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Abstract 
Title: Investigating mitochondrial dysfunction in a Drosophila model of C9orf72 ALS/FTD 

Wing Hei Au 

 

Mitochondrial dysfunction is a prevalent feature in many neurodegenerative diseases 

including Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD). ALS is a 

debilitating and incurable disease characterised by the loss of upper and lower motor neurons 

leading to symptoms such as muscle weakness and paralysis. Most patients die from 

respiratory failure after 2–5 years however, only one globally licensed treatment (Riluzole) is 

available which only prolongs survival by a modest 2–3 months. 

 

A hexanucleotide repeat expansion consisting of GGGGCC (G4C2) in the first intron 

of C9orf72 is the most common pathogenic mutation in ALS/FTD. Three disease mechanisms 

have been proposed including haploinsufficiency and the sequestration of RNA binding 

proteins at accumulations (foci) of the transcribed RNA. Although intronic, the repeats are 

translated to produce 5 dipeptide repeat proteins (DPRs) through a mechanism known as 

repeat associated non-AUG (RAN) translation. Various pathogenic mechanisms have been 

proposed and it is generally accepted that mitochondrial dysfunction is an early alteration in 

ALS. Mitochondria are vital organelles important for cellular processes regulating energy 

metabolism and cell survival. The role of mitochondria specifically in C9orf72 ALS/FTD has 

been relatively understudied, especially in an in vivo system. Excess production of reactive 

oxygen species (ROS) and defective mitochondrial dynamics are common features of ALS, 

but it is not clear whether these phenomena are causative or a consequence of the pathogenic 

process.  

 

In this thesis, I have utilised 3 different Drosophila models of C9orf72, including a (i) 

36 repeat GGGGCC (G4C2x36), (ii) poly GR36 DPR-only model and (iii) GR1000-eGFP DPR-

only model. Firstly, I recapitulated established phenotypic characterisations that have been 

previously published. Briefly, pan-neuronal expression of the various transgenes exhibit 

locomotor deficits which I used as a readout for testing different genetic manipulations to 

modulate and ultimately rescue these behavioural phenotypes. Next, I performed a thorough 

characterisation of mitochondrial dysfunction in all the models, analysing impacts on ROS, 

morphology and mitochondrial turnover (mitophagy). I found alterations in mitochondrial 

morphology, specifically hyperfusion, a reduction in mitophagy, increased ROS production 

and impaired respiration in these models. Unexpectedly, genetic manipulation to restore 
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mitochondrial fission/fusion dynamics or boosting mitophagy were unable to rescue the 

locomotor deficits in larvae. However, genetic upregulation of antioxidants such as 

mitochondrial superoxide dismutase 2 (SOD2) and catalase were able to rescue impaired 

larval locomotion. Surprisingly, overexpression of cytosolic superoxide dismutase 1 (SOD1) 

exacerbated larval crawling phenotypes. Together, these data suggest a causative link 

between mitochondrial dysfunction, ROS and behavioural phenotypes.  

 

To elaborate on this connection, I investigated whether the nuclear factor erythroid 

2–related factor 2 (NRF2)/Keap1 signalling pathway might play a role. I found that NRF2 

was translocated to the nucleus suggesting an activation of the pathway. However, there 

were minimal changes to NRF2 targeting transcript genes although changes were observed 

using a glutathione S-transferase D1 (gstD1-GFP) reporter for NRF2 activity. Despite these 

variable effects, both genetic reduction in Keap1 and pharmacological treatment with an 

NRF2 activator, dimethyl fumarate (DMF), showed a behavioural rescue in climbing activity 

of G4C2x36 and GR36 flies. While more research is needed, these results provide 

compelling evidence that mitochondrial oxidative stress is a major upstream pathogenic 

mechanism leading to downstream mitochondrial dysfunction such as alterations in 

mitochondrial function and turnover. Consequently, targeting one of the main intracellular 

defence mechanisms to counteract oxidative stress – the NRF2/Keap1 signalling pathway – 

could be a viable therapeutic strategy for ALS/FTD.  
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1.1 ALS-FTD Spectrum 
 

1.1.1 Amyotrophic Lateral Sclerosis (ALS) 
 

Motor neuron disease (MND) defines a group of neurodegenerative disorders 

characterised by the degeneration of both upper motor neurons (UMNs) and lower motor 

neurons (LMNs), leading to motor and extra motor symptoms (Ling et al, 2013; Robberecht & 

Philips, 2013; Hardiman et al, 2017; van Es et al, 2017; Masrori & Van Damme, 2020). Loss 

of UMNs may lead to symptoms such as muscle spasticity and hypertonia, whereas 

degeneration of LMNs can lead to muscle weakness, atrophy and fasciculations (Figure 1.1A) 

(van Es et al., 2017). Classical amyotrophic lateral sclerosis (ALS) refers to MND in which 

both UMN and LMN symptoms are present. Approximately 25-30% of patient cases present 

with bulbar onset which is characterised by symptoms such as dysarthria and dysphagia. 

Alternatively, patients present with spinal onset ALS which occurs when the disease begins 

by affecting the motor neurons in a person’s limbs. Most patients die 2-3 years after symptom 

onset from respiratory failure (Masrori & Van Damme, 2020). 

 

1.1.2 Frontotemporal Dementia (FTD) 
 

Frontotemporal dementia (FTD) is characterised by the degeneration of the frontal and 

temporal lobes leading to clinical symptoms such as cognitive impairment. There are two main 

subtypes of FTD; primary progressive aphasia (PPA) and the behavioural variant (bvFTD). 

PPA causes language impairments, including loss of fluency and ability to form speech (non-

fluent variant PPA) and patients who lose the understanding of words and the ability to 

recognise familiar objects and people (semantic variant PPA) (Rohrer et al, 2015) (Figure 

1.1A). The bvFTD subtype covers two thirds of FTD where symptoms include drastic changes 

in behaviour, however, it is interesting to note that memory and visuospatial skills are 

surprisingly preserved in bvFTD (Rademakers et al, 2012). Approximately 15% of patients 

with ALS will develop symptoms which are also present for FTD and 30-50% of patients will 

exhibit cognitive and behavioural impairment (Masrori & Van Damme, 2020). 
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Figure 1.1 - Clinical, pathological and genetic convergence in ALS/FTD 

(A) Approximately half of ALS patients develop symptoms relating to motor dysfunction termed classical 

ALS. However, there are ALS patients who develop degrees of cognitive and behavioural impairment: 
ALS-bi (ALS with behavioural impairment), ALS-eci (ALS with executive dysfunction symptoms) and 

ALS-neci (ALS with other cognitive impairments e.g., memory). About 5-10% of patients with ALS also 

have FTD (ALS-FTD). There are also some FTD patients with motor neuron deficit involvement (FTD-

MND). Classical FTD can be further divided into two subtypes: BV-FTD (behavioural variant), and the 

primary progressive aphasias (PPAs) characterised by language deficits (NFV=non-fluent variant, 

SV=semantic variant, LV=logopenic variant). (B) Inclusions of TDP-43 and FUS highlight the 

pathological overlap of ALS and FTD. (C) Schematic reflecting the genetic overlap of ALS and FTD – 

the genes are distributed according to their mutation frequency in familial cases of ALS and FTD. 
Figures adapted from (A) van Es et al. (2017) (B) Ling et al. (2013) and (C) Shahheydari et al (2017).  



Chapter 1 Introduction 

 

 4 

1.1.3 Converging genetic, pathological and clinical features of ALS/FTD 
 

ALS and FTD are considered to be on two ends of a spectrum due to overlap in clinical, 

pathological and genetic features underlying both diseases. Clinically, as mentioned above, 

an FTD diagnosis is present in approximately 15% of ALS patients and up to 50% of ALS 

patients report cognitive and behavioural changes (Masrori & Van Damme, 2020). Similarly, 

motor neuron dysfunction is a common feature in approximately 15% of FTD cases (Figure 

1.1A) (Lomen-Hoerth et al, 2002).  

 

Proteinaceous pathological inclusions are observed in the pure forms of either disease, 

and some are shared across the spectrum of disorders. Approximately 2% of ALS patients 

have superoxide dismutase 1 (SOD1) inclusions which are not found in FTD cases (Ling et 

al., 2013). Conversely, 45% of FTD cases exhibit microtubule-associated protein tau (MAPT) 

inclusions which are not found in ALS. Fused in Sarcoma (FUS) inclusions are found in both 

ALS (<1%) and FTD (9%) (Ling et al., 2013). The most common pathological signature 

observed in both ALS and FTD is the presence of Transactive DNA response (TAR) DNA 

binding protein with a molecular weight of 43kDa (TDP-43) inclusions where it is observed in 

around 97% of ALS and 45% of FTD cases (Ling et al., 2013; Masrori & Van Damme, 2020). 

TDP-43 is an evolutionarily conserved heterogenous nuclear ribonucleoprotein (hnRNP) and 

its functions include regulation of RNA transcription, splicing and transport as well as 

microRNA biogenesis (Cohen et al, 2011). Under basal conditions, TDP-43 is predominantly 

in the nucleus and in disease, it becomes mislocalised into the cytoplasm where it becomes 

abnormally phosphorylated and ubiquitinated (Figure 1.1B) (Arai et al, 2006; Neumann et al, 

2006). Pathological TDP-43 aggregates can consist of full length TDP-43 as well as N terminal 

and C terminal fragments of the protein (Scotter et al, 2015). While cytoplasmic protein 

inclusions are indicative of gain of toxic properties, cells with TDP-43 aggregates also exhibit 

loss of nuclear TDP-43 which suggests a loss of TDP-43 function (Ling et al., 2013). A 

summary of the shared molecular pathology observed across ALS and FTD is shown in Figure 

1.1B. 

 

 Lastly, overlap and convergence of these two diseases can be seen at the genetic 

level. Mutations in SOD1 cause a pure form of ALS, whereas mutations in MAPT lies on the 

opposite end of the spectrum causing a pure form of FTD which is reflected in their formation 

of distinct toxic aggregates and may suggest different mechanisms underlying pathogenesis 

(Hardy & Rogaeva, 2014). Strikingly however, many other genes whose mutations cause FTD 

are also involved in ALS summarised in a review from Gao et al (2017) including valosin-

containing protein (VCP) (Watts et al, 2004; Johnson et al, 2010), charged multivesicular body 
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protein 2B (CHMP2B) (Skibinski et al, 2005; Parkinson et al, 2006), ubiquilin 2 (UBQLN2) 

(Deng et al, 2011) and sequestosome 1 (SQSTM1/P62) (Fecto et al, 2011; Rubino et al, 2012) 

(Figure 1.1C). Most of the genes can be categorised into three main categories and suggest 

a convergence of the cellular and molecular events that lead to degeneration: protein 

homeostasis, RNA homeostasis and trafficking, and cytoskeletal dynamics; it is important to 

stress that these mechanisms are not exclusive (Brown & Al-Chalabi, 2017). In 2011, C9orf72 

was found to be the most common genetic cause of both ALS and FTD (DeJesus-Hernandez 

et al, 2011; Renton et al, 2011) which will be the focus of this thesis.  
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1.2 Chromosome 9 Open Reading Frame 72 (C9orf72)  
 
1.2.1 C9orf72 Gene and Function 
 

The hexanucleotide repeat expansion (HRE) in C9orf72 is the most common genetic 

mutation in ALS/FTD (DeJesus-Hernandez et al., 2011; Renton et al., 2011). 95% of 

neurologically healthy individuals will harbour less than 11 hexanucleotide repeats in the 

C9orf72 gene, however the pathological threshold has not been established due to somatic 

instability and somatic mosaicism of the mutation (Balendra & Isaacs, 2018). C9orf72 

ALS/FTD patients can range from having more than 30 to hundreds if not thousands of repeats 

(Rutherford et al, 2012; Harms et al, 2013). Individuals can have large expansions of repeats 

within the CNS but a differing intermediate repeat length when analysing blood DNA (Fratta 

et al, 2015; Gijselinck et al, 2016). Similarly, different brain regions exhibit different repeat size 

lengths too (Beck et al, 2013; van Blitterswijk et al, 2015).  

 

The C9orf72 gene is located on the short arm of chromosome 9 and is highly 

conserved, with high degree of homology in mouse (98.13%), rat (97.71%), African clawed 

frogs (83.96%) and zebrafish (75.97%), however unfortunately, there is no ortholog of C9orf72 

in Drosophila (Smeyers et al, 2021). C9orf72 transcripts are found in most brain regions and 

spinal cord (DeJesus-Hernandez et al., 2011; Renton et al., 2011) and its expression is highest 

in myeloid cells involved in innate and adaptive immunity, such as CD14+ monocytes, 

eosinophils and neutrophils, and lower in lymphoid derived cells such as T and B cells as well 

as other remaining cell types and tissues throughout the body including the CNS (Rizzu et al, 

2016). C9orf72 mRNA has at least three variants derived from alternative splicing and the use 

of different transcriptional start sites. Variant 1 (V1) is the shortest transcript which includes 

non-coding exon 1a and only exons 2-5 as the coding sequence. Variant 3 (V3) also contains 

non-coding exon 1a as well as exons 2-11 as the coding sequence. Variant 2 (V2) shares 

exons 2-11 but differs as it contains non-coding exons 1b instead (Smeyers et al., 2021). 

Alternative splicing of the three RNA variants produces two isoforms– C9-short (24 kDa), 222 

aa long encoded by V1 and C9-long (54 kDa), 481aa isoform encoded by V2 and V3 (Figure 

1.2) (DeJesus-Hernandez et al., 2011; Renton et al., 2011). 



C9orf72 

  7 

 
Figure 1.2 – C9orf72 gene structure and function 

C9orf72 is made up of two non-coding exons (1a and 1b) and 10 coding exons which give rise to three 
coding variants: Variant 1 (includes exon 1a and exons 2-5), Variant 2 (includes exon 1b and exons 2-

11) and Variant 3 (includes exon 1a and exons 2-11). Alternative splicing of the RNA variants produces 

two different isoforms: C9-short (encoded by V1) and C9-long (encoded by V2 and V3) which is the 

predominant isoform. In pathological conditions, the presence of the hexanucleotide repeats can inhibit 

transcription leading to a reduction of C9orf72 protein levels. Moreover, the hexanucleotide repeat 

expansion between non-coding exons 1a and 1b are bidirectionally transcribed to produce high order 

structures, giving rise to RNA G-quadruplex and hairpin that forms RNA foci and can sequester 

important RNA binding proteins (RBPs). Although intronic, the expanded RNA can also be translated 
through a mechanism called repeat-associated non-AUG (RAN) translation which produces 5 different 

dipeptide repeat proteins (DPRs) – poly-GA, poly-GR, poly-GP, poly-PA and poly-PR. Figure adapted 

from Balendra & Isaacs (2018), Smeyers et al. (2021) and Schmitz et al (2021).  

 

C9orf72 can be found mostly in the brain, spinal cord and the immune system, which 

is in agreement with the expression profile of the transcript. The lack of specific antibodies has 

been a limiting factor in understanding the role and function of the C9orf72 protein, however 

recently, the range and specificity of available antibodies has improved (Smeyers et al., 2021). 

Xiao et al (2015) were amongst the first to generate novel isoform specific antibodies to reveal 

the distinct subcellular localisation of C9orf72. C9-long was the predominant isoform (Xiao et 
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al., 2015; Frick et al, 2018) and exhibited diffuse cytoplasmic staining in neurons as well as 

the presence of large speckles in the cytoplasm and dendritic processes of cerebellar Purkinje 

cells (Xiao et al., 2015). C9-short was localised at the nuclear membrane in control and 

diseased motor neurons. Moreover, co-immunoprecipitation experiments demonstrated an 

interaction between the C9orf72 isoforms with importin beta-1 and Ran-GTPase, which are 

components of the nuclear pore complex. The localisation of C9-long appeared similar when 

labelling spinal cord tissue, however, changes of relative intensity was observed which may 

be related to the differences in transcript levels between cases. Most notable was the absence 

of the large speckles observed in the Purkinje cells. Furthermore, C9-short labelling was 

diminished or completely absent in motor neurons of C9-ALS and non-C9 ALS cases which 

correlated with the loss of Importin-β1 and Ran-GTPase labelling (Xiao et al., 2015). These 

results show C9orf72 protein may function and affect the nucleocytoplasmic transport pathway 

which will be discussed later in the thesis. It also highlights the differences between transcript 

expression as well as antibody and tissue specificity when interpreting results regarding the 

localisation of a protein. Atkinson et al (2015) also provided evidence to explain differential 

expression of isoforms present in specific locations. In a mouse model, C9orf72 is detected 

throughout the mouse brain in a punctate speckled manner, and the localisation of C9orf72 

isoforms are dynamic and significantly change during development. Synaptosome 

preparations also revealed the presence of C9orf72 (mouse isoform 1) in synaptic-rich 

fractions from mouse adult brain (Atkinson et al., 2015; Frick et al., 2018). Further studies 

have also revealed interactions of C9orf72 with other organelles, including the Golgi apparatus 

(Aoki et al, 2017), stress granules (Maharjan et al, 2017), mitochondria (Wang et al, 2021) 

compartments of the endolysosomal pathway (Sellier et al, 2016; Frick et al., 2018) and 

lysosomes themselves (Laflamme et al, 2019). 

 

Using bioinformatics analysis, C9orf72 is predicted to show structural homology with 

the differentially expressed in normal and neoplasia (DENN) family of proteins, which are 

GDP/GTP exchange factors (GEFs) that activate Rab-GTPases which regulate membrane 

trafficking (Zhang et al, 2012; Levine et al, 2013). RAB activity is tightly regulated by the 

constant cycling between two conformational states – an active GTP-bound and an inactive 

GDP-bound form. This step is mediated by GEFs which exchange GDP for GTP which allows 

them to be activated and recruited to membranes. Indeed, Farg et al (2014) were amongst the 

first to demonstrate a role for C9orf72 in endosomal trafficking by showing colocalization and 

co-immunoprecipitation of C9orf72 with RAB proteins including RAB1, RAB5, RAB7 and 

RAB11 in neuronal cell lines, primary cortical neurons and human spinal cord motor neurons 

which implies a role in endocytic transport and later stages of autophagy.  
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Figure 1.3 The C9orf72 complex and its role in autophagy 

(A) C9orf72 forms a complex with SMCR8 and WDR41 which acts downstream of Rab1a GTPase to 

recruit the ULK1/FIP200/ATG13/ATG101 complex to the phagophore to initiate autophagy. (B) The 

complex also interacts with Rab8a and Rab39b GTPases which bind to Optineurin (OPTN) and p62, 

proteins essential for substrate delivery to autophagosomes. (C) The complex interacts with Rab5 and 
Rab7, important for autophagosome maturation and finally lysosome fusion and degradation. (D) 

WDR41 targets C9orf72-SMCR8 to the lysosomes via an interaction with the transporter PQ loop repeat 

containing 2 (PQLC2). Figure from Pang & Hu (2021). 

 

Autophagy is the major intracellular degradation system which delivers cytoplasmic 

material to the lysosomes (Yim & Mizushima, 2020). Knockout of C9orf72 has been shown to 

cause defects in starvation-induced autophagy, suggesting that C9orf72 regulates autophagy 

positively (Sellier et al., 2016; Sullivan et al, 2016; Ugolino et al, 2016). In contrast to Farg et 

al. (2014), Webster et al (2016) weighs more importance for C9orf72 in the initiation step of 

autophagy where they used two siRNAS that targeted both isoforms of C9orf72 which resulted 

in a reduction of autophagosome formation. Overexpression of both isoforms induced 

autophagy which was dependent on the formation of the ULK1 complex composing of Unc-
51-like kinase 1 (ULK1), FAK family kinase-interacting protein of 200 kDa (FIP200), 

autophagy-related 13 (ATG13) and ATG101. They show that C9orf72 mediates interaction of 

RAB1a with the ULK1 initiation complex to facilitate its trafficking to the phagophore and 
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therefore initiate autophagosome formation (Figure 1.3A). Sellier et al. (2016) demonstrated 

that C9orf72 is in a complex with Smith-Magenis chromosome region 8 (SMCR8) and WD 

repeat-containing protein 41 (WDR41) which acts as a GEF for RAB8a and RAB39b (also 

shown by Yang et al (2016)), which interacts with the p62 autophagy receptor and therefore 

likely to impact on the formation of autophagosome in autophagy (Figure 1.3B). 

Phosphorylation of SMCR8 by ULK1 or Tank binding kinase 1 (TBK1) is important to control 

autophagy in neuronal cells which promotes C9orf72 GEF activity. Sellier et al. (2016) also 

discussed discrepancies between their data with Farg et al. (2014) as they observe different 

RABs being affected, most likely due to differences in methodology as different compositions 

of Co-IP washing buffers were used. Also, Farg et al. (2014) studied C9orf72 in isolation, 

whereas Sellier et al. (2016) studied C9orf72 in a complex. Sullivan et al. (2016) further 

demonstrated that C9orf72/SMCR8/WDR41 forms a ternary complex which interacts with 

FIP200 identified in Webster et al. (2016), therefore consolidating our understanding that 

formation of the C9orf72 complex promotes interaction of ULK1/FIP200/ATG13/ATG101 

complex involved in autophagy initiation. 

 

To summarise, it is clear that C9orf72 interacts with different RABs and has a strong 

role regulating autophagy at many different levels: firstly during autophagy initiation when 

C9orf72 forms a protein complex with SMCR8 and WDR41 which acts as a GEF for RAB8a 

(Sellier et al., 2016) and RAB39b (Sellier et al., 2016; Yang et al., 2016) as well as RAB1a 

(Webster et al., 2016) and RAB5 (Farg et al., 2014; Shi et al, 2018) to interact with the key 

autophagy initiation ULK1 complex with FIP200, ATG13 and ATG101 to control autophagic 

flux (Sellier et al., 2016; Sullivan et al., 2016; Webster et al., 2016; Yang et al., 2016) (Figure 

1.3). The interaction of the complex with RAB8a and RAB39b also mediates the recruitment 

of p62 (Sellier et al., 2016) which targets poly-ubiquitinated proteins for autophagy 

degradation. Farg et al. (2014) also showed that interaction of C9orf72 with RAB7 and RAB11 

is important for the final maturation and closure of the autophagosome (Figure 1.3C). 

Moreover, many C9orf72 knockout models have observable lysosomal defects including 

defects in lysosomal morphology depicting enlarged lysosomes, increased swollen 

perinuclear lysosomes, as well as an accumulation of lysosomes and lysosomal enzymes 

(Amick et al, 2016; O'Rourke et al, 2016; Sellier et al., 2016; Sullivan et al., 2016; Ugolino et 

al., 2016). Amick et al (2018) went on to show that WDR41 targets C9orf72-SMCR8 to the 

lysosomes via an interaction with the transporter PQ loop repeat containing 2 (PQLC2) (Amick 

et al, 2020) (Figure 1.3D). 

 

However, recently two groups have expressed and purified full-length human C9orf72-

SMCR8-WDR41 complex, determining the structure at a resolution of 3.2 Å (Tang et al, 2020) 
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and 3.8 Å by cryo-electron microscopy (Su et al, 2020). Surprisingly, they found that C9orf72 

complex acts as a GTPase activating protein (GAP) instead of a GEF for small GTPases such 

as Rab8a and Rab11a (Tang et al., 2020), where the arginine finger residue R147 of SMCR8 

is essential for the GAP activity of the C9orf72 complex (Su et al., 2020; Tang et al., 2020). 

(Su et al., 2020) also found that the C9orf72 complex acts as a GAP for the ADP-ribosylation 

faction (ARF) family of GTPases, more specifically ARF1 which promotes mTORC1 activation 

and ARF6 which regulates actin dynamics – these two interactors have been previously 

identified in a C9orf72 interactome mass spectrometry-based proteomics screen from 

Sivadasan et al (2016). In conclusion, there are many candidates for the identification of the 

Rab GTPase target for the C9orf72 complex, however this still remains elusive. What is certain 

is that the complex is an important regulator for membrane trafficking and autophagy through 

its actions on Rab GTPases (Pang & Hu, 2021). 

 

1.2.2 Other functions of C9orf72 
 

C9orf72 has also been shown to play a role in many other processes including 

inflammation, stress granule dynamics and axonal growth and trafficking.  

 

As described earlier, the expression level of C9orf72 is highest in myeloid cells 

therefore emphasising its importance in immune regulation (O'Rourke et al., 2016; Rizzu et 

al., 2016). There have been many C9orf72 knockout mouse models (Koppers et al, 2015; 

Burberry et al, 2016; Jiang et al, 2016) developed which all produce similar immune 

abnormalities including age-dependent lymphadenopathy and splenomegaly as well as 

increased levels of proinflammatory cytokines (Atanasio et al, 2016; O'Rourke et al., 2016; 

Sullivan et al., 2016). A recent study by Burberry et al (2020) investigated the importance of 

the microbiome and found that differences in the environment, with regards to variations in the 

gut microbiota affects C9orf72-deficient mice phenotypes which can be ameliorated with gut 

microflora transplantations as well as suppression of the gut microflora with antibiotics, even 

after onset of phenotypes. The variance in the microbiota therefore is extremely important and 

can explain why certain patients develop ALS/FTD and/or develop different symptoms 

with/without inflammatory phenotypes. 

 

C9orf72 is also involved in stress granule (SG) formation and degradation (Maharjan 

et al., 2017; Chitiprolu et al, 2018). C9-long was found to be localised to processing bodies (P 

bodies) and can be recruited to SGs upon stress-related stimuli. CRISPR/Cas9 mediated 

knockdown of C9orf72 prevented SGs and other SG-associated proteins to form, such as TIA-
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1 and HuR. They were found to be downregulated as well as accelerating cell death (Maharjan 

et al., 2017). C9orf72 also associates with p62 to target SGs for degradation by autophagy 

(Chitiprolu et al., 2018).  

 

Lastly, C9orf72 can affect axon growth with overexpression leading to increased 

growth of primary mouse embryonic motor neuron axons with the opposite occurring, 

exhibiting shortened axons and smaller growth cones, with C9orf72 knockdown (Sivadasan et 

al., 2016). The authors proposed that C9orf72 interacts with cofilin, which is a protein important 

for regulating actin dynamics affecting axon growth (Sivadasan et al., 2016). To summarise, 

there has been a substantial growth in our understanding of what C9orf72 does in relation to 

regulating autophagy and inflammation as well as other roles including stress granule 

formation and axonal growth. With new studies showing the cryo-EM structure of C9orf72, we 

are only starting to understand how C9orf72 in a complex with SCRM8 and WDR41 functions 

as a GAP, therefore more research is needed to complete our understanding of C9orf72 

cellular functions. 

 

1.2.3 Mechanisms of C9orf72 toxicity 
 

There are three main proposed mechanisms of toxicity underlying C9orf72 ALS/FTD. 

Firstly, the repeat expansion could disrupt transcription leading to a reduction of the C9orf72 

protein and therefore cause a loss of function of the gene. Second, the HRE can be 

bidirectionally transcribed and form secondary sense and antisense RNA structures to 

sequester important RNA binding proteins. Thirdly, although intronic, the HRE can be 

translated via repeat associated non-AUG (RAN) translation to form potentially toxic dipeptide 

repeat proteins (DPRs) from the sense strand (poly-GA, poly-GR and poly-GP) and the 

antisense strand (poly-PA and poly-PR). In the following section, the disease mechanisms will 

be discussed in further detail (Figure 1.2). 

 

1.2.3.1 Loss of function: Haploinsufficiency 
 

In a large scale C9orf72 expansion carrier study, van Blitterswijk et al. (2015) use 

quantitative real time PCR and digital molecular barcoding techniques to assess transcript 

levels in the cerebellum and frontal cortex in human post-mortem tissue. They found 

decreased expression of V1 and V2 (strongest association was observed for V2) but no 

reduction was observed in V3. Moreover, they showed the presence of truncated transcripts 

and pre-mRNAs that could be used as templates for RAN translation. Many other research 
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groups have also found a similar trend where V2 seems to be the most prominent change in 

patient material (DeJesus-Hernandez et al., 2011; Mori et al, 2013; Waite et al, 2014). Similar 

reductions in V1 and V2 levels were also found in blood samples (Jackson et al, 2020) and 

they also detected hypermethylation of the C9orf72 promoter. This suggests that epigenetic 

modifications may also contribute to the reduction of C9orf72 including hypermethylation in 

the promoter region, methylation of the HRE or histone trimethylation (Belzil et al, 2013). Since 

V2 is located in the promoter region, the repeat expansion may be more susceptible to the 

binding and/or function of polymerases and transcription factors compared to V1 and V3, 

which are located on the first intron hence they are less susceptible to transcriptional 

modifications (Braems et al, 2020). 

 

The overall consensus in the literature is that there is a reduction in protein levels too, 

however, these observations are heavily influenced based on where the measurements are 

taken. For example, cerebellar proteins are inconsistent (Braems et al., 2020) ranging from 

80% reduction (Sivadasan et al., 2016; Frick et al., 2018) to no change (Waite et al., 2014; 

Xiao et al., 2015). To complicate matters, patients with large repeat expansions have 

increased expression of C9-short whereas intermediate repeat carriers have a higher 

expression of C9-long (Xiao et al., 2015; Cali et al, 2019) which suggests a repeat length 

dependent effect on expression level and isoform distribution (Braems et al., 2020). 

 

As previously discussed, C9orf72 plays a role in endolysosomal trafficking and 

autophagy, therefore impairments in these cellular functions would be predicted to result from 

C9orf72 loss of function. Knockdown of C9orf72 inhibits autophagy induction (Webster et al., 

2016; Frick et al., 2018) and overexpression of C9orf72 can activate autophagy leading to an 

increase in autophagosomes. However, the relevance of C9orf72 in autophagy for disease 

pathogenesis is still unclear (Balendra & Isaacs, 2018).  

 

When investigating in vivo LOF models, a loss of C9orf72 in zebrafish (Ciura et al, 

2013) and C. elegans by using a null mutation of the C9orf72 worm orthologue, F18A1.6, also 

called alfa-1 (Therrien et al, 2013) was found to produce motor deficits however, it has to be 

noted that the homology of the human C9orf72 orthologues differ a lot (21% in C. elegans, 

75% in zebrafish compared to 98% in mice) and could explain the phenotypic differences 

observed since most C9orf72 knockout mice models failed to recapitulate ALS or FTD 

phenotypes, suggesting that C9orf72 loss of function is insufficient to precipitate disease 

(Balendra & Isaacs, 2018). Depleting levels of C9orf72 expression by administration of 

antisense oligonucleotides (ASOs) throughout the CNS of adult mice achieved a reduction of 

30% and 40% of control levels in the spinal cord and brain respectively. However, it is well 
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tolerated and does not result in any neuropathology or behavioural phenotypes in the mice 

(Lagier-Tourenne et al, 2013). Selective depletion of C9orf72 from neurons and glial cells also 

did not induce motor neuron degeneration or exhibit defective motor function or decreased 

survival (Koppers et al., 2015). Consistent with these findings in mouse models, no loss of 

function C9orf72 mutations in human have been identified to cause ALS/FTD (Harms et al., 

2013). The lack of motor neuron degeneration is striking; however, these models do present 

with many immune phenotypes including changes to myeloid and lymphoid cell populations, 

enlarged lymph nodes, increased levels of inflammatory cytokines and splenomegaly 

(Atanasio et al., 2016; O'Rourke et al., 2016; Sullivan et al., 2016). This is in line with cellular 

studies showing C9orf72 transcripts are most prevalent in myeloid cells (Rizzu et al., 2016) 

and therefore further supports C9orf72 involvement in regulating the immune response. Taken 

together, the murine models have shown that loss of C9orf72 alone is unlikely to be the main 

pathogenic cause. However, a recent paper from Zhu et al (2020) suggested a direct form of 

cooperative pathogenesis between the loss and gain of function mechanisms whereby 

C9orf72 haploinsufficiency impairs clearance of DPRs, hypersensitising motor neurons to the 

toxic effects of DPRs. This supports the hypothesis that loss of C9orf72 function synergises 

with repeat dependent gain of toxicity mechanisms.  

 

1.2.3.2 Gain of function: RNA toxicity 
 

C9orf72 repeat expansion can be transcribed into RNA foci and also translated to form 

dipeptide repeat proteins (DPRs) but which is the main contributor to gain of toxic function in 

the disease is debatable. Here we discuss the arguments for these gain of function 

mechanisms (Figure 1.2). 

 

RNA toxicity 
 

RNA foci are formed by transcription of the HRE in both the sense and antisense 

direction and have been observed in most brain regions in C9orf72 ALS/FTD patients and 

often coincide in the areas affected by ALS/FTD (Cooper-Knock et al, 2015; DeJesus-

Hernandez et al, 2017). Interestingly, TDP-43 has not been found to directly interact with RNA 

foci (Lagier-Tourenne et al., 2013; Chew et al, 2015). The repeat RNA forms secondary 

structures, including stable G-quadruplexes and hairpins, which mediate the sequestration of 

important RNA binding proteins (RBPs) (Haeusler et al, 2014) and therefore lead to RNA 

toxicity by disruption of gene regulation, translation and splicing (Sareen et al, 2013; Xu et al, 

2013). There have been numerous studies depicting interactions of repeat RNA with RBPs in 
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human tissue, in vivo and in vitro assays. These include various heterogeneous nuclear 

ribonucleoproteins (hnRNPs) (Mori et al., 2013; Conlon et al, 2016), THO complex subunit 4 

(ALYREF) (Cooper-Knock et al, 2014), serine/arginine-rich splicing factor 1 (SRSF1), SRSF2, 

(Cooper-Knock et al., 2014; Hautbergue et al, 2017), double stranded RNA specific editase 

B2 (ADARB2), (Donnelly et al, 2013), nucleolin (Haeusler et al., 2014), Pur-alpha (Xu et al., 

2013), and Zfp106 (Celona et al, 2017). Haeusler et al. (2014) showed that nucleolin, an 

essential nucleolar protein binds specifically to G-quadruplexes, which is also mislocalised in 

patient cells and induce nucleolar stress. Moreover, repeat RNA was shown to interact with 

RanGAP, a key regulator of nucleocytoplasmic transport (Zhang et al, 2015). The authors did 

not detect DPRs using dot blotting in their G4C2x30 repeat Drosophila model but could not 

rule out undetectable levels of DPRs having an effect. Others have gone on to show that DPRs 

cause nucleocytoplasmic transport deficits (Freibaum et al, 2015; Jovicic et al, 2015). Lastly, 

all these RBPs listed have not been consistently found in all studies which may be explained 

by the use of different methodologies and models therefore it is important to establish how 

RBPs are mechanistically linked to pathogenesis (Balendra & Isaacs, 2018). 

 

Evidence for C9orf72 repeat RNA toxicity 
 

There are a few in vivo models supporting repeat RNA-mediated toxicity. Firstly, Wen 

et al (2014) used primary and cortical neurons transfected with constructs encoding intronic 

expanded repeats that do not initiate RAN translation. They found expression of G4C2 

transcripts by fluorescence in situ hybridisation analysis and using longitudinal live cell imaging 

showed that the transfected cortical neurons survived significantly less than control. The 

G4C2x30 Drosophila model described previously exhibited eye and motor neuron damage too 

(Xu et al., 2013; Zhang et al., 2015). Both studies did not detect any DPRs and therefore 

attributed toxicity to repeat RNA however, DPRs can be hard to detect, especially the toxic 

poly-GR therefore it is hard to make such concrete conclusions (Balendra & Isaacs, 2018). 

