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Abstract 

Mitochondria are vital for the production of energy in the form of ATP and the regulation 

of many cellular metabolic pathways, including calcium buffering and apoptosis. Due to 

their high metabolic requirements and extreme polarisation, neurons are especially 

dependent on the correct localisation and function of their mitochondria. Accordingly, 

neurons are selectively vulnerable to disturbance of mitochondrial quality control 

pathways. Mitochondrial dysfunction is strongly implicated in neurodegenerative 

disorders including amyotrophic lateral sclerosis (ALS) and frontotemporal dementia 

(FTD). 

A GGGGCC hexanucleotide repeat expansion in the first intron of the C9orf72 gene is 

currently the most common genetic defect associated with both ALS and FTD. It is 

unclear how the repeat expansion leads to disease. However, disease has been shown 

to correlate with reduced C9orf72 expression, indicating that loss of function may play a 

role in disease pathogenesis. C9orf72 encodes two protein isoforms, which we and 

others have previously shown to play a role in the autophagy pathway. We previously 

identified several mitochondrial proteins as interacting partners of C9orf72 using a Y2H 

screen. This thesis aimed to explore the role of the interaction between C9orf72 and 

mitochondria. 

We found C9orf72 to be located in the mitochondrial intermembrane space and to 

interact with proteins of the inner mitochondrial membrane and the cytosolic DUB, 

USP8, previously shown to regulate mitochondrial quality control. C9orf72 was found to 

regulate the dynamics of the mitochondrial network and the clearance of damaged 

mitochondria through the mitophagy pathway. Indeed, siRNA knockdown of C9orf72 

impaired the clearance of damaged mitochondria. Supporting the role of an imbalance 

in mitochondrial dynamics in disease, C9orf72 ALS/FTD patient iAstrocytes displayed 

altered mitochondrial dynamics.   

Thus, C9orf72 haploinsufficiency, leading to reduced levels of the C9orf72 protein and 

impaired mitochondrial quality control, could lead to the accumulation of damaged 

organelles, which may contribute to ALS/FTD pathogenesis.  
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 1 

Chapter 1. Introduction 

1.1 Amyotrophic lateral sclerosis and frontotemporal dementia 

Motor neuron disease (MND) describes a group of neurological disorders characterised 

by the selective loss of motor neurons. Amyotrophic Lateral Sclerosis (ALS), the most 

common MND, is characterised by a progressive degeneration of both upper and lower 

motor neurons, resulting in muscle atrophy, gradual paralysis and death, usually as a 

result of respiratory failure. ALS has a worldwide prevalence of 4 – 6 in 100,000, with 

differences noted between populations (Chiò et al., 2013; Mehta et al., 2016). For 

instance, the incidence of ALS in European and North American populations was 

reported to be 1.8 per 100,000, whereas the incidence in eastern Asia was reported to 

be 0.8 per 100,000 (Marin et al., 2017). The average age of onset of ALS is 55 – 65 

years of age, however familial cases of ALS are frequently associated with early onset 

(Orsini et al., 2015). Familial cases of ALS (fALS) account for around 10 % of all ALS 

cases, with the remaining 90 % showing no familial inheritance pattern and are referred 

to as sporadic disease (sALS). The mean survival of an affected individual is 2 – 3 years 

from diagnosis, with only 25 % and 5 – 10 % surviving 5 and 10 years post diagnosis, 

respectively (Kiernan et al., 2011).  

ALS is characterised into two subtypes depending on site of disease onset. Limb onset 

ALS is characterised with initial weakness in the limbs, leading to difficulties in moving 

and carrying out daily tasks. Limb onset is frequently asymmetrical, affecting a single 

limb in the first instance and accounts for around 70 % of ALS cases (Kiernan et al., 

2011). A second group of ALS patients present with initial difficulties with swallowing or 

speech, termed bulbar onset ALS. Whether the patient originally presents with limb or 

bulbar onset ALS, the degeneration of motor neurons leads to gradual paralysis affecting 

the whole body and ultimately the respiratory system leading to respiratory failure 

(reviewed in Kiernan et al., 2011; Zarei et al., 2015). ALS patients experience difficulties 

swallowing leading to malnutrition which may potentiate muscle wasting. Due to an 

earlier degeneration of muscles involved in swallowing, bulbar onset ALS patients 

frequently have a shorter survival time (reviewed in Chio et al., 2009). In addition, a 

patient’s psychological health has been promoted as a contributing factor to disease. 

Depression and anxiety are frequently reported by ALS patients, with low mood found 

to lead to faster disease progression and a shorter survival time (reviewed in Kiernan et 

al., 2011). 

Frontotemporal dementia (FTD) is a common cause of dementia in adults under the age 

of 65, with a prevalence of 3 – 26 per 100,000 in the UK population aged 45 – 65 years 
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(Bang et al., 2015). FTD is characterised by neurodegeneration of both the frontal and 

temporal cortex. Degeneration results in changes in language use and understanding, 

and personality changes which include increased disinhibition, apathy and abnormal 

emotional responses (Bang et al., 2015). FTD is categorised into 3 variants according 

to symptom onset and progression; behavioural variant FTD, non-fluent primary 

progressive aphasia and semantic variant primary progressive aphasia (Bang et al., 

2015). Initially it was considered that unlike in other forms of dementia, FTD patients did 

not present with any memory impairment not associated with inattention due to reduced 

executive function. However, more recently, it has become apparent that both long- and 

short-term memory are affected in FTD, although the exact memory deficit depends on 

the FTD variant (reviewed in Hornberger and Piguet, 2012). A family history of dementia 

is reported in 41 % of FTD cases (Rohrer et al., 2009). Death of an individual affected 

with FTD usually occurs 8 years following onset and is often due to secondary infections 

(Bang et al., 2015). 

ALS shows a degree of clinical overlap with FTD. Around 50 % of ALS patients display 

behavioural and personality changes associated with FTD and up to 25 % of ALS cases 

present with clinically diagnosed FTD. Similarly, while approximately 15 % of FTD 

patients go on to develop ALS, about half display some degree of motor involvement 

(Swinnen and Robberecht, 2014). The development of ALS occurs more frequently in 

patients with behavioural variant FTD (Bang et al., 2015). 

1.1.1 Pathological features of ALS and FTD 

ALS patients who do not have a dementia co-morbidity, do not display gross alterations 

in brain morphology. However, the spinal cord of ALS patients displays atrophy of the 

anterior nerve roots. Microscopically, atrophy of motor neurons is observed in the 

anterior horn of the spinal cord, the lower cranial motor nuclei of the brainstem and the 

Betz cells of the motor cortex (reviewed in Saberi et al., 2015).  

Pathologically, proteinaceous inclusions are a hallmark of ALS. ALS post-mortem tissue 

displays the presence of 3 distinct protein inclusions. Lewy body-like hyaline inclusions 

and skein-like inclusions, filamentous inclusions comprised of peripherin and which are 

ubiquitin positive, are found in the surviving spinal and medullar neurons (Lowe et al., 

1988; Mizusawa, 1993; Xiao et al., 2006). These inclusions may form as a result of the 

aggregation of neurofilament proteins due to defective protein turnover (Migheli et al., 

1994). ALS patient post-mortem tissues also display the presence of Bunina bodies 

(Okamoto et al., 1993), proteinaceous inclusions comprised of cystatin C and transferrin 

(Okamoto et al., 2008), in the cytoplasm and dendrites surviving lower motor neurons 
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(Kuroda et al., 1990), which are specific to ALS pathology. Furthermore, an increased 

prevalence of axonal spheroids, consisting of peripherin and hyperphosphorylated 

neurofilament, in the proximity of axon hillocks is found in ALS (Corbo and Hays, 1992; 

Migheli et al., 1993). Although axonal spheroids are a feature of ageing, they are more 

prevalent in ALS and may represent an early pathological change (Sasaki et al., 1989).  

The majority of sALS and fALS cases present with protein inclusions which are positive 

for TAR DNA-binding protein 43 (TDP-43), which itself can be mutated in ALS 

(Mackenzie et al., 2007; Pesiridis et al., 2009). Further ubiquitin, sequestosome 1 (p62) 

and TDP-43 positive inclusions are also observed in sALS and some fALS cases (Arai 

et al., 2006). Finally many of the mutant forms of proteins associated with ALS have 

been found to produce inclusions, including the ALS mutant forms of Superoxide 

dismutase 1 (SOD1), TDP-43, Fused in Sarcoma (FUS) and Optineurin (OPTN) 

(Blokhuis et al., 2012). 

Overt atrophy of the frontal and temporal lobes is observed in FTD patients. Different 

patterns of degeneration are associated with each variant of FTD and may account for 

the differences in disease presentation (Bang et al., 2015; Mackenzie and Neumann, 

2016; Mohandas and Rajmohan, 2009). In addition to the atrophy, FTD patients display 

gliosis and changes in microvasculature of the affected brain regions (Bang et al., 2015).  

FTD is associated with the accumulation of proteinaceous inclusions. TDP-43 inclusions 

are a prevalent feature of FTD and are similar to those observed in ALS (Arai et al., 

2006; Neumann et al., 2006). In both ALS and FTD, these inclusions are indicative of 

the mislocalisation of TDP-43 from the nucleus to the cytosol. Secondly, accumulations 

of hyperphosphorylated tau is a feature of a group of neurodegenerative diseases 

(tauopathies), which includes FTD, and account for 40 % of frontotemporal lobar 

degeneration (FTLD) cases (Mackenzie and Neumann, 2016). The cellular localisation 

and identity of the cells displaying tau inclusions have been reported to be due to the 

extent of tau hyperphosphorylation and the tau isoforms found in the inclusions 

(reviewed in Lee et al., 2001).  

1.1.2 Genetics of ALS and FTD 

To date mutations in over 20 genes have been associated with ALS (Table 1-1; Ref: 

http://alsod.iop.kcl.ac.uk/home.aspx; (Abel et al., 2012)), including SOD1 (Rosen et al., 

1993), TAR DNA binding protein (TARDBP) (Sreedharan et al., 2008), FUS 

(Kwiatkowski Jr et al., 2009; Vance et al., 2009), and Chromosome 9 open reading frame 

72 (C9orf72) (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Together mutations 

in these genes account for approximately 60 % of fALS and 11 % of sALS cases. 
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Therefore, the genetic basis of a significant number of ALS cases remains to be 

determined. The mutation identified in C9orf72 is the most common cause of ALS that 

has been identified to date, accounting for around 40 % of fALS and 6 % of sALS in 

Western countries (reviewed in Renton et al., 2014).  

In addition to the genes listed in Table 1-1, a number of rare variants and ALS risk factors 

have been identified. These include NEFH (Figlewicz et al., 1994), PRPH (Gros-Louis 

et al., 2004; Leung et al., 2004), SPAST (Meyer et al., 2005) and ELP3 (Simpson et al., 

2009) which play a role in cytoskeleton architecture; UNC13A (van Es et al., 2009), 

DCTN1 (Puls et al., 2003), TUBA4 (Smith et al., 2014) and ANXA11 (Smith et al., 2017a) 

which regulate vesicle trafficking; TAF15 (Ticozzi et al., 2011) and TIA1 (Mackenzie et 

al., 2017) which are involved in RNA metabolism; LMNB (Johnson et al., 2014b) involved 

in maintaining the nuclear envelope, SQSTM1/p62 (Fecto et al., 2011) and TBK1 

(Freischmidt et al., 2015) involved in the targeting of cellular substrates for degradation 

by the autophagy pathway; CCNF (Williams et al., 2016) involved in proteostasis; DAO 

(Millecamps et al., 2010; Mitchell et al., 2010) involved in oxidative stress pathways; 

NEK1 (Kenna et al., 2016) and C21orf2 (van Rheenen et al., 2016) involved in the DNA 

damage response.  

The genes found to be mutated in ALS have been implicated in a wide range of cellular 

pathways, suggesting that ALS may be a multi-factorial disease (reviewed in Ferraiuolo 

et al., 2011; Taylor et al., 2016). Possible pathogenic mechanisms underlying motor 

neuron degeneration include RNA metabolism dysregulation, excitotoxicity, disruption 

of proteostasis, oxidative stress, and mitochondrial dysfunction. Due to the complex 

aetiology observed in ALS, it is likely that multiple of these mechanisms are concurrently 

involved in disease. This leads to the possibility that these mechanisms may interact 

and influence reciprocally their dysfunction.  
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Table 1-1 Known major genetic causes of ALS 

The genes identified in ALS and the cellular processes affected in disease (Ref: 

http://alsod.iop.kcl.ac.uk/home.aspx). 
 

Locus Gene Chromosome Gene name Cellular 
processes 
affected in 
disease 

Reference 

ALS1 SOD1 21q22.11 Cu/Zn 

superoxide 

dismutase 1 

Oxidative 

stress, axonal 

transport, 

mitochondrial 

function, 

endosome 

trafficking 

(Rosen et 

al., 1993) 

ALS2 Alsin 2q33.2 Alsin ESCRT, 

vesicle 

trafficking 

(Hentati et 

al., 1994) 

ALS3 ALS3 18q21 Unknown - (Hand et al., 

2002) 

ALS4 SETX 9q34.13 Senataxin RNA 

metabolism, 

DNA 

metabolism 

(Zhao et al., 

2009) 

ALS5 SPG11 15q14 Spastic 

paraplegia 11 

DNA 

metabolism 

(Orlacchio 

et al., 2010) 

ALS6 FUS 16p11.2 Fused in 

Sarcoma 

RNA 

metabolism 

(Kwiatkows

ki Jr et al., 

2009; 

Vance et al., 

2009) 

ALS7 ALS7 20p13 Unknown - (Sapp et al., 

2003) 

ALS8 VAPB 20q13.33 Vesicle-

associated 

membrane 

protein-

associated 

protein B 

Axonal 

transport, 

calcium 

buffering, 

UPR 

(Nishimura 

et al., 2004) 

ALS9 ANG 14q11.1 Angiogenin RNA 

metabolism, 

DNA 

metabolism 

(Greenway 

et al., 2004) 
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Locus Gene Chromosome Gene name Cellular 
processes 
affected in 
disease 

Reference 

ALS10 TARDBP 1p36.22 TAR DNA 

binding 

protein 

RNA 

metabolism 

(Sreedhara

n et al., 

2008) 

ALS11 FIG4 6q21 FIG4 

Phosphoinosi

tide 5-

Phosphatase 

Autophagy, 

ER-Golgi 

network, 

ESCRT 

(Chow et 

al., 2009) 

ALS12 OPTN 10p13 Optineurin Autophagy, 

ER-Golgi 

network, 

vesicle 

trafficking 

(Maruyama 

et al., 2010) 

ALS13 ATXN2 12q23-24.1 Ataxin 2 RNA 

metabolism 

(Elden et 

al., 2010) 

ALS14 VCP 9p13 Valosin-

containing 

protein 

Autophagy, 

vesicle 

trafficking 

(Johnson et 

al., 2010) 

ALS15 UBQLN2 Xp11.21 Ubiquilin 2 Autophagy (Deng et al., 

2011) 

ALS16 SIGMAR1 9p13 Sigma non-

opioid 

intracellular 

receptor 1 

ER-Golgi 

network 

(Al-Saif et 

al., 2011) 

ALS17 CHMP2B 3p12.1 Chromatin 

modifying 

protein 2B 

ESCRT, 

vesicle 

trafficking 

(Parkinson 

et al., 2006) 

ALS18 PFN1 17p13.3 Profilin 1 Cytoskeleton 

architecture 

(Wu et al., 

2012) 

ALS19 ERBB4 2q33.3-q34 Erb-B2 

receptor 

tyrosine 

kinase 4 

Cytoskeleton 

architecture 

(Takahashi 

et al., 2013) 

ALS20 hnRNPA1 12q13.1 Heterogeneo

us nuclear 

riboprotein 

A1 

RNA 

metabolism 

(Kim et al., 

2013a) 

ALS21 MATR3 5q31.2 Matrin 3 RNA 

metabolism 

(Johnson et 

al., 2014b) 
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Locus Gene Chromosome Gene name Cellular 
processes 
affected in 
disease 

Reference 

ALS-
FTD1 

C9orf72 9p21.2 Chromosome 

9 open 

reading frame 

72 

Autophagy, 

RNA 

processing 

(DeJesus-

Hernandez 

et al., 2011; 

Renton et 

al., 2011) 

ALS-
FTD2 

CHCHD10 22q11.23 Coiled-coil-

helix-coiled-

coil-helix 

domain 

containing 10 

Mitochondrial 

function 

(Johnson et 

al., 2014a) 

Abbrevations: ESCRT - endosomal sorting complexes required for transport, RNA - 

ribonucleic acid, DNA - deoxyribonucleic acid, UPR - unfolded protein response, ER - 

endoplasmic reticulum 

 

Forty-one percent of FTD patients display a family history of dementia, although only 10 

% show a pattern consistent with autosomal dominant inheritance (Rohrer et al., 2009). 

The main genetic causes of FTD include mutations in Tau (MAPT), Progranulin (GRN) 

and C9orf72, which together account for around 60 % of familial disease (Le Ber, 2013). 

Mutations in C9orf72 mutations account for 25 % of familial cases, making it the most 

common cause of both FTD and ALS (Bang et al., 2015). Mutations in a number of ALS 

genes are also rare genetic causes of FTD; these include VCP, CHMP2B, FUS, 

TARDBP, SQSTM1/p62, UBQLN2, TBK1 and OPTN (reviewed in Bang et al., 2015; 

Mackenzie and Neumann, 2016). The overlap between both the genetics and clinical 

features of FTD and ALS suggest a spectrum of disease (Figure 1.1).  

