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Abstract 

 

PCDH19-female epilepsy (PCDH19-FE) is a female-limited epilepsy characterised by a 

spectrum of neurodevelopmental and behavioural problems. It is caused by predicted, loss of 

function mutations in an X-chromosome gene, Protocadherin 19 (PCDH19). PCDH19-FE 

presents because of cellular mosaicism, typically in females where heterozygous mutations 

cause mosaicism resulting from random X-inactivation. Currently, limited cell and molecular 

biology data is available to explain how mutations in PCDH19 cause this debilitating disorder. 

PCDH19 shows spatially and temporally regulated expression in the developing and adult 

brain, with layer-specific expression in the cortex and expression in the neurogenic regions of 

the developing brain. Thus, PCDH19 is likely to have important functions in both the 

developing and adult cortex. To investigate the role of PCDH19 in cortical brain development, 

both mouse and human based in vitro models were developed and employed.  

 

Utilising wildtype (WT) and Pcdh19 knockout (KO) mice, neural stem and progenitor cells 

(NSPCs) were isolated and cultured as neurospheres to investigate NSPCs behaviours and the 

cellular mosaicism of the PCDH19-FE individuals. In the absence of Pcdh19, increased 

neuronal migration was observed. This was associated with increased neuronal differentiation 

at the expense of oligodendrocyte differentiation. The mosaic cultures showed a phenotype 

intermediate to the Pcdh19 WT and Pcdh19 KO cells in all assays, suggesting cell intrinsic 

properties were maintained. Genome-wide expression analysis implicated multiple genes and 

gene networks involved in neuronal development. In particular, genes involved in the regulation 

of the actin cytoskeleton via Rho GTPases were highlighted, a pathway which could underlie 

the cellular phenotypes observed.  

 

Human induced pluripotent stem cells (hiPSC) provide a unique system to study neurological 

disorders using disease relevant cells that are otherwise unattainable from the patients. hiPSCs 

were generated from patient skin fibroblasts with a pathogenic PCDH19 missense mutation. 

Additionally, an optimised in vitro protocol of human cortical development was developed and 

shown to be reproducible across multiple pluripotent stem cell lines. Using this protocol with 

WT and PCDH19 Mutant hiPSCs, PCDH19-FE was modelled by again replicating the cellular 

mosaicism of the patient brain. PCDH19 was found to be important for the maintenance of 

NSPC polarity during cortical development, with PCDH19 Mutants being able to form neural 

rosette structures, but unable to properly maintain these structures as evidenced by a decrease 

in lumen size and number of polarised neural rosette structures/rosette colony area. A 
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significant increase in the number of neurons at the edge of the rosette colonies was also 

observed suggesting premature neuronal differentiation. PCDH19 was also shown to regulate 

axonal extensions with PCDH19 Mutant and Mosaic neurons having an increased primary 

neurite length.  

 

Taken together this study has shown that PCDH19 has important functional roles during the 

early stages of cortical brain development. This work identifies novel roles for PCDH19 in 

NSPC polarity, neurogenesis, neuronal migration and neuronal morphology. This study 

suggests that the PCDH19-FE pathology is attributed to the presence of two differing cell 

populations (WT and Mutant/KO) resulting in abnormal brain development and neuronal 

network formation at later stages of cortical development.  
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R-NSC   Rosette-stage neural stem cell  

SAP   Subapical progenitors 

shRNA  Short hairpin RNA 

SNP    Single nucleotide polymorphism  

SV   Synaptic vesicles 

SVZ   Subventricular zone 

TLE   Temporal lobe epilepsy 
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TM    Transmembrane domain 

UTR   Untranslated region 

VZ   Ventricular zone 

WRC   Wave regulatory complex 

XCI   X-chromosome inactivation 

XCR   Inactive X-chromosome 

XLID   X-linked ID 

 

Genes and Proteins 

*Given most of the comparisons in this thesis are between human and mouse, to facilitate 

identification of the species, human proteins are all in upper case and mouse proteins will have 

an upper case first letter with the rest of the protein in lower case. Genes follow the same 

nomenclature but are italicised.  

 

Abi-1   Abl interactor 1 

ACTB   Actin Beta 

AF6   Afadin 6 

AKRs   Aldo-Keto Reductase Families 

AKR1C1  Aldo-Keto Reductase Family 1 Member C1  

AKR1C2  Aldo-Keto Reductase Family 1 Member C2  

AKR1C3  Aldo-Keto Reductase Family 1 Member C3  

AKR1C4  Aldo-Keto Reductase Family 1 Member C4 

CD133   Prominin 1  

CDC42   Cell division cycle 42 

CNP1/CNPase  2',3'-cyclic nucleotide 3' phosphodiesterase 

CTIP2   B-cell CLL/lymphoma 11B 

CUX1   Cut like homeobox 1 

CYFIP1  Cytoplasmic FMR1-interacting protein 1 

CYFIP2  Cytoplasmic FMR1-interacting protein 2 

CYP17a1  Cytochrome P450, family 17, subfamily a, polypeptide1 

DACH1  dachshund family transcription factor 1 

DCX   Doublecortin 

DDX3X   DEAD-box helicase 3, X-linked  

DKK   Dickkopf 

DLX2   Distal-less homeobox 2    

EFNB1  Ephrin B1 

EFNA5  Ephrin A5 

EPHA2  EPH receptor A2  

ER   Estrogen receptor 

FAIM2  Fas apoptotic inhibitory molecule 2 

FMRP   Fragile X mental retardation protein 

GABAA  Gamma-aminobutyric acid A receptor, subunit gamma1 

GABARG2  Gamma-aminobutyric acid receptor subunit gamma-2 

GABRA2  Gamma-aminobutyric acid type A receptor alpha2 subunit 

GABRA3  Gamma-aminobutyric acid type A receptor alpha3 subunit  

GABRD  Gamma-aminobutyric acid receptor delta 

GAD67 /GAD1 Glutamate decarboxylase 1 

GFAP   Glial fibrillary acidic protein   

GluR2   Glutamate receptor 2 

GPRIN3  GPRIN family member 3 

GPCR   G-protein coupled receptor 

GRIA1   Glutamate ionotropic receptor AMPA type subunit 1 

H3K4   Histone 3 Lys4 
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H3K27   Histone 3 Lys27 

HES1   Hes family bHLH transcription factor 1 

HSF1   Heat shock transcription factor 1  

IGF   Insulin-like growth factor 

JNK   c-Jun N-terminal kinase  

KCNQ2  Potassium voltage-gated channel subfamily Q member 2 

KCNQ3  Potassium voltage-gated channel subfamily Q member 3 

MAPK   Mitogen-activated protein kinase 

MAP2   Microtubule-associated protein 2 

MECP2  Methyl-CpG binding protein 2 

MEF2   Myocyte enhancer receptor 2 

mGluR   Group 1 metabotropic glutamate receptor  

MKI67   Marker of proliferation Ki-67 

mSin3A  SIN3 transcription regulator family member A  

NAP1   Nck-associated protein 1 

NCAD   N-cadherin 

NEUROG2  Neurogenin 2 

NFκB   Nuclear factor kappa B 

NMP35  Neural membrane protein 35 

NONO   Non-POU-domain-containing, octamer binding protein 

OCT4   Octamer-binding transcription factor 4 

OXTR   Oxytocin receptor 

PAR3   Par-3 family cell polarity regulator 

PAX6   Paired box protein 6 

PCDH10  Protocadherin 10 

PCDH11X  Protocadherin 11X 

PCDH19  Protocadherin 19 

PCDH17  Protocadherin 17 

pHH3   Phosphohistone H3 

αPKC   Protein kinase C, alpha 

PKCλ   Protein kinase C, lambda 

PPAR   Peroxisome proliferator-activated receptor 

PR   Progesterone receptor 

PRRT2  Proline-rich transmembrane protein 2 

PSD-95  Post-synaptic density 95 

PSF   Protein associated splicing factor 

PTCH1  Patched 1 

Rab5   RAB5A, member RAS oncogene family   

Rac1   Ras-related C3 botulinum toxin substrate 1  

RBM4   RNA binding motif protein 4 

RhoA   Ras homolog family member A  

SATB2  SATB homeobox 2  

SCN1A  Sodium voltage-gated channel alpha subunit 1 

SCN1B   Sodium voltage-gated channel beta subunit 1  

SCN2A  Sodium voltage-gated channel alpha subunit 2 

SNAP25  Synaptosomal-associated protein 25 

SOX2   SRY-box 2 

SOX10  SRY-box 10 

STAT3  Signal transducer and activator of transcription 3 

STXBP1  Syntaxin binding protein 1 

TBC1D24  TBC1 domain family, member 24 

TBR2   T-box brain protein 2 

TBR1   T-box, brain 1 
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THDOC  Allotetrahydrodeoxycorticosterone 

TP53   Tumour protein p53 

USP9X  Ubiquitin specific peptidase 9, X-linked 

VASP   Vasodilator-stimulated phosphoprotein 

VGLUT1  Solute carrier family 17 member 7 

VGLUT2  Solute carrier family 17 member 6  

WAVE  WASP family verprolin homologous protein 

ZO-1   Zona occludens 1
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1.1 Intellectual disability.  

Intellectual disability (ID) is characterised by significant limitations in intellectual functioning 

and adaptive behaviour which is identified in an individual under the age of 18 (Schalock 2010). 

A diagnosis is made when an intelligence quotient (IQ) score of less than 70 is identified, 

though identification is usually made earlier based on observed developmental delays such as 

in speech, cognitive and motor function (Mefford et al. 2012). ID affects about 3% of world 

population and has a lifelong impact on the patient, families and society as a whole (AIHW 

2008). In Australia, the 2012 survey of disability, ageing and carers (SDAC 2012) reported the 

prevalence of ID in Australia to be 2.9%, with a prevalence rate of 4% in children between the 

ages of 0-14 years with males twice as likely to be affected as females. The causes of ID are 

extremely heterogeneous with many genetic as well as environmental causes now recognised. 

Environmental causes can occur prenatally or after birth. They include e.g. prenatal exposure 

to toxic substances, radiation, exposure to environmental contaminants, illness, infection, 

malnutrition and brain trauma (Winnepenninckx et al. 2003). However over half the cases of 

ID are idiopathic with a suspected genetic origin (Gecz et al. 2009).   

 

In the western population, ID has become the most common reason for individuals to seek 

genetic screening and advice (Ropers 2010, Vissers et al. 2016). However, the large 

heterogeneity in the severity of ID, with ID ranging from mild to severe, has made it difficult 

to resolve genetic causes, for example, making a genetic diagnosis in mild ID is complicated 

by the difficulties in unambiguously discriminating normal and mildly affected family 

members.  However within the last decade, with the advancement of genetic screening 

technologies, great progress has been made in identifying genetic factors causes of ID (Ropers 

2010, Vissers et al. 2016).  Genetic causes of ID can include chromosomal abnormalities, with 

cytogenetically observable chromosomal abnormalities accounting for approximately 15% of 

severe ID (Ropers 2010). This includes the well-known trisomy 21 which causes Down 

syndrome, the most frequent genetic form of ID (Leonard et al. 2002, Collins et al. 2008). 

Additionally, sub-microscopic deletions or duplications on chromosomal regions, unable to be 

observed under the microscope, have also been identified as a novel causes of ID (de Vries et 

al. 2005).  These include copy number variations (CNV), as well as single-nucleotide changes. 

Several CNVs have now also been identified as predisposing factors for a spectrum of 

neuropsychiatric disorders including Autism spectrum disorders (ASD), epilepsy and 

schizophrenia (Mefford et al. 2009).   
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X-linked ID (XLID) is a highly heterogeneous genetic form of ID where the causative gene or 

a mutation is on the X-chromosome (Gecz et al. 2009). XLID (and ID in general) has been 

historically split into two categories based on clinical presentations; syndromic and non-

syndromic forms. Syndromic forms of XLID are defined by the presence of other consistent 

abnormalities other than ID. Non-syndromic forms of XLID are generally indistinguishable 

from each other or there are no consistent clinical presentations among the affected individuals 

of the same family other than the presence of ID (Mulley et al. 1992). The characterisation of 

XLID into syndromic and non-syndromic forms at current is constantly changing, with specific 

entities often moving from one category to the other, usually dependent on identification of 

increased number of families with mutations in the particular gene, and as such advancement 

of our understanding and the complexity of the ID. Syndromic forms are prevalent and often 

associated with ASD and/or seizures (Stevenson et al. 2012).    Genes on the X-chromosome 

were originally implicated in ID based on simplicity of the recognition of X-chromosome 

inheritance as well as high prevalence of ID among males. It was predicted that 10-15% of ID 

might be attributed to genes on the X-chromosome (Gecz et al. 2009). Approximately 40% of 

protein-coding genes identified on the X-chromosome are expressed in the brain and therefore 

are good candidates for ID and other neurological disorders (Ropers et al. 2005). To date over 

124 XLID associated genes have been discovered (Figure 1.1)(Lubs et al. 2012, Schwartz 

2015).   

 
Figure 1.1. Identified syndromal X-linked ID genes.  Figure illustrates published genes with 

identified mutations that have been shown to cause syndromal XLID and their chromosomal 

band locations (from Schwartz 2015). 
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The vast majority of identified XLID mutations have been found in affected males as they have 

only one X-chromosome, therefore usually presenting with the XLID phenotype if they have a 

pathogenic mutation in an X-chromosome gene (Muers et al. 2007). Females have two X-

chromosomes, with X-inactivation occurring in all somatic cells of the body ensuring only a 

single copy of the gene is expressed in each cell (dosage compensation) (Morey et al. 2011).  

The process of X-inactivation occurs at the blastocyst stage of embryonic development, with 

the inactive X-chromosome retained for the life of the cell and passed on to daughter cells 

(Belmont 1996, Ray et al. 1997, Matsui et al. 2001). As such heterozygous females are 

predominately carriers of X-chromosome gene mutations and are generally not or only mildly 

affected due to compensation by their normal gene allele or skewed X-inactivation against the 

mutation harbouring X-chromosome (Fieremans et al. 2016). However, recent studies have 

identified many affected singleton females with mutations in X-chromosome genes e.g. 

ubiquitin specific peptidase 9, X-linked (USP9X) (Reijnders et al. 2016), DEAD-box helicase 3, 

X-linked (DDX3X) (Snijders Blok et al. 2015), methyl-CpG binding protein 2 (MECP2) (Amir 

et al. 1999) and also Protocadherin 19 (PCDH19) (Dibbens et al. 2008). It has been predicted 

that in some of these cases mutations in these XLID genes and disease pathogenesis in females 

could be attributed to X-chromosome inactivation i.e. skewing or escape from X-inactivation 

(Young et al. 2004, Dibbens et al. 2008). It is now predicted that approximately 15% of genes 

on the X-chromosome actually escape X-inactivation (Carrel et al. 2005). While, 10% of genes 

show heterogeneous X-inactivation, showing variable expression among different females 

(Carrel and Willard 2005).  Therefore, affected heterozygous females can present with a 

disorder where a pathogenic mutation in the X-chromosome gene escapes or only undergoes 

partial X-inactivation, or the mutation confers a selective advantage on the cells (e.g. a role in 

proliferation) causing skewing towards the X-chromosome with the mutation (Fieremans et al. 

2016). In these situations depending on the genetic mutation, the pathogenic mutation can either 

be lethal in the male (dominant lethal) or show the same pathogenicity as the female individual 

(the same pathogenesis in male and female individuals). Pathogenic mutations in PCDH19 

however provide a unique link to X-inactivation where males, harbouring a pathogenic 

mutation in PCDH19, appear unaffected (not lethal) while the heterozygous females are 

affected (Dibbens et al. 2008).  

1.1.1 Epilepsy in XLID 

XLID often has co-occurring phenotypes including ASD, schizophrenia, epilepsy and various 

other behavioural and psychological problems (Gecz et al. 2009). Epilepsy is a chronic 

condition which is due to an electrical hyperexcitability in the central nervous system 
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(Schroeder et al. 1998). Epilepsy occurs in approximately 1% of the general population 

however this occurrence is much higher in people with ID, with the prevalence even greater in 

XLID syndromes. It is predicted that 25% of the population with ID also have a co-occurring 

epilepsy phenotype, with seizures present in over 50% of the XLID syndromes (van Blarikom 

et al. 2006, Stevenson et al. 2012). Seizures can range from being the only other manifestation 

along with the ID or can be just one of a number of additional neurological deficits (Stevenson 

et al. 2012). As well as an increased incidence of epilepsy within people with ID, there is an 

increased risk of refractory epilepsy (drug resistant) with rates between 35 to 75% (van 

Blarikom et al. 2006). The fact that XLID occurs with or without co-occurring seizures suggests 

that the seizures are not causative of the ID but rather a consequence of an underlying change 

in neuronal structure/networks. However, this must be extrapolated dependent on the 

underlying genetic mutation/ XLID disorder, with seizures likely to contribute to the ID in most 

individuals. Patients with both ID and epilepsy create a greater socio-economic impact on 

society with both an increased need for residential care and treatment.  

1.2 Genetic epilepsy 

Epilepsy is characterised by the reoccurrence of unprovoked epileptic seizures, caused by 

synchronised electrical discharges of central neurons within the brain (Weber et al. 2008).  The 

underlying cause of epileptic seizures can be either symptomatic or idiopathic. Symptomatic 

causes include cortical malformations, stroke and brain tumours (Weber and Lerche 2008). 

Idiopathic epilepsies make up approximately 47% of all epilepsies and are thought to have a 

genetic origin with either a monogenic or multifactorial/polygenic mode of inheritance (Weber 

and Lerche 2008, Nicita et al. 2012). When the inheritance is monogenic the identified mutation 

in a single gene is generally sufficient to cause the phenotype (Ferraro 2014). These are often 

described as single gene disorders. The other end of the spectrum, and the more common, is the 

multifactorial inheritance mode of epilepsy whereby polygenic inheritance is influenced by 

environmental factors (Williams et al. 2013). This occurs when an individual has susceptibility 

alleles in multiple genes (5-20 variants), which alone are insufficient to cause seizures, but 

when combined with other susceptibility alleles or environmental factors causes a threshold 

effect which is sufficient to cause the seizure phenotype (Mulley et al. 2005, Williams and 

Battaglia 2013). This is evidenced in studies using monozygotic (MZ) and dizygotic twins, with 

a higher degree of concordance in the MZ twins.  

 

The majority of mutations identified to cause genetic epilepsies have been identified in genes 

encoding subunits of ion channels or neurotransmitter receptors, which are important mediators 

of neuronal excitability and whose loss or gain of function results in abnormal generation and 
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propagation of action potentials (reviewed in (Weber and Lerche 2008, Nicita et al. 2012)). An 

example of a neurotransmitter gene is the Gamma-aminobutyric acid receptor delta (GABRD), 

which encodes the δ-subunit of the GABAA receptor. It was identified as a susceptibility gene 

for complex idiopathic generalised epilepsies (IGE) (Dibbens et al. 2004). The δ-subunit is 

expressed on extra- and peri-synaptic receptors which mediate tonic inhibition. Two variants 

of GABRD were identified in patients with IGE; E177A and R220H, with electrophysiological 

analysis revealing decreased GABAA receptor current amplitudes (Dibbens et al. 2004). The 

reduced receptor current is proposed to cause a decrease in tonic inhibition and an overall 

increase in neuronal excitability, suggesting regulation of tonic inhibition as a mechanism 

involved in epilepsy (Dibbens et al. 2004). An example of an ion channel gene is the potassium 

voltage-gated channel, KQT-like subfamily, member 2 and member 3 (KCNQ2, KCNQ3), 

mutations of which have been shown to give rise to Benign familial neonatal seizures (BFNS) 

(Schroeder et al. 1998). This form of epilepsy is characterised by clusters of seizures in the first 

days of life which spontaneously disappear after weeks to months.  KCNQ2 and KCNQ3 

channels give rise to a slow activating potassium current called an M-current. Mutant channels 

were shown to cause a reduction in the potassium current, causing a sub-threshold membrane 

depolarisation resulting in increased neuronal excitability (Schroeder et al. 1998). The 

occurrence of seizures in neonates could be due to a link to the developmental switch of 

GABAergic excitation to inhibition, as the M-current might provide the primary inhibitory 

pathway in the immature brain which is no longer required in the adult brain (reviewed in 

(Weber and Lerche 2008)). Identification of mutations in these genes is not surprising, as they 

are involved in pathways known to be crucial for the control of neuronal excitability, hence the 

resulting seizure phenotype. 

 

Recently identified epilepsy genes have highlighted novel pathways involved in epilepsy. 

Syntaxin binding protein 1 (STXBP1) was identified as an epilepsy gene. It is mutated in a 

severe form of early onset epilepsy called early infantile epileptic encephalopathy (EIEE) as 

well as in a patient with neonatal-onset focal seizures (Saitsu et al. 2008, Vatta et al. 2012). The 

protein encoded by this gene is essential for synaptic vesicle release (Saitsu et al. 2008). TBC1 

domain family, member 24 (TBC1D24) is another identified novel epilepsy gene. Mutations 

were identified in the TBC1D24 gene in a pedigree with an autosomal-recessive syndrome of 

focal epilepsy with ID (Corbett et al. 2010).  Mutations in this gene were also identified in 

familial infantile myoclonic epilepsy without ID (Falace et al. 2010). TBC1D24 is an interesting 

epilepsy gene as TBC1D24-epilepsies show noticeable phenotypic pleiotropy with benign 

myoclonic epilepsy restricted to childhood with complete seizure control and no ID to early-
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onset epileptic encephalopathy with severe ID and early death. Currently there is no direct 

phenotype-genotype correlation with the severity of TBC1D24 epilepsies (Balestrini et al. 

2016).  Tbc1d24 is expressed early in mouse brain development and is an important regulator 

of neuronal arborisation and specification (Corbett et al. 2010). Aberrant network formation 

through changes in neuronal arborisation and specification could be associated with the onset 

of epilepsy associated with TBC1D24 mutations. Another such example is the proline-rich 

transmembrane protein 2 (PRRT2), a neuronal protein localised at synaptic contacts. Mutations 

in PRRT2 have been shown to cause a wide spectrum of neurological diseases including benign 

familial infantile epilepsy (BFIE) (Heron et al. 2012). PRRT2 has been shown to interact with 

synaptosomal-associated protein (SNAP25), which is involved in neurotransmitter release from 

synaptic vesicles (Valente et al. 2016). It is a key component of a Ca2+-sensing machinery 

important for synchronous neurotransmitter release (Valente et al. 2016). During development 

PRRT2 has roles in neuronal migration, spinogenesis, and synapse formation and maintenance 

(Liu et al. 2016, Valtorta et al. 2016). There is likely to be many more epilepsy genes discovered 

which will point to new and yet unappreciated mechanisms in epilepsy. 

1.2.1 Epileptic Encephalopathies  

Early infantile epileptic encephalopathies (EIEE) are a group of severe epilepsies that occur in 

infancy to early childhood. EIEE account for approximately 40% of seizures occurring during 

the first three years of life (Nieh et al. 2014).  These disorders encompass a large spectrum of 

disorders characterised by severe multi-form seizures and abundant epileptiform activity on 

electroencephalogram (EEG) and associated developmental delay or regression (McTague et 

al. 2016). As epileptic encephalopathies encompass many age-related epilepsy syndromes 

characterised by specific seizure types, EEG recordings and associated neurological features, a 

particular epileptic encephalopathy can often, with age, evolve into a different epileptic 

encephalopathy syndrome. Additionally, due to the heterogeneity in epilepsy manifestation and 

associated neurological features not all patients are able to be classified into a particular 

syndrome (McTague et al. 2016). However, with the advancement of next generation screening 

technologies more genes causing the epileptic encephalopathies are being discovered. This is 

resulting in the classification of specific gene epileptic encephalopathies, with distinctive 

electroclinical features and comorbidities, enabling classification of previously undiagnosed 

patients (McTague et al. 2016). 

 

Epileptic encephalopathies can be due to an underlying symptomatic cause such as a structural 

abnormality, however a genetic cause has been discovered in many cases. The first genetic 

cause for epileptic encephalopathies was discovered in 2001, with mutations discovered in in 
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the sodium voltage-gated channel alpha subunit 1 (SCN1A) gene in seven children with Dravet 

Syndrome (DS) (Claes et al. 2001). Since then a rapid growth in gene discovery associated with 

epileptic encephalopathies has occurred. Most mutations arise de novo, although inherited 

autosomal recessive and X-linked forms have also been identified (Allen et al. 2013, Nieh and 

Sherr 2014, Scheffer 2014). The rapid identification of new epileptic encephalopathy genes has 

shed a spotlight on the phenotypic and genetic heterogeneity, with mutations in the same genes 

giving rise to a spectrum of different phenotypes while mutations in several different genes are 

able to give rise to one particular epileptic encephalopathy syndrome (Nieh and Sherr 2014). 

An example of this is mutations in the KCNQ2 gene, are a well-known cause of benign familial 

neonatal epilepsy (BFNE) (Goldberg-Stern et al. 2009), however recently mutations in this 

gene have been associated with neonatal epileptic encephalopathy (Numis et al. 2014). 

Conversely in DS, 70% of mutations causing DS arise in the SCN1A gene (Wu et al. 2015) 

however mutations in the GABA(A)-receptor gamma2 subunit (GABARG2) (Harkin et al. 2002),  

sodium voltage-gated channel beta subunit 1 (SCN1B) (Patino et al. 2009), sodium voltage-

gated channel alpha subunit 2 (SCN2A) (Lossin et al. 2012) have also been implicated in DS. 

Additionally, mutations in the PCDH19 gene, gives rise to a seizure syndrome which 

phenotypically very closely resembles DS (Depienne et al. 2009).  

1.3 Epilepsy and Mental Retardation Limited to Females (EFMR) 

In 1971 epilepsy and ID (at that time term ‘mental retardation’ was used) was recognised to 

segregate in a large, multi-generational North American family (Juberg et al. 1971, Ryan et al. 

1997). It was recognised that the likely responsible genetic mutation was on the X-chromosome. 

It was not until 2008 when the responsible gene and mutations were finally identified (Dibbens 

et al. 2008). EFMR is characterised by seizure onset in infancy to early childhood with variable 

cognitive impairment, only found in females in multigenerational families. 

1.3.1 Inheritance pattern of EFMR 

In the classical model of X-linked inheritance males are more severely affected than females 

regardless of whether the disorder is X-linked dominant or X-linked recessive (Scheffer et al. 

2008). The mode of inheritance is typically recognised in a pedigree with unaffected female 

carriers and affected males. The inheritance pattern of EFMR is distinctive with female carriers 

being affected whereas transmitting males are normal.  Originally it was thought that the 

disorder was due to a mutation in a gene which shows sex-limited expression (Juberg and 

Hellman 1971). However further studies on the original EFMR family after the addition of 

further generations identified X-chromosome linkage (Ryan et al. 1997). The X-chromosome 

link was based on the observations that there was no male to male transmission of the disorder, 
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indicative of an X-linked inheritance pattern, as well as a high proportion of affected daughters 

of transmitting males, with a segregation ratio of 9:1 (Ryan et al. 1997). An autosomal locus 

classically would have a segregation ratio of close to 1:1 (Ryan et al. 1997). It was concluded 

from these studies that EFMR is an X-linked disorder with expression limited to females in 

whom penetrance is high (Figure 1.2)(Ryan et al. 1997). Genotyping of X-chromosome 

markers in the original EFMR family identified linkage of EFMR to Xq22 (Ryan et al. 1997). 

A decade later PCDH19 mutations were identified in seven different EFMR families by 

systematic re-sequencing of 737 X-chromosome genes unravelling PCDH19 as the causative 

gene in EFMR (Dibbens et al. 2008).  

 

Figure 1.2 A typical EFMR inheritance pedigree.A multi-generational EFMR family 

showing the characteristic EFMR inheritance; a sex-limited expression pattern where affected 

females are connected through unaffected transmitting males. Modified from Dibbens et al. 

2008. 

1.4 Clinically relevant DNA variation in PCDH19  

This disorder caused by PCDH19 mutation was originally classified as EFMR, however, since 

its original classification as EFMR, it was revealed that PCDH19 mutations span a broader 

phenotype, with PCDH19 primarily mutated in individuals with early infantile epileptic 

encephalopathy. Mutations in PCDH19 are not limited to familial female patients, but can also 

account for sporadic cases, including mosaic males (Depienne et al. 2009). The spectrum of 

phenotypes associated with PCDH19 de novo or familial mutations has been extended with the 

identification of PCDH19 mutations in several other seizure disorders. These include female 

patients with early onset epileptic encephalopathies resembling DS and focal epilepsy with or 

without ID or ASD (Depienne et al. 2009, Hynes et al. 2010, Specchio et al. 2011). Since the 

original identification of mutations in PCDH19 in EFMR, more than 100 mutations both 

published and unpublished have now been identified, making PCDH19 the second most 

clinically relevant gene in epilepsy after SCN1A (Figure 1.3)  (Depienne et al. 2012). PCDH19 

encodes a δ2-protocadherin, cell adhesion molecule, with a large highly conserved extracellular 



10 

 

domain (among other protocadherins) and small cytoplasmic domain which shows variability 

among the protocadherin family (Wolverton et al. 2001, Dibbens et al. 2008).  Of the reported 

mutations in PCDH19 in the literature, 49% were missense mutations clustering within the 

extracellular domain of the protein (van Harssel et al. 2013). Pathogenic missense mutations 

have only ever been found in the extracellular region of the protein and never the cytoplasmic 

domain. Nonsense, frameshift and splicing mutations have been reported in all domains of the 

protein (van Harssel et al. 2013).  Due to the identification of whole gene deletions (Depienne 

et al. 2011) and that the nonsense mutations target the mRNA to the nonsense mediated mRNA 

decay (NMD) pathway (Dibbens et al. 2008), it is predicted that all identified mutations are 

loss of function to the protein given the shared clinical overlap of the reported mutations. This 

collective group of phenotypes associated with PCDH19 mutations will now be referred to as 

PCDH19-female epilepsy (PCDH19-FE).  

 

Figure 1.3 Schematic representation of location and types of mutations identified in 

PCDH19 at the protein and mRNA level. Multiple different types of mutations have been 

identified in PCDH19 and mutations are located in all exons with the exception of exon 2. The 

majority of mutations identified are located within the highly conserved extracellular domain 

encoded by exon 1. Transmembrane (TM). Figure modified from Depienne and Leguern 2012. 

 

Very recently a study using the extracellular fragment of zebrafish Pcdh19 has used x-ray 

crystallography modelling to identify the interactive/adhesive surface of the Pcdh19 

extracellular domain formed through the EC1-EC4 domains (Cooper et al. 2016). It was shown 

that Pcdh19 on adjacent cells are able to form a homophilic interaction through adhesive bonds 

and that several pathogenic missense mutations in Pcdh19 disrupt these adhesive bonds, thereby 

disrupting this interaction, revealing a potential molecular basis for PCDH19-FE.    

1.5 Clinical summary of PCDH19-female epilepsy 

Seizure onset occurs at a mean age of 10 months with seizures occurring between 4-60 months 

of age typically presenting with convulsions (Depienne and Leguern 2012).  Seizures are 

predominantly generalised including tonic-clonic (~80%), absence, myoclonic, atonic and tonic 
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(Marini et al. 2010). Focal seizures have also been identified (Specchio et al. 2011, van Harssel 

et al. 2013). Patients present with seizure onset manifesting in clusters of focal or generalised 

seizures (~62%), often triggered by febrile illness (in ~54%) (Specchio et al. 2011, van Harssel 

et al. 2013). Seizures are particularly frequent at onset, with clusters lasting 1-5 mins and 

repeating up to 10 times a day over several days (Depienne and Leguern 2012) (Marini et al. 

2010). Seizure frequency and severity tend to decrease with age with most patients being 

seizure free in adulthood (Scheffer et al. 2008, Depienne et al. 2011, Depienne and Leguern 

2012).  The severity of ID can vary greatly among patients from mild to severe ID and in some 

cases normal intellect has been observed (Scheffer et al. 2008). The frequency of ID or 

developmental delay is approximately 78% in reported patients (van Harssel et al. 2013). 

Patients also present with a range of other psychiatric features including ASD, obsessive-

compulsive features, aggression, schizophreniform psychosis, depression, self-injury and panic 

attacks (Scheffer et al. 2008). Some patients can also develop status epilepticus (Depienne et 

al. 2009).  Seizure severity doesn’t appear to correlate with the degree of ID or association of 

other psychological features (Specchio et al. 2011). Seizures are also often resistant to anti-

epileptic drugs (Specchio et al. 2011). The clinical presentation is highly variable with 

individuals with the same mutation showing different clinical phenotype, suggesting no obvious 

genotype-phenotype correlation (Depienne and Leguern 2012).  

 

Transmitting males with pathogenic PCDH19 mutations have been reported in the literature to 

present with mild behavioural phenotypes including ASD and rigid, controlling, inflexible 

personalities (Depienne et al. 2009, van Harssel et al. 2013). However this is only indicated in 

very few cases and could be coincidental. Alternatively, rigorous characterisation of 

transmitting males is not always performed so this mild phenotype could be more prominent 

than documented. There has now been identified four PCDH19-FE affected males, with 

pathogenic mutations in PCDH19, whom have been shown to have somatic mosaicism of 

PCDH19 wildtype (WT) and mutant alleles, hence resembling the heterozygous affected 

females (Thiffault et al. 2016). Two patients had a nonsense mutation in the extracellular 

domain (Terracciano et al. 2016, Thiffault et al. 2016), one a deletion encompassing PCDH19 

(Depienne et al. 2009) and the other a missense mutation in the extracellular domain 

(Terracciano et al. 2016). The identification of affected males with mosaic expression of 

PCDH19 suggests that the pathogenesis of PCDH19-FE is related to a mixture of PCDH19 WT 

and PCDH19 Mutant (or knockout (KO)) expressing cells as would be expected in the 

heterozygous female situation (due to random X-inactivation). Understanding the pathogenesis 
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of PCDH19-FE requires a thorough understanding of the functional role of PCDH19 during 

brain development. 

1.6 Cadherins 

PCDH19 encodes a protocadherin, which are a subfamily of the cadherin superfamily. 

Cadherins are a family of transmembrane glycoproteins, which are known to mediate calcium 

dependent homophilic cell-cell adhesion interactions (Figure 1.4). Cadherins constitute a 

superfamily comprised of more than 110 members in vertebrates (Hirano et al. 2012). They are 

characterised into subfamilies by shared properties and sequence similarities (Kim et al. 2011).  

There are four cadherin subfamilies; classical, unconventional, desmosomal and 

protocadherins. Cadherins are characterised by having multiple repeats of a 110 amino acid 

cadherin motif (extracellular cadherin (EC) motif) in their extracellular domain, and a 

cytoplasmic domain which contains highly conserved (among specific cadherin orthologs), but 

otherwise unique (among different cadherins) sequences. Both domains are separated by a 

single transmembrane domain (Suzuki 2000).  Cadherins require Ca2+ for their adhesive 

function with the EC motif containing conserved Ca2+ binding amino acid motifs such as 

AXDXD, LDRE and DXNDN (Hirano and Takeichi 2012). The highly conserved extracellular 

domain mediates specific cell-cell interactions whilst the intracellular domain has a diverse 

range of action including signal transduction (Shapiro et al. 2009, Krishna et al. 2011).  

 
Figure 1.4 Cadherins typically mediate calcium dependent homophilic cell-cell adhesion. 
Classical cadherins are able to mediate cell-cell adhesion through the highly conserved cadherin 

motifs (EC motif) in their extracellular domain. Calcium binding is required to form these 

interactions. These interactions lead to homophilic binding between cadherin molecules present 

on the plasma membrane of the two cells leading to cell-cell adhesion.  
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Cadherins are best known for their roles in cell-adhesion and cell-recognition during 

development. Morphogenesis requires co-ordinated movement and adhesion of cells to form 

three-dimensional tissue structures (Gumbiner 1996). The expression of cadherins is 

spatiotemporally regulated during development and has been shown to play a crucial role in 

discrete tissue formation (Takeichi 1988, Gumbiner 1996), (Shapiro et al. 2009). As well as 

their crucial role in tissue development, cadherins have been implicated in many crucial 

functions of the developing and adult brain. Cadherins are expressed in the mouse cortex with 

localisation shown at synaptic sites, as well as layer and region specific expression observed in 

the developing and adult cerebral cortex (Krishna et al. 2011). They have roles in multiple 

developmental processes in the brain including synaptogenesis, axonal pathfinding, 

differentiation of grey matter, neural morphogenesis, neurite interactions, spine morphogenesis 

and target recognition (Takeichi 2007, Hertel et al. 2011, Hirano and Takeichi 2012). Direct 

involvement of cadherins in neurite outgrowth and the formation and maintenance of synapses 

has been shown as well as a role in activity-dependent synaptic plasticity (Tang et al. 1998, 

Krishna et al. 2011). Cadherins also have roles in cell migration, apoptosis, proliferation, 

differentiation and cell sorting (Nose et al. 1988, Broders et al. 1995, Redfield et al. 1997, 

Bremmer et al. 2015). The importance of cadherins is also becoming evident through their role 

in the pathogenesis of disease, such as their tumour suppressor function in cancer (reviewed in 

(Hirano and Takeichi 2012)). The diverse roles of the cadherins highlight the importance of this 

superfamily in brain development and function, therefore it is not surprising that members of 

this family would be implicated in neurological disorders. 

1.7 Protocadherins 

Protocadherins (PCDH) are the largest cadherin subfamily with 64 human PCDHs identified to 

date (Hirano and Takeichi 2012).  They are characterised by having more than 5 EC motifs in 

the extracellular domain. They have a large first exon which typically encodes the entire 

extracellular domain, the transmembrane domain and part of the cytoplasmic domain (Wu et 

al. 2000, Kim et al. 2011).   Unlike the classical cadherins, the cytoplasmic domain is highly 

variable within the cadherin subfamily suggesting diverse signalling functions. PCDHs are 

initially divided into two classes based on their position within the genome, clustered (α, β, and 

γ-PCDHs) and non-clustered (δ-PCDHs). The non-clustered group is further divided into three 

subgroups based on sequence homology within the variable cytoplasmic domain; the δ1 

subgroup containing CM1-CM3 conserved motifs, the δ2 subgroup containing CM1-CM2 

conserved motifs and Ɛ PCDHs (Liu et al. 2010).  Unlike classical cadherins, PCDHs are only 

capable of very weak homophilic interactions and thus function more as mediators of cell-cell 

adhesion or regulators of other molecules (Yamagata et al. 1999), (Kim et al. 2011). However 
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recently it has become evident that homophilic interactions of protocadherins play crucial roles 

in the formation of neural circuitry in the brain (Hayashi et al. 2014, Molumby et al. 2016).  It 

is interesting to note that cell-cell adhesion is strengthened with the removal of the cytoplasmic 

domain of both cadherins and PCDHs, suggesting this domain has a negative effect on adhesion 

(Kim et al. 1998).  Protocadherins have been shown to mediate heterophilic adhesions with 

members of the classical class of cadherins and integrins (Chen et al. 2006, Kim et al. 2011). 

The C-terminal domain which is highly variable between PCDHs has been shown to interact 

with components of different signalling pathways, acting as regulators, via interactions with a 

variety of intracellular binding partners (Kohmura et al. 1998, Medina et al. 2004, Kietzmann 

et al. 2012). 

 

PCDHs are expressed predominately in the central nervous system (CNS), with roles in 

neuronal development and function in particular in neuronal migration and synaptic plasticity 

(Kim et al. 2007, Kim et al. 2010, Kim et al. 2011). Region specific expression is observed in 

the CNS with circuit correlated expression, suggestive of roles in neural circuit formation and 

maintenance (Kim et al. 2011). They are expressed in neurons and localisation has been 

observed at the synapses. Pcdh-γ knockout mice have demonstrated a role for PCDHs in 

synaptic development, with reduced synaptic density and reduced activity of formed synapses 

observed (Weiner et al. 2005). Pcdh-γs are also required for cell survival with depletion of 

Pcdh-γs leading to apoptosis of spinal interneurons, retinal interneurons and retinal ganglion 

cells (Lefebvre et al. 2008). The role of Pcdh-γs in cell survival is still unknown however it is 

suggested that they could be involved in transcriptional control (Hirano and Takeichi 2012).  

PCDHs have also been shown to play crucial roles in dendritic development (Molumby et al. 

2016). Dendritic arbour formation is critical for network formation, with dendrites representing 

the ‘input’ side of the neuron.  Discrete neuronal cell types alter in regards to dendritic arbour 

size and patterns, with changes resulting in effects on proper circuit formation. PCDHs have 

been shown to play major roles in both dendritic arborisation and function. Targeted knockout 

of Pcdh-γ in the mouse cerebral cortex neurons results in defects in dendritic arborisation 

(Garrett et al. 2012, Molumby et al. 2016). 

 

Not surprisingly, due to the multiple roles PCDHs play in CNS development and function, 

abnormalities in PCDHs have been implicated in the pathogenesis of multiple neurological 

disorders. Several δ-protocadherin members have been implicated in cognitive dysfunction by 

different investigations, e.g. genome wide association studies, differential expression in post 

mortem patient brain samples and gene mutation screening (Table 1.1).  
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Protocadherin Disorder Evidence Reference 
PCDH10, PCDH9  Autism spectrum 

disorders 

Association studies, 

CNV  

(Marshall et al. 2008, 

Morrow et al. 2008, 

Tsang et al. 2013) 

PCDH8 Autism spectrum 

disorders 

Whole exome 

sequencing 

(Butler et al. 2015) 

PCDH17  Schizophrenia  Differential expression  (Dean et al. 2007) 

PCDH18 Intellectual disability Array CGH (Kasnauskiene et al. 

2012) 

PCDH11X  Late-onset Alzheimer’s, 

Left-right cerebral 

asymmetry and 

schizophrenia, recurrent 

seizures, Developmental 

dyslexia 

Association studies, 

SNP, targeted 

sequencing, array CGH, 

whole genome copy 

number variations 

analysis 

(Carrasquillo et al. 2009, 

Veerappa et al. 2013, 

Levchenko et al. 2014, 

Linhares et al. 2016) 

PCDH20  Huntington's disease  Differential expression  (Becanovic et al. 2010) 

PCDH7, PCDHB1  Rett Syndrome  MecP2 regulated, 

differential expression 

(Miyake et al. 2011) 

PCDH7 Generalised and focal 

epilepsies 

Genome wide 

association studies 

(2014, Lal et al. 2015) 

PCDH19  PCDH19 female  

epilepsy  

Mutation screening  (Dibbens et al. 2008)  

Table 1.1 δ-Protocadherins associated with cognitive dysfunction. Copy number variation 

(CNV), comparative genomic hybridisation (CGH), single nucleotide polymorphism (SNP). 

 1.8 Protocadherin 19 

PCDH19 is a member of the δ2-subclass of non-clustered PCDHs located on chromosome 

Xq22.3. (Wolverton and Lalande 2001). Current reference PCDH19 mRNA 

(NM__001105243.1) is 9,756 nt long and has 6 coding exons with exon 2 being alternatively 

spliced (exon skipping). It encodes a 1,148 amino acid protein and displays the prototypical 

features of the δ2-protocadherin genes (Figure 1.5) (Dibbens et al. 2008). PCDH19 is highly 

expressed during brain development though it is also expressed in non-neural tissue (Wolverton 

and Lalande 2001, Gaitan et al. 2006).  The function of PCDH19 is largely unknown though it 

is speculated that it may have roles in calcium dependent cell-cell adhesion, regulating neuronal 

migration, establishment of synaptic connections and synaptic plasticity as is seen with other 

members of this protocadherin family.   

 
Figure 1.5 Schematic representation of the protein structure of PCDH19 with 

corresponding exonic regions. The highly conserved extracellular domain contains six 

extracellular cadherin motifs (EC). The cytoplasmic domain contains the conserved CM1 and 

CM2 motifs characteristic of a δ2-protocadherin. Exon 1 (E1) encodes the entire extracellular 

domain, transmembrane domain (TM) and part of the cytoplasmic domain (CP).  
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1.8.1 Expression of Protocadherin 19 

Pcdh19 is highly expressed in the brain both during development and adulthood with expression 

also observed in the kidney, stomach, pancreas and hair follicles (Wolverton and Lalande 2001, 

Gaitan and Bouchard 2006, Kim et al. 2011). Expression of pcdh19 is spatially and temporally 

regulated in the developing CNS (Lin et al. 2012). In view of the localised expression in the 

CNS both during development and in the adult, it is likely that PCDH19 is involved in pivotal 

roles relating to neuronal function. 

1.8.1.1  Expression in the developing human CNS 

In situ hybridization analysis of 16-20 week gestation human brain tissue revealed PCDH19 

expression in the developing cortical plate, amygdala (in lateral nuclei), subcortical regions and 

ganglionic eminence (Dibbens et al. 2008). High hippocampal expression was also observed. 

Expression patterns within discrete brain tissues were confirmed by northern blot analysis 

(Dibbens et al. 2008).  

1.8.1.2  PCDH19 in hiPSC 

Human induced pluripotent stem cells (hiPSCs), from healthy individuals were used to model 

in vitro neurogenesis and the expression of PCDH19 was analysed at key time points of the 

process (Compagnucci et al. 2015). In the hiPSCs, a proliferative cell population mimicking 

the blastocyst stage of development, PCDH19 showed membrane localisation through 

immunofluorescent analysis. A higher intensity, focal signal of PCDH19 expression was 

identified at one pole of the cell with a more diffuse signal along the rim of the plasma 

membrane.  In the cells actively undergoing division PCDH19 was shown to label the two poles 

of the mitotic spindle (Figure 1.6A). This data confirms the expression of PCDH19 early in 

human development with the localised expression of PCDH19 suggesting a possible role for 

PCDH19 in regulation of pluripotent cell division. Upon neuronal differentiation the hiPSC 

generate neuroepithelial cells, which acquire apical-basal cell polarity, and are found arranged 

radially to once another within a colony, forming a cellular architecture structure called a neural 

rosette structure. These rosette structures are polarised- they have a central lumen (demarcated 

by apical membranes of cells), and an outer region (basolateral membranes of cells), and are 

structurally and functionally similar to the highly polarised developing embryonic neural tube. 

PCDH19 was found to be co-localised with Zona occludens 1 (ZO-1) which labels the apical 

membrane surrounding the lumen of the neural rosette structures (Figure 1.6B). As was 

observed in the hiPSCs, PCDH19 was localised at the two poles of the mitotic spindle in the 

neuroepithelial cells. This localisation at the mitotic spindle could suggest a role in controlling 

asymmetric vs symmetric cells division during neurogenesis which is determined by the 
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orientation of the spindle.  In terminally differentiated neurons PCDH19 was localised at cell-

cell contacts between neuronal somas as well as cell-cell contacts between the cell soma and a 

neurite (Figure 1.6C). The location of PCDH19 at cell-cell contacts is not surprising given this 

is a well characterised function of PCDHs. This expression data needs to be further corroborated 

to confirm the specificity of the PCDH19 antibody used as our laboratory and others have found 

the particular antibody used to be non-specific for immunofluorescent analysis using materials 

derived from a Pcdh19 KO mouse (Pederick et al. 2016).   

1.8.1.3  Expression in the rodent CNS 

Pcdh19 expression was observed in the developing and adult mouse brain via in situ 

hybridisation (Gaitan and Bouchard 2006, Dibbens et al. 2008, Hertel and Redies 2011). Very 

low expression of Pcdh19 is observed in embryonic day (E)9.0 mice embryos (Gaitan and 

Bouchard 2006). By E12.5 Pcdh19 is detected at a low level in most neuroepithelium of the 

brain with regions of high expression including the forebrain (Gaitan and Bouchard 2006). 

Embryonic expression at E15.5 was widespread in the developing forebrain with expression 

localised to discrete cell clusters within in the cortex, thalamus and hypothalamus. In the cortex 

Pcdh19 expression was restricted to the cortical plate (Dibbens et al. 2008).  

 

Layer specific expression is observed in the primary somatosensory, cingulated and motor 

cortex of E18 mice (Hertel and Redies 2011). In the somatosensory cortex of E18 mice high 

expression is seen in layers II, IV and VI (deep layer) with very low expression observed in the 

remaining layers (Hertel and Redies 2011). It is expressed in a subpopulation of cells within 

each layer suggesting a possible role for specification of subsets of neuronal/glial cells (Hertel 

and Redies 2011). This layer specific expression pattern is maintained in the adult 

somatosensory cortex in both mouse and rat, suggesting a continued functional role in these 

cells (Figure 1.6D)(Hertel and Redies 2011, Krishna et al. 2011). Co-staining with NeuN a 

neuronal marker showed most Pcdh19 positive cells were neurons. 

 

Immunofluorescence analysis of E10 and E12.5 mouse cortices revealed expression of Pcdh19 

at the ventricular surface (Fujitani et al. 2016). These Pcdh19 positive cells also co-expressed 

pHH3 and Sox2, suggesting these cells are mitotic radial glial cells. 

  

In situ hybridization revealed high Pcdh19 expression in the adult rat hippocampus. Highest 

expression occurs in the Dentate gyrus (DG) with lower expression in the CA1-CA3 layers 

which is the opposite of what is observed at P3, suggesting changing roles for Pcdh19 in the 

adult (Figure 1.6E)(Kim et al. 2007, Kim et al. 2010). In the adult the DG is one of the main 
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sites of adult neurogenesis, it is possible PCDH19 may have a role in this process. Region 

specific expression patterns of Pcdh19 in brain regions connected to the hippocampus is also 

observed suggesting circuit correlated expression of Pcdh19 (Kim et al. 2010). This could 

suggest roles for PCDH19 in maintenance of hippocampal circuits.  

 

Figure 1.6 Expression of PCDH19 during development and in the adult brain. Images A-

C show the immunofluorescent detection of PCDH19 during the process of in vitro neuronal 

differentiation. Images modified from Compagnucci et al. 2015. A) PCDH19 shows localised 

expression at the two poles of the mitotic spindle of dividing hiPSCs. B) Neural stem cells 

showed polarised expression of PCDH19 with PCDH19 co-localising with ZO-1 at the apical 

surface, marking the central lumen, of neural rosettes. C) In terminally differentiated neurons, 

PCDH19 marked the cell-cell contact sites between two neuronal somas or a cell-soma and a 

neurite. In situ hybridization analysis revealed; D) Pcdh19 layer-specific expression in the adult 

mouse cortex (Image modified from Krishna-K et al 2010). E) Pcdh19 expression is high in the 

adult rat hippocampus with highest expression in the dentate gyrus (Image modified from Kim 

et al. 2010) 
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1.8.1.4  Pcdh19 knockout mouse model 

Recently, a Pcdh19 KO mouse model has been generated and characterised (Pederick et al. 

2016). The knockout mouse model was generated by replacement of exons1-3 with a β-geo 

reporter cassette (Figure 1.7A). Phenotypically there was no gross brain abnormalities 

identified and no observable seizure phenotype, suggesting a discrepancy in the function of 

Pcdh19 between human and mouse. Consistent with the above described in situ expression data, 

abundant Pcdh19 expression was observed in the hippocampus, cortex and cerebellum of the 

adult mouse brain by both western blot analysis and X-gal staining. Day 42 adult mice showed 

strongest expression of Pcdh19 in the CA1 and DG of the hippocampus and layers 2/3 and 5 of 

the cortex.  Analysis of E15.5 embryos revealed expression of Pcdh19 in the marginal zone the 

intermediate zone and the ventricular/subventricular zones. These are sites of neurogenesis in 

the developing brain.  That Pcdh19 undergoes random X-inactivation was confirmed by the 

mosaic pattern of X-gal staining in Pcdh19+/β-geo mouse brain sections (Figure 1.7B). As has 

been shown previously in humans (Dibbens et al. 2008, Cotton et al. 2015).  Hippocampal 

lysates from the mouse showed expression of Pcdh19 in the synaptosome suggesting a role for 

Pch19 in synaptic function. The loss of Pcdh19 did not result in gross mis-localisation of cells 

in either the adult or the embryonic brain. However neuronal subtype specific analysis was not 

undertaken, therefore still leaving the possibility that different neuronal types are located in 

aberrant locations.  
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Figure 1.7 Generation and characterisation of the Pcdh19 knockout mouse. A) The Pcdh19 

knockout mouse was generated through targeted homologous recombination. Exons 1, 2 and 3 

were removed and replaced with a β-Galactosidase-Neomycin fusion cassette. B) Brain 

sections were stained for β-Galactosidase activity using X-Gal. Staining in the Pcdh19+/β-

Geo brain, showed mosaic expression in both the hippocampus and the cortex supporting that 

Pcdh19 undergoes random X-inactivation in the mouse. Images modified from Pederick et al. 

2016. 

1.8.2 Functional characterisation of PCDH19 

To date limited studies have focused on the role that PCDH19 plays in CNS development and 

neuronal functioning.  
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1.8.2.1  pcdh19 zebrafish models 

Multiple studies have investigated the role of endogenous pcdh19 using zebrafish. However, 

difference in the technology used to reduce the levels of pcdh19 have resulted in a discordance 

in phenotypes and as such validation of pcdh19 functions are required in additional models. To 

address the functional role of pcdh19 during zebrafish brain development, both morpholinos to 

knockdown pcdh19 and mutation of pcdh19 have been used. In the morpholino based 

knockdown of pcdh19, which was confirmed by real-time PCR (RT-PCR) (Emond et al. 2009, 

Biswas et al. 2010), at 10 hours post fertilisation (hpf) the neural plate was observed to be much 

wider in mutants. Mutant embryos could be clearly identified by 14 hpf with a shortened body 

axis and abnormal morphology of the neural tube and eyes (Emond et al. 2009).  The neural 

keel in the trunk was similar to WT while the neural keel giving rise to the hindbrain didn’t 

appear to have converged correctly.  The anterior brain also looked disorganised as compared 

to the posterior brain with misfolding of the neural tube (Emond et al. 2009, Biswas et al. 2010).  

Knockdown had no effect on somite development and morphogenesis of the trunk (Emond et 

al. 2009). These results demonstrated a crucial role for pcdh19 in neurulation and cell 

convergence movements in the anterior neural plate. N-cadherin has similar morphology when 

knocked down in zebrafish embryos, therefore, pcdh19 could be regulating the activity of N-

cadherin to direct cell movement during morphogenesis (See chapter 1.8.3.1) (Emond et al. 

2011) (Emond et al. 2009). However, pcdh19 null zebrafish generated by TALEN-induced 

frame-shift mutations creating germline loss of pcdh19 were viable and fertile and did not show 

any defects during neurulation (Cooper et al. 2015). Instead in this study they showed that the 

optic tectum in zebrafish is divided into neuronal radial columns, with pcdh19 expressed in 

discrete columns of neurons originating from proliferative pcdh19 positive neuroepithelial 

precursors. pcdh19 null zebrafish showed disorganisation of these neuronal columns resulting 

in impaired visually guided behaviours.  This was also associated with an increase in neuron 

production through increased cell proliferation and increased neuronal arborisation in the 

pcdh19 null zebrafish (Cooper et al. 2015). The discrepancy in resulting phenotypes using the 

two different systems is likely due to an acute knockdown effect using morpholinos (or off-

target effect) versus germline loss of pcdh19 using TALEN technology (Rossi et al. 2015). This 

suggests the pcdh19 null zebrafish are more likely to reflect a true phenotypic outcome of loss 

of pcdh19. The neurulation defects could still be informative, with the possibility that acute 

knockdown of pcdh19 in zebrafish embryos gives an exaggerated report on a true function of 

pcdh19 such as in neuronal migration.  
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1.8.2.2  Mouse studies addressing Pcdh19 function 

Pcdh19 was knocked down by in utero electroporation of a short hairpin RNA (shRNA) 

targeted to Pcdh19 together with a Green fluorescent protein (GFP) nuclear expression 

construct, into the E13.5 mouse cortex (Fujitani et al. 2016). The proportion of GFP positive; 

Ki-67 proliferative cells in the Ventricular/subventricular zone (VZ/SVZ), phosphohistone H3 

(pHH3) positive mitotic cells in the VZ, paired box protein (Pax6) positive radial glial cells 

(RGC) in the VZ/SVZ and T-box brain protein 2 (Tbr2) positive basal progenitor cells (BP) in 

the SVZ was determined (Fujitani et al. 2016). The results from this experiment showed shRNA 

inhibition of Pcdh19 resulted in an increased differentiation of RGC to BP cells, while 

decreasing RGC proliferation. This data shows a key role for Pcdh19 in regulating the process 

of neurogenesis, with Pcdh19 important for suppressing RGC to BP differentiation.  

 

Microduplication of the 16p13.11 is associated with a range of neurodevelopmental disorders 

including attention-deficit/hyperactivity disorder, intellectual disability, developmental delay 

and ASD (Ullmann et al. 2007, Fujitani et al. 2016). A number of these behavioural features 

are also reported to be associated with PCDH19-FE including ID and ASD (Dibbens et al. 

2008). The 16p13.11 human locus was inserted into the mouse genome, resulting in behavioural 

abnormalities and upregulation of the dosage-sensitive gene, mir-484, located in this locus 

(Fujitani et al. 2016). Target scan in silico software predicted the 3’UTR of Pcdh19 had a mir-

484 target-seed sequence. It was shown, using a luciferase assay that over-expression of mir-

484 in HEK-293T cells repressed Pcdh19 expression (Fujitani et al. 2016). This repression of 

Pcdh19 was additionally confirmed in cortical neurons. It was shown that overexpression of 

mir-484 in the E13.5 cortex reduced Pax6 positive RGC and increased the number of Tbr2 

positive BP coinciding with a reduction of both Pcdh19 mRNA and Pcdh19 protein (Fujitani et 

al. 2016). These results showed that mir-484 positively regulates neurogenesis in vivo through 

inhibiting Pcdh19, therefore further supporting a role for Pcdh19 in neurogenesis. The 16p13.11 

microduplication syndromes don’t have a seizure phenotype as is associated with mutations in 

PCDH19. Therefore this role for Pcdh19 in regulating neurogenesis could be contributing to 

the associated behavioural phenotypes (i.e. ID and ASD) of PCDH19 but it is distinct from an 

additional function which contributes to the seizure phenotype. 

1.8.2.3  Electroconvulsive shock (ECS) 

Pcdh19 shows activity dependent regulation in the rat hippocampus (Kim et al. 2010).  After 

ECS, Pcdh19 mRNA levels decreased over 3-6 hrs and returned to basal levels by 12-24 hrs in 

the DG of male rats. ECS causes increased neuronal activity and dynamic structural 
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rearrangements in the hippocampus through neurogenesis, fibre sprouting and synaptogenesis 

(Kim et al. 2010). It is possible that PCDH19 is involved in one or all of these processes.  The 

activity-dependant regulation coincides with an increase in the normal level of synaptic activity 

suggesting a role for Pcdh19 in synaptic activity regulation and structural remodeling of the 

hippocampus (Chen et al. 2009, Kim et al. 2010). That Pcdh19 expression is also putatively 

regulated by neurosteroids (see below), and the hippocampus is also a known region of 

neurosteroid synthesis (Rune et al. 2005), suggests an alternative reasoning behind its dynamic 

expression (See chapter 1.9.2).  

1.8.3 PCDH19 interacting proteins 

To date several PCDH19 interacting proteins have been identified by pull-down assays. They 

include Cytoplasmic FMR1-interacting protein 2 (CYFIP2) (Tai et al. 2010), Nck-associated 

protein 1 (NAP1) (Tai et al. 2010), non-POU-domain-containing, octamer binding protein 

(NONO) (C.Tan, personal communication) and N-cadherin (NCAD) (Biswas et al. 2010, Tai 

et al. 2010) (Figure 1.8). Knowledge of PCDH19 interacting proteins will aid identification of 

molecular functions of PCDH19.  

 

 

Figure 1.8 Known functions of Pcdh19 interacting proteins identifies possible functional 

roles of Pcdh19 in neuronal cells. Diagram illustrates known Pcdh19 interacting proteins and 

the location of where these interactions occur. Currently it is unknown whether Pcdh19 interacts 

with Nono at the membrane or in the nucleus of the cell (or both). The boxes next to the 

highlighted interactions list the known functions of the Pcdh19 interacting proteins which 

Pcdh19 may also be involved in. 
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1.8.3.1  N-Cadherin 

N-cadherin belongs to the classical subclass of cadherins and typically forms homotypic 

homophilic interactions, however heterophilic interactions have also been described (Derycke 

et al. 2004).  It is ubiquitously expressed during early vertebrate development but its expression 

becomes more restricted to particular nuclei and neuronal layers within the central nervous 

system which share common functional features and neuroanatomical connections (circuit-

correlated expression) (Redies et al. 1993). It is also expressed in non-neural tissues including 

the developing heart, eye and somites. In the adult expression is restricted to the deep layers of 

the neocortex, the hippocampal formation, the olfactory bulb, the cerebellum and the thalamus, 

which coincide with regions of Pcdh19 expression (Redies and Takeichi 1993). N-cadherin is 

involved in intracellular signaling pathways with roles in β-catenin and Wnt signaling (Nygren 

et al. 2009). It is also involved in epithelial-mesenchymal transition, cell adhesion and 

migration in a tissue and context specific manner (Lele et al. 2002).  

 

The role of N-cadherin during neurogenesis has been well documented. N-cadherin is crucial 

during neurodevelopment for neural progenitor proliferation, differentiation and neuronal 

migration (Miyamoto et al. 2015). During development of the CNS, N-cadherin is crucial for 

forming cell-cell contacts in both neural stem and progenitor cells (NSPC) and neurons, forming 

junctional complexes with β-catenin, α-catenin and actin fibres called adherens junctions 

(AJ)(Meng et al. 2009, Hirano and Takeichi 2012). N-cadherin based AJ are important for the 

regulation of NSPC proliferation, regulating the change from symmetric proliferative division 

to asymmetric differentiative (neurogenic) division (Miyamoto et al. 2015). Down-regulation 

of N-cadherin in NSPCs results in an increase in neuronal differentiation and a loss of apical-

basal polarity (Rousso et al. 2012, Miyamoto et al. 2015). It has also been shown in mouse 

induced pluripotent stem cells, that N-cadherin is important for regulation of neuronal 

differentiation, with N-cadherin expression required for efficient differentiation (Su et al. 

2013). 

 

In utero, knockdown experiments of N-cadherin in the VZ precursors, resulted in a reduction 

in β-catenin signaling (Zhang et al. 2010). β-catenin signaling is well characterised as a 

regulator of neural precursor cells proliferation and differentiation during development 

(Hirabayashi et al. 2004, Woodhead et al. 2006). The result of this loss of N-cadherin was 

increased exit from the cell-cycle, premature neuronal differentiation and increased cell 

migration from the VZ in a cell-autonomous manner (Zhang et al. 2010). Regulation of β-

catenin signalling via N-cadherin in the NSPCs was found to occur through 
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phosphatidylinositol 3-kinase/AKT pathway activation and subsequent phosphorylation of β-

catenin (Zhang et al. 2010, Zhang et al. 2013). 

 

N-cadherin is involved in the radial migration of neuroblasts in the cerebral cortex. Neuroblasts 

migrate via guidance of radial glia to places where they differentiate.  Endocytosis and 

trafficking of N-cadherins via Rab GTPases were shown to be critical for the migration of these 

neuroblasts, with suppression of Rab5 resulting in an increase of total cell surface N-cadherin, 

with a decreased localization of N-cadherin at the distal regions of the neuronal process 

(Kawauchi et al. 2010).  This suggests N-cadherin is important for the migration of neuronal 

precursors to the correct location where they can differentiate into neurons.  

 

 N-cadherin promotes cell motility in a cell adhesive dependent manner as well as by a 

mechanism independent of cell-cell adhesion (Kim et al. 2000).  N-cadherin stimulates 

migration and invasion of cells as observed with aberrant expression in cancer cells (Derycke 

and Bracke 2004). It is able to initiate anti-apoptotic signalling, enhancing the Akt cell survival 

pathway in metastatic cancer suggesting a role for N-cadherin in regulation of apoptosis (Tran 

et al. 2002). In N-cadherin knockout mice, neural cell populations in the embryo were shown 

to be apoptotic (Luo et al. 2001).  

 

In the CNS N-cadherin is involved in synaptic plasticity, control of axon growth and guidance 

to synapse formation (Derycke and Bracke 2004).  The cytoplasmic domain of N-cadherin 

associates with β-catenin regulating synaptic contact, synaptogenesis and dendritic spine 

morphology (Togashi et al. 2002, Ando et al. 2011). N-cadherin is abundantly localised at all 

hippocampal synapses during early synaptogenesis and later becomes restricted to a 

subpopulation of excitatory synaptic sites in mature hippocampal neurons, with expression lost 

at inhibitory synaptic sites (Benson et al. 1998). In hippocampal CA1 and CA3 pyramidal 

neurons, 17β-estradiol has been shown to regulate the levels of N-cadherin mRNA and protein, 

with hippocampal derived estradiol being essential for rat hippocampal synaptic plasticity 

(Monks et al. 2001, Rune and Frotscher 2005). This suggests N-cadherin as being a key 

component of the glutamatergic synapse with regulation of the synapses possibly occurring via 

N-cadherin through a neurosteroid mechanism.  Given that PCDH19 was shown to interact with 

N-cadherin it may also act through a neurosteroid regulated mechanism.  

 

Knockdown of n-cadherin via targeted morpholinos in zebrafish embryos show a similar 

phenotype to the pcdh19 knockdown embryos (Biswas et al. 2010).  In both the pcdh19 and n-
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cadherin knockdown embryos convergence of the anterior neural plate is inhibited which 

suggested a possible interaction between n-cadherin and pcdh19 (Biswas et al. 2010).  A direct 

physical interaction was confirmed by co-immunoprecipitation and biomolecular fluorescence 

complementation (BiFC) both in vitro and in vivo (Biswas et al. 2010). BiFC fluorescence was 

observed at the surface of labelled cells and was concentrated at cell-cell junctions (Biswas et 

al. 2010). In vivo two-photon time lapse tracked the cells during morphogenesis and showed 

cell movement is compromised in the anterior neural plate in pcdh19 knockdown and pcdh19/n-

cadherin double knockdown embryos with cell convergence being affected (Biswas et al. 

2010).  In WT embryos there is a directedness of movement which is lost in the pcdh19, n-

cadherin and pcdh19/n-cadherin knockdown embryos. There is also a loss of correlation in cell 

movements of neighbouring cells (cohesive movements) (Biswas et al. 2010). This suggests n-

cadherin and pcdh19 cooperate to control the movement of cells in the anterior neural plate 

with the knockdown migration defect phenotype possibly being due to disrupted cell-cell 

adhesion and/or cell motility.  

1.8.3.2  NONO 

NONO was identified as being a PCDH19 interacting partner by yeast-two hybrid screening 

(Pham et al. 2017). NONO also known as p54nrb is a core nuclear paraspeckle protein, with 

knockdown in HeLa cells resulting in the loss of paraspeckles. The cell nucleus is a highly 

organised structure with individual chromosomes, specific proteins and nucleic acids being 

enriched within specific subnuclear structures (Bond et al. 2009). Nuclear organisation is 

important for the control of gene expression and as a result important for influencing growth, 

development and cellular proliferation (Bond and Fox 2009). Paraspeckles are 

ribonucleoprotein bodies which are found in the interchromatin space of mammalian cell nuclei. 

They are an important feature in the organisation of the cell nucleus. They are associated with 

nuclear retained RNA and non–coding RNA (Chen et al. 2009). Paraspeckles are dynamic 

structures which are not present in human embryonic stem cells but appear upon differentiation 

(Chen and Carmichael 2009). 

 

NONO is an RNA-binding molecule containing two RNA recognition motifs (Schiffner et al. 

2011). It is able to bind double-stranded and single-stranded DNA as well as RNA and has roles 

in both transcription and splicing (Schiffner et al. 2011), (Dong et al. 1993, Hata et al. 2008). 

NONO also has cellular roles in proliferation, migration and protecting against apoptosis 

(Schiffner et al. 2011). NONO has been shown to slightly inhibit proliferation but strongly 

enhance the migration of human acute monocytic leukemia THP1 cells (Zhang et al. 2016). 
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Given the expression of Nono in the brain it is plausible that it may have similar roles in the 

migration of neurons (Mircsof et al. 2015).  

 

NONO is able to regulate the progesterone receptor (PR), repressing transcriptional activity of 

PR target genes by forming a protein complex with PR. NONO co-repressor function is 

mediated by recruiting transcriptional regulator SIN3A (mSin3A) to the PR which forms a large 

multiprotein complex which inhibits transactivation of the PR target genes (Dong et al. 2009). 

At the end of pregnancy NONO protein expression falls which releases the PR-mediated 

repression of labour associated genes suggesting a role for NONO in the initiation of labour 

(Dong et al. 2009). Plasma progesterone is also decreased at this time, therefore it is possible 

that progesterone is regulating NONO expression.  

 

Although Nono is a nuclear paraspeckle protein predominately localised in the nucleus, it has 

been shown to localise in neuronal RNA granules in both the cytoplasm and neurites of 

differentiated mouse retinal ganglion cells (Furukawa et al. 2015). Before neuronal 

differentiation Nono remained localised to the nucleus. This suggests a role for Nono in RNA 

transport along the neurites during the process of neuronal differentiation. This data has been 

further confirmed in differentiating PC12 cells, primary cortical neurons and p19 neuronal cells 

(Sury et al. 2015). In the neuronal RNA granules, Nono has been shown to interact with c-

Jun N-terminal kinase (JNK). JNK has been well documented as being a key player in neuronal 

differentiation, migration and regeneration (Waetzig et al. 2003, Hirai et al. 2006). It has also 

been shown to be responsible for dendritic elongation during brain development (Tararuk et al. 

2006).  Nono transport of mRNA to the developing neurites could be crucial for localised 

translation of key proteins required to regulate synaptic function and development, this could 

include Pcdh19 but this is purely speculative (Wang et al. 2010).  

 

The question remains how is a predominately nuclear protein, NONO, interacting with a PCDH 

which are cell-membrane proteins? A recent report has demonstrated the nucleoprotein-

polypyrimidine tract binding protein associated splicing factor (PSF), which is often co-

localised with NONO, was found expressed on the cell membrane of hematological malignancy 

cell lines. Inhibition of cell surface PSF in these cells lines resulted in increased cellular 

proliferation (Ren et al. 2014). This gives precedence for the membrane expression of these 

paraspeckle proteins and given PSF is often associated with Nono it is plausible that in these 

cell lines Nono may also be expressed on the cell membrane (Wu et al. 2006, Furukawa et al. 

2015).  
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Recently, pathogenic mutations in NONO have been shown to cause syndromic intellectual 

disability (Mircsof et al. 2015, Reinstein et al. 2016). These patients do not have a seizure 

phenotype as is observed in PCDH19-FE, suggesting additional mechanism other than an 

interaction with NONO is contributing to the PCDH19 phenotype. The patient fibroblasts 

showed decreased or loss of NONO expression as compared to control fibroblasts (Mircsof et 

al. 2015).  A recently derived mouse model with disruption of Nono through gene trap was used 

to address the effect of loss of Nono on neuronal development and function (Kowalska et al. 

2012, Mircsof et al. 2015). Both the patients and the mouse model displayed similar features 

including a flattened nose and smaller cerebellum. Immunofluorescent analysis of Nono 

expression in the adult mouse brain showed expression in both the hippocampus and the cortex. 

The strongest expression was observed in the nuclei of hippocampal neurons in the CA1 and 

CA3 pyramidal regions and the granule cells in dentate gyrus of the hippocampus. These are 

similar regions to where Pcdh19 is expressed. Gene expression analysis of hippocampi from 

the Nono disrupted mice and control mice, revealed an enrichment of synaptic RNAs 

deregulated between the two genotypes. Synaptosomal lysates used to confirm this observation, 

revealing that 30.5% of Nono-regulated transcripts were synaptosomal, suggesting Nono is an 

important regulator of synaptic RNAs. This is an interesting observation as Pcdh19 was shown 

using the Pcdh19 KO mice to be present in the synaptosomal lysates (Pederick et al. 2016), 

although Pcdh19 didn’t appear as one of the significantly deregulated genes in this study. Loss 

of Nono resulted in a significant decrease in the GABAA receptor α2 subunit (Gabra2), a 

GABAA subunit that mediates fast inhibitory synaptic transmission. Morphological analysis 

showed this resulted in structural abnormalities of the inhibitory synapses in hippocampal 

neurons.  

1.8.3.3  CYFIP2 and NAP1 

CYFIP2 and NAP1 were both identified as PCDH19 interacting partners by a pull-down assay 

using the C-terminal domain of chicken pcdh19 (Tai et al. 2010). Both are members of the 

multi-protein actin nucleating WASP family verprolin homologous protein (WAVE) regulatory 

complex (WRC) which is an important mediator of Arp2/3-dependant actin polymerization 

(Steffen et al. 2004, Ibarra et al. 2005, Derivery et al. 2009). The WRC is a heteropentameric 

complex comprising of Sra1/Cyfip1 (or the ortholog PIR121/Cyfip2), Nap1/Hem2/Kette (or 

the ortholog Hem1), Aib2 (or orthologs Abi1 and Abi3), HSPC300/Brick1 and WAVE1/SCAR 

(or orthologs WAVE2 and WAVE3) (Lane et al. 2014). Different protein complex isoforms are 

therefore able to be assembled from different combinations of the orthologs of each component. 

The complex is essentially divided into two subcomplexes; a dimer formed by the association 
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of Sra1 and Nap1 and a trimer formed by WAVE1, Abi2 and HSPC300. The WRC acts by 

sequestering the VCA domain of WAVE1 within the complex thus inhibiting WAVE1 activity 

towards the Actin-related protein-2/3 (Arp2/3) complex and preventing the actin nucleation 

action of Arp2/3 (Chen et al. 2010). The WRC is recruited to the plasma membrane and a 

conformational change triggers the release of the VCA domain resulting in the activation of the 

complex towards Arp2/3 activity (Chen et al. 2014). PCDH19 along with other δ2-

protocadherins have been shown the regulate activity of the WRC, through a conserved binding 

motif within the cytoplasmic domain which binds the peptide domain formed between the 

binding surface of Sra1 and Abi2 (Chen et al. 2014). The WRC is crucial for the development 

of the CNS with critical roles in cell motility, lamellipodium formation, spine formation and 

axon guidance (Takenawa et al. 2007, Pittman et al. 2010). This association of PCDH19 and 

components of the WRC is an interesting finding given regulation of cytoskeletal dynamics is 

crucial in the processes of neurogenesis, neuronal migration and neuronal maturation (Yokota 

et al. 2007, Heng et al. 2010). Cytoskeletal dynamics are important for organelle transport along 

axons, growth cone guidance and extension, cell morphology and cell motility (Compagnucci 

et al. 2016). Thus correct control of the cell cytoskeleton is crucial for proper brain 

development.   

 

CYFIP2 is a cytoplasmic protein which binds to the fragile X mental retardation protein 

(FMRP), encoded by the gene mutated in Fragile X syndrome (FXS) (Hoeffer et al. 2012).  

Thus CYFIP2 links the FMRP to remodelling of the cytoskeleton through the Rho/Rac GTPase 

pathway (Schenck et al. 2003). It has been shown to be involved in p53 dependent induction of 

apoptosis (Jackson et al. 2007).  It is also a regulator of neuronal morphology and connectivity 

with mutations in the Drosophila ortholog, CYFIP which is highly expressed in neurons, 

causing defects in axon growth, pathfinding and branching (Schenck et al. 2003).  

 

Cyfip2 heterozygous knockout mice (Cyfip2+/-) (complete knockouts are embryonic lethal), 

showed no change in the number of dendritic spines between Cyfip2+/- and WT in hippocampal 

neurons (Han et al. 2015). However, cortical pyramidal neurons showed an increase in the 

number of mature spines and number of dendritic protrusions. This was further characterised 

by activity-dependent regulation of dendritic spines through the group 1 metabotropic 

glutamate receptor (mGluR), revealing a defect in regulation of dendritic spines in cortical 

neurons (Han et al. 2015). mGlu1-activation was shown to activate mRNA translation of 

Cyfip2, with defects in this process likely contributing to the abnormal mGluR-induced 

dendritic spine regulation. This is likely due to blocking WAVE activation in the WAVE 
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regulatory complex (WRC) resulting in blocking activation of the Arp2/3 complex and thereby 

leading to loss of actin polymerisation resulting in the observed changes in dendritic spine 

formation. The interaction with Pcdh19 could indicate a role for Pcdh9 in regulation of dendritic 

spines, through interaction with the WRC. 

 

NAP1 has been shown to be expressed within the cortical plate region of the developing cortex 

where it plays an essential role in cortical neuron differentiation which is important for setting 

up the correct neuronal circuitry in the cerebral cortex (Yokota et al. 2007). Pcdh19 is also 

expressed in the cortical plate at this time which is suggestive of an overlapping function. NAP1 

has also been shown to interact with another PCDH family member, OL-protocadherin 

(protocadherin 10) to form a complex which perturbs cadherin-based adherens junctions, 

resulting in increased cell motility (Nakao et al. 2008). Zebrafish nap1 has been shown to 

interact with another protocadherin family member pcdh18b through its intracellular domain. 

Depletion of either nap1 or pcdh18b in zebrafish resulted in defects in motor axon arborisation 

(Biswas et al. 2014). This also coincided with a decrease in total synapse number. 

 

The interacting partners of PCDH19 all have functions important for brain development and 

neuronal function, suggesting that PCDH19 may also play a crucial role in these processes. As 

a result it is not surprising that mutations affecting the function of PCDH19 would lead 

neurological problems.  

1.8.4 δ2-protocadherins with high evolutionary conservation to PCDH19  

Phylogenetic tree analysis of δ2-protocadherins shows that PCDH19 is most similar in protein 

sequence to both Protocadherin 17 (PCDH17) and Protocadherin 10 (PCDH10) (Kim et al. 

2011)(Figure 1.9A). Evolutionary conservation between these three PCDHs suggests that they 

may have similar molecular and cellular functions.  Interestingly, a study to identify gene 

gradients in human neocortex development identified all three PCDHs as key genes upregulated 

anteriorly during the period of corticogenesis when the cortical plate is being established and 

early neurogenesis and regionalisation is occurring (Ip et al. 2010). This suggests conserved 

roles of these three PCDHs in anterior regionalisation during cortical development. Knowledge 

about the functions of these two protocadherins (PCDH10 and PCDH17) in both brain 

development and functions may provide insight into possible conserved functions with 

PCDH19.  
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Figure 1.9 Protocadherins 10, 17 and 19 are the most evolutionary conserved members of 

the δ2-protocadherin family. A) Phylogenetic tree of human non-clustered protocadherins 

based on their protein sequence. Image from Kim et al. 2011. All three of these protocadherins 

contain a sequence which is able to bind to the Wave regulatory complex (WRC), a regulator 

of actin nucleation and cytoskeletal dynamics.  B) The activity of the WRC was measured using 

the Arp2/3-mediated pyrene-actin assembly assay. In the presence of sub-saturating 

concentrations of Rac1, the cytoplasmic tail (CT) of both PCDH19 and PCDH10 were able to 

enhance Rac1-mediated WRC activity towards the Arp2/3 complex. PCDH17 was slightly 

inhibitory towards WRC activity. Image modified from Chen et al. 2014 

1.8.4.1 Protocadherin 10  

Pcdh10 is a δ2-protocadherin predominately expressed in the brain with high expression in 

mature cortical neurons (Kim et al. 2011), (Hirano et al. 1999). Similar to Pcdh19, Pcdh10 

demonstrates only weak homophilic binding activity (Hirano et al. 1999). PCDH10 has also 

been identified as a potential tumour suppressor gene, with dysregulation occurring in multiple 

human cancers (Narayan et al. 2011, Lin et al. 2012). Recently, it has been shown that PCDH10 

is a transcriptional target of p53, a well characterised tumour repressor. p53 dependent 

regulation of PCDH10, shows inhibitory roles for PCDH10 on both cancer cell motility and 
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migration (Shi et al. 2015).  It is therefore possible that PCDH10 might have roles in migration 

of other cell types such as migratory neurons in which it is expressed.  

 

In the brain, Pcdh10 has been shown to be required for the patterning of thalamocortical and 

corticothalamic projections during embryonic development and the growth of striatal axons 

(Uemura et al. 2007). Loss of Pcdh10 was shown to affect the guidance of axons cell 

autonomously. Pcdh10 was shown to be expressed in these striatal neurons along the axons and 

concentrated at the growth cones (Uemura et al. 2007). With Pcdh10 present, striatal axons in 

vitro extended out and bundled together forming convergent axon extensions.  In Pcdh10 null 

axons, the axons failed to form these bundles and failed to extend their axons suggesting Pcdh10 

is required for collective axon extensions and axon guidance of striatal neurons. 

 

Pcdh10 has also been shown to function in the excitatory synapse elimination process 

associated with Fragile X syndrome (Tsai et al. 2012). Myocyte enhancer receptor 2 (MEF2) 

and FMRP cooperatively regulate Pcdh10. Pcdh10 is a target FMRP-mRNA with its translation 

deregulated in Fmr1 KO neurons. In WT neurons, the activity dependant transcription factor 

MEF2 induces transcription of Pcdh10, which mediates synapse elimination by degradation of 

the synaptic scaffold. The post-synaptic density 95 (PSD-95) protein which has been 

ubiquitinated, is degraded through Pcdh10 associating it with the proteasome (Tsai et al. 2012). 

Defects in synapse elimination have been associated with ASD a common co-morbidity of 

PCDH19-FE, suggesting a possible conserved function between both PCDH19 and PCDH10 

(Tsai et al. 2012).    

 

Pcdh10 has also been shown to interact with Nap1, a key component of the WRC, as was 

previously shown for Pcdh19 (Nakao et al. 2008). This interaction with Nap1 was shown to 

regulate contact-dependant cell motility. Later it was shown that Pcdh19 and Pcdh10 (and 

numerous other PCDHs) both have a conserved binding sequence in their cytoplasmic region 

which can interact with the WRC and recruit the WRC to cell-cell contact sites (Nakao et al. 

2008, Chen et al. 2014). Recruitment resulted in re-organisation of F-actin at cell-cell contact 

sites, resulting in re-distribution of N-cadherin and loss of N-cadherin mediated contact 

inhibition (Nakao et al. 2008).  PCDH10 was shown to act cooperatively with Rac1 at low 

concentrations to activate WRC activity and subsequently regulate Arp2/3-mediated actin 

assembly. Interestingly PCDH19 was shown to act in the same way as PCDH10 whereas 

PCDH17 had the opposite effect (Figure 1.9B) (Chen et al. 2014). Therefore it is likely that 

both PCDH10 and PCDH19 are important for regulating the location of the active WRC, and 
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hence sites of active actin-nucleation such as in the growth cones of elongating axons. Pcdh10 

was shown to be highly expressed in the growth cones of elongating axons of striatal neurons 

(Uemura et al. 2007).  

1.8.4.2  Protocadherin 17 

PCDHs and cadherins show layer specific expression in the cortex, however within these 

cortical layers they have been shown to provide a combinatorial code labelling specific cells 

within each layer of the cortex (Redies 2000). While PCDH19 and PCDH17 show differing 

expression in most regions of the cortex, both PCDH19 and PCDH17 are shown to be expressed 

in layer VI, showing co-expression, staining only a lower sublayer of layer VI cells (Krishna et 

al. 2011). It is possible that PCDH19 and PCDH17 define a subpopulation of cortical cells via 

cadherin-based cell sorting and as such provide a code for connectivity of axonal projections 

(Schubert et al. 2007). What this population of cells is still remains to be determined. 

 

 As in the case of PCDH10, PCDH17 is a tumour suppressor gene with roles in esophageal 

squamous cell carcinoma in reducing cell proliferation and migration/invasion (Haruki et al. 

2010). In breast cancer it was also shown to be downregulated, with ectopic expression 

suppressing the level of β-catenin and inhibiting cell proliferation and motility via arresting the 

cell-cycle and inducing apoptosis. This role in cellular proliferation has been shown to extend 

into the brain with morpholino knockdown of pcdh17 in zebrafish resulting in smaller eyes 

attributed to decreased retinal cell proliferation (Chen et al. 2013). 

 

Pcdh17 has been shown to be important in the presynaptic assembly of corticobasal ganglia 

circuits. The basal ganglia comprise a group of subcortical nuclei, which receive input from the 

cerebral cortex and send output to the thalamus (Hoshina et al. 2013). Generating a circuit 

which provides information transfer regulating complex motor action, emotion, motivation and 

cognition (Utter et al. 2008). Individual regions of the cortex project to discrete areas of the 

basal ganglia, to perform these specific function (Alexander et al. 1990, Hoshina et al. 2013).  

Pcdh17 has been shown to be expressed topographically in corticobasal ganglia circuits in both 

pre- and post-synaptic neurons, in a zone-specific manner across anatomically connected 

regions (Hoshina et al. 2013).  Pcdh17 was shown to be localised in both excitatory and 

inhibitory peri-synaptic sites of basal ganglia nuclei where it mediates homophilic interactions 

at these synapses. Interestingly, this study also looked at the expression of Pcdh10 in these 

corticobasal ganglia circuits and showed that Pcdh10 expression is complementary, along the 

anterior-posterior axis, to Pcdh17 within the corticobasal ganglia-thalamocortical loop circuits 

in a highly topographical manner (Hoshina et al. 2013). Pcdh17 and Pcdh10 were shown not to 
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form heterophilic interactions with each other, thus these PCDHs are likely providing a code 

for specificity of circuit formation (Hoshina et al. 2013). This suggests that these two PCDHs, 

delineate topographic features of the pathway. Given both Pcdh17 and Pcdh10 play a role in 

the formation of these circuits it plausible that Pcdh19 would function in regulation of these 

circuits as well.  

 

Pcdh17 KO mice show no gross abnormalities in cytoarchitecture and overall axonal 

projections were not affected (Hoshina et al. 2013). Therefore the overall circuitry in the 

corticobasal ganglia circuits remains intact with the loss of Pcdh17. The loss of Pcdh17 was 

associated with antidepressant-like behaviours in mice, which interestingly is the same 

behavioural phenotype observed in Pcdh19 KO mice (Hoshina et al. 2013, Pederick et al. 

2016). In the basal ganglia in regions where Pcdh17 expression is usually high, loss of Pcdh17 

resulted in an increase in docked and total number of synaptic vesicles (SV) at presynaptic sites. 

This occurred both in inhibitory and excitatory synapses. This was shown to be associated with 

an enhancement of synaptic efficiency in anterior corticostriatal excitatory synapses (Hoshina 

et al. 2013). It is likely that homophilic interactions of Pcdh17 regulate SV assembly at these 

presynaptic terminals. Similarly to Pcdh19, Pcdh17 forms an adhesive cis-complex with N-

cadherin facilitating aggregation and segregation in an in vitro bead assay where beads are 

coated with N-cadherin and/or Pcdh17 (Emond et al. 2011). N-cadherin/β-catenin complex has 

been demonstrated to play a role in recruiting SV to presynaptic terminals (Arikkath et al. 

2008). Therefore interactions between Pcdh17 and N-cadherin could play a central role in 

regulation/formation of SV at these sites.  

 

Pcdh17 has been shown to be expressed in the amygdala, a region of the brain important for the 

control of social behaviour and emotion, by a subset of nuclei (Hayashi et al. 2014). Expression 

is observed along the length of the extending axon fibres. In Pcdh17 KO mice, there was failure 

of these axon fibres to extend towards the stria terminalis, suggesting a role for Pcdh17 normal 

axon extensions from specific subdivisions of the amygdala (Hayashi et al. 2014).  Using 

amygdala explant experiments, defective axon extensions were investigated and showed that in 

Pcdh17 KO explants there was a failure of the axonal growth cones to migrate along 

neighbouring axons. PCDH17 was previously shown to contain the WRC binding sequence and 

subsequently shown to bind multiple members of the WRC complex including Nap1 (as is 

observed for Pcdh19), ABI interactor 1 (Abi-1) and WAS protein family member 1 (WAVE1) 

(Chen et al. 2014, Hayashi et al. 2014). In WT amygdala explants, within growth cones freely 

migrating along a substrate, the WRC was shown to be localised at the tips of the 
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lamellipodia/filopodia with Pcdh17 dispersed throughout the growth cone.  When the growth 

cone was in contact with another axon, Pcdh17 became localised at the growth cone-axon 

contact site along with the WRC. Pcdh17 KO cells lost this localisation of the WRC at the 

contact site. Thus it was shown that Pcdh17 recruits the WRC to the growth cone-axon contact 

sites of collective axon extensions. Additionally, Pcdh17 was also shown to recruit 

Lamellipodin (Lpd)/MIG10, a protein that binds Ena/VASP to these contact sites. This complex 

has previously been shown to regulate cell migration (Law et al. 2013). This was shown to 

occur sequentially with first WRC then Lpd recruited and subsequently vasodilator-stimulated 

phosphoprotein (VASP) (Hayashi et al. 2014). A human astrocytoma cell line was subsequently 

used to further investigate the actin dynamics associated with Pcdh17 cell-cell contacts 

(Hayashi et al. 2014). Mixtures of cells expressing Pcdh17 and without showed, Pcdh17 

increases motile movement of the cells through homophilic interactions. In migrating cells, 

Nap1 (a component of the WRC) was located at the lamellipodia of the leading-edge of the cell. 

When cells made contact with another cell, Nap1 disappeared consistent with contact-inhibition 

of migration. However, Pcdh17 counteracted this contact-inhibition by recruiting the WRC and 

subsequently Lpd/MIG10 and Ena/VASP to cell-cell contacts, resulting in ectopically 

generated membrane ruffles as a consequence of altered actin dynamics at this site. Also, the 

edge of these Pcdh17 mediated contact-sites, protruded forward thus Pcdh17 was shown to 

maintain migration through regulation of actin dynamics. As such this collective evidence 

supports a role for Pcdh17 in regulating collective axon extensions through homophilic 

interactions and recruitment of regulators of actin dynamics. Given PCDH19 also interacts with 

this WRC, it will be interesting to see if PCDH19 has a similar function in establishment of 

neural networks in the brain.  