Moreover, a zebrafish model with sense repeat length of 10 – 35 repeats and antisense length 

of 35 – 70 repeats was able to induce toxicity in motor axons however, no DPRs could be 

detected in these models suggesting that the RNA toxicity is the sole culprit. They also used 

RNA only constructs with 70 and 108 repeats and observed toxicity in this model too, further 

supporting repeat RNA mediated toxicity (Swinnen et al, 2018). However, there are other 

studies which argue against RNA toxicity. 
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Evidence against C9orf72 repeat RNA toxicity 
 

 Mizielinska et al (2014) generated ‘RNA-only’ transgenic flies whereby stop codons 

were used in all reading frames of both sense and antisense directions in the repeat constructs 

allowing expression of RNA but not translation of the repeats into DPRs. These RNA-only flies 

expressed up to 288 repeats, were able to form RNA foci and sequester endogenous RBPs, 

however, no detectable toxicity was seen. Tran et al (2015) also generated a transgenic 

Drosophila model expressing 160 repeats flanked by human intronic and exonic sequences 

of C9orf72. Although abundant nuclear sense RNA foci were seen in neurons and glial cells, 

no evidence of neurodegeneration was observed. Their explanation for the lack of toxicity is 

due to the inefficient export of the repeat RNA to the cytoplasm where translation of DPRs 

occurs. In summary, there is evidence from numerous studies depicting interactions of repeat 

RNA with RBPs in human tissue, in vivo and in vitro assays which affect various cellular 

processes including splicing, translation and nucleocytoplasmic transport. However, Burguete 

et al (2015) showed that RNA foci altered trafficking in neurites and perturbed RNA granule 

function, ultimately leading to neuritic defects   Moreover, a recent study from Coyne et al 

(2020) showed that repeat RNA can initiate pathogenic cascades, leading to decreased 

nuclear POM121, thereby affecting nuclear pore composition and altering the localisation of 

nucleocytoplasmic transport proteins, ultimately increasing the flies’ sensitivity to stressor 

induced neuronal death. Drosophila lack POM121, which may explain the lack of toxicity 

shown in previous models, as POM121 is an important initiator of RNA toxicity (Coyne et al., 

2020; Dubey et al, 2022). To summarise, the balance of evidence has shown that repeat RNA 

may not be the dominant contributor to the gain of toxic function in the disease. 

 

1.2.3.3 Gain of function: Dipeptide repeat proteins (DPRs) 
 

Repeat associated non-AUG (RAN) translation occurs in C9orf72 ALS/FTD where, 

although intronic, the expanded repeats are still translated lacking a traditional ATG start 

codon (Green et al, 2017) to form dipeptide repeat proteins (DPRs): glycine-alanine (GA), 

glycine-proline (GP) and glycine-arginine (GR) from the sense strand and proline-alanine 

(PA), glycine-proline (GP) and proline-arginine (PR) from the antisense strand (Mori et al., 

2013). DPRs are present in all areas of the brain including the cerebellum, hippocampus, 

basal ganglia, frontal and motor cortices as well as skeletal muscle (Al-Sarraj et al, 2011; Ash 

et al, 2013; Sharpe et al, 2021). These DPR inclusions are often cytosolic and stellate-shaped, 

p62 positive, ubiquitin-positive but TDP-43 negative within neurons and glia (Schludi et al, 

2015). Intranuclear and para-nucleolar DPR aggregates have also been observed but appear 
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less frequently (Wen et al., 2014; Schludi et al., 2015). The most abundant DPR is poly-GA in 

post-mortem tissue (May et al, 2014; Zhang et al, 2014), however, the most toxic DPR has 

been shown to be the arginine DPRs – poly-GR and poly-PR (Mizielinska et al., 2014; 

Mackenzie et al, 2015). 

 

In vivo mouse models that recapitulate behavioural phenotypes, as well as clinical and 

pathologic features of the disease are extremely pivotal for investigating disease mechanisms. 

There are numerous transgenic approaches to introduce the C9orf72 hexanucleotide repeat 

mutation including adeno-associated virus (AAV)-mediated expression and generation of 

bacterial artificial chromosome (BAC) transgenic mouse models (Batra & Lee, 2017). Chew et 

al. (2015) produced the first C9orf72 mouse model using AAV-mediated CNS overexpression 

of G4C2x66 repeats. It recapitulated the disease well as motor and behavioural phenotypes 

were present by 6 months, with RNA foci (only sense foci were analysed), high to moderate 

levels of GA and GP aggregates, but low levels of GR in the cortex shown. Phospho-TDP-43 

inclusions were also found in the cortex and neuronal loss was observed at 6 months. 

 

There have been a few BAC transgenic C9orf72 mouse models produced which all 

use slightly different methodologies and mouse strains which resulted in having different 

behavioural and pathological phenotypes. BAC models are arguably better to use as they 

include the presence of endogenous transcription and translation regulatory sequences which 

are important for spatiotemporal control of expression (Batra & Lee, 2017). Peters et al (2015) 

used a BAC construct containing exons 1-5 and 300 or 500 repeats. Jiang et al. (2016) also 

adopted a similar approach but instead used 110 or 450 repeats and showed no motor deficits 

but mild neurodegenerative behavioural phenotypes as spatial and working memory deficits 

and anxiety were observed at 12 months. The third BAC model expressed the full gene and 

protein with 100–1000 repeats (O'Rourke et al., 2016). All three models were produced on 

C57BL/6J genetic backgrounds and developed RNA foci and DPRs in the CNS but surprisingly 

failed to recapitulate TDP-43 pathology, neuronal loss or develop any strong motor or cognitive 

phenotypes. Liu et al (2016) generated a BAC transgenic containing the full gene with different 

lines containing repeat lengths up to 500 repeats (C9-500) on a FVB/NJ genetic background. 

Significantly, these models developed RNA foci (both sense and antisense), DPR aggregates, 

TDP-43 pathology and neurodegeneration. Interestingly, a subset of female mice developed 

an early onset form of the disease exhibiting inactivity, sudden weight loss, hind limb paralysis 

and ultimately death at 3-6 months which the authors termed ‘acute-onset rapidly progressive’. 

The other subset developed a slower progressive phenotype (12-17 months). Differences 

shown between the mouse models can potentially be explained by different genetic 

backgrounds of the mice, as well as expression levels of the G4C2 repeat RNA expression 
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and repeat lengths used. Furthermore, C57BL/6J mice express a mutant nicotinamide 

nucleotide transhydrogenase (Nnt) gene, a mitochondrial protein located at the IMM, which is 

involved in glucose-mediated insulin secretion and regulates mitochondrial NADPH levels and 

mitochondrial redox balance (Freeman et al, 2006). Due to a mutation of the Nnt gene, the 

inbred mouse strain C57BL/6J is protected from oxidative stress (Nickel et al, 2015) and 

therefore the substrain chosen may contribute to reasons explaining a lack of phenotype from 

Peters et al. (2015), Jiang et al. (2016) and O'Rourke et al. (2016). 

 

Since the C9-500 mouse from Liu et al. (2016) is a promising model for research as oi 

recapitulates disease phenotypes well, it has been used in the wider community however, 

discrepancies between behavioural and pathological phenotypes have been reported in 

multiple lab. Mordes et al (2020) did not detect any survival or motor phenotypes previously 

described by Liu et al. (2016). In contrast, Nguyen et al (2020b) used the same mice and 

showed decreased survival, motor neuron loss and behavioural abnormalities, despite not 

observing changes in weight loss, grip strength or open field abnormalities as described by 

Liu et al. (2016). This study elegantly used a human-derived recombinant antibody against 

poly-GA and showed phenotypic improvements. Nguyen et al (2020a) published a response 

paper highlighting the differences between all the studies and included new data from two 

other groups which also used the C9-500 mice which also observed decreased survival and 

behavioural phenotypes. To summarise their findings, background strain problems (FVB-NJ 

mice have reported increased seizures which may mask disease phenotypes), methodological 

differences and environmental conditions are key elements to consider when raising these 

mice and may explain the differences in phenotypes observed. Taken together, these mouse 

models albeit showing variable extents of neurodegeneration and clinical phenotypes, all 

represent valuable tools to dissect the molecular mechanisms underlying the pathogenesis of 

the disease.  

 

However, to determine which of the gain of function hypotheses is more likely to 

contribute to pathogenesis, many groups have succeeded in studying potential cytotoxicity of 

DPRs independently of RNA toxicity using alternative codon construct models. In these 

constructs, DPRs are generated from a non-G4C2 sequence downstream of a conventional 

ATG start codon. This allows the generation of DPRs without RNA aggregation since G4C2 

repeats are absent. 
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Poly-GA 
 

Using a synthetic GA with 15 repeats model system, poly-GA has been shown to 

aggregate into flat, amyloid-like, ribbon-type fibrils, forming a parallel beta sheet structure 

which are neurotoxic and have the potential to transmit between cells in neuroblastoma cells 

(Chang et al, 2016; Edbauer & Haass, 2016). Due to similarities analogous to the formation of 

amyloid beta fibrils in Alzheimer’s disease, Edbauer & Haass (2016) hypothesise that C9orf72 

pathogenesis also follows a similar cascade of events where there is an increased production, 

aggregation and failure to clear poly-GA and, therefore, trigger downstream events such as 

TDP-43 pathology ultimately leading to neurodegeneration. Aggregation-prone C9orf72 

ALS/FTD poly-GA form filamentous structures that were shown to cause neurotoxicity by 

inducing ER stress in cultured cells and primary neurons (Zhang et al., 2014). These 

aggregates colocalised with both p62 and ubiquitin and contributed to neurodegeneration by 

activating caspase 3, impairing neurite outgrowth and inhibiting the ubiquitin–proteasome 

system (UPS) to induce endoplasmic reticulum (ER) stress, hence, causing neurotoxicity in 

the absence of RNA foci. Specifically, May et al. (2014) showed that poly-GA sequestered 

Unc119, a transport factor for myristoylated proteins, which inhibited its function regulating 

axonal protein trafficking. Moreover, quantitative mass spectrometry revealed that many 

interactors of poly-GA showed enrichment of UPS proteins suggesting recruitment and 

inhibition of the proteasome. Guo et al (2018) dissected the molecular architecture of the 

protein aggregates using cryo-electron tomography and found that poly-GA exists as densely 

packed twisted ribbons that recruit the 26S proteosome complexes, suggesting stalled 

degradation and, hence, impaired proteasome function. In addition, Unc119 overexpression 

partially rescues poly-GA toxicity (May et al., 2014). Both rolipram treatment used to boost 

proteasome activity and overexpression of the proteasome protein PSMD11 rescued poly-GA 

aggregation and TDP-43 pathology in primary neurons (Khosravi et al, 2020). 

 

Mouse models of poly-GA have exhibited behavioural deficits and neuronal loss at 6 

months as well as exhibit rare phosphorylated TDP-43 inclusions thereby the toxicity was 

attributed to aggregated GA. Zhang et al (2016) also showed in their mouse model using AAV-

mediated CNS overexpression of GFP-GA50 that poly-GA sequestered and impaired HR23, 

proteins involved in proteasomal degradation as well as proteins associated with 

nucleocytoplasmic transport such as RanGAP1 and Pom121. Although poly-GA has been 

associated with toxicity via impairment of the UPS, poly-GA is expressed at high levels in most 

models and when compared with arginine-containing DPRs models, it appears less toxic 

(Mizielinska et al., 2014; Wen et al., 2014; Freibaum et al., 2015). Therefore, despite being 

the most abundant DPR, it is unclear whether poly-GA is toxic at physiologically relevant levels 
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(Freibaum & Taylor, 2017). For example, in Drosophila models, Mizielinska et al. (2014) 

generated protein-only constructs which used alternative codons found in the repeats; the 

arginine-rich DPRs – GR36 and PR36 developed a degenerative eye phenotype however, 

GA36 and PA36 had no effect. These data suggest that alanine-containing DPRs are relatively 

benign and the arginine-containing DPRs are the more toxic species which will be discussed 

in the following section. 

 

Arginine DPRs – poly-GR and poly-PR 
 

There have been a lot of studies focussing on overexpression of the arginine-rich 

DPRs and have found them to be toxic in many model systems – in cells, primary neuron 

cultures and iPSCs. Many in vivo models such as zebrafish (Swaminathan et al, 2018) and 

Drosophila models (Mizielinska et al., 2014; Wen et al., 2014; Freibaum et al., 2015; Yang et 

al, 2015; Solomon et al, 2018) have shown that overexpression of poly-GR and poly-PR result 

in developmental issues, reduced survival and have locomotor phenotypes. Researchers have 

postulated that this is due to their positive charge and high polarity. Kwon et al (2014) showed 

that synthetic GR20 and PR20 peptides were able to enter cells and migrate to the nucleus 

due to the nature of the positive charge from the arginine residues mimicking nuclear 

localisation signals. The peptides associate with the periphery of the nucleoli which perturb 

ribosomal RNA production and therefore cause cell death. 

 

There have been many different downstream mechanisms implicated in C9orf72 

ALS/FTD described in the literature comprising of RNA metabolism, proteostasis, nervous 

system-specific processes such as axonal transport, other cellular processes including DNA 

damage, mitochondrial function and nucleocytoplasmic transport and systemic functions 

involving the immune system (Balendra & Isaacs, 2018).  

 

In 2015, three elegant studies published back-to-back and found nucleocytoplasmic 

transport (NCT) is perturbed in C9orf72 ALS/FTD. Freibaum et al. (2015) conducted a genetic 

screen using G4C2x58 Drosophila lines and the fly eye as a readout for modifiers which 

included components of the nuclear pore complex and components related to export of nuclear 

RNA and import proteins. Moreover, immunostaining of endogenous Lamin C demonstrated 

the nuclear envelope was abnormal and had a ‘frayed’ phenotype. Similarly, Zhang et al. 

(2015) performed a candidate-based genetic screen with G4C2x30 Drosophila lines using 

protein interactors identified from their previous study Donnelly et al. (2013). They found that 

RanGAP, a key regulator of NCT, suppressed neurodegeneration. Enhancing nuclear import 
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or suppressing nuclear export was also able to suppress neurodegeneration. Lastly, Jovicic 

et al. (2015) performed a yeast screen and identified including karyopherins and effectors of 

Ran-mediated NCT. 

  

However, not all studies have observed the same disruption of NCT. I was involved in 

investigating the link between C9orf72, possible NCT effects and TDP-43 pathology in C9orf72 

Drosophila models (Solomon, Stepto and Au et al., 2018). We found that expression of 

G4C2x38 and GR64 cause TDP-43 to mislocalise and accumulate in the cytoplasm of 

neurons. In turn, excess cytosolic TDP-43 enhanced DPR levels leading to mislocalisation of 

nuclear import protein karyopherin-α and a vicious feedback loop of TDP-43 and KPNA 

dysfunction, ultimately resulting in neurodegeneration. Interestingly, other components of NCT 

such as RanGAP and Nup50 were not altered, similar to findings from Saberi et al (2018) 

where they also did not find evidence for nuclear membrane proteins, RanGAP and lamin B1 

and Nup205 in spinal motor neurons and motor neurons of the motor cortex containing poly-

GR aggregates of C9orf72 ALS cases.  

 

Moreover, in 2016, a flurry of studies were published regarding C9orf72 and phase 

separation. Lee et al (2016) analysed poly-GR and poly-PR interactomes in human cells by 

affinity purification followed by liquid chromatography with tandem mass spectrometry (LC-

MS/MS). Both Lee et al. (2016) and Lin et al (2016) used similar approaches and 

demonstrated how poly-GR and poly-PR interact with proteins containing low-complexity 

domains (LCDs) in many RNA binding proteins (RBPs) such as TDP-43, hnRNPA1 and 

Ataxin-2. Other protein interactors include components of membrane-less organelles such as 

G3BP, Caprin and USP10 (Lee et al., 2016) which have been shown to form a complex 

mediating stress granule condensation (Kedersha et al, 2016). Arginine is a highly polar, 

positively charged amino acid and these properties allow arginine-rich DPRs to interact with 

LCDs of RBPs, resulting in liquid-liquid phase separation (LLPS) and LLPS ultimately 

contribute to the formation of membrane-less organelles. Lee et al. (2016) and Boeynaems et 

al (2017) showed that GR and PR altered phase separation of LCD-containing proteins and 

poly-GR and poly-PR themselves are able to phase separate with proteins or nucleic acids 

forming liquid droplets in vitro and accumulate in membrane-less organelles such as stress 

granules and the nucleolus therefore disrupting their normal function such as their assembly 

and dynamics. Lee et al. (2016) also performed an in vivo RNAi screen to assess the functional 

significance of the hits from the DPR interactomes using GFP-GR30 Drosophila lines and 

found that most genetic modifiers encode components of membrane-less organelles such as 

the nuclear pore complex, nucleolus, nuclear speckles, Cajal bodies and stress granules. 

Furthermore, Zhang et al (2018) showed that cellular stress disrupts NCT by localising NCT 
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transport factors into stress granules. Moreover, inhibiting stress granule assembly by Ataxin-

2 knockdown alleviated NCT defects and neurodegeneration in cells and a G4C2x30 C9orf72 

Drosophila model. Taken together, these data identify abnormal phase separation to be an 

important pathological cellular phenomenon and NCT defects as a key pathogenic event. 

Since LLPS is essential for the formation of membrane-less organelles such as stress 

granules, Zhang et al. (2018) provide evidence to link stress granule assembly and NCT 

deficits in the pathogenesis of C9orf72 ALS/FTD. 

 

To summarise, many studies have focussed on arginine-DPR mediated gain of 

function toxicity. More research is needed to determine which downstream mechanisms are 

most important and address whether different DPRs or repeat RNAs can act synergistically to 

elicit downstream effects. In the next section, the focus of attention is concentrated on the 

relevance of another potentially important downstream mechanism/consequence: 

mitochondrial dysfunction. 
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1.3 Mitochondria and C9orf72 
 

1.3.1 Mitochondrial structure and function 
 

Mitochondria are double membrane bound organelles found in most eukaryotic cells 

and are essential for life with vital roles in aerobic oxidative phosphorylation generating more 

than 90% of the cell’s adenosine triphosphate (ATP) (Harris & Das, 1991). Beyond their 

functions with energy production, they are also important for processes involving lipid and 

amino acid synthesis/metabolism, calcium regulation as well as repurposing waste generated 

from other cellular processes (Rossmann et al, 2021). Neurons are long lived and have high 

metabolic requirements (Nicholls & Budd, 2000), therefore, they may be more susceptible to 

damage from mitochondrial dysfunction. This is predominantly why many neurodegenerative 

diseases, including ALS have been linked to mitochondrial dysfunction which include changes 

to mitochondrial dynamics and morphology, defective oxidative phosphorylation and impaired 

quality control (Smith et al, 2019). In the following section, a comprehensive overview of 

mitochondrial dysfunction specifically in C9orf72 ALS/FTD will be discussed (Table 1.1).  

 

1.3.2 Mitochondrial dynamics 
 

Mitochondria are highly dynamic organelles which undergo cycles of fission and fusion 

important for many cellular processes which regulate mitochondrial number, size and 

localisation in the cytosol (Liesa et al, 2009; Westrate et al, 2014; Tilokani et al, 2018). 

Mitochondria fission occurs when a single mitochondrion divides into two daughter 

mitochondria and is often upregulated when stress levels are elevated (Zemirli et al, 2018). 

Fission also facilitates the removal of damaged mitochondria by a specialised form of 

autophagy, termed mitophagy (Kim et al, 2007). Moreover, during the G2/M phase of the cell 

cycle, fragmentation of the mitochondria is also observed (Otera et al, 2013). On the other 

hand, fusion of mitochondria is when two mitochondria come together and form one 

mitochondrion which allows distribution of mitochondrial metabolites and proteins as well as 

stimulation of OXPHOS activity (Mishra & Chan, 2016). Mitochondria have two membranes 

with the outer mitochondrial membrane (OMM) facing the cytosol, and the inner mitochondrial 

membrane (IMM) protruding into the mitochondrial matrix (Figure 1.4A). Fission is mediated 

by dynamin related protein 1 (DRP1) and fusion is regulated by two steps, where mitofusin 1 

and 2 (MFN1, MFN2) are involved at the OMM and Optic atrophy 1 (OPA1) at the IMM (Chan, 

2012; Tilokani et al., 2018). 
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Fission starts in the matrix where the replication of mtDNA marks the site for endoplasmic 

reticulum recruitment (Friedman et al, 2011; Lewis et al, 2016). Pre-construction at the mito-

ER contact site occurs before the oligomerisation of DRP1. Many mitochondrial bound 

proteins, including mitochondrial fission 1 (FIS1), mitochondrial fission factor (MFF) and 

mitochondrial dynamic proteins of 49 and 51kDa (MiDs – MiD49 and MiD51) recruit DRP1 to 

the mitochondria (Loson et al, 2013). It is important to note that whilst these proteins have 

been identified to play a role in fission, the exact mechanisms are still controversial and 

unclear (Liu et al, 2020). For example, FIS1 is not required for DRP1 recruitment to the OMM 

in basal conditions (Otera et al, 2016) yet overexpression of FIS1 can still cause mitochondrial 

fragmentation in the absence of DRP1 (Liesa et al, 2019). It has been suggested that FIS1 

can induce fragmentation by increasing fission and decreasing fusion where fusion is blocked 

by inhibiting the function of MFN1, MFN2 and OPA1 (Yu et al, 2019). DRP1 oligomerises into 

a ring like structure and GTP hydrolysis causes a conformational change which enhances pre-

existing mitochondrial constriction (Mears et al, 2011) (Figure 1.4).  

 

 

 
Figure 1.4 – Mitochondrial fission and fusion 

(A) Mitochondria fission begins when the ER is recruited to the constriction site, marked by mtDNA 

replication. OMM proteins including FIS1, MFF, MiD49 and MiD51 are responsible for recruiting DRP1 

to mitochondria. DRP1 oligomerises in a ring like structure as depicted and GTP hydrolysis causes a 
conformation change to enhance constriction. OMM fusion involves Mitofusins (MFN1 and MFN2) 

whereas IMM fusion is coordinated by OPA1. (B) Two main models of mitochondrial fusion depicting 

possible topologies of MFNs. With two transmembrane domains (TMD), both the N- and C- terminal 

harbouring the GTPase and the coil-coil heptad repeat 1 and 2 (HR1, HR2) of MFN is exposed to the 

cytoplasm, tethering two adjacent mitochondria together. Mattie et al (2018) suggested a new model 

based on new metazoan MFN topology highlighting a single TMD hence the C- terminus is in the IMS 
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and exposed to potential oxidised environments from ROS production (red stars) to enhance fusion by 

forming redox mediate disulphide bonds (dotted lines) promoting tethering or GTPase activity. (A) From 

Liu et al. (2020) (B) Adapted from Cohen & Tareste (2018) and Tilokani et al. (2018). 

 

In mammals, fusion is characterised by three main steps. First, tethering of two 

opposing mitochondria occurs by interactions with the HR2 and/or GTPase domains of 

mitofusins 1 and 2 (MFN1, MFN2) (Tilokani et al., 2018), GTP binding (Qi et al, 2016) and/or 

hydrolysis (Cao et al, 2017) results in conformational changes of the MFNs leading to 

mitochondrial docking. GTPase-dependent power stroke or GTP-dependent oligomerisation 

leads to the completion of OMM fusion (Qi et al., 2016; Cao et al., 2017). IMM fusion is 

regulated by OPA1 which can be alternatively spliced to long forms (L-OPA1) and 

proteolytically cleaved to short forms (S-OPA1). L-OPA1 and cardiolipins interact which drives 

the tethering of the two IMM and fusion occurs via OPA1-dependent GTP hydrolysis (Tilokani 

et al., 2018; Liesa et al., 2019). Recently, a different model of OMM fusion has been proposed 

based on new metazoan topology of MFNs which is mediated by redox signalling (Tilokani et 

al., 2018). Mattie et al. (2018) suggests that the MFN C-terminus resides in the IMS instead 

and an oxidised environment due to reactive oxygen species (ROS) production as well as an 

increased concentration of oxidised glutathione (GSSG) can lead to the formation of two 

disulphide bonds within the IMS domains. These bonds induce the dimerisation and 

oligomerisation of MFNs which in turn induces tethering and/or GTPase activity required for 

OMM fusion (Figure 1.4B). This model therefore suggests a link between oxidative stress and 

the promotion of mitochondria fusion. 

 

In the literature, many neurodegenerative diseases, including ALS, have shown an 

imbalance of the interplay between fission and fusion (Smith et al. (2019), Table 1.1). Onesto 

et al (2016) used C9orf72 human fibroblasts grown in galactose media in their study and found 

a mixed population of elongated, short and round shaped mitochondria, whereas mutant 

TARDBP fibroblasts showed a much stronger phenotype with a fragmented mitochondria 

network. Mitochondrial dynamics were also assessed by western blot analysis for FIS1 and 

MFN1. MFN1 levels were significantly increased compared to control in mutant C9orf72 

fibroblasts suggesting an imbalance between fission and fusion levels. Moreover, 

transmission electron microscopy (TEM) revealed swollen mitochondria as well as 

abnormalities in cristae structure in an iPSC model of C9orf72 (Dafinca et al, 2016). Gao’s 

group has also reported abnormal mitochondrial morphology in vivo utilising their GR80 

inducible mouse model and Flag-GR80 Drosophila model. TEM from the prefrontal cortex of 

young 3- and 6-month-old GR80 mice revealed disruption of the IMM and loss of cristae with 

a more pronounced effect at 6 months, suggesting an age-related accumulation of toxicity 
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(Choi et al, 2019). In line with their observations on mitochondrial fragmentation, Choi et al. 

(2019) detected an increase in DRP1 and decrease in OPA1 levels in 9-month-old mice. 

Furthermore, muscle mitochondrial defects were evident in Flag-GR80 transgenic flies (Li et 

al, 2020). Swollen mitochondria were observed in the indirect flight muscles, and TEM pictures 

showed round mitochondria devoid of electron-dense matrix material and aberrant cristae 

structure, which is similar to what was seen in Dafinca et al. (2016). Interestingly, altering 

mitochondrial dynamics by genetic manipulation using loss or gain of function of DRP1, FIS1 

or Marf (Drosophila homolog of Mitofusin) had no obvious effect on GR80 toxicity (Li et al., 

2020). This raises the question of the importance of mitochondrial morphology and dynamics 

in relation to disease pathogenesis.  

 

1.3.3 Mitochondrial respiration and ATP production 
 

Mitochondria are known for being the ‘powerhouse of the cell’ as they are required to 

generate energy in the form of ATP mainly by oxidative phosphorylation (OXPHOS) at the 

electron transport chain (ETC) which spans across the IMM except for Complex II (Zhao et al, 

2019). The ETC is composed of transmembrane complexes I to IV and ATP synthase (CV) 

and two electron carriers – ubiquinone (CoQ) and cytochrome C (Cyt c) (Figure 1.5). Electrons 

from NADH and FADH2, produced in the tricarboxylic acid (TCA) cycle, are transferred via a 

series of redox reactions down the ETC. Firstly, electrons are donated to CI which causes a 

reduction of CoQ into CoQH2. The CoQH2 is then oxidised by CIII where the electrons are 

passed to Cyt c. The reduced Cyt C is then oxidised by CIV where molecular oxygen is 

reduced as the final electron acceptor to produce water (Sazanov, 2015). Through this series 

of redox reactions, protons are pumped from the matrix across the IMM to the IMS. The 

accumulated protons and reduction of protons from the IMM create a gradient i.e. 

mitochondrial membrane potential, favouring the protons to traverse through CV/ATP 

synthase and drive ATP synthesis. Ultimately, this proton motive force drives the conversion 

of ADP to ATP (Mazat et al, 2013; Area-Gomez et al, 2019).  

 

Under physiological conditions, 0.2-2% of electrons leak out of the ETC which reacts 

with oxygen to produce superoxide. Superoxide dismutase (SOD) enzymes catalyse the 

dismutation of superoxide generating hydrogen peroxide, which itself plays a role in many 

signalling pathways including cell proliferation, differentiation and migration (Holmstrom & 

Finkel, 2014), or react with redox active metals such as iron to generate the hydroxy radical 

through the Fenton/Haber-Weiss reaction (Wang et al, 2018; Zhao et al., 2019). 11 sites have 

been identified in mammalian mitochondria to produce both superoxide and hydrogen 
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peroxide, the main ones from the ETC are highlighted in Figure 1.5 (Brand, 2010; Zhao et al., 

2019). Excess ROS production from the mitochondria is widely known to be detrimental and 

closely linked to many neurodegenerative diseases including ALS (Smith et al., 2019). 

 

Since mitochondria are the main site of ROS generation, they have multiple anti-

oxidant defence mechanisms in place to counteract excessive production of ROS. SODs are 

the first line of defence against oxygen free radicals. SOD1 is mainly cytosolic and can be 

found in the IMS, where it removes superoxide generated from the IMM (Han et al, 2001). 

However, SOD2 is the major mitochondrial enzyme. Chemically, superoxide is a negatively 

charged free radical anion, which reacts with Itself, catalysed by SOD dismutation reaction to 

form hydrogen peroxide and oxygen. Superoxide is relatively short lived and due to its charge 

does not readily pass through cell membranes, whereas hydrogen peroxide can freely traverse 

membranes. Despite being an important signalling molecule, excessive hydrogen peroxide is 

also detrimental to the cell, therefore, tight regulation of ROS homeostasis is needed. 

Hydrogen peroxide can be degraded to water and molecular oxygen by catalase, mainly 

present in peroxisomes. However, catalase is not present in the mitochondria and therefore 

the glutathione peroxidases (GPxs), peroxiredoxins (Prx) and thioredoxin (Trx) system are 

required instead to reduce hydrogen peroxide (Lubos et al, 2011). GPx-1 is the most abundant 

member of the GPx family which is localised in the cytosol, mitochondria and peroxisomes. It 

uses reduced glutathione (GSH) as a cofactor to reduce hydrogen peroxide, forming oxidised 

glutathione (GSSG).  
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Figure 1.5 – Electron transport chain and sites of superoxide production 

The electron transport chain (ETC) is composed of enzymatic complexes (I-V) and two free electron 

carriers – CoQ and Cyt C. Electrons transferred from NADH and FADH2 are passed down the ETC to 

molecular oxygen, coupled with the generation of a proton gradient across IMM which drives ATP 

synthesis at ATP synthase. Sites of superoxide production in the complexes are also indicated. Modified 

using BioRender ‘Electron transport chain’ template, content adapted from Zhao et al. (2019) and Li et 

al (2021). 

 

In C9orf72 iPSC-derived motor neurons, Dafinca et al. (2016) showed up to 30% 

reduction in mitochondrial membrane potential compared to controls. However, Onesto et al. 

(2016) found membrane hyperpolarisation and increased ATP production as well as 

respiration in C9orf72 patient fibroblasts. Furthermore, Mehta et al (2021) investigated cellular 

energetics in C9orf72 iPSC-derived motor neurons and found impaired basal and maximal 

mitochondrial respiration which implicates abnormalities in the ETC. To further explore this, 

Mehta et al. (2021) performed RNA-seq using human iPSC-derived C9orf72 motor neurons. 

Transcriptomic analysis identified dysregulation in pathways implicated in OXPHOS, as well 

as changes with mitochondrial small and large ribosomal subunits. Validation of hits using 

qRT-PCR and western blot confirmed dysregulation of mostly complex I and IV and 

importantly, examination of human C9orf72 post-mortem spinal cord tissue using RNA in situ 

hybridisation corroborated their result by showing reduced expression of complexes I and IV 

in ventral horn spinal motor neurons. Interestingly, genetic manipulation of mitochondrial 

biogenesis by overexpressing PGC1α in C9orf72 motor neurons corrected the bioenergetic 

deficit and rescued other dysregulated mitochondrial phenotypes. Consistently, Wang et al. 



Chapter 1 Introduction  

 32 

(2021) used mouse embryonic fibroblasts isolated from C9orf72 knockout and wild-type mice 

to show that C9orf72 is imported into the IMS and stabilises translocase of inner mitochondrial 

membrane domain containing 1 (TIMMDC1) which is necessary for the assembly of complex 

I.  

 

Specifically, it has been shown that poly-GR itself may be important in linking 

mitochondrial dysfunction and oxidative stress. Lopez-Gonzalez et al (2016) showed an 

increase in DNA damage, oxidative stress and mitochondrial membrane potential in iPSC-

derived C9orf72 motor neurons. They also performed an interactome analysis with GR80 

expressed in HEK293 cells compared to control where they identified many mitochondrial 

ribosomal proteins which are required for the translation of the mitochondrial complexes. In a 

mouse model expressing GR80, Choi et al. (2019) found increased DNA damage, oxidative 

stress and decreased activities of mitochondrial complexes I and V. Poly-GR was also shown 

to bind to the mitochondrial complex V component ATP5A1, which enhanced its ubiquitination 

and degradation which is consistent with findings showing reduced ATP5A1 protein levels in 

both the mouse model and patient brains. Moreover, Li et al. (2020) observed an increase in 

oxidative stress, mitochondrial membrane potential and ATP production in their Flag-GR80 

Drosophila model when expressed in the muscle. Interestingly, they saw that complex I activity 

was elevated however Complex II-V were unaffected. 

 

Taken together, all the results highlight the involvement of oxidative stress and the 

connection between C9orf72 itself, or poly-GR in the mitochondria and its influence on 

mitochondrial metabolism and respiration is extremely important.  

 

1.3.4 Mitochondrial quality control 
 

Extensively damaged or stressed mitochondria can be targeted for degradation by a 

selective form of autophagy termed mitophagy. It is required to maintain steady mitochondrial 

turnover and metabolic homeostasis (Youle & Narendra, 2011). PINK1/parkin-mediated 

mitophagy is one of the more studied mechanisms. PINK1 is a mitochondria-targeted 

serine/threonine kinase and in healthy mitochondria, PINK1 is imported into the mitochondria 

through TIM/TOM complexes, translocases of the inner and outer membrane where it is 

processed by mitochondrial proteases such as mitochondrial processing peptidase (MPP) and 

presenilin-associated rhomboid-like protease (PARL) resulting in proteasomal degradation of 

PINK1 (Greene et al, 2012). Parkin is a cytosolic E3 ubiquitin ligase and is responsible for the 

formation of mono- and poly-ubiquitin chains on various substrates.  
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Figure 1.6 PINK1-Parkin-mediated mitophagy 

(A) PINK1-Parkin dependent mitophagy: upon mitochondrial depolarisation, PINK1 stabilises on the 
OMM and phosphorylates ubiquitin and recruits and activate Parkin, which can be amplified by 

ubiquitinating mitochondrial surface proteins, creating a feed-forward amplification loop. PINK1 can also 

limit the level of mitophagy by activating a non-canonical function of the mitochondrial Tu translocation 

elongation factor (TUFm) by phosphorylating TUFm at serine 222. Recruitment of ubiquitin-binding 

autophagy receptors such as OPTN, p62, NDP52 and TAX1BP1 leads to local phagophore formation 

at damaged mitochondria. TBK1 phosphorylation of these receptors enhances interactions between 

LC3 and ubiquitin therefore enhancing mitophagy. The polyubiquitinated mitochondria are engulfed by 

autophagosomes subsequently fusing with lysosomes to form autolysosomes where contents are 
degraded. (B) PINK1-Parkin-independent mitophagy: alternative pathways triggering mitophagy are 

mediated by mitophagy receptors such as NIX, FUNDC1 and BNIP3. Figure adapted from (Zhu et al, 

2021). 