 

 

Figure 1.1 The ALS-FTD spectrum 

Whilst mutations in SOD1 produce exclusively an ALS phenotype, and those in TAU 

and PGRN exclusively an FTD phenotype, mutations in several genes have been 
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identified to present either as ALS or FTD. Most consistently, the repeat expansion of 

the C9orf72 gene is the most common genetic cause of both ALS and FTD.  

1.1.3 Mechanisms of disease in ALS 

A number of disrupted cellular processes are thought to contribute to the pathogenesis 

of ALS. Below are briefly explored some of the most commonly observed cellular 

dysfunctions found in ALS, including glutamate excitotoxicity, neuroinflammation, 

dysregulated RNA metabolism and proteostasis, and mitochondrial dysfunction.  

Due to the overlap in clinical features and pathology, many of the mechanisms proposed 

to contribute to ALS are thought to contribute to FTD. Tauopathy is additionally linked to 

the development of altered mitochondrial dynamics, oxidative stress, cytoskeleton 

alterations and dysregulation of the nucleoskeleton leading to gene expression changes 

(reviewed in Orr et al., 2017).  

1.1.3.1 Glutamate excitotoxicity  

Neurotransmission underlies the functioning of the central nervous system (CNS). The 

major excitatory neurotransmitter of the CNS is L-glutamate which is removed from the 

synaptic cleft following neurotransmission by astrocytes, where it is degraded and 

recycled back to the neuron (Featherstone, 2010). L-glutamate release elicits an action 

potential in the post-synaptic neuron, through the activation of NMDA and AMPA 

receptors leading to the influx of sodium (Na
2+

) and calcium (Ca
2+

). Elevated and 

persistent Ca
2+

 influx into the post-synaptic neuron can induce neuronal death, termed 

excitotoxicity (reviewed in Dong et al., 2009).  

Excitotoxicity has been linked to ALS (reviewed in Foran and Trotti, 2009; Van Den 

Bosch et al., 2006). Synaptic L-glutamate levels are elevated in ALS patients, 

suggesting defective re-uptake by astrocytes (Rothstein et al., 1992). Elevated synaptic 

L-glutamate can lead to further stimulation of post-synaptic receptors and excitotoxicity. 

Motor neurons express a high number of Ca
2+ 

permeable AMPA receptors at the 

postsynaptic terminal, which results in a greater vulnerability to excitotoxicity through 

excessive Ca
2+ 

influx during excitatory neurotransmission events (Shaw and Eggett, 

2000; Van Den Bosch et al., 2000; Williams et al., 1997). In addition, motor neurons 

have reduced cytosolic buffering capacity as they express low levels of Ca
2+ 

buffering 

proteins such as parvalbumin and calbindin D-28k, which makes them more reliant on 

mitochondria for Ca
2+ 

buffering (Alexianu et al., 1994; reviewed in Grosskreutz et al., 

2010; Ince et al., 1993; Palecek et al., 1999; Tadic et al., 2014). ALS neurons display 

decreased mitochondrial associated Ca
2+ 

buffering capacity (explored further in 
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1.1.3.5.3), which potentiates the persistence in elevated Ca
2+

 in post-synaptic neurons 

and excitotoxicity (reviewed in Jaiswal, 2013; Smith et al., 2017b). Together this 

provides a potential link between elevated Ca
2+ 

levels and cell type vulnerability in ALS 

(Van Den Bosch et al., 2000).  

1.1.3.2 Neuroinflammation 

An abnormal activation of the immune system is a common feature of 

neurodegenerative diseases (reviewed in Chen et al., 2016a), including ALS (reviewed 

in Liu and Wang, 2017). Indeed, a self-perpetuating cycle may be established, which 

promotes neurodegeneration. Activation of the immune response, including microglial 

activation, leads to the generation of reactive oxygen species (ROS) and a pro-

inflammatory environment which may result in neuronal death. Neuronal death may then 

consequently result in the release of signals that lead to further microglial activation 

(reviewed in Chen et al., 2016a).  

Evidence of an abnormally activated immune response is observed in ALS patient post-

mortem tissue. The infiltration of activated microglia has been identified in ALS patients 

and in vitro models of SOD1 and C9orf72 ALS (Corcia et al., 2012; Gargiulo et al., 2016; 

O'Rourke et al., 2016; Turner et al., 2004). It is unclear if the infiltration is a primary 

feature of disease or as a result of the axonal dying back mechanism. Astrocytes act as 

neurotrophic support cells which regulate the neuroinflammatory process (reviewed in 

Colombo and Farina, 2016). In culture, ALS patient derived iAstrocytes do not support 

motor neurons to the same extent as control astrocytes (Meyer et al., 2014). Indeed, 

metabolic changes in astrocyte function have been reported to contribute to motor 

neuron death (reviewed in Liu and Wang, 2017). The dysfunction of microglia and 

astrocytes in ALS support a non-cell autonomous disease mechanism (reviewed in 

Chen et al., 2018). The activation of the immune response in ALS is not restricted to the 

CNS. In the periphery reduced levels of regulatory T-cells are reported, with lower levels 

associated with a more rapid disease progression (Beers et al., 2011; Henkel et al., 

2013).  

1.1.3.3 Dysregulated RNA metabolism  

A common feature of ALS cases, with the exception of SOD1 and FUS linked ALS, is 

the presence of TDP-43 positive inclusions. TDP-43 is an RNA-binding protein that 

normally localises to the nucleus, where it is involved in transcription and splicing. In 

ALS, TDP-43 is mislocalised to the cytosol. The loss of the nuclear function of TDP-43 

is proposed to lead to altered expression of nuclear encoded proteins (reviewed in 
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Scotter et al., 2015). Similarly, ALS-linked mutations in the RNA-binding and processing 

protein FUS lead to dysregulation of transcription and splicing events, through the 

mislocalisation of FUS to the cytosol (reviewed in Shang and Huang, 2016). In addition, 

the loss of nuclear TDP-43 and FUS also leads to the dysregulation of miRNAs resulting 

in further changes in gene expression (Dini Modigliani et al., 2014; Freischmidt et al., 

2013). 

Cytosolic accumulations of TDP-43 and FUS can result in the formation of RNA-rich 

stress granules in the cytosol (reviewed in Aulas and Vande Velde, 2015). Under normal 

conditions, stress granule formation is a dynamic protective mechanism triggered by 

cellular stress, following which the RNAs contained are either stored, degraded or 

translated (reviewed in Protter and Parker, 2016). However prolonged stress granule 

formation leads to sequestration of RNA binding proteins and changes in gene 

expression. Persistent stress granules are proposed to prime the formation of insoluble 

protein aggregates, which are a common feature in ALS (reviewed in Aulas and Vande 

Velde, 2015).  

In C9orf72-linked ALS/FTD, in addition to the TDP-43 mislocalisation related changes 

in RNA metabolism, patients display the presence of RNA foci, which arise from the 

repeat expansion itself (DeJesus-Hernandez et al., 2011). The impact of these RNA foci 

in C9orf72 ALS/FTD will be discussed further in 1.3.3.1. How changes in RNA 

metabolism may contribute to ALS pathogenesis has been reviewed extensively 

elsewhere (Barmada, 2015; Kapeli et al., 2017; Liu et al., 2017). 

1.1.3.4 Dysfunctional proteostasis  

Proteostasis, the maintenance of a healthy pool of functional proteins, is achieved 

through the degradation of misfolded and aggregated proteins by the proteasome and 

acidic lysosomes (reviewed in Boya et al., 2013; Tanaka, 2009). As such, proteostasis 

underlies cellular homeostasis and dysfunctional proteostasis is associated with the 

development of neurodegenerative disease (reviewed in Labbadia and Morimoto, 2015). 

Due to their post-mitotic nature, neurons are particularly vulnerable to disturbances in 

proteostasis (reviewed in Son et al., 2012).  

Protein aggregates are a hallmark of ALS pathology, with all patient cases and many 

disease models displaying some degree of protein mislocalisation and aggregation 

(Blokhuis et al., 2013). Accumulations of proteins in ALS are likely to overwhelm the 

systems designed to clear dysfunctional proteins and lead to cellular stress (reviewed 

in Ramesh and Pandey, 2017). Indeed, alterations in the mechanisms evolved to 

maintain proteostasis have been reported in ALS, including decreased activity and 
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protein folding by chaperones, the induction of endoplasmic reticulum (ER) stress and 

the unfolded protein response (UPR), decreased proteasome function and impaired 

autophagy (reviewed in Medinas et al., 2017; Shahheydari et al., 2017; Webster et al., 

2017). Ultimately, defects in proteostasis may contribute to other ALS disease 

mechanisms, including mitochondrial dysfunction and neuroinflammation.  

The autophagy pathway is responsible for the bulk degradation of cytosolic proteins and 

organelles through fusion with the lysosome (Figure 1.2). Briefly, the initiation of 

autophagosome biogenesis is regulated by the Unc-51 like autophagy activating kinase 

1 (ULK1) initiation complex, comprised of ULK1, FAK Family Kinase-Interacting Protein 

of 200 kDa (FIP200), Autophagy Related 13 (ATG13) and Autophagy Related 101 

(ATG101) (Ganley et al., 2009; Hosokawa et al., 2009; Mercer et al., 2009). The ULK1 

initiation complex is regulated by mammalian target of rapamycin complex 1 (mTORC1) 

and AMP-activated protein kinase (AMPK) (Kim et al., 2011; Laker et al., 2017; Tian et 

al., 2015). The activation of ULK1 results in its translocation to the nascent phagophore 

(Hara et al., 2008; Karanasios et al., 2013). Contributing further to the nucleation of the 

autophagosome, the PI3K complex, consisting of Beclin1, Vps14, Vps34 and ATG14L, 

is also recruited to the nascent phagophore. The PI3K complex converts 

phosphatidylinositol to PI3P, promoting the elongation of the phagophore membrane 

(Matsunaga et al., 2009; Zhong et al., 2009). The extension of the phagophore 

membrane is achieved through the additional retrieval of ATG9A membranes (Zhou et 

al., 2016). The ATG5-12 and PE-LC3 ubiquitin-like conjugation systems elongate and 

complete the encapsulation of the phagophore (Mizushima et al., 1998). In mammals 

both the LC3 and GABARAP subfamilies undergo PE conjugation (Weidberg et al., 

2010), but may play distinct roles in autophagy progression (reviewed in Schaaf et al., 

2016).  

Cargos destined for the autophagosome are targeted by the autophagy receptors, 

including p62 and OPTN, which interact with poly-ubiquitin chains on the substrate via 

their ubiquitin-like domains (reviewed in Shaid et al., 2013). The autophagy receptors 

additionally possess LC3-interacting regions (LIR), which interacts with LC3-II found on 

the growing phagophore (reviewed in Birgisdottir et al., 2013).  

Following the completion of the autophagosome membrane, the autophagosome 

undergoes transport and fusion to the lysosome. Autophagosome contents are 

degraded by acidic hydrolases and the constituents released into the cytosol for 

recycling  (reviewed in Nakamura and Yoshimori, 2017) 
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Defects in the autophagy pathway have been reported to be widespread in ALS (Figure 

1.2) (reviewed in Ramesh and Pandey, 2017; Webster et al., 2017). The C9orf72 protein 

has been shown to mediate the translocation of the ULK1 initiation complex to the 

phagophore during initiation (Figure 1.2) (Sellier et al., 2016; Webster et al., 2016a; 

Yang et al., 2016). As C9orf72 haploinsufficiency may contribute to disease, the initiation 

of autophagy is thought to be impaired in C9orf72 ALS/FTD (discussed later in sections 

1.3.2.1 and 1.3.3.3) (reviewed in Webster et al., 2016b). Furthermore, the retrieval of 

ATG9A membranes has been shown to be regulated by the Rab GTPase Rab7 

(Yamano et al., 2018). Interestingly, the C9orf72 protein has been shown to interact with 

Rab7 (Farg et al., 2014; Frick et al., 2018). It is currently unknown whether this 

interaction is relevant for the retrieval of ATG9A membranes, or whether this is affected 

in C9orf72 ALS/FTD.   

The trafficking of the PI3K complex is mediated by the Rab GTPase Rab5, which is 

regulated by its effector Alsin (Ravikumar et al., 2008). ALS-linked mutations in Alsin 

result in decreased activation of the PI3K complex and decreased autophagosome 

formation (Figure 1.2) (Hadano et al., 2001; Hadano et al., 2010; Otomo et al., 2011). 

The delivery of substrates to the autophagosome, including mitochondria, is dependent 

on their association with LC3. ALS-linked mutations in OPTN, TBK1, p62 and UBQLN2 

lead to impaired delivery of substrates to the autophagosome (Figure 1.2) (reviewed in 

Majcher et al., 2015; Webster et al., 2017).  

The VCP protein has been shown to play a role in the degradation of proteins by the 

proteasome (reviewed in Avci and Lemberg, 2015; Meyer and Weihl, 2014), reduced 

VCP activity has also been shown to result in a decreased maturation of 

autophagosomes (Figure 1.2) (Ju et al., 2009; Tresse et al., 2010). As ALS linked 

mutations in VCP are likely to result in loss of function (reviewed in Tang and Xia, 2016), 

VCP-linked ALS may also be associated with decreased autophagosome maturation.  

Finally, ALS and FTD-linked mutations in the axonal retrograde transport proteins 

Tubulin, Dynein and Dynactin and proteins involved in lysosome biogenesis pathways 

contribute to the accumulation of autophagic cargos (Figure 1.2) (reviewed in Webster 

et al., 2017).  
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Figure 1.2 Autophagy is impaired in ALS 

The autophagy pathway is responsible for the clearance of damaged organelles and 

proteins. The AMPK and mTOR axes regulate the initiation of autophagy. Upon 

induction of autophagy, the ULK1 initiation complex is recruited to the phagophore. 

Elongation of the nascent phagophore is mediated by the PI3K complex and the retrieval 

of additional ATG9A membranes. Cargos are delivered to the autophagosome via 

autophagy receptors including p62 and OPTN through their interaction with LC3-II on 

the nascent phagophore. Completed autophagosomes are transported and fuse to 

lysosomes, which results in the degradation of autophagy substrates. Degraded 

autophagic substrates, namely amino acids, are recycled back to the cytosol. ALS-linked 

mutations (indicated in red) impair the progression of autophagy at multiple stages, and 

lead to the accumulation of damaged proteins and organelles. Please refer to main text 

for further details.  

1.1.3.5 Mitochondrial dysfunction  

During normal ageing, mitochondrial quality decreases leading to accumulations of 

damaged and poorly functioning organelles (reviewed in Shi et al., 2018a; Sun et al., 

2016). The general decline in mitochondrial function may be a contributing factor in the 

onset and progression of neurodegenerative diseases. Indeed, dysfunction of 

mitochondria is a prevalent feature of neurodegenerative disease including Alzheimer’s 

(AD), Huntington’s (HD), Parkinson’s (PD) diseases and ALS (reviewed in Evans and 

Holzbaur, 2018; Guedes-Dias et al., 2016; Kerr et al., 2017; Park et al., 2018; Smith et 

al., 2017b).   
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Structurally altered and aggregated mitochondria, with a swollen and vacuolated 

appearance, were one of the first changes observed in ALS patient motor neurons 

(Atsumi, 1981; Sasaki and Iwata, 2007) and in Bunina bodies (Hart et al., 1977). 

Furthermore, mitochondrial structure and the mitochondrial network appears to be 

disrupted in most if not all models of familial ALS (reviewed in Smith et al., 2017b). 

Moreover, the structural damage to mitochondria and fragmentation of the mitochondrial 

network was reported to occur in early disease stages in in vivo models of ALS. This 

indicates that mitochondrial morphological alterations occur potentially as a source of 

degenerations rather than a consequence and may contribute to ongoing degenerating 

phenotype (Magrané et al., 2014; Vande Velde et al., 2011; Wang et al., 2013). 

A number of proteins that have been linked to familial and sporadic ALS, including 

SOD1, TDP-43, FUS, C9orf72, and the C9orf72 GGGGCC repeat expansion-associated 

glycine/arginine (GR) dipeptide repeat protein (DPR), have been shown to interact with 

mitochondria (Blokhuis et al., 2016; Deng et al., 2015; Higgins et al., 2002; Lopez-

Gonzalez et al., 2016; Mattiazzi et al., 2002; Wang et al., 2016). Several of these 

interactions have been shown to deleteriously affect mitochondrial function (reviewed in 

Smith et al., 2017b). 

Many of the identified ALS genes have a role in mitochondrial-associated functions. 

Evidence gathered from in vitro and in vivo disease models and from patient studies 

strongly implicates the dysfunction of mitochondria as a core ALS disease component 

(Table 1-2) (reviewed in Khalil and Liévens, 2017; Smith et al., 2017b). Furthermore, 

with the possible exception of RNA toxicity, mitochondrial dysfunction appears to be 

directly or indirectly linked to all of the postulated “non-mitochondrial” mechanisms of 

toxicity associated with ALS, including excitotoxicity, loss of protein homeostasis and 

defective axonal transport.  
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Table 1-2 Impact of ALS genes on mitochondrial function 

Potential impact of pathogenic variants of ALS genes on mitochondrial function 

(Reference: http://alsod.iop.kcl.ac.uk/home.aspx, adapted from (Smith et al., 2017b)). 
 