 

Clearly there are similarities in function between Pcdh10 and Pcdh17 with both having roles as 

tumour suppressor genes, establishment of specific cortical circuits within the brain, regulating 

collective axon extensions in specific neuronal cell types and interaction with the WRC to 

regulate actin dynamics (Table 1.2). Therefore it is highly likely Pcdh19 will also have similar 

functions in these processes. Although Pcdh19 will likely be important for a slightly different 

circuits/networks or neuronal cell type as observed between Pcdh10 and Pcdh17.  
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Table 1.2 Conserved cellular functions of PCDH17 and PCDH10  

1.9 Mechanisms of pathogenesis of PCDH19-female epilepsy 

Even with knowledge of PCDH19 function during brain development, understanding why only 

the heterozygous females are affected and the hemizygous males are spared is crucial to 

understanding the molecular basis of PCDH19-FE pathology. There is currently two published 

explanations which aim to explain this phenomenon, the cellular interference model (Depienne 

et al. 2009) and the neurosteroid hypothesis (Tan et al. 2015). These two ‘models’ or 

explanations of PCDH19-FE are not mutually exclusive, but rather complementary.  
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1.9.1 Cellular interference model 

PCDH19 is located on the X-chromosome and it is subject to random X-inactivation in females 

(Dibbens et al. 2008, Cotton et al. 2015). Random X-inactivation in females with heterozygous 

PCDH19 mutations is thus expected to lead to a mixed population of cells expressing either 

WT or Mutant PCDH19, hence leading to tissue mosaicism (Depienne et al. 2009). Methylation 

patterns within the androgen receptor gene (used as a marker of X-inactivation skewing) of 

EFMR patients showed no significant difference to controls indicating no skewing of X-

inactivation occurs, supporting the idea that tissue mosaicism of PCDH19 may be the 

underlying cause of this disorder (Ryan et al. 1997). Random X-inactivation was also confirmed 

in DNA isolated from skin fibroblasts or blood of affected females (Dibbens et al. 2008). The 

PCDH19 gene is expressed in at least skin fibroblasts (Dibbens et al. 2008). The absence of 

major symptoms in males with PCDH19 nonsense mutations, which are subjected to NMD, 

indicates that complete loss of function of PCDH19 is not pathogenic. Hence PCDH19 function 

in humans can be compensated for by other proteins and pathways, possibly by another 

protocadherin (Depienne and Leguern 2012).  

 

The current proposed model of pathogenesis in the literature is a model where cell-cell 

interactions are altered. This model has been termed “cellular interference” (Wieland et al. 

2004). In this model loss of function of PCDH19 at the level of the cell would result in gain of 

function (or altered function) at the tissue level due to altered interactions between 

“mutant/negative” and “WT/positive” cells (Depienne and Leguern 2012). The presence of both 

cell types in the brain may result in a skewing of cell-cell communication as a consequence of 

either the formation of separate cellular networks (e.g. WT-WT and mutant-mutant) or 

deregulation of the networks from altered cell-cell signalling (Figure 1.10)(Depienne et al. 

2009). Normal individuals, males with PCDH19 mutations or highly skewed females, whom 

are as such effectively homogenous for either PCDH19-positive cells or PCDH19-negative 

cells will not present the disease. Identification of affected males whom are mosaic for PCDH19 

mutations supports this proposed model of cellular interference (Depienne et al. 2009, 

Terracciano et al. 2016). To gather further support for this model it will be important to test 

whether the tissue mosaicism extends into the brain and that females with homozygous 

PCDH19 mutations are unaffected. A similar pattern of inheritance to PCDH19-FE has been 

observed in patients with craniofrontonasal syndrome (CFNS), an X-linked disorder whereby 

females are affected and males are largely unaffected or less severely affected (Wieland et al. 

2004). The causative gene, ephrin B1 (EFNB1), encodes the ephrin-B1 ligand for Eph receptors. 

Ephrins are expressed in a complex spatiotemporally regulated manner during embryogenesis 
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and the combination of EFNB1-positive and EFNB1-negative cells leads to divergent cell-

sorting and migration (Wieland et al. 2004).  The mechanism of cellular interference was 

validated using heterozygous female mice with mutations in EFNB1 (Compagni et al. 2003). 

Different effects were observed in heterozygous females when compared to hemizygous males 

and homozygous females.     

 
Figure 1.10 Cellular interference model as a mode of pathogenesis in PCDH19-FE. (A) 

Interaction of PCDH19-positive cells or (B) PCDH19-negative cells both have a normal 

phenotype. (C) A mosaic population of PCDH19-positive and PCDH19-negative cells are 

unable to communicate correctly resulting in the disease phenotype. Modified from Depienne 

et al. 2009. 

 

1.9.2 Neurosteroid hypothesis 

An alternative, but not mutually exclusive (with the cellular interference model) explanation of 

PCDH19-FE has recently been proposed in the literature (Tan et al. 2015). Under this 

hypothesis, the mutation of PCDH19 leads to deregulation of the neurosteroid pathway in the 

brain of heterozygous, affected females.  Neurosteroids are steroid hormones which are 

synthesised de novo in the brain from cholesterol and through sequential reduction reactions 

are converted into neuroactive metabolites (Stoffel-Wagner 2001).  Neurosteroids are able to 

modulate brain excitability through interactions with neuronal membrane receptors and ion 

channels. They have been shown to have anticonvulsive effects and show sexually dimorphic 

expression, which are both features consistent with an involvement in the PCDH19-FE 

pathology.  Microarray analysis of PCDH19-FE patient fibroblasts in our lab has identified 

significant deregulation of genes which display sexually-biased expression when compared to 

sex and age matched controls (Tan et al. 2015). Affected females showed expression of these 
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genes towards a typical male profile. Interestingly, three identified deregulated sexually-biased 

genes (OXTR, GRIA1 and AKR1C3) were also deregulated in a mosaic male with PCDH19-FE, 

with expression levels more similar to female controls than male controls. It is known that 

sexually biased gene expression can be influenced by hormone signalling (Shi et al. 2016). Skin 

and skin fibroblasts are known to be endowed with the ability to synthesise and metabolise 

neurosteroids, leading to the proposal that deregulating of the neurosteroid signalling pathway 

could explain the female restricted phenotype. Of the deregulated genes between PCDH19-FE 

patients and controls, 22% of the genes are regulated by the nuclear steroid hormone receptors, 

including the PR and estrogen receptor alpha (Tan et al. 2015).  In a further support of this 

hypothesis (and the fact which led to the neurosteroid hypothesis proposal) the Aldo-Keto 

Reductase Family 1 Member C1-C3 (AKR1C1-3) genes, which are involved in neurosteroid 

synthesis were significantly down-regulated in the PCDH19-FE patient fibroblasts (Hynes et 

al. 2010). A role for these genes in regulating sex-specific gene expression has also been 

supported by the identification of mutations in AKR1C2 and AKR1C4 in 46,XY males with 

disordered sexual development (Fluck et al. 2011). The age of seizure onset and offset in 

patients with PCDH19-FE corresponds with an identified time of low sex steroid levels, which 

occurs just after mini-puberty and before puberty (Ober et al. 2008). It is hypothesised that for 

a period of time during which seizures are observed the levels of effector steroids in PCDH19-

FE affected females fall below a threshold value, resulting in the observed seizure phenotype 

(Figure 1.11). Below this threshold there is an increased sensitivity to seizure and above the 

neurosteroids are able to provide an anticonvulsant effect. This hypothesis is further supported 

by the identification of reduced levels of the neurosteroid, allopregnanolone, in the blood of 

seizure-active PCDH19-FE patients (Tan et al. 2015). 
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Figure 1.11 Schematic representation of the neurosteroid level fluctuation and age of onset 

and offset of PCDH19-FE.  The X-axis shows the age of the individual and the Y-axis shows 

the percentage of the different indicated steroid hormones. The red arrow shows the time at 

which PCDH19-FE patients show the seizure phenotype, which corresponds to a time of low 

sex-steroid hormone levels after mini-puberty and before puberty. Modified from Ober et al. 

2008 courtesy of J.Gecz. 

1.10 Neurosteroids 

Steroid hormones play an important role in the development, growth, maturation and 

differentiation of the brain (Stoffel-Wagner 2001). They also influence sexual differentiation 

of neural structures. Neurosteroids are synthesised within the brain (e.g. hippocampus and other 

structures), in both neuronal and glial cells (Hosie et al. 2007, Reddy 2010). They modulate 

neuronal excitability through non-genomic (direct) interactions, interacting with neuronal 

membrane receptors, neurotransmitters and ion channels (Reddy 2010). Neurosteroids can be 

synthesised de novo from cholesterol or converted from steroid hormone precursors (Stoffel-

Wagner 2001). In the brain cholesterol is converted to pregnanolone and then further converted 

to other compounds including allopregnanolone and allotetrahydrodeoxycorticosterone 

(THDOC) by specific enzymes which show tissue specific and cell specific expression (Mellon 

et al. 2002, Biagini et al. 2010). There are two classes of neurosteroids which can be 

distinguished depending on their metabolism by addition of sulphate residues, which confer 

different regulatory properties on neuronal excitability (Biagini et al. 2010). Non-sulphated 
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neurosteroids appear to repress neuronal excitability by modulating GABAA receptor activity. 

The sulphated neurosteroids typically increase overall neuronal excitability by acting as 

negative GABAA receptor modulators and enhancing glutamatergic activity (Biagini et al. 

2010).  

1.10.1 Aldo-keto reductase family 1 member C2 and C3 (AKR1C2-C3) 

Expression of enzymes required for neurosteroid synthesis in the CNS is developmentally, 

regionally and cell-specifically regulated to ensure correct synthesis of specific neurosteroids 

(Compagnone et al. 2000).  Both AKR1C2 and AKR1C3 were identified as significantly 

deregulated in PCDH19-FE patient fibroblasts. AKR1C2 and AKR1C3 are both members of 

the Aldo-Kedo reductases family (AKRs). This family is a superfamily of NAD(P)H linked 

oxidoreductases, which classically converts carbonyl groups to primary or secondary alcohols 

(Penning et al. 2007).  The superfamily is divided into subgroups with AKR1C2 and AKR1C3 

belonging to the AKR1C family. Four different human AKR1C genes (C1-C4) encode four 

enzymes which share 84% amino acid sequence identity and are involved in steroid hormone 

metabolism and action (Penning et al. 2000). They can regulate steroid hormone synthesis and 

ligand access to steroid hormone receptors in target tissues, hence generating ‘on’ and ‘off’ 

switches for specific receptors (Penning and Drury 2007). The AKR1C members have differing 

ratios of 3-keto, 17-keto and 20-ketosteroid reductase activity and are able to modulate the 

levels of active androgens, estrogens and progestins.  All four isoforms of the AKR1C genes 

are capable of producing the neurosteroids, which are able to modulate the GABAA receptor 

function, in particular allopregnanolone (Stoffel-Wagner et al. 2003, Agis-Balboa et al. 2006). 

In mice there are twice as many AKR1C isoforms as identified in humans, with unique 

substrates and tissue specific distribution, suggesting large evolutionary divergence (Vergnes 

et al. 2003).  

1.10.2 GABAA receptor modulation by neurosteroids 

Brain function is based on an intricate balance of inhibitory and excitatory neurotransmission. 

This balance in the adult brain must been maintained to avoid pathological consequences. 

Neurosteroids are predominately synthesised in ‘principal’ output neurons (i.e. glutamatergic 

pyramidal, striatal and Purkinje neurons) (Agis-Balboa et al. 2006).  Neurosteroids rapidly alter 

neuronal excitability through direct iteration with GABA type A (GABAA) receptor subtypes 

(Harrison et al. 1984, Agis-Balboa et al. 2006, Carver et al. 2013). These observations suggest 

that neurosteroid function in an autocrine fashion though this is still debated in the literature 

(Chisari et al. 2010). In the CNS, GABAA receptors mediate the bulk of synaptic inhibition and 

are the primary mediators of fast inhibitory synaptic transmission. Binding of GABA to the 
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GABAA receptor activates the opening of chloride ion channels which allows a chloride ion 

influx and hence hyperpolarisation of the neuron (Reddy 2010). There are two types of 

inhibitory neurotransmission mediated by GABAA receptors, synaptic (phasic) and extra-

synaptic (tonic) inhibition. Phasic inhibition occurs when postsynaptic GABAA receptors are 

activated following exposure to a high concentration of GABA which is released from 

presynaptic vesicles, resulting in an increase in membrane conductance, generating a ‘transient’ 

current (Farrant et al. 2005). This results in rapid and precise transmission of presynaptic 

activity (Farrant and Nusser 2005).  Tonic inhibition is mediated by persistent activation of 

GABAA receptors dispersed across the neuronal surface, by low levels of GABA in the 

extracellular space hence generating an ‘always on’ current (Farrant and Nusser 2005). Tonic 

inhibition controls the excitability of the neuron by setting the baseline level (Reddy 2010).  

Phasic inhibition is typically mediated by the activation of γ2-containing receptors at the 

synapse whereas tonic inhibition is mediated by continuous activation of δ-containing receptors 

across the neuronal surface (Farrant and Nusser 2005, Reddy 2010).   

 

The GABAA receptor is both positively and negatively regulated by neurosteroids (Figure 

1.12)(Reddy et al. 2002, Naylor et al. 2010).  Allopregnanolone, THDOC and androstanediol 

have been shown to be positive modulators of GABAA receptors. Interaction of these 

neurosteroids with the GABAA receptor exhibit concentration-dependent mechanisms of action 

(Biagini et al. 2010)(Figure 1.12). Endogenous (low nanomolar) concentrations can regulate 

and enhance GABA responses, regulating tonic inhibition (Stell et al. 2003) whereas 

micromolar concentrations can directly activate the receptor in the absence of GABA, having 

pharmacological significance (Majewska et al. 1986). High concentrations of neurosteroids in 

the CNS can cause sedation, anti-convulsion, anaesthesia and suppress the activity of the 

hypothalamic-pituitary-adrenal axis (HPA), which releases corticosteroids (Hosie et al. 2007).  

It has been predicted that there are at least three neurosteroid binding sites in the GABAA 

receptor: a site for antagonistic neurosteroids such as pregnenolone sulphate (PS), a site for the 

allosteric enhancements of GABA-response, by neurosteroids and a site for the direct activation 

by neurosteroids (Hosie et al. 2007, Reddy 2010).  The exact binding sites for neurosteroids are 

currently unknown but they are proposed to be distinct from the binding sites of GABA, 

benzodiazepine and barbiturates (Reddy 2010).  
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Figure 1.12 Neurosteroid regulation of GABAA receptors.  γ-Aminobutyric acid (GABA)  

is released from the neuron and interacts with GABAA receptors located at synaptic and 

extrasynaptic sites, generating phasic and tonic inhibition. The synthesis of the neurosteroid, 

allopregnanolone, within the principal neuron is able to regulate the GABAA receptors by 

increasing the decay time and hence the time of inhibition (phasic inhibition) or increasing the 

baseline level of excitability to decrease the overall excitability of the neuron (tonic inhibition). 

Modified from Biagini et al. 2010 and (Chase Matthew et al. 2013). 

1.10.3 GABAA receptor plasticity  

The homeostatic plasticity of GABAA is clearly demonstrated during pregnancy. During 

pregnancy steroid hormone levels are elevated, with progesterone increased 200-fold and a 

large increase in the neurosteroids; allopregnanolone and THDOC observed (Maguire et al. 

2009). In the mouse hippocampus, the protein levels of GABAA subunits δ and γ2 are decreased 

as of day 18 of pregnancy, corresponding with an overall decrease in tonic and phasic inhibition 

in DG granule cells (Maguire et al. 2008). This decrease in both tonic and phase inhibition is 

returned to normal levels immediately postpartum when steroid hormone levels decline, 

returning to normal levels. This GABAA receptor plasticity during pregnancy is a response to 
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the increased levels of allopregnanolone, which become elevated to 100 nM levels which under 

normal conditions causes sedation (Maguire and Mody 2009). This was demonstrated in rats, 

with GABAA receptor γ2 mRNA decrease being blocked by the addition of finasteride, an 

inhibitor of neurosteroid synthesis, suggesting regulation of these receptors via neurosteroids 

(Concas et al. 1998).  The regulation of GABAA receptor δ and γ2 subunits is required to 

maintain a normal level of inhibition during pregnancy. The inability to regulate GABAA 

receptors during the postpartum period results in function not being restored, resulting in an 

imbalance of excitation and inhibition, manifesting in postpartum mood disorders such as 

postpartum depression (Maguire and Mody 2009). GABAA δ-subunit knockout mice show 

depression-like and abnormal behaviours in the postpartum period supporting the idea that 

postpartum mood disorders are due to a deregulation of the GABAA receptors (Maguire and 

Mody 2008). These studies indicate that the GABAA receptor plasticity is related to changes in 

brain concentrations of neurosteroids such as allopregnanolone (which is decreased in 

PCDH19-FE individuals), with incorrect regulation resulting in neurological disorders.  

1.10.4 Neurosteroids and susceptibility to neurological disorders 

There is a precedent for a role of neurosteroids in the manifestation of neurological disorders. 

Allopregnanolone is a neurosteroid synthesised from progesterone in the brain which has 

powerful anti-convulsant properties (Reddy 2011). It has been shown to play neuroprotective 

roles in the situation of neuronal excitability, brain trauma and neurodegeneration (Naylor et 

al. 2010). It can increase myelination, reduce inflammation, decrease apoptosis and enhances 

neurogenesis (Djebaili et al. 2005, Brinton et al. 2006, VanLandingham et al. 2007, Naylor et 

al. 2010). These are all properties, which are highly relevant to neurological disorders. Further 

support for a role of allopregnanolone in the pathophysiology of various neurological disorders 

comes from its observed reduction in the temporal cortex of Alzheimer’s patients (Naylor et al. 

2010). And recently it has also been shown to be decreased in the blood of patients with 

PCDH19-FE (Tan et al. 2015). It has more recently been used to treat epileptogenesis 

(Rogawski et al. 2013, Broomall et al. 2014, Bialer et al. 2015). Thus, it could be speculated 

that altered levels of neurosteroids, in particular allopregnanolone could be an important feature 

of PCDH19-FE seizure phenotype. 

1.10.4.1 Neurosteroids and epilepsy 

Fluctuating steroid hormone levels during an individual’s life appear to coincide with a 

vulnerability to various neurological disorders. Altered neurosteroid levels in the CNS have 

been associated with psychiatric and neurological disorders including premenstrual syndrome, 

stress, premenstrual dysphoric disorder (PMDD), catamenial epilepsy and anxiety (Sundstrom 
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et al. 1998, Maguire et al. 2007, Reddy et al. 2009, Costa et al. 2011) to list a few. It has been 

suggested that women with PMS/PMDD differ in brain sensitivity to neurosteroids (Sundstrom 

et al. 1998). Reduced neurosteroid sensitivity of GABAA receptors is an important 

physiological alteration associated with epilepsy, with receptors on the dentate gyrus cells 

(DGCs) of epileptic animals showing reduced neurosteroid sensitivity compared to control 

animals (Joshi et al. 2011). Physiological levels of allopregnanolone fail to prolong the decay 

of miniature inhibitory post synaptic currents (mIPSCs) in the DGCs of epileptic animals 

(Mtchedlishvili et al. 2001). This reduced sensitivity of the GABAA receptors to neurosteroids 

in epileptic animals may underlie the susceptibility to seizures. 

 

Neurosteroids have been used in clinical trials as a potential therapeutic tool for epileptic 

disorders. Anticonvulsant effects have been observed for ganaxolone, which is a synthetic 

analogue of allopregnanolone (Kerrigan et al. 2000, Pieribone et al. 2007). Administration of 

progesterone has been shown to control seizures in a patient with catamenial epilepsy (Herzog 

et al. 2003).  This effect was reversed with the introduction of finasteride, which inhibits the 

reduction of progesterone to allopregnanolone, suggesting the antiseizure effect was mediated 

by allopregnanolone (Herzog and Frye 2003). The clinical effects are based on the ability of 

allopregnanolone to modulate the GABAA receptor, hence increasing tonic and phase inhibition 

and decreasing the overall neuronal excitability (Biagini et al. 2010). Neurosteroids have also 

been shown to impede epileptogenesis. Rats treated with finasteride, to block neurosteroid 

synthesis three hours after status epilepticus, showed acceleration in the onset of seizures 

(Biagini et al. 2006).   

1.10.4.2 Catamenial epilepsy 

Catamenial epilepsy describes the increase in seizure frequency, which aligns with the 

menstrual cycle in women with pre-existing epilepsy (Herzog et al. 1997, Reddy and Rogawski 

2009). It is a form of pharmacoresistant epilepsy, with drug treatment resulting in either a 

resolution of seizures except at certain times during the menstrual cycle or no response at all 

(Reddy and Rogawski 2009). Catamenial seizure increase has been attributed to physiological 

cyclic changes in ovarian hormone secretion. In particular the withdrawal of progesterone 

which occurs at the time of menstruation and it's reduced metabolite allopregnanolone which 

shows the same expression levels (Reddy and Rogawski 2009). A rat model of catamenial 

epilepsy with neurosteroid withdrawal shows a transient increase in the frequency of 

spontaneous seizures supporting a role for the neurosteroid pathway in seizure control in this 

model (Reddy and Rogawski 2009). The exact changes in GABAA receptor subunit expression 

during the menstrual cycle are currently unknown however it has been shown that in the rat 
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brain prolonged exposure to allopregnanolone causes and increase in the α4 GABAA receptor 

subunit in the hippocampus (Reddy and Rogawski 2009). Increased α4 GABAA receptor 

subunit confers a reduced sensitivity to benzodiazepine and increased excitability of the neuron 

hence balancing the level of inhibition during high steroid hormone levels (Gulinello et al. 

2001).  During high levels of allopregnanolone, the increased expression of α4 GABAA receptor 

subunit balances the level of inhibition however upon withdrawal at the time of menstruation, 

inhibition is reduced from the normal level resulting in enhanced neuronal excitability and a 

predisposition to seizures at this time (Reddy and Rogawski 2009).  Interestingly, catamenial 

epilepsy provides parallels to PCDH19-FE, with seizure onset and offset in both disorders 

occurring at times of low steroid hormone levels and the reduction in the neurosteroid 

allopregnanolone, further supporting a role for neurosteroids in the seizure phenotype of 

PCDH19-FE individuals (Ober et al. 2008, Tan et al. 2015). It could be speculated that the 

reduced allopregnanolone levels in the PCDH19-FE individuals is resulting in a reduced 

sensitivity of GABAA receptors, increasing the overall excitability of the neuron, leading to the 

seizure phenotype. 
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1.11 Hypothesis and Aims 

PCDH19-FE is a debilitating epilepsy syndrome which has large variation in the severity of 

seizures, cognitive function and behavioural problems. It is caused by loss of function mutations 

in the X-chromosome gene PCDH19, and predominately affects females with male carriers 

largely spared (Dibbens et al. 2008). There have been limited studies characterising the function 

of PCDH19 both in the brain and during development, with conflicting results both between 

different model organisms (i.e. mouse and zebrafish) and within the same organism (i.e. 

zebrafish) (Biswas et al. 2010, Emond et al. 2011, Cooper et al. 2015, Pederick et al. 2016).  

Speculation of PCDH19 functions has largely been inferred from expression data, functions of 

interacting proteins and other highly conserved protocadherin family members. Expression of 

Pcdh19 has been shown to be both temporally and spatially restricted in the developing and 

adult brain suggestive of functional roles for PCDH19 both during brain development and 

functioning of the adult brain (Lin et al. 2012).  

 

Currently in the literature there is much conjecture as to the underlying mechanisms of the 

pathogenesis of PCDH19-FE and why predominately females are affected. Recent 

identification of four affected males with PCDH19-FE whom were shown to have somatic 

mosaicism of PCDH19 expression (Depienne et al. 2009, Terracciano et al. 2016, Thiffault et 

al. 2016) suggests the pathology of PCDH19-FE is due to a mixture of PCDH19 normal 

(PCDH19 WT) and PCDH19 Mutant (PCDH19 KO) cells in the brain. It is suspected that this 

mosaic population of cells in the brain will result in altered cell-cell interaction and cell-cell 

signalling converging on altered gene expression and regulation. The identification of 

dysregulation of sex-biased gene expression in both female and male PCDH19-FE individuals 

and altered blood levels of allopregnanolone suggest that there is a contribution of the 

neurosteroid signalling pathway to the pathogenesis of the disorder (Tan et al. 2015).  

 

To date no studies have investigated the effects of a mixture of PCDH19 WT and PCDH19 KO 

cells on both brain development and function and how this mosaic population of cells could 

cause the underlying pathology of PCDH19-FE. The expression of Pcdh19 in the neurogenic 

regions of both the developing and adult brain support a functional role for Pcdh19 in NSPC 

function and the process of neuronal differentiation (Pederick et al. 2016). Thus, investigation 

of the functional effects of loss of PCDH19 function on NSPC behaviours may provide insight 

as to why the transmitting males are not affected. Additionally, NSPCs provide a model cell 

type which can be easily manipulated to mimic the suspected mosaicism of the PCDH9-FE 
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patient during brain development. Furthermore, NSPCs can be obtained from both mouse and 

human models. This leads to the hypothesis and aims of this study: 

1.11.1 Hypothesis 

Hypothesis 1: Protocadherin 19 is a regulator of neural stem and progenitor cell behaviours. 

 

Hypothesis 2: A mosaic population of PCDH19 WT and PCDH19 KO/Mutant NSPCs will 

have a distinct cellular phenotype during cortical brain development which contributes to the 

pathogenesis of PCDH19-FE. 

1.11.2 Aims 

The major aim of this project is to identify the role of PCDH19 in neuronal development and 

function to better understand the cause of PCDH19 epilepsy and its comorbidities. 

 

To achieve the major aim the project has the following sub-aims: 

 

Aim 1: Establish patient derived neuronal cell lines from hiPSCs of patients with pathogenic 

PCDH19 mutations. 

 

Aim 2: Establish models of PCDH19-FE using NSPCs from PCDH19-FE hiPSCs and the 

Pcdh19 KO mouse model to: 

 -  Identify the role of PCDH19 in neuronal development and function.  

- Investigate the effect of a mosaic population of cells on the processes of brain   

development 
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Chapter Two: Materials and Methods 
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2.1 Materials 

Materials used are listed in Appendix A. 

2.2 Animal Husbandry  

2.2.1 Mouse housing 

All mice were maintained in same sex housing in a 12 hr day:night cycle with adequate sterile 

food and water under specific pathogen free conditions. The use of animals was approved under 

The University of Adelaide institutional ethics committee. 

2.2.2 Generation of Pcdh19 knockout mouse  

The Pcdh19 KO mouse colony was purchased from Lexicon pharmaceuticals incorporated 

(Texas, USA). These mice were generated by deletion of exons 1-3 of Pcdh19 which were 

replaced by a β-galactosidase-neomycin selection cassette. Removal of the first three exons 

leads to loss of the extracellular and transmembrane domain of Pcdh19. The Pcdh19 KO mice 

are on a C57BL6 (albino) x 129SVeV mixed background. 

2.2.3 Pcdh19 knockout mouse genotyping  

Genomic DNA (gDNA) was extracted from E14.5 mouse tail biopsies using the Automated 

Maxwell® 16 System (Promega, Wisconsin, USA) according to manufacturer’s protocol. Sex-

specific PCR using the following primers: 5’- CTGAA GCTTT TGGCT TTGAG -3’ and 5’- 

CCACT GCCAA ATTCT TTGG -3’, was performed to amplify both a 331 bp fragment from 

Jarid1c (X-chromosome-specific gene) and a 302 bp fragment from Jarid1d (Y-chromosome-

specific gene) indicative of a male genotype as described (Clapcote et al. 2005).  Pcdh19 KO 

mice were genotyped using the following primers specific for the Pcdh19 WT or Pcdh19 KO 

sequence respectively: 5’- TAGAGGTTCTTGCTGAAGACTTCC -3’, 5’- 

TCAACTGTTTCGATGAGACACTGC -3’, 5’- GTGCGTACCAGGCGGGAGC-3’ and 5’- 

CCCTAGGAATGCTCGTCAAGA-3’ to amplify a 123 bp fragment (Pcdh19 WT) and/or a 

437 bp fragment (Pcdh19 KO). Taq DNA polymerase (Roche, NSW, Australia) and 10X Buffer 

J (Epicentre, Gene Target Solutions Pty Ltd, NSW, Australia) were used under standard 

conditions for the Pcdh19 genotyping PCR. Standard PCR conditions using Roche Taq DNA 

polymerase and 10X PCR buffer + MgCl2 (Roche) with the addition of a further 1 mM of MgCl2 

(Roche) were used for the sex-specific PCR. Cycling conditions for the sex-specific PCR were 

94°C for 5 minutes; 35 cycles of 94°C for 20 seconds, 54°C for 30 seconds, 72°C for 40 

seconds; and extension at 72°C for 10 minutes. Cycling conditions for the Pcdh19 genotyping 

PCR were 94°C for 3 minutes; 35 cycles of 94°C for 45 seconds, 63°C for 45 seconds, 72°C 
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for 60 seconds; and extension at 72°C for 5 minutes. PCR products were visualised using gel 

electrophoresis.   

2.2.4 Gel electrophoresis 

DNA was run on either a 1 or 2% (w/v) agarose gel with ethidium bromide in TAE buffer (40 

mM Tris-acetate, 2 mM EDTA pH 8.5) at 100 V alongside either the 1 Kb+ DNA Ladder (NEB, 

MA, USA) or the pUC19 molecular weight marker (Thermo Scientific™, MA, USA). Gels 

were visualised under UV on the Syngene Bioimaging apparatus (In Vitro Technologies, 

Victoria, Australia) using the GeneSnap image acquisition software version 7.05. 

2.3 Plasmid preparation 

 2.3.1 Transformation of bacteria 

Plasmid DNA was transformed into DH5α competent cells [F- Φ80lacZΔM15 Δ(lacZYA-argF) 

U169 recA1 endA1 hsdR17(rk-,mk+) phoAsupE44 thi-1 gyrA96 relA1λ-,](Invitrogen 

California, USA) using standard heat shock protocol (Molecular Cloning, Sambrook and 

Russell, 2001). Transformed bacteria were plated onto agar plates containing 100 µg/mL 

ampicillin and incubated overnight at 37˚C.  

2.3.2 Preparation of glycerol stocks 

Single transformed bacterial colonies were selected using a pipette tip and incubated in 3 mL 

of Luria-Bertani broth (LB broth) containing ampicillin overnight at 37˚C with vigorous 

shaking. The following day 500 µL of bacterial culture was mixed with 500 µL of 80% glycerol 

and stored at -80˚C for long term storage.  

2.3.3 Endotoxin free plasmid preparation and purification 

Single transformed bacterial colonies were selected and grown in 3 mL of LB broth containing 

ampicillin overnight at 37˚C with vigorous shaking. The following day 200 µL of the pre-

cultures were added to 100 mL of LB broth with 100 µg/mL ampicillin to inoculate the large 

culture overnight at 37˚C with vigorous shaking. Endotoxin free plasmid DNA was then 

isolated using the QIAGEN endofree plasmid maxi kit (QIAGEN, VIC, Australia) as per 

manufacturer’s instructions. Plasmid concentration and purity was determined using a 

Nanodrop 1000 photo-spectrometer (Thermo fisher Scientific). To confirm plasmid identity 

diagnostic restriction digests were performed.  
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2.4  Lentivirus production 

The lentiviral LeGO vectors (LeGO-G/BSD, LeGO-1xT/BSD, LeGO-C2, LeGO-G2) 

expressing eGFP, mCherry or dTomato were obtained from Addgene (MA, USA) and have 

been described previously (Weber et al. 2008). Cell-free viral supernatants were generated by 

transient transfection of HEK293T packaging cells a gift from Associate Professor Simon Barry 

(The University of Adelaide, South Australia, Australia) as previously described (Brown et al. 

2010). This cell line was grown in Dulbecco’s modified eagle medium (DMEM) with 10% 

Fetal Calf serum (FCS), 1% Penicillin-Streptomycin (Pen/Strep) and 1% L-glutamine (all from 

Gibco, Life Technologies, CA, USA) and used between passages 13 and 15.  Media was 

replaced every two days in culture. Cells were passaged when they reached approximately 80% 

confluence.  To passage; media was aspirated and cells washed in 5 mL of Dulbecco’s 

Phosphate buffered saline (DPBS) (Sigma-Aldrich Pty Ltd, NSW, Australia). 1mL of 0.05% 

Trypsin-EDTA (Gibco, Life Technologies) was added to cells and incubated at 37°C until the 

cells began to detach from the flask surface.  5 mL of media was then added to inactivate the 

trypsin and the cells seeded at an appropriate density.  

 

The day prior to lentiviral transfection cells were seeded at a density of 1x107 cells/T75 cm2 

flask to ensure at the time of transfection cells were approximately 75% confluent.  Cells were 

transfected with 7.5 μg of pMDL-g/p-PRE (gag/pol), 6.25 μg of pRSV-REV (REV) packaging 

vectors and 3.75 μg of pCMV-VSV-G (VSV-G) lentiviral transfer vector using lipofectamine 

2000 transfection reagent and Opti-MEM reduced serum medium (Both from Invitrogen) 

according to standard protocol. The following day, media was replaced and virus-containing 

media collected 72 hrs after transfection by passing media through a 0.45 μm filter. The virus 

was concentrated by ultracentrifugation at 20,000 rpm for 90 min at 4°C (SW 32 TI Rotor, 

Beckman Coulter, CA, USA). Following centrifugation the supernatant was aspirated and the 

viral pellet was resuspended in 200 μL of DPBS.  20 μL concentrated virus aliquots were stored 

at -80°C.  

 

Virus titre was determined by limiting dilution transduction of HEK293T cells. Triplicate wells 

in a 24 well plate of untransfected HEK293T cells (1x105 cells/well) were infected with 20 μL 

aliquots of serially diluted virus (neat, 1:10, 1:100, 1:1000, 1:10000, 1:100000) in 500 μL of 

media containing 4 μg/mL Polybrene (Sigma-Aldrich). The following day the medium was 

replaced. 72 hrs after transduction cells were collected for Flow Cytometric analysis. Briefly, 

cells were collected by aspiration of the media and resuspended in 100 μL of DPBS. Cells were 

then transferred to a 96-well plate, spun at 200 g and washed in 200 μL of DPBS.  The cells 
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were then resuspended in FACS Fix and analysed on the FACSCalibur (Becton Dickinson; BD, 

North Ryde, NSW, Australia) flow cytometry system to determine the number of fluorescent 

cells. Lentiviral titre was determined using the following equation: 

 

Titre = %Fluorescent cells X 1x105xDilution factor = Virus Particles/mL 

  Volume of Medium  

2.5 Murine cell culture 

2.5.1 Culture of murine neural stem and progenitor cells as neurospheres 

Heterozygous mice (Pcdh19 +/-) were crossed with both Pcdh19 KO (Pcdh19 -/Y) and Pcdh19 

WT (Pcdh19 +/Y) to produce Pcdh19+/+, Pcdh19-/-, Pcdh19+/Y and Pcdh19-/Y offspring. On 

E14.5, pregnant female Pcdh19 mice were sacrificed by CO2 asphyxiation/or cervical 

dislocation and embryos removed and placed in ice cold PBS solution; 137 NaCl mM, 1.5 mM 

KH2PO4, 20 mM Na2HPO4, 2.7 mM KCl and pH 7.5. Isolated embryos were decapitated and 

heads placed in ice cold Hanks solution; 1x HBSS, 1% (vol/vol) Penicillin-Streptomycin, 10 

mM MgCl2, 7 mM HEPES, 2 mM L-glutamine, MQ water filter-sterilised and pH 7.3 (all 

Gibco, Life Technologies). Tail snips were removed for genotyping. Under a dissecting 

microscope the hindbrain and olfactory bulbs were removed, and the meninges removed from 

the remaining midbrain and forebrain. The hemispheres were then separated allowing 

extraction of the forebrain from the midbrain. Forebrains were minced using micro-spring 

scissors in 300 μL/forebrain of a 1:1 solution of PAP-Mix and Ovomucoid. PAP-mix consists 

of Leibovitz L15 medium (L15; Gibco, Life Technologies) supplemented with 30 U/mL 

Papain, 0.24 mg/ml Cysteine and 40 μg/mL DNAse type IV (all from Sigma-Aldrich). PAP-

Mix was filter-sterilised through a 0.22 μm filter and prepared fresh on the morning of 

dissection. Ovomucoid consists of L15 media, 0.86 mg/mL ovomucoid trypsin inhibitor, 0.5 

mg/mL BSA and 40 μg/mL DNAse type IV (all from Sigma-Aldrich), filter-sterilised through 

a 0.22 μm filter and stored at 4°C for 1 week. Forebrains were incubated in this solution for 35-

45 minutes at 37°C with mixing every 10 minutes. 300 μL of Ovomucoid was added to the 

solution and incubated for an additional 5 minutes at 37°C, followed by homogenisation of the 

tissue via gentle trituration using a fire-polished pipette. The homogenate was transferred to 9 

mL of DMEM/F12 + Glutamax medium (Gibco, Life Technologies) and centrifuged at 200 g 

for 5 minutes. The cell pellet was resuspended in 1 mL of complete neurosphere media 

consisting of DMEM/F12 + Glutamax, 1% (vol/vol) Penicillin-Streptomycin (Gibco, Life 

Technologies), 2% (vol/vol) B27 supplement (Gibco, Life Technologies), 20 ng/mL EGF 

(STEMCELL technologies Australia Pty. Ltd., VIC, Australia) and 20 ng/mL bFGF2 (Gibco, 
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Life Technologies).  Neurosphere media was used within 1 month of production with the 

addition of growth factors immediately prior to use. The NSPCs were added to a T25 cm2 cell 

culture flask in a volume of 3.5 mL and incubated at 37°C in 5% CO2. After 2 days of culture 

an additional 2 mL of complete neurosphere media was added. 

 

When spheres were approximately 100-150 μm in size they were passaged. Neurospheres were 

collected by withdrawing the media and centrifugation at 80 g for 5 minutes with no brake. The 

spheres were then washed in 1 mL of Versene (Gibco, Life Technologies). Neurospheres from 

one T25 cm2 cell culture flask were resuspended in 0.025% (or 0.05% [Passage 3 onwards]) 

trypsin in Versene with 10 ng/mL DNAse type IV, and incubated at 37°C for 10-15 minutes. 

500 μL of Ovomucoid solution was added and incubated at room temperature for 5 minutes to 

neutralise the trypsin. Spheres were homogenised using a fire-polished pipette and washed 

through 9 mL of DMEM/F12 + Glutamax by centrifugation at 200 g for 5 minutes. The medium 

was aspirated and cells were resuspended in 1 mL of complete neurosphere media. A 20 µL 

aliquot was removed and diluted 1:1 with Trypan Blue (Invitrogen) to perform a viable cell 

count using a haemocytometer. Cells were plated into cell culture flasks at 1x105 cells/mL. 

2.5.2 Fluorescent labelling of murine neural stem and progenitor cells 

Lentiviral transduction of mouse NSPCs occurred immediately after initial isolation as 

described above (Section 2.5.1) and before mixing (Section 2.5.4). Pooled biological triplicates 

were generated for viral transduction by combining three Pcdh19 WT (Pcdh19+/+) embryos 

derived NSPC lines and three Pcdh19 KO (Pcdh19-/-) embryo derived NSPC lines, in equal 

numbers. Samples were pooled at this point to enable viral transduction, due to limited viral 

particle availability. Pcdh19 WT NSPCs were transduced with LeGO-G2 virus expressing 

eGFP and Pcdh19 KO NSPCs were transduced with LeGO-C2 virus expressing mCherry. The 

required number of cells (2x106 cells) were added to a 10 mL tube in 4 mL of complete 

neurosphere medium and 10 x106 virus particles were added to give a multiplicity of infection 

(MOI) of 5. The virus and cells were mixed by inverting the tube and then seeded into a T25 

cm2 cell culture flask at 5x105 cells/mL. Cells were exposed to the virus for 20 hrs before the 

medium was removed and changed to complete neurosphere medium without virus. Cells were 

expanded for a further passage before isolation of fluorescently labelled cells using the 

FACSCalibur (Becton Dickinson; BD, North Ryde, NSW, Australia) flow cytometry system.  

2.5.3 Fluorescent-activated cell sorting of murine neural stem and progenitor cells 

Neurospheres were passaged to single cells as described above (Section 2.5.1). To ensure a 

single cell suspension the cells were then washed through a 0.40 µM filter using 15 mL of 
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DMEM/F12 + Glutamax medium. Cells were centrifuged for 5 minutes at 200 g and 

resuspended in 3 mL of DMEM/F12 + Glutamax medium into a FACS tube (BD falcon round-

bottom tube). NSPCs were sorted to isolate only the cells expressing high levels of fluorescent 

protein using the FACSCalibur (Becton Dickinson; BD, North Ryde, NSW, Australia) flow 

cytometry system. These cells were gated relative to an unlabelled control cell line. Isolated 

cells were sorted directly into complete neurosphere medium and placed on ice. Sorted cells 

were collected by centrifugation at 200 g for 5 minutes with no break and then seeded at high 

density (approximately 2x106 cells/3.5 mL) into a T25 cm2 cell culture flask. 

2.5.4 Murine neural stem and progenitor cell mixing  

In mixing experiments, neurospheres were passaged to single cells as described (Section 2.5.1). 

Viable cell counts were performed as described and mixed (mosaic) cell lines formed by 

combining Pcdh19 WT (either fluorescently labelled or unlabelled) with Pcdh19 KO (either 

fluorescently labelled or unlabelled) NSPCs in a 1:1 ratio. 

2.5.5 Cell proliferation assay 

The CellTiter 96® AQueous One Solution Cell Proliferation Assay System (Promega Australia, 

NSW, Australia) was performed as per manufacturer’s protocol. NSPCs were seeded as single 

cells at a density of 1x104 cells/well in a 96 well plate. Background measurements were 

determined by wells containing only medium (no cells) and wells with zero incubation time 

with the CellTiter 96® AQueous One Solution Reagent.  The plate was incubated for 2.5 hrs 

after addition of the CellTiter 96® AQueous One Solution Reagent. Absorbance values were 

measured at 490 nm wavelength on the plate reader (Apollo LB912 Microplate reader, Berthold 

Technologies, USA) using the Photoread Software Vs 1.2.00. Plates were measured at four time 

points: Initial plating, 24 hrs, 72 hrs and 6 days.  

2.5.6 NeuroCult® Neural Colony-Forming Cell (NCFC) Assay 

The NCFC assay (STEMCELL technologies) was performed as per manufacturer’s protocol.  

Briefly, neural stem cells (NSCs) were extracted from the Telencephalic vesicles of E14.5 mice 

as described (2.5.1) or from neurosphere cultures (2.5.1). Cells were then passed through a 40 

µM cell strainer to ensure a single cell suspension. A 20 µL aliquot was removed and diluted 

1:1 with Trypan Blue to perform a viable cell count using a haemocytometer. Cells were diluted 

to 2.2x105 cells/mL using the complete proliferation medium. Cells were plated as single cells 

in a collagen matrix as per manufacturer’s instructions with the only difference being the 

addition of 20 ng/mL FGF as well as 20 ng/mL EGF. Colonies were formed for 21 days with 

the addition of Complete NeuroCult® replenishment medium (containing EGF and FGF) every 
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7 days. Differences in colony size was determined at 21 days of culture using the manufacturers 

scoring protocol.   

2.5.7 Murine neural stem and progenitor cell differentiation 

Prior to plating cells for differentiation cell culture dishes or glass coverslips were coated with 

Poly-L-Lysine (PLL, Sigma-Aldrich). Firstly glass coverslips were acid-washed overnight at 

60˚C in 1 M Hydrochloric acid and then washed extensively with Milli-Q (MQ) water and 

sterilised in 100% ethanol and dried.  Coverslips and cell culture dishes were then covered with 

100 µg/mL PLL in 0.1 M Borate Buffer, pH8.5 (Borate Buffer; 1.24 g Boric acid (Sigma-

Aldrich), 1.9 g Sodium tetraborate (Sigma-Aldrich) in 500mL of MQ water) at room 

temperature for 4 hrs. PLL was then removed and coverslips or dishes washed extensively using 

MQ water or DMEM/F12 medium, respectively. Coverslips were sterilised using 100% ethanol 

and dried. Following preparation of cell culture plastic and coverslips, neurospheres were 

passaged to single cells as described (2.5.1). Single cells were then plated at a density of 2.1x104 

cells/cm2 (immunofluorescence analysis) or 3.3x104 cells/cm2 (biochemical analysis) in 

neurosphere medium without growth factors. Cells were incubated at 37˚C in 5% CO2 and 

collected at four days of differentiation for analysis (Section 2.6 and 2.7) 

2.5.8 Murine neurosphere migration assay  

Glass coverslips (22x22 mm) were coated in 100 µg/mL PLL as described (Section 2.5.6) and 

placed in each well of a 6-well cell culture plate in 1 mL of neurosphere medium without growth 

factors. Following preparation of dishes, whole neurospheres were collected by letting the 

spheres settle via gravity for 2 minutes and removal of medium. Sphere counts were then 

performed and spheres resuspended gently (so as not to break) in an appropriate volume of 

neurosphere medium without growth factors to give 100 spheres/mL. Spheres were mixed 

gently via inversion and then 1 mL added to each prepared well of a 6-well cell culture dish 

using a 5 mL pipette. Cells were incubated at 37˚C in 5% CO2. Cells were fixed in 4% 

Paraformaldehyde (PFA) at 48 hrs for analysis as described (Section 2.7). Neurons were 

detected immunofluorescently using a β-III tubulin antibody (as described in section 2.7) and 

counterstained with 300 nM 4',6-diamidino-2-phenylindole (DAPI) to identify single cells. 

Isolated single neurospheres and migrating cells were then captured at 200x magnification on 

the Zeiss fluorescent microscope. Where the neurosphere and migrating cells were too large to 

be captured in one image, multiple images were taken and stitched together using Image J 

Stitching plugin (Preibisch et al. 2009). Analysis of migration was performed using the ImageJ2 

software (Schneider et al. 2012). The Neurosphere boundary was outlined using the freehand 

selection tool and then a circle was drawn using the fit circle tool. The approximate radius of 
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the neurosphere was determined by measuring the Feret’s diameter of the circle and diving by 

two. Using the radius of the neurosphere the concentric circles plugin was used to draw 10 

concentric circles around the boundary of the sphere, with an outer radius (furthest circle) 

calculated by the radius of the neurosphere + 600 pixels. The distance of 1 µm was 1.9545 

pixels with the furthest circle being a distance of 306.98 µm from the boundary of the sphere. 

Each concentric circle was 30.698 µm from the previous circle. Using the cell counter plugin 

the number of migrating neurons within each concentric circle (Bin) was determined by 

counting co-stained β-III tubulin and DAPI cells. The migration distance was then calculated 

two ways either by the density of cells within each bin (number of neurons in each bin/total 

migration area) or the percentage of total migrating cells within each bin (number of neurons 

in each bin/total number of migrating neurons). 

2.6  RNA analysis 

2.6.1 RNA isolation 

RNA was extracted from cells using Trizol Reagent (Invitrogen) and the RNeasy mini 

extraction kit (QIAGEN) as per manufacturer’s protocol. Samples were treated with the RNase-

free DNase Kit (QIAGEN) to remove genomic contamination. RNA was quantitated using the 

Nanodrop 1000 photo-spectrometer (Thermo fisher Scientific, USA). 

2.6.2 Quantitative Real-Time PCR (RT-qPCR)  

2.6.2.1 cDNA generation 

1-2 µg of RNA was converted to cDNA using superscript III® reverse transcriptase (Invitrogen) 

and random priming as per manufacturer’s instructions. cDNA templates were then diluted as 

required for subsequent RT-qPCR. 

2.6.2.2 Quantitative Real-Time PCR 

2.6.2.2.1 SYBR Green RT-qPCR 

Expression levels of genes (Table 2.1) were determined using exon-exon boundary specific 

primers. All 20 µL real-time PCR reactions contained; 2uL of cDNA, 1x Fast SYBR Green 

Real-Time PCR master mix (Applied Biosystems, CA, USA), 0.5 µM forward primer and 0.5 

µM reverse primer. All 10 µL real-time PCR reactions contained; 2uL of cDNA, 1x Fast SYBR 

Green Real-Time PCR master mix (Applied Biosystems), 0.8 µM forward primer and 0.8 µM 

reverse primer. Actin Beta (ACTB) was used as a house keeping gene to normalise data. PCR 

reactions were run on the StepOnePlus Real-Time PCR System (Applied Biosystems) and data 
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collected using the StepOne V2.2.2 Software (Applied Biosystems) for all 20 µL reactions. All 

10 µL reactions were run on the QuantStudio™ 7-flex real-time PCR system using the 384 

well-plate format and data collected and analysed using the QuantStudio Real-Time PCR 

software v1.3 (Applied Biosystems).  All reactions were run using the following parameters: 

95˚C for 20 seconds; 40 cycles of  95˚C for 3 seconds, 60˚C for 30 seconds; followed by a melt 

curve set as follows: 95°C for 15 seconds, 60°C for 1 minute followed by a 0.3% continuous 

ramp from 60 °C to 95 °C. All primers used were first validated as to generation of a single 

product by the analysis of a single melting temperature and by the validation of efficiency of 

amplification. Efficiency of amplification was determined by comparing Cross Threshold (Ct) 

values acquired through serial dilutions of control template. The StepOne software was then 

used to calculate % Efficiency. Using this method all primer sets used were found to have an 

efficiency of 100% +/- 10%. 

2.6.2.2.2 TaqMan RT-qPCR 

Pre-designed TaqMan expression assays (Primer-Probes) for RT-qPCR were purchased from 

Applied Biosystems (Table 2.2). At the 5’ end they were conjugated to FAM™ label and on 

the 3’ end a miner groove binder (MGB) and a non-fluorescence quencher (NFQ). TaqMan 

amplifications were all performed as duplex reactions using the housekeeping gene ACTB with 

a VIC® dye label. All 20µL reactions contained; 2 µL of cDNA, 1 x TaqMan gene expression 

master mix, 1 x TaqMan gene expression assay, 1 x TaqMan endogenous control. PCR 

reactions were run on the StepOnePlus Real-Time PCR System (Applied Biosystems) and data 

collected using the StepOne V2.2.2 Software (Applied Biosystems). All reactions were run 

using the following parameters: 50˚C for 2 minutes, 95˚C for 10 minutes; 40 cycles of 95˚C for 

15 seconds, 60˚C for 60 seconds. 

2.6.2.3 Quantitative Real-Time PCR Primers 

Gene 

Target 

Species Forward Primer (5’→ 3’) Reverse Primer (5’→ 3’) Reference 

PCDH17 Human, 

Mouse 

TAATTCGAGCGAGACCC

CTG 

AAACGTGGAGCTACTTTG

AACA 

 

PCDH19 Human AACGATGTGCTGAACAC

CAG 

GCATCCAGCACCTGTCAG

AGT 

 

Pcdh19 Mouse TCCTGAACACCAGTGTG

ACTTC 

ATCAGAGTGGCCAAGAAT

CC 

 

CNP1 Mouse AATTCTGTGACTACGGG

AAGGC 

CATACGATCTCTTCACCA

GCTCCTG 

 

VGLUT1 Human, 

Mouse 

GGCTGCACCGGTTACTG

GA 

GGCGATGATGTAGCGACG

AG 

 

GAD67 Mouse CTTCAGGCTCTCCCGTG

C 

CGCAGGAACAGGCTCGGT  
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GFAP Human, 

Mouse 

TCCTGGAACAGCAAAAC

AAG 

CAGCCTCAGGTTGGTTTC

AT 

 

OCT4 Human GACAGGGGGAGGGGAG

GAGCTAGG 

CTTCCCTCCAACCAGTTG

CCCCAAAC 

(Huang et al. 

2011) 

NANOG Human AGTCCCAAAGGCAAACA

ACCCACTTC 

TGCTGGAGGCTGAGGTAT

TTCTGTCTC 

(Huang et al. 

2011) 

SOX2 Human GGGAAATGGGAGGGGT

GCAAAAGAGG 

TTGCGTGAGTGTGGATGG

GATTGGTG 

(Huang et al. 

2011) 

PAX6 Human GTGTCCAACGGATGTGT

GAG 

CTAGCCAGGTTGCGAAGA

AC 

(Shi et al. 

2012) 

NCAD Human GCCACCTACAAAGGCAG

AAG 

CCGAGATGGGGTTGATAA

TG 

(Pankratz et 

al. 2007) 

SOX1 Human TCCTGGAGTATGGACTG

TCCG 

GAATGCAGGCTGAATTCG

G 

(Pankratz et 

al. 2007) 

TBR1 Human ATGACACGATCTACACC

GGC 

TTGGCGTAGTTGCTCACG

AA 

 

TBR2 Human GGTTCCAGGTTCTGGCT

TCC 

ACATTTTGTTGCCCTGCA

TGT 

 

SATB2 Human ACAACCATCTCCGCACC

AGA 

CACAGGGACTGCTCACGG

TC 

 

PSD-95 Human TCCTCACAGTGCTGCAT

AGC 

TGCAACTCATATCCTGGG

GC 

 

MKI67 Human AATCCATGAGCAGGAGG

CAAT 

CTGCGGTACTGTCTTCTTT

GAC 

 

Akr1c14 Mouse AGGCAGCTGGAGACGAT

TC 

CAGCATTTGGCTCTGGTT

TA 

 

Cyp17a1 Mouse GCTCTGTGCTGAACTGG

ATC 

AAGACGGTGTTCGACTGA

AGCC 

 

NESTIN Mouse GCTGGAACAGAGATTGG

AAGG 

CCAGGATCTGAGCGATCT

GAC 

 

Β-III 

TUBULIN 

Mouse AACTATGTAGGGGACTC

AGACCTGC 

TCTCACACTCTTTCCGCA

CGAC 

 

CYFIP1 Human GTTCCTGTACGACGAAA

TTGAGG 

GTGGCTCCCTGATTCTTG

C 

 

DCX Human GCACAAAGACACTGGCT

GTTC 

TGGCATCTGTTTCCTCAC

ACA 

 

NONO Mouse GAGAACAAGAGATACG

GATGG 

CCAAGGGTTCCATCTGGC

A 

 

ACTB Mouse AGCTTCTTTGCAGCTCCT

TC 

CACGATGGAGGGGAATA

CAG 

 

ACTB Human ATGGGTCAGAAGGATTC

CTATGTG 

TGTTGAAGGTCTCAAACA

TGATCTGG 

 

Table 2.1: SYBR Green RT-qPCR Primers 
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TaqMan Probe Species Cat# 

DACH1 Human Hs00362088_m1 

AKR1C2 Human Hs00912742_m1 

NEUROG2 Human  Hs00702774_s1 

DLX2 Human Hs00269993_m1 

OXTR Human Hs00168573_m1 

GAD1 Human Hs01065893_m1 

SOX10 Human Hs00366918_m1 

ACTB Human 4326315E 

Table 2.2: TaqMan® RT-qPCR Assays 

2.6.3 Microarray  

RNA for microarray analysis was extracted simultaneously as described (Section 2.6.1) and 

diluted to 100 ng/µL. RNA samples were sent on dry ice to the Adelaide Microarray Centre for 

labelling and hybridisation to the Affymetrix MoGene 2.0 St array (Affymetrix , CA, USA).  

2.6.4 Microarray data analysis 

Microarray data analysis and extrapolation of differentially deregulated gene lists was 

performed by The University of Adelaide Bioinformatics Hub.  

2.7 Immunofluorescence analysis 

Cells grown in tissue culture dishes or on glass coverslips were fixed with 4% PFA at room 

temperature for 15 minutes. Fixed cells were washed thrice with PBS for 5 minutes to remove 

any traces of PFA. For weakly attached cells (i.e. 70 and 90 day neurons), 16% PFA was added 

directly into the culture medium (final concentration of 4% PFA) and cells fixed for 15 minutes. 

Extra washing steps were added and the liquid never fully aspirated from the surface of the dish 

during washes to avoid loss of cell adherence. Fixed cells were stored in PBS at 4˚C prior to 

immunofluorescences analysis. 

 

 For immunofluorescence analysis, cells were initially permeablised in 0.2% Tween20 in PBS 

(PBST) (or for neural rosettes 0.5% TritonX in PBS) for 5 minutes. Cells were then blocked for 

1 hour in 5% horse serum in PBST. Antibodies were diluted in a solution of 0.5% Horse Serum 

in PBST. Primary antibody dilutions are indicated in the table below (Table 2.3, Section 2.7.1). 

Primary antibody incubations were performed overnight in humid conditions at 4˚C. The cells 

were rinsed thrice with PBST and then washed 3 times with PBST for 5 minutes.  Secondary 

antibodies were diluted as indicated in the table below (Table 2.4, Section 2.7.1). Cells were 

incubated with secondary antibodies for 1 hour at room temperature in the dark. The cells were 
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rinsed thrice with PBST and then washed 2 times with PBST for 5 minutes and then washed 

once with PBS. Coverslips were mounted on microscope slides using ProLong® Gold Antifade 

mountant with DAPI (Life Technologies), sealed with nail polish and stored in the dark at 4˚C. 

2.7.1 Antibody dilutions  

Primary antibodies were diluted as followed: 

Target Host species Application  Dilution  Catalogue 

Number 

Company 

CD133 Mouse IF 1:100 MAB4310 Chemicon 

PKCλ Mouse IF 1:500 610207 

 

BD Transduction 

Laboratories 

PH3 Rabbit IF 1:1000 AB5176 Abcam 

CYFIP1 Rabbit IF 1:100 AB6046 Millipore 

WAVE1 Goat IF 1:100 SC10390 Santa Cruz 

OCT3/4 Mouse IF 1:200 SC5279 Santa Cruz 

NANOG Goat IF 1:500 AF1997 R&D Systems 

PAX6 Rabbit IF 1:300 PRB278P Covance 

PAX6 Rabbit IF 1:500 AB2237 Millipore 

SOX2 Rabbit IF 1:200 AB5603 Millipore 

NESTIN Mouse IF 1:300 MAB5326 Millipore 

TBR2 Rabbit IF 1:200 AB23345 Abcam 

TBR1 Rabbit IF 1:300 AB31940 Abcam 

N-

CADHERIN 

Mouse IF 1:300 610921 BD Transduction 

Laboratories 

VGLUT1 Rabbit IF 1:300 135303 Synaptic Systems 

CUX1 Rabbit IF 1:300 SC13024 Santa Cruz 

SATB2 Mouse IF 1:100 AB51502 Abcam 

CTIP2 Rat IF 1:300 AB18465 Abcam 

NEUN Mouse IF 1:1000 MAB377 Millipore 
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GAD65/67 Mouse IF 1:500 BML-

GC3108 

Enzo, Sapphire 

Bioscience 

VGLUT2 Guinea Pig IF 1:500 AB2251 Millipore 

Β-III Tubulin Mouse IF 1:300 T5076 Sigma 

Β-III Tubulin Rabbit IF 1:300 T2200 Sigma 

DCX Guinea Pig IF 1:300 AB2253 Millipore 

MAP2 Chicken IF 1:500 AB15452 Millipore 

CNPase Mouse IF 1:1000 MA13326 Millipore 

PCDH19 Mouse WB 1:100 AB57510 Abcam 

NONO Mouse IF 1:100   

GFAP Goat IF 1:700 SAB2500462 Sigma 

Anti-active 

Caspase3 

Rabbit IF 1:500 559565 BD Pharmingen 

Table 2.3 

 

Secondary antibodies were diluted as follows: 

Antibody Conjugate Application Dilution Catalogue 

Number 

Company 

Mouse IgG Alexa 488 IF 1:700 A21202 Invitrogen 

Mouse IgG Alexa 555 IF 1:700 A31570 Invitrogen 

Mouse IgG Alexa 647 IF 1:500 A31571 Invitrogen 

Rabbit IgG Alexa 488 IF 1:700 A21206 Invitrogen 

Rabbit IgG Alexa 647 IF 1:500 A31573 Invitrogen 

Rat IgG Alexa 488 IF 1:700 A21208 Invitrogen 

Chicken IgG Alexa 555 IF 1:500 AP194C Sigma-Aldrich 

Guinea Pig IgG Alexa 555 IF 1:500 AP193 Millipore 

Rabbit IgG/HRP HRP WB 1:2000 P0488 Dako 

Mouse IgG/HRP HRP WB 1:2000 P0477 Dako 

Phalloidin Alexa 647 IF 1µM A22287 Molecular 

Probes 

Phalloidin TRITC IF 1µM P1951 Sigma 

 

2.8  Staining for LacZ activity 

Fixed cells were stored in PBS at 4˚C prior to X-gal staining. Cells were incubated in 1 mg/mL 

X-gal overnight at room temperature in an X-gal stain solution (0.02% NP40, 0.01% sodium 

deoxycholate, 2 mM MgCl2, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)63H2O). Once stained X-gal 

Table 2.4 
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crystals were removed by washing in DMSO for 3 minutes.  The cells were then washed with 

PBS and post-fixed with 4% PFA for 15 minutes. Cells were then washed thrice with PBS and 

mounted onto glass slides for microscopy analysis 

2.9  Human induced pluripotent stem cell clonal analysis 

2.9.1 Allele-Specific PCR 

Allele-Specific PCR was designed and performed as described in (Gaudet et al. 2009). Briefly 

for each PCDH19 mutation three primers were designed; a common reverse primer and two 

forward primers to amplify either the WT or mutant sequence.  Primer sequences are shown in 

Table 2.5. 50 ng cDNA was used as a template in PCR amplification to identify the expressed 

allele.  Standard PCR conditions using Roche Taq DNA polymerase and FailSafe™ Buffer G 

(Epicentre, Gene Target Solutions Pty Ltd, NSW, Australia) were used. Cycling conditions for 

the Allele-specific PCR were 94°C for 5 minutes; 40 cycles of 94°C for 30 seconds, 55°C for 

30 seconds, 72°C for 40 seconds; and extension at 72°C for 10 minutes. PCR products were 

visualised by gel electrophoresis.  Control samples with known PCDH19 sequence were used 

in each allele-specific PCR experiment to ensure specificity of PCR amplification using mutant 

and wildtype primers. 

Individual Allele 

specificity 

Forward Primer (5’→ 3’) Reverse Primer (5’→ 3’) 

Individual 1 Wildtype  TGCGGGTGTCTGATCGTG  CGTCCGTCCACCAGAATAGT  

Individual 1 Mutant TGCGGGTGTCTGATTGCC  CGTCCGTCCACCAGAATAGT  

Individual 2 Wildtype GAAATCAAGCAAGAAGAAA

AGAA 

TAGATGTGGTTAGCACTGGT  

Individual 2 Mutant GAAATCAAGCAAGAAGAAA

AAACA 

TAGATGTGGTTAGCACTGGT  

Individual 3 Wildtype TCATCATCCTCGACGGCAAC TAGCCTATGCCAGAGTTGCG 

Individual 3 Mutant TCATCATCCTCGACGTGAAG   TAGCCTATGCCAGAGTTGCG 

Table 2.5 Allele-specific PCR primers *Lighter coloured shaded bases indicate base-pair 

mismatch. Darker shaded bases indicate PCDH19 mutation. 

2.9.2 Human Androgen Receptor (HUMARA) Clonality assay  

The HUMARA PCR based assay was performed as described (Kopp et al. 1997) with minor 

modifications. 

2.9.2.1 DNA extraction 

gDNA was extracted from hiPSC clone cell pellets using standard phenol/chloroform extraction 

procedure (Molecular Cloning, Sambrook and Russell, 2001). 
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2.9.2.2 HUMARA-PCR assay 

2 µg of gDNA was digested overnight at 37˚C with the HpaII restriction enzyme 

(GENESEARCH, Qld, Australia). The reaction was terminated prior to PCR amplification by 

incubating at 65˚C for 20 minutes. Digested gDNA was used as a template in a standard 10 µL 

PCR reaction using fluorescently labelled antisense Androgen receptor (AR) primers (FAM 

labelled). A second PCR reaction using undigested gDNA as template was established. Cycling 

conditions for the AR PCR were  94°C for 3 minutes; 10 cycles of 94°C for 30 seconds, 60°C 

for 30 seconds, 72°C for 30 seconds; 12 cycles of 94°C for 30 seconds, 55°C for 30 seconds, 

72°C for 30 seconds;  and extension at 72°C for 10 minutes. Subsequent analysis of labelled 

amplicons was performed on the 3100-Avant genetic analyser (Applied Biosystems, California, 

USA) by the SA Pathology DNA Analysis Facility (SA Pathology, Adelaide, SA). Two main 

peaks identifying each allele were observed. Allele intensity was calculated from the peak 

intensity as a direct correlate to the molar quantity of PCR product. The allele ratio was 

determined by using the following calculation using allele intensity values; 

 

% X-chromosome Skewing =  Allele 2 (digested) * 100 

([Allele 1 (digested) * Allele 2 (undigested))/ Allele 1 (undigested)] + Allele 2 (digested)) 

 

2.9.3 Patient specific PCDH19 sequencing 

RNA was extracted from cell pellets of hiPSC clones and made into cDNA as described in 

section 2.6.1. Standard PCR was used to amplify the PCDH19 region of interest for each patient 

(Table 2.6) and the product was cleaned-up using the QIAquick PCR purification kit (QIAGEN) 

as per manufacturer’s instructions. PCR products were sequenced using the Big Dye terminator 

cycle sequencing kit (PerkinElmer, VIC, Australia) as per manufacturer’s instructions. Between 

4-6 ng of PCR product were used as template in each sequencing reaction.  Cycling conditions 

for the sequencing reaction were 96°C for 1 minute,  25 cycles of 96°C for 10 seconds, 50°C 

for 5 seconds, 60°C for 4 minutes. Sequencing reactions were cleaned-up using standard 

Magnesium sulphate protocol (as described by AGRF sample preparation) and sent to the 

Australian Genome Research Facility Ltd (AGRF, Adelaide, SA) for Sanger sequencing. 

Sequencing results were analysed using the SeqMan Pro program from the DNASTAR Laser 

gene software package version 10.1.2 (DNASTAR inc. USA). 

Individual Forward Primer (5’→ 3’) Reverse Primer (5’→ 3’) 

1 CATCAACCTGCTGTCAGTC GGAGGTCAGGGAAGAGCAACT 

2 AGCGAGACAACAAAGAGATCC CACATCGTTGACAGCAGTATCA 

3 ACATCTACGCGCTGCGATCC GGAGGTCAGGGAAGAGCAACT 

Table 2.6 PCDH19-FE individuals sequencing primers 
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2.10  Human induced pluripotent stem cell culture 

All human samples were used with patient consent and approval by both the CYWHS and The 

University of Adelaide institutional ethics committees. The WT control hiPSC line used in all 

assays was the CRL2429-C11 hiPSCs (Briggs et al. 2013) referred to in this study as the C11 

hiPSC line. 

2.10.1 Human induced pluripotent stem cell medium 

 

Medium Composition 

Incomplete hiPSC 

medium 

20% Knockout Serum Replacement, 0.5% (50 U pen, 50 ug/mL 

strep), 1x Non-essential amino acids, DMEM/F12+ GlutaMax  

Complete hiPSC 

medium 

Incomplete hiPSC medium + 0.1 mM β-mercaptoethanol + 80-

100 ng/mL bFGF 

Incomplete hiPSC 

conditioned medium 

Incomplete hiPSC medium conditioned for 24 hrs with a MEF 

feeder-layer (Section 2.10.5.1) 

Complete hiPSC 

conditioned medium 

Incomplete hiPSC medium conditioned for 24 hrs with a MEF 

feeder-layer (Section 2.10.5.1) + 0.1 mM β-mercaptoethanol + 

80-100 ng/mL bFGF 

MEF medium 10% hES cell FBS, 1% (50 U pen, 50 ug/mL strep), 1% Non-

essential amino acids, DMEM (High glucose) 

MEF freezing Medium 25% hES cell FBS + 10% DMSO + DMEM (High glucose) 

hiPSC freezing medium 10% DMSO + 90% hES cell FBS 

Table 2.7 

2.10.2 Coating of tissue culture plates 

2.10.2.1 Gelatin coating 

For coating cell culture plates, 0.1% Gelatin (Sigma-Aldrich, Australia) solution (autoclaved 

and stored at 4˚C) was passed through a 0.2 µM filter and added to each well at 1 mL per 9.5 

cm2. Plates were then incubated at 37˚C for a minimum of 2 hrs to overnight. After incubation 

excess gelatin was aspirated and plates allowed to dry at room temperature (30 minutes-1 hr). 

Gelatin coated plates were then used immediately.  

2.10.2.2 ECM coating 

ECM Gel from Engelbreth-Holm-Swarm murine sarcoma (Sigma-Aldrich, Australia) was 

prepared by diluting 1:2 with cold DMEM/F12 + Glutamax medium and stored in 100 µL 

aliquots at -80˚C. Prior to coating aliquots were thawed in the fridge at 4˚C. ECM was diluted 

to 1:100 (by diluting the aliquots 1:50) in cold DMEM/F12 + Glutamax medium. 800 µL of 

ECM was added per 9.5 cm2 and incubated at 37˚C for a minimum of 2 hours to overnight. 

Excess ECM was then aspirated and the plates rinsed with PBS prior to immediate use.  
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2.10.3 Embryonic mouse fibroblasts (MEFs) 

2.10.3.1 Isolation of primary embryonic mouse fibroblasts 

Pregnant mice 13.5 days after fertilisation were sacrificed by cervical dislocation and the 

embryos removed from the uterine horns.  In PBS the embryos were removed from their 

membranes and the head and all visible internal viscera removed. All remaining embryo 

carcasses were combined in 2 mL of PBS and minced using micro-spring scissors. Minced 

embryos were transferred to a 50 mL tube with 2 mL/embryo of pre-warmed 0.25% 

Trypsin/EDTA (Gibco, Life Technologies). The tube was then placed in a 37˚C water bath for 

10 minutes with gentle agitation. MEF medium was added after incubation to neutralise the 

trypsin. The tube was centrifuged at 120 g for 5 minutes and the supernatant aspirated. The cells 

were resuspended in MEF medium and plated into a T175 cm2 cell culture flask.  The medium 

was changed the next day and every second day after that. Once the cells reached 90-100% 

confluence the cells were either cryopreserved (Section 2.10.3.3) or expanded (Section 

2.10.3.2).  

2.10.3.2 Expansion of primary mouse embryonic fibroblasts 

Primary MEFs were passaged by aspirating the medium and washing in PBS. The cells were 

then incubated in 0.25% Trypsin/EDTA for 5 minutes at 37˚C. MEF medium was then added 

to neutralise the trypsin and the cells centrifuged at 120 g for 5 minutes. The supernatant was 

aspirated and the cells resuspended in an appropriate amount of MEF medium. A 20 µL aliquot 

was removed and diluted 1:1 with trypan blue to perform a viable cell count using a 

haemocytometer. The cells were plated at a density of 8.6x106 cells in a T300 cm2 cell culture 

flask for expansion and incubated at 37˚C in 5% CO2. At passage 3 the cells were collected and 

irradiated (30 gray). A viable cell count was then preformed and the cells cryopreserved in 

working irradiated MEF aliquots for future use (Section 2.10.3.3).  

2.10.3.3 Cryopreservation of mouse embryonic fibroblasts 

MEFs were passaged to a single cell suspension as described above (Section 2.10.3.2). Total 

viable cell number was determined by taking a 20 µL aliquot and diluting 1:1 with trypan blue 

and preforming viable cell counts using a haemocytometer. The cells were aliquoted into 

appropriate numbers and again centrifuged at 120 g for 5 minutes. The cells were then 

resuspended in MEF freezing medium (Table 2.7) to give 10x106 cells/mL, 3x106 cells/mL or 

2x106 cells/mL. For freezing, 1 mL of cell suspension was transferred to a cryogenic vial and 

placed in an isopropanol filled freezing container and slowly cooled to -80˚C. The next day 

cryogenic vials were transferred into a Liquid Nitrogen tank for long term storage. 
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2.10.4 Standard hiPSC culture conditions on mouse embryonic fibroblast feeder layer 

2.10.4.1 Mouse embryonic fibroblast feeder layer for hiPSC culture 

Cryopreserved irradiated MEFs were thawed quickly by the addition of MEF medium, warmed 

to 37˚C, to the cryovial of cells and removal to a 10 mL tube of warmed MEF medium using a 

transfer pipette. The cells were then centrifuged at 120 g for 5 minutes. The supernatant was 

aspirated and the cells resuspended in MEF medium. A 20 µL aliquot was removed and diluted 

1:1 with trypan blue to perform a viable cell count using a haemocytometer. The cell suspension 

was then diluted with MEF medium to give 1.9x105 cells/mL. The cells were mixed well by 

inversion and 1 mL of cell suspension added to each well of a gelatin-coated 6-well plate, giving 

a density of 20,000 MEFs/cm2. An additional 1 mL of MEF medium was added to each well of 

the plate. The cells were mixed to allow even spreading over the surface of the plate and 

incubated overnight at 37˚C in 5% CO2. 

2.10.4.2 Feeder hiPSC culture  

Stable hiPSC clones were cultured on a MEF feeder layer (Section 2.10.4.1). The day after 

plating MEFs, the medium was aspirated and the wells washed with PBS to remove any 

remaining FBS. 2 mL of complete hiPSC medium was then added to each well and hiPSC 

seeded into each well (Section 2.10.6). Cells were incubated at 37˚C in 5% CO2. Complete 

hiPSC medium was changed daily (and made fresh daily) with the morphology of hiPSC 

colonies monitored closely by brightfield analysis on an inverted microscope (Olympus 

CKX31, Tokyo, Japan) to determine when the cells required passaging. This was determined 

by size of colonies and the presence of differentiating cells in the culture.  

2.10.5 Standard hiPSC feeder-free culture conditions  

2.10.5.1 MEF conditioned medium  

A T175 cm2 cell culture flask was coated with gelatin as described in section 2.10.2.1. Irradiated 

MEFs were thawed as described in section 2.10.4.1 and plated at 60,000 cells/cm2 in MEF 

medium in the gelatin-coated T175 cm2 cell culture flask. The following day the MEF medium 

was aspirated and the cells washed with PBS. 90 mL of incomplete hiPSC medium was then 

added to the flask and incubated at 37˚C in 5% CO2 for 24 hours. Conditioned medium was 

then collected and stored at 4˚C, with a further 90 mL of incomplete hiPSC medium added to 

the flask and returned to the incubator for 24 hours. This was repeated for a total of 6 days. 

Once 3 days of conditioned medium was collected this was filtered through a 0.2 µM filter as 
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a batch. Filtered conditioned medium was then aliquoted into working aliquots and stored at -

80˚C. This procedure was also performed on day 4-6 collected conditioned medium. 

2.10.5.2 Feeder-free hiPSC culture  

Stable hiPSC clones were cultured on ECM coated plates (Section 2.10.2.2). MEF conditioned 

medium was thawed overnight at 4˚C prior to day of use. 2 mL of complete hiPSC conditioned 

medium was then added to each well and hiPSC seeded into each well (Section 2.10.6). Cells 

were incubated at 37˚C in 5% CO2. Complete hiPSC conditioned medium was changed daily 

(and made fresh daily) with the morphology of hiPSC colonies monitored closely by 

brightfield/Phase contrast analysis on an inverted microscope to determine when the cells 

required passaging. This was determined by size of colonies and the presence of differentiating 

cells in the culture.  

2.10.6 Passaging of hiPSCs  

hiPSC lines were passaged every 4-5 days as required. Prior to passaging plates were prepared 

as described (Section 2.10.2.1 or 2.10.2.2) and returned to the incubator to equilibrate for 

approximately 1 hr with appropriate growth medium added.  

2.10.6.1 Mechanical passaging of hiPSCs  

Mechanical passaging was performed in a biological safety cabinet class II (VWR) using a 

dissecting microscope (Olympus SZX16 stereo microscope, Tokyo, Japan). hiPSC colonies 

were chosen based on morphology at 4x magnification. Those that appeared pluripotent in 

appearance were cut into smaller square pieces using a 21-guage needle. Using a 200 µL pipette 

and barrier tip, dissected colonies were carefully lifted off the plate and transferred to the newly 

prepared plate. Care was taken to avoid cutting and transferring differentiating regions of hiPSC 

colonies. Pieces of the same hiPSC colony were transferred to different wells/plates to avoid 

subculture of colonies. Approximately 50-60 squares were transferred to each well of a 6-well 

plate. Cells were incubated at 37˚C in 5% CO2 with medium changes daily. 

2.10.6.2 Enzymatic passaging of hiPSCs  

Prior to enzymatic passaging of hiPSC any differentiating cells were removed from the culture 

by mechanically selecting differentiating regions of the colonies under the dissecting 

microscope (Section 2.10.6.1). These regions were lifted off the plate using a 200 µL pipette 

and a barrier tip. Medium containing the differentiating cells was aspirated and 1 mL of PBS 

was added and again aspirated to ensure removal of all differentiating cells from the culture. 

Enzymatic passaging was then immediately preformed as described below. 
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2.10.6.2.1 Dispase passaging of hiPSCs 

800 µL of 10 mg/mL Dispase (Gibco, Life technologies) pre-warmed to 37˚C was added to 

each well of a 6-well plate. The plates were returned to the 37˚C incubator for 2 minutes.  

Dispase was then removed by aspiration and 1 mL of incomplete hiPSC medium was added to 

the well to wash off any remaining Dispase. The medium was again aspirated and an additional 

1 mL of incomplete hiPSC medium added. Using a cell scrapper hiPSC colonies were lifted off 

the surface of the plate and transferred to a 10 mL tube containing 6 mL of pre-warmed at 37˚C 

incomplete hiPSC medium using a 5 mL serological pipette. An additional 1 mL of medium 

was added to the well and any remaining hiPSC colonies collected and transferred to the tube. 

hiPSC colonies were collected by centrifugation at 80 g for 3 minutes with 1 break. The 

supernatant was removed by aspiration and 1 mL of complete hiPSC medium (or complete 

hiPSC conditioned medium) added to the cell pellet. Using a 1000 µL pipette, the hiPSC 

colonies were gently resuspended by pipetting up and down 2-3 times until the colonies were 

mechanically dissociated into smaller pieces. Additional hiPSC medium was then added to 

ensure an adequate split ratio (approximately 1:4 to a 1:5 split) and 1 mL of cell suspension 

transferred to pre-prepared hiPSC plates using a 5 mL serological pipette to avoid complete 

dissociation to single cells. The volume of medium was adjusted to 2 mL/well of a 6-well plate. 

Cells were incubated at 37˚C in 5% CO2 with medium changes daily. 

2.10.6.2.2 Collagenase passaging of hiPSCs 

The procedure for Collagenase passaging is the same as for Dispase passaging (Section 

2.10.6.2.1), with the exception that 800 µL of 4 mg/mL Collagenase I (Worthington 

Biochemical Corp, USA) pre-warmed to 37˚C was added to each well of a 6-well plate. The 

plates were returned to the 37˚C incubator for 6-15 minutes until MEFs start to lift off the 

bottom.  Collagenase I was then removed by aspiration and 1 mL of incomplete hiPSC medium 

was added to the well to wash off any remaining Collagenase I. 

2.10.6.2.3 Accutase single cell passaging of hiPSCs 

800 µL of Accutase™ cell detachment solution (STEMCELL Technologies Pty Ltd,VIC, 

Australia) pre-warmed at 37˚C was added to each well of a 6-well plate. The plate was returned 

to the incubator for 10 minutes until hiPSC colonies can be seen to form single cells under the 

inverted microscope. 1mL of incomplete hiPSC medium was then added to the well and hiPSC 

removed from the well into a 10 mL tube with 5 mL of pre-warmed at 37˚C incomplete hiPSC 

medium. An additional 1 mL of incomplete hiPSC medium was added to the well and any 

remaining hiPSC removed to the 10 mL tube. Cells were then collected by centrifugation at 120 

g for 3 minutes with 1 break. The supernatant was removed by aspiration and the hiPSC 
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resuspended in 1 mL of complete hiPSC conditioned medium containing 10 µM ROCK 

inhibitor (Y-27632 dihydrochloride (ROCK-I), TOCRIS Bioscience) using a p1000 µL pipette 

to a single cell suspension. Further complete hiPSC conditioned medium with 10 µM ROCK 

inhibitor was then added to dilute cells appropriately and a 20 µL aliquot was removed and 

diluted 1:1 with trypan blue to perform a viable cell count using a haemocytometer. hiPSC cells 

were plated at high density by plating 1.68x105 cells/cm2 in pre-prepared plates (section 2.9.1.2) 

with adjustment of medium to 2 mL/well of a 6-well plate. Cells were incubated at 37˚C in 5% 

CO2 with medium changed the following day to complete hiPSC conditioned medium without 

ROCK inhibitor and subsequent daily medium changes. 

2.10.7 Cryopreservation and thawing of hiPSC 

For cryopreservation, hiPSCs were expanded in feeder-free conditions in a T25 cm2 tissue 

culture flask. hiPSCs were passaged using Dispase as described (Section 2.10.6.2.1). After 

centrifugation cells were resuspended in 1 mL of hiPSC freezing medium with minimal 

disruption to hiPSC colony size. hiPSC colonies were carefully transferred to a cryogenic vial 

and placed in an isopropanol filled freezing container and cooled to -80˚C. After 24 hrs frozen 

vials were transferred to long term storage in a liquid nitrogen storage tank.  

 

To thaw hiPSCs, MEF feeder layer plates were prepared as described (Section 2.10.4.1) with 1 

mL of complete hiPSC medium with 1 µM ROCK inhibitor added to each well and left to 

equilibrate at 37 ˚C in 5% CO2 . 9 mL of incomplete hiPSC medium was pre-warmed in a 37˚C 

water bath in a 10 mL tube. A cryogenic vial of hiPSCs was removed from liquid nitrogen 

storage and thawed quickly by the addition of warmed incomplete hiPSC medium to the vial 

and transfer to the 10 mL tube using a transfer pipette. This was repeated until all cells were 

thawed and transferred to the tube. The cells were collected by centrifugation at 80 g for 3 

minutes with 1 break. The supernatant was removed by aspiration and 1 mL of complete hiPSC 

medium with the addition of 1 µM ROCK inhibitor added to the cell pellet. Using a 1000 µL 

pipette, the hiPSC colonies were gently resuspended by pipetting up and down 1-2 times until 

the colonies were mechanically dissociated into smaller pieces. A further 1 mL of complete 

hiPSC medium with 1 µM ROCK inhibitor was added and 1 mL of cell suspension transferred 

to one well of a pre-prepared 6-well plate using a 5 mL serological pipette so as not to dissociate 

cells further. Cells were incubated 37 ˚C in 5% CO2 with medium changed to following day to 

complete hiPSC medium without ROCK inhibitor. Medium changes occurred daily until hiPSC 

colonies were at an appropriate size for mechanical passaging (Section 2.10.6.1). If colonies 

were not at an appropriate size for passaging by 7 days post-thawing the medium was changed 

to complete hiPSC conditioned medium until passaging. 
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2.11  Human embryonic stem cell culture 

The H9 human embryonic stem cell line (Thomson et al. 1998) was cultured as described for 

hiPSC culture with the only difference being that 10 ng/mL of FGF was added to complete 

hiPSC medium (or complete conditioned hiPSC medium). 

2.12  Generation and characterisation of hiPSCs 

The services of STEMCORE Ltd (Queensland, Australia) were employed for the generation of 

PCDH19-FE human induced pluripotent stem cells.  Primary human fibroblasts were isolated 

from three different PCDH19-female epilepsy patients from human skin punches and the 

fibroblast cell lines sent for reprogramming. 

2.12.1 Reprogramming of human skin fibroblasts 

Human skin fibroblasts were cultured in fibroblast medium (RPMI (Sigma-Aldrich Australia) 

+ 10% FBS + 2 mM L-glutamine (Sigma-Aldrich Australia)), with full medium changes every 

4 days of culture. When cells reached 90% confluency they were passaged. Medium was 

aspirated from the flask and cells were washed with 10 mL of PBS for 5 minutes. PBS was 

aspirated and 1 mL of 0.25% Trypsin/EDTA added per T75 cm2 cell culture flask.  Cells were 

incubated for 5 minutes at 37˚C until fibroblasts begin to detach from the surface of the flask. 

9 mL of fibroblast medium was added to the flask to neutralise the trypsin and a viable cell 

count preformed. For continued culture fibroblasts were split 1:5 and seeded in a new T75 flask 

in 10 mL of fibroblast medium.  

 

For the generation of hiPSCs primary human skin fibroblasts were nucleofected with non-

integrating episomal vectors; pEP4 E02S ET2K &  pEP4 E02S CK2M EN2L (Yu et al. 2009). 

Using the Amaxa Human Dermal Fibroblasts Nucleofector kit (Lonza, VPD‐1001) as per 

manufacturer’s instructions. Primary human fibroblasts were passaged to a single cell 

suspension as described above. 1x106 cells were nucleofected using the Nucleofector® program 

U-023. Immediately, following nucleofection cells were seeded on 3x10 cm tissue culture 

dishes pre-plated with a MEF feeder layer (Section 2.10.4.1) in human fibroblast culture 

medium. One 10 cm tissue culture dish was incubated at 37˚C in 5% CO2 in atmospheric oxygen 

conditions while the other 2 dishes were incubated at 37˚C in 5% CO2 and 5% O2 (low oxygen 

conditions). After 2 days of culture the medium was changed to iPSC complete medium 

containing 100 ng/mL of bFGF. After 10 days of culture the medium was changed to complete 

iPSC conditioned medium with 100 ng/mL of bFGF. After 39 days in culture the original 

reprograming plates showed signs of MEF feeder layer peeling, at this stage the plates were 
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dissociated using the TryplESelect™ reagent (Gibco, Life Technologies) to harvest the cells 

which were then replated onto a fresh 10 cm tissue culture dish pre-plated with a MEF feeder 

layer (Section 2.10.4.1). Plates were monitored and as colonies emerged they were isolated 

mechanically (Section 2.10.6.1) and replated onto IVF-qualified organ culture dishes pre-plated 

with a MEF feeder layer in complete iPSC medium and incubated at 37˚C in 5% CO2 in 

atmospheric oxygen conditions for all plates.  

2.12.2 Pluripotency characterisation 

hiPSC clones were isolated and sub-cultured based on characteristic iPSC morphology and 

growth characteristics. 

2.12.2.1 Spontaneous differentiation assay 

The spontaneous differentiation protocol was performed by STEMCORE (Queensland, 

Australia). To form embryoid bodies (EBs) hiPSC clones were expanded in a T75 cm2 cell 

culture flask. The iPSC were passaged by enzymatic passaging using Collagenase I (Section 

2.10.6.2.2).  

 

For 3D differentiation, half of the isolated cell suspension was then distributed equally into each 

well of a 6-well low attachment dish (Nunc© low cell binding dishes, life technologies). 2 ml of 

MEF medium was added to each well prior to seeding. MEF Medium was changed on alternate 

days until day 14 of culture by which time embryoid bodies have formed. At day 14 one 

embryoid body (EBs) was seeded onto each well of a gelatin-coated 24-well tissue culture plate 

with continued culture for a further 7 days. At this point EBs were immunostained with germ 

layer markers or collected in Trizol for RNA extraction (Section 2.6, 2.7).  

 

For 2D Differentiation, the other half of the iPSC cell suspension was seeded into 6-wells of a 

gelatin-coated 12-well plate in 1 mL of MEF medium. MEF Medium was changed on alternate 

days until day 14 of culture. At this stage cells were collected and immunostained for germ-

layer markers (Section 2.7). 

2.12.2.2 Karyotype analysis 

G-band Chromosome analysis of hiPSC clones was performed by STEMCORE (Queensland, 

Australia). 
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2.12.2.3 Teratoma formation 

Teratoma formation occurred by injecting hiPSC intramuscularly into SCID mice using 

standard protocol (Hibaoui et al. 2014). Teratoma formation and histological analysis were 

performed by STEMCORE (Queensland, Australia). 

2.13  Cortical neuronal differentiation of human pluripotent stem cells 

(hPSCs) 

Directed differentiation of hPSC was established by optimisation of the Shi et al 2012 Nature 

Protocols method using a 2D model of dual-SMAD inhibition. See Chapter 5 for full methods.  

2.14 Neural rosette morphological analysis 

2.14.1 Neural rosette colonies image acquisition 

Neural rosette cultures were stained with phalloidin; an F-actin probe conjugated to a red 

fluorescent Alexa Fluor® 555 dye (molecular probes, life technologies), to visualise the 

morphology of the neural rosette colonies prior to image acquisition and analysis. After 

immunofluorescent detection with the secondary antibody (sections 2.7), cultures were washed 

once with 1 x PBS. PBS was aspirated and the cultures incubated with 0.1μM Phalloidin in 1% 

BSA in PBST for 30 minutes.  The immunofluorescent protocol in section 2.7 was then 

resumed.  

 

Neural rosette images acquired using the Zeiss fluorescent microscope were acquired 

sequentially at 100X magnification until the whole neural rosette colony was captured. Using 

the Image J plugin, stitching; Grid/collection (Preibisch et al. 2009), the neural rosette colony 

was reconstructed as a single image for analysis.  To avoid selection bias, neural rosette colonies 

were selected for imaging based on their position on the slide.  

 

Neural rosette images acquired using the Nikon live cell microscope were selected based on 

their position on the slide with 12 locations selected for imaging, using an 8x8 field of view 

grid at 100X magnification.  

2.14.2 Polarity and immature neuron analysis 

Using image J software the area of the neural rosette colony was determined using the freehand 

tracing tool to trace the outer edge of the neural rosette colony. The number of foci and neural 

rosette structures was then counted within each colony using the cell counter plugin based on 
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phalloidin stain. The number of foci and polarised structures within each rosette colony was 

then determined relative to the area of the neural rosette colony as a measure of polarity. 

 

Neurons were detected immunofluorescently using a β-III tubulin antibody (as described in 

section 2.7) and counterstained with DAPI to identify single cells. The number of neurons on 

the edge of the neural rosette colony was then determined by using the Image J cell counter 

plugin, counting the cells which were co-labelled with β-III tubulin and DAPI. The number of 

neurons was then determined relative to the area of the neural rosette colony.  

 

Morphology of the immature neurons was determined by immunofluorescent detection of a β-

III tubulin antibody (as described in section 2.7). Neurons for analysis were selected based on 

isolated single neurons where the neurites could be resolved as coming from a single neuron 

based on β-III tubulin positive staining. The ImageJ plugin, NeuronJ (Meijering et al. 2004) 

was used to trace the length of the neurites and resolve the number of primary, secondary and 

tertiary neurites of each neuron. 

2.15 Microscopy 

Fluorescence was observed using the Zeiss AxioImager M2 fluorescent microscope (Carl Zeiss, 

Germany). Fluorescent images were acquired with the AxioCam MRm high resolution camera 

and the AxioVision software Vs4.9.1.0 (Carl Zeiss, Germany). 

 

Neural Rosettes fluorescence was observed on Nikon Ti E live cell microscope with an 

automated stage (Adelaide microscopy, The University of Adelaide). Fluorescent images were 

acquired with a Photometrics camera and the NIS elements software (Nikon instruments Inc, 

NY, USA). 

 

Phase contrast images were observed on Zeiss Vert.A1 inverted microscope and images 

captured using the AxioCam MRm high resolution camera and the AxioVision software 

Vs4.9.1.0 (Carl Zeiss, Germany). 

