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ABSTRACT 

 

I 

Abstract 
 
Huntington's Disease (HD) is a devastating neurodegenerative disorder that typically 

strikes during the fourth or fifth decade of life causing fatal atrophy of the striatum 

and other brain regions. A rare feature of this neurodegenerative disorder is the 

dominant inheritance pattern due to a CAG repeat expansion in exon 1 of the 

Huntingtin gene. The discovery that ≥35 repeats underlies HD pathology rapidly led to 

tremendous advances in our understanding of this complex disorder, with the 

identification from animal models of numerous pathological mechanisms including 

perturbation of anterograde and retrograde transport, neuronal activity, 

mitochondrial function, neurotrophic factor production, cholesterol biosynthesis and 

gene expression. Nonetheless, many disease mechanisms and the interplay between 

each remain ill defined in HD and particularly within a human cellular environment. 

As such there exists a need for novel in vitro human models to address these concerns 

and continue to decipher the etiology of HD.  

 

This thesis describes the investigation and detailed characterisation of two human 

embryonic stem cell (hESC) lines carrying CAG37 and CAG51 repeat expansions to 

determine whether disease hallmarks are present in undifferentiated or neural 

differentiated human cells carrying HD mutations. To achieve this, a novel neural 

differentiation protocol was optimised for the precise comparison of genetically 

distinct human pluripotent stem cell lines in a high-throughput and chemically 

defined platform. The application of this protocol revealed HD hESCs possess the 

capacity to differentiate to various neural lineages with comparable efficiency to 

wildtype cells consistent with typical neurodevelopment, however, CAG repeat 

instability, minor gene dysregulation and importantly neuronal functional 

perturbations were identified. Consequently, HD hESCs carrying typical onset CAG 

repeat expansions are likely a valid and valuable tool for investigating the pathological 

events leading to disease onset and elucidating the hierarchical relationship between 

disease mechanisms. Human neuronal HD cultures additionally provide a promising 

resource for high-throughput in vitro screening of candidate therapeutics for the 

advancement of clinical treatment options. 
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1.0 Huntington’s Disease 

 
Huntington’s Disease (HD) is an autosomal dominant neurological disorder that 

affects approximately 1 in 10, 000 individuals worldwide. HD is a late onset disease 

that typically manifests between the 4th and 5th decade of life and is caused solely by a 

single genetic mutation. A groundbreaking international collaboration between 58 

scientists, forming the Huntington’s Disease Collaborative Research Group, first 

identified the location of the culprit mutation at the genomic location of 4p16.3 and 

renamed the gene huntingtin (THDCRG, 1993). 

 

In HD individuals, a trinucleotide CAG repeat tract within exon 1 is extended, and 

disease alleles (CAG35) exhibit an age dependent penetrance. The lowest disease 

range (CAG36-39) is associated with a later age of onset than typically reported (Snell et 

al., 1993;McNeil et al., 1997). CAG40+ alleles are associated with full penetrance and 

once reaching extreme expansion lengths (CAG60+) result in juvenile or infantile onset 

that are characterised by egregious symptoms (Squitieri et al., 2006). The correlation 

between the CAG repeat and age of onset is approximately 50%, with further influence 

due to environmental and genetic factors (Andrew et al., 1993;Wexler et al., 2004).  

Genetic contributors include polymorphisms within the HTT gene that may alter the 

age of onset (Andrew et al., 1993;Snell et al., 1993;Vuillaume et al., 1998;Rubinsztein 

and Carmichael, 2003) and multiple loci revealed by genomic investigations such as 

the HD-MAPS study (Li et al., 2003;Li et al., 2006;Gayan et al., 2008). 

 

Clinical symptoms gradually worsen from the age of onset and include broad motor 

dysfunctions, both involuntary movements and abnormalities of voluntary 

movements, and were the basis for the early diagnosis of HD as chorea, a derivation of 

Greek word ‘dance’. Patients also present with psychiatric disturbances and 

impairment of higher cognitive functions such as reasoning and memory (Zuccato et 

al., 2010). Patients eventually lose the ability to talk and require full time care before 

succumbing 10-20 years after onset, predominantly to aspiration pneumonia from 

swallowing difficulties (Zuccato et al., 2010). No cure presently exists and the few 

available treatments fail to target the underlying causes of pathology.  
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1.1 Wildtype Huntingtin  

 
HTT is a 350kDa protein encoded by 67 exons that is ubiquitously expressed within 

humans, mice and rats with the highest concentrations in CNS neurons (DiFiglia et al., 

1995;Trottier et al., 1995;Ferrante et al., 1997). HTT exhibits an extensive subcellular 

distribution, associating with numerous organelles including mitochondria, vesicles, 

the nucleus and endoplasmic reticulum, as well as exhibiting neural specific 

association with microtubules and vesicles within neurites and synapses (DiFiglia et 

al., 1995;Velier et al., 1998;Hoffner et al., 2002). 

 

HTT is highly conserved across vertebrate species with 80% sequence homology 

between Homo sapiens and Fugu fish (Zuccato et al., 2010). Expression of HTT is 

critical during development, with embryonic lethality in HTT-/- knockout mice at 

embryonic day 8.5 before gastrulation begins (Duyao et al., 1995;Nasir et al., 1995). 

Homologous HTT genes are found outside the subphylum Vertebrata, although appear 

to play a less critical developmental role with HTT-/- Drosophila embryos able to reach 

maturity, albeit with survival and neurological complications (Zhang et al., 2009). The 

discrepancy between rodent and Drosophila null mutants may be explained by the 

acquisition of novel neuronal activities by the HTT gene in dueterostomes and 

particularly vertebrates and mammals (Cattaneo et al., 2005). 

 

HTT engages in unique roles within neuronal cells that may account for the CNS 

specificity of pathology. HTT expression is concentrated within the brain, but even 

more so within cortical neurons of layers III and V which project to the striatum to 

provide the neurotrophic factor BDNF (Fusco et al., 1999). Further, BDNF (and 

numerous other neural genes) are regulated in part by HTT interactions with a master 

transcriptional repressor and this complex becomes destabilised by mutant length 

polyglutamine tracts. Additionally, HTT has been shown to play a role in axonal 

transport in Drosophila  (Gunawardena et al., 2003) and mice (Trushina et al., 2004).  

 

HTT also contributes to synaptic activity by interacting with proteins essential to 

endo- and exocytosis, vital processes for the release and re-absorption of 

neurotransmitters at the synaptic cleft (Smith et al., 2005). Further, HTT interacts 
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with synaptic transmission proteins (Smith et al., 2005) and neurotransmitter 

receptor proteins (Sun et al., 2001), and these may be aberrantly modulated in a 

disease state. The promiscuous involvement of wildtype HTT in the CNS implies a 

multifaceted and essential function in neuronal activity. 

 

Additionally, studies indicate decreased levels of wildtype protein in itself represents 

a component of neurodegeneration. HTT involvement in Drosophila and mouse axonal 

transport were discovered after reductions in wildtype protein levels caused 

perturbation of anterograde and retrograde transport (Gunawardena et al., 

2003;Trushina et al., 2004). Further, merely increasing or depleting wildtype HTT 

expression alters levels of important REST regulated neural genes (Zuccato et al., 

2007). In addition, homozygous patients exhibit increased disease severity (Squitieri 

et al., 2003), and some HD mouse models exhibit exacerbated disease phenotypes in 

homozygous littermates (Reddy et al., 1998). Further, YAC128 mice crossed with 

another strain to produce offspring that also carry two or zero copies of endogenous 

wildtype Htt alleles, show increases in the severity of neurodegeneration, motor and 

behavioural dysfunction in the YAC128 + Htt-/- littermates (Van Raamsdonk et al., 

2005). Further emphasising this proposition, overexpression of wildtype huntingtin in 

YAC128 mice reduces some aspects of neurodegeneration (Van Raamsdonk et al., 

2006). 

 

1.2 Huntingtin Disease Mechanisms and Cellular 
Pathologies 
 

The pernicious activity of mutant HTT (mHTT) is a complex phenomenon, involving 

the disruption of multiple components of the cellular machinery in concert. Decades of 

investigative analysis have not decoded the sequence of disease mechanisms. The 

following sections describe mechanisms that are proposed to contribute greatest to 

the development of clinical pathology and decline. 
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1.2.1 Gene expression chaos  

 
1.2.1.1 Protein coding gene dysregulation  

 
Postmortem human brain samples assessed with in situ hybridization provided the 

first observations of altered mRNA transcript levels in HD, specifically those encoding 

signalling neuropeptides (i.e. enkephalin, substance P, somatostatin) and 

neurotransmitter receptors (NMDAR subunits, Dopamine D1 and D2 receptors) 

(Augood et al., 1996;Norris et al., 1996;Arzberger et al., 1997;Augood et al., 1997). 

Gene expression studies following these initial findings confirmed widespread 

neurotransmitter transcript alterations (Cha et al., 1998) and were followed by 

comprehensive mRNA microarray probing of the transcriptome.  

 

Rodent models of HD have proven a principal focus for central nervous system (CNS) 

microarray analyses, identifying transcript alterations more commonly decreased 

than increased compared to wildtype controls, with some alterations initiating pre-

onset stages and steadily enhanced with disease progression (Luthi-Carter et al., 

2000;Fossale et al., 2002;Luthi-Carter et al., 2002a;Luthi-Carter et al., 2002b;Sipione 

et al., 2002). Predictably, altered transcripts were typically observed to encode genes 

involved in pathways associated with HD symptoms including neurotransmitter 

receptors, synaptic transmission, calcium homeostasis, intracellular signalling, 

transcriptional processes, neuroinflammation, vesicle trafficking, cholesterol 

biosynthesis and cytoskeletal proteins (Luthi-Carter et al., 2000;Chan et al., 

2002;Fossale et al., 2002;Luthi-Carter et al., 2002a;Luthi-Carter et al., 2002b;Sipione 

et al., 2002;Crocker et al., 2006;Cha, 2007;Hodges et al., 2008). The first elucidation of 

the mechanistic process by which mHTT exert transcriptional dysregulation came 

from observations that polyglutamine tracts may directly bind and sequester 

transcriptional co-factors, such as the ubiquitous activator Sp1, to inhibit downstream 

promoter binding to the dopamine receptor D2 gene promoter (Dunah et al., 2002). 

The centrality of transcriptomic dysregulation in HD is highlighted HD-inducible 

striatal cell models that demonstrate mRNA alterations within 12 hours of mHTT 

expression (Sipione et al., 2002) and further show characteristic striatal 

neurodegeneration is mirrored by unique transcript dysregulation throughout this 

structure (Cha, 2000;Luthi-Carter et al., 2000;Luthi-Carter et al., 2002b). Intriguingly, 
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recent investigations have revealed that cellular transcriptome disruption is not 

restricted to the CNS as discussed later in this section.  

 

1.2.1.2 Non-protein coding gene dysregulation  

 
Non-coding RNAs are divided into numerous sub-categories of which the most 

understood are micro-RNAs (miRNAs) of which over 900 have now been identified 

(miRBase release 18.0, http://microrna.sanger.ac.uk). Gene regulation by miRNAs 

involves the transportation of mature miRNA fragments within RNA-induced silencing 

complexes (RISCs) to processing bodies (P-bodies) where miRNAs bind to target 

mRNAs and either degrade targets or inhibit transcription (Bartel, 2004;Kosik, 2006).  

 

The CNS expresses significant numbers of miRNAs that are essential during 

development and adulthood, some of which are ubiquitously expressed or restricted 

to specific neural cell types or sub-populations (Sempere et al., 2004;Kosik, 2006;Bak 

et al., 2008). Further, miRNAs are also found at presynaptic terminals where they have 

been found to regulate BDNF and promote dendrite growth (Vo et al., 2005;Klein et al., 

2007). Changes in miRNA expression have been linked in a correlative or causative 

manner to numerous degenerative disorders including schizophrenia, Tourette’s 

syndrome, DiGeorge syndrome and general neuropathology in animal models 

(Buckley et al., 2010).  

 

Emerging studies are linking dysfunction of the complex miRNA regulatory system 

with HD etiology. Firstly, wildtype HTT performs a stabilising role in the miRNA 

biogenesis pathway itself, between Argonaute proteins (core components of the RISC) 

and P-bodies. Polyglutamine expansions in HTT perturb this interaction, reducing P-

bodies and overall activity of this regulatory system (Savas et al., 2008). Secondly, 

mHTT interacts with miRNA regulators, such as p53 and RE1-Silencing Transcription 

Factor (REST), resulting in aberrant modulation of downstream miRNA expression in 

HD (Marti et al., 2010). Interestingly, miRNAs that exhibit brain region specific 

alterations in HD provided an additional explanation for the regional selectivity of this 

disorder (Johnson et al., 2008;Johnson and Buckley, 2009). 
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The master regulator REST controls numerous miRNAs including miR-7, -9, -124, -

129, -132, -137 and -184, that experience altered expression levels in HD (Johnson et 

al., 2008;Packer et al., 2008;Johnson and Buckley, 2009). Interestingly, miR-9 is a bi-

functional miRNA that dually silences REST and a co-repressor (CoREST), generating a 

double negative feedback loop, that is disrupted by aberrant mHTT influence on REST 

(Packer et al., 2008). Changes in individual miRNAs can have dramatic implications, 

for example, miR-124 contributes to the maintenance of neuronal cell fate by silencing 

large numbers of non-neuronal genes (Conaco et al., 2006;Visvanathan et al., 2007) 

and miR-124 targets are enriched among HD upregulated gene lists (Johnson and 

Buckley, 2009).  

 

1.2.2 Striatal starvation of BDNF 

 
The role of BDNF in HD has been explored since initial observations of MSNs 

dependency on cortical anterograde shuttling of BDNF (Altar et al., 1997) and the 

finding that BDNF knockout mice present with motor abnormalities reflective of HD 

transgenic and knockin models (Baquet, 2004). Significant in vitro reduction of BDNF 

expression in an immortalized CNS line, and of in vivo levels within the cortex and 

striatum of HD transgenic mice, was demonstrated definitively for the first time by 

Elena Cattaneo’s laboratory at the University of Milan (Zuccato, 2001). Corroborating 

these findings are reductions in BDNF levels within the cerebral cortex of HD post-

mortem patient tissues by 50% (Zuccato et al., 2008) and numerous animal models 

that demonstrate BDNF downregulation immediately after onset (Zuccato et al., 

2005;Zuccato and Cattaneo, 2007). 

 

Wildtype neural cells exhibit cytoplasmic sequestration of the transcriptional 

repressor REST in a complex that includes proteins such as Huntingtin Associated 

Protein 1 (HAP1), REST-interacting LIM domain protein (RILP) and HTT itself (Figure 

1.1; Shimojo and Hersh, 2006). Expanded polyQ tracts of mHTT proteins destabilise 

this complex and REST translocates to the nucleus, binding to a RE1 element within 

BDNF promoter II to repress transcription (Zuccato et al., 2007;Zuccato and Cattaneo 

2007). Intriguingly, REST regulates approximately 2400 principally neural genes 

(Johnson et al., 2006;Johnson et al., 2008) and the preferential downregulation of 
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REST mediated neural genes is consistent with HD CNS microarray expression studies 

(Johnson and Buckley, 2009). The involvement of REST in non-coding RNA and 

epigenetic regulation exacerbates the complexity of this pathological mechanism; 

themes extensively reviewed in conjunction with targeted therapeutic strategies 

previously (Buckley et al., 2010). 
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Figure 1.1: Transcriptional dysregulation of BDNF as a consequence of mHTT. In neural cells 
the master regulator REST exists within a complex also comprising HTT, sequestering this 
transcription factor within the cytosol (A). PolyQ expansions of mHTT destabilise this 
complex, enabling REST to translocate to the nucleus and repress >100 genes containing 
target RE1 binding sequences, including the prominent neurotrophic factor, BDNF (B). 
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1.2.3 Cholesterol dysfunction  

 
Approximately 25% of total human cholesterol is contained within the brain (Dietschy 

and Turley, 2004) and almost three quarters of this produced locally by 

oligodendrocytes, predominantly during development (Jurevics and Morell, 1995). 

Cholesterol is contained within neuronal membranes and lipid rafts where they are 

required for the functional properties of ion channels and transmitter receptors, 

playing a crucial role in the initiation, propagation and maintenance of signal 

transduction (Pfrieger, 2003;Allen et al., 2007). Further, cholesterol promotes neurite 

outgrowth during development (Hayashi et al., 2004) and supports synaptogenesis 

(Mauch et al., 2001;Goritz et al., 2005).  

 

Evidence of disrupted cholesterol biosynthesis within HD model systems is emerging and 

may contribute significantly to disease development. Sterol regulatory element binding-

proteins (SREBPs) regulate numerous cholesterol biosynthesis genes that are 

downregulated in HD rodent cell lines (Sipione et al., 2002) and the striatum and cortex of 

R6/2 mice (Valenza et al., 2005). Two cholesterol precursors and both the gene expression 

and functional activity of a rate-limiting enzyme, 3-hydroxy-3-methylglutaryl CoA 

reductase (HMGCoAR), are decreased in R6/2 mice, and this is even observed before 

disease onset (Valenza et al., 2007b). Similar observations from the same research group 

led by Elena Cattaneo were made in the CNS and blood of a separate HD model, YAC128 

mice (Valenza et al., 2007a). Further supporting a role for cholesterol in HD, whole body 

metabolism of this lipid is impaired in HD patients at pre-onset and post-onset stages, who 

exhibit reduced cholesterol precursor and metabolite levels in CNS and blood samples 

(Duane and Javitt, 1999;Leoni et al., 2011) as well as decreased total cholesterol in plasma 

samples (Markianos et al., 2008). Reductions in cholesterol synthesis may represent an 

avenue for potential therapeutic intervention and one targetable before disease onset.   

 

1.2.4 Mitochondrial dysfunction 

 
Neurons consume substantial levels of ATP for normal cellular function placing 

considerable demands on mitochondria, and any disruption of cellular energy 

production rapidly perturbs neuronal homeostasis. Mitochondrial dysfunction occurs 
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in HD and thus is considered a key contributor to disease pathology (Lin and Beal, 

2006;Bossy-Wetzel et al., 2008).  

 

Several pathways of mitochondrial dysfunction are activated by mHTT, even 

disruption of the core pathway of ATP production, the electron transport chain, by 

reducing activity of enzymes within the oxidative phosphoryation mitochondrial 

component (Zuccato et al., 2010). Further mitochondrial alterations in HD are the 

fission and fusion cycles that are mediated by large GTPases of the dynamin family, 

with fission regulated by DRP1 and fusion by Mitofusin. Expanded polyQ tracts 

increase mHTT and DRP1 binding in the mitochondria which subsequently disrupts 

the delicate fission-fusion balance in favour of the former, compromising cellular 

activity (Song et al., 2011). Corroborating this mechanistic theory are reports of 

increased fission and small sized mitochondria, particularly within striatal MSNs of 

HD post-mortem tissue samples, which are linked to increased expression of the 

protein DRP1 (Kim et al., 2010;Shirendeb et al., 2011). Increased mitochondrial 

fission, which occurs in a poly-Q dependent manner, also perturbs anterograde and 

retrograde transport velocities to aggravate neuronal degeneration in both knockin 

mice and human patients (Song et al., 2011). These events occur before aggregate 

formation and apoptosis and interactions between DRP1 and mHTT are even seen to 

occur before disease onset in mice (Song et al., 2011). 

