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Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative condition that 

affects corticospinal and spinal motor neurons and leads to death within 30 

months of symptom onset in half of all cases. It remains incurable and 

treatment is supportive. The genetic and molecular understanding of ALS has 

gone through a rapid expansion in recent years, notably with the discoveries of 

TDP-43, a heterogeneous ribonucleoprotein as a major component of neuronal 

inclusions in ALS, as well as the discovery of the C9orf72 hexanucleotide 

expansion as the most common genetic cause of this disease. 

This first part of this thesis addresses the question of which of the various 

pathological hallmarks of the C9orf72 Hexanucleotide Repeat Expansion 

(HRE) in autopsy material correlates best with the clinical presentation. The 

main finding is that TDP-43 distribution, rather than C9orf72 RNA foci or 

dipeptide aggregation in the brain, corresponds best with the areas relevant to 

the clinical subtype of ALS-FTD. Subsequently the role of TDP-43 was 

investigated in induced pluripotent stem cell derived motor neurons, and no 

evidence of the hallmarks of TDP-43 dysfunction, were seen in this model of 

the disease. No mislocalisation is found on immunofluorescence, and 

biochemical analysis shows no differences in insoluble species between the 

patient and control cell lines. In the final section, RNA sequencing was used to 

study the transcriptome of a BAC transgenic mouse carrying a human M337V 

transgene expressed at low levels, to identify early presymptomatic differences 

in gene expression. Interestingly, no changes were found in genes known to be 
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associated with ALS through mutations, and the constitutive nuclear functions 

of TDP-43 in the regulation of splicing was maintained, prior to the emergence 

of a clinical phenotype in the mouse. This favours a gain of function 

mechanism for TDP-43 mutations in ALS.  
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Chapter 1: Introduction 

Amyotrophic Lateral Sclerosis (ALS) is neurodegenerative disease that 

predominantly affects motor neurons in the motor cortex and spinal cord. It 

remains one of the most devastating acquired neurological disorders, resulting 

in progressive paralysis and death within 1-5 years. There is still no cure for 

the condition. Clinically, ALS is on a spectrum with Frontotemporal Dementia, 

with which it shares TDP-43 positive pathological neuronal inclusions and 

considerable genetic overlap. 

1.1 ALS is a neurodegenerative disease of the motor 

system 

1.1.1 ALS is incurable   

Epidemiological studies have consistently shown that ALS is not an uncommon 

disease. ALS has a relatively homogenous incidence rate of 1.81/100,000 

person-years of follow up in Europe and North America. The lifetime risk of 

ALS in the United Kingdom is 1:400 for women and 1:350 for men (Johnston 

et al., 2006). Incidence is lower in East and South Asia (Marin et al., 2017). 

ALS has slightly higher incidence in men (2.03 per 100,000 person years) than 

women (1.45 per 100,000 person years). No differences have been observed in 

the demographic status or the disease progression between men and women. 

The highest incidence of ALS is observed between the ages of 58 and 63, and 
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falls sharply after the age of 80 (Logroscino et al., 2010). Median survival is 

around 30 months from symptom onset and less than two years from diagnosis 

(Chio et al., 2002; del Aguila et al., 2003). 

ALS remains incurable. Riluzole is the only disease modifying treatment 

available to date (Bensimon et al., 1994; Cheah et al., 2010). Its mechanism of 

action remains unclear, but is thought to modulate excitotoxicity through 

interaction with GABA receptors and calcium channels. Riluzole has a modest 

survival benefit of about two to three months, but offers no symptomatic relief 

or improvement in muscle strength (Miller et al., 2007). Beyond riluzole, ALS 

treatment is principally symptomatic in a multidisciplinary care setting. 

Treatments can be offered to improve nutrition, respiration, salivation and 

spasticity amongst others. While non-invasive ventilation (NIV) for respiratory 

failure increases quality of life, evidence also exists for a survival benefit (Pinto 

et al., 1995; Bourke et al., 2006). 

1.1.2 ALS is clinically heterogeneous 

Neurodegeneration in ALS is predominantly seen in corticospinal tract neurons 

(upper motor neurons) as well as alpha motor neurons in the spinal cord 

innervating muscles (lower motor neurons). Clinically this gives rise to a 

syndrome of mixed upper and lower motor neuron signs. Ocular muscles are 

relatively spared. Within the spectrum of presentation, significant variation is 

observed. 
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1.1.2.1 Site of onset 

ALS usually starts in one limb or the bulbar muscles and then subsequently 

spreads to other areas. Bulbar onset patients make up around 25% of all 

patients (Caroscio et al., 1987; Roche et al., 2012), with limb onset accounting 

for most of the remainder and respiratory onset occurring in less than 5% of 

patients (Pinto et al., 1995). Both bulbar and respiratory onset have a 

significant impact on survival, compared to limb onset disease (del Aguila et 

al., 2003; Chio et al., 2009). Although differences exist between patients with 

limb or bulbar onset, there is also clearly significant variation within these 

subgroups, with significant numbers of limb onset cases following a very 

slowly progressive course, so-called flail-limb variants of ALS (Vucic and 

Kiernan, 2007; Wijesekera et al., 2009; Turner et al., 2010). A significant 

variation in survival has also been described in respiratory onset patients 

(Shoesmith et al., 2007), and 20% of bulbar onset patients survive beyond 5 

years. 

1.1.2.2 Variation in upper versus lower motor neuron involvement 

Other than the site of onset, clinically ALS can also be distinguished by the 

relative contribution of upper and lower motor neuron pathology. The 

differentiation of ALS by clinical subtype has been recognised early in the 

history of the disease, as has the fact that both upper motor neuron (UMN) as 

well as lower motor neuron (LMN) predominant ALS are both more slowly 

progressive and less common than the mixed type (Swank and Putnam, 1943). 
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The lower motor neuron predominant form of ALS, often known as progressive 

muscular atrophy, has been demonstrated to have subclinical corticospinal 

tract involvement at autopsy with pathology typical of ALS (Ince et al., 2003). 

Ongoing uncertainty persists about the relationship of isolated UMN 

degeneration with survival measured in decades, known as primary lateral 

sclerosis (PLS), to ALS. Over time subclinical LMN abnormalities in nerve 

conduction studies are seen in some, but not all patients, arguing that it is part 

of the ALS spectrum (Le Forestier et al., 2001). Others however have proposed 

that PLS could be a separate pathophysiological entity (Gordon et al., 2006). 

1.1.3 ALS is on a spectrum with frontotemporal dementia 

Further heterogeneity can be detected in ALS on cognitive testing. As motor 

degeneration proceeds, half of all patients can be found to have some form of 

cognitive impairment on neuropsychological testing, especially affecting 

executive function. Around 15% of all ALS patients meet the formal diagnostic 

criteria for frontotemporal dementia (Ringholz et al., 2005). Similarly, 

occurrence of ALS in patients initially diagnosed with FTD is well described 

(Lomen-Hoerth et al., 2002). The clinical evidence for overlap is supported by 

the common pathological features of ALS with a proportion of FTD cases, both 

of which are characterised by neuronal TDP-43 positive inclusions (Neumann 

et al., 2006). FTD-TDP accounts for about half of all FTD cases (the remainder 

being mostly positive for Tau inclusions). Finally, genetic evidence of overlap 

comes from family studies in which mixed inheritance of FTD and ALS 

syndromes (Morita et al., 2006), which are mostly explained by the 
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hexanucleotide expansion in the gene C9orf72 (DeJesus-Hernandez et al., 

2011; Renton et al., 2011), but other genes such as Ubiquilin2 have also been 

implicated in the ALS-FTD overlap (Deng et al., 2011). 

1.1.4 Familial ALS is caused by a heterogeneous set of genes and 

sporadic ALS has a high heritability 

In ALS clinic populations at least 10% to 15% of patients report a family 

history of ALS or dementia. Prospective studies with active investigation of 

family trees have yielded higher estimates for family history in ALS patients, 

closer to 20% (Chiò et al., 2011). Familial disease is similarly phenotypically 

heterogeneous and is not distinguishable from sporadic disease on clinical 

grounds (Li et al., 1988; Andersen et al., 1997). In FTD, the proportion of 

patients with familial disease is even higher, with 30-50% of patients reporting 

at least one relative with a similar presentation (Goldman et al., 2005). Twin 

studies estimate the heritability of  ALS at the population level as 61% (Al-

Chalabi et al., 2010), indicating that there is complex genetic inheritance of 

ALS beyond the known ALS genes. Only 21% of heritability of sporadic ALS is 

explained by common SNP variants, and only 1% of heritability is explained by 

loci identified by genome wide association studies (GWAS) to date (Keller et 

al., 2014). 

Over the last two decades, 32 genes have been linked to familial ALS-FTD 

(Guerreiro et al., 2015), and these explain approximately two thirds all 

familial cases. There is ongoing debate about what genes are relevant for 
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typical ALS, and many of the genes associated with ALS, such as alsin and 

sentaxin, are thought to cause rare atypical forms. A significant proportion of 

the Mendelian inheritance of typical ALS-FTD is explained by mutations in five 

genes. In descending order of frequency, they are: C9orf72 (ALS and FTD), 

SOD1 (ALS), GRN (FTD), FUS (ALS), TARDBP (ALS). Because of small family 

sizes and reduced penetrance of some mutations, many ALS gene mutations 

are also found in up to an estimated 11% of apparently sporadic ALS patients 

(Renton et al., 2014). Given that two ALS mutations are found together in ALS 

patients more commonly than expected by chance, some have argued that in 

some cases ALS is an oligogenic disease, with the requirement for two or more 

genes to be mutated for disease development (van Blitterswijk et al., 2012). 

Indeed, there is epidemiological evidence to support an assertion of a 

multistep process occurring in ALS, similar to carcinogenesis (Al-Chalabi et al., 

2014). Others have argued that cooccurrence of two ALS mutations are chance 

findings confounded by founder effects or that one of the two variants may be 

a benign polymorphism (Chio et al., 2012).  

1.1.5 Familial ALS and FTD-TDP are caused by genetic mutations in 

genes involved in RNA metabolism and protein catabolism 

The genes in which mutations are known to cause ALS-FTD fall into two broad 

categories, according to their known function: genes involved in RNA 

processing and genes involved in protein degradation and aggrephagy 

(Thomas et al., 2013; Guerreiro et al., 2015). These mutations collectively 

provide initial evidence for the dysregulation of these two crucial cellular 
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functions in ALS. ALS genes linked to RNA processing include the 

heterogeneous nuclear ribonucleoproteins (hnRNPs) TDP-43, hnRNPA1, 

hnRNPA2B1, as well as members of the FET protein family FUS and TAF15. 

Matrin 3 is another RNA binding protein that interacts with TDP-43 and has 

been found mutated in ALS. ALS genes involved in autophagy and lysosomal 

function include TBK1, Sequestosome 1 (p62), Ubiquilin 2, VCP and Optineurin. 

Many of these genes are involved in cargo-specific autophagy of ubiquitinated 

proteins, and p62 is a major component of inclusions in sporadic and familial 

ALS (Thomas et al., 2013). 

1.2 TDP-43 pathology is the molecular hallmark of 

ALS and FTD-TDP 

On a molecular level, multiple pathological signatures of ALS have been 

observed. The ubiquitin positive inclusions seen in motor neurons of all ALS 

patients can stain positively for TDP-43, SOD1 or FUS. However, the latter two 

only account for less than three percent of all cases. 97% of all ALS patients 

have TDP-43 inclusions in the anterior horn cells and the motor cortex, making 

TDP-43 inclusions the molecular hallmark of ALS (Neumann et al., 2006; 

Mackenzie et al., 2007).  

1.2.1 TDP-43 protein structure 

TDP is a 414-amino-acid protein encoded by the TARDBP gene. It is an 

heterogenous nuclear ribunucleoprotein (hnRNP) that has a predominantly 
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nuclear localisation but shuttles to the cytoplasm. It contains a folded N-

terminal domain that promotes oligomerisation (Chang et al., 2012; Mompean 

et al., 2016) as well two tandem RNA recognition motifs (RRMs) motifs that 

bind to UG-rich sequences (Lukavsky et al., 2013). The C-terminal region is 

glycine rich and predominantly disordered, and is commonly referred to as 

low-complexity domain and sometimes also as a prion-like domain. The 

domain is essential for protein-protein interactions (Buratti et al., 2005). The 

significance of low-complexity domains in health and disease is only beginning 

to emerge. The domains permit self-assembly of ribonucleoproteins into 

membraneless organelles (Kato et al., 2012) via liquid-liquid phase transition. 

Like other ribonucleoproteins, TDP-43 is able to undergo liquid-liquid phase 

separation mediated by its C-terminal domain (Conicella et al., 2016). 

1.2.2 TDP-43 Function 

As a member of the hnRNP family TDP-43 is unsurprisingly involved in RNA 

processing, but also in several other cellular processes. TDP-43 is expressed 

ubiquitously and essential for embryogenesis (Wu et al., 2010). TDP-43 

binding targets have been identified in thousands of pre-mRNA species. 

Binding sites are found in introns, but also in 3’ untranslated regions (UTRs). 

(Polymenidou et al., 2011; Tollervey et al., 2011). 

1.2.2.1 Nuclear functions of TDP-43 

The best described function of TDP-43 is its involvement in splicing. TDP-43 

acts as a negative splicing regulator binding to UG sequences and has been 
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most extensively studied using the CTFR reporter gene (Buratti and Baralle, 

2001; Wang et al., 2004). Unbiased screens of differential splicing in mice 

show many other differential splicing events upon TDP-43 knockdown 

(Polymenidou et al., 2011). There are many more TDP-43 binding sites than 

there are splicing alterations, indicating that TDP-43 binding may alter splicing 

but must also have a role in pre-mRNA stabilisation. TDP-43 is not an 

independent splicing factor and requires binding to other hnRNPs to perform 

its splicing function (Buratti et al., 2005). Other than binding to and regulating 

a large number of transcripts across the genome, TDP-43 also autoregulates its 

own mRNA by inducing alternative polyadenylation, promoting the subsequent 

nuclear retention and degradation of this alternatively polyadenylated TARDBP 

mRNA (Avendaño-Vázquez et al., 2012). A further nuclear role of TDP-43 is 

the regulation of microRNAs (Gregory et al., 2004; Chendrimada et al., 2005), 

and its absence leads to alteration in the levels of multiple microRNAs (Buratti 

et al., 2010). 

1.2.2.2 Extranuclear functions of TDP-43 

Even at rest a significant proportion of TDP-43 can be found in the cytoplasm, 

where TDP-43 is involved in RNA transport. This is supported by its binding to 

the 3’ UTRs of mature mRNAs as well as the fact that TDP-43 co-purifies with 

proteins involved in RNA transport (Freibaum et al., 2010). This is particularly 

important in neurons where it is actively transported along axons and 

dendrites (Fallini et al., 2012), and is a key component of transport granules 

(Liu-Yesucevitz et al., 2014). Furthermore TDP-43 can be found in the synaptic 
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compartment , where it may have a role in local translation (Narayanan et al., 

2012). Finally, TDP-43 is known to move from the nucleus into the cytoplasm 

during activity and stress (Moisse et al., 2009; Sato et al., 2009). During stress, 

TDP-43 is a component of stress granules, which are transient membraneless 

structures that repress translation during stress (Colombrita et al., 2009; 

McDonald et al., 2011). 

1.2.3 Evidence for pathogenicity of TDP-43 

The discovery of TDP-43 in the cytoplasmic inclusions of ALS and FTD-TDP 

prompted a scientific debate on the relevance of the protein for the disease. 

There is mounting of evidence for the pathogenicity of TDP-43. 

1.2.3.1 Genetics 

Pathological mutations in TDP-43 have been found in 3% of familial and 1.5% 

of sporadic ALS cases, and their significance is supported by appropriate co-

segregation (Sreedharan et al., 2008; Van Deerlin et al., 2008). Importantly, 

mutations are functionally clustered: of 52 mutations found to date, all but 

three localise to the C-terminal low complexity domain (Buratti, 2015). 

1.2.3.2 Abnormalities of TDP-43 protein in ALS 

TDP-43 shares important features with other proteins implicated in 

neurodegeneration, a-synuclein and tau. TDP-43 is mislocalised, aggregated, 

ubiquitinated, phosphorylated and C-terminally truncated (Neumann et al., 

2006). It remains unclear if these alterations in TDP-43 distribution and 
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properties are protective or if they contribute to ALS pathophysiology (Ling et 

al., 2013).  

1.2.3.2.1 Posttranslational modifications 

In post-mortem ALS motor neurons, TDP-43 is tagged by polyubiquitinated 

chains that are K48 and K63-linked (Hebron et al., 2013). Only larger 

inclusions are labelled by ubiquitin (Giordana et al., 2010), suggesting that 

ubiquitination may be a late event during the maturation of inclusions. 

Phosphorylation, on the other hand, appears to predate ubiquitination 

(Kraemer et al., 2010). Phosphorylation may modulate degradation and 

extends the half life of TDP-43 in experimental models (Zhang et al., 2010).  

1.2.3.2.2 TDP-43 fragmentation 

In human post-mortem tissue a 25kDa TDP-43 C-terminal fragment is specific 

for ALS and not seen in controls (Neumann et al., 2006). 35kDa fragments 

have also been found in patient non-central nervous system (CNS) tissues 

(Kabashi et al., 2008), but are usually much less abundant in ALS brain. The 

role of 35kDa fragments is therefore not clear, but they are observed at 

significant levels in TDP-43 mutant mouse models of ALS (Wegorzewska and 

Baloh, 2011). Both 25kDa and 35kDa TDP-43 fragments have been shown to 

be products of caspase 3 cleavage (Zhang et al., 2007), but recent evidence 

also suggests the possibility of alternative splicing to produce the 35kDa 

species (Xiao, Sanelli, et al., 2015). C-terminal fragments lack the nuclear 

localisation motifs found close to the N-terminus of TDP-43 and are therefore 
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thought to localise to the cytoplasm. Interestingly enrichment of C-terminal 

TDP-43 fragments is not seen uniformly throughout the central nervous 

system. C-terminal fragments are seen particularly in brain-derived TDP-43 

inclusions but less in spinal cord inclusions, suggesting different compositions 

of inclusions in brain and spinal cord (Igaz et al., 2008). Interestingly, in FTD-

TDP there are multiple C-terminal fraction signatures which correlate closely 

with neuropathological subtypes of FTD-TDP and the associated clinical 

syndromes (Tsuji et al., 2012).  

1.2.3.2.3 Mislocalisation 

Mislocalisation of TDP-43 from the nucleus to the cytoplasm is a key 

pathological hallmark of ALS (Neumann et al., 2006). In neuropathological 

tissue, a concept of pre-inclusions has been postulated; in cells in which these 

small granular pre-aggregates can be observed, there is already characteristic 

loss of nuclear TDP-43 (Giordana et al., 2010). Consequently, increased TDP-

43 in the cytoplasm as well as depletion of TDP-43 from the nucleus have been 

hypothesised to play a role in the pathophysiology of the disease. There is 

evidence from animal models that both loss of TDP-43, produced by 

knockdown (Polymenidou et al., 2011), or excess TDP-43 produced by 

overexpression (Kabashi et al., 2009) are toxic to the cell. Overexpression of 

TDP-43 with a mutant nuclear localisation signal resulting in cellular 

redistribution is also toxic (Winton et al., 2008). While most mutant TDP-43 

animal models do have mislocalisation, it is not clear that this is essential for 

pathogenesis: the Q331K and M337V mutations in mice result in a motor 
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phenotype without any evidence of TDP-43 mislocalisation or aggregation 

(Arnold et al., 2013; D’Alton et al., 2014). 

1.2.3.2.4 Aggregation 

Together with mislocalisation, TDP-43 aggregation in the cytoplasm is a 

consistent neuropathological feature of ALS (Mackenzie et al., 2007). 

Truncated, phosphorylated and ubiquitinated TDP-43 is mainly found in the 

sarkosyl insoluble fraction. There is ongoing debate as to whether the 

sequestration of TDP-43 is toxic or neuroprotective, with no correlation 

between TDP-43 inclusion burden and cell death in several mouse models  

(Stallings et al., 2010; Igaz et al., 2011; Arnold et al., 2013). In vitro studies 

suggest that some TDP-43 mutations in the low complexity domain increase 

aggregation, while other mutations that cause severe disease in humans do not 

(Jiang et al., 2016). Other mechanisms such as liquid-liquid phase transition 

may be equally important in explaining the pathogenicity of TDP-43 mutations 

(Conicella et al., 2016). However, not only the C-terminal domain has been 

implicated in aggregations and some studies suggest that aggregation may be 

property of the N-terminal domain (Sasaguri et al., 2016). 

1.2.3.3 Disruption of TDP-43 function in ALS 

There is increasing evidence for disruption of the mRNA splicing function of 

TDP-43 function in ALS. TDP-43 levels in a cell are tightly regulated 

(Avendaño-Vázquez et al., 2012), and small differences in cytoplasmic and 

nuclear concentrations may have a significant impact on TDP-43 function 
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(Arnold et al., 2013). High throughput technologies have elucidated the 

binding sites of TDP-43 and the effect of TDP-43 depletion on splicing in a 

mouse model (Polymenidou et al., 2011; Tollervey et al., 2011). In post-

mortem tissue a shift in the pattern of alternative splicing in sporadic and 

familial ALS brains has also been observed, though in the absence of TDP-43 

pathology in the areas studied (Prudencio et al., 2015). Further evidence of 

RNA processing derangement in human post mortem tissues comes from the 

expression of human specific cryptic exons in ALS but not healthy controls 

(Ling et al., 2015). A detailed discussion of TDP-43 splicing alterations in ALS 

will be discussed below in the context of a review of the impact of high 

throughput sequencing technologies on ALS. 

TDP-43 is known to be recruited to stress granules which stabilise and triage 

RNA in response to oxidative or other stressors (Colombrita et al., 2009). 

Other than the constitutive nuclear function in splicing there is some evidence 

for disruption in stress granule formation in ALS. While some studies have 

detected putative pathological stress granules in post-mortem ALS tissue (Liu-

Yesucevitz et al., 2010), others have not (Colombrita et al., 2009). 

Finally, studies have suggested alterations in the binding profile of TDP-43 

with other proteins could contribute to TDP-43 pathology. Some TDP-43 

mutants have been shown to have elevated binding to FUS (Ling et al., 2010), 

potentially providing a further mechanism linking the two proteins, though the 

relevance to sporadic disease is unclear.  
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1.3 Mutant TDP-43 mouse models increase our 

understanding of TDP-43 biology 

The best known mouse model of ALS is the SOD1 mouse model with the G93A 

mutation, which develops progressive hindlimb tremor and weakness at three 

months, resulting in paralysis and death after four months (Turner and Talbot, 

2008). While providing important insights into familial ALS with SOD1 

mutations, models of SOD1 ALS suffer from two major shortcomings. Firstly, 

SOD1 mouse models do not show the typical TDP-43 positive inclusions found 

in 97% of all patients with ALS at post-mortem, suggesting that SOD1-related 

ALS may be biologically distinct from most other cases (Turner et al., 2008). 

Secondly, therapies successful in SOD1 mutant mouse models of the disease, 

have  not generally translated into positive human trials (Benatar, 2007). 

The discovery of TDP-43 in 2006 therefore encouraged the development of 

new mouse models based on mutations of TDP-43 to study TDP-43 biology and 

in the hope that they could provide more relevant insights to sporadic ALS. 

While a comprehensive review of TDP-43 mouse models is not possible here, 

the most significant findings and limitations of currently available TDP-43 

rodent models are discussed below. Given the increasing complexity of ALS 

genetics, mouse models based on other ALS-related mutations have also been 

generated, including mice overexpressing transgenic FUS and the C9orf72 HRE 

and will not be discussed further. 
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1.3.1 Neuron specific depletion of TDP-43 recapitulates an age-

dependent motor phenotype 

It is known that TDP-43 is essential in embryogenesis. TDP-43 knockout in 

mice is lethal at E7.5 (Kraemer et al., 2010). Conditional Cre-dependent 

ubiquitous knockdown of TDP-43 is similarly toxic, leading to death within 9 

days of TDP-43 knockdown (Chiang et al., 2010), underlining the importance 

of TDP-43 to cellular function. Longer survival was observed in two neuronal 

specific conditional knock-out mouse models. The first of these was generated 

by using flanking loxP sites driven by a motor neuron specific Hb9 promoter. 

These mice had a normal motor phenotype up to 10 weeks (Wu et al., 2012) 

and had weight loss at birth. Another, less aggressive conditional knock out 

model was generated using an Frt-flanked neomycin cassette and loxP sites 

flanking the second exon of TARDBP. This model was crossed to VAChT-

Cre.Fast mice to achieve motor neuron specificity and remained symptom-free 

for 50 weeks (Iguchi et al., 2013). Both models develop an age-dependent 

progressive motor phenotype, subsequently with loss of motor neurons and 

astrocytosis and offer an opportunity to study the TDP-43 loss of function 

hypothesis in a motor neuron specific manner. 

1.3.2 Ubiquitous overexpression of wild-type and mutant TDP-43 

results in motor system degeneration in a dose dependent fashion 

Mouse models of both mutant and wild-type TDP-43 overexpression 

recapitulate features of ALS. The most prominent TDP-43 mutant mouse 

model is the prion promoter driven A315T mouse model that overexpresses 
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human mutant TDP-43 three-fold compared to the endogenous mouse TDP-43 

(Wegorzewska and Baloh, 2011). The mouse develops motor problems at 

three months, though the cause of death in this mouse is due to paralytic ileus 

caused by the degeneration of the myenteric plexus. Feeding with jellified food 

overcomes the gut dysfunction and allows motor pathology and motor neuron 

degeneration to progress further (Herdewyn et al., 2014). As this mouse model 

lacks a wild-type control, it is impossible to ascertain if the pathology arises 

from transgene insertion, TDP-43 overexpression or biological disruption due 

to the A315T mutation itself. Another A315T mouse model with expression 

driven by the prion promoter did include a wild-type overexpressing control 

which does not exhibit the mortality found in mutants (Stallings et al., 2010). 

Unfortunately, lower expression of TDP-43 in the wild-type mouse than in the 

mutant again prohibits a conclusive appraisal of the effect of the TDP-43 

mutation in isolation. 

The importance of a wild-type TDP-43 dose effect was demonstrated in a 

model in which the human wild-type protein overexpression is driven by a 

prion promoter.  TDP-43PrP mice showed reactive gliosis, axonal and myelin 

degeneration, gait abnormalities, and early lethality (Xu et al., 2010). Another 

transgenic mouse model expresses human TDP-43 with a Q331K mutation 

under the prion promoter at levels 1.5- to 3-fold above endogenous mouse 

TDP-43 levels. This mouse model develops adult onset motor weakness, but 

does not have a survival deficit (Arnold et al., 2013). The mouse models 

generated in this study exhibited a complex relationship between transgene 
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dose and genotype with some pathology being dose-dependent and some 

mutation-dependent. 

To avoid overexpression of TDP-43 via a heterologous promoter such as PrP, 

another study resorted to multiple insertion of human native-promoter driven 

bacterial artificial chromosome (BAC) A315T or WT transgenes into the mouse 

genome. These mice are also characterised by significant overexpression of 

TDP-43, and both wild-type and mutant A315T mice share clinical motor and 

cognitive abnormalities. Most significantly, TDP-43 overexpression induces the 

NF-kB proinflammatory pathway through direct interaction of TDP-43 with 

NF-kB, resulting in death via terminal gliosis rather than neurodegeneration 

(Swarup et al., 2011). Interestingly, the motor neuron transcriptome of this 

mouse model has been studied using translating ribosome affinity purification 

followed by microarray analysis revealing a small number of differentially 

expressed genes despite the severe phenotype (Macnair et al., 2016). 

