
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donor fibroblast lines were successfully reprogrammed using the lentivirus transduction 

protocol with 3 individual iPSC clones being selected from each donor based on 

morphology for expansion and further characterization. 

More recently in the study, the reprogramming method was switched to the use of 

episomal reprogramming. Essentially this technique employs the use of episomal 

vectors (virus free) to deliver the transgenes OCT4, SOX2, KLF4, c-MYC AND LIN28 

into the somatic cells under feeder-free conditions which removed the need for an iMEF 

feeder layer. This is considered a ‘foot-print free’ approach to reprogramming, meaning 

the reprogrammed cells would be free of exogenous DNA. The transgenes were 

delivered via nucleofection and the cells cultured under iPSC conditions, with higher 

concentrations of bFGF (100ng/ml) to stabilize reprogramming. This method, while it 

did yield sufficient colony numbers was not found to be as efficient as the lentivirus 

mediated delivery of exogenous factors. In fact, reprogramming efficiency with the 

episomal vector was found to be significantly decreased when compared to the lentivirus 

mediated reprogramming (P= 0.0001, determined using a t-test) with an average 

reprogramming efficiency of 0.02%. There was one constant result when the lentivirus 

and episomal reprogramming methods were compared and that was the effect of donor 

age on reprogramming. Again, the reprogramming efficiency was found to be decreased 

two-fold in the older samples compared to the younger samples, although the results 

were not found to be significant (P= 2.317). These results may have been skewed due to 

inefficient reprogramming of two of the younger samples (NRXN1 donor 4 and a 

sibling control, both under 20 years of age. This was possibly attributed to the repeat 

freeze/ thawing of the reprogramming kit as there were no immediate reasons for the 
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low reprogramming efficiency observed). Overall, while the lentivirus mediated 

generation of iPSCs was found to be more efficient, it is still preferable to use a ‘foot-

print free’ method for iPSC generation. The episomal reprogramming method may have 

generated lower colony numbers per donor; however, it was still enough colonies per 

donor for further studies and the colonies picked did survive and had the standard hESC-

like morphology. 

 

6.2 The characterization of iPSC lines 

The next step in the project was to characterize the iPSC lines generated. Of the 20 

donors reprogrammed, 3 iPSC clones were chosen from each and characterized, totaling 

60 lines to be validated as true iPSCs. Methods to validate that these cells were indeed 

pluripotent included AP staining for which they all stained positive. Next, RNA was 

isolated from each of the iPSC lines to examine expression of the endogenous factors 

charged with maintaining pluripotency in PSCs; OCT4, SOX2 and NANOG. All lines 

were found to have massively increased expression of these markers (e.g. a 4000-fold 

increase in expression of OCT4 on average in the iPSC lines compared to the negative 

control fibroblast lines). Immunocytochemical staining for ESC surface markers 

SSEA4, TRA 1-60 and TRA 1-81 in addition to OCT4, SOX2 and NANOG was carried 

out with huge expression of these markers in all the lines. All lines were also found to be 

capable of generating embryoid bodies which subsequently differentiated to cells of all 

three germ layers when stained for the markers alpha fetoprotein, alpha smooth muscle 



Chapter 6 
 

241 
 

actin and beta III tubulin. The only major difficulty with characterization of the lines 

arose as a result of the teratoma formation assay.  

The teratoma formation assay which has long been considered the ‘gold standard’ for 

validating the true pluripotency of a cell type, has come under considerable scrutiny 

over the last number of years. The main point of contention with this technique is the 

lack of a standardized protocol (Buta, David et al. 2013). There are numerous 

conflicting publications on the number of cells used, the animal model used, preparation 

methods prior to the cells being implanted and most importantly the site of engraftment 

(Hentze, Soong et al. 2009; Wesselschmidt 2011). As a part of this study to validate 

pluripotency, it was attempted to validate 11 of the iPSC lines using the teratoma 

formation method. Two different mouse models were used; the SCID mouse and the 

NSG (NOD-SCID gamma) mouse in an attempt to evaluate which model would be most 

efficient for teratoma formation. 1.0X10
6 

cells were injected into the testes capsule of 

each mouse, the site and number of cells injected were based on a recent publication 

(Peterson, Tran et al. 2011). However, it was found that only three solid teratomas grew 

after a twelve week period in vivo out of a total of 22 animals injected. While the 

teratomas which were harvested were found to have cells from all three germ layers, the 

method overall failed to validate the pluripotency of lines which were found to express 

all the required markers and capable of forming EBs in vitro. It was believed to be a 

failure of the teratoma formation assay and not that the cells were not truly pluripotent. 