 

Confocal microscopy images were observed using the Leica SP5 Spectral Scanning Confocal 

Microscope (Adelaide Microscopy, The University of Adelaide) and images captured and 

analysed using the LAS AF software (Leica Microsystems Ltd, Germany). 
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2.16  Statistical analysis 

2.16.1 Pcdh19 KO mouse assay and RT-qPCR analysis 

Statistical significance was calculated using a two-tailed student's T-test with significance set 

at p<0.05 or p<0.1 where indicated. Significance was calculated from the mean of biological 

triplicates. In RT-qPCR experiments  where three experimental groups were analysed statistical 

differences were determined by One-way ANOVA analysis followed by Turkey’s HSD post-

hoc test. Significance set at p<0.05 or p<0.01 

 

2.16.2 hiPSC derived PCDH19-FE model morphological analysis 

GraphPad Prism Software (GraphPad Software, CA, USA) was used to determine statistical 

significance of neural rosette morphological analysis experiments in Chapter 6. Two-way 

ANOVA analysis of means was performed to confirm no genotypes were statistically different 

between each independent experiment. Statistical differences between means were then 

determined by One-way ANOVA analysis followed by Turkey’s HSD post-hoc test. 

Significance set at p<0.05 or p<0.01 
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3.1 Introduction 

 

Protocadherin 19 (Pcdh19) is highly expressed in neurogenic regions of the developing brain 

including the VZ where there is a large population of cycling neural progenitors and stem cells 

(Pederick et al. 2016). Pcdh19 is also highly expressed in the DG in the adult brain which is a 

location of adult neurogenesis. High expression within these populations of neuronal cycling 

cells suggest that Pcdh19 has a functional role related to NSPC behaviour and/or differentiation. 

Pcdh19 has also been shown to interact with N-cadherin through in vitro bead aggregation 

assays (Emond et al. 2011). N-cadherin has multiple roles during neuronal development. In the 

NSPC populations it is important for regulating apical-basal polarity and regulating the switch 

from proliferative symmetric divisions to asymmetric neurogenic divisions. As such it is an 

important regulator of NSPC proliferation, differentiation and migration (Miyamoto et al. 

2015). This suggests that Pcdh19 through either interaction with N-cadherin or via another 

mechanism could be a key regulator of NSPC function.  

 

Characterisation of the role of Pcdh19 during in vivo brain development is currently been 

undertaken by a collaborating laboratory (Professor Paul Thomas, The University of Adelaide). 

Mouse neurosphere based assay enables a complementary approach to investigate the role of 

Pcdh19 in early brain development. Neurosphere assays provides a well characterised model to 

examine NSPC properties ex vivo (Reynolds et al. 1996). It offers a protocol to isolate and 

propagate both NSPCs and examine the properties of these cells i.e. differentiation, migration, 

self-renewal and proliferation through various assays (Rietze et al. 2006). NSPCs can be 

extracted from the telencephalic vesicles (the developing cortex) and propagated using non-

adherent culture conditions in the presence of growth factors, Epidermal growth factor (EGF) 

and Fibroblast growth factor (FGF). Under these conditions, NSPCs form a three-dimensional 

sphere of undifferentiated cells termed “the neurosphere” (Rietze and Reynolds 2006). A stem 

cell (in vivo or in vitro) has the cardinal properties of extended proliferation and self-renewal 

capacity, and the ability to generate a large number of progeny that can differentiate to different 

cell types of the tissue from which the stem cell originates (Reynolds et al. 2005). The 

neurospheres are a highly heterogeneous population of cells which represent the cellular 

composition of a neural stem cell (NSC) niche (Galli 2013). They are composed of a minority 

of bona fide NSCs (with long term self-renewal and multipotency, e.g. ability to produce 

neurons, astrocytes and oligodendrocytes) with the remaining majority of cells being more 

‘restricted’ neural progenitors (featuring more limited self-renewal and potency).  Neurospheres 
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are able to be serially passaged and expanded in culture to rapidly produce a large number of 

cells which can be used for downstream applications (Galli 2013). After dissociation of a 

neurosphere, only the cells responsive to growth factors, FGF and/or EGF, will survive and re-

form the neurospheres these include both the neural stem and neural progenitor cells (Reynolds 

and Rietze 2005). These cells can be passaged for at least ten passages with little change in the 

self-renewal and proliferative capacity (Reynolds and Weiss 1996, Reynolds and Rietze 2005). 

Originally it was thought that each neurosphere was derived from a NSC, this was however 

proven to not be true and an overestimate of the number of true neural stem cells in the assay 

(Reynolds and Rietze 2005). Both multipotent NSCs and multipotent progenitors are classified 

by multilineage differentiation potential (neuronal and glial) and have the ability to proliferate 

and self-renew. However, while NSCs have unlimited self-renewal capacity, progenitors have 

limited self-renewal ability (Seaberg et al. 2003). The neural colony cell forming assay 

(NCFCA) was developed to discriminate between the neural stem and progenitor cells based 

on this proliferative ability. Dissociation of the neurospheres to single cells and then measuring 

their ability to form secondary spheres from single cells revealed that approximately 0.07% of 

cells in  the neurosphere assay are true NSCs (Louis et al. 2008). Given the properties of the 

neurospheres assay, it is a valuable model to look at NSPC behaviours. Neurospheres can then 

be dissociated and 1) promoted to reform secondary spheres to examine the proliferative and 

self-renewal capacity of the cells and 2) induced to differentiate to form the three major cell 

types of the CNS. In this study we used the Pcdh19 KO mouse (Pederick et al. 2016) and 

neurosphere assays to develop an ex vivo paradigm of PCDH19-FE to investigate the effect of 

a mosaic population of Pcdh19 WT and Pcdh19 KO cells on neuronal development. 

Additionally, we utilised this model to identify the role of Pcdh19 in normal NSPC function 

and identify any molecular pathways regulated by Pcdh19 which could account for PCDH19-

FE pathogenesis or NSPC cellular phenotypes.  

3.2 Results 

3.2.1 Neural stem and progenitor cells to model PCDH19-female epilepsy 

The hallmark of PCDH19-associated disorders is cellular mosaicism. This is generated in 

females as a consequence of random X-inactivation and in males it is due to early mutation 

leading to subsequent somatic mosaicism. Such cellular mosaicism and resulting cellular 

differences led some (Wieland et al. 2004) to propose a model based on ‘cellular interference’ 

to explain the driving force behind the origin of disorders like PCDH19-FE or EFMR (Dibbens 

et al. 2008). In order to investigate the effect of cellular mosaicism further an ex vivo cell culture 

model of PCDH19-FE was developed. To do this we needed a disease relevant cell type which 
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could be easily manipulated to model the proposed mosaicism of PCDH19-FE. Mouse NSPCs 

are easily extracted, manipulated and expanded by culturing as non-adherent neurospheres 

making this an ideal system. To investigate the role of Pcdh19 in mouse NSPCs we utilised the 

recently published Pcdh19 KO mouse model (Pederick et al. 2016), extracting NSPCs from the 

telencephalic vesicles of E14.5 mouse brain and culturing them as neurospheres (Homan et al. 

2014). To establish the validity of this model we first showed that Pcdh19 is expressed in the 

mouse NSPCs, although at a low level, but higher than in the E10 embryonic brain when 

expression of Pcdh19 is first detected (Gaitan and Bouchard 2006) (Figure 3.1A). Expression 

of Pcdh19 is shown to be upregulated in the brain from E14.5 onwards suggesting Pcdh19 is 

likely to have an important function at this time. This is a period during brain development 

when the developing brain consists of the majority of neural progenitors undergoing 

neurogenesis. Thus we choose to model this process in vitro using the neurosphere assay. 

Additionally, previous studies have shown a role for Pcdh19 in the neuroectoderm of zebrafish 

further supporting a functional role for Pcdh19 in this cell type (Biswas et al. 2010). To model 

PCDH19-FE, NSPCs were isolated from Pcdh19 WT and Pcdh19 KO embryos and then 

transduced with lentiviral particles expressing either enhanced green fluorescent protein 

(EGFP) or mCherry, thus labelling the cells to identify the different genotypes (or left 

unlabelled), and then mixed in a 1:1 ratio to generate the mosaic Pcdh19 WT:KO (Mosaic) 

NSPC population where the different cell populations can be followed by fluorescence (Figure 

3.1B). This model allows the ability to identify the role of Pcdh19 in normal NSPC function as 

well as any additional/alternative effects of this mosaic population of cells. 
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Figure 3.1 Investigating the role of Pcdh19 in mouse NSPCs and using them to model 

cellular interference. A) A RT-qPCR comparison of a panel of mouse brain lysates, extracted 

at key developmental time points when Pcdh19 is known to be expressed, and expression in 

mouse NSPCs. Expression was normalised to housekeeping gene ACTB. Error bars are the 

SEM, n=1 B) Schematic of the developed PCDH19-FE model using the mouse neurosphere 

assay. Representative immunofluorescent image showing the lentiviral labelled Pcdh19 WT 

(EGFP) and Pcdh19 KO (mCherry) mosaic neurosphere. 

3.2.2 The role of Pcdh19 on NSPC self-renewal and proliferation. 

To establish whether the loss of Pcdh19 or the mosaic expression (modelling PCDH19-FE) 

would affect the NSC properties, the neural colony forming cell assay (NCFC Assay, StemCell 

technologies) was used. The well-established NCFC assay measures the number of true stem 

cells based on the proliferative ability of the cells (Louis et al. 2008, Azari et al. 2011). The 

mouse neurospheres were dissociated to single cells and plated at low density in the presence 

of growth factors (EGF and FGF) for 21 days. After 21 days of colony growth the size of 

colonies was compared between Pcdh19 WT and Pcdh19 KO cells as a measure of self-

renewal/proliferative capacity (Figure 3.2A). The cells were plated in a semi-solid collagen 

matrix to ensure secondary neurospheres were derived from a single cell. The size of the 

resulting neurospheres are therefore reflective of the self-renewal and proliferative ability of 

the founder cell. Discrimination of a neural progenitor cell (NPC) and a NSC is based on the 

long-term proliferative potential of the NSC with colonies >2mm shown to be true NSCs while 

NPCs have a limited proliferative capacity and yield smaller neurospheres.  There was no 

significant difference in the distribution of sizes of colonies between the two genotypes (Figure 

3.2B). This suggests that loss of Pcdh19 expression does not affect the true NSC number in the 
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neurosphere population and therefore likely also in the developing mouse brain. Given this 

assay looks at self-renewal properties of isolated single cells the effect of a mosaic population 

of cells was not identified. It is possible that a mosaic population of cells could alter the stem 

cell niche and stem cell properties but this was not examined.  

 

Although no change was identified in the number of true NSCs, we wanted to address whether 

the functional properties of these cells were affected by loss of Pcdh19. A key characteristic of 

NSPCs is their proliferative capacity. To address possible changes in proliferation we used the 

3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) CellTiter 96 Aqueous One Solution assay (Promega). The MTS assay measures the 

number of viable cells present therefore the readout of the assay is reflective of the cell growth 

rates/proliferation and cell death. Measurements were captured at both three days and six days 

of culture. No significant difference was identified between Pcdh19 WT, Pcdh19 KO or Mosaic 

(WT:KO) NSPCs (Figure 3.2C). This suggests in addition to the NCFC assay that Pcdh19 does 

not affect the proliferative ability or growth rates of the NSPCs. 
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Figure 3.2 True neural stem cell number and proliferative capacity is not altered between 

control (Pcdh19 WT) or Pcdh19 KO NSPCs.  The neural colony forming cell assay (NCFC 

assay, STEMCELL technologies) was performed as per manufacturers instructions with the 

addition of FGF as well as EGF. Cells were seeded at an initial density of 2500 cells/dish. A) 

Representative colony size and morphology categories (as depicted by images). Colonies were 

categorised into 4 groups; Less than 0.5mm in diameter, 0.5-1mm in diameter, 1-2mm in 

diameter and greater than 2mm in diameter. Diameter was determined by the use of a 2x2mm 

grid. B) The graph depicts the mean percentage of colonies within each category. Experiment 

performed in pooled biological triplicate and technical duplicate. Error bars are the SEM. C) 

To identify changes in NSPC proliferation; neurospheres were dissociated and plated at a 

density of 10,000 cells/well in a 96-well plate. Pcdh19 WT and Pcdh19 KO embryos were 

mixed in a 1:1 ratio to form a mosaic population (Pcdh19 Mosaic WT: KO). Cell proliferation 

was measured at 3 days and 6 days using the 3-(4,5-dimethyl-thiazol-2yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) CellTiter 96 Aqueous One 

Solution assay as per manufacturer’s instructions. Experiment was performed in biological and 

technical triplicate. Graph values represent the average absorbance value for each genotype at 

both 3 and 6 days. Error bars= SEM. n=9 per genotype. 
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3.2.3 Loss of Pcdh19 affects the multipotency of the neural stem and progenitor cells 

Given there was no effect of loss of Pcdh19 on NSPCs under proliferative growth conditions, 

it was proposed that Pcdh19 might regulate the differentiation of these cells. An additional 

characteristic of NSPCs is the ability to differentiate into multiple neural cell lineages i.e. 

neurons, astrocytes and oligodendrocytes. To address whether Pcdh19 affects the 

differentiation ability of these cells, fluorescently labelled neurospheres (Pcdh19 WT [EGFP], 

Pcdh19 KO [mCherry] and Mosaic [EGFP/mCherry]) were dissociated and plated onto a Poly-

L-Lysine substrate and allowed to differentiate for four days. The cultures were then 

immunofluorescently stained using antibodies against cell type specific marker proteins to 

identify progenitor cells (Paired box protein 6 (Pax6)) and cell types of the three major neural 

cell lineages, namely neurons (Neuron-specific class III beta-tubulin (β-III Tubulin)), astrocytes 

(Glial fibrillary acidic protein (GFAP)) and oligodendrocytes (2′,3′-cyclic nucleotide 3′-

phosphodiesterase (CNPase)). Cell counts were then performed and percentage of each cell type 

in the cultures determined (Figure 3.3A). Statistical significance was determined using 

Student’s T-test with P<0.05. There was a significant increase in the percentage of neurons 

present in the Pcdh19 KO cell population compared to Pcdh19 WT, with 59.7% neurons in 

Pcdh19 KO compared to 50.4% in Pcdh19 WT cultures (Figure 3.3B). This increase in neurons 

was accompanied by a decrease in the percentage of oligodendrocytes in the Pcdh19 KO cells 

(6.18%) as compared to Pcdh19 WT (10.44%). To identify difference within the Mosaic 

population, lineage specific marker proteins were counted that co-labelled cells which were 

either EGFP labelled, Pcdh19 WT cells or mCherry labelled, Pcdh19 KO cells, to identify the 

proportion of Pcdh19 KO or Pcdh19 WT cells contributing to each neuronal lineage. The cells 

in the Mosaic  cultures resembled a mixture of the two (Pcdh19 WT and Pcdh19 KO) 

populations from which they were derived, i.e. an increase in the percentage of Pcdh19 KO 

mCherry labelled neurons (55.16% neurons) was found in comparison to Pcdh19 WT EGFP 

labelled neurons (45.14% neurons)(Supplementary Figure 3.1). This suggests the mosaic 

population did not have an additional/differing effect on the differentiation properties of the 

NSPCs, with Pcdh19 KO cells and Pcdh19 WT cells behaving as identified in the individual 

populations.  This result was supported by RT-qPCR analysis of the mRNA expression of 

different cell type marker genes (Figure 3.3C). To identify whether this increase in neuronal 

differentiation was due to an increase in a particular neuronal type ex vivo i.e. a difference in 

the number of ventral or dorsal NSPCs which would drive a change in in the number of 

inhibitory or excitatory neurons respectively, cells isolated directly from the E14.5 

telencephalic vesicles of Pcdh19 WT and Pcdh19 KO mice were plated directly onto a poly-L-

lysine substrate and allowed to differentiate for seven days. The neurosphere assay suffers from 



84 

 

a loss of regional identity (Hack et al. 2004), therefore in order to identify a difference in the 

number of excitatory to inhibitory neurons, NSPCs were extracted directly from the embryo 

and differentiated rather than cultured as neurospheres.   The cells were then stained with 

neuronal lineage specific marker proteins (Vesicular glutamate transporter 1 (VGLUT1); 

excitatory neurons and Glutamic acid decarboxylase-67 (GAD67); inhibitory neurons) and 

DAPI, and the number of each type of neuron counted (Figure 3.4A). There was no difference 

between the percentage of inhibitory or excitatory neurons between the Pcdh19 WT and Pcdh19 

KO neurons suggesting Pcdh19 does not play a role in neuronal subtype specification (Figure 

3.4B).  
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Figure 3.3. Loss of Pcdh19 increases neuronal differentiation. NSPCs were extracted from 

the Telencephalic vesicles of Pcdh19 WT or Pcdh19 KO E14.5 mice and transduced with 

lentiviral particles expressing EGFP (WT) and mCherry (KO), respectively. FACS purified 

transduced cells were dissociated to single cells and plated onto Poly-L-Lysine to facilitate 

differentiation. Cultures include Pcdh19 WT, Pcdh19 KO and Mosaic (1:1 ratio of Pcdh19 WT 

and Pcdh19 KO). Cultures were fixed at 4 days of differentiation and stained with antibodies 

against specific marker proteins; Neurons; β-III Tubulin, Progenitors; Pax6, Astrocytes; GFAP, 

Oligodendrocytes; CNPase and the number of cells co-staining with either EGFP or mCherry 

and each specific lineage marker counted.  A) Representative image of immunofluorescent 

detection of neural cell types present at 4 days of differentiation in a mosaic culture. Mosaic 

cultures of Pcdh19 WT transduced cells (green) and Pcdh19 KO transduced cells (red) were 

stained with antibodies against specific neural cell proteins (Neurons; β-III Tubulin, 

Progenitors; Pax6 [cyan]). B) Quantification of the percentage of cells positive for both the 

Lentiviral label (EGFP or mCherry) and each neural cell marker protein. Duplicate experiments 

were done in pooled biological triplicate and analysed in technical triplicate with at least 1500 

cells scored for each condition. Graph values represent the mean values for each genotype with 

error bars=SEM. * p<0.05, Student’s T-test. C) RT-qPCR analysis of mRNA expression of 

neural cell specific marker genes; β-III Tubulin, progenitor cell marker; Nestin, Astrocyte cell 

marker; GFAP, Oligodendrocyte cell marker; CNP-1, during NSPC differentiation. Expression 

was normalised to Pcdh19 WT NSPCs. Experiment done in pooled biological triplicate and 

performed in duplicate. Error bars=SEM. n=3 
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Figure 3.4. Neuronal subtype specification is not affected by loss of Pcdh19.  NSPCs were 

extracted from the Telencephalic vesicles of Pcdh19 WT or Pcdh19 KO e14.5 mice and plated 

directly onto Poly-L-Lysine to facilitate differentiation. A) Immunofluorescent detection of 

neural cell types present at 7 days of differentiation. Cells were stained with antibodies against 

specific neural subtypes proteins (Inhibitory neurons; GAD67 [RED] and Excitatory Neurons; 

VGLUT1,[GFP]) and DAPI. B) Quantification of the percentage of cells positive for neuronal 

cell marker GAD67 or VGLUT1. Graph values represent the mean percentage of cells. 

Experiments done in pooled biological triplicate and analysed in technical triplicate with at least 

1500 cells scored for each condition. Error bars=SEM. n=3 

 

3.2.4 Loss of Pcdh19 increases neuronal migration 

To further investigate the role of Pcdh19 on neuronal differentiation we assayed the neuronal 

migration properties of the cells. This work was performed by Claire C. Homan and published 
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in (Pederick et al. 2016). After neuronal cells are born in the VZ of dorsal telencephalon they 

migrate radially to the developing cortical plate where they can mature into functional neurons 

(Stiles et al. 2010). The neurosphere assay can be used to model aspects of neuronal migration. 

Whole neurospheres were plated onto a Poly-L-Lysine substrate with the removal of growth 

factors facilitating the differentiation and migration of the cells from the sphere for 48 hrs. This 

assay was performed on neurospheres generated from the Pcdh19 WT and Pcdh19 KO mice. 

The migration distance was determined by measuring the distance of the neurons from the 

contiguous boundary of the neurosphere, as detected by co-staining with neuronal-specific 

antibody, β-III Tubulin and DAPI (Figure 3.5A and B). To measure the distance, concentric 

circles were drawn around the contiguous boundary of the sphere and the number of neurons 

within each circle (bin) was counted. Increased migration of Pcdh19 KO neurons was observed, 

as shown by an increase in the percentage of neurons located in the outer migration regions 

(bins) (Figure 3.5C). However, this only reached significance in 4/6 of the bins. Statistical 

analysis was performed using a Student’s t-test with significance set at P<0.05. To further 

confirm changes in migration between the two genotypes, an alternative analysis method was 

used counting the percentage of neurons per migration distance of <92µM, 93-184 µM and 

>184 µM.  There was a greater percentage of Pcdh19 KO neurons in the further migration 

distances. In the Pcdh19 KO, 22% of neurons were present in the 93-184 µM migrations 

distance compared to 16.8% in the Pcdh19 WT and 3.6% of neurons migrated further than 184 

µM in the Pcdh19 KO compared to 1.08% in the Pcdh19 WT (Figure 3.5D). Statistical analysis 

was performed as per previous analysis. This data suggests that the mutant cells may have a 

subtle change in neuronal migration. Due to technical limitations with the labelling of the 

Pcdh19 WT and Pcdh19 KO cells we were unable to perform this assay on the mosaic cell 

population.  
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Figure 3.5 Loss of Pcdh19 leads to an increase in neuronal migration. NSPCs were 

extracted from the Telencephalic vesicles of Pcdh19 WT or Pcdh19 KO E14.5 mice and grown 

as non-adherent neurospheres. Neurospheres were plated on a Poly-L-Lysine substrate and cells 

were allowed to attach and migrate for 48hrs. A) Neuronal migration was determined by 

drawing concentric circles around the contiguous boundary of the neurosphere and counting 

the number of neurons within each circle as determined by co-staining with a neuronal specific 

antibody β-III Tubulin (Cyan) and DAPI. B) Representative immunofluorescent images 

showing both Pcdh19 WT and Pcdh19 KO neuronal migration. C) Differences in the number 

of migrating neurons was determined by the percentage of neurons within each circle (bin). D) 

Differences in the number of migrating neurons determined by the percentage of neurons within 

each migration distance of 92 µM. Graph values represent the mean percentage of migrating 

neurons. Experiment performed on 7 embryos from 3 independent litters/experiments, with at 

least 20 neurospheres scored for each embryo. Error bars= SEM, *differs from WT; P<0.05, 

Student’s T-test. 

3.2.5 Gene expression analysis of the PCDH19-FE model 

To identify and explore opportunistically any molecular pathways that might be affected 

between the Pcdh19 WT, KO and Mosaic neurospheres and differentiated neurospheres, we 

decided to undertake a genome-wide gene expression analysis (Figure 3.6A).  Microarray 

analysis using the mouse Affymetrix MoGene 2.0 st. platform was undertaken on RNA 
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extracted from the NSPC population as well as the differentiated cell population. The dataset 

consisted of 18 arrays; across two cell culture types (Neurospheres and differentiated 

neurospheres), three genotypes (Pcdh19 WT (WT), Pcdh19 KO (KO), Mosaic) performed in 

biological triplicate. Quality control assessment was undertaken to determine the quality of the 

array as follows; the data was background corrected and quantile normalised without filtering 

of probes or genes. Outliers were not observed as shown the total box plots which clustered 

near 1 (Figure 3.6B). Principal component analysis (PCA) of the global gene expression profiles 

(with removal of undetectable genes) of all data sets showed that the neurosphere and 

differentiated neurosphere cultures clustered into two distinct cell populations (Figure 3.6C). 

In the neurosphere cell type the separation of the three genotypes was not observed.  In the 

differentiated neurospheres the Pcdh19 WT and Pcdh19 KO genotypes clustered away from 

each other but the mosaic genotype appeared to overlap with the Pcdh19 KO genotype.  

 

Initially, to confirm the even mixing of the two cell types and as such, the correct generation of 

the mosaic genotype, the fold change in expression of Pcdh19 was analysed between the three 

genotypes. Pcdh19 was observed to be one of the most highly significant deregulated genes in 

all three comparisons (KO v WT, Mosaic v KO and Mosaic v WT). Pcdh19 had a log fold 

change (LogFC) of -1.35 in the KO v WT, -0.55 in Mosaic v WT and 0.81 in Mosaic v KO, 

suggesting the experimental setup worked as expected: a mosaic population of Pcdh19 WT and 

Pcdh19 KO cells was created with the expression of Pcdh19 intermediate to the Pcdh19 WT 

and Pcdh19 KO cultures alone (Figure 3.6D).   
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Figure 3.6. Microarray experimental design and quality control assessment. NPSCs were 

extracted from the Telencephalic vesicles of Pcdh19 WT or Pcdh19 KO E14.5 mice and grown 

as non-adherent neurospheres. After genotyping the mosaic population was generated by 

mixing Pcdh19 WT and Pcdh19 KO NSPCs, 1:1, at passage one. The cultures were 

subsequently expanded over a further three passages (15 days after mixing). At passage four 

neurospheres were both collected for RNA extraction (neurosphere samples) and dissociated to 

single cells and plated onto Poly-L-Lysine to facilitate differentiation. After four days of 

differentiation RNA was collected (differentiated-neurosphere samples). (A) Schematic 

depicting the microarray experimental design. Two cell types (neurospheres and differentiated 

neurospheres (diff-neurosphere)) and three genotypes (WT, KO and Mosaic). Comparisons 

were made within each cell type and across differentiation. B) Box plot showing normalised 

unscaled standard errors of each array. C) Principal component analysis (PCA) after removal 

of undetectable genes. Samples are coloured based on their genotype and shapes represent the 

different cell types. D) Table of Pcdh19 expression changes in the different experimental 

genotype comparisons. n=3 per genotype per cell type. 

 

To identify deregulated genes across differentiation, comparisons were made between the two 

culture types neurospheres v differentiated neurosphere. Comparisons were made using all 
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three genotypes to determine the basic level of differences between the neurospheres and 

differentiated neurospheres. After filtering the deregulated gene list on false discovery rate 

(FDR) adjusted P value of ≤ 0.001 and fold change ≥ 1 or ≤-1, 857 significantly deregulated 

genes were identified. 498 genes were downregulated and 359 were upregulated 

(Supplementary table 3.1 and 3.2). The deregulated gene list was further analysed using the 

interactive and collaborative HTML5 gene list enrichment tool analysis tool (Enrichr) program 

to identified associated Gene Ontology (GO) terms (Chen et al. 2013). Deregulated genes were 

separated into upregulated and downregulated gene sets, to separate out differentially regulated 

pathways (up or down regulated in the cells) (Figure 3.7A and 3.7B). GO Biological processes 

of the upregulated genes identified enrichment of terms relating to neuronal function and 

differentiation including axon ensheathment, myelination, synaptic transmission, axiogenesis 

and regulation of neuronal differentiation. GO Cellular Components analysis of upregulated 

genes identified enrichment of the terms axons, cell-cell junctions and synapse part. GO 

molecular functions of upregulated genes identified sodium channel regulatory activity, tubulin 

binding and microtubule binding as significantly enriched terms.  GO Biological processes of 

downregulated genes identified enrichment of terms relating to the cell-cycle regulation 

including mitotic cell cycle, mitotic nuclear division, chromosome segregation and regulation 

of cell cycle progress. GO Cell Component analysis of down regulated genes identified 

components of the cell cycle including Kinetochore, chromosome centromeric region and 

spindle microtubule. GO Molecular functions of down regulated genes identified microtubule 

binding and tubulin binding as most significant. These GO terms associated with the up- and 

down-regulated gene lists support that the neuronal differentiation process was successful as 

neuronal differentiation is associated with an exit from the mitotic cell cycle and development 

and maturation of the neurons. 

 

For the other all other comparisons, the stringency on selection criteria was reduced for 

significantly deregulated genes as the FDR (false discovery rates) for most genes was >0.3 and 

there was not a large difference in Fold change (FC). It is important to note that the estimates 

for the FDR are conservative so the logFC and FDR are likely underestimates. The small 

numbers of genes at the top of the list might still indicate interesting changes associated with 

loss of Pcdh19 function, although not highly significant. To generate the deregulated gene lists 

data was filtered on a P value of ≤0.01.  
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Figure 3.7. Enrichr gene ontologies analysis of deregulated genes across neuronal 

differentiation. Bar graphs generated using Enrichr software show the 10 most significant gene 

ontology (GO) terms for each category, with the lightest colour and the longest bar being the 

most enriched term. The list of deregulated genes between neurospheres and differentiated 

neurospheres was separated into upregulated and downregulated genes. A) Downregulated gene 

ontology graphs and B) Upregulated gene ontology graphs. Final gene lists were generated on 

an adjusted P value of ≤.001 and a fold change of ≤-1 or ≥1. 
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3.2.6 Gene expression analysis of the mouse NSPC cellular phenotype 

Results of the mouse NSPC functional assays (differentiation and proliferation, see above 3.2.2) 

suggest that in these cell types, mosaicism of cells does not result in a different/additional 

cellular function from Pcdh19 KO or Pcdh19 WT cells alone. In the differentiation assay; the 

Pcdh19 KO and the Pcdh19 WT cells, in the mosaic population, behaved as the Pcdh19 KO 

only and Pcdh19 WT only cultures, respectively (Figure 3.3).  Therefore, deregulated genes 

between the WT and KO cells, in both cell types (neurospheres and differentiated neurospheres) 

were investigated to determine if we could identify at a global transcriptional level any common 

deregulated pathways or genes between the two genotypes which could account for the 

identified cellular phenotypes in the neurosphere assay. The list of genes was further refined on 

a P. value of <0.01, giving a list of 149 deregulated genes (Figure 3.8C, Supplementary table 

3.1).  Data was analysed using the Ingenuity pathway analysis (IPA, QIAGEN Redwood city), 

a software and biological knowledge database for interpretation of genomic and proteomics 

data. IPA identifies relationships, mechanisms, functions and pathways of relevance to the user 

input dataset. The most highly significant pathways identified by IPA included RhoA signalling 

(P=0.00426) and signalling by the Rho family of GTPases (P=0.0084). Rho signalling has 

previously been shown to be an important regulator of both neurite development and neuronal 

differentiation of NSPCs (Gu et al. 2013). IPA also identifies the most significant regulators of 

genes in a given dataset (Upstream Regulators), using this analysis it identified F-actin 

(P=0.0000779) and NEUROG3 (P=0.000517) as being in the top three highly significant 

upstream regulators. Both of these regulators are crucial for neuronal functions including 

neurogenesis (Gurok et al. 2004, Ma et al. 2009). Additionally, F-actin is also a crucial regulator 

of neurite extensions, neuronal migration and synaptogenesis (Luo 2000). The most significant 

molecular and cellular functions identified include cell morphology (28 molecules), cellular 

development (16 molecules) and cell-to-cell signalling and interaction (10 molecules). These 

cellular functions are critical for NSPC differentiation and maturation. IPA is able to take a list 

of genes and transform them into a set of relevant/related networks based on its extensive 

knowledge database.  The highest scoring network (score=36) including 19 genes in the dataset 

and associated with cell morphology, organismal injury and abnormalities and hereditary 

disorders (Figure 3.9A). Nodes (enriched terms) within the network included NFkB complex, 

GPCR signalling and ERK.   
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Figure 3.9. Networks implicated in the Pcdh19 knockout mouse NSPC cellular phenotype. 
The clustered network diagrams generated by IPA analysis systems of A) 149 deregulated genes 

between Pcdh19 KO and Pcdh19 WT across both neurospheres and differentiated 

neurospheres. Showing a network involved in cell morphology, organismal injury and 

abnormalities and hereditary disorders. B)  21 deregulated genes in both [KO v WT and Mosaic 

v WT] and [KO v WT, Mosaic v WT and Mosaic v KO] across both cell types. Showing a 

network associated with estrogen receptor signalling involved in cancer and organismal injury 

and abnormalities. C) 20 genes deregulated in both [KO v WT and Mosaic v KO] and [KO v 

WT, Mosaic v WT and Mosaic v KO] across both cell types. Showing a network involved in 

tissue development, cellular development, cell growth and proliferation with estrogen receptor 

as one of the central nodes. Red represents up-regulation and blue represents down regulation. 

Different shapes are designated as indicated in: 

http://ingenuity.force.com/ipa/articles/Feature_Description/Legend. 
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Given the functional assays using the mosaic population of cells resulted in a phenotype in-

between the Pcdh19 KO and Pcdh19 WT genotypes, any genes deregulated between Pcdh19 

KO and Pcdh19 WT cells and deregulated in the mosaic comparisons would be most likely to 

contribute to the cellular phenotype. It was predicted that the shared deregulated genes between 

the (KO v WT and Mosaic v WT [Blue shading]) or (KO v WT and Mosaic v KO [Yellow 

shading]) as well as shared deregulated genes between all three genotypes (KO v WT, Mosaic 

v WT and Mosaic v KO [Green shading]) are the most likely genes to be causing the cellular 

phenotypes of altered neuronal differentiation and migration (Figure 3.8C). A list was 

constructed of 21 deregulated genes shared between KO v WT and Mosaic v WT (which also 

including those shared between all three KO v WT, Mosaic v KO and Mosaic v WT 

comparisons)[Blue and Green shading], deregulated in both the neurosphere and differentiated 

neurosphere populations (Figure 3.8C, Table 3.1). Data was analysed using the Ingenuity 

pathway analysis software, the three most highly significant pathways included, sucrose 

degradation V (mammalian) (P= 0.00783), Ephrin A signalling (P=0.0411) and G12/13 

signalling (P=0.0974).  Both Ephrin A and G12/13 signalling regulate the small Rho family of 

GTPases important for regulation of the actin cytoskeleton which in turn regulates neuronal 

migration, axonal guidance and neurogenesis (Luo 2000, Gurok et al. 2004). The estrogen 

receptor was identified as being one of the most significant upstream regulators of genes in the 

list (P-value=.000854) and was one of the central nodes in network two (Score =19) (Figure 

3.9B). Estrogen receptor has been suggested to play a role in PCDH19-FE (Tan et al. 2015), 

which was recently confirmed by the identification of the PCDH19-NONO-ESR1 pathway 

(Pham et al. 2017). 
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A list of 20 deregulated genes shared between KO v WT and Mosaic v KO [Yellow shading] 

(and also including those shared between KO v WT, Mosaic v KO and Mosaic v WT [Green 

shading]), deregulated in both the neurosphere and differentiated neurosphere populations was 

generated (Figure 3.8C, Table 3.2). Data was analysed using the Ingenuity pathway analysis 

software, however there were no pathways identified to be of significance.  Of interest were 

four genes with known roles in neurological disease: Xk, Clec18b, Pcdh19 and Fbxo33. The 

Ensembl ID Gene KO v WT Mosaic v WT Mosaic v KO 

P.Value LogFC P.Vaule LogFC P.Vaule LogFC 

ENSMUSG000

00036510 

Cdh8 0.00210

6 

-0.30845 0.0012 -0.33882 
  

ENSMUSG000

00049811 

Fam161a 0.00031

3 

-0.29319 0.00365

6 

-0.22686 
  

ENSMUSG000

00051375 

Pcdh1 0.00119 -0.27002 0.00405 -0.23789 
  

ENSMUSG000

00037843 

Vstm2l 0.00377

4 

-0.26669 0.00390

3 

-0.27264 
  

ENSMUSG000

00060794 

Tssk5 0.00457

7 

-0.25794 0.00309

3 

-0.27928 
  

ENSMUSG000

00028794 

A3galt2 0.00519

5 

-0.24836 0.00092

4 

-0.3168 
  

ENSMUSG000

00027790 

Sis 0.00390

2 

-0.23991 0.00635

2 

-0.23001 
  

ENSMUSG000

00025289 

Prdx4 0.00832

6 

0.19382

9 

0.00294

8 

0.23051

6 

  

ENSMUSG000

00026283 

Ing5 0.00858 0.20395

1 

0.00531

9 

0.22488

2 

  

ENSMUSG000

00036968 

Cnpy4 4.34E-

05 

0.22327

6 

0.00052

1 

0.18109

2 

  

ENSMUSG000

00059939 

9430015G1

0Rik 

0.00191

1 

0.23147

1 

0.00482

9 

0.21055

1 

  

ENSMUSG000

00057101 

Zfp180 0.00343

6 

0.2421 0.00603

9 

0.22987

3 

  

ENSMUSG000

00026098 

Pms1 0.00728 0.24269

4 

0.00660

6 

0.25287

5 

  

ENSMUSG000

00030407 

Qpctl 0.00456 0.25433

7 

0.00681

8 

0.24651

6 

  

ENSMUSG000

00020785 

Camkk1 0.00334

8 

0.25605

2 

0.00063

6 

0.32037

3 

  

ENSMUSG000

00028039 

Efna3 0.00223

2 

0.27680

5 

0.00081

7 

0.31988 
  

ENSMUSG000

00085175 

Gm11423 0.00168

9 

0.39458

3 

0.00314

9 

0.37470

2 

  

ENSMUSG000

00031232 

Magt1 7.44E-

06 

0.41108

8 

0.00221

7 

0.24447

2 

  

ENSMUSG000

00063296 

Tmem117 1.00E-

05 

0.51387

8 

0.00287

5 

0.30272

3 

  

ENSMUSG000

00051323 

Pcdh19 1.98E-

09 

-1.35397 0.00048

5 

-0.54685 7.67E-

06 

0.80711

5 

ENSMUSG000

00020904 

Cfap52 0.00066

2 

-0.3236 6.34E-

07 

-0.59882 0.00371

7 

-0.27522 

Table 3.1 Deregulated genes in KO v WT and Mosaic v WT, and KO v WT, Mosaic v 

WT and Mosaic v KO comparisons 
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highest scoring network, with a score of 36, identified genes with network functions including 

tissue development, cellular development, cell growth and proliferation (Figure 3.9C). One of 

the central nodes in the network is the estrogen receptor which was also identified in the 

previous gene list ((KO v WT and Mosaic v WT) and (KO v WT, Mosaic v WT and Mosaic v 

KO)).  

 

Ensembl ID Gene KO vWT Mosaic v WT Mosaic v KO 

P.Value LogFC P.Vaule LogFC P.Vaule LogFC 

ENSMUSG00

000033460 

Armcx1 3.82E-08 -0.85604   
 

1.75E-05 0.576021 

ENSMUSG00

000034384 

Barhl2 1.44E-06 -0.41645     4.03E-05 0.335339 

ENSMUSG00

000045608 

Dbx2 1.51E-05 -0.35769     0.0089 0.188962 

ENSMUSG00

000097271 

Gm9903 0.004096 -0.34205     0.001464 0.407799 

ENSMUSG00

000007594 

Hapln4 0.002584 -0.31869     0.006155 0.296221 

ENSMUSG00

000075027 

4631405J1

9Rik 

0.006399 -0.29944     0.001113 0.392665 

ENSMUSG00

000056758 

Hmga2 0.008362 -0.28783     0.000163 0.47974 

ENSMUSG00

000015342 

Xk 0.004828 -0.27293     0.003123 0.302949 

ENSMUSG00

000039706 

Ldb2 0.002056 -0.24507     0.000815 0.285679 

ENSMUSG00

000033633 

Clec18a 0.003171 -0.23787     0.001545 0.272281 

ENSMUSG00

000027386 

Fbln7 0.005798 -0.20723     0.007522 0.20862 

ENSMUSG00

000035329 

Fbxo33 0.008134 0.17398     0.005051 -0.19527 

ENSMUSG00

000020151 

Ptprr 0.007573 0.195383     0.000243 -0.30859 

ENSMUSG00

000048878 

Hexim1 0.001743 0.214793     0.000348 -0.26852 

ENSMUSG00

000043252 

Tmem64 0.006385 0.230327     0.005163 -0.24849 

ENSMUSG00

000000416 

Cttnbp2 0.000782 0.29995     0.007753 -0.23386 

ENSMUSG00

000086308 

G630016G

05Rik 

0.000827 0.34883     0.003201 -0.3101 

ENSMUSG00

000087598 

Zfp111 0.001205 0.357049     0.002834 -0.33652 

ENSMUSG00

000051323 

Pcdh19 1.98E-09 -1.35397 0.000485 -0.54685 7.67E-06 0.807115 

ENSMUSG00

000020904 

Cfap52 0.000662 -0.3236 6.34E-07 -0.59882 0.003717 -0.27522 

 
Table 3.2 Deregulated gene in KO v WT and Mosaic v KO, and KO v WT, Mosaic v WT 

and Mosaic v KO comparisons. 
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3.2.7 Microarray analysis to identify changes contributing to the PCDH19-FE mode 

of pathogenesis 

Although in the mouse NSPC assays we didn’t identify any cellular effect specific for the 

mosaic population (Pcdh19 WT and Pcdh19 KO cells), the microarray data was used to try and 

identify any subtle changes in gene expression in the mosaic population of cells which could 

account/provide a link to the patient phenotype.  To do this a list of 28 genes deregulated in 

both the Mosaic v WT and the Mosaic v KO [Cyan shading] across differentiation was 

generated based on a low stringency P value<0.01 (Figure 3.8C, Table 3.3). Using ingenuity 

pathway analysis, Interferon signalling and Prolactin signalling were identified as being the 

most significant pathways identified in the gene list (P=0.000350 and P=.001445, respectively). 

Both of these signalling pathways are known to converge on the JAK/STAT pathway which is 

implicated in multiple neurodevelopmental processes. Additionally, Ephrin receptor signalling 

was identified as a significant pathway in the gene list with a P value of 0.00786. Top upstream 

regulators include RAR-RXR, important for regulation of stem cell differentiation, with a P 

value of .00139. Top molecular and cellular functions indicated an enrichment of genes 

involved in cellular development, growth and proliferation, cell cycle, cell death and survival 

and cell-to-cell signalling and interaction. Only two networks were identified in the gene 

dataset, with the highest having a rank score of 26 suggesting enrichment is not high in the 

networks. These networks included 10 focus molecules from the gene list and associated 

functions including cancer, cell death and survival and organismal injury and abnormalities 

(Figure 3.10A). Three central nodes within the network include TNF, NFkB and IRF-1. Due to 

the limited/low enrichment networks identified, lack of a specific cellular phenotype and the 

relaxed selection criteria for deregulated genes, changes could be attributed to noise in the 

system. 
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Ensembl ID 

 

Gene Mosaic v WT Mosaic v KO 

P.Value LogFC P.Value LogFC 

ENSMUSG00000087217 Gm13209 

 

9.23E-05 

 

-0.4071 

 

0.000988 

 

-0.32661 

 ENSMUSG00000024790 

 

Sac3d1 

 

0.004689 

 

-0.28663 

 

0.003778 

 

-0.30081 

 ENSMUSG00000029710 

 

Ephb4 

 

0.001303 

 

-0.28214 

 

0.007328 

 

-0.22891 

 ENSMUSG00000018899 

 

Irf1 

 

0.00026 

 

-0.25926 

 

0.004512 

 

-0.18986 

 ENSMUSG00000097571 

 

Jpx 

 

0.00287 

 

-0.23661 

 

0.002139 

 

-0.25023 

 ENSMUSG00000004947 

 

Dtx2 

 

0.005787 

 

-0.21482 

 

0.004636 

 

-0.22586 

 ENSMUSG00000053964 

 

Lgals4 

 

0.007175 

 

-0.21102 

 

0.006139 

 

-0.22002 

 ENSMUSG00000051703 

 

Tmem198 

 

0.007264 

 

-0.2007 

 

0.000292 

 

-0.3012 

 ENSMUSG00000022971 

 

Ifnar2 

 

0.000564 

 

0.196709 

 

0.005839 

 

0.15035 

 ENSMUSG00000061119 

 

Prcp 

 

0.007106 

 

0.198512 

 

0.000245 

 

0.302173 

 ENSMUSG00000053716 

 

Dusp7 

 

0.005784 

 

0.200244 

 

7.02E-05 

 

0.332397 

 ENSMUSG00000046567 

 

4930430F08Rik 

 

0.004796 

 

0.206039 

 

0.002778 

 

0.225896 

 ENSMUSG00000032431 

 

Crtap 

 

0.004321 

 

0.214752 

 

0.004707 

 

0.216214 

 ENSMUSG00000019845 

 

Tube1 

 

0.003943 

 

0.221393 

 

0.004077 

 

0.22453 

 ENSMUSG00000047613 

 

A430005L14Rik 

 

0.000916 

 

0.235561 

 

0.000893 

 

0.240688 

 ENSMUSG00000038387 

 

Rras 

 

0.004675 

 

0.260249 

 

0.002968 

 

0.281887 

 ENSMUSG00000022742 

 

Cpox 0.005676 

 

0.270822 

 

0.003717 

 

0.292675 

 ENSMUSG00000001288 

 

Rarg 

 

0.004003 

 

0.293488 

 

0.006015 

 

0.282355 

 ENSMUSG00000037295 

 

Ldlrap1 

 

0.000834 

 

0.304217 

 

0.004515 

 

0.251626 

 ENSMUSG00000085501 

 

Gm11772 

 

0.00366 

 

0.322937 

 

0.001412 

 

0.37083 

 ENSMUSG00000050931 

 

Sgms2 

 

0.003911 

 

0.331993 

 

0.001014 

 

0.399645 

 ENSMUSG00000031343 

 

Gabra3 

 

0.002412 

 

0.356585 

 

0.007851 

 

0.308517 

 ENSMUSG00000030917 

 

Tmem159 

 

0.005095 

 

0.401199 

 

0.002138 

 

0.458572 

 ENSMUSG00000001131 

 

Timp1 

 

0.003369 

 

0.415968 

 

8.77E-05 

 

0.628002 

 ENSMUSG00000021418 

 

Rpp40 

 

0.002724 

 

0.43174 

 

0.003412 

 

0.4271 

 ENSMUSG00000037465 

 

Klf10 

 

0.000462 

 

0.438906 

 

0.001977 

 

0.37943 

 ENSMUSG00000031059 

 

Ndufb11 

 

0.000467 

 

0.466548 

 

0.003786 

 

0.371397 

 ENSMUSG00000034566 

 

Atp5h 

 

0.000567 

 

0.540396 

 

0.006914 

 

0.40314 

 Table 3.3 Deregulated genes between Mosaic v WT and Mosaic v KO in both cell types 
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Figure 3.10. Networks implicated in the PCDH19-FE mode of pathogenesis. The clustered 

network diagrams were generated through IPA analysis systems of A) 28 deregulated genes 

shared between Mosaic v WT and Mosaic v KO across both neurospheres and differentiated 

neurospheres. Showing a network involved in cancer, cell death and survival and organismal 

injury and abnormalities B) 27 deregulated genes shared between Mosaic v WT and Mosaic v 

KO in the differentiated neurospheres. Showing a network associated with lipid metabolism, 

small molecule biochemistry and molecular transport. Red represents up-regulation and blue 

represents down regulation. Different shapes are designated as indicated in: 

http://ingenuity.force.com/ipa/articles/Feature_Description/Legend. 

 

To identify changes in neural stem and progenitor cell functions contributing to PCDH19-FE, 

we generated a list of 28 genes based on a P value < 0.01 deregulated in both the Mosaic v WT 

and the Mosaic v KO, in the neurospheres only (Figure 3.8A, Table 3.4). The gene list was then 

submitted to ingenuity for pathway analysis. The highly significant pathways identified were 

not overtly obvious to a link with PCDH19-FE. Of interest to NSPC function, the top molecular 

and cellular functions included cellular development (10 molecules), cell growth and 

proliferation (13 molecules) and cellular movement (9 molecules).  The top physiological 

system development and function identified was nervous system development and function (10 

molecules). To further identify genes which could provide a link with PCDH19-FE pathology 

a literature search was performed on each gene within the list. This was performed using 

ensembl, NCBI gene and the PubMed database (Supplementary Table 3.4).  Firstly, using the 

ensembl gene expression function brain expression of each gene was confirmed before further 

investigation. Protein localisation within the cell, functions and pathways were then identified 

in NCBI gene. Genes were then further identified for neuronal or brain functions by performing 

a PubMed search. Known disease associations were then also confirmed in OMIM. Four genes 
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were identified in the list to be previously implicated in epilepsy, Scn1b, Lmnb2, Celsr3 and 

Chrnb2, making them of interest given PCDH19-FE patients have an epilepsy phenotype. A 

common co-morbidity of PCDH19-FE is autism spectrum disorders (ASD), Thbs1 was 

identified in the gene list which is a known Autism associated gene (Lu et al. 2014).  

 

Ensembl ID 

 

Gene Neurosphere Mosaic v 

WT 

Neurosphere Mosaic v 

KO 

P.Value LogFC P.Value LogFC 

ENSMUSG00000089879 

 
4930448h16rik 0.000102 

 

0.533293 

 

0.0034914 

 

0.340742 

 ENSMUSG00000019194 

 
Scn1b 0.000358 

 

0.724584 

 

0.0071366 

 

0.480425 

 ENSMUSG00000027950 

 
Chrnb2 0.000422 

 

-0.47815 

 

8.61E-05 

 

-0.59969 

 ENSMUSG00000068394 

 
Cep152 0.000761 

 

-0.33796 

 

0.0003789 

 

-0.38166 

 ENSMUSG00000020766 

 
Galk1 0.000937 

 

0.369591 

 

0.0042571 

 

0.303801 

 ENSMUSG00000037295 

 
Lldlrap1 0.00096 

 

0.413237 

 

0.0018643 

 

0.387019 

 ENSMUSG00000040152 

 
Thbs1 0.001234 

 

-0.41805 

 

0.0060163 

 

-0.33724 

 ENSMUSG00000097843 

 
Gm26755 0.001481 

 

0.472198 

 

0.0039871 

 

0.418388 

 ENSMUSG00000035473 

 
Galm 0.00179 

 

0.445457 

 

0.0042985 

 

0.400844 

 ENSMUSG00000010830 

 
Kdelr3 0.001799 

 

0.467777 

 

0.0029745 

 

0.446503 

 ENSMUSG00000031860 

 
Pbx4 0.001803 

 

0.322863 

 

0.0053843 

 

0.280274 

 ENSMUSG00000037465 

 
Klf10 0.002266 

 

0.529243 

 

0.0034085 

 

0.5118 

 ENSMUSG00000041695 

 
Kcnj2 0.002578 

 

-0.42405 

 

0.0001845 

 

-0.62488 

 ENSMUSG00000047749 

 
Zc3hav1l 0.002598 

 

-0.43723 

 

0.0043747 

 

-0.41478 

 ENSMUSG00000076376 

 
Mir674 0.002779 

 

0.329958 

 

0.0074539 

 

0.289156 

 ENSMUSG00000032334 

 
Loxl1 0.002787 

 

0.301276 

 

0.0016575 

 

0.335269 

 ENSMUSG00000032231 

 
Anxa2 0.003193 

 

0.518437 

 

0.0050927 

 

0.495229 

 ENSMUSG00000038651 

 
Sycp2l 0.00364 

 

0.472783 

 

0.0068079 

 

0.438976 

 ENSMUSG00000085501 

 
Gm11772 0.003824 

 

0.384662 

 

0.0090354 

 

0.342478 

 ENSMUSG00000075027 

 
4631405j19rik 0.004802 

 

0.330276 

 

0.0012947 

 

0.415186 

 ENSMUSG00000001131 

 
Timp1 0.00497 

 

0.392012 

 

0.0024462 

 

0.451423 

 ENSMUSG00000062075 

 
Lmnb2 0.005712 

 

0.300786 

 

0.0022679 

 

0.358565 

 ENSMUSG00000021418 

 
Rpp40 0.006918 

 

0.513512 

 

0.003926 

 

0.580896 

 ENSMUSG00000023473 

 
Celsr3 0.007495 

 

-0.40755 

 

0.0074575 

 

-0.42 

 ENSMUSG00000025969 

 
Nrp2 0.007555 

 

-0.31084 

 

0.009536 

 

-0.30704 

 ENSMUSG00000038387 

 
Rras 0.007922 

 

0.361829 

 

0.0080088 

 

0.371835 

 ENSMUSG00000021944 

 
Gata4 0.008032 

 

0.275738 

 

0.0080156 

 

0.284012 

 ENSMUSG00000024979 

 

Tectb 

 

0.009949 

 

0.274885 

 

0.0026468 

 

0.35277 

 Table 3.4 Deregulated genes between Mosaic v WT and Mosaic v KO in Neurospheres 

 

Epilepsy is due to neuronal hyper-excitability, as a result we wanted to investigate the 

differentiated cell population to identify deregulated genes relating to the epilepsy phenotype 

of PCDH19-FE. A list of 27 genes was generated based on a P value < 0.01 deregulated in both 

the Mosaic v WT and the Mosaic v KO in the differentiated neurospheres (Figure 3.8B, Table 

3.5). The gene list was then submitted to ingenuity for pathway analysis. Top pathways and 

upstream regulators did not identify anything obviously associated with a link to epilepsy.  The 

top network identified with a score of 33, with 13 focus molecules highlighted functions 
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including lipid metabolism, small molecule biochemistry and molecular transport (Figure 

3.10B). Central nodes within the network included IGF-1, NFkB complex and ESR1. To further 

identify genes which could provide a link with PCDH19-FE pathology a literature search was 

performed on each gene within the list as described above (Supplementary Table 3.5). Five 

genes were identified to be implicated in epilepsy; Slc12a5, Rin2, Jrk and Far1. Additionally, 

Gprin3 has also been associated with ASD a co-morbidity of PCDH19-FE. Additional genes 

associated with ASD or ID include; Hfe, Stx3 and Cdkn1c.  

Ensembl ID 

 

Gene Diff Neurospheres 

Mosaic v WT 

Diff Neurospheres 

Mosaic v KO 

P.Value LogFC P.Value LogFC 

ENSMUSG00000037798 

 

Mat1a 

 

4.22E-05 

 

-0.62147 

 

0.00654 

 

-0.31593 

 ENSMUSG00000077428 

 

Gm24284 

 

0.000503 

 

-0.42094 

 

0.002904 

 

-0.33051 

 ENSMUSG00000045441 

 

Gprin3 

 

0.000728 

 

-0.41918 

 

0.002712 

 

-0.34942 

 ENSMUSG00000006611 

 

Hfe 

 

0.001039 

 

-0.53152 

 

0.001779 

 

-0.49547 

 ENSMUSG00000017740 

 

Slc12a5 

 

0.001063 

 

-0.74824 

 

0.001113 

 

-0.74821 

 ENSMUSG00000041488 

 

Stx3 

 

0.0012234 

 

0.38328 

 

0.005545 

 

0.306173 

 ENSMUSG00000018796 

 

Acsl1 

 

0.0013722 

 

0.375004 

 

0.002807 

 

0.339527 

 ENSMUSG00000046380 

 

Jrk 

 

0.002019 

 

0.464772 

 

0.008397 

 

0.371627 

 ENSMUSG00000024713 

 

Pcsk5 

 

0.0026368 

 

0.326289 

 

0.002431 

 

0.332463 

 ENSMUSG00000104870 

 

4930448I18Rik 

 

0.0027686 

 

-0.4096 

 

0.00941 

 

-0.33653 

 ENSMUSG00000033740 

 

St18 

 

0.0033096 

 

0.437562 

 

0.001348 

 

0.503476 

 ENSMUSG00000047777 

 

Phf13 

 

0.0035387 

 

-0.35718 

 

0.007684 

 

-0.31608 

 ENSMUSG00000030759 

 

Far1 

 

0.0042744 

 

0.340501 

 

0.00791 

 

0.308961 

 ENSMUSG00000097571 

 

Jpx 

 

0.0045831 

 

-0.31474 

 

0.003525 

 

-0.33038 

 ENSMUSG00000001768 

 

Rin2 

 

0.0048418 

 

-0.31533 

 

0.004632 

 

-0.31968 

 ENSMUSG00000014353 

 

Tmem87b 

 

0.0049584 

 

0.411823 

 

0.005225 

 

0.410908 

 ENSMUSG00000037664 

 

Cdkn1c 

 

0.0056719 

 

0.288572 

 

0.005148 

 

0.295164 

 ENSMUSG00000029596 

 

Sdsl 

 

0.0058207 

 

-0.30386 

 

0.009297 

 

-0.28187 

 ENSMUSG00000049097 

 
Ankrd34a 0.0058729 

 

-0.34804 

 

0.007287 

 

-0.3376 

 ENSMUSG00000042401 

 
Crtac1 0.0061899 

 

0.457187 

 

0.008142 

 

0.438806 

 ENSMUSG00000027669 

 
Gnb4 0.0066499 

 

0.342754 

 

0.003684 

 

0.380221 

 ENSMUSG00000084915 

 
C230037L18Rik 0.0067909 

 

0.509581 

 

0.002401 

 

0.606133 

 ENSMUSG00000050912 

 
Tmem123 0.0073299 

 

0.49267 

 

0.006376 

 

0.507903 

 ENSMUSG00000041216 

 
Clvs1 0.007726 

 

0.590442 

 

0.007507 

 

0.59725 

 ENSMUSG00000037112 

 
Sik2 0.0082156 

 

0.281101 

 

0.006795 

 

0.292448 

 ENSMUSG00000033644 

 
Piwil2 0.0095844 

 

-0.66217 

 

0.003278 

 

-0.79795 

 ENSMUSG00000027800 

 
Tm4sf1 0.0097784 

 

-0.42698 

 

0.004627 

 

-0.48878 

 Table 3.5 Deregulated genes between Mosaic v WT and Mosaic v KO in differentiated 

Neurospheres 

3.2.8 Comparison of microarray between Pcdh19 knockout mouse hippocampus and 

PCDH19-FE NSPC model  

Professor Thomas, a collaborator on the PCDH19-FE project has previously performed gene 

expression profiling on hippocampal samples from the Pcdh19 KO mouse at two weeks and six 

weeks using the same mouse affymetrix MoGene 2.0 st. platform which was used on the 
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PCDH19-FE neurosphere model. At both time points they compared deregulated genes 

between WT (Pcdh19+/+) and KO (Pcdh19-/-), Het (Pcdh19+/-) and WT (Pcdh19+/+) and Het 

(Pcdh19+/-) and KO (Pcdh19-/-). Their list of deregulated genes was compared with the lists in 

this study to identify any genes common to the two experiments. The comparison of KO v WT 

deregulated genes identified two common genes; Pcdh19 and Armcx1, deregulated in all 

samples with expression down in the KO compared to WT (Table 3.6). Likewise, comparing 

Het v KO (or Mosaic v KO) deregulated gene sets identified the same two genes; Pcdh19 and 

Armcx1, deregulated in all samples with expression increased in the Het/Mosaic compared to 

KO (Table 3.6). 



105 

 

 

 

 

 

E
n

se
m

b
l 

ID
 

G
en

e
 

H
ip

p
o

ca
m

p
a

l 
2

 

w
ee

k
s 

 K
O

 v
 W

T
 

H
ip

p
o

ca
m

p
a

l 
6

 

w
ee

k
s 

K
O

 v
 W

T
 

P
C

D
H

1
9

-F
E

 M
o

d
el

 

 K
O

 v
 W

T
 a

cr
o

ss
 

d
if

fe
r
en

ti
a

ti
o

n
 

P
C

D
H

1
9

-F
E

 M
o

d
el

 

 K
O

 v
 W

T
 

N
eu

ro
sp

h
er

e
s 

P
C

D
H

1
9

-F
E

 M
o

d
el

 

 K
O

 v
 W

T
 

D
if

fe
r
en

ti
a

te
d

 

N
eu

ro
sp

h
er

e
s 

P
.V

a
lu

e 
L

o
g

F
C

 
P

.V
a

u
le

 
L

o
g

F
C

 
P

.V
a

u
le

 
L

o
g

F
C

 
P

.V
a

u
le

 
L

o
g

F
C

 
P

.V
a

u
le

 
L

o
g

F
C

 

E
N

S
M

U
S

G
0

0
0

0
0

0
3
3

4
6
0
 

A
rm

cx
1

 
3

.5
5

E
-0

6
 

-2
.0

0
 

1
.0

3
E

-0
6
  

-2
.1

8
  

3
.8

2
E

-0
8
 

 

-0
.8

5
6

0
4
 

0
.0

0
0
1

3
5

8
 

 

-0
.8

7
0

2
3

 

 

2
.3

1
E

-0
5

 

 

-0
.8

4
1

3
9

 

 

E
N

S
M

U
S

G
0

0
0

0
0

0
5
1

3
2
3
 

P
cd

h
1

9
 

 

6
.6

8
E

-0
9
  

-5
.9

4
  

1
.7

6
E

-0
8
  

-5
.1

3
  

1
.9

8
E

-0
9
 

 

-1
.3

5
3

9
7

 

 

1
.5

5
E

-0
6

 

 

-1
.4

4
7

1
4

 

 

3
.8

5
E

-0
5

 

 

-1
.2

5
1

5
5

 

 

E
N

S
M

U
S

G
0

0
0

0
0

0
2
5

5
9
7
 

K
lh

l4
 

 

1
.4

1
E

-0
5
  

1
.4

6
  

- 
- 

0
.0

0
6
6

0
8

 

 

-0
.3

3
5

0
2

 

 

- 
- 

- 
- 

En
se

m
b

l I
D

 
G

e
n

e
 

H
ip

p
o

ca
m

p
al

 2
 

w
e

e
ks

 
H

e
t 

v 
W

T
 

H
ip

p
o

ca
m

p
al

 6
 

w
e

e
ks

 H
e

t 
v 

W
T

 
P

C
D

H
1

9
-F

E 
M

o
d

e
l 

M
o

sa
ic

 v
 W

T 
ac

ro
ss

 
d

if
fe

re
n

ti
at

io
n

 

P
C

D
H

1
9

-F
E 

M
o

d
e

l 
 M

o
sa

ic
 v

 W
T 

N
e

u
ro

sp
h

er
e

s 

P
C

D
H

1
9

-F
E 

M
o

d
e

l 
 M

o
sa

ic
 v

 W
T 

D
if

fe
re

n
ti

at
e

d
 

N
e

u
ro

sp
h

er
e

 

P
.V

a
lu

e
 

Lo
gF

C
 

P
.V

au
le

 
Lo

gF
C

 
P

.V
au

le
 

Lo
gF

C
 

P
.V

au
le

 
Lo

gF
C

 
P

.V
au

le
 

Lo
gF

C
 

EN
SM

U
SG

0
0

0
0

0
0

2
3

0
1

1
 

Fa
im

2
 

 
7

.1
2

E-
0

5
  

1
.3

4
  

- 
- 

- 
- 

- 
- 

0
.0

0
2

8
8

1
 

 
0

.5
1

8
9

4
2

 
 

En
se

m
b

l I
D

 
G

e
n

e
 

H
ip

p
o

ca
m

p
al

 
2

w
e

e
ks

 
 K

O
vH

e
t 

H
ip

p
o

ca
m

p
al

 6
 

w
e

e
ks

 K
O

vH
e

t 
P

C
D

H
1

9
-F

E 
M

o
d

e
l 

 K
O

 v
 M

o
sa

ic
 a

cr
o

ss
 

d
if

f 

P
C

D
H

1
9

-F
E 

M
o

d
e

l 
 K

O
 v

 M
o

sa
ic

 
N

e
u

ro
sp

h
er

e
 

P
C

D
H

1
9

-F
E 

M
o

d
e

l 
 K

O
 v

 M
o

sa
ic

 
D

if
fe

re
n

ti
at

e
d

 
N

e
u

ro
sp

h
er

e
s 

P
.V

a
lu

e
 

Lo
gF

C
 

P
.V

au
le

 
Lo

gF
C

 
P

.V
au

le
 

Lo
gF

C
 

P
.V

au
le

 
Lo

gF
C

 
P

.V
au

le
 

Lo
gF

C
 

EN
SM

U
SG

0
0

0
0

0
0

3
3

4
6

0
 

A
rm

cx
1

 
2

.9
7

E-
0

5
  

1
.7

5
  

4
.3

9
E-

0
6

  
1

.9
7

  
1

.7
5

E-
0

5
 

 
0

.5
7

6
0

2
1

 
 

0
.0

0
2

0
8

4
 

 
0

.6
0

2
9

3
7

 
 

0
.0

0
1

8
5

6
 

 
0

.5
3

9
8

3
1

 
 

EN
SM

U
SG

0
0

0
0

0
0

5
1

3
2

3
 

P
cd

h
1

9
 

 
3

.1
2

E-
0

7
  

3
.5

3
  

3
.3

3
E-

0
8

  
4

.6
9

  
7

.6
7

E-
0

6
 

 
0

.8
0

7
1

1
5

 
 

0
.0

0
0

3
4

2
 

 
0

.7
7

9
4

9
8

 
 

0
.0

0
1

6
1

3
 

 
0

.8
6

8
8

1
3

 
 

 

T
a
b

le
 3

.6
 D

er
eg

u
la

te
d

 g
en

es
 s

h
a
re

d
 b

et
w

ee
n

 P
c
d
h

1
9

 K
O

 m
o
u

se
 h

ip
p

o
ca

m
p

a
l 

sa
m

p
le

s 
a
n

d
 P

C
D

H
1
9

-F
E

 N
S

P
C

 m
o
d

el
 

 



106 

 

3.3 Discussion 

3.3.1 Protocadherin 19 is important for neural stem and progenitor cell function 

PCDH19 appears to be the only δ2-protocadherin to contribute significantly to childhood 

neurodevelopmental disorders despite the similarity within this family of proteins (Duszyc et 

al. 2015). The question therefore remains as to what the functional role of PCDH19 is, and how 

when compromised, can lead to these disorders. The most closely related members of this 

family include PCDH17 and PCDH10, which have been implicated in neuronal cell functions 

including regulation of collective axon extensions, axon pathfinding in striatal neurons, and 

presynaptic assembly in topographic corticobasal ganglia circuits (Uemura et al. 2007, Hoshina 

et al. 2013, Hayashi et al. 2014). The high expression of Pcdh19 in neuronal cells suggests that 

PCDH19 likely also has similar roles in neuronal communication and function (Pederick et al. 

2016). However, additional evidence suggests PCDH19 may also be functioning earlier on 

during neural development. Pcdh19 is expressed in neurogenic regions of both the developing 

and adult brain and this study has shown that Pcdh19 is expressed in isolated cultures of mouse 

NSPCs although at low levels (Figure 3.1)(Gaitan and Bouchard 2006, Dibbens et al. 2008, 

Pederick et al. 2016).  This led to the hypothesis that Pcdh19 is functioning in mouse NSPCs, 

and loss or alteration of PCDH19 function within a mosaic population of NSPCs is contributing 

to the pathogenesis of PCDH19-FE. In the human situation only the individuals with mosaic 

expression of the PCDH19 Mutant are affected, suggesting that both cells with and without 

PCDH19 are normal. As such both Pcdh19 WT and Pcdh19 KO NSPCs should be considered 

normal. The question remains as to whether the mosaic population of cells has an impact during 

this early developmental time point or whether it is only an important feature in the mature cell 

populations of the brain.  

 

In order to investigate the functional role of Pcdh19 in the NSPCs, a model of cellular 

mosaicism observed in the PCDH19 girls and affected somatic mosaic males was established 

using the mouse neurosphere assay (Reynolds and Rietze 2005). This model could be used to 

look at the effect of loss of Pcdh19 on NSPC function and also address how a mosaic population 

of cells might differ. The cellular interference model predicts that a mosaic population of 

Pcdh19 WT and Pcdh19 KO cells leads to altered cell-cell interactions/functions which drives 

the pathogenesis of the disorder. Previous studies, using a conditional labelled heterozygous 

KO mouse model of ephrinB1, have shown how random X-inactivation can lead to cellular 

mosaicism resulting in developmental defects (Compagni et al. 2003). To develop a model 

system for PCDH19-FE, an ex vivo mosaic population of Pcdh19 WT and Pcdh19 KO cells 
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was created by mixing the two NSPC cell types in equal cell numbers. By doing this instead of 

using heterozygous mice (Pcdh19+/-) it meant the system could be controlled to ensure equal 

numbers of Pcdh19 KO to Pcdh19 WT cells during each assay (i.e. simulate random, 50/50 X-

inactivation). Additionally, it also allowed the two cell populations to be fluorescently label in 

order to identify the different genotypes within the mosaic population of cells, facilitating the 

identification of any differences in cell behaviour between the two genotypes. This fluorescent 

labelling was required as currently there is no available Pcdh19 antibody that works well on 

cell immunofluorescence analysis. However due to limitations in maintaining adequate levels 

of fluorescence in the NSPC populations we were unable to use this model for all functional 

assays. Both fluorescent proteins were driven by the SFFV, spleen focus-forming virus U3 

promoter. It is possible that inefficient fluorescent labelling was due to the use of a suboptimal 

promoter for this cell type.  Future work to try and increase the fluorescence expression in 

NSPCs would be to replace the promoter with the CMV early enhancer/chicken β actin (CAG) 

promoter, as has been shown to work well in NSPCs (Weber et al. 2008).  

 

 

To address whether Pcdh19 is an important regulator of NSPC self-renewal and proliferation 

function two approaches were undertaken. Firstly, the well characterised NCFC assay was used 

to identify true numbers of neural colony forming cells. Using the NCFC assay it was found 

that loss of Pcdh19 did not have any effect on the number of true NSCs (Figure 3.2B). 

Neurospheres contain neurons and glia, but consist mainly of NSPCs which, when dissociated, 

can give rise to a new neurospheres, evidence of the self-renewal properties of a stem cell. 

However, a large proportion of these cells have only limited self-renewal capacity (progenitor 

cells) and only a small subset can self-renew indefinitely making them a bona fide neural stem 

cell (Reynolds and Rietze 2005). These cells are also referred to as a neural colony forming 

cells owing to the fact they can produce large numbers of progeny, and thus give rise to large 

colonies (>2mm).  There was no change in the percentage of NSCs / NCFCs, as evidenced by 

the percentage of colonies in the >2mm category in the NCFC assay. To support and extend on 

this result the MTS proliferation assay was also be used to identify differences in mosaic NSPC 

populations. This assay identified no differences in proliferation between the three genotypes; 

Pcdh19 WT, Pcdh19 KO and Mosaic, at two time points. Thus in agreeance with the NCFC 

assay, no role for Pcdh19 was observed in the proliferation of NSPCs (Figure 3.2C). This 

suggests that Pcdh19 is unlikely to have a functions in NSPC self-renewal and proliferation 

similar to other protocadherins i.e. Pcdh11x (Zhang et al. 2014) in mouse, although this awaits 

in vivo confirmation.   
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Neurospheres were also used to identify a potential role for Pcdh19 in regulating NSPC 

differentiation. It was observed that loss of Pcdh19 increased neuronal differentiation (Figure 

3.3). This observation is similar to loss of N-cadherin in NSPCs. N-cadherin has been shown 

to function during cortical development with loss of N-cadherin in NSPCs in the ventricular 

zone leading to an increase in neural differentiation and migration (Zhang et al. 2010, Zhang et 

al. 2013). In the system in this study, increased differentiation appeared to be at the expense of 

oligodendrocyte differentiation (Figure 3.3). The differentiation assay was also used to identify 

any difference in the mosaic cell cultures. The individual Pcdh19 WT and Pcdh19 KO cells 

within mosaic cultures behaved as observed in pure cultures of the individual genotypes. 

Consequently, percentages of neurons and oligodendrocytes were found intermediate to those 

of Pcdh19 WT and Pcdh19 KO cultures alone. This suggests that within a mosaic population 

of cells, the intrinsic, cell autonomous behaviours of Pcdh19 WT and Pcdh19 KO cells are most 

likely preserved, and additional/independent phenotypes do not present. This was also observed 

in the proliferation assay.   

 

Multipotent NSCs differentiate progressively into neurons and then glial cells, generating first 

uncommitted progenitors and then further lineage-restricted progenitors with limited 

differentiation potential (Grandbarbe et al. 2003).  Therefore, decreases in uncommitted 

progenitors either through reduction in cell proliferation or increased neuronal differentiation 

could reduce the amount of later generated glia cell types (oligodendrocytes and astrocytes) due 

to a reduction of the progenitor pool. The proliferative capacity of these cells was not altered 

with loss of Pcdh19 suggesting that the observed increase in the percentage of neurons is more 

likely due to an effect on lineage-specification of progenitors. It is possible that Pcdh19 is a 

regulator of progenitor cell fate, such that loss of Pcdh19 results in the specification of the 

progenitor pool to the neural lineage at the expense of the glial progenitor pool. This idea is 

further supported by the observed decrease in the percentage of oligodendrocytes (Figure 3.3B). 

This phenotype is similar to observations in neurospheres with defective Notch signalling, 

whereby defective Notch signalling acting on non-lineage restricted progenitors results in 

increased neurons at the expense of glial cells (Grandbarbe et al. 2003). Notch signalling is 

mediated through cell-cell interactions via a transmembrane Notch receptor and transmembrane 

ligand on the adjacent cell (Wen et al. 2009). This is likely a similar signalling mechanism of 

regulation for Pcdh19 which is also a transmembrane protein thought to mediate cell-cell 

contacts. Further investigation is required to understand the mechanism behind why loss of 

Pcdh19 is affecting the specification of these progenitor cells. It could to be due to a loss of 
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cell-cell contacts mediated by Pcdh19 and possibly N-cadherin, resulting in altered activation 

of downstream signalling pathways, leading to a loss of the supportive stem cell niche which is 

important for maintaining the NSC state as is observed with loss of N-cadherin (Zhang et al. 

2010).  

 

Given the similarities between Pcdh19 and N-cadherin it was addressed whether loss of Pcdh19 

would also affect neuronal migration as is observed with loss of N-cadherin in NSPCs (Zhang 

et al. 2010). Although not highly significant we did see a slight increase in the migration of 

neurons with loss of Pcdh19. In the brains of the Pcdh19 KO mouse model there is no gross 

miss-localisation of neurons (Pederick et al. 2016). Given that this is only a subtle phenotype 

it is not surprising that it is not obvious in the mouse brains. PCDH19-FE patients have been 

observed to have subtle neuronal migration phenotypes, with a patient with ectopic pyramidal 

neurons identified in the white matter (Ryan et al. 1997). Therefore, this subtle change in 

migration is not unexpected given in the human phenotype there is no overtly obvious migration 

defect. The change in migration properties between the two genotypes suggest that in the 

mosaic situation this subtle change in migration would result in the cells arriving at destinations 

at slightly different times, or ending up in slightly different locations in the brain leading to 

aberrant communication. This would need to be further investigated in the recently generated 

Pcdh19-tagged knockout mouse (Unpublished, Professor Paul Thomas, The University of 

Adelaide). Due to limitations in the experimental assay we were unable to look at the migration 

in the mosaic population.  

 

The patient phenotype would suggest that a complete KO of Pcdh19 would behave similarly to 

WT in the neurosphere assays given the male patients with loss of PCDH19 function are 

generally unaffected. Only when there is a mosaic population of cells does this result in the 

PCDH19-FE phenotype, suggesting both the Pcdh19 WT and Pcdh19 KO cells should 

represent the normal range of cellular phenotypes. However, the Pcdh19 KO neurosphere 

model displayed cellular phenotypes with altered neuronal migration and neuronal 

differentiation observed.  In assays where the mosaic population of Pcdh19 KO and Pcdh19 

WT cells was able to be analysed, the cellular phenotypes suggested that the two populations 

behaved independently of each other with the resulting phenotype in the differentiation assay 

intermediate to the WT and the KO cultures. This could be due to Pcdh19 having a different 

functional role between species, further supported by the absence of an obvious epilepsy 

phenotype in Pcdh19+/- mice (Pederick et al. 2016). This could also suggest that Pcdh19 has 

multiple different roles across both neuronal development and later homeostatic neuronal cell 
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functions; the neurodevelopmental functions of Pcdh19 (neuronal migration and 

differentiation) could be additive towards an additional role of Pcdh19 in neuronal function.  

The presence of two different cell types (mosaic) would result in an imbalance of cell types in 

the cortex due to differences in NSPC differentiation and/or differential-localisation of cells 

due to altered cell migration properties. These difference could bring about defects in cell-cell 

communication resulting in changes in synaptogenesis or axonal bundling, leading to the 

PCDH19-FE phenotype.  Evidence for additional roles of Pcdh19 in mature neuronal cell 

functions include its localisation at the synapses in mice, and by extension of the role of Pcdh17, 

the closest related family member, which has functional roles in synapse formation and axonal 

fasciculation (Hoshina et al. 2013, Pederick et al. 2016). Although males with PCDH19 

mutations are considered asymptomatic unless mosaic, there is an association with ASD, albeit 

a rare occurrence, which could be coincidental (van Harssel et al. 2013). Therefore, it is possible 

these defects in migration and differentiation are contributing to a separate neurodevelopmental 

phenotype which doesn’t include epilepsy.    

3.3.2 Transcriptome analysis across neuronal differentiation points to differences of 

Pcdh19 KO cells 

The PCDH19-FE neurosphere model system that was developed was used opportunistically to 

see if there were any obvious changes at the transcriptional level, which might explain the 

observed cellular behaviours. Initially, expression differences were identified between the 

neurospheres and the differentiated neurospheres across all genotypes which were consistent 

with a change from the proliferative state of a NSPC to the post-mitotic differentiated neuronal 

cell fate (Gurok et al. 2004). Up-regulated genes which were deregulated between the two cell 

types implicated processes of post-mitotic neurons including axiogenesis, neuronal 

differentiation, synaptic transmission and myelination. Down-regulated genes implicated genes 

involved in cell-cycle regulation, chromosome separation and tubulin binding. Additionally, we 

were able to confirm that in this experimental model the mixing of the Pcdh19 WT and Pcdh19 

KO cells effectively resulted in a mosaic population of cells given Pcdh19 was one of the most 

highly deregulated genes in all three comparisons (KO v WT, Mosaic v KO and Mosaic v WT), 

as expected. 

 

To extract possible interesting genes and pathways from the microarray data, the filtering 

criteria was relaxed considerably as using strict filtering criteria resulted in very low numbers 

of genes. Fold changes were low with all genes identified, this also include the fold change in 

expression of Pcdh19 which is a complete KO, suggesting changes in gene expression in this 

data set would be negligible.  Also, a large proportion of the deregulated genes identified had a 
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high false discovery rate (FDR). It was decided to filter the gene lists on a more relaxed criteria 

of a P value <0.01, to generate gene lists of large enough size to submit for pathway analysis. 

Therefore, the pathways and interesting genes identified in this study will require further 

confirmation of deregulation with loss of Pcdh19, as due to the high FDR it is likely that some 

of the deregulated genes are false positives.  

 

The functional assays of cells within Pcdh19 WT and Pcdh19 KO neurospheres and 

differentiated neurosphere cultures revealed changes in differentiation and neuronal migration. 

Pcdh19 WT and Pcdh19 KO cells within mosaic neurosphere cultures revealed no observable 

difference when compared to Pcdh19 KO and Pcdh19 WT cells in respective Pcdh19 KO and 

Pcdh19 WT cultures alone. The focus was thus to identify transcriptional changes underlying 

the cellular phenotypes between Pcdh19 KO and Pcdh19 WT cultures in both the neurosphere 

and differentiated neurosphere cultures. Using pathway analysis, RhoA signalling and 

signalling by the Rho GTPases was identified as enriched. The Rho family members; RhoA, 

Rac1 and Cdc42 are key regulators of the actin cytoskeleton and regulate formation of cell-

junctions, important for maintaining apical-basal polarity (Herder et al. 2013). Inhibition of 

RhoA signalling in mouse NSPCs increased neurite outgrowth as well as enhanced neuronal 

differentiation (Gu et al. 2013). This enhanced neuronal differentiation was also observed in 

the Pcdh19 KO cells, suggesting that RhoA signalling could be involved in this cellular 

phenotype. Additionally, N-cadherin, a known interacting partner of Pcdh19, regulates RhoA 

GTPase signalling upon N-cadherin mediated cell-cell adhesion events, suggesting a possible 

conserved mechanism between N-cadherin and Pcdh19 (Charrasse et al. 2002). Rho GTPases 

are most well known for their role in regulation of microtubule and actin dynamics, crucial 

processes in brain morphogenesis, regulating neuronal migration and polarity (Govek et al. 

2005).  Given PCDH19 is known to interact with the WRC, which is regulated by Rho GTPase 

signalling (Chen et al. 2014), it is possible that loss of Pcdh19 is converging on this pathway 

and affecting actin dynamics during NSPC neuronal differentiation leading to the observed 

cellular phenotypes of increased neuronal differentiation and neuronal migration. Further 

support for this idea comes from the identification of F-actin as one of the most highly 

significant upstream regulators of genes in the list. Interestingly, the other highly significant 

upstream regulator was Neurogenin 3 (Neurog3) a ‘pro-neural’ transcription factor and Notch 

receptor regulated gene, known to coordinate regulation of actin dynamics. Overexpression of 

Neurog3 in human NPCs results in dramatic increases in neuronal progeny as well as 

acceleration of their neuronal commitment (Serre et al. 2012). Increased neuronal 

differentiation was similarly observed with loss of Pcdh19. Neurog3, also regulates 
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dendritogenesis and synaptogenesis in hippocampal neurons by driving expression of Formin 

1, an actin nucleator (Simon-Areces et al. 2011). Formin 1 is also important regulator of cell-

cell adhesion, facilitating actin reorganisation at these contact sites. Notch signalling is also 

involved in maintaining polarity of embryonic stem cell derived NPCs, with knockdown of 

notch signalling resulting in loss of polarity and accelerated neuronal differentiation (Main et 

al. 2013), the latter of which a feature of neurosphere cultures lacking Pcdh19. Although 

speculative, it is perceivable that Pcdh19 might also regulate cytoskeletal dynamics via a Notch 

signalling pathways involving Neurog3, however no significant change in Neurog3 was 

observed in the microarray data. Additionally, during critical periods of neuronal development 

when neuronal polarity is established, Neurog3 has been shown to be exported from the nucleus 

to the cytoplasm (Simon-Areces et al. 2013). Recent unpublished data (Pham et al. 2017) has 

suggested that Pcdh19 can also be present in the nucleus as well as in the cytoplasm although 

critical analysis on when during development this occurs has not been established. It would be 

interesting if this occurred at a similar time to Neurog3 during establishment of neuronal 

polarity. 

 

In the most significant network, NFҡB complex was identified along with GPCR signalling and 

ERK. The NFҡB transcription factor provides a link between cell signalling events and changes 

in gene transcription. NFҡB signalling is involved in regulating axon polarity and axonal 

initiation and maturation (Sanchez-Ponce et al. 2008). It is also involved in differentiation, 

migration and proliferation of NSPCs (Foehr et al. 2000, Zhang et al. 2012, Hu 2013 ). 

Activation of NFҡB induces neuronal differentiation through down-regulation of Hes1 through 

regulation of Notch activity (Scholzke et al. 2011). Although down-regulation of Hes1 was not 

identified in the microarray it is still possible that NFҡB could be regulating the change in 

neuronal differentiation observed in the neurosphere assay but through another mechanism. It 

has also been shown that Rho GTPases can regulate NFҡB activation in a positive or negative 

manner dependent on the conditions (Tong et al. 2014). Given the link between Pcdh19 and 

Rho GTPase signalling, it is possible that Pcdh19 could be regulating NFҡB activation through 

interaction with the Rho GTPase signalling to mediate neurodevelopmental events which 

includes regulation of Notch signalling. 

 

A subgroup of the 149 genes deregulated between WT and KO cultures, which were also 

deregulated in the mosaic cultures (41 genes in total, Figure 3.8C, coloured shading) were 

further interrogated as these genes were predicted to be more relevant to the cellular differences 

between KO and WT as they are associated with the more subtle (intermediate) phenotypic 
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differences observed between the mosaic, WT and KO cultures. Looking at KO v WT and 

Mosaic v WT and between KO v WT, Mosaic v WT and Mosaic v KO (Figure 3.8C, Blue and 

green shading), ephrin A signalling was identified as a highly significant pathway. Ephrin 

signalling is an important regulator of cell shape and motility. Eph-Ephrin complexes assemble 

at cell-cell contact sites and transduce forward signalling through the Eph receptor on one cell 

or reverse signalling through the ephrin located on the neighbouring cell, regulating signalling 

pathways within the interacting cells (Noren et al. 2004).  Eph-Ephrin signalling mediates 

pathways which converge to regulate the actin cytoskeleton. Of interest, Ephrin signalling has 

been implicated in the disorder CFNS which is the only other example of a disorder with a 

similar X-linked inheritance pattern to PCDH19-FE, where heterozygous females are affected 

and hemizygous males are largely spared. In this disorder it has been confirmed that this unusual 

mode of inheritance is due to cellular interference (cellular mosaicism) (Twigg et al. 2013). 

Ephrin signalling has been previously implicated in PCDH19-FE, with EFNA5 and EPHA2 

mRNA expression found deregulated in patient skin fibroblasts (K. Hynes, the University of 

Adelaide, unpublished). In the CNS, eph-ephrin reverse signalling regulates the guidance of 

neuronal growth cones as well as axon bundling and dendritic spine formation (Klein 2004). 

The closest related PCDH to Pcdh19, Pcdh17, has also been shown to regulate axonal 

fasciculation through recruitment of the WRC (Hayashi et al. 2014).  Ephrin A signalling has 

also been shown to regulate Rho GTPase signalling in control of synaptic plasticity (Fu et al. 

2007, Pasquale 2008). Additionally, Eph-ephrin signalling can regulate neuronal migration, 

with ephrinA5 being an important regulator of GABAergic interneuron tangential migration 

during the formation of the cortex (Zimmer et al. 2008).  It could be speculated that Pcdh19 

also has a role in axonal fasciculation and/or neuronal migration through a similar mechanism 

using both ephrin signalling and Rho GTPase signalling pathways to regulate actin cytoskeletal 

rearrangements. 

  

The estrogen receptor (ER) was identified as being a central node in the most significantly 

enriched network as well as a significant upstream regulator of genes in the network. Recent 

work has shown that neurosteroids are involved in the pathology of PCDH19-FE. Patients have 

been shown to have lower blood levels of allopreganolone, and genes which are regulated by 

estrogen, progesterone and androgen receptors were the most highly dysregulated in 

transcriptome analysis of patient skin fibroblasts (Tan et al. 2015). Given the cells used in the 

previous study were patient fibroblasts it was always questionable as to whether this would 

affect cell types more relevant to the brain pathology. This data provides evidence that Pcdh19 

is regulating estrogen receptor networks during differentiation of cells present in the developing 
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brain.  Whether this is through a direct mechanism of Pcdh19 action on estrogen receptor 

activity needs to be investigated further. Previously it has been shown that the Rho GTPases 

are modulators of estrogen receptor transcriptional activity. Constitutively active expression of 

RhoA, Rac1 and Cdc42 decreases ERα transcriptional activity (Su et al. 2001). ER 

transcriptional activity has also been shown to activate the WAVE-1 (part of the WRC) protein, 

leading to activation of the Arp2/3 complex and actin reorganisation at the sites of dendritic 

spine formation (Sanchez et al. 2009). Given the implication of involvement of the Rho 

GTPases and the known interaction of PCDH19 with the WRC, it could be speculated that 

Pcdh19 is regulating an ER response through a Rho GTPase regulated mechanism. The ER has 

been shown to have roles in in both neuronal development and function including dendritic 

spine formation, neural stem cell proliferation, neuronal migration, neurogenesis and 

synaptogenesis (Sanchez et al. 2009, Komada et al. 2015, Sellers et al. 2015). During NSPC 

differentiation estrogen has been shown to influence cell fate decisions with the promotion of 

neuronal differentiation relative to glial differentiation (Brannvall et al. 2002). The increased 

percentage of neurons relative to the percentage of oligodendrocytes that was observed in the 

Pcdh19 KO differentiated neurosphere cultures is therefore consistent with altered actions of 

estrogen receptor signalling. 

 

Given that the pathogenesis of PCDH19-FE is predicted to be due to a mosaic population of 

PCDH19 WT and PCDH19 KO/Mutant cells, we wanted to identify deregulated genes present 

in both the mixed cultures (neurosphere and differentiated neurosphere) but not in either of the 

WT or KO cultures. These are likely the genes of interest in the pathogenesis of the disorder if 

the cellular interference model is correct. There was only a small list of 30 genes (Figure 3.8C, 

Green and cyan shading) deregulated in these cultures and as a result pathway analysis did not 

yield any results of great significance. Looking at genes deregulated in both culture types 

(neurospheres and differentiated neurospheres) identified signalling pathways upstream of 

JAK/STAT signalling. JAK/STAT signalling is involved in brain development, with the 

pathway being an important regulator of neural stem cell maintenance, growth, renewal and 

cell survival (Nicolas et al. 2013). It also plays a crucial role in glial differentiation. There is 

precedence for cadherin’s to regulate this pathway with homophilic E-cadherin interactions 

shown to activate the pathway through increasing STAT3 activity through activation of Rho 

GTPases, Rac1 and Cdc42 (Arulanandam et al. 2009).  

 

To identify genes which would be having a role at different developmental time points 

contributing to PCDH19-FE, deregulated genes were identified in the mosaic cultures of 
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neurospheres or in the differentiated neurospheres. This yielded very small gene lists of which 

pathway analysis was unable to identify common elements.  Instead information on the genes 

was extrapolated from multiple databases to find genes; expressed in the brain, with neuronal 

or brain functions and with neurological disease associations. Although the mice do not develop 

an epilepsy phenotype, genes with known epilepsy associations were identified as deregulated. 

Although not causative of seizures in mice, changes in expression of these genes with loss of 

Pcdh19 could be reflected in the human situation and be contributing to the observed PCDH19-

FE epilepsy phenotype. Further validation of changes in these genes will be required to confirm 

differences in expression. 

 

In the neurospheres, four genes were identified associated with an epilepsy phenotype Scn1b, 

Lmnb2, Celsr3 and Chrnb2 (Wallace et al. 2002, Diaz-Otero et al. 2008, Pippucci et al. 2013, 

Damiano et al. 2015) suggesting these epilepsy associated genes have functional roles during 

early neural development which could be contributing to the PCDH19-FE pathogenesis. Of the 

four identified genes three of them have well characterised roles in neuronal development, with 

conserved functions in neuronal migration (Coffinier et al. 2010) (Tissir et al. 2013) 

(Brackenbury et al. 2013). Given this study has shown that Pcdh19 is also required for normal 

neuronal migration it could be speculated that these epilepsy associated genes are using a 

conserved mechanism to regulate neuronal migration during cortical development. It is well 

documented in the literature that altered neuronal migration can underlie the epilepsy phenotype 

in the human brain due to the resulting altered cortical lamination, neuronal differentiation and 

abnormal neuronal circuit formation (Stouffer et al. 2016). 