Gene Protein Potential consequence of mutation on 
mitochondrial function 

SOD1 Cu, Zn superoxide 

dismutase 1 

Mutant protein aggregates in IMS; decreased ATP 

generation; increased cellular ROS and ROS 

induced cellular damage; imbalance in Ca
2+ 

homeostasis; induction of apoptosis via VDAC 

inhibition and Bcl-2 binding; disrupted 

mitochondrial architecture; impaired mitochondrial 

network dynamics and axonal transport; impaired 

mitochondrial clearance by mitophagy; disrupted 

ER–mitochondria contacts 

ALS2 Alsin Reduced autophagosome formation and 

decreased mitophagy 

FUS RNA-binding protein 

FUS 

Decreased ATP generation; increased ROS 

levels; loss of Ca
2+ 

homeostasis and disruption of 

ER–mitochondria contacts; reduced mitophagy-

related gene expression; disrupted mitochondrial 

architecture; impaired mitochondrial transport via 

disrupted kinesin gene expression 

VAPB Vesicle-associated 

membrane protein-

associated protein B 

Impaired Ca
2+ 

homeostasis; decreased 

anterograde axonal transport; disrupted ER–

mitochondria contacts 

TARDBP TAR DNA-binding 

protein 43 

TDP-43 aggregates in mitochondria and disrupts 

mtDNA transcription; decreased ATP generation; 

impaired Ca
2+ 

homeostasis and disrupted ER–

mitochondria contacts; disrupted mitochondrial 

architecture; altered mitochondrial network 

dynamics and impaired mitochondrial axonal 

transport; reduced mitophagy related gene 

expression; impaired mitochondrial clearance by 

mitophagy 

OPTN Optineurin Reduced mitochondrial clearance by mitophagy 

VCP Valosin-containing 

protein 

Decreased ATP levels; mitochondrial uncoupling; 

reduced mitochondrial clearance by mitophagy 

SIGMAR1 Sigma non-opioid 

intracellular receptor 1 

Reduced ATP generation; disrupted ER–

mitochondria contacts; dysregulated Ca
2+ 

homeostasis; reduced axonal transport 
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Gene Protein Potential consequence of mutation on 
mitochondrial function 

C9orf72 Chromosome 9 open 

reading frame 72 

DPR proteins interact with mitochondrial ribosomal 

proteins; altered MMP; increased cellular ROS 

levels; poly(GR) DPR induced oxidative stress; 

impaired autophagy; disrupted mitochondrial 

architecture and altered mitochondrial network 

dynamics 

CHCHD10 Coiled-coil-helix-coiled-

coil-helix domain 

containing 10 

Disrupted mitochondrial architecture; decreased 

electron transport chain activity 

SQSTM1 p62/Sequestosome 1 Reduced mitochondrial clearance by mitophagy; 

reduced MMP 

TBK1 TANK-binding kinase 1 Reduced mitochondrial clearance by mitophagy 

Abbreviations: IMS - intermembrane space, ATP - adenosine triphosphate, ROS - 

reactive oxygen species, ER - endoplasmic reticulum, mtDNA - mitochondrial DNA, 

DPR - dipeptide repeat protein, MMP - mitochondrial membrane potential 

 

ALS associated mitochondrial dysfunction comes in many guises, including defective 

oxidative phosphorylation (OXPHOS), excessive ROS generation and ROS induced 

damage, impaired Ca
2+ 

buffering capacity and defective mitochondrial dynamics 

(reviewed in Smith et al., 2017b). These perturbations are explored briefly below and 

the impaired mitochondrial dynamics in ALS will be discussed further in section 1.2, due 

to their relevance to this thesis.  

1.1.3.5.1 Defective mitochondrial respiration and ATP production 

Reductions in cellular respiration and ATP production are well documented in ALS. In 

post-mortem spinal cord of sporadic ALS patients the activity of all electron transfer 

chain (ETC) complexes, complex I, II, III, and IV, were found to be reduced (Figure 1.3) 

(Borthwick et al., 1999; Wiedemann et al., 2002). In addition, the activity of complexes I 

and IV were found to be to be impaired in skeletal muscle (Crugnola et al., 2010; 

Vielhaber et al., 2000; Wiedemann et al., 1998) while complex I activity and ATP levels 

were reduced in lymphocytes of sporadic ALS patients (Ghiasi et al., 2012). 

Studies into the activity of the ETC and ATP production in SOD1 in vitro and in vivo 

studies have revealed conflicting results. For instance, SOD1 G93A transgenic mice 

displayed impaired ATP synthesis and depressed mitochondrial respiration rates in the 

brain and spinal cord, which were found well before disease onset and persist 

throughout the course of the disease (Kirkinezos et al., 2005; Mattiazzi et al., 2002). 
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Associated with these changes, decreased complex I+III, II+III and IV activity were 

observed in the spinal cord of 17-week old symptomatic SOD1 G93A transgenic mice 

(Mattiazzi et al., 2002). Additionally, complex IV activity was reduced in forebrain 

mitochondria isolated from presymptomatic, symptomatic and end-stage SOD1 G93A 

transgenic mice (Kirkinezos et al., 2005; Mattiazzi et al., 2002). Analysis of mutant SOD1 

ALS cell models recaptured the defects found in SOD1 G93A mice. SOD1 I113T patient 

fibroblast lines showed reduced oxidative phosphorylation compared to non-disease 

controls (Allen et al., 2014). Stable low level expression of SOD1 G93A or G37R in 

NSC34 motor neuron-like cell lines reduced the activity of complex II and IV (Coussee 

et al., 2011; Menzies et al., 2002) accompanied by reduced mitochondrial membrane 

potential (MMP) (Richardson et al., 2013) while doxycycline induced expression of 

SOD1 G93A, A4V, H46R, H80R, D90A, or D123H in the same cell line caused a 

decrease in complex I, II+III and IV activity which was accompanied by reduced cellular 

ATP levels (Ferri et al., 2006). In contrast to these studies, Bowling et al. found increased 

complex I activity in post-mortem frontal cortex of familial ALS patients with a SOD1 A4V 

mutation (Bowling et al., 1993) and the same lab reported an increase in complex I 

activity in the forebrain of SOD1 G93A mice (Browne et al., 1998). Similarly, others found 

no evidence for reduced mitochondrial respiration via complex I or II in presymptomatic 

SOD1 G93A transgenic mice (Damiano et al., 2006). It is not readily apparent what 

accounts for the discrepancy between these studies, but these measurements are 

particularly sensitive to variations in experimental conditions and differences between 

the SOD1 G93A strains cannot be excluded. Nevertheless, despite differences between 

studies and cell models, the overarching trend is that ALS mutant SOD1 decreases ETC 

activity and causes impaired ATP production. Moreover, the presymptomatic occurrence 

of OXPHOS disruption in SOD1 G93A transgenic mice suggests it may have a causative 

role in this ALS model. 

Defective mitochondrial respiration and ATP production has also been observed in 

models of non-SOD1 related familial ALS. Depolarisation of mitochondria was described 

in NSC-34 cells expressing wild type or mutant TDP-43 (Q331K and M337V) and 

primary motor neurons expressing TDP-43 M337V (Duan et al., 2010; Hong et al., 2012; 

Lu et al., 2012; Wang et al., 2013). In NSC-34 cells TDP-43 associated MMP reduction 

was accompanied by decreased complex I activity (Figure 1.3) (Lu et al., 2012). 

Similarly, in TDP-43 G298S and A382T patient fibroblasts reduced MMP was 

accompanied by decreased complex I activity, reduced oxygen consumption and 

decreased ATP levels (Wang et al., 2016). However, this may not always be the case 
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as others reported reduced MMP, but no changes in mitochondrial respiration or ATP 

content in 3 independent TDP-43 A382T patient fibroblast lines (Onesto et al., 2016). 

 

 

Figure 1.3 Defective mitochondrial respiration, ATP production and oxidative 

stress 

The activity of the electron transport chain is required for the generation of cellular ATP. 

The activity of the complexes involved in the electron transport chain have been shown 

to be decreased in SOD1, TDP-43 and CHCHD10-related ALS. This results in 

decreased MMP and ATP generation, and increased generation of ROS. See text for 

details. Figure taken from (Smith et al., 2017b), under the terms of the Creative 

Commons Attribution License (CC BY). 

As was the case for TDP-43, overexpression of wild type or mutant FUS P525L caused 

a drop in MMP in HEK293 cells (Deng et al., 2015) and ATP production was impaired 

upon expression of wild-type or ALS mutant FUS R521C or R518K in NSC-34 cells 

(Stoica et al., 2016). Similarly overexpression of the Sig1R E102Q mutant in N2A cells 

reduced ATP production (Tagashira et al., 2014). Decreased MMP was further observed 

in SQSTM1 knockout MEFs and in SH-SY5Y, mouse cortical neurons and astrocytes in 

which VCP expression was reduced using siRNA to model ALS-associated loss of 

function mutants in p62 and VCP respectively (Bartolome et al., 2013; Seibenhener et 

al., 2013). In case of VCP the same results were obtained in VCP R155C, R155H and 
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R191Q ALS patient fibroblast lines (Bartolome et al., 2013). In these cell models of VCP-

associated ALS the decrease in MMP was accompanied by a decrease in ATP levels 

but increase in the rate of mitochondrial respiration and oxygen consumption, 

suggesting that depletion of MMP is due to uncoupling rather than ETC activity deficits 

(Bartolome et al., 2013). Finally, analysis of fibroblasts from patients with mutations in 

the mitochondrial protein CHCHD10 revealed impaired ETC activity at complexes I, II, 

III and IV which was accompanied by a severe bioenergetics deficit (Figure 1.3) 

(Bannwarth et al., 2014; Genin et al., 2016). 

Despite differences in mechanisms and specific observations depending on the models 

studied, decreased ETC activity and ATP levels emerge as a common feature in ALS. 

It is conceivable that, in line with the high energy demands of neurons, gradual depletion 

of ATP due to reduced respiration may trigger degeneration.  

1.1.3.5.2 Oxidative stress 

Reactive oxygen species (ROS) are a natural by-product of oxidative phosphorylation. 

The ETC is responsible for the majority of ROS produced in a cell, with free radicals, 

mainly superoxide anion (O2˙
–
), produced at complexes I, II and III as a result of 

incomplete, premature reduction of oxygen (reviewed in Murphy, 2009; Turrens, 2003). 

Dismutation of O2˙
–
, a reaction catalysed by SOD1 and SOD2, gives rise to H2O2 which 

can further generate hydroxyl anions (OH˙) by partial reduction. O2˙
–
 can also react with 

nitric oxide (NO˙) to form peroxynitrate (ONOO
–
). ROS generated in cells can act as 

signalling molecules, but when excessively produced can lead to cellular damage to 

DNA, proteins and lipids and result in reduced efficiency of cellular processes, induce 

inflammatory pathways, excitotoxicity, protein aggregation and ER stress or cell death 

(reviewed in Gandhi and Abramov, 2012; Kim et al., 2015a). By proximity, mitochondria 

are particularly susceptible to ROS induced damage to mtDNA, proteins and lipids. 

Especially mtDNA appears vulnerable and this is exacerbated by limited DNA repair 

mechanisms in mitochondria. Resultant mitochondrial damage has been shown to affect 

mitochondrial function and is implicated in ageing (reviewed in Andersen, 2004; Cui et 

al., 2012). 

Increased levels of ROS and ROS-associated damage have been widely reported in 

ALS (reviewed in Barber and Shaw, 2010). Increased markers of ROS damage have 

been found in biofluids of patients with sporadic ALS (Bogdanov et al., 2000; Mitsumoto 

et al., 2008; Simpson et al., 2004; Smith et al., 1998) as well as in post-mortem tissue 

(Chang et al., 2008; Fitzmaurice et al., 1996; Shaw et al., 1995; Shibata et al., 2001). 
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Oxidative damage to DNA, RNA, proteins and lipids has been widely reported in SOD1 

G93A rodent and cell models (reviewed in Barber and Shaw, 2010). mRNA oxidation 

has been shown to precede motor neuron degeneration and cause reduced expression 

of the encoded proteins in SOD1 G93A transgenic mice (Chang et al., 2008). 

Interestingly, mRNAs coding for ETC complexes and ATP synthase were selectively 

susceptible to oxidation (Chang et al., 2008). Furthermore, SOD1 itself is a target of 

oxidative damage (Andrus et al., 1998) and this has been linked to its misfolding and 

aggregation (Rakhit et al., 2002). Since misfolded, aggregated SOD1 has been shown 

to disrupt mitochondrial function and increase superoxide production (Israelson et al., 

2010; Pickles et al., 2013; Pickles et al., 2016), a vicious cycle mechanism emerges in 

which mitochondrial damage and oxidative stress caused by misfolded SOD1 leads to 

exacerbation of SOD1 misfolding and downstream mitochondrial damage. Interestingly, 

using monoclonal antibodies to misfolded SOD1, misfolded wild type SOD1 species 

been shown to be present in sporadic ALS patients (Bosco et al., 2010; Brotherton et 

al., 2012) although this has been disputed by others (Ayers et al., 2014). 

Oxidative damage has also been proposed to promote aggregation of TDP-43 via 

cysteine oxidation and disulphide bond formation and acetylation (Cohen et al., 2015; 

Cohen et al., 2012). In agreement, treatment of COS-7 cells with 4-hydroxynonenal 

(HNE), which is produced in cells by lipid peroxidation, was shown to cause 

insolubilisation, phosphorylation, and partial cytosolic localisation of TDP-43, which may 

contribute to its aggregation (Kabuta et al., 2015). Overexpression of wild type and 

mutant TDP-43 M337V and Q331K or its C-terminal fragments in NSC34 have been 

shown to increase ROS and cause oxidative damage (Hong et al., 2012). In addition to 

these deleterious effects TDP-43 also appears to have a protective function in response 

to oxidative stress. Indeed, oxidative stress has been shown to induce recruitment of 

TDP-43 to stress granules (Colombrita et al., 2009; McDonald et al., 2011; Meyerowitz 

et al., 2011). 

Other ALS-associated proteins that have been linked to oxidative stress include FUS 

P525L which has been shown to augment ROS levels when overexpressed in HEK293 

cells (Deng et al., 2015), and poly(GR) DPRs arising from the C9orf72 repeat expansion 

have been shown to increase oxidative stress (Figure 1.3) (Lopez-Gonzalez et al., 

2016). Interestingly as was the case for TDP-43, an oxidative environment increased 

FUS inclusions, again pointing toward a detrimental feed-forward loop (Finelli et al., 

2015). 
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1.1.3.5.3 Calcium mishandling 

Loss of Ca
2+ 

homeostasis has been observed in in vitro and in vivo models of mutant 

SOD1, VAPB, TDP-43, and FUS-related ALS and in the motor nerve terminals ALS 

patients (Carrì et al., 1997; Damiano et al., 2006; De Vos et al., 2012; Mórotz et al., 

2012; Siklós et al., 1996; Siklos et al., 1998; Stoica et al., 2014; Stoica et al., 2016; Van 

Den Bosch et al., 2000). In SOD1 G93A transgenic mice, a significant decrease in 

mitochondrial Ca
2+ 

loading capacity in the CNS was observed long before disease onset, 

suggesting an early loss of Ca
2+ 

buffering may be causal in disease (Damiano et al., 

2006). 

Loss of ER–mitochondria communication has emerged as a major cause of loss of Ca
2+

 

homeostasis in ALS. An estimated 5 – 20 % of mitochondria are closely associated with 

the ER at contact sites called mitochondria-associated ER membranes (MAM). Several 

protein complexes that tether ER to mitochondria have been proposed, including homo 

and heterotypic interactions between mitofusin 1 and 2, interaction of IP3R with VDAC 

via Grp75, and the integral ER protein VAPB that binds to PTPIP51 on the outer 

mitochondrial membrane. Among other functions, ER–mitochondria contact sites allow 

Ca
2+ 

exchange between the two organelles (reviewed in Manfredi and Kawamata, 2016; 

Paillusson et al., 2016). Disruption of ER–mitochondria interactions have been reported 

in mutant SOD1, SIGMAR1, TDP-43, and FUS-related ALS (Figure 1.4) (Bernard-

Marissal et al., 2015; Stoica et al., 2014; Stoica et al., 2016). In case of mutant TDP-43 

and FUS-related ALS, reduced ER–mitochondria communication was caused by a 

GSK3ß-dependent reduction in VAPB-PTPIP51 interaction (Stoica et al., 2014; Stoica 

et al., 2016). In contrast, ALS mutant VAPB P56S was shown to have greater affinity for 

PTPIP51 and to increase ER–mitochondria association (De Vos et al., 2012). However, 

since VAPB expression is down-regulated because of reduced expression of the VAPB 

P56S mutant in ALS8 patient-derived iPSC neurons (Mitne-Neto et al., 2011), it is likely 

that in VAPBP65S-related ALS ER–mitochondria contacts are actually decreased as 

well. In SIGMAR1 knockout mice which model loss of Sig1R1 function, the interaction 

between IP3R and VDAC was decreased in motor neurons (Bernard-Marissal et al., 

2015). Interestingly VAPB expression levels in the spinal cord of sporadic ALS cases 

are significantly lower compared to healthy controls (Anagnostou et al., 2010). Thus, 

disrupted ER-mitochondria communication may be a general feature in ALS.  

In ALS mutant FUS and TDP-43 models, reduced ER–mitochondria communication 

leads to reduced Ca
2+ 

uptake in mitochondria and an associated rise in cytosolic Ca
2+ 

upon triggering of Ca
2+ 

release from the ER (Stoica et al., 2014; Stoica et al., 2016). 
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Similarly, in SIGMAR1 knockout mice cytosolic Ca
2+ 

levels were elevated and the time 

to return to basal levels was significantly longer (Bernard-Marissal et al., 2015).  