  

Mitochondrial biogenesis is also disrupted in HD, and due in part to mHTT 

interactions with the promoter sequence of the mitochondrial transcription regulator 

peroxisome proliferator-activated receptor- co-activator-1 (PGC-1), which is itself 

down regulated (Cui et al., 2006). The potential centrality of PGC-1 to regional 

specific neuronal degeneration is demonstrated by findings that striatal MSNs exhibit 

a positive correlation between PGC-1  down regulation and disease severity (Kim et 

al., 2010), and further knockout PGC-1 mice exhibit the highest levels of 

neuropathology within the striatum (Lin et al., 2004;Leone et al., 2005). Reinforcing 

this supposition, HTT knockin and PGC-1 knockout crossed mice present with 

egregious striatal degeneration and motor abnormalities (Cui et al., 2006). 
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The calcium uptake capacity of mitochondria is also impaired in neural cells of HD 

mice and is detectable months before disease onset (Panov et al., 2002) and is also 

observed in non-CNS tissue of patients and HD mouse models, including lymphoblasts 

and skeletal muscles (Panov et al., 2002;Gizatullina et al., 2006). In line with other 

pathological mechanisms, striatal neurons appear particularly sensitive to this deficit 

(Brustovetsky et al., 2005), however, the precise impact of perturbed calcium 

homeostasis is unclear. 

 

1.2.5 Excitotoxicity at the corticostriatal junction 

 
Glutamate release from the cortex to striatal neurons constitutes a key survival cue 

and is significantly disrupted in HD. Glutamate NMDAR receptors are reduced in 

concomitance with decreased receptor binding affinities in patients (London et al., 

1981;Young et al., 1988;DiFiglia, 1990;Dure et al., 1991), and this represents a 

significant hallmark that is also measurable before onset (Albin et al., 1990). Further, 

glutamate agonists, most commonly quinolinic acid, injected into the striatum of 

wildtype mice (Schwarcz et al., 1984;Beal et al., 1986;Sanberg et al., 1989) and 

primates (Hantraye et al., 1990;Ferrante et al., 1993) cause a phenotype akin to HD. 

HD induced disruption of striatal NMDAR activity and increased NMDA sensitivity to 

excitotoxicity is partially due to decreases in levels of a striatal enriched NMDAR 

subunit isoform NR2B, a consequence of attenuated transcription and abnormally 

high proteolysis (Arzberger et al., 1997;Zeron et al., 2002;Cowan et al., 2008). 

Glutamate excitotoxicity may be exacerbated further by decreases in metabotropic 

glutamate receptor, mGluR2, identified in mouse models (Cha et al., 1998;Luthi-Carter 

et al., 2000). 

 

Glial uptake of neurotransmitters at the synaptic cleft maintains neuronal 

microenvironments and appears dysregulated in HD, implicating non-neuronal cells in 

pathology. Removal of glutamate from the extracellular space is impaired due to 

downregulation of the glial neurotransmitter transporter GLT-1 both within animal 

HD models and post-mortem patient samples (Arzberger et al., 1997;Shin et al., 

2005;Hassel et al., 2008;Estrada-Sanchez et al., 2009). This impairment of glutamate 



CHAPTER 1: Literature Review 

 

13 

clearance from the synaptic cleft causes excitotoxicity, and is partially abrogated by 

increasing GLT1 expression in R6/2 mice (Miller et al., 2008). 

 

1.2.6 Intransigent mHTT and the vexing role of aggregates 

 
HD belongs to a distinct group of approximately nine neurodegenerative disorders, 

including several spinocerebellar ataxias, all of which share an expanded CAG repeat 

region and polyglutamine (polyQ) tract in various proteins, and a common hallmark of 

all these disorders are aggregates of the respective mutant proteins.  

 

Early studies identified aggregates in neurons from all cortical layers and the striatum 

of HD postmortem tissue samples (DiFiglia et al., 1997). Aggregates exist in both the 

nucleus and cytoplasm, with mostly N-terminal mHTT fragments associated with the 

former and both N-terminal and full-length mHTT with the latter (Cooper et al., 

1998;Hackam et al., 1998;Martindale et al., 1998). However, whether aggregates are 

indicative of toxicity or represent a protective countermeasure still remains highly 

controversial. 

 

Early theories purported a toxic role of HD aggregates, which are targeted for, yet 

resilient to, degradation by the ubiquitin-proteasome system (UPS). Although and 

aggregates are readily ubiquitinated and arise before onset in some mouse models 

(Davies et al., 1997;Bence et al., 2001;Waelter et al., 2001), the UPS has difficulties in 

clearing them (Bence et al., 2001;Verhoef et al., 2002;Holmberg et al., 2004). 

Aggregates also sequester numerous subunits and chaperones of the UPS impairing 

the function of this clearance system (Jana et al., 2001;Sakahira et al., 2002). UPS 

dysfunction is exhibited predominantly within neurons, as opposed to glia, and may 

account for observed preferential susceptibility (Tydlacka et al., 2008). Further, the 

addition of proteasome inhibitors (i.e. lactacystin) increases aggregate formation 

(Martín-Aparicio et al., 2001;Ravikumar et al., 2002;Zhou et al., 2003;Fukui and 

Moraes, 2007), whereas overexpression of components of the UPS reduces 

aggregation and provides physiological benefits in HD animal models (Carmichael et 

al., 2000;Klettner, 2004;Vacher et al., 2005;Seo et al., 2007). It is clear however that 

the UPS does clear mHTT but the rate is below that of production, as shown with 

conditional knockout HD mouse models that eliminate aggregates and reverse 
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neuropathology in response to the silencing of mHTT expression, a recovery that is 

prevented by the proteasome inhibitor lactacystin (Yamamoto et al., 2000;Martín-

Aparicio et al., 2001). UPS dysfunction extends to the synapses of neurons, and 

provides another mechanism for the CNS specificity of HD (Wang et al., 2008).  

 

Aggregates of mHTT contain numerous other proteins containing polyQ tracts, 

including wildtype HTT and transcription factors and regulators (Cha, 2007), which 

may facilitate the correlation between aggregate formation and apoptosis in cultured 

cells (Hackam et al., 1998). The sequestration of motor proteins important in 

anterograde and retrograde axonal transport by mHTT aggregates may additionally 

exert a toxic effect (Li et al., 2001;Gunawardena et al., 2003). 

 

Conversely, recent studies identified an opposite correlation between aggregates and 

cell susceptibility to undermine the toxicity theory of aggregate formation, as 

demonstrated by several animal models where neuropathology is observed without 

aggregates or normal cellular functions are exhibited in the presence of aggregates.  

One HD mouse model presents with CNS aggregates and no neurological dysfunction 

or apoptosis (Slow et al., 2005), and the YAC128 model exhibits behavioural 

abnormalities appear at 3 months when neuronal aggregates are not present (Van 

Raamsdonk et al., 2005). These findings are corroborated in the BACHD transgenic 

mouse line that presents reduced and smaller aggregates in the striatum and cortex at 

the age of onset (Gray et al., 2008). 

 

Consolidating a shift away from the aggregate-toxicity paradigm was an in vitro study 

tracking individual neurons over time in rat striatal cultures transfected with exon 1 

HTT fragments. This study found that aggregates may arise as a coping response to 

mHTT as aggregate formation correlated with improved cellular survival (Arrasate et 

al., 2004). Additionally, promoting aggregate formation within HD cell cultures lines, 

been shown to lessen rather than advance cellular pathology (Bodner et al., 2006). 

 

Reports arguing for a protective role of mHTT aggregates frequently attribute toxicity 

instead to diffuse intracellular mHTT monomers that may possess a propensity for 

disruptive activities and that aggregates sequester these toxic monomers (Arrasate et 
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al., 2004;Bodner et al., 2006). Further, as the proteasomal degradation of mHTT 

fragments downstream from the polyglutamine residue appear to continue, 

concentrations of toxic monomers increases to fuel pathology (Venkatraman et al., 

2004). The theory that aggregates form in response to monomeric fragments to 

inhibit their toxic effect is supported by observations that aggregation formation is 

faster in response to short N-terminal fragments compared to full length mHTT 

proteins (Hackam et al., 1998). Nevertheless, after extensive research the role of 

aggregates in HD remains contentions. 

 

1.2.7 CAG repeat instability 

 
Instability of the CAG repeat expansion in HD cells is a clear signature of disease state. 

Wildtype alleles of <35 CAGs are stable in vivo and instability appears to initiate upon 

CAG repeats reaching disease inducing lengths of 35 CAGs or more. CAG instability 

predominantly manifests as expansions, and the male germ line is particularly 

susceptible in contrast to the female germ line that predominantly exhibits small-scale 

contractions (Telenius et al., 1993;Telenius et al., 1994;Leeflang et al., 1995).  

Consequently, a phenomenon known as anticipation, where the age of onset decreases 

in successive generations corollary to gradual increases in CAG repeat length, occurs 

via paternal disease transmission. 

 

Somatic cells, particularly those in the brain, also exhibit a propensity for CAG 

expansion in a tissue and cell specific manner. Expansions have been detected 

preferentially in affected brain regions of HD patients and extreme expansions over 

1000 repeats in length have been recorded (Telenius et al., 1994;Kennedy et al., 

2003). Analysis of individual laser captured micro-dissected somatic brain cells has 

observed CAG repeat length gains to correlate with neuronal susceptibility 

(Shelbourne et al., 2007). Mechanisms of trinucleotide repeat instability have not been 

solved, but may result from hairpin loop formations during the repair of single strand 

breaks that then interfere with DNA recombination, repair and cellular replication 

machinery (Mirkin, 2006;Mcmurray, 2010).  
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1.3 HD – A Late Onset Disorder?  

 
While HD patients do not generally display overt phenotypic changes until onset 

around 40 or 50 years of age, all possess culprit mutations at conception. Therefore it 

is plausible that disease mechanisms gestate before onset, and indeed pathological 

observations within pre-onset HD individuals are emerging to support this notion. A 

recent commentary by Sandrine Humbert even goes so far as to frame HD as a 

developmental disorder (Humbert, 2010).  

 

The two overarching causes of HD pathology, a reduction in wildtype HTT and gain of 

negative functions from an expanded polyQ tract, produce fundamental changes to 

cellular systems and components critical throughout the totality of an individual’s life. 

Insight into the mechanistic actions of these causes does not preclude the possibility 

that, consistent with other late onset neurodegenerative disorders, overt disease 

manifestation represents a ‘crossing of the Rubicon’ corollary to progressive and 

cumulative degeneration over a preceding period, concomitant with a failure of 

compensatory mechanisms.  

 

Evidence is beginning to accumulate revealing alterations before disease onset, 

including mitochondrial dysfunction, gene expression changes, excitotoxicity and 

cholesterol biosynthesis perturbation. For example, aggregate formation, one of the 

principle HD hallmarks, is detectable before onset across numerous model systems 

(Weiss et al., 2008). This section will detail the research into pre-onset changes and 

will place these in the context of their potential for exploiting early symptoms as 

disease markers to monitor disease progression, consistent with the principle focus of 

pre-onset researcher initiatives.  

 

Markers are urgently required to provide quantitative, sensitive, objective and 

replicable measurements of HD progression to evaluate therapeutic treatment 

efficacies, as opposed to the existing standard of the Unified Huntington Disease 

Rating Scale which is restricted to motor, cognitive and behavioural evaluations that 

despite uniform criteria are inconsistent in pre-onset carriers and are of low 
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sensitivity (Paulsen et al., 2006). Markers can be classified into imaging 

methodologies and molecular biomarkers. 

 

1.3.1 Imaging methodologies 

 
Abnormalities in the CNS of pre-onset HD carriers have been recorded using an array 

of imaging techniques, with early studies employing structural Magnetic Resonance 

Imaging (MRI) to reveal significant volume decreases in the basal ganglia, particularly 

within the striatum, and reduced neural blood flows (Harris et al., 1999;Thieben et al., 

2002).  

 

Large cohort structural MRI studies involving several hundred subjects representing a 

wide spectrum of HD pathological states from pre- to post-onset demonstrated 

definitively neurological alterations before overt phenotypic changes arise 

particularly within the basal ganglia (Paulsen et al., 2008;Tabrizi et al., 2009;Nopoulos 

et al., 2010a;Nopoulos et al., 2010b). The sensitivity of this technology is highlighted 

by the detection of decreases in striatal volume approximately two decades before 

onset (Paulsen et al., 2008). Overall, intracranial brain volume decreases, regional 

grey and white matter differences and cortical thinning are observable in pre-onset 

individuals often with normal motor scores, and these degenerative changes are 

exacerbated in parallel with aging as predicted (Tabrizi et al., 2009;Nopoulos et al., 

2010a;Nopoulos et al., 2010b). Functional MRI, which enables measurements to be 

taken over time and in combination with neural stimulation with cognitive or motor 

tasks, corroborates findings from standard MRI techniques, and has identified striatal 

changes many years before disease onset (Zimbelman et al., 2007). Beyond the 

striatum, neurodegenerative changes have also observed with imaging technologies, 

including cortical thinning across numerous studies indicating HD pathological 

symptoms can be identified throughout  many CNS regions (Rosas et al., 2002;Rosas et 

al., 2005;Nopoulos et al., 2010a).  

 

1.3.2 Molecular biomarkers 
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Identification of blood borne biomarkers linked to early physiological alterations 

represents an approach amenable to regular sampling and easy access. For example, 

pre-onset patients exhibit weight loss in conjunction with disruption of the circadian 

rhythm, sexual behaviour alterations and increased energy metabolism (Petersen and 

Bjorkqvist, 2006;Petersen et al., 2009), all potentially due to hypothalamic 

dysfunction (Politis et al., 2008). Weight loss represents a potential target for 

developing early biomarkers of HD and two studies attest to this theory recording 

decreased levels of branched chain amino acids in pre-onset carrier blood samples 

(Underwood et al., 2006;Mochel et al., 2007).  

 

Microglia are the counterparts of macrophages in the CNS and their correlation with 

disease progression and activation in HD subjects at pre- and post-onset stages were 

the first signs of a possible immune component in HD (Shin et al., 2005;Pavese et al., 

2006;Tai et al., 2007). Further, the immune protein clusterin and immune signalling 

pathway regulating IL-6 release are altered in HD (Khoshnan et al., 2004;Dalrymple et 

al., 2007). Proteomic profiling of human plasma identified signs of these phenomenon, 

with increased levels of interleukin-6 (IL-6) in pre-manifest carriers 16 years before 

disease onset on average, and this stands as the earliest HD alteration detectable in 

blood samples to date (Bjorkqvist et al., 2008).  

 

Transcriptional dysregulation arguably represents the strongest hallmark of HD and 

array based studies have accurately measured hundreds of changes simultaneously 

between HD and wildtype samples. This presents a rich reservoir of potential disease 

biomarkers, either the transcripts themselves or downstream protein products. 

Particular focus has been paid to mHTT disruption of master regulators REST and 

SREBP that control BDNF expression and cholesterol biosynthesis respectively; even 

at stages preceding onset.  

 

Biomarker studies have probed for changes in peripheral tissues and identified 

alterations in skeletal muscles from R6/2 mice and HD patients (Strand, 2005). Recent 

focus has shifted to peripheral blood mRNA microarray analysis, first performed by 

Borovecki and others and applied to a cohort of 62 HD subjects (including early 9 pre-

onset, 21 late pre-onset and 32 post-onset patients) against 53 age matched controls 
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(Borovecki et al., 2005). Over three hundred transcripts were shown to be 

differentially expressed between HD and control groups, with 7 of the 12 most 

statistically significant additionally dysregulated in caudate tissue samples of 

postmortem HD patients (Borovecki et al., 2005). Notably a subset of 3 transcripts 

could distinguish stages of disease beginning at an early pre-onset phase (22.5  2.6 

years) (Borovecki et al., 2005). Corroborating these findings, two miRNAs have been 

reported as differentially expressed within human in vitro models of HD and this 

alteration is detectable for one (miR-34b) in the blood plasma of pre- but not post-

onset HD patients and controls (Gaughwin et al., 2011). 

 

Confounding the transcriptome dysregulation findings from Borovecki et al., 2005 is a 

replicative mRNA array study enrolling more patients that failed to identify any 

changes in all but one gene (immediate early response 3; IER3) between HD and 

control groups despite profiling lymphocyte samples, whole or peripheral blood 

(Runne et al., 2007). The utility of blood mRNA screens presently requires further 

interrogation and validation. 

 

1.4 Disease Modelling 

 

1.4.1 In vivo modelling 

 
Human CNS disorders pose a challenging research environment if studied in vivo, 

being opaque to most detailed molecular, biochemical and cellular assays due to the 

invasive nature of such techniques; human studies are therefore largely limited to 

neuroimaging or human post-mortem tissue analysis as previously described.  

 

Cellular and animal models provide alternative options with HD induced within 

common model organisms such as Caenorhabditis elegans, Drosophila melanogaster 

and Danio rerio. These model systems have demonstrated some of the central 

phenotypes of human HD including correlations with CAG repeat length and 

neurodegeneration severity (Faber et al., 1999;Parker et al., 2001;Gunawardena et al., 

2003;Marsh and Thompson, 2006). These organisms complement rodent models and 

provide a platform for in vivo studies on a larger scale.  
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HD model organism studies have primarily focused on rodent models that provide a 

mammalian system in combination with relatively quick generation cycles. Early 

studies of non-genetic models of HD provided early insights into protective and 

restorative treatments in mice and rats. Such models are generated by intrastriatal 

injections of glutamate agonists such as Quinolinic Acid to induce excitotoxicity and 

mimic selective striatal neurodegeneration, however, these methods do not enable the 

dissection of the stepwise pathological process caused by an expanded CAG repeat 

tract (Beal et al., 1986).  

 

Perhaps the most widely studied HD model is the R6/2 mouse line, also the first 

transgenic HD line that harbours a 1.9 kb insertion carrying 144 CAG repeats within 

exon 1 of the human huntingtin under the endogenous human promoter (Mangiarini 

et al., 1996). The extreme number of CAG repeats within this model translates to 

juvenile onset in human patients, and indeed R6/2 mice exhibit severe symptoms and 

an early onset at 3.5 weeks of age (Carter et al., 1999). Pathological qualities of R6/2 

mice do however mirror those within humans, including atrophy of the brain and 

specifically the striatum, the precipitation of nuclear mutant HTT inclusions in 

neurons and a decrease in striatal dendritic dopamine D1 and D2 receptors 

(Mangiarini et al., 1996;Davies et al., 1997;Cha et al., 1998). 

 

Models that more closely parallel typical human onset timeframes include the mouse 

strains R6/1, BACHD, YAC128 and a transgenic rats strain (Mangiarini et al., 1996;von 

Horsten et al., 2003;Slow et al., 2005;Gray et al., 2008). Not surprisingly these later 

onset models often carry fewer CAG repeats within exogenous genes as well as fewer 

transgene copies than R6/2 mice. Transgenic HD rodent lines are not without 

limitations and drawbacks. All contain an additional copy of a full or partial fragment 

of a huntingtin gene and protein. This result in a higher load of huntingtin proteins in 

total and a higher dose of wildtype endogenous proteins may attenuate disease 

phenotypes that would be evident with a knock-in model.  Further artefacts may arise 

where artificial promoters are used to overexpress the exogenous huntingtin gene and 

concerns are magnified where randomly integrating transgenic systems are created 
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that possibly disturb the activity of host genes or result in multiple insertion sites as 

seen in the R6/2 strain.  