In a final attempt to prove that the lines were indeed pluripotent, RNA was isolated from 

24 of the iPSC lines to examine using Pluritest. Pluritest is quickly becoming the viable 

alternative to the teratoma formation assay.  
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6.3 Examining the effects of the NRXN1 deletion on differentiated neurons 

The final phase in this project focused on the cohort of NRXN1 deletion patients. 

Although the NRXN1 deletion is quite rare in Ireland, 3 samples were obtained all with 

exonic deletions in the alpha isoform of the gene (Donor 1 had a deletion between exon 

6 and 13 while the other two donors were found to have deletions between exons 1-5). 

Deletions at 2p16.3 which involve the exons in the NRXN1 gene have been identified in 

increased susceptibility to both autism and schizophrenia (Carroll and Owen 2009). 

NRXN1 deletions have been recognized as being quite rare. Upon analysis of a database 

of 30,065 individuals with known intellectual disability, only 34 individuals were found 

to have a NRXN1 deletion of varying size and location, around 0.11%. This was 

compared to the normal population where the rate identified with NRXN1 deletions was 

found to be 0.02% (significantly higher than in the control population, P= 6.08X10
-7

) 

(Dabell, Rosenfeld et al. 2013).  

There have been numerous studies on the impact of the NRXN1-α deletion in animal 

models in an attempt to elucidate the underlying mechanism of abnormal 

neurodevelopment, which has resulted in the identification of altered synaptic 

transmission and a decrease in Ca
2+

 channel currents, affecting neurotransmitter release, 

along with an imbalance among excitatory/ inhibitory neurons (Craig and Kang 2007; 

Sudhof 2008; Etherton, Blaiss et al. 2009). Animal studies have also managed to 

correlate the NRXN1-α knockout in mice with the phenotype observed in clinical 

studies of individuals (Schaaf, Boone et al. 2012; Ebert and Greenberg 2013). To date, 

there has only been one publication investigating the functional impact of a NRXN1 

deletion on molecular pathways using iPSCs to create the disease model (Zeng, Zhang et 
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al. 2013). This study used a shRNA virus to partially knockdown the NRXN1-α gene in 

neural stem cells differentiated from healthy iPSC and examined the effects of the 

partial knockdown the cells during differentiation to mature neurons. One of the key 

effects of the knockdown was observed in the neuronal differentiation pathways with 

multiple genes involved in cell fate specification and neurotransmitter transport being 

affected.  

For the final phase of the present study, iPSC lines generated from three NRXN1 

deletion patients with exonic deletions were differentiated to different subsets of 

neurons using various protocols. By the end of the project, a fourth NRXN1 deletion 

patient biopsy had been acquired and reprogrammed to iPSCs. However, this sample 

had an intronic deletion in the alpha isoform and it was decided to focus on the exonic 

deletions. 12 iPSC lines in total were differentiated (2 lines from each NRXN1 deletion 

donor and 2 lines from each of the non-affected control donors, two of which were 

sibling controls) to a population of GABAergic neurons, hypothalamic neurons and a 

mixed population of astrocytes and neurons. Once these lines had been validated for the 

presence of mature neuronal markers (MAP2), a decrease in expression of NSC markers 