1.3.3 Tissue-specific overexpression provides opportunities to study 

autonomous and non-cell autonomous toxicity of TDP-43 

To overcome some of the off-target effects of overexpression of TDP-43 as well 

as to study cell-autonomous and non-cell autonomous pathways in ALS, 

several mouse models overexpressing TDP-43 in neurons or glia have been 

studied. Neuron specific overexpression has been achieved using the Thy1.2 

promoter overexpressing wild-type TDP-43 with a range of overexpression 

relative to mouse TDP-43 and establishing a dose-dependent motor phenotype  
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(Wils et al., 2010). The same group also used similar constructs to overexpress 

M337V mutant TDP-43, showing a modest worsening of phenotype with the 

mutation. Interestingly, end-stage TDP-43M337V mice had fewer ubiquitinated 

inclusions and fewer 25-kDa C terminal fragments compared to wild-type 

overexpressing mice (Janssens et al., 2013). Another study using the Thy1.2 

promoter resulted in 2.3 to 4.6-fold overexpression of TDP-43. Although the 

mice develop motor axon loss, they die prematurely of an unknown cause 

(Shan et al., 2010).  Several mouse models have also been created using the 

CaMK2 promoter, which overexpresses TDP-43 in frontal cortex and 

hippocampus, but not the spinal cord. Consequently, these mice develop a 

cognitive but not motor phenotype and thus are more relevant to modelling 

frontotemporal dementia (Tsai et al., 2010). 

To study non-cell autonomous toxicity, human wild-type TDP-43 has also been 

overexpressed selectively in rat and mouse astrocytes. While one induced 

astrocytic TDP-43 overexpression model was found to have astrocyte loss and 

motor system symptoms (Tong et al., 2013), a transplantation study of TDP-43 

overexpressing glial precursor cells found no pathology (Haidet-Phillips et al., 

2013). 

1.3.4 Limitations of currently available mouse models 

The TDP-43 rodent models used up till now have yielded important insights 

into disease biology. They have demonstrated a dose dependent toxicity of 

TDP-43, whereby too much or too little TDP-43 can cause cellular imbalances. 
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Motor neurons appear to be sensitive to these fluctuations, however the 

relevance of reduction or overexpression of TDP-43 as a primary driver of the 

pathogenesis of ALS is completely unclear. In this context, the severe 

overexpression and young onset phenotype in many of these models makes 

them a resource with limited usefulness for translational work. In some of the 

mouse models, there is mutation specific-toxicity, but this is often difficult to 

disentangle from toxicity due to overexpression, and more physiologically 

relevant models will be able to provide more information on mutation-specific 

toxicity. There is a fundamental question if a disease that arises after decades 

in humans can be truly modelled in an organism with a much shorter lifespan. 

Nonetheless, neurodegenerative disease modelling should at least consider the 

pathways involved in aging and maturation of the model. Mouse models with 

very early onset of symptoms during adolescence are therefore conceivably 

suboptimal for disease modelling. 

1.4 The C9orf72 HRE is the most common genetic 

cause of ALS and FTD-TDP 

The discovery of the C9orf72 hexanucleotide repeat expansion as the most 

common genetic cause for ALS and FTD (DeJesus-Hernandez et al., 2011; 

Renton et al., 2011), opened an important new chapter in ALS research. 

The linkage to chromosome 9 was originally reported in ALS cohorts from 

Boston and Chicago (Hosler et al., 2000). This was further delineated to 

chromosome 9q 12-21 in a large Dutch kindred autosomal dominant 
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inheritance of ALS-FTD (Vance et al., 2006). Genome-wide association studies 

narrowed the region to 240 kb (Laaksovirta et al., 2010; Shatunov et al., 

2010), but a further year passed before the hexanucleotide expansion was 

found: the repeat is located in an intron and repeat sequences could not be 

characterised by short read sequencing.  

1.4.1 Epidemiology and clinical characteristics 

C9orf72 is inherited in an autosomal dominant manner with likely incomplete 

penetrance (Galimberti et al., 2014). In European and North American 

populations, approximately 40% of familial cases and 10% of sporadic cases of 

ALS have been found to have a C9orf72 HRE (Majounie, Renton, et al., 2012; 

Smith et al., 2013; Cooper-Knock, Kirby, et al., 2015). There is wide 

geographic variation of the mutation amongst familial ALS cases. In European 

populations studies have reported frequencies ranging from 11 to 55%, 

whereas in Asian populations between 0 and 16% of familial ALS cases have 

been linked to the C9orf72 HRE (Zou et al., 2017). A founder effect with the 

mutation possibly arising from a Scandinavian population has been proposed 

given the geographical distribution of C9orf72 (Majounie, Renton, et al., 2012; 

Smith et al., 2013).  

The most common clinical presentations associated with the mutation are ALS 

and behavioural variant FTD, or an overlap between the two (Boeve et al., 

2012). Compared to other FTD patients, patients with C9orf72 are more likely 

to have delusions and hallucinations, which have been descried to occur in a 
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third to half of all C9orf72 patients and may sometimes lead to psychiatric 

diagnoses in the early stages of the disease (Rohrer, Isaacs, et al., 2015). 

C9orf72 ALS patients are otherwise generally indistinguishable from other ALS 

patients clinically and have similar frequencies of limb and bulbar onset 

disease to sporadic patients. On a population level, the most obvious difference 

is the presence of cognitive impairment or a family history of dementia in up to 

50% of patients (Chiò et al., 2012; Cooper-Knock et al., 2012). Extrapyramidal 

symptoms have been noted in C9orf72 patients in multiple studies (Boeve et 

al., 2012; Cooper-Knock et al., 2012), but the expansion has not been 

identified in large Parkinson’s disease cohorts, indicating that the clinical 

presentation does not overlap (Majounie, Abramzon, et al., 2012; Harms et al., 

2013). C9orf72 patients also show a distinct pattern of non-motor cortex 

involvement on 3T magnetic resonance imaging (MRI) and may have more 

aggressive disease as evidenced by shorter disease duration from symptom 

onset in some studies (Byrne et al., 2012; Cooper-Knock et al., 2012). 

1.4.2 Genetic and molecular properties of the C9orf72 HRE 

The C9orf72 hexanucleotide expansion is found in the first intron of the 

C9orf72 gene and is flanked by the two alternative exons 1a and 1b. The 

C9orf72 has three known transcript variants. Variant 1 (V1, NM_145005.6) 

and Variant 3 (V3, NM_001256054.2) both contain exon 1a and therefore 

their pre-mRNA contains the HRE. Variant 2 (V2, NM_018325.4) contains 

exon 1b and has the HRE in its promoter region. Both V2 and V3 encode the 

same protein isoform a and differ only in their 5’UTR. V1 encodes protein 
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isoform b which is considerably shorter (‘Database resources of the National 

Center for Biotechnology Information’, 2016). An antisense transcript, which 

contains the antisense intronic sequence and hexanucleotide repeat sequence, 

can also be detected (Gendron et al., 2013). The site of the HRE normally 

contains less than 30 GGGGCC repeats with most normal individuals carrying 

2, 5 or 8 repeats (van der Zee et al., 2013). While no controls have been 

documented with more than 100 repeats, there is ongoing debate about the 

intermediate region ranging from 20-100 repeats as incomplete co-segregation 

of familial FTD has even been seen in cases with 20-22 repeats (Gómez-

Tortosa et al., 2013). 

Given its intronic location, the presence of the HRE in C9orf72 does not result 

in C9orf72 protein sequence abnormalities. Instead the HRE results in three 

distinct molecular phenomena, all of which have been postulated to have 

pathophysiological significance: 

1. Hapolinsufficiency: the presence of the repeat sequence in the promoter 

region of the most abundant transcript V2 results in overall reductions 

in C9orf72 mRNA and protein levels (Xiao, MacNair, et al., 2015). 

2. RNA aggregation: the transcription of the HRE in exon 1a containing 

transcripts as well as antisense transcription results in the formation of 

RNA sense and antisense foci which can be detected using fluorescence 

in situ hybridisation (Gendron et al., 2013). 

3. Repeat associated non-ATG translation:  nuclear export of sense and 

antisense repeat containing mRNA results in the initiation of 
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unconventional translation in all three reading frames, resulting in the 

production of five species of repetitive dipeptide proteins, which can be 

detected in the TDP-43 negative, p62 positive inclusions characteristic 

of C9orf72 HRE ALS-FTD (Gendron et al., 2013). 

1.4.3 Neuropathological features of C9orf72 positive ALS-FTD 

The insights into the molecular biology of the C9orf72 HRE gained through the 

analysis of brain tissue have been critical to the current understanding of the 

disease and its characterisation within the wider context of sporadic ALS. 

C9orf72 HRE ALS and FTD are positive for typical TDP-43 inclusions seen in 

ALS and FTD-TDP, but also contain TDP-43 negative, p-62 positive inclusions 

which stain for dipeptide proteins.  

1.4.3.1 Sense and antisense foci are present throughout the CNS 

1.4.3.1.1 Sense and antisense foci do not correlate with clinical phenotype at 

post-mortem 

The C9orf72 hexanucleotide expansion gives rise to of both sense (DeJesus-

Hernandez et al., 2011; Renton et al., 2011) as well as antisense (Gendron et 

al., 2013) RNA foci. The distribution of foci has been studied extensively, and 

foci are present in throughout the CNS as well as non-CNS tissues including 

white blood cells and fibroblasts (Lagier-Tourenne et al., 2013). In the CNS, 

RNA sense and antisense foci can be found in neurons, but also in 

oligodendrocytes and astrocytes, albeit at lower frequencies (Mizielinska et al., 
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2013).  There are important differences in the subcellular distribution of sense 

versus antisense RNA foci. Sense foci are more commonly found in the 

cytoplasm than antisense foci (Mizielinska et al., 2013), and antisense foci 

have been shown to co-localise with nucleolin and nuclear speckle components 

(Cooper-Knock, Higginbottom, et al., 2015). A perinucleolar distribution of 

RNA foci was also observed in a recent study of two C9orf72 frontotemporal 

dementia cases, the significance of this remains unclear (Vatsavayai et al., 

2016). Regional differences between sense and antisense foci distributions 

have been studied to a limited extent and  antisense foci are more frequently 

seen in motor neurons and Purkinje neurons in the cerebellum whereas sense 

foci are more frequent in cerebellar granule cells (Cooper-Knock, 

Higginbottom, et al., 2015). Finally, multiple studies have also suggested that 

antisense foci may be more numerous than sense foci (Lagier-Tourenne et al., 

2013; Mizielinska et al., 2013; Cooper-Knock, Higginbottom, et al., 2015). Foci 

burden has rarely been linked to clinical phenotype in post-mortem studies. 

One study suggested that foci burden in the frontal cortex significantly 

inversely correlated with age at onset (Mizielinska et al., 2013). A similar 

trend, though not significant, was observed for sense as well as antisense foci 

in both the frontal cortex and hippocampus. 

1.4.3.1.2 Sense and antisense foci interact with similar RNA binding proteins 

The presence of foci prompted important questions about their involvement in 

pathogenesis via RNA mediated gain-of-function. Sequestration of the splicing 

factor muscleblind by repeat RNAs is known to result in splicing dysfunction 
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and disease pathology in myotonic dystrophy (Konieczny et al., 2014). In 

C9orf72 carriers, pulldown experiments using hexanucleotide repeat RNA have 

revealed multiple RNA binding proteins. Some of these results have been 

validated in post-mortem studies. Sense foci were shown to colocalise with 

ADARB2 (Donnelly et al., 2013), nucleolin (Haeusler et al., 2014), Pur-alpha 

(Sareen et al., 2013), SRSF2, hnRNP H1/F, hnRNP A1, and ALYREF (Cooper-

Knock et al., 2014). Interestingly, despite their different confirmation, 

antisense foci shared the same pulldown signature and colocalisation as sense 

foci in one study, colocalising with SRSF2, hnRNP H1/F, hnRNPA1 and 

ALYREF (Cooper-Knock, Higginbottom, et al., 2015). 

1.4.3.2 Distribution of dipeptide protein pathology 

RNA foci undergo repeat associated non-ATG translation, giving rise to five 

dipeptide species: three in each direction but including one overlapping 

dipeptide produced by both sense and antisense strands (poly-GP). The 

frequency of dipeptide repeats and their concentration in brain tissue has now 

been assessed systematically by multiple groups. 

1.4.3.2.1 Relative abundances of dipeptide species are conserved across all 

areas of the CNS 

The concentrations and distributions of dipeptide proteins vary considerably 

across dipeptide species. GA dipeptide has been shown the most abundant 

protein using measures of inclusion density as well as biochemical methods 

such as dot blot analysis. While there are differences in overall dipeptide 
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abundance across tissues, GA is relatively the most common dipeptide in all 

areas of the CNS, followed by poly-GP, poly-GR and only rare poly-PR and 

poly-PA inclusions (Gendron et al., 2013; Islam et al., 2014; Gomez-Deza et al., 

2015; Mackenzie et al., 2015; Davidson et al., 2016). This could be explained 

by different translational efficiency across the various reading frames 

(Wojciechowska et al., 2014) or potentially different solubility (Kwon et al., 

2014). 

1.4.3.2.2 Dipeptide proteins are nearly absent from lower motor neurons 

Dipeptide inclusions are found in significant quantities in all neocortical areas 

as well as the hippocampus. They are also found in similarly high 

concentrations in areas not affected in ALS or FTD such as the occipital cortex 

and the cerebellum (Gendron et al., 2013; MacKenzie et al., 2013; Mackenzie 

et al., 2015). Lower motor neurons, a collective term used for the motor nuclei 

of the brainstem as well as anterior horn cells, have been found to contain no 

or little dipeptide pathology. Little dipeptide is seen in pure C9orf72 ALS cases 

with typical TDP-43 positive spinal cord pathology (Gomez-Deza et al., 2015), 

as well as in  patients with ALS-FTD and FTD (Mackenzie et al., 2015; 

Davidson et al., 2016), leading some authors to question whether they are 

involved in lower motor neuron pathogenesis. 
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1.4.3.2.3 There are no reproducible differences in dipeptide protein 

distribution between ALS and FTD patients 

Dipeptide distribution patters and abundances do not differ between clinical 

phenotype in C9orf72 HRE carriers in the majority of studies (MacKenzie et al., 

2013; Gomez-Deza et al., 2015; Mackenzie et al., 2015; Schludi et al., 2015). A 

few exceptions have been reported in single studies. GA dipeptide inclusions 

were found more commonly in the frontal cortex in C9orf72 positive FTD 

patients than ALS patients and correlated with age at onset (Mackenzie et al., 

2015), whereas another study showed an higher GA dipeptide load in the 

cerebellum of FTD versus ALS patients (Schludi et al., 2015). The same study 

also reported an increased frequency of GR-dipeptide inclusions in the CA3/4 

regions of the hippocampus, but these inclusions remained rare. Finally, one 

study suggested that reduced GP-dipeptide burden  is more common in FTD 

patients and correlates with cognitive dysfunction (Gendron et al., 2015). 

1.4.3.3 TDP-43 correlates best with clinical presentation 

C9orf72 HRE positive ALS-FTD is characterised by typical TDP-43 pathology 

also seen in sporadic ALS and FTD (Murray et al., 2011; Hsiung et al., 2012). 

The most common subtype of TDP-43 pathology in FTD and ALS-FTD patients 

is type B pathology (Simón-Sánchez et al., 2012; Stewart et al., 2012), which is 

characterised by moderate numbers of neuronal cytoplasmic inclusions 

throughout all cortical layers but very few dystrophic neurites (Mackenzie et 

al., 2011). C9orf72 HRE carriers with pure FTD can also have more 

heterogeneous TDP-43 pathology with type A pathology, which is 



 48 

characterised by abundant dystrophic neurites and the presence of neuronal 

intranuclear inclusions.  Type A pathology has been reported on its own in 

some cases (Murray et al., 2011) but also has been shown to coexist with type 

B pathology (MacKenzie et al., 2013). There is now substantial evidence that 

the burden and distribution of TDP-43 pathology correlates very well with 

neurodegeneration (MacKenzie et al., 2013) as well as clinical phenotype 

(Mackenzie et al., 2015; Davidson et al., 2016) in the substantial majority of 

cases. 

1.4.3.4 RNA foci and dipeptide protein pathology precedes TDP-43 

pathology 

1.4.3.4.1 Evidence for temporal antecedence of C9orf72-specific pathology to 

TDP-43 pathology 

Evidence for the temporal sequence of the pathologic changes in C9orf72 

positive cases comes from rare neuropathological studies where premorbid 

tissue has been available. The most compelling evidence for premorbid 

accumulation of foci and dipeptide proteins comes from a patient who suffered 

from temporal lobe epilepsy and underwent temporal lobe resection at the age 

of 61 years. At the time of resection only minor language problems were 

evident on neuropsychological testing. The patient developed typical 

frontotemporal dementia six years later (Vatsavayai et al., 2016). Material 

from the resection demonstrated abundant RNA foci and dipeptide proteins 

but no TDP-43 pathology. The post-mortem on the other hand showed a 

typical TDP-43 positive dementia as well as established dipeptide pathology 
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and foci. Another insight into early C9orf72 ALS came from a premature death 

of a young C9orf72 carrier with apparently stable learning difficulties, who 

developed a rapidly progressive neurodegenerative condition in his twenties. 

He had dipeptide pathology but no TDP-43 pathology at post-mortem 

(Proudfoot et al., 2014). 

1.4.3.4.2 An emerging phenotype of TDP-43 negative C9orf72 dementia? 

There have now been multiple reports of cognitive impairment and progressive 

frontotemporal dementia in patients with the C9orf72 HRE expansion who 

have very little or no TDP-pathology. This was first reported in three FTD cases 

(Gijselinck et al., 2012). Another group gave similar reports of TDP-43 

negative FTD patients and noted no or mild atrophy of the brain, which is 

uncharacteristic of FTD (Baborie et al., 2015). A very well characterised case 

study of a C9orf72 HRE positive patient with a typical history of FTD but not 

TDP-43 pathology reported RNA foci and dipeptide pathology throughout the 

brain and noted atrophy of the median pulvinar thalamic nucleus and the 

subgenual anterior cingulate cortex (Vatsavayai et al., 2016). This particular 

pattern of atrophy without marked frontotemporal atrophy has previously 

been reported in an imaging study in a subset of C9orf72 positive FTD patients 

(Lee et al., 2014), with similar imaging findings early in presymptomatic 

subjects (Rohrer, Nicholas, et al., 2015). While these changes provide 

interesting insights into C9orf72 HRE biology, it is important to note that they 

represent a small subset of cases. It is noteworthy that while there are four 

independent reports of TDP-43 negative FTD, no such cases have been 
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reported in ALS, indicating that dipeptide toxicity could differentially affect the 

two main diseases caused by the C9orf72 HRE. 

1.4.4 Reduced C9orf72 expression and the loss of function 

hypothesis 

Multiple studies have now established the downregulation of C9orf72 

transcripts in HRE carriers in frontal cortex (DeJesus-Hernandez et al., 2011; 

Gijselinck et al., 2012; Waite et al., 2014), cerebellum (van Blitterswijk et al., 

2015), motor cortex and spinal cord (Donnelly et al., 2013; Haeusler et al., 

2014). Transcript variant 2, the only transcript containing exon 1b, has been 

identified as the main transcript in C9orf72 HRE carriers (E. Y. Liu et al., 

2014), and as the transcript most consistently downregulated. Few clinical 

associations have been found that correlate haploinsufficiency with clinical 

outcomes, but variant 1 expression in frontal cortex and cerebellum were 

found to correlate with longer survival (van Blitterswijk et al., 2015). 

Given that RNA forms a template for dipeptide production, multiple studies 

have found an increase of potentially truncated intron 1a containing 

transcripts (Mori et al., 2013; van Blitterswijk et al., 2015). Using nuclear 

cytoplasmic fractionation one group has now demonstrated the cytoplasmic 

presence of mature mRNA with a retained intron 1a containing the expansion 

in its 5’ UTR (Niblock et al., 2016). 

There have been few studies looking at C9orf72 protein expression, and until 

recently no consistent antibody had been available. The C9orf72 long isoform 
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was found to be decreased in frontal cortex but not cerebellum (Waite et al., 

2014). The results of this initial antibody study were subsequently confirmed 

with a novel long isoform antibody, showing downregulation of C9orf72 

protein in the temporal and frontal lobe, but not in the cerebellum, motor 

cortex and lumbar spine (Xiao, MacNair, et al., 2015). The same study 

revealed a significantly higher short isoform levels in C9orf72 HRE carriers 

compared to controls. 

1.4.5 Methylation  

The downregulation of the exon 1b containing transcript raises questions 

about the mechanism of such downregulation, especially given the proximity 

of the repeat to the promoter region of this transcript. 

1.4.5.1 An inverse relationship between methylation and expression 

is observed in other repeat disorders 

Reduced transcript expression due to a DNA repeat sequence had previously 

been shown in other repeat disorders, in which hypermethylation induced by 

repeats has been proposed as the mechanism of transcriptional repression. This 

is observed in Friedreich ataxia, where hypermethylation upstream of the GAA 

repeat leads to decreased FXN transcript levels, which have been shown to 

correlate with disease severity (Greene et al., 2007; Al-Mahdawi et al., 2008). 

Similarly, methylation reduces expression in Fragile-X syndrome, but it has 

been observed that there is no simple relationship between the degree of 

methylation and either the level of expression or the severity of the clinical 
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phenotype (Bell et al., 1991; Sutcliffe et al., 1992). Repeat disorders can also 

cause hypermethylation in genetic promoters downstream of the disease gene, 

as is the case in myotonic dystrophy (Castel et al., 2011). 

1.4.5.2 DNA Methylation levels are variable at the CpG island but 

consistent at the repeat C9orf72 HRE expansion carriers 

Studies of C9orf72 promoter methylation at the 5’ end of the repeat expansion 

have consistently shown a high degree of variability in C9orf72 HRE carriers. 

In studies of blood, DNA methylation of the CpG island upstream of the HRE 

only 21% to 41% of cases studied had methylation of four or more CpG sites 

(Xi et al., 2013, 2014), the remainder having low or absent methylation. This 

heterogeneity was subsequently replicated in neuropathological studies from 

C9orf72 HRE carriers. The subset of C9orf72 HRE carriers with high 

methylation ranged from 10% in the cerebellum in a study using direct 

bisulphite sequencing (Belzil et al., 2014) to 40% in cerebellum and frontal 

cortex in a study assessed by methylation specific restriction digestion (E. Y. 

Liu et al., 2014). C9orf72 promoter methylation in these studies was confined 

to C9orf72 HRE carriers and not found in controls and sporadic ALS patients. 

Methylation of the repeat itself was also studied using restriction digestion and 

a methylation sensitive repeat primed polymerase chain reaction (PCR) assay. 

Repeat methylation was consistently seen in all but two of 71 blood samples 

and all 38 brain samples from four different cortical regions. No CCCCGG 

methylation was observed in blood from healthy controls or sporadic ALS 

patients. 
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1.4.5.3 DNA Methylation may be acquired during embryonal 

development and is conserved across generations and across tissues 

An important observation regarding C9orf72 promoter methylation came from 

a study employing methylation sensitive restriction digestion method that 

showed consistent methylation levels across 21 different CNS and non-CNS 

tissues in three patients, two with absent and one with high methylation levels. 

The same study confirmed that methylation levels were heritable and siblings 

as well as offspring were likely to have similar methylation levels to their 

relatives (Russ et al., 2015). Another study provided evidence higher levels of 

methylation in offspring of patients and this correlated with shorter survival in 

the second generation  (Gijselinck et al., 2015). 

Evidence for low methylation levels during embryonal human development 

came from human embryonal tissue obtained during preimplantation 

screening (Cohen-Hadad et al., 2016). Importantly, the haploidentical 

fibroblasts from the patient donor also had absent methylation. Intriguingly, 

induced pluripotent stem cells (iPSCs) derived from these fibroblasts had high 

levels of methylation, in stark contrast to previous reports that DNA 

methylation may turn off during iPSC reprogramming and then re-emerge 

after neuronal differentiation (Esanov et al., 2016). 

1.4.5.4 Complex relationship between DNA methylation and 

clinicopathological characteristics of the C9orf72 HRE 

A complex picture emerges from current studies of DNA methylation in 

C9orf72 carriers thus far. In the few studies conducted thus far,  a relationship 
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between high methylation and low C9orf72 expression (Xi et al., 2013; 

Gijselinck et al., 2015) has been suggested. Two studies have also reported 

reduced foci and fewer dipeptide protein inclusions in patients with C9orf72 

inclusions (E. Y. Liu et al., 2014; Bauer, 2016). In two contradictory studies, 

higher C9orf72 CpG island methylation has been associated with both longer 

(Gijselinck et al., 2015) as well as shorter HRE lengths (Russ et al., 2015). The 

clinical significance of C9orf72 promoter methylation in HRE carriers was 

studied by two groups, who demonstrated that C9orf72 promoter methylation 

was correlated with slower disease progression in imaging studies (McMillan et 

al., 2015) and associated with longer disease duration and later age at death 

in neuropathological studies (Russ et al., 2015). 

1.4.5.5 Other epigenetic events could explain reduced C9orf72 gene 

expression 

While DNA methylation has been the focus of most epigenetic studies in 

C9orf72, other epigenetic methods may be equally important in controlling 

gene expression. A study of histone methylation in C9orf72 carriers using 

chromatin immunoprecipitation confirmed trimethylation of histones in ten 

C9orf72 carriers but not in 18 controls (Belzil et al., 2013). The same findings 

were replicated in fibroblasts from C9orf72 patients. Treatment of fibroblasts 

with a demethylation agent restored C9orf72 expression levels to those of 

healthy participants. 



 55 

1.4.5.6 Global DNA methylation changes have been reported in 

neurodegenerative diseases including ALS 

With the advent and greater accessibility of genomic techniques, it has been 

possible to use sequencing technologies and array-based methods for the 

investigation of global changes in methylation in the CNS. Previous studies in 

other neurodegenerative diseases have found small but significant changes in 

the differential methylation in neurodegeneration (Bakulski et al., 2012; De 

Jager et al., 2014). One such study has been carried out in sALS cases, which 

showed changes in methylation of genes that on pathway analysis were 

involved in calcium homeostasis (Morahan et al., 2009). 

1.4.6 C9orf72 function is beginning to be elucidated 

Although the C9orf72 HRE expansion is in a noncoding region of the C9orf72 

gene and no abnormal protein is produced, the reduction in exon 1b 

containing transcripts has led some to argue even a small decrease in 

transcript levels could result in a functional detriment that could become 

significant with age. 

The function of C9orf72 has been difficult to elucudate given the lack of 

availability of reliable antibodies to the protein. Early in silico studies 

suggested the presence of a DENN domain in C9orf72, implying that it may act 

as a GTPase exchange factor (Marat et al., 2011; Levine et al., 2013). This 

hypothesis has been tested in various overexpression models, in which C9orf72 

has been postulated to interact or colocalise with Rab1, Rab5, Rab7 and Rab11 
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(Farg et al., 2014), Rab1a (Webster et al., 2016) as well as Rab8a and Rab39b 

(Sellier et al., 2016). The reason for the different interaction results is unclear, 

and could be explained by different antibodies and different C9orf72 

constructs and tags. The interaction with Rab proteins indicates a role for 

C9orf72 in autophagy and membrane trafficking. Mice lacking the C9orf72 

mouse orthologue have been studied and are characterised by progressive 

splenomegaly and lymphadenopathy but no neuromuscular defects. The mice 

have abnormal lysosomal function in macrophages and microglia consistent 

with its postulated function as a Rab GTPase exchange factor (GEF) (ORourke 

et al., 2016). The previously mentioned study of human C9orf72 protein 

isoforms demonstrated important differences between the two: The long 

isoform showed diffuse cytoplasmic staining, whereas the short isoform 

labelled the nuclear membrane. There was apparent relocalisation to the 

plasma membrane in sporadic ALS, but this result has not been replicated to 

date (Xiao, MacNair, et al., 2015).  

