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Introduction: ALS is a neurodegenerative disorder characterised by progressive upper and lower motor neurone loss. A GGGGCC repeat expansion in the C9orf72 gene is the most common mutation found in populations of European descent. Mitochondrial dysfunction and changes to glycolysis have been observed in C9orf72-ALS patients and models of the disease. Further understanding of these changes could help the development of new targeted therapies for patients carrying this mutation. This thesis investigates how metabolism is altered in neurones derived from C9orf72-ALS patients and Drosophila models of C9orf72-ALS.   

Results: Neurones from C9orf72-ALS patients displayed reduced mitochondrial membrane potential, increased mitoROS production and increased levels mtDNA. Mitophagy was impaired in C9orf72-ALS iNeurones, which appears to be due to reductions in autophagosome production and reduced ULK1 recruitment to mitochondria. In Drosophila models of C9orf72-ALS, glucose uptake by neurones is increased, however feeding a high sugar diet could rescue locomotor deficits but not increase survival. 

Discussion: These data show that mitochondrial function is impaired in C9orf72-ALS neurones. This thesis is one of the first to report a mitophagy deficit in C9orf72-ALS neurones, with in-depth characterisation showing a deficit in autophagosome production is likely responsible. These data also demonstrate that despite increases in glycolysis in Drosophila models of C9orf72-ALS, high sugar diets cannot rescue phenotypes. This thesis highlights the importance of further study into glycolysis and mitophagy in C9orf72-ALS as potential therapeutic targets for the disease. 
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[bookmark: _Toc170724169]1.1 Amyotrophic lateral sclerosis 
Amyotrophic lateral sclerosis (ALS) is the most common form of motor neurone disease (MND), accounting for an estimated 80-90% of MND cases (Yedavalli et al., 2018). Whilst the majority of cases of ALS are adult-onset, a small number of cases have recently been described in children (Mohassel et al., 2021). ALS is characterised by progressive upper and lower motor neurone degeneration, leading to muscle atrophy and eventually paralysis. The disease is typically fatal within 2-5 years of symptom onset (Ringel et al., 1993). 5-10% of ALS patients present with a family history of ALS, with the remaining 90-95% of cases classified as sporadic (Mathis et al., 2019). 

Symptom onset in ALS can be classified as limb-onset, if symptoms occur in lower limbs, or bulbar onset, where breathing and swallowing are affected. Most patients will develop bulbar symptoms at some point during disease progression, however bulbar-onset cases tend to progress quicker due to the importance of affected muscles  (Tiryaki & Horak, 2014). The degeneration of upper and lower motor neurones causes different symptoms. Upper motor neurones are present in the motor cortex, transmitting signals to lower motor neurones in and extending from the spinal cord. Degeneration of upper motor neurones leads to spasticity and hyper-reflexia, whilst degeneration of lower motor neurones causes fasciculations, muscle weakness and wasting (Masrori & Van Damme, 2020). 

There are currently no cures for ALS and disease modifying treatments are limited for the disease. At present four treatments with disease modifying potential have been approved for the disease in the US. Riluzole, the only drug approved for use in the UK,  reduces neuronal excitotoxicity, potentially contributing to reduced neurone death and can modestly extend lifespan (Bellingham, 2011). Edaravone is a free radical scavenger proposed to minimise oxidative stress, that has shown benefits in subsets of ALS patients (Writing & Edaravone, 2017). A combination of sodium phenylbutyrate and tauroursodeoxycholic acid (tUDCA), marketed as Relyvrio in the USA, was approved by the FDA in September 2022. The combination therapy does not have a confirmed mechanism of action, but previous in vitro studies have suggested mitochondrial metabolic support, altered unfolded protein response (UPR), reductions in oxidative stress and inhibiting apoptotic pathways as likely mechanisms (Fels et al., 2022). The treatment offers limited benefits in slowing motor function decline and patient survival (Paganoni et al., 2020 ; Paganoni et al., 2021). While still an approved treatment, recent reports from the phase 3 clinical trial show the therapy failed to meet primary and secondary endpoints (Amylyx Pharmaceuticals, 2024). Tofersen is an antisense oligonucleotide (ASO) therapy designed for Superoxide Dismutase 1 (SOD1)-ALS patients, that reduces production of SOD1 and has shown the ability to reduce levels of the neurone damage biomarker Neurofilament light chain in phase 3 trials (Miller et al., 2022). Beyond these therapies, treatment focuses on managing symptoms, such as spasticity, muscle cramps, dysphagia and respiratory difficulties (Masrori and Van Damme, 2020). 

With approximately 15% of ALS patients displaying frontotemporal dementia (FTD) symptoms, an ALS/FTD clinical spectrum has been proposed. Multiple gene mutations have been identified in familial and sporadic cases of both diseases, including C9orf72, TDP43 and MAPT (Renton et al., 2014). It remains poorly understood what may predispose patients with relevant gene mutations to develop FTD or ALS preferentially, however it is likely to involve a complex confluence of multiple genetic and environmental factors throughout a patient’s life. This overlap between the diseases suggests therapeutics may present an overlapping benefit between both diseases. Given the cell lines used in this study were from patients clinically diagnosed with ALS and not FTD, the remainder of this thesis will focus on ALS specifically. 
[bookmark: _Toc170724170]1.2 Causes of ALS 
ALS is a neurodegenerative disorder with a number of complex genetic and non-genetic risk factors. Although an estimated 5-10% of ALS cases demonstrate family history of ALS, the heritability of the condition is high, with an estimated 40-60% of cases explained by genetic factors, which may be as high as 70% in women (Ryan et al., 2019; Al Chalabi et al., 2010; Wingo et al., 2011). This has fuelled great interest in identifying and characterising gene variants that increase ALS risk. 

Of the 30+ ALS-associated genes already identified, four of them account for an estimated 60% of familial ALS (fALS) and 10% of sporadic ALS (sALS). These four genes are Chromosome 9 open reading frame 72 (C9orf72), Superoxide dismutase 1 (SOD1), Fused in Sarcoma (FUS) and Transactive response DNA/RNA binding protein-43kDa (TDP43) (Renton et al., 2013). Whilst C9orf72 mutations are common in fALS patients in European, North American and Australian cohorts, the mutation is less common in Asia (Majounie et al., 2012; Woollacott and Mead, 2014). Whilst TDP43 mutations are not a common mutation, cytoplasmic mislocalisation and aggregation of the TARDBP protein has been reported extensively in all ALS subtypes except SOD1- and FUS-ALS (Renton et al., 2013). 

Among ALS-associated genes, mutations in regulators of autophagy and RNA metabolism are common. Autophagy genes such as P62, OPTN and TBK1 have previously been reported (Maruyama et al., 2010; Fecto et al., 2011; Freischmidt et al., 2015). Genes involved in RNA metabolism, including TDP43, FUS, VCP, UBQLN2, HNRNPA2B1, HNRNPA1, MATR3 and CCNF also have ALS-associated mutations (Johnson et al., 2010; Deng et al., 2011; Kim et al., 2013; Johnson et al., 2014; Williams et al., 2016). SOD1 and CHCHD10, both genes associated with mitochondrial function and response to oxidative stress, have ALS associated mutations (Rosen et al., 1993; Bannwarth et al., 2014). Mutations in cytoskeletal organisation and vesicle trafficking genes ALS2, PFN1, TUBA4A, KIF5A, NEK1 and CHMP2B have also been associated with ALS (Yang et al.,2001; Parkinson et al., 2006; Wu et al., 2012, Smith et al., 2014; Nicolas et al., 2018; Brenner et al., 2018). Recently ALS-associated mutations have been discovered in lipid metabolism genes GLT8D1 and SPTLC1, with the latter associated with juvenile-onset ALS (Cooper-Knock et al., 2019 ; Johnson  et al., 2021; Mohassel et al., 2021). The genetics of ALS have been more broadly reviewed recently (Akcimen et al., 2023). 

Beyond heritability, a large proportion of ALS risk is currently unexplained. There is evidence for the role of certain environmental factors, however the contribution of these remains poorly understood (Ingre et al., 2015). Strenuous exercise appears to increase ALS risk in patients from specific genetic backgrounds (Julian et al., 2021). Smoking has been shown to substantially increase ALS risk (Gallo et al., 2009). MND has been reported in patients with chronic traumatic encephalopathy, who displayed TDP43 aggregation in multiple brain regions (McKee et al., 2010). Viral infections, pesticide exposure, metal exposure and occupations with substantial electromagnetic field exposure have also been proposed to increase ALS risk (Ingre et al., 2015). ALS is also more common in men, with male: female ratios ranging from 1 to 3 depending on cohort age, suggesting biological sex may impact disease onset and progression  (Manjaly et al., 2010). This appears to be due to oestrogen exposure, as longer lifetime exposures to female reproductive hormones was associated with a decreased risk of developing ALS (de Jong et al., 2013).
[bookmark: _Toc170724171]1.3 C9orf72 
C9orf72 hexanucleotide repeat expansion (HRE) mutations are the most common cause of familial and sporadic ALS in European and American ALS patients (Majounie et al., 2012). Although originally thought to be fully penetrant, a recent study from a Dutch cohort showed the mean risk of developing ALS by the age of 80 was 24.1% in C9orf72-HRE carriers (Van Wijk et al., 2024). C9orf72-HRE’s are a common cause of FTD and ALS/FTD (Majounie et al., 2012).  C9orf72-HRE’s have also been found in a small number of cases of parkinsonism, Creutzfeldt-Jakob disease, ataxia and Huntington disease-like syndrome (Lesage  et al., 2013; Moss  et al., 2014; Woollacott and Mead, 2014). This highlights the impact of C9orf72-HRE’s on a range of neurones and the importance of understanding their cellular impact. 

Since the first publications describing C9orf72 mutation in ALS patients were published in 2011, three cellular mechanisms have been identified to contribute to C9orf72-ALS pathogenesis summarised in Figure 1.1 (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Given the large nature of the hexanucleotide repeat expansion mutation, expression of the mutated copy of the gene is reduced significantly (DeJesus-Hernandez et al., 2011, Webster  et al., 2016). In multiple models, loss of one allele or reductions in expression of C9orf72 have produced phenotypes, indicating haploinsufficiency (Webster et al., 2016; Zhu et al., 2020). The HRE mutation appears to cause early transcription abortion and increase DNA and histone methylation to suppress C9orf72 transcription (Xi et al., 2013; Belzil et al., 2013; Hauesler et al., 2014; Xi et al., 2015). However, disruption of C9orf72 expression alone is insufficient to produce ALS phenotypes. Reducing expression of C9orf72 in mouse models largely produced immune symptoms and typically did not cause motor symptoms (Atanasio et al., 2016; Sudria-Lopez et al., 2016; O’Rourke et al., 2016, Jiang et al., 2016, Zhu et al., 2020). This highlights the importance of additional mechanisms beyond reduced C9orf72 expression in contributing to neurone toxicity.  

Two toxic gain-of-function mechanisms appear to contribute to toxicity of neurones because of the C9orf72-HRE mutation. The first is the generation of RNA foci, the accumulation of RNA transcripts associated with RNA binding protein (McEachin et al., 2020). The C9orf72-HRE DNA and RNA are both capable of folding into advanced G-quadruplex structures (Haeusler et al., 2014). These structures associate with RNA binding proteins, disrupting protein synthesis and initiating the integrated stress response (Parameswaran et al., 2023). Evidence for the toxicity of RNA foci alone is mixed. In Drosophila models expressing GGGGCC repeats with intermittent stop codons to prevent dipeptide repeat proteins (DPR’s) production, there is no effect on lifespan (Mizielinska et al., 2014; Moens et al., 2018). However, a zebrafish model expressing the similar constructs to drive the production of RNA foci only showed they were able to drive neuronal toxicity independently of DPR production (Swinnen et al., 2018). Moreover, neurones expressing antisense C4G2 repeats displayed reduced survival independent of DPR production (Parameswaran et al., 2023).  

The third pathogenic mechanism of the C9orf72-HRE is the production of DPR’s via repeat-associated non-ATG (RAN) translation (Mori et al., 2013 a and b). As this occurs in multiple reading frames in both sense and antisense directions, 5 different DPR species can be produced-PA, PR, GA, GR and GP. Whilst poly-GP can be produced from both sense and antisense RNA, poly-GA and poly-GR are produced from the sense repeat RNA’s whilst poly-PA and poly-PR are produced from the antisense repeat RNA’s. Just as sense repeat RNA’s are found more commonly in ALS models, so too are the associated poly-GA, poly-GR and poly-GP (Mizielinska et al., 2014; Mori et al., 2013a; Gendron et al., 2013; DeJesus-Hernandez et al., 2017). Multiple animal models have displayed that expressing pure GGGGCC repeats to drive DPR production, or modified repeats to produce specific DPR species, are toxic and produce ALS-like phenotypes in animal models (Sharpe et al., 2021). In particular, the arginine-rich repeats GR and PR display the most severe phenotypes and have been the focus of much of the literature (Mizielinska et al., 2014; West et al., 2020). 
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[bookmark: _Toc161910775][bookmark: _Toc162953295]Figure 1.1:C9orf72 pathological mechanisms. 
(1) Hexanucleotide expansion impairs transcription of C9orf72 gene, resulting in reduced production of C9orf72 protein. (2) GGGGCC RNA structures fold into complex RNA structures and sequester RNA binding proteins. (3) RAN translation of GGGGCC repeats in all sense and antisense reading frames produces 5 different DPR species. Image created in Biorender.

Given the complex nature of the C9orf72 gene mutation, it is difficult to study in animal models, with many models studying individual aspects contributing to pathogenicity described above. Moreover, in some models, such as Drosophila, there is no C9orf72 homologue, limiting the ability to study loss of C9orf72 expression in these models. Limited in vivo work has been performed studying multiple mechanisms at once. A 2020 study showed that inactivating one or both endogenous copies of C9orf72 in mice accelerated death when expression of GGGGCC 66x was also driven in these mice (Zhu et al., 2020). This suggests that the toxic gain-of-function mechanisms which drive C9orf72 toxicity are amplified by C9orf72 loss of function. 
[bookmark: _Toc170724172]1.3.1 Pathogenic mechanisms in C9orf72-ALS
[bookmark: _Toc170724173]1.3.1.1 Autophagy disruption in C9orf72-ALS 
Autophagy is the degradation of dysfunctional cellular components such as proteins by sequestering them in an autophagosome and fusing this with a lysosome. This process is summarised in Figure 1.2. Formation of the autophagosome requires recruitment of Unc51-like autophagy activating kinase (ULK1), FIP200 and ATG13, collectively known as the ULK1 complex, to the early autophagosome (Wong et al., 2013). Activity of the ULK1 complex is regulated by mTOR, which negatively regulates the complex, and AMP-activated protein kinase (AMPK), which activates the complex 
(Holczer et al., 2020). When activated, the ULK1 complex stimulates the class III phosphatidylinositol 3-kinase (PIK3C3) complex (Wong et al., 2013). The PIK3C3 complex produces a pool of phosphatidylinositol 3-phosphate (PtdIns3P), an essential step for the recruitment of WIPI proteins and ATG5-ATG12-ATG16 complex (Strong et al., 2021). Cytosolic ATG8-1, also known as LC3-I, is lipidated by complexes including the ATG5-ATG12-ATG16 complex, to form LC3-II, which is conjugated to autophagosomes during their elongation. This LC3-II acts as an anchor point for much of the cargo in the autophagosome, with cargo receptor proteins such as P62 and NDP52 containing LC3-interacting (LIR) domains (Birgisdottir et al., 2013). The autophagosome is then fused with a lysosome, mediated by SNARE and RAB proteins, to allow for degradation of the cargo inside (Tian et al., 2021).   
[bookmark: _Toc162953296][image: A diagram of a cell cycle

Description automatically generated]Figure 1.2: Summary of autophagy machinery. 
(1) mTOR and AMPK regulate the activity of the ULK1 complex. (2) C9orf72 helps regulate the recruitment of the ULK1 complex. (3) The ULK1 complex activated PIK3C3, resulting in recruitment of WIPI2 and the ATG12 complex. (4) LC3-I is lipidated to form LC3-II, which is incorporated into developing autophagosomes. (5) Autophagosomes sequester cargo and deliver to lysosomes for degradation. Image created in Biorender. 

Many of the mutations associated with ALS are regulators of autophagy, including P62, TBK1 and OPTN (Akcimen et al., 2023). C9orf72 has also been shown to regulate the initiation of autophagy by influencing recruitment of ULK1 to early autophagosomes (Webster et al., 2016; Sellier et al., 2016). However, other studies have reported increases in autophagic flux after C9orf72-knockdown (KD) (Ugolino et al., 2016). C9orf72-KD reduces mTOR activation and increases nuclear localisation of TFEB, a transcription factor that promotes transcription of P62, WIPI1 and LC3 (Napolitano & Ballabio, 2016). These findings suggest that in compensation for reduced ULK1 recruitment to autophagosomes, mTOR activation may be reduced to increase ULK1 activity, as ULK1 is negatively regulated by mTOR. Moreover, toxic gain-of-function aspects of the C9orf72-HRE also contribute to disrupted autophagy. GGGGCC repeat expression in Drosophila led to an accumulation of autolysosomes, implying disrupted degradation of cargo in lysosomes (Xu et al., 2023). Taken together, these findings indicate the C9orf72 mutation disrupts initiation of autophagy, whilst either RNA foci or DPR production exacerbates impaired autophagy by disrupting lysosomal degradation of cargo. 

[bookmark: _Toc170724174]1.3.1.2 Axonal transport disruption in C9orf72-ALS 
Transport of a range of organelles from neurone cell bodies to axons is essential for effective functioning of synapses. Motor neurones have some of the longest distances between cell bodies and axon terminals, in some cases up to 1m (Shaw, 1999). Anterograde transport, from cell bodies to axon terminals, requires the molecular motor kinesin, whilst dynein is required for retrograde transport back to the cell body 
(Gennerich & Vale, 2009). Efficient anterograde and retrograde of cargo, such as mitochondria, lysosomes and vesicles carrying relevant cargo, is essential for effective neuronal function. 

Efficient axonal transport is disrupted in multiple models of ALS (De Vos & Hafezparast, 2017). Recent evidence suggests at least two of the C9orf72 pathogenic mechanisms may contribute to defective axonal transport. Axonal transport of lysosomes and late endosomes, but not mitochondria, was disrupted in Drosophila expressing GGGGCC repeats in glutamatergic neurones (Sung & Lloyd, 2022). However, mitochondrial transport was disrupted when GGGGCC repeats were expressed in CCAP-expressing neurones, suggesting specific subsets of neurones may be particularly vulnerable to axonal transport deficits (Baldwin et al., 2016). Moreover, mitochondrial transport along neurites was disrupted in human or Drosophila neurones carrying the C9orf72-HRE or expressing poly-GR or poly-PR (Mehta  et al., 2021; Fumagalli et al., 2021). Moreover, lysosomal transport defects were exacerbated in C9orf72-HRE neurones after C9orf72 knockout (KO) (Abo-Rady et al., 2020). These findings suggest DPR production may impact lysosomal trafficking to neurones, with specifically arginine-rich repeats and reduced C9orf72 expression contributing to mitochondrial axon transport deficits. Furthermore, specific neurones may be particularly affected, a topic that warrants further investigation.  
[bookmark: _Toc170724175]1.3.1.3 Impaired nucleocytoplasmic transport in C9orf72-ALS
Nucleocytoplasmic transport (NCT) is the bi-directional movement of proteins and RNA across the nuclear membrane through nuclear pores (Ding & Sepehrimanesh, 2021). For transport of larger molecules of at least 40kDa, transport occurs via the nuclear pore complex. Disruptions to NCT have been reported previously in multiple C9orf72-ALS models (Freibaum et al., 2015; Jovičić et al., 2015; Zhang et al., 2015; Chou et al., 2018; Gleixner et al., 2022). Of the three pathogenic mechanisms associated with the C9orf72 repeat expansion mutation described above, all three have been shown to contribute to disruption of the nuclear pore complex and nuclear transport factors (reviewed recently by McGoldrick and Robertson, 2023). NCT disruption contributes to mislocalisation of TDP43, considered a hallmark of ALS, although the contribution of disruption of other potential cargos has not yet been fully elucidated. 
[bookmark: _Toc170724176]1.3.1.4 C9orf72-ALS is non-cell autonomous  
Even though motor neurone loss is the primary driver of ALS pathogenesis, there is strong evidence for ALS being a non-cell autonomous disease. Glial cells, including astrocytes, oligodendrocytes and microglia, have all been shown to impact ALS pathogenesis. Astrocytes generated from sALS and fALS patients with C9orf72 and SOD1 mutations are toxic to neurones when grown in culture (Nagai et al., 2007; Haidet-Philips et al., 2011; Papadeas et al., 2011; Meyer et al., 2014). In cultured cells, sALS and fALS oligodendrocytes from patients with C9orf72, TDP43 and SOD1 mutations were all toxic to cultured motor neurones, with reduced lactate production hypothesised to be the cause in several of the genotypes (Ferraiuolo et al., 2016). Oligodendrocyte degeneration also occurs in ALS, contributing to demyelination of motor neurones (Kang et al., 2013). Astrocytes from C9orf72-ALS patients can cause DNA damage to healthy motor neurones, although the mechanism behind this is unclear (Kok et al., 2021; Kok, 2022). Moreover, astrocytes from C9orf72-ALS patients have reduced metabolic flexibility (Allen et al., 2019a; Allen et al., 2019b). Taken together, these findings suggest not only that glial support to neurones may be disrupted in C9orf72-ALS, but the astrocytes themselves begin to become toxic to neurones and contribute to neurone death observed in C9orf72-ALS. 

Microglia are resident innate immune cells in the brain and play a vital role in maintaining central nervous system (CNS) homeostasis. As C9orf72 is highly expressed in microglia and other myeloid cells, studies of KD and KO mice unsurprisingly disrupted microglia function (O'Rourke et al., 2016). Increased production of pro-inflammatory cytokines, such as interleukins 6 and 1B, have been observed in C9orf72-ALS microglia (Stewart et al., 2012). DPR production also contributes to pro-inflammatory phenotypes in mouse models, with polyPR and polyGA-expressing mice displaying neuroinflammation (Schludi et al., 2017; Hao et al., 2019). 
[bookmark: _Toc170724177]1.4 Introduction to mitochondria 
Mitochondria are double membraned organelles found in eukaryotic cells. They are the site of several reactions capable of producing large amounts of ATP. Beyond this, mitochondria take part in several other cellular processes, including lipid metabolism, calcium homeostasis, cell cycle regulation, apoptosis regulation, redox signalling, heme synthesis, cholesterol metabolism and immune signalling (Lee et al., 2021; Giorgi, Marchi and Pinton, 2018, Pangou and Summara, 2021; Bock and Tait, 2019; Collins et al., 2012; Chen et al., 2023; Yien and Perfetto, 2022). A number of these are relevant in ALS, and hence will be discussed first under normal physiological conditions. 
[bookmark: _Toc170724178]1.4.1 TCA cycle and OXPHOS 
Mitochondria can generate ATP through the Krebs cycle, also known as the tricarboxylic acid (TCA) cycle, and through oxidative phosphorylation (OXPHOS). These processes are detailed in Figure 1.3. Pyruvate produced from glycolysis is transported into the mitochondrial matrix by mitochondria pyruvate carriers, then converted into acetyl-CoA in the mitochondrial matrix by pyruvate dehydrogenase (McCommis and Finck, 2015). Acetyl-CoA can also be generated from lipid metabolism. Lipids can be converted to acyl-CoA’s and transported into the mitochondria via the carnitine shuttle, with the acyl group used to generate multiple molecules of acetyl-CoA by beta oxidation (Tracey et al., 2018). The acetyl group is added to oxaloacetate in the first step of the TCA cycle, with the rest of the cycle proceeding as in Figure 1.3. These reactions take place in the matrix of the mitochondria, leading to the generation of 1 molecule of GTP, 3 molecules of NADH and 1 molecule of FADH2 per cycle completed (Martinez-Reyes & Chandel, 2020). These molecules of NADH and FADH2, alongside others produced earlier in respiration, are utilised in oxidative phosphorylation to produce substantial amounts of ATP. 

Oxidative phosphorylation utilises several complex proteins embedded in the inner mitochondrial membrane (IMM) to generate a mitochondrial membrane potential (MMP). NADH-Q oxidoreductase, also known as Complex I, is the largest of the 5 OXPHOS complexes, consisting of 46 subunits, 7 of which are encoded in mitochondrial DNA (Hirst et al., 2003; Sazanov, 2007). Complex I oxidises the NADH produced in previous steps of respiration and transfers the electrons to Coenzyme Q10. This reaction produces energy used to pump H+ ions from the matrix to the intermembrane space of the mitochondria, producing a membrane potential that is essential for the generation of ATP synthase by complex V. 

Succinate dehydrogenase, also known as Complex II, is an enzyme that catalyses a step in the TCA cycle (the conversion of succinate to fumarate). Further to this, Complex II catalyses the transfer of electrons from FADH2 to Coenzyme Q10 (Cecchini, 2003). Unlike the reaction catalysed by complex I, this reaction does not lead to the movement of H+ ions across the inner mitochondrial membrane. Coenzyme Q-cytochrome C oxidoreductase, also known as complex III, catalyses the transfer of electrons from coenzyme Q to cytochrome C (van den Heuvel & Smeitink, 2001). As with complex I, this transfer of electrons generates energy used to transfer H+ ions from the matrix to the intermembrane space, further increasing MMP. Cytochrome C oxidase, also known as complex IV, catalyses the transfer of electrons from cytochrome C to oxygen, which then binds with hydrogen ions to form water (van de Heuvel and Smeitnik, 2001). This reaction also results in the transfer of H+ ions into the intermembrane space. 

ATP synthase, also known as complex V, utilises the proton gradient developed by the previous complexes to power the generation of ATP (van de Heuvel and Smeitnik, 2001). The F0 domain of the protein allows the transport of protons from the intermembrane space to the matrix. This leads to rotation of the F0 and subsequently F1 domain of the protein, exposing the active site of the protein and allowing generation of ATP from ADP and inorganic phosphate (Pi). 
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[bookmark: _Toc162953297]Figure 1.3: Summary of the TCA cycle and OXPHOS.
(A) Summary of TCA cycle. Acetyl Co-A feeds carbon into the TCA cycle to produce citrate, which progresses through the cycle to produce NADH/FADH2 for OXPHOS. (B) Summary of OXPHOS. Complexes I and II remove electrons from donors NADH and FADH2, respectively. Electrons are passed through complexes III and IV with the help of ubiquinone (Q) and cytochrome c (C). Electron transfer provide energy for pumping H+ ions into the intermembrane space. Complex V returns H+ ions to the matrix, using the energy released to generate ATP. Image created in Biorender. 

[bookmark: _Toc170724179]1.4.2 Mitochondrial dynamics 
Mitochondria need to be able to respond rapidly to changes in the metabolic landscape of cells. Mitochondria are capable of fusing to form a complex network or undergoing fission to fragment the network. A careful balance of both processes is important for maintaining a healthy population of mitochondria, with disruption of this balance occurring in many neurodegenerative diseases and contributing to disease pathology. 

Mitochondrial fusion is the joining of two mitochondria, increasing efficiency of mitochondrial function by supporting maintenance of MMP and sharing of metabolites
(Tilokani et al., 2018). Fusion can also be used for exchange of other contents such as mtDNA, reducing build-up of mutant mtDNA. Fusion of the outer mitochondrial membrane results from a tethering of MFN1 and 2. OPA1 mediates the fusion of the inner mitochondrial membrane via an interaction with cardiolipin. However, its exact roles are unclear, as the short form of OPA1, produced after cleavage by the metalloprotease OMA1, can promote mitochondrial fragmentation (Anand et al., 2014).  