 

In contrast, knock-in models express mutant huntingtin at the correct genomic loci 

under the endogenous promoter to produce ‘normal’ physiological concentrations of 

the disease protein. Two strategies exist for generating knock-in mice, either replacing 

the endogenous mouse exon 1 with a human equivalent containing a pathological CAG 

repeat tract (Ishiguro et al., 2001;Menalled et al., 2003) or inserting additional CAG 

repeats into the existing mouse repeat tract (Shelbourne et al., 1999;Lin et al., 2001). 

Unfortunately, knock-in lines generally exhibit a mild pathological phenotype, 

possibly limiting the utility of such models to understanding the stages of pre-onset or 

early post-onset HD. 

 

A transgenic non-human primate model of HD was recently developed where an exon 

1 fragment of the human huntingtin gene hosting 84 CAG repeats was expressed in 

rhesus macaques (Yang et al., 2008). This model displays hallmark behavioural 

abnormalities of HD including choria and dystonia in combination with molecular 

signs of neurodegeneration and may substantially progress the understanding of HD 

etiology (Yang et al., 2008). 

 

1.4.2 In vitro animal modelling 

 
In vivo animal studies possess numerous logistical and financial complexities, and are 

impractical for high-throughput drug screening to identify candidates for blocking and 

reversing mHTT toxicity. In vitro HD models derived from mice and rats provide an 

alternative platform and include inducible systems (Sipione et al., 2002), knockin 

(Trettel et al., 2000) and transgenic lines (Petersen et al., 2001). These systems have 

been successfully utilised to dissect numerous disease mechanisms including 

transcriptional dysregulation, aggregates and mitochondrial alterations, as well as 

demonstrating that mHTT promotes neural death in primary striatal cultures 

(Petersen et al., 2001;Hermel et al., 2004;Zeron et al., 2004;Zala et al., 2005); and 

neural stem cell cultures (Chu-LaGraff et al., 2001). Indeed, in vitro HD rodent cultures 

have progressed sufficiently enough for their utility in high-throughput drug 
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screening studies from which candidates that block and reverse mHTT toxicity have 

been found (Bodner et al., 2006). 

 

Both in vitro and in vivo animal models have and will continue to contribute invaluable 

knowledge to our understanding of HD pathogenesis; however, none to date 

accurately recapitulates the full repertoire of human HD pathology. This may stem 

from significant biological differences caused by wide evolutionary distances between 

each model organism and Homo sapiens, or from novel pathological pathways 

corollary to genetic manipulation such as the insertion of additional mutant genes and 

overexpression above normal levels.  

 

1.4.3 Human pluripotent disease models: A good match for HD? 

 
hPSCs represent enormous possibilities for regenerative medicine by possessing the 

capacity to produce the entire repertoire of cellular types, a scenario that has ignited a 

cavalcade of ethical discourse, but most importantly, scientific pursuit.  

 

Two categories of hPSCs exist, the first derived from the inner cell mass (ICM) and 

second upon the reprogramming of somatic cells and were first identified by research 

groups led by James Thomson and Shinya Yamanaka respectively (Figure 1.2; 

(Thomson, 1998;Takahashi et al., 2007). The isolation of hESCs from the ICM occurs in 

the early blastocyst before gastrulation at E14 and are characterised by numerous 

criteria, including the expression of key cell surface antigens linked to pluripotency 

including SSEA-3, SSEA-4, TRA-1-60, TRA-1-81 and GCTM2, as well as critical 

pluripotency transcription factors OCT4 and Nanog (Nichols et al., 1998;Chambers et 

al., 2003). An innovative alternative class of pluripotent cells, iPSCs, were first derived 

from mouse fibroblasts by overexpressing the key genes c-MYC, OCT4, SOX2 and KLF4 

using retroviral vectors (Takahashi and Yamanaka, 2006). Reprogramming has now 

been performed on human cells and can be achieved with numerous vector systems, 

including non-integrative mRNA, episomal or protein mediated techniques that do not 

disrupt endogenous genomic DNA, generating cell lines highly analogous to hESC 

counterparts (Figure 1.2; Takahashi et al., 2007). 
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Utilising starting cells that possess genomic mutations correlating to a specific disease 

ostensibly enables the generation of diseased hPSC lines, and is achieved by access to 

either PGD embryos for hESCs or diseased patients for hiPSCs. The conflation of a 

pluripotent human system with genetic mutations corresponding to specific disorders 

opens the possibility of deriving the specific adult cell types that are susceptible for in 

vitro human modelling. This is particularly valuable in a neurological context, as live 

human neural tissue at any stage of disease is inaccessible for research and only 

available post-mortem. 

 

The in vitro neural differentiation of hPSCs carrying the genetic insults of 

neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease and 

particularly full penetrance genetic disorders such as HD, represent priceless tools for 

deciphering the pathological cascades involved in disease development and high 

throughput drug screening for therapeutic agents.  
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Figure 1.2: hPSCs are sourced from either the inner cell mass of the developing blastocyst or via the reprogramming of somatic cell types. hPSCs are 
pluripotent, capable of generating all cells of the human body, and may be directed to differentiate along germ layer pathways under specialised 
conditions. As differentiation progresses, cells move from a pluripotent state to a multipotent state with restricted differentiation capabilities, and 
continue until cells become terminally differentiated into adult cell types. . 
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Indeed, hPSC lines have been generated for numerous neurodegenerative disorders 

and in many cases differentiated to neurons with a variety of protocols, however, 

observations of pathology are scarce and frequently in conflict (Table 1.1). 

Fortunately, a disproportionate number of hPSC lines have been generated carrying 

HD mutations and promisingly these very recent publications are providing 

tantalising observation of some disease phenotypes (Table 1.1). Several concerns are 

envisaged when modelling neurological disorders in hPSC models, namely that 

typically decades are required to develop phenotypes and they are often the 

consequence of complex and ill defined genetic and environmental interactions. 

However, of all neurological disorders, HD is clearly a superior choice for 

interrogation using hPSCs, as HD pathology is determined by a single clearly identified 

genetic mutation. These hPSC models also provide a unique opportunity to study pre-

onset disease stages in human cells. 

 

A study from Lund University was the first to demonstrate the feasibility of an in vitro 

pluripotent model system of HD, with the generation of transgenic human embryonic 

carcinoma cells (hECCs) overexpressing human HTT exon 1 with 23, 73 or 145 CAG 

repeats (Gaughwin et al., 2011). A subset of key HD features common to animal 

models and patients were recapitulated in undifferentiated and neural differentiated 

human cultures of hECCs, and in particular miRNA microarrays identified significant 

upregulation of two novel candidates (miR-34b and miR-1285) that were 

corroborated in patient blood samples.  Further, previously unreported pro-survival 

effects of mHTT were discovered in undifferentiated cultures, and neual toxicity of 

mHTT confirmed in neurons derived from these hECCs (Gaughwin et al., 2011).  

 

In reference to HD pluripotent models, it is also important to mention the work from 

Elena Cattaneo’s laboratory, despite the derivation being made from R6/2 mouse 

fibroblasts, as it produced the first bona fide pluripotent model that recapitulated 

facets of HD pathology (Castiglioni et al., 2012). Aggregates, which were not present in 

the source fibroblasts or pluripotent iPSCs, began to sporadically appear after 10 days 

of neuronal differentiation of R6/2 iPSCs. Further, transcriptomic comparisons 

identified reduced expression of the cholesterol biosynthesis gene 7dhcr and those of 

the autophagy-lysosomal system which is disrupted in HD (Sardiello et al., 2009), with 
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transcription Factor EB (TFEB, a master regulator) and its targets Tpp1, Ctsf and 

Lamp1, altered in undifferentiated R6/2 iPSCs and neural derrivatives. While the R6/2 

iPSC model system provides a valuable biological tool for investigating HD in vitro, 

drawbacks remain including those associated with transgene insertion and 

uncertainty in the degree to which pathological phenotypes are faithfully reproduced 

in rodent systems.  

 

Quite recently several studies have emerged of hiPSC lines carrying CAG repeat 

expansions. Intriguingly, all of these lines possess mutations representative of rare HD 

subsets, carrying either egregious expansions (CAG60+) that clinically correlate to 

juvenile or infantile onset, or homozygous mutations that induce symptoms with 

greater severity (Gaughwin et al., 2011;Camnasio et al., 2012;Castiglioni et al., 

2012;HDIPSCC, 2012;Jeon et al., 2012). However, a range of HD phenotypes have been 

identified across these studies, including HTT aggregates, CAG repeat instability, gene 

dysregulation and lysosomal dysfunction. Intriguingly, these studies confoundingly 

report conflicting observations and rarely is a single disease phenotype correlated 

across multiple studies. Potentially these discrepancies arise because these cell lines 

operate within the ranges of rare and poorly studied HD subtypes, or are a 

consequence of the variable reprogramming techniques employed, or even effects of 

the reprogramming process itself on diseased somatic cells that have been exposed to 

considerable periods of mHTT production. 

 

Alternatively, HD hESC lines have been generated from PGD embryos, providing an 

alternative and ‘natural’ platform to interrogate HD in the absence of the 

aforementioned cellular reprogramming concerns (Mateizel, 2005;Verlinsky et al., 

2005;Park et al., 2008;Niclis et al., 2009;Bradley et al., 2010). While these reports 

indicate HD embryos generate hESC lines with efficiencies equivalent to wildtype 

controls, limited investigation of their pluripotent dynamics, neuronal differentiation 

capacities or the presence of disease phenotypes have been performed. In order to 

address these fundamental questions and make sense of the nascent and conflicting 

literature surrounding HD hiPSC lines, there is an urgent need to investigate HD hESC 

lines, particularly those carrying mutations equivalent to archetypal late-onset 

phenotypes. 
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Table 1.1: Compilation of reported of human pluripotent stem cell lines carrying mutations in relevant disease genes and/or derived from 
individuals with specific disorders. * fibroblasts refer to patient dermal fibroblasts; ** for iPSC studies numbers reflect how many genetically distinct 
lines were generated; *** number of disease relevant genes dysregulated are shown in brackets. 

Authors Disease Generation 
Technique * 

Classific-
ation 

Disease 
Lines ** 

Undifferentiated Phenotype Neural Differentiation 
Phenotype *** 

Yagi et al… Suzuki 
2011 

Alzheimer’s 
(familial) 

Retroviral 
reprogramming of 

fibroblasts 

hiPSCs 4 None reported  - Increased amyloid b42 
- Pharmacological amelioration 

Israel et al…Goldstein 
2012 

Alzheimer’s 
(sporadic & 

familial) 

Retroviral 
reprogramming of 

fibroblasts 

hiPSCs 2 (Spor.) 
2 (Famil.) 

None reported - High levels of pathological 
markers amyloid-b, phospho-
tau, active glycogen synthase 
kinase-3b 
- Early endosome formation 

Dimos et al… Eggan 
2008 

Amyotrophic 
Lateral Sclerosis 

Retroviral 
reprogramming of 

fibroblasts 

hiPSCs 1 None reported None reported 

Mitne-Neto et al… Zata 
2011 

Amyotrophic 
Lateral Sclerosis 

(ALS8) 

Retroviral 
reprogramming of 

fibroblasts 

hiPSCs 4 - Decreased levels of VAPB - Decreased levels of VAPB 

Nayler et al… 
Wolvetang 2012 

Ataxia-
Telangiectasia 

Lentiviral 
reprogramming of 

fibroblasts 

hiPSCs 2 - Reprogramming inefficiency 
- Defective DNA damage 
response 
- Cell cycle perturbations 
- Gene dysregulation 

- Defective DNA damage 
response 

Briggs et al… 
Wolvetang 2012 

Down Syndrom Episomal 
reprogramming of 
patient fibroblasts 

hiPSCs 2 - Gene (>1000) dysregulation - Gene (>1000) dysregulation 
- Differentiation bias 
- Oxidative stress senstivity 

Mateizel et al… 
Stierteghem 2005 

Huntington’s 
Disease & 
Mytonic 

Dystrophy 

ICM from PGD 
embryos 

hESCs HD (1) 
MD (1)  

None reported None reported (Only EB & 
teratoma assays performed) 
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Verlinsky et al… 
Kuliev 2005; and 
Niclis et al… Cram 

2009 
Niclis et al… Cram 

2013 

Huntington’s 
Disease 

ICM from PGD 
embryos 

hESCs 2 None reported - CAG instability 
- Neuronal calcium dysfunction 
- Gene expression 

Park et al… Daley 
2008 

HD, Duchenne 
MD, Parkinson’s, 
Down Syndrome 

Retroviral 
reprogramming of 
fibroblasts or BM-

MSCs 

hiPSCs HD (1) 
DMD (1) 

PD (1) 
DS (1) 

None reported None reported (Only EB & 
teratoma assays performed) 

Bradley et 
al…Stojanov 2010 

Huntington’s 
Disease 

ICM from PGD 
embryos 

hESCs 4 None reported - Potential  impairment of 
ectodermal differentiation  

Seriola et al… Sermon 
2010 

Huntington’s 
Disease & 
Mytonic 

Dystrophy 

ICM from PGD 
embryos 

hESCs HD (1) 
MD (3) 

- None reported (HD) 
- CAG repeat instability (MD) 

- CAG repeat instability (MD) 

Gaughwin et al… 
Bjorkqvist 2011 

Huntington’s 
Disease 

Transgene (CAG73 
& 145) insertion 

Embryoni
c 

Carcinom
a Lines 

1 - miRNA upregulation 
- Gene (1) downregulation  
- Increased survival 

- miRNA upregulation 
- Impaired neural 
survivability/differentiation 

Jeon et al… Song 2012 Huntington’s 
Disease 

Retroviral 
reprogramming of 
patient fibroblasts 

hiPSCs 
(early 
onset) 

1 - None reported - HTT aggregates 

Castiglioni et al… and 
Cattaneo 2012 

Huntington’s 
Disease 

Retroviral 
reprogramming of 
R6/2 fibroblasts 

miPSCs 1 - Cholesterol biosythesis gene 
dysregulation (3) 
- Lysosome gene (3) 
dysregulation 

- Lysosome gene (3) 
dysregulation  
- HTT aggregates 

Camnasio et al… 
Cattaneo 2012 

Huntington’s 
Disease 

Retroviral 
reprogramming of 
patient fibroblasts 

hiPSCs 
(early 
onset) 

3 - Lysosome activity 
perturbation 
 

- Lysosome activity 
perturbation  

The HD iPSC 
Consortium 

Huntington’s 
Disease 

Lentiviral & 
episomal 

reprogramming of 
patient fibroblasts 

hiPSCs 
(early 
onset) 

3 None reported - CAG repeat instability 
- Altered NP cell adhesion 
- Neuronal vulnerability 
- Gene (>100) dysregulation  
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Lee et al… and Studer, 
2009 

 

Familial 
Dysautonomia 

Lentiviral 
reprogramming of 

fibroblasts 

hiPSCs 3 None reported - Gene (89) dysregulation 
- Decreased neurogenesis   
- Impaired cell migration 
- Pharmacological amelioration 

Eiges et al… Ben-Yosef 
2007 

Fragile X ICM from PGD 
embryos 

hESCs 1 None reported - Hallmark FMR1 epigentic 
inactivation 

Urbach et al… 
Benvenisty 2010 

Fragile X Retroviral 
reprogramming of 

fibroblasts 

hiPSCs 3 - Inactivation of FMR1  None reported 

Soldner et al… 
Jaenisch 2009 

Parkinson’s 
(idiopathic) 

Excisable lentiviral 
reprogramming of 

fibroblasts 

hiPSCs 5 None reported None reported 

Nguyen et al… Pera 
2011 

Parkinson’s 
(LRRK2 mutant) 

Retroviral 
reprogramming of 

fibroblasts 

hiPSCs 1 None reported - Increased expression of 
oxidative stress-response genes 
- Increased expression of a-
synuclein 
- Increased susceptibility to 
stressors 

Brennand et al… Gage 
2011 

Schizophrenia Lentiviral 
reprogramming of 

fibroblasts 

hiPSCs 5 None reported - Decreased neurite numbers 
- Decreased neuronal 
connectivity 
- Gene (149) dysregulation 
- Pharmacological amelioration  
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1.5 Summary And Scope Of Study 

 
The immense capacity for hPSCs to differentiate into the full repertoire of adult 

somatic cell types and neuronal cells relevant to HD offers the possibly of a live human 

context to dissect pathological pathways in a way previously unattainable. 

Investigations of unadulterated HD hESCs are severely limited and do not progress far 

beyond initial characterisation. Whether in vitro hESC HD models expressing mHTT 

under endogenous promoters will reveal signs of pathology is not clear, despite 

evidence for widespread mHTT dysfunction before disease onset.  

 

 A human HD cellular milieu may provide insights as to how rodent pathology differs 

and provide answers to remaining questions about human HD etiology. Such models 

can be deployed to identify novel disease pathways, separate the hierarchical 

relationship between copious disease mechanisms and identify those which 

contribute most significantly to clinical pathology. HD hESC lines with typical late 

onset mutations may further provide a window into the early stages of disease 

development and further complement these goals. Consequently, hPSC models may 

enable therapeutic strategies to target the most relevant mechanisms in a system 

amenable to high-throughput screening with the goal to finally provide useful 

treatment options for HD sufferers.  

 

Subsequent chapters of this dissertation describe the detailed characterisation of 

numerous wildtype control hESC lines with two HD hESC lines generated from PGD 

embryos, SI-186 and SI-187, carrying (CAG37) and (CAG51) alleles equivalent to typical 

late onset phenotypes. In the course of these investigations, the development of a 

robust, novel neuronal differentiation protocol was achieved and utilised to assess the 

forebrain differentiation capabilities of HD hESC and generate neural and neuronal 

cell types for the pursuit of disease phenotypes. This overall aim of the study was to 

establish whether hESCs carrying clinically relevant HD mutations constitute a valid 

human in vitro model system of HD. 
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2.1 Introduction 

 
Recent investigations of genetic animal models of HD and of human patients, 

demonstrate significant pathological dysfunction precedes overt clinical onset at 

cellular and physiological levels (See Chapter 1). Early perturbations may represent 

crucial targets for unravelling the complex pathological tapestry of HD and reveal 

viable therapeutic targets. hESC models of HD provide the capacity to investigate pre-

onset disease stages and pathological progress in an amenable in vitro system.  

 

Three HD hESC lines, SI-186, SI-187 and SI-194, were developed from pre-

implantation diagnosis embryos by the Reproductive Genetics Institute in Chicago and 

made available to researchers world wide through Stemride International (Verlinsky 

et al., 2005). Two lines (SI-186 and SI-194) were derived from the same maternal 

donor and possess a CAG37 repeat expansions, while SI-187 was derived from separate 

donors and harbours a larger CAG51 repeat expansion.  

 

This chapter describes primary characterisation of two of these three hESC lines, SI-

186 and SI-187, which were acquired by our institute for the purpose of establishing 

human in vitro models of HD. The re-establishment of these lines at Monash 

Immunology and Stem Cell Laboratories was performed and followed by the 

confirmation of stem cell identity and the presence of expanded HD alleles that were 

transcribed and translated.  

 

For the first time, this chapter reports neural differentiation performed on hESCs 

carrying mutations for Huntington’s disease. Further, utilising an established 

ectodermal differentiation protocol (Reubinoff et al., 2001), evidence of CAG repeat 

instability was observed in HD neural progeny.  
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2.2 Manuscript  

 

2.2.1 Huntington’s Disease mutation validation in human 

embryonic stem cell lines  

 
The following publication to which I contributed details the first investigations into 

the two HD hESC lines, SI-186 and SI-187. The aims of this publication were to 

validate the pluripotent properties of these hESC lines after their establishment within 

our laboratory, confirm their disease status and assess neural differentiation 

capacities utilising an established noggin induction and neurosphere based protocol 

for the investigation of disease phenotypes.  
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2.3 Additional Methods 

 

2.3.1 Establishment of SI-186 and SI-187 HD cell lines 

 

Stem cell derivation of lines SI-186 and SI-187 from HD positive IVF embryos was 

originally performed at the Reproductive Genetics Institute in Chicago and made 

available from Stemride International through a Materials Transfer Agreement. 