 

Within the differentiated neuronal cell population, three deregulated genes were identified with 

a known epilepsy association; Slc12a5, Jrk and Far1 (Moore et al. 2001, Buchert et al. 2014, 

Stodberg et al. 2015). GPRIN family member 3 (Gprin3) is also associated with ASD a known 

PCDH19-FE co-morbidity (Tarabeux et al. 2011). Solute carrier family 12 member 5 (slc12a5) 

regulates actin dynamics within the dendritic spines through regulation of the Rho GTPase 

Rac1, hence regulating the number of glutamatergic synapses (Llano et al. 2015). It has been 

speculated previously that PCDH17 and PCDH19 may have similar functional roles given they 

are the most closely related family members. PCDH17 has also been shown to have functional 

roles in synaptogenesis and is expressed in the dendritic spines. It is possible that PCDH19 

could be functioning also in the neurons to regulate morphogenesis of dendritic spines and 

synaptogenesis, through regulation of the actin cytoskeleton (Hoshina et al. 2013). This 
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supports the hypothesis that altered synaptic communication between PCDH19 WT and 

PCDH19 Mutant cells contributes to the pathology of PCDH19-FE (Dibbens et al. 2008). 

3.3.3 Genes deregulated both ex vivo and in vivo are key to identifying the function 

of Pcdh19 during neuronal development 

This study has developed an ex vivo NSPC model of PCDH19-FE, to identify changes at the 

cellular level. These identified cellular changes can direct further investigation into the 

underlying mechanisms of in vivo neuronal development, which could be contributing to the 

pathogenesis of the disorder. However, if the changes at the cellular level can also be identified 

in the context of the mouse brain (in vivo) then this would provide further support for 

mechanisms occurring in the PCDH19-FE individual brain. Given this rationale, the microarray 

data from the PCDH19-FE NSPC experiment was compared to microarray data from the 

Pcdh19 knockout mouse hippocampus (Data supplied from Professor Paul Thomas, The 

University of Adelaide). There were very few overlapping genes identified which is not 

surprising given the two different contexts (Brain lysate Vs cells in culture) and different cell 

types (mixture of mature hippocampal cells vs cortical NSPC and immature differentiated 

cells). One gene was identified as deregulated between WT and Mosaic (Het), Fas apoptotic 

inhibitory molecule 2 (Faim2), it is a membrane associated protein predominately expressed in 

the brain in the cortex, cerebellum and hippocampus and in the spinal cord and retina 

(Fernandez et al. 2007). It has been shown to protect cortical neurons from Fas-induced cell 

death, possibly through modulation of calcium signals (Planells-Ferrer et al. 2016). It also has 

apoptotic independent functions, with roles in regulating axonal growth, neural differentiation 

and neural plasticity (Merianda et al. 2013, Tauber et al. 2014, Planells-Ferrer et al. 2016). The 

rat homolog Neural membrane protein 35 (NMP35) is expressed at high levels in dendrites and 

co-localises with the glutamate receptor 2 (GluR2), at postsynaptic densities of some 

hippocampal neurons, supporting a role for Faim2 in synaptogenesis and neurotransmission. 

Since this gene is only deregulated between WT and Mosaic (Hets) it is possible that changes 

in neuronal cell number through its anti-apoptotic functions could lead to neuronal imbalance 

in the patient brain leading to the seizure phenotype. Although, analysis of the Pcdh19 KO 

mouse has not revealed any changes in cell density suggesting that there is not an increase in 

cell death (Pederick et al. 2016). Additionally, localisation with GluR2 suggests it could be 

modulating the development of excitatory synapses, therefore alterations caused by mosaic 

expression of Pcdh19 could be leading to changes in Faim2 expression reflective of 

deregulation of the number of excitatory synapses resulting in seizures. This is interesting as 

the transcriptome analysis in the PCDH19-FE model implicated deregulation of the inhibitory 

synapses through changes in gamma-aminobutyric acid type A receptor alpha3 subunit 
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(GABRA3) in the mosaic population across differentiation. It is possible that Pcdh19 is 

important for regulating the assembly of both inhibitory and excitatory synapses, similar to 

Pcdh17 which was observed localised at perisynaptic inhibitory and excitatory sites in basal 

ganglia (Hoshina et al. 2013). Conditional knockout of N-cadherin in hippocampal excitatory 

neurons has shown that in the adult brain N-cadherin is required to regulate both inhibitory and 

excitatory synapses, with loss of N-cadherin resulting in decreased GluR2/Psd-95 expression 

and increased GABAergic synaptic densities (Nikitczuk et al. 2014). Therefore, Pcdh19 could 

be regulating the maintenance of inhibitory and excitatory synapses through an N-

cadherin/Pcdh19 complex. More in-depth analysis of the number of inhibitory and excitatory 

synapses in the Pcdh19+/- mouse brain is required to identify if there is a change in regulation 

of these synapses attributed to the mosaic expression of Pcdh19.  

3.4 Chapter conclusions 

Using the Pcdh19 KO mouse model, an ex vivo model of PCDH19-FE was established 

employing neurosphere cultures. Using this model, it was identified that Pcdh19 has important 

functional roles as a negative regulator of both neurogenesis and neuronal migration. Pcdh19 

was not found to have a significant effect on NSPC self-renewal or proliferation. The mosaic 

cultures did not influence the cell intrinsic behaviours of Pcdh19 WT and Pcdh19 KO cells, 

with cell autonomous effects observed. This differs from the PCDH19-FE phenotype where the 

mosaic population of PCDH19 WT and PCDH19 KO (Mutant), leads to pathogenesis of this 

disorder. It is possible that the cell intrinsic, (or non-cell intrinsic) effects of the mosaic cell 

populations occurs later on in development, for example affecting processes such as neuronal 

maturation and neuronal network formation including synaptogenesis and axonal bundling This 

hypothesis will require further investigation. Alternatively, the assays used may not have been 

adequate to identify the key altered behaviours and further analysis would be required in a more 

targeted biological assay. Associated with these cellular phenotypes, transcriptional analysis 

only identified a subtle effect on the transcriptional profile of these cultures. Given Pcdh19 is a 

cell membrane protein and not a transcriptions factor, highly significant changes in gene 

expression were not expected. In the human situation, both the PCDH19 WT and PCDH19 KO 

(Mutant), present as normal which could also explain the lack of major expression differences. 

Principal component analysis, revealed that the three genotypes (Pcdh19 WT, Pcdh19 KO and 

Mosaic) clustered together in the neurosphere population but separated in the differentiated 

neurospheres, supporting that during neuronal differentiation subtle differences are beginning 

to accumulate between genotypes. Using relaxed criteria to generate deregulated gene lists it 

was identified that Pcdh19 influences multiple genes and gene networks involved in neuronal 

development, in particular genes involved in regulation of the actin cytoskeleton via Rho 
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GTPases, which could underlie its cellular roles. Deregulated genes between KO and WT 

further suggested that Pcdh19 may function similar to Pcdh17 in neuronal maturation and 

function, including axonal fasciculation and synaptogenesis, however different experimental 

models are required to functionally test.  Several deregulated genes in the mosaic cultures have 

known associations with epileptic disorders and should also be prioritised for further studies. 

Likewise, comparisons with transcriptional changes from the Pcdh19 KO mouse hippocampus 

identified three genes deregulated in both models warranting further investigation in future 

endeavours. Given the Pcdh19 KO mouse model does not recapitulate the phenotype associated 

with PCDH19-FE, with Pcdh19+/- mice not having an epilepsy phenotype, it highlights the need 

for a human model of PCDH19-FE. Human induced pluripotent stem cells provide a model 

system to re-create neuronal development to look at the role of patient mutations on 

development and functioning of the human cortex. Generation of PCDH19-FE hiPSCs may 

therefore be a more appropriate technology to employ to identify the role of PCDH19 in 

neuronal development and identify if cellular interference is contributing to the pathogenesis of 

PCDH19-FE.   
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4.1 Introduction 

The Pcdh19 KO mouse model does not have an epilepsy phenotype and no gross phenotypic 

abnormalities were observed (Pederick et al. 2016). Cellular assays using the mouse NSPCs 

(chapter 3) did not identify any additional/differing phenotypes in the mosaic population of 

cells which is predicted to underlie the pathogenesis of PCDH19-FE. This discrepancy between 

the Pcdh19 KO mouse and the human phenotype, highlights the need for a human model of the 

disorder. hiPSCs have been used to model numerous neurodevelopmental disorders but have 

not yet been generated for individuals with PCDH19-FE. The generation of PCDH19-FE 

hiPSCs would provide a valuable resource to discover the mechanisms underlying the 

pathogenesis of PCDH19-FE. 

 

4.1.1. Early stem cell states during development 

Stem cells are clonogenic cells which have the ability to self-renew indefinitely in an 

undifferentiated state. They also have the ability to differentiate into other cell types 

(multipotency). In the case of a pluripotent stem cell, the differentiation potential includes cells 

of the entire embryo proper and adult organism (Weissman et al. 2001, Martinez-Morales et al. 

2012). The first in vivo stem cells of development are the totipotent cells of the zygote and the 

early cleavage-stage blastomeres. Totipotent stem cells give rise to all cells of the embryo 

including extra-embryonic and placental cells, as such they are capable of independently 

generating an entire organism (Condic 2014). As development progresses past the 8-cell stage, 

the cells of the blastomere gradually lose their totipotency. This coincides with specialisation 

and differentiation of early embryonic cells into the first two lineages; the inner cell mass (ICM) 

giving rise to the fetus and the trophectoderm, an outer layer of cells destined to an extra-

embryonic fate (Mitalipov et al. 2009). The first pluripotent cells reside within the ICM of the 

blastocyst. These pluripotent stem cells (PSCs) are able to give rise to any fetal or adult cell 

type. However, unlike the totipotent cells, PSCs are unable to generate extra-embryonic tissues 

including the trophoblast and do not have the ability to independently give rise to an entire 

organism as they lack the potential to organise into an embryo (Mitalipov and Wolf 2009). 

Within the ICM, at the pre-implantation stage of development (the late blastocyst stage), the 

cells are further divided into two different lineages; the epiblast cells and the primitive 

endoderm.  The epiblast is composed of the pluripotent cells which will give rise to the majority 

of the fetus. At this stage the cells of the epiblast enter a developmental ‘ground state’ and are 

the origin of all embryonic lineages (Hackett et al. 2014)(Figure 4.1A and B). The ground state 

is characterised by uniform expression of pluripotency markers, reactivation of the paternal X-
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chromosome in female embryos and global DNA hypomethylation (Hackett and Surani 2014). 

Ground state epiblast cells are considered to be in a ‘naïve’ state of pluripotency with unbiased 

developmental potential. This naïve state of pluripotency is only transient during development 

with the onset of post-implantation development, inductive stimuli prompt the epiblast cells to 

transit to a ‘primed’ state of pluripotency. These ‘primed’ pluripotent cells are poised to initiate 

linage-specific commitment and are epigenetically restricted (Hackett and Surani 2014). A 

defining feature of ‘primed’ epiblast cells is that the cells have now undergone X-inactivation 

(Gardner et al. 1985). The difference between these two states of pluripotency have been well 

characterised in mouse studies. Naïve pluripotent stem cells isolated from the ICM of the mouse 

pre-implantation blastocyst an grown in vitro, rely on Leukaemia inhibitory factor (LIF) and 

bone morphogenetic protein (BMP) signalling to maintain pluripotency and can be maintained 

as single cells (Evans et al. 1981). In contrast, ‘primed’ pluripotent stem cells have been isolated 

from the mouse post-implantation epiblast (Figure 4.1A and B). These ‘primed’ state cells 

require FGF and Activin signalling to maintain pluripotency in vitro and are unable to be 

propagated as single cells (Brons et al. 2007, Davidson et al. 2015).  Differences are also 

observed in the developmental potential of these two pluripotent stem cell states. A single pre-

implantation epiblast cell isolated and microinjected into a mouse blastocyst is able the give 

rise to all lineages, generating chimeric animals (Bradley et al. 1984). Therefore these cells 

represent, functionally, a ground state. Cells isolated from the post-implantation epiblast, failed 

to successfully generate chimeric animals when microinjected into the pre-implantation embryo 

further supporting a ‘primed’ state of pluripotency in these cells (Tesar et al. 2007) 
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Figure 4.1 Pluripotent stem cells during development.  A) Shown is the human pre-

implantation blastocyst and the post-implantation blastocyst during development.  The 

blastocyst is composed of the inner cell mass (ICM) which is further divided into the epiblast 

and primitive endoderm and the trophoblast which gives rise to the extra-embryonic tissue. The 

pre- and post-implantation blastocyst represents two different states of pluripotency during 

development; the ground state and the primed state, respectively. Image from Rossant et al. 

2008. B) Ground state pluripotency is established in the mature pre-implantation blastocyst. 

Cells can be isolated from the epiblast of ICM and grown in vitro as ESCs. After implantation 

the pluripotent cells of the epiblast become primed for lineage-specification and commitment 

through signals from the extra-embryonic tissue. The pluripotent cells now represent a primed 

state of pluripotency. Epiblast stem cells (EpiSC) can be isolated and grown in vitro from mice 

and respond to FGF and Activin to maintain pluripotency. These EpiSCs are similar to human 

ESCs in morphology and culture requirements. Reprogramming of EpiSCs by expression of 

Klf4 is required to return to ground state pluripotency. Upper images are of a mouse blastocyst 

pre- and post-implantation with the white asterisks showing the epiblast region. Lower images 

show the in vitro culture of the pluripotent cells isolated at the two different developmental 

stages. Image from Smith et al. 2009. 

4.1.2 Pluripotent stem cells in vitro 

The first described in vitro pluripotent stem cells were the embryonic stem cells (ESCs), derived 

from the inner cell mass of the blastocyst of both mouse and humans, which in mouse can give 

rise to germ-line chimeras (Evans and Kaufman 1981, Thomson et al. 1998) (Figure 4.1B). In 

humans, the contribution of ESCs to the formation of chimeras is not ethically testable, instead 

pluripotency was confirmed by the formation of teratomas (Thomson et al. 1998). These human 

ESCs (hESCs) were described as; having prolonged undifferentiated division, stable 

developmental potential with the ability to generate cells of all three embryonic germ layers 

after prolonged culture, high nucleus to cytoplasm ratio, prominent nucleoli, compact colony 

morphology and could be maintained in culture for more than 8 months (Thomson et al. 1998). 

These hESCs are able to give rise to all somatic cell types of the human body through the 

process of differentiation. Although hESCs were isolated from an analogous region of the 

embryo to the mouse ESCs, there are key differences in the culture conditions required to 

maintain pluripotency (Evans and Kaufman 1981, Thomson et al. 1998).  Mouse ESCs require 

LIF for propagation and maintenance of pluripotency in culture, whereas hESCs rely on FGF 

and Activin/nodal signalling. Mouse ESCs are able to be propagated as single cells while hESCs 

require cell-cell contacts to maintain pluripotency. Human ESCs are able to differentiate to 

extra-embryonic cell lineages including trophoblast cells while mouse ESCs are not (Brons et 

al. 2007). Post-implantation epiblast-derived stem cells (EpiSCs) isolated from mice more 

closely resemble hESCs in regards to epigenetic state, gene expression, self-renewal properties, 

morphology and culture conditions (Tesar et al. 2007)(Figure 4.1B). The similarities between 

mouse EpiSCs and hESCs has led to the proposal that hESCs are equivalent to the early post-

implantation epiblast rather than the pluripotent cells of the pre-implantation ICM (Rossant 
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2008). As such human ESCs represent a ‘primed’ state of pluripotency whereas mouse ESCs 

capture the ‘naïve’ ground state of pluripotency as discussed above. 

 

The establishment of directed differentiation methods has facilitated the use of hESCs to 

investigate the development and function of lineage-restricted cell types including 

cardiomyocytes (Vidarsson et al. 2010), neuronal cells (Nayler et al. 2012) and skeletal muscle 

cells (Xie et al. 2007). Thereby, the isolation of hESCs has provided a valuable tool to study 

developmental events, which are unable to be studied in the intact human embryo. In particular 

hESCs provide a tool to study areas of development and/or tissues where human and mice 

differ, making the commonly used mouse models limited. The isolation of hESCs provides a 

powerful model to investigate both human development and disease however there is a number 

of ethical issues associated with their derivation from human embryos. Furthermore their 

application to cell therapy endeavours, such as transplantation into human hosts is limited by 

antigenic rejection. The use of autologous stem cells derived from somatic tissue would 

circumvent these issues. This idea became a reality in 2006 with the discovery of a key set of 

genes required to reprogram somatic cells back to a pluripotent state (Takahashi et al. 2006).  

The ability of somatic cells to be reprogrammed had been previously demonstrated by both the 

transfer of somatic cell nuclear contents into oocytes (Wilmut et al. 1997) and somatic cell 

fusion with hESCs (Cowan et al. 2005). These experiments suggested that both unfertilised 

eggs and hESCs contained factors capable of conferring pluripotency onto somatic cells. 

Takahashi and colleagues hypothesised that genes required for maintaining pluripotency in 

ESCs would also be the genes crucial for reprogramming somatic cells.  They were able to 

identify from a panel of 24 candidate pluripotency genes a set of four key genes required to 

maintain cells in a pluripotent state. Forced expression of these four key genes in mouse somatic 

cells generated ES-like cells termed induced pluripotent stem cells (iPSC). These iPSCs shared 

many similarities with ESCs including morphology, growth characteristics, gene expression, 

high telomerase activity and the ability to differentiate into cells of all three germ layers 

(Takahashi and Yamanaka 2006). Pluripotency was confirmed by microinjection of iPSCs into 

the mouse blastocyst resulting in the formation of chimeric mice, showing germ-line 

competency of iPSCs (Takahashi and Yamanaka 2006, Okita et al. 2007). 

4.1.3 Human induced pluripotent stem cells 

Human induced pluripotent stem cells (hiPSCs) were first generated in 2007, by retroviral 

transduction of the same four key genes required for pluripotency, termed the OSKM factors 

(OCT4, SOX2, KLF4, C-MYC), into skin fibroblasts isolated from healthy individuals 

(Takahashi et al. 2007)(Figure 4.2A). Forced expression of the OSKM factors changed the 
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epigenetic status of the differentiated cell by; activating endogenous pluripotency genes, DNA 

hyper and/or hypo-methylation of imprinted genes and chromatin reorganisation (Lewandowski 

et al. 2016). The resulting cells were epigenetically reprogrammed back to an embryonic-like 

state.  

 

Figure 4.2 Mechanisms of iPSC reprogramming.  A) Adult somatic cells are reprogrammed 

by an array of different reprogramming factors which include the OKSM factors, to a 

pluripotent cell which is then able to be differentiated to any cell type of the three embryonic 

germ layers (Adapted from Sigma-Aldrich). B) Reprogramming of the somatic cell to 

pluripotent cells via the ‘stochastic’ model, where the stochastic model proposes all cells are 

capable of being reprogrammed to iPSC but must pass a number of roadblocks which only a 

small number of cells achieve (adapted from Takahashi and Yamanaka 2016 ). C) The 

stochastic model dictates that reprogramming stages may or may not occur, and transitions 

between different states will vary resulting in generation of iPSCs at variable latencies (from 

Takahashi and Yamanaka 2016 ). D) Reprogramming occurs in two key stages; in the somatic 

cell, somatic genes are activated (green) and pluripotency associated genes (PAG) are silenced 

(orange). In the early phase of reprogramming the reprogramming factors, OSKM, bind to 

promoters and enhancers of somatic genes and early PAG but cannot access the loci of late 

PAG. In the late phase of reprogramming the OSKM can now access the late PAG and activate 
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their expression. In the iPSCs the somatic genes are no longer expressed and both early and late 

PAG are activated and expression of exogenous OSKM factors are no longer required (adapted 

from Takahashi and Yamanaka 2016) 

4.1.3.1  iPSC reprogramming methodologies 

The original methods of reprogramming used viral-delivery systems of the pluripotency genes, 

including retroviral and lentiviral systems (Takahashi et al. 2007, Zhao et al. 2008). The use of 

viral-delivery methods resulted in high reprogramming efficiency but was also associated with 

variability in random integration of the transgenes into the iPSC genome and exogenous 

sequences remaining in the genome with variability in transgene silencing (Weltner et al. 2012, 

Hu 2014). Such integration of transgenes was considered to have potentially negative 

consequences if the cells were to be used for cellular therapies (i.e. being target by host’s 

immune system) or potentially leading to e.g. cancer. In particular C-MYC and KLF4 are known 

oncogenes, which re-activation could potentially result in tumorigenesis (Okita et al. 2011). 

Even in in vitro studies, random integration and potential reactivation of transgenes, could lead 

to confounding cellular effects which could hinder resolution of disease-relevant cellular 

phenotypes. To overcome these issues there has been an intense focus on the derivation of new 

techniques to generate high quality hiPSCs.  Such hiPSCs generated by non-integrating 

technologies could be used for wider clinical and research applications.  Whilst also addressing 

optimal expression of reprogramming factors, alternative sources of patient cells and overall 

improvement of reprogramming efficiency was investigated (Lewandowski and Kurpisz 2016). 

One example of non-viral integration-free vectors employs episomal reprogramming vectors. 

iPSCs can be generated using the oriP/EBNA1 (Epstein-Barr nuclear antigen-1)–based 

episomal vectors delivery system which are completely free of vector and transgene integration 

(Yu et al. 2009). These vectors are transiently transfected into somatic cells, and because they 

do not integrate into the host cell genome, are diluted and eventually removed from the cells 

through cell division at a rate of ~5% per division (Yates et al. 1991, Yu et al. 2011). Only a 

single transfection was required to reprogram to iPSCs using these episomal vectors. The caveat 

to this method is the efficiency of episomal reprogramming of human fibroblasts is relatively 

low (Yu et al. 2009). Since this study new reprogramming technologies have continued to be 

developed including RNA-based reprogramming (where synthetically transcribed mRNAs are 

delivered to the cell) (Warren et al. 2010), small-molecule methodology (where seven small 

molecule compounds are sufficient to reprogram the cells) (Hou et al. 2013), Sendai virus 

(which introduces negative-sense single stranded RNA into the cytoplasm precluding genomic 

insertion) (Fusaki et al. 2009) and the development of cell-permeable recombinant proteins 

(which can penetrate the cells with proteins of the four key pluripotency genes) (Kim et al. 

2009). The newly developed reprogramming technologies all feature non-integrating 
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mechanisms and have improved reprogramming efficiency, thus advancing the use of hiPSC 

technology for regenerative medicine, disease modelling and drug discovery.  

4.1.3.2  iPSC reprogramming mechanisms 

Along with improvement of reprogramming technology much research has also focused on 

trying to understand the mechanisms of somatic cell reprogramming. These mechanisms are 

still poorly understood however several recent studies have provided insight into this process. 

A ‘stochastic’ model of reprogramming has been proposed to explain the low efficiency of 

iPSC reprogramming (Figure 4.2B)(Takahashi et al. 2016). It is now widely accepted that the 

low reprogramming efficiency is due to the fact that most cells never complete the 

reprogramming process. The stochastic model postulates that all cells are equally suited for 

reprogramming, but must pass a number of key events either in parallel or sequentially to 

become iPSCs (Takahashi and Yamanaka 2016). The low probability of completing all 

necessary reprogramming events combined with the cells having to overcome particular 

roadblocks in the process results in the low number of somatic cells completing the 

reprogramming process. In the early stages of reprogramming cells acquire morphological 

changes, turn off expression of the somatic genes, activate expression of early pluripotency 

genes, undergo mesenchymal-to-epithelial transition and change from oxidative 

phosphorylation to glycolysis mediated metabolism (Mikkelsen et al. 2008, Samavarchi-

Tehrani et al. 2010, Panopoulos et al. 2012, Smith et al. 2016). At the same time the cells must 

overcome the roadblocks of oncogene-induced senescence, DNA damage and apoptosis to 

progress in the reprogramming process (Banito et al. 2009, Marion et al. 2009, Utikal et al. 

2009). These cells are considered partially reprogrammed. During the later stages of 

reprogramming late-pluripotency genes are activated, developmental genes are repressed and 

their promoter regions acquire bivalent trimethylation of histone 3 Lys4 (H3K4) and H3K27 

important for regulation of gene transcription (Deng et al. 2009, Polo et al. 2012, Takahashi 

and Yamanaka 2016). All of these events are required to complete the reprogramming process. 

The stochastic model predicts that these events may or may not occur and transitions between 

the different stages is highly variable therefore resulting in iPSCs appearing at different times 

in culture and it being impossible to predict which somatic cells will be reprogrammed (Figure 

4.2C and D). As a result, colonies require rigorous screening to ensure complete reprogramming 

to a pluripotent stem cell and not just partial reprogramming. 

4.1.4 Human induced pluripotent stem cells to model neurodevelopmental disorders 

Advances in iPSC technology and the ability to generate functional disease-relevant cell types 

from hiPSCs holds great potential for the study of human disorders. In particular the study of 
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neurodevelopmental disorders, is greatly benefited, given neurological tissue is usually 

unattainable except post-mortem which represents the end-point of a disease. Many protocols 

have been successfully developed and optimised to model CNS development in vitro using 

neural directed differentiation of hiPSC and hESCs, (Shi et al. 2012a, Kim et al. 2014, Baarine 

et al. 2015).  Patient hiPSC-derived neural cells, including specific neuronal and glial cell types, 

are able to recapitulate disease phenotypes (both developmental and cellular aspects) and thus 

provide insight into disease pathogenesis and provide a platform for development of drug 

screening strategies (Liu et al. 2013). hiPSCs have been successfully used to model many 

neurodevelopmental disorders including epileptic syndromes, DS, ASD, schizophrenia, Fragile 

X syndrome, Down syndrome and Prader-Willi syndrome among others (Liu et al. 2013, Jang 

et al. 2014, Kim et al. 2014).  

 

Of particular interest to the studies of PCDH19-FE is the use of hiPSC technology to model 

other X-linked neurological disorders. Rett syndrome, which primarily affects females, has 

been shown to be caused by mutations in the X-linked gene methyl-CpG binding protein 2 

(MECP2) (Amir et al. 1999).   MECP2 is subjected to random X-inactivation leading to a 

mosaic population of MeCP2 mutant and WT expressing cells in the brain, the same as is 

observed in PCDH19-FE. However unlike PCDH19-FE, MECP2 mutations are lethal in males. 

Multiple different groups have developed hiPSC lines from different Rett syndrome patients, 

providing important insight into the features of X-chromosome inactivation in hiPSCs derived 

from females. These studies revealed that most female hiPSCs show post-X-chromosome 

inactivation (XCI), meaning that hiPSCs inherit the inactive X-chromosome from the founder 

somatic cells (Amenduni et al. 2011, Ananiev et al. 2011, Cheung et al. 2011). This inherited 

X-inactivation can be exploited to generate isogenic hiPSC clones that either express the WT 

X-linked gene or express mutant X-linked gene when hiPSCs are generated from female patient 

fibroblasts. This was indeed the case for Rett syndrome derived-hiPSCs, with female patient 

fibroblasts producing both WT and mutant MeCP2 expressing hiPSCs. The ability to compare 

the mutant hiPSCs to an isogenic control from the same individual is highly advantageous for 

analysing disease mechanisms, as it eliminates all genetic (and much epigenetic) background 

and reprogramming effects, which otherwise may affect the phenotype of the cells. The cell 

types are also more likely to respond in a similar manner to the differentiation cues as compared 

to hiPSCs from a different individual (Cheung et al. 2012). They also confer the ability to mix 

different proportions of WT and mutant hiPSC derived cells to identify the impact of variable 

skewing of X-inactivation and mosaic cell populations. Given hiPSC technology has proved 

valuable for examining the pathogenesis of human neurodevelopmental disorders and the clear 



128 

 

advantages of using these cells to model X-linked disorders as described in Rett syndrome, this 

study aimed to use fibroblasts from three individuals with PCDH19-FE to generate PCDH19-

FE hiPSCs which could be used to model and investigate the cellular mechanisms underlying 

the disorder. 

4.2 Results 

4.2.1 Selection of individuals for derivation of PCDH19-FE hiPSCs 

Three individuals were selected for hiPSC generation: Two unrelated females with PCDH19-

FE (Individual 1 and Individual 2) and an unaffected transmitting male (Individual 3). Selected 

individuals details are described below and summarised in Figure 4.3.  

 

Individual 1 is a female with a missense mutation in PCDH19 at nucleotide c.1129 

(NM_001105243.1); c.1129G>C, p.Asn377His. This mutation arose de novo in the patient with 

no other affected individuals in the family. The mutation is located in exon 1 of PCDH19 in 

one of the highly conserved EC repeat domains, EC3. Due to presentation of a typical PCDH19-

FE, this missense mutation is predicted to be a loss of function mutation. Individual 1 has 

additional cognitive deficits including severe intellectual disability and autistic features.  Skin 

fibroblast biopsy was performed on individual 1 at nine years of age from which a skin 

fibroblast cell line was established and used for reprogramming to hiPSCs at passage five. 

 

Individual 2 is a female with a nonsense mutation in PCDH19 at nucleotide c.2342 

(NM_001105243.1); c.2342dupApIle781Asn fs*3. The resulting premature termination codon 

(PTC) containing PCDH19 mRNA is subject to NMD and as such loss of function effect 

(Dibbens et al. 2008). This mutation is located in exon three of PCDH19 in the cytoplasmic 

domain of PCDH19, which is not conserved among the different members of the protocadherin 

family. This mutation arose de novo in the patient with no other affected family members. 

Individual 2 was 11 months of age at time of skin biopsy and fibroblast cell line set up for 

hiPSC generation. At this age it was not obvious if she suffered intellectual disability. 

Reprogramming occurred at passage five of her skin fibroblast culture. 

 

Individual 3 is a transmitting male with a missense mutation in PCDH19 at nucleotide c.1671 

(NM_001105243.1); c.1671C>G pAsn557Lys. As with individual 1 this mutation is expected 

to lead to loss of function of the PCDH19 protein and is located in exon one, EC5. The mutation 

was inherited by this individual’s daughter whom is affected with PCDH19-FE. The daughter 

also has ASD.  Individual 3 appears normal with no seizures and no cognitive dysfunction 
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identified. Skin fibroblasts were extracted from a biopsy at the age of 54 years. Reprogramming 

occurred at passage 11 of skin fibroblast culture. 

 

Figure 4.3 Individuals with pathogenic PCDH19 mutations used for generation of induced 

pluripotent stem cells. A) Selected individuals and mutation details. Individual 3 is a 

transmitting male and asymptomatic. His affected daughter whom inherited the mutation from 

individual 3 has PCDH19-FE and Autism spectrum disorder (ASD). B) Inheritance pedigree of 

individual 3 (transmitting male). C)  Schematic of PCDH19 protein and exons with position of 

PCDH19-FE mutations relevant to hiPSC generation in this study. 

4.2.2 PCDH19 expression is very low in patient fibroblasts 

Different cell types were screened for high levels of PCDH19 expression to determine which 

cells could be utilised to identify the underlying mechanisms of PCDH19-FE. The level of 

PCDH19 expression in the patient fibroblasts was identified by RT-qPCR (Figure 4.4). 

Expression was normalised to the control gene Actin Beta (ACTB1). Expression was analysed 

relative to a control hiPSC line (C11) which was set at 100%. Expression in all three 

individual’s skin fibroblast lines was very low compared to hiPSCs with expression in 

individual 1 at 0.49%, individual 2 at 0.23% and individual 3 at 0.82%. The control (or 

PCDH19 WT) fibroblasts also showed very low PCDH19 expression at 0.65%. The level of 
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PCDH19 in hiPSCs was similar to the expression in neurons generated from the human NPC 

line, RENcell©VM (ReNVM) differentiated for 14 days (100% and 109.91%, respectively). 

Highest expression of PCDH19 was observed in the NPCs, ReNVM (134%). Albeit low, the 

expression of PCDH19 in the patient fibroblasts allowed basic characterisation of the effect of 

at least some PCDH19 mutations, i.e. the PTC mutation. However, in order to define the 

underlying disease mechanism of PCDH19-FE we desired a neuronal cell type, and thus sought 

to derive hiPSC from the skin cells. 

 

Figure 4.4 Expression of PCDH19 mRNA in PCDH19-FE individuals, patient and 

neuronal cell lines.  Quantitative real-time PCR (RT-qPCR) of PCDH19 mRNA expression in 

a panel of human cell types. Expression was normalised to the housekeeping gene ACTB and 

graph values show expression relative to control hiPSCs with error bars the SEM. n=1. 

Lymphoblastoid cell line (LCL). 

 

4.2.3 Reprogramming of patient fibroblasts into hiPSCs 

Human primary skin fibroblasts were isolated from skin punches from the three individuals (see 

above) for reprogramming. StemCore (QLD, Australia) was contracted to perform the 

reprogramming experiments. Prior to reprogramming the X-inactivation status of the fibroblasts 

cultures was confirmed with both cultures of females showing random X-inactivation using the 

human androgen receptor X-chromosome inactivation assay (HUMARA)(Table 4.1). During 

hiPSC reprogramming, hiPSC cells have been shown to retain the inactive X-chromosome from 

parental somatic cells (Tchieu et al. 2010).  As such it should be possible to generate hiPSCs 

with either X-chromosome active, given the approximately equal presence of both fibroblast 

cell types (WT or Mutant X-chromosome). Patient fibroblasts were originally seeded at a 

density of 0.5x106/75 cm2 and harvested three days post seeding for reprogramming (Individual 
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1=3x106cells, Individual 2=3x106 cells and Individual 3=1.1x106 cells). Individual 3 had 

reduced cell numbers suggesting slower growth characteristics. Fibroblasts were reprogrammed 

into clonal hiPSCs using non-integrative episomal reprogramming vectors expressing OCT4, 

c-MYC, SOX2, NANOG, LIN28, SV40LT and KLF4, encoded across two vectors 

simultaneously nucleofected into the fibroblasts (Figure 4.5A and B) (Yu et al. 2009). 

Derivation of hiPSCs using episomal vectors results in hiPSC which are completely free of 

vector and transgene sequences, meaning integrations sites do not need to be considered (Yu et 

al. 2009). After nucleofection, fibroblasts were cultured under hiPSC culture conditions to 

favour selection and growth of pluripotent-like cells, which morphologically resemble hiPSC 

(e.g. with large nucleus to cytoplasm ratio, compact colony appearance and prominent nucleoli) 

(Figure 4.5B and 3C). Cells were plated post-nucleofection with half incubated at low oxygen 

(5% O2) and the other half at atmospheric oxygen conditions. This was done as oxygen 

concentrations have previously been shown to impact reprogramming efficiency and can affect 

the X-inactivation status of the cells (Lengner et al.).   These cells were further propagated and 

classified as putative hiPSCs based on the ability to proliferate, re-form colonies following 

passaging, and expression of Tra-1-60 (as assessed via immunostaining). At this stage putative 

hiPSCs were screened for expression of either the WT or Mutant PCDH19 allele before being 

fully validated as hiPSCs.  

 

Sample 

Fibroblasts 

Undigested 

gDNA 

Digested 

gDNA 

Intensity 

undigested 

peak 1 

Intensity 

undigested 

peak 2 

Intensity 

digested 

peak 1 

Intensity 

digested 

peak 2 

% 

Skewing 

Individual 1 2 peaks 2 peaks 46046 60068 17915 9993 29.952 

Individual 2 2 peaks 2 peaks 19092 21539 13791 16261 51.104 

Table 4.1: HUMARA assay of Individual 1 and Individual 2 fibroblasts 
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Figure 4.5 Experimental approach for the generation of PCDH19-FE hiPSCs.  A) 

Schematic representing the reprogramming of PCDH19-FE fibroblasts into validated hiPSCs 

B) Plasmids used for episomal reprogramming featuring cassettes driving expression of 

OCT4, SOX2, NANOG, LIN28, c-Myc, KLF4, and SV40LT pluripotency genes (Addgene, Yu 

et al. 2009). C) Representative brightfield image of a putative hiPSC colony with characteristic 

hiPSC morphology (4x magnification). 
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4.2.4 Optimisation of screening for the active X-chromosome in putative hiPSCs 

Female hiPSCs have been shown to carry an inactive X-chromosome, which is different to 

mouse PSCs that harbour two active X-chromosomes (and only undergo X-inactivation upon 

differentiation) (Tchieu et al. 2010). For the female putative hiPSC clones (Individual 1 and 

Individual 2) it needed to be determined if the X-chromosome harbouring the PCDH19 WT 

allele, or the X-chromosome harbouring the PCDH19 Mutant allele was active (Figure 4.6).  

Three approaches were designed and undertaken to test for this; Allele-specific PCR (ASP), the 

human androgen receptor X-chromosome inactivation assay (HUMARA) and Sanger 

sequencing of the active PCDH19 allele across the region harbouring the mutation (Figure 4.7).  

 

Figure 4.6: Schematic representation of generation and validation of female and male 

hiPSCs when interested in the X-chromosome gene PCDH19.  The black box around the 

putative hiPSCs indicates the point at which further analysis is required to identify which X-

chromosome is active. Analysis includes Androgen receptor X-inactivation testing, Allele-

specific PCR and Sanger sequencing. Red indicates that the cell is expressing the X-

chromosome harbouring the PCDH19 Mutant allele and green indicates the X-chromosome 

harbouring the PCDH19 WT allele is being expressed. 
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Figure 4.7 Detection of the active X-chromosome in PCDH19-FE putative hiPSC clones. 
PCDH19-FE putative hiPSC clones retain the active X-chromosome from the reprogrammed 

fibroblast cells. Due to PCDH19 be subjected to random X-inactivation the hiPSC clones can 

either express the X-chromosome harbouring the PCDH19 WT allele (A) or the X-chromosome 

harbouring the PCDH19 mutant allele (B). Step 1: The presence of one active X-chromosome 

can be detected at the gDNA level using the HUMARA assay. A schematic representing the 

Androgen receptor (AR) locus is shown. The bold line represents the inactive X-chromosome.  

The presence of a polymorphic CAG-repeat (CAGn) in exon 1 of the AR allows the two 

different AR alleles on the maternal and paternal X-chromosome to be distinguished. This CAG 

repeat is flanked by several HpaII cleavage sites, a methylation-sensitive restriction enzyme. 

X-chromosome inactivation is associated with hypermethylation, hence HpaII will only cleave 

the active chromosome. Subsequent PCR amplification using the shown fluorescently labelled 

forward primer (AR-FP) and reverse primer (AR-RP), will only amplify a product from the 

inactive X-chromosome due to protection from HpaII cleavage. Fluorescent intensity of the 

amplified product is then detected using capillary electrophoresis and matched with DNA-size 

standards of known length to give a readout of the size of the PCR product. Once the presence 
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of only one active X-chromosome is confirmed in the putative hiPSC clones, the expressed 

PCDH19 allele can be determined using reverse transcribed mRNA (cDNA). Step 2: Allele-

specific RT-PCR was designed for both PCDH19-FE female individuals using the following 

principles; a mutant and a WT specific PCR were designed with a common reverse primer and 

two allele-specific forward primers (a WT specific primer and a mutant specific primer) which 

incorporates the position of the mutation at the 3’ end of the primer. A destabilising mismatch 

is also included within 5 bp of the 3’ end to provide specificity (Gaudet et al. 2009). Agarose 

gel electrophoresis (1%w/v) showing optimisation of the ASP for Individual 1; shows 

specificity of the mutant and WT primers, with the WT primers amplifying a 117 bp product 

from a WT cDNA template, Mutant primers amplify a 117 bp product off Individual 1 (I1) 

fibroblast cDNA with no PCR amplification when using individual 2 (I2) fibroblast cDNA 

which has a different mutation. Step 3: Expression of the PCDH19 WT or PCDH19 Mutant 

allele is distinguished by PCRs designed for each individual which amplifies across the region 

harbouring the PCDH19 mutation using hiPSC cDNA as template.  These PCR products are 

then Sanger sequenced to identify the expressed PCDH19 allele 

4.2.5 Screening of putative hiPSC clones from reprogramming experiment one 

Individual 1: After reprogramming of individual 1 fibroblasts, 24 iPS-like clones were 

identified in the cultures (14 isolated at low oxygen conditions). 13 of these clones did not have 

morphology and growth characteristics of true hiPSCs and were discarded at passage 1. Eleven 

of the iPS-like clones had morphology and growth characteristics of true hiPSCs as described 

above and were further expanded and characterised (Six isolated a low oxygen conditions). All 

11 were positive for Tra-1-60 immunostaining. X-inactivation status was then determined using 

the above described assays (Figure 4.7). The HUMARA assay showed for all clones that the 

same X-chromosome was active (Figure 4.8A). To identify if this was the X-chromosomes 

harbouring the Pcdh19 WT or the Pcdh19 Mutant allele, ASP was performed and amplified a 

product in the both the WT ASP and the mutant ASP and was considered not informative 

(Figure 4.9A and B). Sanger sequencing of the RT-PCR product of the region of PCDH19 with 

the mutation confirmed that all 11 putative hiPSC clones had the X-chromosome harbouring 

the PCDH19 WT allele active. The results for reprogramming of individual 1 fibroblasts are 

summarised in Table 4.2 

 

Individual 2: After reprogramming of individual 2 fibroblasts, 21 iPS-like clones were 

identified in the cultures (15 isolated at low oxygen conditions). Only one of these cells did not 

have morphology and growth characteristics of true hiPSCs and was discarded at passage 1. 

The other twenty were further expanded and characterised. All 20 were positive for Tra-1-60 

immunostaining. Two putative hiPSC clones were discarded at this point due to their karyotype 

showing an unbalanced material of unknown origin replacing the distal arm of one chromosome 

19; 46,XX,add(19)(q13). This was observed in all 15 cells examined for both putative hiPSC 

clones. X-inactivation status was then determined for the remaining 18 putative hiPSC clones 

using the above described assays (Figure 4.7). The HUMARA assay showed for 16 clones that 
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one X-chromosome was active (Figure 4.8B), for the remaining two putative hiPSC clones the 

other X-chromosome was active (Figure 4.8C). This suggested that both types of putative 

hiPSC clones were generated with either the X-chromosome harbouring the PCDH19 WT allele 

or the X-chromosome harbouring the PCDH19 Mutant allele active. To discriminate between 

which active X-chromosomes contained the PCDH19 WT or Mutant allele, ASP was performed 

on putative hiPSC clone cDNAs. Of the 16 clones with similar XCI pattern, ASP amplified a 

product in the WT PCR and not the mutant PCR (Figure 4.9A and B). However, the ASP was 

not informative for all clones, as PCR products were observed in both the mutant and WT ASP 

in some instances.  Furthermore, ASP was not informative on the remaining two clones with 

the other X-chromosome active. Sanger sequencing of putative hiPSC clone cDNA across the 

region of PCDH19 with the mutation identified that all 18 putative hiPSC clones had the 

PCDH19 WT X-chromosome active and none had the PCDH19 Mutant X-chromosome active 

(Figure 4.10A). This is in contradiction to the result in the HUMARA assay. Karyotyping of 

the two clones which looked to have the different X-chromosome active however identified an 

unbalance karyotype with material of unknown origin replacing the distal long arm of one 

chromosome 19; 46,XX,add(19)(q13.3) in all cells (Figure 4.10B and C). The genetic 

imbalance is trisomy of this material and monosomy of distal 19q. These clones were therefore 

discarded and further analysis to identify the active X-chromosome was not pursued. The results 

for reprogramming of individual 2 fibroblasts are summarised in Table 4.2. 

 

Individual 3: After reprogramming of individual 3 fibroblasts, 18 iPS-like clones were 

identified in the cultures (16 isolated at low oxygen conditions). None of these iPS-like clones 

displayed morphology and growth characteristics of true hiPSCs and all were discarded at 

passage one. 
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Figure 4.8 Electropherograms of Androgen Receptor PCR products before and after 

HpaII digestion of gDNA from PCDH19-FE putative hiPSC clones. Images show fragment 

analysis of PCR products measuring the fluorescent intensity of the FAM labelled PCR 

products using the HUMARA. Each image shows the undigested product with two fluorescent 

peaks representing both AR alleles (X-chromosomes) and the digested product showing one 

fluorescent peak after digestion of the active X-chromosome. A) Representative results from 

hiPSC clones generated from Individual 1 show all clones expressing the same allele (same X-

chromosome) due to the presence of the same fluorescent peak (AR allele) after digestion. B) 

and C) Representative results from hiPSC clones generated from Individual 2 show hiPSC 

clones were generated expressing the alternative allele due to the presence of different 

fluorescent peaks (AR allele) in the digested samples of the two hiPSC clones shown.   
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Figure 4.9: Allele-Specific PCR to identify the active X-chromosome in the PCDH19-FE 

putative hiPSCs. A)  Agarose gel electrophoresis (1%w/v) showing representative results for 

screening of putative hiPSC clones from both individual 1 (I1) and individual 2 (I2), with 

both amplifying a product using the WT allele-specific primers and no product using the 

mutant allele-specific primers (117bp in I1 and 226bp I2).  B) Results of screening putative 

iPSC clones from individual 1 (clones 1-3) and individual 2 (clones 1-12). DNA bands in both 

WT and mutant ASP are uninformative for which X-chromosome is active. 
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Figure 4.10 Characterisation of individual 2 putative hiPSC clones to identify if the 

Mutant X-chromosome is active in the two clones identified in the HUMARA.  A) 

Chromatogram and sequence alignments showing the Sanger sequencing products from 

amplification of cDNA from Individual 2 hiPSC putative clones all have PCDH19 WT 

sequence. The red box indicates the region where the mutation is located, (NM_001105243.1); 

c.2342dupApIle781Asn fs*3. B) Karyotyping of putative hiPSC clones showed a normal 

karyotype for confirmed PCDH19 WT expressing putative hiPSC clones. C) Unstable 

karyotype was identified from the two clones which had the different X-chromosome active in 

the HUMARA assay, with 46,XX,add(19)(q13.3) in all 15 cells analysed. 

4.2.6 Second reprogramming experiment for individual 3 

In the first reprogramming experiment, the growth characteristics of individual 3 fibroblasts 

lagged behind the other fibroblast lines (Section 4.2.3). This reduced growth kinetic was 

associated with reduced reprogramming efficiency (Section 4.2.5). To try and improve the 

reprogramming efficiency of individual 3 fibroblasts, the original seeding density of fibroblasts 

was increased to 2.5x106/75 cm2. Cell numbers at harvesting, three days post-seeding gave a 
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cell count of 4x106 cells (1.6 fold increase), showing increased plating density did not improve 

the growth kinetics of the fibroblast cells. To account for this and attempt to improve 

reprogramming efficiency the number of cells nucleofected and plating density post-

nucleofection were both increased.  Nucleofections were performed in duplicate to increase the 

number of cells which could be reprogrammed. Post-nucleofection (with reprogramming 

vectors) the fibroblasts were plated at a higher density to increase the likelihood of 

reprogramming (into 2x10 cm tissue culture dishes instead of into 3x10 cm dishes). Cells were 

also incubated at low oxygen conditions (5% O2) as in the previous reprogramming experiment 

these culture conditions yielded the highest number of putative hiPSC clones (6 for individual 

1 and 15 for individual 2). 27 iPS-like clones were identified in the culture. 23 were discarded 

after showing poor morphology and growth characteristic which were not indicative of true 

hiPSCs. The four remaining putative hiPSC clones were shown positive for Tra-1-60 

immunostaining and sanger sequencing of the X-chromosome showed the PCDH19 Mutation 

was present in three of four hiPSC clones, the fourth clone was uninformative and was discarded 

(Figure 4.11A). Karyotyping of the three putative hiPSC clones showed that two clones had a 

normal karyotype (ascertained in 15 of 15 cells analysed); 46,XY (Figure 4.11C and D). The 

third putative hiPSC clone had an unbalance karyotype with an abnormal chromosome 13, 

which has most of the long arm of a chromosome 4 attached to its short arm in all 15 cells 

analysed; 46,XY,der(13)t(4;13)(q21;p11.2). This putative hiPSC clone was discarded. The 

results of reprogramming for individual 3 are summarised in Table 4.2. 

Gender Individual Reprogrammin

g Efficiency 

# of Putative 

hiPSC clones 

Active  

X-Chromosome 

Normal Karyotype 

Female 1 . 0024% 11 11 WT 8/8 

0 Mutant - 

 
2 . 0021% 18 16 WT 4/4 

2 Mutant 0/2 

Male 3 .0018% 4 3 Mutant 2/3 

Table 4.2: Summary of PCDH19-FE reprogramming experiments 

4.2.7 Validation of hiPSC pluripotency 

To be classified as a true pluripotent stem cell, cells need to proliferate indefinitely while 

maintaining pluripotency and have the ability to differentiate into cells of all 3 embryonic germ 

layers (Takahashi and Yamanaka 2006). hiPSCs should resemble hESCs morphologically over 

several passages and express multiple markers of pluripotency. Conformation of pluripotency 
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is required for registration of new hiPSC lines  (Marti et al. 2013). Pluripotency is confirmed 

via immunocytochemistry analysis with detection of cells from all 3 embryonic germ layers. 

This must been shown both;  in vitro, via an embryoid spontaneous differentiation assay and 

through in vivo derived teratomas (Marti et al. 2013).  

 

The two putative mutant hiPSC clones from individual 3 were shown to maintain a normal 

karyotype after multiple passages (tested again after passage 6; 5 manual passages and 1 bulk 

passage) (Figure 4.11C and D). They also grew like ESCs with cells proliferating and expanding 

over unlimited passages (up to 50, clone 2). Morphologically the colonies resembled hESC 

colonies with tight borders and densely packed cells and little spontaneous differentiation. The 

cells resembled hESCs with high nucleus to cytoplasm ratio and prominent nucleoli. Using 

immunofluorescent analysis cells were confirmed to express pluripotency marker proteins; 

OCT4, NANOG, SOX2 and Tra-1-60 (Figure 4.11B). Using the in vitro spontaneous 

differentiation assay and immunofluorescent analysis both putative hiPSC clones were able to 

differentiate into cells from all 3 embryonic germ layers. Both hiPSC clone differentiations 

were positively stained for Alpha-smooth muscle actin (mesoderm marker), Nestin (ectoderm 

marker) and Alpha-fetoprotein (endoderm marker) (Figure 4.11E and F; courtesy of StemCore 

Pty Ltd). In vivo teratoma assays were also performed. Both hiPSC clones were able to form 

teratomas that contained cellular structures indicative of all 3 embryonic germ layers when 

injected subcutaneously into immunodeficient mice (Figure 4.11G and H; courtesy of 

StemCore Pty Ltd). Collectively, the hiPSC clones morphologically resembled hESCs, had a 

stable normal karyotype and could be differentiated to cells of all 3 embryonic lineages both in 

vivo and in vitro. Thus confirming that both hiPSC clones from individual 3 had the 

characteristics of a pluripotent stem cell and validating both clones as hiPSCs. 
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Figure 4.11 Validation of Individual 3 hiPSC clones. A) Sequence alignment of sanger 

sequencing results from the two Individual 3 hiPSC clones with the known PCDH19 WT 

sequence (NM_001105243.1), showing the C to G nucleotide change in position 1671 

(indicated in red) in both clones [c.1671 c.1671C>G pAsn557Lys] B) Representative 

immunofluorescence images of the individual 3 hiPSC clones stained with antibodies against 

specific pluripotency marker proteins; SOX2 (Red), NANOG (Red), OCT4 (Green), Tra-1-60 

(Green), 100x magnification. C) and D) Representative karyotyping results for both clones 

shows a normal karyotype; 46,XY in all 15 cells for each clone (courtesy of StemCore Pty Ltd). 

E) and F) Representative immunofluorescence images of spontaneous in vitro differentiation 

of hiPSC clones into mesoderm (alpha-smooth muscle actin), endoderm(Alpha-fetoprotein) and 

ectoderm(Nestin) (courtesy of StemCore Pty Ltd). G) and H) Representative images of the in 

vivo teratoma assay of individual  3 hiPSC clones showing hematoxylin and eosin (H&E) 

staining of teratoma sections indicating the presence of tissue from the three embryonic germ 

layers mesoderm (hyaline cartilage), endoderm (columnar epithelium) and ectoderm 

(pigmented neural epithelium) (courtesy of StemCore Pty Ltd). 
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4.3 Discussion 

4.3.1 Selection of PCDH19-FE individuals for hiPSC generation to cover the 

spectrum of PCDH19 pathogenic mutations 

Three individuals were selected with different mutations in PCDH19 for generation of hiPSCs 

from skin fibroblasts. There are over 100 different mutations which have been identified to 

cause PCDH19-FE (Depienne et al. 2012, Duszyc et al. 2015). A spectrum of different 

mutations types have been identified including missense, nonsense, splicing and small 

deletions/insertions with mutations observed across the whole length of the gene (Depienne and 

LeGuern 2012). The three individuals were carefully selected based on having mutations in 

different regions of the gene and different types of mutations in order to best represent the 

spectrum of pathogenic mutations identified to cause PCDH19-FE (Duszyc et al. 2015). 

Individuals 1 and 3 have mutations in the highly conserved EC repeat region of the protein. 

This is the region of the protein most commonly mutated with >90% of all PCDH19-FE causing 

mutations found in this region (Duszyc et al. 2015). The mutations in individual 1 and 3 are 

both missense mutations, with pathogenic missense mutations only ever found in the 

extracellular domain of the protein and never in the cytoplasmic region suggesting the 

conserved extracellular domain is crucial for PCDH19 function (van Harssel et al. 2013). 

Additionally, 49% of all reported PCDH19 pathogenic mutations in the literature are missense 

mutations, suggesting a large contribution of this mutation type to PCDH19-FE (van Harssel et 

al. 2013). Therefore, individuals 1 and 3 were selected as theses mutations represent the most 

common identified pathogenic mutation type in PCDH19-FE. Generation of hiPSCs from these 

two individuals can provide insight into the functions of PCDH19 likely to contribute to the 

pathogenesis of PCDH19-FE, in particular crucial functions mediated through the highly 

conserved extracellular domain of the protein. Individual 2 was chosen as they have a mutation 

in the cytoplasmic domain of the protein, in a region not conserved with other members of the 

non-clustered protocadherin family (Kim et al. 2011). The pathogenic mutation in individual 2 

is a nonsense mutation, resulting in suspected loss of the protein through NMD, as has been 

shown for other nonsense mutations in PCDH19, resulting in loss of PCDH19 function 

(Dibbens et al. 2008). As such individual 2 represents a rare pathogenic mutation in PCDH19-

FE, which has loss of the protein through NMD. Generation of hiPSCs for this individual would 

provide evidence for the effect of total loss of PCDH19 protein function and how this 

contributes to the pathogenesis of PCDH19-FE in comparison to disruption of just the 

extracellular domain (Individuals 1 and 3).  Additionally, both male and females were selected 

for reprogramming as PCDH19 is an X-chromosome gene, with PCDH19-FE mainly affecting 
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females. Generation of hiPSC from both genders would enable investigation of the sex-specific 

environment of the function of PCDH19. Previous studies of PCDH19-FE patient fibroblasts 

from female patients, have shown there is dysregulation of gender biased genes, suggesting sex-

specific effects of PCDH19 (Tan et al. 2015).  

4.3.2 The PCDH19 WT X-chromosome is dominant during fibroblast 

reprogramming to hiPSCs 

An episomal reprogramming method was used in this study to generate hiPSCs in order to avoid 

integration of transgenes into the hiPSC genome (Yu et al. 2009). Using this method and 

subsequent culture conditions (see methods chapter Section 2.1) it was found that the isolated 

putative hiPSC clones had an inactive X-chromosome suggesting in this study primed hiPSCs 

were generated (see section 4.1.1). During reprogramming of human somatic cells to hiPSCs 

there has been considerable conflicting evidence as to the X-inactivation status of the cells. 

Mouse iPSCs and mouse ESCs have two active X-chromosomes, resembling cells derived at 

an early embryonic stage from the inner cell mass of the embryo (Stadtfeld et al. 2008, 

Dandulakis et al. 2016). While hiPSCs have a much more variable X-inactivation status with 

some studies showing the inactive X-chromosome from the founder somatic cell is retained 

(Tchieu et al. 2010), while others have shown similar to mouse iPSCs re-activation of the 

inactive X-chromosome (XCR) during reprogramming (Marchetto et al. 2010). This 

phenomenon appears to be dependent on reprogramming and growth conditions and the 

pluripotent state of the hiPSCs (Barakat et al. 2015). Although both considered pluripotent, 

there are two different types (or states) of pluripotent stem cells, the ‘naïve hiPSC’ and the 

‘primed hiPSC’. Naïve hiPSCs resemble mESCs from the inner cell mass of the blastocyst, 

having undergone XCR and featuring 2 active X-chromosomes. In these cells, XCI occurs upon 

earliest stages of differentiation. In comparison, primed hiPSC are similar to epiblast-derived 

stem cells (EiPSC), which have already undergone XCI and represent a later stage of 

development (Dandulakis et al. 2016).  Given the reprogramming and culture methods used in 

this study generated hiPSCs with only one active X-chromosome (primed hiPSCs), it was 

imperative before further use of these PCDH19-FE hiPSCs that the identification of the active 

X-chromosome be determined so as appropriate disease modelling could be undertaken. In the 

case of PCDH19-FE, the pathogenesis of the disorder is proposed to be due to a mosaic 

population of cells expressing PCDH19 WT and PCDH19 Mutant, therefore this study required 

generation of both types of hiPSC clones, i.e. clones with active X-chromosomes harbouring 

the PCDH19 WT allele, and clones with active X-chromosomes harbouring the PCDH19 

Mutant allele (Dibbens et al. 2008). Using the PCDH19-FE female patient cell lines was 

optimal for subsequent experimental investigation into the function of PCDH19, given from the 
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same patient cells both the PCDH19 WT and PCDH19 Mutant hiPSC clones could be generated 

therefore providing an isogenic control and eliminating genetic background effects (Ananiev et 

al. 2011). However, isolation of PCDH19 Mutant hiPSC clones proved to be difficult from both 

female patient cell lines, with all hiPSC clones isolated with a normal karyotype having the X-

chromosome harbouring the PCDH19 WT allele active. This suggests selection was occurring 

during reprogramming in favour of the WT X-chromosome. In support of this observation, 

using the male fibroblasts, it took two rounds of reprogramming to isolate hiPSC clones with 

the mutant X-chromosome and the reprogramming efficiency was very low with only four 

putative hiPSC clones identified in total.  This X-chromosome selection has been shown 

previously in studies generating hiPSCs from females with Rett syndrome, where they found 

skewing towards the same active X-chromosome in all hiPSC generated, in this study however 

it was the mutant X-chromosome that conferred the selective advantage (Pomp et al. 2011). 

This is not just a feature associated with reprogramming as female primary fibroblasts have 

been shown to skew towards the same active X-chromosome with prolonged culture (Pomp et 

al. 2011). In the patient fibroblast cultures, it was confirmed before reprogramming that the 

cultures were not skewed towards one active X-chromosome to allow the opportunity for both 

types of hiPSC clones to be generated. This data suggests that PCDH19 may play a role in stem 

cell pluripotency or reprogramming, whereby having a functional copy confers a selective 

advantage during reprogramming. Although it is dispensable for this process given hiPSCs were 

able to be generated from the male patient with a PCDH19 mutation although at a low 

efficiency. Further support for a role in stem cell pluripotency comes from the observed increase 

in expression of PCDH19 in WT hiPSCs (Figure 4.4) suggesting it has a functional role in this 

cell type. A recent study has shown that PCDH19 is localised at the mitotic spindle in 

proliferating hiPSCs, which they suggest could be indicative of a role of PCDH19 in regulating 

cleavage plane orientation in hiPSCs during proliferation and self-renewal (Compagnucci et al. 

2015). It was not the aim of this study to investigate the role of PCDH19 during reprogramming 

as early human embryo development occurs normally in PCDH19-FE patients, suggesting that 

PCDH19 is dispensable. This study was focused on discovering the functions of PCDH19 on 

cortical brain development and understanding the mechanism leading to the pathogenesis of 

PCDH19-FE. As a result optimisation/modification of somatic cell reprogramming was not 

undertaken to try and force generation of hiPSC clones expressing the PCDH19 Mutant X-

chromosome from the female patients.  However, the generation of hiPSC clones from the male 

patient with a PCDH19 Mutant X-chromosome suggests that future studies would be able to 

generate female hiPSCs with the PCDH19 Mutant X-chromosome active. Addition of 

exogenous telomerase during reprogramming could rescue the disadvantage conferred by the 
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dominant X-chromosome and result in the generation of isogenic hiPSC clones as was shown 

for the Rett syndrome hiPSCs where X-chromosome skewing was observed (Pomp et al. 2011). 

Another way to avoid the presence of a dominant X-chromosome would be to generate naïve 

hiPSCs with two active X-chromosomes. Recently, defined growth conditions have been 

designed to revert putative hiPSC clones back to a naïve state where the inactive X-chromosome 

is reactivated. These conditions could be used to generate female PCDH19-FE hiPSCs with two 

active X-chromosomes from the WT putative hiPSCs clones that have been generated in this 

study from individuals 1 and 2 (RSet™ Medium, STEMCELL Technologies Pty LTD.) (Gafni 

et al. 2013, Barakat et al. 2015).  The benefit of generating naïve hiPSCs from these two patients 

would be that upon cortical differentiation X-chromosome inactivation will occur which would 

recapitulate the processes of random X-inactivation that occurs during brain development in 

the patients (Marchetto et al. 2010).   

4.3.3 Generation of hiPSCs from a transmitting male with a pathogenic PCDH19 

mutation 

After two rounds of reprogramming two putative hiPSC clones were generated with a 

pathogenic PCDH19 mutation (Individual 3). Reprogramming efficiency is dependent on the 

method of reprogramming used but can also be highly variable using the same reprogramming 

method. The efficiency can be reflective of the parental cells to be reprogrammed with 

variability attributed to disease-specific mutation or the state of the original somatic cells 

(extraction/culture conditions)(Mahmoudi et al. 2012). The same reprogramming method was 

used for all three individuals, but efficiency was lower in individual 3. This is likely attributed 

to the pathogenic mutation in PCDH19 and the presence of only one X-chromosome in the 

male patient as discussed previously, however it could also be reflective of the original 

fibroblasts used for reprogramming. As described in section 4.2.3 the growth of the fibroblasts 

of individual 3 in the first round of reprogramming lagged in comparison to the female patients 

(individuals 1 and 2). It has been shown that the proliferative state of the starting somatic cell 

population can have significant effect on reprogramming, with fast cycling cells 

reprogramming more efficiently (Guo et al. 2014, Zviran et al. 2014). It is feasible that the 

growth rate of the fibroblasts in reprogramming experiment 1 contributed to the lack of hiPSC 

colonies. This slowed growth rate of the individual 3 fibroblasts could be attributed to the age 

of the patient, with the age of the donor fibroblasts having previously been shown to correlate 

with increased doubling time of fibroblasts in culture (Trokovic et al. 2015). Individual 3 was 

54 years of age when the fibroblasts were extracted whereas individuals 1 and 2 were nine years 

and 11 months old, respectively. In mice where genetic background and environment is 

controlled, it was shown that the age of the donor can result in a lower efficiency of 
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reprogramming. This is difficult to assess in the human context given the large genetic variation 

but some studies have pointed towards a lower reprogramming efficiency with age (Wang et 

al. 2011, Ohmine et al. 2012, Trokovic et al. 2015). In addition to the age of the donor, time in 

culture of the patient fibroblasts can also effect reprogramming efficiency with longer culture 

times correlating with a decreased reprogramming efficiency (Trokovic et al. 2015). Although 

the passage number of individual 3 fibroblasts was not high (passage 11) it was considerably 

higher that individuals 1 and 2 fibroblasts (passage five), which could also contribute to the 

difference in observed efficiency. To try and force reprogramming of the individual 3 

fibroblasts; the density of fibroblasts and the number of cells nucleofected was increased to try 

and maximise the number of fibroblasts taking up the episomal reprogramming vectors.  In the 

first reprogramming experiment involving individuals 1, 2 and 3, more putative hiPSC clones 

were isolated under low oxygen conditions (5% O2). It has also been shown previously that 

reprogramming is more efficient in hypoxic conditions, which is a physiologically similar 

environment to where the embryonic epiblasts reside in the developing embryo (Yoshida et al. 

2009). As a result, hypoxic conditions for reprogramming were used to try and increase the 

reprogramming efficiency.   These combined protocol adjustments were able to increase the 

reprogramming efficiency of individual 3 from 0% in reprogramming experiment one to 

0.0018% in experiment two.     

 

Development of a new hiPSC line requires detailed characterisation to confirm pluripotency (a 

fully reprogrammed state). Following stringent criteria this study was able to validate that the 

generated putative hiPSC clones were bona fide hiPSCs (Marti et al. 2013). Initially, expression 

of pluripotency marker Tra-1-60 was used to screen all putative hiPSC clones before more 

detailed analysis. Additional pluripotency markers including NANOG, OCT3/4 and SOX2 

were also confirmed to be expressed in the individual 3 hiPSCs clones.  The process of 

reprogramming has also been shown to result in genetic instability due largely to the presence 

of oncogenes used in reprogramming, C-MYC and KLF4, leading to oncogene-induced DNA 

replicative stress (Pasi et al. 2011). To ensure no chromosomal abnormalities were acquired 

through the reprogramming process karyotyping was performed and both clones were shown 

to have a normal karyotype. The final requirement to confirm the cells to be ESC-like and 

pluripotent is to show the ability of the cell to differentiate into cells of all three embryonic 

germ layers (Marti et al. 2013).  In vivo it was shown that both hiPSC clones were able to 

generate a teratoma composed of tissue of all three embryonic germ layers (mesoderm, 

ectoderm, endoderm) when injected into immunocompromised mice (Nelakanti et al. 2015). 
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Hence both clones were shown to be pluripotent and can be used in future studies to investigate 

the function of PCDH19 and the pathogenesis of PCDH19-FE. 

4.4 Chapter Conclusions 

Currently studies into the pathogenesis of PCDH19-FE have relied solely on animal models or 

non-disease affected patient cells (e.g. patient fibroblasts). Although animal models are 

essential for gaining valuable knowledge about neurological diseases there are limitations in 

the ability of these models to replicate all aspects of human neural development and 

neuropathology. This is true in the case of PCDH19-FE where the knockout mouse model does 

not have an epilepsy phenotype (Pederick et al. 2016). Derivation of hiPSCs provides the 

opportunity to use patient-specific cells for in vitro disease modelling by differentiation to 

disease-relevant cell types involved in disease pathology. PCDH19-FE is a primarily female-

specific epilepsy therefore two female patients were selected with different pathogenic 

mutations in PCDH19 for reprogramming to hiPSCs. Using female patients, it was found that 

only PCDH19-FE hiPSC with the X-chromosome harbouring the PCDH19 WT allele active 

were able to be generated suggesting a selective advantage for a functional copy of PCDH19 

during reprogramming. This selective advantage could be overcome in future studies by 

utilising culture conditions which would revert the PCDH19-FE female hiPSCs back to a naïve 

state with two active X-chromosomes. It was found that the reprogramming efficiency of the 

transmitting male fibroblasts was much lower than the female fibroblasts with the X-

chromosome harbouring the PCDH19 WT allele active (WT hiPSCs). Two independent 

reprogramming experiments were required to isolate hiPSC from the male fibroblasts. This 

points towards a functional role for PCDH19 in the pluripotent cells or the reprogramming 

process itself which could be further investigated in an additional study. This study was able to 

generate PCDH19-FE hiPSCs with a pathogenic missense mutation in PCDH19 

(PCDH19c.1671C>G/Y), from a transmitting male, which were validated to be PSCs. An isogenic 

control was unattainable for the transmitting male given the presence of only one X-

chromosome. However, given the pathogenesis of PCDH19-FE is caused by a mosaic 

population of PCDH19 WT and PCDH19 Mutant cells an isogenic control is not required to 

investigate the cellular and molecular mechanisms underlying the disorder. The PCDH19-FE 

hiPSCs can be mixed with a PCDH19 WT male hiPSC control to generate a mosaic population 

of cells hence modelling the disorder. Mosaic male patients have been identified with PCDH19-

FE (Terracciano et al. 2016) suggesting the generation of male PCDH19-FE hiPSCs will be a 

valuable tool to identify the effect of a mosaic population of cells on the pathogenesis of 

PCDH19-FE . The generation of these PCDH19-FE hiPSCs provides an unlimited resource of 

patient-specific cells which can be used in this study and future studies to identify the function 
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of PCDH19 in normal neural development and identified the pathogenic mechanisms of 

PCDH19-FE (Chapter 6).  
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Chapter Five: Development of a robust 

in vitro model of human cortical 

development  
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5.1 Introduction 

The cerebral cortex is one of the most complex biological structures with a multitude of 

different neuronal subtypes, populating different cortical areas and layers (van den Ameele et 

al. 2014). The neurons in the cortex can be broadly grouped into two categories:  the excitatory 

cortical projection neurons which comprise approximately 80% of the cortical neurons, and the 

inhibitory cortical interneurons which make up the remaining 20% of cortical neurons (Kim et 

al. 2014). Cortical neuronal number and diversity are thought to underlie the capacity for higher 

cognitive functions specific to humans (van den Ameele et al. 2014). Impairment of 

differentiation, migration and function of cortical neurons during development of the cerebral 

cortex can contribute to a multitude of neurodevelopmental disorders (Kim et al. 2014). Such 

disorders include ASD, epilepsy and ID among others (Bailey et al. 1998, Leventer et al. 2008). 

The use of small animal models to investigate disorders of cortical development has provided 

insight, but their use is limited by the comparatively simpler brain structures they feature, with 

reduced cellular diversity and complexity, gyrification and overall smaller sizes (van den 

Ameele et al. 2014, Fernandez et al. 2016). Therefore, it is imperative to also explore human-

based models which can parallel in vivo development of the human cortex. Human PSCs 

(hPSCs) are a powerful tool to model human cortical development and disorders. Early studies 

focused primarily on developing protocols for the differentiation of hPSCs into cells of the 

neural lineage. They were driven to produce specific neuronal subtypes relevant to disease 

pathologies, including the generation of dopaminergic neurons (relevant to Parkinson’s 

disease), motor neurons (relevant to amyotrophic lateral sclerosis) and striatal neurons (relevant 

to  Huntington’s disease) (Zhang et al. 2010, Sanchez-Danes et al. 2012, Alves et al. 2015). 

However, recent studies have aimed at tackling more phenotypically complex neurological 

disorders in which a particular neuronal subtype is not identified as a source of pathology, 

including ASD and schizophrenia among others (Brennand et al. 2011, Habela et al. 2016, Liu 

et al. 2016).  This has led to the development of a number of protocols aimed at generating 

hPSC-derived cortical neurons, which can be used to model early human cortical development, 

and identify cellular and molecular mechanisms underlying disorders where altered cortical 

development is implicated. These differentiation processes however do not always recapitulate 

the full diversity and temporal order of cell types generated during in vivo cortical development. 

Furthermore, protocols that have been most successful in achieving these goals, have not always 

been robustly reproducible across different hPSC cell lines and laboratories (Eiraku et al. 2008, 

Santostefano et al. 2015). As such refinement and optimisation of these protocols is required. 
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5.1.1 Signalling pathways in neural induction 

Development and optimisation of hPSC cortical differentiation protocols require a thorough 

understanding of in vivo cortical development. Cortical development is highly complex, but can 

be reduced to some landmark events, including neural induction (i.e. the induction of neural 

fated tissue from the pluripotent cell population), neural stem/progenitor cell proliferation and 

neural tube formation, differentiation and cell migration. Pioneering experiments conducted in 

amphibians (Urodele) showed that neural tissue could be induced by signals originating from a 

small region of the amphibian embryo known as the organizer (Spemann et al. 2001). The 

organiser is a source of signals sufficient to induce neural tissue from the pluripotent cell 

population of the blastula stage embryo (the epiblast), and as such induce nervous system 

development (Stern et al. 2006). The presence of similar organisers in other species i.e. the 

node in human and mouse, suggested similar mechanisms of organiser dependent neural 

induction were conserved in vertebrates (Oppenheimer 1953, Beddington 1994, Ozair et al. 

2013).  Signals originating from the organiser were further investigated in amphibians 

(Xenopus) and three inhibitors of the bone morphogenic protein (BMP) signalling pathway 

were identified with neural inducing ability: Noggin, Follistatin and Chordin (Figure 5.1A) 

(Smith et al. 1992, Lamb et al. 1993, Hemmati-Brivanlou et al. 1994, Sasai et al. 1995, Piccolo 

et al. 1996). It was subsequently demonstrated that in the absence of endogenous signals, that 

tissue (presumptive endoderm) from blastula-stage embryos gave rise to neural tissue (Grunz 

et al. 1989, Sato et al. 1989). These lines of evidence lead to the highly debated ‘default model’ 

of neural induction, which proposes that neural induction occurs in the embryonic ectoderm as 

a result of inhibition of BMP signalling and in the absence of cell-cell signalling, neural tissue 

is the default state.  Although BMP inhibition is crucial for neural induction, the process is 

likely more complex as BMP antagonism alone is not sufficient for neural induction (Launay 

et al. 1996, Streit et al. 1998, Klingensmith et al. 1999). Additional signalling pathways have 

been shown to have roles in the formation of neural tissues. The organiser also expresses 

inhibitors of the Wnt and nodal pathways (De Robertis et al. 2004). Wnt signalling has been 

shown to be important at multiple different stages of neural induction and patterning (Gaulden 

et al. 2008).  Loss of Dickkopf (DKK), a Wnt inhibitor, in mice inhibits forebrain development 

(Mukhopadhyay et al. 2001).  Wnt signalling is also important for anterior-posterior patterning 

and cell movement in the primitive streak (Figure 5.2A). Additionally, MAPK signalling 

cascades through FGF and insulin-like growth factor (IGF) are also implicated in the regulation 

of neural induction (Gaulden and Reiter 2008).  
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Figure 5.1 In vivo neural induction and neurulation. A) In Xenopus the dorsal organiser in 

the blastula secretes many factors/inhibitors protecting the endodermal tissue from exposure to 

activators of the BMP, Nodal and Wnt pathways resulting in specification of the default neural 

fate. Image from Gaulden and Reiter 2008 (B) Scanning electron microscopy images of neural 

tube formation in the chick embryo. The neural plate is composed of a single layer of apical-

basal elongated neuroepithelial cells. The neural plate extends and narrows along the rostral-

caudal axis and with bending forms the neural groove. Cell convergent movements then bring 

the tips of the neural groove together where they fuse to form the neural tube. Image adapted 

from Gilbert 2000 C) Schematic depicting the key stages in embryonic neurulation which 

establishes the fundamental landscape for the future central nervous system and skeleton.  

Image adapted from (Gammill et al. 2003). 

 

5.1.2 Neurulation and patterning 

In vertebrates, the fertilised egg divides, and through several rounds of subsequent divisions 

eventually, gives rise to the blastocyst structure. Within the blastocyst, the epiblasts forms, a 
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pluripotent population of primitive ectoderm cells, from which the three embryonic germ layers 

(ectoderm, endoderm and mesoderm) are derived through the process of gastrulation (Tam et 

al. 2007). The first neural tissue is also specified during gastrulation. The primitive ectoderm 

(called the epiblast) gives rise to different tissue derivatives depending on the dorsal-ventral 

location (Tam et al. 1993). The primitive streak (a transient structure of the epiblast featuring 

cell movements and delamination) demarcates the start of gastrulation, and provides anterior-

posterior positional information to the epiblast (and blastocyst): the primitive streak extends 

distally along the posterior side of the primitive ectoderm (Lawson et al. 1991, Lawson 1999, 

Rivera-Perez et al. 2005). At this point the blastocyst displays anterior-posterior axial polarity 

(Tam and Loebel 2007, Ozair et al. 2013). The node (or organiser) arises from the distal end of 

the primitive streak, a structure required for axis patterning and tissue formation (Tam et al. 

1993). Whilst the primitive streak extends down the posterior side of the epiblast (producing 

mesoderm), the anterior side of the primitive ectoderm, acquires an ectodermal state from which 

the first neural lineage cells arise (Lawson et al. 1991, Tam et al. 1993).  The morphological 

response of the embryonic ectoderm to signals from the node causing neural specification is an 

elongation of the cells, now identifiable as neuroepithelial cells (NECs), destined to give rise 

to the entire nervous system (Figure 5.1B) (Colas et al. 2001, Gotz et al. 2005). The population 

of these cells creates as a thickened neural plate located on the medial dorsal surface of the early 

embryo. The cells on the edge of the neural plate thicken and begin to move upwards creating 

the neural fold. Through cell convergent movements the neural plate elongates along the 

anterior-posterior axis and becomes narrower (Gilbert 2000). The lateral edges of neural plate 

subsequently raise up dorsally, before zipping together along the dorsal most ridges to from the 

neural tube.  

 

As it is forming, the neural plate and tube are also subjected to anterior – posterior patterning 

and dorsal-ventral patterning. The anterior–posterior patterning gives rise to four distinct 

vesicle structures which ultimately give rise the forebrain (most anterior region), midbrain, 

hindbrain and spinal cord (most posterior region) (Figure 5.2B and C) (Stern et al. 2006). The 

forebrain tissue is described as being the default state of neural plate/tube patterning, and is 

protected from inductive caudalising factors (Figure 5.2 A)(Wilson et al. 2004). This occurs 

during neurulation by the establishment of anterior-posterior morphogen gradients achieved 

through the localised expression of opposing caudalising factors and inhibitors, as well as 

morphogenic cell movements, together keeping the anterior cells of the neural plate out of the 

range of these caudalising factors.  In mice, a population of extraembryonic cells which underlie 

the anterior neural plate called the anterior visceral endoderm (AVE), is the initial source such 
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source of caudalising inhibitors, and anterior posterior patterning of the neural tissue (Robb et 

al. 2004). Wnts, FGFs and retinoic acid have all been shown to be caudalising factors with 

gradients along the rostral-caudal axis important for regional specification of neural tissue 

during development (Figure 5.2A) (Stern et al. 2006).  Simultaneously dorsal-ventral patterning 

occurs. At the neural plate stage,  the underlying meso-endodermal tissue and adjacent non-

neural ectodermal tissue structures are a source of signalling that specifies dorsal - ventral 

structures of the future neural tube including the floor plate, basal plate, alar plate and the roof 

plate (Figure 5.2B)(Wurst et al. 2001).  

 

The anterior-posterior and dorsal-ventral patterning events result in the generation of a three-

dimensional positional axis of the neural tissue. Dictated by the inductive signals the neural 

cells are exposed too, these signalling gradients further impart positional identity and regional 

specification of stem and progenitor cells, which feature, for example unique transcriptional 

programs  and cellular behaviours as a result. This positional identity ultimately drives the 

identity of neurons that are subsequently produced during neurogenesis. Signalling gradients 

are established from two patterning centres, the dorsal roof plate and the ventral floor plate, 

with sonic hedgehog (Shh) signalling from the both ventral floor plate and the prechordal plate 

(notochord equivalent in the forebrain)  and both Wnt and Bmp signalling from the dorsal roof 

plate (Figure 5.2B)(Le Dreau et al. 2012). The dorsal telencephalon, will generate the cortical-

pyramidal neurons of the cortex while the ventrally located region form the ganglionic 

eminences where most GABAergic interneurons are produced (Wonders et al. 2006, Anderson 

et al. 2014).   
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Figure 5.2 Patterning during neurulation. A) The anterior-posterior axis is established in the 

neural plate by local signalling of caudalising factors and inhibitors which establish signalling 

gradients and subsequent specification of the different brain regions and the spinal chord. 

Gradients of Wnts, FGFs and RA caudalise the neural axis. The anterior visceral endoderm 

lying just beneath the anterior region of the neural plates secretes inhibitors of BMP and Wnt 

signals (Cerberus and Dickkopf) preventing caudalisation of the region which further 

regionalises the anterior part of the neural plate into the future telencephalon. B) The dorsal-

ventral axis in the neural tube is established by concentration gradients of Shh from the ventrally 

located floor plate and BMP signalling from the dorsally located roof plate. This sets up a 

pattern of regional specification whereby different neuronal progenitors and neurons are 

defined by the concertation of these signalling factors they are exposed to. Image adapted from 

Gilbert 2010; Developmental biology. 

5.1.3 Neurogenesis in forebrain development 

During and after initial neuronal patterning, the NECs go through a phase of expansion where 

they undergo symmetrical self-renewing divisions to produce two identical daughter NECs (aka 

symmetric proliferative divisions) (Figure 5.3A and B). Like other epithelial populations, NECs 

display apical-basal polarity and span the entire width of the neuroepithelium: their basal 

plasma membranes contact the overlying basal lamina at the pial surface, whilst their apical 

plasma membranes face the lumen of the neural tube. Demarcating the apical membranes are 

cell-cell adhesion junctions that link the NECs together (Gotz and Huttner 2005, Florio et al. 

2014).  Symmetric proliferative division expands the NEC pool, and thus the neuroepithelium 

prior to neurogenesis. With the onset of neurogenesis, NECs transform into apical radial glial 
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cells (RGCs), accompanied by a switch from symmetric proliferative divisions, to 

differentiative divisions (either consumptive or self-renewing) (Figure 5.3B and C)(Gotz and 

Huttner 2005). Like NECs, RGCs have apical-basal polarity and retain contacts with the 

ventricular and pial surfaces of the developing cortex, respectively (Figure 5.3A)(Noctor et al. 

2002). Lineage tracing experiments have shown that the vast majority of cells in the developed 

brain are derived directly or indirectly from RGCs (Gotz and Huttner 2005).  Models explaining 

this lineage hierarchy have been proposed:  Single NECs preferentially switch from 

proliferative symmetric division to asymmetric divisions resulting in the self-renewal of the 

NEC mother cell with the generation of a daughter cell which is a RGC and the generation of a 

lineage-restricted progenitor cell such as an apical intermediate progenitor, basal progenitor or 

a post-mitotic neuron (Figure 5.3B and C) (Florio and Huttner 2014). As a consequence of a 

switch to asymmetric differentiative cell division, the neuroepithelium transforms to a stratified 

tissue whereby the progenitor and neuron cell bodies become spatially segregated (Florio and 

Huttner 2014). Three principal classes of neural progenitor cells reside in the developing 

mammalian cortex; apical progenitors (APs), basal progenitors (BPs) and subapical progenitors 

(SAPs), these progenitors are then further classified into subtypes (Figure 5.4A) (Florio and 

Huttner 2014). Cell bodies of RGCs are located in the most germinal layer of the cortical wall 

known as the Ventricular Zone (VZ), which is a highly proliferative region. Basal progenitor 

cell bodies compose a second germinal layer basal to the VZ called the SVZ. In primates, the 

SVZ is further divided into the inner SVZ and the outer SVZ due to the increased number of 

cortical progenitor cells (Florio and Huttner 2014) (Figure 5.4A). A major difference between 

rodent and primate species, is the proliferative capacity of basal progenitor cells in the SVZ, 

with rodent basal intermediate progenitors (bIPs) predominantly of the neurogenic subtype (i.e. 

they divide almost exclusively to give rise to two neurons), while primates bIPs are usually the 

proliferative subtype, dividing to give rise to more bIPs in the SVZ (Betizeau et al. 2013, 

Taverna et al. 2014). The diversification and expansion of the BP populations is unique to 

species with high encephalization and gyrification index, suggesting the BPs are contributing 

to evolutionary expansion of the cortex observed in humans (Li et al. 1998, Betizeau et al. 

2013). Newborn post-mitotic neurons generated through asymmetric neurogenic 

differentiation, migrate past the germinal layers, in the basal direction, accumulating in the 

prospective cortical plate (Figure 5.4B)(Gaspard et al. 2011, Florio and Huttner 2014).  
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Figure 5.3 Human cortical progenitor cell expansion. Progenitor cell expansion is crucial 

for the subsequent neurogenesis and development of the cortex. A) Expansion of the VZ occurs 

by symmetric proliferative divisions of the apical progenitors (R) (neuroepithelial cells or radial 

glia cells) prior to neurogenesis. With the onset of neurogenesis the apical progenitors can 

switch their mode of division to expand the progenitor pool/types of progenitors or divide to 

produce post-mitotic neuron. B) Different types of neural progenitor cell division are illustrated. 

Symmetric divisions produce two identical daughter cells. Symmetric proliferative divisions 

are considered self-amplifying as two daughter cells which are identical to the parental cell are 

produced. This mode of division expands the progenitor pool prior to neurogenesis. Symmetric 

differentiative division results in the generation of two further differentiated cells such as basal 

progenitors which are still able to expand the progenitor pool. Symmetric (consumptive) 

neurogenic results in the generation of two post-mitotic neurons which will migrate to the 

cortical plate where they will further differentiate. The progenitor cells can also undergo 

asymmetric division which generates two different daughter cells. Asymmetric divisions can 

be; consumptive bi-differentiative when both daughter cells are different to the parental cell, 

producing two different further differentiated progenitors which are still able to divide. 

Differentiative/neurogenic produces a further differentiated progenitor and a post-mitotic 

neuron. Asymmetric division can also be self-renewing meaning at least one daughter cell is 

identical to the parental cell. This mode of division can be differentiative with the additional 

daughter cell being a further differentiated progenitor cell which is able to undergo further 

division or neurogenic with the additional daughter cell being a post-mitotic neuron. C) 

Schematic further depicts examples of different stem and progenitor cells present in the VZ and 

SVZ and the different modes of division which they can undergo generating different progenitor 

or neuronal cell types. aRG: apical radial glial cell. TAP; transient amplifying progenitor. bRG; 

basal radial glial progenitor. bIP; basal intermediate progenitor. N; neuron.  Image modified 

from Florio and Huttner 2014. 
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Figure 5.4 Primate corticogenesis results in gyrification and an expanded cortex. The 

developing neocortex is much larger in primates compared to rodents which have a smooth 

brain (lissencephalic). Expansion in the number and diversity of cortical progenitors is proposed 

to contribute to the expanded neocortex size observed in primates. A) Schematic comparing 

rodent corticogenesis to primate corticogenesis. Cortical progenitor cell types are classified 

based on their cell polarity, contact to the ventricle or the basal lamina and location of mitosis. 

Apical progenitors (APs) are defined by ventricle contact and mitosis occurring at the 

ventricular surface. Basal progenitor (BPs) are classified based having no ventricle contact and 

mitosis occurring away from the ventricular location. Depicted in blue; basal intermediate 

progenitors (bIP) undergoing proliferative divisions and Green; bIP undergoing neurogenic 

divisions. In the rodent model of corticogenesis the bIPs typically undergo neurogenic division 

as compared to in primates where they can undergo multiple rounds of proliferative division 

therefore vastly expanding the progenitor pool of the primate developing cortex compared to 

the rodent. In primates/humans the expansion of the BPs results in the expansion of the SVZ 

resulting in the morphological rearrangement and the development of two distinct germinal 

zones the inner subventricular zone (iSVZ) and the outer subventricular zone (oSVZ). The 

oSVZ is distinct to primates and holds up to four times as many progenitors as the VZ and SVZ 

in rodents. Additionally the rodent SVZ only has very few basal radial glial cells (bRG) (~10%) 

while in humans the majority of progenitors in the oSVZ are bRG (~50-75%). Image modified 

from Florio and Huttner 2014. After cortical progenitors undergo neurogenic division to post-

mitotic neurons they migrate to the developing cortical plate B) Schematic showing the 

migration of post-mitotic neurons to the developing cortex. The earliest born neurons (dark 

blue) migrate to the deep-layers of the cortex. Later born neurons (light blue) migrate to 

successively more superficial layers creating an inside-out order of migration. Image modified 

from Stiles et al. 2010. 
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5.1.4 Development of the cortex 

After the birth of the post-mitotic neurons in the proliferative zones, the neurons migrate to 

developing cortical plate (CP). The birth-date will determine where the neuron will migrate to, 

eventually forming a six-layered structure (Figure 5.4B) (Cooper 2008). The earliest migrating 

neurons form the deepest layers of the cortex, while later migrating neurons form successively 

the more superficial layers of the cortex (Stiles and Jernigan 2010). Once the neurons arrive in 

the CP they are instructed to stop migrating and continue mature, by undergoing (for example) 

extension and elaboration of dendrites and formation of synaptic connections, which can 

continue into early adulthood. The laminar position of the excitatory cortical neurons will 

dictate, its pattern of connectivity (Douglas et al. 2004, Gaspard and Vanderhaeghen 2011). 

The generation of glial cells generally follows neurogenesis, with astrocyte and 

oligodendrocyte precursor cells derived from RGCs in mid-gestation (Howard et al. 2008, 

Jakovcevski et al. 2009, Silbereis et al. 2016). 

5.1.5 hPSC models of cortical development 

Understanding the key principals of cortical development have led to the establishment of 

numerous hPSC cortical differentiation protocols. Previous methods of neural induction have 

relied heavily on the use of embryoid bodies, undefined inducing factors (including stromal cell 

co-culture) or culture conditions that select for survival of neural progeny (Li et al. 1998, Zhang 

et al. 2001, Perrier et al. 2004, Martinez-Ceballos et al. 2008). The caveat to these methods is 

they result in poorly defined culture conditions and often a low and/or heterogeneous yield of 

neural cells. This results in inconsistency in the efficiency of neural induction and thus 

variability of the downstream cultures (Hu et al. 2010). Methods to generate cortical neurons 

using embryoid bodies also failed to demonstrate the presence of the multiple progenitor cell 

populations in cultures and generated primarily early-born deep-layer cortical neurons (Eiraku 

et al. 2008). Recently, studies have focused on the generation of robust and reproducible 

protocols of neuronal induction which are able to generate the full complement of cortical 

neural progenitors and cortical projection neurons. Progress has been facilitated by the 

consideration of the known mechanisms and signalling pathways of in vivo human cortical 

development. Improvements to the methodology have included the use of dual-SMAD 

inhibitors during the earliest stages of PSC differentiation. The inhibition of both the BMP and 

Activin/Nodal signalling pathways was found to drive the hPSC towards the neuroectodermal 

lineage (Figure 5.5)(Chambers et al. 2009, Shi et al. 2012a, Shi et al. 2012b). This approach, 

based on the ‘default model’ of neural induction, generated cells that are of the dorsal 

telencephalic lineage, including both deep-layer and upper-layer cortical projection neurons. 
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One particular protocol, which also combined retinoid signalling with the dual-SMAD 

inhibition, efficiently promoted neural induction of hPSCs (Shi et al. 2012a). This protocol 

subsequently generated the full diversity of cortical progenitor cells identified in human cortical 

development, and as such, was able to generate all classes of cortical projection neurons, in 

appropriate proportions, and in a fixed temporal order. These cortical projection neurons 

subsequently underwent terminal differentiation and formed functional synaptic connections. 

This whole process of neuronal differentiation takes ~90 days in culture similar to the period of 

time taken for human corticogenesis. Despite being a well described study, and in-depth 

information on the methodology available, few publications have employed this strategy to 

date, perhaps suggesting issues with robustness, efficiency and reproducibility across different 

laboratory groups and cell lines (Prof Ernst Wolvetang, UQ, personal communication).  In this 

chapter, a series of optimisation experiments were undertaken to derive an improved, modified 

methodology, with the aim of making the technology applicable to multiple different hPSC 

lines.  This chapter outlines the optimisation steps taken and includes the final optimised 

protocol including required materials, reagents and solutions and a step-by-step method. Details 

are also provided for analysis of the differentiation procedure at crucial points of the protocol 

to ensure robust and reproducible differentiation across experiments. The derivation of such an 

hPSC model of human cortical development was a prerequisite for the specific investigation of 

PCDH19-FE using hiPSCs harbouring PCDH19 Mutations, and neurodevelopmental disorders 

using hiPSCs in general. 