Mitochondrial fission if the splitting of a mitochondria into two daughter mitochondria. Fission is required to remove sections of dysfunctional mitochondria from the network. Fission is also important in mitochondrial biogenesis, mitochondrial distribution and the release of cytochrome c in regulation of apoptosis (Tilokani et al., 2018). The proteins DRP1, FIS1, MID49 and MID51 and MFF regulate this process.  
[bookmark: _Toc170724180]1.4.3 Regulation of mitochondrial number: biogenesis and mitophagy 
The number of mitochondria is controlled in the cell by regulating the creation of new mitochondria via mitochondrial biogenesis and the removal of dysfunctional mitochondria via mitophagy. Peroxisome proliferator-activated gamma receptor coactivator 1 alpha (PGC-1) is the master regulator of mitochondrial biogenesis (Abu Shelbayeh et al., 2023). Upon activation, PGC-1 translocates to the nucleus and drives expression of NRF1/2 and PPAR’s, which subsequently induces transcription of mitochondrial transcription factor A, or TFAM. These processes induce transcription and translation of nuclear OXPHOS genes and mtDNA, a necessary step for development of new mitochondria. 

Mitophagy is the selective degradation of mitochondria by autophagy and is dysfunctional in several diseases. The rate of mitophagy is carefully mediated using several mitophagy pathways in cells (Ganley & Simonsen, 2022). The most well characterised mitophagy pathway is the PINK1/Parkin pathway, which is defective in multiple cases of familial Parkinson’s Disease (PD) (Deas et al., 2011). Other pathways include BNIP3/NIX-dependent mitophagy, FUNDC-dependent mitophagy, HUWE-AMBRA dependent mitophagy and cardiolipin-mediated mitophagy. The PINK1/Parkin and BNIP3/NIX pathways are summarised in Figure 1.4. 

PINK1-Parkin dependent mitophagy typically occurs in response to a reduction in membrane potential of mitochondria. PINK1, or PTEN-induced kinase 1, enters the translocase of the outer membrane complex (TOM complex) and is typically imported into mitochondria and cleaved by mitochondrial proteases (Narendra et al., 2010; Greene et al., 2012). Upon mitochondrial depolarisation, mitochondrial import is blocked, allowing PINK1 stabilisation in the TOM complex (Jin & Youle, 2012). PINK1 phosphorylates ubiquitin attached to outer mitochondrial membrane (OMM) proteins, and recruits and activates the E3 ubiquitin ligase, Parkin (Okatsu et al., 2013; Kane et al., 2014; Kazlauskaite et al., 2014). Recruitment of Parkin results in addition of further ubiquitin to OMM proteins, generating poly-ubiquitin chains highlighting mitochondria for autophagic degradation (Narendra et al., 2008). Evidence from rodent models suggests that disruption of PINK1/Parkin dependent mitophagy leads to minimal changes in young animals, highlighting that this pathway is not used for bulk basal mitophagy in vivo (Lee et al., 2018; McWilliams et al., 2018). However, in aged Drosophila muscle and neurones, mitophagy is markedly increased compared to younger organisms, with PINK1/Parkin mitophagy the primary driver of this increased mitophagy (Cornelissen et al., 2018). This suggests reliance on PINK1/Parkin-mitophagy is low in early life but increases as we age, which may explain the adult onset-nature of Parkinson’s disease. 

Ubiquitinated OMM proteins are recognised by Sequestosome-like receptors (SLR’s) to mediate interactions with autophagosome proteins. SLR’s include P62, NBR1, OPTN, TAXBP1 and NDP52 (Johansen & Lamark, 2020). Each of these SLR’s contain LIR domains and ubiquitin-interacting domains (Dikic and Elazar., 2018; Johansen and Lamarck., 2020). Of these receptors, OPTN and NDP52 have been identified as essential for PINK1/Parkin mitophagy, with PINK1 able to recruit both proteins independently of Parkin (Lazarou et al., 2015). Beyond mediating interactions with ubiquitinated mitochondrial proteins and LC3, once recruited to mitochondria, NDP52 and OPTN recruit autophagy factors including ULK1, DFCP1 and WIPI1 (Lazarou et al., 2015). The production of reactive oxygen species (ROS) by damaged mitochondria appears to be important for the function of NDP52, resulting in its oligomerisation, a necessary step for efficient clearance of mitochondria (Kataura et al., 2023).  

The state of OMM protein ubiquitination is influenced by deubiquitinase enzymes (DUB’s), highlighting them as important regulators of the rate of mitophagy. Inhibitors of the DUB USP30 have recently been investigated for use in boosting mitophagy in cells with defective PINK1/Parkin-dependent mitophagy (Rusilowicz-Jones et al., 2022). USP8 has also been implicated in mitophagy by removing ubiquitin from Parkin and reducing its recruitment to mitochondria (Durcan et al., 2014). Ubiquitin phosphorylation is also regulated by PPEF2, which acts antagonistically to PINK1 to oppose mitophagy (Wall et al., 2019).  

The BNIP3/NIX pathway is thought to be the most predominant pathway for clearance of mitochondria outside of PINK1/Parkin dependent mitophagy. BCL2-interacting protein 3 (BNIP3) is an outer mitochondrial membrane protein with a LIR domain that allows direct interaction with LC3 to promote mitochondrial engulfment (Birgisdottir et al., 2013). BNIP3L, also known as NIX, is a similar protein that can also interact directly with LC3 to promote mitophagy. BNIP3 and NIX are tail-anchored proteins targeted to the OMM by a C-terminal transmembrane domain (Yasuda et al., 1998). Phosphorylation of BNIP3 at serine-17 and serine-24 residues has been shown to promote BNIP3-LC3 interactions and promote mitophagy (Poole et al., 2021; He et al., 2022). Hypoxia has been identified as a trigger for BNIP3/NIX-dependent mitophagy, with Hypoxia Inducible Factor 1-alpha (HIF1) promoting expression of both proteins to initiate mitophagy in a glucose-dependent manner (Long et al., 2022). Moreover, BNIP3 protein levels are targeted for degradation under normoxia, via the ubiquitin-proteasome system (UPS) and by degradation of endoplasmic reticulum (ER)-mislocalised protein (Alsina et al, 2020; Poole et al, 2021; Delgado et al., 2024; Elcocks et al., 2023; Nguyen-Dien et al, 2023; Cao et al, 2023). Both proteins have been shown to have differing roles in developmental regulation of mitophagy during development-for example, NIX expression is induced in a HIF1-independent manner during neuronal differentiation, a vital step in the remodelling of the neuronal proteome (Ordureau et al., 2021).  

Several other proteins have been implicated in the initiation of mitophagy, however they remain poorly understood. FUNDC1 expression is regulated by hypoxia, during which it is also dephosphorylated to promote mitophagy (Liu et al., 2012; Li et al., 2014). This is independent of ubiquitination as FUNDC1 has a LIR domain that can directly interact with LC3 on autophagosomes.  AMBRA1 is recruited to the OMM of depolarised mitochondria (Strappazzon et al., 2015). It also has a LIR domain and promotes mitophagy independently of Parkin, however there are indications it promotes PINK1 stability (Di Rienzo et al., 2022). In response to mitochondrial protein import stress, NLRX1 is retained in the cytosol, where it promotes LC3 lipidation and mitophagy (Killackey et al., 2022). Beyond proteins, cardiolipin also plays an important role in mitophagy, as its localisation to the OMM after mitochondrial injury facilitates its interaction with LC3 to promote mitophagy (Chu et al., 2013).  
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Description automatically generated]Figure 1.4: Summary of mitophagy pathways. 
(A) PINK1/Parkin-dependent mitophagy. Low MMP stabilises PINK1 in the OMM, where it phosphorylates ubiquitin on OMM proteins, antagonised by PPEF2. Subsequently, Parkin elongates ubiquitin chains, antagonised by USP’s, to amplify the signal. SLR’s, including NDP52 and OPTN, bind to ubiquitin and anchor mitochondria to LC3 on autophagosomes. (B) BNIP3/NIX-dependent mitophagy. Stimuli including iron chelation and hypoxia increase stability of HIF1 drive increased expression of BNIP3 and NIX, which are trafficked to mitochondria and directly interact with LC3 on autophagosomes to promote mitophagy.  Image created in Biorender.
[bookmark: _Toc170724181]1.4.4 Calcium homeostasis and MAM’s 
Mitochondria closely associate with many organelles, with up to 20% of the surface area of mitochondria interacting with the ER. These mitochondria-associated ER membranes (MAM’s) play an important role in inter-organelle communication between mitochondria and the ER. The ER is the primary source of intracellular calcium, which is required by mitochondria for several processes described below. Moreover, other processes such as mitochondrial biogenesis, lipid synthesis, ER stress and autophagy are regulated by MAM’s (Sammeta et al., 2023). 

Calcium homeostasis plays a crucial role in a number of cellular processes including cell proliferation and cell death, with mitochondria playing a pivotal role in control of cytosolic calcium (Giorgi et al., 2018). Calcium can cross the OMM via VDAC an enter the matrix through the mitochondrial calcium uniporter (MCU) on the IMM (De Stafani et al., 2011; Shoshan-Barmatz et al., 2018). Mitochondrial calcium uptake can regulate mitochondrial function, as dehydrogenases in the TCA cycle are regulated by calcium-dependent processes (Robb-Gaspers et al., 1998; Rizzuto et al., 2000). Moreover, loss of MCU disrupts complex I and II function during OXPHOS (Tufi et al., 2019).  However mitochondrial calcium import in conjunction with nitric oxide accumulation appears to contribute to cell death (Duchen, 2000).   

The mitochondrial permeability transition pore (mPTP) plays an important role in the control of mitochondrial calcium levels. The pore is a complex ion pore that likely consists of multiple proteins, the identity of which is still debated but appears to include Cyclophilin D/Adenine Nucleotide transporter on the IMM, and VDAC on the OMM
(Bernardi, 2013). mPTP opening typically occurs in response to mitochondrial calcium overload or increased ROS production (Bernardi, 2013). Excessive opening of the mPTP can lead to apoptosis, where small proteins such as cytochrome c begin to leak if the mPTP remains open long enough. Moreover, mPTP opening can lead to necrosis via cytosolic calcium overload (Zhivotovsky & Orrenius, 2011). 
[bookmark: _Toc170724182]1.4.5 Mitochondrial role in apoptosis 
Mitochondria play an important role in regulation of apoptosis and necrosis. Opening of the mPTP, described above, can be initiated by oxidative stress, and lead to release of calcium and ROS from mitochondria to the cytoplasm to cause necrosis (Zhivotovsky and Orrenius, 2011).  mPTP opening also causes influx of water and solutes, causing mitochondrial swelling and OMM disruption. Loss of OMM integrity causes the release of cytochrome c into the cytoplasm, which is required for APAF1 forming the apoptosome (Garrido et al., 2006). Moreover, the protein XIAP is typically bound to caspases 3, 7 and 9 to block apoptosome formation under standard survival conditions in cells. Apoptotic signalling activates and triggers oligomerisation of Bax/Bak, allowing release of Smac/DIABLO and Omi/HtrA1, which subsequently bind to XIAP and block its inhibitory effect (Wang & Youle, 2009). 
[bookmark: _Toc170724183]1.4.6 Mitochondrial ROS production and redox signalling 
Mitochondria are the principal site of ROS production. ROS production occurs largely at complex I; however small amounts are also produced at complex III, α-ketoglutarate dehydrogenase and α-glycerol-3-phosphate dehydrogenase (Murphy, 2009). Production of ROS contributes to redox signalling, whilst excessive production can contribute to oxidative damage of mtDNA, proteins and lipids, which can contribute to increased cytochrome c leakage and promote apoptosis. 

The superoxide radical (O2•-) is the principal ROS produced by mitochondria, by the addition of an electron to an oxygen molecule. These are converted into hydrogen peroxide (H2O2) by SOD1 and SOD2 (Zorov et al., 2014). This is subsequently broken down to water by GPX. A hydroxyl radical (OH) can also be produced from superoxide and hydrogen peroxide and is thought to contribute the most to DNA damage (Valko et al., 2004). ROS production contributes to regulation of multiple cellular processes such as apoptosis, autophagy, mitophagy, mitochondrial biogenesis, hypoxia and immune responses (Sena & Chandel, 2012). ROS contributes to NDP52 oligomerisation during mitophagy which promotes rapid mitophagy (Kataura et al., 2023). Redox-sensitive transcription factors, such as NRF2, drive expression of proteins such as HO1, P62 and TFAM to promote ROS removal, mitophagy and genesis of new mitochondria (Ma, 2013). HIF1 stability appears to be promoted by ROS, either by affecting HIF1 stability or promoting transcription (Movafagh et al., 2015). 
[bookmark: _Toc170724184]1.4.7 MtDNA 
Mitochondria have a limited genome of 37 genes, consisting of 22 tRNA’s, 2 rRNA’s and 13 proteins that are components of the OXPHOS complexes. A breakdown of genes found in the human mitochondrial DNA (mtDNA) genome is found in Figure 1.5. The genome is almost entirely composed of protein-coding DNA and is prone to accumulation of somatic mutations, which can result in mtDNA heteroplasmy, where copies of mtDNA with genetic differences can accumulate in cells (Abhyankar et al., 2009; Parakatselaki and Ladoukakis, 2021). Greater exposure of mtDNA than nuclear DNA to ROS may explain the increased development of these mutations (Yakes and Van Houten, 1997). TFAM is an essential regulator of replication of mtDNA, but also governs mtDNA transcription (Ramachandran  et al., 2017). 
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[bookmark: _Toc162953299]Figure 1.5: Human mtDNA genome. 
Genes are colour coded by OXPHOS complex or RNA coded for (key). Image created in Biorender.  
[bookmark: _Toc170724185]1.5 Mitochondria in ALS 
[bookmark: _Toc170724186]1.5.1 Mitochondrial fragmentation in ALS 
Mitochondrial dynamics appear to be disrupted in ALS models, with reductions in mitochondrial size frequently reported in SOD1, TDP43 and FUS-ALS, indicating mitochondrial fission (Magrane et al., 2014; Onesto et al., 2016; Khalil et al., 2017; Choi  et al., 2020; Cha et al., 2020; Qin et al., 2023). However, in C9orf72-ALS, reported phenotypes have been unclear. In C9orf72-ALS patient fibroblasts, a decrease in aspect ratio has been observed, indicating an increase in roundness which would correlate with an increase in fragmentation (Onesto et al., 2016). In C9orf72-ALS mouse brain tissue and patient post-mortem brain tissue, decreases in mitochondrial length have also been reported (Choi et al., 2018; Petroziello et al., 2022). However, Drosophila DPR ectopic expression models cause mitochondrial hyperfusion (Au et al., 2023). Studies in C9orf72-KO cells did not demonstrate any changes in mitochondrial morphology despite changes in mitochondrial function, indicating DPR production may drive changes in mitochondrial morphology (Wang et al., 2021). Supporting proposed increases in mitochondrial fission, increased expression of fission factors MFN1 and DRP1 and decreased expression of fusion factor OPA1 have been reported previously in C9orf72-ALS models (Onesto et al., 2016; Choi et al., 2019).
[bookmark: _Toc170724187]1.5.2 mtDNA changes in ALS
Changes to mtDNA have been reported in multiple ALS models. mtDNA quantification has been performed in a limited number of C9orf72-ALS models, with increases reported in patient fibroblasts but not iPSC-MN’s (Onesto et al., 2016; Mehta et al., 2021). In patient post-mortem samples, reductions in mtDNA copy number and increased mtDNA point mutations were observed (Keeney & Bennett, 2010). In blood samples from SOD1-ALS and C9orf72-ALS patients, mtDNA copy number positively correlated with disease progression while methylation in the D loop (labelled as the control region in Figure 1.5) inversely correlated with disease progression (Stoccoro et al., 2024). Moreover, models indicate mtDNA may contribute to disease pathogenesis in ALS in multiple ways. Transferring mtDNA from ALS patient platelets to a human neuroblastoma cell line induced multiple mitochondrial defects, including reduced complex I activity, increased free radical scavenging enzyme activity and altered mitochondrial structure (Swerdlow et al., 1998). This could be due to increase mtDNA mutations from oxidative damage, as accumulation of oxidative DNA damage marker 8-hydroxy-2-deoxyguanosine has been reported in mitochondria of pre-symptomatic SOD1-ALS mice (Warita et al., 2001). Moreover, sALS spinal cord and motor cortex samples have displayed increased mtDNA mutations (Dhaliwal and Grewal, 2000; Wiedemann et al., 2002). Furthermore, cytosolic TDP43 leads to increased release of mtDNA from mitochondria, activating the cGAS-STING pathway and promoting cell death (Yu et al., 2020). These findings collectively indicate that increased mtDNA damage may increase mutations, which could lead to increased mtDNA copy number in some models to compensate. Moreover, mtDNA release following cytoplasmic TDP43 aggregation contributes to neuronal death. 
[bookmark: _Toc170724188]1.5.3 Mitochondrial function and ROS production in C9orf72-ALS 
Mitochondrial function is typically assessed by measuring oxygen consumption rate, activity of OXPHOS complex enzymes, ATP levels or MMP. In C9orf72-ALS, multiple studies have indicated reductions in activity or expression of OXPHOS complex subunits, which are summarised in Table 1.1. Complex I expression appears to be reduced in multiple induced Pluripotent Stem Cell-Motor Neurones (iPSC-MN) and in vivo models of C9orf72-ALS (Choi et al., 2019; Mehta et al., 2021; Wang et al., 2021; Au et al., 2023). This appears to be due to a proposed role of C9orf72 in regulating complex I assembly in mitochondria (Wang et al., 2021). However, in some non-neuronal cells, such as muscle and fibroblasts, some models indicate increases in complex I activity (Walczak et al., 2019; Li et al., 2020). This indicates non-neuronal cell types may be able to compensate for reduced complex I assembly, making neurones particularly vulnerable to C9orf72 pathology. Moreover, expression of ATP synthase subunits such as ATP5A also appears to be disrupted in C9orf72-ALS models and patient tissues (Choi et al., 2019). 

Oxygen consumption rate (OCR) has been used as a proxy for mitochondrial function, as mitochondria are responsible for most oxygen consumption. Basal OCR has been reported as decreased in iPSC-MN’s and C9orf72-KO cells (Mehta et al., 2021; Wang et al., 2021). Moreover, reductions in maximal respiration rate and spare respiratory capacity have also been observed in iPSC-MN’s and iNPC-derived astrocytes carrying the C9orf72-ALS mutation (Allen et al., 2019a; Mehta et al., 2021). These reported changes align with findings indicating reduced OXPHOS function, further highlighting mitochondrial dysfunction in C9orf72-ALS. 

ATP levels can be used to assess mitochondrial function, however as ATP can be generated from other sources in the cell, such as glycolysis, interpretation of ATP concentrations is not straightforward. In models assessing ATP levels in C9orf72-ALS, ATP levels are generally diminished in neurones (Choi et al., 2019; Wang et al., 2021; Nelson et al., 2023). Patient fibroblasts, however, have been shown to have higher ATP levels (Onesto et al., 2016). As above, these changes could be due to increased complex I activity that has been reported in these models, highlighting potential metabolic differences between assessed cell types. 

MMP is often assessed as a marker of mitochondrial health. As with mitochondrial function measures reported above, MMP reductions have been reported in a C9orf72-ALS neurone model and in C9orf72-KD cells (Dafinca et al., 2016; Wang et al., 2021). This would align with reports described above indicating reductions in activity of OXPHOS complexes such as complex I, which are responsible for generating membrane potential in mitochondria. As with previous reports, some fibroblast models display increases in MMP (Onesto et al., 2016; Konrad et al., 2017; Li et al., 2021). This may align with previous reports, indicating increased OXPHOS activity in these cells, possibly because of inefficient ATP production as a result of the C9orf72 mutation. Moreover, reductions in ATP synthase activity, which dissipates the membrane potential, may contribute to observed increases in MMP while still contributing to reduced ATP levels. Furthermore, control iPSC-MN’s expressing a polyGR construct to mimic DPR production displayed increased MMP (Lopez-Gonzalez et al., 2016). These findings suggest reduced C9orf72 expression may be responsible for MMP reductions.  
   
With mitochondria being a principal sight of ROS production, mitochondrial ROS levels are often assessed in conjunction with mitochondrial function. Mitochondrial superoxide is primarily assessed, with multiple reports showing elevated superoxide levels in mitochondria (Onesto et al., 2016; Lopez-Gonzalez et al., 2016; Walczak et al., 2019; Li et al., 2021; Au et al., 2023). A DPR-producing Drosophila model has also been used to demonstrate increases in mitochondrial, but not cytosolic, peroxide levels (Au et al., 2023), highlighting that DPR production contributes to ROS production. Moreover, reduced expression of antioxidant enzymes GLO1 and NQO1 has been reported in C9orf72-ALS astrocytes and neurones, highlighting a reduced ability for these cells to remove ROS and reduce oxidative stress (Allen et al., 2019b). 
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	Model
	Reference
	MMP
	Respirometry 
	OXPHOS complexes 
	ATP level
	MitoROS

	Patient fibroblasts
	Onesto et al., 2016
	↑ in galactose
	↑ uncoupled OCR
↑ proton leak
	↑ SDH activity in galactose 
	↑ in galactose 
	↑ superoxide in galactose

	
	Konrad et al., 2017
	↑
	No changes identified 
	Not measured
	No changes identified 
	Not measured

	
	Walczak et al., 2019 
	No changes identified 
	↑ basal OCR
	↑ complex I activity 
↑ complex II activity
↓ complex II expression 
↑ complex IV expression 
	No changes identified 
	↑ superoxide

	
	Li et al., 2021
	↑
	Not measured 
	↑ complex I activity 
	Not measured 
	↑ superoxide 

	iPSC-motor neurones
	Lopez-Gonzalez et al., 2016
	↑ (GR 80x only) 

	Not measured 
	Not measured
	Not measured 
	↑ superoxide 

	
	Dafinca et al., 2016
	↓
	Not measured 
	Not measured 
	Not measured 
	Not measured 

	
	Mehta et al., 2021
	Not measured 
	↓ Basal respiration 
↓ Maximal respiration
	↓ complex I expression 
↓ complex IV expression 
	Not measured
	Not measured

	
	Wang et al., 2021
	Not measured 
	Not measured 
	↓ complex I expression and activity  
	↓ in galactose 
	Not measured

	iNPC-astrocytes
	Allen et al., 2019b
	Not measured
	↓ spare respiratory capacity
	Not measured 
	No changes identified 
	Not measured 

	C9orf72-KO murine embryonic fibroblasts (MEF’s)
	Wang et al., 2021
	↓ (in glucose and galactose) 
	↓ basal respiration in galactose 
	↓ Complex I assembly 
	↓ in galactose 
	Not measured 

	Drosophila (neuronal DPR expression)
	Au et al., 2023
	Not measured
	Not measured
	↓ complex I activity 
↓ complex II activity 
	Not measured
	↑ peroxide 
↑ superoxide 

	Drosophila (muscle polyGR 80x expression)
	Li et al., 2021
	Not measured 
	Not measured 
	↑ Complex I activity
	Not measured 
	↑ superoxide 

	Mice (brain polyGR 80x expression) 
	Choi et al., 2019
	Not measured
	Not measured
	↓ complex I activity 
↓ complex V activity 
↓ ATP5a expression 
	↓ 
	Not measured

	Mice (BAC)
	Nelson et al., 2023 
	Not measured
	Not measured
	Not measured
	↓ 
	Not measured

	C9orf72 patient brain tissue
	Choi et al., 2019
	Not measured
	Not measured
	↓ ATP5A expression
	Not measured
	Not measured



[bookmark: _Toc162448028]Table 1.1: Summary of mitochondrial function measurements in models of C9orf72-ALS. 


[bookmark: _Toc170724189]1.5.4 Mitophagy and biogenesis in C9orf72-ALS
Although changes to autophagy have been reported in multiple C9orf72-ALS models (see 1.3.1), mitophagy has not been well characterised in this genotype. A DPR-expressing Drosophila model reported reduced mitochondrial delivery to lysosomes, highlighting DPR’s likely have an impact on mitophagy (Au et al., 2023). However, a similar model did not identify changes to expression of Drosophila homologs of PINK1 or Parkin, suggesting DPR production does not affect this mitophagy pathway (Xu et al., 2023). 

In other ALS genotypes, such as SOD1, TDP43, FUS, OPTN and sALS, reductions in mitophagy or disruption of expression of mitophagy-related proteins has been reported. Some genes with ALS-associated mutations, such as OPTN and TBK1, are directly involved in mitophagy (Wong and Holzbaur, 2014; Richter et al., 2016). Unsurprisingly, ALS-associated OPTN mutations impair mitophagy (Wong and Holzbaur, 2014). UBQL2, a rare mutation in ALS cases, has been shown to participate in Parkin mediated mitophagy, with ALS-associated mutations impairing this mitophagy pathway (Ma et al., 2023). Parkin expression is reduced in SOD1, TDP43, FUS and sALS models (Lagier-Tourenne et al., 2012; Stribl et al., 2014; Rogers et al., 2017; Palomo et al., 2018; Araujo et al., 2022; Bordoni et al., 2022). Moreover, in SOD1 mouse models, reductions in PINK1 and BNIP3 expression were observed (Rogers et al., 2017). Some models produce suggestions of increased mitophagy. For example, NIX expression is elevated in reactive astrocytes from SOD1 mouse models, and in mice injected with cerebrospinal fluid (CSF) from sALS patients (Duval et al., 2018; Sharma et al., 2015). It is not yet clear whether mitophagy is increased in these models, or whether this is detrimental or compensatory in these models. Taken together, these findings provide preliminary evidence that the PINK1/Parkin pathway appears to be affected across a range of ALS genotypes but may not be disrupted in C9orf72. The role of other PINK1/Parkin-independent pathways, such as BNIP3/NIX, is still unclear. Further characterisation of mitophagy in C9orf72-ALS is urgently required to best understand whether therapeutic targeting may be beneficial and, if so, what strategies might be best to target mitophagy. 

Changes in PGC-1 expression have been reported in multiple ALS models, indicating altered mitochondrial biogenesis. In C9orf72-ALS patient fibroblasts, higher PGC-1 expression and mitochondrial mass was observed (Onesto et al., 2016). These changes were not reported in C9orf72-ALS patient derived iPSC-MN’s (Mehta et al., 2021). Conversely, reductions in mitochondrial mass have been reported in TDP43-ALS and FUS-ALS fibroblasts (Onesto et al., 2016; Palomo et al., 2018). Reduced PGC-1 expression has been observed in SOD1-ALS mouse muscle, ALS patient muscle and spinal cord tissue from SOD1-ALS and FUS-ALS mice (Thau et al., 2012; Russell et al., 2013; Bayer et al., 2017; Palomo et al., 2018). 
[bookmark: _Toc170724190]1.6 Hypotheses and theses aims
In summary, the previous studies discussed in this introduction identify mitochondrial dysfunction as a common pathology in ALS, including in C9orf72-ALS. However, in C9orf72-ALS in particular, phenotypes reported are often mixed. This may be in part because of a mixture of models studying one or several C9orf72 pathogenic mechanisms in combination. There are also a limited number of studies investigating mitochondrial phenotypes in ALS relevant cells such as neurones. There is a greater need to understand how mitochondria are affected in C9orf72-ALS patient neurones. This project aims to expand on current literature, investigating mitochondrial dysfunction in cells reprogrammed from C9orf72-ALS patients and healthy controls. In particular, this project will include an in-depth characterisation of mitophagy in C9orf72-ALS patient cells, something which is clearly lacking in the literature. Moreover, expanding on previous reports in a Drosophila model of TDP43-ALS, glycolysis will be investigated in C9orf72-ALS, to examine how it may be impacted in C9orf72-ALS and whether this could be targeted therapeutically. 