Frozen colony pieces from each cell line were delivered from Stemride International 

and thawed as per reverse vitrification methods (Section 2.3.4). Cell lines were 

initially cultured in media standardised for Stemride International for 2-4 passages 

until cell line growth rates and morphologies recovered from the thawing process, 

after which cells were transferred to the HES media and feeders utilised within our 

laboratory, as described in Section 2.1. 

 

2.3.2 Vitrification 

 

All hESC lines (HES2, SI-186, SI-187) were vitrified routinely every 6 months to 

ensure backup stocks were stored in the event of karyotypic abnormalities developing 

with extended culture. Five principle solutions are required for the vitrification of 

hESC colonies, DMEM-HEPES media (0.5mL 1M HEPES media, 19.5mL DMEM/F12; 

Invitrogen), ES-HEPES media (8mL DMEM-HEPES media, 2mL FBS; Invitrogen), 1M 

sucrose solution (3.42g sucrose added to 6mL of DMEM-HEPES media and dissolved 

for 15 minutes at 37C, 2mL FBS; SigmaAldrich), 10% vitrification solution (4mL ES-

HEPES media, 0.5mL ethylene glycol, 0.5mL DMSO; Sigma) and 20% vitrification 

solution (1.5mL ES-HEPES media, 1.5mL 1M sucrose solution, 1mL ethylene glycol, 

1mL DMSO). 

 

hESC colonies were manually dissected into quarters or sixths and 12 pieces 

transferred to ES-HEPES media for 5 minutes. Pieces were transferred using a p20 

pipette to 10% vitrification solution and incubated for 60 seconds before being 

transferred to 20% vitrification solution for 25 seconds. Pieces were then collected in 

20ml and transferred to a sterilised plastic plate, producing a single droplet. All pieces 

were then collected in a 3ul volume using a p20 pipette and drawn into a vitrification 

straw (Gytech). The vitrification straw was immediately placed into a 5mL cyrovial 
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and submerged in LN2. Cryovials were sealed and placed into liquid phase LN2 tanks 

for long-term storage. 

 

2.3.3 Reverse vitrification 

 

Where necessary hESC lines were reverse vitrified, or thawed, from LN2 stocks. Five 

principle solutions were prepared, DMEM-HEPES media, ES-HEPES media, 1M sucrose 

solution, 0.2M sucrose solution (2mL ES-HEPES media, 0.5mL 1M sucrose solution) 

and 0.1M sucrose solution (2.25mL ES-HEPES media, 0.25mL 1M sucrose solution). 

Vitrification straws containing frozen pieces of the required hESC line were removed 

from cryovials using forceps and the narrow end immediately plunged into a well 

containing 0.2M sucrose solution. Frozen hESC pieces diffused out of vitrification 

straws and after 60 seconds were transferred to 0.1M sucrose solution. After 5 

minutes of incubation pieces were transferred to ES-HEPES media for 5mins and then 

again to a fresh well containing ES-HEPES media for a further 5 minutes. hESC pieces 

were then transferred to a standard centre well organ culture dish (BD Biosciences) 

and placed in a 37C incubator to attach overnight, after which hESC were maintained 

as per standard colony culture methods.  

 

2.3.4 Neural differentiation 

 

Differentiation was performed according to the protocol utilised in Section 2.1 which 

was first described in 2001 (Reubinoff et al., 2001). Two independent culture replicate 

differentiation experiments were performed at passages 28 and 34 (SI-187), 45 and 

51 (SI-186) and 44 and 50 (HES2). Approximately 200 neurospheres in total were 

generated for each cell line, 100 for each culture replicate.  

 

2.3.5 Neurosphere morphological assessment 

 

Morphological evaluations were made four weeks after neural differentiation 

induction at the end of the neurosphere stage to determine the differentiation 

capabilities of each line. Three scoring categories were devised to assess neurosphere 

quality and each well was assigned one grade: 

Grade 0 = Complete apoptosis or sphere formation failure 
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Grade 1 = Aggregate structure of irregular morphology and/or cystic 

structures 

Grade 2 = Spherical sphere formation without cystic structures 

The total score was calculated by the following equation: 

(0 x number of grade 1) + (1 x number of grade 2) + (2 x number of grade 2) 

 

2.3.6 Immunocytochemistry 

 
Immunocytochemistry labelling of HTT was performed and analysed according to 

methods described in Section 2.1. A primary rabbit anti-human N-terminal HTT 

antibody (Millipore) was used at 1:100, and visualisation illuminated with goat anti-

rabbit AlexaFluor 555 (BD) secondary antibodies at 1:200. 
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2.4 Additional Results  

 

2.4.1 Resolution of SI-186 karyotypic mosaicism 

 

A mosaic karyotype in the SI-186 line at passage 29 was identified in Section 2.2, 

where 62.5% of the otherwise normal cell population was trisomic (47,XX +12; Figure 

2.1A). Given that a majority of SI-186 cell produce discrepant levels of chromosome 

12 genes which may infuse stochastic elements throughout undifferentiated and 

differentiated culture systems and obfuscate experimental results, preventing the 

resolution of disease specific phenotypes, correction of this genetic anomaly was 

critical for future investigations. 

 

Earlier passage aliquots of the SI-186 line were thus obtained from StemRide 

International. Subsequent to the adaptation and establishment of early passage SI-186 

cells to colony culture conditions, SI-186 cells were again subjected to Giemsa staining 

that reported a normal 46,XX karyotype in 100% of the mitotically active cells 

assessed at passage 17 (Figure 2.1B). As a result, all experimental assays utilising the 

SI-186 line beyond Section 2.1 were obtained utilising cells from the euploid (46, XX) 

derivative. 

 

2.4.2 Neural differentiation of 46,XX SI-186 cells 

 
Confirmation of the neural differentiation capacity of the 46,XX SI-186 line was 

required prior to comparisons between HD and wildtype lines. Representative 

morphological images of efficacious differentiation replicates from all three cell lines, 

including SI-186, at all three principle differentiation stages are provided in Figure 

2.1C. Morphological images demonstrate the capacity of all lines, particularly the re-

established SI-186 line, to differentiate to neuronal cells in a robust manner. 

 

Noggin treated hESC colonies at d7 (Figure 2.1Ci) and d14 (Figure 2.1Cii) reveal 

similar morphology across all lines, all colonies contain regions indicative of 

spontaneous differentiation by two weeks and are avoided during manual selection 

for neurosphere formation (Figure 2.1Cii, arrows).  Indeed, little variation between 

control and HD lines in terms of noggin treated colony growth and morphology were 
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observed. All lines possessed the capacity to generate some neurospheres of high 

morphological quality from noggin treated colony pieces as shown at d21 and d28 

(Figure 2.1Ciii-iv). Further differentiation of neurospheres on laminin coated 

surfaces to neurons was successful with the re-established karyotypically normal SI-

186 line as well as the SI-187 and HES2 lines; each line produced neurospheres that 

exhibited a strong propensity to generating significant neurite outgrowth (Figure 

2.1Cv-vi).  

 

The generation of neurospheres is a particularly robust technique, with the successful 

formation of a neurosphere from 97% of HES2 and 94% SI-186 and SI-187 noggin 

treated colony pieces (Figure 2.2C). Both wildtype control and HD cell lines exhibited 

the capacity to generate neurospheres of high morphological quality (grade = 2) that 

were symmetrical in nature and contained neural rosettes (Figure 2.2A), and further 

each line produced numerous neurospheres of poor quality (grade = 1), that were 

typically asymmetric bodies with cystic structures and cell debris (Figure 2.2B).  

 

Intriguingly, reduced frequencies of grade 2 neurospheres were generated from 

noggin treated cultures in SI-186 (-57.7%) and SI-187 (-73.1%) cells compared to 

HES2 controls (Figure 2.2C). Reduced grade 2 neurosphere formation in both disease 

lines was accompanied by concomitant increases in lower quality grade 1 spheres, 

with little difference in the number of failed, grade 0 neurospheres (Figure 2.2C).  

Overall grade values of HD neurospheres were reduced compared to controls by 

27.4% and 32.4% for SI-186 and SI-187 cultures respectively (Figure 2.2C). 

 

Karyotypically normal SI-186 cells were seen to differentiate into neurons as 

evaluated by immunocytochemistry staining for the pan-neuronal cytoskeletal marker 

-iii-tubulin (Figure 2.3F). Simultaneous neuronal differentiation of SI-187 and HES2 

was also performed and confirmed with -iii-tubulin immunostaining (Figure 2.3C & 

I). Equivalent across all cell lines, -iii-tubulin immunostaining show strong antibody 

binding within neurites and cell bodies but not within nuclei (Figure 2.3A, D, G). No 

aberrant loss of HTT arises during differentiation or extended culture, with protein 

expression observed with anti-HTT N-terminal antibodies binding to neurons derived 

from all lines (Figure 2.3B, E, H).  
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Figure 2.1:Giemsa staining of SI-186 cells with the karyotype of a representative cell with 
chromosome 12 trisomy (A, circled). Karyotype results SI-186 cells with a normal 46, XX 
human karyotype (B). Morphological images of karyotypically normal HES2, SI-186 and SI-
187 lines at all three neural differentiation stages (C). Noggin treatment stage at d7 (Ci) and 
d14 (Cii), arrow regions denote spontaneous differentiation and are were avoided for 
neurosphere generation. Neurosphere development stage at d21 (Ciii) and d28 (Civ), 
neuronal differentiation stage at d42 at 4x magnification (Cv) and 20x magnification (Cvi). 
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Figure 2.2: Representative images of HES2, SI-186 and SI-187 neurospheres of morphological 
quality grade 1 (A) and grade 2 (B). Arrows indicate cystic structures. Total numbers of 
neurospheres that received each scoring grade are graphically represented and compared to a 
total score (C). Brightfield neurosphere images at 4x magnification. 
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Figure 2.3:  Immunochemistry staining of neuronal progeny antibodies targeting -iii-tubulin 
(green) and HTT (red) in control cell line HES2 (A-C), and HD cell lines SI-186 (D-F) and SI-
187 (G-I). Merged images (A, D, G) include DAPI nuclear staining (blue), images at 20x 
magnification. 
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2.5 Additional Discussion 

 
This chapter investigates two hESC lines heterozygous for CAG repeat expansions 

within exon 1 of the HTT loci. Validation of CAG repeat mutations and allelic 

expression in undifferentiated and neural differentiated cells confirm these cell lines 

produce the causative protein required for HD pathology at relevant stages.  

 

2.5.1 Trisomic mosaicism  

 

A majority of SI-186 cells were found to harbour an abnormal trisomic karyotype. Early 

studies of the genomic integrity of hESCs were reliant upon low-resolution karyotypic 

assessments, such as Geimsa staining, and have produced conflicting results. Reports of 

stability within hESC cultures (Brimble et al., 2004;Buzzard et al., 2004;Rosler et al., 2004) 

contrast those detecting trisomies and whole-arm duplications, particularly of chromosomes 

12 and 17 in many hESCs lines (Draper et al., 2004;Mitalipova et al., 2005;Baker et al., 

2007). Today, it is well established that karyotypic instability is an intractable feature of 

hESC culture, and novel comparative genomic hybridisation studies have even located 

‘hotspots’ of several megabases that are preferentially duplicated, particularly at 20q11.21 

(Maitra et al., 2005;Lefort et al., 2008;Spits et al., 2008;Wu et al., 2008;Narva et al., 

2010;Initiative et al., 2011)  

 

Such changes are postulated to provide a pro-survival and/or proliferative advantage within 

an in vitro environment and steadily accumulate with progressive passaging and 

freeze/thaw cycles (Loring and Rao, 2006;Initiative et al., 2011), and therefore it is not 

surprising that a chromosome 12 abnormality arose in the SI-186 lines utilised. 

Chromosome 12 contains approximately 1200 – 1400 genes and their aberrant cellular 

loadings introduces innumerable variability that compromises the ability to accurately 

contrast disease and wildtype hESC lines.  

 

Validation of a normal 46,XX karyotype in an earlier passage SI-186 sample delivered 

from Stemride International subsequent to the identification of a trisomic karyotype 

provided appropriate euploid cellular material for comparative analysis between HD and 

wildtype lines for all future experimentation.  
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2.5.2 Interline neuronal differentiation variability 

 

Successful in vitro neuronal differentiation of both SI-186 and SI-187 lines 

demonstrate mHTT does not significantly inhibit this process, consistent with HD 

rodent and human patients whose nervous system develops fully. However, 

morphological observations of impaired neurosphere formation in SI-186 and SI-187 

lines compared to the control HES2 line ostensibly suggests a correlation between 

mHTT expression and reduced in vitro neural differentiation capacity. While such 

perturbations have not been reported in vivo, the simplistic microenvironment of in 

vitro differentiation may lack crucial trophic cues, to exacerbate or emphasise 

underlying dysfunction.  

 

Further, two issues prohibit a definitive attribution of impaired neurosphere 

formation to mHTT expression and may account for the observations recorded; 

namely interline differentiation variation and the presence of stochastic elements 

present within the neural differentiation protocol employed. 

 

Interline variation is a pernicious and widespread phenomenon, occurring upon hESC 

differentiation that occurs spontaneously (Mikkola et al., 2006;Osafune et al., 

2008;Tavakoli et al., 2009), towards non-neural lineges (Burridge et al., 2007;Chang et 

al., 2008;Osafune et al., 2008;Pekkanen-Mattila et al., 2009;Grigoriadis et al., 2010) 

and neural lineages (Wu et al., 2007;Tavakoli et al., 2009;Lappalainen et al., 2010).  

 

The avant-garde protocol developed by Ben Reubinoff and Martin Pera represents one 

of the earliest demonstrations of hESC in vitro differentiation to neurons (Reubinoff et 

al., 2001). Arguably however, requisite stages of the protocol presented difficulties 

upon their application to a disease-modelling scenario that relies on the resolution of 

potentially subtle disease phenotypes. Specifically, hESC must be cultured as colonies 

for noggin-mediated differentiation induction and neurosphere generation, a culture 

system that inherently carries substantial variations (Laslett et al., 2007;Kolle et al., 

2009;Ho et al., 2011). Colony heterogeneity is an area subjected to active research and 

it is uncertain whether it translates to inconsistency in neural and neuronal 

differentiation propensities. Manual selection of colony regions for neurosphere 

formation may exacerbate this phenomenon as morphological assessment cannot 
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distinguish heterogeneous populations, and neurosphere seeding densities are not 

controlled and has been shown to affect sub-lineage commitment (Goulburn et al., 

2011). 

 

In conclusion, this chapter describes initial characterisation hESC lines carrying HD 

mutations. Subjecting these cells to neural inducing conditions with the BMP inhibitor 

Noggin and promotion of neural identity with FGF and EGF, generated neuronal cells 

despite the presence of mHTT. Karyotypic abnormalities within the partially 

penetrant SI-186 line were resolved and neural differentiation reassessed.  Future 

studies will benefit from the use of multiple wildtype control lines and emerging or 

novel differentiation protocols that emphasise a reduction in stochastic elements to 

ensure the accurate discrimination of disease phenotypes that may be present. These 

lines aim to provide an informative tool for understanding pre-onset HD etiology and 

uniquely throughout stages equivalent to early human development in the context of 

an in vitro format.  



CHAPTER 2: Huntington’s Disease Mutations in hESCs Lines 

 

72 

2.6 References 

 

Baker, D.E., Harrison, N.J., Maltby, E., Smith, K., Moore, H.D., Shaw, P.J., Heath, P.R., 
Holden, H., and Andrews, P.W. (2007). Adaptation to culture of human 
embryonic stem cells and oncogenesis in vivo. Nature biotechnology 25, 207-
215. 

Brimble, S.N., Zeng, X., Weiler, D.A., Luo, Y., Liu, Y., Lyons, I.G., Freed, W.J., Robins, A.J., 
Rao, M.S., and Schulz, T.C. (2004). Karyotypic stability, genotyping, 
differentiation, feeder-free maintenance, and gene expression sampling in 
three human embryonic stem cell lines derived prior to August 9, 2001. Stem 
cells and development 13, 585-597. 

Burridge, P.W., Anderson, D., Priddle, H., Barbadillo Muñoz, M.D., Chamberlain, S., 
Allegrucci, C., Young, L.E., and Denning, C. (2007). Improved Human Embryonic 
Stem Cell Embryoid Body Homogeneity and Cardiomyocyte Differentiation 
from a Novel V-96 Plate Aggregation System Highlights Interline Variability. 
Stem Cells 25, 929-938. 

Buzzard, J.J., Gough, N.M., Crook, J.M., and Colman, A. (2004). Karyotype of human ES 
cells during extended culture. Nature biotechnology 22, 381-382; author reply 
382. 

Chang, K.-H., Nelson, A.M., Fields, P.A., Hesson, J.L., Ulyanova, T., Cao, H., Nakamoto, B., 
Ware, C.B., and Papayannopoulou, T. (2008). Diverse hematopoietic potentials 
of five human embryonic stem cell lines. Experimental cell research 314, 2930-
2940. 

Draper, J.S., Smith, K., Gokhale, P., Moore, H.D., Maltby, E., Johnson, J., Meisner, L., 
Zwaka, T.P., Thomson, J.A., and Andrews, P.W. (2004). Recurrent gain of 
chromosomes 17q and 12 in cultured human embryonic stem cells. Nature 
biotechnology 22, 53-54. 

Goulburn, A.L., Alden, D., Davis, R.P., Micallef, S.J., Ng, E.S., Yu, Q.C., Lim, S.M., Soh, C.-L., 
Elliott, D.A., Hatzistavrou, T., Bourke, J., Watmuff, B., Lang, R.J., Haynes, J.M., 
Pouton, C.W., Giudice, A., Trounson, A.O., Anderson, S.A., Stanley, E.G., and 
Elefanty, A.G. (2011). A Targeted NKX2.1 Human Embryonic Stem Cell Reporter 
Line Enables Identification of Human Basal Forebrain Derivatives. Stem Cells 
29, 462-473. 

Grigoriadis, A.E., Kennedy, M., Bozec, A., Brunton, F., Stenbeck, G., Park, I.H., Wagner, 
E.F., and Keller, G.M. (2010). Directed differentiation of hematopoietic 
precursors and functional osteoclasts from human ES and iPS cells. Blood 115, 
2769-2776. 

Ho, M.S.H., Fryga, A., and Laslett, A.L. (2011). Flow cytometric analysis of human 
pluripotent stem cells. Methods in molecular biology (Clifton, N.J.) 767, 221-230. 