 

When the mitochondria are damaged, the loss of mitochondrial membrane potential 

leads to blockade of PINK1 import and thereby it stabilises on the OMM where it 

phosphorylates ubiquitin at serine 65 and recruits Parkin to further ubiquitinate OMM proteins. 

Phospho-ubiquitination of OMM proteins such as MFN1 and MFN2 creates a feed-forward 

amplification cascade, providing further substrates for PINK1 phosphorylation and recruitment 

of more Parkin molecules marking mitochondrion for degradation. PINK1 can also limit the 

level of mitophagy by activating a non-canonical function of the mitochondrial Tu translocation 

elongation factor (TUFm) by phosphorylating TUFm at serine 222 (Lin et al, 2020). The 

A

B
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polyubiquitinated mitochondria are subsequently engulfed by autophagosomes which fuses 

with lysosomes, thereby resulting in the formation of autolysosomes for degradation (Lazarou 

et al, 2015; Nguyen et al, 2016) (Figure 1.6). Deubiquitinating enzymes (DUBs) regulate 

ubiquitin signals and therefore play an important role in modulating mitophagy. For example, 

Ubiquitin-specific processing protease 30 (USP30) is localised at the OMM and negatively 

regulates mitophagy by hydrolysis of K6 and K11 linked chains of parkin substrates (Bingol et 

al, 2014; Cunningham et al, 2015). 

 

Optineurin (OPTN), nuclear dot protein (NDP52) and p62 are autophagy receptors that 

have been shown to translocate to damaged mitochondria leading to the recruitment of 

microtubule- associated protein 1A/1B light chain 3A (LC3) (Figure 1.3). The autophagy 

receptors comprise of a LC3 interacting region (LIR) domain which enables interaction with 

LC3 proteins on the autophagosome membrane. It has also been shown that OPTN and 

NDP52 are required for the recruitment of ULK1 to initiate phagophore and autophagosome 

formation (Lazarou et al., 2015; Nguyen et al., 2016). Moreover, there are alternative pathways 

that have been reported to trigger mitophagy that are PINK1/Parkin independent. Other 

mitophagy receptors that are located on the OMM containing LC3 interacting region (LIR) 

motifs which also interact with LC3 (Khalil & Lievens, 2017) include Bcl-2 and adenovirus E1B 

19 kDa-interacting protein 3 (BNIP3) and Nix/BNIP3L (BNIP3-Like) (Novak et al, 2010; Rikka 

et al, 2011), Autophagy and BECLIN 1 regulator 1 (AMBRA1) (Strappazzon et al, 2015) and 

FUN14 domain-containing protein 1 (FUNDC1) (Liu et al, 2012) (Figure 1.6). 

 

Interestingly, OPTN, and its kinase TBK1 and SQSTM1/p62 are all ALS-linked genes. 

OPTN translocation is dependent on parkin recruitment and disruption of this process with 

ALS-associated E478G ubiquitin binding-deficient mutation led to defective mitophagy and 

accumulation of damaged mitochondria in CCCP-treated HeLa cells highlighting a role for 

mitophagy in ALS pathogenesis (Wong & Holzbaur, 2014). Moreover, TBK1 was found to be 

co-recruited with OTPN to depolarised mitochondria where OPTN is phosphorylated by TBK1 

at serine 177. Inhibition using siRNA or depletion of TBK1 using TBK1-E696K mutants blocks 

efficient autophagosome formation in CCCP-treated HeLa cells (Moore & Holzbaur, 2016). 

Moreover, TBK1 has been found to phosphorylate p62 and NDP52 as well as OPTN, 

enhancing its ability to link ubiquitin and LC3 (Oakes et al, 2017).  

 

As discussed before, C9orf72 is involved in the initiation of autophagy and has also 

been implicated in regulating lysosomal function (Amick et al., 2016; Yang et al., 2016) 

however its role in mitophagy is relatively understudied and therefore more research is needed 

to elucidate whether mitophagy is important in C9orf72 ALS/FTD. 
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1.4 NRF2/Keap1 system 
 

The nuclear factor erythroid 2 p45-related factor 2 (NRF2)/ Kelch-like ECH-associated 

protein 1 (Keap1) pathway is an important stress response to protect against oxidative and 

electrophilic stresses. NRF2 is negatively suppressed by its interaction with Keap1 under 

homeostatic conditions and is responsible for regulating the expression of more than 250 

genes involved in cellular protection against oxidative and electrophilic stresses and 

inflammatory agents as well as the maintenance of mitochondrial function and cellular redox 

state (Hayes & Dinkova-Kostova, 2014; Jimenez-Villegas et al, 2021). 

 

1.4.1 Structure of NRF2 and Keap1 
 

NRF2 is a basic region leucine zipper transcription factor belonging to the Cap ‘n’ 

Collar (CnC) family and comprises of seven domains with different functions to control NRF2 

activity – Nrf2-ECH homology 1-7 (Neh) domains (Figure 1.7A). Neh2 domain contains the 

DLG and ETGE motifs, which interact with Keap1 and are important for the subsequent 

Keap1-mediated proteasomal degradation of NRF2 (Figure 1.7B). Neh1 contains a CNC 

domain and basic region essential for DNA binding as well as a leucine zipper region important 

for dimerization with sMAF (Figure 1.7C). Neh3-5 regions are transcriptional activation 

domains which binds to various components of the transcriptional regulatory machinery (He 

et al, 2020). Neh6 domain is needed for the phosphorylation-based regulation of NRF2 activity 

(Chowdhry et al, 2013) and Neh7 interacts with retinoic X receptor alpha (RXRα), which 

represses NRF2 activity (Wang et al, 2013). 

 

NRF2 and Keap1 are well conserved in Drosophila (Pitoniak & Bohmann, 2015). Cap 

‘n’ Collar (CnC) proteins were first identified in Drosophila melanogaster (Mohler et al, 1991) 

and the CnC locus is transcribed in three transcript isoforms, CncA, CncB and CncC. CncC is 

the longest isoform which contains an additional N terminal domain homologous to NRF2 

(Kobayashi et al, 2002) and was demonstrated to have a similar antioxidant stress response 

in adult flies (Sykiotis & Bohmann, 2008). Of interest, the DLG and ETGE motifs are conserved 

from the Neh2 domain (Figure 1.7A,B). The amino acid sequence of Neh1 domain, especially 

the basic region in the middle of this domain is highly conserved (Figure 1.7A,C). 
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Figure 1.7 NRF2 structure and homology comparison 

(A) Schematic of NRF2 protein in humans including the Neh domains. The Neh2 domain is important 

for binding with Keap1, and Neh1 domain is important for DNA binding and dimerization with small Maf 

proteins (sMAF). Adapted from Fuse & Kobayashi (2017) (B) Alignment of key functional elements in 

the Neh2 domain from human, mouse and Drosophila. The DLG and ETGE motifs are conserved in the 

fly, lysine residues important for ubiquitination are somewhat conserved. (C) Comparison of the Neh1 

domain from human, mouse and Drosophila. The CNC domain and basic region essential for DNA 

binding is well conserved. The leucine zipper region important for dimerization with sMAF is also 

somewhat conserved. Mostly importantly, Sykiotis & Bohmann (2008) have shown that there is an 
analogous NRF2-Keap1 system in Drosophila.  
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Kelch-like ECH-associated protein 1 (Keap1) is a cysteine-rich protein, serving as an 

adaptor protein for the Cullin 3 (CUL)-dependent E3 ubiquitin ligase complex with Ring box 

protein 1 (RBX1). NRF2 is basally lowly expressed in all cell types due to the Keap1-mediated 

constitutive proteasomal degradation. Keap1 comprises of 3 main domains (Figure 1.8A) 

including the broad complex-tramtrack-bric a brac (BTB) domain, the intervening region (IVR) 

(Figure 1.8B) and double glycine repeat (DGR)/Kelch repeat domains (Figure 1.8C). The N 

terminal BTB domain is essential for the formation of the homodimer of Keap1 (Figure 1.8B). 

Keap1 binds NRF2 via its C terminal Kelch domain by interacting with the DLG and ETGE 

motifs in the Neh2 domain of NRF2 (Figure 1.8B). The cysteine residues in Keap1 are highly 

reactive and can function as sensor amino acids to detect stress, the important residues are 

summarized in Figure 1.8A (Dinkova-Kostova & Abramov, 2015; Holmstrom et al, 2016; Fuse 

& Kobayashi, 2017). 
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Figure 1.8 Keap1 structure and homology comparison 

(A) Schematic of Keap1 protein composed of 3 main domains – broad complex-tramtrack-bric a brac 
(BTB) domain, the intervening region (IVR) and double glycine repeat (DGR)/Kelch repeat domains. 

(B) Serine 104 resides in the BTB domain where this region is important for dimer formation of Keap1. 
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                     * **::* :.*****  :*:  :: :* ****: ***.**: *:::*::*:    *::* 
  
NP_036421.2         LVKIFEELTLHKPTQVMPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSDGTWLRLADLQV 360 
NP_001103775.1      LVQIFQELTLHKPTQAVPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSNGSWLRLADLQV 360 
NP_650594.1         LAKIFKDLTLHKCPGV-KERTPNTTRMIFVAGGFFRHSLDILEAYNVDDMTWTTLANLRI 335 
                    *.:**::*****   .   *:*:. *:*:.***:**:**. ***** .: :*  **:*:: 
 
NP_036421.2         PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCAPMSVPRNRIGVGV 420 
NP_001103775.1      PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCASMSVPRNRIGVGV 420 
NP_650594.1         PRSGLGAAFLKGKFYAVGGRNNNIGSSYDSDWVDRYSAVTETWRPCAPMSVPRHRVGVAV 395 
                    *****....: * :********. ... **. :* *. :*: * *** *****:*:**.* 
 
NP_036421.2         IDGHIYAVGGSHGCIHHNSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480 
NP_001103775.1      IDGHIYAVGGSHGCIHHSSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480 
NP_650594.1         MDELMYAVGGSAGMEYHNTVEYYDPDLDRWTLVQPMHAKRLGVGVVVVNRLLYAIGGFDG 455 
                    :*  :****** *  :*.:** *:*: *.* ** ** ::*:****.*:******:***** 
 
NP_036421.2         TNRLNSAECYYPERNEWRMITAMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540 
NP_001103775.1      TNRLNSAECYYPERNEWRMITPMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540 
NP_650594.1         NERLASVECYHPENNEWSFLPPLQTGRSGAGVAAINQYIYVVGGFDGTRQLATVERYDTE 515 
                    .:** *.***:**.*** ::  ::* ******..::: **..**:**  ** :*****.* 
 
NP_036421.2         TETWTFVAPMKHRRSALGITVHQGRIYVLGGYDGHTFLDSVECYDPDTDTWSEVTRMTSG 600 
NP_001103775.1      TETWTFVAPMRHHRSALGITVHQGKIYVLGGYDGHTFLDSVECYDPDSDTWSEVTRMTSG 600 
NP_650594.1         NDTWDMVAPIQIARSALSLTPLDEKLYAIGGFDGNNFLSIVEVYDPRTNTWTTGTPLKSG 575 
                    .:** :***::  ****.:*  : ::*.:**:**:.**. ** *** ::**:  * :.** 
 
NP_036421.2         RSGVGVAVTMEPCRKQID--QQNCTC---------------------------------- 624 
NP_001103775.1      RSGVGVAVTMEPCRKQID--QQNCTC---------------------------------- 624 
NP_650594.1         RSGHASAVIYQPACSTTFMDYEDSDAPHPDGSNNGERNAHTPQNTYGSGSPHYPGTASNM 635 
                    *** . **  :*. .      ::. .                                   
 
NP_036421.2         ------------------------------------------------------------ 624 
NP_001103775.1      ------------------------------------------------------------ 624 
NP_650594.1         QFHTSYGMSGCNNCDSEMDIKPYIPAEHHSFQIPAIRSEELVNPNCPWSRMQERFRRTPP 695 
                                                                                 
 
NP_036421.2         ------------------------------------------------- 624 
NP_001103775.1      ------------------------------------------------- 624 
NP_650594.1         ASFTDDERNANDMRHKLKKAQKECLFSTAAKVFHHHIEGRLRKLTSAAT 744            
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NP_036421.2         MQPDPRPSGAGACCRFLPLQSQCPEGAGDAVMYASTECKAEVTPSQHGNRTFSYTLEDHT 60 
NP_001103775.1      MQPEPKLSGAPRSSQFLPLWSKCPEGAGDAVMYASTECKAEVTPSQDGNRTFSYTLEDHT 60 
NP_650594.1         ---------------MSNTSESCSISCGGRFG--SA--HSTLDDHDATDDDMTFCMSNYA 41 
                                   :    ..*  ..*. .   *:  :: :   :  :  ::: :.::: 
 
NP_036421.2         KQAFGIMNELRLSQQLCDVTLQVKYQDAPAAQFMAHKVVLASSSPVFKAMFTNGLREQGM 120 
NP_001103775.1      KQAFGVMNELRLSQQLCDVTLQVKYEDIPAAQFMAHKVVLASSSPVFKAMFTNGLREQGM 120 
NP_650594.1         KEALKMMYMMRSHGMLTDVVLEVK-----KELFPAHKVVLSAASPYFKAMFTGGLKESEM 96 
                    *:*: :*  :*    * **.*:**        * ******:::** ******.**:*. * 
 
NP_036421.2         EVVSIEGIHPKVMERLIEFAYTASISMGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQLD 180 
NP_001103775.1      EVVSIEGIHPKVMERLIEFAYTASISVGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQLD 180 
NP_650594.1         SRVQLQGVCPTAMSRILYFMYTGQIRVTEVTVCQLLPAATMFQVPNVIDACCAFLERQLD 156 
                    . *.::*: *..*.*:: * **..* : *  * ::: .*.*:*: .*: **. ** :*** 
 
NP_036421.2         PSNAIGIANFAEQIGCVELHQRAREYIYMHFGEVAKQEEFFNLSHCQLVTLISRDDLNVR 240 
NP_001103775.1      PSNAIGIANFAEQIGCTELHQRAREYIYMHFGEVAKQEEFFNLSHCQLATLISRDDLNVR 240 
NP_650594.1         PTNAIGIAHFAEQHGCVELQKKANVFIERNFTQVCQEEEFLQLSAYQLIALIRRDELNVQ 216 
                    *:******:**** **.**:::*. :*  :* :*.::***::**  ** :** **:***: 
 
NP_036421.2         CESEVFHACINWVKYDCEQRRFYVQALLRAVRCHSLTPNFLQMQLQKCEILQSDSRCKDY 300 
NP_001103775.1      CESEVFHACIDWVKYDCPQRRFYVQALLRAVRCHALTPRFLQTQLQKCEILQADARCKDY 300 
NP_650594.1         EEREVYNAVLKWVKYDEDNRHCKMEHILGAVRCQFLTPNFLKEQMKNCDVLRKVPACREY 276 
                     * **::* :.*****  :*:  :: :* ****: ***.**: *:::*::*:    *::* 
  
NP_036421.2         LVKIFEELTLHKPTQVMPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSDGTWLRLADLQV 360 
NP_001103775.1      LVQIFQELTLHKPTQAVPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSNGSWLRLADLQV 360 
NP_650594.1         LAKIFKDLTLHKCPGV-KERTPNTTRMIFVAGGFFRHSLDILEAYNVDDMTWTTLANLRI 335 
                    *.:**::*****   .   *:*:. *:*:.***:**:**. ***** .: :*  **:*:: 
 
NP_036421.2         PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCAPMSVPRNRIGVGV 420 
NP_001103775.1      PRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSALDCYNPMTNQWSPCASMSVPRNRIGVGV 420 
NP_650594.1         PRSGLGAAFLKGKFYAVGGRNNNIGSSYDSDWVDRYSAVTETWRPCAPMSVPRHRVGVAV 395 
                    *****....: * :********. ... **. :* *. :*: * *** *****:*:**.* 
 
NP_036421.2         IDGHIYAVGGSHGCIHHNSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480 
NP_001103775.1      IDGHIYAVGGSHGCIHHSSVERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDG 480 
NP_650594.1         MDELMYAVGGSAGMEYHNTVEYYDPDLDRWTLVQPMHAKRLGVGVVVVNRLLYAIGGFDG 455 
                    :*  :****** *  :*.:** *:*: *.* ** ** ::*:****.*:******:***** 
 
NP_036421.2         TNRLNSAECYYPERNEWRMITAMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540 
NP_001103775.1      TNRLNSAECYYPERNEWRMITPMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNSVERYDVE 540 
NP_650594.1         NERLASVECYHPENNEWSFLPPLQTGRSGAGVAAINQYIYVVGGFDGTRQLATVERYDTE 515 
                    .:** *.***:**.*** ::  ::* ******..::: **..**:**  ** :*****.* 
 
NP_036421.2         TETWTFVAPMKHRRSALGITVHQGRIYVLGGYDGHTFLDSVECYDPDTDTWSEVTRMTSG 600 
NP_001103775.1      TETWTFVAPMRHHRSALGITVHQGKIYVLGGYDGHTFLDSVECYDPDSDTWSEVTRMTSG 600 
NP_650594.1         NDTWDMVAPIQIARSALSLTPLDEKLYAIGGFDGNNFLSIVEVYDPRTNTWTTGTPLKSG 575 
                    .:** :***::  ****.:*  : ::*.:**:**:.**. ** *** ::**:  * :.** 
 
NP_036421.2         RSGVGVAVTMEPCRKQID--QQNCTC---------------------------------- 624 
NP_001103775.1      RSGVGVAVTMEPCRKQID--QQNCTC---------------------------------- 624 
NP_650594.1         RSGHASAVIYQPACSTTFMDYEDSDAPHPDGSNNGERNAHTPQNTYGSGSPHYPGTASNM 635 
                    *** . **  :*. .      ::. .                                   
 
NP_036421.2         ------------------------------------------------------------ 624 
NP_001103775.1      ------------------------------------------------------------ 624 
NP_650594.1         QFHTSYGMSGCNNCDSEMDIKPYIPAEHHSFQIPAIRSEELVNPNCPWSRMQERFRRTPP 695 
                                                                                 
 
NP_036421.2         ------------------------------------------------- 624 
NP_001103775.1      ------------------------------------------------- 624 
NP_650594.1         ASFTDDERNANDMRHKLKKAQKECLFSTAAKVFHHHIEGRLRKLTSAAT 744            
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The IVR domain consists of the nuclear export sequence (NES) and also contains stress sensing 

cysteine residues. Cysteine 151 is most prominently studied and is known determined to be an 

important cysteine for the detection of electrophiles, such as dimethyl fumarate (DMF). This particular 

cysteine is not conserved in the same amino acid however, there is a cysteine adjacent to this position 
and the ARE reporter gene was shown to be activated by diethyl-maleate (DEM) treatment (Chatterjee 

& Bohmann, 2012). (C) Keap1 binds NRF2 via its C terminal Kelch domain by interacting with the DLG 

and ETGE motifs in the Neh2 domain of NRF2. The six double glycine repeats are also a key structure 

feature of the Kelch domain. 

 

1.4.2 NRF2/Keap1 signalling 
 

Under basal homeostatic conditions, Keap1 binds to CUL3 via its BTB domain, which 

leads to Keap1 homodimerisation. The CUL3-RBX1-Keap1 ubiquitin ligase complex interacts 

with the DLG and ETGE motifs in the Neh2 domain of NRF2 via its C terminal Kelch domain 

of Keap1. The high-affinity ETGE motif binds to the Kelch domain of Keap1 and the lower 

affinity DLG motif binds to the second Keap1 dimer. This leads to polyubiquitination of NRF2 

at the lysine-rich region (KKKKKKK) in the cytoplasm and is targeted to the proteasome for 

degradation (Figure 1.9). Under oxidative stress, electrophiles and ROS react with the several 

cysteine sensors of Keap1, including cysteine 151 (C151), C273 and C288 (Figure 1.9B). The 

modification of the cysteine residues causes a conformational change which disrupts the 

weak, low-affinity binding between the DLG motif and Kelch domain of Keap1, leading to its 

dissociation with NRF2. NRF2 translocates to the nucleus where it binds with small Maf 

proteins (sMAFs), forming a heterodimer which then binds to the ARE (antioxidant responsive 

element) sequences on target cytoprotective genes, thus activating their transcription (Figure 

1.9) (Dinkova-Kostova & Abramov, 2015; Holmstrom et al., 2016; Fuse & Kobayashi, 2017). 

 

Moreover, there are Keap1-dependent but cysteine-independent mechanisms 

whereby proteins such as p62/sequestosome1 (SQSTM1) also contains ETGE motifs which 

compete with NRF2 for Keap1 binding, leading to Keap1 sequestration and NRF2 stabilisation 

(Komatsu et al, 2010). There are also other means of NRF2 degradation which are Keap1 

independent including βTrCP-SKP1-CUL1-RBX1 and WDR3-CUL4-DDB1 mediated 

degradation which also results in NRF2 ubiquitination and degradation by interacting with 

different NRF2 domains (Rada et al, 2011; Chowdhry et al., 2013; Lo et al, 2017).  

 

NRF2 downstream target genes include a range of proteins with detoxification, 

antioxidant and anti-inflammatory properties, with the purpose to maintain redox balance 

(Hirotsu et al, 2012). Some examples of redox genes include heme oxygenase 1 (HO1), 
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NADPH quinone dehydrogenase (NQO1), glutathione S-transferase (GST), two subunits of 

glutamate-cysteine ligase (GCL) and glutamate-cysteine ligase modifier (GCLM, the rate-

limiting enzyme for GSH synthesis). Antioxidant genes include SOD1, catalase, sulfiredoxin, 

thioredoxin, and peroxiredoxin (Bono et al, 2021). NRF2 also regulates other cellular pathways 

including several autophagy-related genes that have common ARE sequences in their 

promotors including NDP52, SQSTM1, ULK1 and ATG7 as well as blocking pro-inflammatory 

cytokine transcription including IL-6 and IL-1β (Bono et al., 2021). 

 

 

 

Figure 1.9 NRF2/Keap1 signalling 

Under basal conditions, Keap1 forms a ubiquitin E3 ligase complex with CULLIN 3 (CUL3) and Ring 
box protein 1 (RBX1) by binding to the DLG and ETGE motifs from NRF2. This leads to the 

polyubiquitination of NRF2 resulting in proteasomal degradation in the cytoplasm. During oxidative 

stress, exposure to electrophiles or ROS is detected by the reactive cysteine residues in Keap1, causing 

a conformational change whereby NRF2 dissociates from Keap1 and in turn accumulates and 

translocate to the nucleus, heterodimerizes with small Maf (sMAF) proteins, bind to ARE of 

cytoprotective genes, thereby acting as a master regulatory transcription factor.  

 

1.4.3 NRF2 and ALS 
 

The NRF2 pathway has been shown to be affected in ALS patients as well as in in vitro 

and animal models of the disease however, there are contrasting views on how the pathway 

is dysregulated (Table 1.2). Post mortem tissue from ALS patients revealed a reduction of 
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NRF2 mRNA and protein expression in neurons in the motor cortex and spinal cord, whereas 

Keap1 mRNA expression was increased in the motor cortex only, however similar protein 

expression levels were observed (Sarlette et al, 2008). The authors did emphasise that since 

the ALS samples are from end-stage disease, it is not possible to rule out a role for Keap1 in 

motor neuron death as expression levels may have been altered in earlier stages of the 

disease (Sarlette et al., 2008). Moreover, one cannot exclude the possibility that the NRF2 

axis could be activated at the early stages of the disease since a reduction of NRF2 was 

observed (Jimenez-Villegas et al., 2021). 

 

Most studies investigating the NRF2/Keap1 pathway have focussed on the SOD1-

linked ALS. Deletion of NRF2 in different SOD1 mouse models (G93A model (Guo et al, 2013; 

Vargas et al, 2013); G85R model (Vargas et al., 2013); H46R model (Hadano et al, 2016) did 

not change the progression of the disease, suggesting NRF2 may not be the sole mediator for 

the induction of cytoprotective antioxidant genes and therefore may not be the key protective 

mechanism against neurodegeneration (Guo et al., 2013). However, despite not observing 

any detrimental effect associated with the lack of NRF2, specific overexpression in neurons 

or type II skeletal muscle fibres delayed disease onset, but did not extend survival in SOD1
G93A

 

mice highlighting the tissue and cell type specificity involved in the regulation of the NRF2 

pathway (Vargas et al., 2013). Kraft et al (2007) had similar findings by crossing ALS mouse 

models with an antioxidant response element (ARE) reporter mouse to understand the spatio-

temporal activation. They showed an early and intense NRF2 activation in distal skeletal 

muscles and progress in a retrograde fashion since lower levels of activation at symptom onset 

in spinal cord MNs and astrocytes were observed (Kraft et al., 2007). Moreover, it is important 

to recognise that using global, non-inducible knockouts of NRF2 may cause many 

compensatory pathways to occur and therefore not portray the complete picture.  

 

Other studies have observed evidence indicating that the NRF2 pathway is perturbed. 

Nardo et al (2013) performed a motor neuron transcriptome analysis with laser captured motor 

neurons isolated from the lumbar ventral spinal cords of two strains of SOD1 transgenic mice 

– the rapid progressive strain (129Sv) compared to the slowly progressive strain (C57). The 

expression of NRF2 mRNA was increased in the motor neurons of the slowly progressive C57 

strain from disease onset whereas an increase in NRF2 levels was only observed at the end 

stage of the disease for the fast progressive 129Sv strain. Immunohistochemical analysis 

performed on the lumbar spinal cord at the onset of the disease identified no upregulation of 

NRF2 protein in the slow progressive C57 strain, whereas a reduction was observed in the 

fast progressive 129Sv strain. Moreover, downregulation of pathways involving mitochondrial 

function was only observed in the fast progressive 129Sv strain. This suggests that the rapidly 
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progressive strain may have mitochondrial phenotypes in early pathogenesis accompanied by 

a weak NRF2 response which also may explain the fast progressive nature of this strain. NRF2 

protein levels were also reduced in primary motor neuron cultures from SOD1
G93A

 transgenic 

mice (Pehar et al, 2007) and overexpression of NRF2 in NSC-34 SOD1
G93A

 cells was able to 

significantly decrease oxidative stress and increase cell survival (Nanou et al, 2013).  

 

Mimoto et al (2012) evaluated the temporal and spatial changes of NRF2, Keap1 and 

its downstream stress response proteins HO-1, TRX and heat shock protein 70 (HSP70) 

throughout the MN degeneration in the spinal cord of SOD1
G93A

 mice. Keap1 protein levels 

were progressively decreased from early (63%) to late symptomatic stages (58%), whereas 

NRF2 dramatically increased in the anterior lumbar cord with accumulation in the MN nucleus 

(to 229%) and 471% at 18 weeks when glial like cells also became positive. In contrast, 

downstream stress response proteins showed only a small significant increase in MNs that 

correlated with an increased number of glial cells after the symptomatic stage (149% to 280%) 

(Mimoto et al., 2012). 

 

Finally, in a different ALS model, Moujalled et al (2017) used ALS patient fibroblasts 

harbouring a TDP-43
M337V 

mutation and NSC-34 motor neuronal cell lines carrying the TDP-

43
Q331K 

mutation and performed RNA binding immunoprecipitation studies. This revealed an 

enrichment of NRF2 and GPX1 transcripts bound to heterogeneous nuclear ribonucleoprotein 

K (hnRNP K) protein, which is an RNA-binding protein. hnRNP K was found to be mislocalised 

and its altered metabolism subsequently impairs the oxidative stress response in cells due to 

aberrant translation of key antioxidant proteins (Moujalled et al., 2017). Of note, Braems et al 

(2022) found that hnRNP K was found to be mislocalised in C9orf72 ALS/FTD patient tissue 

and overexpression of hnRNP K was sufficient to suppress DNA damage in a C9orf72 

zebrafish model. 

 

Altogether, these studies support the hypothesis that reinforcement of the 

NRF2/Keap1 pathway could represent a promising therapeutic strategy for neuroprotection in 

ALS (Jimenez-Villegas et al., 2021). 
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1.5 The use of Drosophila melanogaster as a genetic model system 
 

Drosophila melanogaster are an excellent model organism and have been extensively 

used to study neurodegenerative diseases. Flies have a range of complex behaviours 

including sleep, learning and memory, and navigation which can be monitored as these 

behaviours decline with age and in the presence of disease genes (Anoar et al, 2021). The 

Drosophila genome is fully sequenced, has only 4 chromosomes and currently estimates 

13,821 genes; 65% of human genes are homologous to Drosophila genes and there is 

homology in the structure and function of proteins found to be involved in neurodegeneration 

(Hirth, 2010). Moreover, Drosophila can be used to recapitulate phenotypic features of disease 

well and expression of specific genes can be manipulated in a time and tissue-specific 

manner, facilitating the study of disease progression. This is easily achieved using the 

GAL4/UAS bipartite system whereby selective expression and knockdown of target genes can 

be achieved in a cell and tissue specific manner (Brand & Perrimon, 1993). The system 

consists of two parts: the yeast transcription factor GAL4 and the upstream activating 

sequence (UAS). GAL4 is typically expressed under the control of a tissue specific enhancer 

and binds to the UAS which initiate transcription of the gene of interest downstream of the 

UAS in a tissue specific manner. This system is activated when two transgenic lines, the GAL4 

driver line and the UAS responder line are combined, usually by defined crossing schemes 

(Figure 1.10). 

 

Drosophila also have a relatively short lifespan, rapid generation times and low 

maintenance costs, therefore are ideal for conducting genetic screens as well as studying 

neurodegenerative diseases including C9orf72 ALS/FTD. Firstly, Drosophila do not have a 

C9orf72 orthologue therefore loss of function experiments are not possible. However, gain of 

function toxicity can be investigated. Pure repeat models have been produced which contain 

the G4C2 sequence thereby producing repetitive RNA and theoretically all five of the DPRs 

and have shown to cause toxicity (Xu et al., 2013; Mizielinska et al., 2014; Freibaum et al., 

2015; Solomon et al., 2018). In order to elucidate the contribution of repeat RNA, fly models 

expressing repeat RNA only (RO) have been developed by inserting stop codons every 12 

GGGGCC repeats to prevent translation. Antisense RNA models as well as pathologically 

relevant repeat length RNA (up to 1000 repeats) were generated by (Moens et al, 2018). All 

of the RNA only models were shown to form RNA foci and sequester RNA binding proteins 

however, do not cause overt toxicity suggesting that repat RNA alone is insufficient to cause 

neurodegeneration (Sharpe et al., 2021). To dissect DPR protein only toxicity, a variety of 

DPR only constructs have been developed by the expression of transgenes generated using 
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alternative codon sequences for each different DPR (Mizielinska et al., 2014; Wen et al., 2014; 

Freibaum et al., 2015; Yang et al., 2015; Boeynaems et al, 2016; Solomon et al., 2018; West 

et al, 2020) whereby arginine-rich DPR only flies have been found to be the most toxic. In 

conclusion, a combination of flies can be used to determine the molecular mechanisms 

underpinning disease. 

 

 

 
 
Figure 1.10 GAL4/UAS System 

Two transgenic lines are crossed together, the enhancer-trap GAL4 x UAS gene X. The yeast 

transcriptional activator GAL4 can be used to regulate tissue-specific gene expression by binding to the 
upstream activating sequence (UAS), which initiates transcription of the gene X of interest downstream 

of the UAS. Figure from St Johnston (2002). 
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1.6 Thesis Aims 
 

Mitochondria are vital organelles important for cellular processes regulating energy 

metabolism and cell survival. The role of mitochondria specifically in C9orf72 ALS/FTD has 

been relatively understudied, especially in an in vivo system. Excess production of reactive 

oxygen species (ROS) and defective mitochondrial dynamics are common features of ALS, 

but it is not clear whether these phenomena are causative or a consequence of the pathogenic 

process. Therefore, this project aimed to provide a comprehensive in vivo characterisation of 

mitochondrial dysfunction in a Drosophila model of C9orf72 ALS/FTD and aim to elucidate the 

underlying mechanisms behind the disease progression and pathogenesis. 

 

Chapter 3 provides a thorough analysis of different aspects of mitochondrial 

dysfunction in C9orf72 ALS/FTD using various models including a G4C2x36 repeat model, 

and alternative codon constructs, GR36 and GR1000. Mitochondrial morphology, autophagy 

and mitophagy, mitochondrial respiration and oxidative stress were investigated. These 

results provided fundamental groundwork to characterise mitochondrial phenotypes present. 

 

Chapter 4 aimed to build on results found in Chapter 3 and rescue mitochondrial 

phenotypes and behavioural motor impairments observed in the C9orf72 flies. Genetic 

interactions were tested including mitochondrial dynamics genes, mitophagy-related genes 

and antioxidant genes.  

 

In Chapter 5, since only overexpression of antioxidant genes, mitochondrial Sod2 and 

catalase were beneficial, the causative link between mitochondrial dysfunction, ROS and 

behavioural phenotypes were explored by investigating the main intracellular defence 

mechanisms to counteract oxidative stress i.e. the NRF2/Keap1 signalling pathway.  

  



 

  

Chapter 2 – Materials and Methods 
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2.1 Drosophila husbandry 
 

Flies were maintained at 25 
o
C in Sanyo incubators (MIR-254) with a 12:12 hour 

light/dark cycle on food containing cornmeal, agar, molasses, yeast and propionic acid. Fly 

stocks were kept at 18
o
C and experimental crosses at 25 

o
C. Flies used in this study is listed 

in Table 2.1. 