Hypothesis: Mitochondrial function and mitophagy will be impaired in C9orf72-ALS, which will lead to a compensatory increase in glycolysis. 

Aim 1: Investigate mitochondrial function in C9orf72-ALS iNeurones 
Objectives:
1. To measure mitochondrial size and shape parameters (area, length, width: length and roundness) 
2. To measure mitochondrial function via MMP, OCR and MitoROS production 
3. To measure NRF2 activation 
4. To quantify mtDNA levels 

Aim 2: Investigate mitophagy in-depth in C9orf72-ALS iNeurones 
Objectives: 
1. To investigate basal mitophagy by quantification of mitochondria with autophagosomes and lysosomes 
2. To investigate PINK1/Parkin-dependent mitophagy under basal and induced conditions 
3. To investigate BNIP3/NIX-dependent mitophagy under basal and induced conditions 
4. To investigate ULK1 in mitophagy in C9orf72-ALS iNeurones 
5. To study the impact of tool compounds on their ability to modulate mitophagy in C9orf72-ALS iNeurones 

Aim 3: Investigate glycolysis in C9orf72-ALS models 
Objectives:
1. To measure glucose uptake in Drosophila models of C9orf72-ALS 
2. To test dietary interventions in Drosophila models of C9orf72-ALS for their therapeutic potential
3. To investigate glycolytic rate in C9orf72-ALS patient iNeurones 











[bookmark: _a1jy0iut4goq][bookmark: _Toc170724191]Chapter 2-Materials and methods 
[bookmark: _Toc158669572][bookmark: _Toc170724192]2.1 Materials 
[bookmark: _Toc158669573][bookmark: _Toc170724193]2.1.1 Cell culture reagents 
	Reagent
	Supplier
	Catalogue no. 

	DMEM: F12 with GlutaMAX
	Gibco
	31331-028

	N2 supplement 
	Gibco
	17502001

	B27 supplement 
	Gibco
	17504001

	Penicillin/Streptomycin
	Lonza
	DE17-603E

	Retinoic acid 
	Merck
	R2625

	Forskolin
	Cayman Chemicals
	11018

	Smoothened Agonist (SAG)
	Merck 
	566660

	N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) 
	Sigma
	D5942

	Fibronectin 
	Merck
	FC010-10MG

	Accutase
	Corning Fisher
	15323609

	FGF-basic
	Peprotech
	100-18b

	MEM
	Thermofisher
	51200-038

	Oligomycin
	Sigma
	O4876

	Antimycin A
	Sigma
	A8674

	Rotenone
	Sigma
	R8875

	3-methyl-1-phenyl-2-pyrazoline-5-one (Edaravone)
	Sigma
	M70800

	Dimethyl fumarate (DMF)
	Sigma
	242926

	Monomethyl fumarate (MMF)
	Sigma
	651419

	CCCP
	Sigma
	C2759

	Nilotinib 
	Selleckchem
	S1033

	BL-918 
	Selleckchem
	S0819

	DNA2 inhibitor C5
	Adooq biosciences
	A19091

	A769662
	Sigma
	SML2578

	Deferiprone
	Merck
	Y0001976

	Seahorse media without phenol red
	Agilent
	10335-100

	Sodium pyruvate
	Sigma
	38636


[bookmark: _Toc162448029]Table 2.1: List of cell culture reagents used in this study. 
[bookmark: _Toc158669574][bookmark: _Toc170724194]2.1.2 General reagents 
	Reagent
	Supplier
	Catalogue no. 

	Horse serum 
	Sigma
	H0146

	Hoecsht-33342
	Sigma
	B2883

	MitoTracker Green 
	Thermofisher
	M7514

	MitoTracker Deep Red
	Thermofisher 
	M22426

	TMRM
	Sigma 
	T5428

	LysoTracker Deep Red
	Thermofisher
	L12492

	MitoSOX Red 
	Thermofisher
	M36008

	NpFR2
	University of Sydney
	N/A

	Neurite Outgrowth kit 
	Thermofisher
	A15001

	ATP substrate assay kit 
	Perkin Elmer 
	6016947

	CyQuant cell proliferation kit
	Thermofisher
	C35006 

	DNeasy extraction kit
	Qiagen
	69504

	7.5 or 12% precast gels
	Biorad
	4568024/4568044

	Clarity ECL Western substrate 
	Biorad
	1705061

	SYBR Green 
	Qiagen
	204145

	Protein standard ladder
	Biorad
	1610394

	Protease Inhibitor Cocktail
	Sigma
	P8340

	Phosphatase inhibitor cocktail
	Sigma
	P0044

	RIPA buffer
	Sigma
	R0278


[bookmark: _Toc162448030]Table 2.2: List of general reagents used in this study. 
[bookmark: _Toc158669575][bookmark: _Toc170724195]2.1.3 Antibodies for Immunofluorescent staining 
	Target
	Species
	Dilution used
	Supplier 
	Catalog no. 

	TUJ1
	Chicken
	1:1,000
	Merck 
	AB9354

	MAP2
	Rabbit
	1:1,000
	abcam
	ab32454

	NeuN
	Rabbit
	1:1,000
	abcam
	ab177487

	vGluT1
	Rabbit 
	1:500
	abcam
	ab242204

	HB9
	Mouse
	1:500
	abcam
	ab221884

	ChAT
	Goat
	1:1,000
	Merck
	AB144P

	TOM20
	Mouse 
	1:1,000
	BD Biosciences
	612278

	LC3
	Rabbit
	1:1,000
	MBL
	PM036

	LAMP2
	Mouse
	1:1,000
	Santa Cruz
	sc-18822

	P62 
	Rabbit
	1:1,000
	Proteintech
	18420-1-AP

	NDP52
	Rabbit
	1:1,000
	Proteintech
	12229-1-AP

	NRF2
	Rabbit
	1:1,000
	Abcam
	ab31163

	BNIP3
	Rabbit
	1:200
	Abcam
	ab109362

	BNIP3L/NIX
	Rabbit
	1:250
	Abcam
	8399

	Phospho-NIX (Ser81)
	Rabbit
	1:1,000
	Abcam
	ab208190

	HSP60
	Chicken
	1:5,000
	Thermofisher
	PA5-143571

	ULK1
	Mouse
	1:200
	Santa Cruz
	sc390904

	Anti-mouse Alexa 488 secondary antibody
	Goat
	1:1,000
	Invitrogen
	A32723

	Anti-rabbit Alexa 568 secondary antibody
	Donkey
	1:1,000
	Invitrogen 
	A11037

	Anti-chicken Alexa 488 secondary antibody
	Goat
	1:1,000
	Invitrogen
	A11039

	Anti-chicken Alexa 647 secondary antibody 
	Donkey
	1:1,000
	Invitrogen 
	A78952


[bookmark: _Toc162448031]Table 2.3: List of antibodies used in this study in immunofluorescent staining. 
[bookmark: _Toc158669576][bookmark: _Toc170724196]2.2 Methods 
[bookmark: _Toc158669577][bookmark: _Toc170724197]2.2.1 iNPC cell line maintenance  
Fibroblasts were obtained and converted to induced Neuronal Progenitor Cells (iNPC’s) as previously described by Prof. Laura Ferraiuolo (Meyer et al., 2014). Informed consent was obtained from all participants before collection of fibroblast biopsies (Sheffield Teaching Hospital (STH) study number STH16573, Research Ethics committee reference: 12/YH/0330). Fibroblasts obtained from Cedars Sinai are covered by an MTA obtained by Prof. Laura Ferraiuolo and reprogrammed by Tobias Moll and Allan Shaw. 
 
iNPC’s were cultured in 10ml of DMEM: F12 (1:1) GlutaMAX with 1% N2, 1% B27 and 20ng/ml FGF, in 10cm dishes in a 37C/5% CO2 incubator. 10cm dishes were coated in fibronectin by incubating with 10μg/ml fibronectin solution for at least 10 minutes before use. Cells were split every 2-4 days depending on cell line. 
	Patient 
	Genotype
	Gender
	Age at biopsy
	Origin

	155
	Control
	Male
	40
	Sheffield Teaching Hospitals (STH)

	3050
	Control
	Male
	68
	STH

	CS14
	Control
	Female
	52
	Cedars-Sinai

	183
	C9orf72-ALS
	Male
	50
	STH

	78
	C9orf72-ALS
	Male
	66
	STH

	ALS52
	C9orf72-ALS
	Male
	49
	Cedars-Sinai


[bookmark: _Toc162448032]Table 2.4: Details of cell lines used in this study. 
[bookmark: _Toc158669578][bookmark: _Toc170724198]2.2.2 iNPC differentiation into iNeurones 
iNeurones were maintained in DMEM: F12 (1:1) GlutaMAX media (Gibco) with 1% N2, 2% B27 and 50U/ml each of penicillin/streptomycin. iNPC’s were plated into 6 well dishes at densities of 15,000 to 60,000 cells per well, depending on the cell line. Cells were left for 3 days or until ~80% confluent. To begin differentiation, cells were switched to iNeurone media with 0.5μM DAPT for 48 hours. Cells were switched to iNeurone media with 1μM Smoothened agonist (SAG), 2.5μM Forskolin and 1μM retinoic acid. The following day cells were replated as necessary into 96 well plates at densities of 1,000 to 15,000 cells depending on cell line. Cells were detached with Accutase, resuspended in media, counted and plates at the appropriate densities. Media was changed on cells every 2 days for 14 days before cells were assayed 18 days after differentiation was started. 
[bookmark: _Toc158669579][bookmark: _Toc170724199]2.2.3 Neurite outgrowth assay 
A neurite outgrowth staining assay was performed as per manufacturer’s instructions with some modifications. Cell viability and cell membrane dyes were diluted 1:500 in Modified Eagles Media (MEM). Hoechst-33342 solution (Sigma) was diluted to a final concentration of 50μM with this mixture of dyes. 60μl of this solution was added to each well of a 96 well plate and incubated for 30 minutes at 37C. The solution containing dyes was then removed and replaced with 100μl of background suppressor solution, diluted 1:100 as per manufacturer’s instructions. Cells were imaged using an Opera Phenix high content imaging system with a 20x objective across 15 fields of view and 6 z stacks per well at 3.6 μm separation. Analysis was performed using a custom protocol on Revvity’s Harmony 4.9 software (see 2.2.21)
[bookmark: _Toc158669580][bookmark: _Toc170724200]2.2.4 Mitochondrial membrane potential and morphology assay
To assess mitochondrial morphology and membrane potential, cells were stained with Mitotracker Green (MTG) and tetramethylrhodamine methyl ester (TMRM). Cells were incubated for 1 hour in MEM with 200nM MTG, 80nM TMRM and 20μM Hoechst for 1 hour at 37C. Cells were imaged using an Opera Phenix high content imaging system with a 40x water immersion objective across 20 fields of view and 6 z stacks per well at 0.5μm separation.  Analysis was performed using a custom protocol on Harmony software. 

At higher concentrations of TMRM, a significant amount of dye accumulates in mitochondria, quenching itself and only allowing assessment of mitochondrial depolarisation as measurement of leakage of the dye into the cytoplasm and its subsequent fluorescence. At this TMRM concentration in these cells, TMRM fluorescence occurs in de-quenched state, where mitochondrial fluorescence correlates more closely with membrane potential (Connolly et al., 2018). MitoTracker Green accumulates in mitochondria in a membrane potential-dependent manner but can covalently bond to mitochondrial proteins and hence is retained even following changes in membrane potential (Presley et al., 2003).
[bookmark: _Toc158669581][bookmark: _Toc170724201]2.2.5 Mitophagy flux assay 
Mitophagy was assessed by staining cells with MTG, TMRM and Lysotracker Deep Red. Cells were treated with Oligomycin/Antimycin A at 10μM and 4μM respectively to assess PINK1/Parkin-dependent mitophagy. Cells were switched to MEM prior to imaging, with some cells treated with Oligomycin/Antimycin A to induce mitophagy during the imaging. Lysotracker Deep Red is designed to accumulate in acidic organelles and hence stains primarily lysosomes and late endosomes (Chazotte, 2011). Cells were imaged using an Opera Phenix high content imaging system with a 40x water immersion objective across 10 fields of view and 4 z stacks at 0.5μm separation per well. Imaging of each well and field of view repeated every 30 minutes for 2 hours. Analysis was performed using a custom protocol on Harmony software (Revvity). 
[bookmark: _Toc158669582][bookmark: _Toc170724202]2.2.6 Mitochondrial ROS staining 
For assessment of mitochondrial superoxide, day 17 neurones were treated with edaravone, dimethylfumarate (DMF) or monomethylfumarate (MMF) for 24 hours prior to staining. Cells were stained with 20μM Hoescht, 500nM MitoSOX Red (MSR-Thermofisher) and 200nM Mitotracker Green in MEM for 30 minutes at 37C. MitoSOX dyes localise to mitochondria due to the presence of the triphenylphosphonium (TPP) ion and are oxidised to a fluorescent form by superoxide (Kauffman et al., 2016). Cells were imaged using an Opera Phenix high content imaging system with a 40x water immersion objective across 20 fields of view and 6 z stacks at 0.5μm separation per well. Analysis was performed using a custom protocol on Harmony software (Revvity). 

For assessment of total MitoROS production, staining with the fluorescent redox sensor NpFR2 was also performed. This dye also localises to mitochondria because of a TPP moiety but is oxidised to a fluorescent form by all ROS (Kaur et al., 2015). Cells were treated with 20μM NpFR2, 80nM TMRM and 100nM Mitotracker Deep Red for 30 minutes at 37C. Cells were imaged using an Opera Phenix high content imaging system with a 40x water immersion objective across 20 fields of view and 6 z stacks at 0.5μm separation per well. Analysis was performed using a custom protocol on Harmony software (Revvity).
[bookmark: _Toc158669583][bookmark: _Toc170724203]2.2.7 Seahorse Bioanalyser Mito stress test 
Day 17 neurones were replated into fibronectin coated 96 well Seahorse XFe96 plates as described in 2.2.2, at concentrations of 20,000 to 40,000 cells per well. On the day of the assay, cells were transferred to 180μl per well of Seahorse XF media without phenol red, supplemented with 1mM sodium pyruvate, 10mM glucose and 2mM L-Glutamine. Cells were incubated in this media in a non-CO2 incubator for 45 minutes prior to assay. Cells were then loaded into the machine following calibration of the O2/pH probes. Injection ports were loaded with oligomycin, CCCP and Rotenone/Antimycin A (concentrations described in Table 2.5). OCR and extracellular acidification rate (ECAR) were measured at 6 minutes intervals after 3 minutes of mixing. Upon completion of the last OCR reading, cells were fixed in 4% PFA for 30 minutes at room temperature. Cells were stained with 10μM Hoechst in PBS for 5 minutes and imaged using a GE InCell. Cell counts were analysed using a custom protocol on the InCell Developer image analysis software. 
	Drug
	Concentration in port
	Final Concentration in well 
	Function

	Oligomycin
	15μM
	1.5μM
	ATP synthase inhibitor

	CCCP
	15μM
	1.5μM
	Uncoupler

	Rotenone/ AntimycinA
	5μM
	0.5μM
	Complex I/Complex III inhibitor 


[bookmark: _Toc162448033]Table 2.5: List of mitochondrial inhibitors used in the Seahorse Mito Stress test assay.  
[bookmark: _Toc158669584][bookmark: _Toc170724204]2.2.8 Cryopreservation of iNPC cell lines 
During splitting of cells, following centrifugation cell pellets were resuspended in iNPC media (section 2.2.1.1). Approximately 2-5 million cells were resuspended in iNPC media with 10% sterile DMSO, then transferred to cryogenic vials. Cryogenic vials were cooled by 1C a minute in cell freezer containers (Corning) for at least 2 hours, before transfer to liquid nitrogen for long term storage. 
[bookmark: _Toc158669585][bookmark: _Toc170724205]2.2.9 Immunofluorescent staining 
Cells were plated into a 96 well plate as described in section 2.2.2. For iNeurones, cells were fixed by adding 100μl of 4% paraformaldehyde in PBS on top of cell culture media and incubating for 30 minutes at 37C. Media was replaced with 4% PFA in PBS and incubated for 30 minutes at room temperature. Cells were washed 3x in PBS before storage at 4C until used for staining. 

For staining, cells were permeabilised in PBST with 0.1% Triton for 15 minutes at room temperature. Cells were washed 3x with PBST before blocking with horse serum, diluted 1:20 in PBST, at room temperature for 1 hour. Blocking solution was removed and primary antibodies, diluted in PBST as described in 2.1.3, were added, before the plate was incubated overnight at 4C. The following day, cells were washed 3x in PBST before treatment with secondary antibodies, diluted in PBST as described in 2.1.3, for 1 hour at room temperature. Cells were washed 3x in PBST before incubating with Hoescht, diluted to 20μM in PBST, for 5 minutes. Cells were washed 3x in PBST before imaging or storage at 4C. Cells were imaged on the Opera Phenix High content imaging system with a 40x water immersion objective across 20 fields of view and 6 z stacks per well. 
[bookmark: _Toc158669586][bookmark: _Toc170724206]2.2.10 ATP assays 
ATP levels in cells were assessed using the ATP Lite kit (Revvity) per manufacturer’s instructions. iNPC’s or iNeurones were plated into a white-walled 96 well plate as described in section 2.2.2. Cells were plated at a density of 5,000 cells/well. The following day, cells were treated for 30 minutes with either 50mM 2-deoxyglucose to inhibit glycolysis, 10μM oligomycin to inhibit oxidative phosphorylation, or both inhibitors diluted in MEM. Cells were washed in 200μl PBS, before addition of 50μl of lysis buffer and 100μl of PBS to each well. Cell lysates were agitated at 700rpm for 5 minutes before 50μl of ATP luciferase reagent was added to each well. Cell lysates were agitated again at 700rpm for 5 minutes, before the plate was dark adapted for 10 minutes, prior to measurement of luminescence on a Fluostar Omega microplate reader (BMG Labtech). To correct for cell number, a CyQuant cell proliferation kit was used. 
[bookmark: _Toc158669587][bookmark: _Toc170724207]2.2.11 Cell lysis and protein quantification 
Cells were lysed in RIPA buffer with added protease inhibitor cocktail and phosphatase inhibitor. Lysis buffer was prepared as RIPA buffer with protease inhibitor cocktail and phosphatase inhibitor. Cell pellets were thawed to room temperature and lysed in 50μl of cell lysis buffer. Cells were agitated frequently on ice for 30 minutes before centrifuging at 14,000rpm for 20 minutes. The supernatant was removed for use as protein extract. 

Cell protein extracts were assessed for protein concentration using a Bicinchoninic acid (BCA) assay. A 1:5 dilution of protein extracts was plated alongside a standard curve of 30-1000 μg/ml bovine serum albumin (BSA). After addition of BCA reagent, absorbance of 595nm light was measured. Extrapolation from the standard curve was used to calculate sample protein concentration. Samples were heated to 95C for 5 minutes with Laemelli buffer before use. 
[bookmark: _Toc158669588][bookmark: _Toc170724208]2.2.12 Western blot 
20μg of protein were loaded per well in 7.5 or 12% gels alongside a protein standard ladder. Samples were separated for 30 minutes at 50V then 60-90 minutes at 120V. Protein was transferred onto a PVDF membrane with 250mA for 60 minutes. Membranes were blocked in 5% milk or 5% BSA for 1 hour before incubating with relevant primary antibodies overnight at 4C. Membranes were washed 3x in TBST before staining with the appropriate secondary antibody, diluted in TBST, for 1 hour at room temperature. Membranes were washed 3x in TBST before being treated with an enhanced chemiluminescence (ECL) reagent for 3 minutes. Membranes were visualised using a Licor Odyssey FC. Image analyses were performed with ImageStudio to quantify band intensity. 
	Antibody 
	Species
	Dilution 
	Supplier

	ULK1
	Mouse
	1:500
	Santa Cruz (sc390904

	C9orf72
	Rabbit 
	1:1,000
	Atlas (HPA023873)

	TDP-43
	Rabbit
	1:1,000
	Cell Signalling Technologies 

	BNIP3L/NIX
	Rabbit
	1:1,000
	Abcam (ab8399)

	BNIP3
	Rabbit
	1:1,000
	Abcam (ab109362)

	Alpha-tubulin
	Mouse
	1:1,000
	Invitrogen (62204)

	Beta-actin
	Mouse
	1:1,000
	Abcam (ab8226)

	Goat anti-rabbit secondary antibody
	Goat 
	1:5,000
	Dako (P044801-2)

	Goat anti-mouse secondary antibody 
	Goat
	1:10,000
	Abcam (ab97040)


[bookmark: _Toc162448034]Table 2.6: List of antibodies used in this study in Western blots. 
[bookmark: _Toc158669589][bookmark: _Toc170724209]2.2.13 Total DNA extraction 
Total DNA was extracted using the Qiagen DNeasy kit using manufacturer’s instructions. Briefly, cell pellets were warmed to room temperature and resuspended in 200μl PBS and 20μl Proteinase K. 200μl of Buffer AL was added before vortexing until the solution was homogenised. Lysates were incubated at 56C for 10 minutes with tubes being vortexed twice more during this period. 200μl of ethanol was added to each lysate before lysates were transferred to spin columns and centrifuged at 8,000 rpm for 2 minutes. Samples were washed in kit provided wash buffers before eluting with kit provided buffer at 8,000 rpm for 2 minutes. Samples were stored at -20C until used. 
[bookmark: _Toc158669590][bookmark: _Toc170724210]2.2.14 Mitochondrial DNA quantification 
MtDNA copy number was quantified by presence of mitochondrial complex I genes ND1 and ND4 as described by Krishnan et al., 2007. DNA levels were assessed by quantitative PCR (qPCR) using 100ng DNA. Forward and reverse primers for the genes were used at 300nM concentration. Reactions were performed in triplicate using SYBR green on a C1000 Touch thermocycler using the CFX96 Real-Time System (Biorad). Samples were initially denatured for 10 minutes at 95C, followed by 40 cycles of: 95C for 15 seconds, 60C for 1 minute (followed by fluorescence reading), 72C for 1 minute. Melt curves were recorded following the last cycle. 
	Primer
	Sequence
	Reference

	ND1 forward
	5’-CCCTAAAACCCGCCACATCT-3’
	Campbell et al., 2013

	ND1 reverse
	5’-GAGCGATGGTGAGAGCTAAGGT-3’
	Campbell et al., 2013

	ND4 forward
	5′-CCATTCTCCTCCTATCCCTCAAC-3
	Campbell et al., 2013

	ND4 reverse
	5′-CACAATCTGATGTTTTGGTTAAACTATATTT-3′
	Campbell et al., 2013

	U1 forward
	5’-CCATGATCACGAAGGTGGTT-3’
	Primer-BLAST (NCBI)

	U1 Reverse
	5’-ATGCAGTCGAGTTTCCCACA-3’
	Primer-BLAST (NCBI)


[bookmark: _Toc162448035]Table 2.7: List of primers used in this study for mtDNA quantification in iNeurones. 
[bookmark: _Toc158669591][bookmark: _Toc170724211]2.2.15 Compound preparation and iNeurone treatment 
The compounds nilotinib, BL-918, A769662, DMF, MMF and edaravone were stored in a MultiPod storage system at 0.5 pounds per square inch (PSI), <10% oxygen and 5% relative humidity conditions to reduce freeze-thaw cycles (MultiPod, Roylan Developments). Oligomycin and CCCP were reconstituted to 10mM concentration in DMSO and stored aliquoted at -20C. Rotenone and antimycin A were reconstituted to 10mM in 100% ethanol and stored aliquoted at -20C for short term use. Deferiprone (DFP) was dissolved in PBS at 5mM and stored aliquoted at -20C for short term use. Compounds stored at -20C were discarded after 1 month.  

Unless otherwise stated, iNeurones were treated with compounds for 24 hours prior to performing assays. Media was removed from each well and replaced with media containing stated compound. For compounds reconstituted in DMSO, negative control wells were treated with media containing 0.1% v/v DMSO. 
[bookmark: _Toc158669592][bookmark: _Toc170724212]2.2.16 Drosophila genetics 
Flies were incubated under standard conditions in a humidified incubator at 25C on a 12-hour alternating light-dark cycle. Flies were maintained on food consisting of agar, cornmeal, molasses, propionic acid and yeast. For high sugar food experiments, glucose content was adjusted to 10x the normal concentration, or 357g/L. 
[bookmark: _Toc158669593][bookmark: _Toc170724213]2.2.17 Drosophila glucose uptake
Drosophila expressing the FLII12Pglu-700𝛍𝛿6 glucose sensor were previously generated (Volkenhoff et al., 2018). Transgene expression was induced using the D42-GAL4 driver, which drives expression primarily in motor neurones with some peripheral nervous system expression (Sanyal, 2009). When unbound to glucose this protein fluoresces due to cyan fluorescent protein (CFP), however when bound to glucose yellow fluorescent protein (YFP) emission also occurs due to fluorescence resonance energy transfer (FRET), allowing glucose import to be measured using FRET/CFP signal ratios. 

Measurements of glucose uptake were performed as previously described (Manzo et al., 2019; Loganathan et al 2021). Wandering third instar larvae were pinned to a Sylgard plate with insect pins dissected in haemolyph like saline-3 (HL3) buffer (70mM NaCl, 5mM KCl, 20mM MgCl2, 10mM NaHCO3, 115mM sucrose, 5mM trehalose, 5mM HEPES; pH 7.1). Dissected larvae were cleaned so the ventral nerve cord (VNC) is clearly visible. Larval ventral nerve cords (VNC’s) were imaged with a Zeiss LSM880 NLO upright confocal microscope using a 40x water immersion lens. Images were acquired in both the CFP (CFP 454-568nm) and FRET (516-621nm) detection channels. Each region of interest (ROI) was imaged every 10 seconds for 10 minutes. Following this, HL3 was replaced with high glucose HL3 (where 5mM trehalose was replaced with 5mM glucose) and imaged again every 10 seconds for 10 minutes.

Images were analysed using ImageJ with the drift correction plugin turboreg (Thevenaz et al., 1998). ROIs were manually selected and mean grey values for each ROI were extracted. The mean grey values for the FRET and CFP channels were taken to calculate the FRET ratio, which is used as a measure of intracellular glucose concentration. For baseline vs glucose stimulated comparisons, normalised FRET ratio for each ROI was taken from minutes 5-10.
[bookmark: _Toc158669594][bookmark: _Toc170724214]2.2.18 Drosophila mtDNA quantification 
Transgene expression was induced using the elav-GAL4 driver, which drives expression pan-neuronally. Total DNA was extracted using the Qiagen DNeasy kit using manufacturer’s instructions for insect tissue. Briefly, 15 VNC’s were dissected from wandering 3rd instar larvae and stored in cold PBS on ice. 20μl of proteinase K and 200μl of Buffer AL was added before incubating at 56C for 30 minutes. 200μl of ethanol was added to each lysate before lysates were transferred to spin columns and centrifuged at 8,000 rpm for 2 minutes. Samples were washed in kit provided wash buffers before eluting with kit provided elution buffer at 8,000 rpm for 2 minutes. Samples were stored at -20C until used. 