 

 

Figure 1.4 Loss of calcium homeostasis in ALS 

Calcium homeostasis is achieved though the exchange of Ca2+ between the ER and 

mitochondria at ER–mitochondria contacts. ER–mitochondria contacts are disrupted in 

SOD1, TDP-43, VAPB, Sig1R and FUS ALS. Disruption of the contacts may lead to 

increases in cytosolic Ca2+ levels and disruption of Ca2+ dependent cellular processes, 

including axonal transport, ATP generation and protein homeostasis. MCU, 

mitochondrial Ca2+ uniporter. See text for details. Figure taken from (Smith et al., 2017b), 

under the terms of the Creative Commons Attribution License (CC BY). 

Dysregulation of Ca
2+ 

possibly by miscommunication between ER and mitochondria 

contacts may be a primary cause of motor neuron death in ALS and contribute to 

excitotoxity (as discussed in 1.1.3.1). In addition, mitochondrial Ca
2+ 

regulates ATP 
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production by activating the rate-limiting enzymes of the Krebs cycle and regulates 

oxidative phosphorylation and ATP synthesis to match local energy demand (Figure 

1.4). As discussed above, reduced ATP production is a common feature in ALS 

(1.1.3.5.1). Diminished ATP levels may directly impact on axonal transport of 

mitochondria, vesicles and other cargoes by starving molecular motors of ATP. At the 

same time, elevated levels of cytosolic Ca
2+ 

may disrupt axonal transport of mitochondria 

by interacting with the mitochondrial kinesin-1 receptor MIRO1 and in turn exacerbate 

axonal transport deficits and local ATP levels. Indeed elevated cytosolic Ca
2+ 

levels were 

shown to disrupt axonal transport of mitochondria in ALS mutant VAPB P56S expressing 

neurons (reviewed in De Vos and Hafezparast, 2017; Mórotz et al., 2012). Furthermore, 

loss of Ca
2+ 

homeostasis may contribute to a number of other ALS-associated toxic 

mechanisms, such as axonal transport defects and oxidative stress, and loss of protein 

homeostasis (reviewed in Barber and Shaw, 2010; De Vos and Hafezparast, 2017; 

Webster et al., 2017). 

1.1.3.5.4 Pro-apoptotic signaling 

Apoptosis is a last resort mechanism employed by cells upon suffering irreparable 

damage (reviewed in Ashkenazi and Salvesen, 2014). Apoptosis serves to remove a 

damaged cell from the environment in a controlled manner so as to not induce large-

scale degeneration. Mitochondria are integral to apoptosis. Upstream apoptotic 

signalling cascades converge on mitochondria to bring about cytochrome c release, 

which activates downstream executioner caspases (Figure 1.5) (reviewed in Ashkenazi 

and Salvesen, 2014). Apoptosis is regulated by pro- and anti- apoptotic proteins of the 

Bcl-2 family, which regulate the release of caspase-activating factors from mitochondria 

(reviewed in Ashkenazi and Salvesen, 2014; Walensky, 2006). ALS mutant SOD1 has 

been shown to directly influence apoptotic signalling by interaction with Bcl-2. Wild-type 

and ALS mutant SOD1 (A4V, G37R, G41D and G85R) have been shown to bind the 

anti-apoptotic factor Bcl-2 in spinal cord samples (Pasinelli et al., 2004). When bound to 

mutant SOD1, the BH3 domain of Bcl-2 is exposed and this causes a pro-apoptotic gain 

of function of the Bcl-2 protein in both cell and animal models of mutant SOD1 G93A 

ALS and in mutant SOD1 A4V patient spinal cord (Figure 1.5) (Pedrini et al., 2010). The 

toxic mutant SOD1–Bcl-2 complex inhibits mitochondrial permeability to ADP and 

induces mitochondrial hyperpolarization due to reducing the interaction of SOD1 and 

VDAC1 (Figure 1.3, Figure 1.5) (Tan et al., 2013). 
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Figure 1.5 Pro-apoptotic signalling 

Mitochondrial stress is increased due to dysfunctional cellular pathways resulting in 

increased ROS generation, and mitochondrial damage. Mutant SOD1 contributes to 

apoptotic signalling in ALS by binding the anti-apoptotic factor Bcl-2 and promoting a 

pro-apoptotic conformation of the protein. The Bcl2-SOD1 complex inhibits VDAC ADP 

permeability and induces mitochondrial hyperpolarisation. See text for details. Figure 

taken from (Smith et al., 2017b), under the terms of the Creative Commons Attribution 

License (CC BY). 

1.2 Impaired mitochondrial dynamics in ALS 

Mitochondria are dynamic organelles that undergo fission and fusion events and 

directed transport. Furthermore, mitochondrial function is vital for many aspects of 

cellular health, therefore the maintenance of a healthy pool of mitochondria underpins 

homeostasis. Owing to the activity of the OXPHOS machinery and the generation of 

ROS therefrom, mitochondria are susceptible to high levels of damage to mitochondrial 

DNA (mtDNA), proteins and lipids. Therefore, many cellular pathways have been 

identified that monitor mitochondrial health and act to recover or remove damaged 

mitochondria. Several lines of research indicate that impaired mitochondrial dynamics 

may contribute to the aetiology of ALS.  

1.2.1 Aberrant mitochondrial fission and fusion events 

Mitochondria exist as part of a dynamic network. An individual mitochondrion can fuse 

to and fission from the network according to the cellular environment, promoting normal 

function.  

Fusion of a mitochondrion to the network allows for the sharing of mtDNA, proteins and 

metabolites, as well as the equilibration of the MMP. Fusion of a mitochondrion with a 

decreased MMP, and therefore reduced ATP synthesis, to the wider mitochondrial 
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network, dissipates the decrease in MMP and restores ATP generation. The dissipation 

of small changes in MMP alongside the exchange of proteins results in a more uniform 

distribution of mitochondrial damage across the mitochondrial population. This 

mechanism would prevent the accumulation of irreparable mitochondrial damage, which 

would result in the organelle being removed from the cell by mitophagy (discussed in 

1.2.3). In this way, mitochondrial fusion events are often reported as being pro-survival 

and overall are more energy efficient for the cell (reviewed in Tilokani et al., 2018; Youle 

and van der Bliek, 2012).  

Mitochondrial fusion is controlled by GTPases that are located in both the outer 

mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM). Mitofusins 

1 and 2 (Mfn1, Mfn2) meditate the fusion of the OMM. Mfn1/2 are OMM proteins which 

are involved in the tethering of mitochondria and ER at MAM, but also tether 

mitochondria together during fusion events (Ishihara et al., 2004; Koshiba et al., 2004). 

The interaction between Mitofusins via their coil-coil domains results in apposition of the 

OMM of the interacting mitochondria. Although Mfn1 and Mfn2 are proposed to play 

similar roles in mitochondrial tethering, they may have specific roles in the fusion of 

OMM (reviewed in Benard and Karbowski, 2009). The precise mechanism of OMM 

fusion is not yet known, however changes in OMM mechanics may underlie the fusion 

event (reviewed in Schrepfer and Scorrano, 2016). OPA1 is responsible for the fusion 

of IMM. OPA1 activity not only requires GTP hydrolysis but the electrochemical gradient 

established by the OXPHOS machinery. OPA1 undergoes proteolytic cleavage by 

PARL, Yme1, paraplegin and the m-AAA protease complex resulting in several isoforms 

that function at different stages of mitochondrial fusion (reviewed in Benard and 

Karbowski, 2009). Long isoform of OPA1 (L-OPA1) is inserted into the IMM and forms 

homodimers with IMM localised L-OPA1 on incoming mitochondria. IMM tethering then 

results in fusion of the IMM membranes (Del Dotto et al., 2017). In addition, L-OPA1 

found on the IMM on one mitochondrion can interact with cardiolipin found on the second 

mitochondrion and induce IMM fusion (Ban et al., 2017). The interactions between IMM 

are likely stabilised by cleaved products of OPA1 which are found in the intermembrane 

space (IMS) (Del Dotto et al., 2017). 

Multiple proteins have been identified that aid in the regulation of mitochondrial fusion 

events (reviewed in Benard and Karbowski, 2009). Mitofusin-binding protein has been 

reported to inhibit fusion, potentially by inhibiting the hydrolysis of GTP by Mfn1/2 until 

the mitochondria are fully docked (Eura et al., 2006). Stomatin-like protein 2 has been 

suggested to be involved in the processing of OPA1 (Merkwirth et al., 2008) and 

interacts with Mfn2 (Hajek et al., 2007), suggesting co-regulation of the OMM and IMM 
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fusion events. mitoPLD is involved in the conversion of cardiolipin to phosphatidic acid 

in the OMM. mitoPLD may be inserted into the interacting mitochondria and bring about 

changes in OMM lipid properties which aid in mitochondrial fusion events (Choi et al., 

2006). Finally, proteins involved in apoptotic pathways also influence mitochondrial 

fusion. Indeed, mitochondrial fragmentation is required for the progression of apoptosis. 

Both Bax and Bak, pro-apoptotic Bcl-2 proteins, regulate the formation and stability of 

the Mfn complex (Brooks et al., 2007; Karbowski et al., 2006). 

Fission of the mitochondrial network is important for cell division, survival and death 

(reviewed in Tilokani et al., 2018; Youle and van der Bliek, 2012). During the mitosis G2 

phase, mitochondria are prepared for segregation into daughter cells. Fragmentation of 

the mitochondrial network is an important step in apoptosis. The separation of a single 

mitochondrion from the network also occurs to promote mitochondrial motility and to 

isolate damaged mitochondria destined for degradation by mitophagy.  

ER-mitochondria contact sites are frequently observed to become sites of mitochondrial 

fission events. At MAM, the ER wraps around mitochondria and produces an initial 

constriction of the organelle. The mitochondrial fission GTPase Dynamin 1 like (Drp1) is 

subsequently recruited to these constriction sites where its oligomerises. Drp1 is 

recruited to the OMM surface by the OMM proteins Mff, Fis1, MiD49 and MiD51 (Loson 

et al., 2013; reviewed in Pagliuso et al., 2018). Notably, Mff has been found to be 

enriched at the ER constriction sites and may provide a mechanism for localised Drp1 

recruitment (Friedman et al., 2011). Furthermore, MAM sites are enriched in cardiolipin 

which has been reported to promote the recruitment and activation of Drp1 during 

mitochondrial fission (Francy et al., 2017). GTP hydrolysis by Drp1 leads to increased 

constriction of the mitochondrion (reviewed in Hatch et al., 2014; Kraus and Ryan, 2017). 

Fission of the mitochondria is achieved through the assembly of Dynamin 2 at the Drp1 

constriction site (Lee et al., 2016b). The control of Drp1 mediated fission events occurs 

through post-translational modifications of Drp1. These modifications include activating 

and inactivating phosphorylation of Drp1; ubiquitin mediated control of Drp1 turnover; 

Drp1 S-nitrosylation leading to enhanced GTPase activity; a SUMOylation induced 

increase in Drp1 stabilisation; and O-GlyNAcylation mediated increases in GTP binding 

(reviewed in Otera et al., 2013; Pagliuso et al., 2018).  

Evidence points towards imbalances in the fission/fusion cycling of the mitochondrial 

network in ALS (Figure 1.6). In SOD1 G93A expressing SH-SY5Y and NSC-34 cell 

models, a decrease in OPA1 and increase in Drp1 levels resulting in a fragmented 

mitochondrial network were reported (Ferri et al., 2010). In vivo, the levels of Mfn1 and 

OPA1 progressively decreased while the levels of P-Drp1 and Fis1 were unaffected in 
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the spinal cord of SOD1 G93A transgenic mice (Liu et al., 2013). In contrast, in SOD1 

G93A mouse muscle fibres there was no reported change in Mfn1, Mfn2 or Drp1 levels 

(Luo et al., 2013). Interestingly, overexpression of a dominant negative Drp1 inhibits 

SOD1 G93A induced mitochondrial fragmentation and partially rescues cell death in 

cortical neurons (Song et al., 2013). In addition, inhibition of the interaction between 

Drp1 and Fis1 prevented mitochondrial alterations and improved survival in SOD1 G93A 

mice, suggesting that Drp1 activation may contribute to disease pathogenesis (Joshi et 

al., 2018). 

Overexpression of wild type TDP-43 and to a greater extent ALS mutants TDP-43 

Q331K and M337V resulted in reduced mitochondrial length in primary motor neurons 

which was sensitive to Mfn2 levels (Wang et al., 2013). Transgenic mice expressing wild 

type TDP-43 exhibited increased levels of Fis1 and activated Drp1 phosphorylated at 

Ser616 and a reduction in Mfn1, which correlated with aberrant mitochondrial 

morphology and clustering (Xu et al., 2010). In contrast, the same group reported no 

changes in the levels of phospho-S616 Drp1, Fis1 or Mfn1 in mutant TDP-43 M337V 

transgenic mice, despite a similar mitochondrial phenotype (Xu et al., 2011). It is 

possible that different pathways lead to fragmentation of the mitochondrial network in 

wild type and mutant TDP-43 transgenic mice, or, alternatively, that external factors 

linked to disease such as changes in apoptotic factors result in mitochondrial 

fragmentation. Nevertheless, analysis of TDP-43 A382T patient fibroblasts showed that 

Fis1 levels were significantly increased compared to control cells (Onesto et al., 2016). 

In Drosophila, overexpression of wild type TDP-43 led to a decrease in Mfn/Marf. 

Interestingly, similar to the reports in SOD1 G93A mice, increasing levels of Mfn/Marf or 

inactivation of Drp1 rescued the motor phenotype of wild type and ALS-linked TDP-43 

G298S expressing Drosophila (Khalil et al., 2017). A similar rescue of mitochondrial 

fragmentation by overexpression of Mfn2 was observed in TDP-43 M337V expressing 

primary motor neurons (Wang et al., 2013). The levels of IMM fusion protein OPA1 was 

found to be dysregulated in TDP-43 A315T but not wild type mice (Stribl et al., 2014). 

Together this points to dysregulated mitochondrial fission/fusion cycling in both SOD1 

and TDP-43 ALS.  

Counterintuitively, mitochondrial network fragmentation in C9orf72 patient fibroblasts 

was associated with an increase in Mfn1 levels (Onesto et al., 2016). It is possible that 

Mfn1 expression is increased to compensate for dysregulation of other fusion and fission 

factors which remain to be identified. 
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Figure 1.6 Aberrant mitochondrial fission and fusion in ALS 

Mitochondrial network dynamics are required for correct mitochondrial function. 

Mitochondrial fission is promoted in SOD1 and TDP-43 ALS by increases in the fission 

factors Fis1 and Drp1 and a decrease in the fusion factors Mfn1 and OPA1. Decreased 

ER–mitochondria contact sites may also lead to decreased mitochondrial fission events. 

Finally, dysfunctional removal of damaged organelles through the mitophagy pathway 

may also contribute to accumulation of fragmented mitochondria. Figure adapted from 

(Smith et al., 2017b), under the terms of the Creative Commons Attribution License (CC 

BY). 

ER-mitochondria contact sites have been shown to regulate mitochondrial morphology 

(Friedman et al., 2011). ER-mitochondria contacts sites are commonly found to be 

reduced in various ALS models, including SOD1, TDP-43, FUS, VAPB and SIGMAR1 

(reviewed in Smith et al., 2017b). Consistent with reduced fission, decreased ER–

mitochondria contacts in motor neurons of SIGMAR1 knockout correlated with 

elongated mitochondria (Bernard-Marissal et al., 2015), whereas, in VAPB P56S 

overexpressing cells increased ER–mitochondria contacts correlated with fragmented 

mitochondria (De Vos et al., 2012). However, in SOD1, TDP-43 and FUS ALS models, 

reduced ER–mitochondria contacts appear to correlate with fragmented mitochondria 

(De Vos et al., 2007; Fukunaga et al., 2015; Stoica et al., 2014; Stoica et al., 2016; Wang 

et al., 2013; Watanabe et al., 2016). Therefore, there is no straightforward causal 

relation of ALS-associated disruption of ER–mitochondria contacts and changes in 

mitochondrial network morphology.  
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The relevance of exacerbated mitochondrial fission in the aetiology of ALS is not clear. 

Perhaps, smaller mitochondria which tend to be less energetically favourable and more 

prone to accumulating ROS induced damage if they cannot fuse back to the network 

(Hoitzing et al., 2015), may exacerbate mitochondrial damage. Thus, the fragmented 

mitochondrial network observed may correlate directly with the reduced MMP, ATP 

levels and increased ROS reported in ALS. Alternatively, mitochondrial fragmentation 

may reflect mitophagy defects.  

1.2.2 Impaired axonal transport of mitochondria 

Motor neurons are highly polarized cells and require membrane-bound vesicles, 

organelles, proteins, lipids and RNA to be transported from the soma to the axon 

terminal and vice versa. Impaired axonal transport of mitochondria is a well-documented 

phenomenon in ALS (reviewed in De Vos et al., 2008; De Vos and Hafezparast, 2017). 

In fact, axonal transport defects are one of the earliest events in ALS motor neurons, 

indicating that they may be a primary cause of motor neuron loss.  

Long distance transport of mitochondria is mediated by the molecular motors kinesin-1 

(previously referred to as conventional kinesin or KIF5) and cytoplasmic dynein that 

move along microtubules. Kinesin-1 moves toward the faster growing plus end of 

microtubules whereas cytoplasmic dynein moves toward the opposite minus end. 

Because axonal microtubules are uniformly orientated with their plus ends pointing away 

from the cell body, kinesin-1 transports mitochondria toward the axon terminal 

(anterograde transport) and cytoplasmic dynein ferries mitochondria to the cell body 

(retrograde transport) (Figure 1.7). 

