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Abstract                                         

Parkinson’s disease (PD) is a common neurological disease characterised by progressive degeneration 

of substantia nigra dopamine neurons and the deposition of intracellular proteinacious aggregates called 

Lewy bodies. Reprogramming technology holds great promise for the study and treatment of PD, as 

patient-specific ventral midbrain dopamine (vmDA) neurons can be generated in a dish. This should 

facilitate the investigation of early changes occurring during PD pathogenesis, allowing for the 

identification of new drug targets and providing a platform for drug screening. To date, most research 

using reprogramming technology to study PD has been conducted on induced pluripotent stem cells. 

Research into PD using direct reprogramming has been limited, primarily due to an inability to generate 

high yields of authentic human vmDA neurons. Nevertheless, direct reprogramming offers a number of 

advantages, and development of this technology is warranted. A method to directly reprogram adult 

human dermal fibroblasts into induced neural precursors (iNPs) by non-viral SOX2/PAX6 transfection 

was developed in our laboratory. This thesis aimed to investigate if vmDA neurons could be generated 

from iNPs. First, the regional identity of iNPs was investigated by examining temporal changes in gene 

expression through quantitative real-time PCR and immunocytochemistry. Overall, iNPs showed a mixed 

regional identity, with widespread expression of the anterior neuroepithelial markers SOX1, PAX6 and 

FOXG1. There was limited expression of most of the vmDA markers examined, however some late 

markers were expressed, including NURR1 and PITX3. Next, iNPs were differentiated to a neuronal fate 

with or without exposure to the patterning molecules SHH/FGF8, and it was found that established iNPs 

did not respond to patterning cues. Subsequently, a series of experiments was performed to investigate 

if temporal exposure to a range of patterning factors during the reprogramming process, and/or exposure 

to vmDA-related transgenes, could induce a vmDA iNP fate. Ultimately, these strategies did not prove 

effective at inducing an authentic vmDA iNP fate. Nevertheless, this thesis reports for the first time that 

iNPs, which have been reprogrammed from adult human cells using non-viral expression of lineage-

specific factors, can give rise to dopamine neuronal-like cells that express TH, AADC, VMAT2, DAT and 

GIRK2. 
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 Introduction 

Recent progress in the field of somatic cell reprogramming offers exciting new possibilities for the study 

and treatment of a diverse range of diseases. Age-related neurodegenerative diseases such as 

Parkinson’s disease (PD) are especially set to benefit from the newfound ability to generate human 

neurons in a dish. This technology opens up opportunities for disease modelling, drug screening, cell-

based therapies and personalised medicine. Since the earliest reports of the application of 

reprogramming techniques to model PD in 2011, studies have developed in complexity, from proof-of-

principle experiments to in-depth studies employing multiple types of animal and cellular models to 

uncover the mechanisms underlying PD pathogenesis. Currently, embryonic stem cell-based therapies 

for PD are approaching clinical trials. Reprogramming offers unprecedented access to live, human 

dopamine neurons in vitro, and the possibilities for the future of the treatment of PD are vast.  

Reprogramming technology offers the ability to tease apart the diverse contributing risk factors for PD 

pathogenesis. The contribution of genetics may be uncovered by using patient-specific cells, or by taking 

advantage of new gene editing technologies to generate isogenic cell lines. This means mutations of 

interest can be studied in isolation, or with the relevant genetic background of a particular individual. The 

effect of ageing can now be studied by looking at the development of disease phenotypes in cells over 

time in culture, or, by overexpressing age-inducing genes. The contributions of environmental toxins can 

be investigated by acute or chronic exposure to high or low dose neurotoxins. Together, these tools offer 

an exciting array of possibilities to uncover the interactions of PD risk factors on disease development. 

When used in conjunction with other model systems, reprogramming technology will surely contribute to 

an improved understanding of PD pathogenesis.  

In addition to disease modelling, reprogrammed neurons derived from PD patients offer a platform for 

the screening of therapeutic drug candidates. Another important application of this technology is the 

derivation of neural cells for cell-based therapies. Reprogramming offers the potential for personalised 

medicine, as autologous transplants could potentially be performed. Additionally, the efficacy of 

prospective drugs could be tested on patient-specific cells.  

To date, most research using reprogramming technology to study PD has been conducted on induced 

pluripotent stem (iPS) cell lines. Research into PD using direct reprogramming has been limited, primarily 

due to the lack of ability to generate authentic human ventral midbrain dopamine (vmDA) neurons in 

large numbers. The aim of this chapter is to provide a detailed overview of the field of reprogramming to 

date, with a specific focus on PD.  
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 Parkinson’s disease background 

PD is a common neurodegenerative disease affecting 0.3% of the entire population, and 1% of people 

over the age of 60 [1]. Clinical diagnosis of PD relies on the presence of at least two of the following 

cardinal symptoms: resting tremor, bradykinesia, rigidity and postural imbalance. Confirmation of PD 

requires post-mortem examination to determine whether Lewy body pathology exists. Additional clinical 

characteristics of PD include asymmetric onset and good response to levodopa treatment. Non-motor 

symptoms include autonomic dysfunction, depression, sleep disturbances, sensory abnormalities and 

cognitive impairment [2]. Dopamine replacement therapy is the mainstay treatment for PD, with 

levodopa, a precursor for dopamine synthesis, effectively treating motor symptoms. Unfortunately, the 

efficacy of levodopa wears off with long-term use, and after several years of treatment, most patients 

develop involuntary movements called dyskinesias. Other treatments include dopamine agonists, 

peripheral decarboxylase inhibitors, catechol-O-methyl transferase inhibitors and monoamine oxidase B 

inhibitors. While some drugs have shown indications of slowing disease progression, none are yet 

confirmed to be disease modifying [3, 4].  

The key pathological features of PD are the degeneration of substantia nigra dopamine (snDA) neurons 

as well as the accumulation of proteinacious aggregates called Lewy bodies (Figure 1.1), however other 

cell types are also affected in PD [5]. In the midbrain, dopamine neurons of the ventral tier of the 

substantia nigra are the most susceptible to degeneration, followed by dopamine neurons of the dorsal 

tier, while dopamine neurons of the ventral tegmental area (VTA) are relatively resistant [6]. 
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Figure 1.1: Brain Pathology of PD 
(A) Pigmented neurons in the substantia nigra pars compacta (SNpc) project to the putamen and caudate nucleus 
(red). (B) In PD, SNpc neurons degenerate, resulting in reduced pigmentation in the SNpc, and a loss of dopamine 
release in the putamen, and to a lesser extent the caudate nucleus. (C) Intracellular inclusions called Lewy bodies 
stain positively for α-synuclein and ubiquitin. Reprinted from [7] with permission from Elsevier.  
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 Genetic risk factors for PD 

The contribution of genetics to PD is complex and has only recently begun to be uncovered. It is likely 

that it has been underestimated due to the strong influence of age on disease presentation [8, 9]. 

Premature death, sub-clinical pathology and incomplete penetrance may all contribute to a reduced 

identification of familial cases of PD. A number of genes have been linked with PD in the last decades 

by linkage analysis studies and genome-wide association studies. The following sections will describe 

several of these genes. A full discussion of the contribution of genetics to PD pathology is beyond the 

scope of this chapter, however readers are referred to a review by Trinh and Farrer (2013) [9]. 

1.1.1.1 SNCA 

Mutations in the SNCA or PARK1 locus were the first genetic factor to be linked to PD. Mutations include 

point mutations, duplications and triplications which contribute to familial PD [10-14]. Additionally, 

variation in the SNCA gene promoter in a dinucleotide repeat sequence (REP1) is associated with 

increased risk of PD [15]. The SNCA gene encodes α-synuclein, which is enriched at the presynaptic 

terminals of many kinds of neurons, where it plays a role in vesicle release, by chaperoning SNARE 

(SNAP (Soluble NSF Attachment Protein) Receptor) proteins to the membrane to facilitate exocytosis 

[16]. Importantly, α-synuclein has been found to be the main component in Lewy bodies [17]. Alpha-

synuclein is normally a soluble and unfolded protein, however it can aggregate into oligomers and fibrils 

[18]. Parkinson’s disease-related point mutations produce forms of α-synuclein that more readily 

aggregate in vitro than wild-type protein [19-22].  

1.1.1.2 LRRK2 

Another gene that is associated with PD is leucine-rich repeat kinase 2, (LRRK2), which encodes the 

cytosolic kinase LRRK2. Mutations in LRRK2 have been identified in distinct populations and represent 

the most frequent genetic cause of PD in patients with familial or sporadic PD [23-27]. While many 

variants in the LRRK2 gene have been reported [28], a G2019S missense mutation is the most common, 

present in 1% of patients with sporadic PD and 4% of patients with familial PD [23, 25, 26]. The G2019S 

mutation is not fully penetrant, with only 24% of carriers displaying parkinsonian symptoms by the age 

of 80 [29]. Incomplete penetrance, as well as the incidence of subclinical cases of PD, premature death 

from other causes, incomplete reporting, and the potential interaction with other risk factors on disease 

presentation, mean that the relationship between LRRK2 mutations and PD development is probably 

underestimated.  

LRRK2 is a large, complex, multi-domain protein, whose function is not completely understood. LRRK2 

contains two functional domains; the Ras of complex (Roc) GTPase domain and the kinase domain. A 

short C-terminal of the Ras (COR) links the enzymatic domains. LRRK2 is expressed in both neuronal 

and non-neuronal tissues. Much of LRRK2 protein is associated with intracellular membranes, such as 

the mitochondria, endolysosomes, the endoplasmic reticulum and Golgi, where it appears to play a role 

in trafficking [30].  LRRK2 also appears to be important for regulating the cytoskeleton. Mutations 

implicated in PD can be found near or within the kinase domain and the GTPase domain. Substitution 

mutations in the kinase activation loop, the site of binding of a Mg2+ ion, may result in misfolding of the 

activation loop. The G2019S mutation appears to result in a gain-of-function, causing increased kinase 

activity [31-33], however well validated LRRK2 substrates are lacking. 
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1.1.1.3 PARK2, PINK1 and DJ1 

While SNCA and LRRK2 mutations are inherited in an autosomal dominant manner, several genes have 

been linked to PD which are inherited in an autosomal recessive manner. PARK2, which encodes 

PARKIN, an E3 ubiquitin ligase, was the second gene to be associated with PD [34]. A diverse range of 

mutations in PARK2 have been reported, and these are the most common known cause of early-onset 

PD [35-37]. Parkinsonism caused by PARK2 mutations show several divergences from classic PD 

pathology, both in terms of symptoms as well as a general absence of Lewy bodies. Mutations in PARK2 

generally lead to early-onset PD with a gradual progression and good levodopa response. 

Mutations in PINK1 (PTEN-induced kinase 1) also lead to autosomal recessive early-onset PD [38, 39]. 

A number of mutations in PINK1 have been reported, and are thought to result in a loss of function. 

PINK1 is a cytoplasmic protein kinase that is associated with the mitochondria, and acts upstream of 

PARKIN. Mutations in DJ1 (also known as PARK7) can lead to PD [40, 41]. DJ1 is ubiquitously expressed 

and mutations can lead to early-onset parkinsonism. DJ1 has chaperone-like properties and appears to 

be involved in sensing oxidative stress.  

 Non-genetic risk factors for PD 

While some cases of PD can be linked to a known genetic mutation, most cases are sporadic, with no 

known cause. Ageing represents the strongest risk factor for PD, however early studies indicated that 

normal patterns of age-related snDA neuronal loss were distinct from snDA neurodegeneration in PD 

patients, suggesting that PD development is not simply the result of an accelerated ageing process [42]. 

More recently this has been brought into question, with the stochastic acceleration hypothesis positing 

that snDA degradation may be an inevitable feature of ageing, and PD development may reflect 

accelerated ageing as a result of other risk factors [6].  

In addition to ageing, a number of chemicals have now been linked to PD. The 1983 discovery that MPTP 

selectively destroys snDA neurons started a search for PD-inducing environmental toxins [43]. Long term 

pesticide exposure appears to be associated with increased risk of PD [44-46]. Rotenone is a selective 

complex-I inhibitor that has been shown to degenerate snDA neurons in animal models [47]. Other 

potential risk factors include welding and exposure to heavy metals. Interestingly, smoking, coffee and 

alcohol consumption appear to play a protective role against PD development [1]. 

 Susceptibility of substantia nigra dopamine neurons in PD 

Although snDA neurons are not the only cell type affected in PD [48], it is their loss that precipitates the 

onset of the major motor symptoms of PD. The clinical efficacy of dopamine replacement therapy 

highlights just how critical this population of cells is in PD. Interestingly, snDA neurons possess a number 

of characteristics that may render them more susceptible to degeneration than other neuronal subtypes. 

As none of the genes linked to familial PD are uniquely expressed at great levels in snDA neurons, other 

properties of these cells probably underlie this sensitivity.  

The very structure of snDA neurons may render them more susceptible to pathological insults. Substantia 

nigra dopamine neurons are long, branched, unmyelinated projection neurons which form an extremely 

large number of synapses per cell. This is estimated to be 1 – 2.5 million striatal synapses per snDA 
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neuron in the human brain [49, 50]. Maintaining synapses and propagating action potentials in 

unmyelinated axons places a high metabolic demand on these cells. Effective axonal transport is 

essential for maintaining the health and function of projection neurons by transporting vesicles to the 

synapse, transporting mitochondria to areas of high energy demand and transporting autophagic 

vacuoles to degrade damaged proteins and organelles. Cellular trafficking places a further demand on 

the energy resources of the cell as ATP hydrolysis is required to power motor proteins. Any impairment 

in energy production or cellular trafficking can therefore have great consequences on these neurons [51].  

The high dependence on Ca2+ channels for the pacemaking activity of adult snDA neurons could also 

explain their selective vulnerability [52]. Substantia nigra dopamine neuronal firing has three main 

patterns: pacemaker, bursting and random [53]. These cells have a tonic pacemaker activity, firing at a 

rate of 2 – 4 Hz, which in adult but not juvenile mice, is driven by L-type Ca2+ channels. Unlike pacemaker 

behaviour, bursting and random firing are not seen in vitro, suggesting a dependence of these behaviours 

on afferents to the substantia nigra. Tonic activity results in a large Ca2+ flux into the cell, which is further 

increased by bursting activity. While most neurons infrequently open their Ca2+ channels, usually during 

brief actions potentials, snDA neurons are exposed to high levels of Ca2+ under normal conditions. 

Furthermore, while most dopamine neuronal populations in the midbrain, including PD-resistant 

populations, express Ca2+ buffering proteins such as calbindin-D28k, calretinin or parvalbumin, few Ca2+-

binding protein-expressing neurons are observed in the A9 region of the human brain [54]. This means 

that Ca2+ homeostasis must be actively maintained by mitochondrial buffering, as well as by ATP-

dependent pumps in the endoplasmic reticulum. These cells are therefore constantly expending energy 

to maintain Ca2+ homeostasis. If defective buffering occurs, such as in the case of exposure to 

mitochondrial toxins or mutations, then elevated Ca2+ could lead to excitotoxicity and oxidative stress.  

Another reason why snDA neurons may be especially vulnerable to degeneration is due to dopamine-

related stress resulting from oxidation of dopamine into toxic products [55]. It is unclear if intracellular 

levels of dopamine ever reach toxic levels as a number of mechanisms are in place to prevent this, 

including the critical role of VMAT2 in the sequestration of dopamine into synaptic vesicles. Additionally 

a vesicular H+-ATPase creates a pH gradient which drives dopamine into vesicles. Neuromelanin, the 

pigment which gives snDA neurons their characteristic colour, is the by-product of dopamine oxidised 

lipids and proteins which have been sequestered into autophagic vacuoles for degradation [56]. This 

degradation is a slow process and neuromelanin increases with age. The very presence of neuromelanin 

in these neurons indicates that even in healthy people, these cells are undergoing oxidative stress. As 

these neurons degenerate during PD, insoluble neuromelanin is released into the extracellular 

environment where it is phagocytosed by microglia, stimulating microglial activation, leading to the 

release of toxic compounds, and furthering neurodegeneration [57]. Nonetheless, it seems unlikely that 

snDA neurons are usually exposed to toxic levels of cytosolic dopamine, as administration of levodopa, 

which increases dopamine levels, does not accelerate neurodegeneration.   

In summary, under physiological conditions, snDA neurons have a high energy demand to maintain 

normal function. Adenosine triphosphate is required for maintaining ion gradients to enable Ca2+-

dependent firing, to buffer cytosolic Ca2+, to maintain an extraordinary number of synapses, to facilitate 

cellular trafficking in the extensive axonal arbor, to keep cytotoxic dopamine within vesicles, in addition 

to many other normal functions. It is unsurprising that any insult which might prevent these cells from 
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keeping up with their immense metabolic demands might lead to cellular stress. Given the selective 

susceptibility of snDA neurons in PD, it is critical to ensure that cellular models of PD replicate their in 

vivo counterparts as closely as possible.   

 Pathways implicated in PD  

A multiple hits hypothesis for PD suggests that the susceptibility of snDA neurons along with other risk 

factors, such as increased age, mutations or toxic chemicals, combine to cause PD [55].  Alternatively, 

the stochastic acceleration hypothesis proposes that PD is an inevitable endpoint of ageing snDA 

neurons, and that other ‘hits’ accelerate the ageing process [6]. These hits may target a number of 

cellular pathways which have been implicated in PD (Figure 1.2). 

Mitochondrial dysfunction and oxidative stress appear to be key features in PD pathology, and it is telling 

that many chemicals that can induce parkinsonism in humans and animals, such as rotenone and MPP+, 

are inhibitors of Complex I in the electron transport chain. A number of genes implicated in familial PD 

are also involved in mitochondrial function, such as PINK1, DJ1 and possibly LRRK2. Interestingly, 

variations in genes encoded by mitochondrial DNA (mtDNA) have also been linked to PD, either as 

protective or susceptibility variants [58-60].  

Protein degradation pathways are also affected in PD, such as the ubiquitin-proteasome pathway and 

the autophagy-lysosomal pathway. A number of mutations linked with familial PD affect these pathways, 

such as PARK2 and DJ1. The consequences of impaired degradation include accumulation of misfolded 

proteins, such as α-synuclein, a key component of Lewy bodies. Additionally, impaired autophagy may 

result in a reduction in mitophagy, leading to an accumulation of dysfunctional mitochondria.  

Organelle trafficking appears to be implicated in PD, as several genes linked with PD play a role in 

trafficking, such as α-synuclein, the microtubule associated protein tau (MAPT), and LRRK2. Impairment 

in trafficking could lead to a build-up of damaged organelles or misfolded proteins by reducing autophagic 

clearance, as well as playing a role in the prion-like spread of α-synuclein [51]. 
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Figure 1.2: Key Molecular Pathways Implicated in PD 
Illustrated are a substantia nigra dopamine neuron (green), an axon of a presynaptic glutamatergic cortical neuron 
(blue), and a dendritic spine of a medium spiny neuron (yellow). Presynaptically, α-synuclein (1) plays a role in 
exocytosis. LRRK2 (2) has diverse roles in neuronal polarity, arborisation, chaperone-mediated autophagy, MAPT 
phosphorylation and microtubule stabilization. VPS35 (3) is part of the retromer and plays an important role in 
trafficking. GBA (4) is a lysosomal acid hydrolase. PARKIN (5), PINK1 (6) and DJ1 (7) are involved in mitochondrial 
function and autophagy. PARKIN is involved in the ubiquitination process. DJ1 senses oxidative stress. ATP13A2 
(8) is involved in lysosome-mediated autophagy. MAPT (9) is involved in cellular trafficking. Neurotoxins such as 
MPTP and rotenone target the mitochondria. Adapted from [9] with permission from Macmillan Publishers Ltd.  
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 In vivo development of midbrain dopaminergic neurons 

Midbrain dopaminergic neurons account for approximately 75% of dopaminergic neurons in the adult 

brain and have important roles in voluntary movement, emotional behaviour and reward [61]. Ventral 

midbrain dopaminergic neurons are anatomically divided into three main groups: the lateral A9 group 

which comprise the substantia nigra pars compacta, the medial A10 group which comprise the ventral 

tegmental area and the lateral A8 group which comprise the retrorubral field (RRF) (Figure 1.3). A10 and 

A8 neurons project to the ventral striatum and the prefrontal cortex, forming the mesolimbic and 

mesocortical systems respectively. These systems are responsible for controlling emotional behaviour 

and reward mechanisms, and dysregulation is associated with addictive behaviour, depression and 

schizophrenia. A9 dopaminergic neurons of the SNpc project to the caudate nucleus and the putamen 

in the dorsolateral striatum, forming the nigrostriatal pathway. This pathway plays a fundamental role in 

controlling voluntary movement and body posture, and it is these neurons that are selectively lost in PD.  

 

Figure 1.3: Ventral Midbrain Dopamine Nuclei 
Midbrain dopaminergic system in the human and mouse brain. Schematics of the human and mouse brain. RRF, 
retrorubral field; SNpc, substantia nigra pars compacta; VTA, ventral tegmental area. Reproduced from [62] with 
permission from John Wiley and Sons. 

Understanding how vmDA neurons develop in vivo is essential for producing effective protocols for 

generating authentic vmDA neurons from stem cells in vitro for disease modelling or cell replacement 

therapy for PD. The development of vmDA neurons is generally divided into three stages; (1) patterning 

the neural tube to define a vmDA progenitor field; (2) specification of vmDA neural precursors; and (3) 

terminal differentiation to functional vmDA neurons [63]. It is important to note that dopaminergic neurons 

of the SNpc and the VTA differ in a number of aspects, including their ontogeny, which may explain their 

selective vulnerability to cell death. Therefore, it is important to focus specifically on the generation of A9 

DA neurons.  

While most studies of vmDA neuronal development are, by necessity, conducted in animals 

(predominantly in the chick, mouse and rat), it is important to note that species differences exist. For 
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example, it has been found that the expression of the radial glial marker BLBP shows spatial and 

temporal differences in the vmDA domain between the developing human, rat and mouse brains [64-66]. 

The following sections draw largely from developmental studies performed in animals, however where 

available, data from human development are discussed. 

 Patterning the ventral mesencephalon 

During early brain development, the neural tube is patterned by concentration gradients of secreted 

signalling molecules along the anterior-posterior and dorsal-ventral axes. This divides the neural tube 

into separate regions within which distinct neuronal groups develop and form the different parts of the 

adult brain. Along the anterior-posterior axis, the neural tube is divided into the prospective forebrain, 

midbrain, hindbrain and spinal cord. Along the dorsal-ventral axis, the neural tube develops in a ventral 

to dorsal manner, encompassing the floor plate, the basal plate, the alar plate and the roof plate. The 

floor plate and the isthmic organiser (located at the mid-hindbrain boundary) are critical signalling centres 

that secrete sonic hedgehog (SHH), WNTs and fibroblast growth factor 8 (FGF8), and it is the intersection 

of these patterning molecules that defines the region of the ventral mesencephalon where vmDA neurons 

arise (Figure 1.4).  

 

Figure 1.4: Morphogen Signalling in the Development of the Neural Tube 
During embryonic development, morphogens are released from signalling centres, and it is the intersection of 
different concentrations of these molecules that pattern the neural tube into progenitor zones. The notochord (NC) 
and floor plate (FP) release SHH. The isthmic organiser (IsO) secretes various signalling factors, including FGF8 
and WNT1. In the spinal cord (SC), retinoic acid (RA) is produced and the combination of ventral SHH and caudal 
RA define spinal motor neurons (MN). RP, roof plate; ZLI, zona limitans intrathalamica; r1, rhombomer 1; r2, 
rhombomer 2; OV, otic vesicle; D, dorsal; V, ventral. Reproduced from [67]. 
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1.2.1.1 Signalling from the floor plate 

The floor plate is a specialised group of cells that extend along the ventral midline of the neural tube of 

the developing embryo, from the anterior limit at the zona limitans intrathalamica (ZLI) through the 

midbrain, hindbrain and spinal cord (Figure 1.4). Classical roles of the floor plate include the secretion 

of the morphogen SHH which directs the differentiation of neuroepithelial cells towards specific neuronal 

cell fates in a concentration-dependent manner, as well as the secretion of netrin which is involved in 

axon guidance [68].  

SHH expression in the developing embryo commences during gastrulation (from E7.25 in the mouse) at 

the midline mesoderm, in the node and the notochord which lie beneath the presumptive brain [69]. A 

brief exposure to high levels of notochord-derived SHH during gastrulation and early somitogenesis 

specifies a floor plate fate in neural progenitors [70]. SHH from the notochord induces FOXA2 expression 

in the ventral neural tube, which in turn induces SHH expression in floor plate cells from E8.5 in the 

mouse [69, 71, 72]. SHH secreted by the floor plate forms a ventral-dorsal gradient which patterns the 

neural tube in a concentration-dependent manner (for review, see [73]).  

SHH signalling occurs via the transmembrane protein PTCH. In the absence of the SHH ligand, PTCH 

suppresses the activity of another transmembrane protein, SMO. Upon SHH binding to PTCH, repression 

of SMO is relieved, and a signalling cascade triggered, culminating in the regulation of the GLI family of 

transcription factors. Depending on the level of SHH signalling the balance of GLI activators or repressors 

is altered which in turn regulates the transcription of SHH target genes. SHH target genes in the ventral 

midbrain include FOXA2, NKX2.1 and NKX2.2 [74]. It is the combination of transcription factors 

expressed in each domain which then determines the neuronal subtype generated from neural 

progenitors [75]. 

1.2.1.2 Signalling from the isthmic organiser 

The isthmic organiser lies between the midbrain and the hindbrain (Figure 1.4) and plays an important 

role in regionalisation of the developing neural tube by secreting FGF8 and WNTs. At the end of 

gastrulation (E7.5 in mice) the homeobox transcription factors OTX2 and GBX2 are expressed broadly 

at the anterior and posterior ends of the epiblast. Their expression becomes restricted to form a sharp 

boundary by E9.5, which dictates the location of the isthmic organiser [76-79].  

Around E8.0 – 8.5 in the mouse, EN1, EN2, PAX2, PAX5, WNT1 and FGF8 are expressed broadly 

around the presumptive mid-hindbrain region [80-84]. LMX1B is also expressed in the mid-hindbrain 

region from E7.5, and becomes restricted to the isthmus by E9.0, where it appears to play a role in the 

regulation of EN1, PAX2, GBX2, FGF8 and WNT1 [85]. By E9.5 WNT1 expression has become refined 

to a narrow ring just anterior of the isthmus as well as along the floor and roof plates, while FGF8 

expression is confined to a narrow band on the posterior side of the isthmus [81, 83].  

 Specification of vmDA neural progenitors 

Once the neural tube has been spatially divided into different progenitor zones, vmDA neural precursors 

arise in the ventral mesencephalon. The identity of these precursors has only recently been discovered; 
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dopaminergic neurons of the midbrain are unique in that they are derived from radial glial cells of the 

floor plate, an area previously believed to be non-neurogenic [64, 86-88].  

1.2.2.1 The midbrain floor plate 

It has long been recognised that floor plate cells of the midbrain are different to floor plate cells along the 

rest of the neural tube. A very early study observed that the midbrain floor plate is interspersed with 

neuroblasts and differentiated neurons [89], and it was later shown that TH+ dopaminergic neurons 

develop within the midbrain floor plate [90]. More recently a number of studies have demonstrated that 

floor plate cells of the midbrain undergo a glial-to-neuronal transition in order to give rise to dopaminergic 

neurons of the midbrain. Lineage tracing studies have shown that SHH expressing cells in the midbrain 

go on to generate TH+ neurons [91]. Additional fate-mapping studies found that GLAST+ radial glial cells 

of the midbrain floor plate gave rise to NURR1+/TH+/PITX3+ neurons [88]. Other studies in rodents have 

demonstrated that CORIN+ floor plate cells isolated from the mesencephalon but not from the 

metencephalon were capable of differentiating in vitro into HuC/D+/TUJ1+/MAP2+ neurons expressing 

the dopaminergic markers TH and PITX3 [86]. Importantly, human vmDA neurons also appear to arise 

from radial glial cells of the midbrain floor plate which express NESTIN, SOX2, VIMENTIN and BLBP 

[64].  

The question that therefore arises is ‘how are floor plate cells of the midbrain triggered to undergo 

neurogenesis, while floor plate cells along the rest of the anterior-posterior axis remain non-neurogenic?’ 

It is critical to note that floor plate cells are not a homogenous population along the anterior-posterior 

axis, but differ in number of regards. One major difference is that floor plate cells arise at different times, 

from different cell pools, and in response to different signalling [68]. Additionally, although floor plate cells 

along the anterior-posterior axis express SHH, expression differs over space and time [92]. One leading 

hypothesis posits that one of the functions of SHH is to repress neurogenesis, and that this function is 

suppressed in the midbrain by canonical WNT signalling, thereby facilitating neurogenesis in the 

midbrain floor plate [87, 92, 93].  

1.2.2.2 Genetic network controlling vmDA fate 

A complex genetic network regulates the specification of ventral midbrain progenitors towards a 

dopaminergic neuronal fate (Figure 1.5). The secreted factors SHH and WNT1 play a critical role, not 

only in patterning the ventral midbrain, but also in inducing a dopaminergic precursor phenotype.  

LMX1A expression in the ventral mesencephalon is one of the earliest signs of specification towards a 

dopaminergic fate, appearing at E9 in the mouse [94]. LMX1A expression is induced by FOXA2, and is 

also directly regulated by canonical WNT1 signalling, and possibly indirectly regulated via WNT1-

regulated expression of OTX2 [86, 95-97]. The combination of FOXA2, WNT1 and OTX2 spatially refine 

LMX1A expression to the ventral midbrain. However, it is important to note that LMX1A is also expressed 

in the roof plate, where it is regulated by BMP signalling [98, 99]. LMX1A functions together with FOXA2 

to induce a dopaminergic cell fate [95, 96]. The proneural factor MSX1 is expressed by E9.5 in mice 

under the regulation of LMX1A and FOXA2 [94, 97]. MSX1 facilitates neurogenesis by inducing the 

proneural factor NGN2 [94]. Expression of LMX1A and FOXA2 is maintained in differentiated vmDA 

neurons while MSX1 expression is downregulated prior to the final cell division (Figure 1.5B). 
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Figure 1.5: Gene Expression in Ventral Midbrain Dopamine Neurons and Progenitors 
(A) Schematic depicting a cross section of the midbrain floor plate at E11.5 in the mouse. The ventricular zone (VZ) 
contains radial glia (RG, blue) which become postmitotic neuroblasts (yellow) and migrate through the intermediate 
zone (IZ) to the marginal zone (MZ) where they differentiate into ventral midbrain dopamine neurons (vmDA, red) 
and migrate to the substantia nigra pars compacta. Arrows depict radial and tangential migration (RM, TM). (B) 
Radial glia express morphogens such as WNT1 and SHH, as well as proneural transcription factors. Some 
transcription factors are maintained in radial glia, neuroblasts and dopamine neurons. ±, low expression; + 
expressed; A, mainly anterior midbrain; P, mainly posterior midbrain. Reproduced from [100] under Creative 
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 

FOXA2 also directly regulates expression of the related protein LMX1B [97]. LMX1B functions 

cooperatively with, and can partially compensate for LMX1A [86, 101]. Despite its important role in 

patterning the early ventral mesencephalon, LMX1B expression in vmDA progenitors is not required for 

the acquisition of a dopaminergic phenotype [101]. Rather, LMX1B regulates the proliferation of vmDA 

progenitors via WNT1 signalling as well as vmDA neurogenesis via activation of NGN2 and repression 

of HES1 [101].  

Another important aspect of specifying ventral mesencephalic progenitors to the dopaminergic lineage 

is the suppression of alternative cell fates. FOXA2 inhibits the production of alternative midbrain neuronal 

groups by directly suppressing the GABAergic determinant HELT as well as the serotonergic determinant 

NKX2.2 [96, 97]. MSX1 represses NKX6.1, a homeodomain transcription factor that marks a population 

of midbrain basal plate progenitors that give rise to the red nucleus and oculomotor nucleus [102].  

Ventral midbrain dopamine neurons are divided into different groups on the basis of anatomy, 

projections, function and expression of different markers. To date, how these individual groups of vmDA 

neurons arise during development is not well understood. It appears that OTX2 and WNT1 expression 

are more important for VTA neurons than snDA neurons [103-105], while FOXA1/2 and SOX6 are 

especially important for snDA neurons [106, 107]. 

 Terminal differentiation into dopamine neurons 

NURR1 and PITX3 are critical regulators of the terminal differentiation of vmDA neurons and are also 

important for long term survival of mature vmDA neurons. NURR1 expression is initiated in post-mitotic 

vmDA precursors at E10.5 in the mouse, and PITX3 expression is initiated at E11.5 [108]. NURR1 

expression appears to be downstream of FOXA1 and FOXA2 [109], while PITX3 expression is 

downstream of LMX1A and LMX1B [110, 111]. Chromatin immunoprecipitation analysis suggests that 

LMX1A can directly regulate both NURR1 and PITX3 expression [95]. Additionally, it has been suggested 

that NURR1 can directly regulate PITX3 expression in the mouse midbrain [112]. Finally, PITX3 

expression may also be regulated by glial cell-derived neurotrophic factor (GDNF) signalling in the ventral 

midbrain [113].  
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Expression of TH in vmDA cells marks the acquisition of a dopaminergic neuronal phenotype. TH 

expression is initiated in newly born vmDA neurons as they migrate to their final positions, first ventrally 

from the ventricular zone of the ventral midbrain towards the pial surface, and then laterally to their final 

positions in the VTA and SNpc (Figure 1.5A) [114]. In the mouse, TH expression in the ventral midbrain 

is initiated by E10 and peaks at E12 [108, 115, 116]. In humans, dopamine neurons first appear adjacent 

to the ventricular zone at around 3.5 – 5 weeks post-conception and peak at weeks 6 – 8 [66, 117-119]. 

Although NURR1, PITX3 and TH expression are characteristic of newly born vmDA neurons, in the 

lateral domain not all PITX3+ cells express TH and vice versa [66]. Although PITX3 is expressed in 

dopaminergic neurons of both the SNpc and the VTA, PITX3 expression appears to be critical for DA 

neurons of the SNpc, as PITX3 null mice show almost a complete loss of dopamine marker expression 

in the SNpc, while the VTA is largely unaffected [120-122]. 

NURR1 and PITX3 are critical genes initiated during development and maintained through adulthood, 

and combine to regulate the expression of target genes essential for the development, survival, 

maintenance, and neurotransmission of vmDA neurons. NURR1 regulates expression of the rate limiting 

enzyme in dopamine biosynthesis, tyrosine hydroxylase, TH [123-125]; the vesicular monoamine 

transporter, VMAT2 [126, 127]; the dopamine transporter, DAT [127, 128]; the GDNF receptor RET [123, 

129]; and also partially regulates the expression of aromatic amino acid decarboxylase (AADC) [126]. 

PITX3 is important for further maturation of vmDA neurons and appears to be a direct regulator of VMAT2 

and DAT, possibly in conjunction with NURR1 [120]. Additionally, PITX3 also appears to be important 

for the survival of vmDA neurons by inducing brain-derived neurotrophic factor (BDNF) expression [113]. 

Other genes regulated by PITX3 include TH in the SNpc [122, 130, 131] and aldehyde dehydrogenase 

(ALDH2) [132]. PITX3 appears to coordinate with NURR1 to regulate NURR1-mediated transcription of 

target genes such as VMAT2, D2R and TH, by relieving SMRT repression of NURR1 activity [133].  

In addition to NURR1 and PITX3, several other genes are important for regulating the expression of 

genes required for functional dopaminergic neural activity. For example, the promoter of the AADC gene 

contains a FOXA1/2 binding site [134], and chromatin immunoprecipitation studies show that FOXA2 

binds the promoter region of the TH gene [96]. LMX1B is expressed at several stages of vmDA 

development, including early patterning in vmDA precursors before being downregulated between E11.5 

and E16 in the mouse, following which it is co-expressed in TH+/PITX3+ neurons throughout adulthood 

[94, 110, 135]. Similar to LMX1B, EN1 and EN2 have additional roles in vmDA neurogenesis distinct 

from early patterning. EN1 and EN2 are expressed in mature vmDA neurons and their expression is 

maintained throughout adulthood, playing a vital role in neuronal survival by preventing apoptosis [136, 

137].   
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 In vitro generation of dopamine neurons from pluripotent stem cells 

The dependence of most PD symptoms on a relatively discrete population of cells makes PD a prime 

candidate for cell-based therapies. Since the late 1980s, between 300 and 400 PD patients have been 

transplanted with human foetal mesencephalic tissue (see [138] for review). The results have been 

promising, indicating that transplanted cells can functionally integrate into the host brain, reinnervate the 

striatum, release dopamine and lead to symptomatic improvement in some patients. These studies have 

provided important proof-of-principle for the use of cell replacement therapy in PD, and consequently led 

to much interest in the ability to generate vmDA neurons in vitro. 

However, there remain a number of issues to be faced before cell replacement therapy can be used as 

a viable treatment for PD. The efficacy and survival of grafts have been variable between studies as well 

as between patients. This is likely due to technical variations in the isolation and culture conditions of the 

tissue, the amount of tissue used, the cellular composition of the graft, and the duration of 

immunosuppression in patients. Additionally, not all patients respond equally to the treatment, with 

younger patients with a short disease duration responding best. In addition to these issues, a major 

limiting factor for the implementation of this treatment is the large amount of foetal tissue required. Tissue 

from 6 – 7 aborted foetuses, aged 6 – 9 weeks post-conception, is required per patient. The requirement 

for such a large amount of tissue raises ethical questions about the dependence of this therapy on 

aborted foetuses. Variability in the cellular composition of grafts is another major issue, as the presence 

of serotonergic neurons in the grafts can lead to debilitating dyskinesias. Animal studies suggest that 

enrichment of grafted cells for A9 rather than A10 dopaminergic neurons might provide better outcomes 

[139-141]. 

Since the isolation of human embryonic stem cells, and even more so with the advent of iPS cell 

technology, efforts to develop effective strategies for the in vitro derivation of vmDA neurons have been 

renewed with increased fervour. Reprogramming technology could permit the generation of high 

numbers of human neural cells, avoid ethical issues associated with the use of human foetal tissue, as 

well as provide the possibility of using autologous or HLA-matched cells to prevent an immunogenic 

response.  

In addition to the desire to generate vmDA neurons for transplantation, the ability to create authentic 

human vmDA neurons in a dish would provide a new platform for disease modelling and drug screening. 

The goal for PD cell modelling is to use cells that reflect as closely as possible, the aged human 

dopaminergic neuron of the substantia nigra.  Reprogramming technology provides an added benefit 

over the use of embryonic stem cells by allowing for vmDA neurons to be derived from disease-affected 

patients, without the need for transgenic manipulation to express a disease-associated gene of interest.  

Therefore, with a view to cell replacement therapy and disease modelling, much effort has been put into 

developing effective methods for deriving vmDA neurons in vitro. This section will discuss the strategies 

that have been employed and their use in the derivation of human vmDA neurons. To date, the strategy 

that has received the most attention has been the differentiation of pluripotent stem cells, either 

embryonic stem cells or iPS cells, into vmDA neurons. This can be achieved either by step-wise 

differentiation into neural stem cells and then into neurons (Figure 1.6, arrows 1 – 3), or by direct 

differentiation via transgenic methods (Figure 1.6, arrow 4). Another method is to directly reprogram 
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somatic cells into neurons (Figure 1.6, arrow 5). Finally, somatic cells may also be reprogrammed into 

neural stem cells and then differentiated into neurons (Figure 1.6, arrow 6).  

 

 
Figure 1.6: Strategies to Obtain Dopamine Neurons by Reprogramming 
By OCT4/SOX2/KLF4/MYC (OSKM)-mediated reprogramming, somatic cells such as fibroblasts can be 
reprogrammed into induced pluripotent stem (iPS) cells (arrow 1). Subsequent neural induction and patterning 
(arrow 2) generates region specific neural stem and precursor cells which terminally differentiate into dopamine 
neurons (arrow 3). Overexpression of certain transgenes in iPS cells can accelerate neuronal differentiation into 
dopamine neurons (arrow 4). Direct reprogramming to induced neural (iN) or induced dopamine (iDA) cells can be 
achieved by overexpression of specific factors in somatic cells (arrow 5). Somatic cells may also be directly 
reprogrammed to induced neural stem (iNS) or induced neural precursor (iNP) cells either by overexpression of 
lineage specific factors, or by curtailed expression of pluripotency factors in conjunction with neural specifying cues 
(arrow 6). 

 Derivation of pluripotent stem cells 

Pluripotent stem cells are cells which are indefinitely expandable, capable of self-renewal and can 

differentiate into any specialised cell type of the body. These properties mean that pluripotent stem cells 

are a good source of cells for cell therapy and disease modelling as they are of unlimited supply and 

may be differentiated into any cell type of interest, including vmDA neurons.  

Pluripotent stem cells may be derived from the inner cell mass of the blastocyst (embryonic stem cells; 

[142-144]) or by reprogramming somatic cells. This was first achieved by somatic cell nuclear transfer 

(SCNT), whereby the nucleus of a somatic cell was transferred to an enucleated oocyte, forming an 

embryo genetically identical to the donor cell [145]. This initial work in frogs was replicated in mammals 

such as mice and sheep [146, 147]. Later studies found that fusion with embryonic stem cells could 

induce somatic cells, such as fibroblasts and T-lymphocytes, to display characteristics of a pluripotent 

state, including OCT4 expression [148, 149]. These studies indicated that pluripotent stem cells have 

the capacity to induce somatic cell rejuvenation. 
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Along with concurrent studies in transdifferentiation (discussed later), these studies culminated in the 

identification of discrete factors which were capable of reprogramming somatic cells to a pluripotent stem 

cell fate. Induced pluripotent stem (iPS) cells were first derived from mouse embryonic fibroblasts by 

retroviral introduction of the transcription factors OCT4, SOX2, KLF4 and MYC (OSKM) [150]. Shortly 

afterwards, human fibroblasts were also shown to be reprogrammed by retroviral OSKM or by OCT4, 

SOX2, NANOG and LIN28 (OSNL) [151-153]. Subsequently, a range of reprogramming enhancers have 

been identified that are involved in the regulation of the pluripotency network, cell cycle and epigenetic 

status, which may replace some of the genes involved in reprogramming.  

Due to the potential dangers of insertional mutagenesis associated with the use of integrating viral 

vectors to introduce reprogramming factors, an array of non-integrative reprogramming methods have 

been developed. Non-integrating vectors include the use of adenoviruses [154, 155], expression 

plasmids [156], episomal plasmids [157, 158] and minicircle plasmids [159]. Alternatively, integrated 

transgenes can be excised by the use of piggyBac transposons [160, 161] or cre-recombinase excisable 

viruses [162]. Methods that do not use DNA to introduce the reprogramming factors include the use of 

recombinant proteins [163, 164], Sendai viruses [165], synthetic mRNAs [166] and, amazingly, 

combinations of small molecules [167]. While non-integrating methods are considered safer than 

integrating vectors, the efficiency of colony generation is generally much lower. 

The development of reprogramming technology offers exciting prospects for studying and treating a large 

range of conditions. The study of diseases which affect tissues that are not easily accessed in live 

patients, such as neurodegenerative diseases, will benefit from the ability to grow the affected cell type 

in a dish. Additionally, for diseases that possess a genetic component, the ability to derive pluripotent 

stem cells from patients allows for examination of a disease-relevant genotype in the cell type of interest. 

The next sections will describe the methods available to generate vmDA neurons from pluripotent stem 

cells, with a view to the study and treatment of PD.  

 Neural induction and patterning methods 

Most strategies aiming to differentiate embryonic stem cells into dopaminergic neurons involve at least 

three distinct steps (Figure 1.7). The first step is to induce the cells towards the neuronal lineage. 

Considerable variability exists between protocols at this stage, which can be achieved by several 

methods; embryoid body formation, co-culture with stromal feeder cells or by the default pathway of 

pluripotent stem cells towards the neuroectoderm. Often, the neural induction step incorporates selection 

and expansion of neural stem cells by culturing with EGF and FGF2 to form neural rosettes, and then 

neurospheres. Alternatively, long-term self-renewing rosette-type neural stem cells can be generated 

[168]. After neural stem cells have been obtained, they are patterned by the application of exogenous 

molecules, particularly SHH and FGF8, to mimic in vivo patterning events in the ventral mesencephalon 

[169]. Following patterning, cells are then terminally differentiated by mitogen withdrawal and/or the 

addition of growth factors and molecules such as GDNF, BDNF, ascorbic acid, dibutyryl cAMP and 

TGFβ3.  
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Figure 1.7: Rosette-Based Strategies for Generating Dopamine Neurons from Pluripotent Stem Cells 
Pluripotent stem cells can be differentiated into dopamine neurons by a step-wise protocol [168, 170, 171]. Initially, 
pluripotent stem cells are induced to the neural lineage either by formation of embryoid bodies, co-culture with a 
stromal feeder layer or by exposure to chemically defined media which act to inhibit alternative fates (arrow 1). 
Neural stem cells are expanded in the presence of the mitogens EGF and FGF2 (arrow 2). Neural stem cells form 
PAX6+ rosettes which are then patterned to the midbrain by exposure to the morphogens SHH and FGF8 (arrow 
3). Patterned neural progenitors can be terminally differentiated into dopamine neurons by withdrawal of mitogens 
with or without additional exposure to BDNF, GDNF, cAMP and ascorbic acid (AA) (arrow 4). 

1.3.2.1 Rosette derivation and patterning strategies 

The first studies aiming to generate enriched populations of dopaminergic neurons from pluripotent stem 

cells were conducted in mouse embryonic stem cells [172, 173]. These studies identified key techniques 

to enhance TH expression which became the basis of newer dopaminergic differentiation protocols for 

human embryonic stem cells. One early approach to generate neurons was to culture embryonic stem 

cells in suspension to form embryoid bodies, which contain embryonic stem cell-derived ectoderm, 

mesoderm and endoderm. The cells can then be dissociated and cultured as a monolayer in defined 

medium, which selects for proliferative NESTIN+ neuroepithelial cells. These cells can then be expanded 

with medium containing the mitogen FGF2 and subsequently differentiated by FGF2 withdrawal into 

central nervous system neurons and glia [174]. Under basal conditions, this method produced about 7% 

TH+ neurons. However by combining this methodology with exposure to SHH and FGF8 during the 

expansion phase and ascorbic acid during terminal differentiation, mouse embryonic stem cells could be 

differentiated into 34% TH+ neurons [173].  

Another early approach was based on the use of stromal feeder layers. PA6 stromal cells, which are 

stromal cells derived from mouse skull bone marrow, can be co-cultured with both mouse and human 

embryonic stem cells to induce neural differentiation and have a bias towards the generation of 

dopaminergic cells [172]. The mechanism of stromal cell-derived inducing activity (SDIA) remains poorly 

understood, but involves in part the inhibition of BMP signalling [172]. Another SDIA-based method 

incorporates SHH/FGF8-patterning to further enhance TH+ neuronal differentiation [175]. In this method, 

mouse embryonic stem cells are induced to the neural lineage by SDIA from the bone-marrow derived 

MS5 cell line, patterned with SHH and FGF8, expanded in FGF2 and terminally differentiated by mitogen 

withdrawal plus supplementation of ascorbic acid and BDNF, resulting in the generation of 48% TH+ 

neurons. Differentiation to alternative neuronal fates could be brought about by the application of other 

patterning factors [175]. 
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Unfortunately, translating protocols for dopaminergic differentiation of mouse to human embryonic stem 

cells proved more challenging than anticipated. Unlike mouse embryonic stem cells, which readily form 

TH+ neurons in the absence of exogenous patterning factors [173], early studies in human embryonic 

stem cells found that upon differentiation, these cells defaulted to anterior glutamatergic and GABAergic 

neurons [176, 177]. Indeed, later studies have found that human embryonic stem cells differentiate by 

default to anterior neuroectoderm and must subsequently be induced to more posterior fates by 

caudalising agents such as FGF8, retinoic acid and/or WNT [171, 178].   

As with mouse embryonic stem cells, the use of SDIA, either as feeder layers or conditioned media, has 

been a popular method to obtain TH+ neurons from differentiated human embryonic stem cells [170, 

179, 180]. Importantly, when combined with SHH and FGF8, human embryonic stem cells could be 

differentiated to up 72% TH+/TUJ1 neurons [170]. SHH/FGF8 treatment with stromal feeders also 

induced expression of midbrain markers PAX2, EN1, LMX1B and pro-vmDA genes PITX3 and NURR1 

[170, 180]. Other neuronal cell types were also generated at lower percentages (5HT+ at 5% and 1 – 

2% GABA+) [170]. Alternative co-culture methods that generate high yields of TH+ neurons include the 

use of foetal midbrain astrocytes with exogenous FGF2, SHH and FGF8, resulting in 67% TH+/TUJ1 

neurons [181].  

Patterning embryoid body-derived neural precursors with SHH and FGF8 has also proved to be a popular 

method of dopaminergic differentiation of human embryonic stem cells [171, 182, 183]. Yan et al. (2005) 

demonstrated that PAX6+ neural rosettes derived from embryoid bodies were of forebrain identity 

(OTX2+, FOXG1+, EN1-) [171]. SHH/FGF8 exposure to FGF2-expanded neural precursors resulted in 

the generation of mostly forebrain dopaminergic neurons (GABA+/TH+, as in the olfactory bulb) [171]. 

Early treatment of neuroepithelial cells with FGF8 had some caudalising effect, resulting in the induction 

of midbrain markers EN1, PAX2 and WNT1. These cells could be subsequently exposed to SHH and 

FGF8 to generate 50 – 60% TH+/TUJ1 neurons, most of which co-expressed EN1, and only 8% co-

expressed GABA [171].  

An important advance for human pluripotent stem cell neuronal differentiation protocols came with the 

development of chemically defined methods of neural induction [184-186]. These methods work by 

blocking differentiation to alternative fates (trophoectoderm, mesoderm, endoderm), thus enhancing 

neuroectoderm differentiation. These protocols allow for xeno-free systems to be used to rapidly 

generate high yields of neural progenitors. A number of small molecule cocktails have now been 

described to facilitate the generation of neural stem cells from pluripotent stem cells [184, 186].  

The dual SMAD inhibition method employs the BMP antagonist NOGGIN and the small molecule inhibitor 

of TGFβ/Activin, SB431542 to enhance neuroectodermal differentiation of human embryonic stem and 

iPS cells [184]. These inhibitors work in tandem to destabilize the pluripotency network responsible for 

self-renewal of pluripotent stem cells as well as inhibit differentiation to alternative lineages, thereby 

generating pre-rosette stage neuroepithelial cells at an efficiency of over 80%. Similar to other neural 

induction methods, neuroepithelial cells derived by this method were of an anterior nature (OTX2+, 

FOXG1+). Exposure to SHH from day five, after OCT4 expression subsides and concurrent with the 

onset of PAX6 expression, along with FGF8 from day nine, followed by SHH/FGF8 withdrawal and 
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terminal differentiation by BDNF, GDNF, TGFβ3, ascorbic acid and cAMP resulted in the generation of 

TH+/TUJ1 neurons, however the regional identity of these neurons was not assessed.   

Another protocol uses a chemical cocktail to derive primitive neural stem cells from pluripotent stem cells. 

Primitive neural stem cells have the characteristics of being stably renewable and LIF-dependent rather 

than FGF2-dependent. Primitive neural stem cells do not lose neurogenic potential with time in culture, 

however they possess some pluripotent traits and are not fully committed to the neural lineage [187]. To 

derive primitive neural stem cells from human embryonic stem cells, a cocktail of factors was used, 

including human LIF, a cytokine implicated in mouse embryonic stem cell self-renewal, the small 

molecule GSK3β inhibitor CHIR99021, SB431542, with or without the NOTCH inhibitor Compound E 

[186]. This generated pre-rosette stage, stably expandable neuroepithelium which, interestingly, 

expressed mesencephalic genes (OTX2, NURR1, EN1, LMX1B, PAX2, PITX3) and could be 

differentiated into >50% TH+ neurons by BDNF, GDNF, IGF1, TGFβ3 and dibutyryl cAMP treatment, 

without prior patterning by exogenous SHH/FGF8b [186]. Importantly, TH+ cells express appropriate 

regional markers such as EN1, LMX1A, NURR1, FOXA2 and PITX3.  

1.3.2.2 Floor plate strategies 

Unfortunately, multiple studies have found that transplanted rosette-derived neural progenitors or 

neurons in rodent models of PD are largely ineffective, as evidenced by neural overgrowths, teratomas, 

poor in vivo differentiation and survival of TH+ neurons and modest behavioural improvements [179, 

181, 188, 189]. This is thought to be the result of inappropriately regionalised neurons; dopaminergic 

differentiation protocols based on patterning neuroepithelial rosettes generate mostly dorsal diencephalic 

dopaminergic neurons, that do not express the floor plate marker FOXA2 [190, 191]. Following the 

discovery that vmDA neurons are largely derived from the midbrain floor plate [86-88] a number of studies 

have aimed to develop protocols that induce floor plate progenitors rather than PAX6+ neural 

progenitors. The first advances in mimicking in vivo floor plate vmDA generation came in 2010, when 

two studies independently described the use of lipid-modified versions of recombinant SHH for a more 

potent ventralising signal [190, 192].   