Quantification of mtDNA was performed in triplicate by TaqMan qPCR amplification of the mitochondrial genes mt: CoI and mt: LrRNA and the nuclear genes RpL32 as a normalising reference gene. Sequences for primer pairs and TaqMan probes were used as previously described (Andreazza et al., 2019). 50ng of DNA was loaded per reaction with TaqMan reagents diluted to 1x. PCR reactions were performed according to standard conditions for TaqMan (Applied Biosystems, RRID:SCR_005039): 50C for 2 min; 95C for 10 min, followed by 40 cycles at 95C for 15s, 60C for 1 min. The expression of mtDNA copy number relative to nuclear DNA was determined using the 2-deltaCT method. Relative quantification was corrected for PCR efficiency of each primer pair. 









	Primer
	Sequence

	Mt: CoI Forward
	5′-TTCTACCTCCTGCTCTTTCTTTAC-3’

	Mt: CoI Probe
	5′-FAM-AATGGAGCTGGGACAGGATGAACT-TAMRA

	Mt: CoI Reverse
	5′-CAGCGGATAGAGGTGGATAAAC-3’

	Mt: LrRNA Forward
	5′-AGATAGAAACCAACCTGGCTTAC

	Mt: LrRNA Probe
	5′-FAM-ACCGGTTTGAACTCAGATCATGTAAGA-TAMRA

	Mt: LrRNA Reverse
	5′-TTGGGTGTAGCCGTTCAAAT

	RpL32 Forward
	5′-CACCGGAAACTCAATGGATACT

	RpL32 Probe
	 5′-FAM-CCAAGAAGCTAGCCCAACCTGGTT-TAMRA

	RpL32 Reverse
	5′-CACACAAGGTGTCCCACTAAT


[bookmark: _Toc162448036]Table 2.8: List of primers used in this study for TaqMan qPCR quantification of mtDNA in Drosophila samples. 
Sequences obtained from Andreazza et al., 2019. 
[bookmark: _Toc158669595][bookmark: _Toc170724215]2.2.19 Drosophila egg-to-adult viability assays 
Crosses were set up in triplicate and in vials and brooded every 3 days. After ~7 days, the number of pupae in each vial were counted. Once adults eclosed, the number of adults eclosing were counted until they stopped eclosing. Percentage of pupae that eclosed was calculated and plotted. Fisher’s exact test was used for statistical analysis due to low numbers of observations in some analysed groups. 
[bookmark: _Toc158669596][bookmark: _Toc170724216]2.2.20 Drosophila larval turning assays 
Larval turning assays were performed as previously described (Manzo et al., 2019). Crosses were set up in triplicate and in vials and brooded every 3 days. Wandering 3rd instar larvae were placed on agar plates and allowed to acclimate for 30 seconds. Larvae were turned onto their dorsal side using a paintbrush. Time taken for larvae to turn ventral side down and make a full forward motion was measured. 25 larvae were assayed per genotype and treatment condition. 
[bookmark: _Toc158669597][bookmark: _Toc170724217]2.2.21 Data analysis 
All experiments were performed in triplicate, unless otherwise stated. Data analyses were performed in Microsoft Excel before results were transferred to GraphPad Prism for most analyses. Tests used to determine statistical significance are named with each relevant figure. Simple linear regression was performed for analysing associations between parameters. For normalised data, non-parametric tests were performed. Wilcoxon tests were performed for comparisons between two normalised matched data samples. Friedman tests were performed for comparisons between three or more normalised matches data samples. Kruskal-Wallis tests were performed on normalised data samples that were not matched. For all other data, parametric tests (t-tests and two-way ANOVA’s) were performed. Tukey’s test was used to correct for multiple comparisons where appropriate. p<0.05 was considered significant. Normality was tested using a QQ plot. 
[bookmark: _Toc158669598][bookmark: _Toc170724218]2.2.22 Image analysis in Harmony 
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[bookmark: _Toc162953300]Figure 2.1: Image analyses in Harmony. 
(A) Images of cells stained with MitoTracker Green (green) and Hoescht (blue). (B) Mitochondrial mask. (C) Selection of mitochondrial spots from mitochondrial mask.   

Images were analysed using the Harmony image analysis software (Revvity, version 4.9). Z stacks were combined into a single image and a flatfield correction applied. Nuclei were segmented from Hoescht staining and an image region was applied to each field of view by all areas containing mitochondrial staining. For mitochondrial segmentation, the software’s saddle-edge-ridge (SER) filter was used to produce a mitochondrial mask. Mitochondrial spots were segmented from this mask and morphology parameters reported for each spot. Intensity parameters were reported for nuclei, mitochondria, or image region area as necessary. For intensity measures, integrated density was calculated by dividing reported intensity value by the area intensity values were reported for. For mitochondrial co-localisation, spots from a protein of interest were quantified for percentage of mitochondria that co-localised with these spots. 

For neurone score, images from the neurite outgrowth staining were analysed using a custom protocol in Harmony 4.9. Utilising over 300 reported morphology parameters, a machine learning algorithm was trained to recognise neuronal and non-neuronal cells. 
[bookmark: _Toc158669599][bookmark: _Toc170724219]2.2.23 Analysis of mitochondrial object data in R 
Results for each individual mitochondrial object were reported by the Harmony image analyses software and imported into R for analyses. Cumulative distribution functions were plotted for mitochondrial morphological parameters. Kolmogorov-Smirnov tests were performed to compare whether control and C9orf72-ALS mitochondrial distributions where significantly different. 





[bookmark: _Toc170724220]Chapter 3-Characterisation of mitochondria in C9orf72-ALS in iNeurones

[bookmark: _Toc170724221]3.1 Introduction 

The aim of this chapter is to provide a characterisation of mitochondria of neurones generated from patients with a C9orf72-ALS mutation. Mitochondria have previously been characterised from patient cells across a range of different ALS mutations, as described in chapter 1. Previous reports have been published detailing mitochondrial dysfunction in C9orf72-ALS patient cells, however exploration of neurones of this genotype has been minimal to date. This chapter utilises directly reprogrammed iNPC’s for the generation of neurones.

[bookmark: _Toc170724222]3.1.1 iNPC’s 
Fibroblasts have previously been used as a widespread tool for the study of neurodegenerative diseases, including ALS (Bell et al., 2020). Although fibroblasts are not derived from the CNS, multiple ALS relevant metabolic phenotypes have previously been reported in patient derived fibroblasts (Allen et al., 2014; Allen et al., 2015; Onesto et al., 2016; Konrad et al., 2017; Li et al., 2021). However, there are multiple limitations to widespread use of fibroblasts. As they do not share morphology with neurones, especially with regards to the presence of neurites, the study of axonal transport, a known phenotype in ALS models, is not possible. Moreover, with regards to metabolism, fibroblasts are heavily reliant on glycolysis over mitochondrial ATP production, a phenomenon known as the Crabtree effect (de Kok et al., 2021). This can be circumvented by culturing cells in media with glucose substituted for galactose. Galactose is converted in cells to glucose in an ATP dependent reaction, removing the ATP production by glycolysis and forcing greater utilisation of mitochondria by cells 
(Mulukutla et al., 2015). Indeed, in several studies investigating ALS patient derived fibroblasts, only in galactose media did cells exhibit mitochondrial phenotypes (Onesto et al., 2016; Konrad et al., 2017). Despite this, several studies have produced mitochondrial phenotypes without inducing mitochondrial stress (Walczak et al., 2019; Li et al., 2021)

With the advent of iPSC reprogramming in 2006, there has been growing interest in studying ALS in disease-relevant, patient-derived cells. Protocols have been developed to generate several cells relevant to neurodegenerative diseases, including muscle, neurones and glia (Dolmetsch and Geschwind, 2011; Li and Shi, 2020; Iberite et al., 2022). A significant limitation of the use of iPSC-derived cells is the substantial changes to the epigenetic landscape of the cells. Neurones differentiated from iPSC’s often display phenotypes resembling foetal neuronal cells, with long differentiation protocols or the addition of stressors required to recapitulate phenotypes seen in patient primary cells (Mertens et al., 2018). This chapter utilises iNPC’s directly reprogrammed from patient fibroblasts, generated primarily by Meyer et al., 2014. Direct reprogramming to iNPC’s has been shown to retain ageing-associated epigenetic changes found in the collected patient fibroblasts that are typically lost during iPSC reprogramming (Mertens et al., 2018; Gatto et al., 2021). To compensate for this loss of epigenetic and ageing information, iPSC-generated neurones are often aged artificially, typically by maintaining in culture for long periods of time before assaying (Mertens et al., 2018). Use of iNPC-derived neurones (iNeurones) should reduce the need for this, allowing assessment of phenotypes in vitro in shorter time frames.      
[bookmark: _Toc170724223]3.1.2 Assessment of mitochondrial function by Seahorse Bioanalyser 
In this chapter, several methods to assess mitochondrial function are employed. OCR is measured in iNeurones using the standard mitochondrial stress test protocol to gain insight into multiple aspects of mitochondrial function. In this experiment, oxygen consumption is measured after application of different mitochondrial inhibitors. First basal oxygen consumption is measured (exact protocol details are provided in methods chapter). Oligomycin, an inhibitor of ATP synthase, is then injected, which reduces oxygen consumption by complex IV. The difference between the resulting OCR reading and the original basal reading gives the oxygen consumption linked to ATP production. CCCP, a mitochondrial uncoupler, is then injected. By uncoupling the IMM, the MMP is dissipated and complexes I, III and IV work at their maximal rate, driving OCR to its maximal level. The difference between this reading and basal respiration is the spare respiratory capacity, a key indicator of how much mitochondria can increase their respiration in response to increased metabolic demand. Finally, inhibitors of complex I and III (rotenone and antimycin A, respectively) are injected, terminating all mitochondrial oxygen consumption. The remaining OCR reading indicates non-mitochondrial oxygen consumption. Moreover, the difference between OCR after oligomycin and OCR after rotenone/antimycin A gives the proton leak, caused by protons leaking back through the IMM after being forced into the intermembrane space by complexes I, III and IV. If ECAR readings are taken simultaneously, the basal OCR/ECAR ratio before injection of any inhibitors can be used to infer if cells are more heavily dependent on glycolysis or OXPHOS. Results from ECAR traces taking during the mitochondrial stress test assay are described and presented in Chapter 5. 
[image: A diagram of a graph

Description automatically generated]













[bookmark: _Toc162953301]Figure 3.1: Schematic of a standard OCR trace from a Seahorse Bioanalyser indicating how each parameter is calculated. 
Each box describes how different parameters of mitochondrial function are calculated from OCR trace. Image created in Biorender. 

[bookmark: _Toc170724224]3.1.3 Results presented in this chapter 
In the first section of this chapter, iNeurones are characterised for metabolism and expression of neuronal markers. A limited characterisation of neurones generated from a shorter differentiation protocol has previously been reported (Meyer et al., 2014). This chapter provides a more in-depth characterisation using expression of multiple neuronal markers, neuronal morphology, and investigating the reliance of the neurones on glycolysis or mitochondrial metabolism for ATP production. In the second section of this chapter, the iNeurones are characterised for mitochondrial dysfunction. A multitude of mitochondrial dysfunctions have previously been reported across ALS models, including mtDNA increases, mitochondrial fragmentation, changes in MMP, reductions in mitophagy and increases in mitoROS. This chapter presents data from iNeurones across most of these phenotypes. 

In this chapter, neurones generated from iNPC’s are characterised for their maturity, revealing no changes between control and C9orf72-ALS patient neurone maturity. Multiple metabolic parameters are measured in these neurones, identifying no changes in mitochondrial morphology but significant decreases in MMP. No changes were observed in metabolic measurements from the Seahorse Bioanalyser Mito Stress Test assay. C9orf72-ALS iNeurones have more mtDNA and are less vulnerable to toxicity induced from inhibition of the mtDNA repair enzyme, DNA2. Mitochondrial superoxide and NRF2 activation are also increased in C9orf72-ALS iNeurones, with superoxide levels rescued by treatment with NRF2 activators. 

Chapter aims: 
· Characterise maturity of generic neurones generated from iNPC’s 
· Elucidate mitochondrial morphology and functional phenotypes of C9orf72-ALS iNeurones 
· Measure changes to mitochondrial DNA content in C9orf72-ALS iNeurones 
· Investigate MitoROS levels in C9orf72-ALS iNeurones





[bookmark: _Toc170724225]3.2 Results 
[bookmark: _Toc170724226]3.2.1 iNeurone characterisation 
To develop a deeper understanding of the neurones used in the subsequent assays, an in-depth characterisation of generated iNeurones was performed. As above, staining for pan-neuronal markers beta-III-tubulin, MAP2 and NeuN was performed, across three control and three C9orf72-ALS lines. Whilst beta-III-tubulin expression indicates early commitment to neurone differentiation, MAP2 expression and nuclear localisation of NeuN indicate more mature, postmitotic neurones (Caccamo et al., 1989; Caceres et al., 1984; Gusel’nikova and Korzhevskiy, 2015). Similar levels of beta-III-tubulin and MAP2-positive iNeurones were identified between control and C9orf72-ALS (Figure 3.2). A reduction in NeuN-positive nuclei was observed in one of the C9orf72-ALS lines relative to its paired control (Figure 3.2 B). 

The generic neurone differentiation protocol used in this study is not designed to generate motor neurones. To identify possible motor neurone yield from the cultures, staining for the motor neurone marker HB9, cholinergic neurone marker ChAT and glutamatergic neurone marker vGlut1 were performed (Figure 3.3). There was minimal staining for each marker in any of the iNeurone lines investigated, indicating no production of motor neurones during this protocol. 

In addition to staining for neuronal markers, an investigation of cell morphology and viability was also performed as described in 2.2.3. Using a machine learning algorithm in the Harmony image analysis software, a neurone score was generated to describe the percentage of cells with neurone-like morphology. Percentage of cells retaining the cell viability indicator was also quantified. No significant changes were observed in neurone score between control-patient pairs or neurone viability in pooled data (Figure 3.4).  

As discussed above, the C9orf72-HRE mutation has previously been reported to disrupt C9orf72 expression (DeJesus-Hernandez et al., 2011). TDP43 pathologies have also been reported in C9orf72 (Lee et al., 2019). To investigate this in C9orf72-ALS iNeurones, Western blots of both proteins were performed (Figures 3.5 and 3.6). Expression of TDP43 and cleaved forms of the protein appeared unchanged (Figure 3.5). In a limited set of biological replicates, C9orf72 expression was reduced by ~72% in C9orf72-ALS iNeurones. 
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[bookmark: _Toc162953302]Figure 3.2: Neuronal marker expression in control and C9orf72-ALS iNeurones. 
(A) Representative images of control and C9orf72-ALS iNeurones stained with -III tubulin (green), MAP2 (orange, middle) and NeuN (orange, right). (B) Quantification of cells staining positive for marker. Data are presented as mean +/- standard deviation (SD), each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Scale bars-100μm. Statistical test in B is a two-way ANOVA with Tukey’s multiple comparisons test. 
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[bookmark: _Toc162953303]Figure 3.3: Motor neurone marker expression in control and C9orf72-ALS iNeurones. 
Representative images of staining of glutamatergic neurone marker vGluT1 (left, green), motor neurone marker HB9 (centre, orange) and cholinergic neurone marker ChAT (left, green). Images are shown alongside secondary antibody-only images for comparisons with background staining. Scale bars-50μm.
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[bookmark: _Toc162953304]Figure 3.4: Control and C9orf72-ALS iNeurone morphology. 
(A) Representative images of control and C9orf72-ALS iNeurones stained with cell viability indicator (green) and cell membrane stain (magenta). (B) Neurone score and (C) cell viability for control and C9orf72-ALS iNeurones. Scale bars-50μm. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells.
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[bookmark: _Toc162953305]Figure 3.5: TDP43 expression in C9orf72-ALS iNeurones. 
(A) Representative image of Western blot. (B) Quantification of TDP43 expression. (C) Quantification of ratio of cleaved (bottom arrow in A) and uncleaved (top arrow in A) bands. Each dot represents one biological repeat. Data are presented as mean +/- SD.   
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[bookmark: _Toc162953306]Figure 3.6: C9orf72 expression in C9orf72-ALS iNeurones. 
(A) Representative image of Western blot. (B) Quantification of C9orf72 expression. Each dot represents one biological repeat. Data are presented as mean +/- SD. 
















iNeurone reliance on glycolysis and OXPHOS for ATP production was investigated throughout differentiation, in 3 control and 3 C9orf72-ALS iNeurones. To assess reliance on glycolysis or mitochondrial respiration for ATP production, iNeurones were treated with 2-deoxyglucose (2DG) and oligomycin, respectively, or both in combination.  Previous reports have indicated that iPSC’s and iNPC’s heavily favour glycolysis for ATP production (Schwartzentruber et al., 2020, Vandoorne et al., 2019). In agreement with previous findings, iNPC’s used in this study were heavily reliant on glycolysis for ATP production, suffering a large drop in ATP levels after treatment with 2-DG (62-64 percent in control/C9orf72-ALS iNPC’s, Figure 3.7 C) and minimal drop in ATP after OXPHOS inhibition by oligomycin (~19 percent in control/C9orf72-ALS iNPC’s, Figure 3.7 C.). At day 18 of differentiation, neurones were still heavily reliant on glycolysis, with ATP levels still dropping 60-65 percent on inhibition of glycolysis (Figure 3.7 C). However, there was a clear shift in ATP loss after mitochondrial inhibition, shifting from 18-19 percent loss in iNPC’s to 39-45 percent loss in day 18 iNeurones (Figure 3.7 C). Although a slight increase in ATP was observed in C9orf72-ALS iNeurones at day 11 of differentiation, this was not significant (unpaired t-test, p=0.189, Figure 3.7 D). 
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[bookmark: _Toc162953307]Figure 3.7: ATP production in control and C9orf72-ALS iNeurones. 
(A and B) ATP production throughout differentiation following treatment with an inhibitor of glycolysis (2-deoxyglucose, 2DG), mitochondrial respiration (oligomycin) or both, in control (A) and C9orf72-ALS (B) iNeurones. (C) Summary tables for results from figures (A) and (B). (D) Quantification of ATP levels at all three measured stages of differentiation. Each dot represents one biological repeat. Data are presented as mean +/- SD. Statistical tests in D are Wilcoxon tests. 






























[bookmark: _Toc170724227]3.2.2 Mitochondrial morphology in C9orf72-ALS iNeurones
Mitochondria were labelled using the MitoTracker Green dye-subsequently, cells were imaged on an Opera Phenix high content imaging system, with mitochondria segmented and analysed using the Harmony analysis software. Use of this high content imaging system allowed imaging of several thousand cells per biological repeat. Mitochondrial area, length, width: length ratio and roundness were outputted. Across all morphology parameters, no significant differences were identified in area, length, width: length or roundness between C9orf72-ALS mitochondria compared to mitochondria from control cells (Figure 3.8). These findings were validated in fixed cells, by staining with an antibody for the outer mitochondrial membrane protein TOMM20. No significant changes were found in images from fixed samples (Figure 3.9). 

To investigate any possible phenotypes in greater detail, morphology parameters for each individual mitochondria were reported from the same analysis and the distributions plotted in cumulative distribution functions (Figure 3.10). These distributions represent populations of ~ 5 million control iNeurone mitochondria and ~ 5 million C9orf72-ALS iNeurone mitochondria. The distributions of control and C9orf72-ALS mitochondria appear similar for measured size and shape parameters, however due to the number of mitochondria assessed, the differences between distributions was statistically significant (p<2.2x10-16, Kolmogorov-Smirnov tests). 
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[bookmark: _Toc162953308]Figure 3.8: Mitochondrial morphology in live control and C9orf72-ALS iNeurones. 
(A) Representative images of control and C9orf72-ALS iNeurones stained with Mitotracker Green (green). Inset images displayed in bottom right corner. (B-E) Quantification of mitochondrial area, length, roundness and width: length ratio. Scale bars-50μm. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical tests are unpaired t-tests.
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[bookmark: _Toc162953309]Figure 3.9: Mitochondrial morphology in fixed control and C9orf72-ALS iNeurones. 
(A) Representative images of control and C9orf72-ALS iNeurones stained with mitochondrial marker TOM20 (green). Inset images displayed in bottom right corner of each image. (B-E) Quantification of mitochondrial area, length, roundness and width: length ratio. Scale bars-50μm. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical tests are unpaired t-tests. 
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[bookmark: _Toc162953310]Figure 3.10: Distribution of mitochondrial size and shape in control and C9orf72-ALS iNeurones. 
Cumulative distributions for mitochondrial area (A), length (B), roundness (C), and width: length ratio (D). Mitochondrial data were obtained from 3 biological repeats from each of 3 control and 3 C9orf72-ALS iNeurone lines, representing ~5 million mitochondria from each genotype.  





[bookmark: _Toc170724228]3.2.3 Mitochondrial function in C9orf72-ALS iNeurones
To assess MMP, iNeurones were stained with the dye TMRM. TMRM accumulates in active mitochondria that maintain a membrane potential. A significant decrease in MMP was observed in C9orf72-ALS iNeurones relative to their paired controls (Figure 3.11 A, p=0.0273, Wilcoxon test). A decrease was observed consistently between each patient and their matched control (Figure 3.11 B). 
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[bookmark: _Toc162953311]Figure 3.11: Mitochondrial membrane potential in control and C9orf72-ALS iNeurones. 
(A) Quantification of pooled data for staining intensity of TMRM in control and C9orf72-ALS iNeurones. (B) Quantification of TMRM staining comparing each control and patient pair. 
Data are presented as TMRM intensity normalised to and expressed as percentage of control values from each assay. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in A is Wilcoxon test. 








To further assess mitochondrial function in live iNeurones, the Seahorse XFe96 Bioanalyser was used to measure oxygen consumption rate (OCR) during a Mitochondrial stress test assay (described in Figure 3.1). By application of various mitochondrial toxins, multiple readouts of mitochondrial function can be obtained, including oxygen consumption linked to ATP production (coupled respiration), proton leak, maximal oxygen consumption and spare respiratory capacity. OCR traces from iNeurones, pooled together and comparisons between individual control-patient pairs, are shown in Figure 3.9, alongside traces for individual patient and control pairs. Control-155 appeared to have a higher baseline OCR, with all 5 other assayed lines appearing to have similar measurements throughout the assay (Figure 3.12 B). When pooled together, no significant differences were observed between control and C9orf72-ALS iNeurones in basal respiration, proton leak, coupled respiration, maximal respiration and spare respiratory capacity (Figure 3.13). 
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[bookmark: _Toc162953312]Figure 3.12: Respirometry traces from control and C9orf72-ALS iNeurones. 
(A) iNeurone respirometry trace from Mitochondrial Stress Test for all control and C9orf72-ALS iNeurone lines. (B-D) iNeurone respirometry traces for each control-patient pair displayed individually. Data are presented as mean +/- SD from 3 unique differentiations of each cell line.
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[bookmark: _Toc162953313]Figure 3.13: Mitochondrial respiration in control and C9orf72-ALS iNeurones. 
Graphs representing basal respiration (A), proton leak (B), coupled respiration (C), maximal respiration (D), spare respiratory capacity (E) and OCR:ECAR ratio (F). Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line. Statistical tests are unpaired t-tests.  







[bookmark: _Toc170724229]3.2.4 MtDNA 
To quantify mtDNA levels in C9orf72-ALS iNeurones, DNA was extracted from neurone pellets and quantitative PCR was performed on extracted DNA to quantify mtDNA. Primers for two genes were used: ND1 and ND4, both genes found on the mitochondrial genome which code for Complex I subunits (Krishnan et al., 2007). Although levels of both genes were increased when assessed by qPCR indicating an increase in mtDNA copy number, only ND4 had a significant increase in C9orf72-ALS neurones (Figure 3.14, ND1 p value=0.0745, ND4 p value=0.0385, unpaired t-tests). In two of the three control-C9orf72-ALS pairs, a significant increase in both ND1 and ND4 was observed, with a third pair showing no significant change (Figure 3.14 D and E). Moreover, incidence of major arc deletions in mtDNA can be inferred by reporting the ND1: ND4 ratio. No significant differences were observed between control and C9orf72-ALS patient neurones in ND1: ND4 ratio (Figure 3.14 C). 
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[bookmark: _Toc162953314]Figure 3.14: mtDNA quantification in control and C9orf72-ALS iNeurones. 
(A-B) Quantification of mitochondrial genes ND1 (A) and ND4 (B). (C) ND1:ND4 ratio. (D) ND1 quantification in each control-patient cell line pair. (E) Quantification of ND4 in each control-patient pair.  Each dot represents 1 biological repeat. Results are expressed as mean +/- SD. Statistical tests are unpaired t-tests. B is presented in modified form in Harvey et al., 2024.











In a study looking at multiple cohorts of ALS patients, loss of function mutations in the gene DNA2 were identified as being able to significantly decrease patient lifespan 
(Harvey et al., 2024). DNA2 is a mitochondria localised gene involved in mtDNA repair and maintenance, with mutations in the gene resulting in mtDNA depletion syndrome (Duxin et al., 2009; Sun et al., 2022). To investigate the role of the loss of DNA2 on C9orf72-ALS neurone health, iNeurones were treated with a pharmacological inhibitor of DNA2 (C5) for 72 hours at 75μM and 100μM. This treatment led to a significant reduction in MMP which was not as severe in C9orf72-ALS iNeurones (Figure 3.15). Mitochondrial area was not affected in either control or C9orf72-ALS iNeurones (Figure 3.15). Comparing remaining cell counts for treated and untreated wells, there was a significant reduction in remaining cells in control iNeurones, indicating significant cell death during treatment, with a less substantial decrease in C9orf72-ALS iNeurones (Figure 3.16). DNA2 inhibitor treatment also decreased viability of remaining cells in control but not C9orf72-ALS iNeurones (Figure 3.16).  
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[bookmark: _Toc162953315]Figure 3.15: Effect of DNA2 inhibition on mitochondrial function in control and C9orf72-ALS iNeurones. 
(A) MMP in iNeurones following 72-hour treatment with DNA2 inhibitor C5. (B) Data split by cell line. (C) Mitochondrial area in iNeurones following 72-hour treatment with DNA2 inhibitor C5. (D) Data split by cell line. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical tests in A are Kruskal-Wallis test with Dunn’s multiple comparisons test. Statistical test in C is two-way ANOVAs with Tukey’s multiple comparisons test. A is presented in modified form in Harvey et al., 2024.
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[bookmark: _Toc162953316]Figure 3.16: Effect of DNA2 inhibition on remaining cells and cell viability in control and C9orf72-ALS iNeurones. 
(A) Percentage of remaining cells following 72-hour treatment with DNA2 inhibitor C5. (B) Data split by cell line. (C) Percentage viability of remaining cells in following 72-hour treatment with DNA2 inhibitor C5. (D) Data split by cell line. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical tests in A are Kruskal-Wallis test with Dunn’s multiple comparisons test. Statistical test in C is two-way ANOVAs with Tukey’s multiple comparisons test. A is presented in modified form in Harvey et al., 2024. 