Initiative, T.I.S.C., Amps, K., Andrews, P.W., Anyfantis, G., Armstrong, L., Avery, S., 
Baharvand, H., Baker, J., Baker, D., Munoz, M.B., Beil, S., Benvenisty, N., Ben-
Yosef, D., Biancotti, J.-C., Bosman, A., Brena, R.M., Brison, D., Caisander, G., 
Camarasa, M.V., Chen, J., Chiao, E., Choi, Y.M., Choo, A.B.H., Collins, D., Colman, 
A., Crook, J.M., Daley, G.Q., Dalton, A., De Sousa, P.A., Denning, C., Downie, J., 
Dvorak, P., Montgomery, K.D., Feki, A., Ford, A., Fox, V., Fraga, A.M., Frumkin, T., 
Ge, L., Gokhale, P.J., Golan-Lev, T., Gourabi, H., Gropp, M., Guangxiu, L., Hampl, 
A., Harron, K., Healy, L., Herath, W., Holm, F., Hovatta, O., Hyllner, J., Inamdar, 
M.S., Irwanto, A.K., Ishii, T., Jaconi, M., Jin, Y., Kimber, S., Kiselev, S., Knowles, 
B.B., Kopper, O., Kukharenko, V., Kuliev, A., Lagarkova, M.A., Laird, P.W., Lako, 



CHAPTER 2: Huntington’s Disease Mutations in hESCs Lines 

 

73 

M., Laslett, A.L., Lavon, N., Lee, D.R., Lee, J.E., Li, C., Lim, L.S., Ludwig, T.E., Ma, Y., 
Maltby, E., Mateizel, I., Mayshar, Y., Mileikovsky, M., Minger, S.L., Miyazaki, T., 
Moon, S.Y., Moore, H., Mummery, C., Nagy, A., Nakatsuji, N., Narwani, K., Oh, 
S.K.W., Oh, S.K., Olson, C., Otonkoski, T., Pan, F., Park, I.-H., Pells, S., Pera, M.F., 
Pereira, L.V., Qi, O., Raj, G.S., Reubinoff, B., Robins, A., Robson, P., Rossant, J., et 
al. (2011). Screening ethnically diverse human embryonic stem cells identifies 
a chromosome 20 minimal amplicon conferring growth advantage. Nature 
biotechnology 29, 1132-1144. 

Kolle, G., Ho, M., Zhou, Q., Chy, H.S., Krishnan, K., Cloonan, N., Bertoncello, I., Laslett, 
A.L., and Grimmond, S.M. (2009). Identification of Human Embryonic Stem Cell 
Surface Markers by Combined Membrane-Polysome Translation State Array 
Analysis and Immunotranscriptional Profiling. Stem Cells 27, 2446-2456. 

Lappalainen, R.S., Salomäki, M., Ylä-Outinen, L., Heikkilä, T.J., Hyttinen, J.A., 
Pihlajamäki, H., Suuronen, R., Skottman, H., and Narkilahti, S. (2010). Similarly 
derived and cultured hESC lines show variation in their developmental 
potential towards neuronal cells in long-term culture. Regenerative Medicine 5, 
749-762. 

Laslett, A.L., Grimmond, S., Gardiner, B., Stamp, L., Lin, A., Hawes, S.M., Wormald, S., 
Nikolic-Paterson, D., Haylock, D., and Pera, M.F. (2007). Transcriptional 
analysis of early lineage commitment in human embryonic stem cells. BMC 
Developmental Biology 7, 12. 

Lefort, N., Feyeux, M., Bas, C., Féraud, O., Bennaceur-Griscelli, A., Tachdjian, G., 
Peschanski, M., and Perrier, A.L. (2008). Human embryonic stem cells reveal 
recurrent genomic instability at 20q11.21. Nature biotechnology 26, 1364-
1366. 

Loring, J.F., and Rao, M.S. (2006). Establishing standards for the characterization of 
human embryonic stem cell lines. Stem Cells 24, 145-150. 

Maitra, A., Arking, D.E., Shivapurkar, N., Ikeda, M., Stastny, V., Kassauei, K., Sui, G., 
Cutler, D.J., Liu, Y., Brimble, S.N., Noaksson, K., Hyllner, J., Schulz, T.C., Zeng, X., 
Freed, W.J., Crook, J., Abraham, S., Colman, A., Sartipy, P., Matsui, S.-I., Carpenter, 
M., Gazdar, A.F., Rao, M., and Chakravarti, A. (2005). Genomic alterations in 
cultured human embryonic stem cells. Nature genetics 37, 1099-1103. 

Mikkola, M., Olsson, C., Palgi, J., Ustinov, J., Palomaki, T., Horelli-Kuitunen, N., Knuutila, 
S., Lundin, K., Otonkoski, T., and Tuuri, T. (2006). Distinct differentiation 
characteristics of individual human embryonic stem cell lines. BMC 
Developmental Biology 6, 40. 

Mitalipova, M.M., Rao, R.R., Hoyer, D.M., Johnson, J.A., Meisner, L.F., Jones, K.L., Dalton, 
S., and Stice, S.L. (2005). Preserving the genetic integrity of human embryonic 
stem cells. Nature biotechnology 23, 19-20. 

Narva, E., Autio, R., Rahkonen, N., Kong, L., Harrison, N., Kitsberg, D., Borghese, L., 
Itskovitz-Eldor, J., Rasool, O., Dvorak, P., Hovatta, O., Otonkoski, T., Tuuri, T., Cui, 
W., Brustle, O., Baker, D., Maltby, E., Moore, H.D., Benvenisty, N., Andrews, P.W., 
Yli-Harja, O., and Lahesmaa, R. (2010). High-resolution DNA analysis of human 
embryonic stem cell lines reveals culture-induced copy number changes and 
loss of heterozygosity. Nature biotechnology 28, 371-377. 

Osafune, K., Caron, L., Borowiak, M., Martinez, R.J., Fitz-Gerald, C.S., Sato, Y., Cowan, 
C.A., Chien, K.R., and Melton, D.A. (2008). Marked differences in differentiation 
propensity among human embryonic stem cell lines. Nature biotechnology 26, 
313-315. 



CHAPTER 2: Huntington’s Disease Mutations in hESCs Lines 

 

74 

Pekkanen-Mattila, M., Kerkelä, E., Tanskanen, J.M.A., Pietilä, M., Pelto-Huikko, M., 
Hyttinen, J., Skottman, H., Suuronen, R., and Aalto-Setälä, K. (2009). Substantial 
variation in the cardiac differentiation of human embryonic stem cell lines 
derived and propagated under the same conditions—a comparison of multiple 
cell lines. Annals of Medicine 41, 360-370. 

Reubinoff, B.E., Turetsky, T., and Pera, M.F. (2001). Neural progenitors from human 
embryonic stem cells. Nature biotechnology 19, 1134-1140. 

Rosler, E.S., Fisk, G.J., Ares, X., Irving, J., Miura, T., Rao, M.S., and Carpenter, M.K. (2004). 
Long-term culture of human embryonic stem cells in feeder-free conditions. 
Developmental dynamics : an official publication of the American Association of 
Anatomists 229, 259-274. 

Spits, C., Mateizel, I., Geens, M., Mertzanidou, A., Staessen, C., Vandeskelde, Y., Van Der 
Elst, J., Liebaers, I., and Sermon, K. (2008). Recurrent chromosomal 
abnormalities in human embryonic stem cells. Nature biotechnology 26, 1361-
1363. 

Tavakoli, T., Xu, X., Derby, E., Serebryakova, Y., Reid, Y., Rao, M.S., Mattson, M.P., and 
Ma, W. (2009). Self-renewal and differentiation capabilities are variable 
between human embryonic stem cell lines I3, I6 and BG01V. BMC Cell Biology 
10, 44. 

Verlinsky, Y., Strelchenko, N., Kukharenko, V., Rechitsky, S., Verlinsky, O., Galat, V., and 
Kuliev, A. (2005). Human embryonic stem cell lines with genetic disorders. 
Reproductive biomedicine online 10, 105-110. 

Wu, H., Kim, K.J., Mehta, K., Paxia, S., Sundstrom, A., Anantharaman, T., Kuraishy, A.I., 
Doan, T., Ghosh, J., Pyle, A.D., Clark, A., Lowry, W., Fan, G., Baxter, T., Mishra, B., 
Sun, Y., and Teitell, M.A. (2008). Copy Number Variant Analysis of Human 
Embryonic Stem Cells. Stem Cells 26, 1484-1489. 

Wu, H., Xu, J., Pang, Z.P., Ge, W., Kim, K.J., Blanchi, B., Chen, C., Südhof, T.C., and Sun, Y.E. 
(2007). Integrative genomic and functional analyses reveal neuronal subtype 
differentiation bias in human embryonic stem cell lines. Proceedings of the 
National Academy of Sciences of the United States of America 104, 13821-13826. 



CHAPTER 2: Huntington’s Disease Mutations in hESCs Lines 

 

75 

 

 



CHAPTER 3: Defined Forebrain Differentiation of hPSCs  

76 

 

CHAPTER  3  

Robust Defined Forebrain           . 
Differentiation Of Human Pluripotent     . 
Stem Cells 

 



CHAPTER 3: Defined Forebrain Differentiation of hPSCs  

77 

3.1 Introduction 

 
The first study to compare neural differentiation outcomes of an individual protocol 

across multiple hESC lines demonstrated significant interline variation (Wu et al., 

2007). Despite strict control of in vitro parameters such as media components and an 

avoidance of co-culture stages, prominent variations between lines HSF1 and HSF 

were reported at key neural developmental stages, including the presence or absence 

of neural epithelial-like rosette structures (Wu et al., 2007). Investigations by Tavakoli 

and others in 2009 on two separate hESC lines (I3 and I6) have corroborated rosette 

variation (Tavakoli et al., 2009). Indeed, reported interline variation arises across a 

broad range of parameters, including gene expression timing, cell responses to growth 

factor administration and functional profiles of derived neurons (Wu et al., 

2007;Tavakoli et al., 2009;Lappalainen et al., 2010).  

 

Studies that aim to evaluate wildtype and disease hESCs lines during neural 

differentiation require comprehensive understandings of gene expression profiles in 

combination with robust differentiation protocols. Numerous surface protein antigens 

have been characterised and found to frequently present as unique combinations on 

discrete cell types, and has led to the high-throughput evaluation of live cells by 

fluorescent activated cell sorting (FACS) and analysis. The fastidious and 

comprehensive characterisation of surface antigen expression profiles of cells that 

comprise the hematopoietic lineage stand in stark contrast to the limited and often 

contradictory studies performed on cells during neural differentiation (Pruszak et al., 

2007;Pruszak et al., 2009;Sundberg et al., 2009;Yuan et al., 2011). 

 

An early candidate for a neural cell surface antigen was CD24, as this protein showed 

upregulation upon neural differentiation (Pruszak et al., 2007), however, later studies 

found expression levels were equivalent between neural cells and pluripotent cells 

(Sundberg et al., 2009;Yuan et al., 2011). A subsequent study utilised CD24 in 

combination with CD15 and CD29, to isolate three distinct neural groups including 

proliferative NSCs and neurons with reduced proliferation and an elimination of 

tumour formation (Pruszak et al., 2009). Oddly, high and low CD24 expressing 

populations were not observed separately in similar cellular populations highlighting 
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the lack of certainty in this field (Yuan et al., 2011). Another surface antigen to receive 

similar attention, CD184 has yielded conflicting results, with Sundberg and colleagues 

identifying CD184-positive selection to define a population biased to neuronal 

differentiation whereas Yuan and colleagues found CD184-negative selection was 

required (Sundberg et al., 2009;Yuan et al., 2011).  

 

An additional surface antigen is CD56, which may be valuable during neural 

differentiation as FACS sorting and enrichment is beneficial for promoting neuronal 

differentiation (Pruszak et al., 2007). Further, later findings found high CD56+ 

expression correlates with strong neuronal differentiation potential (Sundberg et al., 

2009). Later studies do suggest however, that CD56 may act as an identifier of 

proliferative multi-potent NSCs in addition to neurons (Sundberg et al., 2009;Yuan et 

al., 2011). 

 

The glycoprotein CD133 represents another potential candidate and is well 

established as a marker of NSCs differentiated from hESCs (Golebiewska et al., 

2009;Peh et al., 2009;Pruszak et al., 2007) and NSCs isolated from CNS tissue (Uchida 

et al., 2000; Schwartz et al., 2003). CD133 however also demonstrates significant 

expression on hESCs (Sundberg et al., 2009;Yuan et al., 2011). Nevertheless, 

downregulation of this marker during neural differentiation is indicative of reduced 

cell proliferation capacity and a loss of hPSCs and NSCs within cultures (Pruszak et al., 

2007;Sundberg et al., 2009).  

 

Antibodies raised to FORSE-1 also appears promising for the selection of neural 

subpopulations, strongly labelling the telencephalon in the developing rodent CNS and 

exhibiting limited expression and brief temporal range in the diencephalon (Tole et 

al., 1995). Immunolabelling of rat embryos with FORSE-1 antibodies first identifies 

expression at E9.5, with the strong expression throughout the telencephalon that does 

not wane throughout development (Tole et al., 1995;Tole and Patterson, 1995). 

Furthermore, the forkhead box G1 (FOXG1) transcription factor is highly restricted to 

the developing telencephalon (Tao and Lai, 1992;Murphy et al., 1994), and exhibits a 

striking overlap with the expression regions and boundaries of FORSE-1 expression 

throughout the telencephalon (Tole et al., 1995;Tole and Patterson, 1995). 
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FORSE-1 was found to recognise a carbohydrate moiety, LeX, believed to be widely 

involved in adhesive and proliferative roles (Allendoerfer et al., 1995) and fittingly is 

shown to demarcate germinal zones of the developing murine telencephalon (Capela 

and Temple, 2002). The LeX surface epitope is also known as CD15, FAL and SSEA-1 

(Allendoerfer et al., 1995;Allendoerfer et al., 1999;Capela and Temple, 2002). While it 

is uncertain as to whether FORSE-1 demarcates the developing human forebrain and 

telencephalon with the precision seen in rodents, FORSE-1+ fractions of hESC neural 

differentiation cultures have shown striking correlation with FOXG1 expression 

(Pruszak et al., 2007;Goulburn et al., 2011), and further, FORSE-1+ fractions appear to 

possess strong neural and neuronal differentiation potential (Elkabetz et al., 2008). 

 

Numerous surface antigens are also found to identify hPSCs, in particular SSEA-3, 

SSEA-4, TRA-1-60, TRA-1-80, GCTM2 and CD9. A glycoprotein identified at the 

Karolinska Institute, epithelial cell adhesion molecule (EpCAM, also known as CD326), 

was also recently found to be a marker of undifferentiated hPSCs, with several hESC 

lines expressing robust levels of this antigen which were downregulated in parallel 

with TRA-1-81 upon neural differentiation (Sundberg et al., 2009), and this has since 

been corroborated by a separate research laboratory (Kolle et al., 2009). 

Combinations of the existing and emerging pluripotent surface antigens is crucial for 

ensuring the exit of cells from a pluripotent state that is associated with 

tumorgenicity.  

 

To address crucial aspects of neural differentiation such as protocol efficacy, 

transcription factor and surface antigen expression profiles, interline variation and to 

discern relevant phenotypes of disease hPSC lines, a robust and defined differentiation 

system is prudent. A defined suspension based system that does not utilise serum has 

been developed for hESC neural differentiation (Schulz et al., 2004). However, manual 

dissection of hESC cultures is required for this system and the individual aggregates 

formed initially appear to coalesce into large structures prohibitive to the diffusion of 

essential nutrients and patterning factors. 
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This Chapter details the development and validation of a robust forebrain 

differentiation protocol, termed the neural directed EB (NDEB) system. The aim of this 

protocol is to provide an improved methodology for neural differentiation, and 

specifically for application in the proceeding chapter to HD hESC lines SI-186 and SI-

187 to enable resolution of potentially subtle disease phenotypes that may exist. The 

inclusion of spin embryoid body (EB) aggregation techniques, that have been 

principally applied to mesendodermal differentiation contexts, provides a 

synchronised and high throughput platform for investigating hESC differentiation (Ng, 

2005;Burridge et al., 2007;Davis et al., 2008;Eiraku et al., 2008;Ng et al., 2008a;Ng et 

al., 2008b;Burridge et al., 2011;Elliott et al., 2011;Goulburn et al., 2011). Further, this 

Chapter emphasises the utility of surface antigens for evaluating neural differentiation 

efficacy, focusing on the traditional NSC marker CD133, NSC/neuronal marker CD56 

(PSA-NCAM), forebrain marker FORSE1, glial marker CD140α (PDGFRα), as well as 

pluripotent markers TRA-1-60, CD9 and EpCAM. The efficacy of this novel neural 

differentiation system is further evaluated across hESC and iPSC lines. 
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3.2 Methods 

 

3.2.1 hESC maintenance and culture conditions  

 

All five hESC lines (HES3, H9, MEL1, SI-186 and SI-187) were routinely maintained as 

colony cultures passaged manually and monolayer cultures passaged enzymatically in 

TrypLE Select (Invitrogen) by the author to avoid potential user-specific variability. 

Undifferentiated hESCs were maintained as previously described, in HES media 

supplemented with 10 ng/ml bFGF (R&D Systems) (Costa et al., 2008). Importantly 

HES media was changed daily to ensure the robust maintenance of pluripotent states. 

Morphological assessment of the wildtype HES3 line over 4 passages on each batch of 

human fibroblasts was performed to ensure a sufficient capacity for maintaining 

pluripotency. All MEF batches were tested for their ability to maintain the wildtype 

HES3 line at an appropriate morphology, with correct expression levels of SSEA-3, 

SSEA-4 and CD9 assayed by flow cytometry at StemCore Australia. 

 

A robust protocol for the conversion of hESC colonies to a bulk culture system has 

been described previously (Ng et al., 2008a). Typically, mechanical dissection and 

removal of any regions of spontaneous differentiation from hESC colonies was 

performed first. Subsequently, each hESC colony was cut 15-20 times vertically and 

horizontally to produce dozens of colony pieces. After 10 colonies have been 

dissected, all pieces were transferred to a T25 cm2 culture flask (BD Biosciences) pre-

coated with irradiated MEFs (0.02x106/cm2). This was repeated until 70-100 colonies 

had been harvested and transferred to a T25 cm2 culture flask.  Pieces were left to 

attach overnight, after which HES media was changed every day for 4-6 days, prior to 

the majority of pieces growing into contact with each other. The culture was then 

passaged enzymatically at a 1:1 ratio, as described in 3.3.3.4 Methods and previously 

(Costa et al., 2008). The first 3 passages were split at a 1:1 ratio and increased to a 1:4 

ratio by the 5th passage, with each passage requiring approximately 3-4 days of 

growth to reach 100% confluence. All culturing was performed in an incubator at 

37C with 5% CO2/air. 
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For freezing hESC bulk cultures, a 100% confluent T25 cm2 flask of cells was passaged 

at a 1:1 ratio onto a T25cm2 flask pre-coated with 0.01x106/cm2 irradiated MEFs and 

incubated for 24 hours at 37C with 5% CO2/air. hESCs were then made to a single cell 

suspension by treatment with TrypLE Select, collected with PBS- into a 15ml Falcon 

tube and centrifuged for 3min at 1500rpm at 4C. After the removal of the 

supernatant, cells were resuspended in hESC freezing media (10ml FBS, 7ml 

DMEM/F12, 2ml Ethylene Glycol [Sigma], 1ml DMSO) and stored at -80C for 24 hours 

before being transferred to LN2 for long term storage. 

 

For thawing hESC bulk cultures, cryovials were removed from LN2 and placed within a 

37C water bath for approximately 5 minutes and removed when 10% of the frozen 

pellet remained. Slowly 0.5ml of HES media was added to the cryovial and contents 

then transferred to a 15ml Falcon tube (BD Biosciences), containing 9ml of HES media. 

The cells were centrifuged for 3min at 1500rpm at 4C, the supernatant was aspirated 

and cells resuspended in 4ml of HES media for seeding in a T25 culture flask. Cells 

were pipetted gently 3-5 times before transfer to remove cell aggregates. Cells were 

left to attach overnight in an incubator at 37C with 5% CO2/air. 