The Studer laboratory described the generation of functional floor plate cells from human embryonic 

stem cells by exposing embryonic stem cells undergoing neural induction to an early high dose of lipid-

modified SHH (mouse SHH-C25II), thereby inhibiting default anterior neuroectodermal development 

[192]. It was found that pre-established PAX6+ rosettes could not be transformed from FOXG1+ anterior 

neuroectoderm to FOXA2+ floor plate cells, but rather an early high dose of modified SHH was required. 

The generation of FOXA2+ floor plate cells was further enhanced in cells undergoing neural induction 

by dual SMAD inhibition, rather than MS5 SDIA, especially when SHH was added from day one of neural 

induction. Interestingly, reminiscent of human embryonic stem cell-derived neuroectoderm, human 

embryonic stem cell-derived floor plate cells were of an anterior identity by default. The addition of 

caudalising factors such as WNT1 or retinoic acid was required to transform floor plate cells from a 

SIX6+/FOXG1+ anterior identity to a more midbrain identity (CORIN+, NOV+, LMX1B+, EN1+) [192]. Of 

note, FGF8 was found to be relatively ineffective as a caudalising agent in floor plate cells, while WNT1 

was most effective for inducing midbrain floor plate and dopaminergic progenitor markers. 
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A similar study, also from 2010, investigated the contributions of recombinant SHH forms, FGF8 

isoforms, retinoic acid and WNT1 on human pluripotent stem cells undergoing NOGGIN/MS5 neural 

induction [190]. Similar to the Studer group, this study found that high concentrations of lipid modified 

SHH (human SHH-C24II) were required early in neural induction to induce FOXA2 expression in OTX2+ 

precursors. The caudalising agent retinoic acid was also found to pattern progenitor cells to the midbrain 

(EN1+, OTX2+). FGF8 splice variants did not affect FOXA2 expression in neural progenitors, however 

differences emerged when studying neurogenesis: FGF8a was found to be significantly more effective 

at generating FOXA2+/TH+/TUJ1+ neurons than FGF8b [190]. NOGGIN could be replaced by 

recombinant WNT1, with an enhancement of FOXA2+/TH+/TUJ1 neuronal generation. 

An alternative approach to the use of recombinant proteins to ventralise differentiating embryonic stem 

cells is to overexpress GLI1, a downstream effector of SHH, at the early rosette-stage of neural induction 

[191]. Similar to the use of modified recombinant forms of SHH, this strategy enhances early SHH 

signalling, resulting in the generation of floor plate cells (FOXA2+, CORIN+) from human embryonic stem 

cells. GLI1-induced floor plate cells showed little expression of midbrain markers LMX1B or EN1, and 

differentiated to very few FOXA2+/TH+ neurons, probably due to the lack of caudalising signals such as 

WNT1. 

These studies paved the way for floor plate-based dopaminergic differentiation strategies by showing 

that the combination of enhanced, early SHH signalling with caudalising agents could induce midbrain 

floor plate cells, precursors of vmDA neurons. Three subsequent studies described the derivation of high 

yields of authentic vmDA neurons from human pluripotent stem cells based on this strategy (Figure 1.8) 

[193-195]. 

 

Figure 1.8: Floor Plate-Based Strategies for Generating Dopamine Neurons from Pluripotent Stem Cells 
Pluripotent stem cells can be differentiated into authentic ventral midbrain dopamine neurons by a step-wise 
protocol. Pluripotent stem cells are induced to the neural lineage either by formation of embryoid bodies or by 
exposure to chemically defined media which act to inhibit alternative fates. Concurrently, cells are exposed to 
patterning molecules such as high potency SHH signalling, GSK3β inhibition, with or without FGF8 exposure (arrow 
1&2). This forms neural progenitors with a ventral midbrain identity. Neural progenitors can be terminally 
differentiated into dopamine neurons by exposure to BDNF, GDNF, cAMP, TGFβ3, ascorbic acid (AA) with or without 
DAPT to enhance maturation (arrow 3).  

  



22 
 

Floor plate-based vmDA differentiation strategies employ chemically defined medium with or without 

embryoid body formation to induce human pluripotent stem cells to the neuroectodermal lineage. The 

protocols differ slightly in timing, specific reagents used, and concentrations; however the general 

premise is the same (Figure 1.9). Ventralisation is induced by purmorphamine, a small molecule agonist 

of SMO, and/or modified recombinant SHH from day zero [194] or day one [193, 195] of neural induction. 

Caudalisation is achieved by mimicking WNT1 signalling by using the small molecule GSK3β inhibitor 

CHIR99021, and is commenced from day zero [194], day one [195], or day three [193]. This is in contrast 

to rosette-based differentiation strategies that add patterning factors once neuroepithelial cells have 

already been obtained. Interestingly, Kirkeby et al. (2012) found that precursor cells could be patterned 

along the anterior-posterior axis by dose-dependent CHIR99021-meditated activation of WNT1 

signalling, and that midbrain floor plate cells (EN1/2, LMX1A/B, PAX5, SIM1, LHX1, WNT1) were induced 

at the narrow range of 0.6 – 0.8 µM CHIR99021 [194]. Xi et al. (2012) used a similar concentration of 

0.4 µM to pattern cells to the midbrain (EN1+) [195], however Kriks et al. (2011) used a much higher 

concentration of 3 µM [193]. This discrepancy may be due to the delayed addition of CHIR99021, adding 

from day zero or day three, or the effect of chemical buffering when using knockout serum replacement 

[196]. Importantly, all three studies showed that caudalised floor plate progenitors gave rise to authentic 

vmDA neurons (TH+/FOXA2+ with TUJ1 or MAP2). Transplantation studies indicate that floor plate-

derived vmDA neurons survive long term, differentiate into mature dopaminergic neurons with 

appropriate regional identity (EN1+, NURR1+, LMX1A+, FOXA2+, TH+, AADC+), innervate the striatum 

and ameliorate motor deficits in rodent models of PD [193, 194].  

Upon derivation of patterned neural precursors, the final step is to terminally differentiate these cells into 

mature dopaminergic neurons. This is generally achieved by withdrawal of mitogens such as FGF2/EGF 

to halt cell replication, and by the addition of a range of agents which promote differentiation and cell 

survival, including ascorbic acid, TGFβ3, GDNF, BDNF, dibutyryl cAMP. Many of these factors were 

identified by studies on primary rat embryonic mesencephalic cultures (isolated E14 – 16). When these 

cells are cultured in vitro, TH+ neurons degenerate over time. A number of studies have identified culture 

additives which improve the survival and differentiation of TH+ neurons. For example, the addition of 

ascorbic acid to the culture medium has been shown to enhance the survival of TH+ neurons as well as 

promote neurite outgrowth [197]. Similarly, BDNF and dibutyryl cAMP promote the survival of TH+ 

neurons in these cultures [198-200]. GDNF also helps the survival of dopaminergic neurons in primary 

embryonic mesencephalic cultures [201]. While GDNF does not appear to be critical for in vivo vmDA 

development, it is important for their survival during adulthood and protects against cell loss in many 

models of PD (for review see [202]). GDNF function appears to require TGFβ [203]. TGFβ3 is a critical 

factor that works in conjunction with SHH in vitro and in vivo for the specification and survival of vmDA 

neurons [204].  

Floor plate protocols have been rapidly taken up by the field for iPS cell-based modelling of PD and for 

investigating cell-based therapies for PD. Some exciting new avenues of research using these protocols 

include their use in autologous transplantation into non-human primate models of PD [205-207]. Induced 

pluripotent stem cells differentiated using a floor plate protocol [190, 205] (51% TUJ1+, 7% TH+, 2% 

TH+/FOXA2+) were transplanted into MPTP-lesioned cynomolgus monkeys [206]. Two years after 

transplantation, in the absence of immunosuppression, 13,000 TH+ cells had survived, engrafted into 
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the putamen and resulted in functional improvement in motor symptoms [206]. Excitingly, human clinical 

trials using human embryonic stem cell-derived floor plate differentiated dopamine neurons may be 

commenced in the next few years [208]. 

Another promising line of research in the field is the derivation of human cerebral organoids [209]. 

Recently, by adapting floor plate differentiation protocols to a three-dimensional system, Jo et al. (2016) 

were able to generate human midbrain organoids that were self-organising, produced neuromelanin, 

secreted dopamine, formed functional synapses and exhibited characteristic electrophysiology [210]. 

Such structures offer interesting new prospects for studying vmDA neurodevelopment and 

pathophysiology in PD. 

Clearly the floor plate approach for generating dopamine neurons from human cells offers great promise. 

To date, however, the published yields of TH+ cells generated using these protocols vary widely, and 

the optimal proportion of dopamine neurons for grafting and disease modelling purposes is subject to 

debate. Yields of TH+ cells range from 15 – 25% of all cells at day 30 from human embryonic stem cells, 

iPS cells and primate iPS cells [205] to 80% of all cells from human iPS cells [211]. Some groups require 

further purification by fluorescence-activated cells sorting (FACS) to obtain sufficient dopamine neurons 

for their applications [205, 212, 213]. The reasons for such varying yields are unclear. Nevertheless, 

even with low proportions of vmDA neurons (2 – 15% TH+/FOXA2+), transplant studies in non-human 

primate models of PD have shown that grafted cells nonetheless survive, engraft and lead to functional 

improvement [206, 207]. Thus, while the optimal proportion of vmDA neurons for grafting is not yet 

known, what is evident is that the composition of the other cell types in the graft is vitally important. The 

graft must not contain residual pluripotent stem cells that can form tumours nor contaminating 

serotonergic neurons that can lead to graft-induced dyskinesias. Additionally A9 vmDA neurons are 

much more effective than A10 vmDA neurons at engrafting and recovering motor function, so ensuring 

that derived vmDA neurons specifically resemble snDA neurons is important, and remains a challenge 

[139]. For disease modelling, the composition of the culture is also very important. While pure populations 

of vmDA neurons are not physiologically relevant, an abundance of other cell types may dilute the 

disease phenotype, especially where changes may be very subtle, such as in the study of sporadic PD. 
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Figure 1.9: Comparison of Floor Plate Protocols from Pluripotent Stem Cells 
Comparison of four protocols based on floor plate patterning of pluripotent stem cells for the generation of dopamine neurons [193-195, 214]. Green indicates molecules used for neural 
induction. Pink indicates molecules used for ventralisation. Blue indicates molecules used for caudalisation. Yellow indicates molecules used for terminal differentiation. PO, poly-ornithine; 
Lam, laminin; FN, fibronectin; LDN, LDN193189; SB, SB431542; BDNF, brain-derived neurotrophic factor; AA, ascorbic acid; GDNF, glial cell-derived neurotrophic factor; TGFβ3, transforming 
growth factor beta 3;  cAMP, dibutyryl cAMP; DAPT, gamma-secretase inhibitor; SHH-C25II, mouse sonic hedgehog (C25II) N-terminus; FGF8, fibroblast growth factor 8; CHIR, CHIR99021; 
EBs, embryoid bodies; SHH-C24II, human sonic hedgehog (C24II) N-terminus; Pur, purmorphamine; MEF, mouse embryonic fibroblast; FGF2, fibroblast growth factor 2; SAG, smoothened 
agonist; PD0,  PD0325901.   
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 Differentiating pluripotent stem cells by transgenic methods 

Due to the low efficiencies of human vmDA neuronal generation by standard differentiation methods, a 

number of groups have sought to enhance dopaminergic differentiation by overexpression of 

transcription factors known to be important in the development of vmDA neurons in vivo. Amongst the 

genes that have been used, LMX1A has received the most attention, being used either by itself, or in 

combination with other transcription factors. 

Knock-out studies have shown that LMX1A is an important determinant of vmDA neurons, thus a number 

of studies have investigated the use of forced expression of LMX1A in mouse and human embryonic 

stem cell-derived neural stem cells. Strategies include transient transfection of mouse embryonic stem 

cells with LMX1A under a NESTIN enhancer prior to neural differentiation [94]; constitutive expression 

of LMX1A in human embryonic stem cell-derived neural precursors by lentiviral transduction part way 

through differentiation [215]; and, most successfully, the generation of stably transformed mouse 

embryonic stem cell, human embryonic stem cell and human iPS cell lines with LMX1A under a NESTIN 

enhancer [215, 216]. Permissive culture conditions, such as the presence of patterning factors SHH and 

FGF8, without retinoic acid, are required for LMX1A to generate vmDA neurons from pluripotent stem 

cells [94, 217]. 

Forced expression of LMX1A during neural induction of mouse embryonic stem cells, along with FGF2, 

SHH and FGF8 enhanced the generation of vmDA neurons (TH, NURR1, PITX3, EN1/2, LMX1A, LMX1B 

and DAT) [94, 215]. In human embryonic stem cells, lentiviral LMX1A transduction of neural precursors 

resulted in the derivation of 50% TH+ neurons, most of which expressed LMX1B, NURR1, PITX3 and 

DAT [215]. Alternatively, stably transformed human pluripotent stem cells with LMX1A under a NESTIN 

enhancer that undergo dopaminergic differentiation by embryoid body formation, expansion with FGF2, 

FGF8 and SHH, and terminal maturation by PA6 co-culture with SHH and FGF8, show enhanced 

generation of vmDA neurons [216]. Although total neuronal yield was unaffected, the culture was 

enriched for TH+ neurons (70% TH+/TUJ1 neurons), most of which expressed vmDA markers such as 

FOXA2, DAT, NURR1, ALDH1A1 and GIRK2 [216].  

Aside from LMX1A, several other combinations of transcription factors have been used to promote vmDA 

differentiation from embryonic stem cells. Martinat et al. (2006) used NURR1 and PITX3 in mouse and 

human embryonic stem cell SDIA-differentiated neural precursors, which enhanced dopaminergic 

maturation of neural precursors, as indicated by increased expression of DAT, TH, VMAT2, AADC, as 

well as reduced expression of GAD1 [218]. The specific midbrain regionalisation of these cells was not 

assessed and the cells did not mature upon engraftment into mice. 

To generate vmDA neurons, the combination of LMX1A with NURR1 and ASCL1 has been employed 

both for direct reprogramming (discussed later) as well as for differentiating pluripotent stem cells [219]. 

Human iPS cells were transduced as a single cell suspension with doxycycline-inducible lentiviral vectors 

and cultured in neural inducing medium, resulting in the derivation of 50% TUJ1+ neurons, 65% of which 

co-expressed TH. Expression of many vmDA markers was detected, including MAP2, AADC, ALDH1A1, 

VMAT2, CALBINDIN, GIRK2, DAT, D2R, FOXA2, PITX3, CORIN, EN1, OTX2, LMX1B as well as 

endogenous NURR1, LMX1A and ASCL1. Importantly, neurons showed mature functional 

characteristics, such as spontaneous firing and dopamine release. Of note, the use of ASCL1, NURR1 
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and LMX1A to generate dopamine neurons worked much more efficiently in human iPS cells than in the 

direct reprogramming of human fibroblasts. Another study showed that overexpression of the pro-neural 

factor ATOH1 in human iPS and embryonic stem cells in conjunction with SHH/FGF8b patterning, can 

lead to the generation of 80% TH+/TUJ1+ neurons, which are functional and express FOXA2, NURR1, 

GIRK2, EN1 and DAT [220]. 

 Purification of desired cell populations by cell sorting 

As discussed in Section 1.3.2.2, the optimal yields of vmDA neurons in a culture generated from stem 

cells may be critical for certain applications. For reproducible results in disease modelling studies, as 

well as for optimal outcomes upon transplantation, it is likely that high yields of vmDA neurons will be 

required. There should be minimal contamination of certain other cell types, especially proliferative cells 

and serotonergic neurons. In the absence of protocols which consistently generate high yields of vmDA 

neurons, an alternative strategy is to purify desired cell populations by FACS or magnetic-activated cell 

sorting (MACS). This has been achieved either by using promoter-reporter systems, or by identifying cell 

surface antigens.  

Early attempts to purify cells for transplantation purposes focussed on the removal of non-neural cells in 

pluripotent stem cell-derived cultures by sorting for the neural stem cell marker SOX1. A SOX1-GFP 

knock-in mouse embryonic stem cell line has been employed so that cultures may be enriched for SOX1+ 

cells prior to transplantation [221, 222]. Both groups reported the attenuation of tumour formation by 

using SOX1+ sorted cells. However, SOX1 is not specific for dopamine precursors, and as human 

embryonic stem cells do not differentiate into dopamine neurons as readily as mouse embryonic stem 

cells, more specific markers are required. 

The use of markers of a vmDA fate, such as NURR1 and PITX3, for cell sorting has been examined. 

Using a mouse embryonic stem cell PITX3-GFP reporter line, Hedlund et al. (2008) found that selection 

on the basis of PITX3 was efficient at enriching differentiating cells for TH, EN1, AADC, PITX3 and 

NURR1 [223]. Another study used bacterial artificial chromosome (BAC) transgenic mouse embryonic 

stem cell reporter lines, to investigate the use of HES5, NURR1 and PITX3 reporters for the purification 

of dopaminergic neuronal progenitors prior to transplantation in a 6-OHDA mouse model [224]. Selection 

on the basis of both NURR1 and PITX3 enriched for dopamine neurons which survived well, in vivo and 

in vitro. Nonetheless, tumours formed in animals grafted with sorted cells, due to the presence of residual 

pluripotent stem cells. Tumour formation could be avoided by double-sorting the cells, however this also 

reduced the survival of TH+ cells. More recently human pluripotent stem cell LMX1A-GFP and PITX3-

GFP reporter lines have been developed, which may be useful for purification of vmDA progenitors [225, 

226]. 

The identification of the cell surface protease, CORIN, as a marker of floor plate cells, has provoked 

much interest for use as an antigen for cell sorting [86]. As CORIN is not specific to the mesencephalon, 

Chung et al. (2011) utilised an OTX2-GFP knock-in mouse embryonic stem cell line in conjunction with 

CORIN to sort for vmDA precursors during a five stage differentiation protocol [227]. This strategy worked 

well to purify a population of self-renewable vmDA precursors which could differentiate in vitro and in 

vivo into dopaminergic neurons. Importantly, CORIN can also be used in human cells, and by using a 

midbrain floor plate-based differentiation protocol, the need for a second marker to select for 
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mesencephalic floor plate cells was reduced [213]. By sorting for CORIN, the progenitor population was 

enriched for LMX1A and FOXA2, and sorted cells differentiated into neuronal populations with improved 

yields of TH+ cells. CORIN sorted progenitors also improved functional outcomes upon transplantation 

into 6-OHDA lesioned rats, with no tumour formation. 

For clinical translation, selection on the basis of cell surface markers is preferable to transgenic reporter-

based systems. A range of cell surface markers have now been identified which can be used to select 

for or against markers of pluripotent stem cells, neural stem/precursor cells and differentiated neurons 

and glia [228, 229]. Such markers have been employed for use to purify iPS cells undergoing 

differentiation by a modified version of the Kriks floor plate protocol [205, 212]. Sundberg et al. (2013) 

showed that subpopulations of mesodermal cells and pluripotent cells exist within differentiated cultures 

[205]. By purifying populations on the basis of cell surface antigens, they found that the NCAM1+ (also 

known as CD56)/CD29low fraction was enriched for NURR1, GIRK2, PITX3 and TH. Purification of this 

population also increased the yield of FOXA2/TH+ and EN/TH+ cells from 10 – 20% to 40% of total cells, 

and showed improved TH+ neuronal engraftment in a non-human primate model of PD [205]. Another 

study sorted cells at the progenitor stage by selecting for CD56+/CD133+ cells, which enriched for neural 

precursors, or, at the neuronal stage by selecting CD56+/CD24+/CD15-/CD184- cells [212]. By selecting 

for these cells, expression of FOXA2, LMX1, TH, GIRK2 and PITX3 was enriched, and the yield of 

TH+/TUJ1+ cells was uniform across a number of cell lines, at approximately 80%.  

Recently, an elegant study identified a number of novel transmembrane proteins with extracellular 

domains that may be useful targets for enriching vmDA neurons [230]. Bye et al. (2015) sorted for NGN2+ 

progenitors in the developing mouse mesencephalon (E12.5), a population which comprises <30% of all 

viable cells, but contains nearly all transplantable vmDA neurons [230]. Using microarrays, they identified 

59 genes that were membrane-associated, of which 30 were known to be localised to the plasma 

membrane, and 18 of which were likely to feature an extracellular domain. By sorting E14.5 rat ventral 

mesencephalic cells with commercially available antibodies targeting several of these proteins, it was 

found that ALCAM and CHL1 enriched for vmDA neurons and GFRA1 separated dopamine from 

serotonin neurons [230]. It remains to be seen if these targets are suitable for selecting human vmDA 

neurons, and if any of the novel targets can be used to separate A9 and A10 vmDA neurons.  
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 Direct reprogramming 

An alternative to generating vmDA neurons from pluripotent stem cells is to directly reprogram somatic 

cells to neurons. Direct reprogramming, or transdifferentiation, is the process of converting one 

differentiated cell type to another, without passing through a pluripotent or progenitor cell state. This 

process was described several decades before the derivation of iPS cells. In 1983, two studies 

demonstrated transdifferentiation by cellular fusion [231, 232]. In 1987 came the first demonstration that 

a single transcription factor, MYOD1, was capable of reprogramming mouse fibroblasts into myoblasts 

[233]. Transdifferentiation into neurons has been a recent development, and was first reported in 2010 

[234]. 

 Direct-to-iN/iDA reprogramming 

The first study to directly reprogram somatic cells into induced neural (iN) cells identified three factors 

(BRN2/ASCL1/MYT1L; BAM factors) that could reprogram mouse embryonic and post-natal tail tip 

fibroblasts into TUJ1+ neurons [234]. The derived neurons were generated at an efficiency of up to 

19.5% and were shown to be functional and capable of forming synapses. Upon translation to human 

fibroblasts, the BAM factors alone were found to be insufficient and additional transcription factors were 

required to generate functional neurons, either NEUROD1 [235] or ZIC1 and OLIG2 [236]. Later, it was 

clarified that ASCL1 alone is in fact capable of reprogramming mouse and human fibroblasts into 

functional neurons, however the addition of extra factors plays a role in enhancing neuronal maturation 

[237]. Alternatively, microRNAs can be used in conjunction with some of the BAM factors for direct 

reprogramming of human skin cells [238, 239]. In contrast with murine iN cells, human iN cells are 

generated at a lower efficiency and required longer culture periods to mature [235].  

Critically, direct-to-iN reprogramming strategies generate mostly a forebrain glutamatergic or GABAergic 

neuronal fate, with very few or no TH+ cells generated [235-241]. Consequently, a number of studies 

have set out to identify the factors required to directly reprogram somatic cells into dopaminergic neurons 

(Figure 1.10). Caiazzo et al. (2011) used ASCL1 with LMX1A and NURR1 to generate TH+ neurons from 

human fibroblasts with an efficiency of 3 – 6%. However, adult human fibroblast-derived induced 

dopamine (iDA) cells did not demonstrate a ventral midbrain identity and were functionally immature 

[242]. Another group combined the BAM factors with LMX1A and FOXA2 to reprogram human embryonic 

fibroblasts into TH+ cells (10%), however the vmDA identity was once again limited [243]. Further 

attempts to generate iDA cells from fibroblasts have seen up to six transcription factors being used [244]. 

Many combinations of factors have been employed (Figure 1.10), and while functional human iDA cells 

can be generated, these show little sign of an authentic vmDA identity [245]. 

Recently, it has been shown that the right cocktail of chemicals is sufficient to reprogram murine and 

adult human fibroblasts into iN cells, without the requirement of transgene expression [240, 241]. 

Chemically reprogrammed iDA cells have been reported from mouse embryonic fibroblasts (MEFs) using 

the TGFβ/Activin inhibitor SB431542, NOGGIN, retinoic acid, FGF2, EGF, GDNF, SHH and FGF8b 

[246]. In human cells, the efficiency of reprogramming to an iDA cell fate by ASCL1/NURR1/LMX1A has 

been vastly improved by the addition of the microRNA miR124, p53 suppression (by knockdown), cell 

cycle arrest at G1 (by serum withdrawal, CDK2 inhibition by SU9516 or mTOR inhibition by Torin1) and 

a cocktail of neurotrophic factors and small molecules [247]. Efficiency was improved to yield 60% 
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TH+/TUJ1+ neurons from human foetal fibroblasts, cells were functional and expressed a range of 

dopaminergic markers (AADC, ALDH, DAT, VMAT2, PITX3, NURR1, FOXA2, and EN1). When 

translated to new born and adult fibroblasts (from donors aged 31 and 96), TH+/TUJ1+ yields dropped 

to 16%, 11% and 8% respectively. Expression of other dopaminergic markers and functionality of adult-

derived iDA cells was not reported. 

One of the key applications envisaged for direct-to-iDA reprogramming is in vivo reprogramming, 

whereby endogenous cells, such as NG2+ and GFAP+ glia could be converted into functional neurons 

in situ [248, 249]. Additionally, disease modelling applications could benefit from a direct reprogramming 

strategy. Direct-to-iN reprogramming is substantially faster than reprogramming via iPS cells, and can 

generate functional iN cells within several weeks, as opposed to the time course of several months to 

generate and validate iPS clones, and differentiate them into functional neurons. While direct 

reprogramming of human cells to authentic vmDA neurons has not been described yet, it is still very 

early days for the development of direct reprogramming protocols. Ultimately, if mature, authentic vmDA 

neurons can be obtained from adult human cells by direct reprogramming, this may represent a more 

simple and efficient system for disease modelling.  
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Figure 1.10: Comparison of Direct-to-Neuronal Cell Reprogramming Studies for the Generation of iDA Cells 
DM, dorsomorphin; CHIR, CHIR99021; human foetal fibroblasts, HFF; human post-natal fibroblasts, HPNF; Pur, 
purmorphamine; RA, retinoic acid; SB, SB431542; vit C, vitamin C.   
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 Direct-to-iNS/iNP cell reprogramming 

As an alternative method for generating vmDA neurons, somatic cells can be reprogrammed into induced 

neural stem/precursor (iNS/iNP) cells, and subsequently differentiated to a vmDA fate. This technology 

has been developed in order to avoid limitations of iPS cell and iN cell reprogramming methods for both 

cell transplantation and disease modelling applications. Direct reprogramming to iN cells rapidly 

generates neurons and bypasses the pluripotent stage, avoiding the risk of residual pluripotent cells 

causing tumorigenesis upon transplantation. However a number of major limitations of this technology 

exist; cells are post-mitotic and therefore of limited availability, and the generation of mature authentic 

vmDA neurons from human adult donors has thus far not been demonstrated. Consequently, a number 

of studies have reported directly reprogramming somatic cells into iNS/iNP cells (Table 1.1, Table 1.2 

&Table 1.3). A major advantage of this technology would be the avoidance of pluripotent intermediates, 

while still producing an expandable cell source. Two main strategies have emerged for direct-to-iNS/iNP 

cell reprogramming; (1) Pluripotency factor (PF)-mediated reprogramming and (2) lineage specific factor 

(LF)-mediated reprogramming (Figure 1.11). 

 

Figure 1.11: Direct-to-Induced Neural Stem/Precursor (iNS or iNP) Cell Reprogramming Strategies 
Direct-to-iNS/iNP cell reprogramming strategies fall into two main groups. PF-mediated reprogramming (blue arrow) 
employs pluripotency factors (PF), including OCT4, to initiate cell reprogramming. When expression is restricted and 
combined with neural stem cell conditions, rather than pluripotency conditions, cells are directed to a neural stem 
cell fate, rather than a pluripotent fate. Alternatively, lineage specific factor (LF)-mediated reprogramming (yellow 
arrow) employs different neural factors, often including SOX2, in conjunction with neural stem cell conditions to 
generate iNS/iNP cells. These cells can then be differentiated into neurons, astrocytes and oligodendrocytes. 
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1.4.2.1 Pluripotency factor-mediated direct-to-iNS/iNP cell reprogramming 

A number of studies have described the use of PF to directly reprogram somatic cells into alternative 

lineages, such as neural stem cells, apparently without the generation of a pluripotent intermediate. This 

method involves curtailed expression of some or all of the OSKM factors in conjunction with neural 

inducing cytokines such as EGF and FGF2, and the absence of pluripotency-inducing conditions [250-

255]. These conditions have been demonstrated to reprogram mouse, rat, non-human primate and 

human fibroblasts into bi- and tri-potent, proliferative iNS/iNP cells (Table 1.1). Alternative cell sources, 

such as human astrocytes and epithelial-like cells isolated from human urine have also been used for 

PF-mediated direct reprogramming [256, 257]. 

Initially it was suggested that the mechanism for PF-mediated direct-to-iNS/iNP cell reprogramming 

might be the induction of a plastic or unstable intermediate cell type, that could be directed to different 

cell fates, including pluripotent stem cells or neural stem/precursor cells, depending on other cues [250]. 

The evidence for the absence of an intermediate pluripotent phase was that the pluripotency genes 

OCT4, NANOG and REX1 were not expressed, that reporter expression was not seen in NANOG-GFP 

reporter cells, and that the kinetics of reprogramming to iNS/iNP cells was much faster than to iPS cells, 

suggesting that iPS cells could not have formed [250, 251, 258]. Pluripotency factor-mediated direct 

reprogramming appears to be highly sensitive to culture conditions for fate specification, as the presence 

of LIF in the media could induce markers of pluripotency in derived iNS/iNP cells [250, 253]. More 

recently the absence of a transient pluripotent stage has been strongly called into question. Through a 

number of lines of evidence, including lineage tracing and examination of X chromosome reactivation, it 

now seems apparent that PF-mediated direct-to-iNS/iNP cell reprogramming does indeed pass through 

a pluripotent phase [259, 260]. Additionally, a study investigating chromosomal stability in neural cells 

derived from direct reprogramming, iPS cells or adult neural stem cells, found that chromosomal 

abnormalities were frequent in samples from iPS cells, adult neural stem cells and PF-mediated directly 

reprogrammed cells, but were markedly less common in samples of cells directly reprogrammed using 

lineage specific factors [261].  

1.4.2.2 Lineage specific factor mediated direct-to-iNS/iNP cell reprogramming 

An alternative to the use of PF to mediate direct-to-iNS/iNP cell reprogramming is to employ neural stem 

cell specific factors. Indeed, whole neural stem cell extract is capable of reprogramming adult human 

fibroblasts into tripotent iNP-like cells [262]. Lee et al. (2011) found that neurosphere conditions 

(EGF/FGF2) alone were insufficient to reprogram adult human fibroblasts however the combination of 

proteinacious and RNA elements present in neural stem cell extract was able to reprogram to an iNP cell 

fate [262]. A number of studies have tried to identify combinations of transcription factors sufficient to 

elicit iNS/iNP cell generation. Many different combinations of factors have been identified (Table 1.2), 

however most groups have included the master regulator SOX2, either alone or in conjunction with other 

factors [263].  

Many of the LF-mediated direct-to-iNS/iNP cell reprogramming studies combine multiple stem cell factors 

and neural factors to induce reprogramming. Some groups have used large combinations of factors, for 

example mouse fibroblasts and sertoli cells were reprogrammed with the neural factors ASCL1, NGN2, 

HES1, ID1, PAX6, BRN2, in combination with the stem cell factors MYC, KLF4 and SOX2 and culture in 
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neural stem cell conditions [264, 265]. Other groups have identified smaller combinations of factors 

sufficient for iNS/iNP cell reprogramming. Han et al. (2012) reprogrammed MEFs into self-renewable 

tripotent iNS cells using the stem cell factors SOX2, KLF4 and MYC with neural factors BRN4 and E47, 

and culture with EGF and FGF2 [266]. Curiously, this group derived iNS cells of an apparently hindbrain 

identity, expressing anterior, posterior and ventral hindbrain markers. Other combinations used to 

reprogram mouse fibroblasts have included SOX2, MYC, BRN2, TLX and BMI1 [267, 268], and SOX2, 

FOXG1 and BRN2 [269].  

It is interesting that SOX2 is a common factor with most direct-to-iNS/NP cell reprogramming strategies. 

Indeed, one group has described the use of SOX2 alone with neural stem cell conditions and a feeder 

layer to reprogram MEFs and human foetal fibroblasts into tripotent iNS cells [270]. More recently, SOX2 

has been combined with HMGA2, an architectural transcription factor involved in chromatin structure, to 

increase reprogramming efficiency to form PAX6+/NESTIN+ iNS cells from adult human fibroblasts and 

human umbilical cord blood cells [271]. 

Very few studies have described the derivation of iNS/iNP cells from adult human somatic cells by LF-

mediated direct reprogramming [271-273]. For modelling a human late-onset neurodegenerative disease 

such as PD, it is critical that adult human cells can be reprogrammed. This has been achieved by our 

research group by using non-viral expression of the reprogramming factors SOX2 and PAX6 in adult 

human dermal fibroblasts combined with neural stem cell culture conditions, resulting in the generation 

of iNP cells that could be differentiated into GABAergic and TH+ neurons [272]. The use of non-viral 

expression systems, while often lowering the efficiency of reprogramming, reduces the chance of 

insertional mutagenesis caused by integrating vectors [274]. 

1.4.2.3 Chemical mediated direct-to-iNS/iNP cell reprogramming 

While transgenes play a significant role in reprogramming, culture conditions are also very influential, as 

has been noted with the strong influence of media components on PF-mediated direct-to-iNS/iNP cell 

reprogramming [250, 253]. There has recently been a drive to develop reprogramming protocols based 

solely on chemical additives in the absence of transgenes. Indeed, iPS cells have been derived from 

MEFs, mouse neonatal fibroblasts, mouse adult fibroblasts and adipose-derived stem cells using a 

chemical cocktail including the HDAC inhibitor valproic acid (VPA), the GSK3β inhibitor CHIR99021, the 

TGFβ inhibitor REPSOX, the epigenetic modifier tranylcypromine, the cAMP agonist forskolin and the 

epigenetic modulator DZNep [167]. Generating iNS/iNP cells by this approach would have the 

advantages of being simple to use, optimize and reproduce without the issues of transgenic integration. 

A handful of studies have achieved direct-to-iNS/iNP cell reprogramming using chemical additives (Table 

1.3). 

To generate iNS/iNP cells, it was initially found that SOX2, KLF4 and MYC could be replaced by 

chemicals in PF-mediated direct-to-iNS cell reprogramming [275]. OCT4 alone could be used to 

reprogram human neonatal fibroblasts into primitive iNS cells when combined with the TGFβ inhibitor 

A83-01 and CHIR99021. However adult dermal fibroblasts required a more extensive cocktail of small 

molecules including the HDAC inhibitor sodium butyrate, the phospholipid derivative LPA, the PDE4 

inhibitor rolipram and the JNK inhibitor SP600125. SOX2 could not replace OCT4 in the same chemical 

cocktail, suggesting a different mechanism of reprogramming by SOX2 [275].  
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A number of studies have since described the use of various other chemical cocktails to induce 

reprogramming. One study found that hypoxic conditions (5% O2, rather than 21% O2) in conjunction 

with VPA, CHIR99021 and REPSOX, could induce MEFs, mouse post-natal fibroblasts and human 

urinary cells into tripotent iNP cells [276]. Another study, starting with a defined fibroblast specific FSP+ 

MEF population, described a chemical cocktail which was capable of generating iNS cells in the absence 

of transgenes, by activating transcription factors through FGF2 and SHH signalling [277]. This cocktail 

was more extensive and included BMP inhibition by LDN193189 along with A83-01, CHIR99021, FGF2, 

a SMO agonist Hh-Ag 1.5, retinoic acid, RG108 (a DNA methytransferase inhibitor), Parnate (a histone 

demethylase inhibitor) and SMER28 (an autophagy modulator). Finally, another study combined EGF 

and FGF2 with A83-01, purmorphamine, VPA and the ROCK inhibitor Thiazovivin to generate tripotent 

iNS cells from MEFs [278].  

 Generation of dopaminergic neurons from iNS/iNP cells 

For the study and treatment of PD using direct-to-iNS/iNP cell reprogramming, it is essential to be able 

to generate authentic vmDA neurons in vitro from adult human cells. Most direct-to-iNS/iNP cell 

reprogramming studies have been conducted in rodent cells, and of these, a number have reported the 

generation of TH+ cells (Table 1.1, Table 1.2 & Table 1.3). Amongst the PF-mediated direct 

reprogramming studies, the yield of TH+ neurons generated from iNS/iNP cells have been reported at 

up to 57% by biasing the derived progenitors towards a dopaminergic fate through exposure to specific 

patterning agents during reprogramming [279]. The patterning molecules SHH and FGF8 were added 

from day five to coincide with doxycycline withdrawal and the termination of OSKM expression, and 

resulted in the induction of FOXA2, LMX1A and NGN2 from about day seven onwards. In addition, short 

bursts of exposure to the JAK inhibitor JI1 (day 5 – 7) to block alternative fate specification, as well as 

0.4 µM CHIR99021 (day 10 – 12), enhanced expression of EN1, FOXA2, LMX1A and CORIN in the 

progenitors. These dopaminergic iNPs were then terminally differentiated with cAMP, ascorbic acid, 

BDNF and GDNF into functional TH+ neurons that also expressed NURR1, EN1, FOXA2 and PITX3 

[279].  

For LF-mediated direct-to-iNS/iNP cell reprogramming, the combination of nine genes (ASCL1, NGN2, 

HES1, ID1, PAX6, BRN2, MYC, KLF4 and SOX2) have been capable of reprogramming MEFs, mouse 

sertoli cells and mouse post-natal fibroblasts into iNS cells which give rise to up to 10% TH+ neurons, 

which also express EN1 and PITX3 [264, 265]. Alternatively, combining the BAM factors (BRN2, ASCL1, 

MYT1L) with BCL-XL plus FGF2, FGF8 and LIF could induce iNP cells from MEFs, adult mouse 

fibroblasts and rat embryonic fibroblasts [280, 281]. Differentiation of rat embryonic fibroblast-derived 

iNP cells into functional dopamine neurons could be enhanced by overexpression of NURR1 and 

FOXA2, and yields ranged up to 40% TH+ cells out of total cells [281]. Another study reported the 

generation of 90% TH+ cells out of TUJ1 cells from adult mouse fibroblast-derived iNPs reprogrammed 

with BRN2, SOX2, FOXA2 and L-MYC with or without exposure to SHH and FGF8 [282]. 

However, based on the lessons learnt when translating protocols for dopaminergic differentiation of 

mouse embryonic stem cells to human embryonic stem cells, it is important to be prudent when assessing 

the relevance of rodent studies to human cells. Of the studies conducted in human cells, only a handful 

have reported TH expression in iNS/iNP-derived neurons (Table 1.1, Table 1.2 & Table 1.3). Amongst 
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PF-reprogrammed iNS/iNP cells, Wang et al. (2013) first derived 6.5% TH+ neurons from iNP cells by 

withdrawal of EGF and FGF2 and culture with BDNF, GDNF, CNTF, IGF1 and cAMP [257]. The Zhang 

lab described the generation of 1% TH+ neurons from human PF-reprogrammed iNP cells by 

differentiation with ascorbic acid, BDNF, GDNF, IGF1 and cAMP [255]. Another PF-mediated direct 

reprogramming study could generate 21% TH+/TUJ1 neurons from adult human fibroblast-derived iNS 

cells, which, after exposure to SHH, FGF8b, BDNF, GDNF, IGF1, TGFβ3 and dibutyryl cAMP, also 

expressed EN1, FOXA2, LMX1A and NURR1 [283], Interestingly, both of these last studies generated 

LIF-dependent iNS cells which are more primitive than definitive neural stem cells.   

For LF-reprogrammed iNS/iNP cells, which may be reprogrammed via a different mechanism than PF-

reprogrammed iNS/iNP cells, only a few studies have reported the generation of TH+ neurons from 

human cells [271-273, 284-286]. In 2012, our research group reported the generation of TH+ neurons 

from SOX2/PAX6-reprogrammed adult human iNP cells, however the yields were not determined [272]. 

Similarly, SOX2/HMGA2-reprogrammed adult human iNS cells could differentiate into an undetermined 

number of TH+ neurons [271]. Recently, ZFP521-reprogrammed iNS cells from human post-natal 

fibroblasts were reported to give rise to 25.8% TH+ cells, which also expressed DAT, however the 

generation of TH+ cells from adult human fibroblast-derived iNS cells was not reported [273]. Overall, 

the vmDA identity of cells derived by LF-mediated reprogramming of human cells has been very limited. 

One study generated an unknown yield of TH+ neurons from human post-natal fibroblasts using 

SOX2/LMX1A, and these cells also expressed PITX3, NURR1, LMX1A and FOXA2, however the long-

term maintenance of LMX1A and FOXA2 in iNP cells was not shown [285]. At present, it remains to be 

seen if the generation of authentic, functional vmDA neurons can be achieved from LF-mediated direct-

to-iNS/iNP reprogrammed cells derived from adult human donor cells. Amongst the emerging studies 

generating iNS/iNP cells by chemical reprogramming, only one has reported the generation of TH+ cells 

from MEFs [278]. 

Clearly, whilst direct reprogramming to an iNS/iNP cell fate has some advantages over iPS and iN cell 

reprogramming, the ability for these cells to generate dopamine neurons from adult human donor cells 

has thus far been limited. Whilst TH+ cells have been generated from iNS/iNP cells reprogrammed by 

PFs, these have not been well characterized for mature dopamine markers and functionality [255, 257, 

275, 283], it would be interesting to investigate if authentic human vmDA neurons can be derived from 

iNS/iNP cells reprogrammed by lineage specific factors or chemical reprogramming. If this could be 

achieved, this strategy would present the advantages associated with not transitioning through a 

pluripotent phase, thereby reducing the possibility of tumorigenesis in cell-based therapy applications, 

faster reprogramming times than iPS cell reprogramming, and, importantly, by not rejuvenating cells, 

age-related phenotypes might be more easily obtained in disease modelling applications [287-289].
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Study 
Somatic cell 

type 

Reprogramming factors & 

delivery strategy 
Media components Expandability Efficiency 

In vitro 

differentiation 

capacity 

Dopaminergic 

differentiation 

capacity 

Kim, 

2011 

[250] 

MEF 

OCT4, SOX2, KLF4, MYC 

(3 – 6 days) by dox-inducible 

LV 

FGF2, EGF, FGF4 ± JI1 
< 3 – 5 

passages 

0.5% – 0.69% 

(colonies) 
Bipotent 

Uncharacterised. TH+ 

cells generated 

Thier, 

2012 

[251] 

MEF 

OCT4 (5 days by dox-

inducible LV or protein) + 

SOX2, KLF4, MYC by RV 

FGF2, EGF > 50 passages 

0.005 – 

0.008% 

(colonies) 

Tripotent - 

Kumar, 

2012 

[252] 

HPNF 
OCT4, SOX2, KLF4, ZIC3 by 

RV 
FGF2 + MEF feeder > 40 passages 

0.009 – 

0.035% 

(colonies) 

Tripotent - 

Matsui, 

2012 

[253] 

aMF 

aHF 

OCT4, SOX2, KLF4, MYC by 

RV 

FGF2, EGF, LIF, pCPT-

cAMP 
- 

0.03 – 3% 

(colonies) 
Tripotent - 

Corti, 

2012 

[256] 

Human 

astrocytes 

OCT4 or SOX2 or NANOG 

by LV 
FGF2, EGF - - Tripotent - 

Xi, 2013 

[254] 
REF, RPNF 

OCT4, SOX2, MYC ± KLF4 

by RV 
CHIR99021, LIF, Y27632 > 60 passages 

0.02 – 0.05% 

(colonies) 
Tripotent 

Uncharacterised. TH+ 

cells generated 

Wang, 

2013 

[257] 

Human urine 

cells 

OCT4, SOX2, KLF4, 

SV40LT or MIR302–367 by 

episomal plasmid 

A83-01, CHIR99021, 

DMH1, FGF2, EGF, 

PD0325901, thiazovivin, 

> 11 passages 
0.2% 

(colonies) 
Tripotent 6.5% TH+/TUJ1 
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Lu, 2013 

[255] 

 

HPNF, aHF, 

Adult rhesus 

fibroblasts 

OCT4, SOX2, KLF4, MYC by 

SeV 

CHIR99021, LIF, 

SB431542, Y27632 
> 20 passages 

0.03 – 0.08% 

(SOX1+ 

colonies) 

Tripotent 1% TH+/TUJ1 

Zhu, 

2014 

[275] 

HPNF, aHF 
OCT4 by LV or episomal 

plasmid 

A83-01, CHIR99021, 

LPA, NaB, Rolipram, 

SP600125 

- 

0.003% 

(PAX6+ 

colonies) 

Tripotent 
Uncharacterised. TH+ 

cells generated 

Kim, 

2014 

[279] 

MEF, aMF 
OCT4, SOX2, KLF4, MYC (3 

- 6 days) by dox-inducible LV 

CHIR99021, FGF8b, JI1, 

SHH 
- - - 

~57% TH+/TUJ1 

(MEF), ~30% 

TH+/TUJ1 (aMF) 

EN1, FOXA2, NURR1, 

PITX3 

Xu, 2014 

[290] 

Porcine 

foetal 

fibroblasts 

OCT4, SOX2, KLF4, LIN28, 

L-MYC by episomal plasmid 

CHIR99021, 

dorsomorphin, FGF2, 

SB431542 + MEF feeder 

- 
0.002% 

(colonies) 
Bipotent - 

Miura, 

2015 

[283] 

aHF 
OCT4, SOX2, KLF4, L-MYC, 

NANOG, by dox-inducible LV

CHIR99021, LIF, 

PD0325901 ± MEF 

feeder 

> 100 

passages 
0.01 – 0.03% Tripotent 

~21% TH+/TUJ1, EN1, 

FOXA2, LMX1A, 

NURR1 

Table 1.1: Comparison of Studies using Pluripotency Factor-Mediated Direct Reprogramming to an iNS/iNP Cell Fate 
aHF, adult human fibroblast; aMF, adult mouse fibroblast; dox, doxycycline; HPNF, human post-natal fibroblast; LV, lentivirus; MEF, mouse embryonic fibroblast; REF, rat embryonic fibroblast; 
RPNF, rat post-natal fibroblast; RV, retrovirus; SeV, Sendai virus. 
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Study 
Somatic cell 

type 

Reprogramming 

factors & delivery 

strategy 

Media components Expandability Efficiency 

In vitro 

differentiation 

capacity 

Dopaminergic 

differentiation 

capacity 

Lee, 2011 

[262] 
aHF Neural stem cell extract FGF2, EGF, LIF < 3 passages 0.01% (colonies) Tripotent 

Uncharacterised. 

TH+ cells generated 

Lujan, 2012 

[269] 
MEF 

FOXG1, SOX2 ± BRN2 

by LV 
FGF2, EGF  > 20 passages 5% SOX2-eGFP+ Tripotent - 

Han, 2012 

[266] 
MEF 

BRN4, SOX2, KLF4, 

MYC ± E47 by RV 
FGF2, EGF > 130 passages 

0.002 – 0.01% 

(colonies) 
Tripotent 

Uncharacterised. 

TH+ cells generated 

Ring, 2012 

[270] 
MEF, HFF SOX2 by RV 

FGF2, EGF + STO 

feeder 
> 40 passages 

0.13 – 0.96% 

(SOX2+/NESTIN+) 
Tripotent - 

Maucksch,  

2012 [272] 
aHF 

SOX2, PAX6 by plasmid 

or protein 
EGF ± FGF2 - 0.05% (colonies) Bipotent 

Uncharacterised. 

TH+ cells generated 

Sheng, 2012 

[264] 
MPNF 

ASCL1, NGN2, HES1, 

ID1, PAX6, BRN2, MYC, 

KLF4 ± SOX2 by RV 

FGF2, EGF - 
0.001 – 0.002% 

(colonies) 
Tripotent 8.6% TH+/TUJ1 

Sheng, 2012 

[265] 

Mouse sertoli 

cells 

ASCL1, NGN2, HES1, 

ID1, PAX6, BRN2, MYC, 

KLF4 ± SOX2 by RV 

FGF2, EGF > 25 passages 0.001 – 0.002% Tripotent 
10% TH/MAP2,  

PITX3 

Tian, 2012, 

2013 [267, 

268] 

aMF, MEF 
BRN2, TLX, SOX2, 

MYC, BMI1 by RV 
FGF2, EGF > 50 passages - Tripotent 

Uncharacterised. 

TH+ cells generated 
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Zou et al. 

2014 [284] 
HFF 

SOX2, MYC + BRN2 or 

BRN4 by LV 
FGF2, EGF > 20 passages - Neuronal 

Uncharacterised. 

TH+ cells generated 

Tian, 2015 

[282] 
aMF 

BRN2, SOX2, FOXA2 ± 

L-MYC by dox-inducible 

RV 

FGF2, EGF ± SHH, 

FGF8 
- - Unipotent 

~90% TH+/TUJ1, 

AADC, DAT, VMAT2 

Mirakhori et 

al. 2015 

[285] 

HPNF 
TAT-SOX2, TAT-LMX1A 

protein 

LIF, LDN, SB431542, 

CHIR99021, 

purmorphamine, 

VPA, FGF2, EGF 

- - Neuronal 
TH, PITX3, NURR1, 

LMX1A, FOXA2 

Mirakhori et 

al. 2015 

[286] 

HPNF TAT-SOX2 protein 

LIF, LDN, SB431542, 

CHIR99021, 

purmorphamine, 

VPA, FGF2, EGF 

- 0.000044% (colonies) Tripotent 
Uncharacterised. 

TH+ cells generated 

Lim, 2015a, 

2015b [280, 

281] 

MEF, aMF, 

REF 

BRN2, ASCL1, MYT1L ± 

BCL-XL by RV (+ 

NURR1, FOXA2, NGN2 

by RV for differentiation) 

FGF2, FGF8, LIF 

>110 passages 

(REF)  

Mouse iNPs not 

expandable 

~70% (NESTIN+, 

SOX2+) from REF 
Tripotent 

25 – 40% TH/DAPI, 

PITX3, GIRK2, DAT, 

VMAT2, NURR1 

Yu, 2015 

[271] 

aHF, 

senescent 

hUCB-MSC, 

CD34+ blood 

cells 

SOX2, HMGA2 by RV FGF2, EGF > 40 passages 

0.6% 

PAX6+/NESTIN+ 

colonies 

Tripotent 
Uncharacterised. 

TH+ cells generated 

Shahbazi, 

2016 [273] 

HFF, HPNF, 

aHF 

ZFP521 by dox-

inducible LV 
FGF2, EGF > 60 passages 

0.7% (HFF), 0.4% 

(HPNF), 0.03% (aHF) 

NESTIN+/SOX2+ 

Tripotent 
From HPNF: 25.8% 

TH+ cells, DAT 
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For aHF: VPA, 

CHIR99021, 

SB431542 + hypoxia 

Table 1.2: Comparison of Studies using Lineage Specific Factor-Mediated Direct Reprogramming to an iNS/iNP Cell Fate 
aHF, adult human fibroblast; aMF, adult mouse fibroblast; dox, doxycycline; HFF, human foetal fibroblast; HPNF, human post-natal fibroblast; hUCB-MSC, human umbilical cord blood cell 
derived mesenchymal stem cell; LV, lentivirus; MEF, mouse embryonic fibroblast; MPNF, mouse post-natal fibroblast; REF, rat embryonic fibroblast; RV, retrovirus. 

 

Study 
Somatic cell 

type 
Media components Expandability Efficiency 

In vitro 

differentiation 

capacity 

Dopaminergic 

differentiation 

capacity 

Cheng et 

al. 2014 

[276] 

MEF, MPNF, 

human urine 

cells 

Hypoxia + VPA, CHIR99021, REPSOX 
> 25 

passages 
~0.0165% (colonies) Tripotent - 

Zhang, 

2016 [277] 
MEF 

Hypoxia + LDN193189, A83-01, 

CHIR99021, FGF2, Hh-Ag 1.5, retinoic 

acid, RG108, Parnate, SMER28 

> 10 

passages 
24 – 30% SOX2+/NESTIN+ Tripotent - 

Zheng, 

2016 [278] 
MEF 

FGF2, EGF, A83-01, purmorphamine, 

VPA, Thiazovivin 

> 15 

passages 

0.192% NESTIN+ colonies 

(from starting population) 
Tripotent 50% TH+/TUJ1 

Table 1.3: Comparison of Studies using Chemical-Mediated Direct Reprogramming to an iNS/iNP Cell Fate 
aHF, adult human fibroblast; MEF, mouse embryonic fibroblast; MPNF, mouse post-natal fibroblast. 
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 Modelling PD with reprogramming 

One of the key applications of reprogramming technology for PD is to develop cell-based models in which 

human vmDA neurons can be grown and studied in a dish. The contributions of genetic and other risk 

factors can be teased apart by using patient specific cells, isogenic cell lines, applying toxins, or 

mimicking ageing in vitro. A growing body of literature supports the use of reprogramming-based models 

of PD in conjunction with other model systems for understanding more about the pathogenesis of PD. 