 

Table 2.1. Drosophila lines used in this study, with source and ID 

Genotype Source ID 
GAL4 drivers 
nSyb-GAL4 BDSC BDSC_51635 

D42-GAL4 BDSC BDSC_8816 

GMR-GAL4 BDSC BDSC_1104 

arm-GAL4 BDSC BDSC_1560 

Dip-γ-GAL4 (MI03222)  Carillo et al., (2015) 

C9orf72 lines 
UAS-G4C2x3  Mizielinska et al., (2014) 

UAS-G4C2x36  Mizielinska et al., (2014) 

UAS-GR36  Mizielinska et al., (2014) 

UAS-GR1000-eGFP  West et al., (2020) 

Controls 
w[1118] BDSC BDSC_6326 

UAS-lacZ FlyORF F005035 

UAS-luciferase RNAi BDSC BDSC_31603 

UAS-mito.HA.GFP BDSC BDSC_8443 

Antioxidant lines 
UAS-Sod1 BDSC BDSC_33605 

UAS-Sod2 BDSC BDSC_24492 

UAS-catalase BDSC BDSC_24621 

UAS-mito.Catalase  Radyuk et al., (2010) 

Mitochondrial dynamics lines 
UAS-Tango11.HA FlyORF F002828 

UAS-Drp1.WT JK Chung  

Opa1[s3475] BDSC BDSC_12188 

Marf[B] Hector Sandoval, Hugo Bellen  

Mitophagy/autophagy lines 
UAS-mitoQC (attP16) Our lab Lee et al., (2018) 

UAS-USP30 RNAi NIG 3016R-2 

UAS-GFP.mCherry.Atg8a BDSC BDSC_37749 
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UAS-Atg5 RNAi BDSC BDSC_34899 

UAS-HA-Pink1.WT JK Chung  

UAS-Tc-Pink1 Our lab Woodroof et al., (2011) 

UAS-park.C2 Leo Pallanck Greene et al., (2003) 

MICOS lines 
UAS-Opa1-RNAi VDRC KK106290 

UAS-dMitofilin-myc Xinnan Wang  

UAS-Letm1-HA FlyORF F001238 

Oxidative stress lines 
UAS-mito-roGFP2-Orp1 BDSC BDSC_67667 

cncC/Keap1 lines 

UAS-cncC Linda Partridge 

Sykiotis and Bohmann 

(2008) 

Keap1[del] Linda Partridge Castillo et al., (2016) 

gstD1-GFP (II) Linda Partridge 

Sykiotis and Bohmann 

(2008) 

 
BDSC = Bloomington Drosophila Stock Center (RRID:SCR_006457), FlyORF = Zurich ORFeome 
Project (Bischof et al., 2013), NIG = National Institute of Genetics, VDRC = Vienna Drosophila 
Reference Center (RRID:SCR_013805). 
 

2.1.1 Drug Treatments 
 

For food supplemented with 10 mM paraquat (Sigma) or 7 μM dimethyl fumarate 

(DMF, Sigma), standard Drosophila food was used but prepared with ¾ parts of water. After 

cooling to 50
 o

C, the remaining part of water is added with the compounds dissolved in a 

concentration of 4X for the desired concentration. All flies were flipped into freshly prepared 

supplemented food every 2-3 days. 

 

2.2 Behavioural assays 
 

2.2.1 Larval crawling 
 

Wandering third instar larvae (only larvae from the tube wall) were used (n = 8-15). 

Each larva was placed in the middle of a 1 % agar plate, where they were left to acclimatise 

for 30 seconds. After, the number of forward and backward peristaltic waves were counted for 

60 seconds. 
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2.2.2 Climbing assay 
 

Unless specified, adult males were collected the day before the experiment in groups 

of 15-22. On the day of the experiment, flies were placed in the climbing room for 30 minutes 

to acclimatise to the temperature (around 22-23 
o
C), then transferred into test tubes for 

another 30 minutes. Flies were then placed in a counter-current apparatus as previously 

described (Greene et al., 2003). After tapping the flies to the bottom of the tube, ten seconds 

were given for the flies to climb to the upper portion of the apparatus (10 cm). Flies that 

reached the upper portion i.e. climbed 10 cm or more, were shifted into the adjacent chamber. 

After five successive trials, the number of flies in each chamber was counted and the average 

score was calculated and expressed as a climbing index. 
 

2.3 Immunohistochemistry 
 

2.3.1 Mitochondrial morphology, autophagy and mitophagy 
 

Third instar larval brains were dissected in phosphate buffered saline (PBS) and fixed 

with 4 % formaldehyde (FA) (Thermo Scientific)/PBS for 20 minutes at room temperature. For 

the mitophagy mito-QC reporter, the 4 % FA/PBS was adjusted to pH 7. Samples were then 

washed in PBS followed water to remove salts. Prolong antifade mounting media (Thermo 

Scientific) was used to mount the samples and imaged the day after.  

 

2.3.1.1 Quantification of mitoQC mitolysosomes and mCherry autolysosomes 
 

Confocal images were processed using FIJI (Image J). The quantification of 

mitolysosomes was performed as described in Lee et al., (2018) using Imaris (version 9.0.2) 

analysis software. Briefly, a rendered 3D surface was generated corresponding to the 

mitochondrial network (GFP only). This surface was subtracted from the mCherry signal which 

overlapped with the GFP-labelled mitochondrial network, defining the red only mitolysosomes 

puncta with an estimated size of 0.5 μm and a minimum size cut-off of 0.2 μm diameter 

determined by Imaris (n = 6-8 animals, at least 10 cells were analysed per animal). 

 

The quantification of autolysosomes was performed using FIJI (Image J) with the 3D 

Objects Counter Plugin. An area of interest was selected by choosing 6-10 cells per image. 

The threshold was based on matching the mask with the fluorescence. All puncta larger than 

0.049 μm
3 was considered an autolysosome. 
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2.3.1.2 Quantification of mitochondrial morphology 
 

 After acquisition of images, each cell was classified using a scoring system where 

morphology was scored as fragmented, WT/tubular or fused/hyperfused. All images were 

blinded and quantified by three independent investigators. 

 

2.3.2 Immunostaining 
 

After fixing as described in 2.3.1, tissues were permeabilised in PBS with 0.3 % 

TritonX-100 (PBS-T) and blocked using 1 % bovine serum albumin (BSA) in PBS-T for 1 hour 

at room temperature. Tissues were then incubated with primary antibody, diluted in 1 % BSA 

in PBS-T overnight at 4 
o
C. Three 5-minute washes were performed using PBS-T, and then 

incubated with the appropriate secondary antibody diluted in 1 % BSA in PBS-T for 1 hour. 

After, two 5-minute washes in PBS-T were performed followed by a final 10-minute wash in 

PBS. If Hoechst was used to stain the cell nuclei, this was added at 1:10,000 in the first wash 

after secondary antibody incubation. Tissues were mounted on slides using Prolong antifade 

mounting media. A list of primary and secondary antibodies used in this study is given in Table 

2.2. 

 

2.3.2.1 Quantification of cncC staining 
 

All acquired images were taken with the same laser and gain during acquisition, which 

allowed a threshold to be set in FIJI that was consistent for all images. For each brain, using 

the Hoechst signal, 10 nuclei from the central part of the larval CNS and 10 from the periphery 

were quantified to minimise bias. This was overlaid onto the cncC channel and the mean 

intensity within the nuclei was measured using the ROI manager.  

 

2.3.3 Using mito-roGFP2-Orp1 
 

Mitochondrial ROS imaging was performed using the mito-roGFP2-Orp1 reporter lines 

(BDSC_67667). Third larval instar brains were dissected in PBS in a Poly-D-Lysine coated 35 

mm dish (MatTek) and imaged by excitation at 488 nm (reduced) or 405 nm (oxidized), with 

emission detected at 500-530 nm. Images were acquired using an LSM880 confocal 

microscope (Zeiss) equipped with a Nikon Plan-Apochromat 20X/0.8 NA objective. The 

maximum intensity of projected z stacks from imaged brains was quantified using ImageJ and 

the ratio of 405/488 nm was calculated. 
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2.3.4 MitoSOX  
 

2-3 adult brains at a time at day 15 were dissected in phosphate buffered saline (PBS), 

incubated in 20 μM of MitoSOX (ThermoFisher) for 30 minutes in the dark, washed with PBS 

for three times, mounted on MatTek dishes and imaged immediately. Images were acquired 

using an LSM880 confocal microscope (Zeiss) equipped with a Nikon Plan-Apochromat 

20X/0.8 NA objective. The maximum intensity of projected z stacks from imaged brains was 

quantified using ImageJ. 

 

2.4 Microscopy 
 

Fluorescence imaging was conducted with a Zeiss LSM 880 (Carl Zeiss MicroImaging) 

equipped with Nikon Plan-Apochromat 40X/1.3 NA oil immersion objective. For mito-QC 

imaging, the Andor Dragonfly spinning disk microscope was used, equipped with a Nikon 

Plan-Apochromat 100x/1.45 NA oil immersion objective and iXon camera. Z stacks were 

acquired with 0.2 μm steps.  

 

2.5 Immunoblotting 
 

Proteins were isolated from either larval brains or adult heads using RIPA lysis buffer 

(50 mM pH 7.4 Tris, 1 M NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate and 1 % NP-40) 

supplemented with cOmplete mini EDTA-free protease inhibitors (Roche). After protein 

quantification using bicinchoninic acid assay (BCA) (Thermo Fisher), 4X Laemmli buffer 

(BioRad) containing 1:10 β-mercaptoethanol (Sigma) was added. Samples were boiled at 95 

o
C for 10 minutes and resolved by SDS-PAGE using 4-20 % or 10 % precast gels (BioRad), 

depending on the molecular weight of the desired protein, and transferred onto nitrocellulose 

membrane (BioRad) using a semi-dry BioRad TransBlot system. Membranes were blocked 

with 5 % (w/v) dried skimmed milk powder (Instant Milk Marvel) in Tris-buffered saline (TBS) 

with 0.1 % Tween-20 (TBS-T) for 1 hour at room temperature and probed with the appropriate 

primary antibodies diluted in TBS-T overnight at 4 
o
C. After three 10-minute washes in TBS-

T, the membranes were incubated with the appropriate horse radish peroxidase (HRP-

conjugated) secondary antibodies (Dako) diluted in 5 % milk in TBS-T for 1 hour at room 

temperature. Membranes were washed finally three times for 10 minutes in TBS-T and 

detection was achieved with ECL-Prime detection kit (Amersham). All primary and secondary 

antibodies used are listed in Table 2.2.  
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Table 2.2. Primary and secondary antibodies used for immunofluorescence and western blot 
 

Purpose Primary antibodies Dilution Source/ID 
IF rabbit anti-cncC 1:500 Yu Fengwei’s lab 

WB 

rabbit anti-GFP 1:1000 Abcam, ab294 

mouse anti-tubulin 1:5000 Sigma, T9026 

rabbit anti-Ref2(P) 1:1000 Abcam, ab178440 

rabbit anti-SOD1 1:1000 Sigma, HPA001401 

rabbit anti-GABARAP 1:1000 Abcam, ab109364  

Purpose Secondary antibodies Dilution Source/ID 

WB 

goat anti-mouse HRP 1:10000 Abcam, ab6789-1 

goat anti-rabbit HRP 1:10000 Invitrogen, G21234 

IF goat anti-rabbit AF488 1:500 Invitrogen, A11008 

    

Purpose Others Dilution Source/ID 
WB Hoechst 1:10000 Invitrogen, H3570 

IF = immunofluorescence, WB = western blot 

 

2.6 Quantitative real-time PCR 
 

2.6.1 RNA extraction 
 

Whole flies were snap frozen and vortexed in a 15 ml falcon before being emptied out 

onto a dish sitting on top of dry ice. Approximately 30 heads were collected using a paint brush 

and placed into a 2 ml tube containing 1.4 mm ceramic beads (Fisherbrand), also on dry ice 

to minimise any RNA degradation. 400 μl of TRI Reagent (Sigma) was added and placed into 

Minilysis machine where the programme was set to maximum speed for 10 seconds. The 

samples were placed back on ice for 5 minutes before two further rounds of lysing. Direct-zol 

RNA miniprep (Zymo) RNA extraction kit was used following manufacturer’s instructions. 

Briefly, RNA purification was achieved by adding equal amounts of 100 % ethanol to the lysed 

sample in Tri Reagent, mixed and centrifuged. Rounds of Direct-zol RNA Prewash and RNA 

wash buffer followed by centrifugation proceeded. RNA was eluted with nuclease free water 

(ThermoFisher) with the final volume of 15 μl. 

 

2.6.2 DNase treatment 
 

TURBO DNA-free Kit (Invitrogen) was used to remove contaminating DNA by following 

manufacturer’s instructions. Briefly, 0.1 volume of 10X TURBO Dnase Buffer and 0.1 μl of 
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TURBO Dnase enzyme was added to the RNA and incubated at 37 
o
C for 30 minutes. A 

further 0.1 μl of TURBO Dnase enzyme was added and incubated at 37 
o
C for another 30 

minutes. 0.1 volume/2 μl (whichever volume is greater) of Dnase Inactivation Reagent was 

added, mixed well and incubated for 5 minutes at room temperature. Samples were 

centrifuged and the supernatant containing the RNA was transferred to a fresh tube carefully 

without disturbing the pellet to avoid contamination. RNA concentration was measured using 

a Nanophotometer (Implen).  

 

2.6.3 cDNA synthesis 
 

cDNA was synthesised using Thermo Scientific Maxima H Minus cDNA synthesis kit 

following manufacturer’s instructions. Equivalent (500 μg) total RNA underwent reverse 

transcription for each sample. Briefly, a mixture of RNA, 10X dsDNase buffer, dsDNase and 

nuclease free water was mixed together and incubated at 37 
o
C for 2 minutes and placed back 

on ice to chill. Next, a mixture of Maxima cDNA H Minus Synthesis Master Mix (5X, containing 

reverse transcriptase, Rnase inhibitor, dNTPs, oligo (dT)18 and random hexamer primers in 

reaction buffer) and nuclease free water was added, mixed and incubated in a preheated PCR 

machine with the programme consisting of 25 
o
C for 10 minutes, 50 

o
C for 15 minutes and 85 

o
C for 5 minutes. cDNA was stored in -20 

o
C if used directly or -70 

o
C for long term storage. 

 

2.6.4 qRT-PCR 
 

Gene-specific primers were designed such that oligos spanned an intron whenever 

possible while some were taken from the literature. A list of all the primers used are in Table 

2.3. Thermo Scientific Maxima SYBR Green/ROX was used following manufacturer’s 

instructions. Briefly a master mix containing Maxima SYBR Green/ROX qPCR Master Mix, 0.6 

μM of forward and reverse primers and nuclease free water was made up and added into a 

96-Well Reaction Plate MicroAmp Optical (VWR International). Template DNA was added to 

the wells, centrifuged briefly and placed into the Quant Studio 3 RT-PCR machine. The two-

step cycling protocol was used consisting of an initial denaturation at 95 
o
C for 10 minutes 

followed by 40 cycles of denaturation at 95 
o
C for 15 seconds and annealing/extension at 60 

o
C for 1 minute. The specificity of primers was assessed by melting curve profile and their 

efficiency ranged from 0.95 to 1.03. The relative transcript levels of each target gene were 

normalised to a geometric mean of RpL32 and Tub84b reference genes, using the 

comparative Ct method (Schmittgen and Livak, 2008).  
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Table 2.3. Primers used for qRT-PCR in this study 
 

Primer Sequence 5’-3’ 
cncC GAGGTGGAAATCGGAGATGA 

  CTGCTTGTAGAGCACCTCAGC 

Keap1 TGGCCAGCGTGGAGTGCTAC 

  TTGCAGCAACACCCGCTCCA 

gstD1 CCGTGGGCGTCGAGCTGAACA 

  GCGCGAATCCGTTGTCCACCA 

gclC ATACCGACCATAACGAAGAAGTACCAGA 

  ATACTTATCTCATTCCGTCCATTCTCCGT 

Sod1 CCAAGGGCACGGTTTTCTTC 

  CCTCACCGGAGACCTTCAC 

Sod2 GTGGCCCGTAAAATTTCGCAAA 

  GCTTCGGTAGGGTGTGCTT 

Catalase CCAAGGGAGCTGGTGCTT 

  ACGCCATCCTCAGTGTAGAA 

RpL32 AAACGCGGTTCTGCATGAG 

  GCCGCTTCAAGGGACAGTATCTG 

Tubulin (Tub84b) TGGGCCCGTCTGGACCACAA 

  TCGCCGTCACCGGAGTCCAT 

 

2.7 Mitochondrial respiration 
 

Mitochondrial respiration was monitored at 25 
o
C using an Oxygraph-2k high resolution 

respirometer (OROBOROS Instruments). Standard oxygen calibration was performed before 

the start of every experiment. 15-20 day 5 old adult heads per replicate for each genotype was 

extracted using forceps and placed in 100 μl of Respiration buffer (RB) (120 mM sucrose, 50 

mM KCl, 20 mM Tris-HCl, 4 mM KH2PO4, 2 mM MgCl2, 1 mM EGTA and 1 g/l fatty acid-free 

BSA, pH 7.2). This was homogenised on ice using a pestle with 20 strokes. 1 ml of RB was 

added to the homogenate and passed through a 1 ml syringe with a piece of cotton wool inside 

to remove the debris. This was repeated with another 1 ml of RB. In total, 2.1 ml of 

homogenate was added into the respiratory chambers. For coupled ‘state 3’ assays, saturating 

concentrations of substrates including 10 mM glutamate, 2 mM malate, 10 mM proline and 2.5 

mM ADP was added to measure Complex I linked respiration. 0.15 μM rotenone was added 

to inhibit Complex I and a further 10 mM succinate was added to measure Complex II linked 

respiration. Data acquisition and analysis were carried out using Datlab software 

(OROBOROS Instruments).  
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2.8 Statistical analysis 

 
GraphPad Prism 9 was used to perform all statistical analyses. Climbing data was 

analysed using Kruskal-Wallis non-parametric test with Dunn’s correction for multiple 

comparisons. Data are presented as mean ± 95% confidence interval. Larval crawling, number 

of mitolysosomes and autolysosomes count, WB and qPCR quantification was analysed using 

one-way ANOVA test with Bonferroni post hoc for multiple comparisons. Data are presented 

as mean ± SD. Mitochondria morphology was quantified using Chi squared test. Unpaired t-

tests with Welch’s correction for unequal standard deviation was used for respiratory Oroboros 

analysis. All statistical tests and n numbers are stated in the figure legends. 
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Chapter 3. Characterisation of mitochondrial phenotypes in a 

Drosophila model of C9orf72 ALS/FTD 
 

Background and Aims 
 

Drosophila melanogaster is an excellent animal model which recapitulates phenotypic 

features of disease well, for which expression of specific genes can be manipulated in a time 

and tissue specific manner using the GAL4/UAS system, facilitating the study of disease 

progression. 

 

Mitochondrial dysfunction is a prevalent feature in many neurodegenerative diseases 

including Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD). The role 

of mitochondria specifically in C9orf72 ALS/FTD has been relatively understudied, especially 

in an in vivo system. Excess production of reactive oxygen species (ROS) and defective 

mitochondrial dynamics are common features of ALS, but it is not clear whether these 

phenomena are causative or a consequence of the pathogenic process. Therefore, in this 

chapter, using three different Drosophila models of C9orf72 developed in Adrian Isaacs’ lab 

(Mizielinska et al., 2014) and Ryan West’s lab (West et al., 2020), I aimed to investigate and 

characterise mitochondrial phenotypes in the pathogenic processes of these models.  

 

3.1 Phenotypic characterisation of C9orf72 flies 
 

3.1.1 Expression of G4C2x36 repeats and GR36 in the eye harbours a rough 
eye phenotype 
 

At the start of the project, I used four Drosophila transgenic lines from Mizielinska et al 

(2014) which carry a range of ‘pure repeats’ under the UAS promoter (Figure 3.1A). These 

included a ‘pure repeats’ model containing a short non-pathological GGGGCC-repeat length 

of 3 and a longer pathogenic 36 repeats, which will now be referred to as G4C2x3 and 

G4C2x36. Mizielinska et al. (2014) showed that only sense transcripts were detected in their 

models, but not antisense transcripts. RNA fluorescent in situ hybridisation (FISH) showed 

that their 103 pure repeat model was able to generate RNA foci (Mizielinska et al., 2014). Of 

note, the study did not show any FISH performed in the G4C2x36 model used in our current 

study, however, since the longer repeat model was able to generate RNA foci, it is assumed 

that the shorter G4C2x36 model would too, but this remains to be confirmed. Moreover, poly-
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GR and poly-GP is also present in the G4C2x36 model shown by immunoblot. The G4C2x3 

acts as an excellent control as it has been shown that the shorter length constructs show no 

phenotype (no foci or DPRs) and are benign (Mizielinska et al., 2014). I also made use of 

three ‘protein-only’ alternative codon constructs, only producing the DPRs i.e., GR36, PR36 

and GA36 (Mizielinska et al., 2014) (Figure 3.1A). The constructs were generated by using 

alternative codons to those found within the G4C2 repeat. My aim was to use these models 

together with the pure repeats model to disentangle the differences between repeat RNA and 

DPR protein toxicity, as well investigate the differences in toxicity between the individual 

DPRs.  

 

 

 

Figure 3.1 Expression of G4C2x36 and arginine-rich DPRs, poly-GR and poly-PR are toxic  

(A) Schematic depicting C9orf72 models used in this study. The pure repeats model contains the 

hexanucleotide repeat sequence, and produces both RNA foci and DPRs. The DPR only models use 

alternative codon sequences to produce only one DPR protein and lack the repeat sequence. Figure 

adapted from (Sharpe et al., 2021). (B) GMR-GAL4 was used to express G4C2x36, GR36, PR36 and 

GA36 in the compound eye which were compared to the G4C2x3 control (n=6 images taken, but more 

than 30 flies were assessed visually to confirm the phenotypes observed).  
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Firstly, it was important to recapitulate the phenotypes observed in (Mizielinska et al., 

2014) to validate the models before investigating mitochondrial function. Indeed, when I used 

GMR-GAL4 to express the five transgenes in the eye, a mild rough-eye phenotype was seen 

in G4C2x36 compared to the G4C2x3 control (Figure 3.1B) The arginine-rich DPR constructs 

GR36 and PR36 developed degenerative, strong rough-eye phenotypes compared to the 

normal G4C2x3 control compound eye highlighting how toxic these DPRs are. In addition, the 

GA36 showed no overt phenotype which demonstrated that poly-GA is not toxic, at least in 

Drosophila (Figure 3.1B).  

 

3.1.2 Pan-neuronal expression of GR36 is developmental lethal 
 

Next, I wanted to investigate the expression of the repeats and DPRs in a neuronal 

context and therefore used a pan-neuronal driver, nSyb-GAL4. Development of larvae for the 

G4C2x3, G4C2x36 and GA36 was normal and no developmental delay was observed. For the 

arginine-containing DPRs, GR36 and PR36 were L3 developmental lethal and the GR36 

larvae were also substantially thinner. For the G4C2x36 and PR36, their appearance was 

moderately thinner compared to the G4C2x3 control (Figure 3.2). Finally, when the G4C2x36 

flies eclosed, some of the flies had a wing phenotype where the wings do not fully open. This 

suggests that there was some toxicity in the flies in the developmental stage that was not 

reflected in the appearance of the larvae. GA36 showed no overt phenotype after eclosion 

and appeared the same as the control, G4C2x3 (Figure 3.2). 

 

 

Figure 3.2 Pan-neuronal expression of arginine DPRs are developmental lethal  

nSyb-GAL4 was used to express the repeats and DPRs. GR36 larvae were substantially thinner 

compared to the control, G4C2x3. G4C3x36 and PR36 were also moderately thinner compared to GA36 

and the control, G4C2x3 (n=6 images taken, but more than 30 larvae were assessed visually to confirm 

the phenotypes observed). 
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3.2 Behavioural analysis of C9orf72 flies 

 

3.2.1 Pan-neuronal expression of G4C2x36 and GR36 causes a larval crawling 
impairment  
 

To establish a paradigm for analysing motor function, the key clinical feature of ALS, 

larval crawling and adult climbing behavioural assays were carried out. Transgenes were 

expressed via the pan-neuronal driver nSyb-GAL4. For larval crawling, I counted the number 

of forward and backward peristalsis wave movements for a minute after 30 seconds 

habituation on an agar plate. There was a significant reduction in larval crawling (number of 

peristaltic waves) when expressing G4C2x36 compared to the control of G4C2x3. The same 

is observed when expressing PR36, and GR36 larvae showed an even stronger larval motor 

deficit. GA36 however had no larval crawling impairment (Figure 3.3A)  

 

Adult climbing behaviour was analysed by expression of the repeats and DPRs 

selectively in motor neurons using D42-GAL4. A similar behavioural trend was observed 

compared to the larval crawling where a mild climbing impairment was seen with G4C2x36 

and PR36, whereas GR36 exhibited an even lower climbing performance compared to the 

control G4C2x3. GA36 also had no climbing deficit (Figure 3.3B). These data fit with the 

observations published by Mizielinska et al. (2014) where they have observed that the 

arginine-rich DPRs are the most toxic species in flies. 
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Figure 3.3 Strong motor impairment was observed for arginine-rich C9orf72 Drosophila models 

(A) Expression of the repeats and DPRs was achieved using a pan-neuronal driver, nSyb-GAL4 and 
the number of peristalsis waves were recorded. Statistical analysis was performed using one-way 

ANOVA with Bonferroni multiple comparison test: ****p<0.0001 compared to control G4C2x3, chart 

shows mean ± SD, n=8-10. (B) Adult climbing ability was assessed by expression in motor neurons 

using D42-GAL4. Statistical analysis was performed using Kruskal-Wallis non parametric test with 

Dunn’s correction: *p<0.05, ***p<0.001, ****p<0.0001, compared to control G4C2x3. Chart shows mean 

± 95% CI, n=60-100 flies. 
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3.2.2 Pan-neuronal expression of GR1000 shows a progressive age-related 
climbing deficit 
 

During my investigation, more Drosophila transgenic models have been generated to 

dissect the molecular mechanisms contributing to neurodegeneration in ALS/FTD. West et al. 

(2020) generated novel models using physiologically relevant repeat length DPRs to represent 

the known pathological lengths in humans. They generated transgenic flies expressing DPRs 

with more than 1000 repeats in length and showed that these animals exhibit age related 

motor decline as well as neurodegeneration. DPR constructs were generated using semi-

randomised alternative codons with an EGFP tag. Moreover, West et al. (2020) demonstrated 

that the EGFP tag does not show any effect on DPR localisation or pathology. I utilised their 

UAS-GR1000-EGFP fly line to complement my studies with my GR36 data. For simplicity, this 

line will be referred to simply as GR1000.  

 

Using the same approach, I used nSyb-GAL4 to express GR1000 pan-neuronally and 

observed no developmental phenotypes. Early in life, up to 2 days post eclosion, GR1000 

showed no climbing impairment compared to aged-matched GFP controls (Figure 3.4). 

However, a significant decline in motor function from 10 to 20 days post eclosion was 

observed. At day 20, the flies could not climb at all (Figure 3.4). This is in line with West et al. 

(2020). Although they used a different assay to monitor motor function by tracking climbing 

speed instead, they observed no variance to wild type at 7 days, after which a significant 

decline in motor function was seen from 7 to 28 days post eclosion. 

 

In summary, the strong phenotypes observed and its reproducibility in the C9orf72 flies 

from Mizielinska et al. (2014) and West et al. (2020) provide good models to investigate the 

role of mitochondria in ALS/FTD pathogenesis. 
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Figure 3.4 GR1000 flies exhibit an age-related motor impairment 

Adult climbing ability was assessed by expression in neurons using nSyb-GAL4 at day 2, day 10 and 

day 20. Statistical analysis was performed using Kruskal-Wallis non parametric test with Dunn’s 

correction: ns = non significant, **p<0.01, ****p<0.0001, compared to control (nSyb>mito.GFP). Chart 

shows mean ± 95% CI, n=60-100 flies. 

 

3.3 Mitochondrial morphology in C9orf72 flies 
 

As I established the utility of the various fly lines in recapitulating aspects of the 

pathophysiology of C9orf72 ALS/FTD, I next aimed to explore the mechanisms of 

mitochondrial involvement in the disease. Mitochondria are dynamic and undergo fission and 

fusion events and this is known to occur in response to changes in ROS levels and oxidative 

stress as well as other physiological stimuli. There have been many reports that implicate 

impaired mitochondrial dynamics in the aetiology of ALS (Smith et al., 2019). Onesto et al. 

(2016) observed mitochondrial fragmentation even though there appeared to be an increase 

in Mfn1 levels in C9orf72 ALS/FTD patient fibroblasts. Moreover, transmission electron 

microscopy (TEM) revealed swollen mitochondria as well as abnormalities in cristae structure 

in an iPSC model of C9orf72 (Dafinca et al., 2016). 

 
To investigate mitochondrial morphology in vivo, the repeats and DPR-only transgenes 

were expressed and mito.GFP was used to label the mitochondria. I analysed two different 

tissues, the larval epidermal cells and larval CNS, and used two different drivers (armadillo-

GAL4 and nSyb-GAL4) to overexpress mito.GFP and the transgenes to monitor morphology 

changes. 
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3.3.1 No observable differences in mitochondrial morphology in G4C2x36 and 
GR36 larval epidermal cells  
 

Firstly, I used a ubiquitous driver, armadillo-GAL4 to overexpress mito.GFP and the 

transgenes in the larval epidermal cells. This was analysed first as it is a good tissue to 

observe an extensive mitochondrial network. In G4C2x3 control samples, mitochondria are 

typically a mixture of short round and long tubular morphologies (Figure 3.5), which was also 

seen for all the other genotypes; therefore no observable phenotype could be detected. A 

limitation that needs to be considered is that armadillo-GAL4 is a mild, ubiquitous driver and 

no larval crawling phenotypes were observed (data not shown); contrary to that seen when 

expressing using the pan-neuronal driver; hence, the driver may not be strong enough to show 

any mitochondrial phenotypes in this particular tissue.  

 

 

 

Figure 3.5 Mitochondrial morphology differences were not observed in G4C2x36, GR36 and 

PR36 larval epidermal cells 

Confocal images of larval epidermal cells labelling mitochondria using overexpression of mito.GFP with 

G4C2x36, GR36 and PR36 compared to control, G4C2x3. Dotted box shows region zoomed in on the 

bottom panel. Both low and high magnification scale bar = 10 μm, n=8. 
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3.3.2 Elongated, hyperfused mitochondria were observed with pan-neuronal 
expression in the larval ventral ganglion of G4C2x36 and GR36 
 

Next, I used a pan-neuronal driver, nSyb-GAL4 to overexpress the transgenes in the 

larval brain. To be consistent, an equivalent group of cells in the middle of the ventral ganglion 

were analysed (Figure 3.6A). In G4C2x3 control samples, mitochondria are typically a mixture 

of short, round and long tubular morphologies. GA36 showed no observable changes in 

mitochondrial morphology and resembled the control (Figure 3.6B). However, for G4C2x36, 

GR36 and PR36, mitochondria were more elongated, hyperfused and therefore often seemed 

clumped (Figure 3.6B). I quantified these observations using a scoring system to characterise 

the overall mitochondrial morphology for each cell – fragmented, tubular for WT appearance, 

fused and hyperfused. The quantification supported my qualitative observations where 

G4C2x36 as well as the arginine-rich DPRs have more elongated and hyperfused 

mitochondria (Figure 3.6C). These observations suggest that there is an alteration in 

mitochondrial dynamics in neuronal cells. 

 

 (Disclaimer note: All of the mitochondrial morphology experiments in Chapters 3 and 

4 were performed in one big experiment, therefore the quantification for the controls is the 

same, however, different representative images are chosen for different figures. The graphs 

are separated for ease of reading and flow of the thesis.) 
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Figure 3.6 Mitochondria are hyperfused when overexpressing 36 repeats and arginine DPRs in 

larval ventral ganglion  

(A) Representative confocal images of the ventral ganglion of larval brains and red box shows region 

of interest chosen for each brain, scale bar = 50 μm. (B) Mitochondria are labelled with mito.GFP, using 

pan-neuronal driver nSyb-GAL4, co-expressing G4C2x36, GR36, PR36 and GA36, comparing the 

morphology with G4C2x3, scale bar = 10 μm. (C) A scoring system was used to characterise the 

mitochondrial morphology for each cell – fragmented, tubular for WT appearance, fused and 

hyperfused. Statistical analysis was performed using Chi squared test: ***p<0.001, ns = not significant, 

n=8-10. 

 

3.4 Mitochondrial respiration is compromised in C9orf72 flies 
 

3.4.1 G4C2x36 flies have a reduction in Complex I and Complex II linked 
respiration  
 

Defective mitochondrial respiration, ATP production and oxidative stress are prevalent 

features of many neurodegenerative diseases including C9orf72 ALS/FTD. Mehta et al. (2021) 

investigated cellular energetics in C9orf72 iPSC-derived motor neurons and found impaired 

basal and maximal mitochondrial respiration which implicates abnormalities in the ETC. 

Validation of their RNA-seq hits using qRT-PCR and immunoblot confirmed dysregulation of 

mostly complex I and IV. Importantly, examination of human C9orf72 post-mortem spinal cord 
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tissue using RNA in situ hybridisation corroborated their result by showing reduced expression 

of complexes I and IV in ventral horn spinal motor neurons. Poly-GR itself may be important 

linking in mitochondrial dysfunction and oxidative stress. Lopez-Gonzalez et al. (2016) 

performed an interactome analysis with GR80 expressed in HEK293 cells compared to control 

where they identified many mitochondrial ribosomal proteins which are required for the 

translation of the mitochondrial transcripts. In a mouse model expressing GR80, Choi et al. 

(2019) found increased DNA damage, oxidative stress and decreased activities of 

mitochondrial complexes I and V. Poly-GR was also shown to bind to the mitochondrial 

complex V component ATP5A1 (Choi et al., 2019). 

 

To investigate the metabolic consequences of expression of G4C2x36, high-resolution 

respiratory was performed on day 5 fly heads by Oroboros. Specifically, we measured 

complex I- and complex II-linked oxygen consumption. For complex I-linked respiration, 

glycine, proline and malate were used as substrates. For complex II-linked respiration, 

succinate was used as the substrate, and rotenone was used as a complex I inhibitor. 

Compared to other standard Oroboros protocols, proline was used as it has been shown to 

enhance respiration in insects Teulier et al (2016). Interestingly, both complex I and complex 

II-linked respiration was reduced in G4C2x36 compared to G4C2x3 control flies (Figure 3.7). 

Since I have only optimised this assay with adult flies, I was unable to perform this with the 

GR36 flies as they are developmental lethal. 
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Figure 3.7 Pan-neuronal expression of G4C2x36 leads to an impaired respiration 

Oxygen consumption rate (OCR) of complex I and complex II in day 5 fly heads with pan-neuronal 

expression of G4C2x3 and G4C2x36 using nSyb-GAL4. Results are presented as mean ± SEM and 

statistical tests were performed using unpaired t-tests with Welch’s correction for unequal standard 
deviation where *p<0.05, **p<0.01. Data points indicate individual runs each containing 20 fly heads 

(n=3 runs). 
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3.5 Disrupted mitochondrial quality control in C9orf72 flies 
 

3.5.1 Reduction in mitophagy is observed in G4C2x36 and GR36 flies using the 
mito-QC reporter 
 

Impaired mitophagy has also been implicated in many neurodegenerative diseases 

including ALS. I wanted to use our Drosophila mitophagy reporter, mito-QC (Lee et al, 2018), 

to observe mitophagy in vivo in the C9orf72 models (Figure 3.8B). Briefly, the mito-QC 

mitophagy reporter uses a tandem GFP-mCherry fusion protein targeted to the outer 

mitochondrial membrane (OMM). Mitolysosomes are marked when GFP is quenched by the 

acidic environment but mCherry is still able to fluoresce, resulting in ‘red-only’ puncta (Lee et 

al., 2018). I analysed mitophagy in the larval brain by overexpressing mito-QC under C9orf72 

conditions with the pan-neuronal driver nSyb-GAL4. 