 
All five hESC lines were routinely karyotyped (every 12 months at a minimum), with 

analysis performed by Southern Cross Pathology, Monash Medical Centre, Melbourne. 

To avoid potentially significant delays that would ensue if non-euploid karyotypes 

were detected, all lines were frozen as backup stocks on a quarterly basis. 

 

An Olympus IX51 brightfield microscope and Olympus Camedia C-7070 wide zoom 

camera were utilised to image undifferentiated hESCs and neural progeny. Images 

were taken at 4, 10, 20 or 40x magnification. 

 

3.2.2 Neural differentiation 

 

Neural differentiation was performed according to the methodologies outlined in 

Section 3.3.3.4. PVA and ROCK inhibitor assays were conducted using the HES3 

wildtype hESC line, while noggin titrations were performed with H9, HES3 and MEL1 

hESC lines. 
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For the passaging of NDEBs, 12 were collected after 14 days of growth and transferred 

to a 2mL tube filled with 0.5mL PBS-. Cell aggregates were centrifuged for 2 minutes 

at 1500rpms, supernatant aspirated and cells resuspended in 200ul TrypLE Select. 

Samples were incubated for 5 minutes and pipetted 10 times to disassociate to a 

near single cell suspension. The sample was again centrifuged for 2 minutes at 

1500rpms, the supernatant was aspirated and cells were resuspended in 3.6ml NBM 

supplemented with 20ng/ml EGF and FGF for a 1 in 3 passage ratio. A total of 100ul of 

cell suspension was pipetted into the wells of a round bottom 96-well plate and 

centrifuged for 5 minutes at 1500rpm. Passaged spheres were cultured for a further 

14 days before the passaging process was repeated. 

 

3.2.3 FACS processing of hESCs and neural progeny 

 
hESCs and NDEBs were washed once with PBS- and collected as single cell 

suspensions by treatment with TrypLE Select for 5 - 10 minutes  as required at 37C. 

Cells were then centrifuged at 480g for 3min at 4C, supernatants aspirated and cells 

were resuspended in 1ml of FACS Wash (2% FCS/PBS-, Invitrogen) and then passed 

through a 35m filter capped FACS tube (BD Biosciences). Cells were counted and 

0.1x106 added to separate v-bottom FACS tubes for antibody staining.  

 

V-bottom tubes were then centrifuged at 480g for 3min at 4C and cells resuspended 

in primary cell surface antibodies diluted in FACS Wash and incubated in the dark at 

4C for 15min. Tubes were then flooded with 1ml of FACS wash and centrifuged at 

480g for 3min at 4C. Supernatants were aspirated and cell pellets resuspended in a 

solution of FACS Wash containing secondary cell surface antibodies and incubated at 

4C for 15 mins in the dark. Tubes were flooded with 1ml of FACS wash and 

centrifuged at 480g for 3min at 4C. Supernatants were aspirated and cell pellets 

resuspended by flicking tubes. 5ul of mouse serum was added to tubes for 5min at 4C 

and then conjugated cell surface antibodies diluted in FACS Wash solution and 

incubated at 4C for 15 mins in the dark. Tubes were flooded with 2ml of FACS wash 

and centrifuged at 480g for 3min at 4C. Supernatants were aspirated and cells 

resuspended in 200ul of FACS Wash containing DAPI (4',6-diamidino-2-phenylindole, 

Sigma) at 0.4ug/ml for the negative selection of dead cells. 
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All antibodies were individually titrated to determine their optimal working 

concentration using either SH-SY5Y neuroblastoma cells, undifferentiated hESCs or 

neural differentiated hESCs, as antigen. Antibody details are summarised in Table 3.1. 

 

 

Table 3.1: Primary antibodies utilised within this study 

Target Antibody Ig Conjugate 

Fluoro-

phore 

Dilut-

ion 

Company Secondary 

Utilised 

hESCs Mouse anti- 

CD9 

IgG1, FITC 1:30 BD 

Biosciences 

N/A 

hESCs Mouse anti- 

TRA-1-60 

IgM, APC 1:25 BD 

Biosciences 

N/A 

hESCs/ 

Neural 

Mouse anti- 

EpCAM 

IgG1, FITC 1:30 BD 

Biosciences 

N/A 

Neural Mouse anti- 

CD133 

IgG1 PE 1:300 BD 

Biosciences 

N/A 

Neural Mouse anti- 

CD56 (NCAM) 

IgG1, PerCP-Cy5.5 1:50 BD 

Biosciences 

N/A 

Neural Mouse anti- 

FORSE1 

IgM N/A 1:100 

 

DSHB APC goat-anti 

mouse 

Ig(multi-

affinity), 

1:100 

Neural Mouse anti- 

CD140α 

(PDGFRα) 

IgG2,a N/A 1:100 BD 

Biosciences 

 

 

 

3.2.4 FACS analysis and data representation 

 

FACS samples were run and analysed as described in Section 4.2.5. All combinatorial 

FACS experiments were compensated utilising single stain antibody controls for each 

fluorphore, and gates established in relation to concentration-matched isotype control 

antibodies. Flow cytometric analysis was partitioned into two separate groupings, the 
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first targeting pluripotent antigens assessed at d0, d3 and d7, with a second group 

targeting neural antigens assessed at d0, d7, d14 and d21.   

 

Noggin titration experiments were performed once across three wildtype hESC cell 

lines, H9, HES3 and MEL1. Three noggin treatment groups of 0ng/ml, 100ng/ml and 

400ng/ml for each cell line were examined. Where statistical analysis was performed 

each noggin treatment group comprised of three independent replicates of each 

wildtype hESC line. Subsequent experimentation was performed with 100ng/ml 

noggin treatment. Statistical analysis was performed on gene expression curves using 

a two-way ANOVA for each surface antigen, with significance equivalent to a p value of 

<0.05. Error bars denote the SEM. 

 

Venn diagrams were produced using PowerPoint (Microsoft). Graphs and statistical 

analysis were performed using GraphPad PRISM (GraphPad Software), and where 

statistical analysis was performed with a two-way ANOVA and a Bonferroni post-test. 

The p value was set to <0.05, with data from independent biological triplicates plotted 

as means and scale bars denoting the mean  SEM. 
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3.3 Results 

 

3.3.1 Neural directed spin EB calibrations 

 
At the commencement of these studies the spin EB system was established for 

mesendodermal differentiation and had not been adapted to generate neural cell 

types (Burridge et al., 2007;Davis et al., 2008;Ng et al., 2008a;Ng et al., 2008b;Burridge 

et al., 2011;Elliott et al., 2011). Adaptation of this technology for neural differentiation 

initially focused on determining the necessity of several aspects used in 

mesendodermal differentiation protocols, specifically, cell seeding density, polyvinyl 

alcohol (PVA) and Y-27632, an inhibitor of p160-Rho-associated coiled-coil kinase 

(ROCKi). Additionally, the effects of the patterning factor Noggin, used to inhibit SMAD 

signalling and promote neural fate determination, were evaluated in a spin EB system 

using the HES3 cell line. 

 

When incorporated into spin EB methods, PVA by increasing viscosity and is used to 

promote initial hESC aggregation and typically at a concentration of 0.125% (Ng et al., 

2008a;Ng et al., 2008b;Elliott et al., 2011;Goulburn et al., 2011). The presence or 

absence of PVA at 0.125% was compared at several cell densities with striking 

contrast in NDEB formation capacity clearly apparent within 24 hours and was not 

rescued by extended in vitro culture (Figure 3.1A). All wells without PVA produced 

cell suspensions that failed to aggregate into a single cluster with dozens of minor 

cellular aggregates observed (Figure 3.1A). Similar observations were made at 

10,000 cell seeding density, although frequently one larger aggregate was observed in 

these cultures (Figure 3.1A, arrows). In contrast, PVA containing wells produced a 

single rounded embryoid body per well with high symmetry and was thus PVA was 

included in all subsequent experiments (Figure 3.1A). Seeding densities below 3,000 

cells/well displayed embryoid body formation even in the presence of PVA, but the 

efficiency was consistently below 100% (data not shown). 

 

The efficacy of ROCKi and Noggin displayed minor morphological differences in early 

stages of culture (d3), with the addition of 10uM ROCKi demonstrating more dense 

and spherical NDEBs (Figure 3.1B). In contrast, in the absence of ROCKi, spheres of 
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lower density with bulbous surface structures were produced. Maturation of the 

NDEB cultures resulted in the attenuation of these differences after two weeks of 

culture (Figure 3.1B). The addition of ROCKi was maintained in subsequent assays 

due to the minor improvement in neurosphere structure.  

 

Morphological consistency was observed with and without the presence of the neural 

signalling molecule Noggin (200ng/ml; Figure 3.1B). Cell seeding densities did not 

create variability in the morphological quality in the presence or absence of noggin or 

ROCKi (Figure 3.1B). Results indicate NDEBs are viable at the lowest seeding density 

of 3,000 cells per well, and future assays utilised this density to maximize culture yield 

and economy and additionally provide a structure with the lowest volume for greatest 

diffusion rates for media components. 
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Figure 3.1: HES3 bulk cultures seeded into wells of a 96 well plate at three separate 
seeding densities, with or without PVA supplemented to the media (A). PVA- wells 
only produced single aggregates at the highest cell density (A, arrows). HES3 bulk 
cultures seeded into wells of a 96 well plate at three separate seeding densities, with 
or without ROCKi and/or Noggin supplemented to the media (B).  
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3.3.2 Differentiation outcomes in response to noggin treatment 

 

The neural functionality of the signalling molecule Noggin was first described in 

Xenopus (Smith & Harland 1992) and has been shown to be essential for embryonic 

neural tube fusion (Schwartz et al., 2008). Noggin is an inhibitor of the TGF- 

superfamily of growth factors, and specifically antagonises BMPs to prevent the 

downstream activity of SMAD proteins and results in the differentiation of hPSCs 

towards a neural fate (Pera et al., 2004;Itsykson et al., 2005;Denham and Dottori, 

2009). The inhibition of BMPs by noggin and other factors is a key requirement for 

neural-fate acquisition (Munoz-Sanjuan and Brivanlou 2002). To gauge the role 

noggin plays in lineage and patterning specification of hESCs within this NDEB system, 

noggin treatment at 0ng/ml, 100ng/ml and 400ng/ml were compared.  

 

3.3.2.1 Pluripotency downregulation across a noggin gradient  

 

Two traditional hPSC surface antigens, TRA-1-60 and CD9, whose co-expression is an 

essential requirement for pluripotency, were evaluated in conjunction with a recently 

discovered hESC surface marker, EpCAM on the three control hESC lines H9. HES and 

MEL1. Before differentiation initiation, at day 0, all three hESC lines expressed high 

levels (>90%) of these antigens (Figure 3.2A). Expression of TRA-1-60 and EpCAM 

did not fall between d0 and d3, as opposed to CD9, which was downregulated rapidly 

to between 15-39% of the total live sample in this same period (Figure 3.2B). By d8 

substantial downregulation of CD9 had extended, with <15% of all samples expressing 

this antigen. Similarly, expression of TRA-1-60 had dropped dramatically, to within 

23-31% for all but one sample group by d8 (Figure 3.2B). Downregulation of EpCAM 

was also evident between d3 and d8, however, minor interline variability was 

observed with EpCAM expression, that ranged between 51-72% for all H9 and HES3 

sample groups but exhibited greater downregulation in all MEL1 sample groups to 

28% (Figure 3.2B). Overall no discernable correlation was observed between 

pluripotency surface antigen expression and noggin concentrations in the three hESC 

lines assessed (Figure 3.2), and this was also reflected in NDEB formation and growth 

morphology consistency across Noggin concentrations (Figure 3.2C).  
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Figure 3.2: Graphical representations of flow cytometry data of hESC pluripotent surface 
antigen expression within three wildtype hESCs lines while undifferentiated (day 0) and 
following exposure to three noggin concentrations during neural differentiation at day 3 and 
day 8 (A). Representative morphological images of NDEBs at day 8 for all hESC lines and 
across all noggin concentrations (B).  
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3.3.2.2 Noggin titration and neural surface antigens 

 

The kinetics of hESC neural differentiation in relation to alternate noggin 

concentrations was evaluated by the combinatorial analysis of five key neural 

development surface antigens, EpCAM, CD133, CD56, FORSE1 and CD140α using flow 

cytometry throughout differentiation (Figure 3.3). 

 

Changes in surface antigen expression over three weeks of neural differentiation were 

significant for two markers of hESCs and NSCs, EpCAM and CD133. Total EpCAM+ and 

CD133+ cell fractions across all noggin concentrations decreased in parallel from d7 

to d14. Between d14 and d21 a moderate upregulation of EpCAM expression between 

30 and 54% was observed in the 100ng/ml and 400ng/ml noggin treatment groups 

compared to 0ng/ml samples which fell by 10%, however, these changes were not 

significant. All noggin treatment groups demonstrated consistent moderate 

upregulation of CD133 between d14 and d21. 

 
Significant increases in the percentage of CD56+ cells from d7 to d14 were observed 

but were not affected by noggin treatment. A discrepancy between noggin treatment 

groups was noticed at d21, with CD56+ cells maintained at 77% from d14 to d21 

under 0ng/ml noggin exposure, whereas an attenuation between 15-20% was 

observed in the 100ng/ml and 400ng/ml groups (Figure 3.3). This change at d21 

indicates a potential influence of noggin treatment on CD56 expression. 

 
Neural cells generated within the first week of differentiation appeared to possess an 

immature neural precursor phenotype based on these observations, and no indication 

of forebrain specification was seen based on FORSE-1 antibody staining, however, 

continued differentiation produced FORSE-1+ cells by d14 and this population 

increased with further differentiation (Figure 3.3). At d14 no differences in FORSE-1 

expression across noggin treatment groups was observed, although from d14 to d21 

the 0ng/ml treatment group exhibited a trend to an increase in FORSE-1 expression 

when compared with 100ng/ml and 400ng/ml treatment groups, although this was 

not statistically significant (Figure 3.3). No detectable CD140α expression was found 

on NDEB cells at d7 and d14 across all noggin treatment groups (Figure 3.3), and a 

minor increase observed at d21 was not affected by noggin titration.   
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Figure 3.3: Surface antigen expression curves of EpCAM+, CD133+, CD56+, CD140α+ and 
FORSE-1+ populations from differentiation d7 to d21. Separate noggin treatment groups are 
plotted over time, with each data point representing averaged values from three wildtype 
hESC lines. Two-way ANOVAs were performed for each surface antigen, significance is 
equivalent to a p value of 0.05. Error bars denote the SEM. 
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3.3.3 NDEB differentiation kinetics  

 

3.3.3.1 Pluripotent surface antigen relationships during NDEB differentiation 

 

Downregulation of pluripotent genes is of crucial importance for the robust differentiation 

of hESCs into desired somatic cell types and was evaluated with the surface antigens TRA-

1-60, CD9 and the more recently described EpCAM. Robust downregulation of TRA-1-60 

and CD9 expression is demonstrated within this protocol during the first week of 

differentiation for all three hESC lines HES3, H9 and MEL1 (Figure 3.4A, C, E). A 

decline in TRA-1-60 expression was observed, falling from 92-98% at d3 to 23-50% by d7, 

and a parallel yet potentiated trend was noted with CD9 which was downregulated rapidly 

within the initial three days to 18-32% and fell by d7 to 7-10%  (Figure 3.4A, C, E).  

 

The downregulation of TRA-1-60 and CD9 was similar, yet moderated in comparison to 

the adhesion molecule EpCAM over the observed period falling to 26-66% by d7 (Figure 

3.4A, C, E). Furthermore, a substantial proportion of cells remained TRA-1-60-

/EpCAM+/CD9-, particularly in the H9 and HES3 samples to between 25-40% (Figure 

3.4B, D, F).  

 

Rapid downregulation of CD9 across cell lines is observed, decreasing from 94% at d0 to 

15-39% at d3 and further decreasing to 5-14% by d7 (Figure 3.4A, C, E). Intriguingly 

>98% of CD9+ cells at all time-points studied co-expressed TRA-1-60 and EpCAM, 

suggesting the CD9 population represents a minor yet residual pluripotent pool (Figure 

3.4). Importantly, neural differentiation with this protocol resulted in robust and consistent 

downregulation of the total number of triple positive TRA-1-60+/EpCAM+/CD9+ cells 

across all cell lines by d7 (Figure 3.4), and likely represents a robust loss of pluripotency in 

this system.  

 

Combinatorial surface maker analysis further revealed  9% of the total live cell population 

at d0 did not express any pluripotent antigens, being TRA-1-60-/EpCAM-/CD9- (Figure 

3.4B, D, F). This population is likely to represent irradiated MEFs, a crucial co-culture 

requirement for the maintenance of pluripotency in d0 cultures. Increases from d0 to d3 in 

the percentage of TRA-1-60 and EpCAM expression was evident across all cell lines and is 

likely indicative of irradiated MEF apoptosis (Figure 3.4B, D, F).  
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Figure 3.4: Surface antigen expression curves of TRA-1-60+, EpCAM+ and CD9+ during the first week of neural differentiation for hESC lines H9 (A), 
HES3 (C), MEL1 (E). Expression curve data points reflect the mean of independent biological triplicates with error bars denoting the SEM. Venn 
diagram representations of pluripotent antigen co-expression during the first week of neural differentiation for hESC lines H9 (B), HES3 (D) and MEL1 
(F). Venn diagram expression levels are presented for TRA-1-60 (green), EpCAM (blue) and CD9 (red). TRA-1-60-/EpCAM-/CD9- cells are not 
represented, values are of live cell fraction percentages as determined by DAPI flow cytometry exclusion.  
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3.3.3.2 Germ layer specification and NSC identity 

 

Germ layer lineage specification of the NDEB protocol was measured with the 

differentiation with the MIXL1GFP/w knockin reporter hESC line (Davis et al., 2008). 

During embryogenesis MIXL1, a marker of primitive mesendoderm, is transiently 

expressed in the primitive streak and during the first 3-4 days of hematopoietic ESC 

differentiation (Davis et al., 2008). Co-expression of MIXL1 with epithelial markers 

such as E-cadherin or EpCAM and CD140α are indicative of early mesodermal cells 

(Davis et al., 2008). Culture for one week of the MIXL1GFP/w hESC line in the NDEB 

protocol did not produce any detectable expression of either MIXL1 (GFP) or CD140α, 

and no co-expression of either of these markers with EpCAM was observed, 

definitively demonstrating this protocol does not produce any detectable 

mesendodermal contaminants (Figure 3.5). 

 

Adult striatal extracts were shown to generate spherical structures in vitro termed 

neurospheres from single cell cultures that expressed nestin and exhibited 

multipotentiality (Reynolds and Weiss, 1992). The hESC derived NDEBs of this 

protocol are believed to comprise NSCs and represent an analogy to neurospheres. 