Defects in both anterograde and retrograde transport of mitochondria have been 

reported in a number of in vitro and in vivo experimental models. ALS mutant SOD1 

G93A, A4V, G85R or G37R caused reduced anterograde but not retrograde axonal 

transport mitochondria in cultured cortical neurons and an identical phenotype was 

observed in embryonic motor neurons isolated from SOD1 G93A transgenic mice (De 

Vos et al., 2007). Similarly, overexpression of the ALS mutant VAPB P56S caused a 

selective block in anterograde transport of mitochondria (Mórotz et al., 2012). Reduced 

overall mitochondrial transport was observed in primary motor neurons expressing wild-

type TDP-43 and to a greater extent ALS mutant TDP-43 Q331K or M337V (Wang et 

al., 2013) and in Sig1R deficient motor neurons (Bernard-Marissal et al., 2015). 

Interestingly, normal levels of axonal transport of mitochondria were reported in cortical 

neurons expressing wild type or mutant TDP-43 M337V or A315T at 5–7 days in culture, 

suggesting a possible cell type specificity (Alami et al., 2014).  
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Subsequent time-lapse recordings in single axons in the intact sciatic nerve of 

presymptomatic SOD1 G93A and TDP-43 A315T transgenic mice and rats confirmed 

deficits in axonal transport of mitochondria in vivo (Bilsland et al., 2010; Magrané et al., 

2014; Magrané et al., 2012; Marinković et al., 2012).  

Mitochondrial transport defects result in redistribution of mitochondria in axons. In vitro, 

the number of axonal mitochondria was significantly reduced and the remaining 

mitochondria were spaced further apart in primary neurons expressing ALS mutant 

SOD1 (De Vos et al., 2007). In vivo the number of axonal mitochondria was reduced in 

motor neurons of early symptomatic SOD1 G37R and SOD1 G85R transgenic mice and 

the motor axon terminals of SOD1 G93A transgenic rats and TDP-43 transgenic mice 

(Magrané et al., 2012; Shan et al., 2010; Vande Velde et al., 2011). Furthermore, the 

distribution of the remaining mitochondria was no longer homogeneous throughout the 

axons with abnormal mitochondrial clusters observed along the axon (Magrané et al., 

2014; Shan et al., 2010; Sotelo-Silveira et al., 2009; Vande Velde et al., 2011). Similar 

mislocalisation and aggregation of mitochondria has been observed in the soma, 

dendrites and proximal axons in human spinal cord sections from ALS patients, 

suggesting that disruption to mitochondrial transport is a general phenomenon in ALS  

(Sasaki and Iwata, 2007). 

A number of possible mechanisms underlying mitochondrial axonal transport defects 

have been proposed. In rare cases, pathogenic mutations in the axonal transport 

machinery, such as cytoplasmic dynein, kinesin-1 and α-tubulin directly disrupt axonal 

transport. In most cases, however, the disruption of axonal transport of mitochondria 

appear to be indirect; proposed mechanisms include microtubule destabilization, 

pathogenic kinase signaling, protein aggregation, and mitochondrial damage (reviewed 

in De Vos and Hafezparast, 2017). 

Axonal transport of mitochondria is controlled by the integral OMM protein MIRO1 

(reviewed in Devine et al., 2016). MIRO1 is an atypical Rho GTPase comprised of two 

GTPase domains separated by two calcium-binding E-helix-loop-F-helix (EF)-hand 

motifs (Fransson et al., 2006). MIRO1 is anchored in the OMM and connects 

mitochondria to kinesin-1 and cytoplasmic dynein via the adapter proteins TRAK1 and 

2 (Brickley et al., 2005; Brickley and Stephenson, 2011; Glater et al., 2006; MacAskill et 

al., 2009a; Morlino et al., 2014; van Spronsen et al., 2013). 

MIRO1 regulates mitochondrial trafficking in response to physiological Ca
2+ 

stimuli and 

mitochondrial damage. Binding of Ca
2+ 

to the MIRO1 EF-hand motifs modulates the 

interaction of kinesin-1 with MIRO1 and impedes anterograde transport of mitochondria 
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(Macaskill et al., 2009b; Wang and Schwarz, 2009). During mitophagy, PINK1 

phosphorylates MIRO1 in response to mitochondrial damage (Shlevkov et al., 2016; 

Wang et al., 2011; Weihofen et al., 2009). Phosphorylation marks MIRO1 for Parkin-

dependent manner proteasomal degradation and results in detachment of kinesin-1 

from mitochondria and arrested mitochondrial movement (Wang et al., 2011). 

Mitochondrial Ca
2+ 

handling is dysregulated in ALS. Hence ALS-associated 

mitochondrial axonal transport defects may be the direct result of aberrant calcium-

mediated regulation of MIRO1. In agreement with such a mechanism, increased 

cytosolic Ca
2+ 

levels are elevated in cellular models and in motor neurons from 

transgenic ALS models (Mórotz et al., 2012; Siklos et al., 1998) and, at least in case of 

VAPB P56S there is direct evidence that elevated Ca
2+ 

disrupts transport of 

mitochondria via MIRO1 (Figure 1.7) (Mórotz et al., 2012). Similarly, ALS mutant SOD1, 

TDP-43, and Sig1R-associated reductions in ER–mitochondria contacts result in 

transiently elevated cytosolic Ca
2+ 

levels due to reduced calcium-uptake in mitochondria 

and show axonal transport deficits, but the possible involvement of MIRO1 remains to 

be determined (Bernard-Marissal et al., 2015; Stoica et al., 2014; Watanabe et al., 

2016). 

Decreased levels of MIRO1 have been reported in SOD1 G93A and TDP-43 M337V 

transgenic mice as well as in the spinal cord of ALS patients (Zhang et al., 2015a). Since 

both SOD1 G93A and TDP-43 M337V damage mitochondria, these results suggest that 

ALS-associated mitochondrial damage leads to halting of mitochondrial transport via 

PINK1/Parkin-dependent degradation of MIRO1. 

In some cases, ALS-associated proteins may directly affect the axonal transport 

machinery. Both TDP-43 and FUS have been shown to regulate the expression of 

several kinesins, including kinesin-1 and TDP-43 binds TRAK1 mRNA (Colombrita et 

al., 2012; Polymenidou et al., 2011; Xiao et al., 2011). ALS-mutant SOD1 directly binds 

to cytoplasmic dynein in SOD1 G93A and G37R cell and mouse models and the 

interaction becomes more prevalent through disease progression (Shi et al., 2010; 

Tateno et al., 2009; Zhang et al., 2007). Thus, in the case of mutant SOD1 axonal 

transport defects may in part be due to sequestration of dynein.  

There are several ways in which defective axonal transport of mitochondria may 

contribute to disease. Defective axonal transport of mitochondria may lead to 

imbalances in ATP generation and Ca
2+ 

buffering at the post synaptic terminal. In 

conjunction with mitochondrial damage this may cause the dying back of the axon, a 

feature implicated in ALS (Figure 1.7) (Moloney et al., 2014). Retrograde transport 
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defects are associated with defects in the removal of damaged organelles by mitophagy, 

which could explain the mitochondrial aggregates found in the axons of ALS patients 

(Okamoto et al., 1990; Sasaki and Iwata, 1996). Furthermore, defective axonal transport 

of mitochondria may also affect the transport of other axonal cargoes such as signaling 

endosomes which appear closely linked to ALS pathology (reviewed in De Vos and 

Hafezparast, 2017).  

 

 

Figure 1.7 Disrupted axonal transport in ALS 

Neurons depend on axonal transport of mitochondria for their ATP requirement and Ca2+ 

buffering. Axonal transport of mitochondria is impaired in ALS. MIRO1, an OMM protein 

involved in mitochondrial trafficking, is reduced in SOD1 and TDP-43-associated ALS. 

Mutant SOD1 binds the dynein/dynactin complex required for retrograde transport 

sequestering it in the cytosol. FUS and TDP-43 are proposed to regulate kinesin 

expression levels. Increases in cytosolic Ca2+ levels due to decreased ER–mitochondria 

contacts in SOD1, TDP-43, FUS, Sig1R and VAPB-related ALS may contribute to 

detachment of the mitochondria from kinesin, through aberrant MIRO1 regulation. Loss 

of mitochondria from the axon terminal may lead to the dying back of the axon. See text 

for details. Figure taken from (Smith et al., 2017b), under the terms of the Creative 

Commons Attribution License (CC BY). 

1.2.3 Disrupted mitochondrial quality control 

Mitochondria that are extensively damaged and that cannot be recovered by normal 

reshuffling of the mitochondrial network are removed from the cell by a specialised 

branch of the autophagy pathway, called mitophagy. Mitophagy can result in either the 

removal of an entire mitochondrion from the cell, or in the removal of damaged 

mitochondrial components. Although mitophagy employs many of the same proteins as 
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autophagy and joins the canonical autophagy pathway at the latter stages, the targeting 

of mitochondria for degradation is achieved by a specific subset of cellular proteins.  

As discussed above, the accumulation of fragmented, rounded mitochondria is a 

common feature in ALS and may indicate failure of mitophagy to clear damaged 

mitochondria (1.1.3.5, Table 1-2) (reviewed in Hamacher-Brady and Brady, 2016).   

1.2.3.1 PINK1/Parkin dependent mitophagy  

The most well characterised mitophagy pathway is the PTEN induced kinase 1 

(PINK1)/Parkin dependent pathway. This was initially propelled by the identification of 

multiple pathogenic mutations in PINK1 and Parkin in early onset forms of recessive PD 

(Klein and Westenberger, 2012).  

PINK1 is a serine threonine kinase which is targeted to mitochondria through an N-

terminal mitochondrial localisation sequence. PINK1 is imported through the translocase 

of the outer membrane (TOM20) complex and recognised by the translocase of the inner 

membrane (TIM23) complex. In healthy mitochondria, PINK1 undergoes partial import 

through the TIM23 complex. The N-terminal presequence is cleaved in the matrix by 

MPP. In addition, Presenilins-associated rhomboid-like protein (PARL) cleaves PINK1 

in the IMS. PARL cleavage of PINK1 results in the generation of an unstable PINK1 

protein, with an N-terminal Phe residue. N-terminal Phe residues act as cellular signals 

for ubiquitination and the subsequent degradation of proteins via the N-end rule 

(reviewed in Dissmeyer et al., 2018). Cleaved PINK1 is retro-transported back into the 

cytosol and is rapidly degraded by the N-end rule pathway by the proteasome (Yamano 

and Youle, 2013). Hence when mitochondria are healthy, PINK1 is maintained at low 

levels. Upon mitochondrial damage, MMP is lost, which perturbs mitochondrial import 

though TIM23, hence preventing PINK1 import (reviewed in Dudek et al., 2013). 

Furthermore, PINK1 cleavage by PARL is inhibited upon loss of MMP (Jin et al., 2010). 

This leads to the accumulation of full length PINK1 associated with the TOM20 complex 

on the OMM (reviewed in Pickles et al., 2018).   

Full length PINK1 auto-phosphorylates resulting in its activation (Okatsu et al., 2012). 

PINK1 also phosphorylates ubiquitin residues that are found on the OMM. 

Phosphorylation of ubiquitin at Ser65, leads to the recruitment of the E3 ligase Parkin to 

the OMM of damaged mitochondria (Kazlauskaite et al., 2014). Parkin is phosphorylated 

by PINK1 at Ser65 of its ubiquitin-like domain (Shiba-Fukushima et al., 2012). Ser65 

phosphorylation leads to a conformational change in Parkin and an increase in its E3 

ligase activity (reviewed in Gladkova et al., 2018). This results in the ubiquitination of its 

targets on the OMM, including Mfn1/2 involved in mitochondrial fusion events, MIRO1 
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involved in mitochondrial transport, the TOM complex involved in mitochondrial protein 

import, and voltage dependent anion channels (VDAC) (Figure 1.8) (reviewed in Durcan 

and Fon, 2015; Yamano et al., 2016). VDAC has been proposed to act as a docking site 

for Parkin on mitochondria (Sun et al., 2012). The formation of ubiquitin chains by Parkin 

on OMM proteins produces a feed forward mechanism, as it provides further substrates 

for PINK1 phosphorylation, reinforcing the progress of mitophagy. However, the 

progression of mitophagy via ubiquitination of OMM substrates is also under repression 

by de-ubiquitinating enzymes (DUB): ubiquitin-specific peptidase 30 (USP30) and 

ubiquitin-specific peptidase 15 (USP15) (Cornelissen et al., 2014; Cunningham et al., 

2015). These remove ubiquitin chains from mitochondria and oppose the progression of 

mitophagy. This is thought to be a mechanism for keeping basal mitophagy in check 

(reviewed in Durcan and Fon, 2015).  

The ubiquitination of OMM substrates serves 2 functions. Firstly, ubiquitinated cargoes 

are recognised by the Type II AAA+ ATPase Valosin containing protein (VCP). VCP is 

involved in a multitude of processes, but its main function is to dislodge damaged 

ubiquitinated proteins from large protein complexes and membranes for degradation in 

by the proteasome (reviewed in Avci and Lemberg, 2015; Meyer and Weihl, 2014). VCP 

is recruited to the OMM of damaged mitochondria following Parkin recruitment and 

extracts ubiquitinated Mfn1 and Mfn2 from the OMM to allow their degradation by the 

proteasome (Tanaka et al., 2010). As such, VCP is essential for mitophagy (Kim et al., 

2013b). Removal of the proteins involved in mitochondrial fusion and motility from the 

OMM results in the isolation of the damaged mitochondrion from the network.  

The second function of ubiquitin chains is to recruit the autophagosome machinery to 

the damaged mitochondria. Ubiquitin chains on damaged mitochondria are recognised 

by the ubiquitin binding domain (UBD) of the mitophagy adaptor proteins: OPTN, nuclear 

dot protein 52 (NDP52), sequestosome 1 (p62), neighbour of BRAC1 gene 1 (NBR1) 

and Tax1 binding protein 1 (TAX1BP1) (reviewed in Pickles et al., 2018; Rogov et al., 

2014). A certain level of redundancy exists between the mitophagy adaptor proteins. For 

instance, expression of OPTN is able to compensate for loss of NDP52 (Lazarou et al., 

2015). Furthermore, although p62 has been reported to be recruited to mitochondria 

during mitophagy, it is not essential for the clearance of damaged organelles (Narendra 

et al., 2010b; Okatsu et al., 2010). This suggests that clearance of mitochondria is a 

multifaceted mechanism and underlines its importance in the maintenance of cellular 

homeostasis. In addition to the UBD required for the recognition of ubiquitin, the 

mitophagy adaptor proteins contain LIR domains. The LIR recruits LC3 positive 

autophagosomes to the mitochondrion for its subsequent engulfment and degradation 
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through the canonical autophagy pathway (Figure 1.2) (reviewed in Birgisdottir et al., 

2013). The interaction between the mitophagy adaptor proteins, LC3 and damaged 

mitochondria is regulated by TANK binding kinase 1 (TBK1). TBK1 phosphorylates 

OPTN Ser177 increasing its interaction with LC3 (Wild et al., 2011a). Activated TBK1 

subsequently phosphorylates OPTN at Ser473 and Ser513, which increases the affinity 

of OPTN for ubiquitin and phospho-ubiquitin chains on OMM substrates (Heo et al., 

2015; Lazarou et al., 2015; Richter et al., 2016). TBK1 activity has also been shown to 

phosphorylate NDP52, p62 and TAX1BP1 in their UBD to promote their interaction with 

ubiquitin chains and enhance mitochondrial clearance (Wild et al., 2011a).  

TDP-43 and FUS directly regulate the expression of Parkin (Lagier-Tourenne et al., 

2012; Polymenidou et al., 2011). Loss of TDP-43 or FUS was shown to decrease Parkin 

levels (Figure 1.8) (Lagier-Tourenne et al., 2012) and consistent with loss of TDP-43 

function in the nucleus, decreased Parkin protein levels were observed in sporadic ALS 

spinal cord motor neurons containing cytoplasmic TDP-43 aggregates (Lagier-Tourenne 

et al., 2012). Parkin protein levels were also found to be decreased in TDP-43 A513T 

transgenic mice (Stribl et al., 2014) but this was not observed by others (Hebron et al., 

2013). Thus, since cytosolic TDP-43 aggregation is a near universal phenomenon in 

ALS, loss of Parkin may impair mitophagy in most ALS cases. Furthermore TDP-43 

accumulates in mitochondria and causes mitochondrial damage (Wang et al., 2016). 

Therefore, a two-hit scenario emerges in which loss of mitophagy exacerbates the 

consequences of mitochondrial damage. Of note, Parkin has been shown to ubiquitinate 

TDP-43 and to promote its translocation from the nucleus to the cytosol in an HDAC6-

dependent process (Hebron et al., 2013). Even though the latter is likely to reflect the 

role of Parkin and HDAC6 in aggrephagy rather than mitophagy, it does emphasise a 

close link between Parkin and TDP-43 that merits further examination. 

Missense mutations in VCP cause of 1 - 2 % of familial ALS cases as well as inclusion 

body myopathy (IBM) with Paget's disease (PDB) and FTD (Johnson et al., 2010; 

Koppers et al., 2012). Although it is not exactly known how disease-associated 

mutations in VCP alter its cellular functions, most mutations appear to convey varying 

degrees of loss of function (reviewed in Tang and Xia, 2016). Consistent with loss of 

function, MEFs expressing mutant VCP A232E do not clear mitochondria following 

damage, despite labelling with Parkin (Figure 1.8)  (Kim et al., 2013b). Interestingly, not 

unlike Parkin, VCP has been linked to TDP-43 metabolism. In SH-SY5Y cells expressing 

mutant VCP (R95G, R155H/C, R191Q, A232E), TDP-43 redistributed from the nucleus 

to the cytoplasm (Gitcho et al., 2009). Similarly, in VCP R152H or A229E transgenic 

Drosophila and spinal cord motor neurons of VCP R155H or A232E transgenic mice, 
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the expression of mutant VCP induced TDP-43 pathology (Custer et al., 2010). 