[bookmark: _Toc170724230]3.2.5 MitoROS levels in C9orf72-ALS iNeurones
Assays to assess mitochondrial ROS production were performed to validate previously reported phenotypes in C9orf72-ALS models that indicate increased ROS production from mitochondria. First, intensity of mitochondrial superoxide was assessed across cell cytoplasm using the MitoSOX Red probe. Alongside basal measurements, cells were also treated with the compounds edaravone, DMF and MMF. Edaravone has been approved in the USA for the treatment of ALS, with a hypothesised mechanism as an antioxidant (Watanabe et al., 2008). DMF has been identified as an activator of the NRF2 pathway by promoting nuclear translocation of nuclear factor erythroid 2-related factor 2 (NRF2) and activation of cellular antioxidant responses, while MMF is an active metabolite of DMF (Lastres-Becker et al., 2016). An increase in mitochondrial superoxide was observed in two of three C9orf72-ALS patient neurones, relative to their paired controls. Treatments with DMF, MMF and edaravone lead to reductions in superoxide in iNeurones. In the two patients with elevated superoxide, treatments with DMF and edaravone were able to reduce mitoROS to levels comparable to the vehicle-treated control neurones (Figure 3.17). 

To validate findings from MitoSOX probes, an additional mitoROS probe, NpFR2 was used (Kaur et al., 2015). Unlike MitoSOX probes, which are specific to the mitochondrial superoxide ROS species, NpFR2 is not selective to specific ROS species, allowing assessment of the overall redox status of the neurones. No significant changes were observed in mitoROS levels with this alternative probe across cell cytoplasm (Figure 3.18, p=0.1641, Wilcoxon test). 
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[bookmark: _Toc162953317]Figure 3.17: MitoSOX staining in control and C9orf72-ALS iNeurones. 
(A) Representative images of MitoSOX staining (red) in control and C9orf72-ALS iNeurones treated with DMSO, 100μM edaravone and 10μM DMF. Insets of each image presented in the bottom right corner.  (B) Quantification of MitoSOX intensity. Data are presented as MitoSOX intensity normalised to and expressed as percentage of control values from each assay. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Scale bars-50μm. This figure is presented in modified form in Au et al., 2023. 
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[bookmark: _Toc162953318]Figure 3.18: NpFR2 staining in control and C9orf72-ALS iNeurones. 
(A) Representative images of control and C9orf72-ALS iNeurones stained with DAPI (blue) and NpFR2 ROS probe (green). Scale bars=50μm. (B)Quantification of pooled data for staining intensity of NpFR2 in control and C9orf72-ALS iNeurones. (C-E) Quantification of NpFr2 staining intensities for each patient-control pair reported individually. Data are presented as NpFR2 intensity normalised to and expressed as percentage of control values from each assay. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is Wilcoxon test. Scale bars-50μm.



NRF2 is a transcription factor that drives transcription of several antioxidant-related genes (Nguyen et al., 2003). NRF2 is typically bound to KEAP1 and targeted for degradation, however in response to oxidative stress, NRF2 is detached from KEAP1 and translocates to the nucleus to drive antioxidant gene expression. Given the limited benefits of antioxidant therapies to target ALS-associated oxidative stress, NRF2-activating therapies have been investigated as an alternative treatment strategy. This study assessed baseline NRF2 nuclear localisation in C9orf72-ALS iNeurones to determine if this was altered in the disease. Nuclear NRF2 staining intensity was significantly increased in C9orf72-ALS iNeurones, indicating increased activation of the protein to drive antioxidant gene expression (Figure 3.19, p=0.0244 unpaired t-test).  This increase was largely observed in the 2 patient-control pairs that displayed higher basal levels of mitochondrial superoxide (Figures 3.17 and 3.19).  
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[bookmark: _Toc162953319]Figure 3.19: NRF2 nuclear localisation in C9orf72-ALS and control iNeurones. 
(A) Representative images of control and C9orf72-ALS iNeurones stained with DAPI (blue) and NRF2 antibody (red). Scale bars = 50μm. (B) Quantification of staining intensity of NRF2 in nuclei in control and C9orf72-ALS iNeurones (C) Separated control-patient pair data. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Scale bars-50μm. Statistical test in B is unpaired t-test. This figure is presented in modified form in Au et al., 2023. 
[bookmark: _Toc170724231]3.3 Discussion 

[bookmark: _Toc170724232]3.3.1 iNeurone characterisation 
In this chapter, generic iNeurones were generated from directly reprogrammed iNPC’s. Previous work in characterising this generic iNeurone model has been limited, with previous work indicating that after 11 days of differentiation, ~70 percent of neurones stain positive for early neuronal marker β-III tubulin (Meyer et al., 2014). In order to explore the model and its possible limitations to the work, a more in-depth characterisation of generated neurones was performed. 

The results from Figure 3.2 a significant reduction in NeuN-positive neurones in two of three control-patient pairs. Expression and nuclear localisation of NeuN is considered a marker of mature, postmitotic neurones (Mullen and Smith, 1992; Gittins and Harrison, 2004). This may impact some of the phenotypes seen in this cell line, hence for the majority of data in this chapter, data is also reported individually by patient-control pair except when minimal variability is shown in pooled data. Moreover, use of motor neurone marker antibodies HB9, ChAT and vGlut1 revealed minimal staining, suggesting the neurones produced are not specialised motor neurones. As these antibodies used have been used in previous reports, this suggests iNeurones produced in this study do not express motor neurone markers (Adams et al., 2015; Madeira et al., 2020; Hao  et al., 2019).   

No changes in TDP43 expression were observed via Western blot (Figure 3.5). However, further experiments would be required to identify if TDP43 pathologies exist, and to what extend they exist, in C9orf72-ALS iNeurones. First, a decrease in nuclear TDP43 and increase in cytoplasmic aggregates of the protein is typically observed in ALS (Lee et al., 2019). This could be assessed via western blot, however this would require subcellular fractionation to measure changes in cytoplasmic vs nuclear fractions from these neurones. A comparison of nuclear and cytoplasmic TDP43 could also be determined via immunostaining. Differentiation of the two of the same control-patient pairs used in this study into motor neurones produced TDP43 proteinopathy (Castelli et al., 2023). Second, post-translational modifications, including cleavage and phosphorylation to TDP43 are disrupted in ALS. Phosphorylation of TDP43 was not assessed here but could be assessed via Western blot or immunostaining. Cleavage of TDP43 to 35kDa and 25kDa fragments can also occur, with these having been identified as toxic when expressed in in vivo and in vitro (Li et al., 2015; Chhangani and Rincon-Limas, 2022). Determination of specific cleaved bands was difficult in Western blots performed, however no differences in cleaved: uncleaved ratios were observed in these iNeurones (Figure 3.5). Many of the iNPC lines used in this study, when converted to astrocytes, display increased expression of the 35kDa fragment with no changes in 43kDa fragment (Myszczyńska, 2022). Investigations into nuclear vs cytoplasmic localisation and phosphorylation of TDP43 could help determine if TDP43 proteinopathy exists in these C9orf72-ALS iNeurones.

C9orf72 expression was also investigated in one biological replicate of each control and C9orf72-ALS iNeurone line (Figure 3.6). Statistical tests were not performed as ideally this would need to be repeated in a greater number of replicates, however this preliminary data suggests a decrease in C9orf72 expression, consistent with previous reports (DeJesus-Hernandez et al., 2011; Donnelly et al., 2013). A previous study in one of the control-patient pairs used in this study (Ctrl 155 and C9 183) identified a drastic reduction in C9orf72 mRNA levels, which would match the findings reported here across a greater number of cell lines (Webster et al., 2016). Other C9orf72 pathologies, such as RNA foci and DPR production, were not investigated in this study. However, previous studies in astrocytes derived from many of the same patient lines used in this study appears to indicate DPR production in iNPC-derived astrocytes and iPSC-MN’s (Kok, 2022). If this could be replicated in the iNeurones used in this study, these neurones could replicate at least two pathologies from the C9orf72 HRE mutation. 
 
It has been previously reported that stem cells such as iPSC’s and iNPC’s are highly glycolytic, with an oxidative switch occurring during differentiation into mature neurones (Vandoorne et al., 2019; Schwartzentruber et al., 2020). To assess this, an ATP assay was performed on neurones and different stages of differentiation, with the addition of inhibitors of glycolysis and oxidative phosphorylation. A small oxidative switch was observed during neurone differentiation; however, the final neurone population was still substantially reliant on glycolysis for ATP production. 2DG-sensitive ATP production remained constant at all timepoints assessed despite oligomycin-sensitive ATP production changing (Figure 3.7). This may be due to insufficient concentration of treatment time with 2DG to fully inhibit glycolysis.  However, the lack of mitochondrial utilisation seen from the small impact of oligomycin may explain some of the mitochondrial phenotypes reported in this chapter, such as no changes in mitochondrial morphology, in disagreement with previous literature in other cell types. Moreover, recent reports suggest neurone cell bodies are more reliant on glycolysis than OXPHOS for ATP production (Wei et al., 2023). These findings may indicate that shifts to OXPHOS reliance may depend on neurite outgrowth as well as neurone maturity. 

Interestingly, a slight but not significant increase in ATP levels was seen in C9orf72-ALS iNeurones relative to controls at day 11 of differentiation (Figure 3.7). This may be due to faster maturation of C9orf72-ALS iNeurones initially, resulting in them requiring and producing more ATP at this timepoint. This could warrant more in-depth investigation into neurone maturity at more timepoints than those investigated in this study. Moreover, iNeurones were maintained in media containing supraphysiological glucose concentrations (20mM) that may cause the reduced mitochondrial utilisation seen in Figure 3.7. This could be addressed by culturing cells in lower concentrations of glucose for longer periods prior to performing assays (for example, 5mM glucose for the last 24 hours of differentiation) or, as discussed above, culturing in media containing galactose, to remove ATP generated from glycolysis.  

[bookmark: _Toc170724233]3.3.2 Mitochondrial morphology 
In this chapter, an extensive characterisation of mitochondrial morphology has been presented. Mitochondrial area, length, width: length ratio and roundness scores have been examined to assess whether mitochondrial fusion of fission may be increased in C9orf72-ALS neurones. The results presented in Figures 3.8 and 3.9 indicate no significant changes to average mitochondrial morphology. Moreover, data for individual mitochondria were reported in Figure 3.10 for samples of ~ 5 million mitochondria from control and C9orf72-ALS iNeurones, respectively. These distributions indicate no noticeable changes in small or large subpopulations of mitochondria that are likely to be biologically relevant. 
Previous literature has reported changes to mitochondrial morphology in a range of ALS models. In a Drosophila DPR model of C9orf72-ALS, mitochondrial hyperfusion has been observed (Au et al., 2023). In contrast, mitochondrial fragmentation has been reported in other C9orf72-ALS patient fibroblast and mouse models (Onesto et al., 2016; Choi et al., 2019, Petroziello et al., 2022). These reports align with findings from other mitochondrial analysis in other ALS genotypes, which consistently show mitochondrial fragmentation phenotypes. Although mitochondrial morphology is heavily influenced by mitochondrial function, they have not been assessed together in most C9orf72-ALS studies that investigate at least one of these parameters (Liesa and Shirihai, 2013). As discussed in the introduction, fusion can occur to increase efficiency of MMP generation (Liesa and Shirihai, 2013; Tilokani et al., 2018). Future studies into mitochondrial morphology or function would benefit from also investigating the other parameter to understand if morphology changes are compensatory or detrimental to the cell and therefore a target for therapeutic intervention.   

Data from Figure 3.7 indicate mitochondrial utilisation for ATP production in these iNeurones is low. This may mask some of the potential mitochondrial functional deficits, leading to a reduction in changes to mitochondrial dynamics. Moreover, the commonly seen C9orf72-ALS phenotype of mitochondrial fragmentation typically occurs prior to mitophagy. Mitophagy in C9orf72-ALS iNeurones is characterised in depth in chapter 4. Furthermore, changes in expression of proteins regulating mitochondrial dynamics are typically seen alongside mitochondrial fusion/fission. Previous literature has indicated that increases in the fusion regulator MFN1, but not the fission regulator FIS1, are present in C9orf72-ALS fibroblasts (Onesto et al., 2016). FIS1 has previously been identified as a binding partner of C9orf72, with FIS1/C9orf72 double knockouts producing a synthetically lethal interaction, independent of its role in mitochondrial fission and mitophagy (Chai et al., 2020). Possible future experiments could include investigating FIS1 expression and localisation in C9orf72-ALS iNeurones to determine if either are impaired, which may be disrupting mitochondrial fission in this model. 

[bookmark: _Toc170724234]3.3.3 Mitochondrial function 
This chapter demonstrates a decrease in mitochondrial membrane potential in C9orf72-ALS iNeurones. This matches multiple previous studies in various ALS models that also indicate reductions in MMP in neurones (Singh et al., 2021; Walczak et al., 2019; Szelechowski et al., 2018). However, this stands in contrast with previous reports in models of C9orf72-ALS, which have reported increases in MMP (Onesto et al., 2016; Lopez-Gonzalez et al., 2016; Li et al., 2021). Some notable differences exist between these studies and the results presented in this chapter. First, the cell types used: increases in MMP were reported in fibroblasts, suggesting a possible cell specific effect on mitochondrial function. In the study investigating MMP in motor neurones, the iPSC’s were derived from FTD patients carrying a C9orf72 mutation or were control neurones expressing polyGR 80x constructs. This opens the possibility of differential effects on mitochondrial membrane potential in ALS and FTD caused by C9orf72 mutations. Alternatively, mitochondrial vulnerability may increase risk of developing ALS over FTD in patients with a C9orf72 mutation. Moreover, expression of the polyGR 80x construct models one of the hypothesised 3 mechanisms of action of the C9orf72-HRE, suggesting that C9orf72 haploinsufficiency may be the primary driver of MMP deficits. This is supported by previous findings in C9orf72-KO cells that show reductions in MMP (Wang et al., 2021). To provide further clarity on the role of C9orf72 mutations on MMP, studying each aspect of the C9orf72 proposed pathological mechanisms in isolation in the same models may help identify the relative contribution of each to mitochondrial function. Moreover, investigating MMP in cells from C9orf72-ALS and C9orf72-FTD patients could help identify differential impacts on mitochondrial function of C9orf72 mutations between the two diseases.

Although decreases in MMP were observed, no significant decreases in OCR were observed during a mitochondrial stress test (Figure 3.13). This suggests that at similar levels of oxygen consumption, generation and maintenance of MMP appears to be reduced in C9orf72-ALS, highlighting possible impairment in complex function. This would match previous findings, implicating C9orf72 function in complex I assembly (Wang et al., 2021). Furthermore, reductions in expression of mitochondrially-encoded complex subunits have been reported in multiple models of ALS, including in C9orf72-ALS (Lehmkuhl et al., 2021; Mehta et al., 2021). Further assessment in the iNPC-derived iNeurone model of mitochondrial complex function would be beneficial to further elucidate the reason for changes in MMP but not oxygen consumption. 

[bookmark: _Toc170724235]3.3.4 MtDNA 
Previous reports indicate mtDNA copy number may be increased in C9orf72-ALS models, however there are conflicting reports with some literature indicating no differences (Onesto et al., 2016; Mehta et al., 2021). Differences in cell types may explain the disparity in previous reports: increases were seen in fibroblasts, but not motor neurones derived from iPSC’s. This study assesses mtDNA levels in iNPC-derived C9orf72-ALS neurones to attempt to bring further clarity to the field. 

In this chapter an increase in mtDNA is reported through quantification of the major arc gene ND4 and the minor arc gene ND1. Among the multitude of mtDNA heteroplasmic variants previously identified are major arc deletions, which could be highlighted in this assay by a decrease in measured ND4. As ND4 was significantly increased in C9orf72-ALS patient neurones relative to controls, this suggests in these neurones, major arc deletions are not a common heteroplasmic variant in mitochondria. 

There are multiple factors that could explain changes to mtDNA in C9orf72-ALS neurones. Changes to mitochondrial number could explain increases in mtDNA. This could in turn be explained by a reduction in mitophagy, causing mitochondria and mtDNA to accumulate in neurones. An in-depth assessment of mitophagy is performed in Chapter 4 of this thesis. Alternatively, increases in mtDNA could be in compensation for reduced mitochondrial function, also described in this chapter (Figure 3.11). C9orf72 has previously been identified as a regulator of Complex I assembly (Wang et al., 2021). It could be hypothesised that C9orf72 haploinsufficiency because of the HRE mutation may trigger a compensatory increase in mtDNA synthesis. Increased expression of PGC1, a regulator of mitochondrial biogenesis and mtDNA synthesis, has previously been reported in C9orf72-ALS fibroblasts alongside an increase in mtDNA (Onesto et al., 2016). Overexpression of PGC1 in C9orf72-ALS iPSC-MN’s has also been shown to improve mitochondrial trafficking to axons and axon length (Mehta et al., 2021). mtDNA synthesis is also regulated by TFAM and TWINKLE, which were not investigated in this study. A useful follow up study could study potential impact of these three genes, by overexpression and/or knockdown, on mitochondrial function in C9orf72 models. 

Changes in heteroplasmic variant load have previously been reported during differentiation of neurones (Palombo et al., 2021; Wei et al., 2021). Assessing mtDNA in patient fibroblasts prior to reprogramming would help determine what impacts the iNPC reprogramming may have had on the mtDNA increase in C9orf72-ALS neurones. An increase in mtDNA has previously been reported in fibroblasts from C9orf72-ALS patients, through quantification of the major arc gene ND5, however, to date no changes in iPSC-MNs have been observed (Onesto et al., 2016; Mehta et al., 2021). 

Rare loss-of-function mutations in DNA2 were recently described as having a significant impact on ALS patient survival (Harvey et al., 2024). DNA2 is a mitochondria associated gene with a previously identified role in mtDNA repair (Duxin et al., 2009). Data from this chapter indicate that treatment with the DNA2 inhibitor C5 reduces cell viability and mitochondrial function in iNeurones. This effect was muted in C9orf72-ALS iNeurones (Figures 3.15 and 3.16). C9orf72-ALS iNeurones have higher mtDNA copy number (Figure 3.14), which may confer some protection against DNA2 inhibition. Moreover, MMP is already lower in C9orf72-ALS iNeurones (Figure 3.11). As DNA2 inhibition is not additive to mitochondrial functional impairment, this suggests DNA2’s impact on mitochondrial function is downstream of C9orf72. Higher expression of DNA2 may confer some protection against DNA2 inhibition, however DNA2 expression was not investigated in this study. No assays assessing target engagement of C5 with DNA2 were performed. To further investigate the role of DNA2 on mitochondrial function in ALS, several experiments would be useful. Alongside investigating expression, it would be useful to reduce mtDNA copy number to investigate whether it increases C9orf72-ALS neurone vulnerability to DNA2 inhibition. Moreover, DNA2 overexpression studies in ALS models could help identify possible neuroprotective benefits of DNA2 in ALS. 
[bookmark: _Toc170724236]3.3.5 MitoROS 
Mitochondria are one of the primary sites of reactive oxygen species (ROS) production in the cell during activity of complex I and III, as described in 1.4.1.  While acting as a necessary signalling molecule at low levels, excessive ROS production can have negative consequences for the cell, including DNA damage, protein damage and lipid peroxidation. In multiple ALS models, increases in ROS production have been reported, with evidence that targeting oxidative stress is beneficial in multiple models (Vargas et al., 2008; Mead et al., 2013; Au et al, 2023; Jimenez-Villegas et al., 2021). This chapter demonstrates that in two of the three C9orf72-ALS patient neurones, mitochondrial superoxide is increased relative to matched controls, however no changes in the global oxidative environment were observed (Figures 3.17 and 3.18). Treatment with the antioxidant scavenger edaravone, NRF2 activator DMF or its active metabolite MMF were all able to decrease mitochondrial superoxide levels. 

Increases in mitoROS are an established phenotype in multiple models of ALS (Lopez-Gonzalez et al., 2016; Singh et al., 2021; Au et al., 2023). Moreover, there is great interest in targeting ROS production in ALS therapeutic strategies, with two recently approved treatments, edaravone and AMX0035, aimed at reducing ROS production (Paganoni et al., 2021; Writing and Edaravone, 2017). The results in this chapter further highlight increases in ROS production as an important ALS phenotype and validate findings from a Drosophila model indicating DMF can reduce ROS levels in C9orf72-ALS (Au et al., 2023). 
The two probes used to study mitoROS, MitoSOX and NpFr2, have different ROS species specificity. MitoSOX demonstrates high specificity to mitochondrial superoxide, the most commonly produced ROS species in mitochondria (Murphy, 2009). Conversely, NpFr2 does not have specificity for a particular mitoROS species, allowing indication of the global redox state (Kaur et al., 2015). Previous studies reporting increases in mitoROS have largely used MitoSOX probes to demonstrate increases in mitochondrial superoxide specifically (Lopez-Gonzalez et al., 2016; Singh et al., 2021; Au et al., 2023, Li et al., 2021). There are currently no published studies using NpFr2 to study ALS models. The findings from this chapter support previous findings of an increase in superoxide but suggest there are no significant changes to the global redox state of C9orf72-ALS neurones. Potentially, stressing the iNeurone mitochondria using galactose, as discussed above, may be needed to verify if any changes to the global redox state occur. Further work in other patient and in vivo models may be useful to confirm these findings and identify whether therapies targeting specifically elevated superoxide instead of disrupting all ROS species may be more beneficial therapeutically. A range of technique for assessing production of individual ROS species have been established and are yet to be utilised in ALS models (reviewed recently by Murphy et al., 2022)

The results from this chapter also indicate increased nuclear localisation of NRF2, suggesting increased activation (Figure 3.19). Increased nuclear localisation was largely seen in the 2 patients with the highest basal levels of mitochondrial superoxide (Figure 3.17), which would agree with current understanding of ROS production being one of the mechanisms driving NRF2 liberation from KEAP1 and translocating to the nucleus (Velichkova & Hasson, 2005). NRF2 has been suggested as a target for ALS, having previously been shown to upregulate genes associated antioxidant responses (Mead et al., 2013). Among genes upregulated by NRF2 are multiple genes involved in healthy mitochondrial function, including NDUF4A, PINK1, PRKN and CPT1 (Agyeman et al., 2012; Murata et al., 2015; Gumeni et al., 2021; Meakin et al., 2014). Despite this increased nuclear localisation of NRF2, it would be useful to confirm the downstream impacts of this, such as altered transcription of relevant genes involved in mitochondrial function and antioxidant responses. Increased nuclear NRF2 was also observed in a recent study in Drosophila models of C9orf72-ALS, however there were no changes in gene transcript levels of NRF2 homologue target genes (Au, 2022). The impact of NRF2 activating compounds in mitochondria, namely in increasing mitochondrial function and mitophagy, may explain some of the beneficial impact of these compounds in ALS models (Vargas et al., 2008; Au, 2022).

[bookmark: _Toc170724237]3.4 Chapter summary 


The results from this chapter indicate that generic neurones generated from directly reprogrammed iNPC’s recapitulate previously reported mitochondrial phenotypes from C9orf72-ALS models. These include reductions in membrane potential observed in neurones, increases in mtDNA observed in fibroblasts and increases in MitoROS observed in neurones and fibroblasts (Onesto et al., 2016; Lopez-Gonzalez et al., 2016; Dafinca et al., 2016; Wang et al., 2021; Li et al., 2021). Some previously reported phenotypes, such as changes to mitochondrial morphology, have not been reproduced in this iNeurone model. This was despite the short nature of the neurone differentiation protocol, producing a yield of mature neurones but not motor neurones, that have not experienced a strong metabolic shift towards mitochondrial metabolism. Further experiments to characterise whether any phenotypes reported here could be exaggerated by increasing this shift-either by inhibiting glycolysis or forcing greater reliance on mitochondrial ATP production, would be a useful follow up. 





























[bookmark: _Toc170724238]Chapter 4-Characterisation of mitophagy in C9orf72-ALS iNeurones 
[bookmark: _Toc170724239]4.1 Introduction 

In the previous chapter, several changes to mitochondria were identified in C9orf72-ALS iNeurones, including reductions in MMP and increases in mtDNA and mitoROS. This chapter explores mitophagy, an underexplored aspect of mitochondrial health in C9orf72-ALS, in the iNeurone model utilised in the previous chapter. 

Mitophagy is the selective degradation of mitochondria that can be initiated independent from autophagy. The majority of mitophagy is initiated through either the PINK1-Parkin dependent pathway, or through receptor-mediated mitophagy via receptors including BNIP3/BNIP3L/FUNDC1 (Ganley and Simonsen, 2022). Whilst mitophagy is well studied in neurodegenerative diseases such as PD, where mutations in PINK1 and Parkin are found in a minority of familial cases of the disease, to date mitophagy has not been well characterised in ALS, especially regarding C9orf72-ALS. This is even though several mutations in genes involved in mitophagy pathways, such as OPTN, P62 and TBK1, have been identified in fALS cases (Akcimen et al., 2023). Moreover, C9orf72 is itself involved in the initiation of autophagy, with a previously identified role in ULK1 recruitment to early endosomes, a key step in the maturation of autophagosomes (Webster et al., 2016). Furthermore, the mitochondrial alterations in C9orf72-ALS iNeurones described in chapter 3 could be due to a reduction in mitophagy, causing a build-up of damaged and dysfunctional mitochondria, making mitophagy alterations and necessary phenotype to explore in C9orf72-ALS iNeurones. 

In this chapter, mitophagy is assessed in C9orf72-ALS iNeurones. Given multiple methods for assessing mitophagy, results are presented for co-localisation of mitochondria with both autophagosomes and lysosomes. The mitophagy pathways described briefly above (and in more detail in 1.4.3) are characterised to identify any potential deficits. Finally, results from the use of several tool compounds to modulate mitophagy are presented. 

Chapter aims: 
1. Identify and characterise any changes in mitophagy flux and mitophagy pathway utilisation in C9orf72-ALS iNeurones 
2. Investigate the use of tool compounds to modulate mitophagy in C9orf72-ALS iNeurones



















[bookmark: _Toc170724240]4.2 Results 
[bookmark: _Toc170724241]4.2.1 Basal mitophagy is reduced in C9orf72-ALS iNeurones 
Mitophagy was assessed first by immunostaining of the outer mitochondrial membrane protein TOM20 and the autophagosome marker LC3. The LC3 antibody used (see Materials and Methods) stains both LC3-I and LC3-II isoforms, leading to broad cell staining of LC3-I with LC3-II appearing as puncta (Figure 4.1A, arrows). Co-localisation of LC3-II puncta and segmented mitochondria was quantified and expressed as the percentage of total mitochondria in autophagosomes (Figure 4.1B). Data split by cell line is presented in Figure 4.1C. A significant decrease in mitochondria in autophagosomes was observed in C9orf72-ALS iNeurones (p=0.0036, unpaired t-test). The cell line pair with the largest difference (Ctrl 155-C9 183) did not reach significance (p=0.0598, unpaired t-test). 
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[bookmark: _Toc162953320]Figure 4.1: Mitochondria co-localisation with autophagosomes. 
(A) Representative images of TOM20-LC3 immunostaining. Nuclei are stained blue, mitochondria are stained green, autophagosome marker LC3 is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner with arrows indicating LC3-II puncta. (B) Quantification of mitophagy as percentage of mitochondria in autophagosomes. (C) Quantification of each control-patient pair. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is a mean of approximately 100-500 cells. Statistical tests are unpaired t-tests. 