(Nestin, SOX3) and the presence of astrocyte marker (GFAP), the effect of the deletion 

could be examined via qRT-PCR and proteomics analysis. The study found that there 

was no significant differential expression between the NRXN1 deletion and the control 

samples when looking at the ability of cells to differentiate. There were no obvious 

morphological differences observed between the patient and control samples at any 

stage during the differentiation process. Each line was induced to form the 

neuroepithelium and subsequent population of neural precursor cells.  
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qRT-PCR was carried out on each of the neuron subsets to determine if there was any 

difference in maturation; the investigated genes includedDCX (a marker for immature 

neurons), GFAP (a marker for astrocytes), MAP2 (a marker for mature neurons) and 

S100B (a marker for mature astrocytes). Overall, no significant difference was observed 

between the patient and control samples in the ability to generate mature neurons and 

astrocytes. Furthermore, the study examined the expression of a number of the autism 

associated genes found to be differentially expressed in the PlosOne paper on the partial 

knockdown of NRXN1-α in NSCs (NUMB, LHX5, LMX1B, EPHA7, SLC1A3, OTP; 

all genes involved in the neuronal differentiation pathway and cell adhesion pathway) 

(Zeng, Zhang et al. 2013). However, it was determined via qRT-PCR that there was no 

significant difference in the expression of these genes in the population or GABAergic 

interneurons or indeed the hypothalamic neurons.  

In order to try and understand the underlying effects of the NRXN1 deletion in these 

patient samples, the differentiated cells from patient and control were sent for proteomic 

analysis to determine which pathways were affected by the deletion. The differentiated 

lines from a population of GABAergic interneurons, hypothalamic neurons (both day 

30) and a mixed population of astrocytes and neurons (day 14 of differentiation) were 

analyzed and the results did not reflect those of the PlosOne paper (Zeng, Zhang et al. 

2013) which found that the deletion had an impact on neuronal differentiation genes. 

Rather, it was observed that the exonic deletion in the patients of this study had a 

significant impact on the mitochondrial pathways. When the data was analyzed from the 

GABAergic neurons, greater than 100 genes were found to be significantly differentially 

expressed, all of which were identified as being significantly impacting upon the 
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mitochondrial pathways including the mitochondrial envelope (FDR= 4.97E-14), 

mitochondrial matrix (FDR= 1.42E-17), mitochondrial parts (FDR= 8.46E-24) and the 

mitochondrion (FDR= 8.46E-24). Mitochondrial dysfunction has been identified in a 

small cohort of autistic patients and other patients with neuropsychiatric disorders and 

cognitive impairments (Fillano, Goldenthal et al. 2002; Weissman, Kelley et al. 2008; 

Yang, Weissman et al. 2008). It is worth noting that the expression of creatine kinase 

was found to be significantly upregulated in the NRXN1 deletion patient samples 

(P=0.00385) with a 1.25-fold increase in expression. Creatine kinase is an enzyme 

expressed in many tissues, mostly the brain, heart and muscle tissues (Schlattner, 

Tokarska-Schlattner et al. 2006). This enzyme catalyzes the conversion of creatine 

utilizing ATP to generate phosphocreatine (PCr) and adenosine diphosphate (ADP) in a 

reversible reaction. PCr is present in cells essentially as a reservoir for the rapid 

generation of ATP in high energy tissues (Saks 2008). Elevated creatine kinase levels 

have been found in autism patients and are associated with impaired cognitive function 

(Poling, Frye et al. 2006). 

Other pathways found to be impacted by the deletion in the GABAergic interneurons 

were the contractile fibers (FDR= 7.77E-23) and myofibrils (FDR= 5.04E-20) involved 

in skeletal muscle, which would relate directly to the dysregulation seen in the 

mitochondrial pathways (Zierath and Hawley 2004; Vermulst, Wanagat et al. 2009).  

Clusters of pathways which were identical to one another were omitted from the results. 

The next most affected pathway was identified as oxidoreductase (2.73E-7) with 50 

genes involved. Dysregulation in the oxidation reduction pathways have been linked to 

mitochondrial dysfunction and stress in postmortem samples of brains derived from 
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patients with post-traumatic stress disorder and neurodegenerative disease (Hervias, 

Beal et al. 2006; Lin and Beal 2006; Su, Wu et al. 2008). Furthermore, the genes which 

were identified as being significantly downregulated in the GABAergic neurons were 

identified to significantly impact the intracellular organelle lumen (FDR=5.16E-28, 160 

genes downregulated) and nuclear lumen (FDR= 8.49E-32, 173 genes downregulated). 