Furthermore, in Drosophila, TBPH, the fly homolog of TDP-43 was identified as a genetic 

modifier that suppressed mutant VCP toxicity, indicating that VCP toxicity is at least in 

part mediated by a toxic gain of function of TDP-43 (Custer et al., 2010). A possible 

explanation for this genetic interaction is that accumulation of cytoplasmic TDP-43 

exacerbates loss of mitochondrial quality control by mutations in VCP.  

Mutations in the OPTN, SQSTM1 and TBK1 genes have been associated with ALS 

(Figure 1.8) (Fecto et al., 2011; Freischmidt et al., 2015; Maruyama et al., 2010; 

reviewed in Renton et al., 2014). ALS-associated mutations in these genes appear 

cause loss of function phenotypes. The ALS-associated OPTN E478G mutation maps 

to the UBD of OPTN and is no longer recruited to damaged mitochondria (Shen et al., 

2015; Wong and Holzbaur, 2014). Along the same lines, the ALS-associated L341V 

mutation in p62 maps to the LIR domain and disrupts interaction with LC3 (Goode et al., 

2016). The ALS mutant forms of TBK1; TBK1 del690-713 and E696K, prevent the 

interaction between TBK1 and OPTN and impair clearance of LC3 labelled autophagic 

cargos (Heo et al., 2015; Lazarou et al., 2015). Furthermore, the expression of TBK1 

E696K did not rescue TBK1 knockdown induced defects in LC3 recruitment to 

mitochondria, suggesting ALS mutant TBK1 also impairs mitophagy (Moore and 

Holzbaur, 2016). Finally, the activation of TBK1 is dependent on the upstream activity 

of PINK1/Parkin, which as discussed above, is affected in ALS (Heo et al., 2015; 

Lazarou et al., 2015).  

Despite a large amount of research concentrating on the Parkin dependent pathway 

mechanisms, the relevance of Parkin in basal mitophagy has been called into question. 

Much of the work carried out to investigate Parkin dependent mitophagy has employed 

chemical agents to induce mitochondrial damage and may not reflect mitophagy in vivo. 

PINK1 knockout mice were shown to have no defect in mitochondrial turnover compared 

to wild type animals (McWilliams et al., 2018). Moreover, PINK1 and Parkin knockout 

Drosophila models do not display defects in the basal levels of mitophagy (Lee et al., 

2018b). This suggests that neither PINK1 nor Parkin are essential to maintain 

mitochondrial health in in vivo models. Interestingly, Parkin was shown to play a role in 

the maintenance of mitochondria in the cell body but not in the motor axon in an in vivo 

Drosophila model (Sung et al., 2016). Therefore, compartmentalised mitophagy events 

may underlie mitochondrial health in neurons and warrant further investigation. 

Furthermore, despite evidence of overexpressed but not endogenous Parkin recruitment 

occurring upon the induction of mitochondrial damage, the mechanisms of mitochondrial 
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quality control active in neurons are still poorly understood (reviewed in Cummins and 

Gotz, 2017; Martinez-Vicente, 2017).  

 

 
 

Figure 1.8 Parkin dependent mitophagy is impaired in ALS 

Parkin dependent mitophagy removes dysfunctional mitochondria from the cell. Upon 

mitochondrial damage the loss of MMP results in the cessation of PINK1 import and 

cleavage in mitochondria. Full length PINK1 accumulates on the OMM, where it 

phosphorylates ubiquitin chains. Parkin is recruited to phosphorylated ubiquitin chains 

and is itself phosphorylated by PINK1, resulting in an increase in the E3 ligase activity 

of Parkin. Parkin ubiquitinates OMM proteins involved in mitochondrial fusion and 

motility, which are subsequently removed from the OMM by VCP and are degraded by 

the proteasome. Ubiquitin chains on the OMM lead to the recruitment of the autophagy 

machinery and canonical autophagy ensues. Elevated ROS and aggregates of mutant 

ALS protein which associate with mitochondria lead to mitochondrial stress and 

induction of mitophagy. Mitophagy is impaired at several stages in ALS (indicated in 

red). Mutant TDP-43 and FUS levels may affect Parkin levels. The removal of 

ubiquitinated OMM proteins may be impaired by ALS-linked mutations in VCP. 

Recognition of ubiquitinated mitochondrial cargos may be impaired by mutations in p62, 

OPTN and TBK1. Other ALS genes including Alsin and C9orf72, which are linked to 

autophagy, have been implicated in mitochondrial clearance. For further details please 

refer to the main text. Figure adapted from (Smith et al., 2017b), under the terms of the 

Creative Commons Attribution License (CC BY).  
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1.2.3.2 Parkin independent mitophagy pathways 

In addition to the Parkin dependent mitophagy explored above, additional mechanisms 

leading to the removal of damaged mitochondria have been identified. It is perhaps not 

surprising that alternative mechanisms for mitochondrial quality control have evolved, 

due to the importance of mitochondrial function for cellular homeostasis. Therefore, a 

certain degree of redundancy is to be expected in the system.  

Most straightforwardly, proteins found on the OMM can act directly as mitophagy 

receptors and interact with LC3 via a LIR domain. This is the case for BCL2 Interacting 

Protein 3 Like (NIX), BCL2 Interacting Protein 3 (BNIP3) and FUN14 Domain Containing 

1 (FUNDC1) proteins that are involved in hypoxia induced mitophagy, where both NIX 

and BNIP3 are upregulated (Liu et al., 2012; Shi et al., 2014; Sowter et al., 2001). NIX 

has also been implicated in mitochondrial clearance during the maturation of 

erythrocytes (Schweers et al., 2007). Interaction of the OMM receptor protein with 

LC3/GABARAP leads directly to mitochondria being targeted to autophagosomes 

(Figure 1.9). Additional OMM proteins mediate the recruitment of LC3 autophagosomes 

indirectly. Choline dehydrogenase (CHDH) accumulates on the OMM upon 

mitochondrial depolarisation and interacts with p62. p62 subsequently recruits LC3 to 

mitochondria (Park et al., 2014). Furthermore Fis1, implicated in mitochondrial fission, 

interacts with TBC1 domain family members 15 and 17 (TBC1D15/TBC1D17) which are 

mitochondrial Rab GTPase activating proteins (GAP). The TBC1D15/17 complex 

interacts with LC3/GABARAP to recruit autophagosomes via Rab7 (Figure 1.9) 

(Yamano et al., 2014; Yamano et al., 2018). 

Spinal cord motor neurons of SOD1 G93A mice were shown to have reduced BNIP3 

expression (Rogers et al., 2017). This may lead to the decreased recognition of 

damaged organelles and an accumulation of fragmented mitochondria, as reported in 

the SOD1 G93A animal models (Dal Canto and Gurney, 1994; De Vos et al., 2007; 

Higgins et al., 2003; Magrané et al., 2009). As noted above, ALS-linked mutations in 

p62 impair the interaction between p62 and LC3 (Goode et al., 2016), which may also 

result in defective Parkin independent mitophagy clearance of mitochondria in ALS. 

Rab7 has been shown to interact with C9orf72 (Farg et al., 2014; Frick et al., 2018). Due 

to the structure of the C9orf72 protein (discussed subsequently 1.3.2), C9orf72 may 

regulate the trafficking and activity of Rab7 in mitophagy. As C9orf72 haploinsufficiency 

may lead to ALS/FTD (DeJesus-Hernandez et al., 2011), this may result in impaired 

clearance of mitochondria via the Fis1 pathway. Thus, Parkin independent mitophagy 

mechanisms may also be affected in ALS, although further evidence is required to 

determine the extent of its contribution to disease pathogenesis.  
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Proteins found inside mitochondria have also been shown to be involved in the 

recruitment of the autophagy machinery to damaged organelles. These proteins would 

become accessible to the autophagy machinery found in the cytosol upon the rupture of 

the mitochondrial membranes, a feature of both Parkin dependent and independent 

mitophagy (Yoshii et al., 2011). For instance,  Prohibitin 2 (PHB2) an IMM protein, was 

shown to interact with LC3 via a LIR following rupture of the OMM (Figure 1.9) (Wei et 

al., 2017). TDP-43 was found to interact with PHB2 and to be involved in the expression 

of PHB2 during mitophagy (Davis et al., 2018). It will be interesting to determine the 

effect of ALS mutations in TDP-43 and the effect of TDP-43 mislocalisation on PHB2 

mediated clearance of mitochondria. 

The mechanisms discussed above have been shown to result in the removal of an entire 

damaged mitochondrion. However, it is likely that in vivo mitochondria are also 

maintained by selective removal of damaged mitochondrial components, as part of 

cellular homeostasis. This would indeed appear to be a more energetically favourable 

mechanism to maintain mitochondrial health, as it would not require the biogenesis of 

new organelles.  

Under basal conditions, OMM proteins are ubiquitinated. The ubiquitin labelled proteins 

are then removed from the OMM by VCP and degraded by the proteasome. Although 

this mechanism is also involved in Parkin dependent mitophagy, it may also maintain 

OMM proteins in basal conditions. Mitochondrial substrates of the proteasome that are 

maintained in this manner are thought to include TOM subunits, PINK1 and the OMM 

proteins involved in mitochondrial fusion events (reviewed in Shanbhag et al., 2012). As 

noted above, ALS linked mutations in VCP are associated with loss of function (reviewed 

in Tang and Xia, 2016). In addition, the proteasome may degrade misfolded proteins 

encoded by the nuclear genome destined for mitochondrial import. These can be 

intercepted by the proteasome quality control system and targeted directly for 

degradation by the 26S proteasome (reviewed in Shanbhag et al., 2012). As noted 

above (1.2.3.1), the function of the proteasome is impaired in ALS, leading to the 

accumulation of ubiquitinated substrates (reviewed in Bendotti et al., 2012; Webster et 

al., 2017), which would impair basal levels of mitochondrial maintenance. 

Mitochondrial proteins synthesised and folded in the mitochondrial matrix are also 

subject to quality control pathways. Unfolded proteins in the mitochondrial matrix trigger 

the mitochondrial unfolded protein response (UPR
mt

). Triggering of UPR
mt

 induces 

transcription of nuclear genes encoding the mitochondrial chaperones and proteases 

which refold or remove damaged mitochondrial proteins (reviewed in Shpilka and 

Haynes, 2017). UPR
mt

 was shown to be active in both SOD1 G93A mice and a SOD1 



 40 

G93A mouse model where the mutant SOD1 was targeted exclusively to the 

mitochondrial IMS (Riar et al., 2017). Although the activation of UPR
mt

 may represent a 

mechanism by which the cell attempts to restore mitochondrial function, excessive 

activation may trigger cell death where the mitochondrial proteins cannot be repaired 

(reviewed in Münch, 2018).  

Recently a mitochondrial quality control pathway activated by low level stress in neurons 

was described. Upon ROS induced damage, mitochondrial proteins and lipids become 

oxidised and are segregated on the mitochondrial membranes. A section of 

mitochondrial membrane corresponding to the OMM only or to both OMM and IMM has 

been revealed be removed from the mitochondrion. The mitochondrial derived vesicles 

(MDV) bud off from the surface of the mitochondrion and are delivered directly to the 

lysosome via the multivesicular body (MVB) (late endosome) (Figure 1.9) (McLelland et 

al., 2014; Soubannier et al., 2012a). Damaged mitochondria released syntaphilin 

(SNPH) which resulted in the immobilisation of the damaged mitochondrion (Kang et al., 

2008). SNPH vesicles formed in a Parkin and Drp1 independent manner and budded 

from axonal mitochondria. The vesicles were then transported to the soma and 

degraded by lysosomes (Lin et al., 2017). MDV have been reported to maintain 

mitochondria in normal growth conditions but may be upregulated by mitochondrial 

damage including hypoxia (Soubannier et al., 2012a). In stress induced mitophagy, the 

formation of MDV has been shown to be dependent on the activity of Parkin dependent 

mitophagy, and may form an additional, more rapid mechanism by which mitochondria 

are maintained by mitophagy (McLelland et al., 2014; Sugiura et al., 2014). Moreover, 

the formation of MDV has been shown to participate in mitochondrial mediated immunity 

events (Matheoud et al., 2016) and form exosomes that are released from the neuron 

(reviewed in Torralba et al., 2016). An increased number of MDV was reported in SOD1 

G93A mouse ventral root axons, indicating mitochondrial stress that occurred prior to 

the activation of Parkin dependent mitophagy (Lin et al., 2017).  
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Figure 1.9 Parkin independent mitophagy is impaired in ALS 

Mitochondrial proteins of the OMM (NIX, FUNDC1, BNIP3) recruit the LC3 

autophagosome directly. CHDH and Fis1 recruit adaptor proteins which interact with 

LC3. ALS linked mutations in SOD1, TDP-43, SQSTM1/p62 and C9orf72 may impair 

Parkin independent mitophagy. Prohibitin 2 (PHB2) of the IMM interacts with LC3 upon 

rupture of the OMM. TDP-43 regulates the expression of PHB2, which may be affected 

in ALS. Non-whole organelle quality control is achieved by the budding of a damaged 

portion of mitochondrial membranes containing damaged lipids and proteins from the 

mitochondrial surface. MDVs are transported to the multivesicular body (MVB). An 

increase in MDV formation is found in SOD1 ALS. For further details please refer to the 

main text. 

1.2.3.3 Mitophagy feeds into the canonical autophagy pathway that is impaired 

in ALS  

Downstream of the labelling of damaged mitochondria with LC3, the mitophagy 

pathways joins the canonical autophagy pathway (reviewed in Yoshii and Mizushima, 

2015). Autophagy deficient cells display accumulations of damaged mitochondria 

(Narendra et al., 2008). As autophagy is impaired in ALS, it is likely that these defects 

may lead to a decrease in the removal of damaged mitochondria, leading to the 

accumulations of damaged mitochondria observed in patient tissue and ALS models 

(1.1.3.5). 

Site specific generation of autophagosomes around mitochondria promote their 

clearance. Indeed, the ULK1 initiation complex has been shown to be recruited to 

damaged mitochondria in both PINK1/Parkin and FUNDC1 mitophagy pathways, 
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indicating that site specific initiation of autophagy at damaged mitochondria may occur 

(Itakura et al., 2012; Wu et al., 2014). AMPK has been shown to phosphorylate ULK1 at 

Ser555 during hypoxia and thereby promote its recruitment to damaged mitochondria 

(Tian et al., 2015). Contributing further to the nucleation of the autophagosome during 

mitophagy and dependent on the prior recruitment of ULK1 and ATG9A, the PI3K 

complex, is also recruited to damaged mitochondria. AMBRA1 has been shown to 

interact with Parkin and activate the PI3K complex to enhance mitochondrial clearance 

(Van Humbeeck et al., 2011), although localisation of AMBRA1 to the OMM has also 

been shown to induce mitophagy in the absence of Parkin (Strappazzon et al., 2015).  

Downstream of ULK1 and PI3K complex activation, double FYVE domain-containing 

protein 1 (DFCP1), a protein normally found diffusely on ER and Golgi membranes 

localises to the omegasome where it binds PI3P (Axe et al., 2008; Wong and Holzbaur, 

2014). Recruitment of DFCP1 may initialise mitochondrial localised phagophores and 

assists in the recruitment of LC3 to damaged mitochondria (Axe et al., 2008). Indeed, 

the recruitment of DFCP1 to the omegasome is dependent on the recruitment of OPTN 

and NDP52 to mitochondria (Lazarou et al., 2015).  

As noted previously (1.1.3.4), autophagy progression is impaired in ALS (reviewed in 

Webster et al., 2017). The general impairment of autophagy in ALS will lead to impaired 

clearance of damaged mitochondria. Corticospinal motor neurons of Alsin knockout 

mice exhibit fused mitochondria engulfed by vacuole structures, consistent with failure 

to remove damaged mitochondria by mitophagy (Gautam et al., 2016; Hadano et al., 

2006). Furthermore, the delivery of substrates to the autophagosome, including 

mitochondria, is dependent on their association with LC3. ALS-linked mutations in 

OPTN, TBK1, p62 and UBQLN2 lead to impaired delivery of substrates, including 

mitochondria, to the autophagosome (reviewed in Majcher et al., 2015; Webster et al., 

2017).  

1.3 C9orf72-related ALS/FTD 

1.3.1 The C9orf72 gene 

The C9orf72 gene is located on the short arm of chromosome 9 at position 21.2. The 

C9orf72 gene contains 11 exons and is predicted to encode 3 transcript variants, from 

which 2 protein isoforms are produced. Variant 1, corresponding to exons 2 – 6, 

produces the C9orf72 short isoform (C9orf72S), a protein comprised of 222 amino acids. 

Variants 2 and 3 correspond to exons 2 – 11 and produce the C9orf72 long isoform 

(C9orf72L), a protein of 481 amino acids.  
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1.3.2 C9orf72 is a DENN domain containing protein involved in membrane 

trafficking events 

As described above, the C9orf72 gene is predicted to encode 2 C9orf72 protein 

isoforms: C9orf72L and C9orf72S. C9orf72 mRNA has been shown to be expressed 

ubiquitously, indicating that C9orf72 may be expressed in most tissues 

[https://www.proteinatlas.org/ENSG00000147894-C9orf72/tissue] (Uhlen et al., 2015). 