[bookmark: _Toc170724242]4.2.2 Induction of mitophagy is not impaired in C9orf72-ALS iNeurones  
Mitophagy was assessed further by investigating co-localisation of mitochondria and lysosomes. Mitochondria and lysosomes were labelled in a live assay by MitoTracker Green and LysoTracker Deep Red, respectively. Cells were imaged every 30 minutes for 90 minutes and percentage of total mitochondria co-localising with lysosomes was quantified. In parallel with basal readings, some wells on the same plate during each differentiation were treated with oligomycin and antimycin A (details in 2.2.5). Representative images of cells from first and last time point, from basal and induced condition, are shown in Figure 4.2, showing expected mitochondrial and punctate lysosomal staining. Quantification of mitochondria in lysosomes across all timepoints is shown in Figure 4.3. Data for each patient/control pair is displayed separately in Figure 4.4. There was no significant difference between control and C9orf72-ALS iNeurone mitophagy at the final timepoint (p=0.4451 for basal, p=0.3866 for induced, repeated measures two-way ANOVA with Tukey’s multiple comparisons test). There was no significant difference between induced: basal ratio between control and C9orf72-ALS iNeurones (p=0.9023, repeated measures two-way ANOVA with Tukey’s multiple comparisons test). 

Quantification of mitochondrial area during mitophagy induction under live and fixed conditions is displayed in Figure 4.5 to demonstrate the impact of oligomycin-antimycin A (OA) treatment on mitochondria.  During the live mitophagy assay, induction by OA led to a significant reduction in mitochondrial area (Figure 4.5A, repeated measures 2-way ANOVA with Tukey’s multiple comparisons test, comparison between first and final timepoints, p=0.0004 for control iNeurones and p=0.0078 for C9orf72-ALS iNeurones). This reduction was replicated in analysis of fixed cells after 1 hour OA treatments (p<0.0001 for control and C9orf72-ALS iNeurones, 2-way ANOVA with Tukey’s multiple comparisons test). 
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[bookmark: _Toc162953321]Figure 4.2: Representative images from mitochondria-lysosome colocalisation live assay. 
Nuclei are stained blue, mitochondria are stained green, lysosomes are stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner.
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[bookmark: _Toc162953322]Figure 4.3: Quantification of mitophagy as mitochondria-lysosome co-localisation. 
(A) Quantification of percentage of mitochondria in lysosomes in control (black lines) and C9orf72-ALS iNeurones (red lines) under basal conditions and mitophagy induction by oligomycin-antimycin A (OA). (B) Induced: basal ratios for control (black) and C9orf72-ALS (red) iNeurones. Data are presented as mean +/- SD at each timepoint from 3 unique differentiations of each control/patient cell line, with each biological replicate representing 100-300 cells. 
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[bookmark: _Toc162953323]Figure 4.4: Basal and induced mitophagy for each control-patient pair presented separately. 
Data are presented as mean +/- SD at each timepoint from 3 unique differentiations of each control/patient cell line, with each biological replicate representing 100-300 cells. 
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[bookmark: _Toc162953324]Figure 4.5: Mitochondrial area during mitophagy induction. 
(A) Quantification of mitochondrial area during live mitophagy assay. (B) Quantification of mitochondrial area in fixed cells following 1 hour of mitophagy induction by OA. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line in B with each replicate representing the mean of 100-500 cells. Repeated measures two-way ANOVA with Tukey’s multiple comparisons test indicates significant decreases in mitochondrial area between final and first timepoint under induced conditions for both control and C9orf72-ALS iNeurones (p=0.0004 for control iNeurones, p=0.0078 for C9orf72-ALS iNeurones).  Statistical test in B is two-way ANOVA with Tukey’s multiple comparison test. 

[bookmark: _Toc170724243]4.2.3 Autophagosomes but not lysosomes are affected in C9orf72-ALS iNeurones 
To investigate the cause of mitophagy deficits in C9orf72-ALS iNeurones further, autophagosomes and lysosomes were investigated further as components of the autophagy machinery. Autophagosome density in cells and morphology are quantified in Figure 4.6. A significant reduction in autophagosome density was observed in C9orf72-ALS iNeurones (p=0.0056, unpaired t-test). The largest difference between control-patient pairs (Ctrl-155 vs C9-183) was also significant (p=0.0446, unpaired t-test). No significant difference was observed in autophagosome size (p=0.2352, unpaired t-test). 

Autophagosome-lysosome co-localisation was assessed by immunostaining for the autophagosome marker LC3 and lysosome marker, LAMP2. Representative images of this staining are shown in Figure 4.7. No significant difference in autophagosome-lysosome colocalisation was observed between control and C9orf72-ALS iNeurones (p=0.8289, unpaired t-test). Lysosome morphology and density from live and fixed assays are quantified in Figure 4.8. No significant differences in lysosome area (p=0.4180, unpaired t-test) or lysosome density (p=0.4792, unpaired t-test) were observed. 
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[bookmark: _Toc162953325]Figure 4.6: Characterisation of autophagosomes in C9orf72-ALS iNeurones. 
(A) Quantification of autophagosome density. (B) Separated control-patient pair data for autophagosome density. (C) Quantification of autophagosome area. (D) Separated control-patient pair data for autophagosome density. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical tests are unpaired t-tests.
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[bookmark: _Toc162953326]Figure 4.7: Autolysosome characterisation in C9orf72-ALS iNeurones. 
(A) Representative images of autophagosome-lysosome immunostaining in C9orf72-ALS iNeurones. Nuclei are stained blue, lysosomes are stained green, autophagosome marker LC3 is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner with arrows indicating LAMP2 or LC3-II puncta. (B) Quantification of percentage of autophagosomes co-localised with lysosomes. (C) Separated control-patient pair data for percentage of autolysosomes. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is unpaired t-test.
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[bookmark: _Toc162953327]Figure 4.8: Lysosome characterisation in C9orf72-ALS iNeurones. 
(A) Quantification of LAMP2 puncta area. (B) Quantification of LysoTracker Deep Red puncta area throughout live mitophagy assay. (C) Quantification of LAMP2 puncta density. (D) Separated control-patient pair data for LAMP2 puncta density. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical tests in A and C are unpaired t-tests. 






[bookmark: _Toc170724244]4.2.4 Characterisation of PINK1/Parkin mitophagy  
As discussed in the 1.4.3, PINK1/Parkin-dependent mitophagy results in the recruitment of PINK1 and Parkin to mitochondria, leading to the accumulation of phospho-ubiquitin at mitochondria. Co-localisation of the mitochondrial marker TOM20 and Parkin or phospho-ubiquitin were assessed via immunostaining. Under basal conditions, phospho-ubiquitin co-localisation with mitochondria occurred at similar levels between control and C9orf72-ALS iNeurones (Figure 4.9, p=0.938202, unpaired t-test).  Parkin recruitment to mitochondria was also assessed, however no significant changes were identified (figure 4.10, p=0.5058, unpaired t-test).  

Subsequently, SLR proteins such as P62, NDP52 and OPTN are recruited to phospho-ubiquitin chains at mitochondria to mediate interactions between phospho-ubiquitin chains and LC3. Co-localisation of TOM20 and P62 or NDP52 were also assessed via immunostaining. Under basal conditions, neither marker displayed any deficit in mitochondrial co-localisation (Figures 4.11 and 4.12, p=0.7484 for P62, unpaired t-test, p=0.4102 for NDP52, unpaired t-test).  

P62 mutations have been reported in ALS cases previously and P62 accumulation in cells is regularly used as a sign of impaired autophagy flux (Bjorkoy et al., 2009). Moreover, some C9orf72-ALS models have reported P62 accumulation in cells (Webster et al., 2016). P62 puncta as a percentage of cell area is quantified in Figure 4.13-a significant decrease was reported in one C9orf72-ALS patient relative to its matched control (p=0.04709, two-way ANOVA with Tukey’s multiple comparisons tests).  

[bookmark: _Toc162953328][image: A close-up of a microscope slide

Description automatically generated]Figure 4.9: Phospho-ubiquitin at mitochondria in C9orf72-ALS iNeurones. 
(A) Representative images of mitochondrial-phospho-ubiquitin immunostaining in iNeurones. Nuclei are stained blue, mitochondria are stained green, phospho-ubiquitin is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner. (B) Quantification of percentage of mitochondria with phospho-ubiquitin. (C) Separated control-patient pair data. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical tests in B are unpaired t-tests. 
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[bookmark: _Toc162953329]Figure 4.10: Parkin co-localisation with mitochondria.  
(A) Representative images of mitochondrial-Parkin immunostaining in iNeurones. Nuclei are stained blue, mitochondria are stained green, Parkin is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner. (B) Quantification of percentage of mitochondria with Parkin colocalisation. (C) Separated control-patient pair data. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is an unpaired t-test. 
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[bookmark: _Toc162953330]Figure 4.11: P62 co-localisation with mitochondria.  
(A) Representative images of mitochondrial-P62 immunostaining in iNeurones. Nuclei are stained blue, mitochondria are stained green, P62 is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner, arrows indicate P62 puncta. (B) Quantification of percentage of mitochondria with P62 colocalisation. (C) Separated control-patient pair data. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is unpaired t-test.
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[bookmark: _Toc162953331]Figure 4.12: NDP52 co-localisation with mitochondria.  
(A) Representative images of mitochondrial-NDP52 immunostaining in iNeurones. Nuclei are stained blue, mitochondria are stained green, NDP52 is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner, arrows indicate NDP52 puncta. (B) Quantification of percentage of mitochondria with NDP52 colocalisation. (C) Separated control-patient pair data. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is unpaired t-test.
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[bookmark: _Toc162953332]Figure 4.13: Quantification of P62 puncta area for each control-patient pair.  
Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test is two-way ANOVA with Tukey’s multiple comparisons tests. 












[bookmark: _Toc170724245]4.2.5 Characterisation of BNIP3/NIX mitophagy 
As discussed in chapter 1, BNIP3 and NIX are recruited to mitochondria and can directly interact with LC3 at autophagosomes. Colocalisation of BNIP3 and NIX with TOM20 was assessed via immunostaining under basal conditions and after induction with 24-hour treatments with 500μM or 1mM DFP. No significant differences were reported in BNIP3 colocalisation under basal conditions (Figure 4.14, p=0.9960, two-way ANOVA with Tukey’s multiple comparisons tests). Induction with DFP led to significant increase in colocalisation in both control and C9orf72-ALS iNeurones (Figure 4.14, p=0.0017 for controls and p=0.0011 for C9orf72-ALS, two-way ANOVA with Tukey’s multiple comparisons tests). Expression of BNIP3, assessed via Western blot, was not significantly different (p=0.2828, unpaired t-test). No correlation was observed between expression and mitochondrial colocalisation under basal conditions (p=0.5913, simple linear regression). 

No significant decrease in mitochondria-NIX colocalisation was observed between control and C9orf72-ALS iNeurones under basal conditions (p=0.5893, two-way ANOVA with Tukey’s multiple comparisons tests). No significant differences in NIX expression were observed between control and C9orf72-ALS iNeurones (p=0.3898, unpaired t-test). However, a significant inverse correlation was observed between mitochondrial-NIX colocalisation and NIX expression (p=0.0014, simple linear regression. Colocalisation of mitochondria with phosphorylated NIX (pNIX) was also assessed via immunostaining. Although a decrease was observed in each patient relative to their matched control (Figure 4.18 C), this was not statistically significant in pooled data (Figure 4.18 B, p=0.592639, unpaired t-test). 

[image: A collage of images of cells

Description automatically generated]
[bookmark: _Toc162953333]Figure 4.14: BNIP3 co-localisation with mitochondria.  
(A) Representative images of mitochondrial-BNIP3 immunostaining in iNeurones. Nuclei are stained blue, mitochondria are stained green, BNIP3 is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner. (B) Quantification of percentage of mitochondria with BNIP3 colocalisation. (C) Separated control-patient pair data. D Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is two-way ANOVA with Tukey’s multiple comparisons test.
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[bookmark: _Toc162953334]Figure 4.15: BNIP3 expression in C9orf72-ALS iNeurones. 
(A) Representative Western blot for BNIP3 with alpha-tubulin used as a loading control. (B) Quantification of BNIP3 band intensity relative to tubulin. (C) Quantification of BNIP3 expression split by control-patient pair. (D) Correlation of average BNIP3-mitochondrial co-localisation and average Western expression for each cell line. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line. Statistical test in B is unpaired t-test. Statistical test in D is simple linear regression. 
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Description automatically generated]Figure 4.16: NIX co-localisation with mitochondria.  
(A) Representative images of mitochondrial-NIX immunostaining in iNeurones. Nuclei are stained blue, mitochondria are stained green, NIX is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner. (B) Quantification of percentage of mitochondria with NIX colocalisation. (C) Separated control-patient pair data. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is two-way ANOVA with Tukey’s multiple comparisons test.
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[bookmark: _Toc162953336]Figure 4.17: NIX expression in C9orf72-ALS iNeurones. 
(A) Representative Western blot for NIX with alpha-tubulin used as a loading control. (B) Quantification of NIX band intensity relative to tubulin. (C) Quantification of NIX expression split by control-patient pair. (D) Correlation of average NIX-mitochondrial co-localisation and average Western expression for each cell line. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line. Statistical test in B is unpaired t-test. Statistical test in D is simple linear regression.
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[bookmark: _Toc162953337]Figure 4.18: pNIX co-localisation with mitochondria.  
(A) Representative images of mitochondrial-pNIX immunostaining in iNeurones. Nuclei are stained blue, mitochondria are stained green, pNIX is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner, arrows indicate pNIX puncta. (B) Quantification of percentage of mitochondria with pNIX colocalisation. (C) Separated control-patient pair data. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is unpaired t-test. 

[bookmark: _Toc170724246]4.2.6 Deferiprone partially rescues mitophagy deficit in C9orf72-ALS iNeurones 
The impact of deferiprone treatment on mitophagy and autophagosome density in C9orf72-ALS iNeurones was also studied. iNeurones were treated for 24 hours with 500μM or 1mM DFP, fixed and stained with TOM20 and LC3 as above. Following 1mM treatment, mitophagy in C9orf72-ALS iNeurones was increased to similar levels seen in controls basally (Figure 4.19 A). DFP treatment consistently increased mitophagy in all cell lines (Figure 4.19 B). 1mM DFP treatment almost produced a significant increase in LC3 density relative to UT C9orf72-ALS iNeurones (Figure 4.19 C; p=0.0688, Friedman test with Dunn’s multiple comparisons tests). DFP treatment also consistently increased LC3 density in all cell lines (Figure 4.19 D).
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Description automatically generated]Figure 4.19: Effect of deferiprone on mitophagy and autophagosome production.  
(A) Quantification of mitophagy following 24-hour treatments with 500μM or 1mM DFP. (B) Separated control-patient pair data for mitophagy. (C) Quantification of LC3 density following 24-hour treatments with 500μM or 1mM DFP. (D) Separated control-patient pair data for LC3 density. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical tests in A and C are Friedman tests with Dunn’s multiple comparisons correction. 


[bookmark: _Toc170724247]4.2.7 ULK1 recruitment to mitochondria is impaired in C9orf72-ALS iNeurones 
Given the previous implication of C9orf72 on ULK1 recruitment to autophagosomes described above, ULK1 recruitment to mitochondria was also assessed via immunostaining. 8-hour DFP treatments were also used to assess its potential impact on ULK1 recruitment to mitochondria prior to increased autophagosome production.  iNeurones were treated for 8 hours with 500μM or 1mM DFP, fixed and stained with mitochondrial marker HSP60 and ULK1. Basally, a decrease in ULK1 recruitment to mitochondria was observed consistently across all cell lines, however this did not reach statistical significance in pooled data (p=0.1850, unpaired t-test). Treatment with DFP did not increase ULK1 recruitment to mitochondria (Figure 4.20 B and C).    
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[bookmark: _Toc162953339]Figure 4.20: ULK1 co-localisation with mitochondria.  
(A) Representative images of mitochondrial-ULK1 immunostaining in iNeurones. Nuclei are stained blue, mitochondria are stained green, ULK1 is stained magenta. Scale bars: 50μm. Magnified images are inset in bottom right corner, arrows indicate ULK1 puncta. (B) Quantification of percentage of mitochondria with ULK1 colocalisation. (C) Separated control-patient pair data. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is unpaired t-test.
[bookmark: _Toc170724248]4.2.8 ULK1 and AMPK activation do not rescue mitophagy or autophagosome deficits in C9orf72-ALS iNeurones 
As discussed in 1.3.1.1, AMPK regulates ULK1 activity. To assess the potential of AMPK activation as a promoter of ULK1 activation, iNeurones were treated with AMPK activator A769662 for 24-hours at 1μM and 10μM. Cells were then fixed and stained with TOM20 and LC3 as above. A769662 treatment failed to improve mitophagy or autophagosome density at any concentration (Figure 4.21). 

iNeurones were also treated with the compounds nilotinib and BL-918, which have been previously established to increase ULK1 activation to enhance autophagy (Yu et al., 2013; Ouyang et al., 2018). Cells were treated with either compound at 1μM and 5μM for 24 hours, then fixed and stained with TOM20 and LC3 as above. Both compounds caused a small increase in mitophagy in Ctrl-155, whilst BL-918 was able to increase mitophagy in Ctrl-CS14, and autophagosome density in Ctrl-3050 (Figure 4.22 B and D). However, both compounds failed to noticeably increase mitophagy or autophagosome density (Figure 4.22). 

To assess whether target engagement of ULK1 by BL-918 was impaired in C9orf72-ALS iNeurones, ULK1 and pULK1 levels were assessed via Western blot. Due to antibody issues, data for pULK1 is not available. Total ULK1 expression was assessed in 2 of 3 control-patient pairs, with a trend towards a reduction in ULK1 expression observed (p=0.0533, unpaired t-test). 
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[bookmark: _Toc162953340]Figure 4.21: Effect of A769662 treatment on mitophagy and autophagosome production in C9orf72-ALS iNeurones. 
(A) Quantification of mitophagy following 24-hour treatments with 1μM or 10μM A769662. (B) Separated control-patient pair data for mitophagy. (C) Quantification of LC3 density following 24-hour treatments with 1μM or 10μM A769662. (D) Separated control-patient pair data for LC3 density. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells.
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[bookmark: _Toc162953341]Figure 4.22: Effect of nilotinib and BL-918 treatments on mitophagy and autophagosome production in C9orf72-ALS iNeurones. 
(A) Quantification of mitophagy following 24-hour treatments with 1μM or 5μM of nilotinib or BL-918. (B) Separated control-patient pair data for mitophagy. (C) Quantification of LC3 density following 24-hour treatments with 1μM or 5μM nilotinib or BL-918. (D) Separated control-patient pair data for LC3 density. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells.
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[bookmark: _Toc162953342]Figure 4.23: Impact of BL-918 on ULK1 expression. 
(A) Representative Western blot for ULK1 with actin used as a loading control. (B) Quantification of ULK1 band intensity relative to actin. (C) Quantification of ULK1 expression split by control-patient pair. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line which is taken from a mean of approximately 100-500 cells. Statistical test in B is unpaired t-test. Statistical test in C is a Wilcoxon test. 






[bookmark: _Toc170724249]4.3 Discussion 

[bookmark: _Toc170724250]4.3.1 Mitophagy deficits in C9orf72-ALS iNeurones 
In this chapter, a mitophagy deficit is identified and characterised in C9orf72-ALS iNeurones. The mitophagy deficit identified may lead to a build-up of damaged and dysfunctional mitochondria, resulting in some of the phenotypes described in chapter 3, including reductions in MMP and increases in mitoROS production. Results from tool compound treatments to attempt to modulate mitophagy are also presented. 

Mitophagy was initially assessed in C9orf72-ALS iNeurones by measuring colocalisation of mitochondria and autophagosomes, by labelling mitochondrial protein TOM20 and autophagosome protein LC3. A reduction in colocalisation was observed, suggesting at the initial stages of mitophagy (the engulfment of mitochondria in autophagosomes), a deficit is present (Figure 4.1 A). While mitophagy in other genotypes of ALS has been previously reported, typically indicating a decline, mitophagy in C9orf72-ALS has not been well characterised previously. One previous report in Drosophila models of C9orf72-ALS identified a reduction in mitophagy assessed with the mitoQC mitophagy reporter, which identifies mitochondria entry into lysosomes (Au et al, 2023; Rodger et al., 2018). As Drosophila do not have a C9orf72 homologue in their genome, models in this organism focus on studying the production of DPR’s (Sharpe et al., 2021). In the Drosophila study, pure G4C2 36x repeat expression and PolyGR 36x expression induced mitophagy deficits of a similar magnitude to those reported in this chapter (Au et al., 2023). This suggests that DPR production is also able to drive mitophagy deficits. DPR expression in cultured neurones and patient tissue has previously been shown to occur at very low levels and levels have not been verified in cell lines used in this thesis (Gomez-Deza et al., 2015). Moreover, the Drosophila models described above are ectopic expression models designed to express large quantities of DPR’s. However, the identification of two toxic aspects of the C9orf72 mutation producing a mitophagy deficit in neurones suggests both may contribute to mitophagy deficits. Future experiments could focus on cultured human cells investigating similar phenotypes to this chapter (such as characterisation of mitophagy pathways, autophagosomes and lysosomes) to see whether DPR production and reduced C9orf72 expression affect mitophagy in different ways and hence act independently to impair mitophagy.    
[bookmark: _Toc170724251]4.3.2 Autophagosomes and lysosomes 
A characterisation of autophagosomes and lysosomes was performed in this chapter, revealing a deficiency in autophagosome density in C9orf72-ALS iNeurones. Among several described functions of C9orf72 is as a regulator of autophagy. Through its formation of a complex with SMCR8 and the interaction of this complex with RAB1A, C9orf72 mediates recruitment of ULK1 to early endosomes, an essential step in the formation of autophagosomes (Webster et al., 2016). The C9orf72 repeat expansion mutation has previously been reported to disrupt expression of the affected allele, which should in turn result in less ULK1 recruitment and autophagosome number in cells. Disrupted autophagosome formation has been reported in multiple C9orf72-KD models, with disruptions in autophagy induction previously reported in some of the iNeurones used in this study (Sellier et al., 2016; Yang et al., 2016; Webster et al., 2016). In agreement with these previous reports, Figure 4.6 A shows reduced autophagosome production. 

A brief characterisation of lysosomes was performed in this chapter. First, no significant differences in mitochondria-lysosome colocalisation were identified (Figure 4.3 A). This suggests mitochondrial delivery to lysosomes is not disrupted in C9orf72-ALS. Moreover, autophagosome-lysosome colocalisation was not disrupted in C9orf72-ALS iNeurones (Figure 4.7). Lysosome morphology and density were also not disrupted in C9orf72-ALS iNeurones (Figure 4.8). Previous literature has indicated C9orf72 interacts with lysosomes. C9orf72-KO in HEK293T cells has been shown to increase lysosome area and increases perinuclear localisation of lysosomes (Amick et al., 2016). C9orf72-ALS iPSC-MNs also demonstrated reduced lysosome number and increased lysosome size but replicated only reduced lysosome number in C9orf72-KO MN’s (Beckers et al., 2023). A decrease in expression in C9orf72 protein was reported in these neurones in chapter 3, which may explain differences between C9orf72-KO cells and iNeurones used in this chapter. Moreover, DPR production levels has not been determined in these iNeurones, so their potential influence on lysosome phenotypes cannot be accounted for. A more in-depth characterisation of lysosomes could help accurately determine the any impact of C9orf72-HRE on lysosome function. Use of the LysoSensor dye could be used to assess lysosome pH, a key feature required for activity of cathepsins in protein degradation. Moreover, measurement of activity of cathepsins can be performed with a range of commercially available kits. These experiments could help indicate if lysosome function is also impacted and could contribute to deficits in autophagy and mitophagy.      
[bookmark: _Toc170724252]4.3.3 PINK1/Parkin-mitophagy 
In models of ALS other than C9orf72-ALS, deficits in PINK1-Parkin mitophagy have been reported (summarised in 1.5.4). Hence it is important to characterise these pathways to see whether C9orf72 mutations have additional mechanisms by which they influence mitophagy. An in-depth understanding of affected mitophagy pathways will also inform which areas warrant the most therapeutic targeting. 

First, PINK1/Parkin-dependent mitophagy was assessed in a live imaging assay via treatment with OA and assessment of mitochondrial-lysosomal colocalisation (Figures 4.2-4.4). Treatment with these toxins has previously been established to disrupt membrane potential, a known trigger of PINK1/Parkin-dependent mitophagy, via inhibition of Complex V and III respectively (Baudot et al., 2015; Allen et al., 2013). Indeed, Parkin mutant cells are less responsive to an OA stimulus than wildtype (WT) cells (Allen et al., 2013). Whilst mitophagy was lower in C9orf72-ALS iNeurones, the fold increase in mitophagy under induction was almost identical (Figure 4.4). This suggests cells have no issues increasing mitophagy in response to the toxin insult. 

Downstream of PINK1 stabilisation in the mitochondrial membrane is Parkin recruitment and phospho-ubiquitin accumulation at mitochondria (Ganley and Simonesen, 2022). No significant difference in Parkin or phospho-ubiquitin at mitochondria was observed in C9orf72-ALS iNeurones relative to controls (Figures 4.9 and 4.10). This suggests no disruption of PINK1/Parkin-dependent mitophagy occurs in C9orf72-ALS iNeurones. Several follow-up experiments may be useful to further probe this pathway and confirm these findings. First, PINK1 recruitment to mitochondria was not assessed in this chapter. Previous reports indicate PINK1 can recruit NDP52 and OPTN, but not P62, to mitochondria independently of Parkin (Lazarou et al., 2015). These findings would suggest that Parkin is dispensable for mitophagy and may be necessary only to amplify the ubiquitin signal to degrade mitochondria efficiently. Hence, investigating PINK1 recruitment to mitochondria may help determine if any issues to PINK1/Parkin-mitophagy are present upstream of the proteins studied in this chapter. Second, as OA treatments did not noticeably increase mitochondrial recruitment of mitophagy pathway proteins, treatment with different inducers of mitophagy, such as uncouplers (CCCP/FCCP) or the potassium ionophore valinomycin that triggers proton efflux from mitochondria, could be performed to more thoroughly interrogate mitophagy induction.  

Downstream of PINK1/Parkin recruitment and phospho-ubiquitin accumulation, the subsequent recruitment of NDP52 and P62 to mitochondria is not impacted in C9orf72-ALS. These proteins are two selective autophagy adaptor proteins that mediate interactions between ubiquitin and LC3. Another selective autophagy adaptor, OPTN, was not assessed in this cell model, due to poor staining with purchased antibodies. Given the presence of OPTN mutations in a small number of fALS cases, assessing OPTN localisation to mitochondria may identify potential common mechanisms between OPTN-ALS and C9orf72-ALS. Furthermore, NDP52 and P62 localisation to mitochondria were assessed under induced conditions, with induction by oligomycin-Antimycin A treatment. As cells were fixed no measurements of membrane potential were made to confirm whether the typical stimulus that induces PINK1-Parkin mitophagy was present, however a decrease in mitochondrial area suggests fragmentation was beginning to occur and the possibility of mitochondrial damage being present (Figure 4.5). As above, alternative toxin treatments to induce mitophagy may be necessary to expose an effect under stressed conditions. For a more in-depth assessment of PINK1-Parkin mitophagy in C9orf72-ALS iNeurones, recruitment of Parkin and OPTN could also be assessed, including under these alternative conditions for inducing this pathway. 