The following sections will briefly discuss some of this literature. 

 Investigating the genetic components of PD with reprogramming-based models 

Several of the earliest studies to employ reprogramming technology to model PD generated iPS cells 

from patients with mutations in the SNCA gene. While the proportions of TH+ cells in these cultures were 

not high, some disease relevant phenotypes were observed, providing proof-of-principle for modelling 

PD with iPS cells [291, 292]. In comparison to normal iPS-derived or human embryonic stem cell-derived 

neurons, cultures with an SNCA triplication showed elevated SNCA mRNA as well as intracellular and 

secreted α-synuclein protein [291, 292]. In addition, the expression of genes involved in oxidative stress, 

protein aggregation and cell death, were increased in SNCA triplication cultures [292]. SNCA triplication 

did not affect baseline levels of Caspase-3, however withdrawal of ascorbic acid and exposure to 

hydrogen peroxide showed that PD cultures were more susceptible to activation of Caspase-3 [292]. 

These early studies demonstrated that neuronal cultures from PD iPS lines could replicate important 

aspects of PD pathology in vitro. 

The development of gene editing technology has provided a valuable tool for interrogating the effect of 

single mutations within the context of PD. Isogenic iPS cell line pairs harbouring the SNCA A53T and 

E46K mutations and the corrected sequences have been generated [293]. In contrast to corrected lines, 

mutation-carrying neurons displayed Lewy bodies/neurites, increased α-synuclein protein, but no 

changes in SNCA mRNA [211]. This is consistent with the hypothesis that synuclein pathology caused 

by these mutations is caused by enhanced α-synuclein stability, rather than enhanced transcription. 

Other PD-related genes have also been investigated with isogenic lines, such as the LRRK2 G2019S 

mutation [294, 295] and PARK2 knock out [296]. 

Due to the high prevalence of LRRK2 mutations in familial and sporadic cases of PD, a number of studies 

have used cells from subjects with a G2019S mutation to derive iPS cells and neurons with PD-relevant 

phenotypes. Several iPS studies have found that α-synuclein protein is elevated in cells carrying a 

G2019S mutation compared to controls, while SNCA mRNA levels are comparable [297-299]. In addition, 

Reinhardt et al. (2013) demonstrated that MAPT mRNA levels as well as corresponding TAU protein 

levels were elevated in G2019S mutant neurons [299]. These results supported the notion that the 

LRRK2 G2019S mutation affects degradation of α-synuclein.  

Reprogramming technology offers the ability to study disease progression over time. The combination of 

ageing and a LRRK2 mutation have been investigated, and has shown that aged iPS-derived dopamine 

neurons with a G2019S LRRK2 mutation exhibit impaired autophagy in comparison with aged non-PD 

neurons [298]. Intriguingly, in addition to late manifestations of the disease, early pathological features 

may be uncovered in such models. In one study it was demonstrated that chaperone-mediated 
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autophagy is affected early during disease pathogenesis, prior to the development more overt 

phenotypes [300]. In addition to aberrant autophagy, other PD-related phenotypes have been observed 

in reprogramming-based models, including mitochondrial abnormalities; such as  elevated expression of 

oxidative stress genes [297], increased sensitivity to mitochondrial toxins, Caspase-3 activation and cell 

death [297, 299], elevated mtDNA damage [294]; as well as cytoskeletal abnormalities such as reduced 

neurite outgrowth [298, 299] and defective mitochondrial mobility [301]. Collectively, these studies 

highlight the value of reprogramming-based models to replicate PD phenotypes in vitro. 

Being able to replicate the diversity of parkinsonian phenotypes observed clinically will be important for 

uncovering distinct mechanisms of disease pathogenesis in different subsets of patients. For example, 

while Lewy body pathology is not present in most patients carrying PARK2 mutations, some patients do 

display Lewy bodies, raising the question as to what is different in these patients. Excitingly, iPS cell-

derived dopamine neurons may be capable of replicating this in vitro; iPS cell-derived neurons from two 

patients, one who displayed Lewy body pathology at autopsy and another whose father, a carrier of the 

same mutation, did not, displayed the same divergence in α-synuclein accumulation in vitro [302]. It will 

be interesting to see more studies where iPS-derived neurons can be compared with post-mortem 

samples. Additionally, the use of isogenic controls could further elucidate the causes for divergences in 

pathology.  

A key advantage of using a reprogramming-based cell model is the ability to look at endogenous levels 

of a mutant protein in human neurons, rather than needing to employ overexpression systems. This may 

be useful for understanding cellular processes such as the mechanism of PINK1/PARKIN-mediated 

mitophagy. Most studies investigating this pathway have been conducted in engineered cell lines 

overexpressing PINK1 and/or PARKIN. However, it is unclear if the PINK1/PARKIN pathway leads to 

mitophagy in human neurons [303]. Using iPS cell-derived neurons, it was shown in an overexpression 

system that in wild-type, but not PINK1 mutant cells, PARKIN was recruited to mitochondria upon 

exposure to the depolarizing agent valinomycin, and this was accompanied by a reduction in mtDNA 

copy number, suggestive of mitophagy [304]. By contrast, a later study using iPS cell-derived dopamine 

neurons expressing endogenous levels of PARKIN and PINK1 demonstrated that mitophagy was not 

induced by valinomycin in controls nor PINK1 mutants [305]. More work is required to determine the role 

of the PINK1/PARKIN pathway both under physiological conditions and in response to depolarizing 

insults. In conjunction with other tools, reprogramming-based models offer a great system to examine 

human neurons with physiological levels of wild-type and mutant proteins.  

 Investigating sporadic PD with reprogramming-based models 

While understanding the effect of genetic mutations in PD pathology is enlightening and important, most 

patients do not report a family history of PD. This may be the result of low reporting, premature death, 

sub-clinical pathology and incomplete penetrance of certain mutations. A number of non-genetic risk 

factors have been implicated in PD, these include ageing and exposure to certain environmental toxins. 

The role of non-genetic components contributing to PD development definitely requires examination. 

To date, most reprogramming-based studies of PD have focused on particular PD-associated mutations, 

however a handful of studies have derived cells from patients with sporadic PD [162, 212, 298]. Initial 

studies did not observe any phenotypic differences in PD-derived cells and suggested that, in line with 
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the multiple hit hypothesis of PD, exposure to toxins or in vitro ageing might be required to induce a PD 

phenotype in these cells [162]. However, more in-depth analysis has suggested that even under normal 

culture conditions, these cells do show some subtle PD-related characteristics [212, 298]. A caveat in 

these studies is that it is not possible to rule out that these patients may possess unidentified genetic risk 

factors. 

In a study examining autophagy in PD iPS-derived neurons, neurons from patients with sporadic PD 

showed similar phenotypes to cells derived from patients with a LRRK2 G2019S mutation [298]. When 

examined at 30 days, a time-point where LRRK2 mutant neurons showed increased α-synuclein 

expression, sporadic PD neurons had similar α-synuclein levels to normal cells. It is possible that another 

‘hit’ might be necessary to observe any underlying susceptibility in these cells to α-synuclein 

accumulation. Indeed, long term culture (up to 75 days), to mimic ageing, showed that these cells did 

possess a number of other phenotypic characteristics, such as reduced neurite length and number, and 

increased expression of activated Caspase-3. Additionally, autophagosome maturation and clearance 

was shown to be impaired in these cells in similar manner to LRRK2 mutant cells [298].  

Another interesting study looked at different types of patients; a pair of 68-year old monozygotic twins 

carrying a GBA mutation who were discordant for PD pathology five years after the diagnosis of the 

affected twin; a patient with sporadic PD; as well as a normal subject with no known mutations but a 

family history of PD [212]. Interestingly, in comparison to normal controls with no family history of PD, 

cells derived from each of these lines showed some PD-relevant phenotypes, suggesting an underlying 

susceptibility to PD. Dopamine levels in all lines were reduced compared to normal lines with no family 

history of PD. While RNA-Seq analysis clearly differentiated PD and normal samples, the subject with a 

family history of PD showed an expression pattern similar to the PD signature [212].   

It will be interesting to see how future studies tackle the challenge of studying sporadic PD in cell lines 

where the underlying aetiology of the disease is unknown and may vary between patients. In the 

meantime, investigating mutations such as in LRRK2, where patients exhibit a similar disease course to 

sporadic PD, may improve understanding of generalised processes that occur in PD. Another exciting 

prospect is the idea of generating banks of genotyped cell lines, with accompanying medical records, 

which should allow for a more thorough investigation into the contributions of more minor genetic risk 

factors [306].  

 Investigating the contribution of ageing and environmental toxins in PD with 
reprogramming-based models 

Ageing is the number one risk factor for development of sporadic PD. By using reprogramming methods 

based on the rejuvenation of somatic cells to an embryonic state, modelling a disease which takes many 

decades to develop is problematic. Ageing induces many changes in cell biology, such as the 

accumulation of mtDNA mutations, neuromelanin accumulation in snDA neurons, defective protein 

degradation and iron accumulation. Consequently, examining the effects of these changes may be 

important in understanding PD. A number of solutions have been suggested for the problem of modelling 

ageing in vitro. One solution is to culture the cells long term (up to 75 days), which requires co-culturing 

with mouse post-natal cortical astrocytes [298]. Another proposed solution is to serially passage neural 

progenitors, which induces alterations in nuclear architecture, which correlates with ageing [295]. An 
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interesting solution was proposed by Miller et al. (2013), where progerin, a truncated form of lamin A, 

which is responsible for premature ageing in Hutchinson-Gilford progeria syndrome, can be 

overexpressed in iPS-derived neurons [307]. Progerin-induced changes included a reduction in dendrite 

length, increased mitochondrial reactive oxygen species, and alterations in the expression of ageing-

related genes.  The presence of PD-related mutations appeared to render cells more susceptible to 

progerin-induced ageing, consistent with the multiple-hit or stochastic acceleration hypotheses for PD. 

Recently, the Studer lab have also demonstrated that pharmacological inhibition of telomerase can 

induce age-related phenotypes in neurons, and this may present a more physiologically relevant 

mechanism of induced ageing [308]. 

The ability of certain chemicals to induce parkinsonism in humans and animals has led to the widespread 

use of neurotoxins, such as 6-OHDA, MPTP, rotenone and paraquat, to model PD in animals and cells. 

Many iPS-based PD studies have investigated the effect of such neurotoxins on iPS-derived neurons 

and found that toxicity is often higher in cells carrying a PD-related mutation than control cells [297, 301]. 

While toxin challenges are technically simple and produce robust phenotypes, they probably do not 

represent the underlying causes of most cases of PD. Modelling more subtle risk factors, while 

challenging, is likely to bring about novel insights into PD pathology. 

 Challenges for modelling PD with reprogramming technology 

While the field has advanced rapidly to model PD using reprogramming technology, a number of 

challenges remain. Derivation of authentic A9 human neurons is critical for understanding disease 

processes that are relevant to vmDA neurodegeneration in PD. To date, PD iPS cell-based studies have 

employed a wide range of protocols for differentiating neural cultures, which have vastly different cellular 

compositions. While there now exist good protocols for generating vmDA progenitors for cell therapeutic 

applications [193, 194], consistent differentiation of these into high yields of mature, functional A9 

neurons still appears to pose a problem. The importance of having the relevant cell type was highlighted 

by studies showing that PD-related phenotypes were manifest in neural cells, but not in fibroblasts or 

iPS cells, and that cultures enriched for dopamine neurons showed more pronounced phenotypes than 

unenriched cultures [294, 309]. 

Functional maturation and ageing of neurons represents a significant challenge to the field. 

Reprogramming to a pluripotent state rejuvenates somatic cells, erasing signs of cellular age [307, 310]. 

Subsequent maturation of iPS cell-derived neurons is a slow process. This may reflect the species-

specific time course of brain development, as human pluripotent stem cell-derived neurons take much 

longer to mature in vivo than rodent neurons [311]. For modelling age-related diseases such as PD, the 

ability to generate functionally mature neurons and to age them is critical. Strategies that have been 

adopted include co-culture with astrocytes, improved physiological relevance of cell culture media [312] 

and overexpression of transcription factors such as NGN2 [313]. Despite these advances, this still 

represents a significant challenge to the field. Mimicking ageing in iPS cell-derived neurons is important 

for understanding the influence of age on PD development. Importantly, directly reprogrammed iN cells 

do not undergo cellular rejuvenation, and maintain markers of cellular age [287-289]. Direct 

reprogramming may therefore represent an important alternative strategy for modelling ageing in PD. 
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 Summary and research objectives 

The advent of reprogramming technology offers exciting new prospects for studying and treating PD. 

Human foetal mesencephalic tissue transplants have provided proof-of-principle that stem cell therapies 

hold promise for treating PD. By using reprogramming technology, autologous or HLA-matched stem cell 

transplants may be possible, which would avoid any ethical issues related to the use of foetal tissue or 

embryonic stem cells. Alternatively, direct-to-neuronal reprogramming offers the possibility of 

reprogramming in vivo – transforming endogenous cells, such as glial scars, into functional replacement 

neurons. Another application of this technology is disease modelling. With reprogramming technology, 

the ability to grow patient-specific, aged, human vmDA neurons in a dish allows for the investigation of 

early changes occurring during PD pathogenesis, the identification of new drug targets and the ability to 

screen for novel therapeutic compounds.  

Reprogramming to an iPS cell state has been a popular method of cellular reprogramming for the 

derivation of neurons. Since the first reports of iPS cells in 2006, protocols for deriving iPS cell lines have 

been heavily optimised. Additionally, as iPS cell technology was preceded by years of mouse and human 

embryonic stem cell work, existing protocols for deriving neuronal subtypes such as vmDA neurons are 

fairly advanced. The use of iPS cells means that cells can be indefinitely expanded and are not restricted 

to a particular lineage, so may be used to study multiple cell types. However, producing and validating 

iPS clones is a lengthy process, taking 4 – 6 months to generate functional neurons from a starting 

population of fibroblasts [289]. Additionally, by reverting adult cells to an embryonic state, markers of age 

are erased, which can pose a problem for modelling age-related diseases. For use in cell-based 

therapies, the removal of residual pluripotent stem cells in differentiated cultures must be confirmed in 

order to prevent tumour formation.   

In comparison with iPS cell technology, direct-to-neuronal reprogramming technology is in its early days 

of development. Nonetheless, a number of clear advantages can be postulated. Direct-to-neuronal 

reprogramming is much faster and more efficient than iPS cell reprogramming, generating functional 

human iN cells within 1 – 3 weeks [235, 314]. As cells are not rejuvenated, age-related aspects of PD 

may be more readily studied in vitro. The possibility of reprogramming in vivo is an intriguing prospect 

that may offer advantages to cell-based therapies, such as avoiding an immune response, a higher 

efficiency of neuronal generation, and lower probability of tumour formation. However, for in vitro 

applications, there is a limited supply of neurons as they are post-mitotic. To date, the generation of 

authentic human ventral midbrain iDA cells from adult cells by has not been described.  

Direct reprogramming to iNS/iNP cells offers an intermediate strategy, where proliferative cells may be 

obtained, in a faster process than iPS cell reprogramming , generating iNS/iNP cells within 1 – 4 weeks, 

with additional time required for differentiation [289]. The three main strategies for direct-to-iNS/iNP cell 

reprogramming are using pluripotency factors, lineage specific factors and chemicals. The mechanisms 

for how reprogramming to an iNS/iNP cell fate is achieved is not well understood. It seems likely that PF-

mediated direct reprogramming may not in fact be ‘direct’, but similar to iPS cell reprogramming, by 

inducing a transient state of pluripotency [259, 260]. Chromosomal abnormalities are more frequent in 

PF than LF-reprogrammed iNS/iNP cells which may result in an increased probability of tumour formation 

compared with LF-reprogrammed cells [261]. Additionally, by using pluripotency factors in PF-mediated 
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direct-to-iNS/iNP cell reprogramming, cells may be rejuvenated. The mechanism underlying LF-

mediated direct-to-iNS/iNP cell reprogramming has not been examined in detail, and as many different 

combinations of genes have been reported, mechanisms probably differ between protocols. Unlike iN 

cells, iNS cells reprogrammed by BRN4, SOX2, KLF4, MYC do appear to transit through a pluripotent 

phase [260]. The mechanism for other LF-mediated reprogramming methods remain to be determined, 

however as SOX2 cannot replace OCT4 in PF-mediated direct reprogramming, mechanisms between 

these strategies are probably different [275, 315].   

Reprogramming to an iNS/iNP cell fate represents an interesting strategy for generating neuronal 

lineages from somatic cells. To date, a handful of studies have reported the generation of dopamine 

neurons from adult human PF-reprogrammed iNS/iNP cells [255, 257, 275, 283]. Several studies have 

reported generating dopamine neurons from human foetal or post-natal cells via LF-mediated 

reprogramming [273, 284, 285], yet only two have reported the generation of TH+ cells from adult human 

donors [271, 272]. To my knowledge, further examination into the dopaminergic phenotype of TH+ cells 

generated from adult donors via LF-mediated reprogramming has not been published. The potential 

advantages of LF-mediated direct-to-iNS/iNP cell reprogramming technology mean that this approach to 

generating vmDA neurons merits further investigation.  

A method to reprogram adult human dermal fibroblasts to an iNP cell state by non-viral SOX2/PAX6 

transfection was developed in our laboratory [272]. For future applications, this method presents a 

number of putative advantages. The use of non-viral methods of gene introduction reduce the chances 

of insertional mutagenesis. Additionally, LF-mediated reprogramming is not thought to pass through a 

pluripotent state, which means there is a low chance of residual teratoma-forming cells in transplantation 

applications. For modelling age-related diseases, LF-mediated reprogramming may not rejuvenate cells, 

meaning that cells may not require in vitro ageing to show age-related phenotypes. Importantly, this 

method has already been reported to generate TH+/NSE+ cells from adult human somatic cells. 

Therefore, based on the potential advantages of this reprogramming strategy, we hypothesise that LF-

mediated direct-to-iNP cell reprogramming can be used to generate authentic vmDA neurons from adult 

human fibroblasts.  

This thesis will investigate the following research objectives: 

1. To investigate if SOX2/PAX6-iNP cells generated according to the published protocol show a 

specific regional identity. The expression of markers of a neural stem/precursor identity as well 

as regional markers, with a particular focus on genes involved with vmDA fate specification, will 

be examined over time during SOX2/PAX6-iNP cell reprogramming. This will be achieved by 

using quantitative real-time PCR (qPCR) and immunocytochemistry.  

2. To determine if SOX2/PAX6-iNP cells have the capacity to differentiate into dopamine neurons 

upon exposure to patterning and maturation cues. This will be achieved using 

immunocytochemistry and cell counting. 

3. To determine if SOX2 alone, in the absence of PAX6, can mediate direct-to-iNP cell 

reprogramming. Cells will be reprogrammed under standard conditions in the absence of PAX6 

transfection, and the expression of a range of neural stem/precursor markers will be examined 

using qPCR and immunocytochemistry. 
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4. To investigate if SOX2/PAX6- and SOX2-iNPs can be biased towards a vmDA fate by exposure 

to appropriate patterning molecules during reprogramming. Reprogramming media will be 

supplemented with a range of patterning molecules, at different time points, and the expression 

of regional genes examined by qPCR. Additionally, cells will be exposed to differentiation media 

and the efficiency of differentiation determined using immunocytochemistry for markers of a 

dopamine neuronal fate. 

5. To determine if iNP cells can be biased towards a vmDA fate by the introduction of additional 

transgenes. Cells will be transfected with SOX2, LMX1A with or without FOXA2, and cultured 

under standard reprogramming conditions, with or without exposure to patterning molecules. 

The expression of vmDA genes in iNP cells will be examined by qPCR. Additionally, cells will be 

exposed to differentiation media and the efficiency of differentiation determined using 

immunocytochemistry for markers of a dopamine neuronal fate. 
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 Methodology 

This chapter will outline the methodology used throughout the present thesis and present some validation 

of the methods used. Further details of experimental design are provided within Chapters Three – Five. 

 Plasmids 

 Validation of vectors 

The vectors pLV.PGK.mLmx1a and pLV.PGK.mFoxa2 were a gift from Malin Parmar, Lund University 

(Addgene plasmids #33013 and #33014) [243]. These vectors encode mouse cDNAs LMX1A and 

FOXA2, respectively. Vector maps can be found in the Appendix, Section 7.3. Live cultures were 

received as stabs in agar. Bacteria was streaked onto Luria Bertani (LB) agar dishes containing ampicillin 

(100 μg/ml) and grown overnight at 37°C. Three colonies were picked and cultured overnight in 5 ml LB 

broth + ampicillin (100 μg/ml) at 37°C, 225 x rpm. Glycerol stocks were prepared by combining equal 

volumes of bacterial cultures with 60% glycerol, and frozen at -80°C. 

DNA was isolated from bacterial cultures using PureLink Quick Plasmid Miniprep kit (Life Technologies). 

Three millilitres of overnight culture was harvested by centrifugation at 4,000 x g for ten minutes and the 

supernatant discarded. The cell pellet was resuspended in resuspension buffer (containing RNase A), 

the cells were lysed using lysis buffer from the kit. The solution was precipitated using precipitation buffer. 

The lysate was centrifuged at 12,000 x g for ten minutes. The supernatant was loaded onto the spin 

column and centrifuged for one minute at 12,000 x g. The flow-through was discarded and the column 

was washed by incubation with wash buffer for one minute, followed by centrifugation at 12,000 x g for 

one minute. The flow-through was discarded, and the column was washed with the second wash buffer, 

centrifuged for one minute at 12,000 x g prior to removing the ethanol by a second centrifugation step at 

12,000 x g for one minute. DNA was eluted by incubation for one minute with 75 µl water, prior to 

collection by centrifugation at 12,000 x g for two minutes. DNA concentrations were measured by 

Nanodrop, using water as a blank, and stored at -20°C.  

As a preliminary validation step, a restriction digest was performed to excise the coding sequences 

LMX1A and FOXA2. This was done by incubation of 1 µg DNA with 1 µl BamH1 (Life Technologies), 1 

µl Sal1 (New England Biolabs), 5 µl 10x NEBuffer 3 (New England Biolabs) and water to 50 µl at 37°C 

for two hours, followed by heat inactivation at 65°C for 20 minutes. The restriction digest was run on a 

1% agarose gel and revealed bands of the appropriate sizes for each clone (Figure 2.1).  

To further confirm the identity of the transgenes, sequencing was performed by the Genomics Centre, 

Auckland Science Analytical Services, The University of Auckland, New Zealand (see Appendix, Section 

7.2 for primer sequences). Compared to the GenBank sequence NM_033652.5, the LMX1A coding 

sequence contained four point mutations however none resulted in changes in the amino acid sequence 

(see Appendix, Section 7.4 for sequences). HEK293 cells were transfected with pLV.PGK.mLmx1a 

plasmid extracted from clone one, and LMX1A protein expression was detected by immunocytochemistry 

(Figure 2.2). Compared to the GenBank sequence NM_010446.2, the FOXA2 coding sequence 

contained an AT point mutation in the tenth codon, resulting in a histidine to leucine switch. The 

consequence of this switch is unknown, however an antibody targeting the C-terminus of FOXA2 
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detected protein following transfection of HEK293 cells with pLV.PGK.mFoxa2 plasmid DNA from clone 

1 (Figure 2.2).  

 

Figure 2.1: Restriction Digest to Confirm LMX1A and FOXA2 Inserts in pLV.PGK Vectors 
Plasmid DNA from three bacterial clones per plasmid was isolated. A restriction digest confirmed that the vectors 
contained cDNA inserts of the appropriate size. The LMX1A insert is 1149bp, leaving a linearised backbone of 
7041bp. The FOXA2 insert is 1380bp, leaving a linearised backbone of 7041bp.  

 

 

Figure 2.2: Transfection of HEK293 Cells with pLV.PGK.mLmx1a and pLV.PGK.mFoxa2  
HEK293 cells were transfected with plasmid isolated from a single clone of each vector. Transfections were carried 
out for five hours with 1 µg of plasmid per well in a 24-well Nunc plate (ThermoFisher) using Lipofectamine LTX with 
Plus Reagent (Invitrogen). Cells were fixed after one day and stained for LMX1A and FOXA2 (see Section 2.4 for 
details). Expression of each protein was widespread. Arrowheads indicate several positive cells. Scale bar: 100 µm.  
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 Plasmid preparation 

Plasmids for transfection were prepared using the PureLink HiPure Filter Maxiprep kit (Life Technologies) 

or the ZymoPure Plasmid Preparation kit (Zymo Research). Cultures were prepared as follows. For most 

preparations, a starter culture was grown by incubating E. coli containing plasmid DNA with 10 ml LB 

medium for 4 – 6 hours at 37°C, 220 x rpm.  Each culture was then added to 150 – 400 ml of LB broth 

with the appropriate antibiotic (kanamycin, 50 μg/ml; ampicillin, 100 μg/ml) and incubated overnight at 

37°C, 220 x rpm. The bacterial culture was collected by centrifugation at 6,000 x rpm for 20 minutes and 

the supernatant discarded. The cell pellet was resuspended in resuspension buffer (containing RNase 

A), and cells were lysed using lysis buffer. The solution was precipitated using precipitation buffer.  

For PureLink preparations, the columns were prepared by passing 30 ml equilibration buffer through the 

column prior to loading the precipitated lysate and allowing to filter by gravity. Two wash steps were 

included prior to elution. DNA was then precipitated with isopropanol, centrifuged at 12,000 x g for 30 

minutes. DNA was washed with 70% ethanol and centrifuged at 12,000 x g for five minutes. This step 

was repeated. The DNA pellet was dried and resuspended in TE buffer.  

For ZymoPure preparations, the precipitated lysate was filtered by passing through a syringe filter. The 

cleared lysate was mixed with a binding buffer prior to loading onto a column and centrifuging at 500 x g 

for two minutes. This step was repeated until all the cleared lysate had been passed through the column. 

Three wash steps were included in addition to a centrifugation step at 10,000 x g for two minutes to clear 

any residual wash buffer. DNA was eluted into TE buffer by centrifugation at 10,000 x g for one minute.  

DNA concentrations were measured by Nanodrop, using TE buffer as a blank, and stored at -20°C. 
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 Cell Culture 

 Human dermal fibroblast propagation 

Human dermal fibroblast (HDF) cell lines from apparently healthy donors were sourced from Cell 

Applications, Inc (Table 2.1). Growth medium used was either Fibroblast Growth Medium (Cell 

Applications, Inc) or Dulbecco's Modified Eagle Medium (DMEM) (Gibco) + 2 – 10% foetal bovine serum 

(FBS) (Gibco or Moregate).  

Cell Line 2352 2598 1507 

Age at biopsy (years) 39 56 50 

Source of biopsy Abdominal skin Abdominal skin Facial skin 

Sex Female Male Male 

Ethnicity Caucasian Caucasian  Caucasian  

Table 2.1: Human Dermal Fibroblast Cell Lines  

Cryopreserved HDFs were stored in liquid nitrogen. To revive, cells were briefly thawed at 37°C or 

thawed using the ThawSTAR device (Biocision) according to the manufacturer’s instructions. Thawed 

cells were diluted with growth medium and centrifuged at 200 – 350 x g for five minutes to remove 

dimethyl sulfoxide. Cell pellets were resuspended in growth medium and seeded onto uncoated T-25, T-

75 or T-175 Nunc flasks (ThermoFisher). Cells were incubated at 37°C with 5% CO2. Media was changed 

every 2 – 3 days. Upon reaching a confluency of approximately 85%, HDFs were passaged by 

trypsinisation. Media was removed, and cells were washed with 1x phosphate buffered saline (PBS). 

Trypsin (0.05%) in 0.53 mM EDTA (Gibco) was added to cover the cells and incubated for up to five 

minutes at 37°C and agitated until cells detached from the flask. Trypsin was deactivated by the addition 

of growth medium. Cells were collected by washing the flask with growth medium or 1x PBS. The 

collected cells were centrifuged for five minutes at 350 x g. Cell pellets were resuspended in growth 

medium and seeded onto an increasing number of Nunc flasks (sizes T-75 and T-175) and grown until 

sufficient numbers of cells were obtained. Cells were routinely subcultured at ratios of 1:2 – 1:5, 

depending on the proliferation of the cells.  

Cell counting was performed using a Nebauer haemocytometer (Hawksley). A volume of 8 µl of cell 

suspension was loaded onto the device and the number of cells in the four grids in the corners was 

counted. To calculate the number of cells collected, the following formula was used:  

Total cells = (cell count/4) x 104 x dilution factor 

All HDF cell lines used were tested for neural crest contamination by immunostaining for NESTIN (Figure 

2.3), PAX3 (Figure 2.4), and PAX7 (Figure 2.5). Rare NESTIN+ cells were observed, but PAX3 and 

PAX7 staining was never observed. All cells in all cell lines stained positive for the fibroblast marker 

VIMENTIN (Figure 2.6).  
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Figure 2.3: Expression of NESTIN in HDFs 
HDFs grown in growth medium were stained for markers of neural crest cell contamination. Rare faint NESTIN+ 
cells were observed in the HDF line 1507. Scale bar: 50 µm.  

 

Figure 2.4: Expression of PAX3 in HDFs 
HDFs grown in growth medium were stained for markers of neural crest cell contamination. No PAX3+ nuclei were 
observed in any of the cell lines. Note: the PAX3 antibody was used at a dilution of 1:50 for HDF 2352 and 2598 and 
1:20 for HDF 1507. Scale bar: 50 µm.  
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Figure 2.5: Expression of PAX7 in HDFs 
HDFs grown in growth medium were stained for markers of neural crest cell contamination. No PAX7+ nuclei were 
observed in any of the cell lines. Note: the PAX7 antibody was used at a dilution of 1:50 for HDF 2352 and 2598 and 
1:20 for HDF 1507. Scale bar: 50 µm.  

 

Figure 2.6: Expression of VIMENTIN in HDFs 
All HDFs grown in growth medium stained positively for VIMENTIN. Scale bar: 50 µm.   
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 Transfection of human dermal fibroblasts 

Human dermal fibroblasts (HDFs) were seeded at a density of 500,000 cells per well in 6-well Nunc 

plates or 100,000 cells per well in 24-well Nunc plates (ThermoFisher) in growth medium. Cells were 

transfected when confluent, 24 hours later. See Appendix, Section 7.3 for vector maps of the plasmids 

used. Cells were transfected using Lipofectamine LTX with Plus Reagent (Invitrogen). Cells were 

incubated for 1 – 2 hours at 37°C with Optimem medium (Gibco) prior to transfection (1.5 ml per well for 

6-well plates, 297 µl per well for 24-well plates).  

The transfection reagents were prepared by mixing plasmid DNA encoding SOX2, PAX6, LMX1A and/or 

FOXA2 (1.6 – 2.5 μg per well (6-well plate) or 0.49 μg per well (24-well plate), per plasmid) with Plus 

Reagent in Optimem medium to a volume of 200 μl per well (6-well plate) or 40 μl per well (24-well plate). 

Lipofectamine LTX reagent was combined with Optimem to a volume of 200 μl per well (6-well plate) or 

40 μl per well (24-well plate) and was then added to the DNA-Plus Reagent mix to a final ratio of 

DNA:Plus Reagent:LTX reagent of 1:1:3 (w/v/v) and incubated at room temperature for five minutes to 

allow complexes to form. Plasmid DNA mixes were then added dropwise to each well and incubated at 

37°C with 5% CO2. After five hours, the transfection medium was removed and replaced with growth 

medium to allow cells to recover. After three days, fibroblast growth medium was replaced with 

reprogramming medium (see Section 2.2.3 for recipe). 

Transfection of untagged plasmids was confirmed by concurrent transfection with plasmids expressing 

fluorescent protein (pLVX-SOX2-IRES-ZsGreen1; pLVX-PAX6-IRES-TdTomato; pLVX-IRES-ZsGreen1; 

and/or pLVX-IRES-TdTomato (Clontech; see Appendix, Section 7.3 for maps)), and/or performing 

immunocytochemistry on cells fixed between one and three days post-transfection (Figure 2.7).  

Previous FACS analysis in the lab had found that co-transfection efficiency of tagged plasmids (pLVX -

IRES-ZsGreen1 with pLVX -IRES-TdTomato; or pLVX -SOX2-IRES-ZsGreen1 with pLVX -PAX6-IRES-

TdTomato) ranged from 14 – 18% of total cells analysed three days post-transfection [316]. Counting 

the number of positive cells revealed that at one day post-transfection up to approximately 0.7% of the 

original number of cells seeded expressed the transgenes (Figure 2.8). In co-transfections, most 

transfected cells co-expressed both ZsGreen and TdTomato. The discrepancy between the FACS data 

and the cell counting data likely lies in the higher sensitivity of FACS than visual counting, in addition to 

the effect of transfection-induced toxicity.  

At three days post-transfection, cell viability under these conditions (5 µg of DNA/6-well plate, a ratio of 

DNA:LTX of 1:3, and three days of recovery post-transfection in DMEM + 2% FBS) ranged between 31 

– 56% of the original cell number prior to transfection, as measured in an Alamar Blue survival assay 

[316]. Cell viability was also visualised using propidium iodide/Hoechst 33342 (ReadyProbes Cell 

Viability Imaging Kit; Life Technologies), and ZsGreen-expressing cells did not show propidium iodide 

staining, indicating that transgene-expressing cells remained viable (Figure 2.9).  
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Figure 2.7: HDFs Transfected with Tagged and Untagged Plasmids at Day Three Post-Transfection 
Human dermal fibroblasts were transfected with untagged plasmids pCMV-huSOX2 and pCMV-huPAX6 (A); tagged 
plasmids pLVX-PAX6-IRES-TdTomato (B), or pLVX-SOX2-IRES-ZsGreen1 (C); untagged plasmids pCMV-huSOX2 
and pLV.PGK.mLMX1A (D); or untagged plasmids pCMV-huSOX2, pLV.PGK.mLMX1A and pLV.PGK.mFOXA2 (E). 
Cells were fixed after three days and immunocytochemistry was performed. While transfection routinely caused 
substantial toxicity, transgene co-expression was observed. Scale bar: 50 µm.  
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Figure 2.8: Transfection Efficiency of Tagged Plasmids 
HDFs were transfected with either 0.5 µg or 1 µg pLVX-IRES-ZsGreen1 (A) and (B) respectively, or 0.5 µg pLVX-
IRES-ZsGreen1 with 0.5 µg pLVX-IRES-TdTomato (C), per 24-well plate and the number of green or yellow cells 
counted at one, two and three days post-transfection. Figure depicts the percentage of positive cells out of the 
original number of cells seeded. Data are presented as mean ± SEM, n = 3. An ordinary one-way ANOVA was 
performed to compare the number of positive cells counted per day with a Tukey’s multiple comparisons test. (A) 
F(2,6) = 352.7, p < 0.0001. (B) F(2,6) = 434.6, p < 0.0001. (C) F(2,6) = 662, p < 0.0001.  
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Figure 2.9: Cell viability following transfection with pLVX-IRES-ZsGreen1 
Cell viability was visualised using propidium iodide and Hoescht to label dead and total cells respectively. Within 24 
hours of transfection, many dead cells were present when transfected with either 1 µg (A) or 0.5 µg (B) per well (24-
well plate) of plasmid DNA, in comparison with no propidium iodide-labelled cells in cells transfected with an 
equivalent volume of vehicle (TE buffer) (C). At day three post-transfection, ZsGreen+ cells remain viable (A & B, 
arrowheads). Scale bar: 100 µm. 

  



58 
 

 Reprogramming 

Three days after transfection, cells were switched to reprogramming medium containing Neurobasal A 

medium (Gibco), 1 mM valproic acid (Sigma), 0.3% D-(+)-Glucose (Sigma), 1x Penicillin-Streptomycin-

Glutamine (Gibco), 1x B27 supplement with retinoic acid (Gibco),  20 ng/ml EGF (Peprotech) and 2 μg/ml 

Heparin (Sigma). In addition, media was supplemented with 25 ng/ml midkine (Peprotech) until day 17 

or day 21 post-transfection as indicated. Where indicated, media was also supplemented with 20 – 500 

ng/ml SHH-C24II (R&D Systems), 0.7 – 3 μM CHIR99021 (Stemgent or Miltenyi Biotec), 2 μM 

purmorphamine (Stemgent) and/or 100 ng/ml FGF8b (Peprotech). As CHIR99021 and purmorphamine 

stock solutions were made up in DMSO, most experiments added an equivalent volume of DMSO to 

unprimed media as a vehicle control. Cultures received media changes thrice weekly.  

Cells were passaged on a weekly basis, commencing either from day 17 or 31 post-transfection, as 

indicated. To passage cells, media was removed and cells were washed with 1x PBS. Trypsin (0.05%) 

in 0.53 mM EDTA (Gibco) was added to cover the cells and incubated for up to five minutes at room 

temperature or at 37°C until detached. Cells were collected by washing with medium or 1x PBS, and 

centrifuged for five minutes at 350 x g. Cell pellets were resuspended in medium and counted using a 

haemocytometer. Cells were seeded at a density of 300,000 cells/well (6-well plate).  

 Differentiation 

Differentiation of induced neural precursor (iNP) cells was performed on glass-bottomed 96-well plates 

(Porvair) or glass coverslips (Menzel-Gläser). Glass coverslips were treated by sonication for one hour 

in 1 M nitric acid, followed by washing in water, sonication for one hour in 1 M hydrochloric acid, followed 

by thorough rinsing in water. Coverslips were stored in 95% ethanol and dried thoroughly prior to coating. 

For differentiation, wells/coverslips were incubated overnight at room temperature with poly-L-ornithine 

hydrobromide (Sigma) at a concentration of 20 μg/ml. Wells were rinsed with water and allowed to dry. 

Wells/coverslips were then incubated at 37°C for at least one hour with human fibronectin at a 

concentration of 5 µg/ml – 16 µg/ml (Gibco or BD Biosciences) and natural mouse laminin at a 

concentration of 10 μg/ml (Gibco). On the indicated day (usually day 31, 38 or 45 post-transfection), iNP 

cells were dissociated by incubating for up to ten minutes with Accutase (Life Technologies) and gentle 

trituration with a pipette. Cells were collected using media and/or 1x PBS and centrifuged at 350 x g. 

Cells were counted using a haemocytometer and seeded at 45,000 – 150,000 cells/cm2. Cells received 

fresh differentiation media every 2 – 3 days. Where necessary, media was supplemented with laminin at 

1 µg/ml once a week, to reduce cell peeling. 

The differentiation media used are as follows: Stage One patterning medium: Neurobasal A medium 

(Gibco), 0.3% D-(+)-Glucose (Sigma), 1x Penicillin-Streptomycin-Glutamine (Gibco), 1x B27 supplement 

without retinoic acid (Gibco), 1x N2 supplement (Gibco), 200 ng/ml SHH-C24II (Peprotech), 100 ng/ml 

FGF8b (Peprotech). Stage Two maturation medium: Neurobasal A medium (Gibco), 0.3% D-(+)-Glucose 

(Sigma), 1x Penicillin-Streptomycin-Glutamine (Gibco), 1x B27 supplement without retinoic acid (Gibco), 

1x N2 supplement (Gibco), 20 ng/ml BDNF (Creative Biomart or Peprotech), 20 ng/ml GDNF (Merck 

Millipore or Peprotech), 1 ng/ml TGFβ3 (Peprotech), 500 µM dibutyryl cAMP (Sigma) and 200 µM L-

ascorbic acid (Sigma). 
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 Gene expression analysis 

 RNA extraction 

For gene expression analysis up to 1,000,000 cells were collected at the appropriate time point by 

trypsinisation, rinsed with 1x PBS, and centrifuged at 350 x g for five minutes. The supernatant was 

discarded and the pellet was snap frozen at -80°C until RNA extraction was performed.  

RNA extraction was performed using the Nucleospin RNA kit (Macherey-Nagel). The cell pellet was 

thawed on ice, lysed using a lysis buffer + 1% 2-mercaptoethanol and homogenised by passing through 

a 21 gauge needle syringe ten times. The lysate was filtered through a column by centrifugation at 11,000 

x g for one minute. Ethanol (70%) was added to the filtered lysate at a ratio of 1:1, mixed by vortexing 

and then RNA was bound to the NucleoSpin RNA column by loading the solution onto the column and 

centrifuging for 30 seconds at 11,000 x g. This step was repeated until all the solution was loaded onto 

the column. The membrane was washed and dried with a membrane desalting buffer and centrifugation 

for one minute at 11,000 x g. Bound DNA was digested by incubation with rDNase for 15 minutes at 

room temperature. Subsequently, the column was washed three times using the provided wash buffers 

and centrifuged at 11,000 x g. The column was dried by a final two minute centrifugation step prior to 

elution of RNA with 40 µl RNase-free water and centrifugation at 11,000 x g. To increase RNA 

concentration, the eluate was passed through the column a second time. Once extracted, RNA was 

maintained on ice when in use, and stored in the long term at -80°C. 

RNA concentration and quality was measured by Nanodrop, using RNase-free water as a blank. RNA 

concentrations were mostly over 50 ng/µl, A260/280 values were mostly over 2.00 and A260/230 values 

were mostly over 1.80. RNA integrity was checked by running several samples on a non-denaturing 1% 

agarose gel (Figure 2.10). These samples showed discrete 28S and 18S bands, and no leading smear 

was present, which would be indicative of degraded RNA. Samples were also run on an Agilent 2200 

TapeStation. RNA integrity number (RIN) scoring gives a value of RNA integrity between one and ten, 

with ten representing the highest quality RNA sample. The samples measured showed RIN between 9.3 

– 9.8, demonstrating intact RNA. These samples had been through multiple freeze-thaw rounds, 

indicating that RNA prepared and handled in this manner remained integral. 
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Figure 2.10: RNA Integrity on a Non-Denaturing Agarose Gel 
RNA from three HDF samples and three iNP samples were loaded onto a non-denaturing 1% agarose gel to check 
RNA integrity. Lanes 1 – 3: 2.3 µg – 3.1 µg RNA from HDF samples, lanes 4 – 6: 0.38 µg – 0.43 µg RNA from iNP 
samples, lane 7: HT1080 positive control, lane 8: 1 kb+ DNA ladder (Life Technologies). Samples show discrete 
28S and 18S bands, with the 28S band being approximately twice the intensity of the 18S band. No bands are visible 
between the 28S band and the wells which would have been indicative of DNA contamination. No leading smear is 
observed which would have indicated degraded RNA. 

 Reverse transcription 

Reverse transcription was conducted using the SuperScript III First-Strand Synthesis System 

(Invitrogen), using an equivalent amount of RNA per sample, usually 400 ng. Where RNA concentrations 

were too low to permit this amount of RNA to be transcribed within one reaction, two reverse transcription 

reactions were run for that sample and pooled. For all relative gene expression experiments, reverse 

transcription was performed in parallel for the samples of interest and the reference sample(s).  

To synthesise cDNA from RNA, the following protocol was employed. To denature secondary RNA 

structures, RNA was incubated at 65°C for five minutes with 1 μl of 50 ng/μl random hexamers, 1 μl of 

10 mM dNTPs, and made up to 10 μl with DEPC-treated water. This was then placed on ice for at least 

one minute. The cDNA synthesis mix containing 1x RT buffer, 10 mM MgCl2, 20 mM DTT, RNaseOUT 

(4 U/μl) and Superscript III RT (20 U/μl) was added to each RNA/primer mix, gently mixed and collected 

by brief centrifugation. The mix was then incubated for ten minutes at 25°C in order for the random 

hexamers to anneal. Complementary DNA synthesis was carried out for 50 minutes at 50°C, and the 

reaction was terminated by incubation at 85°C for five minutes, and then chilled on ice. The reactions 

were collected by brief centrifugation. The remaining RNA template was removed by incubating the 

reaction mix with 1 μl of RNase H for 20 minutes at 37°C. The resulting cDNA was used immediately or 

stored at -20°C. For quantitative real-time PCR, cDNA was diluted to a final concentration of 1 ng/µl in 

MilliQ water. 

To validate that the efficiency of reverse transcription within one synthesis run was equivalent between 

samples run in parallel, reverse transcription was performed on the same sample four times in parallel 

and gene expression of several example genes of interest (GOI) was determined by quantitative real-

time polymerase chain reaction (qPCR). In these experiments, the mean ∆Ct values of the selected 

genes was not significantly different between reverse transcription replicates, and nor was the variability 

of technical replicates (Figure 2.11).   
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Figure 2.11: Validation of the Reproducibility of Reverse Transcription 
The expression of select genes was examined following four reverse transcription reactions (RT #1 – 4) run in 
parallel on the same RNA sample. Expression is represented as mean ∆Ct ± SD from three qPCR replicates. An 
ordinary one-way ANOVA was performed to compare ∆Ct values. The means between RT samples were not 
significantly different for any of the genes. GLI1: F(3,8) = 0.2588, p = 0.8531. NURR1: F(3,8) = 2.203, p = 0.1653. 
PITX3: F(3,8) = 2.754, p = 0.1120. SOX2: F(3,8) = 1.665, p = 0.2507. A Brown-Forsythe test showed no difference 
in variance of ∆Ct values between the samples. GLI1: F(3,8) = 0.5523, p = 0.6608. NURR1: F(3,8) = 0.6197, p = 
0.6217. PITX3: F(3,8) = 0.02597, p = 0.9939. SOX2: F(3,8) = 0.235, p = 0.8695.   
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 Quantitative real-time PCR 

Quantitative real-time PCR was carried out in three independent qPCR replicates on each cDNA sample 

using the TaqMan system (Applied Biosystems). For each sample, 4 µl of cDNA at 1 ng/µl was run with 

a multimix which contained (per well): 0.5 µl FAM-labelled gene expression assay; 0.5 µl VIC-labelled 

18S rRNA reference gene; and 5 µl TaqMan Gene Expression Master Mix (Applied Biosystems). The 

TaqMan assays used are listed in Table 2.3. 

Amplification of 10 µl reactions was performed in optical 384-well PCR plates with adhesive optical film 

covers (Applied Biosystems) using the 7900HT Fast Real-Time PCR system (Applied Biosystems). 

Universal thermal cycling conditions were used: 50°C for two minutes, 95°C for ten minutes, followed by 

40 cycles at 95°C for 15 seconds and 60°C for one minute.  The passive reference dye used was ROX.  

Analysis was performed using the comparative Ct (∆∆Ct) method [317]. A cut-off of cycle threshold (Ct) 

= 38 was applied. This was consistent with TaqMan’s guarantee that a “no template control” (NTC) will 

not show amplification below Ct = 38 [318]. No template controls were routinely run using water, and 

these controls rarely showed detectable transcript. Where amplification was detected in the NTC, if the 

Ct was within ten cycles of sample Cts, the PCR reaction was repeated with fresh reagents. A worked 

example is shown in Table 2.2, with the relevant amplification plots shown in Figure 2.12 & Figure 2.13. 

 

    Fold change 
relative to HDF 

Fold change 
relative to iNP #1 

 Ct 
(GOI) 

Ct 
(18S) 

∆Ct 
(CtGOI – 
Ct18S) 

∆∆Ct 
(∆CtiNP – 
∆CtHDF) 

(2-∆∆Ct) 
∆∆Ct 

(∆CtiNP – 
∆CtiNP #1) 

(2-∆∆Ct) 

HDF 

38.00 10.71 27.29 

38.00 10.65 27.35 
 

38.00 10.45 27.55 
 

27.39 ± 0.14 0.00 1.00 

iNP 
#1 

27.85 10.84 17.01 

27.82 10.93 16.88 

27.81 10.88 16.94 

16.94 ± 0.06 -10.45 1398.02 0.00 1.00 

iNP 
#2 

27.31 10.57 16.75 

27.34 10.51 16.82 

27.37 10.61 16.76 

16.78 ± 0.04 -10.62 1570.14 -0.17 1.12 

Table 2.2: Worked Example of Fold Change Calculations 
From Figures 2.12 and 2.13, the threshold cycle (Ct) values were found for the gene of interest (GOI) and the 
reference gene 18S. Where no transcript was detected, or only amplification above Ct ≥ 38, then a Ct of 38 was 
applied. For duplex reactions, three independent qPCR reactions were performed on each cDNA sample, and the 
average ∆Ct was calculated. For fold changes relative to the reference sample (either HDF or iNP #1), a ∆∆Ct was 
calculated by finding the difference between the mean ∆Ct values for each sample. To convert to fold changes, the 
linear 2-∆∆Ct was found. For negative fold changes, the negative inverse of this value was found.  
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Figure 2.12: Reference Gene (18S) Amplification Plot for Worked Example 
For the following worked example (Table 2.2), three samples were assayed in duplex for the reference gene 18S 
and the gene of interest (GOI). Here, the amplification plot for VIC-labelled 18S is shown. N = 3 qPCR replicates per 
sample. 

  

Figure 2.13: Gene of Interest Amplification Plot for Worked Example 
For the following worked example (Table 2.2), three samples were assayed in duplex for the reference gene 18S 
and the gene of interest (GOI). Here, the amplification plot for FAM-labelled gene of interest is shown. No 
amplification was detected in the HDF sample. N = 3 qPCR replicates per sample. 
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 TaqMan assay validation 

TaqMan assays (Applied Biosystems) were used to perform gene expression experiments. TaqMan 

assays have guaranteed specificity, sensitivity, reproducibility and a wide dynamic range [318]. 

Additionally, TaqMan assays have a guaranteed PCR efficiency of 100 ± 10%, ensuring that the 

comparative Ct method can be reliably used [318, 319]. Multiplexing assays (i.e. amplifying the reference 

gene and the gene of interest in a single well) was essential to reduce costs for examining the expression 

of a large range of genes across many samples, as well as conserve limited RNA samples. The ribosomal 

RNA 18S was selected as a reference gene as expression was stable across many samples (Figure 

2.14) and was already standard practice in the lab [272]. Due to the abundance of the 18S transcript, a 

primer-limited assay was employed to prevent depletion of reaction components.  

 

Figure 2.14: Stability of 18S Reference Gene across Samples  
Histogram depicts frequency of 18S Ct values across 31 samples from the same experiment. Each sample reflects 
the mean Ct for 18S from triplicate qPCR reactions. Reverse transcription was performed in two separate batches, 
real-time PCR was performed in parallel. All 18S Ct values fit within 0.63 cycles.  

Although TaqMan assays have a guaranteed PCR efficiency of 100 ± 10%, this can be altered when 

multiplexing assays. Applied Biosystems report that results from singleplex and duplex reactions are 

highly correlated [320]. Several validation experiments were performed to investigate the amplification 

efficiencies of assays run in singleplex and in duplex with the 18S reference gene assay.  

To calculate amplification efficiency, it is recommended to perform a dilution series across a broad range, 

at least 5 – 6 logs, with at least five data points [319]. In practice, this is often difficult to achieve as the 

transcripts of interest must be very abundant to permit such a broad range. A day three post-transfection 

sample was selected to investigate SOX2, PAX6 and 18S assay efficiencies, as these transcripts were 

sufficiently abundant to permit such a broad dilution series. Reverse transcription was performed on 800 

ng of RNA and a 10-fold dilution series was prepared ranging from an equivalent concentration of RNA 

of 10 ng/µl – 0.01 pg/µl. Quantitative real-time PCR was performed using SOX2, PAX6 and 18S TaqMan 

assays as singleplex or duplex reactions. Amplification efficiencies ranged from 89.04 – 92.03% for 

singleplex and duplex reactions (Figure 2.15).  

For the comparative Ct method to be valid it is critical that the amplification efficiencies of the gene of 

interest (FAM-labelled) and the reference gene (VIC-labelled) are equivalent. This was calculated by 

plotting the ∆Ct values against the log (dilution) and performing a least-squares linear analysis to fit a 
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line of best fit. If the slope is close to zero it indicates that the efficiencies of both assays are equivalent. 

When this analysis was performed on this data, the slope was close to zero for SOX2 and PAX6 assays 

run as singleplex or duplex reactions with 18S (Figure 2.16). 

The amplification efficiencies found for SOX2, PAX6 and 18S fall near the outer limits of the guaranteed 

amplification efficiency of 100 ± 10%. It would be desirable to validate all the assays used in the present 

study, however it was not feasible to perform extensive dilution series for all assays, especially as many 

transcripts were not sufficiently abundant to permit the breadth required for an extensive dilution series. 

As an alternative, assays were run at a single concentration (1 ng/µl) in singleplex and duplex and the 

discrepancy in ∆Ct (GOI – 18S) was calculated (Table 2.3). Most assays showed little difference in the 

∆Ct between samples run as singleplex or duplex reactions with 18S as a reference gene (∆Ct ≤ 1), 

consistent with the Applied Biosystems report [320].  