C9orf72 expression levels have been shown to vary depending on cell type. C9orf72 

mRNA levels have been reported to be high in myeloid cells and to be elevated in 

microglia compared to neurons in adult mouse brain (O'Rourke et al., 2016). However 

the full picture remains unclear as it has also been reported that C9orf72 expression is 

higher in motor neurons compared to oligodendrocyte and astrocytes at a 2.5 : 1 : 1 ratio 

(Jiang et al., 2016).  

Computational analysis of the C9orf72L protein suggests C9orf72 shares structural 

homology with the differentially expressed in normal and neoplasia (DENN) family of 

proteins  (Levine et al., 2013; Zhang et al., 2012). C9orf72L was found to contain the 

tripartite DENN domain, a typical feature of DENN proteins consisting of an N-terminal 

upstream DENN (uDENN) domain (amino acids 23 – 104), a central DENN domain 

(amino acids 200 – 343) and a C-terminal downstream DENN (dDENN) domain (amino 

acids 370 – 464) (Figure 1.10).  Although the 3 DENN domains have distinct sequences 

and evolutionary conservation, the 3 domains are always associated, potentially as a 

result of structural or functional requirements (Levivier et al., 2001). DENN proteins 

frequently function as guanine exchange factors (GEF) for Rab-GTPases that are 

involved in membrane trafficking events and autophagy (Hutagalung and Novick, 2011; 

Marat et al., 2011; reviewed in Zhen and Stenmark, 2015). Interestingly, the C9orf72S 

isoform corresponds to the N-terminal portion of C9orf72L, i.e. the first 222 amino acids, 

and contains the uDENN domain only (Figure 1.10). It is unclear how the function of the 

C9orf72S protein is affected by this altered DENN domain structure. 
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Figure 1.10 The C9orf72 protein contains DENN domains 

The C9orf72 protein is predicted to contain the 3 domains found in a typical DENN 

protein: a N-terminal longin (uDENN) domain, a central DENN domain and a C-terminal 

alpha (dDENN) domain. Based on sequence alignment, the C9orf72S isoform is 

predicted to lack the majority of the central DENN domain and the terminal d-DENN 

domain found in C9orf72L.  

As a DENN domain containing protein, C9orf72 has been proposed to act in Rab 

GTPase cascades, which control membrane trafficking events (reviewed in Zhen and 

Stenmark, 2015). Briefly, a Rab GTPase cycles between GDP and GTP bound forms. 

DENN domain containing proteins tend to be Rab GEFs. Rab GEFs activate the Rab 

GTPase by mediating the exchange of GDP for GTP. Conversely, Rabs are inactivated 

by the hydrolysis of GTP to GDP which is enhanced by the activity of GTPase-activating 

protein (GAP). Rab effectors bind the GTP bound Rab and mediate the localisation and 

activity of the Rab. Trafficking of newly synthesised inactive Rabs to the membrane is 

mediated by an initial interaction with Rab escort protein (REP), which presents the Rab 

to geranylgeranyl transferase (GGT) for prenylation. The prenylated Rab then enters the 

Rab GTPase cycle. Post inactivation of the Rab by a GAP, the Rab is subsequently 

recognised by Rab GDP dissociation inhibitor (GDI), which results in the extraction of 

the inactive Rab from the membrane. The interaction between GDI displacement factor 

(GDF) and the Rab GEF result in the insertion of the Rab into the membrane and its 

subsequent activation (Figure 1.11) (reviewed in Brighouse et al., 2010; Grosshans et 

al., 2006). To mediate membrane trafficking events, Rab GTPases act in Rab cascades, 

where the upstream Rab and its effector mediate the recruitment of the downstream 

Rab’s GEF, whilst the downstream Rab recruits the GAP for the upstream Rab 

(reviewed in Pfeffer and Kellogg, 2017).  
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Figure 1.11 Rab GTPases activity is mediated by GAPs and GEFs 

Rab GTPases cycle between active GTP bound and inactive GDP bound forms. GDP-

bound Rab is targeted to specific membranes by its GEF and effector proteins where it 

is activated by the GEF through the exchange of GDP for GTP. The GAP stimulates the 

hydrolysis of GTP by the Rab resulting in its inactivation. The inactive Rab is removed 

from the membrane by GDI. 

C9orf72L has been shown to display a diffuse cytosolic localisation, whereas C9orf72S 

appeared to be localised to the nuclear membrane (Davidson et al., 2017; Farg et al., 

2014; Xiao et al., 2015). Hence it appears that the C9orf72 isoforms may have different 

localisations and may therefore have distinct subcellular roles.  

To identify the cellular function of the C9orf72 protein, investigations into the interacting 

partners of C9orf72 were performed. C9orf72 was found to be in a complex with Smith-

Magenis Syndrome Chromosome Region candidate 8 (SMCR8) and WD repeat domain 

41 (WDR41) (Amick et al., 2016; Sellier et al., 2016; Sullivan et al., 2016; Yang et al., 

2016). Like C9orf72, SMCR8 was found to be a DENN domain containing protein 

(Levine et al., 2013; Zhang et al., 2012), which may also play a role in membrane 

trafficking events. Indeed, the complex containing C9orf72 and SMCR8 supports the 

function of these proteins in Rab cascades (Sellier et al., 2016; reviewed in Webster et 

al., 2016b). Interestingly, the interaction between C9orf72 and SMCR8 has been shown 

to be important to maintain the stability of the two interacting partners (Amick et al., 
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2016; Ugolino et al., 2016; Zhang et al., 2018). In contrast, WDR41 is a member of the 

WD-repeat containing protein family, members of which frequently act as scaffolds for 

protein complexes, due to their ability to bind both proteins and lipids. Hence WDR41 

may be important in regulating the stability and cellular localisation of the 

C9orf72/SMCR8 complex (Amick et al., 2018).  

Consistent with the DENN function of the C9orf72 and SMCR8 proteins, either C9orf72 

or the C9orf72/SMCR8/WDR41 complex have been identified to interact with and 

regulate several Rab GTPases (Table 1-3). Investigations into the nature of the 

interactions between C9orf72 or the C9orf72/SMCR8/WDR41 complex and the 

identified Rab GTPases in relation the function of some of these Rabs have been 

performed. This identified several cellular membrane trafficking pathways to be 

regulated by the C9orf72/SMCR8/WDR41 complex, although the final picture remains 

unclear.  

Table 1-3 C9orf72 and the C9orf72/SMCR8/WDR41 complex interact with Rab 
GTPases 

 

Rab GTPase Characterisation of interaction Reference 

Rab1a C9orf72 (co-loc, co-IP), C9orf72 

complex (co-IP) 

(Farg et al., 2014; Frick et al., 

2018; Webster et al., 2016a) 

Rab3 C9orf72 complex (co-IP) (Frick et al., 2018) 

Rab5 C9orf72 (co-IP), C9orf72 complex 

(co-IP), C9orf72 (co-loc) 

(Aoki et al., 2017; Farg et al., 

2014; Frick et al., 2018) 

Rab6a C9orf72 complex (co-IP) (Sellier et al., 2016) 

Rab7 C9orf72 complex (co-IP), C9orf72 

(co-loc, co-IP) 

(Farg et al., 2014; Frick et al., 

2018) 

Rab8a C9orf72 (co-IP), C9orf72 complex 

(co-IP)  

(Sellier et al., 2016) 

Rab10 C9orf72 (co-IP), C9orf72 complex 

(co-IP)  

(Aoki et al., 2017; Frick et al., 

2018)  

Rab11 C9orf72 (co-loc, co-IP) (Farg et al., 2014) 

Rab12 C9orf72 complex (co-IP) (Sellier et al., 2016) 

Rab13 C9orf72 (co-IP), C9orf72 complex 

(co-IP)  

(Aoki et al., 2017; Frick et al., 

2018) 

Rab15 C9orf72 (co-IP), C9orf72 complex 

(co-IP)  

(Aoki et al., 2017; Frick et al., 

2018)  
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Rab GTPase Characterisation of interaction Reference 

Rab18 C9orf72 (co-IP) (Aoki et al., 2017) 

Rab19 C9orf72 (co-IP) (Aoki et al., 2017) 

Rab25 C9orf72 complex (co-IP) (Sellier et al., 2016) 

Rab27a C9orf72 (co-IP) (Aoki et al., 2017) 

Rab28 C9orf72 (co-IP) (Aoki et al., 2017) 

Rab29 C9orf72 (co-IP) (Aoki et al., 2017) 

Rab33a C9orf72 complex (co-IP) (Sellier et al., 2016) 

Rab38 C9orf72 (co-IP), C9orf72 complex 

(co-IP)  

(Sellier et al., 2016) 

Rab39a C9orf72 complex (co-IP) (Sellier et al., 2016) 

Rab39b C9orf72 complex (co-IP) (Sellier et al., 2016) 

Rab40a C9orf72 (co-IP) (Aoki et al., 2017) 

Rab42 C9orf72 (co-IP) (Aoki et al., 2017) 

Abbreviations: co-loc: co-localisation, co-IP: co-immunoprecipitation 

 

 

1.3.2.1 The role of C9orf72 in autophagy 

Consistent with a role for the C9orf72 protein in autophagy, C9orf72 was found to co-

localise with LC3 positive autophagosome structures (Farg et al., 2014) and knockdown 

of C9orf72 impaired the initiation of autophagy (Webster et al., 2016a). Furthermore, 

C9orf72 has been shown to interact with the proteins of the autophagy initiation complex: 

ULK1, FIP200, ATG13 and ATG101 (Webster et al., 2016a; Yang et al., 2016).  

During the initiation stages of autophagy, C9orf72 was found to act as an effector for 

Rab1a regulating the recruitment of the ULK1 initiation complex to the phagophore 

(Sullivan et al., 2016; Webster et al., 2016a; Yang et al., 2016). Indeed, the knockdown 

of C9orf72 impaired the translocation of the ULK1 initiation complex to the phagophore 

which led to impaired clearance of autophagic cargos (Sellier et al., 2016; Webster et 

al., 2016a). Interestingly, the initiation of autophagy has previously been implicated in 

ALS. ALS-linked mutations in Alsin, a GEF for Rab5, led to decreased autophagosome 

formation (Topp et al., 2004). 
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Consistent with the DENN protein properties of both C9orf72 and SMCR8 and a Rab 

GTPase cascade, the C9orf72/SMCR8/WDR41 complex may regulate the initiation and 

the downstream maturation step of autophagy (reviewed in Webster et al., 2016b). The 

recruitment of Rab1a to the initiation site by C9orf72 may mediate the co-trafficking of 

the C9orf72 interacting partner SMCR8. Indeed, upstream Rabs and their effector 

mediate the recruitment of the downstream Rab GEFs. The C9orf72/SMCR8/WDR41 

complex was shown to display GEF activity towards Rab8a and Rab39b (Sellier et al., 

2016), which act in autophagosome elongation and maturation (Pilli et al., 2012; Sato et 

al., 2014; Seto et al., 2013). The GEF activity towards Rab8a and Rab39b was shown 

to be conveyed by SMCR8 (Sellier et al., 2016), indicating the presence of Rab GTPase 

cascade (Figure 1.12B). Rab8a and Rab39b have also been shown to interact with 

OPTN and p62, suggesting that the C9orf72/SMCR8/WDR41 complex may also be 

involved in site specific targeting of autophagosome initiation (Pilli et al., 2012; Sellier et 

al., 2016; Webster et al., 2016b). Furthermore, SMCR8 is phosphorylated by both TBK1 

and ULK1, regulating its activity and driving site specific autophagy initiation (Pilli et al., 

2012; Sellier et al., 2016; Wild et al., 2011b). 

The C9orf72/SMCR8/WDR41 complex has been shown to interact with additional Rab 

GTPases that have been implicated in the autophagy pathway (Table 1-3) (Aoki et al., 

2017; Sellier et al., 2016): Rab12 involved in autophagosome trafficking (Xu et al., 2015); 

Rab38 (a paralog of the interacting Rab Rab32) (Hirota and Tanaka, 2009), Rab33a (a 

paralog of the interacting Rab Rab33b) (Itoh et al., 2008) and Rab18 (Feldmann et al., 

2017) shown to play a role in autophagosome formation (Figure 1.12A). This may 

suggest further involvement of the C9orf72/SMCR8/WDR41 complex in Rab cascades 

in autophagy that warrant future investigation.  

C9orf72 was also shown to co-localise with Rab7, Rab7L1 (Rab29) and Rab11 which 

are involved in the maturation of autophagosomes and in endocytic transport (Figure 

1.12A) (Aoki et al., 2017; Farg et al., 2014; Gutierrez et al., 2004; Szatmari et al., 2014; 

reviewed in Webster et al., 2016b). This suggested that C9orf72 may play a role in 

membrane trafficking events. Despite some evidence suggesting that C9orf72 may be 

involved in the trafficking of endocytic vesicles, the mechanism has not yet been fully 

elucidated (Farg et al., 2014).  

C9orf72 has also been implicated in other autophagy-linked pathways. C9orf72 has 

been shown to interact with the heat-shock chaperone HSC70, which plays a role in 

aggrephagy (Sellier et al., 2016). Furthermore, C9orf72 interacts with p62, which targets 

stress granules for autophagic clearance (Guo et al., 2014). The knockdown of both 

C9orf72 and p62 resulted in delayed clearance of stress granules, which were shown to 
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accumulate in C9orf72 ALS/FTD patient cerebellum and hippocampus (Chitiprolu et al., 

2018). These additional autophagy-linked functions of C9orf72 warrant further study as 

they may provide links between C9orf72 disease mechanisms and the other cellular 

pathology observed in ALS. 
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Figure 1.12 The C9orf72/SMCR8/WDR41 complex interacts with Rab GTPases in 

autophagy 

A) Rab GTPases play important roles in the membrane trafficking steps of autophagy, 

including during initiation, autophagosome membrane elongation and the transport of 

the autophagosome to the lysosome. The Rab GTPases that have been shown to 

interact with and therefore may be regulated by the C9orf72/SMCR8/WRD41 complex 

are shown in blue. B) The C9orf72/SMCR8/WDR41 complex is involved in the initiation 

of autophagy in a Rab cascade. C9orf72 regulates the recruitment of the ULK1 initiation 

complex via Rab1a. The complex subsequently acts as a GEF for the downstream Rabs 

Rab8a and Rab39b which are involved in the elongation of the autophagosome 

membrane via the retrieval of ATG9 membranes. Through interactions with p62 and 

OPTN, Rab8a and Rab39b may promote site directed autophagosome formation. For 

further details please refer to main text. Figure adapted from (Webster et al., 2016b), 

under the terms of the Creative Commons Attribution License (CC BY).  

1.3.2.2 The role of C9orf72 in lysosome biology 

Previously it had been described that both SMCR8 and WDR41 localised to lysosomal 

membranes (Schroder et al., 2007). More recently, C9orf72 was also found to be 

recruited to lysosomes upon amino acid starvation (Amick et al., 2016). Consistent with 

a role for WDR41 in the regulation of the C9orf72/SMCR8 complex, WDR41 was found 

to interact with C9orf72 and regulate its recruitment to lysosomes (Amick et al., 2018). 

Knockdown of SMCR8 and C9orf72 resulted in enlarged lysosome vesicles, suggesting 

lysosomal dysfunction (Amick et al., 2016). Lysosomal dysfunction is additionally a 

prevalent feature of C9orf72 and SMCR8 knockout mouse models. Both C9orf72 and 

SMCR8 knockout mice were shown to display higher levels of the lysosomal protein 

Lamp1 on the surface of macrophages, thereby indicating that C9orf72 and SMCR8 

may play a role in the lysosomal exocytosis (Zhang et al., 2018). Furthermore, C9orf72 

knockout mice display microglia and macrophages with enlarged lysosomes, which may 

promote the pro-inflammatory state reported in these mice (O'Rourke et al., 2016; 

Sullivan et al., 2016) (discussed later in 1.3.3.3). 

The transcription of genes encoding both autophagy and lysosomal proteins is under 

the transcriptional control of Transcription Factor EB (TFEB), which is stimulated upon 

starvation. Briefly, the inhibition of mTOR upon starvation results in the translocation of 

TFEB to the nucleus and the transcription of genes involved in autophagy and lysosome 

biogenesis  (reviewed in Napolitano and Ballabio, 2016; Settembre et al., 2012). Loss 

of C9orf72 has been shown to result in dysregulation of the mTOR signalling pathway, 
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which may lead to lysosomal dysfunction. Loss of C9orf72 resulted in decreased 

mTORC1 activity and subsequently in an increase in TFEB levels and its translocation 

to the nucleus, leading to an increase in lysosome biogenesis (Ugolino et al., 2016).  

Following starvation, the activation of mTOR via amino acid availability results in the 

phosphorylation of the ribosomal protein S6 kinase, resulting in the promotion of cell 

proliferation and the attenuation of autophagosome and lysosome biogenesis (reviewed 

in Magnuson et al., 2012). The knockdown of C9orf72 led to impaired mTORC1 

signalling in response to refeeding following amino acid starvation, which may potentiate 

the lysosomal defects (Amick et al., 2016; Amick et al., 2018; Jung et al., 2017; Ugolino 

et al., 2016). Interestingly, a similar phenotype was observed in WDR41 knockout cells, 

which was rescued by the targeting of C9orf72 to the lysosome (Amick et al., 2018). 

This indicated that the lysosomal role of C9orf72 is dependent on its localisation which 

is driven by WDR41 (Amick et al., 2016; Amick et al., 2018).  