Interestingly, in conflict with some previous reports, P62 accumulation was not observed in C9orf72-ALS iNeurones (Figure 4.13). This finding had been repeated in other studies investigating C9orf72-KD or HRE mutation (Ugolino et al., 2016; Beckers et al., 2023). However, in several of the C9orf72-ALS patient lines used in this study, P62 accumulation was observed when converted to astrocytes (Allen et al., 2019a). It has been hypothesised that C9orf72 is required for autophagy induction, however in response to C9orf72-KD autophagy flux can increase and decreases in P62 can occur (Yang et al., 2016; Ugolino et al., 2016). In some agreement with these studies, one of C9orf72-ALS iNeurone lines showed a decrease in cellular P62 relative to its matched patient line (Figure 4.13). Therefore, it may be feasible that in some models of C9orf72-ALS, some indicators of autophagy may indicate autophagy increases as compensation for impaired autophagy induction. Differences in astrocytes and neurones derived from the same progenitor cell lines may indicate reduced capability for astrocytes to upregulate other aspects of autophagy, an area that warrants further investigation given the contribution of astrocytes to ALS pathology. 

[bookmark: _Toc170724253]4.3.4 BNIP3/NIX-mitophagy 
Potential changes to BNIP3/NIX-dependent mitophagy in ALS remain poorly understood. Some previous reports indicate NIX expression is increased in reactive astrocytes in end-stage SOD1 mice (Duval et al., 2018). Increases in NIX have also been reported in patient CSF (Sharma et al., 2016). However, reduced BNIP3 expression has been reported in SOD1-ALS mouse motor neurones (Rogers et al., 2017). No published literature has yet investigated BNIP3 or BNIP3L in the context of C9orf72-ALS, hence it is important to establish potential changes in this pathway, as this may help to highlight specific mitophagy pathways to target therapeutically. 

The accumulation of BNIP3 and NIX on mitochondria under basal conditions was not affected in C9orf72-ALS iNeurones (Figure 4.14 and 4.16). Moreover, after induction of this mitophagy pathway by 24-hour treatments with 500μM or 1mM DFP, similar increases in BNIP3 and NIX colocalisation were observed (Figures 4.14 and 4.16). As Expression of both proteins, measured by Western blot, indicates no changes in C9orf72-ALS iNeurones (Figures 4.15 and 4.17). Taken together, these findings suggest that the C9orf72-ALS repeat expansion mutation does not impact expression or mitochondrial localisation of both proteins. Interestingly, mitochondrial localisation and expression of NIX under basal conditions were inversely correlated (Figure 4.17). This may indicate increases in NIX expression in response to reduced mitochondrial localisation. Given NIX can also localise to other organelles, such as peroxisomes to regulate pexophagy, this may indicate increased pexophagy in these cell lines (Wilhelm et al., 2022). Although no changes to BNIP3 and NIX mitochondrial localisation were observed, it would be useful to determine if changes to protein expression of both proteins was affected under these induced conditions. Moreover, upstream of this, increases in HIF1 expression have previously been reported after DFP treatment (Allen et al., 2013). Investigating changes to HIF1 expression nuclear localisation under these induced conditions could determine whether HIF1 drives any changes associated with BNIP3/NIX under deferiprone induced conditions. 

Phosphorylation is an important post-translational modification of both BNIP3 and NIX for regulation of protein activity, including in promoting mitophagy (He et al., 2022). Phosphorylation of NIX at serine-81 was investigated by immunostaining, with a slight but not significant reduction in phospho-NIX at mitochondria observed in C9orf72-ALS iNeurones (Figure 4.18). Previous reports indicate that kinases including JNK1/2 and ULK1 are responsible for phosphorylating BNIP3 and NIX and are essential for driving mitophagy (He et al., 2022; Poole et al., 2021). These studies investigated serine phosphorylation at serine sites not investigated in this chapter, such as serine-17 in BNIP3, for which antibodies are not available commercially. Phosphorylation of BNIP3 was not investigated in this chapter but may also contribute to mitophagy deficits if BNIP3 expression or mitochondrial localisation is not affected. The importance of phosphorylation of serine-81 has not been previously published. If phosphorylation at this serine residue plays similar roles to others reported in the literature, these findings may correlate with previous findings indicating C9orf72 regulates ULK1 recruitment (Webster et al., 2016). Any therapeutic strategies aimed at rectifying this aspect of C9orf72-ALS could investigate whether the treatment rescues phosphorylation of downstream targets of ULK1, including BNIP3 and NIX. Moreover, a more detailed analysis of which kinases are responsible for phosphorylation of NIX and BNIP3 would be useful to identify potential targets for compensatory increases in phosphorylation. 

As discussed in 1.4.3, several other mitophagy pathways exist, including those mediated by FUNDC1, AMBRA and cardiolipin, that have not been explored in this chapter. FUNDC1 plays a key role in hypoxia-mediated mitophagy (Liu et al., 2012; Li et al., 2014). AMBRA is recruited to depolarised mitochondria and can promote mitophagy independently of Parkin, but also interfaces with PINK1/Parkin mitophagy by promoting PINK1 stability (Strapazzon et al., 2015; Di Rienzo et al., 2022). Although no changes to Parkin recruitment or phosphoubiquitin accumulation on mitochondria were observed, assessing AMBRA expression and recruitment to mitochondria in C9orf72-ALS may help identify if this mitophagy pathway is disrupted and may impact on PINK1/Parkin mitophagy. NLRX1 promotes mitophagy in response to mitochondrial protein import stress (Killackey et al., 2022). Although mitochondria protein import reductions have been reported in SOD1-ALS and sALS, mitochondrial protein import in C9orf72-ALS remains poorly understood (Singh et al., 2021). The role of NLRX1 in mitophagy regulation has also been uncovered only recently and hence its role in mitophagy across a range of ALS genotypes remains unknown. The impact of C9orf72-ALS on cardiolipin-mediated mitophagy also remains poorly understood. A lipidomic study of C9orf72-FTD cases found no changes in cardiolipin content of grey and white matter, suggesting C9orf72-HRE mutations may not impact cardiolipin content of neurones (Marian et al., 2023). Future experiments could investigate whether cardiolipin externalisation is impacted in C9orf72-ALS and could contribute to mitophagy deficits. Further studies exploring these additional mitophagy pathways in C9orf72-ALS could help determine if other factors beyond a deficit in autophagosome production may be responsible for mitophagy deficits in C9orf72-ALS and whether these need to be targeted therapeutically. 
[bookmark: _Toc170724254]4.3.5 ULK1 in C9orf72-ALS 
As described above, a role for C9orf72 in mediating trafficking of ULK1 to early autophagosomes has been previously established (Webster et al., 2016).  Data presented in this chapter suggests C9orf72-HRE also disrupts mitochondrial localisation of ULK1 prior to mitophagy (Figure 4.20). ULK1 recruitment was also investigated after DFP treatment with no noticeable changes in ULK1 recruitment after 8-hour treatments (Figure 4.20). 

ULK1 expression was also investigated, with reductions observed between some control-patient pairs (Figure 4.23). Previous reports have indicated C9orf72-KD also reduced expression of ULK1 (Yang et al., 2016). These findings together would indicate loss of C9orf72 would disrupt autophagy in a two-fold mechanism, reducing ULK1 expression and reducing trafficking of the produced ULK1 to early autophagosomes. Target engagement of BL-918 was also planned as an experiment but could not be completed due to issues with optimising antibodies. This could make a useful future experiment, to determine if the C9orf72-HRE may disrupt ULK1 activation, further impairing autophagy. Increasing ULK1 expression via gene-therapy approaches may also prove a useful strategy in enhancing mitophagy and autophagy. 

[bookmark: _Toc170724255]4.3.6 Tool compound treatments 
Multiple compounds were used to investigate mitophagy in C9orf72-ALS, several of which have other approved clinical uses, such as deferiprone and nilotinib. DFP was able to increase mitophagy in C9orf72-ALS iNeurones to levels similar to controls in multiple cell lines (Figure 4.19). In agreement with previous literature, autophagosome production was also slightly increased on DFP treatment (Figure 4.19, Allen et al., 2013). DFP is already used in patients as an iron chelator to reduce blood iron levels in thalassemia’s (Galanello, 2007). Recently, deferiprone has been used in a clinical trial for ALS to reduce excess iron that accumulates in neurones (Devos et al., 2020). It should be noted that the deferiprone concentration and treatment length in this chapter were high compared to previous studies using deferiprone for iron chelation in cell models (Barnabe et al., 2002). Previous studies indicate larger doses are required specifically to increase BNIP3-dependent mitophagy (Allen et al., 2013). Therefore, although deferiprone shows promise in this study at increasing mitophagy in iNeurones, achieving this increase in patients would require unreasonably high doses that may be detrimental to patients long-term. 

A769662 is a tool compound used to activate AMPK, an upstream regulator of ULK1 activity (Goransson et al., 2007). Treatment with A769662 should therefore be able to increase autophagosome production and potentially support mitophagy. However, no impact of A769662 on mitophagy or autophagosome production was observed (Figure 4.21). There are several possible reasons for this. First, ULK1 phosphorylates AMPK at Serine-108 in the 1-subunit, sensitising it to further activation by A769662 (Dite et al., 2017). If ULK1 trafficking is dysregulated by reduced C9orf72 expression, this may reduce the capability of A769662 to activate ULK1. Second, higher doses and different treatment times are occasionally used in the literature (Goransson et al., 2007). Both treatment time and dose may not have been sufficient in these cells to enhance autophagosome production and mitophagy.    

Nilotinib has been developed as a therapy for chronic myeloid leukaemia (Ray et al., 2007). One of the drugs mechanisms of action is induction of autophagy, with increased ULK1 activation and increased autophagosomes demonstrated in cancer cell lines treated with nilotinib (Yu et al., 2013). Nilotinib has previously shown capability to increase autophagic flux and mitochondrial function in iAstrocytes from some of the patient cell lines used in this study (Myszczyńska, 2022). However, no noticeable increases in autophagosome density or mitophagy were observed after 24-hour treatments with the compound (Figure 4.22). BL-918, a tool compound previously shown to increase ULK1 activation, was also investigated (Ouyang et al., 2018). BL-918 has previously been shown to be beneficial in SOD1-ALS models (Liu et al., 2023). However, BL-918 treatments were not able to rescue mitophagy or autophagosome density in C9orf72-ALS iNeurones (Figure 4.22). Experiments to determine whether BL-918 increased ULK1 activity were performed but could not be completed due to issues with pULK1 antibodies. Taken together, these findings suggest increasing ULK1 activity is not sufficient to rescue mitophagy in C9orf72-ALS. Further studies that increase ULK1 or C9orf72-ALS expression could help determine whether these are necessary to rescue autophagy and mitophagy deficits. 

[bookmark: _Toc170724256]4.4 Chapter conclusions 

The results from this chapter indicate a mitophagy deficit in C9orf72-ALS iNeurones. A deficit in ULK1 recruitment to mitochondria and autophagosome production was also observed, which may be driving mitophagy deficits. No changes to recruitment of mitophagy proteins Parkin, BNIP3 or NIX were observed, indicating these pathways are not disrupted in C9orf72-ALS. Further experiments to increase ULK1 or C9orf72 expression would be useful to determine if these approaches can rescue mitophagy deficits. 








[bookmark: _Toc170724257]Chapter 5-Characterisation of glycolysis in C9orf72-ALS models 

[bookmark: _Toc170724258]5.1 Introduction 

The aim of this chapter is to provide a brief characterisation of changes to glycolysis in models of C9orf72-ALS. Changes in glycolysis have also been reported in ALS, with indications that CNS glucose metabolism is decreased in the CNS of ALS patients (Tefera et al., 2021). However, a 2019 study in a TDP-43 model of Drosophila indicated that glucose uptake capacity was increased in motor neurones (Manzo et al., 2019). Moreover, supporting this increase by feeding flies a high glucose diet or increasing expression of the neuronal glucose transporter GLUT3 extended survival and improved locomotor function. In collaboration with this lab, this chapter reports changes to glucose uptake in a Drosophila model of C9orf72-ALS. 

This chapter largely utilises previously generated Drosophila lines that replicate toxic gain of function mechanisms in C9orf72-ALS. A fluorescent, genetically encoded glucose sensor (described in 5.1.1) is used to assess glucose uptake in neurones from Drosophila larvae expressing C9orf72-ALS constructs. The effect of a high sugar diet on larval locomotor function and viability are also assessed. In an attempt to replicate findings from chapter 3, mtDNA copy number is assessed in VNC’s from Drosophila expressing C9orf72-ALS constructs. In the second section of this chapter, iNeurones generated from iNPC’s, as described in previous chapters, are used in limited assays to assess glycolysis by measuring ECAR. 

[bookmark: _Toc170724259]5.1.1 Introduction to glycolysis 
Glycolysis is the name given to the group of reactions that convert glucose into pyruvate in the cytoplasm. The generated pyruvate can subsequently be utilised in the mitochondrial TCA cycle for the generation of further ATP or converted to lactate to regenerate NAD.  These reactions allow for generation of small amounts of ATP on a more rapid scale than from mitochondrial OXPHOS. Figure 5.1 summarises the chain of glycolytic reactions. The end product of these reactions is pyruvate, which can be converted to lactate to recycle NAD, or fed into the TCA cycle to produce reducing equivalents for mitochondrial respiration. The pentose phosphate shunt runs parallel to glycolysis, ultimately converting glucose to ribulose-5-phosphate R5P for production of nucleotides. This process is oxidative, leading to production of the reducing equivalent NADPH, which can be used for buffering of oxidative stress. 
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[bookmark: _Toc162953343]Figure 5.1: Summary of glycolysis and pentose phosphate pathway. 
Glucose is converted to pyruvate by a 9-step reaction, generating small quantities of ATP and NADH. Several glycolysis substrates can also enter the pentose phosphate pathway for generation of nucleotides. Figure generated in Biorender. 

[bookmark: _Toc170724260]5.1.2 Alterations to glycolysis in ALS 
Neuronal glucose uptake can be measured in patients via measuring uptake of fluorodeoxyglucose via positron emission tomography (PET). PET scans in ALS patients have yielded mixed results, with some indicating increases in glucose uptake and some indicating decreases (Dalakas et al., 1987; Ludolph et al., 1992; Chew and Atassi, 2019). Reduced cortical metabolism of glucose has also been identified in presymptomatic carriers of the C9orf72 mutation (De Vocht et al., 2023). Similarly, in C9orf72-ALS models, mixed results have been reported. In C9orf72-KO cells, extracellular lactate levels were higher than WT cells (Wang et al., 2021). Similarly, in C9orf72 iAstrocytes, ATP production from glycolysis was elevated, however glycogen metabolism appeared to be reduced (Allen et al., 2019b). However, in a C9orf72 bacterial artificial chromosome (BAC) mouse model, reduced levels of ATP and glycolysis metabolites such as glucose-6-phosphate were observed (Nelson et al., 2023). Similarly, in neurones expressing polyPR only, basal ECAR and glucose uptake were decreased. Taken together, these findings provide early evidence that depletion of C9orf72 may lead to a compensatory increase in glycolysis, whilst DPR expression may have the opposite effect, producing differences in observed phenotypes in C9orf72 models. 

There is also preliminary evidence suggesting an enhancement of glycolysis in ALS may be neuroprotective. In a Drosophila model of TDP43-ALS, increased levels of pyruvate and glucose uptake were observed, indicating increased glycolysis (Manzo et al., 2019; Loganathan et al., 2021; Loganathan et al., 2022). Moreover, supporting these increases by feeding a high glucose diet, or overexpressing GLUT3 or PFK1 in neurones to enhance glucose uptake or glycolytic rate, rescued locomotor deficits in larvae and expanded adult fly lifespan (Manzo et al., 2019). Furthermore, increases in PFK1 expression were observed in iPSC-MN’s and post-mortem spinal cord tissue from sALS patients. Possible compensatory changes in glycolysis and potential benefits of supporting increases in glycolysis in C9orf72-ALS models warrants further exploration.
[bookmark: _Toc170724261]5.1.3 Drosophila models of C9orf72-ALS 
For modelling of ALS in Drosophila, expression of relevant proteins in mutant or WT form is driven by the GAL4-UAS system. This system is a powerful tool in Drosophila genetics, allowing ectopic expression of genes of interest both spatially and temporally with selection of the appropriate promoter (Brand & Perrimon, 1993). Since its development in 1993, it has been adopted widely for studying gene expression in Drosophila. The system relies on two components: first, the yeast transcriptional activator GAL4, who’s expression can be driven in a tissue specific manner with the addition of an appropriate promoter upstream of GAL4. The second component is a gene of interest, placed downstream of the Upstream Activator Sequence (UAS). As Drosophila do not endogenously express GAL4, expression of this gene of interest will only occur when genetically modified flies are crossed to introduce GAL4. This allows generation and maintenance of Drosophila stocks containing constructs that are lethal at embryonic or larval stages of development, with expression only being driven when necessary for experiments with an appropriate cross. Temporal control can be achieved by selecting an inducible promoter, with GeneSwitch drivers inducible with RU486 used commonly to drive gene expression at specific times of development by introduction of RU486 to fly food (Osterwalder et al., 2001). An example of how this system is used to drive expression of relevant constructs to model C9orf72-ALS is demonstrated in Figure 5.2 below. 

Since the first published report of C9orf72, several Drosophila models of C9orf72-ALS have been developed. Drosophila do not have a homologue of C9orf72, therefore developed models have focused on the toxic gain of functions described in section 1.3.1. In the last decade multiple methods of modelling the other pathological aspects of the C9orf72 mutation have been generated in Drosophila (summarised in Sharpe et al., 2021). The most widely used involve expression of pure repeat transgenes, resulting in the production of RNA foci and DPR’s, however the use of interspersed stop codons or intronic insertion allows for the generation of RNA foci without DPR’s (Sharpe et al., 2021; Mizielinska et al., 2014; Moens et al., 2018). Moreover, using alternative codon sequences can generate DPR’s without RNA foci, allowing these to be studied in isolation (Mizielinska et al., 2014). The creation of Drosophila capable of expressing individual DPR’s has greatly enhanced our capacity to dissect the role of individual DPR’s in driving specific cellular dysfunctions in the context of C9orf72-ALS in vivo (Sharpe et al., 2021, Mizielinska et al., 2014; West et al., 2020).

In this chapter, four Drosophila genotypes are assessed. A G4C2 3x repeat is used as a genetically modified control, in which phenotypes have not been previously reported (Mizielinska et al., 2014). A G4C2 108x repeat with intermittent stop codons is also used (108x RO), which has been shown previously to produce RNA foci only. As polyGR has been identified as the most toxic DPR species produced and has already been reported to disrupt mitochondrial function, a polyGR 100x repeat is used. Finally, as a WT control, Drosophila with the attp40 background are used as this locus was used for the insertion of C9orf72-ALS constructs.  
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[bookmark: _Toc162953344]Figure 5.2: Demonstration of how expression of C9orf72-ALS constructs is driven in Drosophila models. 
Crossing flies carrying D42-GAL4 and UAS-polyGR100x produces offspring carrying both. D42 ensures motor neurone-specific production of GAL4, which binds to UAS and drives expression of PolyGR-100x construct in motor neurones only. Image created in Biorender. 

[bookmark: _Toc170724262]5.1.4 Description of fluorescence-based glucose sensor 
A range of different fluorescent reporters are available for measuring changes in cellular glucose concentrations (summarised in Choe and Titov, 2022). In this study, glucose uptake in Drosophila neurones was assessed by driving expression of the glucose sensing construct FlII12PGlu-700μ6. This reporter has been previously developed by Takanaga et al. to respond to a greater dynamic range of glucose concentrations and has since been inserted into Drosophila to allow in vivo screening (Takanaga et al., 2008; Volkenhoff et al., 2018). This reporter is tagged with CFP and YFP, held apart from each other when unbound to glucose. When glucose binds to the construct, a conformational change occurs, allowing fluorescent resonance energy transfer (FRET) to occur from CFP to YFP (Figure 5.3). Measuring FRET:CFP ratios can be used to infer changes in glucose uptake in imaged cells. 
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[bookmark: _Toc162953345]Figure 5.3: Schematic for glucose sensor function. 
When not bound to glucose (left), CFP excitation produces only CFP emission. When bound to glucose (right), conformational shift allows FRET-based excitation of YFP. Image created in Biorender.   

[bookmark: _Toc170724263]5.1.5 Assessment of glycolysis in iNeurones 
Glycolysis was assessed in iNeurones by measurements of ECAR obtained during the mitochondrial stress test described in 2.2.7. An in-depth characterisation of glycolysis can be performed with a glycolysis stress test, in which cells are sequentially treated with glucose, oligomycin and 2-deoxyglucose while performing ECAR measurements. Following addition of glucose onto cells, after baseline readings without glucose, the contribution of glycolysis to ECAR can be measured. This is due to the production and excretion of lactate by cells, after its production from pyruvate. Treating cells with oligomycin can block mitochondrial ATP production, forcing cells to upregulate glycolysis and allows measurement of glycolytic reserve capacity, the amount by which cells can increase glycolysis in times of stress. Finally, 2DG treatment blocks glycolysis, with remaining ECAR measurements a result of non-glycolytic ECAR. A standard ECAR trace that could be obtained during this assay is displayed in Figure 5.4. During the mitochondrial stress test, the first readings are obtained in conditions similar to those in the glycolysis stress test after glucose injection into wells. Similarly, oligomycin is the next toxin injected in both assays. This allows measurement of glycolytic ECAR and glycolytic reserve to be determined during a mitochondrial stress test. As no 2DG treatment was performed, non-glycolytic ECAR and glycolytic capacity were not measured. 
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[bookmark: _Toc162953346]Figure 5.4: Schematic of a standard ECAR trace from a glycolysis stress test, indicating how each parameter is calculated. 
Each box describes how different parameters of glycolytic function are calculated from ECAR trace. Bracket indicates portion of assay replicated during mitochondrial stress test. Image created in Biorender.






[bookmark: _Toc170724264]5.1.6 Chapter aims 
· Determine if glucose uptake is increased in Drosophila models of C9orf72-ALS 
· Investigate whether feeding a high glucose diet is beneficial in Drosophila models of C9orf72-ALS 
· Investigate whether glycolysis is impacted in C9orf72-ALS iNeurones 

































[bookmark: _Toc170724265]5.2 Results 

[bookmark: _Toc170724266]5.2.1 Glucose uptake capacity is increased in a Drosophila model of C9orf72-ALS 
The FLII12Pglu-700μ6 reporter was expressed in Drosophila expressing G4C2 108x or PolyGR 100x. VNC’s were dissected from wandering 3rd instar larvae, suspended in HL3 buffer and imaged with a 40x water immersion lens. FRET: CFP signal intensity ratios were used to infer glucose uptake. Representative images from each genotype are shown in Figure 5.5 A showing increased FRET fluorescence upon glucose stimulation. Prior to glucose stimulation, a significantly higher FRET:CFP ratio was observed at baseline in G4C2 108xRO and polyGR expressing flies (Figure 5.5 B). There was an additional significant increase in polyGR expressing larvae, relative to G4C2 108xRO expressing larvae (Figure 5.5 C). Following glucose stimulation, a significantly higher FRET:CFP ratio was observed at in G4C2 108xRO and polyGR expressing flies (Figure 5.5 C). 
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Description automatically generated]Figure 5.5. Glucose uptake capacity in Drosophila models of C9orf72-ALS. 
(A) Representative images of FRET/CFP channels from dissected VNC’s. (B) Quantification of FRET/CFP ratio during baseline and glucose-stimulated conditions. (C) Mean values from 5-10 minutes and 15-20 minutes. Values are means for 20-25 cells across at least 5 VNC’s.  Statistical test: Two-way ANOVA with Tukey’s correction. Data are presented as mean +/- SD. Scale bars: 50μm. Arrows indicate examples of neuronal cell bodies expressing glucose sensor. 
[bookmark: _Toc170724267]5.2.2 High glucose diet partially rescues locomotor function but not larval viability in C9orf72-ALS Drosophila larvae 
In response to findings from figure 5.2, the impact of a high glucose diet was assessed for its ability to rescue larval phenotypes in C9orf72-ALS Drosophila. Crosses were performed and larvae incubated in regular fly food supplemented with 10x regular glucose concentrations, as described in chapter 2.  Wandering 3rd instar larvae were placed on agar plates and flipped onto their ventral side, with time taken to return to their dorsal side measured. Of the C9orf72 relevant genotypes measured, only PolyGR-expressing flies displayed a significant increase in larval turning time, whilst 108x RO-expressing larvae did not (Figure 5.6 A). This increase in larval turning time was corrected by raising larvae on high glucose food (Figure 5.6 A). 
Larval viability was also assessed by counting total number of larvae generated after crossing flies for three days and measuring the percentage of these larvae that eclose. Of the genotypes assessed only PolyGR larvae displayed reduced viability with almost all failing to eclose (Figure 5.6 B). This deficit was not rescued by raising larvae on a high sugar, as no larvae eclosed after this treatment (Figure 5.6 B). 
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[bookmark: _Toc162953348]Figure 5.6: Impact of high glucose diet on larval locomotor function and survival. 
(A) Larval turning times. Each data point represents a single larval turning time recording of one organism. Data are presented as mean +/- SD. Statistical test is one way ANOVA with Tukey’s correction.  (B) Percentage of larvae eclosing. N=80 to 100 per genotype. Statistical test is Fisher’s test. 





[bookmark: _Toc170724268]5.2.3 Glycolysis is not impacted in C9orf72-ALS iNeurones 
To assess glycolysis in C9orf72-ALS iNeurones, extracellular acidification rate (ECAR) measurements were used from the Seahorse XFe96 Bioanalyser. ECAR measurements prior to and following oligomycin injection were used to infer basal glycolytic rate and glycolytic reserve capacity, respectively. No significant changes were found between control and C9orf72-ALS iNeurones in basal glycolysis or glycolytic reserve capacity (Figure 5.7). ECAR traces for each control-patient pair are displayed in Figure 5.8. Whilst controls do not display variability between different lines, one patient line (Patient-78) displays elevated glycolysis relative to its paired control, whilst another patient line (Patient-183) displays reduced glycolysis relative to its paired control (Figure 5.8). This perhaps indicates variability in glycolysis rates across the C9orf72 patient cohort with the control group providing consistent data.
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[bookmark: _Toc162953349]Figure 5.7 ECAR trace from C9orf72-ALS iNeurones. 
(A) iNeurone ECAR trace (B) Basal ECAR (C) Glycolytic capacity, calculated as maximal ECAR after oligomycin injection minus basal ECAR. Data are presented as mean +/- SD, each point represents data from one unique differentiation of one control/patient cell line. Statistical tests are unpaired t-test.  
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[bookmark: _Toc162953350]Figure 5.8: ECAR traces reported individually for each patient-control pair. 
Data are mean +/- SD from 3 biological replicates (unique differentiations). 


[bookmark: _Toc170724269]5.2.4 mtDNA copy number is not affected in C9orf72-ALS Drosophila models 
Following experiments performed in chapter 3 to quantify mtDNA levels in C9orf72-ALS iNeurones, mtDNA quantification was also performed in C9orf72-ALS Drosophila models. Larvae were generated expressing relevant C9orf72-ALS constructs, using the elav promoter to drive pan-neuronal expression. 12-15 VNC’s were dissected from 3 independent crosses of each genotype and DNA extracted as described in chapter 2. Quantification of mtDNA genes CoI and LrRNA and normalisation to nuclear gene RpL32 was performed as described in Andreazza et al., 2019. No significant differences were reported in either mtDNA gene with any genotype (Figure 5.9). 
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[bookmark: _Toc162953351]Figure 5.9: Quantification of mtDNA genes CoI and LrRNA in VNC samples from C9orf72-ALS Drosophila. 
(A) Quantification of mtDNA gene CoI. (B) Quantification of mtDNA gene LrRNA. Each data point represents quantification of mtDNA from VNC’s collected from 15 larvae from 1 independent cross. Data are mean +/- SD. Statistical test are one-way ANOVAs with Dunnett’s multiple comparisons tests.