Finally, although the RNA extraction protocol included a DNA digestion step, residual genomic DNA 

could be present in the preparation, and might be detected. Consequently, for most genes, assays were 

selected that spanned exon boundaries. However, as this was not always possible, “no reverse 

transcriptase” controls were run. Occasionally, expression of certain transcripts was detected in these 

samples, however typically it was low and much less abundant than expression in cDNA samples.
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Figure 2.15: Amplification Efficiencies of SOX2, PAX6 and 18S Assays 
A 10-fold dilution series was prepared from RNA reverse transcribed from 800 ng RNA. The Ct values were plotted 
against the log (dilution) (mean ± SD, n = 3). A least-squares linear regression analysis was performed to plot a best 
fit line. In all cases R2 > 0.99. The efficiency was calculated as Efficiency = -1+10(-1/slope). 
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Figure 2.16: Assessing the Equivalence of Amplification Efficiencies for SOX2 and PAX6 with the Reference 
Gene 18S 
A 10-fold dilution series was prepared from RNA reverse transcribed from 800 ng RNA. For singleplex reactions, 
the ∆Ct was determined by using the mean of three replicates for each transcript and the error was calculated as 
the square root of the sum of the squared standard deviations. The ∆Ct values were plotted against the log (dilution) 
(mean ± SD, n = 3). A least-squares linear regression analysis was performed to plot a best fit line. As the slopes 
for all lines are close to zero, assay efficiencies are equivalent when run either as singleplex or duplex reactions.  
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Gene Applied Biosystems Assay number Duplex ∆Ct – singleplex ∆Ct  

18S Hs99999901_s1 - 

ASCL1 Hs04187546_g1 0.5000 ± 1.077 

CORIN Hs00198141_m1 0.4000 ± 0.1169 

DLX2 Hs00269993_m1 -0.1200 ± 0.09557 

EN1 Hs00154977_m1 -0.05000 ± 0.1577 

FOXA2 Hs00232764_m1 0.1800 ± 0.1534 

FOXG1 Hs01850784_s1 0.1700 ± 0.1028 

GBX2 Hs00230965_m1* 0.6800 ± 0.5678 

GLI1 Hs01110766_m1 -0.2200 ± 0.08794 

GLI3 Hs00609233_m1 -0.5000 ± 0.08042 

HOXB9 Hs00256886_m1* -0.3400 ± 0.1807 

IRX3 Hs00735523_m1* 0.1400 ± 0.1103 

LEF1 Hs01547251_m1 0.5500 ± 0.3207 

LMX1A Hs00892663_m1 No detection 

LMX1B Hs00158750_m1 No detection 

NCAM1 Hs00941830_m1 -0.3300 ± 0.05802 

NESTIN Hs04187831_g1 -0.06000 ± 0.1021 

NKX2.2 Hs00159616_m1 No detection 

NURR1 Hs00428691_m1 -0.2700 ± 0.08206 

OCT4  Hs01654807_s1 -0.08000 ± 0.4211 

OTX2 Hs00222238_m1 No detection 

PAX6 Hs00240871_m1 -0.3200 ± 0.09327 

PITX3 Hs01013935_g1 0.03000 ± 0.2483 

SHH Hs00179843_m1 0.7300 ± 0.3399 

SNAI1 Hs00195591_m1 0.06000 ± 0.1146 

SOX2 Hs04234836_s1 -0.4100 ± 0.1041 

TBR2 Hs00172872_m1 0.3600 ± 0.6573 

WNT1 Hs01011247_m1 No detection 

Table 2.3: List of TaqMan Gene Expression Assays  
A list of the TaqMan gene expression assays tested and used in the present study. To determine if there was likely 
to be any differences as a result of duplexing, representative samples were assayed at a concentration of 1 ng/µl in 
singleplex or duplex reactions, using 18S as a reference gene. The difference between the mean ∆Ct values is 
indicated here. A cut-off of a discrepancy of ∆Ct ≤ 1 was deemed acceptable [320].  
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 Immunocytochemistry 

Cells were fixed by removing media and washing cells with 1x PBS or PBS with Mg2+ and Ca2+ (Gibco). 

PBS was removed and paraformaldehyde (4% in 0.1 M Phosphate Buffer, at 4°C) was added and 

incubated for ten minutes at room temperature. The cells were then rinsed once with 1x PBS and stored 

in fresh 1x PBS at 4°C.  

Fixed cells were washed with 1x PBS once for five minutes prior to permeabilisation by two x five minute 

incubations with 1x PBS + 0.2% Triton-X100 at room temperature. Primary antibodies at the correct 

concentration (Table 2.4) with 3% normal goat serum (Life Technologies) or 3% normal donkey serum 

(Sigma) in 1x PBS were incubated with the cells for four hours at room temperature or overnight at 4°C. 

The cells were then washed twice for five minutes with 1x PBS. The appropriate secondary antibodies 

(Table 2.5) were incubated with the cells at 1:500 with 3% goat or donkey serum in 1x PBS at room 

temperature for one hour. The cells were then washed twice with 1x PBS for five minutes. The nuclear 

stain DAPI (5 μg/ml) (Life Technologies) in 0.1 M PB was incubated with cells for five minutes at room 

temperature. The cells were then washed two to three times with 1x PBS. Cells grown on coverslips 

were mounted onto slides with Prolong Diamond (Life Technologies) and cured for 24 hours at room 

temperature prior to sealing with clear varnish. Secondary-only controls were routinely included and did 

not show any staining.  

Fluorescent imaging was performed on a Nikon Eclipse TE2000U microscope with an Optronics Microfire 

camera, Nikon Digital Sight DS-Ri2 CMOS sensor colour camera or Photometrics Evolve EMCCD 

camera. Phase contrast images were taken on the Nikon Eclipse TS100 microscope with a Nikon Digital 

Sight DS-U1 camera. Image J and Adobe Photoshop 12.1 software were used to edit images.  

To reduce bias in cell counting experiments, where possible, the investigator was blinded to the condition 

during image acquisition and counting. Fields of view were selected randomly under the DAPI filter 

(unless otherwise indicated). For cell counting, images were edited with the same settings for colour 

balance and background subtraction, randomised and the investigator was blinded to the condition until 

all counts had been performed. The Image J cell counter tool was used.  
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Antigen Host species (subtype) Company/Catalogue number Dilution 

5HT Rat Millipore/MAB352 1:100 

AADC Rabbit Millipore/AB1569 1:500 

ASCL1 Rabbit Millipore/AB5696 1:200 

ChAT Goat Millipore/AB144P 1:500 

DAT Rat Abcam/AB5990 1:100 

FOXA2 Goat Santa Cruz/SC-6554 1:100  

FOXG1 Rabbit Abcam/AB18259 1:200 

GFAP Rabbit DAKO/Z0334 1:1000 

GIRK2 Rabbit Abcam/AB30738 1:400 

KI67 Mouse (IgG1) DAKO/M7240 1:250 

LMX1A Rabbit Millipore/AB10533 1:500 

MAP2 Chicken (IgY) Abcam/AB92434 1:2500 

NESTIN Mouse (IgG1) Abcam/AB22035 1:200 

NGN2 Mouse (IgG2a) R&D Systems/MAB3314 1:200 

NURR1 Rabbit Santa Cruz/SC-990 1:500 

PAX3 Mouse DSHB (concentrate) 1:20 – 1:50 

PAX6 Rabbit Biolegend/901301  

(Covance/PRB278P)  

1:250  

PAX7 Mouse DSHB (concentrate) 1:20 

PITX3 Rabbit Millipore/AB5722 1:100 

S100B Rabbit Abcam/AB52642 1:200 

SOX1 Rabbit Millipore/AB15766 1:200 

SOX2 Mouse (IgG2a) R&D Systems/MAB2018 1:50 – 1:100 

TH Mouse (IgG2a) Millipore/MAB5280 1:500 

TH Rabbit Millipore/AB152 1:500 

TUJ1 Mouse (IgG2a) Biolegend/801202 

(Covance/MMS-435P) 

1:500 – 1:1000

VIMENTIN Mouse (IgG1) Millipore/MAB3410 1:500 

VMAT2 Rabbit Millipore/AB1598P 1:400 

Table 2.4: List of Primary Antibodies  
.  
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Antigen Host species Company/Catalogue number Conjugate 

Chicken IgY (H+L) Goat ThermoFisher/A-11042 Alexa Fluor 594 

Mouse IgG (H+L) Goat ThermoFisher/A-11029 Alexa Fluor 488 

Mouse IgG (H+L) Goat ThermoFisher/A-11032 Alexa Fluor 594 

Rabbit IgG (H+L) Goat ThermoFisher/A-11034 Alexa Fluor 488 

Rabbit IgG (H+L) Goat ThermoFisher/A-11037 Alexa Fluor 594 

Rat IgG (H+L) Goat ThermoFisher/A-11006 Alexa Fluor 488 

Mouse IgG (H+L) Donkey ThermoFisher/ A-31571 Alexa Flour 647 

Goat IgG (H+L) Donkey ThermoFisher/A-11055 Alexa Fluor 488 

Goat IgG (H+L) Donkey ThermoFisher/A-11058 Alexa Fluor 594 

Mouse IgG (H+L) Donkey ThermoFisher/A-21202 Alexa Fluor 488 

Mouse IgG (H+L) Donkey ThermoFisher/A-21203 Alexa Fluor 594 

Rabbit IgG (H+L) Donkey ThermoFisher/A-21206 Alexa Fluor 488 

Rabbit IgG (H+L) Donkey ThermoFisher/A-21207 Alexa Fluor 594 

Table 2.5: List of Secondary Antibodies  
 

 Statistics 

Statistical analysis was performed using GraphPad Prism, version 6.07. Ordinary one-way ANOVAs 

were performed, if the result was statistically significant, the relevant post-hoc test was performed. Full 

details are provided in the chapters. The following denotations were applied to P values: ns P > 0.05; * 

P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001. 
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 Investigating the capacity of induced neural 

precursor cells for generating dopamine neurons 

 Introduction 

Reprogramming technology offers an attractive model in which neurodegenerative diseases, such as 

PD, can be studied in human cells and used as a platform for screening novel therapeutic compounds. 

Additionally, reprogrammed cells might be suitable for cell replacement therapy. To date, few LF-

mediated direct-to-iNS/iNP cell reprogramming studies have described the generation of dopamine 

neurons from adult human donor cells. The method developed in the Connor lab generates iNP cells by 

SOX2/PAX6-mediated reprogramming of adult human somatic cells, and these cells can give rise to 

TH+/NSE+ cells [272]. This chapter aims to expand on this work and investigate the capacity of 

SOX2/PAX6-iNP cells for generating vmDA neurons.  

Initially, it was of interest to determine if iNP cells possess markers of a specific regional identity. The 

expression of some positional markers in SOX2/PAX6-iNP cells had already been investigated [272]. 

Both SIX3 and IRX3 mRNA were upregulated in iNP cells, which in the developing neural tube mutually 

repress each other at the presumptive ZLI, delineating the anterior and posterior prosencephalon [321]. 

Additionally, NKX6.1, which is expressed in the ventral midbrain, hindbrain and spinal cord, was 

upregulated, as was HOXB9, which is expressed in the dorsal spinal cord. Study One aimed to extend 

these findings by analysing the expression of a larger range of genes, with a particular focus on genes 

involved in the development of vmDA neurons. A nine-week time course of reprogramming was carried 

out and gene expression was examined through qPCR. Following this, Study Two sought to reduce the 

duration of reprogramming by initiating weekly passaging at an earlier time point, and examining the 

expression of neural stem/precursor cell and positional markers through qPCR and 

immunocytochemistry. 

 Additionally, it was unknown if SOX2/PAX6-iNPs would respond to commonly used patterning and 

maturation cues to differentiate into vmDA neurons. While pluripotent stem cells and their neural progeny 

can be readily patterned to different brain regions, SOX2/PAX6-iNP cells are not thought to be 

reprogrammed via a pluripotent intermediate. Consequently, iNP cells may not reflect the same 

developmental age as pluripotent stem cell-derived neuroepithelial cells, and may respond differently to 

morphogens. A large number of protocols have been developed to differentiate neural stem cells towards 

a dopaminergic fate by step-wise application of patterning and maturation factors. Study Three 

investigated the differentiation capacity of SOX2/PAX6-iNP cells by employing a protocol based on other 

studies [183, 184, 190], whereby SHH-C24II and FGF8b were initially applied to the cells as a patterning 

medium, followed by the application of BDNF, GDNF, TGFβ3, dibutyryl cAMP and ascorbic acid, as a 

maturation medium. The differentiation capacity of iNP cells was examined through 

immunocytochemistry and cell quantification to determine the yields of dopamine neuronal-like cells. 
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 Results 

 Study One: Investigating the expression of neural and positional genes over the 
course of SOX2/PAX6-mediated direct-to-iNP cell reprogramming 

In order to generate vmDA neurons from iNP cells, it was reasoned that iNP cells would need to express 

genes that are known to be involved in the development of vmDA neurons in vivo. To investigate this, a 

time course experiment was performed where HDF cells were reprogrammed as per our standard 

protocol [272, 316] and samples were collected weekly for gene expression analysis (Figure 3.1). Using 

qPCR, the expression of a range of neural stem, progenitor and regional markers was investigated during 

SOX2/PAX6-reprogramming, with a particular focus on genes involved in vmDA development.  

Transfection of fluorescently tagged plasmids pLVX-SOX2-IRES-ZsGreen1 and pLVX-PAX6-IRES-

TdTomato (see Appendix, Section 7.3 for maps) permitted the expression of the transgenes to be 

monitored over time in live cells. Expression of the fluorescent markers ZsGreen and TdTomato was 

abundant at day thee post-transfection, but was not observed after day ten (Figure 3.2). Despite 

transfection-induced cell death, cells appeared to recover and reach confluency by day 24 post-

transfection (Figure 3.3). Initially cells retained elongated fibroblast-like morphologies. Following the 

commencement of weekly passaging at day 31, cells transitioned gradually from long, polarised fibroblast 

morphologies to a more epithelial-like morphology, with more regular dimensions, and cells growing in 

discrete patches (Figure 3.3). In addition, floating clusters of cells reminiscent of neurospheres could be 

observed by day 40. Typically, following a media change, these floating clusters adhered to the surface 

of the dish and spread out, sometimes forming large, adherent clusters (day 40 – 45). From day 40 

onwards, the culture contained subpopulations of adherent, epithelial-like cells as well as clustered 

neurosphere-like colonies (Figure 3.3). 
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Figure 3.1: Schematic Detailing the Experimental Design of Study One 
The HDF 2352 cell line was transfected for five hours with 2.5 µg each of the fluorescently tagged plasmids encoding 
SOX2 and PAX6 (pLVX-SOX2-IRES-ZsGreen1 and pLVX-PAX6-IRES-TdTomato), and then returned to fibroblast 
growth medium. After three days, cells were transferred to reprogramming medium. Reprogramming medium was 
supplemented with midkine (MDK) until day 21 post-transfection. Three samples were collected per time point for 
gene expression analysis. Weekly passaging was commenced on day 31 post-transfection.  

 

 

Figure 3.2: Fluorescent Reporter Expression over the First Ten Days of Reprogramming 
Expression of the fluorescent reporter genes ZsGreen and TdTomato was monitored throughout the duration of the 
experiment. No expression was observed after day ten post-transfection. Scale bar: 100 µm.  
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Figure 3.3: Phase Contrast Images of Cells over the Course of SOX2/PAX6-mediated Reprogramming 
Scale bar: 100 µm. 

.  
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To investigate if SOX2/PAX6-iNP cells expressed markers of neural stem/progenitor cells, and regional 

markers, qPCR was performed on samples collected throughout a nine-week time course (Figure 3.4 – 

Figure 3.11). For most genes there were three biological replicates, and one-way ANOVAs were 

performed to examine the statistical significance of expression, with a Dunnett’s multiple comparisons 

post-hoc test comparing to expression in HDFs. For some genes only two biological replicates were 

available, and statistical tests were not performed. 

Expression of SOX2 and PAX6 transcripts in HDFs was very low or was not detected. At day three post-

transfection, both transcripts were abundantly expressed (Figure 3.4). Over the course of 

reprogramming, expression of both genes subsided, however continued to remain upregulated above 

levels expressed in HDFs. The fibroblast marker SNAI1 was found to be consistently down-regulated 

relative to HDFs from day ten onwards (Figure 3.5). The pluripotency marker OCT4 was slightly 

upregulated relative to HDFs at some time points during reprogramming, but was not consistently 

elevated above a 2-fold cut-off during the period of reprogramming (Figure 3.5). Several markers of 

neural fate were examined over time, including NCAM1, the neural cell adhesion molecule, and the pro-

neural transcription factor ASCL1. NCAM1 was not upregulated relative to HDFs at day three, but from 

day ten onwards was upregulated consistently above levels observed in HDFs (Figure 3.5). The pro-

neural marker ASCL1 was not detected in any samples.  

SHH and WNTs are critical patterning factors involved in the specification of vmDA progenitors. Most 

protocols used to generate dopamine neurons in vitro apply exogenous SHH, FGF8 and WNTs, and/or 

small molecules that mimic signalling in these pathways, in order to pattern neural progenitors to a ventral 

midbrain fate [183, 184, 190, 193-195, 214]. Additionally, floor plate-derived vmDA progenitors pass 

through a phase where they express SHH [92, 322]. To examine if any endogenous SHH or WNT1 

expression occurs during reprogramming, SHH and WNT1 transcription was assessed by qPCR. SHH 

and WNT1 were not detected in HDFs. SHH transcription was significantly upregulated at day three post-

transfection but was not detected thereafter (Figure 3.6). WNT1 expression was not induced by 

reprogramming.   

SHH signalling terminates on the GLI family of zinc-finger-containing transcription factors which induce 

expression of downstream ventral genes in the developing neural tube. To determine if iNPs express 

GLI genes, the expression of GLI1 and GLI3, known target genes of SHH signalling [323], was examined. 

GLI1 expression was not detected in HDFs. At day three post-transfection, GLI1 expression was slightly 

upregulated relative to HDFs (Figure 3.6). From then on, no expression of GLI1 was observed until day 

38, from which point GLI1 expression climbed to a 21-fold upregulation relative to HDFs at day 66. GLI1 

expression was significantly increased above HDF levels at days 52 and 59. GLI3 was detected in HDFs 

and was unchanged until day 52, from which point GLI3 expression was found to be 2 – 3-fold higher in 

iNPs than in HDFs (Figure 3.6). As LEF1 is a target and effector of WNT signalling [324, 325], expression 

of LEF1 transcript was examined and found to be upregulated over levels in HDFs, late during 

reprogramming (Figure 3.6). 

In order to investigate the potential of SOX2/PAX6-reprogrammed iNPs for generating vmDA neurons, 

the expression of a number of key genes for vmDA neuronal development was assessed. In the 

developing neural tube OTX2 and GBX2 are expressed anterior and posterior to the isthmus and are 
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known to play a role in establishing the midbrain boundaries. OTX2 was not expressed during 

reprogramming. GBX2 was upregulated at day three post-transfection, but not at any other time point 

(Figure 3.7). The midbrain marker EN1 was expressed in HDFs and was unchanged by reprogramming. 

The floor plate marker FOXA2 was expressed in HDFs and was significantly down-regulated at day 

three, and rarely detected thereafter (Figure 3.8). Likewise, expression of CORIN, another marker of the 

floor plate, was significantly decreased relative to HDFs for the duration of reprogramming (Figure 3.8). 

Early markers such as LMX1A and LMX1B were not detected in any HDF or iNP sample.  

Expression of late markers of a vmDA fate, such as NURR1 and PITX3, was also examined. Transcript 

of the orphan nuclear receptor NURR1 was detected in HDFs. At day three, NURR1 was significantly 

upregulated relative to HDFs (Figure 3.9). For most of the course of reprogramming NURR1 was down-

regulated relative to HDFs. At day 66, the final time point assessed, NURR1 was upregulated relative to 

HDFs. PITX3 is another late marker of vmDA progenitors and a determinant of vmDA neurons. PITX3 

transcript expression was upregulated at all reprogramming time points (Figure 3.9).  

In addition to genes involved in vmDA development, expression of other regional/fate determinant genes 

was examined. FOXG1 is a general forebrain marker, which was slightly upregulated at day three post-

transfection, but not at any other time point (Figure 3.10). TBR2 is a marker of intermediate progenitor 

cells that give rise to cortical glutamatergic neurons [326]. Following SOX2/PAX6 transfection, TBR2 was 

slightly upregulated relative to HDFs, however was not detected through the rest of the time course 

(Figure 3.10). DLX2 plays a role in neurogenesis in the basal forebrain, showing high expression in the 

dorsal lateral ganglionic eminence and septum [327]. DLX2 expression was significantly upregulated at 

day three post-transfection, however for the rest of the time course, it was either unchanged or down-

regulated relative to HDFs (Figure 3.10). IRX3 is expressed posterior to the ZLI in the developing neural 

tube and plays a role with PAX6 in instructing competence of progenitors to SHH patterning in order to 

define the rostral and caudal thalamus [328]. IRX3 mRNA was slightly upregulated towards the end of 

reprogramming, with the increase in expression relative to HDFs being significant at day 59 (Figure 3.10). 

NKX2.2 plays an important role in patterning the ventral hindbrain and spinal cord, and is responsible for 

V3 interneuron generation as well as visceral motor neurons and serotonergic neurons in the hindbrain 

[329, 330]. NKX2.2 transcript was undetected throughout the reprogramming experiment. HOXB9 is a 

spinal cord marker that is particularly expressed in the alar plate [331]. HOXB9 expression was 

upregulated relative to HDFs at most time points (Figure 3.10). 

A summary of all the results from this study is provided in Figure 3.11. For a comparison, expression of 

select genes in human embryonic stem cell-derived floor plate progenitors can be found in the Appendix, 

Section 7.6. 
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Figure 3.4: Expression of SOX2 and PAX6 over the Course of Reprogramming 
Expression is depicted as the fold change relative to the mean HDF expression. Data are presented as mean ± 
SEM, n = 3 biological replicates, except for day 66, where n = 1. An ordinary one-way ANOVA was performed for 
HDF – day 59 samples with a Dunnett’s multiple comparisons test to compare each time point to HDF. SOX2: F(9,20) 
= 36.97, p < 0.0001. PAX6: F(9,20) = 66.81, p < 0.0001.   

 

Figure 3.5: Expression of SNAI1, OCT4 and NCAM1 over the Course of Reprogramming 
Expression is depicted as the fold change relative to the mean HDF expression. Data are presented as mean ± 
SEM. For NCAM1, n = 3 biological replicates, except for day 66, where n = 1. For SNAI1 and OCT4, n = 2 biological 
replicates. An ordinary one-way ANOVA was performed for HDF – day 59 samples with a Dunnett’s multiple 
comparisons test to compare each time point to HDF. NCAM1: F(9,20) = 5.523, p = 0.0007.  
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Figure 3.6: Expression of SHH, GLI1, GLI3 and LEF1 over the Course of Reprogramming 
Expression is depicted as the fold change relative to the mean HDF expression. Data are presented as mean ± 
SEM. With the exception of LEF1, n = 3 biological replicates, except for day 66, where n = 1. For LEF1, n = 2 
biological replicates. An ordinary one-way ANOVA was performed for HDF – day 59 samples with a Dunnett’s 
multiple comparisons test to compare each time point to HDF. SHH: F(9,20) = 4.771, p = 0.0.0018. GLI1: F(9,20) = 
4.917, p = 0.0.0015. GLI3: F(9,20) = 11.16, p < 0.0001. Note: no SHH transcript was detected in any sample except 
for at day three, this is indicated in Figure 3.11. Therefore, a cut-off of Ct = 38 was applied, as outlined in Chapter 
Two.  
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Figure 3.7: Expression of EN1 and GBX2 over the Course of Reprogramming 
Expression is depicted as the fold change relative to the mean HDF expression. Expression is depicted as fold 
change relative to the mean HDF expression. Data are presented as mean ± SEM. For EN1, n = 3 biological 
replicates, except for day 66, where n = 1. For GBX2, n = 2 biological replicates. An ordinary one-way ANOVA was 
performed for HDF – day 59 samples. EN1: F(9,20) = 2.345, p = 0.0.0539. Note: no GBX2 transcript was detected 
in any sample except for at day three, this is indicated in Figure 3.11. Therefore, a cut-off of Ct = 38 was applied, as 
outlined in Chapter Two. 

 

Figure 3.8: Expression of FOXA2 and CORIN over the Course of Reprogramming 
Expression is depicted as the fold change relative to the mean HDF expression. Data are presented as mean ± 
SEM, n = 3 biological replicates, except for day 66, where n = 1. For FOXA2, the qPCR reactions were repeated 
twice and a mean of the two runs used. An ordinary one-way ANOVA was performed for HDF – day 59 samples 
with a Dunnett’s multiple comparisons test to compare each time point to HDF. FOXA2: F(9,20) = 5.002, p = 
0.0.0013. CORIN: F(9,20) = 12.50, p < 0.0001. Note: no FOXA2 transcript was detected in any sample except for at 
day three, this is indicated in Figure 3.11. Therefore, a cut-off of Ct = 38 was applied, as outlined in Chapter Two. 
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Figure 3.9: Expression of NURR1 and PITX3 over the Course of Reprogramming 
Expression is depicted as the fold change relative to the mean HDF expression. Data are presented as mean ± 
SEM, n = 3 biological replicates, except for day 66, where n = 1. For NURR1, the qPCR reactions were repeated 
twice and a mean of the two runs used. An ordinary one-way ANOVA was performed for HDF – day 59 samples 
with a Dunnett’s multiple comparisons test to compare each time point to HDF. NURR1: F(9,20) = 34.70, p < 0.0001. 
PITX3: F(9,20) = 15.92, p < 0.0001.  
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Figure 3.10: Expression of FOXG1, TBR2, DLX2, IRX3 and HOXB9 over the Course of Reprogramming 
Expression is depicted as the fold change relative to the mean HDF expression. Data are presented as mean ± 
SEM. With the exception of FOXG1, n = 3 biological replicates, except for day 66, where n = 1. For FOXG1, n = 2 
biological replicates. An ordinary one-way ANOVA was performed for HDF – day 59 samples with a Dunnett’s 
multiple comparisons test to compare each time point to HDF. TBR2: F(9,20) = 1.915, p = 0.1085. DLX2: F(9,20) = 
35.20, p < 0.0001. IRX3: F(9,20) = 6.657, p = 0.0002. HOXB9: F(9,20) = 4.184, p = 0.0037. Note: no TBR2 or IRX3 
transcript was detected in some samples, this is indicated in Figure 3.11. Therefore, a cut-off of Ct = 38 was applied, 
as outlined in Chapter Two. 
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Figure 3.11: Heat Map to Summarise the Results from Study One 
To summarise the results of Figure 3.4 – Figure 3.10, the mean fold changes relative to HDFs are depicted in a heat 
map. ND, not detected. 
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 Study Two: Investigating if the time frame for SOX2/PAX6-mediated direct-to-iNP 
cell reprogramming can be reduced 

The previous study demonstrated that a range of regional genes are expressed in SOX2/PAX6-iNP cells 

with a temporal pattern, including select vmDA genes, such as NURR1 and PITX3. This data, in addition 

with previously reported differentiation of TH+ cells from SOX2/PAX6-iNPs [272], supported the 

development of this method of reprogramming for generating vmDA neurons. The time course data 

revealed that changes in the expression of several markers related to neural tube patterning (such as 

GLI1, GLI3, LEF1, PITX3, IRX3 and HOXB9) did not occur until late during reprogramming. In fact, the 

expression of many genes remained relatively stable until the commencement of weekly passaging at 

day 31. It was proposed that the duration of reprogramming might be shortened by commencing weekly 

passaging at an earlier time point.  

The method used in Study One supplemented reprogramming medium with the heparin-binding growth 

factor midkine at a concentration of 25 ng/ml, from day 3 – 21. Previous work in the lab had found that 

the addition of midkine could reduce time until colony formation, however showed toxicity if used for 

longer than the initial 18 days of reprogramming [316]. Midkine is thought to play a role in promoting 

neurogenesis [332]. It was reasoned that weekly passaging could be commenced at day 17 post-

transfection, at which point midkine could be withdrawn (Figure 3.12). This would allow for a near full 

duration period of midkine exposure. Three cell lines were reprogrammed using this method. Similar to 

the previous study, cells recovered confluency following transfection-induced cell death by day 17, during 

which time they maintained polarised fibroblast-like morphologies (Figure 3.14). Following the 

commencement of weekly passaging at day 17, cells transitioned to a more epithelial-like morphology, 

with some domed colony-like structures appearing by day 24 in most experiments (Figure 3.14). Cell 

numbers dropped significantly between days 0 – 17, and did not significantly change in number from this 

point onwards (Figure 3.13). 
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Figure 3.12: Schematic Detailing the Experimental Design of Study Two 
HDFs were transfected for five hours with 2.5 µg each of the untagged plasmids encoding SOX2 and PAX6 (pCMV-
huSOX2 and pCMV-huPAX6), and then returned to fibroblast growth medium. After three days, cells were 
transferred to reprogramming medium. Reprogramming medium was supplemented with midkine (MDK) until day 
17 post-transfection. Weekly passaging was commenced on day 17 post-transfection.  

 

 

Figure 3.13: Cell Survival throughout Reprogramming 
Total number of cells over the course of reprogramming is presented as a percentage of the original number of cells 
seeded for transfection. Data are presented as mean ± SEM. With the exception of day 38, n = 5 biological replicates 
performed on three cell lines, for day 38, n = 3. An ordinary one-way ANOVA was performed with a Tukey’s multiple 
comparisons test, F(4,18) = 24.73, p < 0.0001. Cell numbers were significantly reduced at all time points in 
comparison to day 0.  
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Figure 3.14: Phase Contrast Images of Three Cell Lines over the Course of Five Shortened SOX2/PAX6-mediated Reprogramming Experiments 
Two experiments were performed on the cell lines 1507 and 2598. For the HDF1507 experiment- 2 HDF 2598 experiment-1, the experiment was terminated at day 31. Scale bar: 100 µm.
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To investigate if SOX2/PAX6-iNP cells passaged from day 17 onwards showed a similar temporal profile 

in the expression of neural stem/progenitor and regional markers as iNP cells passaged from day 31 

onwards, qPCR was performed on samples from the 2352 cell line throughout a five-week time course 

(Figure 3.15). 

Gene expression analysis revealed that, similar to Study One, the expression of SOX2 and PAX6 

subsided over time (Figure 3.15). NCAM1 expression was elevated above HDFs, while SNAI1 was down-

regulated. In the previous study, GLI1 expression was not elevated at day 31, but started to be 

upregulated by day 38, one week after the first passage. In the present study, by commencing weekly 

passaging at day 17, GLI1 expression was upregulated above 2-fold relative to HDFs at days 24, 31 and 

38 (Figure 3.15). In contrast to the previous experiment, in which GLI3 was only very slightly upregulated 

late during reprogramming, in the present study, GLI3 was down-regulated or unchanged relative to 

HDFs (Figure 3.15). LEF1 was, as in Study One, upregulated late in reprogramming, while EN1 

expression did not change over time.  

In Study One, FOXA2 was expressed in HDFs and was undetected in iNP samples, while LMX1A was 

not detected at any time point. Similarly, FOXA2 and LMX1A were not detected in iNPs in Study Two. In 

the previous study, NURR1 was down-regulated relative to HDFs at all time points except days three 

and 66. The present study also saw a down-regulation of NURR1 during reprogramming (Figure 3.15). 

In contrast to the previous study, PITX3 expression was only upregulated early in reprogramming, rather 

than throughout reprogramming.  As in the previous experiment, FOXG1 expression was unchanged by 

reprogramming, DLX2 was down-regulated, IRX3 was slightly upregulated and HOXB9 increased over 

time. 

It is worth noting that in Study Two, HDFs were cultured in DMEM (Gibco) + 2% FBS (Gibco) whereas 

in Study One, HDFs were grown in Fibroblast Growth Medium (Cell Applications, Inc). Consequently, 

the expression levels of some genes were changed in the starting population of fibroblasts, resulting in 

some discrepancies in the magnitude of fold-changes of these genes elicited by reprogramming.  
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Figure 3.15: Gene Expression of Select Genes over the Course of a Shortened Reprogramming Experiment 
The expression of a range of genes was examined over the course of reprogramming in the HDF cell line 2352. 
Expression is depicted as the fold change relative to HDF expression. Dotted line indicates ± 2-fold relative to HDFs.
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Next, the expression of neural stem cell and regional markers was examined at the protein level using 

immunocytochemistry. The neuroectodermal and anterior transcription factor PAX6 was widely 

expressed throughout reprogramming, from day 18 onwards (Figure 3.16). By contrast, protein 

expression of the neural stem cell marker SOX2 was not observed at any time point (Figure 3.16). The 

neuroectodermal marker SOX1 was expressed widely from day 18 onwards, and this was maintained 

throughout reprogramming (Figure 3.17). Another neural stem cell marker, the intermediate filament 

protein, NESTIN, was expressed in some HDF cells, however was not expressed during reprogramming 

until day 40, when it was observed in a subpopulation of cells (Figure 3.18).  

The anterior marker FOXG1 was widely expressed throughout reprogramming (Figure 3.19). The 

proliferative marker KI67 was expressed more abundantly in HDFs than in iNPs, however at most time 

points, a few cells expressing KI67 could be observed (Figure 3.20). The proneural marker NGN2 was 

expressed abundantly at day 18, not at day 27, heterogeneously at day 32, and more faintly at day 40 

(Figure 3.21). Another proneural marker, ASCL1, was expressed in a subpopulation of cells throughout 

reprogramming (Figure 3.22). Finally, the vmDA marker NURR1, which is an orphan nuclear factor, was 

never observed in the nucleus of HDF cells. By contrast, in iNP cells, a subpopulation of cells showed 

nuclear localisation of NURR1 (Figure 3.24). The early vmDA markers LMX1A and FOXA2 were not 

observed at any time point (Figure 3.23).  
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Figure 3.16: Expression of PAX6 and SOX2 in iNP Cells over Time 
Immunocytochemistry for the neuroectodermal and anterior marker PAX6 as well as the neural stem cell marker 
SOX2 was performed on HDF and iNP samples throughout SOX2/PAX6-mediated direct-to-iNP reprogramming of 
the cell line 1507. Arrowheads indicate a few of the cells with positive staining for PAX6. Scale bar: 50 µm.  
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Figure 3.17: Expression of SOX1 in iNP Cells over Time 
Immunocytochemistry for the neural stem cell marker SOX1 was performed on HDF and iNP samples throughout 
SOX2/PAX6-mediated direct-to-iNP reprogramming of the cell line 1507. Arrowheads indicate a few of the cells with 
positive staining for SOX1. Scale bar: 50 µm.  
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Figure 3.18: Expression of NESTIN in iNP Cells over Time 
Immunocytochemistry for the neural stem cell marker NESTIN was performed on HDF and iNP samples throughout 
SOX2/PAX6-mediated direct-to-iNP reprogramming of the cell line 1507. Arrowheads indicate positive staining. 
Scale bar: 50 µm.  
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Figure 3.19: Expression of FOXG1 in iNP Cells over Time 
Immunocytochemistry for the anterior marker FOXG1 was performed on HDF and iNP samples throughout 
SOX2/PAX6-mediated direct-to-iNP reprogramming of the cell line 1507. Arrowheads indicate a few of the cells with 
positive staining for FOXG1. Scale bar: 50 µm.  
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Figure 3.20: Expression of KI67 in iNP Cells over Time 
Immunocytochemistry for the proliferative marker KI67 was performed on HDF and iNP samples throughout 
SOX2/PAX6-mediated direct-to-iNP reprogramming of the cell line 1507. Arrowheads indicate positive staining. 
Scale bar: 50 µm.  



95 
 

 

Figure 3.21: Expression of NGN2 in iNP Cells over Time 
Immunocytochemistry for the proneural marker NGN2 was performed on HDF and iNP samples throughout 
SOX2/PAX6-mediated direct-to-iNP reprogramming of the cell line 1507. Arrowheads indicate a few of the cells with 
positive staining for NGN2. Scale bar: 50 µm.  
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Figure 3.22: Expression of ASCL1 in iNP Cells over Time 
Immunocytochemistry for the proneural marker ASCL1 was performed on HDF and iNP samples throughout 
SOX2/PAX6-mediated direct-to-iNP reprogramming of the cell line 2598. Arrowheads indicate a few of the cells with 
positive staining for ASCL1. Scale bar: 50 µm.  
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Figure 3.23: Expression of FOXA2 and LMX1A in iNP Cells over Time 
Immunocytochemistry for the vmDA markers FOXA2 and LMX1A was performed on HDF and iNP samples 
throughout SOX2/PAX6-mediated direct-to-iNP reprogramming of the cell line 1507. Scale bar: 50 µm.  
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Figure 3.24: Expression of NURR1 in iNP Cells over Time 
Immunocytochemistry for the vmDA marker NURR1 was performed on HDF and iNP samples throughout 
SOX2/PAX6-mediated direct-to-iNP reprogramming of the cell line 1507. Arrowheads indicate a few of the cells with 
positive nuclear staining for NURR1. Scale bar: 50 µm.  
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 Study Three: Investigating if SOX2/PAX6-iNP cells can be differentiated towards 
a ventral midbrain dopaminergic fate 

SOX2/PAX6-iNPs have already been shown to differentiate into a small population of TH+ neurons [272]. 

To investigate if iNP cells can be directed to differentiate into vmDA neurons, two cell lines (HDF 1507 

and 2598) were reprogrammed as in Study Two (Figure 3.12) and differentiated from day 31 onwards, 

as described in Figure 3.25. Cells were exposed to seven days of Stage One (S1) “patterning” medium 

containing SHH-C24II and FGF8b followed by exposure to Stage Two (S2) “maturation” medium 

containing BDNF, GDNF, TGFβ3, dibutyryl cAMP and ascorbic acid. Cells were fixed after 7, 14 or 21 

days of exposure to maturation medium (conditions B, D and F). Additionally, to determine if patterning 

aids the generation of dopamine neurons, SOX2/PAX6-iNP cells were directly seeded into maturation 

medium, without prior patterning (conditions A, C and E).  

 

Figure 3.25: Schematic Detailing the Experimental Design of Study Three 
Day 31 SOX2/PAX6-iNP cells were seeded onto poly-L-ornithine/laminin/fibronectin coated glass bottomed 96-well 
plates or glass coverslips into either Stage One patterning medium containing SHH-C24II and FGF8 or Stage Two 
maturation medium containing BDNF, GDNF, TGFβ3, dibutyryl cAMP and ascorbic acid. Conditions A – F indicate 
the culture conditions tested in this experiment. 
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Cells were stained for the neuronal marker TUJ1 and the catecholaminergic markers TH and AADC 

(Figure 3.26). In all conditions, TUJ1+ cells with diverse morphologies could be observed, regardless of 

the cell line, exposure to patterning media, or the duration of exposure to maturation media. Some cells 

exhibited large, long cell bodies, while others were much smaller with rounded soma and one or more 

processes. Importantly, a subpopulation of TUJ1+ cells co-expressed TH or AADC.  

Next, the number of cells expressing TUJ1 alone, or co-expressed with TH or AADC were quantified. 

The yields as a percentage out of total cells (DAPI+) are shown in Figure 3.27. Yields of TUJ1+ cells 

were comparable between cell lines. Both cell lines showed a reduction in the yields of TUJ1+ cells over 

time in culture, with no consistent changes induced by exposure to Stage One patterning medium 

between cell lines. The yields of TUJ1+ cells co-expressing either TH or AADC were <3% of the total 

culture and were minimally affected by the duration of culture or the exposure to patterning medium. 

Importantly, all TH+ cells co-expressed AADC (Figure 3.28A, arrowheads). 

It was of interest to characterise differentiated iNP cells further. Example images from condition B are 

presented in Figure 3.28. To determine if the TH+ cells generated in the present study were of a vmDA 

identity, cells were stained for TH and GIRK2. TH+/GIRK2+ cells were present in all conditions, (Figure 

3.28B, arrowheads). Additionally, VMAT2+/TH+ cells were observed (Figure 3.28, arrowheads). VMAT2 

expression in the soma, in addition to the dendrites and axons, has previously been observed using 

electron microscopy [333], and staining in the soma was observed in human substantia nigra tissue (see 

Appendix, Figure 7.5). Serotonergic neurons are closely related to dopamine neurons and can be 

patterned by SHH and FGF8 in conjunction with FGF4 [169], therefore it was possible that some TUJ1+ 

cells in the culture could be serotonergic. However, immunostaining revealed no serotonin (5HT+) cells 

from either cell line, regardless of patterning or duration of differentiation (Figure 3.28). This antibody 

has previously been shown to work in immunocytochemistry applications in human cells [334]. 

In addition to different neuronal subtypes, iNP cells may give rise to glia. Immunostaining for GFAP was 

performed and GFAP+ cells were observed, with GFAP staining frequently co-localising with TUJ1 

(Figure 3.29A, arrowhead). Co-localisation of neuronal and glial markers persisted with time in culture, 

as shown in condition F, where GFAP+/TUJ1+ co-staining was still observed (Figure 3.29B, arrowhead). 

Co-staining of MAP2+/S100B+ was also observed in condition F, in addition to abundant MAP2-/S100B+ 

cells with fibrous morphologies (Figure 3.29C).  
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Figure 3.26: Expression of TH, AADC and TUJ1 in Differentiated SOX2/PAX6-iNPs  
Immunocytochemistry for TUJ1, TH and AADC was performed on neural cultures following the differentiation of 
SOX2/PAX6-iNP cells on glass coverslips. Arrowheads mark co-labelled cells. Scale bar: 50 µm.  
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Figure 3.27: Investigating the Differentiation Potential of SOX2/PAX6-iNPs Towards the Dopaminergic 
Lineage 
Cells were differentiated by exposure to Stage Two “maturation medium” (S2) for 7, 14 or 21 days, with or without a 
preceding week of Stage One “patterning” medium (S1). To investigate the differentiation capacity of SOX2/PAX6-
iNPs differentiated from day 31, cells were stained for TUJ1, TH and AADC and the proportions of positive cells 
were counted out of total cells (DAPI). An ordinary one-way ANOVA with Tukey’s multiple comparisons test was 
performed. Data are presented as mean ± SEM. (A) F(5,90) = 15.38, p < 0.001, n = 16 fields of view (2205 – 3096 
DAPI cells).  (B) F(5,90) = 10.49, p < 0.001, n = 16 fields of view (1648 – 2896 DAPI cells). (C) F(5,42) = 2.189, p = 
0.0735, n = 8 fields of view (974 – 1514 DAPI cells).  (D) F(5,42) = 3.840, p = 0.0059, n = 8 fields of view (704 – 
1792 DAPI cells). (E) F(5,42) = 2.261, p = 0.0657, n = 8 fields of view (1073 – 1815 DAPI cells).  (F) F(5,42) = 2.844, 
p = 0.0267, n = 8 fields of view (944 – 1451 DAPI cells). 
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Figure 3.28: Expression of Neuronal Markers Differentiated SOX2/PAX6-iNPs  
Immunocytochemistry for TH, AADC, GIRK2, VMAT2, TUJ1 and 5HT was performed on neural cultures following 
the differentiation of SOX2/PAX6-iNP cells on glass 96 well plates. This figure is from the 1507 line, differentiated 
for seven days with Stage One patterning medium and seven days Stage Two maturation medium. Arrowheads 
mark co-labelled cells, arrows mark TUJ1+/5HT- cells. Scale bar: 50 µm.  
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Figure 3.29: Expression of Glial and Neuronal Markers in Differentiated SOX2/PAX6-iNPs  
(A) Immunocytochemistry for TUJ1 and GFAP was performed on neural cultures (2598 line) following the 
differentiation of SOX2/PAX6-iNP cells on glass 96 well plates, for seven days with Stage One patterning medium 
and seven days Stage Two maturation medium. Arrowhead marks TUJ1+/GFAP+ cell. (B) Immunocytochemistry 
for TUJ1 and GFAP was performed on neural cultures (2598 line) following the differentiation of SOX2/PAX6-iNP 
cells on glass 96 well plates, for seven days with Stage One patterning medium and 21 days Stage Two maturation 
medium. Arrowhead marks TUJ1+/GFAP+ cell.  (C) Immunocytochemistry for MAP2 and S100B was performed on 
neural cultures (2598 line) following the differentiation of SOX2/PAX6-iNP cells on glass 96 well plates, for seven 
days with Stage One patterning medium and 21 days Stage Two maturation medium. Arrowhead marks 
MAP2+/S100B+ cell. Scale bar: 50 µm.  
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 Discussion  

The present chapter aimed to investigate the competence of SOX2/PAX6-iNP cells for generating vmDA 

neurons. Initially, a time course experiment was performed to examine the temporal expression patterns 

of genes related to neural stem cells and neural tube patterning. The purpose of this was to identify if 

SOX2/PAX6-iNPs displayed a regional phenotype, and to determine if they might be responsive to the 

application of patterning molecules. Secondly, it was investigated if the duration of reprogramming could 

be reduced by commencing weekly passaging at day 17, rather than day 31. A condensed time course 

was performed to investigate the expression of some of the same genes as in Study One, as well as 

immunocytochemical analysis to determine if iNP cells generated under these conditions expressed 

neural and positional markers. Finally, to determine the capacity of SOX2/PAX6-iNPs to differentiate into 

dopamine neurons, cells were exposed to differentiation media and immunocytochemistry was 

performed to examine the expression of a range of neural and dopaminergic markers.  

 Temporal expression of neural and positional genes 

The time course experiment revealed that, as expected, at three days post-transfection, expression of 

SOX2 and PAX6 transcripts was significantly increased relative to HDFs. Expression of these genes 

subsided over time, but remained elevated relative to HDFs. A number of other genes were induced at 

day three, these included OCT4, SHH, GLI1, GBX2, NURR1, PITX3, FOXG1, TBR2, DLX2 and HOXB9, 

whereas FOXA2 and CORIN were down-regulated at day three. Most of these initial gene expression 

changes were transient, and not retained at day ten, suggesting that these genes were induced as a 

result of transfection, possibly as direct or indirect downstream targets of transiently expressed SOX2 

and/or PAX6 [335-341]. Concurrent monitoring of the fluorescent reporter genes observed no expression 

of ZsGreen or TdTomato beyond day ten, demonstrating the transience of transgene expression. Cells 

were transferred into reprogramming medium on day three, and it seems probable that the media was 

responsible for some sustained changes from day ten onwards, such as down-regulation of the fibroblast 

marker SNAI1 and upregulation of the neural marker NCAM1.  

A number of the genes examined showed changes in expression over time. For example, expression of 

GLI1, GLI3, LEF1, PITX3, IRX3 and HOXB9 all increased towards the end of reprogramming. These 

changes seemed to coincide with the commencement of weekly passaging at day 31, which also brought 

about morphological changes in iNP cells. In fact, GLI1 transcript was not detected until day 38, one 

week after the first passage. When passaging was commenced earlier, at day 17 in Study Two, 

upregulation of GLI1, LEF1 and HOXB9 appeared to be brought forward. This suggests that passaging 

cells can influence gene expression during reprogramming. Indeed, neurosphere conditions can promote 

the induction of neural stem cell markers in MEFs, MPNFs and HPNFs [286, 342]. The present study did 

not actively promote suspension culture by using low attachment dishes. Nonetheless, following 

passaging, cells often spontaneously formed into non-adherent or semi-adherent cellular aggregates, 

which resembled neurospheres. In iPS cell reprogramming, continuous passaging enhances 

reprogramming efficiency, possibly by ridding the culture of non-reprogrammed and partially 

reprogrammed cells at an earlier stage [343]. Several other direct-to-iNS/iNP cell reprogramming studies 

have reported changes in gene expression with continual passaging, suggesting that reprogramming to 

an iNS/iNP fate may be a gradual process [266, 268, 270, 276].  
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This thesis is primarily interested in investigating the use of SOX2/PAX6-iNP cells for generating vmDA 

neurons. As SHH and WNT1 are key molecules involved in patterning vmDA progenitors, their 

expression was investigated during the time course. With the exception of a brief upregulation of SHH 

at day three, these two genes were largely undetected. Nonetheless, the expression of several 

downstream effectors of SHH and WNT signalling was examined. To investigate canonical WNT 

signalling, the expression of LEF1 was determined. In the absence of WNT signalling, β-Catenin is 

phosphorylated by the AXIN complex and destined for ubiquitination and proteasomal degradation 

(Figure 3.30). Upon WNT binding, AXIN is recruited to the receptors, β-Catenin degradation is blocked, 

resulting in its accumulation, nuclear translocation and the formation of a complex with the transcription 

factors TCF/LEF to activate WNT target gene expression [344]. The expression of LEF1, a target gene 

and mediator of canonical WNT signalling was found to be upregulated from day 45 onwards. Notably, 

LEF1 is also upregulated in neural rosettes [345]. LEF1 upregulation suggests that canonical WNT 

signalling might be occurring within the culture, which has been demonstrated in human embryonic stem 

cell-derived neural progenitor cultures [346]. The expression of other WNT genes was not assessed.  

Signalling down the SHH pathway occurs when SHH binds to the transmembrane protein PTCH, 

relieving its inhibition of another transmembrane receptor, SMO, leading to a cascade of signalling 

events, which culminates in the regulation of the GLI family of transcription factors. These factors are 

balanced between activator and repressor states; GLI1 is an activator, while GLI2 and GLI3 function as 

activators and repressors. In the absence of SHH, GLI3 is proteolytically processed to a transcriptional 

repressor while GLI2, is processed and degraded. GLI1 expression and nuclear localisation is dependent 

on GLI2/3 activation. In the presence of SHH signalling, proteolytic processing of GLI2/3 is blocked, 

thereby activating them and leading to GLI1 activation (Figure 3.31). Activated GLI transcription factors 

translocate to the nucleus to regulate the expression of SHH target genes. In the developing neural tube, 

GLI1 is expressed in the ventral part, GLI2 is expressed throughout and GLI3 is expressed in the dorsal 

neural tube [71]. During reprogramming, both GLI1 and GLI3 expression was upregulated late during the 

time course, from days 38 and 52 respectively. Recombinant SHH was not added during reprogramming, 

however other pathways have also been implicated in the regulation of GLI expression, for example 

genomic analysis predicts that GLI1 can be upregulated by the TGFβ pathway and down-regulated by 

the SNAI1 and NOTCH pathways [347].   
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Figure 3.30: Summary of the Canonical WNT/β-Catenin Signalling Pathway 
(A) In the absence of WNT, cytoplasmic β-Catenin is phosphorylated by the AXIN complex and targeted for 
proteasomal degradation. WNT target gene expression is repressed. (B) Upon WNT ligand binding, AXIN is recruited 
to the receptors, the AXIN complex is disrupted, preventing β-Catenin phosphorylation and degradation. 
Accumulated β-Catenin enters the nucleus, and co-activates TCF to activate expression of WNT-responsive genes. 
Reprinted from [344] with permission from Elsevier.  

 

 

Figure 3.31: Summary of the Canonical SHH Signalling Pathway 
In the absence of SHH, the receptor Patched (PTC or PTCH) inhibits Smoothened (SMO). This results in GLI 
activators (GLI-A) being phosphorylated and processed into GLI repressors (GLI-R). GLI repressors bind to GLI 
binding sites (GBS) within promoters and act as transcriptional repressors, blocking transcription of SHH target 
genes. When SHH binds to PTC, inhibition of SMO is relieved, preventing phosphorylation of GLI-A by protein kinase 
A (PKA), allowing them to act as transcriptional activators. Reprinted from [348] with permission from John Wiley 
and Sons.  
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Most of the regional genes that were upregulated late during reprogramming are expressed posteriorly: 

in the midbrain (NURR1, PITX3, IRX3), hindbrain (IRX3) and spinal cord (IRX3, HOXB9). By contrast, 

little upregulation of the anterior markers examined here (OTX2, FOXG1 and TBR2) was observed. 

However, it is worth noting that the posterior marker GBX2 was not upregulated. 

Ventral midbrain dopamine neurons arise from the floor plate of the neural tube. Ventral markers were 

not upregulated during reprogramming. In fact, FOXA2 and CORIN, markers of the floor plate were 

down-regulated relative to HDFs throughout the time course, while other ventral markers such as NKX2.2 

or DLX2 were either not detected or down-regulated. In the developing human neural tube, SOX2 is 

expressed throughout the neuroectoderm and the floor plate, whereas PAX6 is not expressed in the 

ventral-most neural tube [349]. In fact, PAX6 antagonizes SHH signalling by upregulating the GLI3 

repressor, thereby suppressing the acquisition of ventral fates [341]. It is possible, therefore, that the 

high expression of PAX6 in SOX2/PAX6-iNP cells may be responsible for down-regulation of ventral 

genes such as CORIN, FOXA2, NKX2.2 and DLX2. In spite of this, at day three post transfection, when 

PAX6 transcript was most abundant, SHH, GLI1 and DLX2 were upregulated relative to HDFs.  