1.5 C9orf72 HRE disease can be modelled using iPS-

derived motor neurons 

The discovery of transcription-factor based reprogramming of somatic cells 

into stem-cell like pluripotent cells (Takahashi and Yamanaka, 2006; 

Takahashi et al., 2007), was a ground-breaking development in biomedical 

research. Induced pluripotent stem cells (iPSCs) can be differentiated into 

almost any tissue type and allow the study of disease specific mutations with 
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the genetic background in situ. The opportunity to study disease-specific 

human neurons in culture without the restrictions surrounding human 

embryonal cells, opened a wealth of opportunities in the field of neuroscience 

and particularly within the field of ALS research. 

1.5.1 Induced Pluripotent Stem Cells from ALS patients can be 

successfully differentiated into motor neurons 

1.5.1.1 Developmental biology provides the framework for motor 

neuron differentiation 

The scientific background required for the differentiation of motor neurons 

from pluripotent stem cells was provided by decades of research in 

developmental biology into motor neuron differentiation in amphibian, fish, 

chick and murine embryos. 

1.5.1.1.1 Neural Induction 

In the developing embryo, the dorsal mesoderm and its midline product, the 

notochord, function as an organiser that is the source of signals resulting in 

neural induction of the overlying ectoderm. This is in part achieved through 

antagonising bone morphogenic proteins (BMPs) (Harland, 2000). There is 

ongoing debate about the role of this mesodermal organiser tissue 

(Klingensmith et al., 1999), and other mechanisms for neural tube formation 

that have been proposed include neuralisation as a direct consequence of early 

dorsoventral patterning. Dorsoventral patterning in the embryo results in 
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stabilisation of beta-catenin levels induced by Wnt signalling, which in turn are 

sufficient for the formation of neural tissue (Baker et al., 1999). 

1.5.1.1.2 Rostrocaudal patterning of the nervous system 

One of the key events in the specification of nervous system cell fate is the 

distinction between forebrain, midbrain, hindbrain and spinal cord. This 

occurs within 6 hours of gastrulation in the chick embryo, and is coordinated 

through fibroblast growth factors (FGFs), which acts indirectly via its effect on 

paraxial mesoderm, as well as retinoid signalling (Muhr et al., 1999). Multiple 

molecules are present in the neural tube with a rostrocaudal gradient and are 

thought to be involved in rostrocaudal fate specification in the spinal cord. 

They include retinoic acid (Durston et al., 1989), FGFs and growth 

differentiation factor 11 (Liu et al., 2001), all of which result in the induction 

of segment-specific Hox expression in the developing spinal cord (Bel-Vialar et 

al., 2002). The expression of specific Hox genes, such as Hox6 and Hox10 in 

brachial and lumbar segments result in the generation of limb-innervating 

motor neurons. This process is orchestrated by the transcription factor FOXP1 

(Dasen et al., 2008), which is in turn repressed in thoracic segments under the 

control of other Hox transcription factors (Jung et al., 2010). 

1.5.1.1.3 Dorsoventral patterning in the spinal cord 

Upon formation of the neural tube from neurectoderm, dorsoventral 

patterning of the spinal cord commences. This is driven predominantly through 

the polarising activity of the notochord and the floorplate of the neural tube 
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(Yamada et al., 1991), mediated predominantly through Sonic Hedgehog 

(SHH) signalling. Sonic Hedgehog signalling induces a molecular cascade that 

prevents the degradation of GLI-family proteins, which is counteracted by GLI 

repressor signals from the roof plate. The thus established GLI gradient forms 

the molecular basis for expression of various homeobox domain proteins that 

determine dorsoventral identity, which in the ventral spinal cord are NK6 

homeobox 1 and 2 (NKX6.1/2), as well as Class-II NK2 homeobox 2 (NKX2.2). 

Ultimately dorsoventral patterning results in the generation of five pools of 

neuronal cells with a specific identity (V0-V3 interneurons and motor neurons) 

(Alaynick et al., 2011). Spinal motor neurons arise from a specific population 

of ventral cells that expresses NKX6.1 and PAX6, as well as the helix-loop-helix 

protein OLIG2 (Tanabe et al., 1998) which in turn activates neurogenin 2 

(NEUROG2) signalling. Interestingly, acquisition of motor neuron identity 

requires dorsoventral retinoic acid signalling, which is independent of the 

earlier signalling seen in the specification of rostrocaudal fate (Novitch et al., 

2003). In a complex process, which involves interplay between SHH signalling 

and retinoic acid signalling, the generation of post-mitotic motor neurons is 

achieved, through activation of motor neuron and pancreas homeobox 1 

(MNX1, also known as HB9). Importantly, MNX1/HB9 activates its own 

expression and thus makes motor neuron identity independent of morphogen 

signalling (Tanabe et al., 1998). Interestingly, there is debate about the 

ongoing maintenance of spinal motor neuron fate, and the ability of 

developing motor neurons to fate-switch with V2 interneurons following 

MNX1/HB9 activation (Arber et al., 1999). In prospective motor neurons the 
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final step in the commitment to motor neuron fate is achieved by the action of 

Islet1 transcription factor that is induced by SHH and results in direct 

activation of cholinergic signalling (Yamada et al., 1991). 

1.5.1.2 Motor neuron differentiation protocols mimic motor neuron 

development 

ALS affects both corticospinal tract motor neurons, also known as “upper 

motor neurons” as well as anterior horn cells, known as “lower motor 

neurons.” While there are cortical motor neuron protocols, that can generate 

large numbers of cortical projection neurons (Shi et al., 2012), protocols that 

can generate corticospinal tract neurons specifically are lacking and the task is 

more complex and less well understood from a developmental perspective. 

Several protocols have now been proposed for the generation of alpha motor 

neurons, but given the multitude of subclasses of motor neurons that can be 

studied, a consensus for the generation of motor neurons has yet to emerge. 

The protocols are comprehensively summarised elsewhere (Sances et al., 

2016). All protocols, however, follow the pattern set out by normal 

embryology, which can be divided into neural induction, motor neuron 

specification and neural maturation. 

1.5.1.2.1 Neural Induction 

Early embryologic studies have shown that neural fate is the default 

developmental programme (Jessell and Sanes, 2000). Neural induction can be 

enhanced and accelerated by inhibition of alternative pathways, which was 
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demonstrated by dual SMAD inhibition by LDN-193189 and SB-431542 

(Chambers et al., 2009). The same study also investigated the effect of seeding 

density on the differentiation process, with low seeding densities also giving 

rise to melanocytes and neural crest cells as well as CNS cells. While some 

protocols use SB-431542 and LDN-193189  for SMAD inhibition, others have 

shown that compound C, also known as dorsomorphin, has similar success 

rates for neural differentiation. Compound C also causes SMAD inhibition 

through inhibition multiple BMP receptors but also through independent 

inhibition of activin A signalling (Zhou et al., 2010).  

1.5.1.2.2 Motor neuron specification 

Motor neuron specification is achieved through caudalisation by retinoic acid 

and ventralisation by recombinant sonic hedgehog or small molecule sonic 

hedgehog agonists. Further insight into motor neuron specification came from 

a study that demonstrated the importance of Wnt pathway induction by CHIR-

99021. In a key study, concentration dependent addition of CHIR-99021 was 

found to promote the acquisition of a hindbrain identity and induced Hox gene 

expression (Maury et al., 2014). The same study also emphasised the 

importance of even small differences of the timing of the addition of factors for 

motor neuron specification. Interestingly, in vitro, motor neurons possess a 

predominantly cervical identity by expression of Hoxc4 through Hoxc8, but not 

lower limb spinal cord segments (Amoroso et al., 2013). Expression of lower 

limb innervating motor neurons from iPSCs has not been achieved to date. 
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1.5.1.2.3 Maturation 

Maturation of induced pluripotent stem-cell derived motor neurons (iPSMNs) 

in vitro has conventionally been achieved by prolonged incubation in neural 

support media including growth factors (Hu and Zhang, 2009; Qu et al., 

2014). Acceleration of motor neuron maturation can be accelerated by 

inhibition of the notch pathway by g-secretase inhibitors DAPT and compound 

E (Crawford and Roelink, 2007; Borghese et al., 2010), though the differences 

in motor neuron subtypes arising from induced maturation have only begun to 

be explored (Maury et al., 2014). Assessment of motor neuron maturation in 

vitro has been difficult because of lack of reliable motor neuron markers. As 

described above, the markers Islet 1 and MNX1/HB9 are key transcription 

factors that are involved in motor neuron fate specification. However, these 

markers have been shown to inactivate during maturation (Thaler et al., 2004; 

Qu et al., 2014), possibly leading to underestimation of actual motor neuron 

counts in culture. Another marker of motor neurons is the heavy chain 

neurofilament SMI32, which is relatively specific for motor neurons within the 

spinal cord, but cannot reliably distinguish between motor neurons and other 

large cortical neurons (Sternberger and Sternberger, 1983). The most specific 

marker for motor neurons in the spinal cord is choline acetyl transferase 

(ChAT), which is also expressed by other cholinergic neurons in the brainstem 

and cortex. ChAT is particularly useful as it is only expressed in more mature 

motor neurons (Sances et al., 2016). Another way to assess the maturity of 

motor neurons is through transcriptomic analysis. Single cell sequencing of 



 63 

iPSC-derived neurons from a cortical neuron differentiation protocol has 

shown that they resemble foetal rather than adult cortical neurons, irrespective 

of duration of culture (Handel et al., 2016). Similarly, a gene expression chip 

analysis of iPSMNs, showed similar results for motor neurons with iPSMNs 

having a similar but distinct expression profile from early foetal motor neurons 

around day 50 (Ho et al., 2016). A final and important way to assess motor 

neuron maturation functionally is through electrophysiological studies. Patch 

clamping experiments have repeatedly confirmed that iPSMNs are functional 

and can fire trains of action potentials (Kiskinis et al., 2014; Devlin et al., 

2015). Electrophysiological properties of iPSMNs have also been studied 

successfully using calcium imaging (Dafinca et al., 2016). 

1.5.2 iPS-derived motor neurons from C9orf72 HRE carriers 

recapitulate features of C9orf72 pathology in vitro 

The discovery of the hexanucleotide expansion as a major cause for familial 

and sporadic motor neuron disease coincided with the development of iPSMN 

differentiation protocols and widespread adoption of iPSMNs to model human 

nervous system disease. The first attempts at iPSMN modelling resulted the 

successful generation of iPSMNs as well as glial cells from an SOD1 patient 

(Dimos et al., 2008). 



 64 

1.5.2.1 iPSMNs from C9orf72 HRE carriers have molecular features 

of the hexanucleotide expansion 

iPSMNs derived from hexanucleotide expansion carriers share many of the 

molecular features found in neuropathological samples of the mutation, 

providing validation for the iPSMN model of the disease. Similar to post-

mortem studies, C9orf72 gene expression has also been found to be 

downregulated in iPSMNs from C9orf72 patients. Some have found that all 

tested isoforms of C9orf72 are downregulated (Donnelly et al., 2013), whereas 

others have shown downregulation only in variant 2, albeit in cortical neurons 

(Almeida et al., 2013). Both sense and antisense RNA foci are observed in 

iPSC-derived motor neurons (Sareen et al., 2013; Zhang et al., 2015; Dafinca 

et al., 2016), but are also seen in iPSC-derived cortical neurons (Almeida et al., 

2013), iPSCs (Almeida et al., 2013) as well as fibroblasts (Almeida et al., 2013; 

Lagier-Tourenne et al., 2013; Cooper-Knock et al., 2014). For repeat associated 

dipeptides, there has been a more mixed picture. Some groups have reported 

dipeptide protein inclusions in iPS-derived motor neurons (Donnelly et al., 

2013; Westergard et al., 2016), whereas others did not detect aggregated 

dipeptides but did detect increased dipeptide levels using dot blot analysis 

(Almeida et al., 2013; Dafinca et al., 2016).  

Finally, an interesting scientific debate surrounds the methylation status of 

iPSMNs. As previously discussed, post-mortem studies have shown that 

C9orf72 promoter DNA methylation is seen at high levels in a subset of cases 

only. In iPSMNs, one study showed that fibroblast methylation is lost during 

reprogramming and then regained during neural differentiation (Esanov et al., 
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2016). Another study however found that while human embryonic stem cells 

from C9orf72 HRE positive embryos obtained from preimplantation genetic 

screening were hypomethylated, the haploidentical iPSCs derived from 

maternal fibroblasts were hypermethylated at the C9orf72 promoter, 

contradicting the previous results (Cohen-Hadad et al., 2016). Whether these 

discrepancies between these studies are explained by dynamic changes or 

differences in reprogramming remains to be shown. 

1.5.2.2 Evidence for a neurodegeneration phenotype in C9orf72 HRE 

positive iPSMNs 

While pathophysiological changes that directly relate to the hexanucleotide 

repeat expansion have been repeatedly found in iPSMNs, protein aggregation, 

a key feature of neurodegenerative disease, has been more challenging to 

model in this system. As discussed above, while most groups agree on the 

presence of dipeptide repeat proteins in iPSMNs derived from C9orf72 HRE 

carriers, only some demonstrated the presence of dipeptide aggregates. 

Similarly, p62, a protein that targets cargoes for autophagy and is known to 

stain TDP-43 as well as dipeptide positive inclusions (MacKenzie et al., 2013), 

has been shown to be elevated in C9orf72 HRE positive motor neurons 

(Dafinca et al., 2016) as well as cortical neurons (Almeida et al., 2013). There 

is contradictory evidence on whether p62 aggregates in iPSMNs, with studies 

reporting an absence of p62 inclusions (Sareen et al., 2013), while others 

demonstrated the presence of p62 inclusions in cortical neurons, but not in 

motor neurons (Dafinca et al., 2016). Interestingly, no typical TDP-43 
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pathology has been observed in iPSMNs to date (Donnelly et al., 2013). 

However, defects in nucleocytoplasmic transport due to the C9orf72 HRE have 

been postulated to influence TDP-43 reimport (Khosravi et al., 2016), and 

TDP-43 nuclear cytoplasmic ratios have been found to be altered in C9orf72 

positive iPSMNs (Zhang et al., 2015). No differences in subcellular TDP-43 

distribution were observed in cortical neurons (Almeida et al., 2013). There 

appears to be an increased vulnerability of C9orf72 HRE positive motor 

neurons in vitro. In one study differences in propidium iodide staining and 

apoptotic activity was observed in normal culture (Dafinca et al., 2016), 

supported by increased caspase 3 activation. Other studies did not observe 

such changes at basal conditions, but observed increased susceptibility to 

glutamate (Donnelly et al., 2013) and tunicamycin (Haeusler et al., 2014). 

1.5.3 Summary: Using iPSMNs to model ALS 

Given the ability to study human neuronal cells that carry both the known 

mutations as well as the unknown genetic heritability of ALS, the iPSMN 

model provides important benefits over existing models of the disease. 

Important limitations include the inherent variability of differentiations as well 

as the variability of different iPSC clones. Such variability can be managed 

using novel gene editing technologies such as CRISPR/Cas9 permitting the 

study of the individual contribution of the mutation to the phenotype (Merkle 

and Eggan, 2013). 



 67 

1.6 RNA Sequencing reveals abnormalities in RNA 

metabolism in ALS  

The introduction of high-throughput sequencing has greatly advanced the rate 

of scientific discoveries in numerous fields of biology. The field of amyotrophic 

lateral sclerosis is no exception. This section will discuss the emergence of 

sequencing and analysis methods and provide an overview of high-throughput 

sequencing methodology in ALS research with a focus on RNA sequencing 

experiments to date.  

1.6.1 Historical evolution of sequencing technology and comparison 

of second generation sequencing methods 

1.6.1.1 History of first-generation sequencing 

The discovery the molecular structure of nucleic acid (Watson and Crick, 

1953) initiated a number of efforts to determine base sequence relying on 2 

dimensional separation and restriction digestion. These laborious techniques 

that involved considerable analytical chemistry methods led to the sequencing 

of the first ribonucleic acid sequence (Holley et al., 1965) and the MS-2 phage 

genome (Fiers et al., 1976). Development of methods to separate nucleic acids 

by size using electrophoresis culminated in the conception of chain-

termination method also known as Sanger sequencing (Sanger and Nicklen, 

1977). Sanger sequencing relies on the addition of dideoxyribonucleotides 

(ddNTPs), which serve as chain terminating molecules in a DNA polymerase 

reaction. The absence of the 3'-hydroxyl group on ddNTPs means that the 
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molecules can be added to a growing DNA strand, but no further nucleotides 

can be added. The earliest implementation of the method relies on four 

separate polymerase reactions per sample. Each reaction contains a primer, 

DNA polymerase as well as four molecules of deoxyribonucleotides (dNTPs). 

One species of chain terminating ddNTPs (ddATP, ddCTP, ddGTP, ddTTP), is 

added to each reaction in smaller proportions and randomly inhibits the 

reaction at multiple sites of the occurrence of the particular base, due to 

competition with dNTPs. The resulting mixtures are then run on an acrylamide 

gel. 

The addition of fluorescent terminators was an important advance that 

allowed the addition of all four ddNTPs to a single reaction (Smith et al., 

1985), allowing for automated detection by a fluorescent laser at the end of 

the gel. The development of Sanger sequencing culminated in the inception of 

capillary sequencing (Swerdlow et al., 1990). The acrylamide gel was replaced 

by a thin cuvette containing gel with a laser detector at the end of the 

capillary. The small diameter of the capillary allowed for the application of 

much greater electric fields and faster separation of the bands. The technology 

was developed in subsequent years to handle many samples simultaneously 

enabling the sequencing of the human genome many years ahead of plan 

(Lander et al., 2001). Capillary sequencing was also used to sequence millions 

of 300-700 base pair long partial clones of complementary DNA that provided 

a cheaper alternative to whole genome methods as well as information about 

exon composition of transcripts. Finally, capillary sequencing also encouraged 
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the emergence of methods that relied on using the overlap between reads for 

mapping instead of the laborious mapping by cloning – this shotgun approach 

to genome sequencing enabled the successful completion of an alternative 

genome project in a greatly reduced timeframe (Venter, 2001) and laid the 

foundations for second generation sequencing. 

1.6.1.2 Second generation sequencing 

The development of second generation sequencing technology began with the 

conception of pyrosequencing, which measures pyrophosphate, a by-product of 

dNTP incorporation, by making it a substrate for luciferase (Nyrén and Lundin, 

1985). The detection of pyrophosphate synthesis in real time formed the 

conceptual framework for the first successful high throughput sequencing – 

454 Sequencing, which was rapidly followed by other methods. All second 

generation sequencing methods rely on the parallelisation of sequencing by 

shredding the input into random short fragments of DNA and therefore rely on 

significant computational power to assemble the genome from overlaps or to 

align reads against a known reference genome. Because longer repetitive 

sequences cannot be aligned or mapped accurately, for higher organisms the 

method relies on the presence of a scaffold often provided by hierarchical 

cloning experiments in the first place. There are now multiple second 

generation sequencing methods, which will not be discussed here in detail. 

Broadly, the conceptual underpinnings of the techniques follow a similar 

course that can be divided into library preparation and sequencing. 
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1.6.1.2.1 Library preparation 

Library preparation involves the creation of a sequencing library from DNA or 

RNA. It may contain the following subroutines: 

• Selection. Firstly, steps can be undertaken to remove unwanted 

molecules from the experimental sample. In the case of DNA 

sequencing, the use of exome sequencing allows for the selection of the 

subset of expressed genes in the genome using prefabricated baits or 

primers, resulting in much lower sequencing costs. In the case of RNA 

sequencing, there is an abundance of ribosomal RNA and transfer RNA 

that can make up 95% of cellular RNA species and would overwhelm 

an expression study targeted at protein coding genes. Two principal 

methods exist to enrich for mRNA. Selection of poly-adenylated RNA 

selects for mature mRNAs while depletion of ribosomal RNA from the 

total RNA pool will also leave immature intron containing mRNAs and 

non-polyadenylated long noncoding RNAs in the sample (Sultan et al., 

2014). 

• Addition of reference sample (optional). Reference samples can be 

added for a number of quantitative experiments, and the External RNA 

Controls Consortium (ERCC) spike-ins are most widely used reference 

samples for RNA sequencing experiments (Baker et al., 2005). More 

recently, more sophisticated methods that allow assessment of 

differential splicing have been developed (Hardwick et al., 2016). 
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• Fragmentation.  High-throughput sequencing technology relies on the 

massive parallelisation of sequencing at the expense of read length. 

Fragmentation of the genome into random fragments of 100-1000 

bases is therefore an important step usually performed using time-

limited heating of the sample. 

• Reverse transcription (RNA only). First and second strand cDNA 

translation is necessary for RNA sequencing, followed by end repair. 

• Adapter ligation. A variety of adapters, also known as barcodes are 

now available. Once ligated onto each of the DNA fragments they 

provide a way of identifying the origin of each DNA fragments that can 

be recognised by the downstream sequencing technology. Other 

adapter molecules that have become prominent are unique molecular 

identifiers (UMIs), which enable the distinction between true 

duplication and PCR duplication, which is increasingly important in 

single cell sequencing and foot-printing methods (Islam et al., 2014; 

Smith et al., 2016). 

• PCR amplification. Selective enrichment of DNA fragments containing 

adaptor molecules is currently required during many library 

preparation protocols. Following this step, libraries destined for 

multiplexing are normalised and pooled. 

1.6.1.2.2 Sequencing 

Several second generation sequencing methods have emerged that can 

sequence the fragmented samples generated for most library preparation. The 
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common property of these methods is the ability to detect signal from millions 

of short reads in real time. This is achieved by various methods, of which 

Illumina Sequencing has dominated the market. This sequencing method uses 

flow cells that capture the adapter ends of the DNA fragments. Each captured 

DNA fragment is then amplified locally via a method called bridge 

amplification, creating a cluster of molecules of the same sequence identity, 

greatly amplifying the signal coming from each DNA fragment. This is followed 

by primer addition and sequencing by cyclic reversible termination. All four 

fluorescently labelled nucleotides are provided in each reaction, but per DNA 

template only one is incorporated due to a blocked 3’ hydroxyl group. The flow 

cell is then imaged using multiple fluorescent light sources and bases 

incorporated at each location are called and given quality scores based on the 

purity of the colour signal. The fluorescent nucleotides are then washed away 

and a cleavage step restores the 3’ hydroxyl group for further nucleotide 

incorporation in the next cycle. The results of sequencing are sample files in 

the fastq format containing sequence and quality information for the captured 

reads. 

1.6.2 Overview of RNA sequencing analysis methodology 

For RNA sequencing, large numbers of reads from fastq files need to be 

computationally assigned to their relevant genes and transcripts to obtain 

information about differential gene expression, differential splicing and 

transcript usage. RNA sequencing analysis follows the model for large data 

analysis as described by the epicycle of analysis (Peng and Matsui, 2015): 
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 Examples of workflows for RNA 
sequencing analysis 

Stating the question Experimental design 
Power calculations 

Exploratory data analysis Quality control 
Principal component analysis 
Hierarchical clustering 

Model building Differential expression analysis 
Differential splicing analysis 

Interpretation Network analysis 
Gene ontology analysis 

Communication Data visualisation 
Table 1.1: Epicycle of Analysis 

Many elements of the epicycle of analysis have numerous implementations in 

RNA sequencing analysis, but follow similar principles. Others, such as 

experimental design are highly dependent on the experimental question and 

model. The most significant choices are to be made in the differential 

expression and splicing analysis and these options will be discussed further. 

1.6.2.1 Alignment-based methods   

Originally, software for differential expression analysis required the prior 

alignment of every DNA fragment to a reference genome or transcriptome. The 

aligned fragments are subsequently counted, normalised and then quantified 

on a gene or transcript level. A variety of alignment software programmes exist 

for alignment of reads from RNA sequencing experiments. These programmes 

are able to take spliced alignment into account and often perform similarly on 

simulated datasets (Engström et al., 2013). All programmes contain methods 

to deal with gapped alignments, but also single nucleotide polymorphisms and 

indels. 
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Initially tools were developed as extensions of previous contiguous mappers 

that used a database of splice junctions to align split-read portions 

contiguously, with Tophat (Trapnell et al., 2009) and GSNAP (Wu and Nacu, 

2010) being prominent examples.  STAR subsequently provided a different 

alignment algorithm that finds the maximal mappable portion of the read in 

the genome. Should the read be over a splice site, the second part of the read 

is used as a seed to find the mapping on the other side of the splice junction in 

an unbiased way. The use of an index in the form of an uncompressed suffix 

array increases speed but also memory requirements (Dobin et al., 2013). To 

increase accuracy, STAR can be run again in a second mapping pass in which it 

will no longer find new junctions but instead will align spliced reads with short 

overhangs to the previously found splice junctions. These features have made 

STAR the method recommended by the genome analysis toolkit for variant 

detection in RNA sequencing data (Alkan et al., 2011). One of the most recent 

gapped short read aligners is HISAT (Kim et al., 2015),  which uses a 

hierarchical indexing scheme based on the Burrows-Wheeler transform and the 

Ferragina-Manzini index. An important feature of this method is the ability of 

the small local indices to fit into processor cache, avoiding RAM access. 

Searches for splice acceptors are likely to be found in the local index, avoiding 

resource intensive whole genome searches for splice acceptor sites, greatly 

increasing speed. Following alignment, gene level counts can be assembled 

using programs such as Feature Counts from the Rsubread package (Liao et al., 

2013), Gene Counts from CGAT (Sims et al., 2014) or HTSeq (Anders et al., 

2015). All these tools use the positional information from aligned reads to 
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assign the reads to the genes reducing them to counts. These counts can 

subsequently be used for differential expression analysis. 

1.6.2.2 Alignment-free methods 

Alignment free quantification, first introduced in the software packages 

Sailfish, Salmon and Kallisto, allows the skipping of the computationally 

intensive alignment step. These methods no longer perform read alignments 

against the genome but align fragments of the read against an index 

containing transcript information.  

Kallisto (Bray et al., 2016) constructs an index by shredding the reference 

transcriptome into all possible subsequences of length k contained within the 

reference sequence, also known as k-mers. Differential splicing is implemented 

using a coloured transcriptome de Bruijn graph in which the different paths 

correspond to differential splicing events and the colours represent the 

different transcript variants. The reads are then broken into k-mers which are 

matched to the index. The authors call this pseudoalignment. The programme 

then walks along the de Bruijn graph and only performs further lookups if the 

composition of compatible transcripts changes or if the end of the read is 

reached, greatly reducing computational burden. 

Salmon  (Patro et al., 2015) uses a similar procedure in which an FMD index 

(a modified version of the BWA index) is prepared from the transcriptome. 

During what the authors have termed lightweight alignment, Salmon uses 

chains of super-maximal exact matches and maximal exact matches to find the 



 76 

highest scoring transcript locus without aligning the entire read. Salmon can 

also perform quasi-mapping in which a k-mer based index is employed, similar 

to Kallisto. 

1.6.2.3 Methods for quantification of gene-level differential 

expression 

Following alignment-based and alignment-free quantification, differential 

expression software is used to normalise samples, estimate dispersions and fit 

a model based on provided variables and co-variates. Gene-level differential 

expression will be discussed here, whereas transcript-level differential 

expression will be presented subsequently. There are multiple advantages in 

performing gene-level differential expression over transcript-level expression 

for short-read RNA sequencing data. It has been shown that many genes 

express one dominant transcript per gene (Gonzàlez-Porta et al., 2013), 

despite often having multiple annotations. Both simulated and real datasets 

indicate that gene abundance estimates are more accurate than transcript 

abundance estimates (Soneson et al., 2015). Finally, gene level differential 

expression analysis is more robust to sequence and position-specific biases 

(Love et al., 2016). 