 

 

Figure 5.5 Highly efficient neural induction using dual-SMAD inhibition. Inhibition of 

BMP and Activin/Nodal signalling with SMAD inhibitors, Noggin and SB431542, prevents 

differentiation to the trophectoderm, mesendoderm and ectoderm lineages resulting in the 

default neuronal state and the efficient generation of neuroepithelial cells from hPSCs. Image 

adapted from Chambers et al. 2009.   
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5.2 Results 

5.2.1 Cortical neuronal differentiation optimisation 

5.2.1.1 Protocol of cortical neuronal differentiation to be optimised 

As previously stated, the protocol of cortical neuronal differentiation published in nature 

protocols by Shi et al. 2012 was optimised to enable reproducibility and robustness in the 

laboratory (Shi et al. 2012a). The original protocol is depicted in Figure 5.6. 
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5.2.1.2  Plating of hPSCs for neuronal induction 

The initial step in the neural differentiation protocol outlined in Shi et al 2012a is to prepare a 

high density culture of undifferentiated hPSCs to which neural induction process could be 

applied. As described, cultures of undifferentiated hPSCs were obtained by manually removing 

differentiating cells. To produce high densities of such cells, the protocol describes passaging 

of these cells using dispase, to produce colonies ~50-100 cells large, prior to plating at high 

density (Figure 5.6, P1:hPSCs). Specifically, the protocol outlined combining cells 5 x 35mm 

wells of standard hPSC cultures (i.e. 5 wells of a 6-well plate) into one well of a 12-well plate. 

Using this method, it was found that the cell density was too great in the 12-well plate and as a 

result the cells failed to adhere to the surface. This same result was observed from three 

independent experiments. To modify this original protocol, hPSC colonies were manually 

passaged to ensure uniform colony size and to isolate only pluripotent cells (selection against 

differentiating cells in the colony) (Figure 5.7). If the cultures contained more than 

approximately 20% differentiating colonies cleaner cultures were generated prior to beginning 

the cortical neuronal differentiation protocol. Manually cut hPSCs were plated at high density 

in a 12-well plate (approximately 100 pieces/well). The colonies adhered to the plate and 

induction was initiated the following day.  
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Figure 5.7 Pluripotent stem cell feeder-free culture for neural induction. Phase-contrast 

image of hPSCs grown on ECM showing characteristic hPSC morphology required for neural 

induction. Also shown are colonies undergoing differentiation which have lost the typical well-

defined edge of the colony with large differentiating cells on the periphery and a colony with 

spontaneous differentiation in the centre of the colony. Images acquired at 40X magnification. 

 

The neural induction however failed to yield a uniform neuroepithelial sheet, with regions of 

non-neural differentiation identified (Figure 5.8A).  It was proposed that induction may have 

failed due to poor quality (heterogeneity) of hPSCs prior to induction: due to high density 

plating of hPSC, with many 3D-colonies (i.e. cultures with highly variable topology). Such 

colonies, and cultures are known to be prone to differentiation.  To overcome this heterogeneity, 

plating of hPSCs for neural induction was further modified by passaging the hPSCs to single 

cells and plating at high density (1.68x105cells/cm2) to yield a uniform monolayer of hPSCs 

covering the entire surface of the well (in this case a 6-well format). Morphological analysis of 

the cells showed characteristic cell morphology of hPSCs with high nucleus to cytoplasm ratio 

and large nucleoli (Figure 5.7). Using this method, the cells were successfully induced to 

generate a neuroepithelial sheet as observed by the gradual replacement of the hPSCs with 

tightly packed cells with small nuclei. The plating density was identified as a crucial step in the 

modified protocol, as when cells did not entirely cover the surface of the plate, the neuronal 

induction step resulted in cells lifting off of the plate, and subsequent cell death within 4-6 days 

of induction (Figure 5.8B). 
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Figure 5.8 Phase-contrast images of neuronal cultures showing steps of the cortical 

differentiation protocol where optimisation was required. Representative images showing 

A) a heterogeneous neuroepithelial sheet with a region of non-neural cells in the centre of the 

sheet. B) Loss of adhesion of the neuroepithelial sheet to the plate, due to poor plating of hPSCs. 

C) and D) Contaminating cells (likely neural crest in origin) taking over the culture at days 25-

30 due to increased dissociation of the neuroepithelial sheet. E) Cells with glial morphology 

outnumber the number of neurons in culture at 60 days of differentiation. F) Low density 

neuronal cultures at 60 days of differentiation. All images acquired at 40X magnification.  

5.2.1.3  Neuronal induction 

Induction is initiated by changing the hPSC complete conditioned medium to neural 

maintenance medium supplemented with the addition of the small-molecule inhibitors, 10 μM 

SB431542 and 1 μM dorsomorphin as described in Shi et al. 2012a (Figure 5.6, neural 

induction). At this time, cultures are designated to be at day 0 of culture. A uniform 

neuroepithelial sheet was observed between days 8-12 of culture. The Shi et al 2012a protocol 
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next outlined steps to enzymatically passage the neuroepithelial sheet, and replate onto separate 

dishes coated with PLO/Laminin substrates (Figure 5.6, P2:NECs). To passage, the addition of 

10 mg/mL dispase directly to the media at a dilution factor of 1:10 (i.e. final concentration 1 

mg/mL) for 3 minutes at 37˚C was outlined. It was found that this method of dispase passaging 

was unable to liberate cells from the cell culture plastic, resulting in the neuroepithelial sheet 

still being strongly attached to the surface of the plate. As a result, collection of the sheet via 

gentle pipetting with a p1000 pipette was difficult resulting in increased sheet dissociation and 

a failure of the neuroepithelial sheet to adhere to the PLO/Laminin substrate upon replating as 

outlined. To overcome these issues, dispase passaging was modified to resemble passaging 

techniques used on hPSCs (Chapter 2). Briefly, dispase was added directly to the medium to a 

final concentration of 4 mg/mL and incubated at 37˚C for 5 minutes. The dispase was removed 

and instead of using a pipette to collect the sheet (which was found to break it up considerably), 

a cell scraper was used to keep the neuroepithelial sheet as intact as possible. The sheet was 

then transferred to a PLO/Laminin coated plate using a 5 mL serological pipette to avoid further 

dissociation. It was found that maintaining the integrity of the neuroepithelial sheet was crucial 

for robust generation of cortical neural stem and progenitor cells. In experiments where sheet 

dissociation was too great, non-neural looking cells (labelled contaminating cells) were found 

in the cultures, and by day 25 post induction, became the dominant cell type within the cultures 

(Figure 5.8C and D). This contaminating cell type was suspected to be neural-crest in origin, 

and have been previously described in neural differentiation cultures of low density (Chambers 

et al. 2009). In addition, it was also found that supplementing the media with 10 µM ROCK 

inhibitor upon initial plating of the neuroepithelial sheet was also found to increase the density 

of cells able to adhere to PLO/Laminin dishes.  

 

Even with optimisation of neuroepithelial sheet plating, the contaminating cells still persevered 

in the cultures, and although at much reduced numbers in general, in approximately 50% of 

experiments, they still ended up being the dominant cell type with extended culture. Previous 

studies using the dual-SMAD inhibition model of neural induction had modified the 

concentration of the small molecule inhibitors, SB431542 and dorsomorphin and the timing of 

addition of these factors (Chambers et al. 2009, Kim et al. 2010, Nayler et al. 2012). The 

concentration and timing of the addition of the small molecule inhibitors was therefore altered 

as a means to seek improvement. The concentration of dorsomorphin was increased from 1 µM 

to 5 µM. The concentration of SB431542 was not altered (10 µM), however it was only added 

to the culture for the first six days of neural induction instead of the full 8-12 days. These 

modifications did not overtly effect the formation of a uniform neuroepithelial sheet, and was 
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robustly produced across multiple experiments by day 12 of induction. These modifications did 

however, vastly reduce the presence of contaminating cells upon replating the neuroepithelial 

sheet onto PLO/Laminin substrates. Ongoing differentiation resulted in cultures with a high 

density of neural rosette colonies by day 15 of culture. Thus modifications of the concentration 

and timing of SB431542 and dorsomorphin, in addition to the optimised method of 

neuroepithelial sheet re-plating, were identified as improvements to the protocol that facilitated 

production of cultures featuring high density of neural rosettes colonies by day 15 of induction. 

5.2.1.4  Neural stem and progenitor cell expansion 

As described by the Shi et al. 2012a protocol, upon the appearance of neural rosettes in cultures 

at approximately day 12-17, the medium was changed to neural maintenance medium 

supplemented with 20 ng/mL FGF, for 2-4 days which promotes expansion of the NSPC 

population. With the withdrawal of FGF, the neural rosettes were passaged with dispase, at a 

ratio (area:area) of 1:2 or 1:3 into freshly prepared PLO/Laminin dishes (Figure 5.6, 

P3:rosettes). It was found that by using this method, the resulting cultures displayed high 

variability with respect to density and size of rosettes.  It was also observed that in about half 

of the cultures, even the small presence of contaminating cells prior to rosette passaging 

(typically found around the periphery of the neural rosettes) could be also carried through the 

passage, and expand in the subsequent culture at the expense of the NSPCs (Figure 5.8C and 

D).  To generate more pure and homogenous NSPC cultures, methods to improve the uniformity 

of rosette formation, and their subsequent passaging were explored. It was proposed that the 

earlier addition of FGF to the cultures, (i.e. immediately following neuroepithelial sheet re-

plating) would facilitate more uniform rosette formation. Indeed three days after neuroepithelial 

sheet replating, large neural rosette structures were observed, and composed ~80% of the 

culture. Next, to better select for rosette colonies for passaging, and to better control colony 

size and density in the subsequent cultures, manual selection and passaging of neural rosettes 

was implemented. Using a dissecting microscope, in a sterile biological safety cabinet class II, 

and a 21-gauge needle the neural rosette were carefully cut out from the dish and transferred to 

a new PLO/Laminin coated dish (Figure 5.9). To prevent contaminating cells from being carried 

over, when cutting out the rosette structures the edge of the rosette (where the majority of 

contaminating cells resided) was left behind. In addition, the replated rosettes were also plated 

directly into neural maintenance medium supplemented with 20 ng/µL FGF for one (additional) 

day, which supported cell survival in culture after manual selection. The density at which 

manually passaged rosettes were plated was also examined. As aforementioned, low density 

cultures of rosettes are known to drive neural crest differentiation, which as aforementioned, 

which are highly reminiscent (and the suspected identity) of the contaminating cell type in the 



171 

 

cultures.  The neural rosettes were thus plated at higher densities (plated at 1:1, instead of 1:3 

as described in Shi et al 2012a). Indeed, the higher density plating of passaged neural rosettes 

was found to be crucial for inhibiting the production of contaminating cells, and enhancing the 

expansion of the NSPCs.  Thus manual selection of neural rosettes was found to be a vital 

modification to the protocol as with implementation of this step, all cultures that successfully 

formed neural rosettes were able to generate nearly pure populations of neural stem and 

progenitor cells which could then be differentiated into neurons over a period of up to 90 days 

in culture.  

 

Figure 5.9 Optimisation of neural rosette passaging during cortical differentiation. A) and 

B) Phase-contrast images of neural rosettes showing radial arrangement of neuroepithelial cells 

with large flat contaminating cells on the periphery of the rosettes. C) and D) Images of neural 

rosettes cultures as observed on the dissecting microscope. D) Highlights the manual selection 

of the neural rosette structures. Images acquired at 40x magnification 

 

Approximately, five days after manual selection neural rosette structures were still highly 

prevalent in the cultures and were at high density covering most of the plate. At this point the 

cortical NSPCs were further expanded by dispase passaging at high density using the optimised 

method of dispase passaging used for re-plating of the neuroepithelial sheet (described 

above)(Figure 5.6, P4:NSPC). High density plating again was found to be important for 
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expansion of the cortical NSPCs. Low density cultures were found to differentiate and enter 

what appeared to be a glial switch, as was observed by the morphology of the cultures, resulting 

in limited numbers of cortical neurons formed (Figure 5.8E). These cells appeared to more 

uniform with shorter and thicker processes, indicative of later passage radial glial cell with 

astrocyte generating capacity (Duan et al. 2015).   

5.2.1.5  Cortical differentiation 

As described by Shi et al. 2012a, between 20-30 days of culture substantial neurogenesis will 

occur in the cultures. When neurons first began to accumulate around the periphery of the neural 

rosettes, the protocol outlines a single cell passage step is to be performed using accutase (the 

first of two such passaging steps separated by approximately five days of culture) (Figure 5.6, 

P5:NSPC).  The accutase dissociation involved adding accutase to the medium and incubation 

at 37˚C for 5 minutes. Cells were to be dissociated to a single cell suspension by pipetting up 

and down 3-4 times with a p1000 pipette. The accutase/cell suspension is then diluted with four 

volumes of neural maintenance medium and the cells collected and plated onto PLO/Laminin 

dishes with 4.5 x 105cells/35mm dish. Using the optimised protocol, neurons were beginning 

to accumulate at day 25 post induction and were thus passaged using accutase. Using the above 

described method, the dissociation of cultures into single cells was poor, and increased pipetting 

was required to complete the dissociation. This however resulted in increased mechanical stress 

on the cells and as a result substantial cell death upon re-plating (as observed by a large number 

of cells not adhering to the PLO/laminin dish). The incubation time with accutase was thus 

increased to 10 minutes, which resulted in greater ease of cell dissociation. Cell survival was 

improved following plating, however it was found that at this (low) plating density, only 

approximately 50% of cultures that were produced survived the second (and last) accutase 

passage step. Without this second accutase step, the cultures failed to last past 70 days of 

differentiation before loss of adhesion to the dish (Figure 5.8F). To overcome this issue, a higher 

density of cell plating following accutase passaging was attempted. Plating the dissociated cells 

at 1.5x106 cells/35mm dish (high density), yielded cultures that resembled a mixture of cortical 

neural progenitors and immature cortical neurons, and were indeed conducive to accutase 

passaging. Neural rosette structures were no longer observed in the cultures. At this point the 

cells are able to be passaged for the last time, as the proportion of neurons in culture is high, 

which have a low rate of survival after passaging, as described in Shi et al. 2012a (Figure 5.6, 

P6:NSPCs). For this last accutase passage, the Shi et al. 2012a protocol outlines a replating 

ratio of 1:4, however given the prior plating density was now different, plating density was 

again optimised. It was found that cells plated at a density of 0.8x106cells/35mm dish (low 

density) yielded cultures which could survive until day 90 in culture and produced both early 
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and late born cortical neurons (see data below). Optimisations of the protocol are highlighted 

in Table 5.1. 

Step Optimisations 
Shi et al. 2012a 

Protocol 

hPSC Plating 

Manual 

selection high 

density clumps 

High density 

single cells 
 

Dispase high density 

clumps 

Neural 

Induction 

10 μM 

SB431542 (First 

6 days), 5 μM 

dorsomorphin 

(12 days) 

  

10 μM SB431542, 1 

μM dorsomorphin: 

both for 8-12 days 

Re-plate 

neuroepithelial 

sheet 

Dispase 

passaging, 4 

mg/mL dispase, 

collection with 

cell scraper, re-

plate in 20 

ng/mL FGF 

Dispase 

passaging, 4 

mg/mL dispase, 

collection with 

cell scraper, re-

plate with 10 

µM ROCK 

inhibitor and 20 

ng/mL FGF 

 

Dispase passaging, 

1mg/mL dispase, 

collection with 

p1000 pipette, re-

plate in 20 ng/mL 

FGF 

Neural Rosette 

passaging 

20 ng/mL FGF 

for 3 days prior 

to passage, 

Dispase 

passaging; 4 

mg/mL dispase, 

collection with 

cell scraper, re-

plate 1:2 in 20 

ng/mL FGF for 

1 day 

20 ng/mL FGF 

for 3 days prior 

to passage, 

Manual select 

rosettes re-plate 

1:2 in 20 ng/mL 

FGF for 1 day 

20 ng/mL FGF 

for 3 days prior 

to passage, 

Manual select 

rosettes re-plate 

1:1 in 20 ng/mL 

FGF for 1 day 

20 ng/mL FGF (2-

4days prior to 

passage), Dispase 

passaging; 1mg/mL 

dispase, collection 

with p1000 pipette, 

re-plate 1:3-1:2 

NSPC passage 

#1  

Dispase 

passaging; 4 

mg/mL dispase, 

collection with 

cell scraper, re-

plate 1:2 

  

Dispase passaging: 

1mg/mL dispase, 

collection with 

p1000 pipette, re-

plate 1:3-1:2 

NSPC passage 

#2 

Accutase single 

cell passaging; 

10 minutes of 

accutase, re-

plate at 4.5 x 

105cells/35mm 

dish 

Accutase single 

cell passaging; 

10 minutes of 

accutase, re-

plate at 1.5x106 

cells/35 mm dish  

 

Accutase single cell 

passaging; 5 minutes 

of accutase, re-plate 

at 4.5 x 

105cells/35mm dish 

NSPC passage 

#3 

Accutase single 

cell passaging; 

10 minutes of 

accutase, re-

plate at 0.8 x 

106cells/35 mm 

dish 

  

Accutase single cell 

passaging; 5 minutes 

of accutase, re-plate 

at 1:4 

Table 5.1 Optimisation of the Shi et al. 2012 cortical differentiation protocol. Boxes 

highlighted green are the final optimisation procedures used in the optimised protocol. 



174 

 

5.2.2 Validation of optimised cortical differentiation protocol 

Control hiPSCs (C11 hiPSC line), PCDH19-FE hiPSCs and control hESCs (H9 ESC line) were 

differentiated to cortical neurons using the optimised protocol described above and depicted in 

Figure 5.10A and B. To characterise the optimised protocol control hPSC lines were analysed 

at each key developmental step of the protocol using immunofluorescence analysis, 

morphological analysis and RT-qPCR (Figure 5.11, Figure 5.12, Figure 5.13, Figure 5.14, 

Supplementary Figures 5.1 and 5.2). For characterisation purposes, the optimised 

differentiation protocol was performed five times for the control hiPSC line and two times for 

the control hESC line.  
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Figure 5.10 Monolayer dual-SMAD inhibition protocol for cortical neuronal 

differentiation. Schematic representation of the optimised cortical differentiation protocol. A) 

hPSCs were induced towards an anterior neuronal fate using SMAD signalling inhibitors, 

Dorsomorphin and SB431524. B) Cortical neural stem and progenitor cells were expanded by 

the addition of FGF, with cortical differentiation facilitated by the removal of FGF and plating 

low density cultures. The total time taken to generate both deep-layer and upper-layer cortical 

neurons was approximately 90 days from the initiation of neural induction. SMAD Inhibitors, 

growth factors, medium, and duration of each stage are shown. 
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5.2.2.1  Morphological characterisation 

Morphological changes during the cortical differentiation process are depicted in Figure 5.11A 

and B (and Supplementary Figure 5.1 A and B). Key morphological observations include; the 

high density hPSCs covering the entire surface of the plate prior to neuronal induction (Day 0). 

Initiation of neural induction results in the hPSCs gradually changing morphology, with the 

typical hPSCs with a large nucleus to cytoplasm ratio being replaced by tightly packed cells 

with smaller nuclei. These cells also exhibited an elongated, columnar morphology 

characteristic of neuroepithelial cells. By day 10-12 of induction the cells formed a uniform 

sheet of these neuroepithelial cells, termed the neuroepithelial sheet. Upon passaging of the 

neuroepithelial sheet and continued culture, the cells gradually form ‘neural rosettes’ which are 

structures known to be highly polarised. These rosettes are characterised morphologically by 

the radial arrangements of the columnar neuroepithelial cells (Elkabetz et al. 2008). Rosettes 

appeared in culture on days 13-14 of differentiation. Contaminating cells were observed on the 

periphery of the neural rosette structures by day 15, with planar/non-polarised morphology, but 

were mostly removed from cultures by manual selection of rosettes. By day 20 of differentiation 

the neural rosettes appeared in cultures as very thick, high density colonies with multiple 

regions of visible radial arrangements (polarised regions). These rosette structures were 

gradually replaced in the cultures by neural progenitor cells, identified in culture as planar cells 

with bipolar morphology (Fish et al. 2008). Substantial neurogenesis occurred in the cultures 

from approximately day 25 onwards and at day 30 of differentiation this is observed as a mixed 

population of cortical neural progenitors and immature neurons with many cells with neural 

processes beginning to extend out across the culture and cell bodies resembling the pyramidal 

shape characteristic of excitatory cortical neurons.   After the final passage at approximately 

day 30 of differentiation, the cells gradually acquired characteristic neuronal morphology with 

multiple neuronal processes extending from the neuronal bodies and large axon extensions 

(axonal bundles) forming across the cultures. Although each culture was slightly different in 

terms of the appearance of the culture and timing of events, the above described morphological 

changes were robust across all experiments using both hiPSCs and hESCs (Figure 5.11 and 

Supplementary figure 5.1). Morphological changes were characterised across two control hESC 

differentiations and seven control hiPSC differentiations and six PCDH19-FE hiPSC 

differentiations. 
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Figure 5.11 Morphological changes in hiPSCs during cortical neuronal differentiation. A) 

and B) Representative phase-contrast images of the hiPSC cultures at key developmental stages 

of the differentiation protocol. Images acquired at 40X magnification.  

5.2.2.2 Characterisation using immunofluorescent and RT-qPCR analysis of key 

marker genes/proteins 

To validate the identified morphological changes, immunofluorescence analysis and RT-qPCR 

analysis of key markers genes/proteins of different cells types/stages were used at each key 

developmental time point as visualised in Figure 5.12. Immunofluorescence analysis of the high 

density monolayer of hPSCs using pluripotency marker proteins OCT4, NANOG and SOX2, 

showed positive staining for all three markers in the cells, confirming pluripotency of cells prior 

to neural induction at day 0 (Figure 5.13A). Neural induction and generation of the uniform 
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neuroepithelial sheet coincided with uniform expression of neural ectodermal marker protein, 

PAX6 (Zhang et al. 2010), and loss of pluripotency marker including OCT4 (Takahashi et al. 

2007) in the cells of the neuroepithelial sheet by day four of induction (Figure 5.13B). Neural 

induction was also confirmed via RT-qPCR with loss of pluripotency genes, NANOG 

(Takahashi et al. 2007) and OCT4, expression with respect to hPSCs and expression of PAX6 

and pan-neural marker, N-CADHERIN (Zhang et al. 2010) at day 12 of induction (Figure 5.14). 

The identity and existence of apical-basal polarity in cells present in neural rosettes was 

characterised by immunofluorescence analysis. Polarity was confirmed by showing 

localisation/expression of adherens-junction and tight-junction polarity markers AF6, N-

CADHERIN and PKCλ (Ooshio et al. 2007) in the centre of rosettes structures, which were 

made up of cells expressing the neuroectodermal marker PAX6 (Figure 5.13C). RT-qPCR 

analysis confirmed increased expression of PAX6 and N-CADHERIN relative to hPSCs at day 

20 of induction (Figure 5.14). Increased expression of the MIK67, which is a marker of active 

proliferation, was also identified confirming the NSPCs were actively dividing. At the neural 

rosette stage expression of TBR2, an intermediate progenitor cell marker gene (Englund et al. 

2005), was also increased relative to the neuroepithelial cells (Figure 5.14). The presence of 

these intermediate progenitors was also confirmed in the day 25 cultures by immunofluorescent 

detection of TBR2 positive cells located predominately on the periphery of the neural rosettes 

(Figure 5.13D).   Day 25-30 cultures were identified to consist predominately of cortical neural 

progenitors and immature cortical neurons by immunofluorescent detection of intermediate 

filament protein and marker of NSPCs, NESTIN (Lendahl et al. 1990), in a large proportion of 

the culture (Figure 5.13D). Most cells were still positive for PAX6 and N-CADHERIN was still 

detected in the focal regions of cell-cell contacts. At this point there was an increasing number 

of cells in the culture also staining positive for the microtubule-associated protein, DCX, a 

marker of neuronal precursors and immature neurons (Walker et al. 2007). Most of these cells 

also co-stained with the neuronal marker protein, β-III TUBULIN (Lee et al. 1990), along the 

developing neurites. Only a few cells stained positive for mature neuronal marker protein, 

NEUN (Mullen et al. 1992), supporting the presence of a growing number of immature neurons 

in the culture. These changes were also reflected by RT-qPCR analysis, with decrease in the 

expression of PAX6 and an increase in DCX, relative to the neuroepithelial sheet (Figure 5.14). 

By day 70 of differentiation, early-born cortical neurons should be a major population in the 

cultures according to Shi et al. 2012a. Immunofluorescent detection of marker proteins for 

early-born neurons, TBR1 and CTIP2 (Kolk et al. 2005), showed a large population of cells 

positive for these markers present at day 70 of differentiation (Figure 5.13C). In contrast to this 

late-born neuron marker protein, CUX1 (Nieto et al. 2004), only stained a small population of 
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cells. A high proportion of cells were positive for glutamatergic neuronal marker protein, 

VGLUT2 (Liguz-Lecznar et al. 2007), showing the production of cortical projection neurons 

(Figure 5.13C). The cultures also contained a high proportion of cells positive for NEUN. 

Conversely, very few cells stained positive for NESTIN, supporting maturation/differentiation 

of the cultures (Figure 5.13C). High density neuronal processes were also detected in the 

cultures by immunofluorescent detection with the microtubule-associated protein MAP2 

(Caceres et al. 1984), a marker protein for neurons and neuronal dendrites, and β-III TUBULIN 

(Figure 5.13C). At day 70 of differentiation a very small population of astrocytes were detected 

by positive staining with astrocyte marker protein, GFAP (Gomes et al. 1999)(Figure 5.13C). 

No cells were detected to express GABAergic neuronal marker protein, GAD67 (Figure 5.13C).  

Immunofluorescent results were confirmed by RT-qPCR with increased expression of 

VGLUT2, TBR1 and post-synaptic density marker protein, PSD-95, all relative to neural rosettes 

(Figure 5.14). DCX expression was higher than in the neural progenitor cultures suggesting 

increased numbers of immature neurons at day 70 of differentiation. Additionally, MIK67 

expression was decreased relative to neural rosettes, supporting the generation of cultures 

containing a high proportion of post-mitotic neurons (Figure 5.14).  By day 90 of 

differentiation, the cultures contained a mixture of early-born and late-born cortical neurons. 

This was identified by immunofluorescent detection of cells positive for late-born (upper-layer) 

cortical neuronal marker proteins, SATB2 (Britanova et al. 2008)and CUX1 as well as cells 

positive for early-born (deep-layer) cortical neuronal marker proteins, CTIP2 and TBR1 

(Figure5.13D). At day 90 the proportion of early-born neurons was slightly higher than the late-

born neurons, though this was identified by visualisation of the cultures and no cell counts were 

performed. Day 90 cultures also contained high density neuronal processes extending large 

distances across the cultures as detected by positive immunofluorescent detection with both β-

III TUBULIN and MAP2 (Figure5.13D). Using RT-qPCR analysis the proportion of astrocytes 

was increased in the culture as shown by increased expression of GFAP compared to day 70 of 

differentiation (Figure 5.14). More synapses were also present in the cultures as shown by 

increased expression of PSD-95 relative to day 70 of differentiation (Figure 5.14). The 

increased number of late-born neurons was confirmed by increased expression of SATB2 

relative to day 70 neurons. The expression levels of TBR1 were similar at both 90 and 70 days 

of differentiation, suggesting a comparable number of deep-layer cortical neurons at both time 

points. VGLUT2 expression was slightly increased at day 90 of differentiation compared to day 

70 suggesting an increase in the number of cortical neurons (Figure 5.14). The expression of 

DCX is still high in day 90 neurons, relative to neural progenitors supporting the observation 

that immature neurons are still present in the cultures at day 90 of differentiation (Figure 5.14). 
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Characterisation using RT-qPCR was performed on two control hESC differentiations, five 

control hiPSC differentiations and five PCDH19-FE hiPSC differentiations. 
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Figure 5.13 Characterisation of the optimised monolayer dual-SMAD inhibition cortical 

differentiation protocol using immunofluorescent analysis. Representative images showing 

immunofluorescent detection of; A) pluripotency marker proteins OCT4, NANOG and SOX2 

in the hPSC monolayer on day 0 of induction. B) Neuroectodermal marker protein PAX6 and 

pluripotency marker protein OCT4 in the neuroepithelial sheet on day 4 of induction. C) 

adherens-junction and tight-junction polarity marker proteins AF6, N-CADHERIN and PKCλ 

and expression of neuroectodermal marker PAX6 in neural rosettes at day 20 of differentiation. 

Note the apical localisation of adherens-junction marker proteins and the formation of a central 

lumen, revealing the polarised structures. D) pan-neuronal marker protein N-CADHERIN, 

neuronal marker protein β-III TUBULIN, immature neuronal marker protein DCX, Basal 

progenitor marker protein TBR2, NSPC marker protein NESTIN and neuroectodermal marker 

protein PAX6 in cortical cultures of neuronal progenitors and immature neurons at days 25-30 

of differentiation. E) Neuronal marker protein β-III TUBULIN, early-born neuron marker 

proteins TBR1 and CTIP2, late-born neuron marker protein CUX1, Excitatory glutamatergic 

neuronal marker protein VGLUT2, GABAergic inhibitory neuronal marker protein GAD67, 

mature neuronal marker protein NEUN, astrocyte marker protein GFAP, dendritic marker 

protein MAP2 and neuronal stem/progenitor cell marker protein NESTIN in day 70 of 
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differentiation neuronal cultures. F) Dendritic marker protein MAP2, early-born neuron marker 

proteins TBR1 and CTIP2, late-born neuron marker protein CUX1 and SATB2 and neuronal 

marker protein β-III TUBULIN at day 90 of differentiation neuronal cultures. Cells were 

counterstained with DAPI (Blue). All images acquired at 100X magnification. 

 

 
Figure 5.14 Characterisation of the optimised monolayer dual-SMAD inhibition cortical 

differentiation protocol using RT-qPCR analysis. Heat-map illustrating mRNA expression 

changes of key developmental genes across the optimised cortical differentiation protocol. Red 

shade, high expression level. Green shade, low expression level. White areas indicate data not 

collected. Raw expression values were normalised to housekeeping gene, beta-actin (ACTB). 

Within each experiment the fold change in mRNA expression was determined relative to the 

day 70 neurons, except for the pluripotency marker genes and PAX6 which were normalised 

relative to the neuroepithelial sheet. Expression data collected from three independent hiPSC 

differentiation experiments and two independent hESC differentiation experiments and the 

averages combined.  

 

5.3 Optimised cortical differentiation protocol 

5.3.1 Materials, Reagents and Solutions 

 

Cell Culture Equipment: 

 Water Bath, 37˚C 

 Cell culture centrifuge 

 Cell culture incubator, 5% CO2, 37˚C 

 Biological safety cabinet class II (VWR)  

 Dissecting microscope (Olympus SZX16 stereo microscope, Tokyo, Japan). 

 Inverted microscope 

 CoolCell®LX, freezing container (Bioscision Cat #: BCS-405) 

 Glass hemocytometer 

 Liquid Nitrogen cell storage tank 

Cell Culture Plastics: 

 Six-well plates (Greiner cat#M8562-100EA) 
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 Six-well plates (NUNC cat#140675) 

 35 mm dishes (NUNC cat #150318) 

 Cryovials (Greiner Bio-one cat#123263) 

 10ml PP Tube Graduated ScrewCapped Sterile (Technoplas cat# P10316SU) 

 Cell scrapers (TTP cat #99003) 

 1mL disposable syringe (BD cat# 302100) 

 PrecisionGlide® Needles (BD cat# 305167) 

 0.22 μM filters  

Reagents: 

 Fetal Bovine Serum, ESC-qualified US origin (Gibco cat#10439024) 

 Dulbecco's Modified Eagle Medium (DMEM, high glucose) (Gibco cat#11995081) 

 KnockOut serum replacement (KSR) (Gibco cat# 10828028) 

 2-Mecaptoethanol (55mM) (β-mcap) (Life Technologies cat# 21985-023 

 Gelatin from bovine skin (Sigma cat# G9391) 

 FGF-Basic (AA 10-1055) Human recombinant protein (Invitrogen cat# PHG0023) 

 Y-27632 dihydrochloride (ROCK-I) (TOCRIS BIOSCIENCE cat# 1254) 

 Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12/GlutaMAX™ supplement 

(DMEM/F12 GlutaMAX) (Gibco cat# 10565042) 

 Neurobasal® Medium (Gibco cat# 21103049) 

 Trypan Blue stain, 0.4% (Gibco cat#15250016) 

 ECM Gel from Engelbreth-Holm-Swarm murine sarcoma (Sigma cat# E1270) 

 Accutase™ (STEMCELL TECHNOLOGIES cat#07920) 

 Dulbecco's phosphate-buffered saline (DPBS) (Gibco cat# 14190-144) 

 N-2 Supplement (100X) (Gibco cat#17502-048) 

 B-27® Supplement, serum free (50X) (Gibco cat#17504-044) 

 Insulin solution Human (Sigma cat# I9278) 

 L-Glutamine (Gibco cat# A2916801) 

 MEM Non-essential amino acids solutions (NEAA) (Gibco cat# 11140-050) 

 Penicillin-Streptomycin (10,000 units) (P/S) (Gibco cat# 15140-122) 

 SB431542 (TOCRIS BIOSCIENCE cat#1614) 

 Dorsomorphin (Sigma cat#P5499) 

 Poly-L-ornithine solution (Sigma cat#P4957) 

 Laminin (Sigma cat#L2020) 

 Primers for characterisation (Table 5.2): 
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Gene Target Forward Primer (5’→ 3’) Reverse Primer (5’→ 3’) Reference 

PCDH17 TAATTCGAGCGAGACC

CCTG 

AAACGTGGAGCTACTTT

GAACA 

 

PCDH19 AACGATGTGCTGAACA

CCAG 

GCATCCAGCACCTGTCA

GAGT 

 

GFAP TCCTGGAACAGCAAAA

CAAG 

CAGCCTCAGGTTGGTTT

CAT 

 

OCT4 GACAGGGGGAGGGGA

GGAGCTAGG 

CTTCCCTCCAACCAGTT

GCCCCAAAC 

(Huang et al. 2011) 

NANOG AGTCCCAAAGGCAAAC

AACCCACTTC 

TGCTGGAGGCTGAGGTA

TTTCTGTCTC 

(Huang et al. 2011) 

SOX2 GGGAAATGGGAGGGG

TGCAAAAGAGG 

TTGCGTGAGTGTGGATG

GGATTGGTG 

(Huang et al. 2011) 

PAX6 GTGTCCAACGGATGTG

TGAG 

CTAGCCAGGTTGCGAAG

AAC 

(Shi et al. 2012a) 

NCAD GCCACCTACAAAGGCA

GAAG 

CCGAGATGGGGTTGATA

ATG 

(Pankratz et al. 2007) 

SOX1 TCCTGGAGTATGGACT

GTCCG 

GAATGCAGGCTGAATTC

GG 

(Pankratz et al. 2007) 

TBR1 ATGACACGATCTACAC

CGGC 

TTGGCGTAGTTGCTCAC

GAA 

 

TBR2 GGTTCCAGGTTCTGGC

TTCC 

ACATTTTGTTGCCCTGC

ATGT 

 

SATB2 ACAACCATCTCCGCAC

CAGA 

CACAGGGACTGCTCACG

GTC 

 

PSD-95 TCCTCACAGTGCTGCA

TAGC 

TGCAACTCATATCCTGG

GGC 

 

MKI67 AATCCATGAGCAGGAG

GCAAT 

CTGCGGTACTGTCTTCTT

TGAC 

 

Β-III 

TUBULIN 

GCTCAGGGGCCTTTGG

ACATCTCTT 

TTTTCACACTCCTTCCGC

ACCACATC 

(Larson Gedman et 

al. 2009) 

CYFIP1 GTTCCTGTACGACGAA

ATTGAGG 

GTGGCTCCCTGATTCTT

GC 

 

DCX GCACAAAGACACTGGC

TGTTC 

TGGCATCTGTTTCCTCAC

ACA 

 

VGLUT2 GTGTGACCTACCCAGC

ATGT 

TCCGGCATAGGAACCAC

AAAA 

 

Β-ACTIN ATGGGTCAGAAGGATT

CCTATGTG 

TGTTGAAGGTCTCAAAC

ATGATCTGG 

 

 

GAPDH TGCACCACCAACTGCT

TAGC 

GGCATGGACTGTGGTCA

TGAG 

(Vandesompele et al. 

2002) 

Table 5.2 RT-qPCR Primers for characterisation of cortical differentiation 
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 Antibodies for characterisation (Table 5.3): 

Target Host 

species 

Application  Dilution  Catalogue 

Number 

Company 

CD133 Mouse IF 1:100 MAB4310 Chemicon 

PKCλ 

 

Mouse IF 1:500 610207 

 

BD Transduction 

Laboratories 

PH3 Rabbit IF 1:1000 AB5176 Abcam 

OCT3/4 Mouse IF 1:200 SC5279 Santa Cruz 

NANOG Goat IF 1:500 AF1997 R&D Systems 

PAX6 Rabbit IF 1:500 AB2237 Millipore 

SOX2 Rabbit IF 1:100 AB5603 Millipore 

NESTIN Mouse IF 1:300 MAB5326 Millipore 

TBR2 Rabbit IF 1:200 AB23345 Abcam 

TBR1 Rabbit IF 1:300 AB31940 Abcam 

N-CADHERIN Mouse IF 1:300 610921 BD Transduction 

Laboratories 

VGLUT1 Rabbit IF 1:300 135303 Synaptic Systems 

CUX1 Rabbit IF 1:300 SC13024 Santa Cruz 

SATB2 Mouse IF 1:100 AB51502 Abcam 

CTIP2 Rat IF 1:300 AB18465 Abcam 

NEUN Mouse IF 1:1000 MAB377 Millipore 

GAD65/67 Mouse IF 1:500 BML-

GC3108 

Enzo, Sapphire 

Bioscience 

VGLUT2 Guinea Pig IF 1:500 AB2251 Millipore 

Β-III Tubulin Mouse IF 1:300 T5076 Sigma 

Β-III Tubulin Rabbit IF 1:300 T2200 Sigma 

DCX Guinea Pig IF 1:300 AB2253 Millipore 

MAP2 Chicken IF 1:500 AB15452 Millipore 

GFAP Goat IF 1:700 SAB2500462 Sigma 

Table 5.3 Antibodies for characterisation of cortical differentiation 

 

 DMSO (Sigma cat# D2438-5X10ML) 

 Paraformaldehyde 

 Triton X-100 

 Tween20 

 Donkey serum 

 Phosphate buffered saline with 0.5% Triton X-100 

 Phosphate buffered saline with 0.2% Tween20 (PBST) 
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 ProLong® Gold Antifade Mountant with DAPI (Invitrogen cat# P36935) 

 TRIzol® reagent (Invitrogen cat# 15596018) 

 StepOnePlus Real-Time PCR System (Applied Biosystems)  

 StepOne V2.2.2 Software (Applied Biosystems)  

 

Solutions for cell culture: 

MEF medium 10% hES cell FBS, 100U/mL P/S, 1X NEAA, DMEM (High glucose). 

Store at 4˚C for 1 month 

Incomplete hPSC medium DMEM/F12 GlutaMAX, 20% KSR, 1X NEAA, 50 U/mL P/S Store at 

4˚C for 1 month 

Complete hPSC medium Incomplete hPSC medium + 0.1 mM 2-mecaptoethanol + 80-

100ng/mL bFGF (10ng/mL for hESCs), use immediately. 

Complete hPSC 

conditioned medium 

Incomplete hPSC medium conditioned for 24hrs with a MEF feeder-

layer (Section 2.10.5.1) + 0.1 mM 2-mecaptoethanol + 80-100 ng/mL 

bFGF, use immediately 

B-27 Medium Neurobasal medium, 1X B-27 supplement, 1mM L-Glutamine, 100 

U/mL P/S. Store at 4˚C for 2 weeks 

N-2 Medium DMEM/F12 GlutMAX, 1X N-2 supplement, 5 µg/mL Insulin, 1mM 

L-Glutamine, 100 μM NEAA, 100 μM β-mcap, 100 U/mL P/S Store at 

4˚C for 2 weeks 

Neural maintenance 

medium 

1:1 N-2:B-27 medium, Store at 4˚C for 2 weeks 

Neural Induction medium 

#1 

1:1 N-2:B-27 medium plus 10μM SB431542 + 5 μM Dorsomorphin, 

use immediately 

Neural Induction medium 

#2 

1:1 N-2:B-27 medium plus 5 μM Dorsomorphin, use immediately 

Dispase Solution Make 10 mg/mL stock by resuspending powder in DPBS without 

magnesium and calcium. Filter sterilise through 0.22 μm filter. Store 

at 4°C. Stable for 24 months. 

Gelatin Solution Make a 0.1% W/V gelatin solution in MQ. Autoclave and store at 4˚C. 

Filter through 0.22 μm filter immediately prior to use.  

Neural progenitor 

freezing medium 

Neural maintenance medium with 10% DMSO and 20 ng/µL FGF 

 

Coating cell culture plastic: 

Gelatin coating: 0.1% W/V gelatin solution was passed through a 0.22 µM filter and added 

to each well at 1 mL per 9.5 cm2. Plates were then incubated at 37˚C for a minimum of 2 hrs to 

overnight. After incubation excess gelatin was aspirated and plates allowed to dry at room 

temperature (30 minutes-1 hr). Gelatin coated plates were then used immediately.  

 

ECM coating: ECM was prepared by diluting 1:2 with cold DMEM/F12 + Glutamax medium 

and stored in 100 µL aliquots at -80˚C. Prior to coating aliquots were thawed in the fridge at 

4˚C. ECM was diluted to 1:100 (by diluting the aliquots 1:50) in cold DMEM/F12 + Glutamax 



192 

 

medium. 800 µL of ECM was added per 9.5 cm2 and incubated at 37˚C for a minimum of 2 hrs 

to overnight. Excess ECM was then aspirated and the plates rinsed with PBS prior to immediate 

use  

 

Poly-L-ornithine /Laminin coating: cover the bottom of the dish/plate with 0.1% W/V Poly-

L-ornithine solution and incubate at 37˚C for 4 hrs. Aspirate solution and wash 2 times in DPBS. 

Thaw laminin slowly at 4˚C. Add laminin stock to a concentration of 20 µg/mL in PBS and 

cover the bottom of plate/dish. Incubate for 4 hrs to overnight at 37˚C. Aspirate laminin, wash 

1X in neurobasal medium, aspirate and add cell culture medium. 

5.3.2 Procedure 

Steps 1-3: Culturing hPSCs for neural induction 

1. Culture hPSCs as described in section 2.10 and 2.11 on a MEF feeder layer. Continue 

to culture cells from thawing until limited differentiation is observed in the cultures and 

the cultures appear to be maintaining pluripotency with passaging.  

2. Once hPSCs are growing well on MEFs. Transition the cells to feeder-free conditions 

as described in section 2.10 and 2.11 by growing on ECM coated 6-well plates (Greiner 

plates). 

3. Expand cultures for induction as large starting numbers of hPSCs are required to initiate 

induction and proceed through to 90 days of differentiation with collection of material 

at multiple time points for characterisation.  

Steps 4-17-: Preparation of hPSCs for neural induction 

4. Inspect the hPSC cultures for differentiation under a dissecting microscope in a 

biological safety cabinet class II under sterile conditions. Differentiating colonies will 

typically lose the defined edge of the colony with large differentiated cells appearing at 

the border (Figure 5.7). 

5. Coat a 6-well NUNC plate with ECM at 37˚C for a minimum of 2 hrs. Depending on 

the size of the experiment i.e. if collecting cells for Immunofluorescence (IF) analysis, 
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protein extraction and RNA at each significant time point, at least two 6-well plates will 

be required.  

6. Optional: If collecting neuroepithelial sheet for IF analysis, coat a 35 mm NUNC dish 

with ECM which can be fixed and used for IF at day 12 of induction as cells do not 

adhere well to glass coverslips. 

7. Add 1 mL of complete hPSC conditioned medium plus 10 µM ROCK inhibitor to each 

well of the ECM coated plates and allow the plates to equilibrate in the incubator at 

37˚C. 

8. Remove any regions of differentiation, by cutting away the differentiating cells using a 

21-guage needle (attached to a 1mL syringe) using a dissecting microscope in a 

biological safety cabinet class II under sterile conditions and remove from the plate 

using a p200 pipette. 

9. Passage the hPSC to single cells using accutase. Wash the hPSCs once with DPBS. Add 

700 µL of accutase pre-warmed to 37˚C to each well of the 6-well plate. Place in the 

incubator for 10 minutes or until the cells start to become single cells and detach from 

the cell culture plastic (as observed using an inverted microscope).  

10. Add the cells to pre-warmed, at 37˚C, incomplete hPSC medium in a sterile 10 mL tube. 

11. Add 1 mL of incomplete hPSC medium to each well and using minimal pipetting with 

a p1000 pipette wash off any remaining cells and transfer to the 10 mL tube. 

12. Spin the tube at 120 g for 3 minutes, with a break of 1 applied, at room temperature. 

13. Aspirate the supernatant being careful not to disrupt the cells in the bottom.  

14. Resuspend the cells in 1 mL of complete hPSC conditioned medium plus 10 µM ROCK 

inhibitor pre-warmed at 37˚C.  

15. Preform a viable cell count with trypan blue using a hemocytometer. 

16. Plate at a density of 1.6x106 cells/mL per well in the prepared 6-well plate and make the 

total volume in the well up to 2 mL with complete hPSC conditioned medium plus 10 

µM ROCK inhibitor. Place cells back into the incubator overnight. 
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17. Critical step: observe the plates using an inverted microscope (Figure 5.11A). 

Determine if each well is 100% confluent. The hPSC must cover the entire surface of 

the well. If there are regions of the plate which are not covered by the cells then change 

the medium by aspirating the medium and adding 2 mL of complete hPSC conditioned 

medium and returning to the incubator for a further 24 hrs. If after this time the hPSCs 

still do not cover the entire plate the cells will need to be discarded and the preparation 

for hPSC induction started again as the cells will not be able to retain adequate 

pluripotency for induction at such a high density for a further 24 hrs. 

Steps 18-34: Neural Induction 

18. Once the cells are 100% confluent neural induction can be initiated. Aspirate the 

complete conditioned medium and wash the cells once with 1 mL of DPBS. Add 2 mL 

of neural induction medium #1. Return the cells to the incubator. 

19. Replace the medium with fresh neural induction medium #1 every second day. 

20. Morphologically the cells should begin to change from the characteristic PSC 

morphology of high nucleus to cytoplasm ratio to smaller more compact cells with 

smaller nuclei which are the neuroepithelial cells (Figure 5.11A). 

21. At day 6 of induction the medium is changed from neural induction medium #1 to neural 

induction medium #2. The cells are then returned to the incubator. 

22. Neural induction medium #2 is replaced every second day. 

23. Critical step: by day 12 of induction a uniform neuroepithelial sheet (cell layer) should 

have formed across the entire surface of the well. At this step the sheet is collected. 

24. Coat 35 mm dishes with Poly-L-ornithine/Laminin (PLO/laminin). 

25. Add 1 mL of neural induction medium #2 with 10 µM ROCK inhibitor and 20 ng/mL 

FGF to each dish and allow to equilibrate at 37˚C in the incubator. 

26. Add 800 µL of dispase directly into the medium in each well of the 6-well plate. Return 

to the incubator for 5 minutes.  
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27. Aspirate the medium with dispase and add 1 mL of pre-warmed at 37˚C neural 

maintenance medium to each well to wash. Aspirate the medium and add 1 mL of neural 

maintenance medium. 

28. Using a cell scrapper very carefully detach the neuroepithelial sheet from the surface of 

the plate. 

29. Critical step: Make sure to keep the neuroepithelial sheet as intact as possible. If the 

sheet is broken up too much neural induction will fail. 

30. Transfer the neuroepithelial sheet to a 10 mL sterile tube with 6 mL of pre-warmed at 

37˚C neural maintenance medium using a 5 mL serological pipette. 

31. Add a further 1 mL of neural maintenance medium to the well and using the cell 

scrapper collect any remaining cells. Transfer to the 10 mL tube using the 5 mL 

serological pipette. 

32. Collect the sheet by centrifuging at 80 g for 3 mins, with a break of 1, at room 

temperature. 

33. Aspirate the supernatant and add 2 mL of neural maintenance medium with 10 µM 

ROCK inhibitor and 20 ng/mL FGF. 

34. Very carefully invert to mix the neuroepithelial sheet and using a 5 mL serological 

pipette transfer 1 mL to the pre-prepared PLO/Laminin dish. Add the remaining 1mL 

to another pre-prepared PLO/Laminin dish (1:2 split). Return dishes to the incubator 

overnight. 

Steps 35-68: Expansion of NSCs 

35. Aspirate the medium and replace with 2 mL of neural maintenance medium with 20 

ng/mL FGF. Return to the incubator. 

36. Change the medium to fresh neural maintenance medium with 20 ng/mL FGF for the 

next 2 days.  
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37. At this point the cells should have formed neural rosette structures (Figure 5.9C and D, 

Figure 5.11A). 

38. Critical step: On day 15 of induction the cultures are cleaned up to remove any 

contaminating neural crest-like cells (Figure 5.9D).  

39. Coat 35mm dishes with PLO/laminin. 

40. Add 2 mL of neural maintenance medium with 20 ng/mL FGF to each dish and allow 

to equilibrate in the incubator. 

41. Under a dissecting microscope in a biological safety cabinet class II under sterile 

conditions observe the cultures and cut out the neural rosettes using a 21-guage needle 

attached to a 1 mL pipette. Note: avoid the very edge of the rosettes which is were more 

differentiated/contaminating cells are located (flat cells). 

42. Cut out all rosettes on the dish, then using a p200 pipette gently nudge the rosettes to 

detach them from the surface of the dish 

43. Transfer the rosettes to the pre-prepared PLO/laminin dishes using a p200 pipette (set 

at 100 µL). Break up any very large (thick) rosettes. All rosettes from one 35 mm dish 

are transferred to one 35 mm dish (1:1). 

44. Distribute the neural rosettes evenly across the surface of the dish and return to the 

incubator overnight. 

45. The next day change the medium to 2 mL of neural maintenance medium. To change 

medium on neural rosette cultures (and neuronal cell cultures) remove the medium using 

a p1000 pipette and add fresh medium by gently pipetting onto the side of the dish 

slowly so as not to disrupt the neural rosettes which are only lightly attached. 

46. Medium is changed every second day from this point onwards. 

47. Observe the cultures daily using an inverted microscope.  

48. Five days after manually selecting the neural rosettes the cells should be at high density 

covering most of the plate. 
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49. At this point the neural rosettes are enzymatically passaged using dispase to expand the 

neuronal progenitor cell population.  

50. At this point the neural progenitor cells can be expanded and maintained (see neural 

progenitor cell expansion and cryopreservation protocol (Note 1)). 

51. Coat 35 mm dishes with PLO/laminin. Add 2 mL of neural maintenance medium to the 

dishes allow to equilibrate at 37˚C in the incubator.  

52. Add 800 µL of dispase directly into the medium on the cells and return to the incubator 

for 5minutes. 

53. Aspirate the medium and add 1 mL of pre-warmed neural maintenance medium at 37˚C 

to the dish. 

54. Using a cell scrapper gently lift the neural rosettes off the plastic and using a 5 mL 

serological pipette transfer the cells to a sterile 10 mL tube with 6 mL of pre-warmed 

neural maintenance medium at 37˚C. 

55. Add a further 1 mL of neural maintenance medium to the dish and transfer any 

remaining cells into the 10 mL tube. 

56. Collect the cells at the bottom of the tube by centrifugation at 80 g for 3 minutes, with 

1 break, at room temperature.  

57. Aspirate the supernatant and resuspend the cells in 1 mL of neural maintenance medium. 

Using a p1000 pipette up and down twice to break up any really large neural rosettes 

being careful not to disrupt too much and transfer to a pre-prepared 35 mm dish. Return 

to the incubator. 

58. Medium is changed every second day. 

59. 5 days later the cells should again be at high density covering most of the plate as 

observed using the inverted microscope. Neurons should now be observed around the 

periphery of the rosettes. At this point cells are now passaged using accutase. 

60. Coat 35 mm dishes with PLO/laminin. Add 2 mL of neural maintenance medium to the 

dishes allow to equilibrate in the incubator.  
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61. Aspirate medium from the neural rosettes and wash with 1 mL of DPBS. Add 700 µL 

of pre-warmed at 37˚C accutase to the dish and return to the incubator for 10 minutes. 

62. Observe the cells using an inverted microscope, rosette clumps cells should be 

beginning to form single cells with cells starting to detach from the dish. Add 1 mL of 

neural maintenance medium to the dish to neutralise the accutase. 

63. Pipette the cells off the surface of the dish by pipetting up and down 2-3 times using a 

p1000. 

64. Transfer the cells to a 10 mL sterile tube with 6mL of pre-warmed neural maintenance 

medium. 

65. Add a further 1 mL of neural maintenance medium to the dish and remove any 

remaining cells to the 10 mL tube using a p1000 pipette. 

66. Collect the cells at the bottom of the tube by centrifugation at 108 g for 3 minutes, with 

1 break, at room temperature. 

67. Aspirate the supernatant and resuspend the cells in 1mL of neural maintenance medium 

and pipette up and down 4 times to get to a single cells suspension. 

68. Perform a viable cell count using trypan blue and plate cells at a density of 1.5x106 

cells/35mm dish making the medium up to 2 mL per dish.   

69. Medium is changed every second day. 

Steps 69-77: Neural Differentiation 

70. After 5 days the cells should again be at high density with no neural rosette structures 

still present in the cultures. Cultures should be a mixture of neurons and neural 

progenitors (Figure 5.11B). 

71. To promote neurogenesis the cultures are again accutase passaged to single cells (steps 

59-66) and plated at a low density. 
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72. A viable cell count is then performed using trypan blue and the cells plated at a density 

of 0.8x106 cells/35 mm dish in neural maintenance medium. Dishes are returned to the 

37˚C incubator.  

73. These cultures are now fragile and have low-adhesion to the dishes. Care should be 

taken when changing medium to never completely remove all medium from the bottom 

of the dish and to use a p1000 to remove medium slowly. Fresh medium is added to the 

dishes by slowly pipetting with a p1000 onto the side of the dish.  

74. Medium is changed every second day. 

75. Optional Step: Monitor the cultures daily using an inverted microscope if 5-7 days after 

the last accutase passage the cultures appear to be high density (80-100% confluent) 

with a large proportion of neural progenitors still present the cultures then they can be 

passaged again using accutase and again plated at a density of 0.8x106 cells/35 mm dish 

(steps 59-66).  

76. Critical step: after this point the cultures should contain a high proportion of neurons 

and should not be passaged again as neurons are fragile and will have a low survival 

rate after passaging.   

77. Cells can be kept in culture for a further 40-60 days with medium changes every second 

day as described in step 73.  

Note 1: Neural progenitor cell expansion and cryopreservation protocol 

1. Neural progenitor cells can be expanded from step 49.  

2. Coat a 6-well plate with ECM and add 1mL of neural maintenance medium with 20 

ng/mL FGF. Equilibrate the plates at 37˚C in the incubator 

3. After viable cell count using trypan blue the cells are plated at a density of 2x106 

cells/well of a 6-well plate (NUNC). It is important to maintain the neural progenitor 

cells at high density to prevent differentiation.  

4. Medium is changed every second day. 
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5. Observe the cultures daily using an inverted microscope. Once the neural progenitors 

are confluent (cover the surface of the plate) they need to be passaged via accutase into 

a new ECM coated plate (Note 1: Steps 1-3).  

6. These cells can be further expanded or cryopreserved. 

7. To cryopreserve the neural progenitor cells, after accutase passage, the cells are 

resuspended in neural progenitor freezing medium and transferred to a cryovial. The 

cryovial is placed in a CoolCell®LX, freezing container at -80˚C overnight and then 

transferred into liquid nitrogen for long term storage.  

Note 2: Procedure for characterisation of cortical neuronal differentiation via 

immunofluorescence analysis 

1. Fix cells in 4% PFA for 15 minutes at room temperature. Remove PFA and wash 3 

times in DPBS for 5 minutes. 

2. Pause point: Add DPBS to half-fill the dish and store at 4˚C. 

3. Permeablise the cells for 5 minutes in 0.2% (vol/vol) Tween20 in PBS (PBST) for 

neurons and progenitors (0.5% (vol/vol) Triton X-100 in PBS for 3 minutes for hPSCs 

and neural rosettes). 

4. Block the cells for 1 hour at room temperature in 5% (vol/vol) horse serum in PBST. 

5. Stain overnight at 4˚C with primary antibodies diluted in 0.5% (vol/vol) horse serum in 

PBST as per Table 5.3. 

6. Rinse thrice with PBST and wash 3 times for 5 minutes with PBST. 

7. Incubate with secondary antibodies for 1 hour at room temperature in diluted in 0.5% 

(vol/vol) horse serum in PBST. 

8. Rinse thrice with PBST and wash 2 times for 5 minutes with PBST. 

9. Wash once in PBS for 5 minutes 

10. Mount cells in ProLong® Gold Antifade Mountant with DAPI and store in the dark at 

4˚C for microscopy analysis. 
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Note 3: Procedure for characterisation of cortical neuronal differentiation via 

quantitative real-time PCR 

1. Lyse cells directly in Trizol Reagent (Invitrogen) and extract RNA (as per users 

preferred protocol). 

2. RNA is converted to cDNA and diluted appropriately.  

3. Expression of marker genes for different stages of cortical neuronal differentiation are 

determined using exon-exon boundary specific primers (Table 5.2). Parameters for RT-

qPCR reactions using the primer sets in Table 5.2 are as follows: All 20 µL real-time 

PCR reactions contain; 2 µL of cDNA, 1x SYBR Green Real-Time PCR master mix, 

0.5 µM forward primer and 0.5 µM reverse primer. Beta-actin (ACTB) is used as a 

house keeping gene to normalise data. PCR reactions are run on the StepOnePlus Real-

Time PCR System (Applied Biosystems) and data collected using the StepOne V2.2.2 

Software (Applied Biosystems). All reactions are run using the following parameters: 

95˚C for 10 minutes; 40 cycles of 95˚C for 15 seconds, 60˚C for 30 seconds; followed 

by a melt curve set as follows: 95°C for 15 seconds, 60°C for 1 minute followed by a 

0.3% continuous ramp from 60 °C to 95 °C. Expression of each gene is then normalised 

relative to expression at either day 70 neuron time point of the neuroepithelial sheet 

time point.  

5.4 Discussion 

hPSCs provide a unique and powerful resource to investigate the effects of novel genetic 

variants identified in patients with neurodevelopmental disorders such as PCDH19-FE. To take 

full advantage of the potential hPSCs to model neurodevelopmental disorders, robust and 

reproducible methods that enable cortical differentiation of hPSCs is of high benefit. The ability 

of different hPSC lines, especially hiPSCs, to differentiate to neurons is highly variable 

especially when using embryoid body based technologies. Therefore development of alternative 

protocols of cortical differentiation which are robust across multiple different hPSC lines is 

essential  (Hu et al. 2010). Additionally, individual hPSC lines, have been shown to have their 

own differentiation biases towards a particular cell lineage (Osafune et al. 2008). This 

differentiation propensity of hPSCs can impact the ability to differentiate these cells into a 
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desirable cell type, therefore protocols are required that can differentiate the cells to a particular 

cell type regardless of the innate differentiation bias (Kim et al. 2010).  Extensive review of 

published protocols for the differentiation of hPSCs identified the Shi et al 2012 protocol, 

published in journal Nature Protocols and Nature Neuroscience as a superior approach (Shi et 

al. 2012a, Shi et al. 2012b). The protocol was described as both a robust and efficient system 

of neural differentiation which follows the key developmental stages of human cortical 

development. This protocol relies on neural induction using two inhibitors of SMAD signalling, 

Noggin (BMP inhibition) and SB431542 (Activin/Nodal inhibition), which are sufficient for 

rapid and uniform neural induction of hPSCs (Chambers et al. 2009).  This method of neural 

induction is subsequently able to generate the full diversity of cortical progenitors with 

generation of VZ neuroepithelial cells, basal (intermediate) progenitors and outer radial glial 

progenitors. Following neural induction corticogenesis is stimulated by the removal of FGF, 

occurring over 2 months, consistent with the ~70-day period of corticogenesis observed in 

humans. Corticogenesis in this system is able to generate all classes of cortical projection 

neurons in a temporal manner with early-born (deep-layer) neurons generated at day 35 of 

differentiation and considerable numbers of late-born (upper-layer) neurons present after day-

70 and continuing to be generated as late as day 90. As is observed in human cortical 

development, astrocytes are detected after 45-days with the proportion increasing with time in 

culture. Functional glutamatergic and AMPA synapses were observed day-50 onwards, with 

complex patterns of spontaneous synaptic activity prevalent after day 80 of culture.  

 

Using the Shi et al 2012 protocol it was found at multiple stages, that follow the described 

methodology failed to yield efficient cortical differentiation.  As such, optimisation steps were 

added/adjusted in the protocol to provide a more robust and reproducible protocol of cortical 

development. Efficient neural induction is a key requirement in subsequent neurogenesis. The 

status of the initial population  of PSCs is crucial for robust neural induction, with reduced 

pluripotency resulting in inefficient neural induction (Koehler et al. 2011). Given the failure of 

neural induction with plating of high density colonies of hPSCs was likely due to an uneven 

distribution of cells and high density regions resulting in a loss of pluripotency in some regions 

of the culture, culture conditions were changed to plate hPSCs as high density single cells to 

create an even cell distribution (Chambers et al. 2009). Plating the hPSCs as single cells resulted 

in homogenous pluripotent cultures of cells as observed by immunofluorescent analysis of 

pluripotency marker proteins, OCT4 and NANOG and morphological analysis showing 

characteristic pluripotent cell morphology with large nucleus to cytoplasm ratio. The addition 

of ROCK inhibitor was used to promote survival of the PSCs as single cells by preventing 
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dissociation induced apoptosis (Watanabe et al. 2007). It was also found that a high density 

monolayer of hPSCs single cells is required for uniform neural induction. This suggests, that as 

is observed in hPSC culture, cell-cell contacts are also important for specification of cell fate 

during neural induction, potentially through formation of a stem cell niche which 

controls/maintains the integrity of the neuroepithelial cells (Solozobova et al. 2012, 

Viswanathan et al. 2014). A previous study investigated the effect of E-cadherin mediated cell-

cell contacts on neural induction, and showed that blocking E-cadherin contacts in ESCs 

strongly inhibited neural differentiation (Watanabe et al. 2005). The establishment of an 

adherent monolayer protocol has an additional benefit in that it allows visualisation of neural 

induction, allowing morphological monitoring of neural induction. As observed in this study 

the gradual replacement of hPSCs with neuroepithelial cells was easily monitored by the change 

in cellular morphology from the characteristic PSC morphology to small tightly compact cells 

with small nuclei from day 4 of induction. This also corresponded with the loss of pluripotency 

markers and an increase in the neuroepithelial marker PAX6, supporting that the optimisation 

of the plating of hPSCs resulted in successful neural induction.    

 

Extensive work has been conducted to identify pathways involved in neural induction and hence 

the modulation of these pathways for efficient neural induction in hPSCs. The Shi et al 2012 

protocol uses inhibition of BMP and Activin/Nodal signalling through the use of inhibitors of 

SMAD proteins which these pathways have all been shown to converge on to induce 

neurulation. Activin/Nodal signalling share the downstream effectors SMAD2 and SMAD3, 

while BMP signalling converges on the intracellular effectors SMAD1/SMAD5/SMAD8 

(Hegarty et al. 2013, Pauklin et al. 2015). Blockade of SMAD signalling using both noggin and 

SB431542 has been shown to be sufficient for full neural conversions circumventing the need 

for embryoid bodies or stromal cell co-culture protocols (Chambers et al. 2009). While 

treatment of either noggin or SB431542 improves the efficiency of neural conversion, neither 

treatment alone is sufficient to induce neural conversion (Chambers et al. 2009). They instead 

work together synergistically at multiple stages of neural differentiation for efficient neural 

induction of hPSCs. SB431542 inhibits lefty/Activin/TGFβ signalling, with treatment of 

SB431542 alone resulting in loss of pluripotency with differentiation to the trophoblast lineage 

(Chambers et al. 2009). However, in combination with noggin, which inhibits BMP signalling 

that drives trophoblast differentiation, neural induction occurs. Additionally, noggin and 

SB431542 are required for inhibition of additional germ layer differentiation with noggin-

dependent downregulation of SOX17 expression (endodermal lineage) and SB431542-

mediated suppression of Brachyury (mesoderm lineage) (Osafune et al. 2008). In this study 
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instead of using the endogenous BMP inhibitor Noggin, the small-molecule inhibitor 

Dorsomorphin was used which is an inhibitor of BMP type I receptors, Activin receptor-like 

kinase’s (ALKs) 2, 3 and 6 and blocks BMP-mediated phosphorylation of Smad 1/5/8  (Hao et 

al. 2008). Dorsomorphin was previously shown to be more effective at inhibiting BMP 

signalling than noggin, with an optimal concentration found to be 5 µM. Inhibition of BMP and 

Activin/Nodal  signalling pathways using inhibitors Dorsomorphin and SB431542, in hPSCs 

has been shown to robustly induce neural cell differentiation to >90% and suppress 

differentiation into other cell lineages, overcoming the innate differentiation propensity of 

different hPSC lines (Kim et al. 2010). While Activin/Nodal inhibition is required for efficient 

neural induction, this signalling pathway also plays a role in anterior-posterior patterning of the 

primitive neuroectoderm. Previous studies have shown that with inhibition of Activin/Nodal 

signalling imposes a caudal positional identity on the induced neuroectoderm (Patani et al. 

2009, Lupo et al. 2014). Therefore, it was reasoned that to prevent caudalisation of the 

generated anterior neuroectoderm, the inhibitor of Activin/Nodal signalling, SB431542, should 

only be kept in culture for the initial 6 days of induction instead of the 10-12 days in the Shi et 

al. 2012 protocol. This timeline of SB431542 addition during neural induction was previously 

used and shown to produce anterior (forebrain) neuroectoderm (Chambers et al. 2009). The use 

of dual-SMAD inhibition using small-molecule inhibitors, Dorsomorphin and SB431542, at 

previously optimised concentrations and timing of the inhibitors, resulted in robust neural 

induction of neuroepithelial cells generating PAX6+ neuroepithelial cells.  

 

Neural stem and progenitor cells density plays an important role in cell fate decisions with 

differentiation. To generate relatively pure populations of cortical NSPCs it was found that 

keeping high density cultures and maintaining cell-cell contacts was crucial. In vivo neural 

differentiation of NSPCs base their cell fate decisions on cell-cell signalling, ECM interactions 

and growth factor concentrations (Solozobova et al. 2012). Previously, it has been shown that 

upon hPSC differentiation high density cultures tend to generate CNS-derived progenitors 

however if the cell density is decreased neural crest development is favoured (Chambers et al. 

2009). This was found to be true in this differentiation protocol with high density of 

neuroepithelial cells required to maintain relatively pure populations of cortical NSPCs. When 

these high density cultures were not maintained contaminating cell types would take over the 

cultures. It is likely that these contaminating cells were of neural crest lineage as previously 

observed (Chambers et al. 2009). The requirement for high density cultures of neuroepithelial 

cells and maintaining cell-cell contacts is likely due to maintenance of the stem cell niche, a 

microenvironment which maintains the self-renewal, survival, proliferation and regenerative 
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capacity of the stem cells (Solozobova et al. 2012). Notch signalling has previously been shown 

to be a requirement for maintenance of neural rosettes, with inhibition resulting in substantial 

neuronal differentiation (Abranches et al. 2009). A juxtacrine signalling relationship is 

observed in in vitro high density neural stem cell cultures, with Notch signalling inhibiting 

neural differentiation in the stem cells (Bartlett et al. 1998). Therefore, in the high density 

culture of neuroepithelial cells in this protocol, it is likely that the high density cell-cell contacts 

are important for Notch signalling and maintenance of the neural stem cell population. It was 

also found that manual selection of neural rosettes to remove contaminating cells resulted in a 

pure homogenous population of cortical stem and progenitor cells with rosette-like 

morphology. Removal of contaminating/differentiated cells, would likely aid in the 

maintenance of the stem cell niche by removing extrinsic signals form the contaminating cells 

(Eshghi et al. 2008).  

 

Successful neural induction is observed morphologically by the presence of a homogenous 

population of neural rosettes structures in culture. Neural rosettes are structures reminiscent of 

a transverse-section of the in vivo developing neural tube, a radial arrangement of columnar 

neuroepithelial cells (O'Rahilly et al. 1994). These apical-basal organised rosette structures 

showed expression of apical neuroepithelial markers N-CADHERIN, AF6, PKCλ localised at 

the centre of the structures demarcating a central lumen, similar to the embryonic neural tube. 

Although it was not investigated, these cells also are likely to undergo interkinetic nuclear 

migration (IKNM), as occurs in NSPCs in the neural tube, and was shown to be a feature of the 

cortical stem cells in the Shi et al. 2012 protocol (Shi et al. 2012b). To expand the cortical stem 

cell population FGF was added to the cultures for 4 days. FGF has many roles at different stages 

during neural induction and differentiation, in hPSCs it is required to maintain the 

undifferentiated state, while in primitive neuroectoderm it is important for further 

differentiation to neural progenitor cells (Cohen et al. 2010, Greber et al. 2011). In forebrain 

neural precursor cells, FGF is able to enrich the survival and proliferation of these cells (Dhara 

et al. 2008). Given this role of FGF in neural precursor cell proliferation, the Shi et al. 2012 

protocol showed that FGF could be maintained in the culture to generate a stable cortical neural 

progenitor cell line which could be expanded and cryopreserved for future use (Shi et al. 

2012a). Using the optimised protocol, continued culture in FGF at high density, was also able 

to expand the neural progenitor cells which were cryopreserved. Subsequent FGF removal from 

culture was used to facilitate neural differentiation. Removal of FGF from culture medium and 

low density plating of neural progenitor cells has been shown to facilitate neural differentiation 

(Elkabetz et al. 2008). Additional optimisation of this protocol could involve addition of FGF 
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earlier on during neural induction, after the initial loss of pluripotency at day 4 of induction. 

Previously, it has been shown that addition of exogenous FGF to the primitive neuroectoderm 

after the initial stage of neural induction can stabilise the neuroectoderm and prevent pattering 

of the neural precursor to differentiate to peripheral nervous-system like neurons similar to 

those originating from the neural crest in vivo (Cohen et al. 2010, Lupo et al. 2014).  Therefore, 

addition of FGF earlier on during neural induction could aid in the generation and stabilisation 

of the anterior neuroectoderm and minimise the number of contaminating cells in the cultures.  

 

One of the defining features of the Schi et al 2012 protocol, is that the full complement of 

cortical neuronal progenitor cells is generated which allows the subsequent generation all 

classes of neural projection neurons in a temporal manner. Given the similarities in the two 

protocols (the Shi protocol and the optimised protocol of this study), rigorous conformation of 

cortical neuronal progenitor cell identities was not undertaken. Instead the presence of 

basal/intermediate progenitors was confirmed by expression of TBR2 positive cells located near 

periphery of the neural rosettes (Englund et al. 2005). Confirmation of the generation of the full 

complement of cortical neural progenitors was extrapolated from the output of the 

differentiation protocol with the generation of both major classes of cortical excitatory neurons 

at day 70 and day 90 of differentiation, namely early (deep-layer) and late (upper-layer) born 

neurons. The mammalian cortex is composed of six different layers, consisting of neurons with 

specific patterns of gene expression and connectivity. The specific layer a particular neuron 

resides in is tightly linked to the birthdate of the neuron with early-born neurons residing in the 

deep layers and late-born neurons located in the upper layers (van den Ameele et al. 2014). To 

generate both deep-layer early-born cortical neurons and upper-layer late-born neurons the full 

complement of cortical neuronal progenitors is required (Stancik et al. 2010, Shi et al. 2012a, 

Shi et al. 2012b). Previous differentiation protocols have produced predominantly early-born 

deep-layer neurons, which has been attributed to the lack of diversity in the generated cortical 

neural progenitor cells (Eiraku et al. 2008, Kim et al. 2014). Optimisation of these protocols 

resulting in the generation of multiple cortical progenitor types including RGC and outer (oRG) 

populations resulted in corticogenesis paralleling that of human in vivo development with all 

classes of cortical projection neurons in a temporal manner (Eiraku et al. 2008, Kadoshima et 

al. 2013, Kim et al. 2014). It was found, as was observed in the Shi et al. 2012 protocol, that in 

vitro cortical differentiation protocol paralleled that of in vivo cortical development, with first 

the generation of early-born glutamatergic neurons at approximately day 30 onwards, with a 

high proportion of these neurons observed at day 70 by expression of marker proteins for early-

born neurons, TBR1 and CTIP2, followed by generation of upper-layer neurons from day 70 
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onwards at day 90 of differentiation, shown by expression of upper-layer marker proteins 

SATB2 and CUX1.  Corticogenesis in humans begins at five gestational weeks, proceeding for 

approximately 100 days, and is predominantly completed by gestational week 28 weeks 

(Caviness et al. 1995, Molyneaux et al. 2007). Therefore, this cortical differentiation protocol 

parallels both the temporal order of cortical projection neurons observed in mammalian cortical 

development as well as the timing of genesis of human cortical development. Additionally, as 

was shown in the Shi et al 2012 protocol, GABAergic interneurons were not generated in the 

system. This is due to the fact that these interneurons arise from a different population of 

progenitors, ventral rather than dorsal. This supports previous observations that the dorsal-

anterior telencephalic neural cells are the default fate for neural induction (van den Ameele et 

al. 2014). To generate interneurons, caudalising factors such as Shh would need to be added to 

the neuroepithelial cells to direct the cells towards a ventral telencephalic state (Ma et al. 2012). 

Although electrophysiological analysis of the mature cortical neurons was not undertaken in 

this study, given the similarities in the composition of cortical neurons generated with the output 

of the Shi et al. 2012 protocol, it is highly likely that the cortical neurons generated using this 

protocol form functional glutamatergic synapses. Further support for the generation of synapses 

in this system comes from the high expression of the post-synaptic density marker, PSD-95 in 

the day 70 and day 90 neurons (Zheng et al. 2012).  

 

In order to ascertain if this optimised hPSC cortical differentiation protocol was both robust and 

reproducible, multiple independent neuronal differentiation experiments were undertaken using 

both control hiPSCs (seven experiments) and control hESCs (two experiments). Multiple 

independent neuronal differentiations were also undertaken using the PCDH19-FE hiPSC 

which will be discussed in the next chapter (Chapter 6). The results from these experiments 

showed that in all experiments where neural induction was successful (after 4 days of 

differentiation), all hPSC types followed the same temporal progression of differentiation and 

generated cultures which were highly similar in composition with generation of both deep-layer 

and upper-layer cortical neurons by day 90 of differentiation. Inductions which failed before 

day 4, were concluded to be due to the purity of the PSC starting cultures and were repeated 

successfully as such it was deemed that this was not due to flaws in the differentiation protocol. 

The similarities of the differentiations between hiPSC and hESCs, was confirmed by RT-qPCR, 

showing highly similar expression patterns of key marker genes at different developmental 

stages of the protocol as well as morphologically the cultures appeared highly similar 

(Supplementary figure 5.1 and supplementary figure 5.2). This shows that the optimised cortical 

differentiation protocol is highly reproducible across both hiPSCs and hESCs. It was not in the 
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scope of this study to investigate further the ability of an extensive number of hiPSC lines, 

derived by different methods, to differentiate to cortical neurons. This would be required to 

truly show that the innate differentiation propensity of the hiPSCs and the derivation method 

do not impact on the ability of the hPSC to differentiate to cortical neurons using this optimised 

protocol and support that this protocol is both robust and reproducible (Hu et al. 2010). A 

collaborating laboratory (Professor Wolvetang, The University of Queensland)), has however 

been able to successfully use this protocol to generate cortical neurons. One of the problems 

with a majority of the published in vitro differentiation methods using hPSCs is the optimisation 

required to establish the system in different laboratories (Santostefano et al. 2015). The 

reproducibility of the optimised protocol between two different laboratories, suggests the 

optimisations in this protocol have overcome the limitations associated with the previous 

protocol to translate in different laboratories, resulting in effective cortical neuronal 

differentiation. Therefore, this optimised protocol could effectively be applied in multiple 

different laboratories/different users to model human cortical development. 

5.5 Chapter Conclusions 

The cerebral cortex is one of the most complex structures of the human brain with impairments 

in function and development of the cortex resulting in neurodevelopmental and 

neurodegenerative disorders (Zhu et al. 2016). hPSCs provide a promising cell type to model 

human cortical development and investigate neurological disease. hPSC models of cortical 

brain development which parallel in vivo human cortical brain development are critical for 

investigating disease mechanisms involved in development of the cortex.  A previously 

developed protocol of cortical brain development which follows the key stages of human 

cortical brain development; including generation of all classes of cortical projection neurons in 

a fixed temporal order and the formation of functional excitatory synaptic networks was 

identified and further optimised to ensure the robustness and reproducibility of the protocol (Shi 

et al. 2012a). Key optimisation steps included single cell, high density plating of hPSCs to 

maintain pluripotency for neural induction, the timing and concentration of small-molecule 

inhibitors of BMP and Activin/Nodal signalling for efficient neural induction, density and 

plating of neuroepithelial cells and manual selection of neural rosettes to ensure a relatively 

homogenous population of cortical NSPCs for subsequent robust corticogenesis. Optimisation 

and subsequent application of this cortical differentiation protocol resulted in neural 

differentiation of hPSCs in a fashion which paralleled in vivo cortical development. 

Importantly, the protocol was found to be equally as efficient using both hESCs and hiPSCs 

and was highly reproducible across independent experiments. Now that this hPSC model of 

cortical brain development is established and reproducible, it can be used to investigate the 
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effect of different human pathogenic mutations on cortical brain development and investigate 

the different cellular and molecular mechanisms of disease. In particular, now that PCDH19-

FE hiPSCs have been generated this protocol can be used to investigate how loss of function of 

PCDH19 could affect cortical brain development in the patients. Importantly, this protocol can 

be manipulated to investigate the effect of a mosaic population of Mutant hiPSC and WT 

hiPSCs (i.e. by mixing single cells prior to neural induction) on cortical brain development in 

order to investigate the cellular interference model which is proposed to underlie the 

pathogenesis of PCDH19-FE.  
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Chapter Six: Modelling PCDH19-

female epilepsy using hiPSCs 

reveals roles for PCDH19 in 

regulating neuronal stem and 

progenitor cell polarity and 

differentiation.  
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6.1 Introduction 

The developmental deficits that lead to the pathogenesis of PCDH19-FE are largely unknown. 

Functional studies using zebrafish, have produced conflicting phenotypes (from within same 

group of investigators). While morpholino oligonucleotide-based knockdown model produced 

a severe phenotype with disruption of neural tube formation (Biswas et al. 2010), pcdh19 null 

zebrafish generated by TALEN technology, showed a much milder phenotype with disruption 

to only columnar architecture in the optic tectum (Cooper et al. 2015). The Pcdh19 KO mouse 

model used in this current study did not show any gross morphological abnormalities (Pederick 

et al. 2016). There is still a gap in our knowledge as to which cell types in both the developing 

and mature brain are affected by loss of PCDH19 and how this may, in a mosaic state, lead to 

PCDH19-FE.  

6.1.1 Protocadherin 19-female epilepsy is a disorder of cortical development 

PCDH19-FE is classed as an epileptic encephalopathy, with the occurrence of seizures at 

approximately 8-10 months of age followed by developmental regression with ID ranging from 

normal to profound (Specchio et al. 2011, Duszyc et al. 2015, Tan et al. 2015). The disorder is 

also often associated with additional co-morbidities including ASD, language delay and other 

behavioural deficits. There is no observable correlation between the severity of the seizures and 

the associated ID or other behavioural problems (Specchio et al. 2011). PCDH19 mutations 

show variable penetrance (Dibbens et al. 2008)with several Monozygotic (MZ) twins or 

mother-daughter and sister-pairs showing discordance. PCDH19-FE is not the only disorder 

where epilepsy is associated with additional developmental defects such as, ASD and ID. It is 

well recognised that epilepsy and ASD are co-morbid, with epilepsy being reported as the most 

common central nervous system disorder to be associated with ASD (Mouridsen et al. 2011). 

Mutations in a number genes have been shown to cause epilepsy, ID and ASD supporting the 

idea of shared molecular mechanisms during development leading to the onset of these 

disorders (see (Coe et al. 2012).). Both epilepsy and ASD arise from neuronal deficits which 

cause an imbalance in neuronal excitation and inhibition leading to disruption of neuronal 

network function (Tuchman et al. 2011). Precise control of both temporal and spatial events 

during all stages of brain development is required in order to establish correct neuronal 

circuitry. Therefore it is not surprising that mutations in genes involved in regulating various 

aspects of neural development including; neuronal differentiation (Shi et al. 2013), neuronal 

migration (Penagarikano et al. 2011), axonogenesis (Wildonger et al. 2008), dendritic 

arborisation (Durand et al. 2012) and synaptogenesis (Roussignol et al. 2005, Cochoy et al. 
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2015), have also been implicated in the pathogenesis of epilepsy and ASD.  It is likely that 

PCDH19 has functional roles in one or more of these aspects of brain development. 

 

Pcdh19 expression has been shown to be spatially and temporally regulated, with expression 

restricted to discrete areas in both the developing and adult brain (Dibbens et al. 2008, Lin et 

al. 2012, Pederick et al. 2016). PCDH19 shows high expression in the hippocampus in the 

human, and studies in rat hippocampus reveal its expression is under activity-dependant 

regulation. These data suggest a role PCDH19 in hippocampal neurons, and thus hippocampal 

dysfunction in PCDH19-FE (Dibbens et al. 2008, Kim et al. 2010). Layer-specific expression 

of PCDH19 is also observed in the cortex, suggesting a functional role for PCDH19 in a 

subpopulation of cortical neurons (Dibbens et al. 2008). A common cause of epilepsy is 

malformations of cortical development in which normal cortical circuitry and architecture is 

disrupted (Tuchman and Cuccaro 2011). Brain imaging studies i.e. Magnetic Resonance 

Imaging (MRI) performed on PCDH19-FE individuals, have identified the patient brains as 

normal in the majority of cases, however some abnormalities have been identified in a small 

subset of patients (Higurashi et al. 2013).  These abnormalities include heterotopia in the left 

frontal cortex, atrophy of the hippocampus and cortical dysplasia (Ryan et al. 1997, Vincent et 

al. 2012, Higurashi et al. 2013, Luebbig et al. 2013). These data suggest that abnormalities in 

neurodevelopment and brain architecture can be present in PCDH19-FE patients, and while the 

majority of patients have apparently normal MRIs, more subtle changes may be present, but 

below the limit of detection. Consequently, it can be speculated that altered cortical 

development is a contributing factor to the pathogenesis of PCDH19-FE. Several studies have 

illustrated the expression of PCDH19 in glutamatergic excitatory cortical neurons, while 

expression of PCDH19 in the ganglionic eminence (GE; the primary birthplace of GABAergic 

interneurons in mice), suggests PCDH19 may also be expressed in the GABAergic progenitors 

and/or interneurons of the cortex (Mouridsen et al. 2011, Compagnucci et al. 2015, Pederick et 

al. 2016). This expression is suggestive of a functional role for PCDH19 in both excitatory and 

inhibitory neurons of the adult cortex. However, the implication of altered cortical development 

in PCDH19-FE suggests that PCDH19 function is also required earlier on during development. 

Pcdh19 expression is first detected at E9 in mouse, with expression in most neuroepithelium of 

the brain by E12.5 (Gaitan and Bouchard 2006). At E15.5, the peak period of neurogenesis in 

mouse, Pcdh19 is highly expressed in both the VZ and the SVZ, the key proliferative zones of 

cortical development (Pederick et al. 2016). This highlights a possible role for PCDH19 in the 

NSPC populations during cortical development. 
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6.1.2 Apical-basal polarity of neural stem and progenitor cells is crucial for normal 

cortical development 

NSPC polarity is crucial in the regulation of cellular division, and cell fate determination. 

Polarity is required to balance NSPC self-renewal with differentiation, and as such tight control 

of this process is required to generate correctly organised brains of the correct size (Fish et al. 

2008). Neuroepithelial cells (and/or RGCs) in the VZ, are highly polarised along their apical-

basal axis (Gotz and Huttner 2005).  For simplicity purposes, this cell population which includes 

neuroepithelial cells, RGCs and apical progenitors will be referred to as neural stem and 

progenitor cells (NSPCs) also. Different signals are localised at both the basal and apical ends 

of the cell, providing polarity cues and anchoring the cell to the pial and ventricular surface, 

respectively (Taverna et al. 2014). The apical-basal polarity of the cells provide positional cues 

that control symmetric vs asymmetric cell division (i.e. based on the equal or unequal 

distribution of cellular components respectively, into the daughter cells) (Taverna et al. 2014). 

During development, the ventricular surface is composed of the apical membranes of NSPCs, 

which themselves are demarcated by apically localised cell-cell junction complexes, which 

include adherens junctions (AJ). Apical AJ are composed of cadherin and catenin proteins and 

are tightly associated with other coordinators of apical-basal polarity, for example PAR3 and 

αPKC, providing both a structural and signalling hub in the NSPCs (Marthiens et al. 2009, 

Taverna et al. 2014). The extracellular domain of the cadherin proteins binds to neighbouring 

NSPCs providing adhesion of the cells between their most apical points of their basolateral 

membranes, and in doing so, delineate the apical membrane surface. The cytoplasmic domains 

of cadherins have been shown to interact with β-catenin, which can interact with the actin 

cytoskeleton via α-catenin (Yonemura 2011, Taverna et al. 2014). Additionally these junctional 

components have been shown to be asymmetrically portioned during mitosis (Marthiens and 

ffrench-Constant 2009). Apical junction complexes have well characterised roles in acquiring 

and regulating polarity, cell division, cell adhesion and regulating progenitor cell identity 

(Zhang et al. 2010, Taverna et al. 2014). Loss of apical polarity proteins results in a disruption 

of adherens junctions (Rasin et al. 2007), change in progenitor cell identity (Cappello et al. 

2006), basally located mitosis (Cappello et al. 2006), increased neuronal differentiation(Zhang 

et al. 2010) and depleted progenitor pools (Rasin et al. 2007, Zhang et al. 2010).  

6.1.3 Unique roles of PCDH19 in human cortical development 

The discrepancy in the phenotype associated with loss of PCDH19 function between the 

PCDH19-FE patients and studied animal models is suggestive of a novel and/or different role 

of PCDH19 in human brain development. The relative increase in brain size in humans during 
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mammalian evolution (i.e. the human brain is 15-fold larger than the mouse brain) has been 

hypothesised to be attributed to an increase in cell number driven by an expansion in the number 

and mode of NSPC divisions (Fish et al. 2008). There are numerous differences between rodent 

and human cortical development, in particular, the expansion of the human SVZ, a proliferative 

zone during neurogenesis. In addition, whilst in rodents, inhibitory neurons are produced 

primarily in the ventrally localised GE, in primates there is a subpopulation of inhibitory inter-

neurons produced locally in the SVZ of the dorsal forebrain (Anderson et al. 1997, Zecevic et 

al. 2005, Radonjic et al. 2014, Al-Jaberi et al. 2015). In humans, both astrocytes and 

oligodendrocytes are produced in the SVZ as well (Zecevic et al. 2005). Therefore, if PCDH19 

is involved in early human cortical development, in particular in the NSPCs, it may not be 

surprising that the outcome of PCDH19 mutations might be different between humans and 

animal models.  

 

In order to investigate the role of PCDH19 in early cortical development and the pathogenesis 

of PCDH19-FE we have developed a hiPSC model. hiPSC were generated from a male 

PCDH19-FE individual with a pathogenic mutation in PCDH19 ((NM_001105243.1); 

c.1671C>G pAsn557Lys) and then differentiated to cortical neurons using the optimised 

protocol modelling human cortical brain development (Chapters 4 and 5). Given that the 

pathogenesis of PCDH19-FE is attributed to a mosaic population of cells with the X-

chromosome expressing either the PCDH19 WT allele or the PCDH19 Mutant allele, a human 

PCDH19-FE model of cortical development was developed by mixing PCDH19 WT hiPSCs 

and the PCDH19 Mutant hiPSCs immediately prior to cortical induction. The use of male 

PCDH19-FE hiPSCs allows the identification of an effect on cortical neuronal development 

primarily based on the presence of a mosaic population, avoiding the sex-specific effect of the 

cells. This in vitro mixing paradigm was used to investigate the effects of the loss of PCDH19 

function on the NSPC population and subsequent downstream effects on cortical neuronal 

development.  

6.2 Results 

6.2.1 Modelling cortical brain development in PCDH19-female epilepsy 

Using an optimised 2D dual-SMAD inhibition model of hiPSC cortical differentiation (Chapter 

5) a human cellular interference model of PCDH19-FE was developed. To do this hiPSC were 

mixed and plated as single cells in a 1:1 ratio of PCDH19 Mutant hiPSCs containing the 

PCDH19 mutation (PCDH19c.1671G>C/Y)(Generated in chapter 4) and PCDH19 WT hiPSCs. 

This mixed cultured was referred to as the Mosaic culture type. Simultaneously, PCDH19 WT 
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hiPSCs only and PCDH19 Mutant hiPSCs only cultures, were plated as single cells, generating 

the PCDH19 WT and PCDH19 Mutant culture types. The three different hiPSC culture types 

(PCDH19 WT, PCDH19 Mutant and Mosaic) were adhered overnight and then cortical 

induction was initiated simultaneously on all three culture types the following morning. This 

was done to replicate the suspected mosaicism of the human embryo of patients with PCDH19-

FE due to random X-inactivation in females (Dibbens et al. 2008, Cotton et al. 2015) or early 

somatic mosaicism in males (Depienne et al. 2009). Within the means of the experimental 

system we aimed to mimic early stages of the brain development of a PCDH19-FE male or a 

female brain in order to identify if developmental defects could be contributing to the 

pathogenesis of the disorder (Figure 6.1). Five independent PCDH19-FE modelling 

experiments were performed with three of these being carried through to day 90 neurons. Two 

of these experiments were only progressed through to the neural rosette stage of differentiation. 

One sub-clone was used from each genotype. 