Importantly, a number of positional genes that have been found to be critical for generating authentic 

vmDA neurons from pluripotent stem cells were not upregulated by reprogramming. These included 

OTX2, EN1, LMX1A, LMX1B, FOXA2 and CORIN. While NURR1 was upregulated in Study One at days 

three and 66, all other time points showed significant down-regulation relative to HDFs. The only vmDA-

related gene to show sustained upregulation by reprogramming was PITX3, however this pattern was 

not observed in cells in which weekly passaging was commenced at day 17. In comparison to human 

embryonic stem cell-derived floor plate progenitors, SOX2/PAX6-iNP cells don’t express FOXA2 and 

LMX1A, express higher levels of PITX3 and comparable levels of NURR1 (see Appendix, Section 7.6).  

Overall, a clearly defined regional identity was not observed in SOX2/PAX6-iNP cells, which expressed 

markers along the anterior-posterior axis of the neural tube. An examination of more markers from 

different regions, particularly more dorsal markers may have been useful for ascertaining a more 

thorough understanding of the regional identity of iNP cells, however this study was focussed 

predominantly on whether iNP cells expressed vmDA regional markers. The mixed regional identity of 

SOX2/PAX6-iNP cells is not dissimilar to reports from other direct-to-iNS/iNP cell reprogramming studies. 

Their et al. (2012) reported a mixed regional identity in MEF-derived iNS cells (PF-mediated) [251], while 

Lim et al. (2015) also generated iNP cells without an established regional identity from REFs (LF-

mediated), however they could be directed towards a vmDA fate by forced expression of NURR1 and 

FOXA2 during differentiation [281]. Other reprogramming studies did show more specific regionalisation, 

such as a ventral anterior-hindbrain fate from REFs, using PF-mediated direct reprogramming [254] or 

from MEFs using LF-mediated direct reprogramming [266]; a ventral mid-hindbrain fate from human 

post-natal fibroblasts using SOX2 [286]; a dorsal hindbrain fate from human post-natal and adult 

fibroblasts, using PF-mediated direct reprogramming, which were able to be patterned by SHH, FGF8b 

and retinoic acid [255]; a ventral fore-midbrain fate from MEFs by chemical reprogramming [276]; and 

an iNP that switches from an anterior to posterior ventral fate over time in culture, derived from MEFs by 

chemical reprogramming [277].  
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 Reducing the duration of reprogramming 

One of the interesting observations from Study One was that a number of changes in gene expression 

did not commence until late in reprogramming. This coincided with the commencement of weekly 

passaging of the cells, and changes in cellular morphologies. It was hypothesised that passaging the 

cells could be started earlier, at day 17. If cell reprogramming time could be reduced this would be 

advantageous to reduce costs, workload and the duration of experiments. Similar to Study One, cell 

morphology changed dramatically following passaging, transitioning from a fibroblast-like morphology to 

a more epithelial-like morphology, with subpopulations of adherent and non-adherent cell clusters, which 

resembled neurospheres. Importantly, most of the temporal changes in gene expression observed in 

Study One were repeated when passaging was brought forward to day 17. 

To confirm the expression patterns observed by qPCR, several genes were examined at the protein 

level, and some differences emerged when compared with mRNA results. While expression of SOX2 

was upregulated throughout reprogramming, albeit at declining levels, no nuclear staining of SOX2 was 

observed in iNP cells. By contrast, PAX6, which also showed declining levels of mRNA throughout 

reprogramming, exhibited widespread expression at the protein level. NURR1 was down-regulated 

relative to HDFs, however nuclear expression of the orphan nuclear receptor was never observed in 

HDFs, yet it was in a subpopulation of iNP cells. Expression of the anterior marker FOXG1 was 

unchanged as measured by qPCR, however protein expression was ubiquitous in iNP cells, but not in 

HDFs.  

Discrepancies between the abundance of mRNA transcripts and corresponding proteins are fairly 

common; squared Pearson correlations are reported to be about 0.4 [350]. This means that around 60% 

of the variation in protein abundance can be attributed to regulation at the post-transcriptional and 

translational levels, regulation of the rates of protein degradation, as well as the contribution of noise and 

experimental error. Nonetheless, while the abundance of mRNA may not correlate well with protein 

abundance, the abundance of mRNA transcript is considered useful as a proxy for the presence of a 

protein [350]. More recently it has been reported that although total mRNA and protein abundances may 

not correlate well, under experimental conditions, mRNA transcripts that are differentially expressed 

show improved correlations with their corresponding proteins than transcripts that are not differentially 

expressed [351]. This supports the notion that changes in mRNA levels have biological relevance and 

are worth investigating.  

To validate the generation of iNP cells, immunocytochemistry was used to probe the expression of a 

range of neural stem cell and positional markers. In human, but not mouse neural specification, both in 

vivo and in embryonic stem cells, SOX2 and PAX6 are expressed early and prior to the onset of SOX1 

[352]. However, in another human embryonic stem cell neural induction protocol, SOX1 was observed 

prior to PAX6 [184]. Over time, PAX6 expression becomes restricted, whereas SOX1 and SOX2 remain 

widespread.  Importantly, PAX6 is not expressed in vmDA progenitors and neurons in the midbrain floor 

plate [99, 353]. In Study Two, PAX6 and SOX1 were widespread in SOX2/PAX6-iNP cells, whereas 

SOX2 protein was not observed. NESTIN, another commonly used neural stem cell marker was 

observed in HDFs, as has been reported by others [354]. Expression of NESTIN in iNP cultures was not 

observed until day 40. The absence of SOX2 expression and the delayed expression of NESTIN in 
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cultures that displayed widespread expression of SOX1 and PAX6 suggests that the regulation of 

iNS/iNP markers may be coordinated in a different manner to bona fide neural stem cells. Interestingly, 

in addition to expressing early neuroectoderm markers such as SOX1 and PAX6, SOX2/PAX6-iNP 

cultures also expressed later stage developmental markers such as the proneural factors ASCL1 and 

NGN2 and the pro-dopaminergic factor NURR1. Expression of these markers was less homogeneous 

over time and within cultures than SOX1 or PAX6. This suggests that SOX2/PAX6-iNP cultures may not 

represent a single stage of development. Direct comparison of SOX2/PAX6-iNP cells with human 

embryonic stem or iPS cell-derived neural stem cells could further delineate the developmental stage of 

these cells.  

It is worth highlighting that for most of the markers examined, expression was heterogeneous amongst 

the culture, demonstrating that SOX2/PAX6-mediated direct-to-iNP reprogramming does not produce a 

homogeneous population of cells. This could have downstream ramifications in the intended applications 

by producing highly mixed populations of neural derivatives following differentiation. It would be 

interesting to investigate if the cell population could be made more homogenous by methods such as 

cell sorting for neural markers, using a bicistronic vector to reduce variability caused by different 

transgene doses, or by manual picking of colonies. This will be further discussed in Chapter Six. 

One of the hallmarks of neural stem cells is their proliferative capacity. While this was not addressed in 

detail in the present chapter, it is an important question which will determine the utility of direct 

reprogramming strategies for future applications, and will be discussed in greater depth in Chapter Six. 

Nevertheless, in Study Two, across five experiments, the total number of cells dropped over time to 

approximately 20% of the original number of cells at day 31, and cell numbers did not increase at any 

time point. Nonetheless, at most time points, a small number of cells expressing the proliferation marker 

KI67 were observed in iNP cultures, however these were much rarer than in HDF cultures. This suggests 

that while the overall population of iNP cells is not proliferative, some cells within the population continue 

to proliferate after four passages (day 40). It will be important for future studies to further probe the 

identity of these cells to determine if they are neural stem/precursor cells or residual fibroblasts, and 

whether they can be isolated and grown as a clonal population into a population of proliferative iNP cells.   

 Differentiation of SOX2/PAX6-iNPs towards a dopaminergic fate  

The main aim of the current chapter was to determine if SOX2/PAX6-iNP cells can be differentiated 

towards a vmDA fate. Investigation of the expression of vmDA progenitor markers in iNP cells by qPCR 

and immunocytochemistry did not reveal a clear propensity towards a vmDA fate, with cells not 

expressing key regional markers such as FOXA2 and LMX1A. However expression of the post-mitotic 

vmDA markers NURR1 and PITX3 was observed. Additionally, proneural factors NGN2 and ASCL1 were 

expressed to some extent in iNPs. While ASCL1 and NGN2 are both expressed in the ventral midbrain, 

only NGN2 is vital for the differentiation of SOX2+ progenitors into NURR1+ vmDA precursor. 

Nonetheless ASCL1 can partially compensate for the loss of NGN2 [355]. Thus, while some vmDA 

markers were expressed, other key markers were not present. It is possible that the widespread 

expression of anterior dorsal markers such as PAX6 and FOXG1 could also be prohibitive for the 

acquisition of a true vmDA fate. 
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The dopaminergic differentiation capacity was investigated by exposing SOX2/PAX6-iNP cells to 

patterning media containing SHH and FGF8 as well as maturation media containing BDNF, GDNF, 

TGFβ3, dibutyryl cAMP and ascorbic acid. A small proportion of iNP cells differentiated into TUJ1+ cells, 

however the yields of TUJ1+ cells declined over time, suggesting that these cells were either dying over 

time in culture, or alternatively that they were not fully committed to a neuronal fate, and may have 

switched to an alternative fate, possibly reverting back to an iNP or fibroblast fate.  

Importantly, a number of TUJ1+ cells co-expressed markers of a catecholaminergic fate, such as TH 

and AADC, and the yields of these cells was fairly stable over time in culture. It is important to note that 

due to the overall yields of TUJ1+ cells being fairly low, the present chapter reports yields of co-labelled 

TH+/TUJ1+ cells or AADC+/TUJ1+ cells as percentages over the total number of cells (DAPI), rather 

than the proportion of TH+ or AADC+ cells over TUJ1+ cells. This latter measure would report the 

percentage of TUJ1+ cells that also co-express TH or AADC as ranging from 18.4 ± 6.0% to 77.7 ± 9.3% 

for TH+/TUJ1, and 26.1 ± 5.2% to 79.2 ± 12.9% for AADC+/TUJ1. However, the low yields of TUJ1+ 

cells generated makes such reporting misleading. Many studies do not make it clear whether they are 

reporting TH yields over DAPI or over the relevant neuronal marker, or only report the yields over the 

neuronal marker, while omitting the neuronal yields [279, 282, 283]. Such reporting makes comparisons 

between protocols a challenge. Nevertheless, TH+ cells differentiated from SOX2/PAX6-iNP cells also 

expressed AADC, VMAT2 and GIRK2, supporting the acquisition of a dopaminergic phenotype. 

Furthermore, no 5HT+ cells were seen, which would indicate serotonergic neurons. GIRK2 is widely 

used in the literature as an A9 dopaminergic neuronal marker, however GIRK2 expression is not 

restricted to this area, and is also present in TH+ cells of the VTA, albeit at mostly lower intensities [356]. 

Nonetheless the presence of TH+/GIRK2+ cells suggests the acquisition of a vmDA identity in some 

cells.  

To investigate what other cell types were present in the culture, the expression of the glial markers S100B 

and GFAP was investigated. Surprisingly, co-staining of neuronal and glial markers was frequently 

observed. TUJ1+/GFAP+ cells have been reported previously from differentiated mouse SEZ/cerebellar 

neurospheres [357] and adult human SVZ/hippocampal neural progenitors [358, 359]. These so-called 

‘asterons’ may represent a trans-differentiated state of neuron/astrocyte [357]. Alternatively, radial glia 

and neural stem cells express GFAP and S100B, suggesting that these cells could be semi-committed 

immature neurons [345, 359, 360]. It’s not overly surprising to find a lack of commitment to a particular 

fate in reprogrammed iNP cells which have already transitioned from a dermal fibroblast origin to a neural 

fate. Cells may require additional maturation cues to push commitment to a specific neuronal fate. How 

common this phenomena is in the field of direct reprogramming is unclear as many studies do not show 

co-stained cultures with glial and neuronal markers.   

 Biasing iNP cells towards a vmDA fate  

To generate authentic vmDA neurons from stem cells, most protocols employ a period in which neural 

progenitors are exposed to patterning agents, such as SHH, FGF8, or WNTs, to drive cells towards a 

ventral midbrain fate [183, 184, 190, 193, 194]. Surprisingly, Study Three revealed that exposure to SHH 

and FGF8 did not improve the yields of TH+/TUJ1+ or AADC+/TUJ1+ cells generated from established 

SOX2/PAX6-iNP cells. This suggests that SOX2/PAX6-iNPs are not responsive to these patterning 
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factors. This might be explained by the mixed expression of neural stem/regional markers. In the last few 

years it has been found that pre-established PAX6+ neural rosettes cannot be adequately patterned to 

a ventral midbrain fate by SHH and FGF8, but rather early, potent SHH signalling is required to ventralise 

progenitors to a floor plate fate, which can be caudalised by WNT signalling [192-194]. The widespread 

expression of anterior markers FOXG1 and PAX6 suggests that established SOX2/PAX6-iNP cells may 

be committed to a forebrain fate, and that SHH and FGF8 patterning cannot overcome this. The 

expression of NURR1 protein (which plays an important role in the acquisition and maintenance of a 

dopaminergic phenotype) by a subpopulation of SOX2/PAX6-iNPs, might explain why a small number of 

dopamine neuronal-like cells were still generated, in spite of abundant FOXG1 and PAX6.  

In order to improve the yields of dopaminergic neurons, it is probable that a more authentic vmDA-like 

identity is required of iNP cells. Ideally, iNP cells need to express a range of vmDA progenitor markers 

such as FOXA2, LMX1A, LMX1B, EN1, NURR1 and PITX3. It would be preferable if this could be 

achieved by exposure to exogenous media components, as is the norm in most pluripotent stem cell 

differentiation protocols. This is favourable over forced expression of vmDA transcription factors, as it 

reduces the requirement for transgenic manipulation, which carries risks for clinical applications. By 

delaying the exposure of patterning factors to when SOX2/PAX6-iNP cells are already established, it is 

possible that the window of opportunity to direct cells towards a vmDA fate may be missed.  

Over the last few years, a handful of studies have been published which aim to generate vmDA neurons 

by direct-to-iNS/iNP cell reprogramming, however the ability of patterning factors to induce a vmDA fate 

in iNS/iNP cells has been mixed. Tian et al. (2015) took a very similar approach to this chapter, by 

exposing established murine LF-reprogrammed iNP cells to SHH/FGF8 for six days and then to 

BDNF/GDNF/IGF1/TGFβ3/dibutyryl cAMP/ascorbic acid for three weeks [282]. They also reported no 

difference in the yields of TH+/TUJ1 cells generated with or without SHH/FGF8 patterning, yielding about 

90% TH+ cells (out of TUJ1). Expression of DAT, AADC and VMAT2 was observed as well as 

electrophysiological properties, despite few TH+/TUJ1+ cells displaying neuronal morphologies. In this 

case, it is possible that the use of FOXA2 as a reprogramming factor may support the acquisition of a 

vmDA fate, rendering these patterning factors redundant. Additionally, murine cells may be more easily 

differentiated to a vmDA identity than human cells, as has been observed in embryonic stem cell studies 

(see Chapter One, Section 1.3.2.1). A PF-mediated direct-to-iNS cell reprogramming study using adult 

human somatic cells took a slightly different approach and exposed established iNS cells to 

BDNF/GDNF, then to a low dose of SHH/FGF8b, and then finally to BDNF/GDNF/IGF1/TGFβ3/dibutyryl 

cAMP [283]. This approach generated 21% TH+ cells out of TUJ1, which also expressed EN1, FOXA2, 

LMX1A and NURR1. It is possible that this study could pattern established iNS cells to express regional 

vmDA markers because the iNS cells represented a primitive stage of development – in fact these iNS 

cells expressed some markers of pluripotency and could be reverted to an iPS state, raising the question 

of whether they were truly directly reprogrammed.  

As an alternative to exposing pre-established iNS/iNP cells to patterning factors, it is possible that the 

application of patterning factors could be commenced during reprogramming in order to prime cells 

towards a vmDA fate. Kim et al. (2014) added CHIR99021, SHH, FGF8 and JI1 to PF-mediated 

reprogramming of mouse fibroblasts, resulting in the upregulation of EN1, FOXA2, LMX1A and CORIN 

and improving differentiation yields to 57% TH+/TUJ1 [279]. Another study combined SOX2/LMX1A-
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mediated LF-reprogramming with patterning by CHIR99021 and purmorphamine during the 

reprogramming of human post-natal fibroblasts [285]. This resulted in the upregulation of LMX1A and 

FOXA2, as well as the generation of neurons expressing TH, NURR1 and PITX3. In this study, however, 

the requirement for the patterning factors was not described, nor the yields of TH+ cells reported, and 

the long-term maintenance of a vmDA regional identity was not shown. Finally, another study found that 

when LF-reprogrammed rodent fibroblasts were treated with FGF8 during reprogramming, very low 

numbers of TH+/TUJ1+ cells were generated [280, 281]. Forced NURR1/FOXA2 overexpression was 

required to improve TH yields to 25 – 40% TH+/DAPI, these cells expressed PITX3, GIRK2, DAT, VMAT2 

and NURR1, were electrophysiologically functional and released dopamine. Nonetheless, exposure to 

FGF8 during reprogramming was important to improve yields of TH+ and TUJ1+ cells.  

 Conclusions 

In summary, SOX2/PAX6-iNP cells do not appear to have a specific regional identity. Nonetheless, some 

late vmDA markers were expressed in iNPs, such as NURR1 and PITX3, and iNP cells gave rise to 

neural cultures in which a subpopulation of cells expressed the dopaminergic markers TH, AADC, GIRK2 

and VMAT2. While SOX2/PAX6-iNPs did not respond to SHH/FGF8 patterning, it is conceivable that 

earlier exposure to patterning factors may be required to induce a vmDA progenitor fate. This is 

supported by recently developed methods that differentiate vmDA neurons from pluripotent stem cells 

[193-195]. Moreover, other direct-to-iNS/iNP cell reprogramming studies suggest that the addition of 

alternative vmDA genes and/or exposure to patterning agents during reprogramming might be useful to 

promote the acquisition of a vmDA fate, and therefore improve the yields of dopaminergic neurons. This 

will be addressed in the following chapters. 
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 Investigating the effect of patterning 

molecules during direct to induced neural precursor cell 

reprogramming  

 Introduction 

Chapter Three demonstrated that several regional genes were expressed in SOX2/PAX6-mediated 

direct-to-iNP reprogramming, including the vmDA progenitor markers NURR1 and PITX3. Additionally, 

SOX2/PAX6-iNPs could be differentiated into neural cultures expressing a range of dopaminergic 

markers, including TH, AADC, VMAT2, and GIRK2. These results support the use of direct-to-iNP 

reprogramming as a novel strategy to generate human dopamine neurons in vitro. In order for this 

method to be useful for downstream applications, such as disease modelling and cell-based therapies, 

the yields of dopamine-like neurons need to be high and it is important that these cells represent 

authentic vmDA neurons, rather than forebrain TH+ neurons. Studies using pluripotent stem cells have 

found that these key requirements can be obtained by optimising patterning conditions [193-195]. The 

development of floor plate-based differentiation protocols has shown that by appropriately patterning 

pluripotent stem cells, authentic vmDA neurons can be generated, at variable yields, which show long-

term survival and function upon engraftment. These strategies are currently the gold standard in the field 

and are progressing towards clinical trials [208].  

It was hypothesised that by identifying an appropriate patterning strategy for SOX2/PAX6-iNP cells, high 

yields of authentic vmDA neurons could be generated in vitro by direct-to-iNP reprogramming. In Chapter 

Three it was found that downstream mediators of SHH and canonical WNT signalling pathways were 

upregulated during reprogramming, suggesting that iNP cells may be responsive to patterning cues. 

However, established SOX2/PAX6-iNP cells did not respond to SHH/FGF8 patterning with increased 

yields of TH+/TUJ1+ or AADC+/TUJ1+ cells. This could result if established iNP cells were 

developmentally too mature to respond to patterning cues which occur early in development. In such a 

case, patterning might need to be carried out during the cell reprogramming period, analogous to floor 

plate protocols, which perform patterning at the same time as neural induction. In such a way, treatment 

with patterning molecules known to be involved in the specification of vmDA neurons might ‘prime’ iNP 

cells undergoing reprogramming to adopt a mesencephalic dopaminergic progenitor fate at the expense 

of alternative fates. This would be expected to result in the upregulation of genes known to be involved 

in the specification of vmDA neurons, the down-regulation of markers of alternative lineages, as well as 

increased yields of authentic vmDA-neuronal like cells [193-195].  

In embryonic development, as well as in the differentiation of pluripotent stem cells, it is known that not 

only is the combination of patterning factors essential, but the timing of their exposure also plays an 

important role in correct patterning. By skipping a pluripotent intermediate stage, LF-mediated direct-to-

iNS/iNP cell reprogramming may not be able to directly apply developmental principles in the same way 

that pluripotent stem cell protocols can. Chapter Three found that the expression some regional genes, 

such as PITX3, IRX3 and HOXB9, were not static over time. Additionally, other patterning-related genes 
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such as GLI1, GLI3 and LEF1 were upregulated late during reprogramming. This suggested that there 

may be an optimal time frame to introduce patterning agents. 

This chapter aimed to investigate if exposure to patterning molecules during reprogramming might prime 

reprogramming iNP cells to adopt a vmDA fate. A range of combinations of factors were investigated, as 

well as the specific timing of patterning. In Studies One – Three, the effect of a range of patterning 

molecules at different times during SOX2/PAX6-iNP cell reprogramming was examined through 

quantitative real-time PCR. Additionally, in Study Three, cells were differentiated towards a vmDA fate, 

stained for TH/TUJ1 and other dopaminergic markers and the cell yields were quantified. As authentic 

vmDA neurons do not arise from PAX6+ precursors, Study Four investigated the requirement for PAX6 

transfection in reprogramming by determining if SOX2-iNP cells could be generated under the same 

conditions as SOX2/PAX6-iNPs. In Study Five, cells undergoing SOX2-mediated reprogramming were 

exposed to select patterning agents during reprogramming. Finally, in Study Six the optimal 

concentration of CHIR99021 was probed during the patterning of SOX2-iNP cells. 
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 Results 

 Study One: Investigating the effect of supplementation with patterning molecules 
during the latter phase of reprogramming 

Studies on pluripotent stem cells have indicated that optimising the timing of exposure to patterning 

molecules is critical to induce a vmDA progenitor fate. In Chapter Three it was observed that a large 

number of gene expression changes occur following the commencement of weekly passaging. This 

might represent a critical time point at which the regional identity of iNP cells could be targeted. To 

investigate this, reprogramming medium was supplemented with patterning molecules from the 

commencement of weekly passaging at day 31, and samples were collected at two time points for gene 

expression analysis. The experimental procedure is outlined in Figure 4.1. The media supplements 

investigated were: 200 ng/ml SHH-C24II, ‘SHH’; 2 µM purmorphamine, ‘PUR’; 0.7 µM CHIR99021, 

‘CHIR’; 200 ng/ml SHH-C24II + 0.7 µM CHIR99021, ‘SHH/CHIR’; 2 µM purmorphamine + 0.7 µM 

CHIR99021, ‘PUR/CHIR’ and; 200 ng/ml SHH-C24II + 2 µM purmorphamine + 0.7 µM CHIR99021, 

‘SHH/PUR/CHIR’. All cells were cultured under standard reprogramming conditions until 31 days post-

transfection. On day 31, cells were passaged by trypsinisation, pooled and seeded into standard 

reprogramming medium, or reprogramming media supplemented with the addition of one of the six 

combinations of patterning molecules described above.  

As in Chapter Three, unprimed SOX2/PAX6-iNP cells retained a fibroblast-like morphology until the 

commencement of weekly passaging at day 31 (Figure 4.2A). After this point, cells transitioned to more 

compact adherent epithelial-like morphologies, in addition to a subpopulation of cells forming semi-

adherent or floating aggregates of cells that resembled neurospheres. Under priming conditions, iNP 

cells showed similar changes in morphologies, with cultures containing both adherent cells and non-

adherent clusters of cells (Figure 4.2B – G). SHH-, CHIR-, SHH/CHIR- and SHH/PUR/CHIR-primed cells 

showed more adherent cells at day 52 than unprimed cells. 

 

Figure 4.1: Schematic Detailing the Experimental Design of Study One 
The HDF cell line 2352 was transfected with untagged plasmids encoding SOX2 and PAX6 (pCMV-huSOX2 and 
pCMV-huPAX6) and cultured under standard reprogramming conditions until day 31, including MDK 
supplementation until day 21 post-transfection. From day 31 onwards, media was supplemented with patterning 
molecules (conditions B – G), or cells were continued in standard reprogramming medium. Cells were passaged 
every week, starting on day 31 post-transfection. Samples were collected at day 45 and day 52 for gene expression 
analysis.   
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Figure 4.2: Phase Contrast Images of Cells during Reprogramming in Study One 
(A) Phase contrast images of HDFs undergoing standard reprogramming, not primed with any patterning molecules. 
(B) – (G) Phase contrast images of cells undergoing reprogramming in media supplemented with patterning 
molecules from day 31 onwards. Scale bar: 100 µm. 
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Figure 4.3: The Effect on Gene Expression of Exposure to Patterning Molecules Late during Reprogramming 
(A) Expression of neural and vmDA progenitor genes at day 45. First panel depicts expression in unprimed iNPs as 
a fold change relative to HDFs. Second panel depicts expression in primed conditions as a fold change relative to 
unprimed iNPs at day 45. (B) Expression of neural and vmDA progenitor genes at day 52. First panel depicts 
expression in unprimed iNPs as a fold change relative to HDFs. Second panel depicts expression in primed 
conditions as a fold change relative to unprimed iNPs at day 52. ND: not detected (dark grey). Light grey represents 
fold changes less than ±2-fold.  
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To investigate the effect of exposure to patterning molecules from day 31 of reprogramming onwards, 

the expression of a range of neural and vmDA progenitor genes was investigated at days 45 and 52 

post-transfection by TaqMan qPCR (Figure 4.3). As observed in Chapter Three, at day 45, SOX2 and 

PAX6 expression were elevated in unprimed iNPs relative to HDFs (Figure 4.3A, first panel), however 

these genes were down-regulated by all priming conditions, when compared to cells cultured in standard 

reprogramming medium (Figure 4.3A, second panel). By day 52, SOX2 and PAX6 remained down-

regulated in most priming conditions (Figure 4.3B, second panel). Expression of the proneural marker 

ASCL1 was minimally affected by priming, apart from induction of expression by SHH/CHIR at day 45, 

however this was not observed at day 52. 

Under normal reprogramming conditions, iNP cells do not express the secreted patterning molecules 

SHH or WNT1. As vmDA progenitors express SHH [87, 92, 361] and SHH and WNT1 signalling is known 

to be crucial for vmDA patterning, it was investigated if expression of these genes was induced by 

priming. Interestingly, at day 52, but not day 45, PUR alone induced expression of SHH transcript. 

However WNT1 expression was not induced by the priming conditions assessed here. Examination of 

the expression of genes downstream of SHH signalling found that as in Chapter Three, at day 45 and 

52 post-transfection, GLI1 expression was upregulated relative to HDFs under standard reprogramming 

conditions. At day 45, GLI1 expression was further upregulated by the addition of SHH/CHIR, PUR/CHIR 

or SHH/PUR/CHIR. At day 52 post-transfection, these same conditions, as well as PUR alone, 

maintained elevated levels of GLI1 transcript over and above GLI1 expression in normal reprogramming 

medium. GLI3 expression was either unchanged or down-regulated by the priming conditions assessed 

here. 

Early vmDA markers such as FOXA2, LMX1A and LMX1B were not expressed during standard 

reprogramming. Exposure to patterning molecules during the latter phase of reprogramming did not 

induce their expression. Similarly, expression of EN1 and CORIN were minimally affected by exposure 

to patterning molecules. In Chapter Three, the late vmDA markers NURR1 and PITX3 were expressed 

during standard reprogramming, with NURR1 expression only upregulated relative to HDFs very late 

during reprogramming. In the present study, in unprimed iNP cells at days 45 and 52, NURR1 was down-

regulated relative to HDFs while PITX3 was upregulated (Figure 4.3, first panels). Exposure to patterning 

molecules from day 31 onwards did not enhance their expression. In fact, NURR1 expression was further 

down-regulated by all conditions except PUR alone. Down-regulation was stronger at day 52 than day 

45. Similarly, PITX3 expression was down-regulated at day 45 post-transfection by PUR/CHIR and 

SHH/PUR/CHIR. By day 52 post-transfection all priming conditions except PUR alone and 

SHH/PUR/CHIR had down-regulated PITX3 expression from levels expressed in unprimed iNPs by at 

least 2-fold.   

The use of patterning molecules during reprogramming could have an effect on the specification of iNP 

cells to alternative fates, therefore the expression of markers of alternative lineages was examined. The 

cortical marker TBR2 was minimally affected by priming. At day 45 post-transfection, DLX2 expression 

was upregulated by CHIR, SHH/CHIR and PUR/CHIR. This pattern changed by day 52 post-transfection, 

with only PUR/CHIR and SHH/PUR/CHIR showing elevated DLX2 expression in comparison to control 

reprogramming conditions. Expression of more caudal markers, NKX2.2, IRX3 and HOXB9, were largely 

unaffected by late priming at day 45 and 52 post-transfection.  
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 Study Two: Investigating the effect of supplementation with patterning molecules 
for the full duration of reprogramming  

Study One found that exposure to patterning molecules during the latter phase of reprogramming did not 

increase the expression of key vmDA progenitor markers, by contrast, the expression of NURR1 and 

PITX3 was down-regulated in most conditions. As the timing of exposure to patterning molecules is 

critical for inducing a vmDA fate from pluripotent stem cells, the timing of exposure to patterning 

molecules during direct-to-iNP cell reprogramming may also be important for priming iNP cells to adopt 

a vmDA progenitor fate. This was investigated by adding the same combinations of patterning molecules 

to the reprogramming medium as in Study One, for the full duration of reprogramming, starting from three 

days post-transfection (Figure 4.4).   

Until the commencement of weekly passaging at day 31, cells in all conditions showed mostly fibroblast-

like morphologies (Figure 4.5). In addition, a subpopulation of cells primed with PUR, PUR/CHIR or 

SHH/PUR/CHIR exhibited rounded soma with two or more thin processes (Figure 4.5G, inset). Many of 

these cells had disappeared by day 31 post-transfection. Two weeks after the commencement of weekly 

passaging, at day 45, unprimed cells showed some adherent cells, some adherent domed structures, 

and some non-adherent clusters of cells. SHH-, PUR- and SHH/PUR/CHIR-primed cells appeared 

similar to unprimed cells. By contrast, CHIR-, SHH/CHIR- and PUR/CHIR-primed cells showed only non-

adherent colony-like structures at this time point. Prolonged exposure to the small molecule CHIR alone, 

or in combination with other patterning molecules, appeared to lead to cellular toxicity at later time points, 

as fewer cells were recovered at each passage in these conditions, and more debris was visible within 

the culture. 

 

Figure 4.4: Schematic Detailing the Experimental Design of Study Two 
The HDF cell line 2352 was transfected with untagged plasmids encoding SOX2 and PAX6 (pCMV-huSOX2 and 
pCMV-huPAX6) and cultured under standard reprogramming conditions until day 31, including MDK 
supplementation until day 21 post-transfection. From day three onwards, media was supplemented with patterning 
molecules (conditions B – G), or cells were cultured in standard reprogramming medium. Cells were passaged every 
week, starting on day 31 post-transfection. Samples were collected at day 17, 31 and 42 for gene expression 
analysis.   
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Figure 4.5: Phase Contrast Images of Cells during Reprogramming in Study Two 
(A) Phase contrast images of HDFs undergoing standard reprogramming, not primed with any patterning molecules. 
(B) – (G) Phase contrast images of cells undergoing reprogramming in media supplemented with patterning 
molecules from day three onwards. (G) Inset shows example of subpopulation of multipolar cells seen in PUR, 
PUR/CHIR and SHH/PUR/CHIR-primed cells. Scale bar: 100 µm.  
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Figure 4.6: The Effect on Gene Expression of Exposure to Patterning Molecules for the Full duration of 
Reprogramming 
(A) Expression of neural and vmDA progenitor genes at day 17. First panel depicts expression in unprimed iNPs as 
a fold change relative to expression in HDFs. Second panel depicts fold change in primed cells relative to unprimed 
iNPs at day 17. (B) Expression of neural and vmDA progenitor genes at day 31. First panel depicts expression in 
unprimed iNPs as a fold change relative to expression in HDFs. Second panel depicts expression in primed cells as 
a fold change relative to unprimed iNPs at day 31. (C) Expression of neural and vmDA progenitor genes at day 45. 
First panel depicts expression in unprimed iNPs as a fold change relative to expression in HDFs. Second panel 
depicts expression in primed cells as a fold change relative to unprimed iNPs at day 45. ND: not detected (dark 
grey). Light grey represents fold changes less than ±2-fold.   
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To investigate the effect of exposure to patterning molecules during reprogramming from day three 

onwards, the expression of a range of neural and vmDA progenitor genes were investigated at day 17, 

day 31 (prior to passaging) and day 45 post-transfection by TaqMan qPCR (Figure 4.6). Later time points 

could not be examined due to the loss of cells from CHIR-induced toxicity. At day 17 post-transfection, 

SOX2 transcript, which was abundant in unprimed iNP cells relative to HDFs, was down-regulated in 

most priming conditions. PAX6 expression was also down-regulated by CHIR, PUR/CHIR and 

SHH/PUR/CHIR at day 17. By day 31 post-transfection, these changes had subsided and only priming 

media containing PUR alone continued to suppress SOX2 expression beyond a 2-fold difference relative 

to unprimed cells. At day 45 post-transfection, following the commencement of weekly passaging at day 

31, most priming conditions again showed down-regulation of SOX2 and PAX6. Expression of ASCL1 

was upregulated by some conditions at both day 17 and 45 post-transfection.  

SHH and WNT1, which were not expressed in unprimed iNPs, were unaffected by priming. Under 

standard reprogramming conditions GLI1 expression was unchanged relative to HDFs until the 

commencement of weekly passaging. The addition of PUR, CHIR, PUR/CHIR or SHH/PUR/CHIR 

resulted in the upregulation of GLI1 at day 17 post-transfection relative to unprimed cells (Figure 4.6A). 

There appeared to be more than an additive effect, as priming with PUR or CHIR alone upregulated GLI1 

expression by 2.07 or 2.76-fold respectively, the combination of PUR/CHIR up-regulated GLI1 3.21-fold, 

and when all three patterning molecules were combined, SHH/PUR/CHIR, GLI1 expression was up-

regulated 42.03-fold relative to unprimed cells at day 17 post-transfection. At day 31 post-transfection, 

all priming agents except PUR alone upregulated GLI1 expression in comparison with standard 

reprogramming medium. Again, the SHH/PUR/CHIR combination induced the strongest upregulation of 

GLI1. At day 45 post-transfection, when unprimed iNPs show elevated GLI1 expression relative to HDFs, 

GLI1 expression was further upregulated by CHIR, SHH/CHIR, PUR/CHIR or SHH/PUR/CHIR compared 

to the standard reprogramming media. GLI3 expression, by contrast, was predominantly unchanged, or 

down-regulated by priming. Similar to Study One, the early vmDA markers FOXA2, LMX1A and LMX1B 

were not induced by exposure to patterning molecules at any of the reprogramming time points examined 

here. The expression of EN1 and CORIN was unchanged by exposure to patterning molecules for the 

duration of reprogramming.  

Chapter Three found that NURR1 transcript was detected in fibroblasts and reprogramming led to a 

down-regulation of NURR1 until very late in reprogramming (day 66). Here, NURR1 was down-regulated 

in unprimed iNPs relative to HDFs at all time points examined, and the addition of SHH/CHIR, PUR/CHIR 

and SHH/PUR/CHIR further down-regulated NURR1 at day 17 post-transfection (Figure 4.6A). At day 

31 post-transfection, these priming-induced changes in NURR1 expression were no longer apparent. By 

day 45 post-transfection, three conditions showed large increases in NURR1 expression relative to 

unprimed cells; CHIR by 18.17-fold, SHH/CHIR by 17.89-fold and PUR/CHIR by 21.21-fold. Priming 

caused no changes in PITX3 expression at day 17 post-transfection (Figure 4.6A). However, at day 31 

post-transfection, cells exposed to reprogramming medium supplemented with SHH/CHIR saw a 2.36-

fold increase in PITX3 expression relative to unprimed cells. At day 45, PITX3 expression was elevated 

by media supplemented with either CHIR or SHH/CHIR.   

Expression of TBR2 and NKX2.2 were largely unaffected by priming. DLX2 expression was unaffected 

by priming at day 17 post-transfection, was upregulated by SHH/CHIR and SHH/PUR/CHIR at day 31 
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post-transfection, and at day 45 post-transfection was upregulated by all priming conditions. IRX3 was 

largely unchanged by priming media, except for a slight increase at day 31 by SHH/CHIR-priming. 

HOXB9 was unchanged by priming at day 17 post-transfection, upregulated by SHH/CHIR at day 31 

post-transfection, and upregulated by PUR/CHIR at day 45 post-transfection.  

 Study Three: Investigating the effect of supplementation with patterning 
molecules for the first phase of reprogramming  

The results of Studies One and Two indicated that exposure to reprogramming media supplemented 

with either CHIR, SHH/CHIR or PUR/CHIR for the full duration of reprogramming, but not the late phase 

of reprogramming alone, was capable of upregulating the vmDA markers NURR1 and PITX3. However, 

prolonged exposure to media containing CHIR appeared to be toxic to the cells. Early, restricted 

exposure to CHIR, SHH/CHIR or PUR/CHIR might be capable of inducing the same changes in gene 

expression without causing cellular toxicity. This was investigated by adding CHIR, SHH/CHIR or 

PUR/CHIR to the reprogramming medium for the initial phase of reprogramming, i.e. until the 

commencement of weekly passaging. The other priming conditions (SHH, PUR and SHH/PUR/CHIR) 

were not investigated further, as they showed no beneficial effect on vmDA gene expression. In order to 

reduce the duration of reprogramming and to limit the exposure to CHIR, passaging was commenced 

from day 17 post-transfection, rather than day 31 (Figure 4.7). Additionally, as both CHIR99021 and 

purmorphamine stock solutions were made up in DMSO, to control for any vehicle-mediated toxicity, all 

control reprogramming media used henceforth were supplemented with DMSO to an equivalent final 

concentration as in priming conditions. This was 0.027% (v/v) in the present experiment. 

As in previously described experiments, until the commencement of weekly passaging, most cells 

resembled fibroblasts (Figure 4.8). After passaging, all conditions except PUR/CHIR contained clusters 

of non-adherent colony-like aggregates which over time would adhere and spread out, in addition to a 

large population of adherent cells with non-polarised epithelial-like morphologies. At day 38, domed 

colony-like structures were visible in all conditions, except PUR/CHIR-primed cells. Similar to the 

previous experiments, a subpopulation of PUR/CHIR-primed cells exhibited rounded soma with two or 

more processes (Figure 4.8D, inset). Cells with such morphologies persisted in PUR/CHIR-primed 

cultures, even at day 38, three weeks following withdrawal of these compounds. Restricted exposure to 

CHIR99021 did not appear to lead to cell death in primed cells compared to unprimed cells.  
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Figure 4.7: Schematic Detailing the Experimental Design of Priming Study Three 
(A) Cells (HDF line 2352) were transfected with untagged plasmids encoding SOX2 and PAX6 (pCMV-huSOX2 and 
pCMV-huPAX6) and cultured under standard reprogramming conditions with or without supplementation with 
patterning molecules from day 3 – 17 (conditions B’ – D’). Cells were passaged every week from day 17 onwards. 
Cells were collected at days 17, 24, 31 and 38 post-transfection for gene expression analysis. (B) Day 31 iNPs were 
differentiated on glass 96-well plates by exposure to maturation medium containing BDNF, GDNF, TGFβ3, dibutyryl 
cAMP and ascorbic acid for one week, with or without a preceding week of patterning by SHH and FGF8.  

  



126 
 

 

Figure 4.8: Phase Contrast Images of Cells during Reprogramming in Study Three 
(A) Phase contrast images of SOX2/PAX6-transfected HDFs undergoing standard reprogramming, not primed with 
any patterning molecules. (B) – (D) Phase contrast images of cells undergoing reprogramming in media 
supplemented with patterning molecules from day 3 – 17. (D) Inset shows example of subpopulation of bipolar and 
multipolar cells seen in PUR/CHIR -primed cells. Scale bar: 100 µm. 
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To investigate the effect of early, restricted exposure to patterning molecules from day 3 – 17 post-

transfection, expression of a range of genes was investigated at days 17, 24, 31 and 38 post-transfection 

using TaqMan qPCR (Figure 4.9). Unlike Study Two, at day 17 post-transfection SOX2 expression was 

unchanged by priming media, while PAX6 was only down-regulated by media supplemented with CHIR, 

but not PUR/CHIR. In Study Two, priming with CHIR and PUR/CHIR from day three post-transfection 

induced an upregulation of GLI1 expression at day 17. That was repeated in Study Three, and in addition, 

SHH/CHIR also upregulated GLI1 expression at this time point. In Study Two, NURR1 was down-

regulated at day 17 by SHH/CHIR and PUR/CHIR. That was repeated here, and CHIR also reduced 

NURR1 expression relative to unprimed cells. 

In the three week period following the withdrawal of the patterning molecules, no consistent, sustained 

priming-induced changes in gene expression were maintained in SOX2/PAX6-iNP cells. At day 24 post-

transfection, the only sustained changes in gene expression elicited by early, restricted priming were in 

GLI1 expression, which was slightly elevated by both CHIR and SHH/CHIR (Figure 4.9B). However, at 

day 31 and 38, GLI1 expression had returned to similar levels as in unprimed cells.  

At day 31 post-transfection, two weeks after withdrawal of patterning molecules, very few changes were 

observed as a result of restricted priming (Figure 4.9C). NURR1 expression was down-regulated 2.09-

fold relative to unprimed cells by PUR/CHIR, however this was not sustained at day 38 post-transfection. 

At day 38 post-transfection, three weeks after withdrawal of patterning molecules, SOX2 expression was 

down-regulated in all primed cultures (Figure 4.9D). PAX6 was also down-regulated by restricted CHIR 

and SHH/CHIR exposure. GLI3 was down-regulated by PUR/CHIR. Consistent with Studies One and 

Two, EN1 was unchanged by priming restricted to the first two weeks of reprogramming, and FOXA2 

and LMX1A were not induced by priming.   
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Figure 4.9: The Effect on Gene Expression of Exposure to Patterning Molecules for the First Two Weeks of 
Reprogramming 
(A) Expression of neural and vmDA progenitor genes at day 17. First panel depicts the fold change in unprimed iNPs 
relative to expression in HDFs (cell line 2352). Second panel depicts the fold change relative to unprimed iNPs at 
day 17. (B) Expression of neural and vmDA progenitor genes at day 24. First panel depicts the fold change in 
unprimed iNPs relative to expression in HDFs. Second panel depicts the fold change relative to unprimed iNPs at 
day 24. (C) Expression of neural and vmDA progenitor genes at day 31. First panel depicts the fold change in 
unprimed iNPs relative to expression in HDFs. Second panel depicts the fold change relative to unprimed iNPs at 
day 31. (D) Expression of neural and vmDA progenitor genes at day 38. First panel depicts the fold change in 
unprimed iNPs relative to expression in HDFs. Second panel depicts the fold change relative to unprimed iNPs at 
day 38. ND: not detected (dark grey). Light grey represents fold changes less than ±2-fold.  
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Despite a lack of promising changes in the expression of vmDA-related genes in this experiment, iNPs 

were differentiated towards a neuronal fate in order to assess if priming may have had an effect on the 

differentiation potential of iNP cells. Cells were differentiated from day 31 post-transfection as detailed 

in Figure 4.7B. Cells were seeded into an initial patterning medium for one week and then transferred 

into maturation medium for one week, or, alternatively, were directly seeded into the maturation medium 

for one week. 

Cells that were seeded into patterning medium adhered well to the coated plate surface. Most unprimed 

cells and cells primed with CHIR or SHH/CHIR displayed flat, elongated fibroblast-like morphologies 

whilst cultured with patterning medium (Figure 4.10, day seven). After transfer to maturation medium 

from day seven, some cells showed neuronal-like morphologies with rounded soma and several 

extended processes (Figure 4.10, day 14). CHIR-primed cells appeared to be more densely packed than 

unprimed and SHH/CHIR-primed cells and a subpopulation of cells had morphologies with flat soma and 

extensive processes. By contrast, cells primed with PUR/CHIR developed neuronal-like morphologies 

during culture in patterning medium with rounded soma and multiple processes, however a large number 

of cells appeared to die during this period (Figure 4.10D). Upon transfer to maturation medium, surviving 

PUR/CHIR-primed cells died, with no remaining live cells visible after one week of culture in maturation 

medium.  

By contrast, cells seeded directly into maturation medium did not adhere well to the coated plate surface 

and were prone to peeling during culture and subsequent immunocytochemistry procedures. 

Nonetheless, all conditions rapidly adopted neuronal-like morphologies upon exposure to maturation 

medium (Figure 4.11). Many cells displayed rounded soma with multiple thin processes. However, cell 

death was observed in all conditions, with many granular cells present at day seven. Similar to cells 

cultured first with patterning medium, PUR/CHIR-primed cells showed substantial cell death when 

differentiated in maturation medium.  

To investigate if priming for the first two weeks of reprogramming affected dopaminergic differentiation 

potential, cells were stained for the immature neuronal marker TUJ1 and the catecholaminergic marker 

TH. Unprimed, CHIR-primed and SHH/CHIR-primed iNPs generated TH+/TUJ1+ cells (Figure 4.12, 

arrowheads). PUR/CHIR-primed cells could not be examined due to massive cell death upon 

differentiation. Next, the yields of TUJ1+ cells and the proportion TUJ1 cells that co-expressed TH were 

counted.  As a large number of cells treated with maturation medium without prior exposure to patterning 

medium peeled during differentiation and immunocytochemical analysis, these conditions could not be 

accurately quantified and were excluded from analysis. Unprimed iNPs yielded 21.13 ± 2.51% TUJ1+ 

cells (Figure 4.13A) after 14 days of differentiation. The yield of TUJ1+ cells was unchanged by priming 

with CHIR or SHH/CHIR.  Next, the proportion of TUJ1+ cells that co-labelled with TH was assessed. 

Unprimed iNPs generated a population of TUJ1+ neurons of which 36.75 ± 2.61% co-expressed TH 

(Figure 4.13B). The proportion of TH+ neurons was unchanged in neurons derived from CHIR and 

SHH/CHIR-primed iNPs. 

To examine if priming affected the expression of other dopaminergic markers, several other markers 

were examined in differentiated cells. Cells differentiated in the present study co-expressed TH with 

AADC, (Figure 4.14); DAT (Figure 4.15); VMAT2 (Figure 4.16); and GIRK2 (Figure 4.17).  
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Figure 4.10: Phase Contrast Images of Cells during Differentiation with Patterning and Maturation Medium  
(A) – (D) Phase contrast images of unprimed and primed iNPs undergoing differentiation with one week of patterning 
medium followed by one week of maturation medium. Scale bar: 50 µm.  
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Figure 4.11: Phase Contrast Images of Cells during Differentiation with Maturation Medium 
(A) – (D) Phase contrast images of unprimed and primed iNPs undergoing differentiation with one week of maturation 
medium. Scale bar: 50 µm.  
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Figure 4.12: Immunocytochemistry for TH and TUJ1 in Neural Cultures Derived from iNPs Differentiated with 
Patterning and Maturation Media 
(A) – (C) Fluorescent images of unprimed and primed iNPs differentiated with patterning and maturation medium.  
All conditions can be differentiated into cells expressing both TUJ1 and TH (arrowheads). (D) – (F) Fluorescent 
images of unprimed and primed iNPs differentiated with maturation medium only.  All conditions can be differentiated 
into cells expressing both TUJ1 and TH (arrowheads). Scale bar: 50 µm.  
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Figure 4.13: The Effect of Restricted Exposure to CHIR or SHH/CHIR on the Yields of TUJ1+ and TH+ Cells 
from Differentiated SOX2/PAX6-iNP Cells  
Cells were differentiated by exposure to patterning medium for seven days followed by maturation medium for seven 
days. To investigate the differentiation capacity of iNPs, cells differentiated from day 31 cells were stained for TUJ1 
and TH and the proportions of positive cells were counted out of total cells (DAPI) or out of TUJ1+ cells. An ordinary 
one-way ANOVA with Tukey’s multiple comparisons test was performed. Data are presented as mean ± SEM. (A) 
TUJ1+ yield: F(2,24) = 0.2949, p = 0.7472, n = 7 – 11 fields of view (752 – 1183 DAPI cells). (B) TH+ proportion out 
of TUJ1+ cells: F(2,53) = 1.097, p = 0.3413, n = 18 – 20 fields of view (541 – 586 TUJ1+ cells). Note: for quantification 
of TH+/TUJ1, fields of view were randomly selected using TUJ1. For all other quantification experiments, fields of 
view were randomly selected using DAPI. 
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Figure 4.14: Immunocytochemistry for TH and AADC in Neural Cultures Derived from iNPs Differentiated 
with Patterning and Maturation media 
(A) – (C) Fluorescent images of unprimed and primed iNPs differentiated with patterning and maturation medium.  
All conditions can be differentiated into cells expressing both TH and AADC (arrowheads). Scale bar: 50 µm.  

 

 

Figure 4.15: Immunocytochemistry for TH and DAT in Neural Cultures Derived from iNPs Differentiated with 
Patterning and Maturation media 
(A) – (C) Fluorescent images of unprimed and primed iNPs differentiated with patterning and maturation medium.  
All conditions can be differentiated into cells expressing both TH and DAT (arrowheads). Scale bar: 25 µm. 
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Figure 4.16: Immunocytochemistry for TH and VMAT2 in Neural Cultures Derived from iNPs Differentiated 
with Patterning and Maturation media 
(A) – (C) Fluorescent images of unprimed and primed iNPs differentiated with patterning and maturation medium.  
All conditions can be differentiated into cells expressing both TH and VMAT2 (arrowheads). Scale bar: 25 µm.  

 

 

Figure 4.17: Immunocytochemistry for TH and GIRK2 in Neural Cultures Derived from iNPs Differentiated 
with Patterning and Maturation media 
(A) – (C) Fluorescent images of unprimed and primed iNPs differentiated with patterning and maturation medium.  
All conditions can be differentiated into cells expressing both TH and GIRK2 (arrowheads). Scale bar: 25 µm.  
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 Study Four: Investigating reprogramming HDFs to iNPs without PAX6 

Recent studies in pluripotent stem cells have found that in order to replicate the midbrain floor plate 

origins of vmDA neurons in vitro, it is important to pattern differentiating stem cells to a floor plate fate 

prior to the induction of the early neuroectodermal marker, PAX6 [193-195, 214]. The use of PAX6 in 

conjunction with SOX2 to initiate reprogramming may therefore be detrimental for inducing a vmDA 

progenitor cell fate; high levels of PAX6 expression may prevent priming agents from patterning iNP cells 

to a floor plate fate. It was hypothesised that by removing PAX6 from the transfection cocktail, iNPs 

would be more effectively patterned. First, it was important to determine if HDFs could be reprogrammed 

under standard reprogramming conditions without PAX6 transfection. SOX2 alone has been shown to 

be sufficient to reprogram somatic cells into iNS/iNP cells in conjunction with a feeder layer or an 

extensive cocktail of small molecules [270, 286]. The present study aimed to determine if SOX2-iNP cells 

could be generated from adult HDFs under the same conditions as used to generate SOX2/PAX6-iNP 

cells (Figure 4.18).  

As with SOX2/PAX6-transfected cells, SOX2-iNP cells maintained a fibroblast-like morphology until the 

commencement of weekly passaging (Figure 4.20). After this, all cell lines transitioned to cultures with 

clusters of non-adherent or semi-adherent colony-like clusters, in addition to a large population of 

adherent cells with epithelial-like morphologies. Similar to SOX2/PAX6-iNPs (described in Chapter 

Three), cell numbers in SOX2-transfected cultures dropped significantly between days 0 – 17 (Figure 

3.13). There was also a significant drop in cell numbers between day 17 and 38.  

To investigate if withdrawal of PAX6 from the transfection mix had an effect on gene expression, the 

expression of a selection of genes was investigated at days 17 and 31 post-transfection using TaqMan 

qPCR (Figure 4.21). In Chapter Three, following a shortened reprogramming time course with passaging 

from day 17 onwards, PAX6 expression in SOX/PAX6-iNPs was upregulated relative to HDFs at day 17, 

but not at day 31 (reproduced in Figure 4.21). By contrast, PAX6 expression was down-regulated at both 

time points relative to HDFs in unprimed SOX2-iNPs. Expression levels of the other genes examined 

were similar in SOX2-iNPs as in SOX2/PAX6-iNPs.  