The two most commonly used differential expression tools, DESeq2 (Love et al., 

2014) and edgeR (Robinson et al., 2009), use counts derived from alignment-

based methods as their input. Both methods use similar scaling factor 

normalisations to estimate the variance between samples (Dillies et al., 2013), 

and both methods model the counts distribution for each gene using the 
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negative binomial distribution. Within-group biological variation is modelled 

by sharing information across genes. Subsequently, between group differences 

are modelled and the resultant values are defined by their false discovery rate. 

There are important differences between the two software packages. EdgeR 

moderates the dispersion estimate using a weighted conditional likelihood 

model using a user-adjustable parameter (a user determined prior) for 

weighing the contribution of the gene estimate. DESeq2 models the variability 

between replicates of the same condition and the variability between groups 

using maximal likelihood estimation followed by shrinkage using an empirical 

Bayes approach, reducing the dispersion of each gene based on the available 

information for this gene. Importantly, EdgeR and DESeq2 can also analyse 

transcript abundance data generated from alignment-free methods on a gene-

level basis. The use of scaled transcript abundance estimates from Kallisto or 

Salmon as pseudocounts improves the gene abundance estimates compared 

with the use of traditional counts obtained from the same programmes, 

especially in simulated datasets (Soneson et al., 2015). Part of this effect, 

which is small in real RNA sequencing data, may by attributable to the fact 

that abundance estimates are more appropriately normalised to transcript 

lengths rather than to the average transcript length used in traditional count 

based methods.  

Gene-level and isoform-level differential analysis on transcript abundance 

estimates from alignment free methods can also be performed using the 

software package Sleuth (Pimentel et al., 2016). Sleuth similarly stabilizes 
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variance by shrinkage. However, it uses error estimates from bootstrapping 

data obtained from Kallisto or Salmon to decouple biological variance from 

inferential variance before shrinkage. 

1.6.2.4 Methods to estimate differential splicing 

Two major approaches exist to estimate differential splicing in RNA sequencing 

data. Inferences from both these methods are limited due to the short read 

lengths in RNA sequencing. The main determinant of the result, however, is 

the specific method used. This was demonstrated most clearly by a comparison 

of differential splicing results from five tools with representatives from both 

approaches on a dataset from Arabidopsis thaliana, a well-annotated plant 

organism. There was little overlap between any of the five tools, and no single 

result was consistent between the tools (R. Liu et al., 2014). The study sheds 

important light on the different assumptions and models selected by each of 

these tools. 

1.6.2.4.1 Differential Transcript Expression (DTE) 

Transcript abundance quantification methods attempt to assign transcripts to 

the likely transcript of origin. This was first widely implemented through 

Cufflinks, which like DESeq2 and EdgeR requires prior read alignment to the 

genome (Trapnell et al., 2010). Cufflinks implements reference based 

transcript assembly, allowing for prediction of novel isoforms not present in 

annotations, if reads cannot be modelled to conform to existing annotations. 

As a result, Cufflinks is relatively robust to poor transcript annotation (R. Liu et 
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al., 2014). However, studies have questioned the accuracy of the novel splicing 

predictions and gene models made by Cufflinks (Rogers et al., 2012; Hayer et 

al., 2015). The ability to predict de novo transcript variants also results in 

decreased accuracy compared to newer transcript differential expression 

methods (Kanitz et al., 2015). 

These newer methods include the alignment-free quantification methods such 

as Kallisto and Salmon, introduced previously. As they align to a reference 

transcriptome, no novel isoforms can be discovered. For well annotated 

organisms such as humans, Kallisto and Sailfish significantly outperform 

Cufflinks on simulated and real data (Patro et al., 2014; Bray et al., 2016). 

An important limitation of transcript based methods is their ability to deal with 

multiple transcript isoforms, which are often very similar. While transcript 

differential expression algorithms perform well when there are only two 

transcripts, the accuracy decreases dramatically with increasing numbers of 

known transcripts. Accuracy is poor for four or more transcripts (Hayer et al., 

2015). In complex organisms, such as mouse and human, where most genes 

have more than five annotated transcript variants, transcript-level differential 

expression using short reads remains challenging. 

1.6.2.4.2 Differential Exon Usage (DEU) 

The alternative to transcript-level differential expression is the exon-based 

differential exon usage estimation. This approach skips isoform expression 

estimation and only compares the expression in exons instead. One of the most 
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popular tools, DEXseq (Anders et al., 2012), tests for significant differences in 

read counts in exons and at exon junctions. Another software, rMATS, uses a 

Bayesian model to compare actual with expected exon usage based on junction 

reads (Shen et al., 2014). These methods can model a variety of alternative 

splicing events including exon skipping, cassette exon usage or intron 

retention. While exon-based methods show a high level of validation 

experimentally (Shen et al., 2012; R. Liu et al., 2014), they cannot be easily 

translated to the transcript level. 

1.6.3 RNA Sequencing has made important contributions to 

understanding of ALS biology 

The involvement of TDP-43 in splicing regulation was the first function of TDP-

43 discovered (Buratti et al., 2001). Unsurprisingly, RNA processing and 

biology became one of the key areas of interest in ALS research following the 

discovery of TDP-43 in intracellular inclusions of ALS patients. The 

contemporaneous development of high throughput sequencing technology 

provided key methods for the study of RNA biology in ALS. 

1.6.3.1 TDP-43 preferentially binds to UG-rich intronic motifs 

Using high-throughput sequencing, RNA binding sites of TDP-43 were 

discovered using high-throughput sequencing of RNA isolated by crosslinking 

immunoprecipitation (HITS-CLIP) in mouse and human brain (Polymenidou et 

al., 2011) and using individual-nucleotide resolution cross-linking and 

immunoprecipitation (iCLIP) in cell lines and human brain from TDP-43 
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positive FTD subjects (Tollervey et al., 2011). TDP-43 was found to bind UG-

rich intronic motifs and one or more binding sites were found in around 30% 

of genes. TDP-43 binding was uniformly distributed across the length of pre-

mRNAs and the great majority being >500 bases distal to intron-exon 

boundaries. On nuclear-cytoplasmic fractionation the majority of binding sites 

were in the nuclear fraction, but there was a significant enrichment of 3’UTR 

binding in the cytoplasm. Similar results were also obtained from RNA 

immunoprecipitation followed by microarray analysis (RIP-chip) with further 

support for TDP-43 binding motifs (Narayanan et al., 2012). 

1.6.3.2 TDP-43 is a key regulator of splicing with dose dependent 

effects on splicing events 

One of the first global studies of splicing upon TDP-43 knockdown in mouse 

brains was performed using both RNA-sequencing and a custom designed 

microarray (Polymenidou et al., 2011), revealing 779 alternative splicing 

events, the majority of which had prior evidence for alternative splicing. The 

TDP-43 knockdown also had an effect on gene expression with 362 

downregulated and 239 upregulated genes. One of the key observations of the 

study was that TDP-43 potentially stabilised pre-mRNAs containing long 

introns: this was supported by the observation that long intron containing pre-

mRNAs were downregulated upon depletion of TDP-43. 

The same splicing microarray was subsequently used to characterise splicing 

changes in mice expressing the human wild-type or human Q331K-mutant 

TDP-43 under the murine prion promoter. When compared to the 



 82 

nontransgenic mouse, overexpression of human TDP-43 resulted in 824 

differential splicing events in the wild-type mouse, 1195 in the Q331K mutant 

mouse with high overexpression and only 208 in the Q331K mutant mouse 

with lower overexpression level (Arnold et al., 2013). Many of the changes 

were driven predominantly by overexpression and differential splicing events 

opposite to those observed upon TDP-43 knockdown (Polymenidou et al., 

2011), providing important evidence for conserved function of human TDP-43 

in mouse cells. Furthermore, dose-dependent effects on splicing were observed 

in the two mice overexpressing TDP-43 variably.  Further evidence for the 

conservation of TDP-43 function across species was provided by RNA 

sequencing of central nervous system tissue of Drosophila melanogaster larvae 

(Hazelett et al., 2012). Both overexpression and knockdown of the fly TDP-43 

orthologue, TBPH, resulted in differential expression changes and splicing 

changes that had significant overlap with mouse data, however analysis was 

conducted using a subset of results with putative TDP-43 binding sites derived 

from known TBPH motifs. Evidence of dysregulation of splicing at post-

mortem came from laser capture microdissection of motor neurons from 

individuals with sporadic ALS followed by exon array analysis, showing 

alternative splicing in 4311 genes (24% of all genes studied), including many 

of the genes known to harbour ALS-causing mutations. There was significant 

overlap with differential splicing events observed in mutant TDP-43 fibroblasts. 
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1.6.3.3 The ALS-associated proteins TDP-43 and FUS have distinct 

binding profiles but have some functional overlap of differential 

expression and splicing changes 

RNA sequencing and related microarray analysis has also been used to quantify 

the relationship and functional overlap between TDP-43 and FUS. The two 

RNA binding proteins were shown to have distinct binding profiles using HITS-

CLIP (Lagier-Tourenne et al., 2012). Upon antisense oligonucleotide mediated 

knockdown of the respective proteins in mouse brain, the two divergent RNA 

binding proteins had modest overlap in splicing alterations and differential 

expression. However, the overlap was enriched for long intron containing 

genes, potentially indicating a functional convergence. Comparative 

knockdown of TDP-43 and FUS was subsequently also performed in primary 

cortical neurons using shRNA delivered via lentivirus (Honda et al., 2014). 

25% of differentially expressed genes and 10% of differential splicing events 

were shared by the two knockdown experiments, similar to the earlier in vivo 

study, again indicating potential pathways that could be shared between TDP-

43 and FUS, but also significant divergence. 

1.6.3.4 TDP-43 is involved in repression of cryptic exons 

A key discovery in ALS biology made through RNA sequencing was the 

discovery that TDP-43 represses non-canonical splice site usage. Non-canonical 

splice site usage leads to expression of exons that are not annotated by current 

genomic databases, also known as ‘cryptic exons’. The incorporation of these 

exons into transcripts often results in novel stop codons and nonsense 
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mediated decay. Depletion of TDP-43 in mouse embryonic stem cells using a 

Cre-inducible TDP-43 knockout and siRNA knockdown of TDP-43 in HeLa cells 

identified novel splice variants in non-conserved areas of the genome. Human 

and mouse cryptic exons shared no overlap. Importantly, human cryptic exon 

expression was validated in post-mortem ALS-FTD brains. The repression of 

cryptic exons in mice could be restored using a minimally chimeric protein 

bound to UG repeats, resulting in the prevention of cell death in this model of 

TDP-43 knockdown (Ling et al., 2015). 

1.6.3.5 Post mortem transcriptional signatures of sporadic ALS are 

different from familial ALS 

A large RNA expression study using gene expression arrays on adult laser-

captured spinal motor neurons from patients and controls provided 

particularly interesting insights on ALS biology. Weighted gene co-expression 

network analysis was used to find networks that correlated with age. These 

maturation and aging pathways had significant overlap with sALS modules in 

opposite directions with significant disruption of aging and maturation hub 

genes by sporadic ALS (Ho et al., 2016). 

RNA sequencing studies have tried to elucidate differences between sporadic 

ALS and C9orf72 HRE positive ALS (Prudencio et al., 2015) in post-mortem 

brain tissue. The two areas studied were the cerebellum and prefrontal cortex 

at the level of the nucleus accumbens, which were not affected by TDP-43 

pathology in these patients. Both sporadic and C9orf72 positive ALS patients 

had a significant amount of differential expression changes compared to 
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control (>100 in sALS and >300 in c9ALS, log2 fold change > 2), widespread 

misregulation of alternative splicing with a predominance for cassette exon 

events and large amounts of alternative polyadenylation events. However, only 

a small number of the differentially expressed genes and alternative splice sites 

overlapped between sporadic ALS and C9orf72 positive ALS, indicating 

divergent pathways in these two conditions. 

1.6.3.6 RNA sequencing of iPSC derived motor neuron models of ALS 

provides a detailed appraisal of the model as well as novel insights into 

disease biology  

As discussed previously, induced pluripotent stem cell models of amyotrophic 

lateral sclerosis have provided a unique opportunity to study human motor 

neurons with disease causing mutations in vitro. Transcriptional studies have 

now repeatedly shown that these cells have a transcriptional profile that 

resembles foetal neurons more closely than mature human neurons (Handel et 

al., 2016; Ho et al., 2016), raising important questions about their ability to 

model diseases associated with ageing. The power of iPSC derived motor 

neuron technology when combined with isogenic control lines derived by 

CRISPR technology allowed for the dissection of mutation-specific molecular 

pathways in iPSMNs from patients with the SOD1 mutation (Kiskinis et al., 

2014). Differentially upregulated transcripts were found to be enriched for 

cytoskeleton organisation, transcriptional regulation and motor proteins, while 

transcripts involved in mitochondrial function and protein translation were 

downregulated. These pathways were subsequently experimentally validated 
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using mitochondrial imaging and readouts of the unfolded protein response 

and endoplasmic reticulum (ER) stress. 

1.7 Aims 

The discovery of C9orf72 as the most common genetic cause of ALS has 

resulted in novel approaches and ideas in the study of the pathophysiology of 

ALS. The typical TDP-43 pathology seen in C9orf72 HRE carriers and the 

fascinating pathobiology of the mutation itself raise important questions about 

the importance of the key protein found in intracellular inclusions of ALS 

patients. 

This thesis will examine the significance of TDP-43 pathology in C9orf72 post-

mortem tissue, examining its distribution and comparing it to other features of 

C9orf72 pathology including sense RNA foci, GA dipeptide inclusions, C9orf72 

expression and both C9orf72 promoter hypermethylation as well as a global 

methylation profile (Chapter 3). 

The second part of this thesis will investigate TDP-43 abnormalities in induced 

pluripotent stem cell derived motor neurons from C9orf72 HRE carriers, 

looking at the distribution and posttranslational modifications of TDP-43 

protein (Chapter 4). 

The final part of this thesis will investigate TDP-43 dysfunction in a BAC 

transgenic mouse model expressing the TDP-43 with and without the M337V 
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mutation under the control of its native promoter using RNA sequencing 

(Chapter 5).  
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Chapter 2: Methods 

2.1 Analysis of Neuropathological Samples 

2.1.1 Cases 

12 cases with a C9orf72 HRE as well as 5 sporadic ALS (sALS) cases and 5 

controls who died from non-CNS disease were obtained from the Thomas 

Willis Brain Bank at the University of Oxford. Tissue bank approval for this 

study was granted by LREC 07/H0606/85. Controls and sALS cases were 

matched for age at death (Table 2.1). 

 C9 ALS C9 ALS-
FTD C9 FTD Controls sALS 

Number of 
cases 6 3 3 5 

4 (+1 with 
cognitive 

symptoms) 
Age at 
Death 
(years) 

58 
[41-71] 

59 
[55-62] 

69 
[56-78] 

60 
[41-67] 

58 
[38-64] 

Sex 4M, 2F 3M 2M, 1F 5F 3M, 2F 
Disease 

Duration 
(years) 

1.8 
[1-3] 

9.0 
[8-10] 

6.7 
[3-9] N/A 1.5 

[1-2] 

Table 2.1: Demographic characteristics of post-mortem cases included in the study. 

 C9 = C9orf72 positive cases. 

Where available, paraffin-embedded blocks were obtained from non-motor 

frontal cortex, hippocampus at the level of the lateral geniculate nucleus, 

cerebellum, medulla at the level of the hypoglossal nucleus and the spinal 

cord. Frozen tissue from the same brain regions from the opposite hemisphere 

as well as frozen spinal cord was also retrieved from the brain bank. 



 89 

2.1.2 Immunohistochemistry for TDP-43, p62 and GA dipeptide 

repeats 

Immunohistochemistry was performed on 4μm sections from all available 

formalin fixed, paraffin-embedded tissue. One section from each block was 

stained with haematoxylin and eosin. Immunostaining was performed with 

TDP-43 (dilution 1:2000, rabbit, Proteintech), p62 (1:2000, mouse, BD 

Biosciences) and anti-GA dipeptide clone 5F2 (dilution 1:6000, mouse, gift). 

Slides were baked at 60°C for 10 minutes and dewaxed. Antigen retrieval was 

performed in citrate buffer (pH 6) in an autoclave. Staining was performed 

using the Envision kit (Dako) with overnight primary antibody incubation at 

4ºC. 

Immunohistochemistry was assessed using a semi-quantitative scoring system 

after looking at the entire slide: 

0 = no abnormal staining 

1 = rare abnormal inclusions 

2 = occasional abnormal inclusions present on most fields of view 

3 = frequent abnormal inclusions 

4 = very frequent abnormal inclusions 

2.1.3 Fluorescence in situ hybridisation (FISH) and 

immunofluorescence analysis 

Fluorescence in situ hybridisation for sense foci was performed on 4μm 

sections from all available paraffin-embedded sections using a previously 
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published method (Mizielinska et al., 2013). In brief, slides were dewaxed 

using HistoClear (National Diagnostics). Antigen retrieval was performed in a 

microwave in citrate buffer (pH6) and sections were then dehydrated through 

serial alcohol dilutions and air dried. Following rehydration in phosphate 

buffered saline (PBS), sections were placed in pre-hybridisation buffer (2x 

saline-sodium citrate (SSC) , 50% formamide) and heated to 80°C. 

Hybridisation was performed for two hours using hybridisation solution (2x 

SSC, 50% formamide, 0.16% BSA, 0.8 mg/ml salmon sperm and yeast tRNA, 

8% dextran sulfate, 1.6 mM vanadyl ribonucleoside, 5mM 

ethylenediaminetetraacetic acid (EDTA)) containing 0.2ng/μl of 

oligonucleotide (sense foci: (CCCCGG)4-Cy3, control: (CAGG)6-Cy3). 

Extensive washes were performed in 50% formamide and 2X SSC at 80°C 

followed by washes in 2x SSC at room temperature.  

Following FISH, the sections were blocked in goat serum and primary antibody 

was applied overnight (pTDP clone 1D3, 1:1000, gift; GA dipeptide clone 5F2, 

1:6000, gift) followed by washes and incubation in secondary antibody (Alexa 

Fluor 488 and 647, 1:2000, Life Technologies). Images were acquired on a 

Zeiss LSM 710 confocal microscope at 63X magnification using z-stacks. Four 

fields of view were acquired in the frontal cortex, one in the area of 

hippocampal granule cells, three in the area of CA4 neurons, one in the 

cerebellum as well as two fields of view each containing XII cranial nerve 

nucleus cells and anterior horn cells. Only neurons were counted, as judged by 

their morphology and position. 
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2.1.4 DNA and RNA extraction 

DNA was extracted using the Quiagen QiaAMP DNA Mini kit following 

manufacturer’s instructions and stored at 4°C in 0.5 mM EDTA for use within 

days. The DNA quantity and quality were tested using Nanodrop 

(ThermoFisher). RNA was extracted using the RNA mini kit and also quantified 

using a spectrophotometer (Nanodrop). All RNA samples were further quality 

assured using automated RNA gel electrophoresis to determine RNA integrity 

(Bioanalyzer 2100) and stored at -80°C. For C9orf72 repeat carriers a Southern 

Blot analysis was carried out to confirm the presence of the repeat. 

2.1.5 Bisulfite sequencing 

Direct bisulfite sequencing was achieved by adapting a published assay (Baker 

et al., 2005). 400 ng of genomic DNA was bisulfite-converted using the EpiTect 

bisulfite kit (QIAGEN). PCR was performed on bisulfite-treated DNA using the 

following primers to amplify the 5’ CpG island of C9orf72: forward 5’-

GGAGTTGTTTTTTATTAGGGTTTGTAGT-3’, reverse 5’-

TAAACCCACACCTACTCTTACTAAA-3’ (E. Y. Liu et al., 2014). GoTaq Hot Start 

polymerase (Promega) was used as per manufacturer’s instructions under the 

following thermal cycling conditions: 95°C for 5 minutes, followed by 10 cycles 

of touchdown PCR with 30 seconds denaturation at 95°C, 30 seconds 

annealing reducing the annealing temperature from 70°C to 60°C by -1°C per 

cycle and with 1 minute extension at 72°C, followed by 30 cycles with the 

annealing temperature at 60°C and with a final extension step at 72°C for 10 
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minutes. PCR products of 466 bp were purified by agarose gel extraction and 

commercially Sanger sequenced by Source BioScience using the forward 

primer. Resulting chromatograms were analysed using Chromas v2.6 software 

and the percentage of methylcytosine (mC) determined for each CpG using 

relative peak heights whereby %mC = C/(C + T). In all samples over 95% of 

unmethylated C nucleotides were converted to T. The direct bisulfite 

sequencing was designed and carried out by Dr Andrew Douglas on DNA 

provided by the author. The final analysis was carried out by the author. 

2.1.6 Restriction digest methylation analysis 

For restriction digest methylation analysis 100ng of DNA was digested for 2 

hours at 37°C in a total volume of 20μl. Three digestion conditions were 

performed per sample. For the quantification of CpG island methylation the 

digestions were performed with 0.5μl of Hae3 (20000U/ml) alone, Hha1 

(20000U/ml) and Hae3 (20000U/ml) as well as Hpa2 (10000U/ml) and Hae3 

(20000U/ml). Quantitative real-time PCR (qPCR) was performed using 

ThermoFisher Fast SYBR Green Master Mix on the digested samples using 10μl 

reactions in triplicate, each containing 1.25μl of digested DNA. qPCR was 

performed on a Roche LightCycler 480 using primers to assess promoter 

methylation (forward: 5’ CAGTGTGAAAATCATGCTTGAGAGA 3’, reverse: 5’ 

TTTGTGCTTGGTAGGCAGTG 3’) as well as a region not affected by 

methylation-specific digestion, to exclude sample degradation as an 

explanation for the results (forward: 5’ GTGGCGAGTGGTGAGTGA 3’; reverse 

5’ GCTTCGGTCAGAGAAATGAG 3’). 
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2.1.7 450k Methylation Analysis 

For analysis of global methylation four control cases, four cases with sALS and 

four C9orf72 positive cases were selected. Three of the C9orf72 cases and three 

sporadic cases had ALS only. The remaining subject in each group had frontal 

cortex involvement pathologically as well as evidence of clinical frontal lobe 

involvement. DNA was extracted and quality assured as described above.  

Quantification was performed using PicoGreen (ThermoFisher) according to 

the manufacturer’s instructions. 600ng of DNA per sample was submitted to 

the Welcome Trust Centre for Human Genetics, University of Oxford. 

Following bisulphite conversion, the samples were processed on a 450K 

Illumina Methylation Chip. 

The analysis was carried out using the RnBeads package on R 3.2.3 using a 

manual workflow. In brief, the sample identity was ascertained using SNP-

dependent probes, resulting in the removal of two of twenty-four replicates 

due to sample errors. Subsequently low quality probes, all known SNP-

dependent probes as well as all probes on sex chromosomes were filtered. 

Hierarchical clustering, principal component analysis and multidimensional 

scaling was performed as part of exploratory data analysis. Differential 

methylation analysis was carried out using the limma package from within 

RnBeads. The final differential methylation analysis was carried out on male 

samples only, to evade sex-dependent differential methylation on non-sex 

chromosomes.  
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2.1.8 Gene expression analysis of C9orf72 

Following RNA extractions, cDNA libraries were generated from 2μg RNA 

using Superscript VILO, following manufacturer’s protocol in a total volume of 

20μl. Quantitative real-time PCR was performed using 20μl reactions with four 

TaqMan assays (ThermoFisher): A published custom made assay detecting the 

exon 1B containing variant 2 (NM_018325.3, DeJesus-Hernandez, et al., 

2011), assay Hs00948764_m1 for variant 3 (NM_001256054.1), assay ID 

Hs00331877_m1 for variant 1 (NM_145005.5) and assay ID Hs00266705 for 

GAPDH. Reactions were carried out in triplicate on a Quiagen Rotor-Gene Q 

cycler (Qiagen) using TaqMan Gene Expression Mastermix (ThermoFisher). 

Relative abundance estimation was carried out using the 2-DDCt method. 

2.2 iPSMN Differentiation and Experiments and RNA 

sequencing validation 

2.2.1 Induced Pluripotent Stem Cell Culture 

The human iPSC lines derived for this study were derived from human skin 

biopsy fibroblasts, following signed informed consent, with approval from the 

South East Wales Research Ethics Committee (REC ref no. 12/WA/0186) and 

the South Central – Berkshire Research Ethics Committee, UK (REC 

10/H0505/71). Induced pluripotent stem cells, grown in mTesR medium 

(StemCell Technologies) on Matrigel (Corning) in 6 well plates. All iPSC lines 

were derived from skin biopsy fibroblasts in the James Martin Stem Cell 
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Facility, University of Oxford, under standardised protocols to minimise any 

potential variation attributable to laboratory differences and/or handling. Cells 

were either immediately differentiated using the neuronal differentiation 

protocol described below, or expanded in their original medium. Cells were 

grown to full confluence and passaged at a maximum dilution of 1:3. For 

passaging, cells were incubated with 0.5 mM EDTA (Life Technologies) for 5 

minutes, which was subsequently aspirated. Cells were then detached and 

resuspended using prewarmed mTesR medium and grown on Matrigel coated 

plates. For freezing, cells were re-suspended in appropriately diluted 2X freeze 

mix containing 80% USDA-approved foetal bovine serum (Sigma Aldrich), 

10% Knockout DMEM (Life Technologies) and 10% DMSO (Sigma Aldrich). 

2.2.2 Motor Neuron Differentiation 

Motor neuron differentiation was carried out using a protocol derived from 

previously published work (Maury et al., 2014; Qu et al., 2014). On becoming 

confluent, iPSCs were grown in DMEM/F12 media with HEPES supplemented 

with N2 (Life Technologies), B27 (Life Technologies), antibiotic-antimycotic 

(Life Technologies), β-mercaptoethanol (Sigma Aldrich) 0.5μM Ascorbic Acid 

(Sigma Aldrich), 3μM Chir99021 (Tocris) and 1µM Compound C (Tocris). On 

day 2, 1µM retinoic acid (Sigma Aldrich) and 500nM smoothened agonist 

(SAG) were added to the medium. On day 4 compound C and Chir99021 were 

removed from the medium. On day 9, cells were incubated in Accutase (Life 

Technologies) and split 1:3 to 1:6. Cells were resuspended in medium with the 

same composition and grown on 6-well plates pre-coated with Geltrex (Life 



 96 

Technologies). Between day 16 and 20, the cells were split harshly (1:12) and 

resuspended in neuronal maturation medium containing the above factors as 

well as 10ng/ml brain-derived neurotrophic factor (BDNF, (Life Technologies), 

10ng/ml Glial-cell derived neurotrophic factor (GDNF, Life Technologies), 0.5 

μg/ml Laminin (Life Technologies) and 10µM DAPT (Tocris). Proliferation was 

observed and on reaching confluence cells were further passaged using the 

above methods as necessary. After passaging of cells the medium was 

supplemented with ROCK inhibitor (Tocris) for 24-48 hours. 

2.2.3 Treatments and fixation 

After day 30 differentiated motor neurons underwent treatment with MG-132. 

Cells were incubated for 24 hours in DMEM/F12 medium containing either N2 

and B27 only (control medium) or the same medium containing 5µM MG-132. 

Following treatment cells were either immediately fixed in 4% 

paraformaldehyde or frozen at -80°C for further use. 