 

An equivalent group of motor neurons in the middle of the ventral ganglion was 

analysed and quantified across the C9orf72 models (Figure 3.6A). For G4C2x36, GR36 and 

PR36, the mitochondria appear to be more hyperfused, with a clumped appearance, as 

observed previously (Figure 3.6). Of note, the GR36 has smaller cells as well which is also 

reflected in the thin nature of the larvae (Figure 3.2). In conjunction, there are significantly 

fewer ‘red-only’ mitolysosomes under these conditions compared to the controls G4C2x3 

(Figure 3.8A) quantified using IMARIS (Figure 3.8C). Again, the mitochondrial network in the 

GA36 was similar to control, G4C2x3, and there were similar numbers of mitolysosomes 

present as well (Figure 3.8A,C). In summary, there is less mitophagy when expressing the 

repeats and arginine-rich DPRs compared to controls. This is an interesting novel result as 

mitophagy in vivo using C9orf72 Drosophila models have yet to be explored. 
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Figure 3.8 G4C2x36 and GR36 have reduced levels of mitophagy 

(A) Confocal microscopy images of the mito-QC reporter in C9orf72 conditions using pan-neuronal 

driver nSyb-GAL4 expressed in larval ventral ganglion. Mitolysosomes are evident as GFP-negative, 

mCherry-positive red only puncta. Scale bar = 10 μm. (B) Schematic of mito-QC reporter from Lee et 

al. (2018) which consists of a tandem-tagged mCherry-GFP fusion protein which is targeted to the OMM 

by the C-terminus of Fis1. Briefly, at normal steady states, cytosolic mitochondria, both mCherry and 

GFP fluoresce. However, under mitophagy when damaged mitochondria are engulfed in lysosomes, 

the acidic environment quenches the GFP, resulting in ‘mCherry-only’ puncta called mitolysosomes. 
(C) Quantification of number of mitolysosomes per cell using IMARIS. Statistical analysis was 

performed using one-way ANOVA with Bonferroni multiple comparison test: *p<0.05, **p<0.01, **** 

p<0.0001, ns = not significant, mean ± SD, n=5. 
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3.5.2 Autophagy is perturbed when overexpressing G4C2x36 and poly-GR36 
 

After investigating mitophagy, I wanted to explore whether general autophagy was also 

perturbed. However, during my investigation, Cunningham et al (2020) had similar questions 

and showed that expression of expanded G4C2 repeats is sufficient to disrupt autophagy in 

many Drosophila models of C9orf72, leading to an accumulation of p62 and ubiquitinated 

protein aggregates. Nevertheless, it was important to assess whether the results were 

recapitulated in our model system. Using a tandem tagged GFP-mCherry-Atg8a reporter 

(Figure 3.9B), I aimed to monitor autophagic flux. The Atg8 family is represented by two 

members in Drosophila where Atg8a has been shown to be required for the formation of 

autophagosomes and Atg8b is largely restricted to the male germline (Scott et al, 2007). The 

reporter labels non-acidified autophagic compartments (phagophore and autophagosomes) 

with both GFP and mCherry signals (green and red). Fusion with acidic late endosomes or 

lysosomes will cause the GFP signal to quench, hence, mCherry signal remains and is 

detectable as red only puncta. Most cells undergoing autophagy will display a combination of 

both green and red autophagosomes and red only autolysosomes which has been 

characterised by Juhasz and colleagues (Mauvezin et al, 2014; Nagy et al, 2015). 

 

Firstly, I overexpressed the GFP-mCherry-Atg8a reporter with the C9orf72 conditions, 

as well as adding an additional Atg5 RNAi condition to verify that the assay was performing 

appropriately. Using Atg5 RNAi, I would expect to see an impairment in autophagy and 

therefore a reduction in the number of autolysosomes, which is indeed shown in Figure 

3.9A,C, validating the assay conditions. However, surprisingly, there was a lack of GFP puncta 

in the larval brain. There were very few studies in the literature which use this reporter in 

Drosophila larval brains, therefore it was hard to understand why this is the case. Despite this 

limitation of not being able to quantify autophagosomes (GFP and mCherry colocalization), I 

was still able to quantify mCherry-positive puncta which should equate to the number of 

autolysosomes. There was a significant reduction in the number of autolysosomes per cell in 

G4C2x36 and GR36 conditions compared to the G4C2x3 control (Figure 3.9A, C). Thus, these 

results corroborate findings from Cunningham et al. (2020) to suggest that autophagy is 

perturbed, and further support my previous findings on mitophagy. 
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Figure 3.9 G4C2x36 and GR36 exhibit perturbed autophagy 

(A) The GFP-mCherry-Atg8a reporter with C9orf72 transgenes was co-expressed in the larval brain 

with a pan-neuronal nSyb-GAL4 driver. Only the motor neurons were used to monitor autophagy 

marked by the boundaries indicated with the dotted white line, scale bar = 10 μm. (B) A schematic 

depicting the GFP-Cherry-Atg8a reporter from Nezis et al (2010). Briefly, tandem-tagged Atg8a protein 

emits GFP and mCherry fluorescence in nonacidic structures such as autophagosomes. Under acidic 

conditions, the GFP is quenched and mCherry-only puncta labelling the autolysosomes are observed. 

(C) Only mCherry positive puncta was quantified using a FIJI Image Objects Counter plugin. Data is 
represented mean ± SD, statistical analysis was performed using one-way ANOVA with Bonferroni 
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multiple comparison test vs G4C2x3 control with significance indicated as *p<0.05, ** p<0.01 and 

****p<0.0001, n=8-10.  

 
3.5.3 Increased Ref(2)P and reduced Atg8a-II levels were observed with pan-
neuronal expression of G4C2x36 
 

To corroborate/substantiate the reporter assay results, I used other autophagy assays 

to develop a more complete picture regarding autophagic flux. Firstly, I measured the levels 

of the p62 homologue, Ref(2)P, in G4C2x36 flies. Ref(2)P is an autophagy adaptor that can 

interact with ubiquitin conjugated to a target protein as well as LC3/GABARAP on 

autophagosomes. With pan-neuronal expression of the G4C3x36 repeats using nSyb-GAL4 

at day 5, I extracted the heads and performed a western blot to measure Ref(2)P/p62 levels 

(Figure 3.10A). Although there was a trend towards an increase, this did not reach statistical 

significance (Figure 3.10B).  

 

Moreover, I used an anti-GABARAP (subfamily of Atg8) antibody where the processed 

protein (lipid conjugated) Atg8-II migrates at a faster rate than the unprocessed (non-lipidated 

form) and can accumulate to high levels in cells with high rates of autophagy. However, in my 

results, there appears to be a reduction in the lipidated Atg8a-II form in G4C2x36 compared 

to the control, G4C2x3 (Figure 3.10A). In brain tissues, the non-lipidated form is highly 

expressed (Klionsky et al, 2021) and therefore it was not possible to quantify the lipidated 

form. A decrease in Atg8a-II levels relative to the tubulin loading control may indicate a defect 

in autophagosome induction and/or in Atg8a lipidation (Nagy et al., 2015). These findings need 

to be interpreted with caution as the current experiment was conducted without including 

lysosomal inhibitors in the analysis and therefore can lead to an incorrect interpretation of the 

result. Nevertheless, my results suggest that under C9orf72 conditions, autophagic flux is 

perturbed.  
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Figure 3.10 Immunoblotting levels of Ref(2)P/p62 and GABARAP in G4C2x36 flies 

(A) Immunoblotting of Ref(2)P/p62 and GABARAP in G4C2x3 and G4C2x36 day 5 fly brains (pan-

neuronal expression with nSyb-GAL4). Tubulin was used as a loading control. A low and high exposure 

for GABARAP is depicted, where high exposure shows the lipidated Atg8a-II clearer. (B) Quantification 

of Ref(2)P levels (n=3 reps (replicates)), statistical analysis was performed using unpaired t-test with 

Welch’s corrections p=0.181. 

 

3.6 Increased oxidative stress in C9orf72 
 

3.6.1 Increased mitochondrial ROS was observed in G4C2x36 and GR36 
 

Increased levels of ROS and ROS-associated damage have been widely reported in 

ALS (Smith et al., 2019). Lopez-Gonzalez et al. (2016) has previously reported an increase in 

DNA damage, oxidative stress and mitochondrial membrane potential in iPSC-derived 

C9orf72 motor neurons. In a mouse model expressing GR80, Choi et al. (2019) found 

increased DNA damage, oxidative stress and decreased activities of mitochondrial complexes 

I and V. 

 

To investigate specifically the relation between mitochondria and oxidative stress in 

C9orf72, I used a mito-roGFP2-Orp1 reporter fly line to assess the production of mitochondrial 

ROS by hydrogen peroxide (Figure 3.11A). Hydrogen peroxide causes conformational 

changes to the oxidant receptor peroxidase (Orp1) which is fused to a redox-sensitive green 
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fluorescent protein (roGFP2) (Gutscher et al, 2009; Albrecht et al, 2011). Firstly, I confirmed 

the reporter responded as expected, by exogenously applying a reductant (DTT) and, 

separately, an oxidant (DA). After calibration of the biosensor response, I overexpressed the 

C9orf72 transgenes along with the reporter pan-neuronally in the larval CNS. An increase in 

mitochondrial H2O2 was observed in both G4C2x36 and GR36 compared to G4C2x3 control 

(Figure 3.11B,C).  

 

 
 
Figure 3.11 G4C2x36 and GR36 show increased mitochondrial ROS 

(A) Schematic depicting the H2O2 biosensing flies - mito-roGFP2-Orp1 reporter from Albrecht et al. 

(2011). Briefly Orp1, a thiol peroxidase, mediates roGFP2 oxidation by H2O2 which leads to a shift in its 

excitation maxima of roGFP2 from 488 to 405. (B) The mito-roGFP2-Orp1 reporter was co-expressed 

with C9orf72 transgenes using nSyb-GAL4, a pan-neuronal driver to assess mitochondrial ROS in the 

larval brain. Pseudocolour representative images of the larval brain is shown where an increase in 

mitoROS is evident in G4C2x36 and GR36 compared to G4C2x3 control, scale bar = 50 μm. (C) 
Quantification of 405/488 ratio, statistical analysis was performed using one-way ANOVA with 

Bonferroni multiple comparison test with significance indicated as *p<0.05, n=6.  

 
 

  

40
5/
48
8

High

Low

488nm 405nm Pseudocolour

G
4C
2x
3

G
4C
2x
36

G
R
36

B C

G4C
2x

3 

G4C
2x

36
GR36

1.0

1.2

1.4

1.6

1.8

2.0

40
5/

48
8 

ra
tio

*
*

A Mito-roGFP2-Orp1 reporter:



Characterisation of mitochondrial phenotypes in a Drosophila model of C9orf72 ALS/FTD 

 

 77 

3.6.2 Increased MitoSOX staining was observed in GR1000 flies 
 

Mitochondrial (and cytosolic) superoxide indicators are hard to use for larval brains as 

the tissue is too thick for the dyes to penetrate well. However, for the GR1000 flies, we were 

able to use MitoSOX instead to measure mitochondrial superoxide. In collaboration with 

Maddy Twyning in the lab, we dissected out the adult brains at day 15 and observed an 

increase in MitoSOX intensity in GR1000 flies compared to control (Figure 3.12). It will be 

interesting to investigate the cross talk between oxidative stress and other pathogenic 

mechanism as well as attempt to rescue the phenotypes with genetic manipulations with 

various antioxidants to determine the specific pathways and compartments involved with all 

our C9orf72 models. 

 

 

Figure 3.12 MitoSOX staining in GR1000 is increased  
(A) Pan-neuronal expression of GR1000 and control, mito.GFP with nSyb-GAL4. MitoSOX 

intensity was measured at day 15. White dotted line indicates adult brain boundaries, scale bar 

= 100 μm. (B) Statistical analysis was performed using two-tailed t-test with Welch’s corrections 

where *p<0.05, n=10. 
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3.7 Discussion 
 

Mitochondrial dysfunction has been linked to many neurodegenerative diseases 

including C9orf72 ALS/FTD. In this chapter, I aimed to analyse different aspects of 

mitochondrial function to investigate its potential role in initiating disease pathogenesis by 

utilising different Drosophila models of C9orf72 developed in Adrian Isaac’s lab (Mizielinska 

et al., 2014) and Ryan West’s lab (West et al., 2020). 

 

Basic characterisation of C9orf72 Drosophila toolset  
 

It is important to remember that Drosophila melanogaster does not have a C9orf72 

ortholog and therefore we are not able to investigate any loss of function mechanisms. We 

can however explore the toxicity associated with the gain of function with either the RNA 

and/or the DPRs. The pure repeats model contains the G4C2 sequence and produces both 

repetitive RNA and the five DPRs. Before using the G4C2x3 and G4C2x36 flies to investigate 

mitochondrial dysfunction, it was essential to recapitulate findings from the original publication 

as the basis for follow-on work. Transgene expression within the Drosophila compound eye 

has been used frequently to assess genetic interactions and perform genome-wide modifier 

screens. Expressing transgenes in the eye also allows the investigation of toxicity that would 

be lethal if expressed elsewhere, such as pan-neuronally or ubiquitously. Indeed, when GMR-

GAL4 was used to express G4C2x36, there was a rough eye phenotype compared to the 

G4C2x3 control which was also observed in Mizielinska et al. (2014). Moreover, increasing 

the length to 103 repeats produced a more severe phenotype (Mizielinska et al., 2014) which 

suggests that there is a length-dependent toxicity. I also observed a larval locomotor deficit 

as well as adult climbing impairment when expressing G4C2x36 pan-neuronally compared to 

G4C2x3 control. Mizielinska et al. (2014) used adult-only pan-neuronal expression of the 

repeats to show a reduced lifespan as well as an impairment in climbing. I chose not to use 

the gene-switch GAL4 system as I wanted to recapitulate the presumed life-long expression 

of the G4C2 repeats therefore expression of the repeats/DPRs from development was 

important for my aim. 

 

Similar observations were made in other studies which also did not use the gene-

switch GAL4 system. Freibaum et al. (2015) generated pure repeat models with lengths of 8, 

28 and 58 copies. They found a length and dose dependent rough eye phenotype when 

expressing these constructs in the Drosophila eye using GMR-GAL4. Moreover, toxicity was 

also observed when these repeats were expressed in other tissues. Expression of two copies 



Characterisation of mitochondrial phenotypes in a Drosophila model of C9orf72 ALS/FTD 

 

 79 

of G4C2x58 in motor neurons led to small larvae with an impaired locomotor activity using a 

motor neuron driver OK371-GAL4. This result is similar to the observations I have made with 

the G4C2x36 model. Xu et al. (2013) also generated a pure repeats model with 30 repeats 

with an EGFP tag. They observed progressive neurodegeneration in the eye (using GMR-

GAL4) and motor neurons (using OK371-GAL4) with age. At day 28, the eye phenotype 

progressively worsened (using GMR-GAL4) and a reduction in locomotor activity was 

observed (using OK371-GAL4). Freibaum et al. (2015) went on to perform a genetic modifier 

screen in the Drosophila eye and found that the expansion compromises nucleocytoplasmic 

transport and Xu et al. (2013) found an interaction with RNA binding protein, Pur-alpha. 

 

Although the repeats present a good model to study C9orf72 gain of toxicity 

mechanisms, it is not possible to distinguish between the relative contribution of either RNA 

or DPR toxicity. To overcome the limitations of pure repeat models, DPR-only fly models have 

been developed to isolate DPR toxicity. Arginine-rich dipeptide repeat proteins have been 

shown to be the most toxic species in multiple model systems (Kwon et al., 2014; Wen et al., 

2014; Jovicic et al., 2015) and cause toxicity via a range or mechanisms as reviewed by 

Sharpe et al. (2021) including nucleocytoplasmic transport (Freibaum et al., 2015; Jovicic et 

al., 2015; Zhang et al., 2015), DNA damage (Lopez-Gonzalez et al., 2016) and stress granule 

dysfunction (Lee et al., 2016; Boeynaems et al., 2017). As reported by Mizielinska et al. 

(2014), I was able to recapitulate their basic characterisation results and also observed a 

rough eye phenotype using GMR-GAL4 and a larval crawling locomotor deficit when 

expressed pan-neuronally with nSyb-GAL4. West et al. (2020) developed a novel fly model 

expressing GR at a length of 1000 repeats which represents a more physiologically relevant 

model to use as the repeat length in patients ranges from more than 20 to thousands of 

repeats. These flies present less acute toxicity and displays a more progressive age-related 

neurodegeneration. When expressed pan-neuronally, I was able to see a climbing deficit at 

day 10. To summarise, I have chosen a variety of suitable tools to use and managed to 

recapitulate previous findings which I will use to study mitochondrial dysfunction in C9orf72 

ALS/FTD. 

 

Mitochondrial morphology 
 

There are a large variety of assays to study mitochondrial form and function in detail 

in live and fixed Drosophila tissue (Wang et al, 2016b; Sen & Cox, 2017; Anoar et al., 2021). 

Some examples of them are general-purpose dyes such as the cell-permeant mitochondrion-

selective MitoTracker Green to visualise mitochondria and observe mitochondrial mass (Rana 
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et al, 2017). A limitation that I have encountered throughout my investigation is that since my 

predominant tissue of interest is the larval VNC, it is very hard to optimise and use dyes as 

the tissue Is extremely thick and hard for the dyes to penetrate through. However, I was able 

to use fluorescent genetically encoded probes such as UAS-mito.GFP to express in specific 

tissues using cell-type specific GAL4 drivers to monitor mitochondrial morphology. There is 

some evidence in the literature that suggests differences in mitochondrial morphology 

however, the results are not consistent. For example, Onesto et al. (2016) used C9orf72 

human fibroblasts grown in galactose media and found a mix population of elongated, short 

and round shaped mitochondria whereas mutant TDP-43 fibroblasts showed a much stronger 

phenotype with a fragmented mitochondria network. However, Dafinca et al. (2016) used 

transmission electron microscopy (TEM) and observed swollen mitochondria as well as 

abnormalities in cristae structure in a C9orf72 iPSC model. Moreover, mitochondria in primary 

cortical neurons isolated from mice expressing 80 GR repeats, are also shorter in length and 

less motile compared to mitochondria in wild-type neurons. Differences in morphology 

between the studies are likely due to the different systems used as well as cell types. For 

example, neurons are more susceptible to mitochondrial dysfunction due to their high 

energetic demands. Also, they have long axonal processes and are long-lived post-mitotic 

cells therefore any defective organelles by cell division cannot be diluted out (Itoh et al, 2013; 

Anoar et al., 2021). 

 

In my study, at first, I did not observe any differences in mitochondrial morphology in 

the larval epidermal cells between all the C9orf72 genotypes. However, in larval brains with 

pan-neuronal expression of the repeats and DPRs, I observed hyperfused, elongated 

mitochondria in G4C2x36, GR36 and PR36. There are two main differences between these 

two assays. Firstly, I used armadillo-GAL4 to drive expression in the epidermal cells, but this 

is a weak ubiquitous driver and therefore it may not be strong enough to cause a phenotype. 

Secondly, as previously discussed, differences in morphology could be due to the different 

cell types (epidermal cells vs brain) used as well. Excess fusion between mitochondria may 

serve as a stress response to mitigate the effects of the damage through exchange of proteins 

and lipids with other healthy mitochondria and therefore maximise oxidative capacity in 

response to toxic stress (Youle & van der Bliek, 2012).  

 

Mitochondrial respiration 
 

Other assays that can be used to study mitochondrial biology and physiology include 

measuring oxygen consumption using a high-resolution Oxygraph-2k, Oroboros. It is a very 
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powerful technique which can also be used to measure mitochondrial membrane potential, 

ATP production as well as ROS production. In a mouse model expressing GR80, Choi et al. 

(2019) found increased DNA damage, oxidative stress and decreased activities of 

mitochondrial complexes I and V. Poly-GR was also shown to bind to the mitochondrial 

complex V component ATP5A1, which enhanced its ubiquitination and degradation which is 

consistent with findings showing reduced ATP5A1 protein levels in both the mouse model and 

patient brains. Moreover, Li et al. (2020) observed an increase in oxidative stress, 

mitochondrial membrane potential and ATP production in their Flag-GR80 Drosophila model 

when expressed in the muscle. Interestingly, they saw that complex I activity was elevated, 

however Complex II-V were unaffected. In contrast, I found a reduction in Complex I in addition 

to Complex II linked respiration. It will be interesting to use other techniques such as blue 

native-PAGE gel analysis to see if other complexes are structurally affected, as well as their 

enzymatic activity using in-gel activity assays. An initial line of my investigation involved 

studying the relationship between mitochondria, poly-GR and TDP-43. TDP-43 has been 

shown to colocalise and accumulate in the mitochondria in individuals with ALS and FTD 

(Wang et al, 2016a; Wang et al, 2019). The hypothetical model of mitochondrial TDP-43 

mediating TDP-43-induced mitochondrial dysfunction is as follows: TDP-43 colocalises and 

accumulates in the mitochondria, and preferentially binds to ND3 and ND6 mRNAs which 

inhibits their translation, therefore TDP-43 would reduce CI assembly and impair mitochondria 

function and morphology. Consequently, it would be interesting to investigate the relationship 

between C9orf72, TDP-43 and mitochondrial dysfunction. 

 

Autophagy and Mitophagy 
 

Many techniques can also be used to explore autophagy and mitophagy in Drosophila. 

Initially in my study, autophagy was a main topic of investigation, however Cunningham et al. 

(2020) identified Ref(2)P, a key regulator of autophagy, as a potent suppressor of 

neurodegeneration and provided evidence for disruption of autophagy in C9orf72 ALS/FTD 

Drosophila models. Autophagolysosomal defects were attributed to the loss of nuclear 

localisation of transcription factor Mitf (Drosophila homolog of TFEB) and suppressing 

nucleocytoplasmic transport defects was sufficient to rescue Mitf nuclear localisation, thereby 

restoring autophagy and lysosome function, ultimately rescuing 

neurodegeneration(Cunningham et al., 2020). Mitophagy, on the other hand, has not been 

very well studied in C9orf72 ALS/FTD and therefore I set out to recapitulate some autophagy 

findings and explore what happens with mitophagy.  
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Firstly, I used the GFP-mCherry-Atg8a reporter to follow autophagic flux. The low 

lysosomal pH quenches the GFP signal after autophagosome-lysosome fusion. This means 

that autophagosomes will appear as GFP-positive and mCherry-positive puncta whereas 

autolysosomes will only be positive for mCherry. However, when I used this reporter in the 

larval brain, I was not able to visualise GFP puncta. This was not a problem with the reporter 

itself since I tested the reporter in other tissues, such as the fat body (data not shown). After 

further literature searches, Bedont et al (2021) used this reporter in the adult brain but instead 

of fixation, they used live imaging in haemolymph, an incubation medium, and successfully 

observed GFP and mCherry puncta. I would like to optimise this tool by using live imaging in 

media too. In the meantime, I used my initial preliminary data to quantify mCherry-positive 

puncta as a proxy for the number of autolysosomes in the brain. I found that there is a 

reduction in the number of autolysosomes which suggests that there is reduced induction of 

autophagy but conversely could also suggest an increase in degradation and turnover.  

 

To complement the reporter results, immunoblot was used to detect the levels of 

Ref(2)P and Atg8a/GABARAP, to investigate autophagic flux. A reduction of the lipidated 

Atg8a-II was observed which could indicate a reduction in flux, i.e., in the number of 

autophagosomes and autophagy-related structures. Ref(2)P, Drosophila homologue of p62, 

is also often used to complement this assay as it directly binds to Atg8a and is selectively 

degraded by autophagy. There was a trend for an increase in Ref(2)P levels which 

corroborates the findings from Cunningham et al. (2020) and suggests that there may be a 

disruption of autophagy. These findings need to be made with caution as the current 

experiments were carried out without including inhibitors in the analysis, which can result in 

incorrect interpretation of the result. It is important to measure the amount of Atg8a-II delivered 

to the lysosomes by comparing in the presence and absence of bafilomycin A1 (a vacuolar 

H
+
-ATPase inhibitor) or lysosomotropic agents (e.g., chloroquine) to inhibit lysosomal 

degradation of Atg8a-II to determine the basal autophagic activity (Jiang & Mizushima, 2015). 

In the lab, we have currently optimised the use of chloroquine in flies (bafilomycin A1 cannot 

be used as it is toxic for flies as it disrupts the mTOR pathway) and therefore this experiment 

can be improved to provide a more definitive interpretation of whether autophagy is not 

induced or there is an increase in autophagic degradation i.e. flux. In summary, whilst the 

conclusion is not concrete, my findings suggest that there may be less fusion events between 

the autophagosome and lysosome suggesting a defect in flux due to problems in the initiation 

stage of autophagy.  

 

Since there is a perturbation of autophagy in the C9orf72 flies, I hypothesised that 

mitophagy will also be disrupted. Indeed, using the mito-QC reporter developed in the lab, 
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there was a reduction in the number of mitolysosomes in G4C2x36 and GR36. The next step 

will be to determine whether boosting mitophagy can alleviate C9orf72 phenotypes which will 

be addressed and discussed in detail in the next chapter.  

 

Oxidative stress 
 

 Excess ROS production from the mitochondria is widely known to be detrimental and 

closely related to many neurodegenerative diseases including ALS (Smith et al., 2019). 

Specifically, it has been shown that poly-GR itself may be important in linking mitochondrial 

dysfunction and oxidative stress. Lopez-Gonzalez et al. (2016) showed an increase in DNA 

damage and oxidative stress in iPSC-derived C9orf72 motor neurons. Choi et al. (2019) also 

found increased DNA damage, oxidative stress and decreased activities of mitochondrial 

complexes I and V. Moreover, Li et al. (2020) observed an increase in oxidative stress, 

mitochondrial membrane potential and ATP production in their Flag-GR80 Drosophila model 

when expressed in the muscle. To determine whether ROS is a main player in the 

pathogenesis, I also measured the amount of ROS in the G4C2x36, GR36 and GR1000 fly 

models. By using a mito-roGFP2-Orp1 reporter, I was able to observe an increase in 

mitochondrial ROS in the G4C2x36 and GR36 larval brains. Moreover, an increase in 

mitochondrial ROS was also observed in the GR1000 model using MitoSOX.  

 

Intracellular superoxide production  
 

There are many limitations to consider when measuring ROS and oxidative damage 

in cells and in vivo. Murphy et al (2022) published guidelines for recommendations for using 

and interpreting such data. To understand oxidative stress, one needs to understand their 

tools and which ROS species are measured.  

 

Throughout my studies, there have been various problems with penetration of dyes. 

Firstly, I attempted to use dihydroethidium (DHE) to measure intracellular superoxide 

production. MitoSOX is a mitochondrially-targeted hydroethidine to detect mitochondrial 

superoxide production by quantifying fluorescence yet the use of both probes can be 

misleading as the probes produces both ethidium, a non-specific oxidation product and the 

superoxide-specific product 2-hydroxyethidium. As these two products overlap in their 

fluorescence spectra, it is not possible to differentiate between the two. During my studies, I 

was not able to use DHE with larval brains as there were problems with the optimisation step. 

When oxidised, the ethidium intercalates into nucleic acids and emits fluorescence, however, 
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when I investigated the signal in larval brains, the localisation pattern as well as fluorescence 

emitted was extremely variable and unreliable even after trying different mounting techniques 

as well as adjusting concentration of DHE used.  

 

MitoSOX had similar problems and due to the thickness of the larval brain, the dye did 

not penetrate well and only labelled the outline of the brain. Penetration of the dye was not a 

problem with the adult brain however, and therefore MitoSOX was used to measure 

mitochondrial superoxide production in GR1000 adult brains. In the future, I would like to revisit 

some larval brain experiments. ROS investigation was performed in the early days of my 

studies and I have acquired more knowledge and skill since then, therefore I may be able to 

improve the investigational set up. Furthermore, I have already used flow cytometry to quantify 

mitochondrial ROS using MitoSOX in C9orf72 Neuro2a cells (kind gift from Dr. Guillaume 

Hautbergue) where increased ROS was observed (data not shown). I have since developed 

plans to further use this in vitro system to complement my in vivo fly work. Finally, accurate 

quantification of 2-hydroxyethidium products can be achieved using liquid chromatography-

mass spectrometry (LC-MS) in cellular systems (Zielonka et al, 2008; Murphy et al., 2022) 

therefore this approach can potentially be used instead of looking at the larval system. 

MitoNeoD can also be used, which is a modified version of MitoSOX as it contains neopentyl 

groups which prevents intercalation into DNA as well as a carbon-deuterium bond to enhance 

its selectivity for O2⋅- over non-specific oxidation and therefore reduce the limitations 

described (Shchepinova et al, 2017). 

 

Intracellular hydrogen peroxide (H2O2) production 
 

Since I am interested in looking at the different ROS species as well as their 

compartment-wise response, I tried various tools to measure intracellular hydrogen peroxide 

(H2O2) production. My first attempt was to use 2',7'-dichlorodihydrofluorescein diacetate 

(H2DCFDA) to measure H2O2. Upon oxidation, the non-fluorescent H2DCFDA is converted to 

the highly fluorescent 2',7’'-dichlorofluorescein (DCF), yet the fluorescence of DCF is sensitive 

to local oxygen levels as well as pH and therefore interpretation of results must be made with 

caution. Moreover, it has been proven that it is not specific for any particular ROS (Zielonka 

et al, 2012). Furthermore, H2DCFDA is only oxidised by H2O2 when it is converted to a more 

reactive species by redox-active metals or haem proteins (Murphy et al., 2022). Strict controls 

such as adding a positive control, e.g. D-amino acid oxidase to induce a H2O2 response as 

well as negative controls, such as gene knockouts or inhibitors to abolish the ROS-generating 

process must be considered in the experimental set-up. However, even with all these controls 
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in mind, I could not optimise H2DCFDA to use in the larval brain as I came across a similar 

issue as the DHE used previously. The larval brain is too thick for complete penetration of the 

dye therefore I used genetically encoded fluorescent protein sensors instead. 

 

 The mito-roGFP2-Orp1 reporter is sensitive to H2O2 changes, as a redox-sensitive 

green fluorescent protein (roGFP) is coupled to a hydrogen peroxide sensor protein 

peroxidase, Orp1 which mediates roGFP2 oxidation by H2O2 and leads to a shift in its 

excitation maxima of roGFP2 from 488 to 405. It is a good in vivo tool to measure production 

of hydrogen peroxide since the redox-dependent fluorescence ratio displayed by roGFP2 is 

insensitive to pH changes in the physiological range (Schwarzlander et al, 2008; Albrecht et 

al., 2011). Moreover, expression of cytosolic or mitochondrial roGFP2-Orp1 in Drosophila 

allows the measurement of physiologically relevant changes in H2O2 levels with compartment-

specific resolution. Unfortunately, the cyto-roGFP2-Orp1 was extremely weak and I was not 

able to optimise this tool in this study. 

 

Lastly, a ratiometric mass spectrometry probe, MitoBoronic acid (MitoB), can be used 

to measure H2O2 within the mitochondrial matrix (Cocheme et al, 2011). MitoB is converted 

into its phenol product, MitoPhenol (MitoP) in response to H2O2 and therefore the rate of MitoP 

to MitoB conversion reflects the mitochondrial matrix H2O2 concentration. The technique is an 

extremely valuable in vivo tool developed to measure H2O2. However, it can be technically 

challenging as the probe needs to be injected into the fly which then requires quantification by 

LC-MS which may be laborious if a simple fluorescent probe with the right controls used can 

provide the same answer. 

 

3.8 Summary 
 

In summary, I have presented some interesting insights into various parameters of 

mitochondrial dysfunction in different C9orf72 Drosophila models of ALS/FTD and discussed 

the merits as well as the limitations present when interpreting the results. The next step is to 

investigate the underlying pathogenic mechanisms associated with changes in mitochondrial 

morphology, defective mitophagy and oxidative stress-associated neurodegeneration



 

  

Chapter 4 – Modulating mitochondrial 

dysfunction to improve C9orf72 

behavioural fitness 
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4. Modulating mitochondrial dysfunction to improve C9orf72 

behavioural fitness 

 

Background and Aims 
 

In Chapter 3, I observed that expression of G4C2x36 or GR36 repeats in the larval 

brains caused hyperfused mitochondria. Moreover, a reduction of mitophagy was observed. 

To determine whether excess fusion or mitophagy are primary causes for pathogenesis, I 

aimed to modulate mitochondrial dynamics by manipulating key mitochondrial fission and 

fusion factors as well as boost mitophagy to assess whether these manipulations can 

suppress C9orf72 behavioural motor impairments.  

 

At this stage of the project, I wanted to concentrate my focus on the G4C2x36 repeats 

model and poly-GR toxicity using the GR36 and GR1000 models. GA36 was benign and did 

not have any mitochondrial phenotypes therefore it was dropped. PR36 was also dropped as 

it had similar phenotypes to GR36. In the future, it may be worthwhile to revisit these 

genotypes to further investigate the differences between the different DPRs and their relevant 

toxicity. 

 

4.1 Genetic manipulations of fission and fusion does not rescue 

C9orf72 locomotor phenotypes 
 

4.1.1 Promoting fission by overexpressing Tango11 or Drp1 
 

Drp1 is recruited to the OMM by mitochondrial fission factors, forming a ring-like 

structure. This is followed by GTP hydrolysis of Drp1 leading to mitochondrial fission. To 

determine whether excess fusion is a primary cause of pathogenesis, I first increased fission 

by overexpression of the key mitochondrial fission factors, Mff (Tango11 in Drosophila) and 

Drp1. Using pan-neuronal overexpression of Tango11 in the larval brain with nSyb-GAL4, I 

did not observe any differences in the proportion of cells containing hyperfused mitochondria 

comparing G4C2x36, LacZ with G4C2x36, Tango11 (69% vs 57%) and GR36, LacZ with 

GR36, Tango11 (67% vs 63%) therefore the majority of mitochondria were still hyperfused 

(Figure 4.1). However, both expression of G4C2x3, Tango11 compared to G4C2x3, LacZ 

control exhibited an unusual phenotype. As shown in Figure 4.1, there were often 

‘’accumulations’ of mitochondria which had a long ‘tail’. These accumulations occur in all the 
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genotypes, even in the control. This often skewed the quantification as there appeared to be 

more elongated mitochondria in the control as well.  