To determine if SOX2-iNPs, reprogrammed under standard unprimed reprogramming conditions without 

PAX6 transfection, expressed neural stem cell markers, cells were fixed at day 40 post-transfection and 

examined by immunocytochemistry. SOX2-iNPs were a heterogeneous population of cells, of which a 

subset expressed SOX1, SOX2, NESTIN and NGN2 (Figure 4.22). Additionally, PAX6+ cells were 

observed, despite no PAX6 being used to initiate reprogramming (Figure 4.22). 

  



137 
 

 

Figure 4.18: Schematic Detailing the Experimental Design of Priming Study Four 
Cells (HDF lines 2352, 2598 or 1507) were transfected with a plasmid encoding SOX2 (pCMV-huSOX2) and cultured 
under standard reprogramming conditions. Cells were passaged every week from day 17 onwards. Cells were 
collected at day 17, 31 and/or 38 post-transfection for gene expression analysis or fixed at day 40 for 
immunocytochemical analysis. 

 

 

Figure 4.19: Cell Survival throughout Reprogramming 
Total number of cells over the course of reprogramming is presented as a percentage of the original number of cells 
seeded for transfection. Data are presented as mean ± SEM, n = 3 biological replicates performed on two cell lines 
(SOX2). SOX2/PAX6-iNP cell survival data is reproduced from Chapter Three. For SOX2-iNP cell survival data only: 
an ordinary one-way ANOVA was performed with a Tukey’s multiple comparisons test F(4,10) = 64.16, p < 0.0001. 
Cell numbers were significantly reduced at all time points in comparison to day 0.  
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Figure 4.20: Phase Contrast Images of Three Human Cell Lines over the Course of SOX2-mediated Reprogramming 
Two experiments were performed on the cell line 2598. Note: for the experiment with HDF line 2352, the experiment was terminated at day 31. Scale bar: 100 µm
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Figure 4.21: Gene Expression in SOX2- and SOX2/PAX6-iNP Cells at Day 17 and 31 
Expression of neural and vmDA progenitor genes at day 17 and day 38 post-transfection. Expression is depicted as 
fold changes in SOX2/PAX6- and SOX2-unprimed iNPs relative to expression in HDFs (cell line 2352). Dotted lines 
indicate ± 2-fold relative to HDFs. 
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Figure 4.22: Immunocytochemistry for Neural Stem Cell and Proneural Markers in SOX2-iNP Cells Cultured 
in Standard Reprogramming Medium 
(A) – (E) Fluorescent images of unprimed SOX2-iNPs derived from the HDF line 2598 stained for a range of markers 
at day 40 post-transfection. Arrowheads mark some of the cells with positive staining. Scale bar: 50 µm.  
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 Study Five: Investigating the effect of supplementation with patterning molecules 
for the first phase of reprogramming in SOX2-transfected iNPs 

Study Four found that unprimed SOX2-iNP cells were comparable with SOX2/PAX6-iNP cells, with the 

exception of showing down-regulated PAX6 mRNA transcript relative to HDFs at day 17 and 31. Despite 

this, SOX2-iNP cells showed heterogeneous expression of nuclear PAX6 protein expression at day 40. 

Next, the same patterning molecules used in Study Three were applied to SOX2-iNP cells during the 

first phase of reprogramming in order to determine if in the absence of PAX6 overexpression, priming 

agents could enhance vmDA gene expression (Figure 4.23A). 

All SOX2-iNP cells maintained a fibroblast-like morphology until the commencement of weekly passaging 

(Figure 4.24). After this, all conditions displayed clusters of semi-adherent colony-like clusters which over 

time adhered to the dish and spread out, in addition to a large population of adherent cells with epithelial-

like morphologies. Unlike PUR/CHIR-primed SOX2/PAX6-iNPs (Figure 4.8), no SOX2-iNP cells with 

rounded soma and processes were observed in the PUR/CHIR condition.   

 

Figure 4.23: Schematic Detailing the Experimental Design of Priming Study Five 
(A) Cells (HDF line 2352) were transfected with a plasmid encoding SOX2 (pCMV-huSOX2) and cultured under 
standard reprogramming conditions, or in reprogramming media supplemented with patterning molecules from day 
3 – 17 (conditions B’ – D’). Cells were passaged every week from day 17 onwards. Cells were collected at day 17 
and 31 post-transfection for gene expression analysis. (B) Cells (HDF line 2598) were transfected with a plasmid 
encoding SOX2 (pCMV-huSOX2) and cultured under standard reprogramming conditions, or in reprogramming 
media supplemented with SHH/CHIR from day 3 – 17 (condition B”). Cells were passaged every week from day 17 
onwards. Cells were collected at day 31 and 38 post-transfection for gene expression analysis or fixed at day 40 for 
immunocytochemical analysis.  
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Figure 4.24: Phase Contrast Images of Cells during Reprogramming in Priming Study Five 
(A) Phase contrast images of SOX2-transfected cells from the 2352 line undergoing standard reprogramming, not 
primed with any patterning molecules. (B) – (D) Phase contrast images of cells undergoing reprogramming in media 
supplemented with patterning molecules from day 3 to day 17. Scale bar: 100 µm. 
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To investigate the effect of restricted exposure to priming agents from day 3 – 17 post-transfection in 

cells transfected with SOX2 only, the expression of a range of genes was investigated at days 17 and 

31 post-transfection using TaqMan qPCR (Figure 4.25). Priming did not affect SOX2 or PAX6 expression 

at day 17, however at day 31 post-transfection, SOX2 expression was slightly down-regulated by CHIR 

and PUR/CHIR (Figure 4.25B). Similar to SOX2/PAX6-transfected cells (Figure 4.9), priming with 

SHH/CHIR and PUR/CHIR increased GLI1 expression at day 17 post-transfection (Figure 4.25A). 

However CHIR priming did not change GLI1 expression in SOX2-transfected cells. Comparable to 

SOX2/PAX6-transfected cells, GLI1 upregulation by priming was not maintained at day 31 post-

transfection, two weeks after withdrawal of priming media. GLI3 was unaffected by priming in SOX2-

transfected cells.   

Importantly, in contrast to SOX2/PAX6-iNP cells, SHH/CHIR-priming of SOX2-transfected cells resulted 

in the upregulation of NURR1 expression at day 31 (Figure 4.25B). In Studies One and Two, priming-

induced upregulation of NURR1 expression at later time points during reprogramming depended on 

early, sustained CHIR-, SHH/CHIR- or PUR/CHIR-priming in SOX2/PAX6-transfected iNPs. Study Three 

found that withdrawal of priming agents from day 17 precluded late upregulation of NURR1 in 

SOX2/PAX6-transfected iNPs. This result was repeated in SOX2-transfected iNPs primed with CHIR or 

PUR/CHIR for the first two weeks of reprogramming. However, in 2352 cells transfected with SOX2 only, 

exposure to SHH/CHIR for the first two weeks of reprogramming was sufficient to induce upregulation of 

NURR1 at day 31 post-transfection. Nevertheless, expression of the vmDA genes LMX1A, FOXA2 and 

PITX3 was not affected by the combination of SOX2 and priming media. EN1 expression was slightly 

down-regulated by PUR/CHIR.   

The elevated expression of NURR1 in SHH/CHIR-primed but not CHIR- or PUR/CHIR-primed SOX2-

iNPs was a striking finding. To determine if this finding could be reproduced in another cell line, the cell 

line 2598 was transfected with SOX2 and reprogrammed under standard reprogramming conditions, or 

primed for the first two weeks with SHH/CHIR (Figure 4.23B). Samples were taken at day 31 and day 38 

for gene expression analysis to see if any priming-induced changes would be retained over time. Similar 

to the 2352 line, at day 31 unprimed SOX2-iNP cells derived from the 2598 line showed elevated SOX2 

and GLI1 above levels in HDFs, as well as down-regulated NURR1 (Figure 4.26A, first panel). These 

changes relative to HDFs were retained at day 38, with the addition of slightly upregulated PAX6. The 

magnitude of the fold changes in NURR1 expression relative to HDFs was much lower in the 2598 line 

than the 2352 line. However, unlike in 2352 cells, NURR1 was not upregulated by priming in the 2598 

line at day 31 nor 38.  

To investigate if the regional genes examined by qPCR were expressed at the protein level, 

immunocytochemistry was performed for several regional markers at day 40 (Figure 4.27). Consistent 

with the qPCR data, no LMX1A or FOXA2 protein was observed in SHH/CHIR-primed or unprimed 

SOX2-iNPs. In the 2598 line, PAX6 mRNA expression was slightly upregulated relative to HDFs in day 

38 SOX2-iNPs, and priming did not change PAX6 expression beyond 2-fold. At the protein level, 

expression of the transcription factor PAX6 was observed in both unprimed and SHH/CHIR-primed 

SOX2-iNPs (Figure 4.27C). While NURR1 mRNA was unchanged by priming in the 2598 line, and was 

down-regulated relative to HDFs in both lines, immunocytochemistry revealed nuclear expression of the 
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orphan nuclear receptor NURR1 in both conditions. It appeared that the number of cells with nuclear 

localisation of NURR1 was greater in SHH/CHIR-primed SOX2-iNPs than unprimed cells (Figure 4.27D). 

 

Figure 4.25: The Effect of Exposure to Priming Agents for the First Two Weeks of Reprogramming in 
SOX2-transfected Cells on Gene Expression in the Cell Line 2352 
(A) Expression of neural and vmDA progenitor genes at day 17. First panel depicts expression in SOX2-unprimed 
iNPs as fold changes relative to HDFs (cell line 2352). Second panel depicts fold changes relative to SOX2-unprimed 
iNPs at day 17. (B) Expression of vmDA progenitor genes at day 38. First panel depicts expression in SOX2-
unprimed iNPs as fold changes relative to HDFs. Second panel depicts fold changes relative to SOX2-unprimed 
iNPs at day 38. ND: not detected (dark grey). Light grey represents fold changes less than ±2-fold.  

 

Figure 4.26 The Effect of Exposure to Priming Agents for the First Two Weeks of Reprogramming in SOX2-
transfected Cells on Gene Expression in the Cell Line 2598 
(A) Expression of vmDA progenitor genes at day 31. First panel depicts expression in SOX2-unprimed iNPs as fold 
changes relative to HDFs (cell line 2598). Second panel depicts fold changes relative to SOX2-unprimed iNPs at 
day 31. (B) Expression of vmDA progenitor genes at day 38. First panel depicts expression in SOX2-unprimed iNPs 
as fold changes relative to HDFs. Second panel depicts fold changes relative to SOX2-unprimed iNPs at day 38. 
ND: not detected (dark grey). Light grey represents fold changes less than ±2-fold.  
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Figure 4.27: Immunocytochemistry for a Range Regional Markers in SOX2-iNP Cells Cultured in Standard 
Reprogramming Medium and in SOX2-iNP Cells Primed with SHH/CHIR from Day 3 – 17 
(A) – (D) Fluorescent images of unprimed SOX2-iNPs and SHH/CHIR primed SOX2-iNPs derived from the HDF line 
2598 stained for regional markers FOXA2, LMX1A, PAX6 and NURR1 at day 40 post-transfection. Arrowheads mark 
some cells with positive staining. Scale bar: 50 µm.  
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 Study Six: Investigating the effect of CHIR99021 concentration in early, restricted 
SHH/CHIR-priming of SOX2-transfected iNPs  

Study Five found that in the cell line 2352, but not the cell line 2598, early restricted exposure to SHH + 

0.7 µM CHIR was able to elevate expression levels of NURR1 at day 31, two weeks after withdrawal of 

patterning agents. NURR1 plays an important role in the acquisition of a dopaminergic phenotype, 

however upregulation of other vmDA markers is required to confirm an authentic vmDA fate. Several 

studies have indicated that the concentration of CHIR99021 can play a role in patterning iPS cells 

undergoing neural induction along the anterior-posterior axis [194, 195], with these studies using 0.4 µM 

– 0.7 µM CHIR99021 to pattern cells to the midbrain. Despite this, another protocol uses a much higher 

concentration of 3 µM [193]. Additionally, although the concentration of 0.7 µM CHIR99021 used in the 

previous studies in this chapter was selected on the basis of the Kirkeby protocol, this same group 

emphasise that the concentration of CHIR99021 should be optimised for each cell line used [196]. This 

is likely to be necessary on account of varying degrees of endogenous WNT signalling between cell lines 

[346]. Further optimisation of the concentration of CHIR99021 might be required to induce a vmDA fate 

in iNP cells. Three concentrations were investigated in conjunction with SHH-C24II priming from day 3 – 

17: 0.7 µM, 1.5 µM and 3 µM in two cell lines, 1507 and 2598 (Figure 4.28). Unfortunately, as primary 

cells are limited in supply, further examination of the 2352 line could not be performed. In addition to 

examining gene expression by qPCR, cells were differentiated to determine if the differentiation capacity 

of the cells might be altered in response to priming.  

As in all previous studies, until the commencement of passaging at day 17, cells mostly resembled 

fibroblasts (Figure 4.29). After this, cultures under all priming conditions contained a large population of 

adherent cells in addition to domed colony-like clusters. The formation of colony-like structures was 

observed earlier in the 2598 cell line than in the 1507 line.  

 

Figure 4.28: Schematic Detailing the Experimental Design of Priming Study Six 
Cells (HDF lines 2598 and 1507) were transfected with a plasmid encoding SOX2 (pCMV-huSOX2) and cultured 
under standard reprogramming conditions, or supplemented with patterning molecules from day 3 – 17 (B – D). 
Cells were passaged every week from day 17 onwards. Cells were collected at day 17 and 38 post-transfection for 
gene expression analysis. At day 38, iNPs were seeded onto coverslips into Stage Two maturation medium and 
cultured for 21 days.   
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Figure 4.29: Phase Contrast Images of Cells during Reprogramming in Priming Study Six 
(A) Phase contrast images of SOX2-transfected HDF 2598s undergoing standard reprogramming, not primed with 
any patterning molecules. (B) – (D) Phase contrast images of HDF 2598 cells undergoing reprogramming in media 
supplemented with patterning molecules from day 3 to day 17. (E) Phase contrast images of SOX2-transfected HDF 
1507s undergoing standard reprogramming, not primed with any patterning molecules. (B) – (D) Phase contrast 
images of HDF 1507 cells undergoing reprogramming in media supplemented with patterning molecules from day 3 
to day 17.  Scale bar: 100 µm. 



148 
 

To investigate the effect of SHH/CHIR priming with varied concentrations of CHIR, the expression of a 

range of vmDA-related genes was investigated at days 17 and 38 post-transfection using TaqMan qPCR 

(Figure 4.30). Gene expression analysis revealed a few differences between the two cell lines examined, 

as well as similarities. Under unprimed reprogramming conditions, relative to HDFs, both lines showed 

upregulation of SOX2, GLI1 and PITX3 at day 17, and down-regulation of NURR1 (Figure 4.30A, first 

panels). In addition, the 2598 line also showed upregulation of LEF1 and EN1 at day 17. In response to 

priming, both cell lines showed elevated GLI1 and LEF1 expression at day 17, with increasing CHIR 

concentrations eliciting larger fold-changes (Figure 4.30A, second panels). In addition, in the 2598 line 

alone, SOX2 was down-regulated by SHH + 3 µM CHIR, and NURR1 expression was down-regulated 

by all priming conditions at day 17. 

At day 38, unprimed iNP cells of both lines showed elevated SOX2, GLI1 and PITX3 expression and 

down-regulated NURR1 relative to HDFs (Figure 4.30B, first panels). Additionally, the 2598 line showed 

elevated PAX6, LEF1 and EN1. In response to SHH + 3 µM CHIR priming, both cell lines maintained 

upregulation of LEF1 expression at day 38, three weeks after withdrawal of patterning molecules. This 

was the only consistent priming-induced response between the two cell lines. The 1507 line also 

maintained elevated GLI1 expression from 1.5 µM and 3 µM CHIR, while the 2598 line showed 

upregulated LEF1 and down-regulated PAX6 in response to SHH + 0.7 µM CHIR.  

Next, the differentiation potential of SHH/CHIR-primed SOX2-iNP cells was examined according to the 

method shown in Figure 4.28. In the 2598 line, very few TUJ1+ cells were generated (Figure 4.31); 

quantification revealed that following differentiation of day 38 unprimed SOX2-iNPs, only 0.85 ± 0.27% 

of DAPI cells were TUJ1+, and 0.27 ± 0.18% of DAPI cells were both TUJ1+ and TH+ (Figure 4.32). 

These yields were not significantly changed by priming. In the 1507 line, differentiation of d38 unprimed 

SOX2-iNP cells was slightly more successful, yielding 4.89 ± 0.55% TUJ1+ cells out of DAPI, however 

TH+/TUJ1+ cells only represented 0.52 ± 0.28% of total cells (Figure 4.32). Once again, this was 

unchanged by priming.  

Note: the yields of TUJ1+ cells are lower in the present study than the yields described in Study Three. 

There were a number of methodological differences between these studies, and the discrepancy may 

arise from using different cell lines, the use of SOX2 or SOX2/PAX6 to initiate reprogramming, the age 

of iNP cells for differentiation (day 31 or day 38), the presence/absence of Stage One patterning medium, 

the total duration of differentiation (14 days or 21 days) or the surface on which the cells were cultured 

during differentiation (glass coverslips or glass-bottomed 96-well plates). The effect of Stage One 

patterning medium and the duration of differentiation on neuronal yields was addressed in Chapter 

Three. The effect of iNP age and cell density on neuronal yields will be addressed in Chapter Five.  
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Figure 4.30: The Effect of Varying CHIR99021 Concentration in SHH/CHIR-priming during the First Two 
Weeks of Reprogramming in SOX2-transfected Cells on Gene Expression 
(A) Expression of vmDA progenitor genes at day 17. First panel depicts expression in SOX2-unprimed iNPs as fold 
changes relative to expression in HDFs (cell lines 2598 and 1507). Second panel depicts expression as fold changes 
relative to SOX2-unprimed iNPs at day 17. (B) Expression of vmDA progenitor genes at day 38. First panel depicts 
expression in SOX2-unprimed iNPs as fold changes relative to expression in HDFs. Second panel depicts 
expression as fold changes relative to SOX2-unprimed iNPs at day 38. ND: not detected (dark grey). Light grey 
represents fold changes less than ±2-fold.  
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Figure 4.31: Immunocytochemistry for TH and TUJ1 in Neural Cultures Derived from Primed and Unprimed 
SOX2-iNPs Differentiated with Maturation Medium 
Fluorescent images of unprimed and primed iNPs differentiated with Stage Two maturation medium for 21 days.  
Arrowheads mark co-labelled TH+ and TUJ1+ cells. (A) Cells derived from the 2598 line. (B) Cells derived from the 
1507 line. Scale bar: 50 µm.  

 

Figure 4.32: The Effect of Varying CHIR Concentration in Restricted SHH/CHIR-primed SOX2-iNPs on 
Dopaminergic Differentiation Yields 
(A) In SHH/CHIR-primed SOX2-iNPs derived from the 2598 cell line, differentiated from day 38, the effect of 
SHH/CHIR-priming on TUJ1+ and TH+/TUJ1+ yields was investigated using an ordinary one-way ANOVA. Priming 
did not change the yield of cells expressing TUJ1 (F(3,28) = 1.222, p = 0.3202), nor the yield of TH+/TUJ1+ cells 
(F(3,28) = 1.078, p = 0.3743), n = 8 fields of view (850 – 1054 DAPI cells). (B) In SHH/CHIR-primed SOX2-iNPs 
derived from the 1507 cell line, differentiated from day 38, the effect of SHH/CHIR-priming on TUJ1+ and TH+/TUJ1+ 
yields was investigated using an ordinary one-way ANOVA. Priming did not change the yield of cells expressing 
TUJ1 (F(3,28) = 0.9150, p = 0.4463), nor the yield of TH+/TUJ1+ cells (F(3,28) = 2.856, p = 0.0550), n = 8 fields of 
view (819 – 1055 DAPI cells). Data are presented as mean ± SEM.   
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 Discussion  

To date, no LF-mediated direct-to-iNS/iNP cell reprogramming method has described the derivation of 

authentic vmDA neurons from adult human somatic cells. Chapter Three found that some vmDA 

markers, such as NURR1 and PITX3, were upregulated in late stage SOX2/PAX6-iNPs relative to HDFs, 

and that iNP cells were capable of giving rise to neuronal-like cells expressing a range of dopaminergic 

markers such as TH, AADC, VMAT2 and GIRK2. It was hypothesised that by employing similar 

patterning strategies as those used for pluripotent stem cells, SOX2/PAX6-iNPs would be primed 

towards a vmDA fate. To investigate this, the present chapter describes a series of experiments where 

reprogramming media was supplemented with patterning agents and gene expression analysis was 

performed to determine the effect on the expression of vmDA markers. Additionally, iNP cells were 

differentiated towards a neuronal fate and the yields of TH+/TUJ1+ cells were determined. Based on 

pluripotent stem cell studies, it was expected that this approach would upregulate vmDA genes, down-

regulate genes associated with alternative lineages, and increase the yields of TH+ neuronal-like cells. 

For example, in the Kriks floor plate patterning protocol, the use of SHH-C25II, FGF8 and CHIR increases 

expression of FOXA2, LMX1A, OTX2, ASCL1, NURR1, PITX3 in progenitors, and improves the yields 

of authentic vmDA TH+ neurons, generating approximately 75% TH+ cells out of total cells [193]. 

Similarly, the Kirkeby protocol, saw increased expression of FOXA2, LMX1A, CORIN, EN1, NURR1 as 

a result of early exposure to SHH-C24II and CHIR, [194]. Likewise, Xi et al. (2012) saw reduced PAX6 

and increased FOXA2, OTX2, EN1, CORIN, LMX1A expression with their patterning protocol (SHH-

C25II, CHIR, FGF8), increasing TH yields to 43.6% of total cells [195]. Based on these studies, such 

outcomes might be expected from true vmDA patterning in iNP cells.  

At the outset of this chapter, it was unclear whether SOX2/PAX6-iNPs could be patterned to a vmDA 

progenitor fate according to developmental principles as iNPs may not reflect an embryonic stage. 

Chapter Three found that established SOX2/PAX6-iNPs did not yield more TH+ cells in response to 

SHH/FGF8 patterning, suggesting that, similar to pluripotent stem cells, the timing of exposure to 

patterning molecules might be critical. In pluripotent stem cells, patterning to a vmDA fate must be 

commenced early, prior to rosette formation, to preclude the adoption of an anterior neuroepithelial fate 

[192]. This chapter therefore investigated not only the combination of patterning molecules, but also the 

timing of exposure to reprogramming cells. 

 Temporal exposure to patterning agents has an effect on gene expression in 
SOX2/PAX6-iNP cells 

In Studies One and Two, the patterning molecules employed were 200 ng/ml SHH-C24II [194] or 2 µM 

purmorphamine [193] as ventralising agents and 0.7 µM CHIR99021 as a caudalising agent [194], and 

combinations thereof. In Study One, patterning molecules were added from day 31 onwards. This was 

based on the observation in Chapter Three that a large number of gene expression changes occur after 

the commencement of weekly passaging, suggesting that this may be a time where iNP cells acquire 

regional identities. However, at days 45 and 52, early vmDA markers such as FOXA2, LMX1A and 

LMX1B were not induced, while EN1, CORIN, NURR1 and PITX3 were either unchanged or down-

regulated by exposure to priming media. This suggested that either SOX2/PAX6-iNPs could not be 

patterned to a vmDA fate with these molecules, or that the timing of exposure required further 

optimisation.  
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Next, in Study Two, reprogramming media was supplemented with the same patterning agents for the 

full duration of reprogramming. In this case, FOXA2, LMX1A and LMX1B were still not induced, EN1 and 

CORIN, were unchanged, however late vmDA markers NURR1 and PITX3 were upregulated by CHIR, 

SHH/CHIR and PUR/CHIR at day 45. This indicated that full duration exposure to these priming 

molecules might be acting to induce a more vmDA fate, even though not all of the vmDA markers 

examined were affected. Upregulation of NURR1 and PITX3 by patterning molecules in the absence of 

expression of the intermediate regulatory genes FOXA2 and LMX1A/B was unexpected. However direct 

regulation of NURR1 expression by β-Catenin has recently been reported in PC12 cells and rat 

midbrains, and, importantly, this could be enhanced by small molecule inhibition of GSK3 [362]. This 

mechanism may be occurring in CHIR-primed iNP cells, and as NURR1 can regulate PITX3 [112], this 

may explain the pattern of expression observed here.  

However, if a true vmDA fate were to be induced in iNP cells, it would not only be expected that a larger 

range of vmDA genes would be upregulated, but also that markers of alternative fates would be down-

regulated. This was rarely observed in the markers examined here – TBR2, DLX2, NKX2.2, IRX3 and 

HOXB9. In fact, the ventral forebrain marker DLX2 was upregulated by many conditions across Studies 

One and Two. This is perhaps unsurprising in conditions where SHH or PUR were employed, as DLX2 

expression in the developing diencephalon is regulated by SHH secreted from the ZLI [363]. However, 

as canonical WNT signalling has largely been shown to negatively regulate DLX2 expression [346, 364], 

it was unexpected that CHIR treatment alone led to an upregulation in DLX2 expression at day 45 in 

both studies.  

When examining the effect of SHH or PUR patterning on genes regulated through the SHH pathway, 

results were mixed. GLI1 expression is positively regulated by SHH [323, 365], and was often 

upregulated by priming. SHH-mediated regulation of GLI2/3 occurs primarily at the post-translational 

stage, however SHH can also affect GLI3 mRNA expression [323, 366]. In the present chapter, GLI3 

was occasionally down-regulated by priming. Many priming conditions saw upregulation in GLI1 

expression, therefore it is likely that priming had an effect on the GLI2/3 protein activation status in iNPs, 

as GLI1 transcription is regulated by activated GLI2/3 [367]. Nonetheless, these changes in SHH 

target/effector genes were not always sustained over time, nor consistent between conditions. 

Additionally, downstream SHH targets like FOXA2 and NKX2.2 were unaffected by priming. 

The combined results from Studies One and Two suggested that while not acting to induce a true vmDA 

fate, early exposure to CHIR, SHH/CHIR and PUR/CHIR might still hold promise for the acquisition of a 

vmDA fate. Unfortunately long-term exposure to CHIR appeared to be toxic to the cells, and this 

precluded further examination of the differentiation potential of primed iNP cells. In a study of GSK3 

inhibitors in mouse embryonic stem cells, CHIR showed strong induction of the WNT/β-Catenin pathway 

and had low toxicity following a three day incubation at 1 µM [368]. In Study Two, CHIR at 0.7 µM 

appeared to be cytotoxic with prolonged exposure. Most protocols employing CHIR use a higher 

concentration (3 µM), however the duration is typically much shorter than six weeks, as in Study Two. 

To address this concern, all subsequent experiments controlled for any vehicle-mediated toxicity by 

adding an equivalent final concentration of the solvent DMSO to the media. Additionally, subsequent 

experiments sought to reduce the duration of CHIR exposure by restricting exposure times and 

commencing passaging at day 17 rather than 31. 
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Study Three was designed to determine if early restricted exposure to CHIR, SHH/CHIR and PUR/CHIR 

during the first period of reprogramming (i.e. until weekly passaging was commenced) could lead to 

similar changes in vmDA gene expression as observed in Study Two, with less cellular toxicity. It found 

that in SOX2/PAX6-transfected iNPs, two weeks of priming with CHIR, SHH/CHIR or PUR/CHIR at the 

commencement of reprogramming did not induce lasting upregulation of vmDA gene expression in the 

three weeks following withdrawal of priming agents. In fact, very few changes in gene expression were 

observed, and when the differentiation potential of these cells was examined, the yields of TUJ1+ cells 

and the proportion of these that were TH+ were unchanged by CHIR or SHH/CHIR priming. Nonetheless, 

TH+ cells co-expressed markers of a dopaminergic phenotype, such as AADC, DAT, GIRK2 and VMAT2. 

Unexpectedly, although restricted PUR/CHIR priming had little effect on gene expression, these cells did 

not survive in Stage Two maturation medium. This indicates that it is important to examine differentiation 

capacity as a matter of course, as gene expression analysis cannot detect if priming disrupts 

differentiation capacity.  

In addition to preventing SOX2/PAX6-iNP cells from differentiating in Study Three, the presence of 

purmorphamine in reprogramming media in Studies Two and Three resulted in the appearance of 

subpopulation of unidentified multipolar cells, perhaps representing spontaneous differentiation of 

SOX2/PAX6-iNPs. It is possible that the purmorphamine concentration employed here was too high, or 

the duration of purmorphamine exposure was too long to have appropriate patterning effects. Kriks et al. 

(2011) used 2 µM purmorphamine for six days [193], however their basal media was supplemented with 

15% knock out serum replacement, which may act to buffer small molecules such as purmorphamine 

and CHIR99021, resulting in a lower effective concentration [196]. Salti et al. (2013) suggested 2 µM 

purmorphamine to induce a floor plate identity, however it was only exposed to cells for four days [369]. 

Kirkeby et al. (2012) did not use knock out serum replacement and suggested an optional 

supplementation of 0.5 µM purmorphamine in addition to 200 ng/ml SHH-C24II for additional 

ventralisation, noting that purmorphamine shows toxicity at 1 µM in their media [196]. The absence of 

serum or serum replacement in the basal media used in the present chapter may mean that there is a 

fairly low protein content compared with some other protocols, and less chemical buffering, possibly 

explaining the toxicity of small molecules observed in this chapter.    

In summary, while exposure to the patterning agents used herein had some effect on the expression of 

NURR1 and PITX3 in SOX2/PAX6-iNP cells, other important genes involved in vmDA determination, 

such as FOXA2, LMX1A, LMX1B, EN1 and CORIN, were unaffected. SOX2/PAX6-iNPs exposed to 

early, restricted CHIR- and SHH/CHIR-patterning could differentiate under the same conditions as 

unprimed SOX2/PAX6-iNPs into equivalent yields of TUJ1+ and TH+ cells, and expressed similar 

dopaminergic markers. Overall, however, early restricted exposure to patterning agents appeared to 

offer no benefit as to the acquisition of a vmDA fate.  
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 PAX6 can be removed from the reprogramming protocol 

It was hypothesised that withdrawal of PAX6 from the transfection mix would be required for patterning 

agents to induce a true vmDA progenitor fate in iNP cells. This was based on a wealth of literature 

indicating that PAX6 plays a negative role in floor plate development. PAX6 is not expressed in the 

ventral midbrain where vmDA neurons arise [99, 353], floor plate-based differentiation protocols have 

found that PAX6 expression is detrimental for obtaining an authentic vmDA fate [99, 192], and PAX6 

opposes SHH-mediated floor plate patterning [341]. The use of retroviral or protein SOX2 without other 

transcription factors has previously been reported to reprogram murine and human foetal fibroblasts into 

iNS cells in a feeder-based system [270] or with a cocktail of small molecules [286]. To determine if 

SOX2 alone could reprogram adult HDF cells into iNPs, cells were transfected with SOX2 plasmid and 

reprogrammed under standard conditions. Quantitative real-time PCR found that in the cell line 2352, 

SOX2- and SOX2/PAX6-iNP cells showed similar expression of the vmDA genes examined, however 

unlike SOX2/PAX6-iNPs, SOX2-iNPs showed down-regulated PAX6 mRNA levels. 

Immunocytochemistry confirmed that a range of neural progenitor markers were expressed in day 40 

SOX2-iNPs, albeit in a heterogeneous manner. Nonetheless, in unprimed SOX2-iNPs derived from the 

2598 line, PAX6 mRNA was upregulated relative to HDFs at day 38 in two experiments (Studies Five 

and Six), and PAX6 protein was observed in iNPs at day 40. PAX6 expression is induced in most other 

LF-mediated direct-to-iNS/iNP reprogramming studies that do not use PAX6 as a transgene [266, 268-

271, 281, 285, 286], as well as most PF-mediated and all chemical iNS/iNP reprogramming studies, 

suggesting that PAX6 induction may be part of a generalised pathway of neural stem/progenitor fate 

induction, regardless of whether it is used to initiate reprogramming.  

Next, SOX2-transfected cells were primed with CHIR, SHH/CHIR or PUR/CHIR until day 17. Gene 

expression analysis found that NURR1 expression was elevated only in SHH/CHIR-primed SOX2-iNPs 

at 31 days post-transfection. This suggested that the coordinated action of SOX2 and early SHH/CHIR 

priming in the absence of PAX6 expression might lead to lasting changes in gene expression two weeks 

after withdrawal of priming compounds. This effect had not been observed in Study Three, indicating that 

PAX6 transfection may indeed have a negative effect on the adoption of a vmDA fate by iNP cells. To 

investigate this further, this condition was repeated on another cell line. However in this line, almost no 

changes in gene expression were observed in SOX2-iNPs as a result of early, restricted SHH/CHIR 

exposure. Despite this, more nuclear-localised NURR1 protein was observed in primed than unprimed 

SOX2-iNPs.  

A possible source of variation between the cell lines could be different levels of endogenous WNT 

signalling [346], which might be overcome by determining an optimal concentration of CHIR99021. Wide 

variation in the concentration of CHIR99021 used for patterning exists between protocols, and Kirkeby 

et al. (2012) report that it is important to optimise the concentration of CHIR for each cell line [196]. As 

described earlier, a further complicating factor is the varying protein loads in culture media, such as the 

addition of serum, knock out serum replacements, or the use of feeder cells, which may act to buffer 

small molecules such as CHIR99021, reducing the effective concentration [196]. One of the limiting 

factors of primary cell culture is that a finite number of cells are available, and this issue came into play 

in the present chapter. The cell line 2352 was exhausted and unavailable for further investigation into 

the optimal concentration of CHIR99021 and the effect of SHH/CHIR-priming on dopaminergic 
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differentiation potential. Another cell line, 1507, was selected in addition to the 2598 line to investigate 

the concentration of CHIR99021 in restricted SHH/CHIR priming, with CHIR at 0.7 µM, 1.5 µM or 3 µM. 

Under these conditions, both lines showed an apparent dose-response relationship in the expression of 

GLI1 and LEF1 transcripts at day 17. LEF1 is a known target and effector of canonical WNT signalling 

[324, 325]. WNT and SHH signalling pathways have long been known to interact, and canonical WNT 

signalling can lead to GLI2/3 activation [370]. Therefore, regulation of GLI1 expression by CHIR might 

be explained by activated GLI2/3-mediated regulation of GLI1, and/or stabilisation of GLI1 mRNA 

through the RNA binding protein CRD-BP [371]. Nevertheless, in terms of vmDA patterning, only in the 

cell line 2598 did SHH + 3 µM CHIR lead to upregulation of NURR1 at day 38, whereas the 1507 line did 

not show any differences in NURR1 expression as a result of priming. Moreover, the differentiation 

capacity was unaffected by priming. 

In summary, while early, restricted priming of SOX2-iNPs had some effect on the expression of genes 

such as GLI1, LEF1 and NURR1, these changes were not sustained in a consistent manner in the two 

– three weeks following the withdrawal of patterning molecules. Based on Studies One – Three, early, 

sustained exposure to patterning agents is probably required for most of the changes in gene expression 

that are induced by priming. The lack of upregulation of other vmDA genes, in addition to having no effect 

on the yields of TH+/TUJ1+ cells, demonstrates that this priming strategy was insufficient to induce a 

true vmDA fate. Finally, some cell lines may respond better than others to priming, and this could pose 

an issue for standardising differentiation protocols across PD and normal cell lines in disease modelling 

applications. However, this issue is not unique to SOX2- or SOX2/PAX6-mediated direct-to-iNP cell 

reprogramming [196, 346]. 

 Comparison with other direct-to-iNS/iNP studies 

If the strategies described in the present chapter have been insufficient to induce an authentic vmDA 

fate in iNP cells derived from adult human somatic cells through LF-mediated direct-to-iNS/iNP 

reprogramming, it is important to put these results into context with other direct reprogramming studies 

in the field. While pluripotent stem cell studies can directly draw on developmental principles to inform 

their differentiation strategies, direct reprogramming strategies cannot. Amongst the recent studies 

published aiming to generate dopamine neurons by direct-to-iNS/iNP cell reprogramming, the strategies 

employed have been varied, as have the outcomes.  

Two PF-mediated direct-to-iNS/iNP reprogramming studies have been published aiming to induce a 

vmDA fate. In the first study, using murine embryonic and adult cells, SHH and FGF8b was applied as 

soon as doxycycline was withdrawn from the media, at day five, to coincide with OSKM expression 

withdrawal [279]. This resulted in LMX1A and FOXA2 upregulation within a matter of days, and improved 

TH+ yields upon differentiation. This study also further enhanced vmDA progenitor commitment by using 

brief exposure to a JAK inhibitor to reduce commitment to a pluripotent fate, and optimisation of 

CHIR99021 concentration and timing, using it at 0.4 µM from day 10 – 12.  The derived dopamine 

neurons expressed TH, EN1, FOXA2, LMX1A, NURR1 and PITX3, released dopamine, and displayed 

induced and spontaneous action potentials. However, whether this strategy can be applied to human 

cells remains to be seen.                                 
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In another PF-mediated direct-to-iNS reprogramming study [283], late, low concentration SHH and FGF8 

followed by maturation with BDNF, GDNF, IGF1, TGFβ3 and dibutyryl cAMP was used to differentiate 

adult human fibroblast-derived iNS cells towards a vmDA fate, however the requirement for SHH/FGF8 

was not examined, and may have been unnecessary. The success at inducing a vmDA-like regional 

identity (EN1+, FOXA2+, LMX1A+ and NURR1+) with this strategy almost certainly lies in the fact that 

the iNS cells were at a very primitive stage of development. LIF-dependent neural stem cells have 

previously been reported to display a number of mesencephalic genes [186]. The functionality of these 

cells was not described and will require elaboration for future applications. 

However, the reliance on pluripotency factors for reprogramming in these two studies raises the question 

of whether these cells are in fact directly reprogrammed without passing through a pluripotent stage [259, 

260]. This seems particularly improbable in the case of the LIF-dependent iNS cells, which display 

pluripotent characteristics and can be converted into iPS cells, capable of forming teratomas [283]. If iNS 

cells are in fact rejuvenated to a transient state of pluripotency, then they do not reflect true direct 

reprogramming, and may be more akin to pluripotent stem cells as they undergo neural induction and 

patterning. For downstream applications, it will need to be determined if PF-reprogrammed iNS cells are 

in fact definitively committed to a neural fate and sufficiently mature to not form tumours upon 

engraftment [270, 345]. The increased probability of chromosomal instability in PF-reprogrammed iNS 

cells poses an additional risk for tumour formation, which will need to be investigated [261]. 

Amongst the LF-mediated direct-to-iNS/iNP reprogramming studies, the precise requirements for 

patterning factors have not been reported. Similar to the findings of Chapter Three, Tian et al. (2015) 

reported that pre-established iNP cells did not respond to SHH/FGF8, however addition of these 

molecules to the reprogramming media was not examined [282]. Mirakhori et al. (2015) took a similar 

approach to the present chapter, adding 3 µM CHIR99021 and 2 µM purmorphamine to the 

reprogramming medium for two weeks, and then dropping the concentrations to 1 µM and 0.5 µM 

respectively, for a further six days of expansion [285, 286].  However the requirement of these small 

molecules was not reported, only the effect of the full cocktail of small molecules [286] or the effect of 

the addition of LMX1A [285]. Finally, Lim et al. (2015) added FGF8 for the full duration of reprogramming. 

However forced expression of NURR1 and FOXA2 was required to induce differentiation towards a 

dopaminergic fate [281]. Collectively, these LF-mediated direct-to-iNS/iNP reprogramming studies have 

demonstrated that patterning agents added to the reprogramming or differentiation media are not very 

successful at generating vmDA neurons, and additional vmDA genes are usually required to induce the 

desired fate. These studies were conducted in rodent cells or in human post-natal cells and the results 

are consistent with the findings of the present chapter, which were conducted in adult human cells. 

 Insufficient cues are present to induce a vmDA progenitor fate in iNP cells 

The outcome from the present chapter suggests that in spite of the variety of conditions examined, 

SOX2/PAX6- and SOX2-iNPs cannot be effectively patterned to an authentic vmDA progenitor fate by 

exposure to SHH and/or CHIR99021-mediated canonical WNT signalling during the reprogramming 

period. This may be due to LF-mediated direct-to-iNS/iNP cell reprogramming not being provided with 

sufficient cues to adopt this fate. A recent LF-mediated direct reprogramming study has derived LMX1A+, 

FOXA2+ iNP cells from human post-natal fibroblasts using protein transduction of SOX2 and LMX1A 
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[285], suggesting LF-mediated direct-to-iNS/iNP cell reprogramming might be able to derive vmDA 

progenitors from adult human fibroblasts. However, that study reported that PAX6 was also expressed 

in iNP cells, along with SOX2, LMX1A and FOXA2, suggesting that these cells do not represent authentic 

vmDA progenitors, as PAX6 is not expressed in the ventral mesencephalon. Additionally, the long-term 

maintenance of a vmDA iNP fate in the absence of exogenous LMX1A protein was not demonstrated.  

The lack of response to patterning cues indicates that SOX2/PAX6- and SOX2-iNP cells may not be as 

responsive to cues in the same way as cells in the developing neural tube. In Chapter Three, the 

upregulation of GLI1 and LEF1 that occurred during reprogramming was taken as an indication that iNP 

cells possess the appropriate signal transduction pathways to respond to patterning agents. While 

priming often upregulated these markers, downstream genes in the vmDA lineage were largely 

unaffected. This suggests that there are other factors at play mediating commitment to a vmDA fate. This 

is unsurprising given the tight regulation of cell fates that occurs in embryogenesis. In the developing 

embryo, the timing and the concentration of morphogen exposure play critical roles in determining the 

ultimate fates of progenitors in the neural tube. Patterning signals must be received, transduced and 

interpreted, however the outcome of this process depends not only on the patterning cues, but on the 

expression of various genes within the recipient cell. For example, a feedback loop exists in the ventral 

neural tube where the homeodomain transcription factors NKX2.2 and PAX6 act in a cell autonomous 

manner to interpret patterning cues, with NKX2.2 strengthening the SHH signal, and PAX6 antagonizing 

it [341]. This means that neighbouring cells can respond differently to the same morphogen inputs, 

depending on what factors are expressed. Expression of these genes also means that cells have a 

cellular memory so that pre-specified cells have a determined cellular fate, and later fluctuations in 

morphogen exposure do not alter this. It is this concept which underpins floor plate strategies of vmDA 

differentiation; by driving cells to a floor plate prior to the adoption of a PAX6+ neuroepithelial fate, a 

GLI1 activation state is obtained, FOXA2 is expressed and a floor plate fate is induced, which is 

maintained even in the absence of continuous SHH signalling [214].  

Such tight regulation of cell fates during development poses a challenge to methods aiming to mimic 

these processes in vitro by direct reprogramming. The weak response of SOX2/PAX6- and SOX2-iNP 

cells to different priming conditions suggests that these cells do not express the appropriate permissive 

factors required for vmDA fate specification by patterning factors. In Chapter Three, widespread FOXG1 

and PAX6 expression was observed in SOX2/PAX6-iNPs. In the present chapter, even when PAX6 

wasn’t used to initiate reprogramming, PAX6 expression was observed in iNP cells. This suggests that 

SOX2-iNPs might already have an established neuroepithelial fate, prohibiting patterning towards a floor 

plate fate, and subsequent differentiation to an authentic vmDA neuronal fate. Additionally, in comparison 

to human embryonic stem cell-derived floor plate progenitors, unprimed SOX2/PAX6-iNPs and 

SHH/CHIR-primed SOX2-iNPs show lower expression of earlier genes (SOX2, LMX1A, FOXA2), and 

comparable or higher expression of post-mitotic vmDA genes (NURR1, PITX3) (see Appendix, Section 

7.6), suggestive of a later developmental stage. 

How might this be overcome? It seems likely that alternative transgenes could be added to the initial 

reprogramming cocktail to drive iNP cells as they develop towards a floor plate fate. LMX1A and/or 

FOXA2 seem like suitable candidates, as they are early markers that specify the vmDA progenitor 

domain, are expressed in early proliferative progenitor cells, and are maintained in differentiated 
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neurons. LMX1A and FOXA2 were added to the BAM factors to directly reprogram human post-natal 

fibroblasts into iDA cells [243], with both factors being required for expression of TH and AADC. 

Nonetheless, these cells still did not possess a ventral midbrain identity. To date the most successful 

iDA strategy has been ASCL1/LMX1A/NURR1/miR124 with a large cocktail of small molecules and 

growth factors [247], however the generation of iDA cells with a vmDA identity from adult human donor 

cells has yet to be demonstrated. The only LF-mediated direct-to-iNS/iNP cell reprogramming study to 

employ vmDA transgenes in human cells has been the use of SOX2 with LMX1A in conjunction with 

small molecules [285], however this study did not show FOXA2 and LMX1A in iNP-derived TH+ neurons, 

and was carried out on human post-natal fibroblasts, rather than adult cells. As adult cells are more 

difficult to reprogram than foetal or post-natal fibroblasts [372], it is unclear whether these conditions 

would apply to adult human fibroblasts. 

 Conclusions 

This thesis aims to generate vmDA neurons from adult human iNP cells. The present chapter examined 

if patterning molecules could be applied to reprogramming cells in order to induce a vmDA progenitor 

fate in iNP cells. While the application of some combinations of patterning agents could upregulate the 

expression of some vmDA markers in a timing-dependent manner, such as NURR1 and PITX3, overall 

a robust specification of a vmDA fate in iNP cells was not observed. It seems probable that this is due to 

insufficient vmDA-fate determining cues during reprogramming, and the next chapter will explore the 

hypothesis that alternative transgenes in conjunction with patterning cues can improve vmDA fate 

specification in iNP cells. 
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 Investigating the contribution of transcription 

factors with patterning agents in direct to induced neural 

precursor cell reprogramming    

 Introduction 

In the present thesis the main approach for inducing a vmDA fate in iNPs has been the application of 

defined patterning molecules at different time points during reprogramming and differentiation. Chapter 

Three found that late vmDA progenitor markers NURR1 and PITX3 were expressed in SOX2/PAX6-iNP 

cells without prior exposure to patterning molecules. Importantly, differentiation led to the expression of 

dopaminergic neuronal markers TH, DAT, AADC, VMAT2 and GIRK2. However, exposure of established 

SOX2/PAX6-iNPs to patterning molecules did not enhance the yields of TH+ cells. Chapter Four 

investigated if exposure to patterning molecules during reprogramming could prime iNP cells to adopt a 

vmDA fate. The results suggested that under some conditions, sustained exposure to patterning agents 

could alter the expression of the mesencephalic genes NURR1 and PITX3 in iNPs. Nonetheless, critical 

vmDA genes such as LMX1A and FOXA2 were not expressed, upregulation of NURR1 by priming was 

variable between cell lines, and the yields of dopaminergic neuronal-like cells were unaffected by this 

approach. Collectively, the previous studies suggested that patterning molecules were insufficient to 

induce a true vmDA progenitor fate in iNP cells. It was hypothesised that media components alone are 

too weak as instructional cues to direct cells undergoing such a large fate shift (from dermal fibroblast to 

neural precursor) to adopt a specific regional fate. It is possible that extra cues, such as the addition of 

vmDA transgenes along with patterning factors might be required to induce a vmDA progenitor fate in 

iNP cells. This is supported by recent LF-mediated direct-to-iNS/iNP cell reprogramming studies in rodent 

or human post-natal cells which make use of exogenous FOXA2, LMX1A and/or NURR1 [281, 282, 285].  

LMX1A and FOXA2 were considered good candidate genes to investigate adding to the reprogramming 

cocktail. These genes are known to play important roles in the specification and development of vmDA 

neurons in vivo [94, 109]. LMX1A and FOXA2 expression is deemed important for ensuring that 

pluripotent stem cell-derived neural progenitors differentiate into authentic vmDA neurons [193, 194]. 

Additionally, a direct-to-iDA reprogramming study found that the addition of LMX1A and FOXA2 to the 

BAM factors drove human embryonic and postnatal fibroblasts to acquire a dopaminergic fate [243]. It 

was hypothesised that ectopic expression of LMX1A with or without FOXA2, in conjunction with SOX2, 

could enhance the reprogramming of iNP cells towards a vmDA fate, either in standard reprogramming 

medium, or under primed conditions.  

In addition to patterning via SHH and WNT signalling, which was investigated in Chapter Four, the 

patterning factor FGF8 might be beneficial to induce a vmDA fate. Previous studies have been 

inconclusive as to the need for FGF8 for vmDA generation [190, 193-195, 280, 373]. It was decided that 

FGF8 exposure during reprogramming was worth investigating. Further, while SHH-C24II at 200 ng/ml 

was used in Chapter Four, several studies have indicated that higher concentrations of SHH may be 

useful for inducing a vmDA fate [190, 195], therefore it was of interest to determine if an increased 

concentration of SHH-C24II might induce a more ventral fate in iNP cells. 
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A number of studies have now indicated that by activation of certain signalling pathways by small 

molecules, somatic cells can be reprogrammed to various fates in the absence of transgene application 

[167, 240, 241, 276-278]. The use of chemical components to mediate fate conversion offers a number 

of advantages, such as reducing costs, toxicity associated with transfection, and avoiding the possibility 

of transgene integration. To date, only one study has reported the derivation of human iNS/iNP cells 

through chemical reprogramming, and this study did not report if dopamine neurons could be generated 

[276]. The culture conditions in the direct-to-iNP reprogramming method used in this thesis play an 

important role in cell reprogramming, and may be sufficient to reprogram HDFs to a dopaminergic 

progenitor fate. 

The present chapter aimed to investigate the contribution of transgenes with patterning factors in 

generating iNP cells with a bias towards a vmDA fate. Study One set out to explore if the transgene 

combinations SOX2, SOX2/PAX6, SOX2/LMX1A or SOX2/LMX1A/FOXA2 could induce a vmDA fate in 

iNP cells in either unprimed or primed conditions. Study Two aimed to further explore the contribution of 

timed FGF8 exposure to the reprogramming of SOX2/LMX1A-iNP cells, while Study Three examined the 

effect of SHH-C24II concentration on the induction of a vmDA fate. Study Four sought to optimise the 

density and iNP passage number for differentiation of primed SOX2/LMX1A-iNP cells to determine if 

these factors contributed to the differentiation yields. Finally, Study Five was carried out to explore the 

requirement for transgenes during reprogramming on the differentiation potential of patterned and un-

patterned iNP cells.  
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 Results 

 Study One: Investigating the effect of SOX2, SOX2/PAX6, SOX2/LMX1A or 
SOX2/LMX1A/FOXA2 transfection in conjunction with exposure to patterning 
molecules   

Chapter Four found that the addition of patterning molecules to the reprogramming medium was 

insufficient to induce a true vmDA iNP cell fate. This suggested that further instructional cues were 

required to induce this fate. An interesting observation from Chapter Four was that patterning iNPs 

derived from the 2352 cell line with SHH + 0.7 µM CHIR during the first two weeks of reprogramming 

permitted the upregulation of the vmDA gene NURR1 in day 31 SOX2-iNP cells, but not in SOX2/PAX6-

iNPs. While this was only observed in one cell line, this result hinted that the transcription factor 

combination used could affect whether iNP cells would respond to patterning. It was hypothesised that 

the addition of vmDA transgenes alone, or in conjunction with patterning agents would generate vmDA 

progenitors through reprogramming. To investigate this, HDFs were transfected with either SOX2 alone, 

SOX2 + PAX6, SOX2 + LMX1A or SOX2 + LMX1A + FOXA2 and cultured either in standard 

reprogramming medium, or reprogramming medium supplemented with 200 ng/ml SHH-C24II and 0.7 

µM CHIR99021 for the first two weeks (Figure 5.1). In addition, SHH exposure was lowered to 20 ng/ml 

from day 17 onwards, but not completely withdrawn [195]. It was proposed that FGF8, while perhaps not 

essential, was unlikely to be detrimental to the generation of vmDA iNPs, thus FGF8b was added either 

for the full duration of reprogramming (SHH/CHIR/fullFGF8), or for the latter phase, i.e. from day 17 post-

transfection onwards (SHH/CHIR/lateFGF8). The LMX1A and FOXA2 vectors used by Pfisterer et al. 

(2011) to generate iDA cells from human fibroblasts were sourced from Addgene and used in the present 

chapter [243]. As the transgene sequences were murine, this allowed for the expression of endogenous 

human LMX1A and FOXA2 to be determined in iNP cells. 