Indeed, d14 NDEBs plated on laminin were shown to produce prodigious quantities of 

cells expressing the intermediate NSC filament protein nestin (refer to Section 

3.3.3.4, Figure 4H, I). Neurospheres are also characterised by the capacity to passage 

such cells, a feature shared by d14 NDEBs that were successfully passaged up to three 

times at 1:3 ratios, forming perfectly spherical progeny upon each passage (data not 

shown). 
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Figure 3.5: Expression curves of EpCAM+, CD140α+ and GFP+ populations demonstrating no 
detectable levels of GFP expression in the MIXL1 reporter hESC line (A). Bright field images of 
undifferentiated MIXL1 hESCs at d0 that were successfully differentiated to NDEBs as shown 
at d3 and d7 (B). 
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3.3.3.3 Neural surface antigen expression relationships  

 

Evaluation of neurodevelopmental surface antigens was next performed, and in 

conjunction with the antigen EpCAM due to significant expression of this marker 

remaining after a week of neural differentiation in comparison to other candidate 

pluripotency antigens (Section 3.3.3.1). EpCAM is related to another epithelial 

adhesion molecule, E-cadherin, that is expressed on undifferentiated hESC but not 

embryoid bodies (Cai et al., 2005; Ullmann et al., 2007). The presence of this surface 

antigen on primitive endodermal hESC derivatives (Lim et al., 2011) and the 

importance of neuroepithelial attachments for the equipoise between self-renewal of 

NSCs and differentiation in the developing CNS (Rousso et al., 2012), rationalised the 

assessment of this marker’s expression profile during neural differentiation. 

 

Interline differentiation consistency was demonstrated by this neural differentiation 

protocol and is shown by equivalent FACS histogram plots between cell lines 

throughout 3 weeks of in vitro culture (Figure 3.6B). Further, consistent antigen 

expression levels are observed between H9 and HES3 samples over multiple culture 

replicates (n=3), with a two-way ANOVA analysis demonstrating no significant 

expression differences between neural surface antigens EpCAM, CD133, CD56 and 

FORSE1 at each analysis time-point (Figure 3.6A). One significant difference in  

expression between H9 and HES3 was observed for the surface antigen CD140α 

(Figure 3.6), a change in a non-neuronal population that was not of interest for this 

study and was detected only at d21 with maximal expression found to be 5% and 19% 

in H9 and HES3 cultures respectively.  

 

The kinetics of this differentiation system are readily visualised by surface marker 

expression curves of combined H9 and HES3 sample groups (Figure 3.6C). A trend 

was observed throughout the majority of the differentiation protocol for a decrease at 

d0, 7 and 14 in the hESC/NSC marker CD133, which fell from 70% at d0 to <20% by 

d14, with an unexplained slight upregulation by d21 potentially reflecting a residual 

neural precursor subpopulation. Intriguingly, this decreasing expression trend seen 

with CD133 was closely mirrored by EpCAM, which was seen to decrease from >90% 

in hESCs to <15% by d21 (Figure 3.6C), conflicting with reports of EpCAM denoting 

pluripotent cells alone. 
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Importantly the neural/neuronal marker CD56 demonstrates rapid upregulation 

within the first week of differentiation, with >60% of NDEB cells expressing this 

marker, indicating rapid acquisition of a neural phenotype (Figure 3.6C). The 

proportion of CD56+ cells continued to increase with differentiation, reaching a mean 

peak of 72% detected at d14, before a moderate attenuation at d21.  

 

From d0 to d7 inclusive, undifferentiated hESCs were negative for FORSE1 expression, 

and this epitope is first detected at d14 on 22% of the live cell population (Figure 

3.6C). Upregulation of FORSE1 continued with mean expression levels elevated by 

+108% to a total of 46% of the live cell fraction by d21, indicating robust patterning of 

cells to a telecephalic phenotype.  
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Figure 3.6: H9 (dashed bars) and HES3 (open) neural differentiation surface antigen analysis 
from single positive histograms from d7 to d21, data analysed with a two-way ANOVA and 

Bonferroni post test, n=3 independent biological culture replicates, mean ± SEM, with 
p(*)<0.05 (A). Representative histogram plots for each surface antigen assessed and isotype 
controls from d0 to d21 of neural differentiation (B). Surface marker expression curves of 

EpCAM+, CD133+, CD56+, FORSE-1+ and CD140α+ populations from d0 to d21 of neural 
differentiation, values at d0 n=2 cell line replicates and from d7 to d21 n=6 with 3 
independent biological culture replicates from both H9 and HES3, mean ± SEM (C).  
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Interline consistency is further observed in the relationship between single and 

double positive surface marker expression profiles. Highly correlating CD56+/FORSE-

1+ levels are observed from d7 to d21 in both cell lines and while minor divergences 

in absolute values between lines are noticeable at d21, expression trends and ratios of 

single to double positive cells are consistent (Figure 3.7A). Further, the majority of 

FORSE-1+ cells co-express CD56 throughout the 3 weeks of neurosphere culture 

reinforcing the neural identity of this forebrain subpopulation (Figure 3.7B & 3.8A). 

 

Throughout differentiation an extremely low co-expression of EpCAM was observed in 

FORSE-1+ population, with <4% of the total population double positive at all stages 

analysed (Figure 3.7F). Indeed, a negative correlation is seen between the expression 

levels of EpCAM and FORSE-1 expression. A greater proportion, although still a 

minority, of FORSE-1+ cells co-express the traditional NSC marker CD133 at d14 

(27%) and d21 (41%) (Figure 3.7D and Figure 3.8A & B). Together, this data 

suggests FORSE-1 expression correlates better with increased neural maturity than 

does either CD133 or EpCAM expression and may be useful for the isolation of cells 

with reduced multipotentiality. 

 

Combinatorial gene expression profiles further highlight and provide additional depth 

to this proposition. Populations of FORSE-1+/CD56- cells increase with continued 

differentiation, and possess lower co-expression of both hESC/NSC markers EpCAM 

and CD133 than FORSE-1+/CD56+ fractions (Figure 3.8A & B). While CD133 and 

EpCAM are reported to be present on similar cell types, such as pluripotent cells, co-

staining found these populations did not consistently overlap. Singularly positive 

EpCAM+/CD133- and EpCAM-/CD133+ populations existed throughout 

differentiation (Figure 3.8C), suggesting that these two markers concomitantly 

delineate similar and discrete progenitor subtypes and to avoid such proliferative 

subtypes negative selection would be required. Taken together, this data suggests a 

FORSE1+/CD56-/CD133-/EpCAM- population may represent a forebrain committed 

subpopulation with limited mulitpotentiality. 

 

Robust upregulation of CD56 occurs within one week of differentiation, with a 

majority (67%) co-expressing EpCAM and a significant proportion (26%) co-
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expressing CD133 at d7 (Figure 3.7E). Throughout differentiation the association 

between these two markers and CD56 was strong and consistent, with the majority of 

EpCAM+ cells (55-65%) and CD133+ cells (60-80%) co-expressing CD56 (Figure 

3.7C, E). Despite substantial decreases in EpCAM expression with progressive 

differentiation, three weeks of culture did not result in the separation of these two 

populations entirely, with 15% of the total CD56+ population still co-expressing 

EpCAM at d21 (Figure 3.7E and 3.8A). Similarly, there remained a significant 

proportion of CD56+ cells (40%) which co-express CD133 by d21 (Figure 3.7C & 

3.8B). This data together reinforces the proposition that CD56+ cells do not represent 

terminally differentiated neuronal cells. Supporting the theory that CD56 expression 

exists on multipotent neural precursors, the development of a glial precursor 

CD140α+ population (while rare and variable between cell lines), predominantly 

exists within the CD56+ population (Figure 3.8D).  
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Figure 3.7: Trend graph representations of neural surface marker expression percentages in 
relation to each other and the proportion of double positive cells from differentiation day 7 to 
21. Each data point represents averaged values of independent biological triplicates for each 
cell line (A). Data points represent mean values, n=6 with 3 independent biological culture 
replicates from both H9 and HES3 (B-F). Error bars denote the SEM. 
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Figure 3.8: Venn diagram representations of neural surface marker co-expression at d7, 14 and 21 of neural differentiation. Expression levels are 
presented for FORSE-1 (green) and CD56 (red) (A, B). Expression levels are presented for EpCAM (blue) (A), and CD133 (red) (B). Triple negative 
cells are not represented. Values are of live cell fraction percentages as determined by DAPI flow cytometry exclusion. FACS scatter plots of HES3 
CD133 and EpCAM co-expression at d7, 14 and 21 (C), as well as CD140 and EpCAM/CD133/CD56 co-expression at d7, 14 and 21 (D). 
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3.3.3.4 Terminal differentiation of NDEBs and application to hiPSCs  

 

Appendix I comprises a published paper detailing the successful application of the 

developed NDEB protocol to a hiPSC line derived from a non-ectodermal lineage, 

specifically kidney mesangial cells. The successful differentiation of kidney-derived 

hiPSCs demonstrates the robust nature of this protocol particularly as hiPSCs 

frequently exhibit reduced differentiation propensities as a consequence of 

harbouring residual epigenetic profiles from their cells of origin. Further, the neural 

stem cell identity of intermediate NDEBs is demonstrated within this publication, with 

d14 NDEBs shown to readily generate a monolayer of nestin+ cells. Importantly, the 

generation of terminally differentiated neuronal cell types from both hESCs and 

hiPSCs, based on key neuronal cytoskeletal immunostaining, is demonstrated 

subsequent to growth factor restriction and the attachment of NDEBs to laminin and 

poly-D-lysine coated culture surfaces.  
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3.4 Discussion 

 

Several protocols have been described recently to differentiate bulk cultured hESCs to 

mesendodermal lineages with a spin EB method, specifically of cardiac and 

heamatopoietic lineages (Burridge et al., 2007;Davis et al., 2008;Ng et al., 2008a;Ng et 

al., 2008b;Burridge et al., 2011;Elliott et al., 2011). The adaptation of this system for 

neural differentiation purposes was undertaken to overcome stochastic elements 

within existing protocols and produce a suitable system for discerning minor 

variations cellular physiology that may arise as a consequence of mutant HTT 

transcript expression in hESCs.  

 

3.4.1 Protocol optimization 

 

Differentiation of hESCs using spin-EB methodologies have regularly reported an 

optimal seeding density of 3,000 cells per well (Ng, 2005;Burridge et al., 

2007;Goulburn et al., 2011) and this was utilised by this study upon titration 

experiments. Further optimizations assessed PVA in the NDEB system. The addition of 

PVA has been shown to improve the proliferation of undifferentiated hESC cultures 

(Burridge et al., 2007;Vallier et al., 2009). It was theorized that PVA would be critical 

during the initial formation of NDEBs. Evidence supports this theory as PVA has been 

shown to be critical for single cell suspensions to aggregate successfully in 

mesendoderm directed spin-EBs (Ng et al., 2008b;Elliott et al., 2011). Conversely, the 

Denning laboratory has observed PVA addition at cell seeding densities 3,000 

elicited an inhibitory or attenuating effect to sphere formation (Burridge et al., 2007). 

This study clearly supports the evidence from the Elefanty and Stanley laboratories 

that PVA is a necessity for seeding of NDEBs, and this finding corroborates a recent 

neural differentiation report that utilises PVA at similar concentrations for the neural 

differentiation of an Nkx2.1 hESC reporter line (Goulburn et al., 2011). 

 

Strong evidence that the ROCKi diminishes disassociation-induced apoptosis in hESC 

and EB cultures (Watanabe et al., 2007) is supported by more recent studies affirming 

the utility of this small molecule in neural differentiated spin-EBs (Eiraku et al., 
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2008;Goulburn et al., 2011). Our study corroborates these findings, with robust 

spheres preferentially observed within ROCKi sample groups. 

 

The actions of the signalling molecule Noggin (and small molecule analogues) in 

promoting ectodermal lineage specification via SMAD inhibition, stands as a 

cornerstone of numerous neural differentiation protocols (Reubinoff et al., 

2001;Banin et al., 2006;Sonntag et al., 2007;Chambers et al., 2009;Kriks et al., 

2011;Carri et al., 2012). Counter intuitively, within the NDEB system Noggin did not 

have an effect on the differentiation of hESC to primitive neuroepithelial cell types 

denoted by TRA-1-60, CD9, EpCAM and CD133 expression. Additionally, noggin 

treatment does not influence relevant neural surface antigens such as the forebrain 

marker FORSE1 or neural/neuronal marker CD56.  Indications of minor modulation of 

CD56 and FORSE-1 expression in response to noggin were observed but were not 

significant and warrant further evaluation to discern whether these indicative trends 

represent stochastic or credible responses.  

 

Potentially hESCs produce sufficient levels of endogenous noggin to render exogenous 

addition redundant, a scenario that could be discerned by gene expression assays to 

measure endogenous noggin production, and the comparison of present 

differentiation outcomes with those from hESCs in which noggin has been silenced. 

Noggin redundancy may be further explained by the mechanics of a spin-EB system, 

where enzymatic disassociation of pluripotent cultures and transfer to neural 

differentiation conditions induces the senescence of irradiated MEFs, the principle 

source of BMPs and major rational for noggin addition in numerous protocols 

(Reubinoff et al., 2001). The possibility still remains that noggin may influence 

downstream neural pathways not assessed by this study, specifically the commitment 

of NSCs to various neuronal neurotransmitter and/or regional subtypes, and requires 

investigation in future studies. Supplementation with 100ng/ml noggin was however 

maintained throughout all assays based on the heavily documented neural promoting 

actions reported throughout the literature, and the potential that these may not have 

been detected within the scope of this study. 
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Observed neural specification of hESCs in the NDEB system is thus corollary to other 

components of the culture milieu, several of which are known to promote and sustain 

ectodermal lineage specification. This includes the base media NBM-A, developed 

originally for the culture of forebrain neurons from the hippocampus, cortex and other 

regions (Invitrogen http://products.invitrogen.com/ivgn/product/0050128DJ). 

Further, the administration of the growth factors FGF2 and EGF that are known to 

promote neural stem cell growth and maintenance (Reynolds and Weiss, 

1992;Reubinoff et al., 2001;Schulz et al., 2004;Iacovitti et al., 2007;Lee et al., 

2007;Cohen et al., 2010). FGF2 in particular has been shown to critically influence the 

ectodermal patterning and induction in vertebrates (Mason, 2007). Additionally, the 

supplements N2 (http://products.invitrogen.com/ivgn/product/17502048) and B27 

(Invitrogen http://products.invitrogen.com/ivgn/product/17504044) contain 

numerous components (i.e. Vitamin A) specifically tailored for supporting growth and 

proliferation of neural precursors and the development and maintenance of post-

mitotic neurons (Niederreither and Dolle, 2008).  

 

3.4.2 Differentiation outcomes  

 

Combinatorial FACS analysis of pluripotency markers TRA-1-60, CD9 and EpCAM, as 

well as key neurodevelopmental surface antigens CD133, FORSE-1, CD56 and CD140α, 

enabled the evaluation of the differentiation kinetics of this novel protocol during 

critical induction and specification stages. Further, this approach provides additional 

information to the nascent and conflicting body of scientific literature associated with 

the spatial and temporal relationships between neural surface antigens. 

 

3.4.2.1 Differentiation outcomes on pluripotency  

 

The activity of two classical hESC markers, TRA-1-60, CD9 and the recently ascribed 

EpCAM, were assessed to ensure downregulation of pluripotent cells during 

differentiation. Within the NDEB system hESCs exit rapidly from a pluripotent state, 

with pluripotent cells, denoted by CD9+/TRA-1-60+/EpCAM+ expression, decreasing 

in >80% of the total population within 3 days and >90% within one week. The robust 

nature of this protocol is seen by consistent downregulation of each surface antigen 

across several hESC lines. 
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This study confirms EpCAM represents a strong marker of hESCs, sharing near 

absolute co-expression with established pluripotency markers CD9 and TRA-1-60 in 

undifferentiated cultures, and reports this observation across three hESC lines derived 

from separate institutions, all of which are distinct from the institution of the first 

reported study by Sundberg and colleagues in 2009.  

 

CD9 is a robust marker of pluripotency with antibodies targeting this surface antigen 

registering high binding affinities across a cohort of hESC lines (Initiative et al., 2007). 

Further, CD9 is utilised in positive selection techniques for purifying genuine 

pluripotent sub-populations from hESC cultures (Kolle et al., 2009;Zhou et al., 2009). 

While this study confirms the strong expression of CD9 on hESCs, novel observations 

of this antigen are suggestive of a similar role in identifying pluripotent sub-

populations during early stages of neural differentiation and may provide a single 

surface antigen for the negative selection of residual hESC contaminants from neural 

differentiating cultures. Such a possibility seems unattainable for other hESC surface 

antigens assessed such as TRA-1-60 and EpCAM which were shown to co-express 

numerous neural surface antigens and thus mark large proportions of early neural 

progeny. Future studies may FACS sort from early 7 day neural cultures to purify 

CD9+/TRA+/EpCAM+ and compare their ability to re-establish hESC colonies 

compared with CD9+ cells alone, to assess whether CD9 alone is sufficient to isolate 

hESCs from mixed, immature differentiation populations. Further studies are also 

warranted to determine whether negative selection of CD9+ cells produces a neural 

population with reduced tumorigenic capacity upon transplantation and define where 

other pluripotent surface epitopes (i.e. SSEA-3, SSEA-4, GCTM2) and intracellular 

markers (i.e. nanog, OCT-4), lie in relation to those investigated. 

 

3.4.2.2 Differentiation outcomes on neural specification 

 

Limited characterisations of EpCAM activity during hESC differentiation have been 

performed in previous studies of this surface antigen (Kolle et al., 2009;Sundberg et 

al., 2009). Temporal and combinatorial observations from this study indicate that 

EpCAM possesses a role beyond pluripotency and demonstrates novel roles for 

EpCAM under neural differentiation conditions. Firstly we have shown that EpCAM, 

despite identical expression to traditional pluripotent surface antigens on hESCs, is 
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downregulated at a far slower rate during neural differentiation with expression 

remaining high (>70%) at one week of differentiation. Combinatorial FACS studies of 

TRA-160, CD9 and EpCAM identified a window arises during neural differentiation 

where a substantial proportion (10-40%) of live cells are solely EpCAM+ and thus 

cannot continue to mark pluripotent cell types.  

 

Through further analysis of EpCAM by combinatorial FACS analysis of neural 

differentiation samples, significant co-expression with markers of neural 

developmental, including the NSC/neuronal marker CD56, NSC marker CD133 and 

NSC/forebrain marker FORSE-1 was observed. EpCAM is a member of the Cadherin 

family of cell surface adhesion molecules that are crucial for cell-to-cell interactions 

(Simon et al., 1990). The early neural tube and primitive ectoderm are epithelial in 

nature, a class of tissues that are known to express various Cadherin proteins, and this 

information combined with high co-expression between EpCAM and early neural 

markers suggests EpCAM+ cells equate to cells within the primitive ectoderm.  

 

These results attenuate the conclusions by Kolle and others in 2009 that EpCAM can 

be used to isolate or enrich for undifferentiated cells from differentiated cell types. 

The deployment of EpCAM for such a purpose may only apply to the hESC colony 

culture conditions utilised within that study, where spontaneously differentiated cells 

may not be of an ectodermal lineage. Clearly, the significant overlap between EpCAM, 

CD133 and particularly CD56 (which is an antigen with low expression on pluripotent 

cells), cautions against the use of EpCAM-positive selection for hESC enrichment. 

Simultaneously these findings caution against the proposal of EpCAM-negative 

selection for the removal of hESC contaminants in neural differentiation systems 

proposed by Sundberg and colleagues in 2009, as the data from this study 

demonstrates this would exclude significant numbers of cells that no longer remain 

pluripotent and may exhibit a primitive ectodermal phenotype.  

 

Importantly, strong expression of the forebrain NSC marker FORSE-1 was shown to 

arise several days after the pluripotent/proliferative-NSC markers CD133 and EpCAM 

achieve peak expression, indicating FORSE-1 positive cells may represent NSCs of 

greater maturity than those detected with either EpCAM or CD133. Cells with FORSE-
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1 affinity were predominantly CD56+ indicating a neural phenotype, and interestingly 

FORSE-1+/CD56+ cells co-expressed CD133 in greater proportions compared to 

EpCAM, further reinforcing the notion that EpCAM marks cells of greater immaturity.  