2.2.4 Analysis of Protein Expression 

2.2.4.1 Soluble and insoluble fractions 

Extraction of soluble and insoluble protein were carried out in accordance with 

a published protocol (Volpicelli-Daley et al., 2014) with modifications.  
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2.2.4.1.1 Soluble 

Following extraction, pellets were optionally frozen and then resuspended in 

200 µl of solution A: 1% Triton-X 100/tris-buffered saline (TBS) with protease 

and phosphatase inhibitors (Roche). The cells were sonicated using 10 pulses 

of 1s at 10% of power and incubated on ice for 30 minutes and transferred 

into microcentrifuge tubes (Beckmann-Coulter). Subsequently, the suspension 

was centrifuged at 4°C at 100,000g for 30 minutes. The supernatant was 

aspirated as the soluble fraction.  

2.2.4.1.2 Insoluble 

The pellet was again resuspended in 100 µl of the above solution A and 

sonicated 10 times using 1s pulses at 10% power. The suspension was 

centrifuged at 4°C at 100,000g for 30 minutes. The supernatant was discarded. 

The pellet was then resuspended in 100 µl 2% SDS/TBS solution with protease 

and phosphatase inhibitors. The solution was sonicated 15 times at 1s pulses 

and 10% power and the supernatant was then collected from all tubes as the 

insoluble fraction. 

2.2.4.2 Western Blotting 

For western blotting, 10μg of protein with Sample Reducing Agent (Life 

Technologies) and LDS Sample Buffer (Life Technologies) was denatured at 

90°C for 5 minutes before returning on ice. Samples were run on 4-12% bis-tris 

gel (Life Technologies) in running buffer (Life Technologies) at 100V for 100 

minutes. Gels were transferred onto PVDF membrane using the iBlot 2 dry 
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blotting system (Life Technologies). The membrane was blocked using 10% 

milk in containing 0.1% Tween-20 (PBS-T) for 1 hour at room temperature 

and primary antibodies (see Table 2.2: Primary antibody suppliers and 

concentrations used for immunofluorescence and FISH experiments 

) were incubated overnight at 4°C in 1% milk/PBS-T. Following three 10-

minute washes in PBS-T at room temperature, the membrane was incubated in 

secondary antibody (GE) in 1% milk/PBS-T for 1 hour at room temperature. 

Bands were detected using ECL and ECL Prime western blotting detection 

reagents (GE). 

2.2.5 Analysis of RNA expression analysis using RT-PCR and qRT-

PCR 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

reactions were performed in two steps. 

2.2.5.1 Generation of cDNA 

RNA was extracted using the RNeasy mini kit (Qiagen) according to the 

manufacturer’s instructions and stored at -80°C. On-column DNase digestion 

was performed. RNA was quantified using NanoDrop (ThermoScientific). 

cDNA was created using the High-Capacity Reverse Transcription Kit (Life 

Technologies) according to manufacturer’s instructions. 
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2.2.5.2 Primer Design 

Primers were designed using Primer3Plus (Untergasser et al., 2007) and 

checked for specificity using NCBI Blast (Johnson et al., 2008). Primers for 

qPCR were validated using control iPSC-derived motor neuronal cDNA with 5 

serial 1:5 dilutions. All primer Sequences can be found in the Appendix.  

2.2.5.3 qPCR 

qPCR was performed using the Fast SYBR Green Master Mix (Life 

Technologies) using 0.2μl of cDNA and 250μM primers. 20μl samples were 

run in triplicate on the Lightcycler480 (Roche) using the enzyme 

manufacturers machine-specific instructions. Three reference genes were used 

for all reactions (TOP1, RPL13A, ATP5B) and the geometric mean of all three 

genes was used as the reference for gene expression estimation. Relative 

abundance estimation was carried out using the 2-DDCt method. 

2.2.6 Immunofluorescence 

For immunofluorescence cells were grown for a minimum of 48 hours on 

12mm coverslips previously pre-coated for one hour with Geltrex (Life 

Technologies). Coverslips were fixed for 30 minutes in 4% paraformaldehyde 

and washed three times in phosphate buffered saline (PBS) for 10 minutes 

each. After blocking for one hour in 10% normal goat serum (Vector 

Laboratories) or donkey serum (Sigma Aldrich) in 0.2% Triton X-100/PBS 

primary antibodies were incubated overnight at 4°C in 1% serum/0.2% Triton 

X-100/PBS. Three 10-minute washes with 0.2% Triton X-100/PBS were 
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followed by a one hour incubation in secondary antibody at 1:2000 (all Life 

Technologies: Alexa Fluor) in 1% serum/0.2% Triton X-100/PBS. Three 10-

minute washes in with 0.2% Triton X-100/PBS were carried out, the middle 

wash containing 20µg/ml 4ʹ,6-Diamidino-2-Phenylindole (DAPI) (Sigma-

Aldrich) and subsequently coverslips were mounted onto glass slides using 

hard-set mounting medium. Primary antibodies suppliers and concentrations 

used are outlined in Table 2.3. 

Antibody Concentration Supplier 
TDP-43(rb) 1:2000 Proteintech 
TDP-43 (ms) 1:2000 Proteintech 
Islet1 1:200 DHSB 
Hb9 1:50 DHSB 
Tuj1 (rb) 1:2000 Covance 
Tuj1 (ch) 1:2000 Covance 
pTDP (rt) 1:1000 Gift from Prof M Neumann 
5F2 (ms) 1:6000 Gift from Prof D Edbauer 

Table 2.2: Primary antibody suppliers and concentrations used for 

immunofluorescence and FISH experiments 

2.2.7 Fluorescence In Situ Hybridisation 

RNA fluorescence in situ hybridisation (FISH) was performed using modified 

methods previously published (Mizielinska et al., 2013). Suppliers and 

catalogue numbers for FISH reagents are detailed in Table 2.3. Cells grown on 

12mm RNase-free coverslips in 24 well plates were fixed using 4% 

paraformaldehyde for 20 min, washed in PBS and permeabilised using 0.2% 

Triton X-100 (Sigma) in PBS for 30 minutes. Cells were then dehydrated in a 

graded series of alcohols, air dried and rehydrated in PBS, briefly washed in 

2xSSC and incubated for 30 minutes in pre-hybridisation solution containing 

2xSSC and 50% formamide. Hybridisation was carried out for two hours in 
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250µl of pre-heated hybridisation solution (50% formamide, 2xSSC, 0.16% 

BSA, 0.8mg/ml salmon sperm, 0.8mg/ml tRNA, 8% dextran sulfate, 1.6 mM 

vanadyl ribonucleoside, 5mM EDTA, 0.2ug/ml probe) at 80°C. Coverslips were 

firstly washed three times for 30 minutes each at 80°C in 1ml high-stringency 

wash solution (50% formamide/0.5xSCC), and then washed three times for 10 

minutes each at room temperature in 1ml of 0.5xSCC. This was followed by a 

brief wash in PBS and immunofluorescence as described above. Optional 

treatments using RNase A (0.1mg/ml; Life Technologies: 12091-021) or DNase 

(150U/ml, Quiagen: 79254) were performed at 37°C for 1 hour following 

permeabilisation. After treatment the cells were dehydrated and air dried and 

the hybridisation protocol was resumed as described above. 2’O-methyl RNA 

probes were conjugated with Cy3 (Integrated DNA Technologies) and probe 

sequences were (CCCCGG)4 or (CAGG)6. 

Reagent Supplier 
tRNA Sigma-Aldrich 
Formamide Life Technologies 
BSA Sigma-Aldrich 
20xSSC Life Technologies 
Salmon sperm Life Technologies 
Dextran sulfate VWR 
Vanadyl ribonucleoside complex New England Biolabs 
EDTA ThermoFisher 

Table 2.3: Suppliers for FISH reagents 
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2.3 RNA sequencing experimets submission and 

analysis 

2.3.1 Isolation of RNA from mouse spinal cords 

Mice were sacrificed at 3 and 12 months of age, following laboratory 

procedures. Spinal cords were dissected and lumbar cords were isolated by an 

experienced scientist and subsequently frozen at -80°C in RNALater. For 

extraction, the sample was removed from RNALater and homogenised in 700µl 

Trizol reagent (Life Technologies) and transferred to a phase-lock tube 

(5prime). 300µl of chloroform was added followed by centrifugation at 

12,000g for 15 minutes at 4°C. RNA was extracted from the aqueous layer 

using the miRNAeasy mini kit (QIAGEN), following manufacturer’s instructions 

and eluted using 30µl nuclease-free water. RNA was quantified using 

spectrophotometry (Nanodrop, ThermoFisher) and quality was ascertained 

using automated RNA electrophoresis (Bioanalyzer 2100, Agilent). Only 

samples with RNA Integrity Number (RIN) above 8 were submitted for library 

prep and RNA sequencing. All steps, other than RIN testing were carried 

out by Dr David Gordon. 

For iPSMN RNA sequencing 30 day old cells were directly lysed in the dish 

using lysis buffer from the RNA Easy Plus kit (QUIAGEN) and then following 

manufacturer’s instructions. Elution and quality control was performed as 

above, but only samples with RIN above 9.5 were submitted. 
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2.3.2 RNA sequencing 

Library preparation was carried out using the Illumina TruSeq RNA Sample 

Prep Kit v2 and was performed by Oxford Gene Technology (3-month data) 

and the Oxford Centre for Human Genomics (12-month data). Although the 

library prep was done by two different institutions, the actual sequencing was 

done at the same sequencing centre. The libraries were then run on the 

Illumina HiSeq2000 platform using TruSeq v3 chemistry. Sequences were 

paired-end and performed over 100 cycles. Fastq files were generated from the 

sequencing platform using the manufacturer’s proprietary software. 

iPSMN RNA sequencing was performed bye the Oxford Centre for Human 

Genomics on the Illumina HiSeq4500 platform over 75 cycles. 

2.3.3 Addition of spike-ins 

For the iPSMN RNA sequencing experiment Sequin spike-ins were added 

according to the manufacturer’s instructions, with Mix A added to CRISPR 

samples and Mix B to C9orf72 HRE positive iPSMNs.  

2.3.4 Quality Control 

Fastq files were received merged for the 3-month data and split by sequencing 

lane for 12-month data. Quality control was performed on individual Fastq 

files as part of the CGATPipelines readqc pipeline. In summary, fastq quality 

was evaluated using FastQC (0.11.2) and contamination by other organisms 

was excluded using FastQ Screen (0.4.4). Files were trimmed using 
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Trimmomatic (0.32): Sequences overrepresented in the data as judged by 

FastQC were also passed to Trimmomatic for trimming. Quality trimming was 

performed with the following options for paired end data (fa:2:40:10 

LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36).  

2.3.5 Mapping 

2.3.5.1 Generation of genome for analysis 

For the purposes of this experiment the mouse genome was modified to 

contain human TDP-43. The genomic locus relevant to the experiment was 

determined by finding the largest overlapping fragment between the BAC and 

the human reference sequence. The annotations relevant to this sequence were 

extracted from the Ensembl build 80 human gene transfer format (GTF) file. 

The human annotations were added to Mus musculus Ensembl build 78 (also 

known as mm10) as an additional in silico chromosome named chrBAC. 

For the experiments in chapter 4, a compound genome containing the sequins 

was obtained from Ensembl build 87 human was obtained by adding a sequin 

GTF obtained from the sequin website (www.sequin.xyz) as chrIS. 

2.3.5.2 2-pass Mapping 

Reads were mapped to the custom genome using STAR (2.4.2a) using the two-

pass method. Maximum intron size was specified as 2,000,000. During the first 

run STAR was run with an index and junctions generated using the custom 

genome annotation, as well as the following options: --outFilterType BySJout -
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-outFilterMismatchNmax 999 --outFilterMismatchNoverLmax 0.04 --

outFilterIntronMotifs RemoveNoncanonicalUnannotated. The junction file 

generated in the first run was used in the second run, without additional 

options. The mapping files from different sequencing lanes were merged at this 

stage. 

2.3.5.3 Quality control 

Mapping quality was assessed using methods included in the mapping pipeline 

from the CGATPipelines collection. Mapping quality control included Picard 

(1.106) metrics, and plotting of alignment statistics, mapping statistics, library 

complexity, splicing statistics as well as gene profile plots for assessment of 

coverage and fragmentation biases. Genotype of mice as well as their sex were 

confirmed by visual inspection of mapped reads at this stage using the 

Integrated Genome Browser (2.3.72). 

2.3.6 Differential expression analysis 

2.3.6.1 Generation of counts table 

Reads mapping to genes were counted for each replicate using featureCounts 

(1.4.6) from the Subread software package. For this repetitive RNA as well as 

the following contigs were removed: chrM|chrMT|_random|chrUn. Minimum 

mapping quality was set at 10. 
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Transcripts per million (TPM) tables were also obtained using Salmon (0.8.2) 

with kmer size option 31 and index option fmd. Salmon results were imported 

into R using tximport (1.4.0). 

2.3.6.2 Exploratory data analysis 

The counts were read into R (3.3.0) and converted into a counts object for 

subsequent differential expression analysis. Following variance-stabilising 

transformation of the counts table, exploratory data analysis was performed 

using heat maps, hierarchical clustering and principal component analysis. 

Male mice were excluded from subsequent analysis due to divergent 

differential expression. 

2.3.6.3 Differential Expression 

The raw count data was used in DESeq2 (1.12.2), and group-wise comparisons 

were performed on the results using a generalised linear model. Multiple 

testing correction was performed using the Benjamini-Hochberg correction. 

The significance of the differential expression results was ascertained using 

1000 simulations using random permutations of the group label across all 

samples. The results were interpreted using annotations from the gene 

ontology (GO) database, Kyoto Encyclopaedia of Genes and Genomes (KEGG) 

database and the mouse genome informatics (MGI) database. 

2.3.6.4 Sequin analysis 

RNA Sequins were analysed by providing counts and differential expression 

results tables to RAnaquin (1.2.0). 
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2.3.7 Network Analysis 

2.3.7.1 Network construction and data  

Phenotypic linkage networks were constructed as described (Honti et al., 

2014), and a general network as well as a nervous system specific network was 

constructed using all nervous system terms from the mouse genome 

informatics database to re-score and integrate the network.  

For all differential expression analyses genes from the mouse model were 

converted to human orthologues using the Ensembl Biomart data mining tool 

(Yates et al., 2016). Networks and scripts for network analysis were 

provided by Dr Katarina Vrlcelj and Dr Caleb Webber. 

2.3.7.2 Clustering analysis 

Network analysis was carried out by selecting the top 10% of links from the 

respective networks. The sum of all links for the differentially expressed genes 

was calculated. The significance of clustering was tested by sampling genes at 

random from the network 1000 times, controlling for number of genes, CDS 

length and node degree and using these to compute a links score. Clustering 

was plotted using R. 

2.3.7.3 Co-Clustering Analysis 

A list of forty known ALS genes was assembled using information from the 

ALSoD online database (Abel et al., 2012). To exclude atypical forms of ALS a 

second short list of typical ALS genes contained TARDBP, FUS, SOD1, TBK1, 
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OPTN, TUBA4A, HNRNPA1, HNRNPA2B1, C9orf72, NEK1. Co-clustering was 

tested by removing all links between the differentially expressed genes and the 

provided ALS genes, thus only considering links between the differentially 

expressed genes and ALS genes. 1000 simulations were performed to test the 

hypothesis that genes of interest were more similar to known ALS genes than 

to other genes in the network. 

2.3.7.4 Subnetwork Analysis 

Subnetwork analysis was carried out by identifying gene communities 

independently, using a recursive algorithm within the differentially expressed 

genes, and the resulting gene communities were tested for functional 

enrichment using GO, KEGG and MGI databases against a nervous system 

background. 

2.3.8 Splicing Analysis 

For splicing analysis, untrimmed reads were mapped using the 2-pass STAR 

method described above. The results were analysed using rMATS (3.2.5), with 

a predetermined power threshold set to detect only those alternative splicing 

events where sufficient power was available to detect 1% power in differential 

exon usage (Shen et al., 2014). 

2.3.9 TDP-43 binding data analysis 

HITS-CLIP data from a previous experiment performed in mice (Polymenidou 

et al., 2011) was obtained from GEO (Accession GSE27201). Quality control of 
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reads was performed as before, with the following Trimmomatic modified 

option: MINLEN:36. Trimmed reads were mapped using STAR and mapping 

quality control was performed as described previously. The output was 

deduplicated using UMI-tools with the option –ignore-umi. 

Peak calling was performed with a modified CGAT iCLIP pipeline (Sudbery et 

al., 2016). In brief, HITS-CLIP reads were represented by single coordinates, 

taking deletions into account. Cluster calling counted the number of read at 

each base and within 15 base pairs from this site and used a model to estimate 

peaks that favours reads on the same coordinate and therefore reads deletions. 

To correct for multiple testing, a Benjamini-Hochberg correction against the 

entire genome was subsequently performed. Low and high micrococcal 

nuclease peak results were merged to include peaks found only in both 

conditions. Peaks were analysed for their gene context. Motifs were searched 

using MEME (4.9.1). The number of TDP-43 binding peaks found in the 

differential expression results was determined, and significance was 

ascertained by permutation testing using a background gene dataset that was 

matched for expression distribution using the Mahalanobis distance as 

implemented in the software MatchIt (2.4-21). 
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Chapter 3: Neuropathology of C9orf72 HRE 

carriers 

3.1 Introduction and Aims 

The anatomical distribution of RNA foci and dipeptide repeat inclusions, as 

well as C9orf72 transcript downregulation has been extensively studied in 

post-mortem samples from C9orf72 HRE carriers. Multiple groups have now 

shown that the burden of TDP-43 pathology and not the distribution of RNA 

foci or dipeptides correlates best with clinical presentation (Baborie et al., 

2015; Schipper et al., 2015). Neuropathology has provided some insight into 

the temporal relationship of inclusions in C9orf72 disease, suggesting that 

dipeptide pathology may predate TDP-43 pathology (Proudfoot et al., 2014; 

Vatsavayai et al., 2016). Other characteristic features of pathology consistently 

demonstrated in C9orf72 HRE carriers are transcript downregulation, and RNA 

foci and dipeptide pathology in the cerebellum, an area that remains clinically 

grossly unaffected in ALS (van Blitterswijk et al., 2015). 

The mechanism of C9orf72 transcript downregulation also remains under 

investigation. Upstream CpG island methylation (Belzil et al., 2013; E. Y. Liu et 

al., 2014; Xi et al., 2014) as well as repeat methylation (Xi et al., 2015) have 

been studied and proposed as potential mechanisms for transcript 

downregulation. It remains unclear if these methylation changes are only seen 

in proximity to the repeat or if they are a global characteristic of the disease, as 
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methylation changes have previously been linked to motor neuron cell death 

(Chestnut et al., 2011). 

This study sought to validate previously published distributions of GA 

dipeptide protein, sense RNA foci and TDP-43 pathology in a well-

characterised cohort of 12 C9orf72 patients using brain areas typically affected 

in ALS and FTD, as well as the cerebellum due to its prominent dipeptide 

pathology. The second aim was to investigate the geographical distribution of 

C9orf72 transcript downregulation and methylation, and to correlate 

methylation with gene expression in the regions studied. Finally, the study 

aimed to determine if methylation is a local phenomenon related to the repeat 

or a global phenomenon characterising the disease. 

The study cohort consists of 12 C9orf72 HRE carriers, who had a clinical 

diagnosis in the ALS-FTD spectrum. Six patients were diagnosed with ALS 

during their lifetime, three had ALS-FTD and three patients had FTD only. 

Control samples were obtained from five patients who died of sporadic ALS 

and five age-matched controls who died of unrelated causes. All samples were 

obtained from the Oxford Brain Bank, and donated brains and spinal cord 

were sampled using a standardised sampling protocol, in which one 

hemisphere is fixed in formalin for immunohistochemical analysis and the 

other hemisphere is frozen for molecular investigations. 
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3.2 Results 

3.2.1 TDP-43 pathology and not GA dipeptide or RNA sense foci 

correlates best with clinical phenotype in this cohort of C9orf72 

HRE carriers 

Fluorescence in situ hybridisation (FISH) was used to successfully visualise 

RNA foci. Quantitative analysis of sense RNA foci showed no difference 

between the clinical subtypes of C9orf72 in any of the brain regions studied 

(Figure 3.1A). Overall, foci were more frequent in hippocampal granule cells 

than in cerebellar granule cells (p < 0.05, Dunn’s multiple comparison test), 

but no other regional differences in foci distribution were found. RNA sense 

foci were not seen in sALS or control cases, persisted with DNase treatment, 

and were eliminated by RNase treatment (Figure 3.2). GA dipeptide inclusions 

were not present in spinal cord and scarcely present in the hypoglossal 

nucleus, two areas characteristically affected in ALS (Figure 3.1B). In the 

frontal cortex, hippocampus and cerebellum they were found in all clinical 

subtypes of C9orf72 disease. There were no statistical differences in the 

percentage of neurons with GA dipeptide inclusions on non-parametric testing 

between clinical subtypes in the tested brain areas. GA immunohistochemistry 

was also performed in all studied regions. GA inclusions were quantified using 

a semi-quantitative scoring method commonly used in neuropathological 

studies, in which the entire slide is analysed and given a score between 0 (no 

pathology) and 4 (very frequent pathology). Immunohistochemical analysis   
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Figure 3.1: Quantification of RNA foci in C9orf72 HRE carriers at post-mortem 
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Figure 3.1 (continued) 

 
Figure 3.1: A: Frequency of sense RNA foci in neurons from six distinct regions from 

ALS, ALS/FTD and FTD cases carrying the C9orf72 hexanucleotide expansion. No 

RNA foci were seen in controls or sporadic ALS cases (not shown in this figure). B: 
Frequency of GA dipeptide inclusions in neurons from six distinct regions from ALS, 

ALS/FTD and FTD cases carrying the C9orf72 hexanucleotide expansion, visualised 

using immunofluorescence. No GA dipeptide inclusions were seen in controls or 

sporadic ALS cases (not shown in this figure). C: Frequency of pTDP-43 inclusions in 

neurons from six distinct regions from ALS, ALS/FTD and FTD cases carrying the 

C9orf72 hexanucleotide expansion, as well as sporadic ALS cases, visualised using 

immunofluorescence. No pTDP-43 inclusions were seen in controls (not shown in 

this figure). D: Frequency of GA dipeptide inclusions in neurons from six distinct 

regions from ALS, ALS/FTD and FTD cases carrying the C9orf72 hexanucleotide 

expansion. Immunohistochemical staining quantified using a semiquantitative scale 

ranging from 0-4. No staining seen in sALS and non-ALS controls (not plotted). E: 
Frequency of TDP-43 pathology in neurons from six distinct regions from ALS, 

ALS/FTD and FTD cases carrying the C9orf72 hexanucleotide expansion as well as 

sporadic ALS controls. Immunohistochemical staining quantified using a 

semiquantitative scale ranging from 0-4. No staining seen in non-ALS controls (not 

plotted). 
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Figure 3.2: Control experiments for RNA foci 

 
 
Figure 3.2: A: Immunofluorescence image showing RNA Foci in hippocampal 

granule cells (red), GA dipeptide pathology (white) and phospho-TDP-43 pathology 

(green). DAPI staining (blue) visibly staining nucleoli. B: Control CAGG probe 

staining cerebellar granule cells showing GA dipeptide pathology but no foci. C: Left 

panel demonstrates representative immunofluorescence image following DNase 

treatment with preserved foci (red) but no DAPI staining. Panel to right shows 

quantitative assessment of foci in non-treated sections compared to foci counts 

following DNase treatment (n = 2 cases, 6 areas each). D: Left panel demonstrates 

example immunofluorescence image following RNase treatment with preserved DAPI 

staining but no foci. Panel to right shows quantitative assessment of foci in non-

treated sections and following RNase treatment (n = 2 cases, 6 areas each). 
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confirmed the findings on immunofluorescence (Figure 3.1D). Phosphorylated 

TDP-43 (pTDP-43) inclusions were seen in the frontal cortex and hippocampus 

of C9-positive ALS-FTD and FTD cases only. No pTDP-43 inclusions were seen 

in these areas in C9-ALS, sALS and control cases (Figure 3.1C). On the other 

hand, the hypoglossal nucleus and anterior horn cells were positive for pTDP-

43 inclusions in C9-positive ALS and ALS-FTD cases as well as cases with sALS. 

No pathology in these lower motor neuron areas was seen in C9-positive FTD 

or in controls. The cerebellum was completely free of pTDP-43 inclusions in all 

cases studied. To validate findings, TDP-43 immunohistochemistry was 

performed on the same regions in all cases (Figure 3.1E).  

3.2.2 C9orf72 transcript downregulation is seen in transcript 

variant 2 in cerebellum and frontal cortex. 

The transcriptional profile of C9orf72 expression was evaluated in all areas for 

which frozen tissue was available. Only samples with RIN above 5 were 

included, in accordance with published recommendations (Fleige and Pfaffl, 

2006). Variant 2 was the most abundant transcript in all areas studied in 

normal brains (Figure 3.3B) and in C9orf72 HRE positive as well as sporadic 

ALS patients (Figure 3.3A). In the cerebellum and frontal cortex there was a 

significant reduction in C9orf72 variant 2 expression between C9orf72-HRE 

positive cases and sALS cases (Figure 3.3C, p< 0.05, Dunn’s multiple 

comparisons test). No significant differences were observed for intron 1a 

containing transcripts (Figures 3.3D and 3.3E). 
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Figure 3.3: C9orf72 expression in brain and spinal cord samples from C9orf72 
HRE carriers, sALS and control patients 

 
 
Figure 3.3: A: Comparison of C9orf72 isoform expression in the frontal cortex in 

C9orf72 HRE carriers, sALS patients and controls. In all cases isoform V2 is the 

dominant isoform. B: Comparison of C9orf72 isoform expression in all tested areas in 

controls. V2 is also the dominant isoform in all brain regions tested. C: Taqman qRT-

PCR showing significant downregulation of the dominant V2 isoform in C9orf72 

carriers (of all clinical subtypes) compared to sALS patients in frontal cortex and 

cerebellum (* = p<0.05, Dunn’s multiple comparisons correction). Nonsignificant 

trends were observed in the hippocampus and spinal cord. D: V1 isoform expression 

shows no statistical differences between C9orf72 HRE carriers, sALS cases and 

controls in all assessed brain areas. E: V3 isoform expression shows no statistical 

differences between C9orf72 HRE carriers, sALS cases and controls in all assessed 

brain areas. 
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3.2.3 C9orf72 transcript downregulation does not require 

hypermethylation of CpG islands upstream of the repeat 

Assessment of CpG island methylation upstream of the hexanucleotide repeat 

was carried out using a published technique that relies on methylation specific 

restriction enzymes (E. Y. Liu et al., 2014). Restriction digestion was  

performed with either Hha1 or Hpa2 restriction enzymes followed by 

quantitative PCR. The two enzymes gave highly concordant results (Figure 

3.4C, R2 = 0.83, p < 0.0001). Samples with control methylation results above 

20% were discarded. There was a high degree of variability in the results using 

this method (Figure 3.4D), with significant methylation in controls, sporadic 

ALS patients and C9orf72 HRE carriers. 