  

 

 

Figure 6.1 PCDH19-female epilepsy model of human cortical development. PCDH19 WT 

and PCDH19 Mutant hiPSCs were passaged to single cells and mixed in a 1:1 ratio prior to 

cortical induction to generate a mosaic population of cells which replicates the mosaicism of 

the PCDH19-FE embryo. All three culture types were then directed to differentiate to cortical 

neurons, modelling human cortical brain development.  



216 

 

6.2.2 Altered cortical development in PCDH19 Mutant and Mosaic models 

To identify changes in the cortical brain development associated with pathogenic mutations in 

PCDH19 (PCDH19 Mutant) and random X-inactivation (Mosaic), hiPSCs were differentiated 

to cortical neurons and RNA collected at four key time points of differentiation for analysis 

using RT-qPCR. The delta delta cT (ΔΔCt) method was used to analyse gene expression relative 

to WT and displayed as the relative quantities (RQ). The four key time points included the 

neuroepithelial sheet, neural rosette, day 70 neurons and day 90 neurons stages of 

differentiation. To ensure comparable induction efficiencies and hence feasibility of 

downstream analyses among the three different culture types carried forward (WT, PCDH19 

Mutant and Mosaic) the expression of neuroepithelial marker gene, PAX6, was quantified using 

RT-qPCR at the neuroepithelial sheet stage of induction. No significant difference of PAX6 

expression was identified between any of the three culture types (Figure 6.2). To identify 

changes in the expression of cell-type specific marker genes that identify with the major stages 

of cortical development, key markers of cortical differentiation were selected at each time point 

to monitor the progression of cortical differentiation between the three cell populations (Figure 

6.3). 

 

Figure 6.2 Comparable neural induction efficiency between all three culture types.  Five 

independent cortical differentiation experiments were performed using the optimised 2D dual-

SMAD inhibition model of cortical different. Three culture types; WT (green), PCDH19 

Mutant (red) and Mosaic (yellow) were differentiated within each experiment. RNA was 

collected at the Neuroepithelial sheet stage of the protocol and the expression of PAX6 

determined using RT-qPCR as a measure of neural induction. Graphs show the average relative 

quantity (RQ) of each gene as determined by ΔΔCt analysis method relative to WT with CT 

values normalised to housekeeper gene ACTB. Error bars represent the RQ max and RQ min 

values when confidence levels are set at 95%. Statistical analysis was determined by ordinary 

one-way ANOVA with Turkey’s multiple comparisons test with significance set as * P< 0.05, 

** P<0.01. n=5 for each culture type. 
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 The first key stage of the neuronal differentiation is the formation of the neuroepithelial sheet 

which is characterised by the induction of columnar neuroepithelial cells (Smith et al. 1997, 

Pankratz et al. 2007). OCT4, a pluripotency marker gene showed negligible expression at the 

neuroepithelial sheet and neural rosettes stage as expected with the onset of neural induction 

and no difference was observed between the three culture types (Figure 6.3A). All other marker 

genes tested at the neuroepithelial stage (PAX6, TBR2, DCX) revealed no difference in 

expression between the three culture types (Figure 6.3A).  

 

 

Figure 6.3 Comparison of key cell-type specific marker genes between the three culture 

types across the cortical differentiation protocol. Five independent cortical differentiation 

experiments were performed using the optimised 2D dual-SMAD inhibition model of cortical 

different. Three culture types; WT (green), PCDH19 Mutant (red) and Mosaic (yellow) were 

differentiated within each experiment. RNA was collected at 4 time points; A) Neuroepithelial 

sheet (n=5 experiments), B) Neural Rosettes (n=5 experiments), C) Day 70 neurons (n=3 

experiments) and D) Day 90 neurons (n=3 experiments) and expression of key cell-type specific 

marker genes analysed at each stage using RT-qPCR. Graphs show the average relative quantity 

(RQ) of each gene as determined by ΔΔCt analysis method relative to WT with CT values 

normalised to housekeeper gene ACTB. Error bars represent the RQ max and RQ min values 

when confidence levels are set at 95%. Statistical analysis was determined by an ordinary one-

way ANOVA with Turkey’s multiple comparisons test with significance set as * P< 0.05, ** 

P<0.01. 

 

After the initial stage of neural induction, the neuroepithelial cells further refine their polarity 

and form highly polarised structures termed neural rosette structures which have a similar cell 
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architecture to the neural tube of the developing embryo (Elkabetz et al. 2008). This is the 

population of cells that this study is refers to as NSPCs. Using RT-qPCR a number of key early 

neural genes were found to be differentially expressed between both WT and PCDH19 Mutant 

and WT and Mosaic neural rosettes cultures. PAX6 was significantly decreased in both the 

PCDH19 mutant (fold change=0.36, P=0.0179) and Mosaic (fold change=0.44, P=0.0212) cells 

(Figure 6.3B). The intermediate neural progenitor cell marker, T-box brain protein 2 (TBR2), 

was only significantly decreased in both the PCDH19 Mosaic (fold change=0.44, P=0.0415). 

TBR2 was decreased in the PCDH19 Mutant but did not reach significance (fold change=0.55, 

P=0.1207) (Figure 6.3B). Doublecortin (DCX), a neuronal lineage marker gene, showed a slight 

increase in its expression in both the PCDH19 Mutant and Mosaic cultures when compared to 

WT, but this did not reach statistical significance (Figure 6.3B). The glutamatergic excitatory 

neuronal marker, Vesicular glutamate transporter 2 (VGLUT2), showed no difference between 

any of the three cell populations. The GABAergic inhibitory neuronal marker, glutamic-acid 

decarboxylase (GAD67), also showed no difference in expression between the three cultures 

(Figure 6.3B). 

 

At day 70 of cortical differentiation there was a decrease in the expression of VGLUT2, a 

glutamatergic neuronal marker, with decreased expression between both WT and PCDH19 

Mutant (fold change=0.112, P=0.0541) (Figure 6.3C). The level of expression in the Mosaic 

neurons was in-between WT and PCDH19 Mutant. Expression of post synaptic density marker, 

Post synaptic density protein 95 (PSD95), and early-born neuronal marker, T-box brain protein 

1 (TBR1), did not change between the three culture types (Figure 6.3C). The astrocyte marker, 

Glial fibrillary acidic protein (GFAP), was significantly deregulated between all three cultures 

with significantly decreased expression in the PCDH19 Mutant (fold change= 0.008, P=0.0017) 

and Mosaic (fold change= 0.015, P=0.00842) as compared to WT. GFAP expression in the 

Mosaic neurons was between WT and PCDH19 Mutant and was significantly increased 

compared to PCDH19 Mutant (P=0.0018) (Figure 6.3C).  

 

The last stage analysed was day 90 of cortical differentiation, there was a significant decrease 

in VGLUT2 expression in the PCDH19 Mutant compared to WT (fold change=0.327, 

P=0.0018) and in the Mosaic compared to WT (fold change=0.329, P=0.0013). There was no 

difference in VGLUT2 expression between PCDH19 Mutant and Mosaic (Figure 6.3D). As 

observed in the day 70 neurons, PSD95 and TBR1 expression was similar in all three culture 

types (Figure 6.3D). Day 90 neurons showed no significant difference in GFAP expression 

between any of the three culture types due to high variation in the WT neurons. However, 
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similar to day 70 neurons, there was a decrease in both the PCDH19 Mutant and Mosaic 

cultures compared to WT cultures, although not significant (Figure 6.3D). The late-born 

neuronal marker, SATB2, which is more highly expressed in day 90 neurons relative to day 70 

neurons, showed no change between all three cell culture types (Figure 6.3D).  

6.2.2.1  Loss of PCDH19 function alters the behaviour of NSPCs at the neural rosette 

stage of cortical differentiation 

Preliminary analysis of cell-type specific marker gene expression on the cortical differentiation 

process revealed no changes between the three culture types at the neuroepithelial stage of 

differentiation. At the neural rosette stage however several difference were observed between 

the three culture types, with changes in both PAX6 and TBR2 expression, suggestive of changes 

in the composition of the cultures associated with loss of PCDH19 function or mosaic 

expression of PCDH19. To determine whether the observed changes in the key marker genes 

was associated with a change in PCDH19 expression, RT-qPCR analysis was performed across 

the key-stages of cortical differentiation. At the neural rosette stage PCDH19 expression was 

significantly increased in both the PCDH19 Mutant (fold change=4.97, P=0.0107) and Mosaic 

(fold change=4.17, P=0.0150) as compared to WT, with expression being approximately 5 and 

4-fold higher, respectively (Figure 6.4). This suggests a possible feedback response is 

occurring, with the cells trying to compensate for loss of PCDH19 by increasing the expression 

of the transcript. At all other stages; neuroepithelial sheet, day 70 and day 90 neurons, the 

expression of PCDH19 was not significantly different between any of the three culture types. 

This data suggests that the neural rosette stage of differentiation represents an important stage 

for PCDH19 function. 
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Figure 6.4 Deregulation of PCDH19 expression occurs only at the neural rosette stage of 

cortical differentiation. Five independent cortical differentiation experiments were performed 

using the optimised 2D dual-SMAD inhibition model of cortical different. Three culture types; 

WT (green), PCDH19 Mutant (red) and Mosaic (yellow) were differentiated within each 

experiment. RNA was collected at 4 time points; Neuroepithelial sheet (n=5 experiments), 

Neural Rosettes (n=5 experiments), Day 70 neurons (n=3 experiments) and Day 90 neurons 

(n=3 experiments) and the expression of PCDH19 analysed at each stage using RT-qPCR. 

Graph show the average relative quantity (RQ) of PCDH19 as determined by ΔΔCt analysis 

method relative to WT with CT values normalised to housekeeper gene ACTB. Error bars 

represent the RQ max and RQ min values when confidence levels are set at 95%. Statistical 

analysis was determined by ordinary one-way ANOVA with Turkey’s multiple comparisons 

test with significance set as * P< 0.05, ** P<0.01. 

6.2.2.2 PCDH19 is a key regulator of NSPC polarity 

A change in NSPC polarity could result in a loss of NSPC maintenance and be a driver behind 

the significant decrease in PAX6 expression observed in with loss of PCDH19 function 

(PCDH19 Mutant; Figure 6.3B)(Main et al. 2013). Protocadherins are well known for their role 

in cell-cell adhesion, which is a hallmark feature for the formation of highly polarised neural 

rosette structures (Elkabetz et al. 2008). A previous study has also resolved the apically 

localised expression of PCDH19 in NSPCs derived from hiPSCs (Compagnucci et al. 2015). 

This suggests that PCDH19 could have a role in the establishment and maintenance of apical 

polarity in the NSPCs.  Data from the optimised cortical differentiation protocol (Chapter 5) 

revealed that the highest expression of PCDH19 across the differentiation protocol occurred at 

the neural rosettes and neural progenitor stage of differentiation, suggestive of an important 

functional role of PCDH19 at this early stage of differentiation (Figure 5.14).  A crucial role of 

PCDH19 at the neural rosette stage was also supported by the deregulation of PCDH19 

expression only at the rosette stage of the optimised model of cortical differentiation (Figure 

6.4). One of the earliest stages of brain development is the acquisition of neuronal cell polarity. 

In the 2D cell culture model of cortical development this is represented by the appearance of 
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highly polarised neural rosette structures which appear around day 13-15 in culture. The cells 

were directed to differentiate using the optimised cortical differentiation method and collected 

at 15-20 days after induction when the presence of neural rosette structures were observed. The 

acquisition of polarity in the NSPCs, giving rise to the neural rosettes structures, is defined by 

the asymmetric localisation/ luminal accumulation of key apically localised neural marker 

proteins (Elkabetz et al. 2008). Prior to the formation of neural rosette structures, small focal 

accumulations of apically localised neural marker proteins are observed (foci) (Main et al. 

2013). These foci then subsequently form neural rosette structures with central lumens (Figure 

6.5).  

 

 

Figure 6.5 Schematic depicting the formation and disassembly of neural rosette 

structures. Neural rosettes recapitulate the cellular organisation of the developing neural tube. 

Firstly a small number of apical-basal polarised NSPCs orientate as evidenced by focal 

accumulation of apically localised marker proteins (forming Foci). With an increased number 

of apical-basal polarised NSPCs orientating, through the apically localised formation of 

adherens junctions and tight junctions (formation of an apical membrane), a large lumen is 

formed in the centre of the neural rosette structure. As differentiation proceeds, NSPCs lose 

their apical-basal polarity, losing contact with the apical membrane and migrate away and 

differentiate resulting in neural rosette structures with a smaller lumen due to a reduced number 

of apical-basal polarised NSPCs.  

 

The neural rosette stage cultures were fixed and stained with apically localised neural marker 

proteins (Afadin (AF-6), NCAD, Protein kinase C lambda (PKCλ)) to identify the apical 

membrane which demarcates the presence of a central lumen, formed with the acquisition of 

polarity in the NSPCs (Figure 6.6). The initial stages of acquisition of polarity and neural rosette 

formation involves the accumulation of foci of F-actin followed by the formation of clear neural 

rosette structures with large central lumens and dense cell nuclei (Main et al. 2013). Thus, cells 

were additionally counterstained with phalloidin a marker of F-actin. Phallodin stain was 

enriched in regions which co-localised with the enriched expression of apical neural marker 

proteins, with high expression clearly identifying the apical membrane accumulation of the 
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apical marker proteins surrounding the lumen as well as the small focal accumulations of these 

proteins (called foci) within the neural rosette colonies (Figure 6.6). A neural rosette colony 

contains multiple neural rosette structures and foci. Therefore, given phalloidin stain could 

faithfully identify the existence of polarity within colonies of NSPCs we herein used this stain 

in subsequent experiments aimed at quantifying the existence of polarity in the cultures. As a 

measure of polarity the number of neural rosette structures present within each neural rosette 

colony was quantified. Given the number of cells present within the neural rosette colony will 

affect the size of these neural rosette structures, initially neural rosettes colonies were 

categorised based on the area of the colony. No difference in the average rosette size was found 

between the three different culture types (Figure 6.7A). Neural rosettes colonies where 

characterised as small (<1000 mm2), medium (1001-2000 mm2), large (2001-3000 mm2) and 

extra-large (>3001 mm2) (Figure 6.8). There was also no significant difference in the proportion 

of neural rosette colonies which fell into each size category between each of the three different 

culture types (Figure 6.7A). 

 

 

Figure 6.6 Phalloidin stain co-localises with apically localised marker proteins to identify 

polarised structures in human neural rosette colonies. hiPSCs were directed to differentiate 

to neural rosettes for 20 days via a 2D dual-SMAD inhibition culture system. After fixation 

neural rosette cultures were stained with phalloidin (Red) to identify the F-actin and apically 

localised marker proteins; A) AF-6 (Cyan) and N-cadherin (Green) B) PKCλ (Green) and dorsal 

progenitor marker protein PAX6 (Cyan), were immunofluorescently detected. Cultures were 

then counterstained with DAPI (Blue). White scale bars indicate 50μm.  
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Figure 6.7 Average neural rosette colony area is consistent between WT, PCDH19 Mutant 

and Mosaic cortical inductions. Neural rosette cultures were generated from either wildtype 

(PCDH19+/Y), PCDH19 Mutant (PCDH19c.1671G>C /Y) or Mosaic (A 1:1 mix of PCDH19+/Y : 

PCDH19c.1671G>C /Y) hiPSCs. hiPSCs were directed to differentiate to neural rosettes for 20 days 

via a 2D dual-SMAD inhibition culture system. After fixation neural rosette cultures were 

stained with Phalloidin to identify the F-actin and DAPI. Images were acquired and ImageJ 

software used to trace the areas of the neural rosette colonies. Rosettes colonies were 

characterised into small, medium, large and extra large based on rosette colony area. A) Graph 

values represent the mean ± SEM of the area of the neural rosettes. B) Graph values represent 

the proportion of small, medium, large and extra large rosette colonies in each genotype. 

Experiment performed in biological triplicate with at least 10 neural rosettes measured for each 

culture type in each experiment. n≥30 neural rosette colonies for each culture type. Statistical 

analysis was determined by using RM One-way ANOVA with Greenhouse-Gessier correction 

and a Turkey’s multiple comparison test  significance set as * P< 0.05, ** P<0.01. 
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Figure 6.8 Size categories of neural rosette colonies. hiPSCs were directed to differentiate to 

neural rosettes for 15-20 days via a 2D dual-SMAD inhibition culture system. After fixation 

neural rosette colonies were stained with Phalloidin to identify the F-actin. Images were 

acquired on 100X magnification and ImageJ software used to stitch the images together to 

generate the image of the whole neural rosette colony. ImageJ software was then used to trace 

the area of the neural rosette colonies. Rosettes were characterised into small (<1000 mm2), 

medium (1001-2000 mm2), large (2001-3000 mm2) and extra-large (>3001 mm2) based on 

rosette area. Shown are representative immunofluorescent images of phalloidin stained neural 

rosettes colonies in each size category. All images acquired at 100X magnification, white scale 

bars indicate 50μm. 

 

Given the large and the extra-large rosettes consist of a very high density, and 3-dimensional 

architecture of cells it was difficult to resolve (and hence measure) the neural rosette structures 

within the centre. Therefore, morphological analysis was restricted to rosettes in the small and 
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medium size categories. All three culture types (WT, PCDH19 Mutant and Mosaic) were able 

to form neural rosette colonies which are contain multiple structures that show accumulation of 

apical polarity markers and lumen formation (neural rosette structures), with neural rosette 

structures observed in all cultures at day 13 of induction. To identify any subtle changes in the 

ability of the cells to acquire polarity, the number of initiating foci, and secondary neural rosette 

structures (structures with a clear lumen) were counted relative to the area of the neural rosette 

colony (based on phalloidin staining) at day 20 of differentiation (Figure 6.9A). Using RM One-

way ANOVA statistical test; there was no significant difference in the number of foci between 

the three culture types (Figure 6.9C). There was however a significant decrease in the number 

of neural rosette structures relative to rosette colony area between both WT and PCDH19 

Mutant (63% decrease, P=0.007) and WT and Mosaic (34.4% decrease, P=0.0038) cultures 

(Figure 6.9B). The proportion of neural rosette structures to foci was also significantly 

decreased in the PCDH19 Mutant cells relative to WT (31.4% decrease, P=0.0014, Figure 

6.9D). This trend was also observed in the Mosaic culture type but did not reach significance. 

Given the number of foci was not changed between the three culture types this suggest that the 

reduction in neural rosettes structures is attributed to a reduced ability to maintain polarity and 

not acquisition of cell polarity. If less cells are maintaining their polarity, this would result in a 

reduction in the number of apical-basal polarised cells present. The apical ends of the polarised 

NSPCs cells orientate such that apical membranes surround a central lumen structure, with the 

size of the lumen reflective of the number of polarised cells present in the neural rosettes 

structure ((Edri et al. 2015) Figure 6.5). To ascertain if less apical-basal polarised NSPCs were 

present in the neural rosette structures the area of the formed lumen was measured.  Random 

fields of view were selected and the area of the lumens measured (as identified by the enriched 

ring of phalloidin staining) relative to the overall rosette colony size (based on phalloidin 

staining) at day 15 of differentiation (Figure 6.10A). To allow for differences in the inductions 

(number of neural rosette colonies versus the number of contaminating cells) due to rosettes 

being collected at day 15 prior to manual clean-up of cultures, individual values were 

normalised to WT within each experiment. Both the PCDH19 Mutant and the Mosaic cultures 

had a significant reduction in lumen area relative to WT (45.98% decrease, P=0.0142 and 

58.79% decrease, P=0.0044 respectively, Figure 6.10B and C) using RM One-way ANOVA 

statistical test.  
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Figure 6.9 Polarity defects of human NSPCs due to PCDH19 mutation. Neural rosettes 

were generated from either wildtype (PCDH19+/Y), PCDH19 Mutant (PCDH19c.1671G>C /Y) or 

Mosaic (A 1:1 mix of PCDH19+/Y: PCDH19c.1671G>C /Y) hiPSCs. hiPSCs were directed to 

differentiate to neural rosettes for 20 days via a 2D dual-SMAD inhibition culture system. After 

fixation neural rosette cultures were stained with phalloidin to identify the F-actin and DAPI. 

Images were acquired at 100X magnification and ImageJ software used to stitch the images 

together and trace the areas of the rosette colonies. Rosette colonies were characterised into 

small, medium, large and extra large based on rosette colony area. As a measure of polarity the 

number of neural rosette structures with a defined lumen were counted as well as the number 

of polarised foci (loci of actin accumulation) in small and medium sized neural rosette colonies.  
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A) Representative immunofluorescent images of wildtype (PCDH19+/Y) compared to PCDH19 

Mutant (PCDH19c.1671G>C /Y) and Mosaic neural rosette colonies (Phalloidin: Red, DAPI: Blue) 

acquired at 100x magnification. Box shows the enlarged image of neural rosette structure and 

foci. Quantification of; B) the number of neural rosette structures with a clear lumen relative to 

the area of the neural rosette colony C) the number of foci relative to the area of the neural 

rosette colony D) the proportion of neural rosette structures to foci in the neural rosette colonies. 

Experiment performed in biological duplicate and analysed in technical triplicate (n>10 rosette 

colonies per culture type per triplicate). Graph values represent the mean ± SEM. Statistical 

analysis was performed using the GraphPad prism software, using RM One-way ANOVA with 

Greenhouse-Gessier correction and a Turkey’s multiple comparison test, significance was set 

as * P< 0.05, ** P<0.01. n≥60 neural rosette colonies for each culture type. 

 

 
Figure 6.10 Lumen size is reduced in both PCDH19 Mutant and Mosaic neural rosette 

structures. Neural rosettes were generated from either wildtype (PCDH19+/Y), PCDH19 

Mutant (PCDH19c.1671G>C /Y) or Mosaic (A 1:1 mix of PCDH19+/Y:PCDH19c.1671G>C /Y) hiPSCs. 
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hiPSCs were directed to differentiate to neural rosettes for 15 days via a 2D dual-SMAD 

inhibition culture system. After fixation neural rosette cultures were stained with Phalloidin to 

identify the neural rosette structure with the central lumen and the neural rosette colony and 

DAPI to identify the cells. A) Representative image showing a 630X magnification image of a 

neural rosette structure with a central lumen as indicated by a high intensity ring of phalloidin 

stain. The green line highlights the tracing of the lumen using ImageJ software to calculate the 

area of the lumen. The area of the lumen was then calculated relative to the area of the whole 

neural rosettes colony (lumen area/neural rosette colony area). B) Quantification of the area of 

the central lumen relative to the area of the rosette. Experiment preformed in biological 

triplicate (n >13 rosette colonies per culture type per experiment). Values were normalised to 

WT within each experiment. Graph values represent the mean ± SEM. Statistical analysis was 

performed using the GraphPad prism software, using RM One-way ANOVA with Greenhouse-

Gessier correction and a Turkey’s multiple comparison test, significance was set as * P< 0.05, 

** P<0.01. n ≥39 neural rosette colonies C) Representative immunofluorescent images of 

lumen area in wildtype (PCDH19+/Y) compared to PCDH19 Mutant (PCDH19c.1671G>C /Y) and 

Mosaic neural rosette colonies  (Phalloidin: Red, DAPI: Blue). Images acquired at 100X 

magnification. 

 

Morphological analysis, suggested changes in NSPC polarity and a reduction in the number of 

apical-basal polarised NSPCs, thus to resolve these changes at the transcriptional level of 

analysis, the expression of genes whose expression is associated with the formation of these 

polarised structures was analysed.  RT-qPCR was employed to screen for changes in expression 

of neural rosettes marker gene, promyelocytic leukemia zinc finger (PLZF). PLZF was 

previously identified as highly expressed in NSPCs with neural rosette morphology, with 

downregulated expression in NSPCs associated with the loss of neural rosette structures. PLZF 

showed a significant increase in the PCDH19 Mutant as compared to WT (fold change=1.47, 

P=0.025) (Figure 6.11).  This result was unexpected given the morphological analysis suggested 

a decrease in polarised NSPCs. An additional neural rosette marker gene, dachshund family 

transcription factor 1 (DACH1) showed no difference between any of the three culture types 

(Figure 6.11). While, N-cadherin (NCAD) an apically localised marker of adherens junctions, 

showed expression down-regulated in both the PCDH19 Mutant and Mosaic cell populations 

as compared to WT but did not reach significance (Figure 6.11). Thus at the transcriptional 

level the changes in NSPC polarity could not be resolved. 
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Figure 6.11 Neural rosette marker gene expression is unable to resolve NSPC changes in 

apical-basal polarity. Five independent cortical differentiation experiments were performed 

using the optimised 2D dual-SMAD inhibition model of cortical different. Three culture types; 

WT (green), PCDH19 Mutant (red) and Mosaic (yellow) were differentiated within each 

experiment. RNA was collected at the neural rosette stage of the protocol and the expression of 

neural rosette marker genes; PLZF and DACH1 and apical neural marker gene, NCAD 

determined using RT-qPCR. Graphs show the average relative quantity (RQ) of each gene as 

determined by ΔΔCt analysis method relative to WT with CT values normalised to housekeeper 

gene ACTB. Error bars represent the RQ max and RQ min values when confidence levels are 

set at 95%. Statistical analysis was determined by ordinary one-way ANOVA with Turkey’s 

multiple comparisons test with significance set as * P< 0.05, ** P<0.01. n=5 for each culture 

type. 

 

6.2.2.3 Reduction in neural rosette polarity is associated with an increase in neurons 

at the periphery of the rosette 

If cells are unable to maintain polarity in the neural rosette colonies, this could result in 

differentiation of the NSPCs. Neural rosette colonies are known to provide a spatial gradient of 

differentiation, with the highly polarised NSPCs oriented apically to create a central lumen, as 

the NSPCs lose their apical-basal polarity the cells migrate away from the lumen and 

differentiate (Main et al. 2013, Edri et al. 2015).  Thus one way to measure differentiation in 

the neural rosette colonies is to count the number of neurons present at the periphery of the 

neural rosette colony. Resolution of individual neurons within the centre of the neural rosette 

colonies was not technically feasible. Neural rosettes cultures at day 15-20 of induction which 

were stained with phalloidin for analysis of polarity were also immunofluorescently labelled 

with β-III Tubulin to detect the neurons (Figure 6.12A). The number of β-III Tubulin positive 

cells around the edge of the rosette were counted relative to the total area of the neural rosette 

colony. Using a RM One-way ANOVA statistical test, both the PCDH19 Mutant and Mosaic 

cultures had a significant increase in the number of neurons around the periphery of the neural 
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rosette colonies relative to WT. PCDH19 Mutant had a 400% increase (or 4-fold increase) with 

P=0.0024 and the Mosaic had a 382% increase (or 3.82-fold increase) with P=0.0025 (Figure 

6.12B). To ascertain if the mosaic culture was a mixture of the WT and PCDH19 Mutant 

phenotypes, the individual data points for each individual experiment were plotted for all three 

culture types (Figure 6.12C).There was no difference between the mosaic and the PCDH19 

Mutant cultures suggesting the Mosaic culture acts more like the PCDH19 Mutant than WT 

and is not an average of the two unique phenotypes (WT and PCDH19 Mutant) (Figure 6.12C). 

Increased numbers of neurons was reflected at the transcriptional level by a small increase in 

DCX in both the PCDH19 Mutant and Mosaic culture types as compared to WT although this 

did not reach significance (Figure 6.3B).  
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Figure 6.12 Increased numbers of neurons are identified around the periphery of neural 

rosette colonies in both PCDH19 Mutant and Mosaic cultures. Neural rosettes were 

generated from either wildtype (PCDH19+/Y), PCDH19 Mutant (PCDH19c.1671G>C /Y) or Mosaic 

(A 1:1 mix of PCDH19+/Y:PCDH19c.1671G>C /Y) hiPSCs. hiPSCs were directed to differentiate 

to neural rosettes for 20 days via a 2D dual-SMAD inhibition culture system. After fixation 

cells were A) immunofluorescently labelled with neuronal specific antibody βIII-Tubulin 

(Green) and stained with Phalloidin (Red), and DAPI (Blue). 100X magnification. Images were 
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acquired and ImageJ software used to stitch the images together and trace the areas of the rosette 

colonies. B) Quantification of the mean number of βIII-tubulin positive cells around the 

periphery of the neural rosette colony were counted relative to the area of the neural rosette 

colony. Graph values represent the mean ± SEM. C) Scatter plot of individual data points from 

each analysis. Experiment preformed in biological triplicate and analysed in technical triplicate 

for 2 experiments and technical duplicate for 1 experiment (n>10 per replicate per experiment 

per genotype). Statistical analysis was performed using the GraphPad prism software, using 

RM One-way ANOVA with Greenhouse-Gessier correction and a Turkey’s multiple 

comparison test, significance was set as * P< 0.05, ** P<0.01. n ≥70 neural rosette colonies. 

 

 

It was reasoned that a premature state of neurogenesis (e.g. as shown by evidence of decreased 

Pax6 expression, decreased polarity and increased neurogenesis in mutant cultures), may also 

be reflected by change in expression from the early-born Glutamatergic excitatory neuronal 

marker, VGLUT2 to the more mature Glutamatergic excitatory neuronal marker, VGLUT1. At 

the neural rosette stage of differentiation, expression of VGLUT2 was not different between all 

three culture types, but VGLUT1 showed an increase in expression in both the PCDH19 Mutant 

and Mosaic compared to WT, although this did not reach significance. At the day 70 and 90 

neurons stage, VGLUT2 expression was decreased (only significant at day 90) between both 

WT and PCDH19 Mutant (fold change=0.112, P=0.0018) and WT and Mosaic (fold 

change=0.672, P=0.0013) (Figure 6.13A). Conversely, the expression of VGLUT1, was 

increased in both the PCDH19 Mutant and Mosaic neurons compared to the WT at day 70 

neurons, however this again did not reach significance (Figure 6.13B). 
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Figure 6.13 Expression of Glutamatergic excitatory neuronal marker genes reflects a 

premature state of differentiation associated with loss of PCDH19 function. Five 

independent cortical differentiation experiments were performed using the optimised 2D dual-

SMAD inhibition model of cortical different. Three culture types; WT (green), PCDH19 

Mutant (red) and Mosaic (yellow) were differentiated within each experiment. RNA was 

collected at the neural rosette (n=5), day 70 (n=3) and day 90 (n=3) stages of the protocol and 

the expression of Glutamatergic excitatory neuronal marker genes; VGLUT2 (early) and 

VGLUT1 (mature) determined using RT-qPCR. Graphs show the average relative quantity 

(RQ) of each gene as determined by ΔΔCt analysis method relative to WT with CT values 

normalised to housekeeper gene ACTB. Error bars represent the RQ max and RQ min values 

when confidence levels are set at 95%. Statistical analysis was determined by ordinary one-way 

ANOVA with Turkey’s multiple comparisons test with significance set as * P< 0.05, ** P<0.01. 

n=5 for each culture type. 

6.2.2.4  PCDH19 Mutant and Mosaic neurons have increased primary neurite length 

Polarity in the developing neuron is crucial for neuronal cell development and migration, as 

such alterations in neuronal polarity can affect axonal initiation and extension (Polleux et al. 

2010). The observed polarity defects in the neural rosette colonies of the PCDH19 Mutant 

cultures and the known interaction of PCDH19 with the WRC lead us to speculate that the 

PCDH19 Mutant and Mosaic neurons could have further defects in neurite development. The 

complexities of the day 70 and day 90 neuronal cultures proved too difficult to achieve 

morphological analysis of the neuronal cells hence we used neurons present at day 15-20 of 

cortical differentiation to investigate neurite development. Cells were immunofluorescently 

labelled with β-III Tubulin to identify the neuronal cells including the neurites and counter-

stained with DAPI to identify the neuronal cell bodies (Figure 6.14A). Using the ImageJ plugin, 

NeuronJ, the number and length of neurites was measured (Meijering et al. 2004). The average 

primary neurite length for; WT neurons was 154.9 µm, PCDH19 Mutant neurons was 248.1 

µm and Mosaic neurons was 238.17 µm. The PCDH19 Mutant and Mosaic neurons had a 

significantly increased primary neurite length compared to WT using a RM One-way ANOVA 

test (P=0.0298 and P=0.0023, respectively). PCDH19 Mutant had a 60.21% increase and the 
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mosaic had a 53.79% increase in primary neurite length compared to WT. As a measure of 

neuronal arborisation the number of neurites was also measured. These were categorised into 

primary (coming out from the neuronal cell body), secondary (coming off of a primary neurite) 

and tertiary (coming off of a secondary neurite). Given the early stage of the neurons there was 

minimal tertiary neurites present on the neurons. There was no significant difference between 

the numbers of neurites across the neurons of the three cell populations (Figure 6.14B).  

 

 

Figure 6.14 Primary neurite length is increased in PCDH19 mutant and Mosaic cultures 

of cortical neuronal cells. Immature cortical neurons were generated from either wildtype 

(PCDH19+/Y), PCDH19 Mutant (PCDH19c.1671G>C /Y) or Mosaic (A 1:1 mix of PCDH19+/ 

:PCDH19c.1671G>C /Y) hiPSCs. hiPSCs were directed to differentiate to cortical neurons via a 2D 

dual-SMAD inhibition culture system. Cells were fixed at between 15-20 days of induction 

when the cultures contained a low density of immature neurons so as individual neurons could 

be resolved and neurite lengths measured. After fixation cultures were immunofluorescently 

stained and subjected to morphometric analysis using imageJ and the NeuronJ plugin 

(Meijering et al. 2004). A) Representative immunofluorescent images of wildtype 

(PCDH19+/Y) neurons compared to PCDH19 Mutant (PCDH19c.1671G>C /Y) and Mosaic neurons 

(β-III Tubulin: Green, DAPI: Blue). Images acquired at 200x magnification B) Quantitation of 

the average primary neurite length C) There was no significant difference in the arborisation of 

neurons as identified by morphometric analysis counting the number of primary, secondary and 

tertiary neurites from each neuron. Experiment was performed in biological quintuplicate with 

at least 37 neurons scored per genotype per experiment (n> 329 neurons scored per culture 

type). Graph values are the mean of the averages across the five experiments. Error bars are the 

SEM. Statistical analysis was performed using the GraphPad prism software, using RM One-

way ANOVA with the Greenhouse-Gessier correction and a Turkey’s multiple comparison test, 

significance was set as * P< 0.05, ** P<0.01. 
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6.2.2.5 Increased proportion of ventral NSPCs with loss of PCDH19 function 

The significant decrease in both PAX6 and TBR2 expression in the PCDH19 Mutant and Mosaic 

cultures compared to WT could also be due to a switch in the identity of the NSPCs from dorsal 

to ventral. An additional dorsal NSPC marker gene Neurogenin 2 (NEUROG2), was also 

significantly decreased in both the PCDH19 Mutant (fold change=0.0573, P=0.0043) and the 

Mosaic cells (fold change=0.1463, P=0.0137) (Figure 6.15). To identify if the decrease in the 

dorsal NSPC marker genes, PAX6, NEUROG2 and TBR2, was due to a change in cell identity, 

the expression of ventral NSPC marker genes was assessed. Both Oligodendrocyte lineage 

transcription factor 2 (OLIGO2) and Distal-less homeobox 2 (DLX2), were increased in both 

the PCDH19 Mutant and the Mosaic rosettes relative to the WT (Figure 6.15). DLX2 showed a 

fold change of 5.942 in the PCDH19 Mutant and 10.428 in the Mosaic, but did not reach 

significance. OLIGO2 showed a significant fold change of 7.109 (P=0.0039) in the PCDH19 

Mutant and 8.119 (P=0.0184) in the Mosaic. 

 

Figure 6.15 A switch in expression of dorsal to ventral NSPC marker genes is associated 

with loss of PDH19 function. Five independent cortical differentiation experiments were 

performed using the optimised 2D dual-SMAD inhibition model of cortical different. Three 

culture types; WT (green), PCDH19 Mutant (red) and Mosaic (yellow) were differentiated 

within each experiment. RNA was collected at the neural rosette stage of the protocol and the 

expression of dorsal NSPC marker gene; NEUROG2 and ventral NSPC marker genes; DLX2 

and OLIGO2 determined using RT-qPCR. Graphs show the average relative quantity (RQ) of 

each gene as determined by ΔΔCt analysis method relative to WT with CT values normalised 

to housekeeper gene ACTB. Error bars represent the RQ max and RQ min values when 

confidence levels are set at 95%. Statistical analysis was determined by ordinary one-way 

ANOVA with Turkey’s multiple comparisons test with significance set as * P< 0.05, ** P<0.01. 

n=5 for each culture type. 

 

At the neuronal stages of differentiation a switch in NSPC identity from dorsal to ventral might 

be reflected in an increase in the number GABAergic inhibitory neurons and glial cells. 
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Transcriptional analysis using RT-qPCR on day 70 and day 90 neuron stages showed no 

significant difference in expression of the GABAergic inhibitory neuronal marker gene, GAD67 

between the three culture types (Figure 6.3 C and D). The astrocyte marker, GFAP, was 

significantly deregulated between all three culture types with significantly decreased expression 

in the PCDH19 Mutant (fold change= 0.008, P=0.0017) and Mosaic (fold change= 0.015, 

P=0.0018) as compared to WT. The changes in dorsal to ventral NSPC marker gene expression 

therefore likely reflect a change in the proportion of the dorsal: ventral NSPCs present in the 

neural rosettes cultures.  

6.2.3 Analysis of genes implicated in PCDH19 function 

To identify if any known genes of interest to PCDH19 function showed altered expression 

during cortical differentiation between the three culture types, RT-qPCR analysis of the four 

key stages of the differentiation protocol was undertaken. Known interacting proteins of 

Pcdh19, including NCAD and CYFIP1 (a member of the WRC), were analysed (Figure 6.2B) 

(Tai et al. 2010, Chen et al. 2014). At all time points analysed there was no change in CYFIP1 

expression between any of the genotypes (Figure 6.16A). NCAD expression was down-

regulated in both the PCDH19 Mutant and Mosaic cultures as compared to WT at all time points 

but did not reach significance (Figure 6.16B). In addition, the expression of Protocadherin 17 

(PCDH17), the closest paralog of PCDH19 with likely similar or perhaps overlapping functions 

to PCDH19 was tested. PCDH17 did not change between any of the three culture types at all 

time points (Figure 6.16C) suggesting it is unlikely to be functionally compensating for the loss 

of PCDH19.  
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Figure 6.16 Expression of genes across cortical differentiation already implicated in 

PCDH19 function. Five independent cortical differentiation experiments were performed 

using the optimised 2D dual-SMAD inhibition model of cortical different. Three culture types; 

WT (green), PCDH19 Mutant (red) and Mosaic (yellow) were differentiated within each 

experiment. RNA was collected at the neural rosette (n=5), day 70 (n=3) and day 90 (n=3) 

stages of the protocol and the expression of the genes encoding PCDH19 interacting partners; 

A) WRC component CYFIP1 and B) NCAD and the closet paralog to PCDH19, C) PCDH17 

determined using RT-qPCR. Graphs show the average relative quantity (RQ) of each gene as 

determined by ΔΔCt analysis method relative to WT with CT values normalised to housekeeper 

gene ACTB. Error bars represent the RQ max and RQ min values when confidence levels are 

set at 95%. Statistical analysis was determined by ordinary one-way ANOVA with Turkey’s 

multiple comparisons test with significance set as * P< 0.05, ** P<0.01.  

6.2.4 Gender-Specific gene expression in PCDH19-FE cortical differentiation 

A previous study identified dysregulation of genes with gender-biased gene expression in 

PCDH19-FE patient fibroblasts (Tan et al. 2015). These included members of the Aldo-keto 

reductase family 1(AKR1C) gene family which are important for neurosteroid synthesis. Three 

of the highly deregulated genes in PCDH19-FE patient fibroblasts, which were also shown to 

be expressed during in vitro cortical differentiation using the CORTECON database (van de 

Leemput et al. 2014), were selected for analysis in the PCDH19-FE model of cortical 

development. Glutamate ionotropic receptor AMPA type subunit 1 (GRIA1), Oxytocin receptor 

(OXTR) and Aldo-keto reductase family 1 member C2 (AKR1C2) expression was identified at 

the neural rosette stage and day 70 neurons, where the most changes with loss-of-function 

PCDH19 Mutation were identified (Figure 6.17). Both OXTR and AKR1C2 showed no change 
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in their expression between any of the three culture types at both the neural rosette and day 70 

neuron stages of differentiation. GRIA1 showed decreased expression between both WT and 

the PCDH19 Mutant and WT and Mosaic at the neural rosette stage, fold change of 0.425 

(P=0.0024) and fold change of 0.581 (P=0.0103), respectively. There was no change in GRIA1 

expression in the day 70 neurons between all three cell populations. 

 

 

Figure 6.17 Analysis of expression of gender-specific genes implicated in PCDH19-FE. 
Five independent cortical differentiation experiments were performed using the optimised 2D 

dual-SMAD inhibition model of cortical different. Three culture types; WT (green), PCDH19 

Mutant (red) and Mosaic (yellow) were differentiated within each experiment. RNA was 

collected at the neural rosette stage of the protocol and the expression of gender-biased genes; 

GRIA1, AKR1C2 and OXTR, previously identified as deregulated in PCDH19-FE patients, 

determined using RT-qPCR. Graphs show the average relative quantity (RQ) of each gene as 

determined by ΔΔCt analysis method relative to WT with CT values normalised to housekeeper 

gene ACTB. Error bars represent the RQ max and RQ min values when confidence levels are 

set at 95%. Statistical analysis was determined by ordinary one-way ANOVA with Turkey’s 

multiple comparisons test with significance set as * P< 0.05, ** P<0.01. n=5 for each culture 

type. 

6.2.5 Mosaic neural rosette cultures are skewed towards the cells harbouring the 

PCDH19 mutation. 

In the majority of both morphological and expression assays the Mosaic cultures displayed 

phenotypes more similar to the PCDH19 Mutant culture types than WT. To determine the 

relative proportions of PCDH19 WT cells and PCDH19 Mutant cells in the neural rosette stage 

cultures, PCR of gDNA, isolated from neural rosette cultures, across the PCDH19 sequence 
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harbouring the mutation was performed and the PCR product Sanger sequenced. The results 

were then analysed using the QSVanalyser software (Table 6.1, Figure 6.18)(Coe et al. 2012). 

The QSVanalyser software calculates the copy number ratio based on the adjusted peak height 

ratio at the location of the single nucleotide variant from the sequence trace. Both WT and 

PCDH19 Mutant only cultures were used as a controls, showing only the presence of one 

nucleotide at the location of the mutation ((PCDH19 WT c.1671C/Y and PCDH19 Mutantc.1671G/Y).  

The WT cell population gave a sequence ratio of variant G:C of 0:1. The PCDH19 Mutant cell 

population gave a sequence ration of variant G:C of 1:0. The Mosaic cell population gave a 

sequence ratio of variant G:C of 0.7:0.3. Therefore at the neural rosette stage of the 

differentiation protocol in the Mosaic culture type there is a slightly greater proportion of cells 

with the PCDH19 mutation compared to cells with the PCDH19 WT sequence. This slight 

skewing could account for the similar phenotypes observed in the PCDH19 Mutant and Mosaic 

cell populations.  

Sequences 

Variant A (base: G) 

maximum relative peak 

height = 917 

minimum value of 14. 

Variant B (base: C) 

maximum relative peak 

height = 1033 

minimum value of 29 

Base sequence ratios 

PCDH19 WT  Variant A (base: G) had a 

relative adjusted peak 

height of 0. 

Variant B (base: C) had a 

relative adjusted peak 

height of 1004. 

The ratio of variant A 

to B  

(G / C) is  

0 to 1  

PCDH19 Mutant Variant A (base: G) had a 

relative adjusted peak 

height of 903. 

Variant B (base: C) had a 

relative adjusted peak 

height of 0. 

The ratio of variant A 

to B  

(G / C) is  

1 to 0  

Mosaic Variant A (base: G) had a 

relative adjusted peak 

height of 645. 

Variant B (base: C) had a 

relative adjusted peak 

height of 259. 

The ratio of variant A 

to B  

(G / C) is  

0.7 to 0.3  

Table 6.1 QSVanalyser results from PCDH19 sequencing of neural rosettes 
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Figure 6.18 Chromatograms showing the Sanger sequencing products of PCR 

amplification of gDNA from neural rosettes cultures. A) PCDH19 WT neural rosettes 

cultures. B) PCDH19 Mutant neural rosette cultures and C) Mosaic neural rosette cultures. The 

approximate ratio of the base sequence (G:C) at the position of the missense mutation are 

indicated in each culture. n=1. 

6.3 Discussion 

6.3.1 Human induced pluripotent stem cells to model PCDH19-female epilepsy 

The generation of hiPSCs with a pathogenic PCDH19 mutation (PCDH19-FE hiPSCs) 

provided the opportunity to investigate not only the effect of a pathogenic loss of function 

mutation in PCDH19 on cortical development, but also the effect of a mosaic population of 

cells (e.g. cellular interference model) on cortical development. hiPSCs are becoming an 

increasingly popular method to investigate human neurological diseases where extracting the 

relevant cell type i.e. neurons from the patient, is ethically and practically too difficult. In the 

case of PCDH19-FE it has been speculated that the disorder results from mosaic expression of 

the PCDH19 WT and Mutant alleles in cells of the patient brain. Direct evidence that this is the 

case is lacking however, due simply to the inability to view the cells in the patient brains. 

Additionally, given the causative gene, PCDH19, was only relatively recently identified and 

the disorder is not lethal, there is very limited access to post-mortem tissue (Dibbens et al. 
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2008). Evidence from these model systems as well as some patient data/imaging have provided 

evidence that PCDH19 has a likely role in cortical development as well as functions in the 

mature neurons of the cortex. Pcdh19 is highly expressed layers II, IV and V of the mammalian 

cortex and cortical dysplasia has been identified in several patients (Ryan et al. 1997, Vincent 

et al. 2012, Luebbig et al. 2013). Thus neuronal differentiation of hiPSCs into cortical neuronal 

types represents are an ideal system to identify the roles of PCDH19 in brain development. 

Similar to human embryonic stem cell neuronal differentiation, hiPSC neuronal differentiation 

has been shown to recapitulate the key cellular and molecular aspects of neural induction, 

neurulation and cortical development (Shi et al. 2012b).  Mixing the PCDH19 Mutant and WT 

hiPSCs in an equal ratio prior to cortical induction was undertaken to mimic the mosaicism, 

due to random X-inactivation, of the human PCDH19-FE embryo during development of the 

patient cortex. Previous studies have shown that PCDH19 is subjected to random X-inactivation 

which would result in approximately 50/50 of PCDH19 Mutant/ PCDH19 WT expressing cells 

in the brain (Ryan et al. 1997, Dibbens et al. 2008, Cotton et al. 2015). Using male hiPSC 

circumvents the ambiguity associated with the use of female hiPSC and the variability of X-

chromosome inactivation and reactivation, as male cells only have one X-chromosome (Pomp 

et al. 2011, Barakat et al. 2015). The effect of a mosaic population of PCDH19 Mutant and 

PCDH19 WT cells from the beginning of brain development can be investigated using this 

model. Additionally, this model can also be used to investigate the roles of PCDH19 on normal 

cortical development through the PCDH19 Mutant hiPSCs. Due to technical limitations in the 

ability to culture hiPSCs, fluorescent labelling of the cells was beyond the scope of this study. 

6.3.2 PCDH19 plays a crucial role in early cortical development with roles in NSPC 

polarity  

The optimised protocol of cortical development used to model PCDH19-FE follows the major 

hallmarks of human cortical development; with the neuroepithelial sheet demonstrating neural 

induction, generation of neural rosettes in which cells within are akin to and behave 

functionally, as cells in the  neural tube structure, followed by NSPC proliferation and 

subsequent neurogenesis which progresses temporally with the generation (birth) of deep-layer, 

followed by upper-layer cortical neurons (Shi et al. 2012b). Using the PCDH19-FE model of 

cortical development the expression of PCDH19 was monitored across four key cortical 

developmental time points; neuroepithelial sheet, neural rosettes, day 70 neurons, day 90 

neurons. Interestingly, it was found that PCDH19 expression was only deregulated at the neural 

rosette stage of cortical development suggesting that this might be a key stage for PCDH19 

function during development. This observation was supported by RT-qPCR data from 

characterisation of the cortical differentiation protocol (Chapter 5). Highest expression of 
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PCDH19 in WT PSCs was observed at the neural rosette and neural progenitor stage of cortical 

differentiation (Supplementary figure 5.2). Interestingly, the PCDH19 transcript at the neural 

rosette stage was highly upregulated in both the PCDH19 Mutant and the Mosaic cells as 

compared to the WT cells (approximately 5 and 4-fold change, respectively). This is suggestive 

of a feedback mechanism associated with loss of PCDH19 function, with the system trying to 

compensate for the loss of protein function by upregulating the mRNA. This feedback response 

has previously been associated with somatic mutations in cancer, with missense mutations in 

the Tumour protein p53 (TP53) gene resulting in reduced protein activity with an associated 

increase in mRNA levels trying to compensate for the loss of protein activity (Alvarez et al. 

2016). Additionally, at the neural rosettes stage of differentiation, differences in number of 

neural rosette structures, lumen size, neurogenesis and neurite length were discovered 

associated with loss of PCDH19 function. These data overall support a role for PCDH19 at this 

stage of cortical differentiation. 

 

One of the key features of this NSPC population is the acquisition of cell polarity which is a 

primary driver of human cortical neurogenesis during development. The acquisition and 

maintenance of cell polarity is a crucial feature of neural rosettes. Given the high expression of 

PCDH19, and deregulation in the PCDH19 Mutant, it is likely that PCDH19 has a functional 

role in the regulation of cell polarity, and by extension self-renewal versus differentiative 

divisions. Individual NSPCs display apical and basal processes and interkinectic nuclear 

migration (IKNM) both in vivo and in vitro (Elkabetz et al. 2008, Taverna et al. 2014). As 

differentiation proceeds neurons and intermediate progenitors appear at the outer edge of the 

rosette away from the luminal surface creating a spatial gradient of neurogenesis (Banda et al. 

2015). The polarity of the cells, aids in the establishment of spindle orientation/positioning in 

the cell and subsequently the cleavage plane during cellular division (Toledano et al. 2008). 

Thus the polarity of the cell and whether the cell undergoes symmetric or asymmetric division 

is closely linked.  Further evidence for a role of PCDH19 in the regulation of NSPC polarity, 

arises from a previous study which has shown that PCDH19 interacts with the WRC, a crucial 

regulator of the actin cytoskeleton, important for cell polarity (Chen et al. 2014). The WRC, 

regulates actin nucleation and hence actin remodelling which is important for establishing 

NSPC polarity (Lian et al. 2015). While the role for the WRC in neural rosette polarity is not 

well characterised, a recent study has shown that WRC complex destabilisation in hiPSCs with 

haploinsufficency of CYFIP1, a component of the WRC, results in the impairment of adherens 

junctions and cell polarity in neural rosettes (Yoon et al. 2014). CYFIP1 was shown to co-

localise in RGCs with NCAD and β-catenin at apical adherens junctions. Pcdh19 has also been 
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shown to interact with Ncad (Biswas et al. 2010), suggesting an interaction of the WRC, NCAD 

and PCDH19 could occur at the adherens junctions. The morphological analysis of neural 

rosettes polarity in this study did not show the same scattered expression of apical polarity and 

adherens marker proteins as observed with loss of CYFIP1, rather just a reduction in lumen size 

associated with loss of PCDH19 function. This is not surprising given CYFIP1 is a subunit of 

the WRC, while PCDH19 has been shown to interact and fine-tune the regulation of the 

complex (Chen et al. 2014), therefore it would be expected that the phenotype would be more 

subtle. Expression of the WRC component, CYFIP1 was assessed in the PCDH19-FE model of 

cortical development, however no change was observed between any of the three culture types. 

WRC activation occurs through allosteric modulation, resulting in recruitment to the membrane 

and a conformational change in the complex and release of WAVE inhibition, therefore it is not 

expected that changes would be observed in the transcript level (Lane et al. 2014). It is possible 

that PCDH19 could be interacting with the WRC where it regulates the activity and/or recruits 

the WRC to the adherens junctions resulting in regulation of actin nucleation and hence 

cytoskeletal associated changes in cell polarity and proliferation. Using the PCDH19-FE model 

of cortical development, analysis of the localisation of WAVE1 and CYFIP1 using 

immunofluorescence analysis in the rosette structures proved too difficult to resolve given the 

thickness and complexity of the structures. A recent study looking at PCDH19 expression 

during human hiPSC cortical differentiation showed that PCDH19 is localised to the site of 

adherens junctions, which demarcates the central lumen, at the apical end of neural rosette 

structure’s, further supporting a role for PCDH19 in neural rosette polarity (Compagnucci et al. 

2015). Further investigation will be required to identify if actin nucleation is altered at the apical 

end of the NSPCs which could account for changes in NSPC polarity in the PCDH19 Mutant. 

Confocal microscopy could be used to visualise if subtle changes in WRC localisation are 

occurring, with loss of PCDH19 function, which could provide the mechanism underlying the 

proposed changes in NSPC polarity. 

 

Ncad has also been shown to interact with Pcdh19 (Biswas et al. 2010, Emond et al. 2011). 

Ncad is an integral component of the adherens junctions, important for maintaining NSPC 

polarity with expression localised to adherens junctions surrounding the lumen of the neural 

rosette structures (Kadowaki et al. 2007, Rasin et al. 2007). Reduction of Ncad in NSPCs during 

cortical development is associated with a loss of apical-basal polarity (Miyamoto et al. 2015). 

NCAD expression also appeared slightly down-regulated in neural rosette stage of 

differentiation in the PCDH19 Mutant and Mosaic although this was only reached significance 

in the Mosaic. The resulting decrease in NCAD expression could be indicative of a decreased 
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number of polarised NSPCs in the cultures. In NSPCs during cortical development knockdown 

of Ncad has been shown to cause increase exit from the cell cycle, premature neuronal 

differentiation and accelerated neuronal migration from the VZ of mice through a reduction in 

β-catenin signalling (Zhang et al. 2010, Zhang et al. 2013). Thus Ncad is deeply involved in 

the apical-basal polarity and hence the maintenance vs differentiation of NSPCs. It is also 

possible that PCDH19 is operating through a NCAD dependant mechanism whereby loss of 

PCDH19 function could affect the stabilisation of NCAD resulting in changes in WNT/ β-

catenin signalling and hence the resulting changes in neuronal differentiation (increased 

neurons on the periphery, Figure 6.13) and rosette polarity (decreased number of polarised 

structures and lumen size, Figure 6.9 and 6.10). The changes in NCAD expression are only 

minimal and the cellular defects are only subtle suggesting that PCDH19 is only a refining 

NCAD expression/localisation. Complete loss of NCAD results in loss of adherens junction’s 

integrity and loss of apical-basal polarity (Miyamoto et al. 2015) which was not observed in 

rosette immunofluorescence analysis, suggesting PCDH19 does not abolish NCAD function. 

Confocal microscopy analysis would be required to identify if subtle changes in NCAD 

localisation is occurring in the PCDH19 Mutant NSPCs. 

 

Elevated PCDH19 transcript at the neural rosette stage, in both the PCDH19 Mutant and the 

Mosaic compared to WT, was associated with morphological changes in the neural rosette 

cultures. A decrease in the number of neural rosette structures was observed in both the 

PCDH19 Mutant and Mosaic cell populations which coincided with a reduction of the lumen 

size.  The apical lumen is demarcated by both tight-junctions and adherens junctions with the 

apical-basal polarity of the NSPCs reliant on the maintenance of the adherence junctions. 

Knockout of AF6, an adherence junction protein, during mouse development results in loss of 

apical-basal polarity in neuroepithelial cells (Zhadanov et al. 1999, Gotz and Huttner 2005). 

Taken together the morphological analysis is suggestive of a defect in maintenance of neural 

polarity given the number of polarised foci was not changed and the ability to form neural 

rosette structures appeared unchanged. A reduction in the maintenance of cell polarity could be 

indicative of a reduction in the number of cells giving rise to the polarised structures (i.e. the 

number of polarised NSPCs). Proliferation versus differentiation ability of NSPCs is dependent 

on the apical-basal polarity of the cell as well as cell-cycle length (Gotz and Huttner 2005).  

Apical-basal polarity provides a spatial cue to the type of cell division i.e. Asymmetric vs 

symmetric, by dictating the plane of division. If the NSPCs undergo symmetric cells division, 

this is proliferative and will generate two NSPC daughter cells, propagating the number of 

NSPCs. Cells which undergo asymmetric division will generate one NSPC daughter cells plus 
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a further differentiated cell (e.g. a neuron) (Gotz and Huttner 2005). With the loss of polarity 

more cells will undergo asymmetric division resulting in an increase in differentiation and a 

decrease in the NSPC pool. This phenomena is supported in this study, whereby the loss of 

polarity was associated with the reduction of neuroepithelial marker gene PAX6, dorsal NSPC 

marker gene NEUROG2 and intermediate progenitor marker, TBR2, expression in the PCDH19 

Mutant and Mosaic rosettes stage cultures. The reduction in these dorsal NSPC marker genes 

supports a reduction in the number of dorsal NSPC present in the PCDH19 mutant cultures. A 

previous study using ESCs from a CSL-/- mouse (which is devoid of canonical Notch 

signalling), also showed defects in neural rosette polarity which was associated with a reduction 

in NSPCs and resulted in premature neuronal differentiation (Main et al. 2013). Thus, giving 

precedence for the changes in NSPC polarity and the associated changes in neurogenesis 

identified in this study. To identify potential premature neuronal differentiation (which had 

previously also been seen in our Pcdh19 knockout mouse studies (Chapter 3)), the number of 

neurons around the rosette periphery were counted and showed a significant increase in the 

number of neurons present. Supporting the observation that that loss of neural rosette polarity 

is at a consequence of NSPC number resulting in an increase in NSPC differentiation. Although 

we were unable to resolve the observed premature differentiation at the RNA level, this may be 

due to the fact, that both the polarity defects and the increase in β-III tubulin are only subtle 

changes, which given the heterogeneity of the cultures are not observable at the transcriptional 

level of analysis. At the transcriptional level we were able to identify a significant increase in 

PLZF expression. PLZF is  a marker gene of true neural rosette NSPCs, with it shown to be 

highly expressed in neural rosette cultures compared to non-polarised NSPCs (Elkabetz et al. 

2008). PLZF is a transcriptional factor, which is relocated from the nucleus to the cytoplasm 

and targeted for ubiquitination and degradation with the onset of neuronal differentiation 

(Sobieszczuk et al. 2010). The increase of PLZF is somewhat counter-intuitive to the other 

results given PLZF is considered a marker of true neural rosette NSPCs (Elkabetz et al. 2008) 

and an inhibitor of differentiation  and the other results (decreased lumen size and increased 

neurogenesis) are suggestive of a loss of NSPC number with loss of PCDH19 function. It is 

possible that this upregulation is due to a feedback mechanism resulting from loss of polarity, 

with the cells trying to correct the problem.  It is also interesting to note that, although not 

significant, Plzf did appear in the microarray results from the mouse NSPCs as also being 

upregulated in the Pcdh19 KO cultures (Chapter 3). Additionally, another identified marker 

gene of true neural rosette NSPCs, DACH1, showed no change between genotypes supporting 

the conclusion that the changes observed in PLZF expression could be due to PCDH19 and 

PLZF operating within the same signalling pathway. 



246 

 

6.3.3 PCDH19 Mutation results in an increased proportion of ventral progenitor 

cells 

Given the decreased expression levels of PAX6, NERUOG2 and TBR2 in the differentiating 

cultures of PCDH19 Mutant hiPSCs, it was reasoned that this could be occurring due to a shift 

of the NSPCs to a ventral identity at the expense of the dorsal NSPCs. Neural rosettes are 

composed of an early NSPCs which have a broad differentiation potential and are able to 

differentiate towards both CNS and peripheral nervous system PNS fates therefore they are able 

to generate full neuronal diversity (Elkabetz et al. 2008). The default state of these cells is 

towards cells of the dorsal anterior CNS but they can be directed towards other neuronal fates 

by exposure to specific morphogens (Elkabetz et al. 2008). The expression of ventral NSPC 

markers was examined and a significant increase in both DLX2 and OLIGO2 was observed in 

association with the decreased dorsal NSPCs marker genes (Figure 6.15). Both PAX6 and 

NEUGN2 are neural markers, expressed in the dorsal NSPC giving rise to the cerebral cortex. 

DLX2 and OLIGO2 are expressed in ventral NSPCs of the developing forebrain, giving rise to 

the GABAergic interneurons and glial cells, which migrate to specific positions of the cerebral 

cortex (Frowein et al. 2002, Kroll et al. 2005, Petryniak et al. 2007, Manuel et al. 2015). In the 

PCDH19 Mutant cultures, there was no difference in the early or late-born neuronal marker 

genes TBR1 and STAB2 in the cortical neurons, but a significant decrease in glutamatergic 

excitatory neuronal marker gene VGLUT2 was observed. Coinciding with this there was a slight 

increase in the GABAergic interneuron marker gene, GAD67, though due to high variability 

this was not significant. Taken together this suggests that in the PCDH19 Mutant, there are 

differences occurring in the NSPC pool at the neural rosette stage of the differentiation protocol 

attributed to loss of PCDH19 function which are reflected in the neuronal stages as subtle 

changes in the proportion of glutamatergic excitatory and GABAergic inhibitory cortical 

neurons.  

 

The morphological/transcript analysis associated with PCDH19 Mutation phenocopies, the 

observed changes in neurogenesis observed in models of both Pax6 knockout and Oligo2 miss-

expression.  In the Pax6 knockout mouse model, the loss of Pax6 and concomitant reduction in 

Neurog2 and Tbr2 is associated with an increase in genes usually restricted to ventral 

progenitors (Quinn et al. 2007). This was also observed in Pax6-/- derived ESCs when 

differentiated to cortical neurons (Nikoletopoulou et al. 2007, Quinn et al. 2010). As observed 

in the Pax6-/- cortical NSPCs, an increase in ventral NSPC marker genes DLX2 and OLIGO2 

was observed associated with a decrease in PAX6 expression. The ventral NSPC marker 

OLIGO2 is a basic helix-loop-helix transcription factor which plays an important role in the 
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development of the CNS.  During corticogenesis, oligo2-expressing telencephalic progenitors 

giving rise to subtypes of cortical interneurons (Miyoshi et al. 2007, Ono et al. 2008). Oligo2 

is highly expressed in neural progenitors of the mouse medial ganglionic eminence (MGE), a 

transient structure which gives rise to the majority of cortical interneurons (Miyoshi et al. 2007). 

Miss-expression of Oligo2 in dorsal cortical NSPCs of the developing mouse VZ resulted in 

severe brain defects. These included cortical dyslamination and a reduction in cortical NSPC 

proliferation, increased apoptosis and reduction in the expression of pro-neurogenic genes in 

the cortex including Pax6 and Neurog2, impairing neurogenesis (Liu et al. 2015). Reduction of 

PAX6 and NEUROG2 was also observed in the PCDH19 Mutant hiPSCs. Miss-expression of 

Oligo2 resulted in reduced number of layer II and layer III excitatory cortical neurons. 

Conversely there was an increase in cortical inhibitory neurons. It was postulated that this could 

suggest Oligo2 has a role in asymmetric division of cortical progenitors or apoptosis, both could 

decrease the pool of NSPCs resulting in reduction of the later born excitatory neurons (Liu et 

al. 2015). Miss-expression in VZ cortical NSPCs therefore likely reduced the cortical NSPC 

pool through cell cycle exit and apoptosis (Liu et al. 2015). Therefore it is possible that the 

increased levels of OLIGO2 observed in the PCDH19 Mutant could be a reflection of a reduced 

cortical NSPC pool due to changes including premature cell cycle exit and apoptosis. These 

phenotypes associated with loss of expression of Oligo2 and Pax6, support the observed 

changes in neurogenesis in the PCDH19 Mutant, however there is no evidence he PCDH19 

directly regulates the expression of these genes. Further experimental validation is required to 

determine if the changes in these transcripts is a consequence of a change of cell types (dorsal 

vs ventral NSPCs) or if expression of these transcript are deregulated in the cells as a 

consequence of loss of PCDH19.  

 

 In neural rosette cultures, Shh exposure has previously be shown to pattern the NSPCs to a 

ventral fate (Elkabetz et al. 2008). With BMP antagonism also required for ventralisation of the 

NSPCs (Li et al. 2009). Therefore an alternative hypothesis to explain the change in dorsal to 

ventral identity of the NSPCs with loss of PCDH19 function could be that PCDH19 is involved 

in one of the aforementioned signalling pathways known to be involved in conferring ventral 

identity on the NSPCs. PCDH19 interacting partner N-cad has been shown to be involved in 

both the Shh and BMP signalling pathways. BMP4 stimulates cleavage of N-cadherin into a 

soluble cytoplasmic fragment, in the dorsal neural tube stimulating neural crest cell 

delamination (Shoval et al. 2007). In N-cad mutant zebrafish, advanced proliferation of dorsal 

neural progenitors due to activation of Shh signalling is observed (Chalasani et al. 2011), with 

Shh signalling being shown to be important for regulating N-Cadherin mediated cell-adhesion 
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in neuroepithelial cells (Jarov et al. 2003). Thus the known involvement of a PCDH19 

interacting protein with these signalling pathways, could suggest a link with PCDH19 to these 

pathways. Alterations in these signalling pathways, due to loss of PCDH19, could be attributed 

to the observed changes in dorsal to ventral identity however more detailed analysis is required 

to investigate this further and was not in the scope of this study.  

6.3.4 Premature neuronal differentiation as a consequence of a loss of PCDH19 

function during cortical development 

PCDH19 Mutant immature neurons had a significant increase in the length of the primary 

neurite (usually the axon), suggesting a role for PCDH19 in neurite extensions. There is 

precedence for a role of PCDH19 in regulation of axon extensions given NCAD (PCDH19 

interacting partner) has been shown to be required for axon outgrowth (Riehl et al. 1996). 

Alternatively, the increased neurite length could suggest that the PCDH19 Mutant cultures are 

in an advanced state of differentiation. This observed association with premature differentiation 

and neurite length has been documented with the RNA binding motif 4 protein (RBM4), where 

overexpression in  NSPC line KT98 resulted in increased neuronal differentiation and neurite 

length (Tarn et al. 2016). In support of this paradigm, increased numbers of neurons were also 

observed at the periphery of the neural rosette colonies which is suggestive of a further 

differentiated state of the cultures. Increased neurons on the edge of the neural rosette colony 

could additionally indicate an effect on neuronal migration, which was observed in the mouse 

neurosphere experiments (Chapter 3). Overexpression of DCX, a microtubule-associated 

protein expressed in migrating neurons, in human NSPCs results in decreased cellular 

proliferation and enhanced migration of cells along the substrate  (Filipovic et al. 2012). 

Although not significant, a slight increase in DCX was observed in PCDH19 Mutant and 

Mosaic cultures.  Thus, the increase in DCX expression supports both the idea of loss of 

PCDH19 function resulting in premature differentiation and as a consequence of this increased 

migration of immature neurons compared to WT.  

6.3.5 PCDH19 is an important regulator of NSPC polarity with loss of function 

resulting in changes in progenitor specification and neural differentiation 

The combined data from the RT-qPCR analysis and the morphological analysis of the neural 

rosette stage, support a role for PCDH19 in the process of neuronal commitment and 

specification. Generation of neurons during the development of the CNS, requires two main 

events; (1) the commitment of multipotent progenitors to a neuronal fate resulting in neuronal 

differentiation and (2) specification of progenitor cell identity which directs differentiation to 

particular neuronal sub-types (Scardigli et al. 2003). These two processes have been shown to 
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be coupled, in particular, by the expression of basic helix-loop-helix (bHLH) proneural genes 

which regulate multipotent progenitor commitment but also are involved in regional identity. 

This is evidenced by the direct regulation of the pro-neural gene Neurog2 by the neuronal 

patterning gene Pax6 therefore supporting that the processes of neural patterning and 

neurogenesis are tightly linked (Scardigli et al. 2003). The analysis of the polarised neural 

rosette structures, revealed both a decrease in the number of neural rosette structures and lumen 

size in the PCDH19 Mutant compared to WT. This is suggestive of either abnormalities in the 

polarity of the cells or an overall decrease in the number of polarised NSPCs forming these 

structures or a combination of both events (Ziv et al. 2015). A recent study has defined neural 

rosette colonies into two key stages early-radial glial (E-RG) and late-radial glial (M-RG), 

which represent an early, highly proliferative rosette colony or a later rosette colony with 

increased differentiation respectively (Edri et al. 2015, Ziv et al. 2015). The E-RG rosette 

colonies, represent symmetrically dividing NSPCs with high self-replication rate and limited 

differentiation. This results in the emergence of larger neural rosette structures. The M-RG 

rosette colonies, represent a more advanced stage of cortical development. They contain more 

differentiated cells i.e. neurons and intermediate progenitors, due to an increase in the 

asymmetric division of the NSPCs. These differentiated progeny are non-polarised cells, which 

therefore increase the proportion of non-polarised NSPCs, disrupting the radial organisation.  

These observations suggest that the decreased lumen size of the neural rosette structures could 

be attributed to a decrease in the number of polarised cells therefore resulting in a disruption to 

the radial organisation. Supporting evidence provided by increased numbers of neurons and 

primary neurite length, suggests the PCDH19 Mutant and Mosaic rosette cultures might 

represent an M-RG population. This could be due to a premature depletion of the NSPC pool 

as has been observed with loss of Pax6 (Nikoletopoulou et al. 2007, Quinn et al. 2007, Quinn 

et al. 2010). Therefore disruption of cell polarity through loss of PCDH19 function, could affect 

the proliferation of the cells, leading to a switch in cellular fate. Interestingly, a mouse model 

of ASD with deletion of the 16.p11.2 chromosomal region, has shown as similar mechanism 

whereby NSPC proliferation dynamics are altered, with accelerated cell cycle exit during early 

neurogenesis leading to premature neuronal differentiation resulting in premature NSPC pool 

depletion (Pax6+ RGC and Tbr2 IPCs) (Pucilowska et al. 2015). Thus, it could be speculated 

that this phenotype could be at least contributing the ASD associated with PCDH19-FE, which 

has also been identified in some transmitting males. The increase in ventral NSPC marker genes 

could be reflective of an increased proportion of ventral NSPCs present within the population 

due to a reduction in symmetric (self-renewal) divisions of dorsal NSPCs. In this model of 

human cortical development the culture conditions predominantly generate dorsal NSPCs and 
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subsequently glutamatergic excitatory neurons with only a very small number of ventral NSPCs 

present. Therefore changes in the proliferation of the dorsal NSPC population would result in a 

higher proportion of ventral NSPCs resulting in the observed increases in OLIGO2 and DLX2. 

Alternatively, multiple receptors required for signalling pathways known to regulate ventral 

versus dorsal fate, show polarised expression in NSPCs. For example, the Shh receptor patched 

1 (ptch1) is expressed on the apically localised primary cilium (Dubreuil et al. 2007, Rohatgi 

et al. 2007).  It is possible that disruption of the apical polarity of the cells, could affect these 

signalling pathways leading to a change in dorsal versus ventral fate in the PCDH19 Mutant. A 

change in cell fate versus a change in proportion due to a decrease in cellular proliferation could 

be reconciled by immunofluorescence analysis counting the number of dorsal versus ventral 

NSPCs in both the WT and PCDH19 Mutant cultures. There is precedence for a role of 

protocadherins in the regulation of neurogenesis and regulation of NSPC proliferation and 

differentiation. Preliminary studies of Pcdh11X have shown a similar role in regulation of 

neurogenesis in mouse (Zhang et al. 2014). It was identified that Pcdh11X, controls NSPC 

proliferation and differentiation in the VZ. Overexpression of Pcdh11X resulted in increased 

NSPC proliferation as observed by an increase in Pax6 and decreased glutamatergic excitatory 

neuron production coinciding with decreased neuronal migration out of the VZ/SVZ. This study 

was preliminary and did not investigate further the molecular mechanisms behind these 

changes, it would be interesting to see if the proportion of ventral and dorsal NSPCs is also 

altered with loss of PCDH11X.   A very recent study has shown regulation of Pcdh19 by miR-

484, with overexpression of miR-484 in mouse cortical progenitors showing decreased 

proliferation and premature neuronal differentiation (Fujitani et al. 2016). Thus, revealing a 

mechanism where miR-484 promotes neurogenesis by inhibiting Pcdh19.  Given the PCDH19 

Mutant cell line is loss of function, the results in this study reproduce a similar phenotype to 

the miR-484 inhibition of Pcdh19. Thus suggesting that the results of decreased lumen size, 

increased neurons at the periphery and increased primary neurite length are due to decreased 

proliferation and premature neuronal differentiation due to loss of PCDH19 function.  Thus 

further supporting a role for PCDH19 in regulation of cortical NSPC maintenance versus 

differentiation. Further analysis is required to confirm this observation of premature 

differentiation at the expense of reduced proliferation. Biochemical studies to identify changes 

in mature neuronal markers across the differentiation could be employed, as well as a targeted 

proliferation assay to identify differences in the cycling of the NSPCs. 

6.3.6 Minimal changes are observed in PCDH19 Mutant cortical neuronal cultures   

As described above, PCDH19 appears to play a crucial role during the regulation of NSPC 

dynamics and differentiation. This would be expected to result in significant changes in the 
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composition of the cortical neuron cultures, however only slight differences were identified in 

both the day 70 and day 90 neurons at the level of analysis conducted. This could likely be 

attributed the limitations in the experimental protocol, as after neural induction and generation 

of neural rosette stage cultures several selection and passaging events are incorporated into the 

protocol. Whereas NSPC are generally quite tolerant to the conditions of passaging, neurons 

show poor survival after passaging (Markakis et al. 2004, Shi et al. 2012a) hence the protocol 

may select against neurons, and bias towards NSPCs. Thus, essentially selecting against the 

PCDH19 loss of function phenotype. To identify changes in the cortical neuron cultures, a 1:1 

mixing of PCDH19 WT and PCDH19 Mutant NSPCs at the last passage to generate a 50/50 

Mosaic culture of neurons may be required in future studies. The changes in VGLUT2 and 

GFAP were still robust enough to result in significant changes even with the potential/likely 

selection bias. The decreased VGLUT2 in both the PCDH19 Mutant and the Mosaic day 70 

neurons, supports both the idea of a premature state of differentiation as well as a change in 

NSPC fate. Decreased VGLUT2 could suggest a decrease in the number of glutamatergic 

excitatory cortical neurons due to a change in NSPC cell fate from dorsal to ventral. However, 

the decreased levels could also reflect a more advanced stage of neuronal maturation, which 

might be expected to be observed if they were born at earlier than normal: Vglut2 is highly 

expressed in the cortex during development, but in general, expression is downregulated in the 

first postnatal week coinciding with a change to predominately Vglut1 expression instead (Real 

et al. 2006). Thus the switch from Vglut2 to Vglut1 is indicative of maturation stage of 

glutamatergic neurons. Thus in the adult cortex Vglut1 is the predominant glutamate transporter 

expressed, except for in Layer IV where Vglut2 still predominates (Fremeau et al. 2001). 

Interestingly, in support of advanced state of neuronal cell maturation, VGLUT1 expression was 

increased in both the PCDH19 Mutant and Mosaic compared to WT in both the neural rosettes 

and day 70 neurons stages.  To confirm this, detailed immunofluorescence analysis to quantify 

the number of neurons expressing these markers as well as the GABAergic inhibitory neuronal 

marker protein, GAD67, would be required. The other interesting finding in the day 70 and day 

90 neurons was the significant decrease of the astrocyte marker, GFAP, in both the PCDH19 

Mutant and Mosaic cultures. OLIGO2 which was upregulated at the neural rosettes stage in the 

PCDH19 Mutant, is also an important regulator of the switch from neuronal to versus glial 

differentiation that occurs in NSPCs. Upregulation of Oligo2 in progenitors of the mouse SVZ 

is sufficient to promote the production of oligodendrocyte and astrocyte progenitors (Marshall 

et al. 2005). However, upregulation of OLIGO2 did not correlate with an increase in gliogenesis 

in the PCDH19-FE cortical differentiation, as in fact a reduction in the number of astrocytes in 

day 70 and day 90 neurons occurred. In another study of FGF2 knockout mice (Fgf2-/-), loss of 
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FGF2 resulted in a decrease in the number of both glutamatergic excitatory neurons and 

astrocytes in the adult mouse cortex, with no change in the number of GABAergic interneurons 

(Chen et al. 2008). This was also associated with a decrease in NSPC proliferation, suggesting 

a contribution of a reduced NSPC pool to the resulting phenotype (Raballo et al. 2000). These 

features are very similar to the observed phenotype in the PCDH19 Mutant hiPSCs. Taken 

together the expression data in the cortical neuronal cultures would again point towards a role 

for PCDH19 in regulation of the NSPC pool, with decreased numbers of NSPCs and premature 

differentiation resulting in a reduction in late-born astrocytes as is observed.  

6.3.7 Targeted analysis of gender-biased genes expression during PCDH19-FE 

cortical development 

A recent study has identified a significant dysregulation of genes which show gender-biased 

expression in PCDH19-FE patient fibroblasts. The expression of three of these deregulated 

genes was examined in the PCDH19-FE model of cortical development, to determine whether 

this deregulation was also observed during cortical development. In the study, affected females 

displayed expression of these genes at a level more similar to that seen in control males rather 

than control females. In a mosaic male with PCDH19-FE, expression of these genes was more 

similar to the control female. Taken together this suggests a sex-reversal in gender-biased gene 

expression in PCDH19-FE. No significant difference was observed in the expression of 

AKR1C2 and OXTR in both the neural rosettes and day 70 neurons stages of differentiation 

(Figure 6.17). GRIA1 was found to be significantly down-regulated in the PCDH19 Mutant at 

the neural rosette stage of differentiation. This result is the opposite of what was observed in 

the mosaic male, with expression being higher in the affected individual as compared to the 

control male. GRIA1 is important regulator of neuronal maturation, with loss of GRIA1 

resulting in a decrease in dendritic complexity (Hamad et al. 2011). Therefore closer 

examination of the dendritic structures of the newborn glutamatergic neurons would be required 

to identify if the decrease in GRIA1 is having a functional impact on neuronal maturation in 

the PCDH19-FE model. Additionally, mutations in GRIA1 has recently been implicated in ASD 

and developmental delay (unpublished data for Professor Jozef Gecz, The University of 

Adelaide), suggesting the identified deregulation of GRIA1 expression during cortical 

differentiation could at least be contributing to the ASD comorbidity of PCDH19-FE.  

6.3.8 The mosaic cultures modelling PCDH19-FE cortical brain development are 

more similar to PCDH19 Mutant than WT cultures. 

In the majority of the assays, including gene expression and morphological analysis, the Mosaic 

cultures resembled the PCDH19 Mutant cultures. This was a surprising finding given patient 



253 

 

data indicate that loss of PCDH19 function is not pathogenic (at least in a male;(Ryan et al. 

1997)) while the presence of a mosaic population of cells, due to random X-inactivation, in the 

female patients is pathogenic (Dibbens et al. 2008). This could indicate several different 

scenarios; firstly it could suggest that the changes observed in the NSPC population and the 

subsequent differences in neural differentiation are in fact tolerated changes and represent inter-

individual and natural variability. A process which is well documented to show variability 

between different individuals is NMD, whereby natural variation in the efficiency of the process 

is observed and tolerated and therefore not pathogenic (Nguyen et al. 2014). Thus there is scope 

for inter-individual variability in different processes during development. If this scenario is 

correct then this would result in the need for a thorough review into how current investigation 

of pathogenic mutations is undertaken. A large proportion of studies use similar cellular models 

to identify morphological changes associated with a suspected pathogenic mutation and use 

readouts of these assays to conclude whether or not genetic changes are likely pathogenic (Jolly 

et al. 2015). However in this study a mutation which we know is not disease causing in the 

individual (i.e. in carrier males) was used, and identified considerable changes, which if 

additional patient information wasn’t available, would likely have been interpreted in favour of 

pathogenicity. The Second scenario could indicate that the functional role of PCDH19 which 

confers the epilepsy phenotype is present later on in the cortical brain development. This study 

has focused primarily on the early functional role of PCDH19 in brain development, particularly 

in the NSPC population. However, given the functional roles of other closely related 

protocadherins, PCDH10 and PCDH17, in the establishment of neuronal networks i.e. 

collective axon extensions and synaptogenesis (Uemura et al. 2007, Hoshina et al. 2013, 

Hayashi et al. 2014), it is likely PCDH19 also has roles later on in development fine-tuning 

neuronal networks. Further support for this comes from the interaction of PCDH19 with the 

WRC, with the WRC shown to regulate local F-actin dynamics during synaptogenesis and 

axonal branching (Chia et al. 2014). Dysregulation of network formation during brain 

development could account for the epilepsy observed in PCDH19-FE patients. Additionally, 

neurosteroids have recently been implicated in the pathogenesis of PCDH19-FE, with 

dysregulation of the ARK1C genes, required for neurosteroid metabolism, identified in 

PCDH19-FE patient fibroblasts (Tan et al. 2015). It is predicted that the post-natal hormone 

fluctuations, acting on the developed (miss-developed) brain add the stressor which causes the 

function to drop below a threshold leading to the seizure onset. The involvement of altered 

neurosteroid metabolism wasn’t interrogated in this experimental system and thus could be the 

driver behind why heterozygous females are affected. Neurosteroids are well documented to 

control neuronal excitability through the gamma-aminobutyric acid A receptors (GABAAR), 
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with fluctuations in neurosteroids found to control seizure susceptibility (Biagini et al. 2010). 

The neurosteroid allopregnanolone, which was decreased in blood serum of PCDH19-FE 

patients (Tan et al. 2015), has also been shown to regulate multiple aspects of neuronal 

development as well as neuronal excitability. In human NSPCs, allopregnanolone was shown 

to increase cellular proliferation as well as increasing expression of genes that promote cell-

cycle progression (Wang et al. 2005). It was also shown to regulate neurite extensions (Brinton 

1994). The role of neurosteroids in both cortical development and in controlling GABAAR 

neuronal excitability, suggest it could be an additional mechanism behind PCDH19-FE. This 

requires further interrogation. Thirdly, and not mutually exclusive from the second scenario, is 

that the changes that have been identified at the neural rosette stage suggest that the cells with 

and without a functional copy of PCDH19 are essentially two different cell types. These two 

different cell types appear to be functioning slightly differently in terms of maintenance of 

polarity resulting in changes in proliferation and differentiation dynamics. Therefore in the 

context of in vivo brain development, in the situation of a mosaic population of cells, these 

subtle differences could result in differences in the timing and placement of cortical neurons 

within the cortex. As a consequence this would result in aberrant neural network formation or 

connectivity which is associated with epilepsy (Kramer et al. 2012).   

6.4 Chapter Conclusions 

To interrogate the pathogenesis of PCDH19-FE and investigate the effect of the loss of 

PCDH19 function on cortical brain development an in vitro model of PCDH19-FE cortical 

development was established. Using this model of PCDH19-FE cortical development, the role 

of PCDH19 in the NSPC population was explored. It was discovered that PCDH19 has novel 

roles in NSPC polarity, neuronal differentiation and maturation. Loss of PCDH19 function 

resulted morphologically in a decrease in the number and size of neural rosette structures, 

increased number of neurons present at the periphery of the neural rosettes and neurons with a 

longer primary neurite length. At the transcript level of analysis, loss of PCDH19 function 

resulted in a decrease in the expression of dorsal telencephalic NSPC marker genes and an 

increase in the expression of ventral telencephalic NSPC marker genes. As well as a switch 

from the predominant developmental glutamate transporter, VGLUT2, to the predominant 

glutamate transporter in the mature cortex, VGLUT1 was observed. Taken together this data 

has led to the hypothesis that PCDH19 is important for maintaining stem and progenitor cell 

polarity, with loss-of-function resulting in a switch from self-renewal to differentiative NSPC 

division, and as such a decrease in the NSPC pool and premature neuronal differentiation. To 

confirm whether this hypothesis is correct further investigation into the NSPCs is required to 

determine if the proliferation of the cells is altered with loss of PCDH19 resulting in a decrease 
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in the dorsal NSPC pool and the observed increased proportion of ventral telencephalic NSPCs. 

If the proliferation of the NSPCs is found to be affected follow up studies will be required to 

determine whether a loss of polarity is the underlying mechanism causing this, or alternatively 

altered proliferation dynamics could also be attributed to changes in either the regulation of the 

cell cycle or the location of mitosis (Homem et al. 2015). However, given the known 

associations of PCDH19 with both NCAD and the WRC and their roles in regulation of NSPC 

polarity, it seems likely that changes in NSPC dynamics will be attributed to changes in the 

polarity of the cells. How this mosaic population of PCDH19 WT and PCDH19 Mutant cells 

in the developing brain leads to the pathogenesis of PCDH19-FE, still remains unclear from 

this study as the Mosaic cultures resembled the PCDH19 Mutant cultures. Closer examination 

of the effect of these changes at the NSPC stage of differentiation on the development and 

maturation of the cortical neurons will likely hold the clues as to why heterozygous females or 

mosaic males present with epilepsy while transmitting males are spared.  Finally, these studies 

need to be repeated with additional hiPSC clones harbouring pathogenic PCDH19 mutations or 

an isogenic control, to confirm the identified changes between PCDH19 WT and PCDH19 KO 

are due to loss of PCDH19 function and not due to hiPSC clonal variation.   
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7.1 Final Discussion 

PCDH19-FE, affects approximately 15,000-30,000 patients in the USA and 1000 in Australia 

(Personal communication, Professor Jozef Gecz, The University of Adelaide). It is a debilitating 

disorder with individuals born apparently normal, but starting to seize suddenly between the 

age of 4 to 60 months (mean=10 months). The seizures usually occur in clusters, up to ten times 

a day, and often over several weeks (Depienne and LeGuern 2012, Tan et al. 2015). Seizure 

onset often coincides with regression of their development, which include, but is not limited to 

cognitive decline and mild to severe ID, present in approximately 70% of cases. Other 

neurocognitive features often presenting include ASD, language delay and behavioural 

disturbances (Depienne and LeGuern 2012, van Harssel et al. 2013). PCDH19-FE is caused by 

mutations in the X-chromosome gene PCDH19, with over 100 different mutations published 

(van Harssel et al. 2013) so far. The major hallmark of the PCDH19-FE disorder is not only its 

unusual inheritance, but the fact that PCDH19-FE is a disorder of cellular mosaics. While 

heterozygous females are mostly affected, the number of males with somatic mutations in 

PCDH19 is also growing (Dibbens et al. 2008, Terracciano et al. 2016, Thiffault et al. 2016).       

 

Prior to the commencement of this study, it had only been speculated in the literature as to why 

this unusual mode of inheritance occurs. Also, very little was known about the expression and 

the role of PCDH19 during normal brain development. What was known involved the Danio 

rerio vertebrate model system, which suggested a role for Pcdh19 in regulating cell-convergent 

movements during anterior neurulation through an interaction with N-cadherin (Biswas et al. 

2010). Though this data was later found to be contingent on the method used to generate loss 

of Pcdh19 (acute, oligonucleotide-mediated knockdown), with another study from the same 

team of investigators failing to identify the same phenotype when using TALEN technology 

(Cooper et al. 2015).  In vitro studies using cell lines and Pcdh19 overexpression looked at the 

aggregation and adhesion properties of Pcdh19 (Emond et al. 2011). Consequently, much of 

the data on PCDH19 function was inferred from investigations of the spatial and temporal 

expression of PCDH19 and functions of other evolutionarily conserved δ2-protocadherin 

family members and identified Pcdh19 interacting partners (Wolverton and Lalande 2001, 

Gaitan and Bouchard 2006, Dibbens et al. 2008, Emond et al. 2009, Biswas et al. 2010, Hertel 

and Redies 2011, Kim et al. 2011, Krishna et al. 2011, Lin et al. 2012, Chen et al. 2014). 

Therefore this study was designed to interrogate directly the functional role of endogenous 

PCDH19 during normal early brain development and to investigate the unusual mode of 

pathogenesis of PCDH19-FE. Specifically, we aimed to study the effect of a mosaic population 

of NSPCs on fundamental processes of brain development. The following section draws 
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together the findings from this study and discusses the implications/rationale of these findings 

on both the pathogenesis of PCDH19-FE and PCDH19 function during brain development. The 

findings from this study are highlighted in Figure 7.1. 

 
Figure 7.1 Schematic representation of the interrogation of PCDH19-FE and the role of 

PCDH19 in the NSPC population during brain development. The pipeline highlights the 

experimental approach using both a human and mouse model of PCDH19-FE. Human skin 

fibroblasts from an individual with a pathogenic PCDH19 missense mutation were successfully 

reprogrammed to hiPSCs and the Pcdh19 KO mouse model was used to extract E14.5 

embryonic brains. From both these experimental models, NSPCs were able to be isolated and 

used to interrogate the functional role of PCDH19 in this cell population as well as model the 

mosaicism of the PCDH19-FE patient brain during development. Using the hiPSC model, an 

optimised protocol of human cortical brain development was established. Using this optimised 
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protocol, PCDH19 WT and PCDH19 Mutant hiPSC were mixed together in a 1:1 ratio 

immediately prior to cortical induction to mimic the mosaicism of the PCDH19-FE patient brain 

(Mosaic culture). PCDH19 WT, PCDH19 Mutant and Mosaic hiPSC were differentiated to 

cortical neurons following the key developmental stages of in vivo cortical brain development. 

To interrogate the effect of loss of PCDH19 function on early cortical development in the NSPC 

population, morphological analysis was undertaken at the neural rosette stage of differentiation. 

Additionally to elaborate on the morphological analysis targeted transcript analysis was 

undertaken at the key stages of cortical development including the neural rosette and cortical 

neurons stages of differentiation. Results showed in both the PCDH19 Mutant and Mosaic 

culture types compared to WT; premature neuronal differentiation, an increased proportion of 

ventral NSPCs associated with a concomitant decrease in dorsal NSPCs and a decreased 

number of apical-basal polarised NSPCs. Using the Pcdh19 KO mouse model, NSPCs were 

extracted from the telencephalic vesicles and cultured as non-adherent neurospheres. Pcdh19 

WT and Pcdh19 KO neurospheres were dissociated to single NSPCs and were mixed in a 1:1 

ratio to form a mosaic population of NSPCs modelling the mosaicism of the PCDH19-FE 

individual. Multiple assays were then used to interrogate the effect of loss of Pcdh19 or 

mosaicism on the molecular mechanisms of neural development. The NCFC assay and MTS 

proliferation assay revealed no significant difference in the self-renewal or proliferation of the 

NSPCs, neurons without Pcdh19 migrated further than WT and premature neuronal 

differentiation was observed at the expense of oligodendrocyte differentiation with loss of 

Pcdh19. Genome-wide gene expression analysis was undertaken to identify and explore any 

genes or pathways which are affected between the neurospheres and differentiated neurospheres 

across the Pcdh19 WT, Pcdh19 KO and Mosaic. Changes in transcript expression were revealed 

between Pcdh19 WT and Pcdh19 KO with network and gene expression analysis implicating 

altered regulation of the actin cytoskeleton through the Rho GTPases. Minimal genes were 

deregulated in the mosaic only population. 