Throughout reprogramming, all conditions were comprised mostly of adherent cells (Figure 5.2 & Figure 

5.3). Most conditions formed domed clusters of cells at some point, however unlike in the previous 

chapters, floating aggregates of cells resembling neurospheres were rarely observed, and such clusters 

were not maintained throughout reprogramming. 
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Figure 5.1: Schematic Detailing the Experimental Design of Study One 
Cells (HDF line 2598) were transfected with 1.6 µg per plasmid of the following plasmid combinations: SOX2 alone, 
SOX2 + PAX6, SOX2 + LMX1A or SOX2 + LMX1A + FOXA2 and cultured under standard reprogramming conditions 
supplemented with patterning molecules as indicated (SHH: SHH-C24II, 200 ng/ml or 20 ng/ml (low); CHIR: 
CHIR99021, 0.7 µM; FGF8: FGF8b, 100 ng/ml) (B, C). Cells were passaged every week from day 17 onwards. Cells 
were collected at day 31 for gene expression analysis. Day 31 iNPs were differentiated on glass coverslips by 
exposure to maturation medium containing BDNF, GDNF, TGFβ3, dibutyryl cAMP and ascorbic acid for two weeks. 
Note: cells were transfected with 1.6 µg per plasmid, rather than 2.5 µg per plasmid, as in the previous chapters, to 
ensure that the total amount of DNA being used did not exceed 5 µg. 
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Figure 5.2: Phase Contrast Images of Cells Undergoing Reprogramming in Study One  
(A) Phase contrast images of SOX2-transfected HDF 2598s undergoing standard reprogramming, not primed with 
any patterning molecules. (B), (C) Phase contrast images of HDF 2598 cells undergoing reprogramming in media 
supplemented with patterning molecules. (D) Phase contrast images of SOX2/PAX6-transfected HDF 2598s 
undergoing standard reprogramming, not primed with any patterning molecules. (E), (F) Phase contrast images of 
HDF 2598 cells undergoing reprogramming in media supplemented with patterning molecules. Scale bar: 100 µm. 

 

  



164 
 

 

Figure 5.3: Phase Contrast Images of Cells Undergoing Reprogramming in Study One 
(A) Phase contrast images of SOX2/LMX1A-transfected HDF 2598s undergoing standard reprogramming, not 
primed with any patterning molecules. (B), (C) Phase contrast images of HDF 2598 cells undergoing reprogramming 
in media supplemented with patterning molecules. (D) Phase contrast images of SOX2/LMX1A/FOXA2-transfected 
HDF 2598s undergoing standard reprogramming, not primed with any patterning molecules. (E), (F) Phase contrast 
images of HDF 2598 cells undergoing reprogramming in media supplemented with patterning molecules. Scale bar: 
100 µm.  
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Figure 5.4: The Effect of Media on Gene Expression in Cells Transfected with SOX2, SOX2/PAX6, 
SOX2/LMX1A and SOX2/LMX1A/FOXA2 
(A) Expression of neural and vmDA progenitor genes at day 31. First panel depicts expression in unprimed SOX2-
iNPs relative to expression in HDFs (cell line 2598). Second panel depicts expression relative to unprimed SOX2-
iNPs at day 31. (B) Expression of neural and vmDA progenitor genes at day 31. First panel depicts expression in 
unprimed SOX2/PAX6-iNPs relative to expression in HDFs (cell line 2598). Second panel depicts expression relative 
to unprimed SOX2/PAX6-iNPs at day 31. (C) Expression of neural and vmDA progenitor genes at day 31. First panel 
depicts expression in unprimed SOX2/LMX1A-iNPs relative to expression in HDFs (cell line 2598). Second panel 
depicts expression relative to unprimed SOX2/LMX1A-iNPs at day 31. (D) Expression of neural and vmDA progenitor 
genes at day 31. First panel depicts expression in unprimed SOX2/LMX1A/FOXA2-iNPs relative to expression in 
HDFs (cell line 2598). Second panel depicts expression relative to unprimed SOX2/LMX1A/FOXA2-iNPs at day 31. 
ND: not detected (dark grey). Light grey represents fold changes less than ±2-fold.   

  



166 
 

To investigate the effect of the different transgene combinations on the acquisition of a vmDA progenitor 

phenotype in unprimed iNP cells, the expression of a panel of neural and vmDA progenitor genes was 

investigated at day 31 in unprimed iNP cells using TaqMan qPCR (Figure 5.4A – D, first panels). One 

month after transfection, all unprimed iNP cells showed elevated SOX2 expression relative to HDFs. 

PAX6 expression was only detected in cells initially transfected with SOX2/PAX6. GLI1 expression was 

upregulated in all unprimed iNP samples relative to HDFs, while GLI3 was down-regulated in 

SOX2/LMX1A and SOX2/LMX1A/FOXA2-transfected cells. Relative to HDFs, NURR1 was down-

regulated in all conditions, while PITX3 was slightly upregulated in SOX2/PAX6 and SOX2/LMX1A-

transfected cells. Expression of endogenous FOXA2 or LMX1A, and the midbrain marker EN1, was 

unaffected by the addition of LMX1A or FOXA2. 

Next, the effect on gene expression of priming media in iNP cells transfected with different transfection 

factors was investigated (Figure 5.4A – D, second panels). In SOX2-iNP cells, the only effect elicited at 

day 31 by priming was a down-regulation in GLI1. This effect on GLI1 was also observed in SOX2/PAX6-

iNPs, while in SOX2/LMX1A and SOX2/LMX1A/FOXA2-iNPs, GLI1 was only down-regulated by priming 

with full duration FGF8. Priming with full duration FGF8 down-regulated SOX2 in SOX2/PAX6-, 

SOX2/LMX1A- and SOX2/LMX1A/FOXA2-iNPs, but not SOX2-iNPs. Priming with late FGF8 also down-

regulated SOX2 in SOX2/LMX1A/FOXA2-iNP cells. In SOX2/PAX6-iNPs, both priming conditions down-

regulated PAX6 expression.  

In Chapter Four, SOX2-iNPs sometimes showed upregulated NURR1 expression as a result of early, 

restricted SHH/CHIR priming, with some variability as to which conditions elicited this response. In the 

present study, only one condition upregulated in NURR1 expression in comparison with unprimed cells; 

day 31 SOX2/LMX1A/FOXA2-iNPs primed with SHH/CHIR and late FGF8 exposure showed 2.64-fold 

higher expression in NURR1 than in unprimed cells. Again, the combination of priming with the 

transgenes SOX2 + LMX1A ± FOXA2 did not induce expression of endogenous LMX1A or FOXA2, nor 

upregulate EN1 or PITX3. 

Next, to determine if the addition of LMX1A or FOXA2 in unprimed or primed conditions could affect the 

differentiation capacity of iNP cells, day 31 iNPs were differentiated for two weeks using maturation 

medium (Figure 5.1). Cells were stained with the immature neuronal marker TUJ1 and the 

catecholaminergic markers TH and AADC. As in the previous chapters, TUJ1+ cells were generated, of 

which a subpopulation co-expressed TH (Figure 5.5, arrowheads) or AADC (Figure 5.6, arrowheads). 

The number of cells expressing TUJ1 alone, or co-expressed with TH or AADC were quantified (Figure 

5.7). In all transfection conditions, both priming media significantly increased TUJ1+ neuronal yield. In 

cells transfected with SOX2/LMX1A, priming with full duration FGF8 exposure further enhanced the 

TUJ1+ cell yield. While the neuronal yield increased as a result of priming, the yield of TH+/TUJ1+ cells 

out of total cells was unchanged by priming. The AADC+/TUJ1+ population was significantly increased 

by both priming media in SOX2/LMX1A-iNP cells but not SOX2/LMX1A/FOXA2-iNP cells. 
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Figure 5.5: Immunocytochemistry for TH and TUJ1 in Differentiated Primed and Unprimed SOX2-, 
SOX2/PAX6-, SOX2/LMX1A-, and SOX2/LMX1A/FOXA2-iNP Cells 
Immunocytochemistry for TUJ1 and TH was performed on neural cultures following the differentiation of iNP cells 
on glass coverslips. Arrowheads mark co-labelled cells. Scale bar: 50 µm.  
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Figure 5.6: Immunocytochemistry for AADC and TUJ1 in Differentiated Primed and Unprimed SOX2-, 
SOX2/PAX6-, SOX2/LMX1A-, and SOX2/LMX1A/FOXA2-iNP Cells 
Immunocytochemistry for TUJ1 and AADC was performed on neural cultures following the differentiation of iNP cells 
on glass coverslips. Note: Insufficient cells prevented immunocytochemistry from being performed on unprimed 
SOX2- and SOX2/PAX6-iNP cells. Arrowheads mark co-labelled cells. Scale bar: 50 µm.  
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Figure 5.7: The Effect of Priming Agents on Neuronal Yield in Cells Transfected with SOX2, SOX2/PAX6, 
SOX2/LMX1A and SOX2/LMX1A/FOXA2 
Cells were differentiated by exposure to Stage Two maturation medium for 14 days. Note: insufficient cells were 
available for staining and quantification of AADC/TUJ1 in the unprimed SOX2 and SOX2/PAX6 conditions. To 
investigate the differentiation capacity of iNPs, cells differentiated from day 31 cells were stained for TUJ1, TH and 
AADC and the proportions of positive cells were counted out of total cells (DAPI). An ordinary one-way ANOVA with 
Tukey’s multiple comparisons test was performed, except for AADC+TUJ1+/DAPI in SOX2- and SOX2/PAX6-iNPs, 
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in which case an unpaired two-tailed T test was performed. Data are presented as mean ± SEM. (A) TUJ1+ yield: 
F(2,27) = 7.549, p = 0.0025, n =  6 – 12 fields of view (738 – 2294 DAPI cells).  TH+/TUJ1+ yield: F(2,15) = 0.07883, 
p = 0.9246, n =  6 fields of view (738 – 861 DAPI cells).  AADC+/TUJ1+ yield: p = 0.1984, n = 6 fields of view (1345 
– 1433 DAPI cells). (B) TUJ1+ yield: F(2,28) = 11.50, p = 0.0002, n =  6 – 13 fields of view (884 – 2667 DAPI cells).  
TH+/TUJ1+ yield: F(2,15) = 2.280, p = 0.1366, n =  6 fields of view (729 – 884 DAPI cells).  AADC+/TUJ1+ yield: p 
= 0.0994, n = 6 – 7 fields of view (1094 – 1931 DAPI cells). (C) TUJ1+ yield: F(2,34) = 117.9, p < 0.0001, n =  12 – 
13 fields of view (1795 – 2437 DAPI cells).  TH+/TUJ1+ yield: F(2,15) = 1.541, p = 0.2463, n =  6 fields of view (768 
– 1167 DAPI cells).  AADC+/TUJ1+ yield: F(2,16) = 11.00, p = 0.0010, n =  6 – 7 fields of view (1027 – 1241 DAPI 
cells). (D) TUJ1+ yield: F(2,33) = 16.30, p < 0.0001, n =  12 fields of view (1559 – 1971 DAPI cells).  TH+/TUJ1+ 
yield: F(2,15) = 1.913, p = 0.1820, n =  6 fields of view (616 – 937 DAPI cells).  AADC+/TUJ1+ yield: F(2,15) = 2.899, 
p = 0.0862, n =  6 – 7 fields of view (943 – 1034 DAPI cells).     
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 Study Two: Investigating the effect of FGF8 timing and duration in primed 
SOX2/LMX1A-iNP cells 

In Chapter Four, patterning SOX2/PAX6-iNPs and SOX2-iNPs with restricted exposure to SHH/CHIR 

did not have an effect on the neuronal yield upon differentiation. In Study One of the present chapter, 

the addition of FGF8 and sustained SHH exposure led to improved yields of TUJ1+ cells regardless of 

transfection condition, and also improved yields of AADC+/TUJ1+ cells in SOX2/LMX1A-iNPs. However 

Study One was not designed to tease apart the contributing factors underlying this improvement in yields. 

It seems probable that the FGF8 played a large role in this, as such an effect was not observed in Chapter 

Four, where cells were not exposed to FGF8. Furthermore, full duration FGF8 was better than late FGF8 

for improving TUJ1+ yields in SOX2/LMX1A-iNPs. Study One investigated the effect of full-term FGF8 

exposure or late FGF8 exposure, however did not restrict FGF8 to the first two weeks of reprogramming, 

nor compare with SHH/CHIR-priming in the absence of FGF8. Therefore, Study Two was designed to 

investigate the contribution of FGF8 in SHH/CHIR/FGF8-priming of SOX2/LMX1A-iNP cells. HDFs were 

transfected with SOX2 + LMX1A and reprogrammed in standard reprogramming medium, or media 

supplemented either with SHH/CHIR alone, SHH/CHIR with FGF8 until day 17 (SHH/CHIR/earlyFGF8), 

or SHH/CHIR with FGF8 for the full duration of reprogramming (SHH/CHIR/fullFGF8) (Figure 5.8). In all 

primed conditions SHH concentration was dropped to 20 ng/ml from day 17 onwards.  

Similar to the previous study, cells largely retained an adherent fibroblast-like morphology through 

reprogramming, however, domed clusters of cells could be observed in all conditions, except 

SHH/CHIR/fullFGF8 (Figure 5.9). Floating neurosphere-like colonies were not observed in the present 

study.  

 

Figure 5.8: Schematic Detailing the Experimental Design of Study Two 
Cells (HDF line 2598) were transfected with 2.5 µg per plasmid of SOX2 + LMX1A and cultured under standard 
reprogramming conditions or were supplemented with patterning molecules as indicated (SHH: SHH-C24II, 200 
ng/ml or 20 ng/ml (low); CHIR: CHIR99021, 0.7 µM; FGF8b: 100 ng/ml) (conditions B – D). Cells were passaged 
every week from day 17 onwards. Cells were collected at day 31 for gene expression analysis. Day 31 iNPs were 
differentiated on glass coverslips by exposure to maturation medium containing BDNF, GDNF, TGFβ3, dibutyryl 
cAMP and ascorbic acid for three weeks.  
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Figure 5.9: Phase Contrast Images of Cells during Reprogramming in Study Two 
(A) Phase contrast images of SOX2/LMX1A-transfected HDFs undergoing standard reprogramming, not primed with 
any patterning molecules. (B) – (D) Phase contrast images of cells undergoing reprogramming in media 
supplemented with patterning molecules. Scale bar: 100 µm. 
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To investigate the effect of FGF8 on the acquisition of a vmDA progenitor phenotype in SOX2/LMX1A-

iNP cells, the expression of a panel of neural and vmDA progenitor genes was investigated at day 31 in 

unprimed iNP cells using TaqMan qPCR (Figure 5.10, first panel). Similar to Study One, at day 31 

unprimed SOX2/LMX1A-iNPs showed upregulated SOX2 and GLI1 relative to HDFs, and down-

regulated NURR1. In addition, LEF1 was examined and found to be upregulated at day 31. Unlike Study 

One, GLI3 was not down-regulated, nor was PITX3 upregulated. 

Next, the effect on gene expression of priming media in SOX2/LMX1A-iNPs was investigated (Figure 

5.10, second panel). Priming without FGF8 led to no changes in gene expression at day 31. As in Study 

One, GLI1 was down-regulated by priming with full duration FGF8, but was not down-regulated by 

priming with early FGF8. Again, SOX2 was down-regulated by full FGF8, and was also down-regulated 

by early FGF8. NURR1 expression was upregulated 2.02-fold by SHH/CHIR with early FGF8. Once 

more, priming of SOX2/LMX1A-iNPs did not induce the expression of endogenous LMX1A or FOXA2, 

nor upregulate EN1 or PITX3. 

To investigate if priming with or without FGF8 could affect the differentiation capacity of SOX2/LMX1A-

iNP cells, day 31 cells were differentiated for three weeks using maturation medium (Figure 5.8). Cells 

were stained with the immature neuronal marker TUJ1 and the catecholaminergic markers TH and 

AADC. As described previously, TUJ1+ cells were generated, of which a subpopulation co-expressed 

TH or AADC (Figure 5.11, arrowheads). 

Next, the number of cells expressing TUJ1 alone, or co-expressed with TH or AADC were quantified 

(Figure 5.12). As in Study One, priming with full duration FGF8 significantly increased TUJ1+ neuronal 

yield compared to all other conditions. SHH/CHIR priming alone, or with early FGF8 did not affect the 

yield of TUJ1+ cells. Unlike Study One, the yield of AADC+/TUJ1+ cells was not increased by SHH/CHIR 

priming with full FGF8. TH+/TUJ1+ cell yields were also unaffected. 

Both Studies One and Two found that SHH/CHIR/fullFGF8-priming of SOX2/LMX1A-iNPs led to an 

increase in the yield of TUJ1+ cells, however this did not always coincide with an increase in TH+/TUJ1+ 

cells or ADDC+/TUJ1+ cells. It was of interest to investigate what other cell types were being generated 

under these conditions, such as serotonergic (5HT) or cholinergic (ChAT) phenotypes. To this end, this 

reprogramming condition was repeated and cells were differentiated on glass 96-well plates for 14 days 

in Stage Two maturation medium. Immunocytochemistry confirmed the generation of TH+/TUJ1+ and 

AADC+/TUJ1+ cells (Figure 5.13, arrowheads), however 5HT+/TUJ1+ and ChAT+/TUJ1+ cells were not 

observed. These antibodies have been shown to work in human cells in immunocytochemistry 

applications [186, 255, 334]. A large population of S100B+ cells existed in the culture, and many TUJ1+ 

cells co-stained with S100B (Figure 5.13, arrowheads).    
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Figure 5.10: The Effect of FGF8 duration on Gene Expression in Primed SOX2/LMX1A-iNPs  
Expression of neural and vmDA progenitor genes at day 31. First panel depicts expression in unprimed 
SOX2/LMX1A-iNPs relative to expression in HDFs (cell line 2598). Second panel depicts expression relative to 
unprimed SOX2/LMX1A-iNPs at day 31. ND: not detected (dark grey). Light grey represents fold changes less than 
±2-fold.   

 

 

Figure 5.11: Immunocytochemistry for TH or AADC with TUJ1 in Differentiated Primed and Unprimed 
SOX2/LMX1A-iNP Cells 
Immunocytochemistry for TUJ1 and TH or AADC was performed on neural cultures following the differentiation of 
iNP cells on glass coverslips. Arrowheads mark co-labelled cells. Scale bar: 50 µm.  

 

 

  



175 
 

 

Figure 5.12: The Effect of FGF8 duration on the Neuronal Yield of SOX2/LMX1A-iNP Cells  
Cells were differentiated by exposure to Stage Two maturation medium for 21 days. To investigate the differentiation 
capacity of iNPs, cells differentiated from day 31 cells were stained for TUJ1, TH and AADC and the proportions of 
positive cells were counted out of total cells (DAPI). An ordinary one-way ANOVA with Tukey’s multiple comparisons 
test was performed. Data are presented as mean ± SEM. TUJ1+ yield: F(3,124) = 16.23, p < 0.0001, n =  32 fields 
of view (3066 – 3231 DAPI cells). TH+/TUJ1+ yield: F(3,60) = 0.01655, p = 0.9971, n =  16 fields of view (1526 – 
1574 DAPI cells).  AADC+/TUJ1+ yield: F(3,60) = 2.004, p = 0.1230, n =  16 fields of view (1538 – 1611 DAPI cells).  
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Figure 5.13: Immunocytochemistry for Neuronal and Glial Markers in Differentiated SHH/CHIR/fullFGF8-
primed SOX2/LMX1A-iNP Cells 
Immunocytochemistry for TUJ1 with TH, AADC, 5HT, ChAT was performed on neural cultures from the 2598 cell 
line following 14 days of differentiation in maturation medium on glass 96-well plates. Arrowheads mark co-labelled 
cells. Arrow indicates TUJ1+/S100B- cell. Scale bar: 50 µm. 
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 Study Three: Investigating the effect of SHH concentration in primed 
SOX2/LMX1A-iNP cells 

Study One found that priming media improved TUJ1+ cell yields in all conditions, and AADC+/TUJ1+ 

cell yields in differentiated SOX2/LMX1A-iNP cells. Nonetheless, priming SOX2/LMX1A- and 

SOX2/LMX1A/FOXA2-iNP cells had little effect on the expression of vmDA markers, and importantly did 

not induce expression of endogenous LMX1A and FOXA2. Substantia nigra dopamine neurons are 

derived from the midbrain floor plate, a region of the neural tube subject to potent SHH signalling. A 

number of studies have indicated that this potent ventralising cue can be mimicked in vitro by using 

modified versions of SHH [190, 192]; by using small molecule agonists of Smoothened such as SAG 

[214] or purmorphamine [193]; by increasing the concentration of recombinant SHH [190, 195]; or 

combinations thereof. For this reason, all studies in the present thesis have utilised the modified form of 

recombinant human SHH, SHH-C24II. Additionally, Chapter Four investigated the use of 

purmorphamine. Nonetheless, it was possible that higher concentrations of SHH-C24II would be more 

effective at inducing a ventral fate in iNP cells, and could work in tandem with exogenous LMX1A to 

induce a vmDA fate. Study Three therefore investigated the concentration of SHH-C24II in SHH/CHIR 

priming of SOX2/LMX1A-iNPs, using concentrations of either 200 ng/ml or 500 ng/ml (medSHH/CHIR 

and highSHH/CHIR, respectively) (Figure 5.14). This experiment was performed in cells reprogrammed 

with or without full duration FGF8. 

Similar to previous studies, cells resembled fibroblasts at day 17 (Figure 5.15). After passaging, adherent 

domed colony-like structures appeared in some conditions. These were observed in unprimed cells at 

days 24 and 31, in cells primed without FGF8 at day 24, but never in cells primed with full duration FGF8. 

Cells primed with medium or high SHH showed similar morphologies.  
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Figure 5.14: Schematic Detailing the Experimental Design of Study Three 
Cells (HDF line 2598) were transfected with 2.5 µg per plasmid of SOX2 + LMX1A and cultured under standard 
reprogramming conditions, or were supplemented with patterning molecules as indicated (SHH: SHH-C24II, low: 20 
ng/ml, med: 200 ng/ml, high: 500 ng/ml; CHIR: CHIR99021, 0.7 µM; FGF8b, 100 ng/ml) (conditions B – E). Cells 
were passaged every week from day 17 onwards. Cells were collected at day 31 for gene expression analysis. Day 
31 iNPs were differentiated on glass coverslips by exposure to maturation medium containing BDNF, GDNF, TGFβ3, 
dibutyryl cAMP and ascorbic acid for three weeks. Note: Unprimed and conditions B and C are repeated from Study 
Two. 
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Figure 5.15: Phase Contrast Images of Cells during Reprogramming in Study Three 
(A) Phase contrast images of SOX2/LMX1A-transfected HDFs undergoing standard reprogramming, not primed with 
any patterning molecules. (B) – (E) Phase contrast images of cells undergoing reprogramming in media 
supplemented with patterning molecules. Note: Unprimed, medSHH/CHIR and medSHH/CHIR/fullFGF8 are the 
same cells as Study Two. Scale bar: 100 µm. 
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Quantitative real-time PCR revealed that the concentration of SHH had very little effect on the expression 

of the genes examined. Cells patterned with medSHH/CHIR or highSHH/CHIR showed no differences 

when compared with unprimed cells (Figure 5.16, second panel). Studies One and Two found that 

medSHH/CHIR/fullFGF8-primed SOX2/LMX1A-iNPs had down-regulated SOX2 and GLI1 compared to 

unprimed cells (reproduced in Figure 5.16). Increasing the concentration of SHH to 500 ng/ml still 

resulted in down-regulated GLI1, but SOX2 was not down-regulated beyond 2-fold relative to unprimed 

cells. Endogenous LMX1A or FOXA2 were not induced by priming with high concentration SHH, and 

other vmDA genes such as EN1, NURR1 or PITX3 were unaffected. 

Next, to determine if the concentration of SHH affected the differentiation capacity of primed 

SOX2/LMX1A-iNPs, day 31 iNPs were differentiated for three weeks using maturation medium (Figure 

5.14). TUJ1+ cells were generated, of which a subpopulation co-expressed TH or AADC (Figure 5.17, 

arrowheads). Quantification of these cells revealed that the concentration of SHH had no effect on the 

yield of TUJ1+ cells in cells primed without FGF8. As in the previous two studies, priming with FGF8 for 

the full duration of reprogramming improved TUJ1+ yields above unprimed or SHH/CHIR-primed cells, 

regardless of the SHH concentration (Figure 5.18). The yields of TUJ1+ cells co-expressing TH or AADC 

were unaffected by all priming conditions (Figure 5.18). 

 

Figure 5.16: The Effect of SHH Concentration on Gene Expression in Primed SOX2/LMX1A-iNP Cells   
Expression of neural and vmDA progenitor genes at day 31. First panel depicts expression in unprimed 
SOX2/LMX1A-iNPs relative to expression in HDFs (cell line 2598). Second panel depicts expression relative to 
unprimed SOX2/LMX1A-iNPs at day 31. ND: not detected (dark grey). Light grey represents fold changes less than 
±2-fold. Note: Unprimed, medSHH/CHIR and medSHH/CHIR/fullFGF8 are the same cells as Study Two. 
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Figure 5.17: Immunocytochemistry for TH or AADC with TUJ1 in Differentiated Primed and Unprimed 
SOX2/LMX1A-iNP Cells 
Immunocytochemistry for TUJ1 and TH or AADC was performed on neural cultures following the differentiation of 
iNP cells on glass coverslips. Arrowheads mark co-labelled cells. Note: Unprimed, medSHH/CHIR and 
medSHH/CHIR/fullFGF8 are the same cells as Study Two. Scale bar: 50 µm.  
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Figure 5.18: The Effect of SHH Concentration on the Neuronal Yield of Primed SOX2/LMX1A-iNP cells  
Cells were differentiated by exposure to Stage Two maturation medium for 21 days. To investigate the differentiation 
capacity of iNPs, cells differentiated from day 31 cells were stained for TUJ1, TH and AADC and the proportions of 
positive cells were counted out of total cells (DAPI). An ordinary one-way ANOVA with Tukey’s multiple comparisons 
test was performed. Data are presented as mean ± SEM. TUJ1+ yield: F(4,156) = 19.5, p < 0.0001, n =  32 – 33 
fields of view (3066 – 3284 DAPI cells).  TH+/TUJ1+ yield: F(4,76) = 1.801, p = 0.1374, n =  16 – 17 fields of view 
(1490 – 1630 DAPI cells).  AADC+/TUJ1+ yield: F(4,75) = 2.623, p = 0.0413, n =  16 fields of view (1540 – 1677 
DAPI cells).  Note: Unprimed, medSHH/CHIR and medSHH/CHIR/fullFGF8 are the same cells as Study Two. 
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 Study Four: Investigating the effect of seeding density and iNP passage on the 
differentiation of SHH/CHIR/fullFGF8-primed SOX2/LMX1A-iNP cells 

In Chapter Three it was determined that the duration of differentiation played a role in the yields of TUJ1+ 

cells from SOX2/PAX6-iNPs, however this did not affect the yields of TH+/TUJ1+ cells nor 

AADC+/TUJ1+ cells. In addition to using different cell lines, variability in the iNP passage and the seeding 

density for differentiation could contribute to variability in neuronal yields, therefore these factors require 

optimisation. As SOX2/LMX1A-iNPs primed with SHH/CHIR/fullFGF8 have shown the highest yields of 

TUJ1+ cells, this reprogramming condition was selected for this optimisation process. Cells were seeded 

for differentiation on glass coverslips at day 31, 38 or 45 (passage three, four or five, respectively) at a 

range of densities: 5,000 cells/cm2, 10,000 cells/cm2, 20,000 cells/cm2, 30,000 cells/cm2, 40,000 

cells/cm2, 50,000 cells/cm2 or 60,000 cells/cm2 and differentiated for three weeks (Figure 5.19). 

 

Figure 5.19: Schematic Detailing the Experimental Design of Study Four  
(A) Cells (HDF line 2598) were transfected with 2.5 µg per plasmid of SOX2 + LMX1A and cultured under standard 
reprogramming conditions supplemented with patterning molecules as indicated (SHH: SHH-C24II, 200 ng/ml or 20 
ng/ml (low); CHIR: CHIR99021, 0.7 µM; FGF8b: 100 ng/ml). Cells were collected at day 31, 38 or 45 for 
differentiation. Cells were passaged every week from day 17 onwards. (B). Dissociated iNPs were seeded at 5,000 
cells/cm2, 10,000 cells/cm2, 20,000 cells/cm2, 30,000 cells/cm2, 40,000 cells/cm2, 50,000 cells/cm2 or 60,000 
cells/cm2 onto 13 mm glass coverslips and differentiated by exposure to maturation medium containing BDNF, 
GDNF, TGFβ3, dibutyryl cAMP and ascorbic acid for three weeks. 
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Following fixation, differentiated primed SOX2/LMX1A-iNP cells were stained for TUJ1 and TH (Figure 

5.20) and quantified. Day 31 iNP cells seeded at densities below 30,000 cells/cm2 showed reduced 

TUJ1+ cell yields compared with higher density conditions (Figure 5.21A). There were no differences 

between the yields from cells seeded above this density. The density had no effect on the yield of 

TH+/TUJ1+ cells from day 31 iNP cells. Day 38 iNP cells seeded at 40,000 cells/cm2 showed significantly 

higher TUJ1+ yields than cells seeded at 20,000 cells/cm2 or less. Similarly, the yield of TH+/TUJ1+ cells 

was significantly higher at 40,000 cells/cm2 than 10,000 cells/cm2, however there were no differences in 

TH+/TUJ1+ yields between other densities. Day 45 iNP cells were only seeded at densities above 30,000 

cells/cm2. Cells seeded at 30,000 cells/cm2 showed higher TUJ1+ yields than at 40,000 cells/cm2, and 

higher TH+/TUJ1+ yields at 30,000 cells/cm2 than 40,000 or 60,000 cells/cm2. In summary, there was 

minimal effect on the yield of TUJ1+ or TH+/TUJ1+ cells in cultures seeded between 30,000 – 60,000 

cells/cm2. 

Next, the effect of iNP passage on yields was examined at given densities above 30,000 cells/cm2 (Figure 

5.22). At all of the densities examined, day 31 iNPs yielded significantly more TUJ1+ cells than day 38 

iNPs. Additionally, day 31 iNPs were also better than day 45 iNPs at 40,000 and 60,000 cells/cm2. The 

yields of TH+/TUJ1+ cells were minimally affected by iNP passage, with a slightly increased yield in day 

38 cells over day 45 iNPs at 60,000 cells/cm2. 
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Figure 5.20: Immunocytochemistry for TH and TUJ1 in Differentiated SHH/CHIR/fullFGF8-primed 
SOX2/LMX1A-iNP Cells 
Immunocytochemistry for TUJ1 and TH was performed on neural cultures following the differentiation of iNP cells 
on glass coverslips. Numbers indicate cell density as cells/cm2. Arrowheads mark some of the co-labelled cells. 
Scale bar: 100 µm.  
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Figure 5.21: The Effect of Cell Density on the Neuronal Yield of SOX2/LMX1A-iNP Cells at Different Passages 
Cells were differentiated by exposure to Stage Two maturation medium for 21 days. To investigate the differentiation 
capacity of iNPs, cells differentiated from day 31, 38 or 45 (i.e. passage 3, 4 or 5) cells were stained for TUJ1 and 
TH and the proportions of positive cells were counted out of total cells (DAPI). An ordinary one-way ANOVA with 
Tukey’s multiple comparisons test was performed. Data are presented as mean ± SEM. (A) TUJ1+ yield: F(6,106) 
= 10.71, p < 0.0001, n =  16 – 17 fields of view (530 – 2441 DAPI cells). TH+/TUJ1+ yield: F(5,50) = 0.614, p = 
0.7180, n =  8 – 9 fields of view (264 – 1355 DAPI cells). (B) TUJ1+ yield: F(6,59) = 5.52, p = 0.0001. TH+/TUJ1+ 
yield: F(6,59) = 4.02, p = 0.0019, n =  8 – 17 fields of view (241 – 2013 DAPI cells). (C) TUJ1+ yield: F(3,36) = 3.797, 
p = 0.0183. TH+/TUJ1+ yield: F(3,36) = 5.9, p = 0.0022, n =  8 – 16 fields of view (987 – 2179 DAPI cells). 
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Figure 5.22: The Effect of iNP Passage on the Neuronal Yield of SOX2/LMX1A-iNP Cells at Different Seeding 
Densities 
Cells were differentiated by exposure to Stage Two maturation medium for 21 days. To investigate the differentiation 
capacity of iNPs, cells differentiated from day 31, 38 or 45 (i.e. passage 3, 4 or 5) were stained for TUJ1 and TH 
and the proportions of positive cells were counted out of total cells (DAPI). An ordinary one-way ANOVA with Tukey’s 
multiple comparisons test was performed. Data are presented as mean ± SEM. (A) TUJ1+ yield: F(2,21) = 5.085, p 
= 0.0158, TH+/TUJ1+ yield: F(2,21) = 0.8208, p = 0.4537, n =  8 fields of view (738 – 987 DAPI cells). (B) TUJ1+ 
yield: F(2,21) = 11.81, p = 0.0004, TH+/TUJ1+ yield: F(2,21) = 2.18, p = 0.1379, n =  8 fields of view (962 – 1239 
DAPI cells). (C) TUJ1+ yield: F(2,21) = 4.697, p = 0.0206, TH+/TUJ1+ yield: F(2,21) = 1.784, p = 0.1925, n =  8 
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fields of view (738 – 987 DAPI cells). (D) TUJ1+ yield: F(2,22) = 24.62, p < 0.0001, TH+/TUJ1+ yield: F(2,22) = 
4.006, p = 0.0328, n =  8 – 9 fields of view (876 –1355 DAPI cells).  

 Study Five: Investigating the requirement for transgenes in patterned and 
unpatterned iNP cells  

A number of reprogramming studies have indicated that chemical components can have a large 

contribution to reprogramming, and can even replace transcription factors. The contribution of the 

reprogramming media described in this thesis has not been examined, however a number of lines of 

evidence suggest that culture conditions play a large role in direct-to-iNP reprogramming. Many gene 

expression changes occur late in reprogramming, particularly after the commencement of weekly 

passaging. In Chapter Three, this was first carried out 31 days after transfection, long after fluorescent 

transgene reporter expression had disappeared, suggesting that culture conditions contribute to this 

effect. Additionally, the present chapter has found that transfection with ectopic LMX1A and FOXA2 had 

very little influence on the acquisition of a vmDA fate in iNP cells. Nonetheless, Chapter Four found that 

withdrawal of PAX6 from the reprogramming cocktail allowed restricted SHH/CHIR priming to upregulate 

NURR1 expression in SOX2-iNP cells in the 2352 cell line. This suggests that the combination of 

reprogramming media and ectopic transcription factors may coordinate to induce cellular 

reprogramming.  

While a full dissection of the underlying mechanisms of direct-to-iNP cell reprogramming is beyond the 

scope of this thesis, it was of interest to perform a pilot study to investigate the requirement for transgenes 

in this reprogramming methodology. To this end, two of the most frequently used reprogramming 

conditions described in this thesis were repeated on two cell lines (Figure 5.23). Firstly, cells were 

transfected with SOX2/PAX6 or an equivalent volume of TE buffer as a vehicle control (mock 

transfection). Cells were then reprogrammed under standard conditions, with weekly passaging 

commencing from day 17. Cells were seeded for differentiation at day 31 into Stage One patterning 

medium for one week followed by two weeks of Stage Two maturation medium. Alternatively, cells were 

seeded directly into Stage Two maturation medium for two weeks (Figure 5.23A). The second 

reprogramming method examined was the use of SOX2/LMX1A or vehicle with restricted SHH/CHIR 

priming and full duration FGF8, followed by three weeks of differentiation in Stage Two maturation 

medium (Figure 5.23). 

During reprogramming, all conditions looked similar (Figure 5.24 & Figure 5.25). Following transfection, 

mock-transfected cells showed no apparent toxicity as a result of the transfection reagents. Until day 17, 

cells under all conditions displayed fibroblast-like morphologies. As there was no massive loss in cell 

numbers following transfection, mock-transfected cells showed higher densities at day 17 than 

SOX2/PAX6- or SOX2/LMX1A-transfected cells. Following passaging, cells from all conditions, in both 

cell lines showed the formation of semi-adherent colony-like cell clusters in addition to adherent cells. 

These morphologies persisted over time.  
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Figure 5.23: Schematic Detailing the Experimental Design of Study Five 
(A) Cells (HDF lines 2598 or 1507) were transfected with 2.5 µg per plasmid of SOX2 + PAX6 or an equivalent 
volume of TE buffer as a vehicle control, and cultured under standard reprogramming conditions. Cells were 
passaged every week from day 17 onwards. Day 31 SOX2/PAX6-iNP cells were seeded onto glass coverslips into 
Stage Two maturation medium containing BDNF, GDNF, TGFβ3, dibutyryl cAMP and ascorbic acid, and fixed after 
two weeks. Alternatively, cells were seeded into Stage One patterning medium containing SHH-C24II and FGF8 for 
one week, and then transferred to Stage Two maturation medium for two weeks. (B) Cells (HDF lines 2598 or 1507) 
were transfected with 2.5 µg per plasmid of SOX2 + LMX1A or an equivalent volume of TE buffer as a vehicle 
control, and cultured under standard reprogramming conditions supplemented with patterning molecules as 
indicated (SHH: SHH-C24II, 200 ng/ml or 20 ng/ml (low); CHIR: CHIR99021, 0.7 µM; FGF8b: 100 ng/ml). Cells were 
passaged every week from day 17 onwards. Day 31 SOX2/LMX1A-iNP cells were seeded onto glass coverslips into 
Stage Two maturation medium containing BDNF, GDNF, TGFβ3, dibutyryl cAMP and ascorbic acid, and fixed after 
three weeks.  
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Figure 5.24: Phase Contrast Images of Cells from the 1507 Line during Reprogramming in Study Five 
(A) Phase contrast images of SOX2/PAX6-transfected HDFs from the 1507 line undergoing standard 
reprogramming, not primed with any patterning molecules. (B) Phase contrast images of mock-transfected HDFs 
from the 1507 line undergoing reprogramming, not primed with any patterning molecules. (C) Phase contrast images 
of SOX2/LMX1A-transfected HDFs from the 1507 line undergoing reprogramming, primed with SHH/CHIR/fullFGF8. 
(B) Phase contrast images of mock-transfected HDFs from the 1507 line undergoing reprogramming, primed with 
SHH/CHIR/fullFGF8. Scale bar: 100 µm. 
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Figure 5.25: Phase Contrast Images of Cells from the 2598 Line during Reprogramming in Study Five 
(A) Phase contrast images of SOX2/PAX6-transfected HDFs from the 2598 line undergoing standard 
reprogramming, not primed with any patterning molecules. (B) Phase contrast images of mock-transfected HDFs 
from the 2598 line undergoing reprogramming, not primed with any patterning molecules. (C) Phase contrast images 
of SOX2/LMX1A-transfected HDFs from the 2598 line undergoing reprogramming, primed with SHH/CHIR/fullFGF8. 
(B) Phase contrast images of mock-transfected HDFs from the 2598 line undergoing reprogramming, primed with 
SHH/CHIR/fullFGF8. Scale bar: 100 µm. 
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Following differentiation from day 31, all conditions generated TUJ1+ cells of which a subset co-

expressed TH or AADC (Figure 5.26, arrowheads). Next, quantification was performed for TUJ1+, 

TH+/TUJ1+ and AADC+/TUJ1+ cell yields (Figure 5.27). In unprimed cells differentiated by 14 days of 

maturation medium, mock-transfected 2598 cells yielded a modest but significant improvement in TUJ1+ 

cell yields over SOX2/PAX6-transfected cells (Figure 5.27A). This result was not observed in the 1507 

line, and TH+/TUJ1+ and AADC+/TUJ1+ cell yields were unchanged under these reprogramming and 

differentiation conditions. 

In unprimed cells differentiated by seven days of patterning medium and 14 days of maturation medium, 

mock-transfected cells from both cell lines showed significantly higher TUJ1+ cell yields than 

SOX2/PAX6-transfected cells (Figure 5.27B). TH+/TUJ1+ yields from both lines were also significantly 

increased in mock-transfected cells under these conditions, as were AADC+/TUJ1+ yields from the 2598 

line. 

Finally, in cells primed with SHH/CHIR/fullFGF8 and differentiated with 21 days of maturation medium, 

the yield of TUJ1+ cells was significantly higher in mock-transfected 1507 cells than SOX2/LMX1A-

transfected cells, however this was not repeated in the 2598 line (Figure 5.27C). The TH+/TUJ1+ and 

AADC+/TUJ1+ cell yields were also higher in mock-transfected 1507 cells than SOX2/LMX1A-cells, 

while the yield of AADC+/TUJ1+ cells was significantly higher in mock-transfected 2598 cells than 

SOX2/LMX1A-transfected 2598 cells. 
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Figure 5.26: Immunocytochemistry for TH or AADC with TUJ1 in Differentiated iNP Cells in Study Five 
Immunocytochemistry for TUJ1 and TH or AADC was performed on neural cultures following the differentiation of 
iNP cells on glass coverslips. Note: Cell peeling in unprimed vehicle-transfected 1507 cells differentiated for seven 
days with patterning medium and 14 days with maturation medium from being available for AADC/TUJ1 staining 
(D). Arrowheads mark co-labelled cells. Scale bar: 50 µm.  
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Figure 5.27: The Contribution of Reprogramming Medium and Transgenes to iNP Differentiation Potential 
To investigate the differentiation capacity of iNPs, cells were stained for TUJ1 and TH or AADC and the proportions 
of positive cells were counted out of total cells (DAPI). (A) HDFs from the 1507 and 2598 lines were transfected with 
SOX2/PAX6 or vehicle, reprogrammed in standard reprogramming medium and differentiated for 14 days in Stage 
Two maturation medium. An unpaired two-tailed T test was performed between SOX2/PAX6 and vehicle-transfected 
cells of the same line. Data are presented as mean ± SEM. TUJ1+ yield: 1507 line, p = 0.5822, 2598 line, p = 0.0492, 
n = 16 fields of view (2205 – 2781 DAPI cells). TH+/TUJ1+ yield: 1507 line, p = 0.5774, 2598, p = 0.8942, n = 8 
fields of view (1020 – 1514 DAPI cells). AADC+/TUJ1: 1507 line, p = 0.1359, 2598 line, p = 0.1140, n = 8 fields of 
view (1119 – 1267 DAPI cells). (B) HDFs from the 1507 and 2598 lines were transfected with SOX2/PAX6 or vehicle, 
reprogrammed in standard reprogramming medium and differentiated for 7 days in Stage One patterning medium 
and 14 days in Stage Two maturation medium. An unpaired two-tailed T test was performed between SOX2/PAX6 
and vehicle-transfected cells of the same line. Data are presented as mean ± SEM. TUJ1+ yield: 1507 line, p < 
0.0001, 2598 line, p < 0.0001, n = 8 – 16 fields of view (1050 – 2560 DAPI cells). TH+/TUJ1+ yield: 1507 line, p = 
0.0009, 2598, p < 0.0001, n = 8 fields of view (974 – 1363 DAPI cells). AADC+/TUJ1: 2598 line, p < 0.0001, n = 8 
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fields of view (1040 – 1231 DAPI cells). Note: Cell peeling in the 1507 line prevented vehicle-transfected cells 
cultured under these conditions from being available for AADC/TUJ1 staining. (C) HDFs from the 1507 and 2598 
lines were transfected with SOX2/LMX1A or vehicle, reprogrammed with SHH/CHIR/fullFGF8 priming and 
differentiated for 21 days in Stage Two maturation medium. An unpaired two-tailed T test was performed between 
SOX2/LMX1A and vehicle-transfected cells of the same line. Data are presented as mean ± SEM. TUJ1+ yield: 
1507 line, p < 0.0001, 2598 line, p = 0.0852, n = 16 – 17 fields of view (1852 – 3235 DAPI cells). TH+/TUJ1+ yield: 
1507 line, p = 0.0003, 2598, p = 0.6942, n = 8 fields of view (893 – 1462 DAPI cells). AADC+/TUJ1: 1507 line, p = 
0.0008, 2598 line, p = 0.0062, n = 8 – 9 fields of view (959 – 1773 DAPI cells). 
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 Discussion  

The previous two chapters found that while SOX2- and SOX2/PAX6-iNPs expressed NURR1 and PITX3 

and could differentiate into dopaminergic neuronal-like cells, critical vmDA positional markers such as 

LMX1A and FOXA2 were not endogenously expressed, and could not be induced by patterning cells 

during reprogramming. This suggested that iNP-derived TH+ cells were not authentic vmDA neurons, 

and therefore would not be ideal for downstream applications, such as disease modelling and cell 

replacement therapy. It was hypothesised that the addition of exogenous vmDA-related transgenes could 

induce an authentic vmDA progenitor fate in iNP cells. LMX1A and FOXA2 were good candidates for 

this task as LMX1A has been widely used in direct reprogramming strategies, and together with FOXA2 

was used to induce a dopaminergic fate in human BAM-reprogrammed induced neural cells [243].  

 The combination of vmDA transgenes and priming has little effect on the 
acquisition of a vmDA progenitor identity 

In Study One, cells were transfected with different combinations of genes and cultured in standard 

reprogramming conditions, or primed with SHH/CHIR, with FGF8 added for either the full duration of 

reprogramming, or for the latter phase of reprogramming. The addition of alternative transgenes had little 

effect on the pattern of gene expression in day 31 iNP cells, regardless of priming conditions. 

Endogenous LMX1A and FOXA2 expression was not expressed in iNPs in which these transgenes has 

been employed, however PAX6 was only upregulated relative to HDFs in SOX2/PAX6-iNPs. Amongst 

the other genes examined, only minor differences were observed between the different transfection 

conditions under unprimed conditions, such as reduced GLI3 and elevated PITX3 expression in 

unprimed SOX2/LMX1A-iNPs relative to HDFs. However these differences were not repeated under the 

same conditions in Study Two and inter-experimental variability in the expression of PITX3 in iNPs has 

previously been observed in unprimed SOX2-iNPs in Chapter Four.  

Priming in conjunction with SOX2/LMX1A±FOXA2 had little effect on the expression of vmDA markers 

in iNP cells. SHH/CHIR/lateFGF8 increased NURR1 expression in SOX2/LMX1A/FOXA2-transfected 

cells, but not in other conditions. However, it seems unlikely that this was caused by the inclusion of 

LMX1A/FOXA2, as NURR1 upregulation by priming was sometimes observed in SOX2-iNPs in Chapter 

Four, and was observed in Study Two of the present chapter, in SHH/CHIR/earlyFGF8-primed 

SOX2/LMX1A-iNPs. Although the combination of priming and SOX2/LMX1A±FOXA2 did not induce 

many vmDA-related gene expression changes, one noteworthy observation was the effect of priming 

with FGF8 on GLI1 expression. Across multiple studies in the present chapter, GLI1 was consistently 

down-regulated by priming with full duration FGF8, regardless of transfection condition, and was also 

downregulated in SOX2 and SOX2/PAX6-iNPs primed with SHH/CHIR/lateFGF8. It seems likely that the 

down-regulation observed here is due to FGF8 in the media, since priming without FGF8, as in Chapter 

Four, or in Studies Two and Three, saw no such downregulation of GLI1. While GLI3 is known to have 

a role in regulating FGF8 expression in vivo [374, 375], how FGF8 might be affecting GLI1 expression 

here is unclear. 

The literature about the importance of FGF8 in patterning stem cells towards a vmDA fate is mixed [190, 

193-195, 280, 373], however it was reasoned that while perhaps nonessential, the addition of FGF8 to 

the reprogramming media was unlikely to be harmful to the acquisition of a vmDA fate. In addition to the 
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effect on GLI1 expression, Studies One to Three found that the addition of full duration FGF8 had a 

beneficial effect on the TUJ1+ yields upon differentiation, however the yield of TUJ1+ cells co-expressing 

TH or AADC was not always enhanced by SHH/CHIR/fullFGF8-priming. The increased yields of 

AADC+/TUJ1+ cells in SHH/CHIR/fullFGF8-primed SOX2/LMX1A-iNPs in Study One was not 

reproduced in Studies Two and Three, however, full duration FGF8 was consistently better than shorter 

periods for improving TUJ1+ cell yields. Another LF- mediated direct-to-iNP reprogramming study using 

rat embryonic fibroblasts reported similar results to the present chapter, showing that that when FGF8 

was added during reprogramming, the yields of TUJ1+ and TH+ cells were improved upon differentiation 

by NURR1/FOXA2 overexpression + BDNF/GDNF/dibutyryl cAMP/ascorbic acid [280]. The results of the 

present chapter suggest that while the addition of FGF8 can enhance the yields of TUJ1+ neuronal-like 

cells from iNPs, this was not specific to dopaminergic neuronal-like cells. It would be interesting to see if 

FGF8 would have the same effect in the absence of concurrent SHH/CHIR priming, however it is unlikely 

that such a condition would support the acquisition of a vmDA fate.  

The lack of consistent improvement in the yields of TH+/TUJ1+ or AADC+/TUJ1+ cells by priming with 

FGF8 was in contrast to the effect of FGF8 on floor plate-patterned human embryonic stem cells, where 

FGF8 not only enhanced expression of NURR1, but also the proportion of neurons that were 

FOXA2+/TH+ [195]. Another more recent study indicated that time-dependent FGF8b exposure is 

important for generating caudal vmDA progenitors from human embryonic stem cells, which showed 

improved outcomes in transplant studies [373]. While priming SOX2/LMX1A-iNPs with 

SHH/CHIR/fullFGF8 improved TUJ1+ cell yields, TH+/TUJ1+ and AADC+/TUJ1+ cell yields were not 

consistently improved between studies. This led to the question of what other cell types are present in 

the culture. Consistent with Chapter One, no ChAT+ or 5HT+ cells were observed, however when cells 

were stained with TUJ1+ and the glial marker S100B, TUJ1+ cells frequently co-stained with S100B. 

This suggests that differentiated TUJ1+ cells may not be fully committed to a neuronal fate. In addition 

to astrocytes, S100B is also expressed in radial glial cells and FGF2/EGF-expanded neural progenitor 

cells [345, 360] so the presence of S100B in TUJ1+ cells may indicate that these cells are not fully 

differentiated. Without a strong commitment to a neuronal fate, iNP-derived neural cultures are unlikely 

to show mature functional properties [357, 359], and this may explain a lack of commitment to 

neurotransmitter phenotypes.  

Another question investigated in the present chapter was if a vmDA identity could be induced in 

SOX2/LMX1A-iNPs by increasing SHH concentration. Previous studies have improved the yields of 

vmDA progenitors/neurons by optimising the concentration of recombinant SHH [190, 195]. Study Three 

found that increasing the concentration of SHH-C24II had no effect on the acquisition of a vmDA fate in 

SOX2/LMX1A-iNPs primed with SHH/CHIR±fullFGF8. The efficacy of SHH in patterning towards a vmDA 

fate is not only a function of concentration, but also timing and the expression of other genes. It seems 

likely, therefore, that the concentration of SHH used herein is not inadequate, but rather that other factors 

are insufficient. In comparison to embryonic stem cell-derived floor plate precursors, iNP cells express 

comparable or higher levels of the late vmDA markers NURR1 and PITX3, (see Appendix, Section 7.6), 

suggesting that iNP cells may be developmentally too mature to respond to patterning.    

In addition to examining the addition of vmDA-related transgenes, the presence of FGF8, and the 

concentration of SHH, the present chapter also examined the effect of density and iNP age on 
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differentiation outcomes. In Chapter Three, it was found that the yields of TUJ1+ cells were reduced with 

longer time in culture, possibly as a result of cell death or due to a lack of commitment to a TUJ1+ 

neuronal-like fate. In Study Four it was shown that between 30,000 – 60,000 cells/cm2, the effect of 

seeding density was minimal on the yield of TUJ1+ or TH+/TUJ1+ cells. By contrast, day 31 iNPs yielded 

greater numbers of TUJ1+ cells than day 38 or day 45 iNPs. This is consistent with some other direct-

to-iNP reprogramming studies [271, 281], however others report no difference in differentiation potential 

over time [257, 277]. It is well known that neurospheres lose their neurogenic potential with extended 

passaging [376], and similar mechanisms may be at play in determining the neurogenic potential of iNP 

cells.  

Overall, however, the addition of LMX1A/FOXA2 to the reprogramming cocktail, with or without priming, 

did not act to induce a vmDA progenitor fate. It is possible that the transient nature of plasmid transfection 

means that the transgenes might not be expressed for long enough to initiate endogenous vmDA-related 

gene expression programs, or that any changes induced by LMX1A/FOXA2 are not sustained. Most 

other protocols that employ vmDA-related transgenes use systems in which transgene expression is 

sustained for longer, such as by using viral vectors, with or without doxycycline transgene regulation 

[242, 243, 281, 282], or alternatively by repeated transduction of recombinant proteins every 48 hours 

for two weeks [285]. By using plasmid transfection, which is not only transient but also has low efficiency, 

the efficacy of LMX1A/FOXA2 at inducing a vmDA-fate may be compromised, and only effective in the 

fraction of cells which take up the plasmids. While the use of transiently expressed, non-integrating 

vectors presents advantages for clinical translation, this strategy may not be sufficient for the purpose of 

generating vmDA progenitors from adult human fibroblasts. Future work could investigate the use of 

alternative gene expression systems, such as the use of lentiviruses, stabilised RNA or Sendai viruses. 