Given these variable results, C9orf72 promoter methylation was also carried 

out using direct bisulphite sequencing (experiments carried out by Dr Andrew 

Douglas). The upstream CpG island region was amplified by PCR from 

bisulfite-treated genomic DNA and the purified product directly sequenced 

from the 5’ end. Owing to technical limitations of this method, the number of 

CpG sites that could be analysed in each sample was between 9 and 25 out of 

the total 26 located within the amplicon. Methylation was highly correlated 

between CpG dinucleotides within each sample (standard deviation between 

0.5 and 7% for lowly methylated samples and below 20% for highly 

methylated samples). If 50% methylation in an individual DNA sample equates   
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Figure 3.4: C9orf72 upstream CpG island methylation in C9orf72 HRE carriers, 
sALS and controls 

 
 

 

 
 

     

Figure 3.4: A: Representative traces of CpG island methylation of a highly 

methylated and lowly methylated C9orf72 expansion carrier, B: Mean methylation of 

all CpG islands assessed by bisulphite sequencing shows a single hypermethylated 

C9orf72 HRE carrier but no overall differences between the groups in either tissue. 
C: Significant correlation between two independent methylation-sensitive restriction 

assays (Hha1 and Hpa2) for the CpG island upstream of the C9orf72 gene. R
2
 = 

0.83, p < 0.0001. D: Mean methylation from both Hha1 and Hpa2 in C9orf72 

expansion carriers, sporadic ALS patients and controls methylation values discordant 

with bisulphite sequencing. A significant difference in methylation of the cerebellum 

was found using this method when comparing sporadic ALS and C9orf72 HRE 

carriers (* = p<0.05, Dunn’s multiple comparison’s correction). 
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to complete methylation of the C9orf72 allele carrying the HRE, classified DNA 

methylation levels were classified into low (up to 12.5%), intermediate 

(12.5%-25%) and high (over 25%) categories. Using this classification, low 

levels of methylation were observed across all patients with one exception. 

This was an ALS patient carrying the C9orf72 HRE, who had a high mean 

methylation level (35%) in the cerebellum and intermediate mean methylation 

level (23%) in the frontal cortex. However, overall there were no significant 

differences in mean CpG methylation level between C9orf72 HRE, sALS or 

control patient groups (Figure 3.4A). Overall, there were no significant 

differences in methylation between C9orf72 positive patients, sALS patients 

and controls in both brain areas studied. To further characterise methylation 

changes throughout the genome DNA from four sporadic ALS cases, four 

C9orf72 HRE carriers with ALS and four controls was analysed using the 450K 

methylation platform (ThermoFisher) to compare methylation in the 

cerebellum and frontal cortex. The expected tissue (21604 differentially 

methylated probe sites) and sex differences (2416 differentially methylated 

probe sites) were observed, and accounted for the great majority of the 

variance in this dataset. The dominance of these two phenotypes is replicated 

in the multidimensional scaling (Figure 3.5A) and hierarchical clustering 

(Figure 3.5B), both of which show that the clear majority of the variance is 

accounted for by sex and tissue type. Once sex chromosome probes were 

discarded there were no major differences between controls, sporadic ALS 

cases and C9orf72 hexanucleotide expansion carriers in both frontal cortex and 

cerebellum. To avoid any false positives due to differences on autosomal 
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chromosomes driven by sex, only male samples from C9orf72 positive patients 

and sporadic ALS cases were used in the final analysis (Figure 3.4C). Six probe 

sites were differentially methylated between sALS cases and controls in the 

frontal cortex and 15 probe sites were differentially methylated in the 

cerebellum, with no differential methylation observed on chromosome 9 

(Tables 3.1 and 3.2). All 6 differentially methylated sites in the frontal cortex 

were also differentially methylated in the cerebellum. 

The results from the 450K analysis also supported the findings from the 

bisulphite sequencing study. The probes which fell into the bisulphite PCR 

amplicon were cg1436378, cg1161387 and cg2307474 and corresponded to 

CpGs 6, 4, 20 and were not methylated.  
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Figure 3.5: Analysis of global methylation changes in C9orf72 HRE carriers and 
sALS patients using 450k bead-chip 

  
 

 

 

Figure 3.5: A: Multidimensional scaling of all 22 samples by CpG island methylation 

data shows separation of samples by tissue in the first dimension and by sex in the 

second dimension. B: The 1000 most differentially methylated CpG sites displayed in 

a heat map with unsupervised hierarchical clustering, show the predominance of 

tissue related variance in this cohort, followed by unsupervised segregation by sex. 

Each column represents a single sample from a patient. C: Multidimensional scaling 

of male C9orf72 HRE compared with males sporadic ALS cases shows no 

convincing clustering of samples with inter-group differences being comparable to 

intra-group variance
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Table 3.1: 450k results in cerebellum 

 
Table 3.1: Results from differential methylation analysis in the cerebellum, comparing samples from four male C9orf72 HRE carriers and three sporadic ALS 
patients. A total of 15 samples were found to be differentially methylated (Benjamini-Hochberg correction for multiple testing, FDR < 0.05) 
 
 
Table 3.2: 450k results in frontal cortex 

 
Table 3.2: Results from differential methylation analysis in the frontal cortex, comparing samples from three male C9orf72 HRE carriers and three sporadic 
ALS patients. A total of 6 samples were found to be differentially methylated (Benjamini-Hochberg correction for multiple testing, FDR < 0.05)

Probe Gene Feature Chromosome Start Strand mean.C9 mean.sALS mean.diff diffmeth.p.val max.C9 min.C9 sd.C9 max.sALS min.sALS sd.sALS diffmeth.p.adj.fdr 
cg01991743 HLA-DPB1 Body chr6 33053608 - 0.53255012 0.93514526 -0.4025951 2.8205E-09 0.54645425 0.52196659 0.01161991 0.93736073 0.93106192 0.00354055 0.000657159 
cg02479782   chr2 71033156 - 0.08616547 0.56757831 -0.4814128 6.94213E-08 0.10109941 0.06511116 0.01712859 0.58361453 0.54549181 0.0197684 0.004621346 

cg05176970 NXN Body chr17 724273 - 0.32390579 0.86092051 -0.5370147 5.86097E-08 0.36672494 0.27280937 0.04042019 0.87860763 0.84919843 0.01558562 0.004551894 
cg05757385 DMTF1 Body, 5'UTR,S_Shore chr7 86782435 + 0.51586953 0.03775466 0.47811487 2.76795E-10 0.5243235 0.50232856 0.00946688 0.03889804 0.0366098 0.00114412 0.000128983 
cg06855422 GRID2 Body chr4 94566151 + 0.6567967 0.88744411 -0.2306474 1.01743E-06 0.671497 0.64590071 0.01203351 0.90374447 0.87252469 0.01565564 0.038296974 
cg13824456   chr7 13837775 + 0.65913236 0.94498737 -0.285855 3.99844E-08 0.6841366 0.61781372 0.02935007 0.94729381 0.94043551 0.00394214 0.003726443 
cg16963093 ATXN7L1 Body chr7 105399252 - 0.9394996 0.52630154 0.41319807 3.8615E-08 0.95098179 0.92212853 0.01226695 0.5327807 0.51540237 0.00949494 0.003726443 
cg18391209 CAPN8 Body, S_Shelf chr1 223747670 + 0.2690462 0.88139326 -0.6123471 1.21878E-06 0.37519004 0.22148829 0.07141182 0.90552192 0.8332934 0.04165577 0.038296974 
cg21859421 FAM63A 3'UTR chr1 150969592 + 0.83669359 0.44255613 0.39413747 1.16428E-06 0.87387728 0.79729194 0.03141466 0.4614775 0.41630772 0.02345936 0.038296974 
cg25385150 RADIL Body chr7 4870012 - 0.02803994 0.23824586 -0.2102059 2.78835E-07 0.03308603 0.02339106 0.00396993 0.28263267 0.188238 0.04744772 0.014437062 
cg26207657   chr10 112207327 - 0.04712509 0.41508998 -0.3679649 3.44885E-07 0.04884511 0.04485146 0.00170554 0.49307538 0.31470228 0.09127233 0.01607118 
cg26980937   chr14 56991775 - 0.804706 0.48785011 0.31685589 1.23277E-06 0.83846277 0.78772934 0.02319046 0.50329394 0.4755459 0.01413794 0.038296974 
cg27084028 RSPH10B Body chr7 6836436 - 0.57655589 0.03070678 0.5458491 7.79253E-07 0.72950793 0.42038102 0.12653672 0.03463098 0.0278022 0.00352672 0.033011053 
cg27481428  Island chr7 155623690 + 0.49890796 0.91765589 -0.4187479 4.79864E-09 0.51976908 0.48125949 0.01584754 0.92091225 0.91347315 0.00380509 0.000745368 
cg27519424 HLCS 5'UTR, Island chr21 38362420 + 0.30999236 0.03223255 0.27775981 1.48397E-07 0.3387686 0.28498244 0.02752448 0.03830288 0.02280638 0.00827536 0.008643859 

Probe Gene Feature Chromosome Start Strand mean.C9 mean.sALS mean.diff diffmeth.p.val max.C9 min.C9 sd.C9 max.sALS min.sALS sd.sALS diffmeth.p.adj.fdr 

cg01991743 HLA-DPB1 Body chr6 33053608 - 0.53853642 0.93535105 -0.3968146 5.622E-08 0.54697482 0.52820414 0.00952757 0.93763844 0.93113235 0.00365784 0.013099071 
cg05176970 NXN Body chr17 724273 - 0.34068042 0.86069218 -0.5200118 2.6323E-07 0.36695442 0.31236698 0.02735081 0.87828891 0.84969568 0.01539694 0.030666166 
cg05757385 DMTF1 5'UTR, Body, S_Shore chr7 86782435 + 0.51529318 0.03716687 0.47812631 7.9474E-09 0.52602879 0.50246358 0.01192134 0.03850293 0.03599819 0.00126073 0.003703437 
cg13824456   chr7 13837775 + 0.65765728 0.94502923 -0.287372 5.19E-07 0.68875633 0.62144488 0.0339458 0.94745257 0.94030238 0.00409402 0.040308769 
cg16963093 ATXN7L1 Body chr7 105399252 - 0.9388168 0.52422997 0.41458684 4.9783E-07 0.95116487 0.9230509 0.01436524 0.53014049 0.51369185 0.00914879 0.040308769 
cg27481428  Island chr7 155623690 + 0.50004335 0.91856148 -0.4185181 9.2856E-08 0.5201825 0.48190016 0.01921906 0.92221442 0.91422788 0.00403654 0.014423379 
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3.3 Discussion 

This case series of patients with the C9orf72 expansion supports many of the recent 

findings from neuropathological studies. This study demonstrates a correlation of the 

burden of TDP-43 pathology with clinical subtype within the ALS-FTD spectrum, both 

using semi-quantitative immunohistochemistry for total TDP-43 and quantitative 

immunofluorescence for pTDP-43. The results support the findings from other 

C9orf72 clinicopathological studies, that have established a firm regional correlation 

between TDP-43 pathology and clinical phenotype in the C9orf72 ALS/FTD spectrum 

(Baborie et al., 2015; Mackenzie et al., 2015). 

This study also confirms the relative absence of dipeptide inclusions from lower 

motor neurons, as well as their distribution throughout the brain, which has 

previously been reported (Mizielinska et al., 2013; Baborie et al., 2015; Cooper-

Knock, Higginbottom, et al., 2015; Mackenzie et al., 2015). While dipeptide species 

other than GA were not studied, previous publications have suggested GA to be 

correlated with other dipeptide species (Baborie et al., 2015; Mackenzie et al., 2015). 

Interestingly, a trend towards increasing GA dipeptide inclusions in C9orf72 FTD 

cases compared with C9orf72 ALS cases in hippocampus and frontal cortex was 

observed, but this was not significant, but an increased dipeptide load has previously 

been suggested in FTD patients (MacKenzie et al., 2013). Supporting these results, 

the relative absence of dipeptide inclusions in lower motor neurons could signify a 

specific pathophysiological role of dipeptides in the development of cognitive 

impairment. Furthermore, C9orf72 repeat carriers with FTD have been reported to 
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have a number of cognitive deficits and have extensive dipeptide pathology at post-

mortem with little TDP-43 pathology (Proudfoot et al., 2014; Vatsavayai et al., 2016). 

There was no association between number of sense foci and the clinical phenotype. In 

previous studies, an inverse correlation of frontal cortex foci with age of onset has 

been observed (Mizielinska et al., 2013). Antisense foci, which have been linked to 

TDP-43 pathology (Cooper-Knock, Higginbottom, et al., 2015), were not assessed in 

this study. 

C9orf72 variant 2 mRNA downregulation, like dipeptide burden and foci, did not 

have a regional relationship to clinical pathology, with significant downregulation of 

C9orf72 transcripts being seen in the cerebellum. Other studies have shown 

downregulation of the dominant C9orf72 variant 2 in frontal cortex or cerebellum 

(DeJesus-Hernandez et al., 2011; Gijselinck et al., 2012; van Blitterswijk et al., 

2015). Other isoforms have been less well studied, but an early study indicated 

downregulation of transcript variant 1 (Gijselinck et al., 2012) and a further study 

used qRT-PCR to look at short and long isoforms and showed that both were 

downregulated in frontal cortex (Waite et al., 2014). A more recent study suggested 

that transcript variant 1 may be undetectable by qPCR and used nanostring 

technology to assess the abundance of the transcript, correlating lower V1 values in 

the cerebellum with decreased survival (van Blitterswijk et al., 2015). The authors 

also suggested that exon 1a containing transcripts could compensate for the reduction 

in V2 transcripts. The current study did results do not indicate any significant 

patterns in V1 and V3 expression. It is notable that relative expression of these 

isoforms is so low, that meaningful compensation could only occur if there was a 
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marked upregulation of these isoforms, which was not seen here. Neuropathological 

studies such as this one can only provide associations of the described C9orf72-

specific molecular mechanisms with TDP-43 pathology. Here, mechanisms of C9orf72 

pathology that have been implicated in loss of function (downregulation of 

transcripts) as well as those implicated in gain of function (foci and dipeptides) are 

both present throughout all areas studied. This study therefore does not lend support 

for any of the three postulated pathomechanisms leading to TDP-43 pathology and 

disease. 

Promoter methylation has been studied both in relation to reduced C9orf72 

expression as well as a potentially independent phenomenon or marker. 

Hypermethylation of the promoter has been confirmed by multiple studies, but 

increasing evidence is emerging that within C9orf72 cases there are examples of both 

low and high promoter methylation (Russ et al., 2015). Only a single case of C9orf72 

promoter hypermethylation was found in this cohort using bisulfite sequencing, 

confirming previous reports from a study using direct bisulfite sequencing which only 

found hypermethylation in one of ten cases(Belzil et al., 2014). This same study also 

highlighted an apparent inconsistency between promoter DNA methylation and the 

presence of histone trimethylation in C9orf72 patients. Although histone 

trimethylation was not studied here, information relating to histone modifications 

and chromatin conformation may shed further light on C9orf72 regulation and, given 

the dynamic nature of chromatin, may prove valuable in offering potential 

therapeutic avenues for exploration. 
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Of interest is the presence of differences particularly in the cerebellum, where 

significant differences in dipeptide accumulation, sense foci and V2 transcript 

downregulation were observed between C9orf72 HRE carriers and controls in this 

study. The cerebellum is grossly clinically unaffected in ALS and FTD (Tan et al., 

2014). Interestingly, there has been an abundance of reports with more frequent 

significant results in the cerebellum (Tan et al., 2014; Russ et al., 2015; van 

Blitterswijk et al., 2015). It is not clear however, if this is due to the cerebellum 

playing a key role in the pathogenesis in C9orf72 positive ALS/FTD or if this is simply 

a reflection of the fact that cerebellar granule cells predominate the signature in the 

cerebellum causing less interference from variations in tissue composition. 

With the advent and greater accessibility of genomic techniques, it has been possible 

to use sequencing technologies and array-based methods for the investigation of 

global changes in methylation in the CNS. Previous studies in other 

neurodegenerative diseases have found small but significant changes in the 

differential methylation in ALS and Alzheimer’s Dementia (Morahan et al., 2009; 

Bakulski et al., 2012; De Jager et al., 2014). The results generated here do not show 

major differences in methylation between C9orf72 cases, sALS controls and age-

matched controls. This study did suffer from the limitation that only one of four sALS 

cases and one of four C9orf72 cases had TDP-43 inclusions in the prefrontal cortex, 

though there were no striking differences between the cases with and without 

pathological prefrontal cortex involvement on exploratory data analysis, despite 

known divergent differential expression changes and splicing changes previously 

observed in these areas (Prudencio et al., 2015). 
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Further neuropathological research into C9orf72-positive ALS would benefit from cell 

specific analysis of expression and methylation, as the cellular make up could affect 

the result in this and previous studies. It is likely that temporal variations in 

methylation and expression are highly dynamic and more research will be required to 

determine what determines high and low methylation cases as well as the wide 

differences in C9 expression seen in this and previous studies. 
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Chapter 4: Modelling ALS using iPSC derived 

motor neurons 

4.1 Introduction and Aims 

Studies of iPSMNs from ALS patients have thus far concentrated on the pathological 

features of the cultured cells through phenotypic characterisation as well as the 

investigation of pathways thought to be affected by the mutation (Almeida et al., 

2013; Kiskinis et al., 2014; Zhang et al., 2015; Dafinca et al., 2016). Studies have 

consistently recapitulated RNA foci (Almeida et al., 2013; Sareen et al., 2013; 

Haeusler et al., 2014). However more downstream products of the HRE have been 

more elusive. Dipeptide repeats have been detected on dot blot only (Dafinca et al., 

2016; Lopez-Gonzalez et al., 2016), confirming their presence but not their 

aggregation. Aggregation of p62 has not been consistently demonstrated (Sareen et 

al., 2013; Dafinca et al., 2016). TDP-43 has been studied in iPSMNs, with one study 

suggesting that it may be mislocalised as a result of nucleo-cytoplasmic transport 

defects induced by the C9orf72 HRE (Zhang et al., 2015), but another study of 

cortical neurons did not observe such changes (Almeida et al., 2013). Given the 

relative immaturity of iPSMNs even after prolonged culture (Handel et al., 2016; Ho 

et al., 2016), questions about the disease relevance of the model are important. The 

ability to demonstrate at least some of the pathological features of ALS including 

TDP-43 mislocalisation and alteration would be of great importance to the field. 
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The aim of this study was to investigate specific pathological features of ALS due to 

the C9orf72 HRE in iPSMNs, building on findings from the neuropathological study in 

Chapter 3. For this, the iPSMN differentiation was optimised and characterised. 

Firstly, C9orf72 specific features such as the occurrence of sense RNA foci and 

inclusions formed from GA dipeptide repeats and p62 were studied in C9orf72 HRE 

positive iPSMNs. Secondly, the presence of pathological features of ALS was assessed. 

This included the presence of TDP-43 mislocalisation, aggregation, 

hyperphosphorylation and fragmentation. Finally, RNA sequencing analysis was 

performed comparing a C9orf72 HRE line with its isogenic control derived using 

CRISPR-Cas9 gene editing. 

4.2 Prior work 

The work presented in this thesis builds extensively on detailed characterisation of 

C9orf72 HRE positive iPSMNs (Dafinca et al., 2016) as well as the generation of a 

CRISPR-Cas9 corrected isogenic control line (Ababneh, 2017). Induced pluripotent 

stem cells were obtained through skin biopsy from patients with C9orf72 positive 

ALS-FTD patients and age-matched controls. Reprogramming was performed at the 

James Martin Stem Cell Facility and the resulting cell lines passed quality control 

including pluripotency testing, karyotyping and SNP-chip analysis (Dafinca et al., 

2016). 

After differentiation, iPSMNs derived from C9orf72 HRE carriers have reproducible 

phenotypic differences compared to cell lines from healthy controls. C9orf72 HRE 

positive iPSMN have increased susceptibility to apoptosis as evidenced by elevated  
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Figure 4.1: Prior phenotyping of iPSMNs (figures and work by Dr Ruxandra Dafinca) 

 
Figure 4.1: Data are represented as mean ± SEM.A: Immunostaining for cleaved caspase-3 
shows increased frequency of apoptotic neurons in C9orf72 MNs compared to control MNs 
(*, p < .05; **, p < .01, one-way ANOVA with Dunnett's post hoc test); n = 3 independent 
differentiations; m = 400 cells per genotype analyzed for each individual experiment.  
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Figure 4.1 (continued): 
 
B: Reduced cell viability was detected in C9orf72 MNs by PI staining (***, p < .001, one-way 
ANOVA with Dunnett's post hoc test) n = 2 independent differentiations. C: Measurement of 
the TG-evoked ER Ca2+ release shows significantly higher ER Ca2+ levels in C9-T2 and 
C9-7245 lines compared to OX3-9 (***, p < .001; *, p < .05; one-way ANOVA with Dunnet's 
post hoc test); n = 3 independent differentiations, m = 150–200 neurons recorded per 
genotype. D: Immunoblotting for the antiapoptotic Bcl-2 protein shows downregulation of 
levels in patient lines (*, p < .05; **, p < .01, one-way ANOVA with Dunnett's post hoc test); 
n = 3 independent differentiations (n = 2 independent differentiations for AH017-13 and OX1-
61), m = 3–4 technical replicates. E: Electron micrographs (EM) show mitochondrial 
alterations in 88% of C9orf72 neurons (**, p < .01, ANOVA with Dunnet's post hoc test). F: 
PolyA binding protein (PABP) positive stress granules form in C9 CNs (***, p < .001, one-
way ANOVA with Dunnett's post hoc test).  
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cleaved caspase-3 levels (Figure 4.1A, Dr Ruxandra Dafinca) and propidium iodide 

(PI) staining (Figure 4.1B, Dr Ruxandra Dafinca). C9orf72 patient derived iPSMNs 

also have significantly higher ER calcium stores measured through thapsigargin-

induced calcium release (Figure 4.1C, Dr Ruxandra Dafinca). These changes 

correspond to a reduction in Bcl-2 levels in the cells (Figure 4.1D, Dr Ruxandra 

Dafinca). Bcl-2 is an important modulator of calcium signalling and an anti-apoptotic 

protein. There is a marked increase in abnormal mitochondrial morphology on 

electron microscopy in C9orf72 HRE positive iPSMNs compared to healthy controls 

(Figure 4.1E, Dr Ruxandra Dafinca). Finally, up to a fivefold increase in the frequency 

of neurons with PABP-positive stress granules was observed in C9or72 HRE positive 

iPSMNs compared to controls (Figure 4.1F, Dr Ruxandra Dafinca).  

These experiments were followed by the successful generation of an isogenic control 

line from one C9orf72 patient line (Ababneh, 2017) using clustered regularly 

interspaced short palindromic repeats (CRISPR) technology. Excision of the repeat 

was done using a double nicking approach using two guide RNAs, ensuring increased 

genomic specificity. A donor template containing the 2 repeats was inserted together 

with a puromycin selection cassette flanked by LoxP sites. Following successful 

integration and screening using puromycin, the selection marker was removed using 

Cre recombinase (Figure 4.2A, Dr Nida’a Ababneh). The absence of the repeat in the 

edited line was confirmed using repeat primed PCR and direct capillary sequencing 

(Figure 4.2B, Dr Nida’a Ababneh). 
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Figure 4.2: Design and confirmation of CRISPR/Cas9 isogenic control line (figures and 
work by Dr Nida’a Ababneh) 
 

 
 
 
 

 
Figure 4.2: A: Experimental method for CRISPR/Cas9 excision of repeat. gRNA: guide 
RNA, DSB: double strand breaks PCR: polymerase chain reaction. B: Confirmation of 
absence of repeats in CRISPR/Cas9 edited lines using repeat primed PCR.  

Healthy control 
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4.3 Results 

4.3.1 Optimisation and characterisation of a protocol for motor neuron 

differentiation  

The efficient, reliable and reproducible generation of motor neurons from iPSCs is a 

key prerequisite for ALS research. The starting point for this optimisation was a 

recently published motor neuron disease protocol (Qu et al., 2014), which, while 

generating 50% motor neurons after 30 days of differentiation, had two major 

shortcomings. Firstly, significant cell death was observed in the early stages of the 

protocol, and secondly there was ongoing proliferation in the later stages of the 

protocol which was paradoxical given the postmitotic condition of motor neurons, 

implying that these cells were motor neuron precursors. 

To improve on this, insights from a combinatorial and systematic approach to motor 

neuron differentiation (Maury et al., 2014) were introduced, while maintaining cells 

in monolayer culture. The first step included the introduction of a new medium 

containing Neurobasal medium and β-mercaptoethanol. The timings of SAG and RA 

administration were adjusted and SMAD inhibition by compound C was 

supplemented with Wnt activation using Chir99021. Prolonged incubation with these 

modifications yielded the desired increases in OLIG2 concentration (Figure 4.3A). 

Given the near-ubiquitous OLIG2 expression on day 16, DAPT was added at this 

stage, accelerating the neuronal maturation and conversion to postmitotic neurons 

and achieving a static culture, with high neuronal content as visualised using 

fluorescent (Figure 4.3B) and light microscopy (Figure 4.3C).  
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Figure 4.3: Characterisation of iPSMN differentiation protocol 
 
 

  
 

      
 

 
Figure 4.3: Motor neuron differentiation efficiency. A: Representative consecutive 
immunostaining for Olig2 staining from patient C9-2 line 2 showing increasing OLIG2 
proportions with time. B: Example immunofluorescence staining at day 35 from line C9-4. C: 
Panel of four experiments showing light microscopic image of differentiation. D: Quantified 
differentiation efficiency at day 32-40 from four independent differentiations for ChAT, SMI-
32 and Islet1. 

   

d10 d11 d13 d14 d15 d16 

OLIG2 
100 μm 

C
hA

T
 

 
D

A
P

I 
 

S
M

I-3
2 

C
on

tro
l 3

 
C

on
tro

l 2
 

C
9 

pa
tie

nt
 T

 li
ne

 1
 

C
9 

pa
tie

nt
 1

 li
ne

 1
 

A 

B C 

D 



137 

The differentiation was quantified using the markers ChAT, SMI-32 and Islet-1, 

showing high proportions of the mature motor neuron markers ChAT and SMI-32, 

but low proportions of Islet-1. Between lines, differentiation was consistently 

successful with more than 80% of cells expressing ChAT, but there were both control 

and patient lines that consistently did not yield successful differentiations, and these 

lines were not used in subsequent experiments. 