7.1.1 The necessity of multiple models to investigate the functional role of PCDH19 

during brain development and the pathogenesis of PCDH19-FE 

PCDH19-FE is an epilepsy disorder, with epilepsy being defined as an electrical 

hyperexcitability of the CNS (Schroeder et al. 1998). Not surprisingly a large number of 

epilepsy disorders are caused by changes in the functioning of the neurons (Schroeder et al. 

1998, Dutton et al. 2013, Raijmakers et al. 2016) or changes in neuronal network formation 

(Kim et al. 2014, Valente et al. 2016, Valtorta et al. 2016). However epilepsies can also be 

attributed to alterations originating earlier in cortical brain development (Colasante et al. 2015). 

Given, PCDH19 is expressed early during embryonic brain development (E9 in mouse) and 

alterations in the cortical architecture in some PCDH19-FE patients have been observed, the 

role of PCDH19 during early cortical brain development was investigated in this study. In 

particular, PCDH19 was found to be expressed in neurogenic regions of the developing brain 

and expressed in NSPCs (See chapter 3, 5 and (Pederick et al. 2016)). Hence a role for PCDH19 

in regulating NSPC function was proposed and investigated.  

 

Different model system to investigate the function of PCDH19 have proved unsuccessful in 

identifying possible mechanisms which could underlie the pathology of PCDH19-FE. The 
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zebrafish models are pcdh19 knockouts, with pcdh19 located on chromosome 14 and therefore 

not subject to random X-inactivation.  This results in the failure of the zebrafish model to give 

rise to cellular mosaicism, which leads to the pathogenesis of the disorder, making it a poor 

model to investigate the pathogenesis of PCDH19-FE (Biswas et al. 2010, Cooper et al. 2015). 

In mouse, Pcdh19 is located on the X-chromosome and subject to random X-inactivation, with 

the heterozygous female mice presenting with mosaic expression of Pcdh19 (Pederick et al. 

2016). However the Pcdh19 KO mouse model (including the full knockouts and the 

heterozygotes) have no obvious seizure phenotype in comparison to the human situation where 

the heterozygous females present with seizures while the males, with loss of PCDH19 function, 

appear normal (Dibbens et al. 2008, Pederick et al. 2016). Given the previous ambiguity of 

phenotypes between different systems including contradictory findings between different 

zebrafish models, the Pcdh19 KO mouse model and the human phenotype, having two different 

biological model systems (human and mouse) to investigate PCDH19 during cortical 

development was determined to be advantageous. Thus if two phenotypes were observed in 

both biological model systems, it would suggest an evolutionary conserved functional role for 

PCDH19 and would be less likely to be an artefact of the particular assay used. Additionally, 

while human and mouse brain development are fundamentally similar, there are also major 

differences. Some of these differences lie in the development of the cortex including in the 

timing and complexity. Much of the complexity and increased size of the human brain is due 

to the protracted period of neurogenesis (Silbereis et al. 2016). Mouse neural tube formation 

occurs at approximately E9.5, in human this occurs between E24-28 (Semple et al. 2013). 

Subsequently, neocortical plate neurogenesis lasts for approximately 11 days in mouse while 

in humans it continues for up to 143 days (Silbereis et al. 2016). In particular, the diversification 

of the human brain has been linked to the expansion of the oSVZ and the emergence of 

increased diversity of neural progenitor cell types (Dehay et al. 2015). A recent elegant study 

comparing cortical neurogenesis between hiPSCs and non-human primate iPSCs, has nicely 

demonstrated that even in an in vitro cortical differentiation system heterochrony is preserved 

in the dynamics of NSPCs, with an increased proliferative/neurogenic phase in humans (Otani 

et al. 2016). Interestingly, this appeared to be cell autonomously regulated, suggesting the size 

of the cerebral cortex is regulated at least partially by individual NSPCs mechanisms. The use 

of both a mouse neurosphere model and a hiPSC model of PCDH19-FE, was therefore desirable 

to identify conserved fundamental roles for PCDH19 during cortical development as well as 

identify possible species-specific differences which could explain the lack of a phenotype in 

the Pcdh19 KO mice (Pederick et al. 2016).  Especially given the apparent role for PCDH19 in 

the regulation of NSPCs dynamics and neurogenesis (Chapter 3 and 6), which is vastly different 
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between humans and other species. This study is the first to investigate the behaviour of mouse 

NSPCs lacking Pcdh19 as well as the first to generate hiPSCs from an individual with a 

pathogenic PCDH19 mutation. While the majority of PCDH19-FE mutations are missense 

mutations, there are numerous deletions and frame shifting or stop mutations.  Based on their 

clinical and molecular effect they are predicted to be loss of function mutations (van Harssel et 

al. 2013). Accordingly, Pcdh19 KO cells could be used to model the pathogenic PCDH19 

mutations in the mouse neurosphere model. As part of this study we have developed two 

species-specific models of PCDH19-FE brain development and used them to investigate both 

the function of PCDH19 and the mode of pathogenesis of PCDH19-FE.  

7.1.2 Differences between the mouse and human models of PCDH19-FE 

The key characteristics of NSPCs and the process of neurogenesis using the hiPSC and mouse 

neurosphere PCDH19-FE models were investigated. The two model systems used differed 

vastly in the cellular assay used to investigate NSPC behaviours (Figure 7.1). The mouse 

neurosphere model of PCDH19-FE used the well characterised ex vivo neurosphere culture 

system, which involves extracting the NSPCs from the embryonic cortex and culturing them in 

suspension in the presence of growth factors over multiple passages (Rietze and Reynolds 

2006). While the neurosphere assay provides a good model to investigate the properties of 

NSPCs including cell proliferation and differentiation potential, it suffers from loss of regional 

identity, lack of apical-basal polarity and loss of neurogenic potential with passaging (Hack et 

al. 2004, Deleyrolle et al. 2008, Pastrana et al. 2011). The optimised model of human cortical 

differentiation in this study, recapitulates the processes of in vivo neural development including 

neural induction, the acquisition of apical-basal polarity and an extended period of 

corticogenesis generating all classes of cortical excitatory neurons in a temporal order (Shi et 

al. 2012a, Shi et al. 2012b). As such it is not surprising that differences in cellular phenotypes 

were observed between the hiPSC and mouse neurosphere model of PCDH19-FE, particularly 

if PCDH19 is functioning to regulate NSPC polarity (Figure 7.1). In the mouse neurosphere 

model, no change was observed in the self-renewal or the proliferative ability of the NSPCs. 

Conversely, data from the hiPSC model which included; decreased expression of dorsal NSPC 

marker genes, TBR2 and PAX6, and morphological analysis revealing decreased lumen size and 

a reduced number of polarised neural rosette structures, are suggestive of a reduced number of 

proliferating (self-renewing) NSPCs.  Targeted transcript analysis in the hiPSC model also 

identified a reduction in dorsal NSPC marker genes with concomitant increase in ventral NSPC 

marker gene expression. This was not observed in the mouse neurosphere model, which is not 

unexpected given regional identity is not a feature of the neurosphere system, as the culture 

conditions of continued growth in the presence of growth factors has been shown to result in 
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loss of dorsal-ventral and anterior-posterior regional identity (Santa-Olalla et al. 2003). 

Multipotent NSPCs isolated from particular regions of the CNS during development can give 

rise to neurons, oligodendrocytes and astrocytes. However neuronal subtype potential of the ex 

vivo expanded NSPCs is largely restricted to generation of GABAergic interneurons with few 

glutamatergic excitatory neurons produced (Reynolds et al. 1992, Elkabetz et al. 2008). 

Changes in the number of dorsal to ventral NSPCs, would be represented in the neuronal 

subtype output as a decrease in the number of dorsally born glutamatergic excitatory neurons 

and an increase in the ventrally born GABAergic inhibitory neurons. In the mouse neurosphere 

model, quantification of the number of glutamatergic excitatory neurons and GABAergic 

inhibitory neurons differentiated from NSPCs isolated directly (so as to maintain the regional 

identity) from the E14.5 brains revealed no difference between Pcdh19 WT and Pcdh19 KO. 

As previously discussed (Chapter 6), the change in dorsal vs ventral NSPC marker genes in 

hiPSC derived cultures could either be reflective of a change in NSPC regional-identity/fate or 

reflect a change in proportion due to a reduction of the dorsal NSPC pool attributed to a decrease 

in the proliferative potential. Changes in the proliferation of the cells i.e. due to changes in self-

renewing vs differentiative division, is suggested by the smaller lumen size in the PCDH19 

Mutant and Mosaic cultures, supporting a decreased number of apical-basal polarised 

proliferating NSPCs, as well as the concomitant premature neuronal differentiation (Chapter 6) 

(Ziv et al. 2015). Given the vast expansion of the human cortex and increased neuronal 

progenitor types these changes observed in the human model could indicate a role for PCDH19 

in the regulation of a particular dorsal progenitor subtype more prominent or distinct to humans 

(species-specific). Alternatively, the above mentioned pitfalls in the mouse neurosphere model 

may have resulted in the cellular phenotypes of changes in dorsal to ventral NSPC fate and/or 

reduced NSPC proliferation, being missed. It is also important to note the neural rosette stage 

in the human model (ERG cultures) is equivalent to the E9.5 of mouse development (Elkabetz 

et al. 2008, Main et al. 2013), therefore the extraction of the NSPCs at E14.5 may have already 

missed the relevant developmental window in which PCDH19 has an important functional role. 

Elegant studies have demonstrated the loss of regional specificity of in vitro expanded neural 

stem cells (NSCs) compared to the earlier stage ESC derived rosette-stage neural stem cells (R-

NSC) (Elkabetz and Studer 2008). The neural rosette cultures are highly plastic and are able to 

respond to different developmental cues, ie Shh and retinoic acid can induce caudalisation of 

the NSPC producing motor neurons. While NSCs propagated in vitro show restricted 

developmental potential and are unresponsive to these such developmental cues. Thus in order 

to identify changes in dorsal versus ventral fate of the NSPCs, extraction of cells at the 

earlier/equivalent time to the R-NSCs (i.e. E9.5) before the cells become developmentally 
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restricted may have been required. It is also plausible that dorsal-ventral pattering, is not 

adequately captured in these in vitro experiments (both mouse and human) due to the absence 

of spatial cues which are important regulators of this patterning in vivo (Wen et al. 2009). In 

the hiPSC cultures, the apparent sensitivity of the NSPCs to dorsal-ventral identity, may not 

represent the in vivo situation due to the lack of spatial cues. Therefore changes in dorsal-ventral 

patterning should be further interrogated in vivo using the Pcdh19 KO mouse. 

7.1.3 PCDH19 has a conserved role in the regulation of neuronal differentiation 

during brain development 

Neuronal differentiation was identified as altered between PCDH19 WT and PCDH19 

Mutant/KO in both the hiPSC and mouse neurosphere models of PCDH19-FE, suggesting a 

fundamentally conserved role of PCDH19 in this processes. Additionally, the Pcdh19 KO 

mouse neurosphere model showed an increased migration with loss of Pcdh19. In the hiPSC 

model the increased number of neurons on the periphery of the neural rosette colony could also 

be suggestive of an accelerated migration phenotype with loss of PCDH19 function. This 

observation would require confirmation using a more targeted approach to confirm altered 

migration as opposed to just premature state of differentiation. Live cell microscopy to track 

the movement of the neurons could be used to discriminate a migration defect in the PCDH19 

Mutant cells. In both models, the increased number of neurons appeared to be at the expense of 

the glial lineage (oligodendrocytes in the mouse, astrocytes in the human). Thus in both models 

this premature neuronal differentiation, could also suggest a role for PCDH19 in the lineage-

specification of NSPCs. Alternatively,  reduced gliogenesis could occur due to an exhaustion 

of the progenitor pool due to the observed premature neuronal differentiation. This paradigm 

of premature neural differentiation has also been observed as a consequence of a loss of the N-

cadherin, a known Pcdh19 interacting partner, supporting the role of PCDH19 in these 

processes (Zhang et al. 2010, Zhang et al. 2013, Miyamoto et al. 2015). Loss of N-cadherin 

was shown to result in a loss of apical-basal polarity, increased exit from the cell-cycle, 

premature neuronal differentiation and accelerated neuronal migration. This suggests similar 

biological processes may be occurring in the NSPCs with either loss of N-cadherin or PCDH19. 

NSPC apical-basal polarity, is an important feature in the maintenance of the neural rosette 

polarised structures, important for maintaining the cells in a proliferative, self-renewing state. 

With loss of this polarity, the cells lose their patterning potential and undergo differentiative 

divisions (Gotz and Huttner 2005, Elkabetz and Studer 2008). Cell-cell contacts are important 

for the establishment and regulation of NSPC polarity and the supportive, self-renewing, stem 

cell niche during brain development (Rasin et al. 2007). Apically, localised cell-cell contacts 

are required to form the apical-junctions complexes, important for establishing the apical-basal 
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polarity of the cell. The Protocadherin family of proteins are well established as cell-cell 

adhesion molecules, thus PCDH19 likely also has important roles in regulating cell-cell 

adhesion during brain development (Kim et al. 2011).  Loss of PCDH19 could mediate changes 

in the polarity of the NSPCs and the stem cell niche, resulting in the specification of the cells 

to differentiate towards the neural lineage. It would be expected that this would be associated 

with a decrease in the number of proliferating NSPCs. In the mouse neurosphere model, no 

significant change in the proliferation of the NSPCs was observed, however there was a slight 

decrease in the Pcdh19 KO cells and this was also observed in the NCFC assay (a measure of 

the number of self-renewing NSCs), although again not significant. The hiPSC model showed 

a reduced lumen size, which is suggestive of a decreased number of apical-basal polarised 

NSPCs (proliferating cells) forming the structure (Edri et al. 2015, Ziv et al. 2015).  The mouse 

neurosphere model lacks apical-basal polarity, which could account for why there is no change 

in NSPC proliferation. In the hiPSC model, the NSPCs feature polarity, with changes in polarity 

resulting in altered cell proliferation and subsequent changes in neurogenesis.  Given both the 

mouse neurosphere model and the hiPSC model showed changes in neurogenesis, it is possible 

that the altered neurogenesis could be due to an alternative mechanism independent of changes 

in cellular polarity or due to both polarity dependant and independent mechanisms. In the hiPSC 

model the data suggests that loss of PCDH19 function, could lead to premature differentiation 

through changes in the dynamics of NSPC proliferation, namely changes in the self-renewing 

vs differentiative division due to changes in NSPC polarity. These changes could also be due 

to a change in the length of the cell cycle of the NSPCs, with the expansion of the G1 phase 

previously shown to promote neurogenic division and premature neuronal differentiation (Gotz 

and Huttner 2005, Roccio et al. 2013). Further investigation is required to look closely at the 

mode of cellular division including changes in the cell cycle associated with loss of PCDH19. 

This could be achieved using the fluorescent ubiquitylation-based cell-cycle indicator (FUCCI) 

system to identify changes in cell cycle dynamics and associated cell fate changes (Roccio et 

al. 2013).   The interaction of PCDH19 with components of the WRC, which is a regulator of 

the Arp2/3 complex and hence the actin cytoskeleton, points to a mechanism through which 

PCDH19 might be regulating the polarity of the NSPCs (Chen et al. 2014). Whereby, regulation 

of actin-dynamics through the WRC activity could be altered affecting apical-basal polarity of 

the NSPCs.  The WRC has previously been shown to be an important regulator of NSPC 

polarity, with haploinsufficency of the WRC component CYFIP1 and resulting destabilisation 

of the WRC, leading to apical polarity defects (Yoon et al. 2014). Further studies are required 

to investigate the involvement of the WRC in the observed changes in NSPC polarity with loss 

of PCDH19 function. Arp2/3 regulates the actin cytoskeleton through actin nucleation (Goley 
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et al. 2006). Therefore, further studies may focus on the effect of loss of PCDH19 function on 

activation of Arp2/3 actin nucleation via the WRC using an actin assembly assay. 

 

Transcriptome analysis of the NSPCs and differentiated NSPCs was undertaken using the 

mouse neurosphere model, while targeted analysis of key transcripts of cortical neuronal 

differentiation was completed on the hiPSC model. The microarray on the mouse cells, revealed 

only minimal differences between the Pcdh19 WT and Pcdh19 KO cells, which is not altogether 

surprising given PCDH19 is a transmembrane protein and not a known regulator of 

transcription. However, recent data suggesting a role for PCDH19 in regulation/co-regulation 

of gene expression (Pham et al. 2017) could also suggest that the experimental design and 

system used did not yield gene expression changes large enough to be observed. Additionally, 

in support of minimal differences in the microarray data, only subtle changes to the cellular 

composition of the cultures were observed. Supportive of the role of PCDH19 in neuronal cell 

polarity and regulation of the actin cytoskeleton, pathway analysis showed enrichment of 

signalling by the Rho GTPases. Such signalling is known to regulate the WRC and apical-basal 

polarity converging on regulation of the actin cytoskeleton (Lane et al. 2014, Yoon et al. 2014). 

Protocadherins have previously been linked to regulation of Rho GTPase signalling, with 

protocadherin clusters (α and γ) shown to regulate neuronal dendritic spine morphology through 

signalling via Rho and Rac1 (Suo et al. 2012). N-cadherin has also been shown to regulate Rho 

GTPase signalling upon N-cadherin mediated cell-cell adhesion events (Charrasse et al. 2002). 

Estrogen receptor (ER) was also a top-upstream regulator of dysregulated genes between 

Pcdh19 WT and Pcdh19 KO.  The identification of a number of genes regulated by ER, supports 

the recent implication of altered neurosteroid metabolism in the PCDH19-FE patients (Tan et 

al. 2015). PCDH19-FE patients were shown to have decreased blood serum levels of 

allopreganolone as well as dysregulation of genes important for neurosteroid metabolism and 

genes regulated by estrogen, progesterone and androgen receptors in their skin fibroblasts. The 

estrogen receptor has been shown to have multiple roles during neural development and 

function, including roles in regulating NSPC proliferation, neuronal migration and 

neurogenesis (Sanchez et al. 2009, Komada et al. 2015, Sellers et al. 2015). Additionally, Rho 

GTPases are regulators of ER transcriptional activity and ER has been shown to regulate 

WAVE-1 transcriptional activation with resulting changes in actin nucleation and dendritic 

spine formation (Su et al. 2001, Sanchez et al. 2009). Estrogen has also been shown to regulate 

NSPC specification with neuronal differentiation occurring at the expense of glial 

differentiation (Brannvall et al. 2002). Thus, the transcriptional changes between the Pcdh19 

WT and Pcdh19 KO cells implicate several pathways known to have roles in neuronal 
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differentiation and migration. With several of these identified pathways converging on the 

regulation of the actin cytoskeleton, this study offers further support for a role of PCDH19 in 

the regulation of actin dynamics during neural development.  

 

A recently published paper, supports the findings in this study and a role for PCDH19 in 

regulation of NSPC proliferation and differentiation, with the microRNA, mir-484, shown to 

positively regulate neurogenesis through inhibition of Pcdh19 expression in mouse cortices 

(Fujitani et al. 2016). Loss of Pcdh19 resulted in a premature differentiation of RGCs to BPs, 

with a concomitant decrease in RGC proliferation (Fujitani et al. 2016). Interestingly, 

differential microRNA expression in different brain regions of the CNS has been found to be 

associated with susceptibility and sensitivity to mental health disorders (individual 

vulnerability) (Hamilton et al. 2014). This includes differential expression of mir-484. Given 

mir-484 regulates expression of PCDH19 during neurogenesis, differences in PCDH19-FE 

phenotypes could be attribute to inter-individual variability in mir-484 expression during the 

neurogenic period of cortical brain development. It will therefore be important in future studies 

to interrogate further the effect of mir-484 on PCDH19 function during cortical development, 

in-particular the effect on NSPC proliferation and neuronal differentiation.  Also identifying 

possible inter-individual differences in PCDH19-FE patient mir-484 expression would be an 

interesting endeavour as this could potentially account for the variability in patient phenotype. 

7.1.4 Difficulties generating isogenic hiPSCs from females with PCDH19-FE 

An interesting observation, which was not followed up in this study was the difficulty in 

generating hiPSCs from cells expressing a pathogenic loss of function PCDH19 mutation. 

When reprogramming heterozygous female PCDH19-FE fibroblasts, there was a selection in 

favour of hiPSC expressing the PCDH19 WT allele. The carrier male required multiple rounds 

of reprogramming and optimisation of the protocol to generate hiPSCs. Cell-cell contacts and 

cell-matrix interactions are crucial for the self-renewal and pluripotent state of the hiPSCs (Li 

et al. 2012). E-cadherin which mediates homophilic cell-cell contacts, and in cooperation with 

downstream Rho GTPase signalling, has been shown to be crucial in maintaining ESC and iPSC 

pluripotency, through regulating cell survival, proliferation and self-renewal (Li et al. 2010, Li 

et al. 2010, Li et al. 2012). Loss of E-cadherin mediated cell-cell contacts in PSCs, triggers 

apoptosis and loss of self-renewal in the cells (Li et al. 2010). Additionally, a switch from E-

cadherin expression in PSCs to N-cadherin is associated with PSC differentiation, thus changes 

in cadherin expression are intricately involved in regulation of cell fate (D'Amour et al. 2005, 

Li et al. 2012). As PCDH19 is also a member of the cadherin superfamily and a molecule 

involved in cell-cell adhesion, it is possible that PCDH19 dependant cell-cell contacts are 
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important for maintaining hiPSC pluripotency similar to E-cadherin. In support of a role for 

PCDH19 in the PSCs, this study showed PCDH19 is expressed in the PSC population and this 

expression was also confirmed in a recent study showing expression of PCDH19 in proliferative 

hiPSCs (Compagnucci et al. 2015). Thus it could be speculated that similar mechanism through 

which PCDH19 appears to be regulating NSPC proliferation and differentiation, could also be 

involved in the regulation of PSC states resulting in the difficulties observed in reprogramming. 

It is possible that PDH19 has conserved roles in both maintenance of stem/progenitor 

populations and regulating differentiation in PSCs and NSPCs. In the hiPSC reprogramming 

experiments, expression of the X-chromosome allele with a pathogenic PCDH19 Mutation 

could have resulted in successful reprogramming but loss of PCDH19 function may have 

resulted in reduced proliferative capacity and increased differentiation, resulting in difficulties 

isolating hiPSC clones. During embryogenesis, the PSC of the inner cell mass have two active 

X-chromosomes with random X-inactivation occurring upon differentiation (Monk et al. 1979). 

Therefore, heterozygous females will be expressing both alleles of PCDH19 at this stage of 

development thus negating the effects of a mosaic population of cells which is predicted to lead 

to the pathogenesis of the disorder. This could explain why there are no early embryonic 

phenotypes in PCDH19-FE patients if PCDH19 is important for PSC proliferation. It will be 

interesting to investigate if PCDH19 is regulating a similar mechanism of cell 

division/proliferation in both the PSCs and the NSPCs. 

7.1.5 Early processes of cortical brain development are not affected by a mosaic 

population of cells 

 In both the mouse neurosphere and hiPSC models of PCDH19-FE (i.e. the mixing of PCDH19 

WT and PCDH19 KO (mouse) or Mutant (human)), the mosaic population of cells either 

showed a phenotype in-between the WT and Mutant/KO cells or more similar to the PCDH19 

Mutant/KO cells. This suggests cell autonomous behaviours are maintained in the mosaic cell 

populations. This was an unexpected result given the patients which are hemizygous for a 

pathogenic PCDH19 mutation are largely unaffected, hence an additional phenotype (differing 

phenotype) was predicted for only the mosaic cell population (hypothesis 2) (Dibbens et al. 

2008). This could suggest that the cellular phenotypes identified as different between the 

PCDH19 WT and PCDH19 Mutant/KO, are within the normal range of cellular phenotypes 

and not contributing to the pathogenesis of PCDH19-FE. Alternatively, abnormalities in the 

NSPCs of the developing cortex could precede deficits later on in the maturation of the cortex. 

Primary abnormalities, early on during brain development, can result in secondary 

abnormalities of brain development including in synaptic development and the establishment 

of correct brain circuitry, resulting in deficits in proper neuronal functioning.  An example is in 
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a Down syndrome mouse model, where changes in the proliferative ability of the NSPC 

population during embryonic development resulted in changes in brain morphology including 

reduced neuronal density and synaptic formation (Chakrabarti et al. 2007). It is possible that 

these identified primary deficits in the NSPC population, including NSPC polarity, neuronal 

differentiation and migration are resulting in subtle changes whereby in the hemizygous 

individual this still results in the formation of a relatively normal/functioning brain. In some 

instances these changes could be contributing to reported behavioural disturbances or ASD in 

male carriers (van Harssel et al. 2013).  In the heterozygous individual, the presence of these 

two cell populations (PCDH19 WT and PCDH19 Mutant/KO) which have subtle differences 

in NSPC properties, will result in differences in the timing/birth, spatial location and 

composition of the cells in the cortex between the two cell populations resulting in abnormal 

cellular interactions in the developing cortex.  

 

It is important to recall that there is one other example of cellular mosaicism, due to random X-

chromosome inactivation, which leads to the pathogenesis of the disorder in heterozygous 

females and hemizygous males are spared, craniofrontonasal syndrome (CFNS) (Twigg et al. 

2006). This disorder is caused by mutations in the X-chromosome gene EFNB1. EFNB1 is a 

transmembrane protein which binds to EphB receptors on neighbouring cells, regulating 

bidirectional signalling (Davy et al. 2005).  This Eph/ephrin bidirectional signalling has been 

shown to mediate changes in adhesion and repulsive migration thus driving cell segregation 

(O’Neill et al. 2016), formation and guidance of extending growth cones from neurons (Holland 

et al. 1998, Mohamed et al. 2012, Stettler et al. 2012) and induction and maturation of dendritic 

spines (Clifford et al. 2014). Eph/ephrin signalling has been shown to converge to regulate the 

cellular cytoskeleton, with downstream signalling pathways shown to signal to the Rho 

GTPases (Noren and Pasquale 2004). Mosaic expression of the EphB WT and EphB null cells 

in mouse results in homotypic cell sorting between the two cell types in multiple tissues 

(Compagni et al. 2003). This segregation of the two cell types was also observed in the 

neuroepithelium of E10.5 mice (Arvanitis et al. 2013).    Although homotypic cell sorting was 

unable to be addressed in this study, due to limitations in the ability to identify the two different 

cell types, recent work from collaborators using a labelled heterozygous mouse model 

(Pcdh19+/-), have demonstrated a similar scenario with segregation of WT and KO cells in the 

VZ at E10.5 (Prof P. Thomas, personal communication). Interestingly, in light of the possible 

role of PCDH19 in dorsal NSPC proliferation which has been proposed in this study, EFNB1 

signalling has been shown to regulate anterior palate mesenchymal proliferation, but not 

proliferation of the cells of the posterior palate in the developing embryo (Bush et al. 2010). In 
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the mosaic mouse, this resulted in sorting out of the null and WT cells, with the EFNB1null cells 

having a significantly reduced proliferation rate compared to the EFNB1positive cells, this 

phenomenon was also observed in the telencephalon. This resulted in an under representation 

of the number of EFNB1null cells in the anterior palate, with the heterozygous mouse having a 

more severe palate phenotype than the null mice. This gives precedence for differences in two 

cell populations (with and without EFNB1 expression), to give rise to morphological 

abnormalities later in development. There appears to be a number of other similarities between 

the role of eph/ephrin and protocadherin/PCDH19 signalling during neural development. Both 

pathways have roles in cell-cell recognition, neuronal migration and implicate regulation of the 

cytoskeleton as a downstream signalling mechanism. Eph/ephrin signalling has also been 

shown to regulate axonal bundling and thalamocortical projections (Chen et al. 2004, Torii et 

al. 2013, Robichaux et al. 2014), which has also been shown to be regulated by the PCDH19 

closely related proteins, PCDH17 and PCDH10 (Uemura et al. 2007, Hoshina et al. 2013). As 

such similar cellular mechanisms could underlie the pathogenesis of both disorders, although 

different cell types are likely implicated in the two disorders resulting in the divergent 

phenotypes. Interestingly, ephrinB signalling has been shown to regulate NSPC maintenance, 

with expression of EphrinB1 preventing neuronal differentiation (Qiu et al. 2008). In line with 

the discoveries in this study, this suggest that there may be even more commonalities between 

Ephrin signalling and the functional role of PCDH19 which warrants further investigation given 

the similar mode of pathogenesis. Taken together, in the PCDH19-FE patient, mosaic 

expression of PCDH19 early on during cortical development, similarly to CFNS, could be 

resulting in changes in proliferation in the dorsal NSPCs and a resulting change in the 

representation of the two differing cell types leading to deficits in cortical network formation 

later in development i.e. in axon bundling. 

7.2 Future directions 

This study, has shown that PCDH19 has functional roles in regulating NSPC behaviours and is 

an inhibitor of neurogenesis, in both mouse and humans using two independent models of 

neuronal development. The mechanisms of how PCDH19 is inhibiting this process remain to 

be determined. Evidence from the hiPSC model, which recapitulates the cortical developmental 

process, points towards a role for PCDH19 in regulating NSPC polarity and subsequently 

differentiative vs proliferative (self-renewal) division as a likely mechanism underlying the 

regulation of neurogenesis. Further studies are required to investigate whether the reduced 

number of polarised neural rosette structures and the decreased lumen size are attributed to 

reduced cellular proliferation. This could be achieved using a live cell BrdU incorporation 

assay, to track the proliferation of the NSPCs. Additional evidence from the microarray studies 
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and the known interaction of PCDH19 with the WRC suggest the reduced number of polarised 

neural rosette structures, due to loss of PCDH19, converges on regulation of the actin 

cytoskeleton. Further investigations will be required to show if altered cytoskeletal dynamics 

and altered actin nucleation underlie the changes in NSPC polarity. These changes in NSPC 

properties and neuronal differentiation will also need to be validated in additional hiPSC lines 

with different pathogenic PCDH19 mutations. Alternatively, CRISPR-cas9 editing to correct 

the pathogenic PCDH19 mutation could be undertaken to confirm rescue of the identified 

changes in neuronal differentiation and NSPC polarity. This is required to validate the observed 

changes in cortical neuronal differentiation are attributed to loss of PCDH19 function and not 

hiPSC clonal variation.  

 

In this study, a PCDH19-FE model of brain development was established by mixing PCDH19 

WT and PCDH19 Mutant/KO cells (in both human and mouse models) in a 1:1 ratio prior to 

neuronal differentiation to model the cellular mosaicism of the patient brains during early 

development, which is attributed to the pathogenesis of the disorder. At the early stages of 

neuronal development (in NSPC populations/immature neurons), there were no obvious 

differences in the phenotype (additional phenotype) of the Mosaic cells compared to both the 

PCDH19 WT and PCDH19 Mutant/KO cells. We predict that the developmental deficits 

identified in the PCDH19 Mutant/KO cells, at this early stage of cortical development are 

contributing to changes later on in brain development in which the presence of this mosaic 

population of cells (and essentially two differing cell types) is resulting in changes in the 

formation of neural networks leading to the epilepsy and other co-morbid phenotypes. Recent 

data from a FLAG-tagged Pcdh19 mouse model has identified that in the developing mouse 

cortex the Pcdh19 WT and Pcdh19 KO cells show cell sorting, with discrete populations of 

Pcdh19 WT and Pcdh19 KO only cells (Prof P. Thomas, personal communication). Further 

investigation using the hiPSC model will be required to identify if during the cortical 

differentiation protocol the two cell populations (Pcdh19 WT and Pcdh19 KO), in the Mosaic 

cultures, sort out from each other. This could be achieved by fluorescently labelling the two 

cell populations, prior to mixing and cortical induction, in order to facilitate live cell tracking 

of the different cell populations across the cortical differentiation protocol. Given the assays in 

this study have revealed the Pcdh19 WT and Pcdh19 KO cells have subtle differences in their 

neurogenic potential, in the situation of a mosaic population of cells, these subtle differences 

could result in aberrant neural connections due to the sorting of the two cell types.  Further 

investigations are required, using this developed hiPSC in vitro model of PCDH19-FE, to 

investigate the effects of these early developmental changes on the functioning of the mature 
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neurons in a Mosaic population. In particularly focusing on the possible role of PCDH19 on 

axonal bundling, which appears to be a conserved function of the closely related δ2-

protocadherins PCDH10 and PCDH17. Additionally, this model should also be used to 

investigate the effect of altered neurosteroid metabolism in these two differing cell populations, 

as neurosteroids are likely to also be contributing to the disorder. Given PCDH19-FE is an 

epilepsy disorder, a key requirement will be to identify whether the developmental changes 

identified result in deficits in the ability of the neurons to signal/fire correctly. Thus future work 

will involve the application of electro-physiological analysis of the cortical differentiation 

protocol (cortical neurons), such as the use of a multielectrode array (MEA), to ascertain if 

altered cortical development underlies changes in neuronal excitability and signalling which 

could account for the PCDH19-FE seizure phenotype. 
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Appendix One: Materials list 

Automated Maxwell® 16 System  Promega, Wisconsin, USA 

Taq DNA polymerase Roche, NSW, Australia 

Buffer J  Epicentre, Gene Target Solutions Pty             

Ltd, NSW, Australia 

10X Buffer + MgCl2 Roche, NSW, Australia 

MgCl2 Roche, NSW, Australia 

Tris-acetate Sigma-Aldrich Pty Ltd, NSW, Australia 

EDTA Sigma-Aldrich Pty Ltd, NSW, Australia 

1 Kb+ DNA Ladder NEB, MA, USA 

pUC19 molecular weight marker Thermo Scientific™, MA, USA 

Syngene Bioimaging apparatus In vitro Technologies, Victoria, 

Australia 

DH5α competent cells Invitrogen, California, USA 

Luria-Bertani Broth Sigma-Aldrich Pty Ltd, NSW, Australia 

Ampicillin  

Glycerol 

QIAGEN endofree plasmid maxi kit QIAGEN, Victoria, Australia 

Nanodrop 1000 photo-spectrometer Thermo Scientific™, MA, USA 

LeGO-G/BSD, LeGO-1xT/BSD, LeGO-C2, 

LeGO-G2 Addgene, MA, USA 

DMEM Gibco, Life Technologies, CA, USA 

FCS Gibco, Life Technologies, CA, USA 

Pen/Strep Gibco, Life Technologies, CA, USA 

L-glutamine Gibco, Life Technologies, CA, USA 

DPBS Sigma-Aldrich Pty Ltd, NSW, Australia 

Trypsin-EDTA Gibco, Life Technologies, CA, USA 

Lipofecatime 2000 Invitrogen, CA, USA 

Polybrene Sigma-Aldrich Pty Ltd, NSW, Australia 

NaCl 

KH2PO4 Sigma-Aldrich Pty Ltd, NSW, Australia 

Na2HPO4  Sigma-Aldrich Pty Ltd, NSW, Australia 

KCl Sigma-Aldrich Pty Ltd, NSW, Australia 

HBSS Gibco, Life Technologies, CA, USA 

HEPES Gibco, Life Technologies, CA, USA 

MgCl2 Sigma-Aldrich Pty Ltd, NSW, Australia 

L15 medium Gibco, Life Technologies, CA, USA 

Papin Sigma-Aldrich Pty Ltd, NSW, Australia 

Cysteine Sigma-Aldrich Pty Ltd, NSW, Australia 

DNAse type IV Sigma-Aldrich Pty Ltd, NSW, Australia 

Ovomucoid trypsin inhibitor Sigma-Aldrich Pty Ltd, NSW, Australia 

BSA Sigma-Aldrich Pty Ltd, NSW, Australia 

DMEM/F12 Glutamax medium  Gibco, Life Technologies, CA, USA 

EGF STEMCELL technologies Australia Pty 

Ltd., VIC, Australia 

bFGF2 Gibco, Life Technologies, CA, USA 

Versene Gibco, Life Technologies, CA, USA 

Trypan Blue Invitrogen, CA, USA 

CellTiter 96® AQueous One Solution Cell  

Proliferation Assay System  Promega Australia, NSW, Australia 
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NCFC Assay STEMCELL technologies Australia Pty 

Ltd., VIC, Australia 

PLL Sigma-Aldrich Pty Ltd, NSW, Australia 

HCl 

Ethanol 

Boric acid Sigma-Aldrich Pty Ltd, NSW, Australia 

Sodium tetraborate Sigma-Aldrich Pty Ltd, NSW, Australia 

PFA 

DAPI 

Trizol Reagent QIAGEN, Victoria, Australia 

RNeasy mini extraction kit QIAGEN, Victoria, Australia 

RNase free DNase Kit QIAGEN, Victoria, Australia  

superscript III® reverse transcriptase Invitrogen, CA, USA 

Random hexamers 

Fast SYBR Green Real-Time PCR master mix  Applied Biosystems, CA, USA 

Pre-designed TaqMan expression assays Applied Biosystems, CA, USA 

Affymetrix MoGene 2.0 St array  Affymetrix, Santa Clara, CA, USA 

Tween20 Sigma-Aldrich Pty Ltd, NSW, Australia 

TritonX Sigma-Aldrich Pty Ltd, NSW, Australia 

Horse Serum 

ProLong® Gold Antifade mountant with DAPI Life Technologies, CA, USA 

X-gal Sigma-Aldrich Pty Ltd, NSW, Australia 

NP40 Sigma-Aldrich Pty Ltd, NSW, Australia 

Sodium deoxycholate Sigma-Aldrich Pty Ltd, NSW, Australia 

K3Fe(CN)6 Sigma-Aldrich Pty Ltd, NSW, Australia 

K4Fe(CN)63H2O Sigma-Aldrich Pty Ltd, NSW, Australia 

DMSO Sigma-Aldrich Pty Ltd, NSW, Australia 

FailSafe™ Buffer G  Epicentre, Gene Target Solutions Pty 

Ltd, NSW, Australia 

HpaII restriction enzyme GENESEARCH, Qld, Australia 

QIAquick PCR purification kit QIAGEN, Victoria, Australia 

Big Dye terminator cycle sequencing kit  PerkinElmer, VIC, Australia 

Knockout serum replacement Gibco, Life Technologies, CA, USA  

NEAA Gibco, Life Technologies, CA, USA 

β-mercaptoethanol Gibco, Life Technologies, CA, USA 

hES cell FBS Gibco, Life Technologies, CA, USA 

Gelatin Sigma-Aldrich Pty Ltd, NSW, Australia 

ECM Sigma-Aldrich Pty Ltd, NSW, Australia 

Dispase Gibco, Life Technologies, CA, USA  

Collagenase I  Worthington Biochemical Corp, USA 

Accutase™ STEMCELL technologies Australia Pty 

Ltd., VIC, Australia 

ROCK inhibitor (Y-27632 dihydrochloride)  TOCRIS Bioscience, Bristol, UK 

Neurobasal® Medium Gibco, Life Technologies, CA, USA 

N-2 Supplement Gibco, Life Technologies, CA, USA 

B-27® Supplement, serum free Gibco, Life Technologies, CA, USA 

Insulin solution Human Gibco, Life Technologies, CA, USA 

SB431542 TOCRIS Bioscience, Bristol, UK 

Dorsomorphin Sigma-Aldrich Pty Ltd, NSW, Australia 

Poly-L-ornithine solution Sigma-Aldrich Pty Ltd, NSW, Australia 

Laminin Sigma-Aldrich Pty Ltd, NSW, Australia 
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Appendix Two: Supplementary Data 

 

Supplementary Figure 3.1 Mosaic differentiation of NSPC gives as phenotype 

intermediate to Pcdh19 WT and Pcdh19 KO. NSPCs were extracted from the Telencephalic 

vesicles of Pcdh19 WT or Pcdh19 KO E14.5 mice and lentiviral transduced with particles 

containing EGFP (WT) and mCherry (KO), respectively. Purified transduced cells were 

dissociated to single cells and plated onto Poly-L-Lysine to facilitate differentiation. To mimic 

the suspected brain mosaicism, Pcdh19 WT and Pcdh19 KO transduced NSPCs were mixed in 

a 1:1 ratio and plated. Detection of  specific neural cell types present at four days of 

differentiation was achieved by immunofluorecent detection using antibodies against specific 

neural cell marker proteins (Neurons; β-III Tubulin, Progenitors; Pax6, Astrocytes; GFAP). 

Graph represents the mean quantification of the percentage of cells positive for both the 

Lentiviral label (EGFP or mCherry) and indicated neural cell marker. Duplicate experiments 

were done in pooled biological triplicate and analysed in technical triplicate with at least 1500 

cells scored for each condition. * p<0.05, Student’s T-test. Experiment done in pooled 

biological triplicate and performed in duplicate. Error bars=SEM.  

 

Supplementary Table 3.1: Deregulated gene list between KO v WT in both cell types: 
Ensembl ID Gene logFC AveExpr t P.Value FDR 

ENSMUSG00000006154 Eps8l1 0.859038 6.090846 2.954422 0.008221 0.834288 

ENSMUSG00000062822 4833420G17Rik 0.656661 7.840128 4.580678 0.00021 0.304016 

ENSMUSG00000063296 Tmem117 0.513878 6.628256 5.972088 1.00E-05 0.026131 

ENSMUSG00000028803 Nipal3 0.419736 7.268514 3.155113 0.005273 0.797434 

ENSMUSG00000031232 Magt1 0.411088 8.720482 6.114803 7.44E-06 0.024207 

ENSMUSG00000085175 Gm11423 0.394583 6.297585 3.661102 0.001689 0.668044 

ENSMUSG00000087598 Zfp111 0.357049 6.939632 3.810122 0.001205 0.57854 

ENSMUSG00000086308 G630016G05Rik 0.34883 5.842893 3.975906 0.000827 0.512078 

ENSMUSG00000042210 Abhd14a 0.348262 6.526313 3.547293 0.002186 0.668824 

ENSMUSG00000044770 Scml4 0.344314 6.467801 2.904481 0.009172 0.834288 

ENSMUSG00000019997 Ctgf 0.34332 6.693056 3.032342 0.006923 0.834288 

ENSMUSG00000040717 Il17rd 0.342244 6.939646 3.449391 0.002726 0.695988 

ENSMUSG00000080836 Gm6444 0.33325 6.797339 4.243395 0.000451 0.443224 
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ENSMUSG00000082408 Gm13545 0.322744 8.255397 2.868173 0.00993 0.834288 

ENSMUSG00000087153 Gm6483 0.312399 9.287939 3.512281 0.002366 0.668824 

ENSMUSG00000000416 Cttnbp2 0.29995 8.07139 4.000528 0.000782 0.508442 

ENSMUSG00000046959 Slc26a1 0.277452 6.023114 3.780006 0.00129 0.57854 

ENSMUSG00000028039 Efna3 0.276805 6.278836 3.53797 0.002232 0.668824 

ENSMUSG00000021692 Dimt1 0.275064 7.396353 3.251336 0.004254 0.76841 

ENSMUSG00000036533 Cdc42ep3 0.274513 6.95278 3.262677 0.004147 0.759706 

ENSMUSG00000063535 Zfp773 0.263471 6.007424 3.611917 0.001888 0.668044 

ENSMUSG00000090336 4932443I19Rik 0.258557 6.5601 3.009385 0.007283 0.834288 

ENSMUSG00000049929 Lpar4 0.256414 7.797466 3.844257 0.001115 0.57854 

ENSMUSG00000020785 Camkk1 0.256052 5.98183 3.358066 0.003348 0.735513 

ENSMUSG00000030407 Qpctl 0.254337 6.943011 3.220277 0.00456 0.779261 

ENSMUSG00000040653 Ppp1r14c 0.250919 7.530686 3.436233 0.002808 0.702394 

ENSMUSG00000026098 Pms1 0.242694 6.390477 3.009621 0.00728 0.834288 

ENSMUSG00000057101 Zfp180 0.2421 7.013793 3.346537 0.003436 0.735513 

ENSMUSG00000031090 Nadsyn1 0.240427 6.481631 3.572379 0.002065 0.668044 

ENSMUSG00000038280 Ostm1 0.238457 8.1021 3.342521 0.003467 0.735513 

ENSMUSG00000059939 9430015G10Rik 0.231471 6.584471 3.606629 0.001911 0.668044 

ENSMUSG00000010911 Apip 0.230868 7.510449 3.215026 0.004613 0.779261 

ENSMUSG00000043252 Tmem64 0.230327 7.190287 3.068972 0.006385 0.834288 

ENSMUSG00000052656 Rnf103 0.227311 7.658434 3.020733 0.007103 0.834288 

ENSMUSG00000035382 Pcsk7 0.226786 6.399877 4.190192 0.000508 0.443224 

ENSMUSG00000078974 Sec61g 0.225254 6.460967 3.128043 0.0056 0.829446 

ENSMUSG00000037103 Dcaf15 0.223807 7.199211 3.902879 0.000976 0.551891 

ENSMUSG00000036968 Cnpy4 0.223276 7.298862 5.291503 4.34E-05 0.080603 

ENSMUSG00000024613 Tcof1 0.222716 6.974649 4.187773 0.000511 0.443224 

ENSMUSG00000019831 Wasf1 0.222696 9.055084 4.338254 0.000364 0.394004 

ENSMUSG00000064210 Ano6 0.217217 8.245813 4.058203 0.000686 0.508442 

ENSMUSG00000048878 Hexim1 0.214793 8.198783 3.647376 0.001743 0.668044 

ENSMUSG00000033276 Stk36 0.21273 7.037126 3.39995 0.003047 0.733971 

ENSMUSG00000035776 Cd99l2 0.21119 8.181233 3.171319 0.005086 0.795072 

ENSMUSG00000030610 Det1 0.205536 5.734075 2.873823 0.009808 0.834288 

ENSMUSG00000003352 Cacnb3 0.204209 7.773494 3.690646 0.00158 0.662822 

ENSMUSG00000026283 Ing5 0.203951 5.922676 2.934957 0.00858 0.834288 

ENSMUSG00000050503 Fbxl22 0.203651 6.604902 3.034428 0.006892 0.834288 

ENSMUSG00000028164 Manba 0.199855 6.916482 3.525551 0.002296 0.668824 

ENSMUSG00000033029 1700088E04Rik 0.199567 8.086261 3.098431 0.005981 0.834288 

ENSMUSG00000028078 Dclk2 0.198539 9.282265 3.006517 0.00733 0.834288 

ENSMUSG00000035064 Eef2k 0.196147 7.661859 4.034681 0.000724 0.508442 

ENSMUSG00000020151 Ptprr 0.195383 6.487065 2.991725 0.007573 0.834288 

ENSMUSG00000025289 Prdx4 0.193829 7.746158 2.948635 0.008326 0.834288 

ENSMUSG00000057706 Mex3b 0.193335 7.942944 2.958475 0.008148 0.834288 

ENSMUSG00000014859 E2f4 0.192822 7.549735 2.867957 0.009935 0.834288 

ENSMUSG00000094870 Zfp131 0.190731 8.452485 3.161698 0.005196 0.795072 

ENSMUSG00000037552 Plekhg2 0.189234 6.712967 3.638119 0.00178 0.668044 

ENSMUSG00000054364 Rhob 0.186271 8.13507 3.40536 0.003011 0.733971 

ENSMUSG00000039168 Dap 0.183978 7.633949 2.901389 0.009235 0.834288 
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ENSMUSG00000050822 Slc29a4 0.178102 7.654592 3.022155 0.007081 0.834288 

ENSMUSG00000001632 Brpf1 0.178053 7.733476 3.318158 0.003662 0.756072 

ENSMUSG00000035329 Fbxo33 0.17398 7.15014 2.959245 0.008134 0.834288 

ENSMUSG00000016382 Pls3 0.173711 8.388453 3.024852 0.007039 0.834288 

ENSMUSG00000067071 Hes6 0.172064 7.742693 2.953181 0.008243 0.834288 

ENSMUSG00000048644 Ctxn1 0.171095 8.720292 3.022106 0.007082 0.834288 

ENSMUSG00000047473 Zfp30 0.170331 7.091194 3.103629 0.005912 0.834288 

ENSMUSG00000020919 Stat5b 0.169186 7.491944 2.959331 0.008132 0.834288 

ENSMUSG00000024382 Ercc3 0.163494 8.129692 2.99088 0.007587 0.834288 

ENSMUSG00000020640 Itsn2 0.162045 7.087925 2.981781 0.00774 0.834288 

ENSMUSG00000045665 Mfsd5 0.160743 7.34635 3.033217 0.00691 0.834288 

ENSMUSG00000035027 Map2k2 0.145996 8.443413 2.918647 0.008892 0.834288 

ENSMUSG00000026880 Stom 0.143012 8.096255 2.954152 0.008225 0.834288 

ENSMUSG00000063015 Ccni 0.141688 9.315201 2.923427 0.008799 0.834288 

ENSMUSG00000025227 Tmem180 -0.15138 7.374995 -2.89995 0.009264 0.834288 

ENSMUSG00000050248 Evc2 -0.15506 7.494427 -2.91884 0.008888 0.834288 

ENSMUSG00000032698 Lmo2 -0.16685 7.218534 -3.34906 0.003417 0.735513 

ENSMUSG00000020743 Mif4gd -0.1819 6.889048 -3.04842 0.006682 0.834288 

ENSMUSG00000030409 Dmpk -0.20093 6.714042 -2.92509 0.008767 0.834288 

ENSMUSG00000027386 Fbln7 -0.20723 6.785396 -3.11242 0.005798 0.834288 

ENSMUSG00000032420 Nt5e -0.20872 6.383547 -3.05891 0.006528 0.834288 

ENSMUSG00000035342 Lzts2 -0.21414 7.641374 -2.91033 0.009056 0.834288 

ENSMUSG00000062580 Timm17a -0.21685 8.695451 -3.18458 0.004938 0.792849 

ENSMUSG00000021607 Mrpl36 -0.21722 7.339827 -2.88286 0.009616 0.834288 

ENSMUSG00000062713 Sim2 -0.21963 6.256988 -3.08346 0.006183 0.834288 

ENSMUSG00000042447 Mios -0.22075 7.539329 -3.11589 0.005753 0.834288 

ENSMUSG00000062760 1810041L15Rik -0.2311 7.714092 -3.44891 0.002729 0.695988 

ENSMUSG00000043572 Pars2 -0.23133 6.056555 -3.12708 0.005612 0.829446 

ENSMUSG00000033633 Clec18a -0.23787 6.177736 -3.38235 0.003171 0.735513 

ENSMUSG00000020053 Igf1 -0.2379 5.768656 -2.90119 0.009239 0.834288 

ENSMUSG00000027790 Sis -0.23991 5.561109 -3.2899 0.003902 0.757445 

ENSMUSG00000045319 Proser2 -0.24047 6.984517 -2.87177 0.009852 0.834288 

ENSMUSG00000085486 Gm11634 -0.24444 7.843667 -3.47052 0.002599 0.689936 

ENSMUSG00000039706 Ldb2 -0.24507 6.324076 -3.57426 0.002056 0.668044 

ENSMUSG00000040829 Zmynd15 -0.24755 6.638102 -3.93589 0.000905 0.535307 

ENSMUSG00000028794 A3galt2 -0.24836 6.178623 -3.16176 0.005195 0.795072 

ENSMUSG00000060794 Tssk5 -0.25794 6.760242 -3.21854 0.004577 0.779261 

ENSMUSG00000028339 Col15a1 -0.26439 5.850587 -2.9038 0.009186 0.834288 

ENSMUSG00000037843 Vstm2l -0.26669 8.163141 -3.30474 0.003774 0.757445 

ENSMUSG00000051375 Pcdh1 -0.27002 7.212362 -3.8155 0.00119 0.57854 

ENSMUSG00000015342 Xk -0.27293 6.406514 -3.19467 0.004828 0.792849 

ENSMUSG00000087652 Gm15918 -0.27611 6.629978 -3.36256 0.003315 0.735513 

ENSMUSG00000056758 Hmga2 -0.28783 6.515706 -2.94666 0.008362 0.834288 

ENSMUSG00000038151 Prdm1 -0.28798 5.873843 -2.87128 0.009863 0.834288 

ENSMUSG00000087058 Gm12301 -0.28811 6.463917 -2.96625 0.008009 0.834288 

ENSMUSG00000085046 Gm11467 -0.28926 5.789436 -2.89949 0.009273 0.834288 

ENSMUSG00000075437 Gm11681 -0.29152 6.18371 -2.88898 0.009489 0.834288 
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ENSMUSG00000049811 Fam161a -0.29319 6.3092 -4.40487 0.000313 0.393835 

ENSMUSG00000075027 4631405J19Rik -0.29944 5.866515 -3.06796 0.006399 0.834288 

ENSMUSG00000061414 Cracr2a -0.3027 6.482144 -3.24515 0.004313 0.768444 

ENSMUSG00000037161 Mgarp -0.30285 5.485436 -2.97583 0.007843 0.834288 

ENSMUSG00000043760 Pkhd1 -0.30749 6.572266 -3.35812 0.003348 0.735513 

ENSMUSG00000038765 Lmx1b -0.30809 7.412667 -3.51761 0.002337 0.668824 

ENSMUSG00000036510 Cdh8 -0.30845 6.004032 -3.56371 0.002106 0.668044 

ENSMUSG00000104004 4930565D16Rik -0.31206 6.545299 -3.04133 0.006787 0.834288 

ENSMUSG00000038732 Mboat1 -0.31212 5.641193 -2.88974 0.009473 0.834288 

ENSMUSG00000058586 Serhl -0.316 6.18435 -3.07273 0.006332 0.834288 

ENSMUSG00000007594 Hapln4 -0.31869 5.84083 -3.47321 0.002584 0.689936 

ENSMUSG00000020904 Cfap52 -0.3236 5.660187 -4.07381 0.000662 0.508442 

ENSMUSG00000027434 Nkx2-2 -0.32594 7.682724 -2.91457 0.008972 0.834288 

ENSMUSG00000097364 Gm26719 -0.32901 5.852622 -2.92766 0.008718 0.834288 

ENSMUSG00000026609 Ush2a -0.32969 5.739153 -3.57357 0.002059 0.668044 

ENSMUSG00000000402 Egfl6 -0.33229 5.941488 -3.2058 0.004709 0.785278 

ENSMUSG00000025597 Klhl4 -0.33502 5.074569 -3.05343 0.006608 0.834288 

ENSMUSG00000021697 Depdc1b -0.3372 6.727682 -2.94934 0.008313 0.834288 

ENSMUSG00000021789 Sftpa1 -0.33849 7.044089 -2.98967 0.007607 0.834288 

ENSMUSG00000019894 Slc6a15 -0.33869 5.842416 -3.78604 0.001272 0.57854 

ENSMUSG00000097271 Gm9903 -0.34205 5.802921 -3.26826 0.004096 0.759706 

ENSMUSG00000029490 Mfsd7a -0.34216 6.555934 -3.04959 0.006664 0.834288 

ENSMUSG00000055675 Kbtbd11 -0.34379 7.794475 -3.60772 0.001906 0.668044 

ENSMUSG00000043456 Zfp536 -0.34694 6.039246 -3.33757 0.003506 0.735513 

ENSMUSG00000040133 Gpr176 -0.35723 6.56113 -3.29198 0.003884 0.757445 

ENSMUSG00000086801 Gm15943 -0.35755 6.650296 -3.18855 0.004894 0.792849 

ENSMUSG00000045608 Dbx2 -0.35769 7.748868 -5.7797 1.51E-05 0.032745 

ENSMUSG00000030043 Tacr1 -0.36649 5.685746 -3.29052 0.003896 0.757445 

ENSMUSG00000090230 Gm16315 -0.36776 6.014383 -3.69882 0.001551 0.662822 

ENSMUSG00000057068 Fam47e -0.37122 6.043586 -3.22529 0.004509 0.779261 

ENSMUSG00000090485 Gm17416 -0.37617 6.090278 -2.8937 0.009391 0.834288 

ENSMUSG00000025400 Tac2 -0.37931 6.263302 -4.00851 0.000768 0.508442 

ENSMUSG00000086255 Gm11534 -0.38343 5.612515 -4.37692 0.000333 0.393835 

ENSMUSG00000034384 Barhl2 -0.41645 6.793839 -6.91956 1.44E-06 0.006263 

ENSMUSG00000021702 Thbs4 -0.41755 6.097905 -3.87886 0.001031 0.558541 

ENSMUSG00000064709 Gm22509 -0.44201 5.768192 -3.27927 0.003996 0.759706 

ENSMUSG00000021713 Ppwd1 -0.47145 7.636072 -2.94939 0.008312 0.834288 

ENSMUSG00000031740 Mmp2 -0.47834 6.178561 -4.85939 0.000113 0.183214 

ENSMUSG00000087178 A230056P14Rik -0.54948 6.220074 -3.16656 0.00514 0.795072 

ENSMUSG00000033460 Armcx1 -0.85604 6.548816 -8.8798 3.82E-08 0.000249 

ENSMUSG00000021536 Adcy2 -0.92222 7.067387 -3.27055 0.004075 0.759706 

ENSMUSG00000051323 Pcdh19 -1.35397 6.727866 -10.7079 1.98E-09 2.58E-05 

 

Supplementary Table 3.2: Down Regulated genes in the Neurospheres v differentiated 

Neurospheres 
Ensembl ID Gene logFC AveExpr t P.Value FDR 
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ENSMUSG00000021250 Fos -5.18491 7.8674446 -66.9967 8.51E-24 1.11E-19 

ENSMUSG00000091971 Hspa1a -4.90569 6.68886 -23.514 2.22E-15 1.66E-13 

ENSMUSG00000038418 Egr1 -4.43436 7.9032985 -46.1676 8.83E-21 1.91E-17 

ENSMUSG00000064080 Fbln2 -4.31745 7.7741565 -40.8073 8.75E-20 1.26E-16 

ENSMUSG00000020000 Moxd1 -4.17113 8.195339 -35.8265 9.76E-19 5.77E-16 

ENSMUSG00000003545 Fosb -4.01278 7.0123934 -42.9297 3.41E-20 6.34E-17 

ENSMUSG00000031297 Slc7a3 -4.00351 6.7251473 -19.8225 4.86E-14 1.91E-12 

ENSMUSG00000023034 Nr4a1 -3.89117 8.438446 -38.3949 2.71E-19 2.52E-16 

ENSMUSG00000046402 Rbp1 -3.83716 8.7257026 -25.686 4.45E-16 5.07E-14 

ENSMUSG00000090877 Hspa1b -3.71196 6.8212439 -17.5827 4.13E-13 1.04E-11 

ENSMUSG00000068220 Lgals1 -3.58766 8.2289271 -46.2266 8.62E-21 1.91E-17 

ENSMUSG00000027559 Car3 -3.49983 7.1387367 -29.9875 2.60E-17 7.36E-15 

ENSMUSG00000044786 Zfp36 -3.43434 6.9644575 -25.5425 4.93E-16 5.52E-14 

ENSMUSG00000053560 Ier2 -3.19218 6.7348988 -40.4895 1.01E-19 1.32E-16 

ENSMUSG00000032254 Kif23 -3.15482 6.9585435 -28.044 8.91E-17 1.76E-14 

ENSMUSG00000047534 Mis18bp1 -3.09834 6.9675206 -21.9881 7.51E-15 4.31E-13 

ENSMUSG00000021319 Sfrp4 -3.09463 5.3608592 -22.0087 7.38E-15 4.27E-13 

ENSMUSG00000038943 Prc1 -3.09165 7.5335543 -27.8323 1.02E-16 1.90E-14 

ENSMUSG00000024056 Ndc80 -2.99061 7.5277061 -30.1296 2.38E-17 6.89E-15 

ENSMUSG00000020330 Hmmr -2.98159 6.8496245 -28.1873 8.11E-17 1.72E-14 

ENSMUSG00000033685 Ucp2 -2.9729 7.4856071 -21.4568 1.17E-14 6.23E-13 

ENSMUSG00000040613 Apobec1 -2.91724 7.7321478 -27.1882 1.57E-16 2.43E-14 

ENSMUSG00000028883 Sema3a -2.81779 7.0345206 -32.2746 6.72E-18 2.91E-15 

ENSMUSG00000033952 Aspm -2.78711 7.0042292 -31.1369 1.30E-17 4.70E-15 

ENSMUSG00000037868 Egr2 -2.78073 6.8190257 -24.97 7.45E-16 7.34E-14 

ENSMUSG00000027699 Ect2 -2.76961 8.1980949 -27.1148 1.65E-16 2.49E-14 

ENSMUSG00000027115 Kif18a -2.76667 6.9495086 -26.8429 1.99E-16 2.86E-14 

ENSMUSG00000032218 Ccnb2 -2.73459 7.8814396 -24.1485 1.37E-15 1.18E-13 

ENSMUSG00000052837 Junb -2.73087 7.2677533 -30.4502 1.96E-17 6.08E-15 

ENSMUSG00000021965 Ska3 -2.71957 5.6942313 -25.3021 5.85E-16 6.24E-14 

ENSMUSG00000027379 Bub1 -2.71513 6.5919615 -23.4623 2.31E-15 1.70E-13 

ENSMUSG00000027306 Nusap1 -2.70781 7.7685246 -21.8353 8.52E-15 4.73E-13 

ENSMUSG00000045328 Cenpe -2.70473 7.2570607 -26.5112 2.49E-16 3.34E-14 

ENSMUSG00000023940 Sgol1 -2.7008 6.4440578 -29.4376 3.66E-17 9.51E-15 

ENSMUSG00000028364 Tnc -2.68299 8.7501945 -23.4078 2.41E-15 1.76E-13 

ENSMUSG00000044201 Cdc25c -2.65831 6.6577127 -24.9187 7.73E-16 7.51E-14 

ENSMUSG00000018339 Gpx3 -2.65336 7.2650872 -30.7756 1.61E-17 5.47E-15 

ENSMUSG00000028678 Kif2c -2.63998 7.2729066 -20.1544 3.61E-14 1.51E-12 

ENSMUSG00000026605 Cenpf -2.62276 7.1645953 -36.3956 7.29E-19 4.74E-16 

ENSMUSG00000034765 Dusp5 -2.62151 6.5364005 -23.7619 1.84E-15 1.44E-13 

ENSMUSG00000030208 Emp1 -2.61366 7.4546223 -23.216 2.80E-15 1.96E-13 

ENSMUSG00000026628 Atf3 -2.60405 7.2977223 -22.0803 6.96E-15 4.10E-13 

ENSMUSG00000003032 Klf4 -2.6028 6.350301 -24.4484 1.09E-15 9.96E-14 

ENSMUSG00000031465 Angpt2 -2.59081 5.4744277 -14.2821 1.58E-11 2.27E-10 

ENSMUSG00000046186 Cd109 -2.573 7.7128626 -39.2565 1.79E-19 1.81E-16 

ENSMUSG00000024989 Cep55 -2.57237 6.0436172 -20.0912 3.82E-14 1.57E-12 

ENSMUSG00000027326 Casc5 -2.55909 7.0842246 -28.2247 7.92E-17 1.72E-14 
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ENSMUSG00000030103 Bhlhe40 -2.5527 8.9241301 -49.5248 2.39E-21 1.04E-17 

ENSMUSG00000031207 Msn -2.54742 8.9130751 -42.2156 4.66E-20 7.57E-17 

ENSMUSG00000056531 Ccdc18 -2.54292 5.6272446 -26.1769 3.15E-16 3.83E-14 

ENSMUSG00000035356 Nfkbiz -2.54231 7.2876516 -31.5362 1.03E-17 4.18E-15 

ENSMUSG00000020914 Top2a -2.53501 8.0621113 -20.3263 3.10E-14 1.34E-12 

ENSMUSG00000024190 Dusp1 -2.52333 8.1879919 -36.8033 5.93E-19 4.29E-16 

ENSMUSG00000031004 Mki67 -2.51719 8.8005695 -22.8078 3.87E-15 2.52E-13 

ENSMUSG00000027469 Tpx2 -2.51143 8.2820489 -23.9818 1.55E-15 1.30E-13 

ENSMUSG00000033730 Egr3 -2.50901 6.0233812 -21.069 1.62E-14 7.94E-13 

ENSMUSG00000022528 Hes1 -2.50744 7.6408388 -34.6946 1.77E-18 9.58E-16 

ENSMUSG00000000078 Klf6 -2.50673 8.3954336 -34.7935 1.68E-18 9.48E-16 

ENSMUSG00000028718 Stil -2.49617 6.977672 -22.0849 6.94E-15 4.10E-13 

ENSMUSG00000027715 Ccna2 -2.46241 8.562465 -17.5603 4.23E-13 1.06E-11 

ENSMUSG00000048327 Ckap2l -2.45314 7.1574275 -21.8621 8.33E-15 4.67E-13 

ENSMUSG00000041959 S100a10 -2.44148 7.4823331 -16.2168 1.72E-12 3.42E-11 

ENSMUSG00000053113 Socs3 -2.43493 7.3413713 -21.1045 1.58E-14 7.79E-13 

ENSMUSG00000026864 Hspa5 -2.4257 9.6959515 -57.8417 1.32E-22 8.60E-19 

ENSMUSG00000027331 Knstrn -2.42424 7.825895 -21.9847 7.53E-15 4.31E-13 

ENSMUSG00000074802 Gas2l3 -2.40014 7.0679471 -27.4154 1.35E-16 2.22E-14 

ENSMUSG00000026683 Nuf2 -2.39537 7.6462076 -21.144 1.52E-14 7.67E-13 

ENSMUSG00000020176 Grb10 -2.39293 7.8483648 -20.6875 2.26E-14 1.02E-12 

ENSMUSG00000030867 Plk1 -2.3906 8.0147793 -24.3939 1.14E-15 1.02E-13 

ENSMUSG00000003541 Ier3 -2.388 6.8748455 -30.7479 1.64E-17 5.47E-15 

ENSMUSG00000071847 Apcdd1 -2.38176 8.2504014 -21.7031 9.51E-15 5.15E-13 

ENSMUSG00000028214 Gem -2.37711 6.79684 -28.4318 6.92E-17 1.55E-14 

ENSMUSG00000030790 Adm -2.37473 6.0357947 -19.0016 1.04E-13 3.45E-12 

ENSMUSG00000022033 Pbk -2.37247 7.2697295 -18.8755 1.17E-13 3.82E-12 

ENSMUSG00000038379 Ttk -2.36769 7.1405542 -23.7633 1.84E-15 1.44E-13 

ENSMUSG00000037628 Cdkn3 -2.36312 6.6324311 -20.9749 1.76E-14 8.36E-13 

ENSMUSG00000028341 Nr4a3 -2.35898 6.7419067 -15.4849 3.87E-12 6.89E-11 

ENSMUSG00000012443 Kif11 -2.34964 7.7565939 -18.1061 2.45E-13 6.82E-12 

ENSMUSG00000023015 Racgap1 -2.31521 7.822397 -30.1326 2.38E-17 6.89E-15 

ENSMUSG00000019789 Hey2 -2.30873 7.5784702 -28.5399 6.46E-17 1.54E-14 

ENSMUSG00000015880 Ncapg -2.30366 6.7957045 -23.5873 2.10E-15 1.58E-13 

ENSMUSG00000053310 Nrgn -2.29891 5.6289634 -15.8968 2.45E-12 4.64E-11 

ENSMUSG00000041219 Arhgap11a -2.28999 7.3568528 -18.6079 1.51E-13 4.58E-12 

ENSMUSG00000034311 Kif4 -2.28202 6.732326 -20.3943 2.92E-14 1.29E-12 

ENSMUSG00000053475 Tnfaip6 -2.27833 6.52605 -25.6041 4.71E-16 5.33E-14 

ENSMUSG00000036768 Kif15 -2.27729 6.6632318 -23.1217 3.02E-15 2.06E-13 

ENSMUSG00000003779 Kif20a -2.27031 7.3577843 -23.6712 1.97E-15 1.49E-13 

ENSMUSG00000068744 Psrc1 -2.26957 7.3288508 -24.3243 1.20E-15 1.06E-13 

ENSMUSG00000031557 Plekha2 -2.26306 7.082969 -27.5153 1.26E-16 2.12E-14 

ENSMUSG00000019942 Cdk1 -2.2607 7.3254511 -19.6825 5.52E-14 2.11E-12 

ENSMUSG00000036777 Anln -2.26007 6.7335682 -31.1888 1.26E-17 4.69E-15 

ENSMUSG00000029484 Anxa3 -2.259 5.8561414 -13.1892 6.17E-11 7.46E-10 

ENSMUSG00000022893 Adamts1 -2.25333 7.2228917 -24.566 1.00E-15 9.25E-14 

ENSMUSG00000027435 Cd93 -2.24588 5.8408354 -19.4935 6.57E-14 2.41E-12 
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ENSMUSG00000039396 Neil3 -2.24172 6.1217551 -26.3353 2.82E-16 3.53E-14 

ENSMUSG00000037313 Tacc3 -2.2384 7.6460327 -24.1817 1.34E-15 1.16E-13 

ENSMUSG00000017491 Rarb -2.23502 6.4658509 -23.1987 2.84E-15 1.97E-13 

ENSMUSG00000035365 Parpbp -2.22336 5.9542271 -25.9536 3.68E-16 4.35E-14 

ENSMUSG00000026674 Ddr2 -2.19498 6.1895592 -18.3889 1.86E-13 5.48E-12 

ENSMUSG00000040618 Pck2 -2.19104 7.8554705 -28.4974 6.64E-17 1.54E-14 

ENSMUSG00000069301 Hist1h2ag -2.18994 6.5314648 -16.8208 9.05E-13 2.01E-11 

ENSMUSG00000024795 Kif20b -2.18879 6.4590771 -27.3149 1.44E-16 2.35E-14 

ENSMUSG00000005233 Spc25 -2.18171 6.988811 -20.0272 4.05E-14 1.64E-12 

ENSMUSG00000029177 Cenpa -2.15052 8.3831367 -23.9239 1.62E-15 1.34E-13 

ENSMUSG00000033031 C330027C09Rik -2.14814 7.3050665 -23.1493 2.95E-15 2.02E-13 

ENSMUSG00000019989 Enpp3 -2.14629 6.2235817 -31.2539 1.21E-17 4.65E-15 

ENSMUSG00000027654 Fam83d -2.12173 7.2244643 -28.519 6.55E-17 1.54E-14 

ENSMUSG00000034349 Smc4 -2.12149 8.2025099 -27.8143 1.04E-16 1.90E-14 

ENSMUSG00000022912 Pros1 -2.12023 7.5331528 -37.5346 4.12E-19 3.15E-16 

ENSMUSG00000068614 Actc1 -2.11992 6.1075861 -16.0163 2.14E-12 4.11E-11 

ENSMUSG00000037544 Dlgap5 -2.11909 7.3446463 -32.3207 6.54E-18 2.91E-15 

ENSMUSG00000000031 H19 -2.11883 5.9137015 -15.6766 3.12E-12 5.77E-11 

ENSMUSG00000064471 Gm23406 -2.10698 5.6874454 -11.8364 3.82E-10 3.65E-09 

ENSMUSG00000023951 Vegfa -2.10258 9.027836 -16.839 8.88E-13 1.98E-11 

ENSMUSG00000031980 Agt -2.10121 7.9639423 -31.3193 1.17E-17 4.61E-15 

ENSMUSG00000003411 Rab3b -2.10116 7.0880825 -6.57025 2.91E-06 1.00E-05 

ENSMUSG00000035683 Melk -2.06842 6.715161 -19.4686 6.72E-14 2.43E-12 

ENSMUSG00000028195 Cyr61 -2.06241 9.4120752 -20.5411 2.57E-14 1.15E-12 

ENSMUSG00000037725 Ckap2 -2.06186 7.859699 -24.5898 9.85E-16 9.22E-14 

ENSMUSG00000028873 Cdca8 -2.05506 6.7708146 -26.6034 2.34E-16 3.24E-14 

ENSMUSG00000052684 Jun -2.05449 9.5275601 -29.5838 3.34E-17 9.04E-15 

ENSMUSG00000022322 Shcbp1 -2.04797 6.1888751 -13.5943 3.68E-11 4.76E-10 

ENSMUSG00000020256 Aldh1l2 -2.04754 7.6579787 -21.5267 1.10E-14 5.90E-13 

ENSMUSG00000061119 Prcp -2.0471 8.0914318 -38.0124 3.26E-19 2.65E-16 

ENSMUSG00000001403 Ube2c -2.0459 8.5189243 -17.4307 4.82E-13 1.17E-11 

ENSMUSG00000058773 Hist1h1b -2.03801 6.9108478 -18.857 1.19E-13 3.85E-12 

ENSMUSG00000026779 Mastl -2.0318 6.4277575 -23.2212 2.79E-15 1.96E-13 

ENSMUSG00000041180 Hectd2 -2.02788 7.0457983 -17.0259 7.31E-13 1.69E-11 

ENSMUSG00000031016 Wee1 -2.01101 6.70036 -21.0226 1.69E-14 8.17E-13 

ENSMUSG00000040084 Bub1b -2.00836 6.7870555 -22.1911 6.36E-15 3.83E-13 

ENSMUSG00000027496 Aurka -2.00385 6.9320858 -23.0327 3.24E-15 2.18E-13 

ENSMUSG00000007655 Cav1 -2.00154 6.5940137 -13.4739 4.28E-11 5.41E-10 

ENSMUSG00000026622 Nek2 -1.9881 7.0194881 -21.2838 1.35E-14 6.96E-13 

ENSMUSG00000027071 P2rx3 -1.98773 5.8048842 -20.8385 1.98E-14 9.14E-13 

ENSMUSG00000025154 Arhgap19 -1.97642 6.9237566 -20.1883 3.50E-14 1.49E-12 

ENSMUSG00000021714 Cenpk -1.97553 5.731602 -20.1674 3.57E-14 1.51E-12 

ENSMUSG00000023963 Cyp39a1 -1.97475 6.3978205 -22.7128 4.17E-15 2.66E-13 

ENSMUSG00000031636 Pdlim3 -1.96699 6.6631337 -23.8791 1.68E-15 1.37E-13 

ENSMUSG00000029910 Mad2l1 -1.95405 7.5209809 -22.7089 4.19E-15 2.66E-13 

ENSMUSG00000097415 AU020206 -1.94705 7.1141264 -24.5657 1.00E-15 9.25E-14 

ENSMUSG00000026204 Ptprn -1.94679 6.4623518 -11.5313 5.89E-10 5.31E-09 
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ENSMUSG00000048065 Cyb5r2 -1.94369 6.261204 -17.5002 4.49E-13 1.10E-11 

ENSMUSG00000042249 Adrbk2 -1.9394 7.3416988 -27.5067 1.27E-16 2.12E-14 

ENSMUSG00000023367 Tmem176a -1.9324 8.2559137 -22.89 3.62E-15 2.39E-13 

ENSMUSG00000029521 Chek2 -1.93138 6.0990285 -24.7103 9.01E-16 8.51E-14 

ENSMUSG00000041498 Kif14 -1.92823 6.0453201 -22.3382 5.64E-15 3.46E-13 

ENSMUSG00000088929 Gm24299 -1.9251 6.2323136 -11.8527 3.73E-10 3.58E-09 

ENSMUSG00000067878 Mtap7d3 -1.91762 5.1737205 -18.3452 1.94E-13 5.66E-12 

ENSMUSG00000017716 Birc5 -1.91477 6.1569313 -14.4953 1.22E-11 1.82E-10 

ENSMUSG00000052726 Kcnt2 -1.91337 4.92001 -14.5325 1.17E-11 1.75E-10 

ENSMUSG00000069910 Spdl1 -1.912 6.2020613 -19.1238 9.25E-14 3.14E-12 

ENSMUSG00000034023 Fancd2 -1.90897 6.5871507 -22.81 3.86E-15 2.52E-13 

ENSMUSG00000030677 Kif22 -1.90465 7.0932183 -22.7357 4.10E-15 2.64E-13 

ENSMUSG00000019966 Kitl -1.89544 8.0136426 -30.9115 1.49E-17 5.23E-15 

ENSMUSG00000038530 Rgs4 -1.89494 5.4121456 -10.4109 3.13E-09 2.30E-08 

ENSMUSG00000048001 Hes5 -1.89207 9.4538367 -21.4039 1.22E-14 6.49E-13 

ENSMUSG00000015312 Gadd45b -1.88842 7.1134489 -26.0783 3.37E-16 4.02E-14 

ENSMUSG00000033083 Tbc1d4 -1.88523 7.7818252 -25.5226 5.00E-16 5.55E-14 

ENSMUSG00000020897 Aurkb -1.87982 7.5543058 -17.8098 3.29E-13 8.58E-12 

ENSMUSG00000032400 Zwilch -1.87865 6.418031 -28.539 6.46E-17 1.54E-14 

ENSMUSG00000031245 Hmgn5 -1.87175 6.9301116 -16.9152 8.20E-13 1.86E-11 

ENSMUSG00000022103 Gfra2 -1.8668 7.0263076 -23.1649 2.92E-15 2.01E-13 

ENSMUSG00000020493 Prr11 -1.86196 7.1755169 -25.0867 6.84E-16 6.95E-14 

ENSMUSG00000026094 Stk17b -1.86173 7.0244766 -24.0869 1.44E-15 1.21E-13 

ENSMUSG00000032783 Troap -1.85942 7.2638669 -17.5186 4.41E-13 1.09E-11 

ENSMUSG00000006398 Cdc20 -1.85814 7.5876841 -17.6626 3.81E-13 9.63E-12 

ENSMUSG00000025492 Ifitm3 -1.85433 7.2865417 -14.5984 1.08E-11 1.64E-10 

ENSMUSG00000034906 Ncaph -1.84533 7.3564701 -26.0879 3.35E-16 4.02E-14 

ENSMUSG00000026547 Tagln2 -1.83864 7.7801828 -21.0504 1.65E-14 8.04E-13 

ENSMUSG00000022021 Diap3 -1.8311 6.3321097 -22.19 6.36E-15 3.83E-13 

ENSMUSG00000031756 Cenpn -1.82894 7.217013 -22.987 3.36E-15 2.23E-13 

ENSMUSG00000027009 Itga4 -1.82242 5.7501172 -12.1695 2.40E-10 2.42E-09 

ENSMUSG00000039384 Dusp10 -1.80802 8.2751257 -16.132 1.89E-12 3.67E-11 

ENSMUSG00000048922 Cdca2 -1.8067 7.2694277 -21.0728 1.62E-14 7.94E-13 

ENSMUSG00000068101 Cenpm -1.8036 7.5532046 -24.1161 1.40E-15 1.20E-13 

ENSMUSG00000003617 Cp -1.80043 6.4515701 -17.3283 5.35E-13 1.28E-11 

ENSMUSG00000059742 Kcnh7 -1.79258 6.0628328 -22.754 4.04E-15 2.61E-13 

ENSMUSG00000017493 Igfbp4 -1.78616 7.7015979 -20.9187 1.85E-14 8.68E-13 

ENSMUSG00000020893 Per1 -1.7832 8.385546 -23.4882 2.27E-15 1.68E-13 

ENSMUSG00000072980 Oip5 -1.7822 5.7948732 -15.3298 4.61E-12 8.06E-11 

ENSMUSG00000004891 Nes -1.77509 7.8589764 -21.2819 1.35E-14 6.96E-13 

ENSMUSG00000031963 Bmper -1.77296 6.9151387 -21.3779 1.25E-14 6.58E-13 

ENSMUSG00000026708 Cenpl -1.75991 6.0269935 -14.1069 1.95E-11 2.73E-10 

ENSMUSG00000022070 Bora -1.75926 7.1248659 -22.4287 5.24E-15 3.25E-13 

ENSMUSG00000021831 Ero1l -1.7355 8.2286144 -19.0089 1.03E-13 3.44E-12 

ENSMUSG00000001131 Timp1 -1.73182 5.4674361 -17.0474 7.15E-13 1.66E-11 

ENSMUSG00000021281 Tnfaip2 -1.72676 6.2103716 -16.114 1.93E-12 3.73E-11 

ENSMUSG00000029468 P2rx7 -1.72029 7.3313239 -32.1263 7.31E-18 3.07E-15 
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ENSMUSG00000062393 Dgkk -1.71524 6.1892039 -17.9233 2.94E-13 7.87E-12 

ENSMUSG00000022034 Esco2 -1.71068 6.164947 -19.7781 5.06E-14 1.97E-12 

ENSMUSG00000036223 Ska1 -1.70484 5.8808141 -16.7178 1.01E-12 2.21E-11 

ENSMUSG00000039601 Rcan2 -1.7047 6.5492088 -18.7485 1.32E-13 4.13E-12 

ENSMUSG00000001473 Tubb6 -1.69966 7.5036485 -17.436 4.80E-13 1.16E-11 

ENSMUSG00000007279 Scube2 -1.69881 6.1714632 -18.3536 1.93E-13 5.63E-12 

ENSMUSG00000002297 Dbf4 -1.69169 6.8908126 -19.5819 6.06E-14 2.24E-12 

ENSMUSG00000091387 Gcnt4 -1.69147 6.6365336 -13.1485 6.50E-11 7.78E-10 

ENSMUSG00000040612 Ildr2 -1.68808 5.4904708 -17.8411 3.19E-13 8.38E-12 

ENSMUSG00000065087 Snord22 -1.68626 10.63184 -13.7479 3.04E-11 4.04E-10 

ENSMUSG00000085936 2610307P16Rik -1.68321 7.7028005 -19.0452 9.96E-14 3.35E-12 

ENSMUSG00000030641 Ddias -1.68118 6.4922732 -17.5644 4.21E-13 1.05E-11 

ENSMUSG00000025403 Shmt2 -1.68105 9.4078703 -20.8104 2.03E-14 9.27E-13 

ENSMUSG00000029414 Kntc1 -1.67995 6.3792377 -22.2361 6.13E-15 3.72E-13 

ENSMUSG00000023505 Cdca3 -1.67754 7.4115332 -18.8645 1.18E-13 3.83E-12 

ENSMUSG00000007646 Rad51c -1.67732 7.309315 -23.9557 1.59E-15 1.32E-13 

ENSMUSG00000053702 Nebl -1.67632 7.3001498 -28.0942 8.62E-17 1.72E-14 

ENSMUSG00000064796 Terc -1.67565 6.0778972 -15.6196 3.33E-12 6.09E-11 

ENSMUSG00000040373 Cacng5 -1.6747 6.9115598 -19.107 9.40E-14 3.18E-12 

ENSMUSG00000040675 Mthfd1l -1.6655 6.7420477 -20.3724 2.98E-14 1.31E-12 

ENSMUSG00000020649 Rrm2 -1.65891 7.2315992 -16.6452 1.09E-12 2.35E-11 

ENSMUSG00000002055 Spag5 -1.65604 7.5679139 -18.9907 1.05E-13 3.47E-12 

ENSMUSG00000023067 Cdkn1a -1.64565 9.2042903 -19.863 4.69E-14 1.87E-12 

ENSMUSG00000030717 Nupr1 -1.63501 7.1939479 -9.228 2.11E-08 1.22E-07 

ENSMUSG00000046591 Ticrr -1.63389 6.7315498 -15.1861 5.44E-12 9.26E-11 

ENSMUSG00000015533 Itga2 -1.62948 7.9837445 -22.1146 6.77E-15 4.04E-13 

ENSMUSG00000039405 Prss23 -1.62631 7.6658933 -20.23 3.38E-14 1.44E-12 

ENSMUSG00000037474 Dtl -1.62537 6.6863635 -14.4529 1.28E-11 1.90E-10 

ENSMUSG00000018417 Myo1b -1.6252 7.3459669 -16.1807 1.79E-12 3.53E-11 

ENSMUSG00000044626 Liph -1.62471 5.1003429 -13.5291 4.00E-11 5.11E-10 

ENSMUSG00000051378 Kif18b -1.61878 7.4014121 -17.8746 3.09E-13 8.19E-12 

ENSMUSG00000029516 Cit -1.61696 6.6233455 -21.1071 1.57E-14 7.79E-13 

ENSMUSG00000039116 Adgrg6 -1.60305 7.3337762 -16.9424 7.97E-13 1.82E-11 

ENSMUSG00000053965 Pde5a -1.60053 5.2681086 -8.75852 4.72E-08 2.46E-07 

ENSMUSG00000020415 Pttg1 -1.5995 7.0246328 -13.148 6.50E-11 7.78E-10 

ENSMUSG00000026193 Fn1 -1.58941 6.6796393 -11.036 1.21E-09 9.95E-09 

ENSMUSG00000022385 Gtse1 -1.57038 7.079223 -15.5463 3.61E-12 6.58E-11 

ENSMUSG00000024660 Incenp -1.56808 6.9899403 -17.5259 4.38E-13 1.09E-11 

ENSMUSG00000042029 Ncapg2 -1.56675 6.2790584 -15.5636 3.54E-12 6.46E-11 

ENSMUSG00000017692 Rhbdl3 -1.56531 6.8162225 -20.1222 3.72E-14 1.55E-12 

ENSMUSG00000022360 Atad2 -1.56529 6.9975862 -16.5673 1.18E-12 2.51E-11 

ENSMUSG00000017144 Rnd3 -1.5544 8.4866526 -17.7515 3.49E-13 9.01E-12 

ENSMUSG00000041064 Pif1 -1.55325 6.3068887 -18.6203 1.49E-13 4.54E-12 

ENSMUSG00000038393 Txnip -1.54869 8.1259283 -7.91993 2.12E-07 9.44E-07 

ENSMUSG00000033721 Vav3 -1.54643 7.2035404 -19.8268 4.85E-14 1.90E-12 

ENSMUSG00000028551 Cdkn2c -1.54185 7.0212021 -18.3755 1.89E-13 5.54E-12 

ENSMUSG00000063229 Ldha -1.53565 8.5101559 -23.2119 2.81E-15 1.96E-13 
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ENSMUSG00000021701 Plk2 -1.53369 8.4464368 -19.6644 5.62E-14 2.11E-12 

ENSMUSG00000020186 Csrp2 -1.52963 7.0049691 -22.5757 4.66E-15 2.91E-13 

ENSMUSG00000001517 Foxm1 -1.52952 7.489773 -18.3039 2.02E-13 5.86E-12 

ENSMUSG00000029752 Asns -1.52669 9.3643789 -16.2801 1.61E-12 3.24E-11 

ENSMUSG00000020178 Adora2a -1.52646 7.0926403 -13.5355 3.96E-11 5.07E-10 

ENSMUSG00000022364 Tbc1d31 -1.52591 7.3684999 -24.4051 1.13E-15 1.02E-13 

ENSMUSG00000019773 Fbxo5 -1.52492 6.7698629 -19.8461 4.76E-14 1.88E-12 

ENSMUSG00000093960 n-R5s127 -1.5228 7.463627 -7.70217 3.19E-07 1.36E-06 

ENSMUSG00000036181 Hist1h1c -1.51137 8.6561832 -24.3601 1.17E-15 1.03E-13 

ENSMUSG00000026185 Igfbp5 -1.50961 8.6043624 -20.1188 3.73E-14 1.55E-12 

ENSMUSG00000090386 Mir99ahg -1.50779 6.9065428 -14.4387 1.31E-11 1.93E-10 

ENSMUSG00000098318 1190002F15Rik -1.49229 5.9782962 -13.7419 3.06E-11 4.06E-10 

ENSMUSG00000031490 Eif4ebp1 -1.48974 8.4815772 -10.5837 2.40E-09 1.82E-08 

ENSMUSG00000031283 Chrdl1 -1.48663 6.999935 -14.5718 1.11E-11 1.68E-10 

ENSMUSG00000048794 Ccdc37 -1.48596 6.4130788 -14.1223 1.91E-11 2.68E-10 

ENSMUSG00000031262 Cenpi -1.48213 6.6329382 -14.7428 9.10E-12 1.43E-10 

ENSMUSG00000046169 Adamts6 -1.4805 7.1763041 -17.6788 3.75E-13 9.55E-12 

ENSMUSG00000007041 Clic1 -1.47938 7.521333 -19.1792 8.79E-14 3.00E-12 

ENSMUSG00000037465 Klf10 -1.47701 6.8730552 -17.383 5.06E-13 1.21E-11 

ENSMUSG00000029070 Mxra8 -1.47662 7.9679697 -16.73 9.96E-13 2.18E-11 

ENSMUSG00000028066 Pmf1 -1.47542 6.8492132 -20.1677 3.57E-14 1.51E-12 

ENSMUSG00000029005 Draxin -1.47154 8.910401 -25.374 5.56E-16 5.97E-14 

ENSMUSG00000025408 Ddit3 -1.46661 7.0037985 -19.365 7.39E-14 2.63E-12 

ENSMUSG00000003153 Slc2a3 -1.46042 7.1107464 -13.3801 4.83E-11 6.03E-10 

ENSMUSG00000027381 Bcl2l11 -1.46004 6.2171804 -21.3235 1.31E-14 6.78E-13 

ENSMUSG00000019992 Mtfr2 -1.45809 5.6069904 -12.0225 2.94E-10 2.90E-09 

ENSMUSG00000025140 Pycr1 -1.45712 7.4708212 -15.4846 3.87E-12 6.89E-11 

ENSMUSG00000029135 Fosl2 -1.45509 6.979855 -16.5084 1.26E-12 2.65E-11 

ENSMUSG00000011382 Dhdh -1.45441 5.8643637 -19.8733 4.65E-14 1.86E-12 

ENSMUSG00000059182 Skap2 -1.45204 7.3805156 -20.1563 3.60E-14 1.51E-12 

ENSMUSG00000040289 Hey1 -1.44934 9.3720752 -21.7789 8.93E-15 4.92E-13 

ENSMUSG00000036111 Lmo1 -1.44732 6.4887682 -16.8771 8.53E-13 1.91E-11 

ENSMUSG00000020275 Rel -1.44053 6.5652062 -20.3283 3.09E-14 1.34E-12 

ENSMUSG00000046179 E2f8 -1.43968 7.14817 -12.7416 1.11E-10 1.22E-09 

ENSMUSG00000017453 Pipox -1.43028 8.9519298 -22.6215 4.49E-15 2.82E-13 

ENSMUSG00000070337 Gpr179 -1.42605 6.2979281 -19.28 8.00E-14 2.80E-12 

ENSMUSG00000055093 Gm8430 -1.42049 5.2905103 -6.82793 1.73E-06 6.27E-06 

ENSMUSG00000026456 Cyb5r1 -1.41732 6.8549196 -17.8955 3.02E-13 8.07E-12 

ENSMUSG00000085331 Gm11274 -1.41602 5.5588754 -9.50269 1.34E-08 8.16E-08 

ENSMUSG00000001918 Slc1a5 -1.415 6.1479139 -9.49519 1.35E-08 8.25E-08 

ENSMUSG00000036403 Cep135 -1.41472 6.8605504 -23.7044 1.92E-15 1.47E-13 

ENSMUSG00000037211 Spry1 -1.40721 7.1542303 -19.2622 8.13E-14 2.84E-12 

ENSMUSG00000050555 Hyls1 -1.40514 6.8619841 -16.4883 1.29E-12 2.70E-11 

ENSMUSG00000038252 Ncapd2 -1.40361 7.8026592 -21.2542 1.39E-14 7.07E-13 

ENSMUSG00000022369 Mtbp -1.40189 7.2427469 -19.2013 8.61E-14 2.96E-12 

ENSMUSG00000064634 Gm22620 -1.40024 7.1189993 -14.1663 1.81E-11 2.56E-10 

ENSMUSG00000035357 Pdzrn3 -1.40016 7.9281621 -15.1622 5.59E-12 9.43E-11 



285 

 