Sustained, widespread transgene expression in conjunction with patterning molecules may be more 

effective at inducing a vmDA progenitor fate in directly reprogrammed iNPs derived from adult human 

somatic cells. 

 Chemical reprogramming 

In the last few years a number of studies have been published indicating that by small molecule activation 

of key signalling pathways, somatic cells can be reprogrammed into pluripotent stem cells, neural stem 

cells and neurons [167, 240, 241, 276-278]. To date, much of this work has been carried out on rodent 

cells and very few TH+ cells have been generated from chemically reprogrammed human cells [240]. It 

was thought that in addition to the use of transgenes, the reprogramming conditions in the direct-to-iNP 

reprogramming strategy used in the present thesis contributed strongly to the process of reprogramming. 

The addition of LMX1A/FOXA2 appeared to contribute little to the fate of iNP cells, whereas in Chapter 

Four and in the present chapter, sustained exposure to patterning molecules affected the expression of 

a number of genes as well as the differentiation potential of iNPs. Therefore, Study Five examined if the 

media component of reprogramming might be sufficient for reprogramming. Two reprogramming 

strategies were selected for a pilot experiment to investigate the requirement for transgenes in this 

system.  

While this study did not investigate the expression profile or proliferative capacity of vehicle-transfected 

iNP-like cells, TH+/TUJ1+ and AADC+/TUJ1+ cells were differentiated from these cells, suggesting that 
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reprogramming conditions in the absence of transgene expression did generate iNP-like cells. 

Undoubtedly, more work is required to characterise iNP-like cells derived by chemical reprogramming, 

nonetheless, neuronal-like differentiation was observed from mock-iNPs derived from two individuals, 

each of which was reprogrammed under two different culture conditions (unprimed, or 

SHH/CHIR/fullFGF8-primed). This supports the idea that reprogramming induced a neural precursor cell-

like state.  

How the culture conditions used here mediate reprogramming is an interesting question. Chemical 

reprogramming studies focus on the activation of particular signalling pathways, and some of these 

pathways appear to be at work in direct-to-iNP cell reprogramming. Reprogramming medium contains 

the HDAC inhibitor valproic acid which has been used widely in other chemical reprogramming strategies 

[240, 276, 278, 377]. Additionally, Zhang et al. (2016) highlighted the importance of SHH and FGF2 

signalling pathways in chemically reprogrammed iNS cells, which mediate their effects through GLI2 and 

ELK1, respectively [277]. Although the expression of these genes was not examined in iNP cells, GLI1 

is upregulated in late iNPs, regardless of transfection conditions, even in the absence of SHH exposure, 

suggesting that reprogramming conditions may facilitate a GLI activation state, which might contribute to 

reprogramming. Similarly, GSK3 inhibition, either through CHIR99021, LiCl or Li2CO3 is important for 

chemical reprogramming [276, 277, 377]. The upregulation of LEF1 in iNPs suggests that even in the 

absence of CHIR-priming, some degree of GSK3 inhibition might be occurring during reprogramming, 

possibly through endogenous WNT signalling. Future studies could examine the effect of other small 

molecules to determine if direct-to-iNP reprogramming of adult human cells can be achieved and/or 

enhanced by additional chemical components. Based on the other chemical iNS cell studies, prospective 

pathways to examine would be TGFβ inhibition, SHH activation, FGF2 signalling, epigenetic modulation 

and cell survival promotion through inhibition of autophagy and/or the Rho/ROCK pathway. Additionally, 

hypoxic conditions may benefit chemical reprogramming to an iNP fate [276, 277]. 

An intriguing result of Study Five was that neuronal yields were greater from mock-iNPs in comparison 

to SOX2/PAX6- or SOX2/LMX1A-iNPs under patterning conditions, regardless of whether patterning 

agents were applied during or after reprogramming. By contrast, in the absence of patterning molecules, 

the yields were unchanged between SOX2/PAX6-iNPs and mock-iNPs. The reason for this differential 

response to patterning molecules is unclear. Activation of FGF2 and SHH signalling pathways were 

found to be amongst the most important pathways for the generation of chemical-iNS cells [277, 278]. 

However, even if a GLI activation state is enhanced by SHH patterning, this would not explain why 

SOX2/PAX6- or SOX2/LMX1A-transfected cells showed lower differentiation yields under the same 

media conditions. This suggests that there is some detrimental effect, either as a result of SOX2/PAX6 

and SOX2/LMX1A overexpression, or the use of plasmid DNA, on the responsiveness of iNPs to 

patterning molecules. Without further investigation it is difficult to conjecture as to how this might occur. 

Perhaps transfection-mediated cellular toxicity has ongoing effects in surviving cells which alters cellular 

response to patterning agents. Plasmid transfection activates DNA damage pathways which can lead to 

p53-dependent apoptosis, which involves the production of reactive oxygen species [378, 379]. Oxidative 

stress has been linked to SHH signalling in other systems. For example, in mouse mesenchymal 

embryonic fibroblasts (C3H10T1/2 cells), oxidative stress can inhibit SHH signalling and osteoblast 

differentiation [380]. The SHH pathway was also impaired by oxidative stress in rat neonatal 
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cardiomyocytes, and diabetic mice with myocardial infarction, but could be reactivated by reducing levels 

of reactive oxygen species via the antioxidant Tempol [381]. It is possible that DNA transfection induces 

an ongoing state of oxidative stress, which might impair cellular responses to SHH signalling. Therefore, 

under less toxic culture conditions, such as vehicle-transfection, iNP cells may have an improved 

capacity to respond to patterning molecules.  

 Conclusions 

In summary, the present chapter has found that the addition of transiently expressed LMX1A with or 

without FOXA2 to the reprogramming cocktail has minimal effect on the acquisition of a vmDA fate in 

iNP cells, with or without priming. Further examination of other priming agents, such as the concentration 

of SHH-C24II or the addition of FGF8b, found that these factors had little effect on vmDA gene 

expression. While FGF8 addition to the medium for the duration of reprogramming enhanced the yields 

of TUJ1+ neuronal-like cells, this was not specific for dopaminergic-like cells. Finally, a pilot experiment 

indicated that in the absence of transgenes, reprogramming conditions might be capable of generating 

iNP-like cells that are responsive to patterning agents, however further examination is required. 

Nonetheless, to my knowledge, this is the first report of the generation of dopamine neuronal-like cells 

from human chemically reprogrammed iNP-like cells. 
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 General Discussion  

Lineage specific factor (LF)-mediated direct-to-iNS/iNP cell reprogramming is a relatively new technology 

that offers a number of advantages over iPS and iN cell reprogramming technology. Human pluripotent 

stem cells have the advantages of being expandable and capable of giving rise to any cell type. 

Additionally, a wealth of knowledge and culture protocols are available for investigators following nearly 

two decades of global research. Nonetheless, the timeframe to produce and validate iPS clones, as well 

as differentiate them into functionally mature neurons is extensive, there is a risk of residual teratoma-

forming pluripotent stem cells for cell therapy applications, and modelling age-related diseases in 

rejuvenated cells presents a challenge. By contrast, direct-to-iN cell reprogramming offers a faster 

alternative in which cells maintain age-related phenotypes. However iN cells cannot be expanded and 

the generation of authentic ventral midbrain iDA cells from adult human cells has thus far been limited. 

While direct-to-iNS/iNP cell reprogramming is a newer, and less developed technology, it offers an 

intermediate strategy in which cells with varying degrees of proliferative capacity are generated, which 

may not be rejuvenated, and which requires less time than iPS cell reprogramming to generate the final 

product [289]. There is great potential for directly reprogrammed iNS/iNP cells to contribute to PD 

research, and therefore further development of this technology is warranted.  

 Summary of main findings 

This thesis aimed to generate vmDA neurons from adult human cells using LF-mediated direct-to-iNP 

cell reprogramming. In Chapter Three, time course experiments showed that SOX2/PAX6-iNP cells 

express a range of neural stem/precursor and regional genes and do not appear to show a specific 

regional identity. Nonetheless, SOX2/PAX6-iNP cells expressed NURR1 and PITX3 and could be 

differentiated into neuronal-like cells that expressed a range of dopaminergic markers, including TH, 

AADC, VMAT2 and GIRK2. To my knowledge, this is the first report to describe the potential for adult 

human somatic cells to be converted into dopamine neuronal-like cells via non-viral LF-mediated direct-

to-iNS/iNP cell reprogramming. Only one other LF-mediated direct-to-iNS/iNP cell reprogramming 

method has reported the generation of TH+ cells from adult human cells, and this was achieved by viral 

methods of transgene introduction, and further characterisation of a dopaminergic identity was not shown 

[271]. Chapter Three went beyond this by examining a broader range of markers of a vmDA fate.  

As authentic A9-like dopamine neurons are required for downstream applications, Chapters Four and 

Five aimed to further optimise the generation of vmDA neurons through this method. Exposure to 

appropriate patterning molecules is important for differentiating neural stem cells to adopt desired 

regional fates. Chapter Three found that application of SHH/FGF8 to pre-established iNP cells did not 

enhance dopaminergic differentiation. Consequently, Chapter Four investigated the addition of 

patterning molecules into the reprogramming medium. The effect on gene expression of different 

combinations of molecules, as well as the timing of patterning, was examined. Exposure to CHIR99021 

(to mimic canonical WNT signalling) alone, or with SHH signalling via SHH-C24II or purmorphamine, for 

the full duration of reprogramming, increased the expression of select vmDA genes, such as PITX3 and 

NURR1, but not earlier markers. However long-term patterning with CHIR99021 appeared to cause 

cellular toxicity, yet shorter, restricted periods of exposure to the same molecules could not bring about 
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the same changes in a lasting manner. As PAX6 may be detrimental to the generation of an authentic 

vmDA identity, the requirement for PAX6 transfection was then studied, and it was found that iNP-like 

cells comparable to SOX2/PAX6-iNP cells could still be generated from SOX2-transfected cells, however 

PAX6 protein was still expressed in SOX2-iNP cells. Further examination into the effect of patterning 

molecules on SOX2-iNPs found that restricted exposure to pattering molecules was largely insufficient 

to induce a true vmDA fate.  

Overexpression of genes involved in the specification of a vmDA fate has been widely used in stem cell 

and fate conversion studies. Chapter Five found that the addition of transiently expressed 

LMX1A/FOXA2 with or without patterning molecules did not induce a vmDA fate in iNP cells, as 

determined by gene expression analysis and differentiation capacity. Further patterning with FGF8b or 

a high concentration of SHH-C24II had little effect on the acquisition of a vmDA fate. Nevertheless, the 

addition of FGF8 to the medium for the full duration of reprogramming increased the yield of TUJ1+ 

neuronal-like cells following differentiation, however this effect did not consistently improve the yields of 

dopamine neuronal-like cells.  

Chapter Five also investigated the requirement for transgenes in direct-to-iNP cell reprogramming, by 

transfecting cells with a vehicle or with SOX2/PAX6 or SOX2/LMX1A plasmid DNA, and culturing cells 

in reprogramming medium. Cells were either not exposed to patterning molecules at all, or exposed to 

patterning molecules during or after the reprogramming process. This study found that TH+/TUJ1+ and 

AADC+/TUJ1+ cells could be generated in the absence of transgene expression. Furthermore, yields 

were higher in mock-transfected reprogrammed cells than SOX2/PAX6- or SOX2/LMX1A-transfected 

cells, if they were exposed to patterning molecules. This suggested that not only might the chemical 

component of reprogramming be sufficient for reprogramming, but plasmid transfection may actually be 

detrimental. While these findings require further elaboration to determine the iNP-like identity of cells 

generated in the absence of transgenes, this suggested that chemical reprogramming of adult human 

cells to an iNP fate for the generation of dopamine neurons may be possible, which to my knowledge, 

has never been reported until now.  

 Acquisition of an authentic vmDA fate  

For disease modelling of PD in vitro, as well as cell therapy applications, it is important that differentiated 

cells resemble, as closely as possible, authentic human A9 dopamine neurons. It is also important that 

adult human cells can be reprogrammed, as donors with recognised PD will mostly be aged individuals. 

While these requirements have been achieved in iPS cells, to date the generation of authentic vmDA 

neurons from adult human cells through direct reprogramming strategies has been limited. Most other 

direct-to-iNS/iNP reprogramming studies have been conducted in rodent cells, or in human foetal or post-

natal cells. In the present thesis, somatic cells from donors between the ages of 39 and 56 were 

reprogrammed into iNP cells. Upon differentiation, iNPs gave rise to neuronal-like cells which expressed 

some markers of a dopaminergic phenotype (TH, AADC, DAT, VMAT2, and GIRK2), however critical 

markers demonstrating the correct regional identity were not expressed in iNP cells (FOXA2, LMX1A/B).  

Mature functionality of iNP-derived neuronal-like cells, such as electrophysiological characteristics, 

dopamine release, or survival, differentiation and integration upon engraftment into the brain, was not 

demonstrated in this thesis. The functionality of these cells will undoubtedly need to be examined, 
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however the variable and often very low yields of dopamine neuronal-like cells within the cultures, as 

well as the lack of good reporter systems for human dopamine neurons, prevented electrophysiological 

characteristics from being thoroughly investigated. The widespread co-expression of glial and neuronal 

markers in differentiated cultures suggested that appropriate maturation may not be occurring during 

differentiation, and further cues may be required. Limited maturation of stem cell-derived neuronal 

cultures is not an issue restricted to iNP cells, and efforts to improve maturation in other stem cell-derived 

cultures may be suitable for iNP-derived cells, such as the use of astrocyte feeder layers, or astrocyte-

conditioned media [382, 383], alternative substrates/matrices [384], improved physiological relevance of 

media [312], and/or pro-neural gene overexpression [313].  

Through the addition of patterning molecules and/or the addition of vmDA transgenes, this thesis aimed 

to bias cells undergoing LF-mediated direct-to-iNP reprogramming towards a vmDA progenitor fate. 

Overall, this approach appeared to be insufficient to induce an authentic vmDA fate in iNP cells. It is 

possible that iNP cells are at too late a developmental time frame to be directed to a vmDA fate. While 

iNP cells expressed NURR1 and PITX3, these are post-mitotic markers of vmDA cells, and earlier 

markers such as FOXA2 and LMX1A could not be induced. Additionally, SOX2/PAX6-iNP cells showed 

widespread expression of anterior neuroepithelial markers, such as PAX6, FOXG1 and SOX1. Ventral 

midbrain dopamine neurons originate from the floor plate, rather than the overlying neuroepithelium, a 

region which does not express PAX6 or SOX1 [99, 192, 349, 385, 386]. Future studies may be more 

successful at generating authentic vmDA progenitors through LF-mediated direct-to-iNS/iNP cell 

reprogramming by specifically aiming to generate floor plate progenitors, rather than by manipulating a 

method for generating neuroepithelial-like precursors. How this might be achieved is an interesting 

question. It is very likely that strong SHH signalling and/or GLI1 or FOXA2 overexpression, along with 

WNT1 signalling and/or LMX1A overexpression, to caudalise to the midbrain, will be required. However, 

signalling through these pathways was examined in the present thesis and appeared to be insufficient. 

Additional chemical components to facilitate reprogramming and suppress a fibroblast identity may also 

be required. For example TGFβ inhibitors are important not only for neural induction of pluripotent stem 

cells, but also for fate conversion by chemical reprogramming [184, 240, 276-278]. Signalling through 

the p38 MAPK and JAK2/STAT3 pathways are implicated in floor plate specification from human 

pluripotent stem cells [349], and targeting these pathways may be another option for floor plate 

specification. To my knowledge, such an extensive study aiming to induce a vmDA fate in adult human 

iNP cells has not been attempted until this point, therefore this research contributes valuable knowledge 

to the field of somatic cell reprogramming. 

This thesis sought to follow developmental principles to generate iNP cells with a bias towards a vmDA 

fate. However, new vmDA neurons are not thought to arise during adulthood in the mammalian 

substantia nigra [387]. Therefore, deriving authentic, expandable vmDA progenitors from cells that 

haven’t been rejuvenated to an embryonic state may not be possible, as there is no known in vivo 

counterpart in the adult human brain. By contrast, PF-reprogrammed iNS/iNP cells may show a greater 

propensity to this lineage [283] because they are reprogrammed to a transient pluripotent state [259, 

260]. These cells may therefore be developmentally more juvenile than LF-reprogrammed iNS/iNP cells, 

with a more plastic epigenetic state, and consequently more amenable to patterning. As a result of 

cellular rejuvenation, however, PF-reprogrammed cells would require in vitro ageing to model age-related 
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phenotypes. Disease-related epigenetic markers may be erased by cellular rejuvenation, so examining 

the contribution of these factors in disease conditions may be problematic in methodologies that rely on 

massive chromatin remodelling. It is currently unknown whether LF-reprogrammed iNS/iNP cells are 

rejuvenated, however directly reprogrammed iN cells are not [287-289]. Pluripotency factor-

reprogrammed iNS cells, iPS cells and adult neural stem cells show higher rates of chromosomal 

abnormalities than iN cells or LF-reprogrammed iNS cells, suggesting that the mechanism for 

reprogramming in the latter does not involve dedifferentiation [261]. Another study found that SOX2 could 

not replace OCT4 in PF-mediated direct reprogramming [315], suggesting that different mechanisms 

mediate LF- and PF-reprogramming strategies. Nevertheless, more work is required to definitively 

resolve if LF-reprogrammed iNS/iNP cells are rejuvenated.  

While striving to mimic developmental events is desirable in order to produce authentic vmDA neurons, 

it is important to note that our understanding of vmDA neurodevelopment remains incomplete, and even 

floor plate-based protocols for differentiating pluripotent stem cells do not mimic in vivo development 

perfectly. Recent evidence indicates that some adult dopaminergic subtypes arise postnatally, 

suggesting that early patterning events may not be fully responsible for the final fate of vmDA progenitors, 

but later environmental cues may play a role [388]. Understanding these cues may provide valuable 

clues as to how progenitors may be matured in vitro. Another recent report found that genes that have 

been widely used in combination as markers of the vmDA lineage (LMX1A/B, FOXA1/2, OTX2, MSX1, 

NURR1) also mark cells that give rise to glutamatergic neurons of the subthalamic nucleus (STN), which 

develop immediately rostral to the vmDA domain [389]. Consequently, further markers are required to 

delineate these populations, and adapting differentiation protocols is required to ensure vmDA neurons 

are derived rather than STN neurons, for example by late exposure to FGF8b to enhance caudalisation 

[373].  

In the present thesis, LMX1A and FOXA2 were transiently expressed by plasmid transfection, however 

such a short duration of vmDA gene expression may be insufficient to induce a vmDA iNP fate. Sustained 

overexpression of vmDA genes could be another strategy to derive vmDA iNP cells, however, this has 

not been overly successful in iDA studies, despite an extensive number of genes being employed (see 

Chapter One, Figure 1.10). Other iNS/iNP cell reprogramming strategies have used prolonged 

overexpression of vmDA genes in rodent cells [281, 282]. In the non-integrating, transient expression 

system used by Mirakhori et al. (2015), the vmDA identity of iNP cells was examined during, or 

immediately after the period of TAT-LMX1A protein transduction, thus it is unknown if a vmDA identity is 

sustained in the long-term [285]. While forced expression of genes such as LMX1A, FOXA2 and/or 

NURR1 may be useful, it would be desirable to use non-integrating transgene expression systems, 

and/or systems where transgene expression can be controlled, e.g. by doxycycline, to determine if the 

vmDA identity of iNS/iNP cells relies on sustained transgene expression. A stable vmDA phenotype in 

the absence of transgene expression is desirable for future clinical applications. Consequently, following 

developmental principles and using small molecules and/or recombinant proteins, akin to many 

pluripotent stem cell methods, would be ideal. Due to the difficulty in reprogramming adult human 

fibroblasts [372], future studies may find it more propitious to optimise patterning conditions on younger 

human cells, such as human foetal fibroblasts.   
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Finally, an important consideration regarding the utility of methods for deriving vmDA neurons from stem 

cells for disease modelling and cell-based therapies, is that while these cells offer much promise for 

understanding and treating the motor symptoms of PD, significant and disabling non-motor symptoms 

also exist in PD [390]. Many of these symptoms are not treated by dopamine replacement, therefore 

transplantation of foetal mesencephalic tissue, and probably stem cell-derived vmDA neurons, will not 

treat all symptoms of PD [391, 392]. Nevertheless, a number of non-motor symptoms do appear to be 

related to dopamine cell loss [393]. Additionally, using reprogramming to derive alternative cell fates may 

still provide a useful platform for studying symptoms that may arise from other cell populations, as has 

been described in PD sensory neurons [394]. 

 Requirements to improve the utility of iNP cells for future applications 

In addition to the requirement for authentic, human A9-like vmDA neurons to be derived from adult 

human somatic cells, there are a number of other requirements that iNP reprogramming technology will 

need to meet in order to be useful for future applications. More immediate requirements for basic 

research applications include the requirement for an expandable source of neural stem/precursor cells 

that show a high degree of reproducibility. Other requirements are more long-term issues that must be 

considered as this technology approaches clinical translation. Assuming authentic, functional, human 

vmDA neurons can be generated, future studies will need to consider protocol adaptability to safe, non-

integrating methods of gene expression, and scalable, xeno-free, defined, good manufacturing practice 

(GMP)-compliant conditions that allow for cryopreservation of iNS/iNP cells without suffering any loss of 

functionality [226, 395]. It has been with an eye towards future applications that this thesis employed 

non-viral transgene expression and mostly defined reagents to mediate reprogramming. This is in 

contrast to most other direct-to-iNS/iNP cell reprogramming methods, which employ integrating viral 

vectors, feeder layers, or other poorly defined reagents, such as matrigel and serum. Some of the 

requirements for future applications will be discussed in the following sections. 

 The requirement for high yields of vmDA neurons 

The present thesis examined the induction of a vmDA fate not only by investigating the expression of 

vmDA-related genes, but also by determining if the yields of dopamine neuronal-like cells were enhanced 

under different reprogramming conditions. As discussed in Chapter One, Section 1.3.2.2, the optimal 

yield of dopamine neurons for grafting is debatable. Throughout the present thesis, TUJ1+ cell yields out 

of total cells have ranged from 0 – 46% and TH+/TUJ1+ cell yields have ranged from 0 – 14%. This is 

the first time that the yields of TH+ cells from adult human chemical- or LF-reprogrammed iNP cells have 

been reported. While disease modelling studies have been performed on cultures with similar yields 

(10% TH+/TUJ1+/total cells [301]; 11 – 16% TH+/TUJ1+/total cells [304]; ~11% TH+/TUJ1+ [305]; ~15% 

TH+/TUJ1+/total cells [298]), ideally higher yields would be obtained to permit subtle phenotypic 

alterations to be detected [309, 396]. Nevertheless, while enrichment of dopamine neurons is important, 

100% pure neuronal populations are not physiologically relevant, and neurons are likely to require glial 

cells for trophic support. It will be important to determine the identity of non-dopaminergic neurons in the 

culture, particularly for cell therapy applications. At present, it does not appear that serotonergic neurons 

are present in the culture, however future work should confirm this with other serotonergic markers, such 
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as TPH2 (tryptophan hydroxylase 2, the rate-limiting enzyme for the synthesis of 5HT) and SERT (the 

serotonin transporter).  

 The requirement for a homogenous population of neural stem/precursor cells 

A contributing factor to the low yields of neuronal-like cells could be the heterogeneity observed in iNP 

cultures. In Chapter Four, SOX2-iNP cell cultures showed heterogeneous expression of the neural stem 

cell, proneural and regional markers examined. The very low levels of proliferation in iNP cultures, 

despite reasonably broad expression of neural stem/precursor markers, indicates that reprogramming 

may occur in a cell autonomous and stochastic manner, rather than by giving rise to a few iNP clones 

which proliferate and take over the culture. Heterogeneity may be exacerbated by variable uptake of 

transfected plasmids. Although transfection with fluorescent reporter plasmids indicated that most 

transfected cells were co-transfected, many cells remained untransfected, and there may be 

subpopulations of cells that only take up one of the plasmids. This may contribute to a heterogeneous 

culture with varying expression of neural progenitor markers and a varying capacity to give rise to 

neuronal progeny. Improving the homogeneity of iNP cell cultures should improve reproducibility 

between experiments and reduce the contamination of non-neural cell types. Suggested methods for 

this include sorting on the basis of cell surface markers, such as CORIN [86, 213], CD56 (NCAM1) and 

CD133 [212] or novel targets yet to be fully characterised [230]; sorting for fluorescent reporters post-

transfection; or manually picking and expanding neurosphere-like colonies. However these methods are 

likely to vastly diminish the number of recovered cells, and may be unfeasible with plasmid transfection-

mediated reprogramming. Using alternative, more efficient methods of gene transduction may improve 

iNP homogeneity by ensuring a larger population of cells take up the reprogramming factors. 

 The requirement for an expandable source of cells 

For disease modelling it is important that abundant neuronal cells can be generated to allow for an array 

of assays to be performed. For this reason, even if the initial conversion efficiency of a given method is 

low, if the cells can be amply expanded and retain a stable karyotype, then the method should be 

suitable. Direct-to-iNS/iNP cell reprogramming studies report vastly different proliferative capacities (see 

Chapter One, Tables 1.1 – 1.3), and this may depend on where on the spectrum between pluripotent 

stem cell and neuroblast these cells fall. Induced neural precursor cells generated by the methods 

described in this thesis show little proliferative capacity. While some KI67+ cells were observed in 

SOX2/PAX6-iNP cells, cell numbers declined with time in culture. The inefficiency of this technology is 

compounded by the large drop in cell numbers brought about by plasmid transfection-induced toxicity. 

The lack of proliferative ability may be due to iNP cells being more of a neural precursor than a stem cell, 

nonetheless this limits the suitability of this technology for future applications.  

An alternative explanation for the lack of expandability of iNP cells, is that iNS/iNP cells may not be fully 

reprogrammed to a neural stem cell fate akin to those derived from pluripotent stem cells. Several studies 

have recently been published suggesting that, unlike a previous report [270], SOX2 alone is insufficient 

to reprogram human fibroblasts to a truly iNS/iNP-like fate [271, 315, 354]. Even under conditions of near 

100% transduction efficiency, expression of neural stem cell markers was heterogeneous in SOX2- and 

SOX2/MYC-iNS cells derived from human foetal fibroblasts [354]. This study reported that while iNS cells 

upregulated many neural stem cell markers, mesenchymal markers were still expressed; moreover not 
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all reprogramming attempts yielded iNS-like cells, iNS cell proliferation rates were low, and the 

differentiation capacity of iNS cells was poor in comparison to neural stem cells derived from H9 

embryonic stem cells or iPS cells [354]. Mitchell et al. (2014) reported low expression of KI67 and 

declining cell numbers in SOX2-reprogrammed adult human fibroblasts, despite the formation of 

neurosphere-like aggregates and upregulation in the expression of neural fate genes [315]. This is very 

similar to results presented in this thesis, where LF-reprogrammed iNP cells lacked proliferative capacity, 

and showed heterogeneous expression of neural stem/precursor markers. Collectively, these results 

indicate that SOX2-iNP cells, while showing a number of neural stem/precursor traits, are distinct from 

pluripotent stem cell-derived neural stem cells, and probably from PF-reprogrammed iNS cells. It seems 

probable that, consistent with these other reports, the methods used in the present thesis may not be 

bringing about complete reprogramming to a bona fide neural stem cell fate. This is probably 

compounded by a much lower efficiency of transgene expression than the 20% or 100% transduction 

efficiency reported in these studies.  

Senescence appears to be a key limiting factor for cellular reprogramming [397], which may especially 

influence the ability of adult human cells to be fully reprogrammed. Mouse fibroblasts overcome 

replicative senescence and become immortalised more easily than human cells [398, 399], and this may 

partially explain why reprogramming strategies tend to be more efficient in murine cells than human cells. 

Additionally, reprogramming efficiency decreases with cell donor age and time in culture, probably as a 

result of p53/p21-mediated cellular senescence [372]. In iPS and iN reprogramming, suppression of p53 

improves reprogramming efficiency [247, 400-403]. SOX2- and SOX2/MYC-iNS cells derived from 

human foetal fibroblasts have been reported to show signs of senescence, and this may be related to 

their incomplete acquisition of an iNS cell identity [354]. The addition of the chromatin architectural factor, 

HMGA2, seemed to be able to overcome senescent barriers in SOX2-mediated iNS cell reprogramming 

of human fibroblasts, umbilical cord blood-derived mesenchymal stem cells as well as CD34+ cells [271], 

possibly by indirectly repressing the tumour suppressors p16Ink4a and p19Arf [404]. However HMGA2 has 

also been reported to accumulate on chromatin in senescent human fibroblasts, where it plays a role in 

proliferative arrest [405], therefore the role of HMGA2 in senescence may be complex and context-

dependent. Future studies should investigate targeting pathways that mediate cellular senescence, as 

the proliferative capacity of iNP cells derived from adult human donors needs to be adequate to be a 

viable source of cells for disease modelling and transplantation applications.  

Other strategies to improve the generation of proliferative iNS cells could include the use of small 

molecules and/or increasing the duration of transgene expression. A recently published LF-mediated 

direct-to-iNS cell reprogramming study indicated that at least 24 days of transgene exposure was 

required to induce stable iNS cells by ZFP521, with shorter durations giving rise to partially 

reprogrammed cells [273]. Other direct reprogramming studies have demonstrated a requirement for 

long-term transgene expression [242, 282], and it is possible that transient expression of SOX2, as used 

in this thesis, may simply be insufficient to induce a lasting change in cell fate. Moreover, Shahbazi et al. 

(2016) reported that, in contrast to murine, human foetal and human post-natal fibroblasts, adult human 

dermal fibroblasts required additional small molecules (valproic acid, SB431542 and CHIR99021) along 

with hypoxic conditions to bring about reprogramming [273]. As previously mentioned, adult human 

fibroblasts are more difficult to reprogram than younger human cells or murine cells, possibly due to 
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senescence. The combined use of senescence-prone adult human cells, in conjunction with transient 

and inefficient transgene expression may have contributed to an insufficiently reprogrammed iNP cell 

type in the present thesis. The addition of the HDAC inhibitor valproic acid to reprogramming media 

probably assisted with reprogramming, however additional chemical mediators of neural fate conversion 

and chemical reprogramming, such as TGFβ and GSK3 inhibitors may be required [184, 186, 240, 241, 

276-278, 406]. While CHIR99021 was applied in the present thesis to mimic WNT signalling, it may also 

play a role in the reprogramming process.  

 The requirement for efficient, non-integrating methods of reprogramming 

Although improving the efficiency and lengthening the duration of transgene expression, along with 

investigating alternative transgene use, may improve reprogramming efficiency and vmDA fate 

acquisition, Chapter Five suggested that chemical components of reprogramming media contribute 

extensively to iNP cell reprogramming. Chemical reprogramming would offer a number of benefits for 

downstream applications, such as the ease of use, a low cost and the avoidance of transgene integration. 

Throughout the present thesis a number of potential targets have been suggested, based on published 

studies. To summarise, these included signalling through the SHH, FGF2, p38 MAPK and JAK2/STAT3 

pathways; inhibition of cellular senescence, autophagy, Rho/ROCK, TGFβ and GSK3β signalling 

pathways; and the use of additional epigenetic modifiers. Hypoxia and/or antioxidant use may also 

facilitate reprogramming.  

Importantly, Chapter Five found that TH+/TUJ1+ and AADC+/TUJ1+ cells could be generated from adult 

human fibroblasts by chemical reprogramming, which has never been reported before. Undoubtedly, 

further characterisation of iNP-like cells generated by these means is warranted. Nonetheless, this study 

suggests that chemical reprogramming to a dopamine-like fate in adult human cells may be possible, 

and future studies should investigate signalling through the pathways mentioned above.  

In the event that chemical reprogramming is not sufficient to induce expandable, authentic vmDA iNP 

cells from adult human cells, transient, non-integrating methods of gene expression may be required. 

Non-DNA based strategies include Sendai viruses, modified RNAs or TAT-protein expression. The 

benefits of these methods will have to be weighed against the efficiency, toxicity and cost of these 

systems [274]. 

 The requirement for a high degree of reproducibility 

Variability between cell lines is an issue that must be considered for disease modelling applications. 

While the use of gene-editing technology, such as CRISPR/Cas9, to develop isogenic cell lines poses 

an attractive solution, it is important to consider that PD is a heterogeneous disease, that shows divergent 

disease courses in different patients, and that PD can be caused by a range genetic and non-genetic 

factors. Consequently, it may be important to use many cell lines to investigate if different mechanisms 

underlie the diverse pathologies observed in patients. Discrepancy between the neuronal yields from 

different donor cell lines was observed in this thesis. A number of studies have implicated variability 

between donors as being an important source of variability in the reprogramming efficiencies, 

differentiation potential, and transcriptional and epigenetic signatures of reprogrammed cells [407-409]. 

This could pose a significant problem for studies comparing between PD and normal subjects. It will 
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therefore be important for future studies to thoroughly characterise the cultures derived from PD and 

normal donors to ensure they are comparable. Alternatively, if the presence of disease affects these 

traits, large numbers of healthy and PD lines will be required to distinguish between inter-individual 

differences and disease-related phenotypes.  

Variability between cell lines may be compounded by inter-experimental variability. Inherent variability 

represents a major challenge to determining the effect of an experimental treatment, such as the addition 

of patterning molecules. In this thesis, some variability in gene expression and differentiation potential in 

the same cell line cultured under the same conditions was observed between different experimental runs. 

Where variability in qPCR results was observed, this was usually in genes that showed small fold 

changes (close to 2-fold), whereas genes with larger fold changes showed more reproducibility between 

experiments. Ideally, to determine if small changes represent true, reproducible, treatment-induced 

changes, replicates of all conditions would have been performed. However such an approach would 

have made the examination of a wide variety of priming and transfection conditions technically and 

financially unfeasible. Additionally, the importance of small changes in few genes is questionable when 

put into the context of a panel of vmDA genes and an assessment of differentiation capacity. To 

overcome these limitations, the approach taken in this thesis was to examine a variety of conditions in 

parallel, and in the event that one condition induced favourable changes in vmDA-related gene 

expression or differentiation potential, then this condition was repeated to determine the reproducibility 

of this effect.  

Inter-experimental variability is unsurprising given the very large number of factors that may contribute 

to successful reprogramming, and these cannot always be controlled between experiments. These 

factors could include batch-to-batch variability in the numerous cell culture reagents employed, the 

passage number and growth phase of HDFs used, and variable efficiency and cytotoxicity in plasmid 

transfections. Additionally, if reprogramming occurs in a stochastic manner [410, 411], different 

reprogramming experiments could give rise to cultures showing inconsistent degrees of fate conversion 

[315]. Inter-experimental variability is an issue that all biological studies must consider. Variability can be 

greater between runs than variability between treatment groups, as has been found in pluripotent stem 

cell-derived dopamine neurons [412, 413]. Even gold standard vmDA differentiation protocols show inter-

experimental variability, and one source of this has recently been overcome by identifying novel markers 

of vmDA neurons and optimising culture conditions [373]. Future experiments that aim to compare 

diseased and normal cell lines may be able to reduce some of this variability by running experiments in 

parallel, however this may not always be technically possible.   

 Conclusions 

In conclusion, the present thesis has demonstrated for the first time that adult human dermal fibroblasts 

can be reprogrammed by non-viral LF-mediated reprogramming to an iNP cell fate that is capable of 

giving rise to dopamine neuronal-like cells (TH+, AADC+, VMAT2+, DAT+ and GIRK2+). Despite 

extensive optimisation of patterning molecule exposure and vmDA transgene expression, iNP cells did 

not show characteristic expression of a wide range of vmDA regional markers. This thesis has also 

shown for the first time that catecholaminergic neuronal-like cells expressing TH and AADC can be 

generated from adult human fibroblasts by chemical means.  
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These are novel findings that contribute meaningfully to the field of somatic cell reprogramming; this 

research indicates that direct-to-iNS/iNP reprogramming by lineage specific factors or chemicals may be 

suitable for modelling PD in vitro using aged donor-derived cells. It is important to consider that the 

generation of authentic vmDA neurons from embryonic stem cells was reported in 2011 [193], 13 years 

after the first human embryonic stem cells were described [144]. By comparison, direct reprogramming 

strategies for neural stem/precursor cells are still in the early days of development, with the first reports 

of LF-mediated direct-to-iNS/iNP cell reprogramming in mouse, human foetal and adult human cells 

being published in 2011 and 2012 [266, 269, 270, 272]. Future studies may improve the vmDA iNP fate 

of derived cells by optimising gene expression systems and investigating the effect of chemical agents 

on reprogramming. 

  



211 
 

 Appendix 

 Recipes 

 10x phosphate buffered saline (PBS)  
 

2 g KH2PO4 (Scharlau) 

11.5 g Na2HPO4 (Scharlau) 

80 g NaCl (Scharlau) 

2 g KCl (Scharlau) 

Add up to 1 L MilliQ H2O 

Autoclave and store at room temperature. 

 1x PBS 
 

100 ml 10x PBS stock 

900 ml MilliQ H2O 

Adjust pH to 7.4. Autoclave and store at room temperature. 

 0.1 M phosphate buffer (PB)  
 

3.864 g Na2H2PO4.H2O (Scharlau) 

10.22 g Na2H2PO4 (Scharlau) 

Add up to 1 L MilliQ H2O 

Adjust pH to 7.2 and store at room temperature. 

 PBS + 0.2% Triton-X100 
 

100 ml 10x PBS stock 

900 ml MilliQ H2O 

2 ml Triton-X100 

Adjust pH to 7.4 and store at room temperature. 

 Luria Bertani (LB) medium  
 

8 g LB powder (Invitrogen)  

400 ml RO H2O 

Autoclave and store at 4°C until use.  
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 Luria Bertani (LB) agar plates 
 

8 g LB powder (Invitrogen) 

10 g agar (Scharlau)  

400 ml RO water  

Autoclave. Allow to cool slightly. Add antibiotic (ampicillin, 100 μg/ml) and pour onto petri dishes. Allow 

to set and store inverted at 4°C until use. 
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 Sequencing primers  
 

Target Sequence 

pLV.PGK.mLmx1a Lmx1a fwd CAAGGCCTCGTTTGAAGTATCC 

pLV.PGK.mLmx1a Lmx1a fwd #2 AGGGTGACGAGTTTGTCCTG 

pLV.PGK.mLmx1a Lmx1a rev TGTCTCCGCAGCCAGAGTCT 

pLV.PGK.mFoxa2 Foxa2 fwd GACATACCGACGCAGCTACA 

pLV.PGK.mFoxa2 Foxa2 fwd #2 AGCACCATTACGCCTTCAAC 

pLV.PGK.mFoxa2 Foxa2 rev CCGGTAGAAAGGGAAGAGGT 
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 Plasmid maps 

 

 

Figure 7.1: Vector Maps for Untagged pCMV-huSOX2 and pCMV-huPAX6 Plasmids  
The same plasmids encoding SOX2 and PAX6 were used in this thesis as in a previous publication [272]. 

  

pCMV-huSox2

human Sox2 cDNA

CMV Promotor

SV40 polyANeo R / Kana R

pCMV-huPax6

humanPax6 cDNA

CMV Promotor

SV40 polyA

Amp R
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Figure 7.2: Vector Maps for Empty Fluorescent Plasmids 
Vectors were sourced from Clontech. Catalogue numbers 631238 & 631238. pLVX-SOX2-IRES-ZsGreen1 and 
pLVX-PAX6-IRES-TdTomato contain the coding sequences listed in Sections 7.4.3 and 7.4.4 inserted into the 
multiple cloning sites of the above vectors.  
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Figure 7.3: Vector map for pLV.PGK.mLmx1a plasmid  
Addgene plasmid #33013 [243] 

 

Figure 7.4: Vector map for pLV.PGK.mFoxa2 plasmid  
Addgene plasmid #33014 [243] 
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 Transgene coding sequences 

 LMX1A 

Original sequence from GenBank: NM_033652.5. Mus musculus LIM homeobox transcription factor 1 

alpha (Lmx1a), mRNA. Shading indicates mutations in construct. 

ATGTTGGACGGCCTGAAGATGGAGGAGAACTTTCAAAGTGCGATTGAGACCTCGGCATCTTTCTC

CTCTTTGCTGGGCAGAGCGGTGAGCCCCAAGTCTGTCTGCGAGGGCTGTCAGCGGGTCATCTCG

GACAGGTTTCTGCTGCGGCTCAACGACAGCTTCTGGCACGAGCAATGCGTGCAGTGTGCCTCCT

GCAAAGAGCCCCTGGAGACCACCTGCTTCTACCGGGACAAGAAGCTCTACTGCAAGTACCACTAC

GAGAAACTGTTTGCTGTCAAATGTGGGGGCTGCTTCGAGGCCATTGCGCCCAATGAGTTTGTCAT

GCGTGCCCAGAAGAGCGTATACCACCTGAGCTGCTTCTGCTGCTGCGTCTGTGAGCGACAGCTG

CAGAAGGGTGACGAGTTTGTCCTGAAGGAGGGCCAGCTGCTCTGCAAAGGGGACTATGAGAAAG

AACGGGAGCTGCTGAGCCTGGTGAGCCCTGCGGCCTCAGACTCAGGCAAAAGCGATGATGAGGA

GAGCCTTTGCAAGTCAGCCCATGGGGCAGGAAAAGGAGCATCAGAGGACGGCAAGGACCATAAG

CGACCCAAACGTCCCAGAACCATCCTGACCACTCAGCAGAGGAGAGCATTCAAGGCCTCGTTTGA

AGTATCCTCCAAGCCCTGCAGAAAGGTGAGGGAGACTCTGGCTGCAGAGACAGGGCTGAGTGTC

CGTGTGGTTCAGGTATGGTTCCAGAACCAGCGAGCCAAGATGAAGAAGCTGGCCCGGCGACAGC

AGCAACAGCAACAGGACCAACAGAACACCCAGAGGCTGACTTCTGCTCAGACAAATGGTAGTGG

GAATGCGGGCATGGAAGGGATCATGAACCCCTATACAACATTGCCCACCCCACAGCAGCTGCTG

GCCATTGAACAGAGCGTCTACAACTCTGATCCCTTCCGACAGGGTCTCACCCCACCCCAGATGCC

TGGAGATCACATGCACCCCTATGGTGCTGAACCTCTTTTCCATGACTTGGATAGTGATGACACATC

TCTCAGTAACCTGGGAGACTGCTTCCTGGCAACCTCAGAAGCTGGGCCTCTGCAGTCCAGAGTG

GGAAACCCCATTGACCATCTGTACTCCATGCAGAATTCCTATTTCACCTCTTGA 
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 FOXA2  

Original sequence from GenBank: NM_010446.2. Mus musculus forkhead box A2 (Foxa2), mRNA. 

Shading indicates mutations in construct.  

ATGCTGGGAGCCGTGAAGATGGAAGGGCTCGAGCCATCCGACTGGAGCAGCTACTACGCGGAG

CCCGAGGGCTACTCTTCCGTGAGCAACATGAACGCCGGCCTGGGGATGAATGGCATGAACACAT

ACATGAGCATGTCCGCGGCTGCCATGGGCGGCGGTTCCGGCAACATGAGCGCGGGCTCCATGA

ACATGTCATCCTATGTGGGCGCTGGAATGAGCCCGTCGCTAGCTGGCATGTCCCCGGGCGCCGG

CGCCATGGCGGGCATGAGCGGCTCAGCCGGGGCGGCCGGCGTGGCGGGCATGGGACCTCACC

TGAGTCCGAGTCTGAGCCCGCTCGGGGGACAGGCGGCCGGGGCCATGGGTGGCCTTGCCCCCT

ACGCCAACATGAACTCGATGAGCCCCATGTACGGGCAGGCCGGCCTGAGCCGCGCTCGGGACC

CCAAGACATACCGACGCAGCTACACACACGCCAAACCTCCCTACTCGTACATCTCGCTCATCACC

ATGGCCATCCAGCAGAGCCCCAACAAGATGCTGACGCTGAGCGAGATCTATCAGTGGATCATGG

ACCTCTTCCCTTTCTACCGGCAGAACCAGCAGCGCTGGCAGAACTCCATCCGCCACTCTCTCTCC

TTCAACGACTGCTTTCTCAAGGTGCCCCGCTCGCCAGACAAGCCTGGCAAGGGCTCCTTCTGGAC

CCTGCACCCAGACTCGGGCAACATGTTCGAGAACGGCTGCTACCTGCGCCGCCAGAAGCGCTTC

AAGTGTGAGAAGCAACTGGCACTGAAGGAAGCCGCGGGTGCGGCCAGTAGCGGAGGCAAGAAG

ACCGCTCCTGGGTCCCAGGCCTCTCAGGCTCAGCTCGGGGAGGCCGCGGGCTCGGCCTCCGAG

ACTCCGGCGGGCACCGAGTCCCCCCATTCCAGCGCTTCTCCGTGTCAGGAGCACAAGCGAGGTG

GCCTAAGCGAGCTAAAGGGAGCACCTGCCTCTGCGCTGAGTCCTCCCGAGCCGGCGCCCTCGC

CTGGGCAGCAGCAGCAGGCTGCAGCCCACCTGCTGGGCCCACCTCACCACCCAGGCCTGCCAC

CAGAGGCCCACCTGAAGCCCGAGCACCATTACGCCTTCAACCACCCCTTCTCTATCAACAACCTC

ATGTCGTCCGAGCAGCAACATCACCACAGCCACCACCACCATCAGCCCCACAAAATGGACCTCAA

GGCCTACGAACAGGTCATGCACTACCCAGGGGGCTATGGTTCCCCCATGCCAGGCAGCTTGGCC

ATGGGCCCAGTCACGAACAAAGCGGGCCTGGATGCCTCGCCCCTGGCTGCAGACACTTCCTACT

ACCAAGGAGTGTACTCCAGGCCTATTATGAACTCATCCTAA 
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 SOX2 

Original sequence from GenBank: NM_003106.3. Homo sapiens SRY-box 2 (SOX2), mRNA. 

ATGTACAACATGATGGAGACGGAGCTGAAGCCGCCGGGCCCGCAGCAAACTTCGGGGGGCGGC

GGCGGCAACTCCACCGCGGCGGCGGCCGGCGGCAACCAGAAAAACAGCCCGGACCGCGTCAA

GCGGCCCATGAATGCCTTCATGGTGTGGTCCCGCGGGCAGCGGCGCAAGATGGCCCAGGAGAA

CCCCAAGATGCACAACTCGGAGATCAGCAAGCGCCTGGGCGCCGAGTGGAAACTTTTGTCGGAG

ACGGAGAAGCGGCCGTTCATCGACGAGGCTAAGCGGCTGCGAGCGCTGCACATGAAGGAGCAC

CCGGATTATAAATACCGGCCCCGGCGGAAAACCAAGACGCTCATGAAGAAGGATAAGTACACGCT

GCCCGGCGGGCTGCTGGCCCCCGGCGGCAATAGCATGGCGAGCGGGGTCGGGGTGGGCGCCG

GCCTGGGCGCGGGCGTGAACCAGCGCATGGACAGTTACGCGCACATGAACGGCTGGAGCAACG

GCAGCTACAGCATGATGCAGGACCAGCTGGGCTACCCGCAGCACCCGGGCCTCAATGCGCACG

GCGCAGCGCAGATGCAGCCCATGCACCGCTACGACGTGAGCGCCCTGCAGTACAACTCCATGAC

CAGCTCGCAGACCTACATGAACGGCTCGCCCACCTACAGCATGTCCTACTCGCAGCAGGGCACC

CCTGGCATGGCTCTTGGCTCCATGGGTTCGGTGGTCAAGTCCGAGGCCAGCTCCAGCCCCCCTG

TGGTTACCTCTTCCTCCCACTCCAGGGCGCCCTGCCAGGCCGGGGACCTCCGGGACATGATCAG

CATGTATCTCCCCGGCGCCGAGGTGCCGGAACCCGCCGCCCCCAGCAGACTTCACATGTCCCAG

CACTACCAGAGCGGCCCGGTGCCCGGCACGGCCATTAACGGCACACTGCCCCTCTCACACATGT

GA 
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 PAX6 

Original sequence from GenBank: NM_000280.4. Homo sapiens paired box 6 (PAX6), transcript variant 

1, mRNA. 

ATGCAGAACAGTCACAGCGGAGTGAATCAGCTCGGTGGTGTCTTTGTCAACGGGCGGCCACTGC

CGGACTCCACCCGGCAGAAGATTGTAGAGCTAGCTCACAGCGGGGCCCGGCCGTGCGACATTTC

CCGAATTCTGCAGGTGTCCAACGGATGTGTGAGTAAAATTCTGGGCAGGTATTACGAGACTGGCT

CCATCAGACCCAGGGCAATCGGTGGTAGTAAACCGAGAGTAGCGACTCCAGAAGTTGTAAGCAAA

ATAGCCCAGTATAAGCGGGAGTGCCCGTCCATCTTTGCTTGGGAAATCCGAGACAGATTACTGTC

CGAGGGGGTCTGTACCAACGATAACATACCAAGCGTGTCATCAATAAACAGAGTTCTTCGCAACC

TGGCTAGCGAAAAGCAACAGATGGGCGCAGACGGCATGTATGATAAACTAAGGATGTTGAACGG

GCAGACCGGAAGCTGGGGCACCCGCCCTGGTTGGTATCCGGGGACTTCGGTGCCAGGGCAACC

TACGCAAGATGGCTGCCAGCAACAGGAAGGAGGGGGAGAGAATACCAACTCCATCAGTTCCAAC

GGAGAAGATTCAGATGAGGCTCAAATGCGACTTCAGCTGAAGCGGAAGCTGCAAAGAAATAGAAC

ATCCTTTACCCAAGAGCAAATTGAGGCCCTGGAGAAAGAGTTTGAGAGAACCCATTATCCAGATGT

GTTTGCCCGAGAAAGACTAGCAGCCAAAATAGATCTACCTGAAGCAAGAATACAGGTATGGTTTTC

TAATCGAAGGGCCAAATGGAGAAGAGAAGAAAAACTGAGGAATCAGAGAAGACAGGCCAGCAAC

ACACCTAGTCATATTCCTATCAGCAGTAGTTTCAGCACCAGTGTCTACCAACCAATTCCACAACCC

ACCACACCGGTTTCCTCCTTCACATCTGGCTCCATGTTGGGCCGAACAGACACAGCCCTCACAAA

CACCTACAGCGCTCTGCCGCCTATGCCCAGCTTCACCATGGCAAATAACCTGCCTATGCAACCCC

CAGTCCCCAGCCAGACCTCCTCATACTCCTGCATGCTGCCCACCAGCCCTTCGGTGAATGGGCG

GAGTTATGATACCTACACCCCCCCACATATGCAGACACACATGAACAGTCAGCCAATGGGCACCT

CGGGCACCACTTCAACAGGACTCATTTCCCCTGGTGTGTCAGTTCCAGTTCAAGTTCCCGGAAGT

GAACCTGATATGTCTCAATACTGGCCAAGATTACAGTAA 
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 Antibody validation in tissue 

 

Figure 7.5: Validation of Antibodies in Adult Human Substantia Nigra Tissue 
Scale bar: 100 µm. 
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Figure 7.6: Validation of Antibodies in Rat Substantia Nigra Tissue 
Scale bar: 100 µm. 

 

 



223 
 

 Gene expression in human embryonic stem cell-derived floor plate 
progenitors 

 

Figure 7.7: Expression of Select Genes in Human Embryonic Stem Cell-Derived Neural Precursors, 
Unprimed SOX2/PAX6- and SHH/CHIR-Primed SOX2-iNP Cells 
Human embryonic stem (hES) cell-derived floor plate (FP)-primed neural precursor cells (NPC) [214] were donated 
by Dr Mirella Dottori (University of Melbourne) and RNA extraction, reverse transcription and qPCR were performed 
by Dr Kathryn Jones (University of Auckland) using the same methods as outlined in Chapter Two. Expression is 
depicted as ∆Ct values (gene of interest – the reference gene 18S). Data are presented as mean ± SEM, n = 1 for 
hES samples, n = 3 independent replicates for day 45 unprimed SOX2/PAX6-iNP cells (passaging commenced at 
day 31), and n = 3 independent replicates for restricted (day 3 – 17) SHH/CHIR-primed SOX2-iNP cells. ND: not 
detected. 
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