 

Future studies are required to describe the role of EpCAM, specifically whether 

EpCAM+/CD56+ or EpCAM+/CD133+ cells denote populations with variable 

downstream differentiation potentials, and the relationship between this adhesion 

molecule and other neurodevelopmental markers that have been highlighted recently, 

such as CD24, CD44, CD184 and CD217.  

 
The importance of understanding cell maturation during the early stages of 

differentiation cannot be overstated. One principle reason being that hESC derived 

neural and neuronal populations frequently contain an unacceptable proportion of 

proliferative NSCs that possess a capacity to overpopulate in vitro cultures and in vivo 

grafts (Roy et al., 2006;Aubry et al., 2008;Doi et al., 2012). Recently, the 

transplantation of hESC-derived neurospheres into PD primates produced tumour 

overgrowths from cultures differentiated for 14 and 28 days, however, neurospheres 

of greater maturity (>d35) demonstrated no tumour formation (Doi et al., 2012). 

Similarly, reports have shown prolonged neural differentiation of many weeks were 

required to downregulate surface antigens associated with proliferative NSCs, such as 

CD133 (Sundberg et al., 2009). Our study corroborates these findings, demonstrating 

progressive downregulation of markers such as EpCAM and CD133+ with time.  

 

While culturing neural cells in vitro for extended periods may provide a solution to 

remove undesirable proliferative cell types, it may simultaneously extend cultures 

beyond the optimal transplantation stages for the desired neuronal subtypes, and bias 

or restrict differentiation potential with extended culture within a specific cellular 

milieu. FACS purification based on surface antigens could provide a more optimal 

alternative and concomitantly enhance neuronal differentiation by enriching cultures 

with desired cell types. Interestingly, the combinatorial surface antigen analysis 

performed in this study has identified a promising population of 

FORSE1+/CD56+/CD133-/EpCAM- cells that increases with continued differentiation. 

As shown, the CD133+ population does not entirely encompass the EpCAM+ 

population or vice versa, thus negative selection of either marker in isolation would 
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not sufficiently exclude proliferative NSCs. Future studies are warranted to resolve 

whether FORSE1+/CD56+/CD133-/EpCAM- purification enables the isolation of live 

neural progenitor cells committed to neuronal differentiation, which would be useful 

in transplantation scenarios that seek to attenuate the propensity of grafts to 

proliferate uncontrollably. 

 

Subsequent to the initiation of this study, alternative spin embryoid body protocols 

for neural differentiation have emerged (Eiraku et al., 2008;Kim et al., 2011). 

However, these incorporate undesirable aspects prone to batch variability, with 

extended culture in knockout serum replacement media used by Eiraku and 

colleagues, or growth on an extracellular matrix harvested from mouse sarcoma cells 

by Kim and colleagues. While these comparable techniques involve spin aggregation 

the protocol developed by Kim and others reverts to a monolayer system within 48 

hours and later requires manual isolation of neural rosettes countering the technical 

initiation advantage. These studies corroborate the utility of ROCKi to improve sphere 

formation and the ability of Neurobasal media with N2 and B27 supplements as well 

as SMAD inhibition to support neural differentiation. A further report describes the 

spin aggregation of hESC and their neural differentiation in the presence of an 

alternative fully defined media, however, dissimilar to most protocols in this field 

utilises high doses of FGF-2 and RA in the absence of SMAD inhibitors (Goulburn et al., 

2011). Further, the protocol described by Goulburn and colleagues was tailored to 

generate high proportions of ventral telencephalic, medial ganglionic eminence 

NKX2.1+ cells. Future studies would benefit from comparisons of these emergent 

studies with the NDEB protocol established here to determine whether comparable 

neural induction and plasticity are achieved.  

 

A system for the directed differentiation of hESCs under defined conditions to 

primitive neuroepithelial cells and subsequently a telencephalic phenotype has been 

developed in this chapter. Investigations of this NDEB system confirmed 

differentiation proceeded holistically towards an ectodermal fate with the use of a 

MIXL1GFP/w mesendodermal reporter line. Differentiation outcomes were highly 

uniform across hESC and iPSC lines, and this has enabled the elucidation of novel gene 

expression patterns in early stages of neurogenesis. The robustness of this system 
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indicates a platform suitable for the investigation of hESC lines carrying 

neurodegenerative diseases where the elucidation of subtle phenotypes requires 

strict differentiation synchronisation and uniformity.  

 

Importantly, the combination of spin aggregation techniques and fully defined 

conditions provides a controlled and scalable platform for the administration of 

desired agonists and antagonists to pattern primitive neuroectodermal tissue to 

desired cell types. Indeed, Eiraku and colleagues administer patterning factors DKK-1 

and LEFTY-1 in a spin aggregation format although the efficacy of the addition of these 

and other factors remains to be determined (Eiraku et al., 2008). Future studies may 

substantially extend this system by evaluating the capacity of NDEBs to be directed 

towards neurotransmitter and regional specific neuronal subtypes, as well as non-

neuronal lineages such as astrocyte and oligodendrocytes, in response to various 

doses of relevant patterning factors.  
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4.1 Introduction 

 
The onset of Huntington’s disease occurs after extended periods of concealed 

perturbation and degeneration in a variety of cellular components and pathways. The 

temporal initiation of the various HD pathological mechanisms and their relationship 

to one another remains to be elucidated, particularly because of the technological 

limitations in studying pre-onset human patients. The embryonic nature of hPSCs and 

their differentiated derivatives provide the only practicable opportunity to answer 

these fundamental questions by providing a window into the stages of human 

development.  

 

A plethora of molecular pathologies, including intracellular aggregates, transcriptome 

disruption, vesicular trafficking alterations and autophagy-lysosomal impairment are 

dominant features of HD (See Chapter 1). Tantalisingly, several of these pathologies 

are detectable in related in vitro embryonic HD models such as mHTT knockin hECCs 

and transgenic R6/2 miPSCs (Gaughwin et al., 2011;Castiglioni et al., 2012). 

Specifically, aggregates were observed at differentiated stages and altered lysosome 

numbers. Gene expression alterations were seen at both pluripotent and neural stages 

for each in vitro model system, and from one of these in vitro models a novel patient 

biomarker was identified. These studies strongly validate the principle of analysing 

developmentally early stages of HD for furthering knowledge of HD pathology. 

 

Earlier experimental outcomes within this thesis using HD hESC lines found the 

presence of an expanded CAG tract within the HTT gene did not prevent 

differentiation to neural lineages (Chapter 2). To elucidate whether these outcome 

were a direct consequence of mHTT alleles or the stochasticity of the differentiation 

protocol involved, a novel spin-embryoid body neural differentiation protocol 

(described in Chapter 3), was developed. The robust nature of the NDEB system, 

with trivial interline gene expression variation and a high differentiation output 

capacity, provided an ideal platform for meaningful investigation of SI-186 and SI-187 

HD hESC line growth properties, differentiation capabilities, neuronal function and 

transcriptome assessment.  
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A robust differentiation system is of critical importance, as the late-onset nature of HD 

may eventuate as only subtle phenotypes in the non-transgenic hESC lines utilised for 

this study. Indeed, related studies of similar model systems fit this assumption, finding 

that the entire repertoire of HD hallmarks were not recapitulated at early 

developmental stage equivalents (Gaughwin et al., 2011;Castiglioni et al., 2012).   

 

The manuscript describes for the first time comparisons between typical late-onset 

HD hESCs lines carrying mutations within the CAG35-59 repeat range. Investigations are 

performed against two wildtype hESC lines, H9 and HES3, and utilise the NDEB 

system developed in Chapter 3. Cell growth, survival and forebrain neural 

differentiation were found to be unperturbed by the presence of mutant HTT 

transcripts. Gene expression of key markers dysregulated in HD were found to be 

unaltered in HD samples across a neural differentiation timeframe, however, 

functional analyses revealed a disturbance in intracellular calcium signalling in 

neuronal cultures. 
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5.1 Introduction 

 
This thesis describes the characterisation and evaluation of two clinically relevant HD 

hESC lines, SI-186 and SI-187, carrying CAG37 and CAG51 repeat expansions 

respectively. Importantly this work evaluates lines expressing disease alleles with late onset 

CAG repeat ranges associated with the majority of HD incidences, thus enabling the study 

of typical disease etiology. Pursuant to this aim, a robust forebrain neural differentiation 

protocol was developed and validated across multiple hPSC lines. Both HD hESC lines 

were shown to be equivalent to wildtype controls with respect to numerous parameters 

including pluripotency, growth rates, viability, neural differentiation efficiency and 

patterning. Hallmarks of HD were however identified, including minor transcriptional 

disturbances, CAG repeat instability and abnormal neuronal calcium signalling. This study 

evaluated two hESC lines that were derived from affected PGD embryos (Verlinsky et al., 

2005) and were specifically chosen as HD models because they were free from any genetic 

manipulation. While hiPSCs lines represent an emerging and competing HD model system, 

they had not reached technological maturity at the initiation of this study. Furthermore, 

there are still concerns with some hiPSC lines regarding their differentiation capacity due to 

biased epigenetic profiles and/or constitutive activity of reprogramming factors.  

 

 

5.2 Development of an in vitro neural differentiation 
protocol for stem cell modelling of neurological disorders 
 

The interconnected and fragile nature of the CNS renders it intolerant to invasive 

investigation and manipulation. Directing hPSCs into assorted cell types enables 

researchers to probe human neurons at an unprecedented depth. Coupling this 

technology with cell lines that harbour genetic determinants for neurological 

disorders, an equally unrivalled analysis of human disease pathways and mechanisms 

can be performed in vitro.  

 

Numerous methodologies have been devised for coaxing pluripotent cells towards 

different neural cell types however, many render comparative assessment between 

disease and control cells difficult due to stochastic elements such as subjective manual 
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selection or variable seeding densities. The emergence in recent years of a spin 

aggregation system for neural differentiation (Eiraku et al., 2008;Kim et al., 2011) 

provides an improved platform for comparative evaluation of disease and control 

cells, seeding specific quantities of more homogeneous cells in multiple chambers. 

These protocols are, however, dependent upon batch-variable knockout serum 

replacement medium or extracellular matrices. The NDEB system developed within 

this study by contrast is a scalable system that can be controlled in defined conditions 

allowing differentiation with precise cell numbers to simultaneously yield robust and 

uniform neural progeny across multiple hPSC lines. This differentiation system 

provided a platform suitable for investigating hPSC HD lines in order to identify pre-

clinical or clinical HD alterations in disease neural progeny.  

 

As HD neurodegeneration is particularly acute within striatal GABAergic neurons that 

arise from the LGE, it is important for future studies to resolve where on the dors-

ventral axis the forebrain GABAergic neurons generated by this neural differentiation 

system lie. Dorsal and cortical specification would be indicated by co-expression of 

broad telencephalic markers FORSE-1, OTX2 or FOXG1 (Figure 5.1,A) with 

transcription factors PAX6, PAX7 or mature cortex proteins such as Cux1 or Ctip2 

(Denham et al., 2012b; Figure 5.1,B). Co-expression of broad telencephalic markers 

with GSH2/GSX2 would imply an LGE phenotype (Carri et al., 2012; Figure 5.1,B) 

while co-expression with NKX2.1 would indicate a ventral MGE identity. Further, 

FOXG1-/NKX2.1+ populations would be indicative of a diencephalic floor plate 

specification (Maroof et al., 2013; Figure 5.1,B). Depending upon these expression 

results, administration of additional patterning factors to the NDEB system could alter the 

fate of these forebrain GABAergic neurons, to increase the proportion of LGE precursors, 

i.e. if a dorsal telencephalic phenotype is observed the addition of the ventralising 

morphogen SHH would be beneficial.  
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Figure 5.1: Depiction of an E12.5 mouse embryo, with major CNS regions highlighted and key markers 
of the telencephalon (A). E12.5 coronal section of the telencephalon, cut at an angle approximate to the 
dashed line in A, with various regions and discriminating genes identified (B). 
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Alternatively, existing protocols that claim to generate bona fide LGE GABAergic neurons 

could be applied to HD hPSCs. The first definitive generation of these neural cells was 

reported by Mark Perchansky’s research group in Paris (Aubry et al., 2008). While this 

seminal work represented a significant milestone towards a viable cell transplantation 

option for HD, it was restricted in its ability to produce GABAergic striatal neurons with 

only ≈11% of cells DARPP32+. Furthermore, the protocol incorporated numerous variable 

factors and cells exhibited excessive tumour growth upon transplantation. More recently, 

publication of two protocols in 2011 and 2012, produced significantly higher proportions of 

GABAergic striatal neurons, avoided transplantation overgrowth and lead to behavioural 

improvements in HD models (Carri et al., 2012;Ma et al., 2012). These protocols present an 

opportunity to generate HD neurons with the precise regional and neurotransmitter 

subtypes, a powerful tool perfectly poised to decipher the rich tapestry of molecular 

dysfunction that underlies neuropathology and, an optimal platform for screening novel 

therapeutic compounds. 

 

The NDEB methodology may further prove useful for studying lines carrying genetic 

insults associated with other forebrain neuropathologies such as epilepsy, Alzheimer’s 

disease and related polyglutame expansion disorders, where the elucidation of subtle 

phenotypes would benefit tremendously from strict differentiation synchronisation and 

uniformity. Pursuant to these aims, future studies could extend the spin aggregation system 

described here with the addition of patterning factors that antagonise or agonise relevant 

signalling pathways for appropriate regionalisation and sub-type specification to generate 

the specific subsets of neurons associated with the aforementioned disorders. Contemporary 

protocols indicate optimal patterning is achieved with very early administration of 

signalling factors (Kriks et al., 2011;Carri et al., 2012;Denham et al., 2012a;Maroof et al., 

2013), and as such, primitive neuroectodermal cells within d1-7 NDEBs appear a logical 

target window. For example, ventralisation could be achieved by the early addition of SHH 

and/or small molecule agonist purmorphamine to generate floor plate diencephalic or MGE 

populations as previously shown (Maroof et al., 2013;Nicholas et al., 2013). In addition, 

extended SMAD inhibition could be used to promote a default rostral-dorsal identity as 

shown recently (Nicoleau et al., 2013). 
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5.3 HD stem cell models and future research 
possibilities 
 

Recently, mouse and human iPSC lines harbouring HD mutations have been assessed for 

disease hallmarks (Camnasio et al., 2012;Castiglioni et al., 2012;HDIPSCC, 2012;Jeon et 

al., 2012), and some classical HD phenotypes have been observed in these models, 

including transcriptional dysregulation, CAG repeat instability, mutant HTT aggregates, 

cholesterol biosynthesis perturbation, lysosomal dysfunction and neuronal vulnerability. 

Importantly, similar phenotypic observations were noted in this thesis from the SI-186 and 

SI-187 lines, such as gene expression alterations, CAG repeat instability and aberrant 

calcium signalling.  

 

It is unsurprising that the greatest success in detecting disease phenotypes in HD hPSCs 

have arisen from the interrogation of lines carrying CAG repeats equivalent to egregious 

early onset sub-types (CAG180; HDIPSCC, 2012). These repeat ranges are equivalent to 

juvenile and infantile HD onset which may exhibit different mechanisms not truly reflective 

of clinically typical HD patients (Squitieri et al., 2006). Therefore, lines harbouring repeat 

ranges such as those assessed within this thesis may represent a more informative model of 

HD. If however typical late-onset lines do not exhibit HD at a level necessary for 

investigating pathology due to the embryonic nature of these lines, future experiments may 

need to accelerate or exacerbate disease pathology. Extended in vitro culture protocols, 

such as those recently developed by Elena Cattaneo’s laboratory (Carri et al., 2012), could 

achieve this by prolonging neuronal maturation of HD cells, whereas lactacystin 

administration presents another more drastic option as an inhibitor of the ubiquitin-

proteasome system and autophagy-lysosomal system which therefore antagonises the 

cellular ability for mHTT clearance (Ravikumar et al., 2002). Future studies could also 

utilise techniques with greater sensitivity for detecting post-onset, and particularly, pre-

onset HD hallmarks, such as mRNA and microRNA arrays for measuring gene 

dysregulation or transmission X-ray spectroscopy for identifying aggregate precursors.  

 

Unfortunately, HD ascribed phenotypes in the hESC lines of this study and emergent iPSC 

models demonstrate considerable interline variability in both individual HD hallmarks (i.e. 

differential gene dysregulation) and even outright contradictory observations in the variety 

of hallmarks observed (i.e. CAG repeat instability presence vs absence). Interestingly HD 
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phenotypic variation was also observed across the two lines of this study; with neural 

progeny of the SI-187 expansion line demonstrating aberrant calcium signalling, while 

progeny of the SI-186 line displayed minor repeat instability.  

 

Indeed, overall the phenotypic picture that has emerged from studies of HD hPSC lines is 

conflicting and the underlying factors remain unclear. From a speculative point of view, 

two factors are likely. The first being the existence of a pathological gradient across the 

vast CAG repeat ranges of the lines utilised throughout the research community (CAG37-

CAG181), with various repeat lengths eliciting a differential degree of pathological 

mechanisms and hallmarks. Secondly, an inevitable corollary of isolating lines from 

individuals/embryos with unique genetic backgrounds is a variety of uncontrollable genetic 

modifiers that interact either directly with mHTT or indirectly with a perturbed system, and 

account for over 30% of the age of onset (reviewed in Gusella and MacDonald, 2009). 

 

To address these potential factors, comparisons of lines spanning the full gamut of CAG 

repeat lengths is warranted and should incorporate tracts associated with distinct human 

phenotypes (i.e. CAG35-39/late onset, CAG40-59/typical onset, CAG60-79/juvenile onset, 

CAG80+/infantile onset). Such a study would also benefit immensely by simultaneously 

overcoming the ‘noise’ of interline variation by developing this spectrum of CAG 

expansions in a cohort of isogenic hPSC lines generated with the knockin of CAG 

expansions into one specific wildtype line. Emerging genome-editing methodologies, such 

as TALENs (Beurdeley et al., 2013) are a precise and rapid technology that could be readily 

adapted for this task so that more meaningful comparative studies of defined HD lines can 

be undertaken.  

 

Eliminating inherent cell line variability with a cohort of isogenic HD lines encompassing a 

range of CAG expansions would represent a significant milestone by providing the most 

optimal system for modelling human HD. This would yield particularly valuable 

information to determine the number of CAG repeat expansions that accurately and 

efficaciously reflect clinical HD and provide a focus for prospective research efforts. This 

focus could enable concerted and fastidious dissection of the relationship between various 

pathological mechanisms and contributing weight of each in a universally accepted gold 

standard system and hopefully advance the development of efficacious and novel 

therapeutic strategies.  
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5.4 Conclusion  
 

This thesis presents a detailed characterisation of HD hESCs which carry typical CAG 

repeat expansions. By expressing the sole mutant protein responsible for this devastating 

disease, these HD cell lines are primed to activate a cascade of negative molecular events 

and eventually neurodegeneration. This provide a unique system to probe both pre- and 

post-onset changes in a human in vitro molecular and neurological context, The results 

described in this thesis demonstrate the potential of such HD model systems to provide a 

platform to interrogate the chronology and hierarchy of disease mechanisms and hallmarks. 

This work and future studies utilising disease hPSC lines will hopefully advance our 

understanding HD’s complex pathological tapestry and facilitate the identification of 

candidate therapeutics. 
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