 

Overexpression of Drp1 has been well established in the literature to fragment the 

mitochondria. There were some differences, in particular comparing G4C2x36, LacZ with 

G4C2x36, Drp1 where there seems to be fewer cells with hyperfused mitochondria (69% vs 

45%). However, no differences were observed comparing GR36, LacZ with GR36, Drp1 (67% 

vs 60%). Although, it must be noted that there does not seem to be more fragmented 

mitochondria in the control comparing G4C2x3, LacZ with G4C2x3, Drp1 (Figure 4.1) which 

raises the question of whether small differences in morphology can easily be detected in the 

larval brain with this set-up. 
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Figure 4.1 Genetic manipulation with fission factors – Tango11 and Drp1 

(A) Confocal microscopy of the ventral ganglion of larval brains. Mitochondria are labelled with 

mito.GFP when overexpressed with pan-neuronal driver nSyb-GAL4, scale bar = 10 μm. Genetic 

manipulations focussing on promoting fission was used by overexpressing Tango11 and Drp1 in 

C9orf72 conditions. (B) Quantification of mitochondrial morphology using a scoring system established 
in Figure 3.6. Statistical analysis was performed using Chi squared test. Comparisons for the first LacZ 
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group are against G4C2x3, LacZ. Otherwise, all the comparisons are against their respective control 

(LacZ) condition. *p<0.05, **p<0.01, ***p<0.001, ns = not significant, n=8-10. 

 

4.1.2 Decreasing fusion with Opa1 and Marf mutants in heterozygosity  
 

Next, I tried to reduce fusion by decreasing levels of the pro-fusion factors Opa1 and 

Marf by using these mutants in heterozygosity. I found that heterozygous loss-of-function 

mutations of Opa1 did not alter mitochondrial morphology in the control (G4C2x3, LacZ vs 

G4C2x3 Opa1-/+) nor in the G4C2x36, LacZ vs G4C2x36, Opa1-/+ comparison (69% vs 62% 

hyperfused mitochondria). However, there were some differences when comparing GR36, 

LacZ vs GR36, Opa1-/+ (67% vs 46% hyperfused mitochondria).  

 

Similar results were observed using heterozygous loss-of-function mutations of Marf. 

I found that mitochondrial morphology was not affected in the control (G4C2x3, LacZ vs 

G4C2x3 Marf-/+). There were some differences observed in the G4C2x36, LacZ vs G4C2x36, 

Marf-/+ comparison (69% vs 50% hyperfused mitochondria). Moreover, stronger differences 

were shown when comparing GR36, LacZ vs GR36, Marf-/+ (67% vs 40% hyperfused 

mitochondria). 

 

In summary, there are apparent differences observed in mitochondrial morphologies 

when co-expressing mitochondrial dynamics genes under C9orf72 conditions. All these 

transgenic lines modulating mitochondrial fission or fusion have been tested and used in many 

studies before, albeit in different tissues and conditions. Further experiments may be needed 

to investigate in more detail the effects of these genes in a neuronal environment. Another 

factor that needs to be considered is the UAS/GAL4 ratio. In the co-overexpression 

experiments, I used one copy of nSyb-GAL4 driver to express three copies of UAS transgenes 

including UAS-mito.GFP, UAS-C9 and UAS-dynamics. This may mask any effects observed 

and account for the lack of phenotype observed in the G4C2x3 controls.   
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Figure 4.2 Genetic manipulation with fusion factors – Opa1 and Marf 
(A) Confocal microscopy of the ventral ganglion of larval brains. Mitochondria are labelled with 

mito.GFP when overexpressed with pan-neuronal driver nSyb-GAL4, scale bar = 10 μm. Genetic 

manipulations focussing on promoting fusion using heterozygous loss-of-function mutations of Opa1 
and Marf in C9orf72 conditions. (B) Quantification of mitochondrial morphology using a scoring system 

established in Figure 3.6. Statistical analysis was performed using Chi squared test. Comparisons for 
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the first LacZ group are against G4C2x3, LacZ. Otherwise, all the comparisons are against their 

respective control (LacZ) condition. *p<0.05, ***p<0.001, ns = not significant, n=8-10. 

 

4.1.3 Manipulating mitochondrial dynamics does not rescue C9orf72 motor 
deficits 
  

After examining mitochondrial morphology under C9orf72 conditions, I wanted to test 

whether genetic manipulations of mitochondrial dynamics genes had an impact on behavioural 

outputs. Since some manipulations elicited changes in mitochondrial morphology, I 

hypothesised that increasing fission or decreasing fusion could affect C9orf72 motor 

behaviour and help determine whether dynamics play a role in the pathogenesis. 

 

I repeated the same genetic manipulations used in the microscopy analysis, but 

instead performed larval crawling. Firstly, the combinations of the different mitochondrial 

dynamic genes with G4C2x3 did not harbour any larval crawling phenotype. This shows that 

overexpression of Tango11 and Drp1 or heterozygous loss of Opa1 and Marf are well tolerated 

in the larval stage (Figure 4.3). 

 

Next, while expression of G4C2x36 recapitulated the previously observed larval 

crawling deficit (Figure 3.3), manipulation of the various mitochondrial fission/fusion genes 

was not sufficient to rescue this behavioural phenotype. In fact, expression of G4C2x36 with 

heterozygous Marf mutants significantly worsened the phenotype, with some larvae barely 

able to crawl (Figure 4.3). A similar pattern was observed with GR36. Overexpression of 

Tango11 or Drp1, or heterozygous Opa1 did not affect motor behaviour (Figure 4.3). However, 

expression of GR36 in heterozygous Marf mutants significantly worsened larval crawling, 

though no changes in Marf levels were measurable by western blot analysis (data not shown) 

– most of these larvae stayed in the same spot on the agar plate with few peristaltic waves 

and ‘wriggling’ in the same spot  

 

Taken together, these data suggest that fission and fusion do not play an important 

role in C9orf72 pathogenesis and the mitochondrial morphology phenotypes observed are 

likely a downstream consequence.  
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Figure 4.3 Genetic manipulation of fission and fusion does not rescue C9orf72 larval crawling 

deficits 
Genetic manipulations with overexpression of pro fission factors, Tango11 and Drp1 as well as 

heterozygous reduction of pro fusion factors Opa1 and Marf. Expression of the repeats and DPRs was 

achieved using a pan-neuronal driver, nSyb-GAL4 and the number of peristalsis waves was recorded. 

Statistical analysis was performed using one-way ANOVA with Bonferroni multiple comparison test. 

Comparisons for the first LacZ group are against G4C2x3, LacZ. Otherwise, all the comparisons are 

against their respective control (LacZ) condition. *p<0.05, **p<0.01, chart shows mean ± SD, n=6-12. 
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4.2 Boosting mitophagy does not rescue C9orf72 phenotypes 
 

4.2.1 Overexpression of Pink1 or parkin did not rescue rough eye phenotypes 
in G4C2x36 and GR36 flies 
 

In Chapter 3, I observed reduced mitophagy in C9orf72 flies (Figure 3.8). Upon loss of 

inner mitochondrial membrane potential, PINK1 stabilises and accumulates on the outer 

mitochondrial membrane to phosphorylate resident ubiquitin which recruits the E3 ubiquitin 

ligase Parkin to execute the mitophagic process. Khalil et al (2015) found mitochondrial 

spheroids in non-apoptotic photoreceptor neurons in a Drosophila model of Huntington’s 

Disease. These spheroids are characteristic of cells where mitophagy is blocked. They found 

that PINK1 overexpression alleviated mitochondrial spheroid formation and counteracted 

neurotoxicity by restoring ATP levels, neuronal integrity and improving survival. Hence, I 

wanted to test whether boosting mitophagy could rescue the C9orf72 phenotypes. 

 

I expressed the G4C2x36 and GR36 in the Drosophila eye using GMR-GAL4 and used 

two PINK1 overexpression lines as well as a parkin overexpression line to investigate whether 

these genes could modulate the toxicity present in the eye. Surprisingly, neither PINK1 nor 

parkin overexpression rescued the Drosophila rough eye phenotype present with G4C2x36 

and GR36 (Figure 4.4). Moreover, in the crosses that were set up, upon eclosion, some males 

also presented with a folded wings phenotype in GMR>G4C2x36, Tc-Pink1 and 

GMR>G4C2x36, park[C2]. Furthermore, only males eclosed for GMR>GR36, park[C2]. These 

results suggest that not only do they not rescue the eye phenotypes, overexpression of PINK1 

and parkin may even worsen the phenotypes present (Figure 4.4). It is to be noted that 

overexpression of PINK1 and parkin has not been shown to activate mitophagy therefore more 

exploratory work is needed. 
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Figure 4.4 Overexpression of PINK1 and parkin do not rescue C9orf72 rough eye phenotypes 

GMR-GAL4 was used to overexpress G4C2x36 and GR36 in the compound eye together with 

overexpression of Pink1 and parkin (n=6 images taken; more than 30 flies were assessed visually to 

confirm the phenotypes observed). Single red asterisk depicts some males were observed with folded 

wings. Double red asterisks indicates that only males eclosed from the cross.  
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4.2.2 Boosting mitophagy by expressing USP30 RNAi had no effect in G4C2x36 
and GR36 flies  
 

As an alternative approach to boost mitophagy I next targeted the mitochondrial 

deubiquitylase USP30. Knockdown of USP30 has been shown to rescue defective mitophagy 

caused by pathogenic mutations in parkin and improves mitochondrial integrity in parkin- or 

PINK1-deficient flies (Bingol et al., 2014). 

 

To visualise mitophagy in vivo, I employed the mito-QC reporter again to investigate 

whether USP30 RNAi could boost mitophagy in the larval brains. Using nSyb-GAL4, I 

overexpressed the G4C2x3 with luciferase RNAi (as a control RNAi) and compared this to 

G4C2x3, USP30 RNAi. Using IMARIS to quantify the number of mitolysosomes, I observed 

that USP30 RNAi significantly increased the number of mitolysosomes per cell indicating that 

mitophagy was boosted (Figure 4.5). However, when I looked at the other C9orf72 conditions, 

USP30 RNAi was not sufficient to rescue the reduced mitophagy phenotype observed with 

G4C2x36 and GR36 (Figure 4.5).  
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Figure 4.5 Boosting mitophagy with USP30 RNAi does not rescue C9orf72 phenotypes 

(A) Confocal microscopy images of the mito-QC reporter in C9orf72 conditions and USP30 RNAi 

(USP30RNAi) using pan-neuronal driver nSyb-GAL4 expressed in larval ventral ganglion. Control 
luciferase RNAi (LucRNAi) was used to balance the UAS/GAL4 ratio. Mitolysosomes are evident as GFP-

negative, mCherry-positive red only puncta. Scale bar = 10 μm. (B) Quantification of number of 

mitolysosomes per cell using IMARIS. Statistical analysis was performed using one-way ANOVA with 

Bonferroni multiple comparison test: *** p<0.001, ns = not significant, chart shows mean ± SD, n=4-8. 

 

 

  

G4C2x3, LucRNAi G4C2x3, USP30RNAi G4C2x36, LucRNAi G4C2x36, USP30RNAi GR36, LucRNAi GR36, USP30RNAi
G

FP
m

C
he

rry
M

er
ge

A

B

G4C
2x

3, 
Lu

cR
NAi

G4C
2x

3, 
USP30

RNAi

G4C
2x

36
, L

uc
RNAi

G4C
2x

36
, U

SP30
RNAi

GR36
, L

uc
RNAi

GR36
, U

SP30
RNAi

0

5

10

15

20

M
ito

ly
so

so
m

es
 / 

ce
ll

***

ns
ns



Chapter 4 Results 

 98 

4.2.3 Expression of USP30 RNAi had no beneficial effect on larval crawling in 
G4C2x36 and GR36 flies 

 

Moreover, pan-neuronal expression of G4C2x36 and GR36 with USP30 RNAi did not 

improve the larval crawling deficit (Figure 4.6). Taken together, these data corroborate the 

lack of behavioural rescue and suggests that mitophagy is not a primary cause but a 

downstream consequence in C9orf72 pathogenesis.  

 

 

 

Figure 4.6 Reduction of USP30 to boost mitophagy does not improve C9orf72 larval crawling 

phenotypes 

Pan-neuronal expression of G4C2x36 and GR36 with USP30RNAi and the number of peristalsis waves 

was recorded. Statistical analysis was performed using one-way ANOVA with Bonferroni multiple 

comparison test. All the comparisons are against their respective control (LucRNAi) condition – data not 

significant, chart shows mean ± SD, n=6-8. 
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4.3 Other components – MICOS 
 

4.3.1 No rescue was observed in larval crawling when manipulating MICOS 
components in G4C2x36 and GR36 
 

During my investigation, Li et al. (2020) explored the contribution of muscle in the 

manifestation of ALS phenotypes as opposed to other studies focussing on motor neurons. 

They showed that in Drosophila muscle, poly-GR entered the mitochondria and interacted with 

components of the Mitochondrial Contact Site and Cristae Organisation System (MICOS) 

localised at cristae junctions, which is responsible for proper architecture of the mitochondrial 

inner membrane. 

 

Consequently, I wanted to recapitulate these results but in my neuronal settings 

instead to investigate whether this interaction is also observed in this tissue. I targeted various 

MICOS components by using an Opa1-RNAi line, which also has a role in cristae junction (CJ) 

remodelling (Frezza et al, 2006). I also used Drosophila MIC60/Mitofilin overexpression and 

Leucine-zipper and EF-hand-containing Transmembrane protein 1 (Letm1) overexpression to 

attempt to rescue the C9orf72 larval crawling deficit. However, co-expression with any of the 

MICOS components did not rescue the larval crawling phenotype (Figure 4.7). This suggests 

that this interaction may be less relevant in neuronal tissues. 
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Figure 4.7 Genetic manipulation with MICOS components did not rescue C9orf72 larval crawling 

phenotype 

Genetic manipulations with overexpression of MICOS components, Opa1 RNAi, dMitofilin as well as 

Letm1. Overexpression of the repeats and DPRs was achieved using a pan-neuronal driver, nSyb-

GAL4 and the number of peristalsis waves was recorded. Statistical analysis was performed using one-

way ANOVA with Bonferroni multiple comparison test, no significance was found when compared to 

the respective LacZ control, chart shows mean ± SD, n=6. 

 

4.4 Antioxidants 
 

4.4.1 Overexpression of mitochondrial Sod2 and catalase partially rescues 
larval crawling deficit in G4C2x36 and GR36 models 
 

Increased ROS has been implicated in many models of neurodegenerative diseases 

including ALS (Smith et al., 2019) and I observed an increase in mitochondrial ROS using a 

mito-roGFP2-Orp1 reporter (Figure 3.11). There are several enzymes that function to 

suppress oxidative stress. Dismutation of the superoxide anion is catalysed by superoxide 

dismutase enzymes, Sod1 and Sod2, to molecular oxygen and hydrogen peroxide, which can 

be converted to water by catalase. I hypothesised that an excess of ROS production in the 

C9orf72 fly models might contribute to the larval crawling and adult climbing deficits observed. 

Therefore, I obtained Drosophila lines to overexpress cytosolic Sod1, mitochondrial Sod2, 

catalase and a mitochondrially tagged catalase (mito.Cat). The different natural or induced 
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subcellular localisations would allow me to assess any differences between different 

compartments of the cell. 

 

Firstly, I co-expressed the G4C2 repeat and protein-only DPR transgenes with either 

Sod1 or Sod2 and assessed larval crawling. Surprisingly, overexpression of the cytosolic Sod1 

significantly worsened the larval crawling deficit observed for G4C2x36 and GR36 compared 

to the G4C2x3 control. For GR36, Sod1, the larvae did not crawl at all during the assay 

conditions. In contrast, overexpression of mitochondrial Sod2 significantly rescued the larval 

crawling for G4C2x36 and GR36 (Figure 4.8). Overexpression of either catalase or 

mitochondrial catalase (mito.Cat) also partially rescues the larval crawling impairment 

observed for both G4C2x36 and GR36 as well (Figure 4.8).  

 

Thus, cytosolic Sod1 exacerbates the larval crawling phenotype whereas 

mitochondrial Sod2 and catalase are beneficial, suggesting that there is an excess of ROS 

production in the C9orf72 models, although the detrimental effects of Sod1 remains to be 

elucidated. 

 

 

 

Figure 4.8 Overexpression of Sod2 and catalase partially rescued C9orf72 larval crawling 

Larval crawling was assessed by co-expressing the repeats and DPRs with antioxidant enzymes Sod1, 

Sod2, catalase and mitochondrially tagged catalase (mito.Cat) using the pan-neuronal driver – nSyb-

GAL4. Control is overexpressing an inert UAS-lacZ. Statistical analysis was performed using one-way 

ANOVA with Bonferroni multiple comparison test: *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 0 

indicates no moving larvae could be selected for experimenting. Chart shows mean ± SD, n=10-15. 
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4.4.2 Less elongated mitochondria were found with overexpression of Sod2 
and catalase 

 

Next, I examined whether co-expressing the C9orf72 transgenes with antioxidant lines 

altered the mitochondrial morphology. Less elongated mitochondria were observed when 

comparing G4C2x36, LacZ with G4C2x36, Sod2 (69% vs 53% hyperfused mitochondria) as 

well as GR36, LacZ with GR36, Sod2 (67% vs 47%) (Figure 4.9).  

 

Similar results were observed when co-expressing the C9orf72 transgenes with 

catalase and mito.Cat, less elongated mitochondria were observed when comparing 

G4C2x36, LacZ with G4C2x36, Cat (69% vs 47% hyperfused mitochondria), GR36, LacZ with 

GR36, Cat (67% vs 48% hyperfused mitochondria) as well as G4C2x36, LacZ with G4C2x36, 

mito.Cat (69% vs 36% hyperfused mitochondria) (Figure 4.10). However, there was not a 

significant difference observed when comparing the different scoring categories in GR36, 

LacZ vs GR36, mito.Cat (67% vs 56% hyperfused mitochondria) (Figure 4.10). Taken 

together, the change in the number of fused mitochondria correlates well with the improvement 

observed in larval crawling. 
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Figure 4.9 Changes in morphology are observed when overexpressing Sod1 and Sod2 

(A) Confocal microscopy of the ventral ganglion of larval brains. Mitochondria are labelled with 

mito.GFP when overexpressed with pan-neuronal driver nSyb-GAL4, scale bar = 10 μm. Genetic 

manipulations overexpressing Sod1 and Sod2 in C9orf72 conditions. (B) Quantification of mitochondrial 

morphology using a scoring system established in Figure 3.6. Statistical analysis was performed using 
Chi squared test. Comparisons for the first LacZ group are against G4C2x3, LacZ. Otherwise, all the 

comparisons are against their respective control (LacZ) condition. *p<0.05, ***p<0.001, ns = not 

significant, n=8-10. 
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Figure 4.10 Changes in morphology are observed when overexpressing catalases 

(A) Confocal microscopy of the ventral ganglion of larval brains. Mitochondria are labelled with 

mito.GFP when overexpressed with pan-neuronal driver nSyb-GAL4, scale bar = 10 μm. Genetic 
manipulations overexpressing Cat and mitochondrial catalase (mito.Cat) in C9orf72 conditions. (B) 

Quantification of mitochondrial morphology using a scoring system established in Figure 3.6. Statistical 

analysis was performed using Chi squared test. Comparisons for the first LacZ group are against 

G4C2x3, LacZ. Otherwise, all the comparisons are against their respective control (LacZ) condition. 

*p<0.05, ***p<0.001, ns = not significant, n=8-10. 
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4.4.3 No additive effect was observed when overexpressing Sod2 and catalase 
together  
 

Since we saw beneficial effects from mitochondrial Sod2 and cytosolic catalase, each 

partially suppressing the locomotor phenotype, we hypothesised that combining the two 

antioxidant enzymes together may provide a better rescue. Additionally, since Sod1 was 

detrimental, we decided to test whether combination with Sod2 or catalase would be less 

deleterious. Therefore, to assess the relative contribution that the different antioxidant 

enzymes have to the observed phenotypes, we decided to analyse the dual overexpression 

of the Sods and catalase. 

 

Recombinant fly lines to overexpress all combinations of Sod1, Sod2, catalase and 

mito.Cat were generated. When overexpressing Sod1 with either Sod2, catalase or mito.Cat, 

the larval crawling phenotype for G4C2x36 and GR36 was the same as overexpression of 

Sod1 alone and did not improve the phenotype (Figure 4.11). This suggests that Sod1 is the 

overriding factor that is responsible for worsening the motor deficit phenotype.  

 

In contrast, overexpressing Sod2 and catalase as well as Sod2 and mito.Cat together 

rescues the larval locomotion back to control levels for G4C2x36 (Figure 4.11). However, it 

must be noted that although the number of peristaltic waves significantly improved, the larvae 

were not moving around the plate as much as G4C2x3 control genotypes suggesting that their 

motor function is not fully rescued (data not shown). For GR36, there was a significant 

improvement in crawling too but the phenotype is probably too strong to rescue in its entirety. 

 

Finally, the combination of catalase and mito.Cat together with G4C2x36 and GR36 

did not rescue the crawling impairment (Figure 4.11). This potentially suggests that excessive 

overexpression of catalase may not be beneficial as the cell may be removing too much 

hydrogen peroxide which has important signalling properties in the cell. 

Taken together, the data further support that Sod2 and catalase have beneficial effects 

in this model, but Sod1 is detrimental. It will be interesting to unravel the mechanism to 

understand why this is the case. 
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Figure 4.11 Overexpressing both Sod2 and catalase together rescues C9orf72 crawling 

phenotype  

Larval crawling was assessed by overexpressing the repeats and DPRs with combinations of 

antioxidant enzymes (Sod1+catalase, Sod1+mito.Cat, Sod1+Sod2; Sod2+catalase; Sod2+mito.Cat, 

Cat+mito.Cat) using the pan-neuronal driver – nSyb-GAL4. A 2xUAS control was used (UAS-

mCD8.GFP, UAS-mito.GFP) to compensate for the additional UAS-antioxidant added with dual co-

expression with the repeats and DPRs. Statistical analysis was performed using one-way ANOVA with 

Bonferroni multiple comparison test: *p<0.05, **p<0.01, ***p<0.001, 0 indicates no moving larvae could 

be selected for experimenting. Chart shows mean ± SD, n=10-15. 

 

4.4.4 Overexpression of mitochondrial Sod2 and catalase also partially 
rescued adult climbing deficits observed with GR1000 model at day 10 
 

Furthermore, I wanted to recapitulate the beneficial effects of antioxidants in the 

GR1000 model as well. Using the pan-neuronal nSyb-GAL4 driver, I co-expressed the 

GR1000 with Sod1, Sod2, catalase and mito.Cat and assessed climbing ability at day 2 and 

day 10. At day 2, there were no climbing deficits for all the controls and experimental 

genotypes (Figure 4.12A). By day 10, the GR1000 developed a climbing deficit which was 

partially rescued with overexpression of Sod2 and catalase (Figure 4.12B). There was a trend 

for improvement in climbing with mito.Cat, however, this did not reach significance. 

Overexpression of Sod1 had no effect, however, it also did not significantly exacerbate the 

phenotypes as observed with larval crawling of G4C2x36, Sod1 and GR36, Sod1.  
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In summary, the GR1000 model supports the data collected with G4C2x36 and GR36. 

Overexpression of Sod2 and catalases are beneficial. The next step will be to dissect the 

molecular mechanisms affecting antioxidant systems as well as test therapeutic potential of 

antioxidants. 

 

 
Figure 4.12 Overexpression of Sod2 and catalase partially rescues GR1000 climbing deficit at 

day 10 

Pan-neuronal overexpression of Sod2 and catalase in GR1000 with nSyb-GAL4 at day 2 (A) and day 

10 (B). Control is nSyb/+. Statistical analysis was performed using Kruskal-Wallis non parametric test 

with Dunn’s correction: ns = non-significant, **p<0.01, ***p<0,001 ****p<0.0001. Chart shows mean ± 

95% CI, n=60-100 flies. 

 

4.4.5 Partial rescue of mitophagy was observed with overexpression of Sod2 
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mitophagy in C9orf72 flies (Figure 3.8, 4.6). To further investigate the beneficial effects of 
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Overexpression of Sod2 in G4C2x36 and GR36 was able to partially rescue mitophagy 

phenotypes, however, the number of mitolysosomes per cell did not reach G4C2x3 control 

numbers (Figure 4.13). Hyperfused mitochondria were still observed which correlate well with 

the mitochondrial morphology data (Figure 4.9).  
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of antioxidants with GR36 was not sufficient to rescue the L3 developmental lethality. 

Therefore, this indicates that there are other pathways which contribute to C9orf72 

pathogenesis. 

 

 
 

Figure 4.13 Overexpression with Sod2 partially restores levels of mitophagy 

(A) Confocal microscopy images of the mito-QC reporter in C9orf72 conditions with overexpression of 

Sod2 using pan-neuronal driver nSyb-GAL4 expressed in larval ventral ganglion. Control luciferase 

RNAi (Luci) was used to balance the UAS/GAL4 ratio. Mitolysosomes are evident as GFP-negative, 

mCherry-positive red only puncta. Scale bar = 10 μm. (B) Quantification of number of mitolysosomes 

per cell using IMARIS. Statistical analysis was performed using one-way ANOVA with Bonferroni 

multiple comparison test: **p<0.01, ns = not significant, chart shows mean ± SD, n=4-8. 
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4.5 Discussion 
 

Modulation of mitochondrial dynamics does not rescue C9orf72 phenotypes 
 

Neuronal expression of G4C2x36 and GR36 caused hyperfused, elongated 

mitochondria. To determine whether excess fusion is a primary cause of pathogenesis, I first 

increased fission by overexpression of the key mitochondrial fission factors, Mff (Tango11 in 

Drosophila) and Drp1 as well as reducing fusion by using heterozygous mutants of the 

Drosophila homologue of Mitofusin – Marf and Opa1. However, although some differences in 

morphology were observed when co-expressing mitochondrial dynamics genes with G4C2x36 

and GR36, it was not enough to rescue the larval crawling behavioural phenotypes therefore 

this suggests that fission and fusion do not play an important role in C9orf72 pathogenesis 

and the mitochondrial morphology phenotypes observed are likely a downstream 

consequence. 

 

There are some limitations with using these mitochondrial dynamics transgenic lines 

as under normal conditions i.e., co-expression with G4C2x3 control, no morphological 

differences were observed. Firstly, the scoring system used may mask minor changes 

observed, therefore if we use a more systematic approach i.e., quantify with FIJI, then the 

results may be clearer. However, it must be stressed that all of these transgenic lines chosen 

have been shown to modulate mitochondrial fission or fusion and have been tested and used 

in many studies before. Sandoval et al (2014) generated the Marf mutant lines and used 

ATP5a to label mitochondria in the muscle and observed small rounded mitochondria. When 

overexpressing mito.GFP in the larval VNC using the motor neuron driver D42-GAL4, 

Sandoval et al. (2014) observed that mito.GFP mostly localises to the neuropil in the Marf[B] 

mutant and showed an obvious reduction in levels of mitochondria in the neuropil therefore 

since I use the middle section of the VNC, it may not be the ideal localisation to use for 

investigating mitochondrial morphology. However, in their study, they use Marf[B] 

homozygous mutants and therefore since I use heterozygotes, the effect might be less strong. 

DuBoff et al (2012) found that a heterozygous loss-of-function mutation in Opa1[s3475] 

normalised mitochondrial length in neurons of the adult brain and suppresses toxicity in a 

Drosophila tauopathy model. However, in their quantification, the mitochondrial length of the 

Opa1[s3475] heterozygous mutant without tau had similar morphology compared to control, 

therefore similar observations were observed compared to my results. 
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Deng et al (2008) overexpressed Drp1 using the same transgenic flies as my study 

and observed mitochondrial fragmentation in adult indirect flight muscle. Moreover, Tango11 

overexpression produce smaller mitochondria in axons (personal communication with Dr 

Victoria Hewitt). As shown in Figure 4.1, there were often ‘accumulations’ of mitochondria 

which had a long ‘tail’. These accumulations occur in all the genotypes, even in the control. 

This often skewed the quantification as there appeared to be more elongated mitochondria in 

the control, therefore the larval brain may not be the optimal tissue to use in this set-up as 

well. In summary, further experiments may be needed to investigate in more detail the effects 

of these genes in a neuronal environment and compare them with other tissues. Another factor 

that needs to be considered is the UAS/GAL4 ratio. In the co-overexpression experiments, I 

used one copy of nSyb-GAL4 driver to express three copies of UAS transgenes including 

UAS-mito.GFP, UAS-G4C2x36/GR36 and UAS-dynamics. This may mask any effects 

observed and account for the lack of phenotype observed in the G4C2x3 controls. Finally, Li 

et al. (2020) studied the effect of altering fission-fusion balance by the loss- or gain of function 

of Drp1, Fis1, or Marf and observed no obvious effect on GR80 toxicity which suggests that 

modulation of GR80 is unrelated to mitochondrial dynamics which is similar to what I have 

observed as well. 

 

MICOS 
 

Li et al. (2020) emphasised in their study that most studies focus on neuronal settings 

and therefore they want to investigate cellular mechanisms in muscle cells instead. They 

showed that as GR is highly positively charged, it is able to enter the mitochondria and interact 

with components of the MICOS. Genetic manipulation by downregulation of MICOS complex 

components as well as pharmacological restoration of ion homeostasis with nigericin rescues 

mitochondrial cristae morphology in GR80 flies.  

 

However, in my studies, I used my neuronal set up instead and observed no changes 

in behavioural phenotypes with genetic manipulations of the MICOS complex components. 

This does not invalidate any results but highlights the differences between cell and tissue 

specific compartments. 
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Modulation of mitophagy does not rescue C9orf72 phenotypes 
 

Ubiquitin-specific protease (USP30) is a deubiqutinating enzyme (DUB) found in the 

OMM and peroxisomes and plays an essential role in PINK1-parkin mediated mitophagy 

(Wang et al, 2022). Previous studies have shown that USP30 opposes PINK1 and parkin-

dependent mitophagy (Bingol et al., 2014) where it preferentially cleaves Lys6- and Lys11-

linked ubiquitin chains assembled by Parkin on the mitochondria in response to membrane 

depolarisation (Cunningham et al., 2015). It has been shown that depletion of USP30 in a 

Drosophila model of PD is beneficial by enhancing mitochondrial clearance (Bingol et al., 

2014) however, little was known about the role of USP30 in vivo. In my setup, I have observed 

that reducing the levels of USP30 increases the number of mitolysosomes in vivo. When 

combined with G4C2x36 and GR36, despite boosting mitophagy, this was not able to rescue 

the number of mitolysosomes or the larval crawling deficit in the C9orf72 models, which 

suggests that the observed decrease in mitophagy is a downstream consequence and not a 

primary causation event. Other DUBs such as knockdown of USP15 have also been found to 

rescue parkin knockdown flies as well as rescue mitophagy defects found in PD patient 

fibroblasts by counteracting parkin-mediated mitochondrial ubiquitination (Cornelissen et al, 

2014). Therefore, it would be interesting to investigate C9orf72 interactions with other DUBs 

such as USP15 and USP8, as beneficial effects were observed with USP8 knockdown in PD 

models as well (Alexopoulou et al, 2016; von Stockum et al, 2019). 

 

PINK1 overexpression has also been used to rescue other models of 

neurodegenerative diseases. As well as their role in mitophagy, it has been suggested that 

PINK1 and parkin are essential in regulating fission and fusion by interacting with Drp1 and 

Opa1 (Berman et al, 2008) and that this pathway regulates morphology by tipping the balance 

towards fission (Poole et al, 2008; Yu et al, 2011). Overexpression of PINK1 enhances 

mitochondrial fission independent of parkin and autophagy by phosphorylating Drp1 on serine 

616 (Han et al, 2020). Du et al (2017) showed that increasing PINK1 expression enhances 

amyloid-β clearance via activation of OPTN and NDP52 signals in an mAPP Alzheimer’s 

mouse model. Khalil et al. (2015) found mitochondrial spheroids in non-apoptotic 

photoreceptor neurons in a Drosophila model of Huntington’s Disease. These spheroids are 

characteristic of cells where mitophagy is blocked. They found that PINK1 overexpression 

alleviated mitochondrial spheroid formation and counteracted neurotoxicity by restoring ATP 

levels, and neuronal integrity thereby improving survival. In light of these results, I aimed to 

overexpress PINK1 in G4C2x36 and GR36 to both boost mitophagy and rescue the 

mitochondrial elongation morphology phenotype, however, I saw the opposite effect where 

overexpression of PINK1 or parkin mildly exacerbated the phenotype instead. It has to be 
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noted that overexpression of PINK1 has not necessarily been shown to boost mitophagy and 

therefore whilst the theory and thought process may be correct, this point needs to be proven 

first. 

 

Futhermore, there are alternative pathways that have been reported to trigger 

mitophagy that are PINK1/Parkin independent. Other mitophagy receptors that are located on 

the OMM containing LC3 interacting region (LIR) motifs which also interact with LC3 (Khalil & 

Lievens, 2017) include Bcl-2 and adenovirus E1B 19 kDa-interacting protein 3 (BNIP3) and 

Nix/BNIP3L (BNIP3-Like) (Novak et al., 2010; Rikka et al., 2011), Autophagy and BECLIN 1 

regulator 1 (AMBRA1) (Strappazzon et al., 2015) and FUN14 domain-containing protein 1 

(FUNDC1) (Liu et al., 2012). Apart from mitophagy receptors, cardiolipin can be translocated 

from the IMM to the OMM where it recruits phagophores by association with LC3 (Chu et al, 

2013). Finally, in vivo work in mice and Drosophila revealed that PINK1 and Parkin are 

dispensable for basal mitophagy, indicating that other pathways may compensate for the 

PINK1/Parkin mitophagy pathway under physiological mitophagy (Lee et al., 2018; 

McWilliams et al, 2018). Different stimuli and stress-induced mitophagy may be affected by 

different regulatory receptors and pathways therefore more work is needed to elucidate the 

role of mitophagy in C9orf72 pathogenesis. 

 

Antioxidants 
 

Since an increase in mitochondrial ROS was observed in G4C2x36, GR36 and 

GR1000 flies, I hypothesised that overexpression of antioxidants would suppress behavioural 

locomotor phenotypes. However, only overexpression of Sod2 and catalase rescued the 

C9orf72 phenotypes whereas Sod1 exacerbated larval crawling impairment in G4C2x36 and 

GR36 larvae and had little effect on GR1000 climbing. Over 150 mutations in SOD1 have 

been found to cause familial ALS (Forsberg et al, 2019) and it is widely accepted in the field 

that the normal dimeric Sod1 forms destabilised monomers and aggregates which are the 

toxic species. Since Sod1 is an ALS gene, it would be interesting to investigate any potential 

links between C9orf72, Sod1 and neurodegeneration. This may provide more insight as to 

why Sod1 is not able to rescue the C9orf72 behavioural locomotor impairments. Lopez-

Gonzalez et al. (2016) found that ectopic expression of hSOD1 and catalase can suppress 

GR80 toxicity in the fly wing. It has to be noted that their hSOD1 suppression is relatively 

small. Moreover, overexpression with human Sod1 is not directly comparable with 

overexpression of Drosophila Sod1. These results highlight the importance of mitochondrial 



Modulating mitochondrial dysfunction to improve C9orf72 behavioural fitness 

 

 113 

ROS driving disease phenotypes and compartmentalised investigations will allow better 

understanding to indicate where ROS is most damaging. 