This is important in relation to numerous mechanisms within the neuron, including 

gated protein transport, transmembrane transport and vesicle-mediated transport (Ashby 

and Tepikin 2001). This also has implications for the endoplasmic reticulum (ER) which 

is responsible for the regulation of protein synthesis, folding and the transport of 

proteins (Braakman and Bulleid 2011). The ER is also the main intracellular store for 

intracellular Ca
2+

 (Koch 1990).  

The proteomics data from the hypothalamic neurons did not identify as many 

differentially expressed genes, with around 200 genes in total differentially expressed by 

the NRXN1 deletion samples. When analyzed, the NRXN1 deletion was observed to 

have an impact on similar pathways. In the upregulated genes, intracellular transport 

was found to be affected but once the corrected P value was applied, the results were not 

deemed significant with only 11 genes identified in this pathway (FDR= 0.0546). 

Furthermore, the significantly downregulated genes were found to have an effect on 

intracellular organelle lumen; however, this was also not deemed significant (FDR= 

1.1164) with only 11 significantly downregulated genes involved in this pathway. While 

the results were not significant, the overall result did reflect that seen in the GABAergic 

neurons with the affected genes being possibly involved in vesicle trafficking and 

intracellular Ca
2+

 signaling in the neurons generated. 
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Finally, the proteomic data from the mixed population of astrocytes and neurons was 

analyzed. Similar to the hypothalamic neurons, only a small set of genes of 200 were 

identified as being differentially expressed. This, in turn, was not found to have a 

significant impact on any pathways with relation to the upregulated genes. However, it 

was found that the significantly downregulated genes significantly affected the nuclear 

lumen (FDR= 1.47E-05) and the intracellular organelle lumen (FDR= 2.16E-04) with a 

large number of genes affected in each pathway; 35 and 37 genes with significantly 

decreased expression respectively.  

The stark difference in impact upon the mitochondrial pathway may be reflective of the 

cell type examined. GABAergic interneurons are a cell type with high synaptic activity 

and energy consumption (Somogyi and Klausberger 2005). The other cell types 

examined via proteomics were comprised of a more mixed population of neurons and 

astrocytes which may not be so energy-dependent and reflect the difference in 

differential expression of mitochondria related genes. These GABAergic interneurons 

are fast-spiking cells which have been found to have a high energy requirement. Failure 

to produce energy at these interneurons which are responsible for centralized 

information processing in the cortex and hippocampus could be attributed to cognitive 

deficits seen in autism (Kann, Papageorgiou et al. 2014). The results may also have been 

dependent on the amount of time spent differentiating the cells and the protocol used. 

Overall, the protocol to differentiate iPSCs to GABAergic interneurons was 

considerably longer (12 weeks in total including EB formation, neural induction and 

neurospheres culture). The other protocols were much more straightforward and 
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involved the differentiation of the cells in a monolayer. The maturity of the neurons may 

have had an effect on the overall gene expression identified.  

In view of the data collected which demonstrates dysregulation in a number of 

pathways, one possible area to investigate further would be to validate a large number of 

the genes which were found to be differentially expressed in the proteomics analysis. 

This could be done via qRT-PCR. From there, the next logical step would be to examine 

the functional capacity of the mitochondria in both the NRXN1 deletion samples and the 

non-affected controls. It would be interesting to investigate the early changes in the 

mitochondrial pathway, such as ATP production in GABAergic interneurons, and also 

to measure the levels of oxidative species generated during differentiation. Furthermore, 

it would be important to investigate the functional capacity of the neurons using 

electrophysiology, with regards to any differences in firing potential between the 

NRXN1 deletion samples and the controls, and also to gauge the energy required by 

these neurons and how this relates to mitochondrial function. Finally, it would be 

interesting to quantify mitochondrial activity at the synapses of both the NRXN1 

deletion and controls neurons to determine the difference in activity and how it relates to 

the differential gene expression seen in the proteomics data.  

Taken together, this study has shown the generation and characterisation of iPSCs 

derived from human patients with varying NRXN1 deletions, and differentiation into 

neuronal subtypes. The data has provided novel insights into the underlying mechanism 

of NRXN1 in ASD, by affecting essential cytoskeletal and mitochondrial processes.  
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