4.3.2 iPSMNs from C9orf72 patients have sense RNA foci but no dipeptide 

aggregates 

To assess the presence of pathological hallmarks of the C9orf72 HRE expansion, the 

frequency of sense RNA foci was investigated using a Cy3 tagged repeat RNA 

oligonucleotide probe. Approximately 30% of patient iPSMNs had RNA foci, which 

were not seen in control iPSMNs (Figures 4.4A and 4.4B). Most cells with RNA foci 

had one focus, but some cells had up to three foci in this study (Figure 4.4C). RNA 

foci were confirmed to be sensitive to incubation with RNases, but were resistant to 

DNase treatment (Figure 4.4D). GA dipeptide inclusions, readily detected in 

hippocampal and cortical neurons at post-mortem, were not detected in iPSMNs, even 

after treatment with the proteasomal inhibitor MG-132. This was confirmed by the 

absence of p62 inclusions in the same cells (Figure 4.5B). p62 staining intensity 

increased in both control and patient iPSMNs, and occasional circumscribed areas of 

particulary high p62 staining were observed in all cell lines. 
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Figure 4.4: Sense RNA foci in C9orf72 HRE iPSMNs 
 
 

 

 

  
 

 
 
Figure 4.4: Sense RNA foci are present in C9orf72 HRE positive motor neurons. A: 
Representative fluorescent in situ hybridisation images from three patient lines and one 
control line. B: Proportion of Tuj1-positive neurons with RNA foci in cell lines OX1-19 
(control) and T26, 7245-1, 7245-3 (C9orf72 positive cases). Cell count >120 cells, five fields 
of view per cell line. C: Frequency of foci per cell in Tuj1-positive neurons in all c9orf72-
positive cell lines. Cell count: 126 cells. D: Representative images following RNase and 
DNase treatment. Summary shows proportion of cells with RNA foci in cell lines T26, 7245-
1, 7245-3 (C9orf72 positive cases) with and without treatment. Cell count >150 cells. 
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 Figure 4.5: GA dipeptide and p62 immunofluorescence in C9orf72 HRE iPSMN 
 
 
 

       

       

       

       
 
Figure 4.5: No GA dipeptide staining observed in iPSMNs at rest or following 24 hours of 
MG132 treatment. Following 24 hours of MG132 treatment, the intensity of cytoplasmic p62 
staining increases both in control and patient cell lines. Areas of particularly high staining 
intensity can occasionally be seen in both conditions.  
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 Figure 4.6: TDP-43 and pTDP-43 immunofluorescence in C9orf72 HRE iPSMNs 
 
 
    

    

       

       

       

 

 

 

  

A 

Control 
Untreated 

C9orf72 +ve 
Untreated 

Control 
24h MG-132 

C9orf72 +ve 
24h MG-132 

SMI-32 TDP-43 pTDP-43 DAPI 

10 µm 



141 

Figure 4.6 (continued)

 

Figure 4.6: No abnormality of TDP-43 can be detected in iPSMNs at rest or following 24 
hours of MG-132 treatment. A: Representative fluorescent images from control and patient 
lines showing TDP-43 and phospho-TDP-43 during control conditions and after 24 hours of 
MG-132 in SMI-32 positive neurons. No TDP-43 and phospho-TDP-43 inclusions are seen. 
Mislocalisation of TDP-43 from the nucleus to the cytoplasm is seen to an equal degree in 
control and patient neurons following 24 hours of MG-132 treatment. Image size: 135 
micrometers B: Quantification of TDP-43 mislocalisation by a ratio of nuclear to cytoplasmic 
intensities shows no differences between control, patient and CRISPR corrected lines both 
at rest and following MG-132 treatment. Data was obtained through three independent 
differentiations. A mean of 20 neurons was analysed per line per condition (range 6 to 38). 
Combined plots contain >50 neurons per condition. Error bars: standard deviation. 
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4.3.3 TDP-43 is not mislocalised or aggregated in iPSMNs from C9orf72 

patients 

iPSMNs were then analysed for the presence of TDP-43 inclusions, which are the 

hallmark of ALS and are readily seen in motor neurons of C9orf72 HRE positive 

patients. No aggregation of TDP-43 was seen in the C9orf72 HRE positive lines. In 

line with this finding, there was also no visible phospho-TDP-43 staining in these 

cells, even after proteasomal inhibition with MG-132 (Figure 4.6A). Quantification of 

the nuclear cytoplasmic ratio of TDP-43? in C9orf72 HRE positive cells showed no 

difference nuclear/cytoplasmic ratio in patient cells compared to controls (Figure 

4.6B). 

4.3.4 Insoluble TDP-43 is post-transcriptionally modified in C9orf72 

patients and controls 

No significant abnormalities can be seen in the soluble (in Triton X-100) TDP-43 

fraction of C9orf72 positive iPSMN compared to control iPSMNs (Figure 4.5A). TDP-

43 protein levels were increased following 24 hours of MG-132 treatment compared 

to untreated cells, but again no differences were observed between the two 

genotypes. An SDS-soluble fraction was obtained from the Triton-X insoluble fraction. 

Following treatment, control as well as patient lines contained a hyperphosphorylated 

TDP-43 band as well as 35 and 25 kDa bands (Figure 4.7A).  
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 Figure 4.7: Soluble and insoluble TDP-43 in C9orf72 iPSMNs 
Control MG-132 
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Figure 4.7 (continued) 

 

     
Figure 4.7: The SDS soluble fraction contains multiple TDP-43 species in iPSMNs. A: 
Example Western blot showing TDP-43 in control and patient cell lines with and without MG-
132 treatment. In the soluble fraction TDP-43 levels are variable, the insoluble fraction 
demonstrates the presence of a 35kDa fraction at rest condition and the additional  
appearance of a hyperphosphorylated band and a faint 25kDa band following MG-132 
treatment. The additional bands are seen both in control, patient and CRISPR corrected 
lines. B: Quantification of soluble TDP-43 in control conditions and following MG-132 
treatment. Soluble actin was used as loading control. No significant differences were 
observed between conditions and there was high variability of TDP-43 levels across four 
differentiations studied. Error bars: standard deviation. 
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4.3.5 208 genes are differentially expressed between the CRISPR/Cas9 

corrected line and its C9orf72 HRE 

To investigate pathways related specifically to the hexanucleotide expansion, the 

C9orf72 patient line 2 and its isogenic CRISPR/Cas9 control were analysed by RNA 

sequencing. Cells were harvested at day 30 and replicates were generated by 

independent differentiations. RIN values of extracted RNA were above 9.5, and RNA 

sequin spike-ins were added to the RNA prior to library preparation. Five replicates of 

the patient line and three replicates each from two independently generated 

CRISPR/Cas9 corrected clones were successfully sequenced and passed quality 

control. 

Abundance estimation with Salmon confirmed a high correlation between sequin 

concentrations and normalised transcripts per million (Figure 4.8A). No effects of the 

timing of the differentiation or the person performing it were observed on exploratory 

data analysis. Principal component analysis did not show separation of the two 

experimental groups (Figure 4.8B). Differential expression analysis using DESeq2 

found 208 genes differentially expressed between C9orf72 HRE iPSMNs and their 

isogenic controls (FDR < 0.05, absolute log2-fold change > 1, Figure 4.8C). Accuracy 

of differential expression was ascertained using sequins and a limit of detection ratio 

for log2 fold changes of 1 and above was estimated to be 5 transcripts per million 

(Figure 4.8D). 
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 Figure 4.8: RNA Sequencing analysis of C9orf72 HRE iPSMNs and isogenic controls 
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Figure 4.8 (continued) 

 

Figure 4.8 (continued): Analysis of RNA sequencing. C9 = C9orf72 HRE positive iPSMN, 
CRISPR = isogenic control iPSMNs. A: Input concentrations of RNA sequin spike-ins 
averaged across all samples plotted against log2 scaled transcripts per million (TPM) 
derived from salmon. B: Principal component analysis for submitted samples. C: MA plot 
showing log2 fold change in differentially expressed genes versus normalised counts 
(measure of relative abundance). D: Measured log2 fold difference between the two 
samples for sequins with known concentrations and level of detection curves for sequins. 
Ratio: known log2 fold change between the two conditions. E: Normalised counts for ALS 
genes of interest in the two conditions studied.  
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On exploratory analysis of the results, two classes of genes were noted. Firstly, there 

was significantly lower expression of 32 zinc finger proteases in the CRISPR 

compared to the C9orf72 positive line. Secondly class switching was observed for 

protocadherins: Protocadherin Gamma Subfamily A 1-3 and 5-7 being more 

expressed in C9orf72 positive neurons, whereas PCDHGB 6 and 7 found more 

abundant in the isogenic controls. 

There were some significant differences in key transcription factors involved in 

neuronal differentiation. SOX6, Nkx6.1, PAX8 were more abundant in C9orf72 HRE 

positive cells. PAX8 was very lowly expressed overall. HoxC6 and HoxB13 were more 

highly expressed in CRISPR isogenic controls. However, Islet1, Hb9 and ChAT were 

not significantly different between the conditions. As reported previously in iPSMNs 

(Sances et al., 2016), more rostral genes such as HoxA4-5 and HoxC6-8 were 

expressed robustly, whereas lumbar Hox genes HoxC9-10 were lowly expressed and 

HoxC11-12 were not expressed at all. 

C9orf72 expression was lower in C9orf72 HRE positive iPSMNs by 29%, but this was 

not significant after FDR correction (Figure 4.8E). 

4.3.6 Pathways related to transcription and to the extracellular domain 

particularly enriched in the differentially expressed genes 

The robustness of differential expression between the two groups was ascertained 

using permutation analysis and this demonstrated the experimental and biological 

relevance of the differential expression result (Figure 4.9A). 
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Figure 4.9: Pathway analysis of differential expression between C9orf72 positive 
iPSMNs and CRISPR controls 

          

                

Figure 4.9: A: Number of differentially expressed genes after permutation of sample labels 
shows that higher differential expression was seen in only 4 of 100 permutations, underlining 
the biological relevance of the result (p = 0.04). B: The 208 differentially expressed genes 
are functionally related, as demonstrated by Phenotypic Linkage Network Analysis, using a 
nervous system specific network. The red line shows the strength of links in the dataset, 
compared to the distribution of link strength for samples randomly drawn from the nervous 
system network. C: The results dataset was not related or functionally similar to the dataset 
of known genes with ALS mutations. . Abbreviation: DE = differentially 
expressed/differential expression; PLN = Phenotypic Linkage Network  
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GO enrichment analysis of the results against a central nervous system background 

revealed only the one term to be significant against a neuronal background: 

GO Term OR FDR Type 

cell-cell adhesion via plasma-membrane adhesion molecules 7.7683 0 BP 

Table 4.1: GO terms for RNA sequencing results against central nervous system 
background (Hippocampus).  
Types of GO term: BP = biological process, MF = molecular function. 

To further explore subgroups within the dataset, phenotypic linkage network analysis 

was performed on the results dataset, using a nervous system specific network 

constructed from multiple ontology and protein interaction databases (Honti et al., 

2014). The network analysis showed that the differentially expressed genes were 

more strongly linked than a random geneset adjusted for gene length (Figure 4.9B). 

The differentially expressed genes were not found to be related to genes known to 

harbour ALS causing mutations (Figure 4.9C). 

Subdivision of the differentially expressed genes in the network yielded communities 

that are more interlinked between themselves than with other members of the 

network (Modularity score = 0.45). The subdivision enabled ontological analysis of 

subgroups. Differential expression between the C9orf72 positive iPSMN and the 

CRISPR controls was driven by dysregulation of transcription and DNA binding, but 

also caused by alteration of transcription in genes related to extracellular function, 

receptor binding and extracellular vesicles. The third notable group was the alteration 

of transcription in genes related to voltage gated potassium channel transport (Table 

4.2). 
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Subnetwork Number of Genes GO enrichment (OR) 
0 1 Nucleotide diphosphatase activity (Inf) 
1 38 Transcription (7.2), DNA binding (6.9) 
2 29 Extracellular region (14.7), receptor binding 

(10.7) 
3 22 Voltage-gated potassium channel activity 

(67.5), potassium ion transmembrane 
transport (42.7) 

4 2 No enrichment 
5 26 extracellular vesicle (10.0) 
6 12 No enrichment 
7 28 Sequence-specific DNA binding (18.0) 
8 6 No enrichment 

Table 4.2: Results of Subnetwork Analysis.  
OR = Odds Ratio 

The dataset was also used to perform differential splicing analysis. Although 746 

differential splicing events were discovered between the conditions, it was not 

possible to determine the significance of these splicing changes. Permutation analysis 

carried out by randomly swapping the group label for each sample revealed that 

random alteration of group labels yielded higher number of differential splicing 

events in a fifth of cases (p=0.20, Figure 4.9D). 

4.3.7 qRT-PCR validation yields candidate genes and provides insight into 

CRISPR-specific downregulation of iPSMNs. 

qRT-PCR validation of the sequencing was performed on an extended cohort of 

samples collected over two years of iPSMN differentiations, containing independent 

samples. A total of six C92-2 samples and 10 CRISPR corrected samples (five 59-1, 

four 59-2, one 59-3) were available. Eight genes were chosen based on the results  
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Figure 4.10: Validation of RNA sequencing in iPSMNs 
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Figure 4.10: A: Results of qRT-PCR validation of RNA sequencing experiment in 8 genes 
selected on biological relevance and abundance. t-test. B: Synaptotagmin 11 (SYT11) is 
less abundant in CRISPR iPSMNs compared to C92-2(**) and other C9orf72 HRE cell lines 
(*). Control iPSMNs also have reduced SYT11 levels compared to C92-2 (***) and to other 
C9orf72 HRE positive samples (*), not shown on graph. ANOVA with Holm-Sidak post hoc 
test. C-E: CRISPR-specific downregulation of selected zinc finger gene expression. * = 
p<0.05, **p< 
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and their biological relevance, and six of these were validated by qRT-PCR (Figure 

4.10A). 

The results were also validated against 11 samples from four different C9orf72 HRE 

cell lines as well as against 15 samples from four control lines, which provided 

important information on the generalisability of the results. Synaptotagmin 11 

(SYT11) was less abundant in the CRIPSR and control cell lines compared to both the 

C9orf72 HRE cell line of origin, but also to the remaining C9orf72 HRE positive 

samples (p < 0.05 ANOVA, Holm-Sidak’s post hoc comparisons test, Figure 4.10B). 

Zinc finger proteins on the other hand, were found to be downregulated specifically 

in all isogenic CRISPR control lines, but none of the remaining lines, suggesting a 

persistent effect of CRISPR/Cas9 correction, which was replicated in three 

independent CRISPR cell lines (59-1, 59-2 and 59-3, Figures 4.10C-E).  

4.4 Discussion 

This study of iPSMNs derived from C9orf72 HRE carriers concentrated on 

characterising and assessing for the presence of pathological signatures of C9orf72 

ALS observed in post-mortem studies. 

The study confirms that sense RNA foci, a direct product of C9orf72 transcription are 

easily and consistently detected in iPSMNs, in line with previous studies. While some 

have reported similar results after foci quantification of 1-3 foci in around 20% of 

cells (Sareen et al., 2013), others have detected a mean of 7 sense foci in iPSMNs 

(Donnelly et al., 2013). These differences may result from different thresholds being 
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selected for quantification and small differences in hybridisation protocols. The 

results presented here are in line with neuropathological studies that quantified RNA 

foci using the same hybridisation method (Mizielinska et al., 2013; Cooper-Knock, 

Higginbottom, et al., 2015). 

The absence of dipeptide inclusions in this study is in line with neuropathologic 

findings post-mortem studies including the earlier findings of this thesis, where spinal 

motor neurons only rarely show dipeptide accumulation. Other groups who have 

investigated cortical neurons have not observed dipeptide inclusions in these cells 

either, suggesting it may be difficult to model this feature of C9orf72 pathology in a 

dish (Almeida et al., 2013). Other studies in iPSMNs, presumably under different 

culture conditions or using different antibodies, have been able to demonstrate 

dipeptide staining in lower motor neurons (Donnelly et al., 2013; Westergard et al., 

2016). The absence of p62 inclusions, which in neuropathologic tissue co-stain either 

with dipeptide antibodies or TDP-43 antibody is therefore not surprising in this 

cohort. Increased staining for p62 is indeed seen following treatment with the 

proteasomal inhibitor MG-132 as expected. However, there were no differences in 

staining morphology between control and patient lines observed in this study. This is 

consistent with previous observations of the same model, showing increased p62 

aggregation in cortical neurons but not motor neurons (Dafinca et al., 2016).  

This study, using a wide range of cell lines from C9orf72 carriers, did not reveal any 

TDP-43 mislocalisation in C9orf72 patient lines, both compared to three control lines, 

as well as a CRISPR controls. All cell lines displayed similar levels of 

nuclear/cytoplasmic ratios of TDP-43 staining intensity, both in control conditions 
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and following 24 hours of stress. The absence of mislocalisation and aggregation of 

TDP-43 and the absence of differences in post-translational modification between 

control and patient lines, indicates that TDP-43 dysfunction may result at a later 

stage, and may not be captured by this iPSMN model. The results do not exclude the 

possibility of subtler TDP-43 abnormalities. Indeed, cytoplasmic dysfunction of TDP-

43 does not require aggregation (Conicella et al., 2016) and other pathophysiological 

mechanisms such as liquid phase-transition abnormalities as well as stress granule 

formation could be involved. It is however also possible that TDP-43 acts downstream 

of other pathways triggered by the hexanucleotide repeat expansion. 

RNA sequencing of the iPSMN model yielded important findings. Cell-to-cell adhesion 

was enriched in the geneset even when controlling for neuronal subtype. Within this 

group the differential regulation of cadherin related genes appears to be important, 

but requires further validation. Protocadherin-gamma is known to be required for 

synaptic development and protocadherin gamma mutant mice have interneuron 

degeneration (Wang et al., 2002; Weiner et al., 2005). Protocadherin gamma 

expression is highest in neural tissues, and protocadherin gamma protein levels and 

its subcellular distribution has been postulated to undergo significant changes during 

development (Kallenbach et al., 2003). The other important finding of this study is 

the finding that synaptotagmin 11 (SYT11) is lower in iPSMNs derived by CRISPR 

correction and healthy control iPSMNs compared to C9orf72 HRE carriers. SYT11 is 

expressed mainly in the brain (Yeo et al., 2012). One report suggested it may inhibit 

clathrin-mediated endocytosis (Wang et al., 2015). 
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The findings of CRISPR-specific downregulation in the results is of equal importance. 

CRISPR-Cas9 system and zinc finger proteins are both nucleases. The zinc finger 

nucleases downregulated in this experiment are spread throughout the genome at 

multiple loci, so a direct off-target effect is very unlikely. The more likely explanation 

is a lasting effect that occurred during the CRISPR treatment, possibly at the 

epigenetic level as a response of the cell to nuclease attack. What is particularly 

interesting here, is that the downregulation of nucleases was persistently observed in 

samples collected over a 1 year period at different passages. Further work will be 

required to elucidate the mechanism. 

The study is limited by the constraints of the iPSC model and its inherent variability 

(Merkle and Eggan, 2013; Sances et al., 2016). This is shown clearly in Figure 4.1D, 

which demonstrates that certain lines will not successfully differentiate to motor 

neurons. The variability between the lines is not connected to the quality of the 

starting material as demonstrated by the C9-T clones one of which differentiates 

successfully while the other one does not. This may have to do with differences in 

reprogramming that are not detectable using conventional methods. As such, some of 

these lines may retain epigenetic features that prevent them from acquiring a motor 

neuron fate, while passing the tests for pluripotency. Lines that were not 

differentiating successfully were excluded from the experiments, but it is plausible 

that differences in reprogramming or in the original fibroblast clone ultimately 

contribute to the variation between clones of a single line. Other factors that could 

contribute to variance in differentiation include differences in passage number, or 

differences resulting from the batches of supplements used.  
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An important question arises as to how to appropriately label and classify cells in 

these experiments. In this experiment, most cells were ChAT and SMI-32 positive. In 

the context of high concentrations of retinoic acid the cells are cholinergic spinal 

neurons and this confirms their motor neuron identity, but the absence of Islet-1 from 

the neurons raises questions about possible subgroups that will require further 

research. 

Importantly, iPSMNs are a model of ALS that allows the study of ALS-associated 

mutations in their native genetic background, without artificial overexpression of 

protein. CRISPR technology has allowed for dissection of the disease-causing 

mutations and therefore also allows study of the mutation itself with a control line 

with an identical genetic background. Despite the difficulties of working with iPSMNs 

and the large numbers of clones and replicates required for reproducible research, 

iPSMNs are therefore an important research tool which are likely to be used 

extensively in the future. 
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Chapter 5: Using RNASeq to investigate early 

transcriptional changes in ALS 

This chapter describes experiments in which the transcriptome of TDP-43 transgenic 

mice was analysed to identify early changes in the pathophysiology of ALS. The mice 

were developed in collaboration with Professor Richard Wade-Martins’ group in the 

Department of Physiology, Anatomy and Genetics, where the BAC construct was 

made. The mice were generated in a core transgenic facility at the Wellcome Centre 

for Human Genetics, Oxford, by Dr Ben Davies. The mice were fully characterised by 

Dr David Gordon in Professor Talbot’s group in the Nuffield Department of Clinical 

Neurosciences. 

5.1 Introduction: A TDP-43 BAC transgenic mouse model of 

ALS with physiologically relevant expression 

To overcome the limitations of previous mouse models in ALS, a novel approach to 

mouse modelling was taken, in which an 80kb genomic fragment containing the 

human TARDBP locus and upstream regulatory regions was cloned into a BAC vector 

and engineered to contain the TDP-43 mutation M337V. Both the wild-type construct 

and M337V construct express a Y-pet tag (modified GFP) at the C-terminal of TDP-43. 

The BAC vector was stably inserted at single copy number into the mouse genome at 

the Rosa26 locus on chromosome 6. Mice can be either homozygous or heterozygous 

for the human transgene (Figure 5.1A, Dr David Gordon). Unlike in previous models, 

human TDP-43 constitutes between 20% and 40% of total TDP in the brain and 
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between 10% and 20% in the spinal cord in these transgenic mice. In heterozygotes, 

transgenic TDP-43 expression is similar in wild type and M337V transgenic mice 

(Figure 5.1B, Dr David Gordon). At 3 months, the mouse is asymptomatic by motor 

testing and clinically indistinguishable from wild type and nontransgenic (Figure 

5.1C, Dr David Gordon). Mutant, but not wild-type, human TDP-43 mice develop 

progressive motor dysfunction at 9-12 months. This is evident by a reduced time 

spent on accelerating rotarod testing as well as grip strength testing. Motor weakness 

is dose dependent in mutant mice as evidenced by worsening of the phenotype 

between heterozygous and homozygous mice.   

Therefore, this mouse recapitulates the toxicity of the mutation, uncoupling it from 

the dose-dependent wild-type effects seen in previous models. While this mouse 

model also has no spinal cord pathology at 3 or 12 months, robust NMJ pathology is 

seen from 9 months onward. While a clinical and neuromuscular phenotype of the 

mutation emerges at 12 months in this mouse, the effects of the M337V mutation are 

observable earlier. TDP-43 cytoplasmic mislocalisation can be seen in primary motor 

neurons cultured from day E13.5 embryonic mice (not shown here), and the mouse 

shows deficits in axonal transport as early as three months. (Figure 5.1D, Dr James 

Sleigh). Taken together, this mouse has a phenotype of motor and neuropathological 

dysfunction which emerges late in adulthood, which allows for ageing and 

maturation prior to disease development. The presence of early molecular  
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Figure 5.1: Characterisation of BAC transgenic TDP-43M337V mouse model of ALS 
(Figures and work by Dr David Gordon) 

 
 

 
 

 
 

      
Figure 5.1: Design and characterisation of TDP-43M337V mouse model. A: Design of BAC 
transgene containing complete human TDP-43 chromosomal sequence with 40kb upstream 
promoter region and incorporated Ypet tag. Right panel demonstrates sanger sequencing 
result from wild type and engineered M337V mutation. B: Human TDP-43 protein expression 
in the brain and spinal cord of TDP-43WT and TDP-43M337V mice displayed as a percentage of 
total TDP-43. No significant differences are seen between genotypes. C: Differences in 
rotarod testing showing significant differences between TDP-43M337V mice and nontransgenic 
mice at 9 months in both male and female mice D: Differences in axonal transport at day 
103 between homozygous TDP-43M337V and nontransgenic mice. 
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dysfunction in mutant TDP-43 mice also allows for the study of the presymptomatic 

phenotype in adulthood. 

5.2 Aims 

The aim of this study was to characterise the transcriptional profile of the 

presymptomatic time point in the TDP-43M337V mouse model. The first aim was to 

investigate early transcriptional dysregulation, and describe earliest pathways that are 

affected by the mutation prior to the development of the disease. The second aim was 

to investigate if the constitutive function of TDP-43 in modulating splicing was 

impaired at presymptomatic and symptomatic time points, and to therefore establish 

if splicing dysfunction is an early feature of the disease which drives pathology. 

5.3 Results 

5.3.1 Quality control 

5.3.1.1 Quality and Mapping statistics reveal batch effects  

Quality control was performed for all samples, which were processed and sequenced 

in two batches: 3-month data was sequenced in the first batch, and 9 and 12-month 

data in the second batch. All sequences were of good quality, and no reads were 

marked as poor quality by ReadQC. GC content was similar across all samples and 

lanes (Figure 5.2A). The read depth was similar across all three timepoints studied, 

with higher but also more variable coverage for 9 and 12 month samples (Figure 
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5.2B). Mapping efficiency was good to excellent with 98.3%, 89.4% and 90.3% 

mapped reads at the 3, 9 and 12-month time points respectively (Figure 5.2C). Only 

13.2% of reads were duplicated in the 3 month samples, but read duplication was 

significant in the 9 and 12 month samples – 66.7% and 70.7% respectively (Figure 

5.2D). Such low library complexity could be explained by significantly lower RNA 

input for the second sequencing batch. 

5.3.1.2 9 and 12-month data was compromised by fragmentation bias 

To further investigate the differences between the two sequencing batches, gene 

coverage biases were analysed in all samples and quantified using Picard. Again, 

there were marked differences in 3’ to 5’ biases batches, with minimal bias in 3-

month data and variable bias in the samples derived from the second batch. The bias 

was however also found to be non-uniformly distributed within the 9 and 12-month 

samples, affecting wild-type and mutant transgenic samples more than nontransgenic 

samples (Figure 5.3A). The effect of the bias on the data was investigated using 

exploratory data analysis. Data exploration revealed a strong correlation between the 

median 5’ to 3’ bias and the first principal component, which represented 46.0% of 

the variance in the entire dataset (adjusted R2=0.9512, p < 2e-16, Figure 5.3B). The 

bias was also visualised using IGV (Figure 5.3C). As the bias was distributed unevenly 

between conditions, this precluded the analysis of raw 9 and 12-month data, in which 

variance would be driven by uneven gene coverage that differentially affects long and 

short genes. The 3-month dataset was of high quality and was analysed further.  
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Figure 5.2: Quality control of the RNA sequencing experiment 
 

     
 
 

    

Figure 5.2: Quality control of sequencing samples from all three time points indicating some 
batch effects between 3 month data and 9 and 12 month data. All data files received from 
the sequencing centre from individual lanes and experiments is represented.  A: GC 
fragment bias across all samples included in the experiment. The narrow distribution of the 
GC content histogram gives an indication of successful sequencing. B: Read depths were 
acceptable in all samples studied with a minimum read depth of 24 million reads. C: 
Mapping was performed by STAR and was good across all samples, with exceptional 
mapping percentages at 3 months. D: Significant levels of read duplication were detected for 
9 and 12 month data
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Figure 5.3: Analysis of fragmentation bias in RNA sequencing experiment 
 
 

 
 

  
 
 
Figure 5.3: A: Gene context specific analysis reveals significant 5’ to 3’ bias as assessed by Picard using a ratio of coverage at the two gene 
ends. Values close to 1 represent high concordance of 3’ and 5’ values. Low values signify a poor coverage at the 5’ end. B: Exploratory data 
analysis demonstrating the strong effect of 5’ to 3’ bias on the variance in the dataset. C: Gene coverage plot showing decreasing coverage 
toward the 3’ end of the Xpot gene on chromosome 10 in the top panel (TDP-43M337V 3 month timepoint) compared to the lower pane (TDP-
43M337V 12 month timepoint).
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5.3.2 Differential expression analysis at 3 months 

5.3.2.1 No significant group-wise differences were identified between 

wild-type and nontransgenic spinal cords 

In keeping with the clinical differences observed between TDP-43M337V mice and 

TDP-43WT or nontransgenic animals, exploratory data analysis revealed 

separation of TDP-43M337V mouse RNA from the other two genotypes (Figure 

5.4A). Unsupervised hierarchical clustering showed clustering of all TDP-43M337V 

mouse samples (Figure 5.4B). Two of the wild-type mice clustered closer to the 

M337V group than the remaining wild-type and nontransgenic samples. The 

similarity of nontransgenic and wild-type mouse spinal cords was reflected in a 

lack of differential expression between the two, whereas both showed robust 

differential expression compared to the mutant (Figure 5.4C). Given these 

results, together with the pathological and clinical results, nontransgenic and 

TDP-43WT mice were grouped to increase the power of the analysis. For 

completeness, differential expression analysis between TDP-43M337V and TDP-

43WT only was also performed. As compared to using NTg/WT combined as the 

control, a much smaller number of genes were found to be differentially 

expressed. However, as the vast majority of these (83%) were found with either 

control group, only the results from the more powerful NTg/WT-combined 

control comparison are reported here.   
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Figure 5.4: Exploratory data analysis of three months old mouse spinal cord RNA 
sequencing 
   

   
 

 
Figure 5.4: Results from differential expression analysis comparing all three genotypes 
in three-month-old mice. A: Principal component analysis shows the first principal 
component separating TDP-43M337V mutant mice from TDP-43WT and nontransgenic 
mice. B: Hierarchical clustering using transposed distance information derived from the 
500 most expressed genes demonstrates unsupervised clustering of TDP-43M337V mice. 
Nontransgenic and TDP-43WT mice cluster separately, with two wild-type being mice 
more similar to the mutants than the remaining wild-type and nontransgenic mice. C: 
Differential expression results from three comparisons showing no differences between 
nontransgenic and wild-type mice, but differences between TDP-43M337V mice and the 
other two groups. 
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5.3.2.2 Differential expression reveals a distinct transcriptional profile 

in presymptomatic TDP-43M337V mouse spinal cords 

5.3.2.2.1 633 genes are differentially expressed between TDP-43M337V and TDP-

43WT/nontransgenic 

Differential expression analysis was carried out on five female TDP-43M337V mice 

versus five female controls, which were either TDP-43WT or nontransgenic. A 

total of 1322 genes were differentially expressed. Permutation testing of all 

labels was performed to ascertain the specificity of the findings (p=0.007, Figure 

5.5A). As the resulting differential expression changes in this preclinical model 

were modest (Figure 5.5B), a 0.2-fold change cut-off was selected, at which 633 

genes were found to be differentially expressed. Of these, 185 were upregulated 

and 448 were downregulated. 