 

Moreover, Filograna et al (2016) investigated the benefical effects of Sod enzymes 

and used a SOD-mimetic compound M40403 to protect against paraquat (PQ) induced toxicity 

showing a rescue in lethality in both Sod1 and Sod2 deficient flies. Interestingly, they found 

that paraquat was able to promote oxidative stress at the mitochondrial level. Of note, 

Filograna et al. (2016) observed that an acute dose of 24 h PQ treatment resulted in increased 

mitochondrial ROS production only, whereas a longer chronic 48 h dose increased both 

mitochondrial and cytosolic ROS in SH-SY5Y cells. Overexpression of human SOD1 and 

SOD2 was used to attempt to protect against PQ toxicity, however only mitochondrial SOD2 

was able to confer protection measured by cell viabilty. Consistent with in vitro results, 

ubiquitous overexpression of Drosophila Sod1 had no effect however, flies overexpressing 

Sod2 were significantly more resistant to acute PQ (5 mM) toxicity measured by survival. This 

suggests that organismal viability is more affected at the mitochondrial level from ROS 

compared to the cytosol as only overexpression of Sod2 was able to rescue in acute stress 

conditions. Next, they investigated chronic exposure of PQ (1 mM for 7 days). Surprisingly, 

ubiquitous overexpression of Sod1 was able to rescue motor behavioural phenotypes whereas 

Sod2 had no effect Filograna et al. (2016). These results suggest that cytosolic production of 

superoxide is more damaging with chronic exposure to PQ. These data complement my work 

and highlights the importance of studying subcellular compartments.  

 

Catalases, are also important antioxidant enzymes which decompose hydrogen 

peroxide into water and oxygen. It is mainly cytosolic and highly expressed in peroxisomes 

but absent in the mitochondria. Other enzymes such as glutathione peroxidase (GPX) 

performs similar function to catalase, but can be found in the mitochondria. Stapper & Jahn 

(2018) used a roGFP2 reporter probe developed from Albrecht et al. (2011) to measure 

changes in glutathione redox potential in an Aβ42 Drosophila model therefore, it would also 

be interesting to adopt a similar approach to investigate glutathione redox potential similar in 

a C9orf72 background. Catalases have been used as a therapeutic treatment in in vivo models 

of ALS however, its use is limited due to its short half-life and poor penetration across the 

blood-brain barrier (BBB) to enter cells (Nandi et al, 2019). However, Singhal et al (2013) 

successfully used nanoparticles to deliver catalase to cultured primary human neurons where 

they observed a decrease in hydrogen peroxide-induced protein oxidation, DNA damage and 

reduced mitochondrial membrane transition pore opening. Reinholz et al (1999) used a 

putrescine-modified catalase with increased permeability at the BBB and observed a 

significant delayed age of onset of clinical disease as well as a trend for prolongation of 
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survival in a hSOD1
G93A 

mouse model. Furthermore, Pehar et al (2014) found that 

mitochondria-targeted catalase reverts neurotoxicity in astrocytes in a hSOD1
G93A 

mouse 

model but does not extend survival of the animal which implies that preventing peroxide-

mediated mitochondrial damage alone is not sufficient to delay the disease. These results 

support my observations where overexpression of catalase and mito.Cat are generally 

beneficial in the C9orf72 models. 

 

4.6 Summary 
 

In summary, amongst all the different genetic manipulations used to reverse 

mitochondrial phenotypes observed in the previous chapter, only overexpression of 

antioxidants such as mitochondrial Sod2 and catalase were beneficial. This suggests that 

oxidative stress is an important upstream pathway that is important when looking at disease 

pathogenesis. The next step will be to study C9orf72 flies’ defence mechanisms against 

oxidative stress and therefore investigating the NRF2/Keap1 antioxidant signalling pathway.



 

  

Chapter 5 – NRF2/cncC and Keap1 

signalling 
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Chapter 5. NRF2/cncC and Keap1 signalling 

Introduction and Aims  

In Chapter 3, I showed that the C9orf72 models have increased mitochondrial ROS 

and in Chapter 4, genetic manipulations with overexpression of Sod2 and catalase partially 

rescued C9orf72 behavioural phenotypes. Taken together, my results suggest that oxidative 

stress is a main contributing factor in disease pathogenesis. The NRF2-Keap1 system is an 

evolutionary conserved intracellular defence mechanism to counteract oxidative stress. Under 

normal basal conditions, cytoplasmic NRF2 is targeted to the proteasome for degradation. 

Upon oxidative stress, Keap1 inhibition is relieved and detaches from NRF2 allowing NRF2 to 

translocate to the nucleus, where it heterodimerises with small Maf proteins. This in turn leads 

to transcription of downstream target genes including a series of antioxidative and 

cytoprotective proteins including heme oxygenase-1 (HO-1), glutathione peroxidase 1, 

glutathione S-transferases (GSTs), glutathione reductase (GR), and superoxide dismutase 

(SOD) (Tu et al, 2019). In this chapter, I investigate whether this pathway is involved in the 

overall pathogenesis of the C9orf72 models and if its modulation can ameliorate the 

phenotypes observed in previous chapters. 

 

5.1 Genetic interactions with Keap1 
 

5.1.1 Genetic interactions with Keap1 mutants in heterozygosity rescued larval 
crawling phenotypes in G4C2x36 and GR36 larvae 

 

It has been shown previously that reducing Keap1 levels using two independent 

alleles, was able to extend lifespan as well as rescue neuronal-specific motor deficits in a 

Drosophila model of Alzheimer’s Disease (Kerr et al, 2017). Therefore, I wanted to test 

whether reducing Keap1 levels would also rescue C9orf72 phenotypes. 

 

Firstly, I assessed larval crawling using a heterozygous mutant of Keap1 as 

homozygous Keap1 mutants are developmental lethal. Reduction of Keap1 was able to 

significantly improve the larval crawling of both G4C2x36 and GR36 compared to control 

(Figure 5.1A). Moreover, qualitatively, the larvae did not appear as thin compared to their 

respective controls with heterozygous loss of Keap1 (Figure 5.1B).  
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Figure 5.1 Heterozygous loss of Keap1 partially rescues C9orf72 larval crawling phenotypes 

(A) Expression of the repeats and DPRs was achieved using a pan-neuronal driver, nSyb-GAL4 and 

the number of peristalsis waves was recorded. Statistical analysis was performed using one-way 

ANOVA with Bonferroni multiple comparison test: *p<0.05, **p<0.01, chart shows mean ± SD, n=8-10, 

controls are pan-neuronal overexpression of C9orf72 transgenes only. (B) Pan-neuronal expression of 

the G4C2x36 and GR36 with heterozygous mutants of Keap1. (n=6 images taken, but more than 30 
larvae were assessed visually to confirm the phenotypes observed). 

 

5.1.2 Genetic interactions with Keap1 mutants in heterozygosity rescued adult 
climbing phenotypes in GR1000 flies 
 

Similar experiments were performed using the GR1000 model, where adult climbing 

was assessed. At day 2, there were no climbing impairments from control or GR1000 that 

were biologically significant (Figure 5.2A). Flies were aged to d10, where GR1000 in 

combination with Keap1 in heterozygosity was able to fully rescue the climbing deficit for 

GR1000 control (Figure 5.2B).  

Taken together, the data from all the C9orf72 models tested suggest that reduction of 

Keap1 can rescue behavioural motor impairments and therefore may serve as an effective 

target for the prevention of neurodegeneration in C9orf72. 
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Figure 5.2 Heterozygous loss of Keap1 fully rescues GR1000 climbing deficit 

Pan-neuronal expression of GR1000 with nSyb-GAL4 with heterozygous mutant of Keap1 at day 2 (A) 

and day 10 (B). Statistical analysis was performed using Kruskal-Wallis non parametric test with Dunn’s 

correction: ns = non-significant, ****p<0.0001. Chart shows mean ± 95% CI, n=60-100 flies. 
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5.2 Characterisation of NRF2/cncC in G4C2x36 flies 

 
5.2.1 Increased nuclear cncC staining is observed in larval brains of G4C2x36 
and GR36 
 

Since the behavioural data provided evidence that the NRF2/Keap1 pathway is 

involved, I hypothesised that there may also be induction of NRF2-ARE-dependent 

transcription. Increased ROS in C9orf72 flies would be expected to activate the pathway to 

provide protection by transcription of antioxidant and cytoprotective genes to counteract 

oxidative stress.  

 

If my hypothesis were true, NRF2 should translocate to the nucleus to act as a 

transcription factor. cncC has been shown to be the Drosophila homologue for NRF2 (Sykiotis 

& Bohmann, 2008). To test this hypothesis, I used an anti-cncC antibody from Chew et al 

(2021) and performed immunofluorescence in the larval brain with pan-neuronal expression 

of G4C2x36 and GR36 using nSyb-GAL4 (Figure 5.3A). By quantifying the intensity of cncC 

nuclear staining using Hoechst to label the nucleus, I observed an increase in nuclear cncC 

in both G4C2x36 and GR36 compared to the G4C2x3 control (Figure 5.3B). This suggests 

that there is an activation of the NRF2/Keap1 signalling pathway at early stages of the disease 

pathogenesis.  
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Figure 5.3 Increased cncC staining observed in G4C2x36 and GR36 larval brains 

(A) Confocal microscopy images of larval brains labelling cncC expression, with Hoechst used to 
identify the nuclei boundaries. Pan-neuronal expression of G4C2x36 and GR36 with nSyb-GAL4 was 

used and nuclear intensity was compared to the control, G4C2x3, scale bar = 10 μm (B) Graph showing 

quantification of relative nuclear staining and statistical analysis was performed using one-way ANOVA 

with Bonferroni multiple comparison test: *p<0.05, **p<0.01, chart shows mean ± SD, n=12-16. 
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5.2.2 G4C2x36 flies are able to respond to ROS-inducing paraquat treatment 
 

gstD1 is a prototypical oxidative stress response gene and has been confirmed to be 

a cncC target gene (Sykiotis & Bohmann, 2008). Bohmann’s group generated a reporter fly 

line to monitor the cncC/Keap1 antioxidant and detoxification responses in live conditions. It 

utilises a transgene that expresses GFP under the control of a 2.7 kb genomic sequence 

upstream of the gstD1 gene. This genomic sequence harbours an antioxidant response 

element (ARE) sequence which is used to control the expression of GFP in the transgenic 

reporter flies (Figure 5.4A).  

 

Moreover, Sykiotis & Bohmann (2008) validated the reporter function by utilising 

various oxidants such as paraquat, a free radical generator, diethyl-maleate, a glutathione 

depleting agent as well as hydrogen peroxide and observed induction of the reporter activity. 

I treated the control G4C2x3 flies with 5mM paraquat for 24 hours at day 4 and collected the 

flies at day 5 for immunoblot. With paraquat treatment, there is a significant increase in gstD1-

GFP levels compared to no treatment (Figure 5.4B,C) therefore validating the reporter and 

recapitulating the findings from Sykiotis & Bohmann (2008). 

 

At the same time I assessed whether the G4C2x36 flies could also respond to the 

ROS-inducing paraquat treatment. If they did not respond, this may explain the behavioural 

deficits of the C9orf72 flies which have been shown to have increase mitochondrial ROS. 

Despite only having 2 biological replicates, the results show that there is a response to 

paraquat from the G4C2x36 flies compared to no treatment as gstD1-GFP levels increased 

(Figure 5.4B,C). This suggests that the C9orf72 flies are still able to respond to paraquat and 

therefore their antioxidant response is still functional. But we cannot rule out the possibility 

that the response may be blunted as G4C2x36 flies induce the reporter to a proportionally 

lower level compared to control (G4C2x3 vs G4C2x3 PQ FC 3.47; G4C2x36 vs G4C2x36 PQ 

FC 1.88, Figure 5.4D) 
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Figure 5.4 Immunoblot using the gstD1-GFP reporter in response to paraquat 

(A) Schematic depicting gstD1-GFP reporter, adapted from Sykiotis and Bohmann (2008). Briefly, the 

genomic sequence upstream of the gstD1 gene harbours an antioxidant response element (ARE) 

sequence which was used to control the expression of GFP in the reporter fly line. (B) Pan-neuronal 

expression of G4C2x36 in combination with the gstD1-GFP reporter. Anti-GFP was used to measure 

the levels of reporter expression at day 5, which is controlled by the ARE sequence in genomic 

sequence upstream of the gstD1 gene. Flies were also treated with 5mM paraquat for 24 hours at day 
4 and collected at day 5 for immunoblot. Two biological replicates are shown and denoted, anti-tubulin 

was used as the loading control. (C) Quantification of gstD1-GFP levels, chart shows mean ± SD, ns = 

not significant. (D) Bar chart depicting the fold change of gstD1-GFP expression levels comparing 

G4C2x3 vs G4C2x3 PQ and G4C2x36 vs G4C2x36 PQ. 
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5.2.3 Changes in gstD1-GFP levels were observed across time  
 

The gstD1-GFP reporter has been used in several studies to study NRF2 activity in 

vivo. Kerr et al. (2017) utilised this reporter to show a reduction of cncC activity in a Drosophila 

model of Alzheimer’s Disease. Moreover, they performed an experiment where they also 

found a suppression of cncC in flies overexpressing human 0N3R tau as well as GR100, 

therefore suggesting that it is the accumulation of toxic proteins which leads to the generalised 

defect in NRF2 signalling across different neurodegenerative diseases (Kerr et al., 2017). 

 

 

Figure 5.5 Immunoblot using the gstD1-GFP reporter in L3 stage shows no change in NRF2 

activity in G4C2x36 flies 

(A) Pan-neuronal expression of G4C2x36 in combination with the gstD1-GFP reporter. Anti-GFP was 

used to measure the levels of reporter expression at the L3 larval stage, which is controlled by the ARE 

sequence in genomic sequence upstream of the gstD1 gene. Three biological replicates are shown and 
denoted, anti-tubulin was used as the loading control. (B) Quantification of gstD1-GFP levels, chart 

shows mean ± SD, ns = not significant. 

 

Since I saw a behavioural rescue with reduction of Keap1 in the C9ORF72 flies as well 

as nuclear accumulation of cncC/NRF2, I wanted to use the gstD1-GFP reporter to investigate 
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combined the reporter with pan-neuronal expression of G4C2x36 using nSyb-GAL4. After 

dissecting out the larval brains to perform western blot, I observed no changes to gstD1-GFP 

levels in the larval stage comparing G4C2x36 with the G4C2x3 control (Figure 5.5), despite 

an increase in nuclear staining of cncC (Figure 5.3).  
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Figure 5.6 Immunoblot using the gstD1-GFP reporter at day 2 shows no change in NRF2 activity 

in G4C2x36 flies 

(A) Pan-neuronal expression of G4C2x36 in combination with the gstD1-GFP reporter. Anti-GFP was 

used to measure the levels of reporter expression at day 2, which is controlled by the ARE sequence 

in genomic sequence upstream of the gstD1 gene. Three biological replicates are shown and denoted, 

anti-tubulin was used as the loading control. (B) Quantification of gstD1-GFP levels, chart shows mean 

± SD, ns = not significant. 
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Figure 5.7 Immunoblot using the gstD1-GFP reporter at day 5 shows an increase in NRF2 activity 

in G4C2x36 flies 

(A) Pan-neuronal expression of G4C2x36 in combination with the gstD1-GFP reporter. Anti-GFP was 

used to measure the levels of reporter expression at day 5, which is controlled by the ARE sequence 

in genomic sequence upstream of the gstD1 gene. Four biological replicates are shown and denoted, 

anti-tubulin was used as the loading control. (B) Quantification of gstD1-GFP levels, chart shows mean 

± SD, * p<0.05. 
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Figure 5.8 Immunoblot using the gstD1-GFP reporter at day 12 shows an increase in NRF2 

activity in G4C2x36 flies 

(A) Pan-neuronal expression of G4C2x36 in combination with the gstD1-GFP reporter. Anti-GFP was 

used to measure the levels of reporter expression at day 12, which is controlled by the ARE sequence 

in genomic sequence upstream of the gstD1 gene. Three biological replicates are shown and denoted, 

anti-tubulin was used as the loading control. (B) Quantification of gstD1-GFP levels, chart shows mean 

± SD, * p<0.05. 

 

5.2.4 cncC target genes show minimal changes at transcript level 
 

Using the gstD1-GFP reporter, I showed that there was an increase in NRF2 activity 

in G4C2x36 with age as well as an increased nuclear localisation of NRF2 in the larval brain. 

This implies that there could be more transcription of NRF2-ARE genes and therefore the next 

step was to determine whether there was an increase in transcription of endogenous NRF2 

target genes.  
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were observed with Keap1 transcript levels. The two datasets validate the experimental set 

up where paraquat induces an acute oxidative stress and flies can respond by increasing 

cytoprotective cncC targets transcripts such as gstD1, that subsequently will increase its 

protein levels, as shown by the gstD1-GFP reporter line (Figure 5.7, 5.8) and its downstream 

target transcripts. 

 

 

Figure 5.9 Quantitative RT-PCR on G4C2x36 flies at day 5 with paraquat treatment 

qRT-PCR was performed using adult heads from day 5 flies with pan-neuronal expression of G4C2x3 

as the control and G4C2x36 as the experimental group. For paraquat treatment, flies were fed 5 mM 

paraquat for 24 hours at day 4 and harvested at day 5. n=4 biological replicates, however, a few data 

points were taken out after quality control checks with the CT means. Statistical analysis was performed 

using unpaired t-tests with Welch’s correction for unequal standard deviation, chart shows mean ± SD, 

*p<0.05, all other results are non-significant (ns). 

 

However, when investigating at basal levels where no paraquat treatment was added, 

there were no differences in cncC, Keap1 or gstD1 transcript levels between G4C2x3 and 

G4C2x36 flies (Figure 5.10), even though there was an increase in gstD1-GFP levels in the 

reporter line (Figure 5.7). Moreover, Sod1 and Sod2 are antioxidant genes that are also NRF2 

target genes. Under basal conditions, there was a significant reduction in Sod1 transcript 

levels, no changes to Sod2 transcripts and a significant increase in catalase transcript levels. 

With paraquat treatment, the expected outcome was an induction of NRF2-target transcripts 

such as Sod1 and Sod2; however, no differences were observed in their transcript levels in 

both G4C2x3 control and G4C2x36 flies (Figure 5.9).  
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Figure 5.10 Basal transcript levels of cncC target genes in G4C2x36 flies at day 5 

qRT-PCR was performed using adult heads from day 5 flies with pan-neuronal expression of G4C2x3 

as the control and G4C2x36 as the experimental group. n=4 biological replicates, however, a few data 

points were taken out after quality control checks with the CT means. Statistical analysis was performed 

using unpaired t-tests with Welch’s correction for unequal standard deviation, chart shows mean ± SD, 

*p<0.05, all other results are non-significant (ns). 

 

5.2.5 Transcript levels of cncC related genes comparing larval and adult 
G4C2x36 flies 

  

Cheng et al (2021) used gstD1, gclC and gclM (glutamate-cysteine ligase 

catalytic/modifier subunits (GclC/GclM) which are the rate-limiting enzymes for glutathione 

biosynthesis), as their target genes to quantify CncC-regulated mRNAs by RT-PCR. Using a 

similar approach, I investigated the transcript levels of cncC, Keap1 and gstD1 at the L3 larval 

stage and compared this with day 5 adults to determine whether there is a difference in 

response with age. For both cncC and Keap1, there were no differences in transcript levels 

between G4C2x3 and G4C2x36 at L3 compared to day 5. However when comparing gstD1 

mRNA transcripts between late larvae (L3 stage) and mid-aged adult (day 5), there was a 

significant increase in gstD1 transcript levels at the larval stage when comparing G4C2x3 

control with G4C2x36, yet this increase was lost at day 5 where there were no differences 

observed (Figure 5.11). This contrasts with an increase in gstD1-GFP reporter levels at adult 

day 5, as assessed by western blot (Figure 5.7). However, it has to be noted that the sample 

size was relatively small and more experiments would be needed to confirm these results. 
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Figure 5.11 Transcript levels of cncC, Keap1 and gstD1 at L3 and day 5 for G4C2x36 flies 

qRT-PCR was performed using dissected larval brains for L3 larval stage, and adult heads for day 5 

with pan-neuronal expression of G4C2x3 as the control and G4C2x36 as the experimental group. n=4 
biological replicates, however, a few data points were taken out after quality control checks with the CT 

means. Statistical analysis was performed using unpaired t-tests with Welch’s correction for unequal 

standard deviation, chart shows mean ± SD, *p<0.05, all other results are non-significant (ns). 

 

Next, I chose a few other genes to attempt to understand the cncC target gene 

transcription landscape better. gclC has been shown to be a cncC target gene (Cheng et al., 

2021) and I expected the gclC results would corroborate with the trends observed with gstD1. 

However, this was not the case as gclC transcript levels did not change in both larval L3 and 

at day 5 (Figure 5.12). Since I saw a decrease in mitophagy and NRF2 has been shown to 

regulate PINK1 expression under oxidative stress conditions (Murata et al, 2015), I 

investigated the levels of PINK1 as well but found no differences at larval L3 stage or at day 

5-old adult heads too (Figure 5.12). Finally, since I saw an increase in catalase transcript 

levels at day 5 (Figure 5.11 and 5.12), I quantified catalase transcript levels at larval L3 stage 

as well. Here, I found no differences at the early stage compared to at day 5 (Figure 5.12). In 

summary, there are a lot of genes that were expected to change due to the findings from the 

gstD1 reporter but were not recapitulated with the qRT-PCR results (Figure 5.13), therefore 

more investigation is needed to investigate NRF2 signalling in this context.  
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Figure 5.12 Transcript levels of gclC, Pink1 and catalase at L3 and day 5 for G4C2x36 flies 

qRT-PCR was performed using dissected larval brains for L3 larval stage, and adult heads for day 5 

with pan-neuronal expression of G4C2x3 as the control and G4C2x36 as the experimental group. n=4 
biological replicates, however, a few data points were taken out after quality control checks with the CT 

means. Statistical analysis was performed using unpaired t tests with Welch’s correction for unequal 

standard deviation, chart shows mean ± SD, *p<0.05, all other results are non-significant (ns). 

 

 

Figure 5.13 Summary of findings 

Table depicts a summary of all the NRF2/cncC findings using the immunoblot with anti-cncC, measuring 

cncC and gstD1 transcript levels and gstD1-GFP reporter, a proxy for NRF2 activity. Key: gray – no 

change, light green – trend for increase (results not statistically significant), dark green – statistically 

significant increase and n/a – not tested. 
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5.3 Treatment with NRF2/cncC activator dimethyl fumarate (DMF) 
 
5.3.1 DMF treatment rescued climbing phenotypes in G4C2x36 and GR36 flies 

 

Dimethyl fumarate (DMF) is an antioxidative and anti-inflammatory drug which is 

licensed under the name of Tecfidera, to treat relapsing forms of multiple sclerosis. It is thought 

to work by activating the NRF2 pathway, resulting in immunomodulatory and anti-inflammatory 

effects. It has also been shown to be beneficial in other inflammatory diseases and cancers, 

as well as exhibiting neuroprotective effects in other animal models of neurodegenerative 

diseases such as AD, PD and HD (Majkutewicz, 2022). Granatiero et al (2019) used DMF for 

NRF2 activation in human SOD1
G93A

 iPSC-derived astrocytes (iPSAs) and found that DMF 

was able to rescue calcium dysregulation as well as motor neuron toxicity. Since I saw 

beneficial effects with heterozygous knockdown of Keap1 and also differences using the 

gstD1-GFP reporter, I wanted to use DMF to activate the NRF2 pathway in my C9orf72 models 

as well.  

 

For this experiment, it was necessary to use a GAL4 driver which would overexpress 

the G4C2x36 and GR36 repeats but produce viable adults in order to test the longer-term 

effects of disease progression as well as perform longer drug treatments and use the climbing 

assay instead to measure behaviour phenotypes. DIP-γ-GAL4 is a predominantly motor 

neuron driver (Venkatasubramanian & Mann, 2019) and when used to overexpress G4C2x36 

allows the recovery of viable adults that show an age-dependent climbing phenotype whereby 

at day 3, the climbing behaviour is comparable to the G4C2x3 control (Figure 5.14A). 

However, by day 10, there is a significant impairment in climbing when compared to age-

matched G4C2x3 control (Figure 5.14B). For GR36, there were viable adults compared to 

lethality at the L3 larval stage when using pan-neuronal expression with nSyb-GAL4. 

Moreover, there was a climbing phenotype for GR36 at day 3 when compared to G4C2x3 

control (Figure 5.14A), which deteriorates and has an even stronger climbing phenotype by 

day 10 (Figure 5.14B).  

 

To test whether activating NRF2 is beneficial in C9orf72 flies, DMF was added to the 

food, with ethanol added instead to use for the control. To my knowledge, only one group have 

successfully used DMF in Drosophila for their investigations. Solana-Manrique et al (2020) 

used 7 μM DMF to attenuate the climbing deficit exhibited by DJ-1β mutants as well as 
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demonstrate a significant reduction of hydrogen peroxide production in these mutants 

supplemented with DMF. Using the same concentration of DMF, once eclosed, the C9orf72 

flies were raised on food containing 7 μM DMF and their climbing ability was assessed. At day 

3, flies supplemented with DMF showed no significant differences in climbing ability compared 

with their respective controls i.e. same genotype raised in food supplemented with ethanol 

(Figure 5.14A). At day 10, control G4C2x3 flies exhibited no differences in climbing between 

DMF and ethanol-supplemented food which demonstrates that this dose of DMF is tolerable. 

However, for both G4C2x36 and GR36, flies climbed significantly better raised on DMF food 

compared to ethanol control which suggests that DMF is beneficial and can attenuate C9orf72 

behavioural phenotypes (Figure 5.14B).  

 

Figure 5.14 DMF treatment is able to rescue C9orf72 climbing phenotypes 

Adult climbing ability was assessed by expression in motor neurons using DIP-γ-GAL4. Flies were 

raised on food supplemented with either 7 μM DMF or ethanol as control. Climbing was assessed at 

(A) day 3 and (B) day 10. Statistical analysis was performed using Kruskal-Wallis non parametric test 

with Dunn’s correction: **p<0.01, ***p<0.001, ****p<0.0001, chart shows mean ± 95% CI. 

 

5.3.2 DMF treatment had little effect on climbing phenotypes in GR1000 flies 
 

I repeated the same experiment with GR1000 flies which were raised on food 

supplemented with 7 μM DMF and their climbing behaviour was assessed. No behavioural 

differences were observed at day 3 (Figure 5.15A). At day 10, the GR1000 climbing deficit 

was not significantly rescued by DMF supplementation however, there was a trend for 

improvement (Figure 5.15B). In the future, I would like to increase the dose of DMF to repeat 
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the experiment. Moreover, a later time point can be tested to develop a clearer idea of whether 

DMF supplementation is beneficial in GR1000 flies. Taken together, the results suggest that 

activating the NRF2 pathway with DMF can be beneficial and therefore a potential therapeutic 

target to treat C9orf72 ALS/FTD. 

 

 

Figure 5.15 DMF treatment is not able to rescue GR1000 climbing phenotype at day 10 but shows 

trend for improvement 

Adult climbing ability was assessed by expression in using pan-neuronal driver nSyb-GAL4. Flies were 

raised on food supplemented with either 7 μM DMF or ethanol as control. Climbing was assessed at 

(A) day 3 and (B) day 10. Statistical analysis was performed using Kruskal-Wallis non parametric test 

with Dunn’s correction: ****p<0.0001, ns = non-significant, chart shows mean ± 95% CI. 
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5.4 Discussion 
 

In Chapter 5, I have investigated the role of NRF2 and Keap1 and their cellular 

response to increased oxidative stress in the C9orf72 models. Firstly, I have shown that there 

is increased nuclear translocation of NRF2 in G4C2x36 and GR36 larval brains which 

suggests that this pathway is activated already at the larval stage. By using the gstD1-GFP 

reporter as a proxy for NRF2 activity with age, I have shown that there is a significant increase 

in GFP expression levels at day 5 which further increases at day 12. However, when 

measuring the mRNA transcript levels of NRF2, Keap1 as well as NRF2 targeting genes, there 

are no substantial changes in transcript levels, except for an increase in gstD1 transcripts at 

the larval stage. This may indicate that although the flies are able to detect the oxidative stress 

environment, a response is mounted but not sufficient and may be blunted. This explains the 

lack of changes seen in the transcript levels and the behavioural degenerative phenotype 

observed. However, this pathway indeed plays a role in C9orf72 pathogenesis, as 

heterozygous knockdown of Keap1 was able to significantly improve the larval crawling for 

G4C2x36 and GR36 larvae. Moreover, there was also a rescue in climbing behaviour for 

GR1000 flies as well. Finally, dimethyl fumarate (DMF) treatment to boost NRF2 activity was 

able to rescue climbing behaviour of G4C2x36 and GR36 flies using a predominantly motor 

neuron driver. This is a positive result that promotes NRF2 activation as a potential therapeutic 

strategy for tackling C9orf72 ALS/FTD.  

 

Localisation of cncC/NRF2 
 

NRF2 has been shown to be translocated into the nucleus to activate ARE antioxidant 

genes under stress conditions such as oxidative stress. Theodore et al (2008) identified 

nuclear localisation signal (NLS) motifs which are important to drive nuclear translocation of 

NRF2. Moreover, using immunoprecipitation assays, they demonstrated that importins α5 and 

β1 associate with NRF2 which highlights an important role for the nuclear import system. Other 

import proteins that have been studied include importin α7, which has been linked to mediating 

Keap1 nuclear import by interaction with its Kelch domain and thus enhancing the clearance 

of NRF2 in the nucleus (Sun et al, 2011). Interestingly, nucleocytoplasmic transport has been 

reported to be disrupted in C9orf72 (Freibaum et al., 2015). I would like to perform further 

experiments investigating the localisation of NRF2 in adult brains with aging in the 

neurodegenerative models and therefore ask whether nucleocytoplasmic transport deficits in 
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C9orf72 disrupt the nuclear translocation of NRF2 which may explain the lack of response to 

oxidative stress with my results. 

 

cncC/NRF2 activity – using the gstD1-GFP reporter 
 

The gstD1-GFP reporter generated by the Bohmann lab has been an invaluable 

resource to assess NRF2 activity in various contexts. In a fly model of Batten disease, flies 

lacking CLN3 (genetic mutations in the CL3 gene lead to early onset Batten disease) function 

are hypersensitive to oxidative stress and when overexpressed provides increased resistance 

to it. CLN3 mutant flies are able to perceive conditions of oxidative stress shown by induction 

of the gstD1 reporter, but are not able to detoxify ROS, suggesting their ability to respond is 

compromised (Tuxworth et al, 2011). There are also numerous studies using the gstD1-GFP 

reporter in the literature where an increase in ROS usually correlates with an increase in 

gstD1-GFP reporter expression suggesting an increase in NRF2 activity. In a traumatic brain 

injury in Drosophila, the authors correlated increases in oxidative stress markers from a rat 

model of TBI with an increase in gstD1-GFP reporter activity in their fly system (Saikumar et 

al, 2020). Another study to use this reporter included Wu et al (2017) where they investigated 

intestinal microbial dysbiosis in an Aβ42 Drosophila model of AD and explored ROS 

production by DCF-DA staining to detect an increase in intracellular ROS levels. This was 

accompanied by an increase in gstD1-GFP reporter activity at day 10 using pan neuronal 

overexpression of Aβ42 with elav-GAL4. This contrasts with the results shown in Kerr et al. 

(2017) where they used a slightly different AD model - Arctic mutant Aβ42 to show a significant 

reduction in gstD1-GFP reporter and therefore suggested that inhibition of NRF2 activity is 

attributed to Aβ42 aggregation. Moreover, Kerr et al. (2017) also found that the reporter activity 

was significantly decreased in flies overexpressing human 0N3R tau as well as in a GR100 

model for C9orf72 ALS/FTD indicating that it may be an accumulation of toxic proteins which 

lead to the generalised defect in NRF2 signalling across various neurodegenerative diseases. 

 

However, my results do not align with the findings from Kerr et al. (2017). Under basal 

conditions, I have observed an increase in mitochondrial ROS with the mito-roGFP2-Orp1 

reporter. The accumulation of ROS could be due to a failure to perceive the presence of ROS 

or it could be the failure to mount a response. To determine whether the accumulated ROS 

was due to a failure to upregulate antioxidant gene transcription in response to oxidants, I 

used the gstD1-GFP reporter in the G4C2x36 flies, and also tested its response to paraquat, 

which generates superoxide anions. In the absence of paraquat, the basal level of GFP 
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expression is higher in G4C2x36 flies compared to G4C2x3 control (1.23-fold) which suggests 

that they are trying to respond since they are under an intrinsic oxidative load which 

corroborates with an increase in mitochondrial ROS observed initially for G4C2x36 flies. 

Following exposure to 24 h treatment of 5 mM paraquat, the reporter was strongly induced in 

both control and G4C2x36 flies. However, G4C2x36 flies induce the reporter to a lower level 

compared to control (G4C2x3 vs G4C2x3 PQ FC 3.47; G4C2x36 vs G4C2x36 PQ FC 1.88) 

and therefore suggests that although the G4C2x36 flies can perceive the presence of high 

ROS, their response to oxidative stress may be blunted. This may reflect the absence of a 

feedback mechanism whereby a sufficient response is needed to combat oxidative damage.  

 

Interestingly, there were changes in the gstD1-GFP reporter when I performed a time 

course tracking G4C2x36 larvae and flies compared to G4C2x3 control. Early developmental 

stages represented by larval L3 stage showed no changes with the reporter activity even 

though there is a strong behavioural phenotype accompanied by an increase in mitochondrial 

ROS. There were also no changes at day 2 which may suggest that there is a delay in 

responding to the oxidative stress environment for G4C2x36 flies. This also suggests that the 

system is trying to compensate and respond which is why there is an increase in gstD1-GFP 

reporter expression at day 5 which further increases at day 12, the later time point. If we 

compare the fold change at day 12 with paraquat treated control flies at day 5 (G4C2x3 vs 

G4C2x3 PQ FC 3.47 compared to G4C2x3 vs G4C2x36 d12 FC 3.4), it shows that the 

response at day 12 is similar to the response a control fly would have with paraquat-induced 

oxidative stress. This highlights the capability for the G4C2x36 flies to respond but the 

response may be blunted or delayed and therefore the flies are not able to counteract the 

overload of ROS in the cells. I showed in Chapter 4 that overexpression of antioxidants such 

as Sod2 and catalase partially rescue C9orf72 behavioural phenotypes. This indicates that it 

is a very tightly regulated system and that the response to oxidative stress is pivotal to 

investigating disease initiation and pathogenesis in C9orf72 ALS/FTD.  
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cncC/NRF2 activity – transcript levels 
 

As I observed an increase in the expression of GFP levels using the gstD1-GFP 

reporter with age in G4C2x36, I hypothesised that since NRF2 activity is enhanced, this 

suggests that there is more transcription of NRF2 targeting genes and therefore their relative 

transcript levels are boosted. There were many results that were not expected when I 

conducted qRT-PCR to measure transcript levels. Firstly, I used paraquat as a positive control 

to induce an acute stress whereby NRF2-mediated transcription should be boosted. Both 

cncC and gstD1 transcripts were significantly elevated with paraquat treatment. This suggests 

that the paraquat treatment worked and a response is elicited. However, surprisingly, Sod1 

and Sod2 transcripts did not increase with paraquat treatment, even though it has been 

suggested in the literature that they are antioxidant genes targeted by NRF2-ARE 

transcription. Of note, Filograna et al. (2016) observed that an acute dose of 24 h PQ treatment 

resulted in increased mitochondrial ROS production only, whereas a longer chronic 48 h dose 

increased both mitochondrial and cytosolic ROS in SH-SY5Y cells (Rodriguez-Rocha et al, 

2013; Filograna et al., 2016). These findings suggest that in my experimental set up, I apply 

an acute stress only which may not be enough to elicit a full response therefore the antioxidant 

genes may not be substantially affected.  