ENSMUSG00000007872 Id3 -1.39783 8.3159186 -11.7155 4.53E-10 4.22E-09 

ENSMUSG00000061991 Hist1h2af -1.3932 10.467167 -20.7824 2.08E-14 9.42E-13 

ENSMUSG00000051111 Sv2c -1.39216 6.5950733 -15.0837 6.12E-12 1.02E-10 

ENSMUSG00000042436 Mfap4 -1.38802 6.7494572 -17.2617 5.73E-13 1.36E-11 

ENSMUSG00000004040 Stat3 -1.38497 9.466982 -23.5064 2.24E-15 1.66E-13 

ENSMUSG00000024600 Slc27a6 -1.38352 5.2403654 -13.4334 4.51E-11 5.67E-10 

ENSMUSG00000003559 As3mt -1.38016 5.9728432 -16.7038 1.02E-12 2.23E-11 

ENSMUSG00000096210 H1f0 -1.37812 9.7382087 -25.2053 6.28E-16 6.53E-14 

ENSMUSG00000025348 Itga7 -1.37575 7.5750746 -20.3098 3.14E-14 1.36E-12 

ENSMUSG00000005148 Klf5 -1.37481 6.6307498 -14.2772 1.59E-11 2.28E-10 

ENSMUSG00000087231 E230016M11Rik -1.37458 6.1867066 -10.2704 3.89E-09 2.79E-08 

ENSMUSG00000002885 Adgre5 -1.37149 6.9314469 -17.7115 3.63E-13 9.32E-12 

ENSMUSG00000021186 Fbln5 -1.36742 6.4561658 -17.8386 3.20E-13 8.38E-12 

ENSMUSG00000040274 Cdk6 -1.36483 6.1807205 -11.3421 7.74E-10 6.71E-09 

ENSMUSG00000020841 Cpd -1.36452 8.3626557 -21.65 9.94E-15 5.36E-13 

ENSMUSG00000018340 Anxa6 -1.36329 8.4356734 -21.369 1.26E-14 6.59E-13 

ENSMUSG00000021556 Golm1 -1.36302 8.1110557 -26.2002 3.10E-16 3.83E-14 

ENSMUSG00000029826 Zc3hav1 -1.36252 6.3649013 -15.2954 4.80E-12 8.34E-11 

ENSMUSG00000024617 Camk2a -1.36207 7.3222899 -12.0357 2.89E-10 2.85E-09 

ENSMUSG00000018570 2810408A11Rik -1.35995 6.4424934 -28.9505 4.97E-17 1.27E-14 

ENSMUSG00000032575 Manf -1.35558 7.9353052 -19.3685 7.37E-14 2.63E-12 

ENSMUSG00000024331 Dsc2 -1.3535 5.4299929 -14.2691 1.60E-11 2.30E-10 

ENSMUSG00000032374 Plod2 -1.35318 7.2873199 -16.0439 2.08E-12 4.00E-11 

ENSMUSG00000021990 Spata13 -1.35224 7.41861 -23.6793 1.96E-15 1.49E-13 

ENSMUSG00000031554 Adam5 -1.349 5.1248868 -10.1162 4.96E-09 3.44E-08 

ENSMUSG00000029761 Cald1 -1.34883 7.9096314 -17.8446 3.18E-13 8.37E-12 

ENSMUSG00000021391 Cenpp -1.34791 5.5931475 -14.213 1.71E-11 2.44E-10 

ENSMUSG00000028312 Smc2 -1.34597 7.6678624 -20.0284 4.04E-14 1.64E-12 

ENSMUSG00000047216 Cdh19 -1.34492 5.6370936 -9.66614 1.02E-08 6.48E-08 

ENSMUSG00000051517 Arhgef39 -1.34484 6.0113183 -18.944 1.10E-13 3.61E-12 

ENSMUSG00000038587 Akap12 -1.34308 7.2874151 -13.6812 3.30E-11 4.33E-10 

ENSMUSG00000035762 Tmem161b -1.33413 8.0799036 -23.7029 1.92E-15 1.47E-13 

ENSMUSG00000051235 Gen1 -1.33317 6.097909 -14.2193 1.70E-11 2.43E-10 

ENSMUSG00000064797 Gm24357 -1.33296 8.7819027 -18.7967 1.26E-13 4.01E-12 

ENSMUSG00000040010 Slc7a5 -1.32804 10.742002 -13.0587 7.30E-11 8.57E-10 

ENSMUSG00000010461 Eya4 -1.328 5.9720116 -13.1558 6.44E-11 7.73E-10 

ENSMUSG00000015605 Srf -1.32746 7.5621774 -16.872 8.58E-13 1.92E-11 

ENSMUSG00000022270 Fam134b -1.32478 8.1669104 -12.2524 2.14E-10 2.19E-09 

ENSMUSG00000025758 Plk4 -1.32096 6.5396085 -12.2624 2.11E-10 2.17E-09 

ENSMUSG00000022881 Rfc4 -1.31991 7.5037574 -18.6283 1.48E-13 4.54E-12 

ENSMUSG00000030111 A2m -1.31786 8.2899678 -16.6183 1.12E-12 2.41E-11 

ENSMUSG00000041261 Car8 -1.3171 7.590842 -12.4856 1.56E-10 1.64E-09 

ENSMUSG00000002732 Fkbp7 -1.31563 7.313094 -20.9779 1.76E-14 8.36E-13 

ENSMUSG00000016559 H3f3b -1.3147 8.8187464 -23.7099 1.91E-15 1.47E-13 

ENSMUSG00000040435 Ppp1r15a -1.3132 7.399741 -23.8349 1.74E-15 1.40E-13 

ENSMUSG00000028068 Iqgap3 -1.31198 6.2835678 -14.086 2.00E-11 2.80E-10 

ENSMUSG00000028480 Glipr2 -1.30667 6.6932041 -14.665 9.97E-12 1.54E-10 
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ENSMUSG00000030924 2610020H08Rik -1.3039 6.3263087 -21.3651 1.26E-14 6.59E-13 

ENSMUSG00000030623 Prss23os -1.30194 6.7545493 -22.1745 6.45E-15 3.86E-13 

ENSMUSG00000026220 Slc16a14 -1.29958 6.9727747 -15.9397 2.33E-12 4.43E-11 

ENSMUSG00000023456 Tpi1 -1.29818 8.7823187 -15.1085 5.94E-12 9.92E-11 

ENSMUSG00000020932 Gfap -1.29766 7.7838463 -8.7514 4.78E-08 2.49E-07 

ENSMUSG00000005583 Mef2c -1.29529 7.4246557 -18.1486 2.35E-13 6.63E-12 

ENSMUSG00000085609 1700016P03Rik -1.29223 5.4607285 -13.1051 6.88E-11 8.14E-10 

ENSMUSG00000034329 Brip1 -1.29091 5.8021947 -12.8064 1.02E-10 1.14E-09 

ENSMUSG00000027330 Cdc25b -1.29011 6.966616 -24.7075 9.03E-16 8.51E-14 

ENSMUSG00000023919 Cenpq -1.27594 6.4210247 -12.4834 1.56E-10 1.65E-09 

ENSMUSG00000030203 Dusp16 -1.27541 7.8290247 -13.653 3.42E-11 4.47E-10 

ENSMUSG00000036854 Hspb6 -1.27513 7.9601086 -18.2333 2.17E-13 6.19E-12 

ENSMUSG00000060224 Pyroxd2 -1.27409 6.2090493 -12.6143 1.31E-10 1.41E-09 

ENSMUSG00000020974 Pole2 -1.27253 6.0953136 -12.8301 9.85E-11 1.11E-09 

ENSMUSG00000053897 Slc39a8 -1.26853 6.2724626 -14.5156 1.19E-11 1.78E-10 

ENSMUSG00000025795 Rassf3 -1.26382 6.6051019 -15.1908 5.41E-12 9.23E-11 

ENSMUSG00000032359 Ctsh -1.26267 5.9400674 -11.4769 6.37E-10 5.67E-09 

ENSMUSG00000069309 Hist1h2an -1.26218 11.082324 -25.0866 6.84E-16 6.95E-14 

ENSMUSG00000034457 Eda2r -1.26154 7.1718368 -11.3744 7.38E-10 6.44E-09 

ENSMUSG00000044906 4930503L19Rik -1.25641 6.8215546 -14.4298 1.32E-11 1.95E-10 

ENSMUSG00000032113 Chek1 -1.2559 6.8050739 -13.5424 3.93E-11 5.04E-10 

ENSMUSG00000079164 Tlr5 -1.248 6.0543805 -19.665 5.61E-14 2.11E-12 

ENSMUSG00000034485 Uaca -1.24766 6.8685766 -24.3926 1.14E-15 1.02E-13 

ENSMUSG00000029641 Rasl11a -1.24548 7.159459 -13.1895 6.16E-11 7.46E-10 

ENSMUSG00000005667 Mthfd2 -1.24371 8.2097898 -9.60294 1.13E-08 7.09E-08 

ENSMUSG00000049516 Spty2d1 -1.24048 7.4424021 -16.1915 1.77E-12 3.50E-11 

ENSMUSG00000027956 Tmem144 -1.2395 6.1896724 -20.7854 2.07E-14 9.42E-13 

ENSMUSG00000030772 Dkk3 -1.23911 6.8380619 -14.6822 9.77E-12 1.51E-10 

ENSMUSG00000042473 Tbc1d8b -1.23491 5.8778115 -16.2732 1.62E-12 3.26E-11 

ENSMUSG00000070436 Serpinh1 -1.23323 8.8501384 -18.3448 1.94E-13 5.66E-12 

ENSMUSG00000007080 Pole -1.23179 6.405773 -12.953 8.38E-11 9.67E-10 

ENSMUSG00000031146 Plp2 -1.23161 7.6369206 -14.3395 1.47E-11 2.14E-10 

ENSMUSG00000023232 Serinc2 -1.22825 6.2602899 -12.2931 2.03E-10 2.09E-09 

ENSMUSG00000041974 Spidr -1.22803 6.5648712 -14.0106 2.19E-11 3.04E-10 

ENSMUSG00000039187 Fanci -1.22749 6.0371399 -14.8558 7.97E-12 1.27E-10 

ENSMUSG00000021175 Cdca7l -1.22662 6.5020642 -14.5151 1.19E-11 1.78E-10 

ENSMUSG00000021314 Amph -1.22639 8.9625698 -26.1745 3.15E-16 3.83E-14 

ENSMUSG00000039031 Arhgap18 -1.22525 8.1174428 -17.9915 2.75E-13 7.46E-12 

ENSMUSG00000024076 Vit -1.22358 7.0791271 -13.7727 2.94E-11 3.93E-10 

ENSMUSG00000029563 Foxp2 -1.21981 5.6891589 -13.7822 2.91E-11 3.90E-10 

ENSMUSG00000045934 Mtmr11 -1.21424 6.7740738 -13.3032 5.33E-11 6.60E-10 

ENSMUSG00000021572 Cep72 -1.21372 6.4816851 -18.1273 2.40E-13 6.72E-12 

ENSMUSG00000021569 Trip13 -1.21104 6.5935761 -19.2221 8.44E-14 2.94E-12 

ENSMUSG00000041313 Slc7a1 -1.20508 8.0847348 -13.704 3.21E-11 4.23E-10 

ENSMUSG00000070178 n-R5s71 -1.20372 9.150492 -8.80675 4.34E-08 2.28E-07 

ENSMUSG00000021127 Zfp36l1 -1.19973 10.367148 -25.5084 5.05E-16 5.56E-14 

ENSMUSG00000041633 Kctd12b -1.19944 5.9894597 -18.1172 2.43E-13 6.78E-12 
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ENSMUSG00000025925 Terf1 -1.19851 7.6946447 -13.294 5.39E-11 6.67E-10 

ENSMUSG00000098659 1110015O18Rik -1.19784 8.0211587 -12.2649 2.11E-10 2.16E-09 

ENSMUSG00000030177 Ccdc77 -1.19081 6.9773631 -21.325 1.31E-14 6.78E-13 

ENSMUSG00000054555 Adam12 -1.19003 7.3004961 -15.0687 6.22E-12 1.03E-10 

ENSMUSG00000020889 Nr1d1 -1.18866 8.426045 -23.3094 2.61E-15 1.87E-13 

ENSMUSG00000020439 Smtn -1.18688 6.6644207 -15.0237 6.56E-12 1.07E-10 

ENSMUSG00000021775 Nr1d2 -1.18418 8.2447139 -18.2996 2.03E-13 5.86E-12 

ENSMUSG00000021215 Net1 -1.18159 7.5229393 -21.7655 9.03E-15 4.95E-13 

ENSMUSG00000053007 Creb5 -1.18051 7.0549225 -14.695 9.62E-12 1.50E-10 

ENSMUSG00000069170 Adgrv1 -1.18035 5.7758923 -20.1696 3.56E-14 1.51E-12 

ENSMUSG00000031770 Herpud1 -1.17934 8.7766675 -19.7657 5.12E-14 1.98E-12 

ENSMUSG00000026896 Ifih1 -1.17551 6.0124203 -13.1987 6.09E-11 7.40E-10 

ENSMUSG00000062510 Nsl1 -1.17308 5.8061698 -9.1706 2.33E-08 1.33E-07 

ENSMUSG00000027829 Ccnl1 -1.16925 8.3404285 -18.8488 1.20E-13 3.86E-12 

ENSMUSG00000030878 Cdr2 -1.16782 6.7541456 -14.3752 1.41E-11 2.06E-10 

ENSMUSG00000039103 Nexn -1.16304 6.4744654 -11.2355 9.04E-10 7.66E-09 

ENSMUSG00000026819 Slc25a25 -1.15822 7.3596684 -20.1442 3.64E-14 1.52E-12 

ENSMUSG00000026483 Fam129a -1.15647 5.8103093 -12.5363 1.46E-10 1.55E-09 

ENSMUSG00000021136 Smoc1 -1.15445 9.6829738 -23.9006 1.65E-15 1.35E-13 

ENSMUSG00000031266 Gla -1.1464 7.2310044 -26.3498 2.79E-16 3.53E-14 

ENSMUSG00000033446 Lpar6 -1.14437 7.6327445 -15.5192 3.72E-12 6.73E-11 

ENSMUSG00000010362 Rdm1 -1.14299 7.0180544 -16.9969 7.53E-13 1.73E-11 

ENSMUSG00000038539 Atf5 -1.14104 8.6737339 -10.9477 1.38E-09 1.12E-08 

ENSMUSG00000086328 2700033N17Rik -1.14038 6.896101 -16.6983 1.03E-12 2.24E-11 

ENSMUSG00000010095 Slc3a2 -1.13679 10.768591 -15.9607 2.28E-12 4.34E-11 

ENSMUSG00000015568 Lpl -1.13386 5.7813035 -9.2659 1.98E-08 1.15E-07 

ENSMUSG00000044645 Gm7334 -1.12966 7.1909018 -8.98316 3.20E-08 1.74E-07 

ENSMUSG00000027641 Rbl1 -1.12953 7.3856896 -16.4279 1.37E-12 2.84E-11 

ENSMUSG00000042213 Zfand4 -1.12513 5.4578357 -6.99337 1.25E-06 4.66E-06 

ENSMUSG00000003824 Syce2 -1.125 6.9906377 -16.3697 1.46E-12 3.00E-11 

ENSMUSG00000024087 Cyp1b1 -1.12427 6.349986 -11.1693 9.96E-10 8.37E-09 

ENSMUSG00000032252 Glce -1.12247 7.9431757 -14.6129 1.06E-11 1.62E-10 

ENSMUSG00000035293 G2e3 -1.12128 7.7748716 -14.357 1.44E-11 2.10E-10 

ENSMUSG00000074794 Arrdc3 -1.12086 9.1865545 -21.1357 1.53E-14 7.67E-13 

ENSMUSG00000026475 Rgs16 -1.11966 8.1045878 -15.4997 3.81E-12 6.85E-11 

ENSMUSG00000044783 Hjurp -1.11707 8.2327947 -9.57961 1.18E-08 7.31E-08 

ENSMUSG00000028188 Spata1 -1.1168 5.5597976 -7.9385 2.05E-07 9.16E-07 

ENSMUSG00000058290 Espl1 -1.1117 6.5808851 -17.7709 3.42E-13 8.88E-12 

ENSMUSG00000027792 Bche -1.11168 6.9038474 -14.9776 6.92E-12 1.12E-10 

ENSMUSG00000074505 Fat3 -1.11095 7.4992461 -18.0887 2.50E-13 6.91E-12 

ENSMUSG00000051278 Zgrf1 -1.11086 5.9794336 -7.82482 2.53E-07 1.11E-06 

ENSMUSG00000022686 B3gnt5 -1.10717 7.4900913 -14.0031 2.21E-11 3.07E-10 

ENSMUSG00000044548 Dact1 -1.10615 7.0881465 -15.3276 4.63E-12 8.06E-11 

ENSMUSG00000030782 Tgfb1i1 -1.10593 6.9598613 -13.6717 3.34E-11 4.38E-10 

ENSMUSG00000042284 Itga1 -1.10394 6.3650366 -14.5925 1.09E-11 1.65E-10 

ENSMUSG00000024042 Sik1 -1.10204 7.3934163 -12.7923 1.04E-10 1.15E-09 

ENSMUSG00000072082 Ccnf -1.09809 6.9166511 -14.4576 1.28E-11 1.89E-10 
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ENSMUSG00000030516 Tjp1 -1.09732 9.7592672 -23.2111 2.81E-15 1.96E-13 

ENSMUSG00000071862 Lrrtm2 -1.09638 8.9578984 -11.9872 3.09E-10 3.03E-09 

ENSMUSG00000024376 Epb41l4a -1.08936 8.3205678 -16.9277 8.09E-13 1.84E-11 

ENSMUSG00000089827 1700023H06Rik -1.0855 5.7373047 -9.18346 2.28E-08 1.30E-07 

ENSMUSG00000040852 Plekhh2 -1.08541 7.1047784 -14.1431 1.87E-11 2.62E-10 

ENSMUSG00000003031 Cdkn1b -1.08456 8.8049762 -20.8095 2.03E-14 9.27E-13 

ENSMUSG00000004085 Zak -1.0841 6.9121511 -14.8479 8.04E-12 1.28E-10 

ENSMUSG00000031555 Adam9 -1.08353 9.4019275 -22.9869 3.36E-15 2.23E-13 

ENSMUSG00000001986 Gria3 -1.08169 8.1301448 -12.17 2.40E-10 2.42E-09 

ENSMUSG00000009585 Apobec3 -1.08116 6.6675612 -11.9477 3.26E-10 3.18E-09 

ENSMUSG00000074476 Spc24 -1.07859 7.0333035 -13.1081 6.85E-11 8.12E-10 

ENSMUSG00000025997 Ikzf2 -1.07803 7.1870222 -15.9694 2.26E-12 4.31E-11 

ENSMUSG00000028494 Plin2 -1.07798 7.0135213 -17.9383 2.90E-13 7.77E-12 

ENSMUSG00000042489 Clspn -1.07713 6.306371 -9.52306 1.29E-08 7.92E-08 

ENSMUSG00000072949 Acot1 -1.07652 8.5709877 -14.8214 8.30E-12 1.32E-10 

ENSMUSG00000040204 2810417H13Rik -1.07449 6.8031286 -9.62024 1.10E-08 6.92E-08 

ENSMUSG00000049551 Fzd9 -1.07142 7.1610028 -11.5738 5.54E-10 5.03E-09 

ENSMUSG00000034401 Spata6 -1.06982 7.9137021 -13.36 4.95E-11 6.17E-10 

ENSMUSG00000041075 Fzd7 -1.06816 7.1316811 -13.8286 2.75E-11 3.70E-10 

ENSMUSG00000049932 H2afx -1.06814 9.4221251 -12.4999 1.53E-10 1.62E-09 

ENSMUSG00000048281 Dleu7 -1.06696 5.8249961 -10.8276 1.66E-09 1.31E-08 

ENSMUSG00000063556 Gm10132 -1.06643 7.8515662 -9.41482 1.55E-08 9.26E-08 

ENSMUSG00000020044 Timp3 -1.06617 9.013303 -16.4617 1.32E-12 2.75E-11 

ENSMUSG00000030653 Pde2a -1.06602 7.4182642 -15.1263 5.82E-12 9.76E-11 

ENSMUSG00000038010 Ccdc138 -1.0656 5.9073887 -11.5122 6.05E-10 5.43E-09 

ENSMUSG00000056267 Cep70 -1.06549 6.4617972 -13.9981 2.23E-11 3.08E-10 

ENSMUSG00000021115 Vrk1 -1.05907 7.7438285 -19.8708 4.66E-14 1.86E-12 

ENSMUSG00000078773 Rad54b -1.05798 5.3634896 -10.4662 2.87E-09 2.13E-08 

ENSMUSG00000045005 Fzd5 -1.05789 6.4968825 -16.465 1.32E-12 2.75E-11 

ENSMUSG00000024427 Spry4 -1.05751 7.4960659 -9.96665 6.29E-09 4.24E-08 

ENSMUSG00000021094 Dhrs7 -1.05546 7.0999535 -9.44265 1.48E-08 8.91E-08 

ENSMUSG00000026728 Vim -1.05435 11.999022 -29.5464 3.42E-17 9.07E-15 

ENSMUSG00000079065 BC005561 -1.05268 7.3823582 -15.4851 3.87E-12 6.89E-11 

ENSMUSG00000036611 Eepd1 -1.05192 7.3775403 -13.0095 7.79E-11 9.05E-10 

ENSMUSG00000000555 Itga5 -1.04966 6.2071926 -15.0961 6.03E-12 1.01E-10 

ENSMUSG00000040118 Cacna2d1 -1.04929 7.1682993 -11.2856 8.40E-10 7.20E-09 

ENSMUSG00000078349 AW011738 -1.04831 6.9909957 -14.5272 1.17E-11 1.76E-10 

ENSMUSG00000027204 Fbn1 -1.04716 6.1325014 -16.7669 9.58E-13 2.11E-11 

ENSMUSG00000066475 Gm10268 -1.0458 9.3639702 -7.90081 2.20E-07 9.73E-07 

ENSMUSG00000000058 Cav2 -1.04512 7.3701467 -8.51964 7.18E-08 3.57E-07 

ENSMUSG00000033149 Phldb2 -1.04438 6.1924421 -13.1451 6.53E-11 7.80E-10 

ENSMUSG00000055435 Maf -1.04359 7.3575696 -15.6176 3.33E-12 6.10E-11 

ENSMUSG00000036478 Btg1 -1.03854 7.4220971 -12.8043 1.02E-10 1.14E-09 

ENSMUSG00000072591 5930412G12Rik -1.03746 6.0451942 -8.85688 3.98E-08 2.11E-07 

ENSMUSG00000004105 Angptl2 -1.03734 6.6801894 -14.1837 1.78E-11 2.51E-10 

ENSMUSG00000029174 Tbc1d1 -1.03617 7.2082223 -13.7715 2.95E-11 3.93E-10 

ENSMUSG00000027997 Casp6 -1.03509 7.5945251 -11.9725 3.15E-10 3.08E-09 
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ENSMUSG00000040511 Pvr -1.03333 7.1693153 -13.2697 5.56E-11 6.86E-10 

ENSMUSG00000042659 Arrdc4 -1.03294 8.3224399 -17.6121 4.01E-13 1.01E-11 

ENSMUSG00000024493 Lars -1.03236 9.0259936 -15.8896 2.46E-12 4.66E-11 

ENSMUSG00000036023 Parp2 -1.03061 7.6397923 -19.802 4.96E-14 1.93E-12 

ENSMUSG00000020808 Fam64a -1.03041 7.5017468 -13.1406 6.57E-11 7.84E-10 

ENSMUSG00000045273 Cenph -1.02968 6.5211193 -9.9732 6.23E-09 4.20E-08 

ENSMUSG00000070883 Ccdc173 -1.02894 6.0639705 -15.2323 5.16E-12 8.86E-11 

ENSMUSG00000045751 Mms22l -1.0228 6.4592383 -11.2337 9.06E-10 7.67E-09 

ENSMUSG00000028173 Wls -1.02025 8.0993643 -11.1604 1.01E-09 8.47E-09 

ENSMUSG00000042745 Id1 -1.01965 8.0501268 -8.28109 1.10E-07 5.24E-07 

ENSMUSG00000025001 Hells -1.01926 6.5906802 -12.1119 2.60E-10 2.60E-09 

ENSMUSG00000002900 Lamb1 -1.01832 6.0156152 -11.5596 5.65E-10 5.12E-09 

ENSMUSG00000018906 P4ha2 -1.01545 5.4862034 -8.10913 1.50E-07 6.91E-07 

ENSMUSG00000032491 Nradd -1.01459 7.3697904 -15.4447 4.05E-12 7.16E-11 

ENSMUSG00000085873 Ttc39aos1 -1.01383 7.3248522 -14.7013 9.55E-12 1.49E-10 

ENSMUSG00000008307 1700109H08Rik -1.01347 5.8940664 -6.62423 2.61E-06 9.09E-06 

ENSMUSG00000031772 Cntnap4 -1.0101 5.6061146 -8.03504 1.72E-07 7.81E-07 

ENSMUSG00000047497 Adamts12 -1.00931 6.6523198 -9.75327 8.87E-09 5.72E-08 

ENSMUSG00000029817 Tra2a -1.00849 9.1508621 -18.5743 1.56E-13 4.72E-12 

ENSMUSG00000024538 Ppic -1.00833 9.14115 -21.1389 1.53E-14 7.67E-13 

ENSMUSG00000029802 Abcg2 -1.00536 6.9807562 -12.5071 1.52E-10 1.60E-09 

ENSMUSG00000048376 F2r -1.00265 10.2071 -22.359 5.55E-15 3.42E-13 

ENSMUSG00000010830 Kdelr3 -1.0024 6.3410437 -9.71619 9.42E-09 6.02E-08 

ENSMUSG00000073792 Alg6 -1.00211 6.3887838 -10.7268 1.93E-09 1.50E-08 

ENSMUSG00000008575 Nfib -1.002 10.002447 -20.4475 2.78E-14 1.23E-12 

ENSMUSG00000001942 Siae -1.00141 8.1031513 -17.4695 4.64E-13 1.14E-11 

ENSMUSG00000041482 Piezo2 -1.0014 6.5547298 -11.4283 6.83E-10 6.03E-09 

ENSMUSG00000026042 Col5a2 -1.00039 6.7536393 -12.4127 1.72E-10 1.80E-09 

 

Supplementary Table 3.3: Up Regulated genes in the Neurospheres v differentiated 

neurospheres deregulated gene list: 
Ensembl ID Gene logFC AveExpr t P.Value FDR 

ENSMUSG00000036634 Mag 5.014858 7.484381 26.64388 2.28E-16 3.18E-14 

ENSMUSG00000032517 Mobp 4.96093 7.95178 40.0476 1.24E-19 1.47E-16 

ENSMUSG00000027375 Mal 4.000475 7.268392 34.4096 2.06E-18 1.07E-15 

ENSMUSG00000026830 Ermn 3.995357 5.543442 25.87353 3.89E-16 4.56E-14 

ENSMUSG00000041607 Mbp 3.399054 8.317862 28.23348 7.87E-17 1.72E-14 

ENSMUSG00000041986 Elmod1 3.299876 6.239199 27.23473 1.52E-16 2.39E-14 

ENSMUSG00000037625 Cldn11 3.277073 9.128695 24.85513 8.10E-16 7.81E-14 

ENSMUSG00000038173 Enpp6 3.157363 8.797893 16.12167 1.91E-12 3.71E-11 

ENSMUSG00000036949 Slc39a12 3.137868 7.382252 48.36638 3.71E-21 1.21E-17 

ENSMUSG00000022548 Apod 3.086217 6.092548 19.67444 5.57E-14 2.11E-12 

ENSMUSG00000104117 Gm20743 3.084157 5.02112 25.217 6.22E-16 6.53E-14 

ENSMUSG00000062591 Tubb4a 3.052931 10.13376 28.61011 6.17E-17 1.54E-14 

ENSMUSG00000026347 Tmem163 2.997213 8.3029 27.90886 9.73E-17 1.83E-14 

ENSMUSG00000076439 Mog 2.893285 6.685598 17.50606 4.47E-13 1.10E-11 

ENSMUSG00000031425 Plp1 2.882168 11.13429 19.41859 7.04E-14 2.54E-12 
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ENSMUSG00000026442 Nfasc 2.811036 8.223085 26.86752 1.95E-16 2.86E-14 

ENSMUSG00000097736 9530059O14Rik 2.785722 6.821367 21.75721 9.09E-15 4.97E-13 

ENSMUSG00000066129 Kndc1 2.731853 6.574996 25.00674 7.25E-16 7.26E-14 

ENSMUSG00000043441 Gpr149 2.724815 7.136991 33.62564 3.15E-18 1.52E-15 

ENSMUSG00000032854 Ugt8a 2.720633 9.703576 26.55689 2.42E-16 3.31E-14 

ENSMUSG00000021451 Sema4d 2.683018 6.53151 23.79175 1.80E-15 1.43E-13 

ENSMUSG00000040605 Bace2 2.679498 6.245125 30.52784 1.87E-17 6.08E-15 

ENSMUSG00000034330 Plcg2 2.644545 6.930094 26.36525 2.76E-16 3.53E-14 

ENSMUSG00000033740 St18 2.582617 5.276022 24.81443 8.35E-16 7.98E-14 

ENSMUSG00000052688 Rab7b 2.58112 6.092903 25.18099 6.39E-16 6.60E-14 

ENSMUSG00000024899 Papss2 2.554597 6.796898 19.62845 5.80E-14 2.16E-12 

ENSMUSG00000003746 Man1a 2.540922 6.081882 30.43817 1.98E-17 6.08E-15 

ENSMUSG00000033579 Fa2h 2.521117 7.458284 24.10838 1.41E-15 1.20E-13 

ENSMUSG00000027858 Tspan2 2.500741 8.189234 23.03898 3.22E-15 2.18E-13 

ENSMUSG00000036098 Myrf 2.495535 8.148344 19.30187 7.84E-14 2.76E-12 

ENSMUSG00000030638 Sh3gl3 2.486093 8.636211 33.72739 2.98E-18 1.49E-15 

ENSMUSG00000035864 Syt1 2.468985 7.022274 15.49275 3.84E-12 6.88E-11 

ENSMUSG00000026437 Cdk18 2.466613 7.14136 21.55763 1.07E-14 5.77E-13 

ENSMUSG00000029211 Gabra4 2.433241 5.594571 21.82354 8.60E-15 4.76E-13 

ENSMUSG00000021390 Ogn 2.432718 5.268291 18.18421 2.27E-13 6.44E-12 

ENSMUSG00000063531 Sema3e 2.380281 5.842953 19.16273 8.92E-14 3.04E-12 

ENSMUSG00000073680 Tmem88b 2.344136 6.918671 29.84248 2.84E-17 7.87E-15 

ENSMUSG00000029212 Gabrb1 2.339672 5.231588 14.14464 1.86E-11 2.62E-10 

ENSMUSG00000022523 Fgf12 2.310264 7.254392 28.47478 6.73E-17 1.54E-14 

ENSMUSG00000020436 Gabrg2 2.292282 5.271682 14.802 8.49E-12 1.35E-10 

ENSMUSG00000022037 Clu 2.291067 9.155836 24.98646 7.36E-16 7.31E-14 

ENSMUSG00000070532 1700084C01Rik 2.285472 7.433228 36.64346 6.43E-19 4.40E-16 

ENSMUSG00000022112 Gpc5 2.2796 6.034841 21.73899 9.23E-15 5.02E-13 

ENSMUSG00000026109 Tmeff2 2.27044 8.386162 30.41166 2.01E-17 6.08E-15 

ENSMUSG00000003410 Elavl3 2.260428 9.011322 39.23614 1.81E-19 1.81E-16 

ENSMUSG00000038668 Lpar1 2.257882 7.051976 23.85872 1.71E-15 1.38E-13 

ENSMUSG00000024620 Pdgfrb 2.248945 6.514945 27.16804 1.59E-16 2.44E-14 

ENSMUSG00000021696 Elovl7 2.212046 7.667601 27.10496 1.66E-16 2.49E-14 

ENSMUSG00000042662 Dusp15 2.208077 7.050771 28.10855 8.54E-17 1.72E-14 

ENSMUSG00000041205 Map6d1 2.204466 7.025365 26.47666 2.55E-16 3.39E-14 

ENSMUSG00000036570 Fxyd1 2.178937 6.784489 19.20543 8.57E-14 2.96E-12 

ENSMUSG00000001773 Folh1 2.17854 5.852129 18.13547 2.38E-13 6.69E-12 

ENSMUSG00000035441 Myo1d 2.168902 5.781494 17.75037 3.49E-13 9.01E-12 

ENSMUSG00000068373 D430041D05Rik 2.147485 7.256815 26.5275 2.47E-16 3.34E-14 

ENSMUSG00000049721 Gal3st1 2.07252 7.54153 21.06879 1.62E-14 7.94E-13 

ENSMUSG00000037754 Ppp1r16b 2.062739 8.765659 28.11803 8.49E-17 1.72E-14 

ENSMUSG00000019124 Scrn1 2.061778 7.706308 36.09874 8.49E-19 5.26E-16 

ENSMUSG00000069763 Tmem100 2.026921 7.73688 21.24996 1.39E-14 7.07E-13 

ENSMUSG00000002475 Abhd3 2.017193 8.130684 10.51168 2.68E-09 2.01E-08 

ENSMUSG00000042757 Tmem108 2.012903 7.328396 19.71771 5.35E-14 2.06E-12 

ENSMUSG00000031285 Dcx 2.00932 8.742603 20.51632 2.62E-14 1.17E-12 

ENSMUSG00000020411 Nipal4 2.008877 5.980096 15.66371 3.17E-12 5.84E-11 
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ENSMUSG00000045871 Slitrk6 1.986097 5.891725 24.92229 7.71E-16 7.51E-14 

ENSMUSG00000033208 S100b 1.979197 7.441595 19.07084 9.72E-14 3.28E-12 

ENSMUSG00000025558 Dock9 1.964752 6.907747 19.28252 7.98E-14 2.80E-12 

ENSMUSG00000001334 Fndc5 1.944641 7.863115 26.89961 1.91E-16 2.83E-14 

ENSMUSG00000040265 Dnm3 1.934097 8.584263 21.92415 7.91E-15 4.50E-13 

ENSMUSG00000018166 Erbb3 1.890162 6.035055 17.75776 3.47E-13 8.98E-12 

ENSMUSG00000031748 Gnao1 1.881191 9.345569 25.83741 3.99E-16 4.64E-14 

ENSMUSG00000021573 Tppp 1.879617 7.15187 16.03004 2.11E-12 4.06E-11 

ENSMUSG00000065485 Mir219a-2 1.866243 6.37303 16.27997 1.61E-12 3.24E-11 

ENSMUSG00000053192 Mllt11 1.84204 8.940123 38.19177 2.99E-19 2.59E-16 

ENSMUSG00000039519 Cyp7b1 1.83941 7.158725 21.8997 8.08E-15 4.57E-13 

ENSMUSG00000096054 Syne1 1.838693 6.544543 25.47753 5.16E-16 5.59E-14 

ENSMUSG00000022438 Parvb 1.834624 7.639859 16.5093 1.26E-12 2.65E-11 

ENSMUSG00000020182 Ddc 1.834047 6.495344 20.83416 1.99E-14 9.14E-13 

ENSMUSG00000031104 Rab33a 1.831971 8.078649 22.72931 4.12E-15 2.64E-13 

ENSMUSG00000006651 Aplp1 1.826818 9.007129 27.92452 9.63E-17 1.83E-14 

ENSMUSG00000085069 Gm13111 1.821303 6.828876 16.50639 1.26E-12 2.65E-11 

ENSMUSG00000060487 Samd5 1.818366 7.234016 16.38065 1.44E-12 2.97E-11 

ENSMUSG00000052609 Plekhg3 1.814283 5.952335 15.6574 3.19E-12 5.88E-11 

ENSMUSG00000005338 Cadm3 1.799087 8.364259 18.06077 2.57E-13 7.07E-12 

ENSMUSG00000032060 Cryab 1.798437 6.763474 9.64987 1.05E-08 6.64E-08 

ENSMUSG00000051107 Gm15440 1.793905 6.717003 22.98948 3.35E-15 2.23E-13 

ENSMUSG00000026932 Nacc2 1.777417 8.334397 24.30818 1.22E-15 1.06E-13 

ENSMUSG00000041362 Shtn1 1.773899 5.573167 15.53682 3.65E-12 6.64E-11 

ENSMUSG00000030096 Slc6a6 1.766683 8.011484 24.55374 1.01E-15 9.27E-14 

ENSMUSG00000056413 Adap1 1.764682 6.230908 14.69908 9.58E-12 1.49E-10 

ENSMUSG00000055415 Atp10b 1.763534 6.104876 16.81902 9.07E-13 2.01E-11 

ENSMUSG00000024935 Slc1a1 1.761518 9.085224 18.15061 2.35E-13 6.63E-12 

ENSMUSG00000043448 Gjc2 1.758399 6.294555 12.93037 8.64E-11 9.89E-10 

ENSMUSG00000000223 Drp2 1.757021 6.784141 27.55569 1.23E-16 2.12E-14 

ENSMUSG00000006403 Adamts4 1.755395 6.995413 19.77058 5.10E-14 1.97E-12 

ENSMUSG00000011884 Gltp 1.752127 8.767822 23.69976 1.93E-15 1.47E-13 

ENSMUSG00000022091 Sorbs3 1.751714 7.149075 25.48042 5.15E-16 5.59E-14 

ENSMUSG00000021662 Arhgef28 1.72595 7.499814 23.24069 2.75E-15 1.95E-13 

ENSMUSG00000003934 Efnb3 1.723766 7.376938 23.3632 2.50E-15 1.82E-13 

ENSMUSG00000041836 Ptpre 1.72092 7.755043 15.13164 5.79E-12 9.73E-11 

ENSMUSG00000107369 Gstm2-ps1 1.719734 7.272077 11.19415 9.60E-10 8.09E-09 

ENSMUSG00000025701 Alox5 1.714279 5.942855 12.82654 9.90E-11 1.11E-09 

ENSMUSG00000039419 Cntnap2 1.712196 6.213538 18.69004 1.39E-13 4.32E-12 

ENSMUSG00000025221 Kcnip2 1.710946 6.443857 13.40846 4.66E-11 5.84E-10 

ENSMUSG00000029333 Rasgef1b 1.679137 7.244073 14.37803 1.40E-11 2.06E-10 

ENSMUSG00000053846 Lipg 1.677336 6.33724 13.49992 4.15E-11 5.27E-10 

ENSMUSG00000051022 Hs3st1 1.6752 6.81528 17.09489 6.80E-13 1.59E-11 

ENSMUSG00000052727 Map1b 1.674299 10.21899 19.98861 4.19E-14 1.70E-12 

ENSMUSG00000027221 Chst1 1.67402 6.411874 16.73778 9.88E-13 2.17E-11 

ENSMUSG00000037306 Man1c1 1.668861 7.77988 11.81349 3.94E-10 3.74E-09 

ENSMUSG00000021143 Pacs2 1.662727 8.901508 27.90906 9.73E-17 1.83E-14 
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ENSMUSG00000001985 Grik3 1.649004 8.145304 17.45232 4.72E-13 1.15E-11 

ENSMUSG00000050931 Sgms2 1.647415 6.645938 19.91619 4.47E-14 1.79E-12 

ENSMUSG00000067586 S1pr3 1.63896 6.618021 12.98087 8.08E-11 9.37E-10 

ENSMUSG00000033998 Kcnk1 1.6321 7.446581 22.26106 6.01E-15 3.67E-13 

ENSMUSG00000005873 Reep5 1.628731 8.56588 26.83329 2.00E-16 2.86E-14 

ENSMUSG00000036158 Prickle1 1.627439 6.770308 19.35645 7.45E-14 2.64E-12 

ENSMUSG00000063558 Aox1 1.626363 6.396379 17.9461 2.87E-13 7.72E-12 

ENSMUSG00000039913 Pak7 1.609257 6.438949 21.26469 1.37E-14 7.04E-13 

ENSMUSG00000029832 Nfe2l3 1.600374 6.117728 18.22771 2.18E-13 6.22E-12 

ENSMUSG00000027238 Frmd5 1.595782 8.08043 27.73261 1.09E-16 1.97E-14 

ENSMUSG00000063297 Luzp2 1.59458 8.95671 16.65399 1.08E-12 2.34E-11 

ENSMUSG00000037016 Frem2 1.593954 6.252375 17.67956 3.75E-13 9.55E-12 

ENSMUSG00000028528 Dnajc6 1.57926 6.183215 19.22073 8.45E-14 2.94E-12 

ENSMUSG00000059921 Unc5c 1.573122 7.135806 25.2125 6.25E-16 6.53E-14 

ENSMUSG00000069601 Ank3 1.571836 7.750092 22.85483 3.73E-15 2.45E-13 

ENSMUSG00000062760 1810041L15Rik 1.56219 7.714092 27.70434 1.11E-16 1.98E-14 

ENSMUSG00000104494 Gm37111 1.555564 5.764235 14.35482 1.44E-11 2.11E-10 

ENSMUSG00000031760 Mt3 1.551863 10.32993 28.13284 8.41E-17 1.72E-14 

ENSMUSG00000040268 Plekha1 1.545615 8.116664 18.47113 1.72E-13 5.12E-12 

ENSMUSG00000024647 Cbln2 1.541151 7.261779 15.17949 5.48E-12 9.30E-11 

ENSMUSG00000025511 Tspan4 1.53944 7.307594 20.32999 3.09E-14 1.34E-12 

ENSMUSG00000045532 C1ql1 1.536105 7.804244 14.63757 1.03E-11 1.59E-10 

ENSMUSG00000021097 Clmn 1.528097 5.666626 13.90193 2.51E-11 3.41E-10 

ENSMUSG00000058070 Eml1 1.527254 8.048935 22.4504 5.15E-15 3.21E-13 

ENSMUSG00000022132 Cldn10 1.524129 7.265321 11.73353 4.41E-10 4.13E-09 

ENSMUSG00000038486 Sv2a 1.523213 7.110819 20.97896 1.75E-14 8.36E-13 

ENSMUSG00000049422 Chchd10 1.518155 6.759303 11.34928 7.66E-10 6.65E-09 

ENSMUSG00000029608 Rph3a 1.511494 6.562845 21.83671 8.51E-15 4.73E-13 

ENSMUSG00000031119 Gpc4 1.508229 7.287938 26.33121 2.83E-16 3.53E-14 

ENSMUSG00000030075 Cntn3 1.506962 6.293615 15.38443 4.34E-12 7.63E-11 

ENSMUSG00000037996 Slc24a2 1.497856 6.135551 14.31782 1.51E-11 2.19E-10 

ENSMUSG00000019996 Map7 1.493481 6.771202 18.91393 1.13E-13 3.69E-12 

ENSMUSG00000022231 Sema5a 1.488785 8.114819 18.70583 1.37E-13 4.26E-12 

ENSMUSG00000026473 Glul 1.488625 11.07667 33.5499 3.29E-18 1.53E-15 

ENSMUSG00000044117 2900011O08Rik 1.486879 8.260252 27.25747 1.50E-16 2.39E-14 

ENSMUSG00000024044 Epb41l3 1.482651 8.01228 18.49364 1.68E-13 5.03E-12 

ENSMUSG00000025375 Aatk 1.481266 7.33856 23.78071 1.81E-15 1.44E-13 

ENSMUSG00000074457 S100a16 1.466073 7.302673 22.05924 7.08E-15 4.13E-13 

ENSMUSG00000026058 Khdrbs2 1.463612 6.661423 14.20893 1.72E-11 2.45E-10 

ENSMUSG00000024268 Celf4 1.45971 6.333848 10.3155 3.63E-09 2.63E-08 

ENSMUSG00000024381 Bin1 1.45194 8.465822 26.66046 2.25E-16 3.18E-14 

ENSMUSG00000060240 Cend1 1.447644 6.8329 18.48677 1.69E-13 5.05E-12 

ENSMUSG00000041992 Rapgef5 1.436437 6.192842 12.11146 2.60E-10 2.60E-09 

ENSMUSG00000052229 Gpr17 1.433772 9.876788 12.08569 2.69E-10 2.68E-09 

ENSMUSG00000028655 Mfsd2a 1.43183 9.283475 21.00544 1.71E-14 8.23E-13 

ENSMUSG00000026764 Kif5c 1.431393 7.068227 17.74738 3.50E-13 9.02E-12 

ENSMUSG00000052364 B630019K06Rik 1.427881 6.460511 18.41462 1.82E-13 5.36E-12 
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ENSMUSG00000053141 Ptprt 1.418458 7.575566 16.90844 8.26E-13 1.87E-11 

ENSMUSG00000045087 S1pr5 1.413493 6.676313 17.00192 7.49E-13 1.72E-11 

ENSMUSG00000013523 Bcas1 1.398437 8.640705 12.01884 2.96E-10 2.91E-09 

ENSMUSG00000064115 Cadm2 1.396293 8.897431 18.71657 1.36E-13 4.24E-12 

ENSMUSG00000015202 Cnksr3 1.391445 7.5384 19.80116 4.96E-14 1.93E-12 

ENSMUSG00000041309 Nkx6-2 1.388547 6.841509 15.23306 5.15E-12 8.86E-11 

ENSMUSG00000028351 Brinp1 1.388451 7.813466 20.83884 1.98E-14 9.14E-13 

ENSMUSG00000020340 Cyfip2 1.381966 9.720407 18.13465 2.39E-13 6.69E-12 

ENSMUSG00000015149 Sirt2 1.380236 11.90021 19.50779 6.48E-14 2.38E-12 

ENSMUSG00000024077 Strn 1.37844 8.632028 22.6641 4.34E-15 2.74E-13 

ENSMUSG00000034098 Fstl5 1.375805 6.236323 10.47632 2.83E-09 2.10E-08 

ENSMUSG00000022090 Pdlim2 1.373538 6.629216 13.91089 2.48E-11 3.38E-10 

ENSMUSG00000032177 Pde4a 1.37298 6.685322 19.46101 6.77E-14 2.44E-12 

ENSMUSG00000050854 Tmem125 1.365979 6.642084 19.18214 8.76E-14 3.00E-12 

ENSMUSG00000027488 Snta1 1.364721 6.399836 12.63123 1.28E-10 1.38E-09 

ENSMUSG00000021835 Bmp4 1.3642 7.249777 7.21452 8.10E-07 3.15E-06 

ENSMUSG00000018500 Adora2b 1.359717 7.104472 22.02567 7.28E-15 4.23E-13 

ENSMUSG00000063765 Chadl 1.35744 6.786289 19.69257 5.47E-14 2.09E-12 

ENSMUSG00000062257 Opcml 1.356357 7.954492 17.16413 6.33E-13 1.49E-11 

ENSMUSG00000076435 Acsf2 1.354164 7.748307 19.94798 4.34E-14 1.75E-12 

ENSMUSG00000018796 Acsl1 1.352412 6.681001 19.20824 8.55E-14 2.96E-12 

ENSMUSG00000032725 Folr2 1.348436 6.310109 14.91222 7.46E-12 1.21E-10 

ENSMUSG00000040759 Cmtm5 1.347415 9.745416 27.50381 1.27E-16 2.12E-14 

ENSMUSG00000040254 Sema3d 1.347061 6.58687 11.83823 3.81E-10 3.64E-09 

ENSMUSG00000027546 Atp9a 1.343675 8.343478 19.38132 7.28E-14 2.62E-12 

ENSMUSG00000047712 Ust 1.343193 7.894486 18.02334 2.66E-13 7.29E-12 

ENSMUSG00000034958 Atcay 1.337738 8.316432 19.6312 5.79E-14 2.16E-12 

ENSMUSG00000029120 Ppp2r2c 1.335137 6.061122 12.93815 8.55E-11 9.81E-10 

ENSMUSG00000099696 2900052N01Rik 1.331975 6.104747 12.57141 1.39E-10 1.49E-09 

ENSMUSG00000041216 Clvs1 1.327626 6.755011 12.03447 2.89E-10 2.85E-09 

ENSMUSG00000001700 Gramd3 1.326175 8.172373 25.01526 7.21E-16 7.26E-14 

ENSMUSG00000039058 Ak5 1.32603 6.117278 12.30522 1.99E-10 2.06E-09 

ENSMUSG00000090122 Kcne1l 1.324853 8.219554 16.23305 1.69E-12 3.37E-11 

ENSMUSG00000008136 Fhl2 1.316908 6.901037 12.60454 1.33E-10 1.43E-09 

ENSMUSG00000006782 Cnp 1.31632 9.205677 22.07783 6.98E-15 4.10E-13 

ENSMUSG00000070866 Zfp804a 1.312131 5.767675 8.930558 3.50E-08 1.88E-07 

ENSMUSG00000097307 Gm26834 1.31149 5.641264 9.554542 1.23E-08 7.57E-08 

ENSMUSG00000031673 Cdh11 1.308092 8.543193 17.12971 6.56E-13 1.54E-11 

ENSMUSG00000020422 Tns3 1.302417 8.717784 16.66196 1.07E-12 2.32E-11 

ENSMUSG00000031028 Tub 1.298419 7.763027 19.97079 4.26E-14 1.72E-12 

ENSMUSG00000025946 Pth2r 1.294775 5.397816 7.737258 2.99E-07 1.28E-06 

ENSMUSG00000033419 Snap91 1.289806 7.832459 18.55413 1.59E-13 4.80E-12 

ENSMUSG00000044519 Zfp488 1.287034 8.797328 18.77743 1.28E-13 4.06E-12 

ENSMUSG00000018459 Slc13a3 1.282692 7.307251 15.48495 3.87E-12 6.89E-11 

ENSMUSG00000031596 Slc7a2 1.281547 7.889896 11.42317 6.88E-10 6.07E-09 

ENSMUSG00000037138 Aff3 1.27624 6.333024 14.789 8.62E-12 1.37E-10 

ENSMUSG00000020483 Dynll2 1.270426 8.204786 22.06712 7.04E-15 4.12E-13 
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ENSMUSG00000019978 Epb41l2 1.267994 8.688205 11.68853 4.70E-10 4.36E-09 

ENSMUSG00000060988 Galnt13 1.266971 6.464376 11.06939 1.15E-09 9.55E-09 

ENSMUSG00000044080 S100a1 1.26664 8.006229 16.59737 1.15E-12 2.46E-11 

ENSMUSG00000022040 Ephx2 1.263051 6.388889 10.35488 3.41E-09 2.49E-08 

ENSMUSG00000035551 Igfbpl1 1.261484 6.414184 11.60411 5.30E-10 4.84E-09 

ENSMUSG00000027584 Oprl1 1.261141 6.404045 12.84077 9.72E-11 1.10E-09 

ENSMUSG00000024302 Dtna 1.260948 8.993813 16.99951 7.51E-13 1.73E-11 

ENSMUSG00000025856 Pdgfa 1.260261 7.74593 18.19559 2.25E-13 6.40E-12 

ENSMUSG00000041625 Ggact 1.256771 7.652868 17.9828 2.77E-13 7.50E-12 

ENSMUSG00000006390 Elovl1 1.256697 8.175864 18.2995 2.03E-13 5.86E-12 

ENSMUSG00000034310 Tmem132d 1.256159 6.171688 12.75966 1.08E-10 1.19E-09 

ENSMUSG00000038349 Plcl1 1.255868 6.676965 20.0645 3.91E-14 1.60E-12 

ENSMUSG00000037031 Tspan15 1.249723 8.695531 21.0318 1.68E-14 8.14E-13 

ENSMUSG00000099384 1700110C19Rik 1.24723 5.995115 11.75477 4.28E-10 4.02E-09 

ENSMUSG00000026944 Abca2 1.245734 7.884235 27.60279 1.19E-16 2.09E-14 

ENSMUSG00000032549 Rab6b 1.241556 8.008028 13.44423 4.45E-11 5.60E-10 

ENSMUSG00000018849 Wwc1 1.240631 7.339368 11.29056 8.34E-10 7.17E-09 

ENSMUSG00000063446 Lppr1 1.237743 9.165679 15.88766 2.47E-12 4.66E-11 

ENSMUSG00000043259 Fam13c 1.236752 8.278476 18.35751 1.92E-13 5.63E-12 

ENSMUSG00000042364 Snx18 1.232089 8.946005 18.77686 1.28E-13 4.06E-12 

ENSMUSG00000031605 Klhl2 1.230754 7.550267 18.45451 1.75E-13 5.18E-12 

ENSMUSG00000020684 Rasl10b 1.230368 8.09323 17.71597 3.62E-13 9.29E-12 

ENSMUSG00000030917 Tmem159 1.227115 6.543795 11.83438 3.83E-10 3.65E-09 

ENSMUSG00000029413 Naaa 1.226351 7.902159 11.50267 6.13E-10 5.49E-09 

ENSMUSG00000034336 Ina 1.22463 8.638652 14.78279 8.68E-12 1.37E-10 

ENSMUSG00000020486 Sep-04 1.223901 6.918348 12.22601 2.22E-10 2.26E-09 

ENSMUSG00000018451 6330403K07Rik 1.213738 8.412696 13.91849 2.46E-11 3.36E-10 

ENSMUSG00000074093 Svip 1.210363 7.147567 15.09153 6.06E-12 1.01E-10 

ENSMUSG00000073805 Fam196a 1.20949 7.059253 11.4104 7.01E-10 6.17E-09 

ENSMUSG00000043913 Ccdc60 1.20413 5.600772 10.79497 1.74E-09 1.37E-08 

ENSMUSG00000072214 Sep-05 1.200639 8.860621 16.4057 1.41E-12 2.91E-11 

ENSMUSG00000067879 3110035E14Rik 1.200065 9.308233 10.70029 2.01E-09 1.56E-08 

ENSMUSG00000002997 Prkar2b 1.19931 7.478253 15.0332 6.48E-12 1.07E-10 

ENSMUSG00000031775 Pllp 1.196821 8.003243 9.968016 6.28E-09 4.23E-08 

ENSMUSG00000090546 Cdr1 1.194262 7.05278 9.509336 1.32E-08 8.08E-08 

ENSMUSG00000037410 Tbc1d2b 1.194041 7.073608 16.52998 1.23E-12 2.61E-11 

ENSMUSG00000025537 Phkg1 1.192913 6.277339 9.286314 1.92E-08 1.12E-07 

ENSMUSG00000001313 Rnd2 1.189954 8.746048 17.88348 3.06E-13 8.14E-12 

ENSMUSG00000079057 Cyp4v3 1.189423 6.920398 16.32984 1.53E-12 3.11E-11 

ENSMUSG00000045664 Cdc42ep2 1.187571 6.544617 11.26871 8.61E-10 7.36E-09 

ENSMUSG00000022323 Hrsp12 1.185027 8.395354 19.06419 9.78E-14 3.30E-12 

ENSMUSG00000091514 Gm17484 1.183904 5.851762 8.877631 3.84E-08 2.04E-07 

ENSMUSG00000015829 Tnr 1.183569 10.0256 10.29434 3.75E-09 2.71E-08 

ENSMUSG00000051065 Mb21d2 1.181353 8.23743 15.07296 6.19E-12 1.03E-10 

ENSMUSG00000027624 Epb41l1 1.175116 7.690798 18.98803 1.05E-13 3.47E-12 

ENSMUSG00000050808 Muc15 1.17468 4.98987 6.986131 1.27E-06 4.73E-06 

ENSMUSG00000027254 Map1a 1.172181 7.8988 17.85153 3.16E-13 8.35E-12 
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ENSMUSG00000024897 Apba1 1.171578 6.619601 11.65958 4.90E-10 4.50E-09 

ENSMUSG00000034926 Dhcr24 1.169264 9.126617 20.10907 3.76E-14 1.56E-12 

ENSMUSG00000038128 Camk4 1.166426 5.895887 10.61112 2.30E-09 1.76E-08 

ENSMUSG00000025314 Ptprj 1.16183 8.312959 16.16363 1.83E-12 3.58E-11 

ENSMUSG00000026879 Gsn 1.157784 7.798281 18.25235 2.13E-13 6.11E-12 

ENSMUSG00000037196 Pacrg 1.157175 7.291412 16.48197 1.30E-12 2.71E-11 

ENSMUSG00000097428 AW047730 1.157031 7.697743 14.77389 8.77E-12 1.39E-10 

ENSMUSG00000041119 Pde9a 1.156281 9.130832 15.18579 5.44E-12 9.26E-11 

ENSMUSG00000032086 Bace1 1.155742 8.017089 18.6436 1.46E-13 4.49E-12 

ENSMUSG00000022799 Arhgap31 1.153845 8.015193 18.80801 1.25E-13 3.98E-12 

ENSMUSG00000032487 Ptgs2 1.152282 6.505253 9.826215 7.88E-09 5.15E-08 

ENSMUSG00000020696 Rffl 1.152111 7.007892 19.30723 7.80E-14 2.76E-12 

ENSMUSG00000025880 Smad7 1.151779 6.389618 13.09214 6.99E-11 8.24E-10 

ENSMUSG00000036304 Zdhhc23 1.15014 5.519585 16.20927 1.74E-12 3.44E-11 

ENSMUSG00000056602 Fry 1.150128 6.642795 20.59302 2.45E-14 1.10E-12 

ENSMUSG00000000811 Txnrd3 1.148426 6.048315 19.62873 5.80E-14 2.16E-12 

ENSMUSG00000033720 Sfxn5 1.146772 9.236278 15.10942 5.94E-12 9.92E-11 

ENSMUSG00000058254 Tspan7 1.146541 10.51574 25.73522 4.29E-16 4.94E-14 

ENSMUSG00000025875 Tspan17 1.146102 7.540822 16.90237 8.31E-13 1.88E-11 

ENSMUSG00000034275 Igsf9b 1.142111 8.404871 15.68565 3.09E-12 5.72E-11 

ENSMUSG00000040659 Efhd2 1.140285 8.012137 20.45823 2.76E-14 1.22E-12 

ENSMUSG00000063873 Slc24a3 1.140187 7.897938 17.29561 5.53E-13 1.32E-11 

ENSMUSG00000063063 Ctnna2 1.139619 7.713957 14.76788 8.83E-12 1.39E-10 

ENSMUSG00000025085 Ablim1 1.139384 6.346865 17.69359 3.70E-13 9.47E-12 

ENSMUSG00000000197 Nalcn 1.137214 7.013963 16.0805 2.00E-12 3.86E-11 

ENSMUSG00000031840 Rab3a 1.133924 7.615576 18.99482 1.04E-13 3.47E-12 

ENSMUSG00000028399 Ptprd 1.132805 7.548922 11.5792 5.50E-10 5.00E-09 

ENSMUSG00000006586 Runx1t1 1.126513 6.622024 8.2453 1.17E-07 5.55E-07 

ENSMUSG00000040037 Negr1 1.124734 7.946313 16.40262 1.41E-12 2.91E-11 

ENSMUSG00000024140 Epas1 1.124202 7.486434 17.89334 3.03E-13 8.07E-12 

ENSMUSG00000053907 Mat2a 1.120385 10.79985 21.37884 1.25E-14 6.58E-13 

ENSMUSG00000037624 Kcnk2 1.118183 8.295828 14.27492 1.59E-11 2.29E-10 

ENSMUSG00000050121 Opalin 1.110753 6.277663 8.297372 1.07E-07 5.11E-07 

ENSMUSG00000050973 Gdpgp1 1.110078 6.502792 10.78668 1.76E-09 1.39E-08 

ENSMUSG00000048707 Tprn 1.109623 7.509345 16.88474 8.47E-13 1.90E-11 

ENSMUSG00000052504 Epha3 1.108999 6.455119 16.26407 1.64E-12 3.28E-11 

ENSMUSG00000051062 Fbll1 1.104995 6.828821 11.81384 3.94E-10 3.74E-09 

ENSMUSG00000021779 Thrb 1.103716 6.684698 14.55298 1.14E-11 1.71E-10 

ENSMUSG00000051048 P4ha3 1.103015 6.934048 10.0237 5.74E-09 3.91E-08 

ENSMUSG00000062661 Ncs1 1.102077 6.334042 19.6756 5.56E-14 2.11E-12 

ENSMUSG00000079588 Tmem182 1.100898 5.440438 9.391448 1.61E-08 9.58E-08 

ENSMUSG00000046598 Bdh1 1.100289 7.70746 16.1887 1.78E-12 3.50E-11 

ENSMUSG00000032537 Ephb1 1.097622 7.582877 15.96707 2.26E-12 4.32E-11 

ENSMUSG00000096841 Gm25596 1.095863 6.522761 9.35216 1.72E-08 1.02E-07 

ENSMUSG00000079598 Clec2l 1.095123 6.223014 10.15714 4.65E-09 3.25E-08 

ENSMUSG00000034993 Vat1 1.092279 8.375015 16.34713 1.50E-12 3.07E-11 

ENSMUSG00000028393 Alad 1.091665 7.861188 15.76965 2.81E-12 5.24E-11 
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ENSMUSG00000035093 Secisbp2l 1.090389 9.164672 18.50821 1.66E-13 4.97E-12 

ENSMUSG00000001025 S100a6 1.089265 6.016568 9.00322 3.09E-08 1.69E-07 

ENSMUSG00000030711 Sult1a1 1.088313 6.311604 11.25082 8.84E-10 7.54E-09 

ENSMUSG00000032350 Gclc 1.087877 8.594716 23.26243 2.70E-15 1.93E-13 

ENSMUSG00000050953 Gja1 1.087488 9.968138 10.05334 5.48E-09 3.75E-08 

ENSMUSG00000032348 Gsta4 1.084607 8.626937 21.01641 1.70E-14 8.18E-13 

ENSMUSG00000019970 Sgk1 1.0841 7.990542 13.76524 2.97E-11 3.96E-10 

ENSMUSG00000074657 Kif5a 1.083595 6.875715 13.75242 3.02E-11 4.02E-10 

ENSMUSG00000071176 Arhgef10 1.079519 7.090875 13.67576 3.32E-11 4.36E-10 

ENSMUSG00000021259 Cyp46a1 1.076677 7.384198 12.07614 2.73E-10 2.71E-09 

ENSMUSG00000041193 Pla2g5 1.075979 5.990589 10.24828 4.03E-09 2.87E-08 

ENSMUSG00000040972 Igsf21 1.075401 7.704825 15.52992 3.68E-12 6.66E-11 

ENSMUSG00000062753 AI413582 1.074802 7.023101 11.80299 4.00E-10 3.79E-09 

ENSMUSG00000031137 Fgf13 1.073378 6.548251 13.05627 7.33E-11 8.58E-10 

ENSMUSG00000039529 Atp8b1 1.072498 5.384369 7.074446 1.06E-06 4.03E-06 

ENSMUSG00000047037 Nipa1 1.070143 7.397401 19.3722 7.34E-14 2.63E-12 

ENSMUSG00000032204 Aqp9 1.069944 6.137589 12.80236 1.02E-10 1.14E-09 

ENSMUSG00000024065 Ehd3 1.066409 8.771787 19.03008 1.01E-13 3.39E-12 

ENSMUSG00000015994 Fnta 1.063563 8.716136 17.77106 3.42E-13 8.88E-12 

ENSMUSG00000057134 Ado 1.063132 8.05444 17.18925 6.17E-13 1.46E-11 

ENSMUSG00000037656 Slc20a2 1.059794 9.24308 23.31285 2.60E-15 1.87E-13 

ENSMUSG00000035189 Ano4 1.05941 5.851284 13.11358 6.80E-11 8.08E-10 

ENSMUSG00000019146 Cacng2 1.056422 6.308874 14.22454 1.69E-11 2.42E-10 

ENSMUSG00000034981 Parm1 1.05482 6.483781 12.05399 2.82E-10 2.79E-09 

ENSMUSG00000042066 Tmcc2 1.052305 6.850851 14.02621 2.15E-11 2.99E-10 

ENSMUSG00000061436 Hipk2 1.052265 9.638658 20.36634 2.99E-14 1.31E-12 

ENSMUSG00000047632 Fgfbp3 1.050348 7.637701 14.71272 9.43E-12 1.47E-10 

ENSMUSG00000025352 Gdf11 1.049737 8.135497 19.47552 6.68E-14 2.43E-12 

ENSMUSG00000017943 Gdap1l1 1.048935 8.032926 15.72159 2.97E-12 5.51E-11 

ENSMUSG00000029123 Stk32b 1.048647 5.489553 7.33714 6.39E-07 2.55E-06 

ENSMUSG00000029861 Fam131b 1.045848 6.708056 15.2261 5.19E-12 8.91E-11 

ENSMUSG00000026360 Rgs2 1.045556 7.817806 15.26563 4.96E-12 8.59E-11 

ENSMUSG00000037827 Gm5884 1.040017 8.949242 17.53351 4.34E-13 1.08E-11 

ENSMUSG00000021508 Cxcl14 1.039719 7.235617 14.70697 9.49E-12 1.48E-10 

ENSMUSG00000022456 Sep-03 1.035478 9.324904 26.35285 2.78E-16 3.53E-14 

ENSMUSG00000044433 Camsap3 1.035315 6.231856 16.49052 1.28E-12 2.69E-11 

ENSMUSG00000039278 Pcsk1n 1.030226 7.523919 15.8912 2.46E-12 4.66E-11 

ENSMUSG00000041556 Fbxo2 1.029786 7.82372 10.65258 2.16E-09 1.66E-08 

ENSMUSG00000045180 Shroom2 1.02877 7.83516 18.00848 2.70E-13 7.38E-12 

ENSMUSG00000040797 Iqsec3 1.027798 6.534374 11.48477 6.29E-10 5.62E-09 

ENSMUSG00000033105 Lss 1.026592 8.251046 9.097455 2.63E-08 1.48E-07 

ENSMUSG00000060716 Plekhh1 1.026587 7.101027 11.07421 1.15E-09 9.49E-09 

ENSMUSG00000024347 Psd2 1.026425 7.273617 9.558469 1.22E-08 7.53E-08 

ENSMUSG00000047787 Flrt1 1.024799 6.329296 8.016794 1.78E-07 8.04E-07 

ENSMUSG00000021700 Rab3c 1.024557 6.804143 9.291246 1.90E-08 1.11E-07 

ENSMUSG00000051951 Xkr4 1.023299 6.150288 10.81092 1.70E-09 1.34E-08 

ENSMUSG00000039037 St6galnac5 1.022645 6.082872 9.046078 2.87E-08 1.59E-07 
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ENSMUSG00000022840 Adcy5 1.020062 6.75294 10.78977 1.75E-09 1.38E-08 

ENSMUSG00000029053 Prkcz 1.018899 6.51642 10.88185 1.53E-09 1.22E-08 

ENSMUSG00000017978 Cadps2 1.018476 5.793684 8.565394 6.62E-08 3.32E-07 

ENSMUSG00000041911 Dlx1 1.017335 6.411817 10.51514 2.66E-09 2.00E-08 

ENSMUSG00000021710 Nln 1.017206 8.293865 14.7933 8.57E-12 1.36E-10 

ENSMUSG00000010086 Rnf112 1.016677 5.716916 12.25363 2.14E-10 2.19E-09 

ENSMUSG00000031934 Panx1 1.013847 8.177429 15.29081 4.82E-12 8.38E-11 

ENSMUSG00000064246 Chil1 1.01091 5.9831 11.11827 1.07E-09 8.92E-09 

ENSMUSG00000022742 Cpox 1.008299 8.017511 14.18485 1.77E-11 2.51E-10 

ENSMUSG00000040447 Spns2 1.006716 7.099829 19.51753 6.42E-14 2.37E-12 

ENSMUSG00000028385 Snx30 1.004358 7.487576 15.8834 2.48E-12 4.68E-11 

ENSMUSG00000026080 Chst10 1.003907 7.263901 18.05124 2.59E-13 7.11E-12 

ENSMUSG00000036585 Fgf1 1.002505 7.79836 11.80052 4.01E-10 3.80E-09 

ENSMUSG00000038552 Fndc4 1.00224 8.334097 19.47386 6.69E-14 2.43E-12 

ENSMUSG00000001227 Sema6b 1.001871 6.482254 17.21507 6.01E-13 1.42E-11 

 

 

Supplementary Table 3.4: Mosaic deregulated genes in Neurospheres 

Gene Gene Location Cell Component Functions Pathways 
Neurological 

Disorders 

4930448h16ri

k 

Chromosome 5 

(predicted 
cDNA) 

- - - - 

scn1b Chromosome 7 

Extracellular region, 

plasma membrane, 
T-tubule, voltage-

gated sodium 

channel component, 
node of Ranvier 

Sodium channel b1-

subunit, generalised 
epilepsy, axon guidance, 

L1CAM interactions, 

sodium channel regulator 
activity, cardiac 

contraction, cell 

adhesion, membrane 
depolarisation, neuron 

action potential 

propagation, synaptic 
transmission 

Voltage-gated 

sodium channel 
activity 

Generalized 
epilepsy with 

febrile seizures 

plus, type 1 

chrnb2 Chromosome 3 

Cell junction, 

external side of 

plasma membrane, 
integral component 

of membrane, 

postsynaptic 
membrane, plasma 

membrane, 

acetylcholine-gated 
channel complex 

acetylcholine binding, 

drug binding, ligand-
gated ion channel 

activity, protein binding, 

action potential, 
learning and memory, 

response to nicotine, 

calcium ion transport, 
axiogenesis, cognition, 

membrane 

depolarisation, synaptic 
transmission, circadian 

cycle, dendrite 

morphogenesis 

acetylcholine 
receptor activity, 

acetylcholine-

activated cation-
selective channel 

activity 

Epilepsy, 
nocturnal frontal 

lobe, 3 

cep152 Chromosome 2 

Centriole, 
centrosome, cytosol, 

nucleoplasm, 

pericentriolar 
material 

Impaired centriole 
duplication resulting in 

delayed proliferation, 

centriole formation, 
mitotic cell cycle, protein 

binding, cell projection 
organisation, organelle 

organisation 

Regulation of 

PLK1 activity at 

G2/M transition 

Seckel syndrome 
5, microcephaly 9 

primary 

autosomal 
recessive 

galk1 Chromosome 11 

Cytoplasm, cytosol, 

extracellular 

exosome, membrane 

ATP binding, galactose 

binding, carbohydrate 
metabolic processes, 

galactose metabolic 

process, small molecule 
metabolic process, 

cataracts 

galactokinase 
activity 

- 

ldlrap1 Chromosome 4 
Axon, basal plasma 

membrane, 
Regulates ROMK 
potassium channel 

AP-2 adaptor 
complex binding, 

- 
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cytoplasmic side of 
plasma membrane, 

cytosol, early 

endosome, 
neurofilament, 

recycling endosome 

endocytosis, cell cycle 
progression, cell 

proliferation, 

endocytosis, LDL 
mediated lipid transport, 

metabolism of lipids and 

lipoproteins receptor 
mediated endocytosis 

beta-amyloid 
binding, clathrin 

adaptor activity, 

phosphatidylinosit
ol-4,5,-

biphosphate 

binding, 
signalling adaptor 

activity, 

thbs1 Chromosome 2 

Cell surface, ER, ER 

lumen, external side 
of plasma 

membrane, 

extracellular 
exosome, ECM 

ECM receptor 

interaction, ECM 
organisation, focal 

adhesion, inflammatory 
response pathway, 

cancer, metabolism of 

proteins, phagosome, 
activation of MAPK 

activity, cell adhesion, 

cell migration, cellular 
response to heat, 

immune and 

inflammatory response, 
regulation of 

angiogenesis, regulation 

of apoptosis, 
synaptogenesis through 

neuroligin 1, neuronal 

migration 

PI3K-Akt 

signalling 
pathway, Rap1 

signalling 

pathway, TGF-
beta signalling 

pathway, p53 

signalling, cGMP-
mediated 

signalling, STAT3 

regulated 
expression 

Autism Spectrum 
disorder, 

Alzheimer’s 

disease 

gm26755 
Chromosome 2, 
predicted gene 

- - - - 

galm Chromosome 17 

Cytoplasm 

extracellular 
exosome 

Galactose metabolism, 

glycolysis/gluconeogenes
is, metabolic pathways 

- - 

kdelr3 Chromosome 15 
ER membrane, 

Integral component 

of membrane 

IRE-I mediated unfolded 

protein response, 

cellular protein 
metabolic process, 

protein retention in ER 

lumen, Vesicle-mediated 
protein transport 

- - 

pbx4 Chromosome 8 XY body, nucleus 

Hox cofactor, regulation 

of transcription, 
transcription from RNA 

polymerase II promoter, 

transcription factor 
activity, 

spermatogenesis, 

hindbrain development 

- - 

Klf10 

 

Chromosome 

15 
nucleus 

Pancreatic cancer, 

proliferation of tumour 
cells, cell-cell signalling, 

regulation of circadian 

rhythm, regulates 
osteoblast 

differentiation, Meth 

addiction 

TGF-beta 

signalling, Wnt-

PCP-JNK 
pathway. WNT 

signalling in 

cardiac aortic 
valves, EGF 

signalling, BMP2 

signalling 
 

- 

kcnj2 Chromosome 11 

Golgi apparatus, T-

tubule, dendritic 

spine, integral 
component of 

plasma membrane, 

neuronal cell body, 

plasma membrane, 

voltage gated 
potassium channel 

complex, ER 

Osteoblastogenesis, 

activation of G protein 

gated potassium 
channels, activation of 

GABAB receptors, 

phosphatidylinositol-4,5-
bisphosphate binding, 

voltage-gated potassium 

channel activity in 

cardiac muscle, cardiac 

contraction, membrane 
repolarisation during 

action potential, 

relaxation of skeletal 
muscle, synaptic 

transmission 

Ras/MAPK 

pathway 

Autism-epilepsy 

phenotype in short 

QT3 syndrome 

zc3hav1l Chromosome 6    - 

mir674 Chromosome 2    - 

loxl1 Chromosome 9 
ECM, basement 

membrane, 

extracellular region, 

Cross-linking collagen 
and elastin, notochord 

development, Glaucoma, 

- - 
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copper ion binding, 
aorta development, ECM 

organisation, oxidation-

reduction process 

anxa2 Chromosome 9 

PCSK9-AnxA2 

complex, basement 

membrane, cell 
cortex, cell surface, 

cytosol, early 
endosome, 

extracellular 

exosome, extrinsic 
component of 

plasma membrane, 

lipid particle, 
lysosomal 

membrane, 

melanosome, 
secretory vesicles, 

GABAergic 

interneurons, 
growth cones 

Calcium dependent 
phospholipid-binding 

protein, cell growth, 

signal transduction, 
cytoskeletal protein 

binding, 

phosphatidylinositol-4,5-
bisphosphate binding, 

angiogenesis, body fluid 
secretion, regulation of 

receptor activity, thyroid 

hormone response, 
fibroblast proliferation, 

protein phosphorylation, 

osteoclast development, 
muscle contraction, 

membrane raft assembly, 

stabilise microtubule-
associated tau protein in 

cortical neurons, , 

tumours malignancy, 
endo-and exocytosis, 

forms a heterotretamer 

(P36 and P11), neurite 
outgrowth, induced after 

seizure, actin bundling 

Rab GTPase 

binding, S100 
protein binding 

Dementia 

sycp2l Chromosome 13 nucleoplasm Reproductive ageing  - 

gm11772 
Chromosome 
11, predicted 

gene 

- - - - 

4631405j19ri

k 

Chromosome 2, 

non-coding 
RNA 

- - - - 

timp1 Chromosome X 

Basement 

membrane, 

extracellular 
exosome, 

extracellular region, 

proteinaceous ECM, 

Promotes cell 

proliferation, anti-
apoptotic effect, is 

expressed from some 

inactive X-chromosomes 
(polymorphic), cancer, 

activation of matrix 

metalloproteinases, 
ECM organisation and 

maintenance, cytokine 

activity, growth factor 
activity, 

metalloendopeptidase 

inhibitor activity, aging, 
blood coagulation, 

cartilage development, 

trophoblast cell 
migration, platelet 

activity, hNSC adhesion 

and migration, 
cytoskeletal 

reorganisation 

HIF-1 signalling, 

IL6 signalling, 

regulation of 
integrin mediated 

signalling, Wnt/b-

catenin signalling 

Febrile Seizures 

lmnb2 Chromosome 10 

Laminin filament, 

nuclear inner 

membrane 

Laminin protein, makes 
up the matrix, gastric 

cancer, KO mouse have 

increased cortical 
neurons with elongated 

nuclei, conditional 

forebrain KO mice have 

disorganised cortex 

Caspase cascade 
in apoptosis, FAS 

pathways and 

Stress induction of 
HSP regulation 

epilepsy 

progressive 

myoclonic 9 

rpp40 Chromosome 13 

Nuclear 

ribonuclease P 
complex, 

nucleoplasm, 

nucleus 

Ribonuclease subunit, 

RNA phosphodiester 
bond hydrolysis, gene 

expression, tRNA 

processing 

Ribonuclease P 

activity 
- 

celsr3 Chromosome 9 

Integral component 

of membrane, 
plasma membrane 

Cadherin, contact-
dependant neurite 

growth, tumour 

formation, G-protein 
coupled receptor 

activity, calcium ion 

binding, planar cell 

WNT/PCP 
signalling 

pathway, G-

protein coupled 
receptor 

signalling 

pathway 

early infantile 
epileptic 

encephalopathy, 

global 
developmental 

delay, and 

cerebellar atrophy 
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polarity, axonal 
fasciculation, cilium 

assembly, neuronal 

migration, regulation of 
protein localisation and 

phosphorylation, 

interneuron migration 

nrp2 Chromosome 1 

Extracellular 

region, integral 
component of 

membrane, 

membrane, plasma 
membrane, 

semaphorin receptor 

complex 

Cancer, cardiovascular 
development, axon 

guidance, tumorigenesis, 

L1CAM interactions, 
signal transduction, 

cytokine binding, growth 
factor binding, heparin 

binding, receptor 

activity, semaphoring 
receptor activity, 

angiogenesis, cell 

adhesion, endothelial 
cell migration, 

endothelial cell 

proliferation, 
hippocampal-dependant 

memory, motor function, 

neural crest cell 
migration 

Binds to the 
SEMA3C protein 

and the SEMA3F 
protein and 

interacts with 

VEGF, 
semaphoring-

plexin signalling 

pathway in neuron 
projection 

Autism 

rras Chromosome 7 

Extracellular 
exosome, focal 

adhesion, 
intracellular, 

plasma membrane 

Small GTPase, 

angiogenesis, vascular 

homeostasis and 
regeneration, cell 

adhesion, neuronal axon 

guidance, cancer, 
activation of NMDA 

receptor upon glutamate 

binding and postsynaptic 
event, regulation of the 

actin cytoskeleton, GDP 

binding, GTP binding, 
GTPase activity, Ras 

protein signal 
transduction, face 

morphogenesis, 

leukocyte differentiation, 
cell migration, 

regulation of ERK1 and 

ERK2 cascade, synaptic 
transmission, interacts 

with afaidn an actin 

binding protein in 
neurons 

CREB 

phosphorylation, 
EPHB forward 

signalling, G-

protein signalling 
pathway, MAPK 

signalling, 
Phospholipase D 

signalling, Rap1 

signalling 
pathway, Ras 

signalling 

pathway 

- 

gata4 Chromosome 14  Cancer  - 

tectb 

 
Chromosome 19 

Anchored 

component of 
membrane, plasma 

membrane, 

proteinaceous ECM 

Sensory perception of 

sound, 
 - 

 

 

Supplementary Table 3.5: Mosaic deregulated genes in differentiated neurospheres 
Gene 
 

Gene Location Cell 

Component 

Functions Pathways Neurological 

Disorders 

Mat1a 

 

Chromosome 14 cytosol Cellular amino acid metabolic 

processes, 

methylation, hypermethioninemia

, demyelination 

ATP binding, 

methionine 

adenosyltransferase 

activity 

Methionine 

adenosyltransferas

e deficiency 

Gprin3 

 

Chromosome 6 ?  Homolog regulates neuronal 

outgrowth and implicated in Rett 
syndrome, NMDAR subunit gene, 

possible association with 

schizophrenia and ASD, 
malignant melanoma 

NMDA signalling, 

iGlutamate receptor, 
calcium mediated 

signalling 

Autism Spectrum 

disorder, 
Schizophrenia 

Hfe 

 

Chromosome 13 NOT MHC 

class I protein 
complex, apical 

part of the cell, 

basal part of the 

Iron homeostasis, regulation of 

gene expression, regulates iron 
absorption, brain tumour, 

Parkinson’s disease, T-cell 

cytokine production 

Hormone 

biosynthetic 
processes, beta-2-

microglobulin 

binding, receptor 

Alzheimer’s 

Disease, 
Parkinson’s 

Disease, Autism 

Spectrum Disorder 
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cell, 
cytoplasmic 

vesicle, early 

endosome, 
perinuclear 

region of the 

cytoplasm, 
recycling 

endosome 

binding, protein 
binding, BMP 

signalling pathway 

Slc12a5 

 

Chromosome 2 Cell projection, 

dendrite 
membrane, 

integral 
component of 

plasma 

membrane, 
integral 

component of 

membrane, 
neuronal cell 

body 

GABAergic synapse, 

transmembrane transport of 
small molecules, chloride 

transmembrane transport, 
dendritic spine development, 

synaptic transmission, iron 

transport, learning, potassium 
ion transport, epilepsy, brain 

tumours, GABA switch from 

excitation to inhibition, regulated 
by MeCP2 (rett syndrome) 

 

Potassium chloride 

symporter activity, 
chloride 

transmembrane 
transporter activity, 

potassium chloride 

co-transporter, 
regulates GABA-A? 

Early infantile 

epileptic 
encephalopathy-

34, Idiopathic 
Generalized 

Epilepsy 14, 

Autism Spectrum 
Diosrder 

Stx3 

 

Chromosome 19 SNARE 

complex, apical 
plasma 

membrane, 

growth cone, 

synaptic vesicle, 

cell-cell 

junction, 
dendrite, 

extracellular 

exosome, 
growth cone, 

lamellipodium, 

neuron 
projection,  

SNARE interactions in vesicular 

transport, synaptic vesicle cycle, 
intracellular protein transport, 

long-term synaptic potentiation, 

neuron projection development, 

regulation of cell-cell adhesion, 

regulation of cell proliferation, 

protein localisation to plasma 
membrane, synaptic vesicle 

docking,  

Synaptic vesicle 

pathway  

Congenital 

cataract with 
developmental 

delay 

Acsl1 

 

Chromosome 8 Membrane, 

mitochondrion, 
integral 

component of 

membrane, 
plasma 

membrane, 

mitochondrial 
outer 

membrane, 

endoplasmic 
reticulum 

membrane 

Metabolism of lipids and 

lipoproteins, ATP binding, long-
chain fatty acid-CoA ligase 

activity, 

Lipid biosynthesis, 

fatty acid 
degradation, 

adipocytokine 

signalling pathway, 
metabolic pathway, 

PPAR signalling 

pathway 

- 

Jrk 
 

Chromosome 15 Nucleus, 
cytoplasm, 

ribonucleoprote

in complex 

Nucleic acid binding, DNA 
binding, mRNA binding 

WNT signalling 
through b-catenin 

Epilepsy 

Pcsk5 
 

Chromosome 19 Golgi 
apparatus, 

Golgi Lumen, 

extracellular 
space, integral 

component of 

membrane, 
secretory 

granule 

Signalling by NGF, peptidase 
activity, anterior/posterior 

patterning, embryo implantation, 

membrane-cytoskeletal 
reorganisation 

NGF processing, 
cytokine biosynthetic 

pathway, 

neurotrophin TRK 
receptor signalling 

pathway, BMP-2 

signalling pathway 

- 

St18 
 

Chromosome 1 nucleus Apoptosis, regulation of 
transcription from an RNA 

polymerase II promoter, breast 

cancer, regulates TNF-alpha, IL-

1alpha and IL-6, overexpression 

results in increased 

differentiation of PC12 neuronal 
cells 

DNA binding, 
transcription factor 

activity, zinc ion 

binding,  

- 

Phf13 

 

Chromosome 4 Nucleus, 

nucleoplasm 

Chromatin binding, methylated 

histone binding, zinc ion binding, 
cell division, chromatin 

modification, chromosome 

segregation, mitotic cell cycle, 
ovarian cancer 

 - 

Far1 

 

Chromosome 7 Integral 

component of 

membrane, 

Metabolism of lipids and 

lipoprotein, fatty-acyl-CoA 

reductase (alcohol-forming) 

Plasmalogen 

biosynthesis, 

glycerophospholipid 

Peroxisomal fatty 

acyl-coa reductase 

1 disorder 
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peroxisomal 
matrix, 

peroxisomal 

membrane 

activity, severe intellectual 
disability, epilepsy, cataracts 

biosynthetic 
processes, wax 

biosynthetic 

processes, 
oxidation-reduction 

processes, fatty 

alcohol synthesis 

Jpx 
 

Chromosome X, 

non-protein 
coding 

- 

Positive regulator of 

transcription from the RNA 
polymerase II promoter 

Regulation of 
dosage 

compensation by 

regulation of XCI 

- 

Rin2 

 

Chromosome 2 cytoplasm Small GTPase involved in 

membrane trafficking in the early 

endocytic pathway. Endocytosis 
of E-cadherin, connective tissue 

disorder, endocytosis, regulation 

of catalytic activity, RAS 
interactor, MACS syndrome 

(macrocephaly) 

GTPase regulator 

activity, small 

GTPase mediated 
signal transduction, 

Rab guanyl-

nucleotide exchange 
factor activity  

Neurometabolic 

cutis laxa 

 

Tmem87b 
 

Chromosome 2 Integral 
component of 

membrane 

- - - 

Cdkn1c 

(p57) 

Chromosome 7 Cytoplasm, 

nucleus 

Imprinted gene preferentially 

expressed from maternal allele, 
negative regulator of cell 

proliferation, regulation of 

mitotic cell cycle, multiple organ 
development, regulates radial 

glial and intermediate precursor 

cell cycle dynamic and lower 
layer neurogenesis in the 

developing cortex, differentiation 

and migration of cortical 
progenitors, cancers 

G1 to S cell cycle 

control, cell cycle, 
cyclin-dependent 

protein 

serine/threonine 
kinase inhibitor 

activity, TGF-beta 

receptor signalling 

Beckwith-

Wiedemann 
syndrome 

Sdsl 

 

Chromosome 5 Extracellular 

exosome, 
mitochondria 

Biosynthesis of amino acids, L-

serine degradation, metabolic 
pathways 

Cellular amino acid 

metabolic processes 

- 

Ankrd34a Chromosome 3 - - - - 

Crtac1 

Chromosome 19 Extracellular 

exosome, 
growth cone, 

proteinaceous 

extracellular 
matrix 

Calcium ion binding, protein 

binding, axonal fasciluation, 
negative regulation of receptor 

binding, olfactory bulb 

development, functions in axon 
bundling by Nogo66/Ngr1-

induced repulsive signalling, 

chrondrogenesis NOGO receptor 
agonist 

- - 

Gnb4 

Chromosome 3 Extracellular 

exosome, 
lysosomal 

membrane, 

myelin sheath, 
plasma 

membrane 

Dompinamergic synapse, 

substantia nigra development, 
GTPase activity, cellular 

response to glucagon stimulus, 

small molecule metabolic 
processes  

G-coupled protein 

receptor signalling 

charcot marie-

tooth syndrome 

C230037L1

8Rik 

Chromosome 15 - - - - 

Tmem123 

Chromosome 9 Integral 

component of 

the membrane, 
external side of 

plasma 

membrane 

Cell surface receptor that 

mediates cell death (oncosis) 

- - 

Clvs1 

Chromosome 4 Clathrin-coated 
vesicles, early 

endosome 
membrane, 

endosome, 

trans-golgi 
network 

Lysosome vesicle biogenesis, 
membrane trafficking, vesicle-

mediated transport, trans-golgi 
network, lysosome organisation, 

membrane organisation, neuron-

specific regulation of late 
endosome/lysosome morphology, 

carcinoma 

Phosphatidylinositol
-3,5-bisphosphate 

binding 

- 

Sik2 

Chromosome 9 Cytoplasm, 

nucleus 

Mitotic progression and 

transcription in prostate cancer, 
required for bipolar mitotic 

spindle formation, negative 

regulator of CREB1 activity, cell-
proliferation and stress response, 

cancer, ATP binding, protein 

binding, protein serine/threonine 

Insulin receptor 

signalling pathway, 
intracellular signal 

transduction, 

protein 
phosphorylation, 

TORC inactivation 

- 
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kinase activity, roles in neuronal 
survival 

Piwil2 

Chromosome 14 P granule, 

chromatoid 

body, 
cytoplasm, pi-

body, polysome 

Function in generation and 

maintenance of germ line stem 

cells, regulates tumour cell 
proliferation and F-actin 

filaments through upregulation of 

c-myc and RhoA, dorsal-ventral 
axis formation, Gene expression, 

meiotic cell cycle, oogenesis, 

spermatogenesis 

TGF-beta 

signalling, piRNA 

metabolic processes 

- 

Tm4sf1 

Chromosome 3 Integral 

component of 

plasma 
membrane 

Androgen receptor target gene in 

prostate cancer and involved in 

cell migration, endothelial cell 
migration, cancer, negative 

regulator of apoptosis 

- - 
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Supplementary Figure 5.1 Morphological changes in hESCs during cortical neuronal 

differentiation.  A) and B) show representative phase-contrast images of the hESC cultures at 

key developmental stages of the differentiation protocol. Images acquired at 40X magnification.  
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Supplementary Figure 5.2 Characterisation of the optimised monolayer dual-SMAD 

inhibition cortical differentiation protocol using qRT-PCR analysis. Heat-map illustrating 

mRNA expression changes of key developmental genes across the optimised cortical 

differentiation protocol. Red shade, high expression level. Green shade, low expression level. 

White shade is data not collected. Numbers indicate the fold change in mRNA expression 

relative to the day 70 neurons, except for the pluripotency marker genes and PAX6 which were 

normalised relative to the neuroepithelial sheet. A) Expression data collected from 3 

independent hiPSC differentiation experiments and 2 independent hESC differentiation 

experiments and the averages combined.  B) Expression data collected 2 independent hESC 

differentiation experiments C) Expression data collected from 3 independent hiPSC 

differentiation experiments.  
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