5.3.2.2.2 Differentially expressed genes are functionally related 

A Phenotypic Linkage Network Analysis was performed to inform the 

interpretation of the differentially expressed geneset. For this, a nervous system 

specific was constructed using relevant phenotypes from the MGI database. The 

network contained data from co-expression databases and ontological databases, 

which were normalised against data from the MGI phenotype database. 
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Figure 5.5: Results from differential expression analysis of 3 months old TDP-
43M337V versus nontransgenic and wild-type mouse spinal cords 

      

           

Figure 5.5: A: Differential expression between TDP-43M337V mutants and wild-
type/nontransgenic mice was highly robust as demonstrated by random permutation of 
genotype labels. Black line indicates the unpermuted result. B: Differential expression 
plotted against mean normalised counts, with all differentially expressed genes 
coloured in red. The data shows good normalisation. C: The 633 differentially 
expressed genes are functionally related, as demonstrated by Phenotypic Linkage 
Network Analysis, using a nervous system specific network. The red line shows the 
strength of links in the dataset, compared to the distribution of link strength for samples 
randomly drawn from the nervous system network. D: No co-clustering of differentially 
expressed genes with a set of 40 known genes harbouring ALS causing mutations was 
observed in the network analysis. 
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Using this approach, there was a more than two-fold enrichment of functional 

connections in the differentially expressed genes compared to genes randomly 

drawn from the network (p<0.001, Figure 5.5C). Differential expression in the 

dataset did not appear to be related to genes known to be mutated in ALS – a list 

of forty known ALS genes and their immediate network partners were not 

enriched in the differential expression results (Figure 5.5D). Interestingly, the 

only ALS/FTD related gene that was differentially expressed was progranulin, 

which was downregulated in the TDP-43M337V mouse. 

5.3.2.2.3 Sub-network analysis reveals important pathways involved in the 

development of ALS 

Phenotypic network analysis allows for partitioning of the network using an 

unbiased approach, so that genes in sub-networks are more connected to other 

genes from the sub-network compared to genes outside the sub-network. The 

ratio of these connection strengths is represented by its modularity. For the 

geneset generated in this experiment, 9 subnetworks were obtained with a 

resulting modularity of 0.59. Genes in each sub-network were subsequently 

tested for similarity using gene ontology testing and were found to be related to 

cellular functions relevant to motor neuron biology (Table 5.1). 
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Subnetwork Number of Genes GO enrichment (OR) 
0 91 Peptide cross-linking (30.2), extracellular 

matrix binding (25.6) 
1 82 Myelination (38.6) 
2 31 adenylate cyclase-inhibiting GPC AchR 

signaling pathway (216.6) 
3 31 Cell-cell adhesion (84.4) 
4 32 Maltose metabolic process (365.64), 

amino acid transport (123.9) 
5 80 TGF beta-activated receptor activity 

(80.8) 
6 5 Lipid transport and binding (Inf) 
7 42 G1/S transition of mitotic cell cycle (60.5) 
8 59 TLR4 signalling (64.3), TAP binding 

(50.0) 
Table 5.1: Results of Subnetwork Analysis.  
OR = Odds Ratio 

5.3.2.3 No evidence of TDP-43 nuclear dysfunction 

5.3.2.3.1 No splicing changes seen in TDP-43M337V mice 

Despite the robust differential expression changes, no differences in splicing 

between TDP-43M337V mice and controls were observed using rMATS with a 

predetermined power threshold for detection of differential splicing events of at 

least 1% magnitude (Figure 5.6A). 

5.3.2.3.2 Differentially expressed genes are not enriched for TDP-43 binding 

sites 

To test the hypothesis of correlation of the differentially expressed dataset with 

TDP-43 binding, a previously published HITS-CLIP dataset (Polymenidou et al., 

2011) was analysed and peaks were called using a modified iCLIP pipeline that 

takes into account crosslinking deletions observed in HITS-CLIP data. As   
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Figure 5.6: No evidence of splicing dysfunction in TDPM337V mice at three months 
 

    

    
 
 

 
 
 
Figure 5.6: A: Assessment of TDP-43 nuclear function using RNA sequencing data.  
A: No evidence of abnormal splicing between M337V and WT/NTg on splicing analysis 
using rMATS on permutation analysis. Red line indicates unpermuted original result. B: 
Validation of reanalysis of HITS clip data showing predominantly intronic peaks with the 
typical UG-rich TDP-43 binding motif. C: TDP-43 binding sites were not enriched in the 
results dataset (red line). The simulated datasets were appropriately matched to the 
abundance distributions of the actual dataset. D: Cryptic exons remained suppressed 
in the M337V mice.	An example from the Synj2bp gene is shown here, with the 
expected cryptic exon location marked by a red arrow. 

B 

A 

MEME (no SSC) 28.11.16 21:33

0

1

2

bi
ts

1C
A
G
T

2C
T
A
G

3C
G
A
T

4C
A
T
G

5A
C
G
T

6C
T
A
G

7G
C
A
T

8C
T
A
G

9C
A
G
T

10

C
T
A
G

11

C
G
A
T

12

T
A
G

13

G
A
C
T

14

C
T
A
G

15

G
A
T

16

C
A
T

G

17

G
A
C
T

18

T
C
A
G

19

C
G
A
T

20

C
T
A

G

21

C

A
G
T

C 

M
33

7V
 

W
T/

N
tg

 

D 



173 

previously reported, 97% of peaks were intronic (Figure 5.6B).  Using only peaks 

from both experimental conditions, 26933 TDP-43 binding sites were found in 

7468 genes and sequences were enriched for the UG-rich TDP motif. Amongst all 

633 differentially expressed genes, 221 overlapped with the TDP-43 binding site 

dataset, and this was not found to be different from simulated data matched for 

abundance (p=0.93, Figure 5.6C). 

5.3.2.3.3 Cryptic exons remain suppressed in the TDP-43M337V mouse 

Further evidence for conservation of nuclear function was provided by the 

analysis of known mouse-specific cryptic exon sites, which have previously been 

found in TDP-43 knockdown experiments (Ling et al., 2015). There was no 

expression at these UG-rich sites in either the TDP-43M337V or the control mice 

(Figure 5.6D).  

5.4 Discussion 

The RNA sequencing results presented here, give evidence for a presymptomatic 

transcriptional profile that is unique to TDP-43M337V mutant mice. This result is 

concordant with other mutation-specific findings in this mouse model such as 

motor testing, and provides further evidence for a biological effect of the 

mutation itself. 

The relatively low fold changes of the differentially expressed genes can be 

explained by multiple factors. Given this is a native promoter driven model with 

TDP-43 expression closer to physiologically relevance one might expect less 
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severe changes to the transcriptome. Furthermore, the RNA sequencing data 

comes from the presymptomatic stage of the mouse. Finally, whole spinal cords 

were used, and it is possible that the mutation only affects certain cell types in 

the spinal cord. Given these considerations a 20% threshold for minimal fold 

change was selected. The resulting geneset was robust as demonstrated by 

permutation analysis and phenotypic linkage analysis that showed functional 

connectivity. GO ontology analysis of the subnetwork analysis revealed 

alteration of nervous system specific pathways such as myelination and acetyl-

choline receptor mediated adenylate cyclase repression, but also fundamental 

cellular functions such as cell-to-cell adhesion and amino acid and lipid 

transport. 

There are multiple results from the differential expression analysis that could be 

pursued in future experiments. An obvious choice is progranulin, a known 

ALS/FTD gene found downregulated in the mutant mouse model. (GRN) 

mutations cause GRN haploinsufficiency and are known to account for up to 

40% of cases of TDP-43 positive familial frontotemporal dementia (Rademakers 

et al., 2012). Progranulin is an 88 kDa secreted glycoprotein, which is expressed 

by neurons and microglia in the brain. Once secreted, it can be cleaved into 6 

kDa subunits called granulins that serve as neurotrophic factors. Progranulin has 

been implicated in multiple cellular functions, including lysosomal function, 

neuroinflammation, neurite outgrowth, synaptic stability and stress response 

(Petkau and Leavitt, 2014). Progranulin has also been studied in ALS. 

Upregulation of progranulin has been found in the later stages of the SOD1 
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mouse model (Philips et al., 2010), and aberrant sortilin splicing due to TDP-43 

dysfunction has been postulated to inhibit extracellular progranulin function 

(Prudencio et al., 2012). 

Other pathways of interest highlighted by the mouse model include the 

downregulation of TAP1, TAP2 and TAPBP in the analysis. These genes are found 

in the MHCI locus and have an important role in antigen presentation (Leone et 

al., 2013). Given the presence of whole spinal cord RNA in this experiment, one 

explanation would be the transcriptional changes in immune receptors in glial 

cells, although a neuroinflammatory phenotype was not observed on 

neuropathological analysis. Another explanation is the increasing evidence for 

functional importance of MHC I complexes on neuronal cells (Song et al., 2016). 

Downregulation of MHCI expression could thus have significant consequences 

for motor neuron health and survival. 

An important negative from this study is the absence of genes known to harbour 

ALS-causing mutations. This could be explained by the fact that these genes have 

divergent functions and may result in neurodegeneration through a number of 

different pathways (Al-Chalabi et al., 2012). Another possible explanation, is 

that these genes predispose to molecular cascades of disease, and may be 

upstream of common pathways that lead to ALS. Finally, it is also possible that 

the differentially expressed geneset is specific to the TDP-43 mutation or even to 

the murine model studied. The absence of any dysfunction of nuclear RNA 

processing is a striking feature in this mutant TDP-43 murine model. This is 

further supported by the absence of neuropathological changes at three months. 
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The absence of RNA dysfunction indicates that other cellular functions of TDP-43 

could play a more important role in the early stages of pathology in these mice. 

Examples of such other functions of TDP-43 include stress granule formation 

(Dewey et al., 2012; Aulas and Vande Velde, 2015) and axonal mRNA transport 

(Alami et al., 2014), which are both affected by TDP-43 mutations. There is 

some evidence for abnormalities in both these pathways in this M337V mouse 

model: These include the abnormal stress granule dynamics seen in primary 

motor neurons and the axonal transport defects. 

There are important limitations of this study. Firstly, dose dependent effects 

cannot be entirely excluded in this model. As demonstrated in Figure 1C, 

transgenic protein levels are possibly higher in the M337V mouse spinal cords 

than in the WT mouse, although these differences did not reach statistical 

significance. Secondly, RNA sequencing has limited power to detect sequencing 

changes below a log2-fold threshold of 1. Although permutation analysis and 

network analysis provide support for the significance of the overall findings in 

this mouse model, the small differences between the model make it difficult to 

validate individual results, with high likelihood of false positives due to 

biological and experimental variability. Thirdly, the assessment of TDP-43 

function in this experiment is limited by sequencing depth. Spike-ins that can 

assess the power of sequencing experiment to detect splicing changes have only 

recently become available (Hardwick et al., 2016), and splicing changes only 

become detectable at 30 million read depth. Small alterations in splicing are 

unlikely to have been fully captured by this experiment. 
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A difficulty faced by all transcriptomic studies is the uncertainty about the 

contribution of transcriptomic changes to the disease. It is possible that the most 

significant and earliest changes in ALS occur at the post-transcriptional level by 

posttranslational modification (Dangoumau et al., 2016) or protein templating 

(Nonaka et al., 2013) and these would not be detected in transcriptomic studies. 

Nonetheless, the detection of a distinct transcriptional profile at the 

presymptomatic stage in the mouse model studied underlines the power of 

transcriptomic studies in providing evidence for pathway alterations without the 

inherent biases introduced by hypothesis driven research (Raoult, 2010). Given 

the mouse does not develop disease until much later, the differentially expressed 

gene pool represents a set that almost certainly represents early changes in the 

mouse, and will provide a useful resource for future study. This is truly 

independent of whether they are of pathophysiological relevance or merely 

represent early cellular responses and adaptations to the original insult. 

While this study provides additional evidence for the scientific validity of the 

TDP-43M337V mouse, follow up of the 622 identified differential expression 

changes is not trivial. As noted previously, the individual results with low-fold 

changes have limited positive predictive value and will require validation on 

independent samples or sequencing experiments. Furthermore, the choice of 

candidates from such a large gene pool will to some extent be driven by prior 

scientific knowledge and hypotheses, and is prone to subjective interpretation. 

Such difficulties may be remedied in part by selecting functional clusters of 

differentially expressed genes, such as the TAP complex in the case of this study. 
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Later time-points were originally planned but had to be discarded due to quality 

control issues. Longitudinal transcriptomic studies will provide important 

validation of the current findings. 
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Chapter 6: Conclusions 

6.1 Main conclusions 

This thesis confirms the central role of TDP-43 pathology in C9orf72 ALS-FTD at 

post-mortem. TDP-43 is present in areas of the CNS that would be expected to 

be affected based on the clinical subtype of the patient (ALS, FTD or ALS-FTD), 

and absent in clinically unaffected areas. C9orf72 HRE specific pathology, 

limited in this study to RNA foci, GA dipeptide and assessment of 

haploinsufficiency, does not exhibit such regional specificity. Thus, this study 

provides further indirect support for a likely pathophysiological role of TDP-43 in 

C9orf72 HRE positive ALS and FTD, at least in the latter stages of the disease. 

The work presented here provides further evidence that methylation upstream of 

the hexanucleotide repeat is variable in C9orf72 HRE ALS-FTD. Only one of the 

12 cases studied in our cohort had high methylation levels, in line with other 

studies using the similar techniques, indicating that other mechanisms must be 

causing the observed downregulation of transcription. Only very few changes in 

global methylation were found on 450k chip analysis of global methylation, 

though the findings may have been affected by sample heterogeneity. 

No TDP-43 alterations in solubility or localisation were observed in an iPSMN 

model of C9orf72 HRE ALS in this thesis. Cellular stress using the proteasomal 

inhibitor MG-132 increased cytoplasmic localisation in iPSMN from C9orf72 HRE 

positive patients and healthy controls equally. RNA foci, but not dipeptide 
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inclusions could be observed, though others have previously demonstrated 

dipeptide protein presence using dot blotting. The absence of TDP-43 alterations 

has important implications for the generalisability of the model and its ability to 

model later stages of ALS. 

RNA sequencing compared a C9orf72 HRE cell line to its isogenic control and 

indicated derangements particularly in cell-to-cell adhesion pathways and 

differential expression of multiple protocadherins was observed. Validation in a 

wider, more general cohort had advantages for target selection, as demonstrated 

by identification of SYT11. But the approach also allowed the identification of 

unexpected downregulation of zinc finger proteins in the CRISPR isogenic 

control. This result has important implications for future CRISPR work 

Finally, RNA sequencing also revealed significant differences in gene expression 

between the TDP-43M337V and the TDP-43WT/nontransgenic mouse spinal cords at 

3 months, a time when mice a symptom free and show no pathology, except for 

slowing of axonal transport. 

6.2 The pathophysiology of ALS is complex 

Understanding of ALS has greatly evolved in recent years following molecular 

and genetic advances. ALS is remains a clinical syndrome defined by its clinical 

presentation only, and even electrophysiology is only a supporting biomarker 

(Talbot, 2009). 
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But within ALS, increasingly, heterogeneity is increasingly recognised at the 

molecular level. The genetics of ALS are increasingly complex, and the 

increasing genetic understanding of the condition has significantly shaped our 

understanding of the disease, causing re-evaluation of the impact of penetrance 

in a disease of older age (Murphy et al., 2017) This understanding has had a 

significant impact on clinical management (Al-chalabi et al., 2016), but others 

have warned about the over-inflation of the genetic contribution to sporadic 

disease (Gibson et al., 2017). It remains unclear at which point the various 

genetic forms of ALS converge onto common pathways, such as TDP-43 

pathology, which accounts for 98% of all sporadic and familial cases. Some 

disease pathways converge downstream of TDP-43: it is now well-established 

that both SOD1 and FUS do not harbour TDP-43 pathology but cause an 

indistinguishable clinical disease with the same specificity for upper and lower 

motor neuron pathology.  

Most of ALS remains sporadic, and only few risk genes such as ataxin 2 have 

thus far been identified. Some groups have postulated an oligogenic hypothesis 

for ALS given that ALS mutations co-occur in patients more frequently than 

expected (van Blitterswijk et al., 2012), however the low frequency of these 

events is unlikely to explain a large proportion of the prevalence. 

Epidemiological methods have postulated that ALS, like cancer, is a multistep 

process requiring six distinct events for pathology to occur (Al-Chalabi et al., 

2014), though it remains unclear what these events could be and how 

environmental factors interact with them. 
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6.3 Neuropathology provides an opportunity to study 

the final stages of ALS in humans 

This thesis describes a series of experiments that investigate genetic forms of 

ALS, focussing on two important areas of research that can be viewed as 

occupying opposite ends of research methodology. On the one hand the 

neuropathological investigation of C9orf72 illustrates the importance of post-

mortem research and provides a context for relating various molecular 

phenotypes derived from models to the core of the disease itself. While 

mechanistic conclusions cannot be reached from the data available, the 

distribution and characterisation of the various terminal phenomena seen at 

post-mortem greatly informs the understanding of the role of C9orf72 mutations 

in ALS. The confirmation in this study of the pivotal role of TDP-43 inclusions in 

C9orf72 pathology is a very important finding that underlines the relevance of 

this key protein. 

However the limitation of post-mortem studies are that they represent a terminal 

‘snapshot’ of  the disease processes. It was argued very early after the discovery 

of TDP-43 in ALS inclusions that the protein may merely be a bystander of 

neurodegeneration, a terminal marker with no pathophysiological significance 

(Rothstein, 2007). While there is now ample evidence of TDP-43 functional 

disruption in ALS, as outlined in this thesis, the question of the specific role of 

TDP-43 in ALS in general remains unanswered. The discovery of ALS-causing 

mutations in Matrin3 (Johnson et al., 2014; Coelho et al., 2015), as well as 

hNRNPA1 and hNRNPA2B1 (Kim et al., 2013) expanded the spectrum of 
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ribonucleoproteins involved in ALS. This is further reinforced by increasing 

reports of a wide range of hNRNPs in the inclusions of ALS (Boeynaems et al., 

2016), indicating that TDP-43 is only one of many hNRNPs that may be 

dysregulated through abnormal nucleocytoplasmic transport in ALS. 

A fundamental question that will need to be answered is whether the 

deficiencies in nucleocytoplasmic shuttling and the subsequent inclusion 

formation incorporating TDP-43 and other hNRNPs are a late disease-unifying 

phenomenon that is the ultimate step in a molecular cascade, or rather TDP-43 

functional disturbance is a pivotal step in disease initiation? The finding of TDP-

43 pathology in Alzheimer’s Disease and Parkinson’s Disease brains does lend 

some weight to the argment that TDP-43 pathology can be a general marker of 

cellular dysfunction (Higashi et al., 2007), but TDP-43 is relatively scarce in 

these cases. Neuropathological studies are unlikely to be able to answer the 

question of TDP-43 involvement in early stages of pathology. 

6.4 Relevant models of ALS can provide insight into 

early pathophysiological pathways 

To understand changes that precede the pathophysiological stage of the disease, 

cellular and animal models are required in the case of CNS diseases such as ALS. 

These models not only provide insight into the molecular function of important 

ALS genes and proteins, but can also provide insight into the earlier stages of 

pathogenesis. The importance of ageing in modelling neurodegenerative disease 

as well as physiologically relevant expression of the transgenes are vitally 
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important to avoid the study of overexpression phenomena. The two models in 

used in this thesis are complementary examples of such approaches. 

The potential to generate induced pluripotent stem cells and differentiate them 

into motor neuron has been particularly important in neurodegenerative disease 

research. iPSMNs and more recently iNeurons directly generated from the donor 

cell type offer the first opportunity to study human neurons in vitro, with human 

mutations in situ together with the relevant genetic background, which may well 

contribute to the mutation. The young age in culture of neurons (30 days) as 

well as their embryologic phenotype (Handel et al., 2016) are important 

limitations here. Modelling a “disease in a dish”, when that disease arises in 

humans after 50 or more years of normal function, will always have its 

limitations. This is particularly true for the C9orf72 HRE, which is expressed in 

all cells in the human body, and the resultant RNA foci and dipeptide production 

is seemingly normally tolerated by neuronal and non-neuronal cells throughout 

a person’s lifetime. The various markers of cellular stress found in iPSMNs to 

date in multiple studies, could be reflections of this ongoing dipeptide 

production. Importantly, this C9orf72 HRE model does not exclude early TDP-43 

involvement in the disease, and mechanisms other than aggregation and nucleo-

cytoplasmic transport could still be abnormal. 

Mouse models and can model more complex interactions at the network level of 

the transgene or environmental insult and the CNS. In well-designed models, 

that develop disease in adulthood, ageing of the animal can contribute to the 

pathophysiology. However, major neuroanatomic differences exist between the 
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human and mouse motor system (Nicholson et al., 2000). The recent studies 

showing differences between non-conserved cryptic exon sites in mice and 

humans also raises specific questions about TDP-43 dysfunction in mice and its 

relevance to humans (Ling et al., 2015). 

Knowledge of the strengths and weakness of the various model systems used will 

be a key factor in successful study of ALS in model organism, and will be key to 

provide relevant systems for drug screening, for example. 

6.5 High-throughput sequencing and its relevance to 

ALS 

Recent advances in high-throughput sequencing have made fundamental  

contributions to our understanding of TDP-43 biology (Polymenidou et al., 2011; 

Tollervey et al., 2011; Arnold et al., 2013; Lukavsky et al., 2013; Rot et al., 

2017). The non-biased approach is an important complement to existing 

hypothesis-driven molecular biology approaches. 

Other than cost, the method also has important limitations that need to be 

appreciated to correctly use the bioinformatics toolkits available to researchers 

now. The current short-read alignment offers robust differential expression, but 

biases such as the fragmentation bias observed in chapter 5 of this thesis have 

significant impact on the results, that can easily be interpreted as disease 

relevant changes. The most commonly available technique today, high 

throughput short read sequencing, has significant limitations in the assessment 
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of RNA splicing changes, with poor accuracy due to the length of the reads. This 

is not helped by likely over-annotation of the genome. New long read sequencing 

methods such as Nanopore technology are still in development, but will offer 

whole transcript resolution which will be of key importance. In the meantime, 

analysis of alternative polyadenylation, which is also affected by TDP-43 binding 

may offer a more accurate assessment of TDP-43 intranuclear functions (Rot et 

al., 2017). 

Single cell approaches to sequencing are increasingly now being used and will be 

especially useful in iPSMN models, where heterogeneity is a key factor. Using 

this approach, the heterogeneity of the cultures can be unravelled to study motor 

neuron specific changes and cell to cell differences in vulnerability. 

6.6 Toward single-cell and approaches in ALS biology 

and personalised treatment in the ALS clinic 

The results presented in this thesis must be seen in the context of a rapidly 

changing field of ALS research that has seen two decades of unprecedented 

discoveries and growth. The thesis showcases the power, as well as the 

limitations of iPSMNs and high throughput sequencing methods as tools to study 

ALS. In the case of the C9orf72 iPSMN model, RNA sequencing provided a 

molecular overview that allowed for the detection of potential candidate genes 

such as SYT11, as well as identifying unexpected changes due to the CRISPR 

process. 
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The mouse RNA sequencing on the other hand provided support for early 

dysregulation due to mutant TDP-43 long before the development of symptoms 

or pathology. RNA sequencing here provides unbiased evidence for abnormal 

function of the mutant protein that is different from its preserved constitutive 

nuclear function. How exactly the TDP-43 mutation acts in this mouse model to 

cause disease is under investigation. It is interesting that other ALS-related genes 

are not enriched in the differential expression results at 3 months. 

It is unclear what a TDP-43 mutation model can tell us about TDP-43 

dysfunction in C9orf72-related ALS, and the disease pathways in the two genetic 

conditions could converge only in late stages of pathogenesis. Nonetheless, 

investigation of pathways through which TDP-43 mutations cause disease will 

have a significant impact on our understanding of other familial disease as well 

as sporadic disease. 

Neuropathological, iPSMN and mouse studies in this thesis all suffered from lack 

of cellular specificity. Single cell molecular and imaging approaches will be key 

to understand processes that are cell-type specific, by utilising the ability to study 

subtypes and vulnerability at the single cell level. 

The dissection of molecular pathophysiology will shed light on the fact that there 

may be multiple diseases in the ALS clinical syndrome, likely requiring better 

subtyping of clinical trials and supporting the development of personalised 

treatment based on the genetic mutation or molecular subtype. 
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Appendix 

Primers used for RNA sequencing validation 

TARDBP GTCGGGCAGTGGTTTTAATG ACAACCCCACTGTCTACATTCC 

C9orf72-all CCCACTTCATAGAGTGTGTGTTG TTCCATTCTCTCTGTGCCTTC 

C9orf72-V2 GAAATCACACAGTGTTCCTGAAGAA ATCTGCTTCATCCAGCTTTTATGA 

PCDHGA7 TCGGAAGAGTCACCTGATCTTC GCGGGGCTTGCTGAATAC 

PCDHGB6 AAAATGCAGTGTGCCCCTAC GGGGCTTGCGAAGTCAGAG 

TOP1 
(reference) GTCCAAGCATAGCAACAGTGAAC GCTCGAACCTTTTCCTCTTTTCG 

RPL13A 
(reference) AGCTCATGAGGCTACGGAAAC TTTATTGGGCTCAGACCAGGAG 

ATP5B 
(reference) GCATTTGGGTGAGAGCACAG TGGTGCACCAGAATCCAGTAC 

PCDHGB7 TCATTGTCCAGCCACACAAG CGGGGCTTGCTGTTTAAGAATC 

ZNF471 CCTCCCAAGACACTGTTCTTC TCACTAAGTCCTGGGGCATG 

ZNF595 TCTCCCTGGGTTTTGTGATCTC TGCACTGGTGAAAGGTCTTG 

ZNF667 TCGCTTGGTCTTTCCTTTCG TCTACCATCCAGGGTGCTTTC 

MAP13K13 TGGCTATGAGAACCCCATGC TTGGTCCTAACTGTGGCATCAG 

SYT11 GACCTAGCTTTGATGTGTCACC TGGTGGGTTCTTCTGCTTCTTC 

 

 