[bookmark: _Toc170724270]5.3 Discussion 
Previous work has shown glucose uptake capacity is increased in a Drosophila model of TDP43-ALS (Manzo et al., 2019; Loganathan et al., 2021). These findings suggest increased glucose uptake capacity occurs in Drosophila models of multiple genotypes of ALS. Mitochondrial dysfunction has also been described in Drosophila models of C9orf72-ALS, with mitochondrial hyperfusion and reduced complex I and II activity previously reported (Li et al., 2021; Au et al., 2023). Taken together, these findings suggest mitochondrial dysfunction could force a compensatory increase in glycolysis to support ATP production in Drosophila models of ALS. If this translates into patients, supporting an increase glycolytic rate with dietary changes may be beneficial to ALS patients. 
[bookmark: _Toc170724271]5.3.1 Glucose uptake capacity 
A higher baseline glucose uptake capacity was observed in 108xRO-expressing and polyGR-expressing flies compared to the wildtype (attp40) larvae. The increase was greater in poly-GR expressing flies, where a 17 percent increase in baseline glucose import was detected relative to WT flies (Figure 5.5). This suggests the presence of GR-dipeptide repeats may lead to significant baseline increases in glycolysis in addition to an increase upon stimulation observed from expressing the G4C2 repeat expansion mutations. 

These baseline increases may be due to an increase in glucose uptake in neurones prior to dissection and imaging, or increased glycogen utilisation. PolyGR-expressing flies were used as previous reports have indicated they are the most toxic DPR species when expressed on their own in flies (Mizielinska et al., 2014; West et al., 2020). Poly-GR expression in Drosophila muscle has also previously been reported to induce mitochondrial dysfunction, with PolyGR localising to mitochondria and resulting in disruption to the mitochondrial cristae organising system (MICOS) and ion homeostasis in Drosophila muscle (Li et al., 2021). Moreover, expression of pure G4C2 repeats in Drosophila has been previously reported to reduce Complex I and II activity in Drosophila neurones (Au et al, 2023). These previous reports indicate mitochondrial polyGR disrupts mitochondrial function and may lead to a compensatory increase in glycolysis seen in results from this chapter. 

While polyGR has been shown to contribute to mitochondrial damage, the possible contributions of RNA foci or other individual DPR species to mitochondrial damage remain underexplored. Expression of G4C2 36X-RO constructs in Drosophila muscle did not disrupt muscle morphology (Li et al., 2021). Moreover, polyPA and polyGA expression did not disrupt mitochondrial morphology when expressed in muscle. ATP levels in fly muscle expressing PolyPR, PolyGA and PolyPA were also similar to WT control flies. These findings suggest these DPR species and RNA foci do not contribute to mitochondrial dysfunction or changes in glycolysis, however confirmation of the impact of these DPR species on mitochondrial functional parameters would be useful to confirm this.  

The maximum FRET/CFP ratio for both PolyGR and 108x RO genotypes were similar, despite the PolyGR-expressing flies having a higher baseline. The detectable range of the glucose sensor is 0.05-10mM (Choe and Titov, 2022). There is a possibility that intracellular glucose concentrations reach levels beyond this range, masking the full increase in glucose concentrations in motor neurones following glucose stimulation. An alternative glucose sensor, FGBP, is sensitive to glucose concentrations up to 100mM, which may provide further clarity on the extent of increases in glucose uptake (Hu et al., 2018). 

A recent study investigating glycolysis in the BAC mouse model suggested decreases in glycolysis (Nelson et al., 2023). Moreover, expression of polyPR in cultured neurones led to reductions in glycolysis and glucose uptake. Despite this, treatment with the glycolysis inhibitor 2DG exacerbated cell death and promoted RAN translation. There are numerous possible explanations for observed discrepancies between data in this chapter and data from this recent study. First, Drosophila from this study were observed from an early timepoint, relative to the mice sampled at an adult stage (6 months). There is a possibility that an increase in glycolysis occurs early in development in response to DPR’s that is not sustained as development progresses. This could be examined further by assessing glycolysis at multiple timepoints during development of the mouse model used. 

Second, assessment in mouse models used whole brain tissue lysates, compared to assessment of glucose uptake in neurones only in the Drosophila data from this chapter. The contribution of glia, which may respond differently to DPR production, cannot be discounted. Third, differences in specific DPR lengths and expression levels may lead to different impacts on glycolysis rate. Whilst polyGR 100x was expressed in Drosophila models used in this chapter, each DPR species was expressed as a 50x repeat in cultured cells or as a G4C2 500x pure repeat in the mouse BAC model. More detailed assessments of repeat length and of individual DPR’s on glycolysis in Drosophila, mouse and cultured cell models may help determine the impact of each of these parameters on glycolysis, if any, and determine is specifically Drosophila are able to upregulate glycolysis as a compensatory mechanism. 

Despite observed discrepancies in glycolysis, the recent study demonstrated glucose deprivation or inhibition of glycolysis by 2DG exacerbates DPR production and neurone death. The impact of glucose supplementation in C9orf72-ALS mouse model survival would be a useful follow up study. Moreover, effect of glucose supplementation on DPR production in both Drosophila and mouse models of C9orf72-ALS could help establish its potential benefit in the disease. 

Concomitant increases in expression of PFK1, one of the rate-limiting enzymes in the glycolytic pathway, have also been identified in ALS models including TDP43 Drosophila, iPSC-MN’s and post-mortem spinal cord tissue (Manzo et al., 2019). Supporting glycolysis by overexpressing PFK or overexpressing glucose transporters in neurones all ameliorated locomotor deficits in TDP43-ALS Drosophila. Analysis of expression of glycolytic enzymes in Drosophila expressing C9orf72 constructs could help to identify if PFK is a driver of increased glycolysis in C9orf72-ALS and TDP43-ALS and hence a viable therapeutic target in these genotypes. However, PFK1 expression has previously been identified as an enhancer of polyPR-mediated toxicity in yeast (Jovicic  et al., 2015). Therefore, it is important to investigate this in additional models to identify if this toxicity is limited to yeast models or just to polyPR-mediated toxicity. 

[bookmark: _Toc170724272]5.3.2 High glucose diet 
Results presented in this chapter indicate that feeding Drosophila larvae a high glucose diet can rescue locomotor deficits but not improve survival in C9orf72-ALS (Figure 5.5).  These findings suggest that nutritional supplementation with additional glucose is beneficial but insufficient to fully rescue C9orf72-ALS phenotypes in these models. 

These results indicate in an additional genotype that locomotor function is reduced in larvae of an ALS model of Drosophila and can be rescued by supplementing food with additional glucose. A 10x increase in glucose was chosen as previous studies have suggested other smaller increases in glucose concentration in food were insufficient to rescue phenotypes (Manzo et al., 2019). However, unlike in TDP-43 models, this nutritional supplementation was not able to improve larval viability (Figure 5.6). 

The Drosophila models used in this chapter rely on ectopic expression of repeat expansions to allow modelling of the impact of DPR production. As these are ectopic expression models, strong phenotypes are observed, including a substantial locomotor deficit in the larval stage and larval lethality before flies eclose (Figure 5.6). While there has been no direct comparison in literature, comparisons across literature indicate levels of DPR’s in Drosophila models could be ~2x higher than in patient brain tissue, dependent on the promoter used to drive expression in Drosophila (Choi et al., 2019; Moens et al., 2018). In TDP43-ALS Drosophila models, less severe phenotypes are observed, allowing larval survival to adulthood and partial rescue of adult survival by glucose supplementation (Manzo et al., 2019). Therefore, the phenotypes from DPR ectopic expression at this level may be too severe to be rescued by glucose supplementation. Reducing expression of the constructs could help identify if lower expression produces less severe phenotypes that could be rescued by glucose supplementation.    

Despite sugar supplementation showing some promise in rescuing ALS phenotypes, alternative approaches may prove more beneficial in improving metabolic support. Supplementation with medium chain fatty acids has also been shown to rescue locomotor deficits in Drosophila models of TDP43-ALS (Manzo et al., 2018). Supplementation of Drosophila food with 250μM of pyruvate, the end-product of glycolysis, also rescues locomotor deficits (Loganathan et al., 2022). Fatty acid supplementation has also recently been studied in C9orf72-ALS Drosophila models, with supplementation yielding a modest increase in survival (Giblin et al., 2024). Supplementation with these alternative nutrients as able to rescue larval phenotypes at lower concentrations, albeit in a different ALS genotype. These differences could be due to compensatory increases in specific metabolic pathways. Further work to investigate metabolism more thoroughly in C9orf72-ALS Drosophila models could help to identify which pathways, if any, may experience the most compensatory upregulation and hence which may be the most promising therapeutic targets. 

Beyond nutritional supplementation, gene therapy approaches that target metabolism present a promising alternative strategy. As mentioned above, overexpressing GLUT3 and PFK1 in TDP43-ALS models of Drosophila to support glycolysis were both beneficial in improving locomotor deficits and increasing fly survival (Manzo et al., 2019). Targeting the TCA cycle was also beneficial, as increasing the expression of IDH rescued locomotor deficits (Loganathan et al., 2022). Overexpression of carnitine shuttle components such as CPT1 and CPT2 to support lipid metabolism also rescues locomotor deficits (Manzo et al., 2018). Similar approaches have recently been reported in C9orf72-ALS Drosophila models. Overexpression of the monocarboxylate transporter bumpel improves survival and fly activity in C9orf72-ALS Drosophila models (Xu et al., 2023). Moreover, in the same model, overexpression of fatty acid desaturases in neurones improved survival (Giblin et al., 2024). 

The exact mechanisms by which enhancing glycolysis has improved locomotor function and survival in ALS models remain unclear. One suggestion from studies in C9orf72-BAC mouse models indicate a role for eIF2 driving increased RAN translation (Nelson et al., 2023). These findings were supported when inhibition of glycolysis with 2-deoxyglucose exacerbated DPR expression. Moreover, as glucose is used preferentially in the pentose phosphate pathway in some neurones, supplementation may allow for more production of NADPH and support the antioxidant capacity of neurones (Herrero-Mendez et al., 2009). Further experiments to investigate this could explore whether production of ATP or NADPH is increased by high glucose supplementation, which could be achieved in Drosophila using fluorescent sensors such as iNap for NADPH and Ateam for ATP (Tao et al., 2017; Imamura et al., 2009). 

[bookmark: _Toc170724273]5.3.3 Glycolysis in C9orf72-ALS iNeurones 
In addition to assessing potential benefits of glycolysis in Drosophila models of C9orf72-ALS, limited work investigating glycolysis in C9orf72-ALS iNeurones was also performed. No changes to basal glycolysis or glycolytic reserve capacity were observed (Figure 5.7). Previous studies in ALS patients have reported reductions in glucose utilisation by the CNS (reviewed in Tefera et al., 2021). However, other studies have identified increases in glycolysis in ALS patient fibroblasts and astrocytes (Allen et al., 2014; Allen et al., 2015; Allen et al., 2019a). Increases in PFK expression have been observed in iPSC-MN’s and post-mortem spinal cord tissue from ALS patients (Manzo et al., 2019). This suggests neurones may be attempting to increase glycolysis in compensation in ALS patients. Investigating expression and activity of glycolytic enzymes such as PFK in C9orf72-ALS iNeurones may be beneficial to investigate whether these neurones are attempting to upregulate glycolysis in a similar manner to that observed in some other models.  

[bookmark: _Toc170724274]5.3.4 mtDNA in Drosophila models of C9orf72-ALS 
Changes to mtDNA copy number in C9orf72-ALS models could impact mitochondrial function and disease pathology. Increases in mtDNA, as found in patient cells in chapter 3, could be indicative of an increase in mtDNA replication to compensate for reduced mitochondrial function, whilst decreases in mtDNA could lead to impaired mitochondrial function. However, a range of factors can contribute to measured mtDNA levels, including altered mitophagy. As impairments in mitochondrial function have previously been identified in C9orf72-ALS Drosophila models, including reductions in OXPHOS complex activity, it is useful to investigate whether mtDNA copy number is altered in these models and what, if any, therapeutic benefit there may be in modifying mtDNA copy number (Li et al., 2020; Au et al., 2023) 
The data presented in Figure 5.9 are for Drosophila models focusing on toxic gain-of-function mechanisms in C9orf72-ALS. As no changes were identified, this indicates that these mechanisms may not be responsible for mtDNA changes seen in C9orf72-ALS, such as those reported in chapter 3. However, it is worth noting that RNA foci-only Drosophila models of C9orf72-ALS have not yet been reported to impact toxicity, whilst in other animal models they are (Moens et al., 2018; Swinnen et al., 2018). Moreover, the pan-neuronal driver elav was used to drive expression of C9orf72-ALS related constructs in Drosophila larvae. While largely used as a pan-neuronal driver, elav has been shown to drive expression to a small extent in non-neuronal CNS cells such as glia (Berger et al., 2007). Although not confirmed in these experiments, use of elav should drive expression throughout many different cell types in the VNC. As mtDNA quantification was performed on whole VNC’s, mtDNA copy number changes may be masked by other cells in the VNC that did not express the C9orf72 constructs, or by cell-type specific changes. 
Despite the findings presented in this chapter, further experiments could be useful to further elucidate the potential impact of mtDNA on mitochondrial function in C9orf72-ALS. Investigating mtDNA quantification at multiple timepoints through Drosophila development, including in the time prior to larval death found in this model, will help identify if potential compensatory increases in mtDNA are dependent on severity of cell state. Moreover, while there may be a failure to upregulate mtDNA levels in this model at the timepoint investigated, increasing mtDNA in this model (for example, with overexpression of TFAM) may still be beneficial. 
[bookmark: _Toc170724275]5.4 Chapter conclusions 

The results from this chapter indicate that glycolysis is altered in Drosophila but not patient iNeurone models of C9orf72-ALS. Supporting this change in Drosophila models by high glucose supplementation results in improved locomotor function but not improved survival. No changes to mtDNA in larvae from C9orf72-ALS Drosophila models were observed. Further experiments to provide more in-depth characterisation of changes to nutrient utilisation in Drosophila, which could inform optimal strategies for nutritional support as a therapeutic strategy for ALS.



















[bookmark: _Toc170724276]Chapter 6-Discussion 

[bookmark: _Toc170724277]6.1 Summary of thesis findings 

ALS is a complex neurodegenerative disorder with a lack of effective disease-modifying treatments. Given the typically rapid and devastating progression of the disease, there is a serious need to understand physiological changes that could be targeted therapeutically. 

As discussed in the introduction, mitochondrial dysfunction is commonplace in multiple ALS models, including in the most common cause of fALS in the Western hemisphere, mutations in C9orf72. Although researchers have been aware of C9orf72-HRE mutations for over a decade, there has been a lack of experiments studying mitochondrial dysfunction in patient-derived neurone models of C9orf72-ALS, with much of the current literature focusing on studying pathological mechanisms in isolation. Of the limited work performed in patient-derived neurones, phenotypes are often not reported-however, these models frequently lack aging-associated epigenetic changes that are lost during iPSC reprogramming (Mertens et al., 2018; Gatto et al., 2021). The first aim of this study was to investigate mitochondrial function in iNeurones generated from direct iNPC reprogramming that retaining many of these aging-associated changes. In a non-specialised population of iNeurones that expressed neuronal markers (-III tubulin, MAP2 and NeuN), reductions in mitochondrial function and increases in mitochondrial ROS production were observed. 

To prevent build-up of dysfunctional mitochondrial, a range of mitophagy pathways are available to perform quality control. However, our understanding of how these are disrupted in ALS, in particular C9orf72-ALS, is very limited. Therefore, the second aim of this study was to perform an in-depth characterisation of mitophagy in patient iNeurones. A decrease in mitophagy was observed in C9orf72-ALS iNeurones, which appears to be driven by impaired ULK1 recruitment to mitochondria and a subsequent decrease in autophagosome production. Mitochondrial recruitment of proteins relevant to PINK1/Parkin-dependent mitophagy and BNIP3/NIX-dependent mitophagy was not affected, however some disruption to phosphorylation of NIX was observed in C9orf72-ALS iNeurones. Attempts to rescue these deficits by treatment with compounds to increase ULK1 activity were unsuccessful in boosting mitophagy. 

In response to changes in mitochondrial function, other energy-generating cellular pathways may be utilised to ensure energy demands of the cell are met. The third aim of this thesis was to investigate any impact of C9orf72 mutations in glycolysis, in Drosophila and patient iNeurone models. In Drosophila models, an increase in glucose uptake was observed in C9orf72-ALS flies, however supporting this with a high sugar diet was only able to rescue locomotor but not survival deficits. No changes in glycolysis were observed in C9orf72-ALS iNeurones. 

[bookmark: _Toc170724278]6.2 Importance of mitochondrial and glycolytic findings in C9orf72-ALS 
In this thesis, several indicators of mitochondrial dysfunction, such as reduced MMP and increased mitoROS, were identified. Moreover, reductions in mitophagy suggest clearance of these dysfunctional mitochondria may be impaired. Taken together, these findings suggest that mitochondria may have a reduced capacity to produce ATP and damaged mitochondria producing excessive ROS are not being cleared efficiently. This can contribute to oxidative stress and impact a range of energy-dependent cellular processes in neurones, including axonal transport, autophagy and ion homeostasis. However, no ATP deficit was reported in C9orf72-ALS iNeurones. This could be due to iNeurones still being heavily reliant on glycolysis over OXPHOS and may require greater OXPHOS dependence to produce an ATP deficit. 

Therapeutic benefits of targeting glycolytic and mitochondrial dysfunction in models of ALS have also been investigated, through compound treatment, supplementations and genetic manipulations. The impacts of targeting glycolysis in ALS models have already been discussed in Chapter 5.  In C9orf72-ALS, treatment of Drosophila and patient fibroblasts with the potassium ionophore nigericin rescued mitochondrial cristae detachment, reduced DPR accumulation and improved locomotor defects (Li et al., 2020). In SOD1-ALS and TDP43-ALS, reducing phosphorylation of DRP1 by inhibition of PP1 reduced excessive mitochondrial fission, which rescued complex I activity alongside reducing neurone death and the development of neurone branching defects (Choi et al., 2020). Treatment with Drosophila models and patient derived neurones with the NRF2 activator DMF reduced mitochondrial superoxide production, and rescued locomotor defects in Drosophila (Au et al., 2023).  

Genetic manipulation has also been used to improve mitochondrial function and, by extension, improve outcomes in ALS models. PGC-1 overexpression significantly improved motor function and survival in SOD1-ALS mouse models (Zhao et al., 2011). In C9orf72-ALS motor neurones, PGC-1 overexpression rescued mitochondrial respiration deficits and axonal length in cultured neurones (Mehta et al., 2021). Overexpression of ATP5a1 in mouse models of C9orf72 rescued mitochondrial fission, ATP levels and reduced cell death in mouse cortex (Choi et al., 2019). Overexpression of TCA cycle enzyme IDH in Drosophila models of TDP43-ALS rescued locomotor deficits in larvae (Loganathan et al., 2022). Knockdown of mitochondrial fission proteins restored mitochondrial length and reduced cell death and neurone branching defects (Choi et al., 2020). Equally overexpression of mitochondrial fusion proteins in a Drosophila model of TDP43-ALS provided some rescue of locomotor deficits (Khalil et al., 2017). In SOD1-ALS mouse models, overexpression of REEP1 enhances complex IV expression, rescues motor performance, extends lifespan and slowed symptom progression (Qin et al., 2023). Also in SOD1-ALS mouse models, knockdown of Parkin provided small improvements to lifespan (Palomo et al., 2018). However, the authors theorised that a build-up of dysfunctional mitochondria could explain the modest improvements. This highlights that targeting mitochondrial biogenesis may be particularly beneficial compared to other mitochondrial therapeutic strategies. 

The impacts of improving glycolysis and mitochondrial function as a therapeutic strategy have been shown in multiple ALS models across a range of genotypes, including C9orf72-ALS. These strategies have primarily involved increasing glycolysis, addressing causes of mitochondrial functional deficits, increasing mitochondrial number and addressing increases in mitochondrial ROS production. The potential benefits of enhancing mitophagy in ALS models remain underexplored and could prove a useful tool in rescuing mitochondrial homeostasis. 

[bookmark: _Toc170724279]6.3 Therapeutic targeting of metabolism in ALS  

There are indicators that metabolic rate correlates with rate of functional decline in ALS (Steyn et al., 2018). This could be due to increased metabolic demand in these patients, placing cells under excessive stress. This has led to significant research into how we can address metabolic issues and support metabolism in ALS patients.  

Of the currently approved treatments and completed clinical trials in ALS, several therapeutics have been shown to impact metabolic parameters, such as mitochondrial function, in data from in vitro and in vivo studies. Riluzole has been shown to increase MN survival following OXPHOS blockade by sodium azide (Jaiswal, 2016). Riluzole has also been shown to increase mitochondrial function in injured mouse spinal cords
(Mu et al., 2000). There is some evidence of riluzole impacting glycolysis, where it has been shown to increase glucose utilisation and uptake in ALS models (Chowdhury et al., 2008; Daniel et al., 2013). Riluzole treatment of AD patients also slowed the decline in glucose metabolism as the disease progressed (Matthews et al., 2021). Edaravone has been shown to improve mitochondrial function in multiple models of stroke, AD and PD, including improving MMP, ATP production and PGC1 expression while reducing mPTP opening (Cha & Kim, 2022). Relyvrio has previously been shown to improve mitochondrial function in sALS fibroblasts (Fels et al., 2022). The bile acid UDCA has previously been shown to improve mitochondrial function in AD and PD models (Mortiboys et al., 2015; Bell et al., 2018; Qi et al., 2021). UDCA has previously been shown to have moderate efficacy in increasing survival in a small ALS cohort (Min et al., 2012). The taurine conjugate of UDCA, tUDCA, is currently being investigated for its potential as an ALS therapeutic not in combination with sodium phenylbutyrate, with some evidence that it can slow decline and improve survival (Elia et al., 2016; Zucchi  et al., 2023). tUDCA has also been shown to improve mitochondrial biogenesis and function while reducing mitoROS production (Fonseca et al., 2017; Soares et al., 2018). However, as indicated in the 1.1, recent reports from the PHOENIX phase 3 clinical trial failed to meet primary and secondary endpoints (Amylyx Pharmaceuticals, 2024). Taken together, these studies indicate that several trialled and approved ALS treatments improve mitochondrial function and may exert some of their beneficial effects through improving metabolism. Metabolic measurements taken before and after commencement of treatments may help determine if in vitro improvements in mitochondrial function translate to improvements in mitochondrial function in ALS patients. 

Given mitochondrial dysfunction in ALS described earlier, this suggests other pathways are relied on to a greater extent to meet ATP demands of cells in ALS patients. Understanding which particular pathways, such as glycolysis, are upregulated and which are disrupted may be pivotal in understanding the optimal way to nutritionally support ALS patients. Another factor to consider in nutritional support of ALS patients is disrupted appetite regulation. Disruptions to the lateral hypothalamic area have been reported which may lead to reduced appetite by loss of production of melanin-concentrating hormone, which promotes appetite (Bolborea et al., 2023). Reductions in the appetite promoting hormone ghrelin have also been reported in ALS patients (Howe et al., 2024). This has led to multiple reports of reduced appetite in ALS patients (Holm et al., 2013; Ngo et al., 2019; Wang et al., 2021). These factors require careful consideration in considering the best dietary strategies to support ALS patients. 

[bookmark: _Toc170724280]6.4 Limitations of this study 
Although this study was performed largely in iNeurones derived from C9orf72-ALS patients, the use of 2D cell culture limits the physiological relevance of some of the findings. This could be adjusted by co-culture of iNeurones with glia, such as astrocytes, to determine possible impacts of glia on phenotypes identified in this study such as mitochondrial dysfunction and impaired mitophagy. Moreover, 3D-culture models, including brain organoids, contain a mix of glia and more accurately generate cell-cell and cell-matrix interactions (Sun et al., 2021). However, due to the complexity in culturing these alternative models, 2D culture systems still have some relevance in our early understanding of disease mechanisms. The rapid generations of iNeurones in this study would allow more high throughput screening of therapeutic strategies, for example compound or siRNA screens. This could ensure that the most promising leads are taken on to be studied in more complex in vitro models such as organoids and potentially in vivo models. 

A further limitation of work conducted in this study is the use of a generic iNeurone population, instead of the more specialised and disease-relevant motor neurones affected in ALS. The decision not to generate motor neurones was taken for several reasons. First, although protocols for generating motor neurones from iNPC’s used in this study have been developed by our collaborator’s, some have generated limited  yields (Meyer et al., 2014). Recent protocols have been developed producing higher MN yields, however these require culturing for ~27 days (Castelli et al., 2023). In iPSC-MN studies, differentiation protocols can be complex and low yields (<40%) are often reported (Donnelly et al., 2013; Lopez-Gonzalez et al., 2016). Moreover, phenotypes are often difficult to observe in iPSC-MN’s, including mitochondrial phenotypes (Mehta et al., 2021). The use of stressors, such as glutamate treatment, or ageing for several months in culture are often used to generate phenotypes (Donnelly et al., 2013; Giblin et al., 2024). Rapid generation of specialised neurones has been an area of growing interest among researchers, with strategies such as i3 neurone generation being recently developed (Fernandopulle et al., 2018). As discussed above, studies in models that are simpler and can be rapidly assayed in a high throughput manner may be useful for initial screens, with validation of targets performed in more complex models.
[bookmark: _Toc170724281]6.5 Conclusions and future directions 

In conclusion, metabolic dysfunction, manifesting as mitochondrial and glycolytic dysfunction, is common in ALS models and frequently reported in ALS patients. The wealth of literature that exists describing the benefits of addressing mitochondrial and glycolytic function suggests they contribute to disease pathogenesis and would benefit from being targeted therapeutically. Experiments to assess any benefits of enhancing mitophagy in ALS remain lacking, largely due to a lack of clarity on how mitophagy is affected in different ALS genotypes. In this thesis, the C9orf72-HRE mutation has been shown to reduce mitochondrial function and mitophagy due to a decrease in autophagosome production. Further research into how to improve autophagosome production could be enhanced would be useful to confirm whether this is sufficient to enhance mitophagy. Moreover, this would allow more in-depth studies into whether enhancing mitophagy to increase removal of dysfunctional mitochondria can provide therapeutic benefit in C9orf72-ALS. Further research into the impact of enhancing glycolysis in C9orf72-ALS could help provide more clarity on whether it is a viable therapeutic strategy for slowing disease progression in C9orf72-ALS cases. 
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Untreated | Glycolysis Mitochondria Both inhibited
inhibited inhibited
iNPC 100 38.03 +/- 13.67 81.88 +/- 19.96 9.93 +/-9.19
Day 11 100 43.36 +/- 12.90 69.78 +/- 10.86 8.13+/-34
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Day 11 100 48.49 +/- 12.24 87.70 +/-17.37 7.86 +/-2.70
Day 18 100 39.85 +/-6.21 61.47 +/- 14.62 8.04 +/- 3.00
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Day 18 100 39.85 +/-6.21 61.47 +/- 14.62 8.04 +/- 3.00
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