 

Kirby et al (2005) performed microarray analysis in a motor neuron-like NSC34 cell 

line transfected with SOD1
G93A

 and found that NRF2 and its targeted genes were markedly 

reduced. Post mortem tissue from ALS patients revealed a reduction of NRF2 mRNA and 

protein expression in neurons in the motor cortex and spinal cord, whereas Keap1 mRNA 

expression was increased in the motor cortex only, however similar protein expression levels 

were observed (Sarlette et al., 2008). To summarise, if the NRF2 pathway is activated, there 

should be increased transcription of NRF2 and its target genes, however, previous literature 

has shown that the opposite result can be observed. Interestingly, a meta-analysis of 

microarray sets from Alzheimer’s Disease (AD) and Parkinson’s Disease (PD) found that 

NRF2 was upregulated yet identified 31 common downregulated ARE-driven genes such as 

detoxification genes NQO-1 and SOD1 (Wang et al, 2017). The authors speculated that NRF2 

may be part of a complex regulatory network and must be affected by other transcription 

factors and regulatory mechanisms. They found that sMAF, in particular MAFF, was highly 

expressed in AD and PD. sMAF proteins can form homodimers among themselves and can 

act as transcriptional repressors therefore overexpression of MAFF represses NRF2 

dependent gene transcription, resulting in NRF2 target gene downregulation (Wang et al., 
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2017). These findings may explain why minimal changes were observed in the G4C2x36 flies. 

As described earlier, there is increased ROS with a blunted NRF2 mediated response and 

potentially, sMAF proteins may be dysregulated. It will be interesting to investigate the mRNA 

transcripts of sMAF as well as test genetic interactions with C9orf72 conditions.  

 

Therapeutic treatments – DMF 
 

Dimethyl fumarate (DMF) has been successfully used to treat relapsing multiple 

sclerosis and has also been shown to be beneficial in some animal models of 

neurodegenerative disease (Yamazaki et al, 2015; Majkutewicz, 2022). NRF2 has many 

functions; the most important being the induction of transcription of cytoprotective enzymes 

and antioxidant genes such as NAD(P)H-quinone oxidoreductase 1 (NQO1), glutamate-

cysteine ligase catalytic subunit (GCLc), glutathione S-transferases (GSTs) and heme 

oxygenase 1 (HO-1). DMF acts by the inactivation of Keap1 via succination of its cysteine 

residues, more specifically, mass spectrometry experiments found that monomethyl fumarate 

led to direct modification at cysteine 151 (Linker et al, 2011; Yamamoto et al, 2018). 

 

Another mode of action mediated by DMF includes the inhibition of pro-inflammatory 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway (Giridharan & 

Srinivasan, 2018). Similar to NRF2, NF-κB is a transcription factor normally localised in the 

cytoplasm and is inhibited by inhibitor of kappa B protein (IκB), as Keap1 is to NRF2. Under 

oxidative stress or exposure to bacterial and viral antigens, IκB is phosphorylated and 

subsequently degraded, therefore releasing its inhibition on NF-κB, which is allowed to 

translocate to the nucleus which activates expression of genes associated with inflammatory 

responses and tumorigenesis. It has been shown that DMF inhibits NF-κB activity by 

covalently modifying p65, which is an important component of the NF-κB complex in breast 

cancer cells. However, Gillard et al (2015) demonstrated that inhibition of NF-κB by DMF was 

independent of NRF2 as DMF treatment inhibited pro-inflammatory cytokine production in both 

cultured wild-type and NRF2 knockout splenocytes. Conversely, DMF can indirectly inhibit the 

NF-κB pathway indirectly via the NRF2 pathway. NRF2 activation has been shown to induce 

transcription of genes responsible for mounting an inflammatory response such as interleukin 

1β (IL-1β), interleukin 6 (IL-6) and tumour necrosis factor α (TNF-α) (Pan et al, 2012). As 

described previously, NRF2 also promotes transcription of HO-1, as carbon oxide, a product 

derived from HO-1 activity can exert anti-inflammatory effects on macrophages by inhibiting 
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the NF-κB pathway (Lee et al, 2003). Moreover, both NRF2 and p65 compete to bind with 

transcriptional co-activator CREB-binding protein-p300 complex (CBP-p300) and therefore 

overexpression of NRF2 by DMF may tip the balance for NRF2 mediated ARE transcription 

bound to CBP-p300 instead thereby limiting NF-κB activity (Liu et al, 2008; Majkutewicz, 

2022). Finally, Keap1 has another role as an inhibitor of kappa B protein kinase ubiquitination, 

therefore when DMF acts via succination of Keap1, its depletion would lead to stabilisation of 

the kinase and hence upregulation of NF-κB activity (Lee et al, 2009).  

 

Since I have observed a partial rescue of the C9orf72 phenotypes with reduction of 

Keap1 as well as DMF treatment despite a weak NRF2 response, as observed by minimal 

changes of mRNA transcripts of NRF2 and its targeting genes, it would be interesting to study 

how Keap1 is acting, and whether the rescue is NRF2 related. Moreover, the DMF rescue 

could be via NRF2 independent pathways, therefore more research is needed to determine 

what the reasons behind the rescue experiments are and whether there is crosstalk between 

the two pathways. 

 

5.5 Summary 

 

In summary, I have used various techniques to investigate the NRF2/Keap1 pathway. 

In G4C2x36 larvae, there is increased nuclear cncC localisation which suggests that the 

pathway is induced early in disease pathogenesis. Moreover, in G4C2x36 day 5 flies, 

increased NRF2 activity was observed using the gstD1-GFP reporter. Lastly, heterozygous 

loss of Keap1 partially rescues G4C2x36 larval locomotion and therapeutic treatment with 

DMF suppressed G4C2x36 climbing motor impairment which suggests that targeting the 

NRF2/Keap1 pathway may be beneficial. 



 

  

Chapter 6 – General discussion and future 

work 
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Chapter 6 – General Discussion and future work 

6.1 Summary of Findings 
 

Mitochondrial dysfunction has been widely reported in many neurodegenerative 

diseases including ALS/FTD. The role of mitochondria specifically in C9orf72 ALS/FTD has 

been relatively understudied, especially in an in vivo system. Excess production of reactive 

oxygen species has been reported (Lopez-Gonzalez et al., 2016) but it is not clear whether 

these phenomena are causative or a consequence of the pathogenic process. The aim of this 

thesis was to use C9orf72 transgenic Drosophila models to investigate and characterise 

mitochondrial phenotypes and determine their relevance in driving the pathogenic 

mechanisms. 

 

In Chapter 3, I was able to recapitulate established phenotypic characterisation that 

have been previously published. Strong larval crawling and adult climbing behavioural 

phenotypes were observed with pan-neuronal expression of G4C2x36 in the pure repeats 

model (Mizielinska et al., 2014) as well as the alternative codon GR-only constructs – GR36 

(Mizielinska et al., 2014) and GR1000 (West et al., 2020). Their locomotor impairment allowed 

me to use it as a readout for testing different genetic manipulations to modulate their 

behavioural phenotypes. Next, I investigated mitochondrial morphology. Mitochondrial 

fragmentation and swollen mitochondria were commonly found in C9orf72 patient fibroblasts 

and iPSCs (Dafinca et al., 2016; Onesto et al., 2016). Similar findings were observed in flies 

where mitochondria were swollen when GR80 was expressed in the fly muscle (Li et al., 2020). 

However, when I pan-neuronally expressed the G4C2x36 and GR36 in the larval brain, 

elongated and hyperfused mitochondria were observed. Differences in morphology between 

the studies are likely due to the different model systems used as well as cell types (muscle vs 

neurons). Impaired mitophagy has also been implicated in many neurodegenerative diseases 

including ALS however, to my knowledge, mitophagy has been relatively understudied in 

specifically in C9orf72. Therefore, I employed our Drosophila mitophagy reporter, mito-QC 

(Lee et al., 2018) and found a reduction of mitolysosomes in G4C2x36 and GR36. These 

results complement observations where perturbed autophagy is found in G4C2x36 and GR36. 

A reduction in the number of autolysosomes was observed using an autophagic flux GFP-

mCherry-Atg8a reporter as well as increased expression of Ref(2)P and a reduction in Atg8a-

II levels by immunoblot. My results also corroborate with recent findings from (Cunningham et 

al., 2020) where they reported disrupted autophagy in their G4C2x30 repeats model as well. 

Finally, I observed a reduction in complex I and complex II linked respiration in G4C2x36 flies 

as well as increased mitochondrial ROS in both G4C2x36 and GR36 measured with the mito-
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roGFP2-Orp1 reporter and in the GR1000 model measured with MitoSOX. My results are in 

line with findings from Choi et al. (2019) where they found an increase in DNA damage, 

oxidative stress and decreased activities of mitochondrial complexes I and V. The next step 

was to investigate the underlying pathogenic mechanisms associated with changes in 

mitochondrial morphology, defective mitophagy and oxidative stress-associated 

neurodegeneration. 

 

In Chapter 4, genetic manipulation to restore mitochondrial fission/fusion dynamics by 

promoting fission (overexpression of Tango11 or Drp1) or reducing fusion (heterozygous 

Opa1 and Marf mutants) did not rescue G4C2x36 and GR36 locomotor deficits contrary to my 

expectations. Li et al. (2020) studied the effect of altering fission-fusion balance by the loss- 

or gain-of-function of Drp1, Fis1, or Marf and also observed no obvious effect on GR80 toxicity. 

Moreover, boosting mitophagy by knockdown of USP30 or PINK1/parkin overexpression was 

not able to rescue the G4C2x36 and GR36 phenotypes. Taken together, these data 

corroborate the lack of behavioural rescue and suggests that aberrant mitochondrial dynamics 

and reduced mitophagy are not primary causes but downstream consequences in C9orf72 

pathogenesis. However, genetic upregulation of antioxidants such as mitochondrial 

superoxide dismutase 2 (Sod2) and catalase were able to rescue behavioural impairment 

phenotypes in G4C236, GR36 and GR1000. Surprisingly, overexpression of cytosolic 

superoxide dismutase 1 (Sod1) exacerbated larval crawling phenotypes in G4C2x36 and 

GR36 and had no effect in GR1000 flies. This is contrary to Lopez-Gonzalez et al. (2016) 

where they found that ectopic expression of hSOD1 and catalase can suppress GR80 toxicity 

in the fly wing. It has to be noted that their hSOD1 suppression is small and also not directly 

comparable with overexpression of Drosophila Sod1. My results highlight the importance of 

mitochondrial ROS driving disease phenotypes and compartmentalised studies allow better 

understanding to indicate where ROS is most damaging. In summary, these data suggest a 

causative link between mitochondrial dysfunction, ROS and behavioural phenotypes. 

 

Finally in Chapter 5, I aimed to study one of the key defence mechanisms against 

oxidative stress: the NRF2/Keap1 pathway. NRF2 was found to be translocated to the nucleus 

in G4C2x36 and GR36 larval brains suggesting an activation of the pathway. Moreover, there 

was increased NRF2 activity in G4C2x36 flies observed using a gstD1-GFP reporter. These 

flies are also able to respond to paraquat treatment. Taken together, these data suggest that 

C9orf72 flies can respond to oxidative stress. However, minimal changes were observed with 

NRF2 mRNA transcripts as well as NRF2 target transcript genes. This suggests that whilst 

the pathway is activated, the response may be blunted. Furthermore, genetic reduction in 

Keap1 and pharmacological treatment with an NRF2 activator, dimethyl fumarate (DMF), 
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showed a behavioural rescue in climbing activity of G4C2x36 and GR36 flies, suggesting 

targeting the NRF2/Keap1 signalling pathway could be a viable therapeutic strategy for 

ALS/FTD. 

 

6.2 Expanding on our knowledge of compartmentalised ROS 

damage 
 

Since I have observed a suppression of behavioural phenotypes with mitochondrial 

Sod2 but not cytosolic Sod1, it highlights the importance of mitochondrial ROS driving toxicity. 

Filograna et al. (2016) investigated the effects of Sod enzymes protection against paraquat 

induced toxicity. Acute treatment of paraquat resulted in an increase in mitochondrial ROS 

production only. They only observed a suppression in cell viability with overexpression of 

Sod2, but not Sod1. Similar to my results, it suggests that organismal viability is more affected 

at the mitochondrial level from ROS compared to the cytosol as only overexpression of Sod2 

was able to rescue under stress conditions. It has been shown in the literature that oxidative 

stress is increased in C9orf72 conditions (Lopez-Gonzalez et al., 2016) therefore showing the 

relevance of ROS in different cellular compartments is interesting and would allow better 

targeted treatments. I would like to perform a more detailed study analysing the contribution 

of various ROS species i.e. testing the production of superoxides compared to hydrogen 

peroxide as well as their cytosolic vs mitochondrial involvment. Cells may be a better system 

to use considering all the limitations of flies I have described throughout the thesis. I have 

acquired Neuro2a cells expressing G4C2x45 (kind gift from Dr. Guillaume Hautbergue) and 

have characterised the cells for future experiments. Preliminary experiments using this model 

system showed an increased signal was observed with MitoSOX after flow cytometry analysis 

comparing G4C2x35 to control (data not shown). Flow cytometry is an easy, fast and high 

throughput approach to measure different ROS species produced. Mitochondrial superoxide 

can be measured using MitoSOX whereas cytosolic superoxide production can be measured 

using DHE. Furthermore, mitochondrial hydrogen peroxide production can be detected using 

Amplex Red from isolated mitochondria while H2DCFDA can be used to measure cytosolic 

hydrogen peroxide production (Dikalov & Harrison, 2014; Murphy et al., 2022). Additionally, I 

can also use the mito-roGFP vs cyto-roGFP in cells as well.  

 

In Drosophila, I would also like to use another in vivo roGFP2-based probe - cyto-Grx1-

roGFP2 and mito-roGFP2-Grx1 (Albrecht et al., 2011). Glutathione (GSH) is the most 

abundant antioxidant in cells (Dringen, 2000; Stapper & Jahn, 2018) where it cycles between 

a reduced (GSH) and an oxidised (GSSG) state. Therefore, measurement of its redox 
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potential (EGSH) is widely used to assess cellular redox homeostasis where an increased 

GSSG:GSH ratio is an indication of oxidative stress. Similar to the mito-roGFP2-Orp1, 

glutaredoxin 1 (Grx1), a small redox enzyme maintained by non-enzymatic reduction by GSH, 

mediates roGFP2 oxidation by GSSG (Albrecht et al., 2011). Stapper & Jahn (2018) used both 

roGFP2 probes in a Drosophila model of Alzheimer’s disease where they found that changes 

in EGSH correlated with disease onset and progression but did not find any changes in 

hydrogen peroxide levels suggesting that it is not the driving factor for onset of neurotoxicity, 

but stresses the significance of glutathione redox homeostasis. This highlights the importance 

of studying different aspects of oxidative stress, as many studies generically show an ‘increase 

in oxidative stress’ without any in-depth analysis of the ROS species produced or information 

regarding distinct subcellular compartments. 

 

Since I have emphasised the importance of studying different ROS species, I have 

reflected on the use of only paraquat (PQ) in my studies. PQ is used as a redox cycler used 

to stimulate superoxide production in the mitochondrial matrix through interactions with 

complex I (Cocheme & Murphy, 2008). Moreover, further studies by Filograna et al., (2013) 

have shown that an acute dose of 24 h PQ treatment resulted in increased mitochondrial ROS 

production only, whereas a longer chronic 48 h dose increased both mitochondrial and 

cytosolic ROS in SH-SY5Y cells (Rodriguez-Rocha et al., 2013; Filograna et al., 2016). 

Therefore, it may be interesting to conduct an experiment investigating the differences 

between acute and chronic exposure to PQ, or even use mitoPQ. I would also like to perform 

a lifespan survival assay to determine whether the C9orf72 flies are more susceptible to stress 

in a complementary way. Furthermore, different oxidants can be used to test different species 

of ROS production, including arsenic, a heavy metal; di-ethyl maleate (DEM), a glutathione 

depleting agent, mitoParaquat or hydrogen peroxide itself. These potential experiments will 

expand on my findings where mitochondrial Sod2 suppressed C9orf72 behavioural 

phenotypes, but not cytosolic Sod1. It will provide a better understanding to what ‘an increase 

in ROS’ really means as well as investigate ROS production and the cell’s regulation in 

different subcellular compartments.  
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6.3 Alternative oxidative stress responses & contribution from 

other pathogenic mechanisms 
 

In my study, I have shown that the NRF2/Keap1 pathway is involved in C9orf72 

disease pathogenesis. However, some of my results are inconclusive and may appear 

contradictory and ultimately, the underlying mechanisms are yet to be resolved. The main 

discrepancy is that I observe suppression of behavioural phenotypes with genetic 

manipulations and drug treatments which activate the NRF2 pathway, however, even though 

a gstD1-GFP reporter indicates that NRF2 activity is upregulated, the mRNA transcripts 

examined are not changed. This suggests that there may be post translational changes and 

modifications, or that translation itself is perturbed. Moujalled et al. (2017) had a similar finding 

using ALS patient fibroblasts harbouring a TDP-43
M337V 

mutation and NSC-34 motor neuronal 

cell lines carrying the TDP-43
Q331K 

mutation where they performed RNA binding 

immunoprecipitation studies. This revealed an enrichment of NRF2 and GPX1 transcripts 

bound to heterogeneous nuclear ribonucleoprotein K (hnRNP K) protein, which is an RNA 

binding protein. hnRNP K was found to be mislocalised and its altered metabolism 

subsequently impairs the oxidative stress response in cells due to aberrant translation of key 

antioxidant proteins. Similarly, various hnRNPs have been found to interact with both sense 

and antisense RNA foci including hnRNP H (Conlon et al., 2016), hnRNP A1 (Sareen et al., 

2013; Cooper-Knock et al., 2014), hnRNP A3 (Mori et al., 2013) and hnRNP H1/F (Lee et al, 

2013; Cooper-Knock et al., 2014). Since there is precedence that hnRNPs are disrupted and 

sequestered by RNA foci in C9orf72, it may suggest that a similar mechanism has occurred 

whereby alterations in hnRNPs impair translation of key antioxidant proteins and therefore is 

worth further investigation. 

 

Moreover, NRF2 is regulated by several transcription factors such as aryl hydrocarbon 

receptor (AhR) (Miao et al, 2005) and NF-κB (Nair et al, 2008). NRF2 can also regulates its 

own NFE2L2 mRNA transcription, as the gene itself has an ARE within its promotor therefore 

can directly activate its own transcription, creating a positive feedback loop to enhance NRF2 

effects (Kwak et al, 2002). But there must be negative regulation of this feedback. Apart from 

the Keap1-CUL3-RBX1 ubiquitin ligase complex, other ubiquitin ligases have been shown to 

target NRF2 for ubiquitination and ultimately degradation such as glycogen synthase kinase 

(GSK)3/β-TrCP-dependent Cul1-based ubiquitin ligase (Rada et al., 2011; Chowdhry et al., 

2013). There also may be alternative oxidative stress responses as well as compensatory 

pathways activated which include NF-κB pathway as discussed in Chapter 5 (He et al., 2020). 

Transcriptional activation of NRF2 target genes also require the recruitment of small Maf 
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proteins (sMAFs) such as MAFF, MAFG and MAFK to form a heterodimer with NRF2 before 

transcription can proceed. Interestingly, Wang et al. (2017) conducted a meta-analysis of 

microarray sets from Alzheimer’s Disease (AD) and Parkinson’s Disease (PD) and found that 

although NRF2 was upregulated, they identified 31 common downregulated ARE-driven 

genes such as detoxification genes NQO-1 and SOD1(Wang et al., 2017). The authors 

speculated that NRF2 may be part of a complex regulatory network and must be affected by 

other transcription factors and regulatory mechanisms as I have eluded to in this discussion. 

They found that MAFF was highly expressed in AD and PD and speculated that sMAF proteins 

can form homodimers among themselves and subsequently act as transcriptional repressors 

therefore overexpression of MAFF represses NRF2 dependent gene transcription, result in in 

NRF2 target gene downregulation (Wang et al., 2017). These findings may explain why 

minimal changes were observed in the G4C2x36 flies. As described earlier, there is increased 

ROS with a blunted NRF2-mediated response and potentially, sMAF proteins may be 

dysregulated. I plan to test genetic manipulations with overexpression and knockdown of 

sMAF with the C9orf72 flies. The sole Drosophila homolog of sMAF proteins is the product of 

the CG9954 gene, MafS (Veraksa et al, 2000). Rahman et al (2013) also confirmed that MafS 

is required for NRF2-like functions of cncC. It will also be interesting to measure MafS mRNA 

and protein levels and test whether the hypothesis of transcription repression due to excess 

MafS could explain the lack of NRF2 target transcripts in C9orf72 ALS/FTD as well. 

 

Lastly, there may be multiple pathogenic mechanisms in play which trigger pathology 

and toxicity. In this thesis, I have concentrated my efforts to characterise mitochondrial 

phenotypes and oxidative stress, and despite showing important influences on pathology, a 

greater emphasis on C9orf72 as a whole may be important, including exploring other 

pathogenic mechanisms involved. Arginine-rich DPRs have been associated with defective 

nucleocytoplasmic transport (NCT) deficits (Freibaum et al., 2015; Jovicic et al., 2015), 

translation disruption (Moens et al, 2019) and stress granule dysfunction (Lee et al., 2016; 

Boeynaems et al., 2017). Boeynaems et al. (2016) performed a targeted modifier screen 

based on the findings from Jovicic et al. (2015) using eye degeneration as a readout for 

suppressors and enhancers of PR25 toxicity. They consolidated findings from the yeast 

screens to show that nucleocytoplasmic transport players such as karyopherins, nuclear pore 

complex components and enzymes involved in generating the Ran-GTP gradient, play an 

important role and are major contributing factors to C9orf72 toxicity. Interestingly, KPNA6 

(Importin α7)-mediated nuclear import of Keap1 represses the Nrf2-dependent antioxidant 

response (Sun et al., 2011), therefore it will be useful to investigate if there is a link between 

NCT defects and the NRF2 signalling pathway. Other experiments that will strengthen the 

study include investigating other phenotypes besides behavioural assays. Are the DPRs levels 
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affected when suppression of behavioural phenotypes is observed with Sod2, catalase, Keap1 

and DMF treatment? GR was found to be spread diffusely throughout the cytosol, and PR to 

be both nuclear and cytoplasmic (Yang et al., 2015; Solomon et al., 2018; West et al., 2020). 

Is the localisation of GR affected with the suppression of the behavioural phenotypes too? To 

summarise, more experiments will strengthen the story and may provide more hints to explain 

the mechanism behind C9orf72 pathogenesis.  

 

6.4 Mitophagy and autophagy 
 

In my investigation, I found that mitophagy was perturbed in G4C2x36 and GR36. 

Overexpression of Sod2 was able to suppress the behavioural phenotypes and significantly 

restore mitophagy, however, not back to control levels. Mitophagy is an interesting topic to 

further investigate as it has been relatively understudied in C9orf72 ALS/FTD. Although no 

causative relation has been established between NRF2 and mitophagy, there is evidence that 

NRF2 may play a role in mitochondrial quality control under oxidative stress conditions 

(Dinkova-Kostova & Abramov, 2015). In a sepsis mouse model, oxidative stress and 

inflammation was observed. NRF2 and its downstream target genes such as Sod2 and HO-1 

were increased, suggesting that there was a mitochondrial adaptive response to oxidative 

stress. Next, they observed a decrease in Ref(2)P/p62 and using a LC3-GFP reporter mice, 

LC3 signal and citrate synthase staining were increased, which suggests that there is 

increased mitochondrial biogenesis as well as increased mitophagy as there was a strong 

colocalisation between the LC3 puncta with mitochondria. Most importantly, these phenotypes 

were suppressed in NRF2 knockout mice compared to WT control mice which indicates that 

NRF2 plays a key role in redox-sensitive mitophagy (Chang et al, 2015). Recently, Gumeni et 

al (2021) showed that NRF2 activation can induce mitophagy and reverse Pink1/parkin 

knockdown mediated neuronal and muscle degeneration. The paper supports the hypothesis 

that NRF2 is involved in regulating mitophagy however, there are limitations to this study from 

my perspective, as their use of the mito-QC reporter from my experience, is not analysed very 

well. 

 

Other than mitophagy, I have shown that autophagy is perturbed in G4C2x36 and 

GR36 flies. However, the immunoblots of GABARAP and Ref(2)P lack some biological repeats 

and control conditions with chloroquine as it is important to measure the amount of Atg8a-II 

delivered to the lysosomes by comparing in the presence and absence of bafilomycin A1 (a 

vacuolar H
+
-ATPase inhibitor) or lysosomotropic agents (e.g., chloroquine) to inhibit lysosomal 

degradation of Atg8a-II hence determine the basal autophagic activity (Jiang & Mizushima, 
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2015). I have shown an increase in Ref(2)P levels, albeit not significant, therefore more 

biological replicates will determine whether this result holds. However, Cunningham et al. 

(2020) have also shown perturbed autophagy and accumulation of Ref(2)P and it is also widely 

documented that ALS/FTD patients also exhibit Ref(2)P/p62 and ubiquitin-positive inclusions 

in degenerating neurons. The formation of p62 inclusions is likely to interfere with the 

autophagy process, therefore impacting cellular homeostasis (Chitiprolu et al., 2018). 

Interestingly, p62 has been shown to interact with the NRF2 binding site on Keap1 and 

therefore competes with NRF2 (Komatsu et al., 2010). Moreover, p62 is also an NRF2 target 

gene as it contains an ARE in its promotor region therefore can create a positive regulatory 

feedback loop (Komatsu et al., 2010, Jain et al., 2010). East et al (2014) generated a p62-

mediated mitophagy inducer (PMI, HB229) as a small molecule which upregulates p62 and 

disrupts the Nrf2-Keap1 interaction therefore stablising NRF2 to drive mitophagy, acting 

downstream of the Pink1/parkin pathway. However, Jain et al (2015) discovered that this 

positive feedback loop between NRF2 and Ref(2)P is not conserved in Drosophila. They found 

that similar to mammals, Ref(2)P interacts directly with Atg8a (LC3 in mammals) through a 

LIR motif and Ref(2)P also has an ARE region that is recognised by cncC (NRF2), but it does 

not bind directly to Keap1 as it lacks an ETGE-like motif. Despite the absence of a Ref(2)P 

mediated positive feedback loop, the authors found that cncC was able to induce Atg8a levels 

and stimulate autophagy. It will be interesting to investigate a potential link between C9orf72 

– NRF2/cncC – Ref(2)P/p62 – mitophagy/autophagy.  

 

6.5 Therapeutic treatments - DMF  
 

One of the more exciting findings from my investigation is that dimethyl fumarate (DMF) 

could suppress behavioural phenotypes in G4C2x36 and GR36, though some further 

clarifications are needed. For instance, while an increase in nuclear localisation of cncC was 

observed in larval brains of G4C2x36 and GR36, there was no signifcant increase in NRF2 

activity measured using the gstD1-GFP reporter. However, at day 5, NRF2 activity is 

significantly increased therefore it would be interesting to investigate the expression levels 

and localisation of cncC in adult brains as well. Moreover, it will be interesting to determine 

whether a similar result is achieved using the GR1000 flies. Lastly, since I have observed a 

suppression of behavioural phenotypes in G4C2x36 and GR36, it would be essential to 

combine with the gstD1-GFP reporter as well as testing mRNA transcripts to understand the 

physiological landscape in the rescue flies. Complementary experiments can also be 

performed using the N2a G4C2x45 cell model with DMF treatment and additional antioxidants 
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such as Trolox or other NRF2 activators such as sulforaphane can also be tested to determine 

whether they are able to rescue C9orf72 phenotypes as well. 

 

DMF is a prodrug which is hydrolysed by esterases to monomethyl fumarate (MMF) in 

vivo. Both fumarates have been shown to activate the NRF2 pathway and show 

immunosuppressive and anti-inflammatory properties through several mechanisms including 

the inhibition of the NF-κB pathway (Majkutewicz, 2022). In fact, DMF has been used in many 

neurodegenerative models including AD, PD and HD, where the general consensus is that 

DMF is beneficial and attenuates phenotypes such as alleviated oxidative stress, 

neurodegeneration and gliosis, reviewed in detail by Majkutewicz (2022). DMF has mostly 

been admininstered in in vitro models and in vivo mouse models however, there was a study 

investigating the effect of DMF in a Drosophila model of PD (Solana-Manrique et al., 2020). 

DJ-1β mutant flies fed with DMF food exhibited improved climbing ability than standard 

medium food and showed that the levels of hydrogen peroxide and protein carbonylation were 

lower whereas phosphofructokinase, a glycolytic enzyme was higher compared to DJ-1β 

mutant flies with longer treatment of DMF. This highlights the potential benefits of using DMF 

as a therapeutic treatment for neurodegenerative diseases however, there are currently no 

cellular models or animal models testing DMF in ALS. Still, a clinical trial of DMF where a 

phase 2 multi-centre, randomised, placebo-controlled, double-blind clinical trial aimed at 

assessing the efficacy and safety of Tecfidera (brand name for DMF) in patients with sporadic 

ALS has been conducted (Vucic et al, 2020). Unfortunately, although the drug was safe and 

well tolerated, there was a lack of efficacy and no significant differences were observed in the 

Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised (ALSFRS-R) at week 36. 

However, beneficial effects on the neurophysiological index was observed, suggesting 

preservation of lower motor neuron function, although this needs verification in a larger trial. 

Moreover, the authors raised the point that participants showed an ‘unusually slow disease 

progression’ during the study and suggested that future trials should include rapidly 

progressing ALS patients (Vucic et al, 2021). Taken together, DMF treatment shows promise 

but more scientific research understanding the underlying mechanisms behind disease 

pathogenesis and progression, as well as clinical trials on a more homogenous cohort may 

provide more conclusive results. 

 

6.6 Relevance of work 
 

In summary, I have used three well established Drosophila models of C9orf72 

ALS/FTD to investigate mitochondrial dysfunction. Drosophila melanogaster is a useful in vivo 
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model and has been extensively used to study C9orf72. However, not many studies to date 

have comprehensively characterised mitochondrial phenotypes, therefore my work has 

provided a strong groundwork to first understand what has gone wrong in the mitochondria 

before setting out to attenuate and rescue toxic phenotypes. Investigations in mitochondrial 

morphology in a neuronal setting, changes in mitochondrial respiration and perturbed 

autophagy add to known findings in the literature and can complement post mortem tissue 

data, in vitro and other in vivo models discoveries. I have also uncovered some novel results, 

highlighting the importance of studying ROS in different subcellular compartments. Moreover, 

a reduction in mitophagy was observed which has been a severely understudied topic in 

C9orf72. While the NRF2/Keap1 pathway is by no means a new pathway to investigate, but 

currently, there are no studies providing direct evidence linking C9orf72 with NRF2 and 

therefore my work adds to our understanding of C9orf72 disease pathogenesis and 

progression. 

 

Moreover, I was also interested in investigating potential differences between repeat 

RNA vs DNA DPR-mediated toxicity by using a pure repeat model (G4C2x36) and two GR-

only models (GR36 and GR1000) developed by Mizielinska et al. (2014) and West et al. 

(2020). However, I have not been able to find any differences or deviations in results with the 

rescue experiments performed. Both overexpression of mitochondrial Sod2 and catalase, as 

well as using heterozygous Keap1 mutants were able to suppress G4C2x36, GR36 and 

GR1000 behavioural phenotypes. This meant I could not able to discern the differences 

between repeat RNA and DPR toxicty and distinguish the relative contribution of each to 

toxicity or rescue, however, it is encouraging to know that all these genetic manipulations were 

able to rescue all the disease models. It was also useful to study a shorter length GR36 model 

compared to the GR1000 model. Expressing GR1000 in the fly eye did not yield a rough eye 

phenotype but still exhibited a shortered lifespan and climbing motor impairments with age 

West et al. (2020). The less acute toxicity in the GR1000 model could be considered to be 

more representative of the disease where it can be aged to examine the effects of DPRs 

throughout the lifetime of the fly (West et al., 2020). Surprisingly, I observed very similar results 

between the GR36 and GR1000 models. Taken together, all the disease models I used 

followed a similar pattern and more work will be needed to disentangle the differences 

between repeat RNA vs DPR toxicity by using all the different DPR only constructs as well as 

RNA only constructs too. Moreover, co-expression of DPRs may provide a better 

understanding the relative contribution of each DPR to effects on disease pathogenesis.  
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6.7 Conclusions 
 

In conclusion, I have used three different Drosophila models of C9orf72 ALS/FTD to 

perform a comprehensive characterisation of mitochondrial dysfunction. I found alterations in 

mitochondrial morphology, specifically elongated and hyperfused mitochondria. Moreover, a 

reduction in mitophagy and impaired mitochondrial respiration was found as well as increased 

mitochondrial ROS production in a neuronal context. Unexpectedly, genetic manipulation to 

restore mitochondrial fission/fusion dynamics or boosting mitophagy were unable to rescue 

the locomotor deficits in larvae. However, genetic upregulation of antioxidants such as 

mitochondrial superoxide dismutase 2 (Sod2) and catalase was able to rescue impaired larval 

locomotion. Surprisingly, overexpression of cytosolic superoxide dismutase 1 (Sod1) 

exacerbated larval crawling phenotypes. Together, these data suggest a causative link 

between mitochondrial dysfunction, ROS and behavioural phenotypes. Lastly, I investigated 

the NRF2/Keap1 signalling pathway as it has a crucial role in the maintenance of cellular redox 

homeostasis. I found that NRF2 was translocated to the nucleus suggesting that the pathway 

is activated. However, minimal changes to NRF2 target transcript genes were observed 

although increased GFP expression was found using a gstD1-GFP reporter, a proxy for NRF2 

activity. Despite these variable effects, both genetic reduction in Keap1 and pharmacological 

treatment with the NRF2 activator, dimethyl fumarate (DMF) could suppress behavioural 

motor impairments. While more research is needed, these results provide compelling 

evidence that mitochondrial oxidative stress is a major upstream pathogenic mechanism 

leading to downstream mitochondrial dysfunction such as alterations in mitochondrial function 

and turnover. Consequently, targeting one of the main intracellular defence mechanisms to 

counteract oxidative stress – the NRF2/Keap1 signalling pathway – could be a viable 

therapeutic strategy for ALS/FTD. 
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