1.3.2.3 The role of C9orf72 in the regulation of synaptic function 

C9orf72 has been shown to be enriched in synaptosome fractions and located in 

synapses in hippocampal mossy fibre terminals (Atkinson et al., 2015; Frick et al., 2018). 

The synaptic function of the C9orf72 protein remains unclear. C9orf72 was found to 

interact with the Rab3 family (Frick et al., 2018), that is responsible for the transport of 

presynaptic neurotransmitter containing vesicles to the active zone, which underlies 

neurotransmission events (reviewed in Binotti et al., 2016; Schluter et al., 2006). In 

addition, C9orf72 has been shown to potentially regulate neuronal growth. GTPases are 

involved in the regulation of axonal growth and in synapse plasticity, via the regulation 

of actin filaments. The assembly of actin filaments is regulated by cofilin (reviewed in 

Spence and Soderling, 2015). C9orf72 knockdown primary motor neurons resulted in 

higher levels of inactive cofilin, which led to decreased actin dynamics and axonal 

growth (Sivadasan et al., 2016).  

1.3.2.4 Additional unexplored functions of C9orf72 

Finally, in addition to the interacting partners of C9orf72 explored above, proteomics 

screens have identified numerous other proteins as potential interacting partners of 

C9orf72 (Blokhuis et al., 2016; Sellier et al., 2016; Sullivan et al., 2016). GO biological 

process analysis suggested that C9orf72 may play a role in protein folding, mitochondrial 

membrane organisation and in cellular transport events (Blokhuis et al., 2016). 

Therefore, the C9orf72 protein may have further cellular roles that are as of yet 
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unexplored, but which may inform on the cellular pathways involved in C9orf72 ALS/FTD 

pathogenesis.  

1.3.3 A repeat expansion in C9orf72 is associated with ALS/FTD 

A GGGGCC hexanucleotide repeat expansion in the first intron of the C9orf72 gene is 

the most common genetic defect associated with both ALS and FTD (DeJesus-

Hernandez et al., 2011; Renton et al., 2011; reviewed in Renton et al., 2014) (Table 

1-1). The repeat expansion in C9orf72 accounts for 34.2 % and 25.9 % of familial ALS 

and FTD cases respectively (Van Blitterswijk et al., 2012). Healthy individuals may 

present with up to 30 GGGGCC repeats, which is not considered to be pathogenic. 

However, ALS and FTD patients with the repeat expansion in C9orf72 may have 

hundreds to thousands of GGGGCC repeats in this intron (DeJesus-Hernandez et al., 

2011; Renton et al., 2011). It has been reported that the length of the repeat expansion 

correlates with age of disease onset (Gijselinck et al., 2015) and disease duration in 

FTD (Suh et al., 2015). However, this was subsequently proposed to be linked to the 

patients having additional ALS/FTD risk factors (reviewed in Haeusler et al., 2016; Xi et 

al., 2015).  

 

Figure 1.13 The C9orf72 gene is linked to a GGGGCC repeat expansion in intron 

1 in ALS/FTD 

The GGGGCC repeat expansion associated with ALS/FTD is located in the first intron 

of C9orf72. The C9orf72 gene produces 3 splice variants which encode two protein 

isoforms: C9orf72S from variant 1, and C9orf72L from variants 2 and 3. With the 

inclusion of exon 1a in both variants 1 and 3, these pre-RNAs contain the repeat 

expansion sequence and could lead to the production of the RNA foci and DPRs 

associated with C9orf72 ALS/FTD. 
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The length of the GGGGCC repeat expansion has been shown to vary between brain 

regions in C9orf72 repeat expansion carriers (Beck et al., 2013). Shorter repeat lengths 

have been reported in patient cerebellum compared those found in frontal cortex or in 

blood (Van Blitterswijk et al., 2013). This somatic variability has been attributed to the 

formation of G-quadruplexes in the repeat expansion DNA (Zhou et al., 2015), which 

decrease replication efficiency and increase repeat instability, leading to both expansion 

and contraction of the repeat (Thys and Wang, 2015). Somatic instability has been 

proposed to contribute to the incomplete penetrance and phenotypic heterogeneity 

associated with the C9orf72 repeat expansion (Beck et al., 2013). A longer repeat length 

in the cerebellum has been associated with a decrease in survival post disease onset 

(Van Blitterswijk et al., 2013). 

The mechanism by which the GGGCC repeat expansion in C9orf72 causes ALS and 

FTD is currently unknown. Three main hypotheses have been put forward based on 

evidence from other repeat expansion diseases; an RNA gain of function toxicity, a 

protein gain of function toxicity and a loss of function through C9orf72 haploinsufficiency 

(Figure 1.14) (reviewed in Gendron and Petrucelli, 2018; Todd and Petrucelli, 2016). It 

is possible that no single mechanism leads to disease outright and that interplay 

between C9orf72 repeat expansion mechanisms and other cellular dysfunctions 

contribute to disease progression.  
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Figure 1.14 The repeat expansion in C9orf72 leads to ALS through 3 different 

potential disease mechanisms 

Three distinct mechanisms have been proposed to cause disease in the C9orf72 repeat 

expansion patients. 1) RNA toxicity - RNA foci bind and sequester RNA binding proteins, 

nuclear export factors and splicing machinery leading to altered splicing and expression 

of nuclear encoded genes. RNA foci also lead to nucleolar stress and their presence in 

the cytosol results in excitotoxicity. 2) Protein toxicity - The C9orf72 repeat expansion 

mRNA is aberrantly exported into the cytosol where it is translated in a repeat-

associated non-AUG (RAN) manner resulting in the production of DPR proteins, which 

form cytoplasmic and nuclear aggregates. The poly-GA polypeptides induce protein 

stress, whereas the poly-GR and poly-PR polypeptides induce nucleolar stress and 

disrupt splicing events. 3) C9orf72 haploinsufficiency - C9orf72 mRNA and protein levels 

are reduced in C9orf72 ALS/FTD patients, leading to disruptions in membrane trafficking 

and autophagy. See text for details.  

1.3.3.1 Toxic RNA gain of function 

A toxic RNA gain of function is common in many non-coding repeat expansion diseases 

including spinocerebellar ataxia type 8 (SCA8), type 1 myotonic dystrophy (DM1) and 

Huntington disease like-2 (HDL2) (reviewed in Sicot and Gomes-Pereira, 2013). DM1 is 

caused by an expanded CTG repeat in the dystrophia myotonica protein kinase gene 

(Cooper et al., 2009). The CTG expansion is retained in the nucleus, leading to the 

formation of discreet RNA foci. These foci sequester RNA binding proteins such as the 

splicing factor muscleblind-like protein 1, resulting in downstream splicing defects which 

give rise directly to the disease (Mankodi et al., 2002).   

RNA foci have been reported in the frontal cortex, hippocampus, cerebellum and spinal 

cord of C9orf72 ALS/FTD patients (Cooper-Knock et al., 2014; DeJesus-Hernandez et 

al., 2011; Mizielinska et al., 2013). These foci have been shown to originate from both 

the sense and antisense RNA strands (Haeusler et al., 2014) and arise from the 

transcription of both variants 1 and 3, due to the inclusion of the intron located between 

exons 1a and 1b (Figure 1.13) (reviewed in Haeusler et al., 2016). The presence of 

antisense foci correlated with the presence of mislocalised TDP-43 (Cooper-Knock et 

al., 2015b). Furthermore, the presence of RNA foci in the frontal cortex region of C9orf72 

patients was shown to correlate strongly with disease onset (Mizielinska et al., 2013). 

The RNA foci are frequently reported in the nucleus but have also been found in the 

cytoplasm (Donnelly et al., 2013; Lagier-Tourenne et al., 2013; Mizielinska et al., 2013). 

Finally, RNA foci in Drosophila models of C9orf72 have been shown to be present in 
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distal neurites and associate with proteins involved in transport and local translation of 

RNA containing granules (Burguete et al., 2015).  

Both the RNA and DNA of the repeat expansion of C9orf72 have been shown to be 

structurally organised into G-quadruplexes, a secondary structure comprising a stack of 

guanine rich DNA/RNA stabilised by hydrogen bonds around a central cation (Conlon et 

al., 2016; Zhou et al., 2015). C9orf72 repeat expansion G-quadruplexes have been 

shown to sequester hnRNP-H and alter splicing events in ALS brain (Conlon et al., 

2016). Interestingly, small molecules that bind and stabilise G-quadruplexes have been 

shown to reduce RNA foci and DPR burden (arising from protein toxicity; 1.3.3.2), and 

lead to an elongation in lifespan in a repeat expansion Drosophila model (Simone et al., 

2018).  

Many groups have concentrated on investigating the abnormal binding of nuclear 

proteins to the RNA foci. This abnormal binding leads to the sequestration of nuclear 

proteins and reduces their ability to function in normal RNA processing (reviewed in 

Barker et al., 2017; Todd and Petrucelli, 2016). The binding of adenosine deaminase, 

RNA-specific, B2 (ADARB2) to the RNA foci may lead to increased sensitivity to 

excitotoxicity (Donnelly et al., 2013). Additionally the accumulation of abortive RNA 

transcripts bound to nucleolin induce nucleolar stress (Haeusler et al., 2014). 

Furthermore, the RNA foci have been found to bind and sequester mRNA export 

proteins; ALYREF (Cooper-Knock et al., 2014), Pur-alpha (Sareen et al., 2013), hnRNP 

A3 (Mori et al., 2013b), hnRNP H/F (Cooper-Knock et al., 2014), hnRNP A1 (Cooper-

Knock et al., 2014; Sareen et al., 2013) and RanGAP1 (Zhang et al., 2015b), along with 

the splicing factors hnRNP H (Cooper-Knock et al., 2014), ASF/SF2 (Reddy et al., 2013), 

SRSF1 and SRSF2 (Cooper-Knock et al., 2014; Rossi et al., 2015). The binding of the 

repeat expansion to the export proteins may result in the aberrant export of C9orf72 

mRNA from the nucleus to the cytosol where non-ATG initiated translation occurs 

(discussed in 1.3.3.2). In addition, binding of C9orf72 mRNA to the export adaptors may 

prevent the normal export of other mRNAs resulting in further cellular dysfunction (Rossi 

et al., 2015). Finally, the sequestration of splicing proteins by the RNA foci could lead to 

altered expression and splicing profiles of many nuclear encoded proteins. This includes 

the splicing defects in genes previously linked to ALS (ATXN2 and FUS) that have been 

reported in C9orf72 ALS patient cerebellum (Prudencio et al., 2015).  

A challenge for researchers dissecting the models of C9orf72 repeat expansion is the 

differentiation between RNA and protein toxicity (reviewed in Batra and Lee, 2017; Gitler 

and Tsuiji, 2016; Moens et al., 2017). Experimental models expressing the GGGGCC 

repeat expansion have been shown to result in the formation of both sense and 



 56 

antisense RNA foci, but also display aggregates indicative of protein toxicity (Freibaum 

et al., 2015; Mizielinska et al., 2014; Tran et al., 2015). Indeed, expression of the pure 

repeat has been shown to be toxic in in vitro cellular, Drosophila and Zebrafish models 

(reviewed in Moens et al., 2017). In mouse models however, the evidence is not as 

clear. Reports of ALS pathology, including TDP-43 aggregation and motor and cognitive 

dysfunction have been reported by some groups, but not by others (reviewed in Batra 

and Lee, 2017; Moens et al., 2017). The reasons for differences between the models 

generated may be due to expression levels and the genetic background of the mice 

(Batra and Lee, 2017).  

In order to investigate the RNA toxicity hypothesis alone, repeat only RNA models have 

been generated. The insertion of STOP codons in every frame of the repeat expansion 

supresses protein translation (and thereby protein toxicity), whilst not affecting the 

expression of the repeat RNA (Mizielinska et al., 2014). In Drosophila, expression of 

repeat only RNA did not lead to toxicity in comparison to the expression of pure 

GGGGCC RNA, despite the formation of RNA foci (Mizielinska et al., 2014). A second 

model consisting of a GGGGCC repeat in an intron also produced nuclear sense RNA 

foci but did not lead to neurodegeneration (Tran et al., 2015). Together these reports 

suggested that RNA toxicity did not lead directly to neurodegeneration. In contrast, 

expression of interrupted GGGGCC repeats in neurons in an inducible Drosophila model 

resulted in neurodegeneration (Zhang et al., 2015b). In addition, expression of intronic 

repeats in primary cortical and motor neurons resulted in the formation of RNA foci in 

the absence of protein toxicity, which was toxic to the cell (Wen et al., 2014). Therefore, 

RNA toxicity may play a role in C9orf72 repeat expansion in some models, but not in 

others and may depend on the cell type in which the repeats are expressed. Hence, it 

remains unclear if and how RNA toxicity is linked to disease in C9orf72 ALS/FTD 

patients.  

1.3.3.2 Toxic protein gain of function 

In several repeat expansion diseases including SCA8, DM1 and HD, the repeat 

expansion has been shown to undergo non-ATG initiated translation, termed repeat-

associated non-AUG (RAN) translation. RAN translation occurs in all reading frames 

and results in the production of toxic proteins that are formed of repetitive peptide 

sequences (reviewed in Green et al., 2016).   

The C9orf72 repeat expansion has been shown to be RAN translated resulting in the 

formation of 5 DPR species. The DPRs arise from the transcription of both variants 1 

and 3, due to the inclusion of the intron located between exons 1a and 1b (Figure 1.13) 



 57 

(reviewed in Haeusler et al., 2016). Sense transcripts produce poly-glycine-alanine 

(GA), poly-glycine-arginine (GR) and poly-glycine-proline (GP) DPRs. Poly-proline-

arginine (PR), poly-proline-alanine (PA) and poly-glycine-proline (GP) DPRs arise from 

the antisense transcripts. The DPRs are prone to aggregation in the cell and form 

inclusions that are positive for p62 and ubiquitin but negative for TDP-43 across the CNS 

of C9orf72 ALS patients (Ash et al., 2013; Gendron et al., 2013; Mori et al., 2013a; Mori 

et al., 2013c; Zu et al., 2013). In patient tissues poly-GA inclusions have been found to 

be the most abundant, whereas poly-AP and poly-PR inclusions are rarely observed 

(Davidson et al., 2014; Gendron et al., 2013; Mackenzie et al., 2015). No consistent 

correlation between the presence of DPR pathology and ALS progression or 

neurodegeneration have been identified (Davidson et al., 2014; MacKenzie et al., 2013; 

Mackenzie et al., 2015). The aggregation of the DPRs may therefore constitute a 

protective role by sequestering small dipeptide repeat species and may not be disease 

relevant. Following this notion, the levels of soluble poly-GP in cerebellum was shown 

to correlate with cognitive impairment (Gendron et al., 2015). 

The DPR inclusions have been shown to interact with and sequester cellular proteins 

and alter cellular function (reviewed in Todd and Petrucelli, 2016). Poly-GA inclusions 

have been revealed to bind Unc119, a protein involved in axonal maintenance and 

branching. Unc119 levels have been shown to reduce upon poly-GA expression in 

neurons which could lead to a decrease in membrane trafficking events (May et al., 

2014). Poly-GA was also shown to interact with subunits of the proteasome, suggesting 

that it may alter protein homeostasis (Zhang et al., 2014). Indeed, aggregating DPRs 

along with the frequent p62 and ubiquitin staining observed in C9orf72-related ALS 

cases, suggest an impairment of protein turnover via the ubiquitin proteasome system 

or autophagy (Cooper-Knock et al., 2012; Stewart et al., 2012). The poly-GA DPR has 

also been suggested to display properties similar to prion proteins, forming toxic 

amyloids. These have the propensity to spread from cell to cell and could underlie the 

progression of neurodegeneration in C9orf72 ALS/FTD (Zhou et al., 2017).  

The arginine containing DPRs (poly-GR and poly-PR) display a strong nuclear 

localisation, potentially as they resemble arginine rich nuclear import sequences (Kwon 

et al., 2014; Tao et al., 2015; Wen et al., 2014; Zu et al., 2013). Arginine containing 

DPRs have been shown to play a role in the formation and regulation of membrane-less 

organelles, including the nucleolus, nuclear pore complex, nuclear speckles and stress 

granules via the binding of low complexity domain (LCD) containing proteins (Lee et al., 

2016c; Lin et al., 2016). Knockdown of a number of LCD interacting partners of poly-GR 

and poly-PR DPRs reduced DPR mediated pathology (Lee et al., 2016c). Consistent 
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with a role in the formation of membrane-less organelles, poly-GR and poly-PR DPRs 

were found to localise to the nucleolus, which resulted in a decrease in translation, rRNA 

synthesis and biogenesis of ribosomes (Kwon et al., 2014). In addition, the expression 

of poly-GR and poly-PR has been shown to decrease in the localisation of other proteins 

to the membrane-less organelles (Lee et al., 2016c). These changes may underlie the 

changes in splicing seen in poly-GR and poly-PR models (Kanekura et al., 2016; Kwon 

et al., 2014). Furthermore, poly-GR and poly-PR have been shown to interact with 

proteins involved in components of the nuclear pore and trafficking machinery. This may 

lead to changes in nucleocytoplasmic transport that have been reported in C9orf72 ALS 

patient models (Boeynaems et al., 2016; reviewed in Freibaum and Taylor, 2017; Jovicic 

et al., 2015; Lee et al., 2016c). Finally, the expression of poly-GR DPRs has been shown 

to induce DNA damage, which was linked to increased levels of ROS generation. Poly-

GR DPRs interact with mitochondrial ribosomal proteins inducing mitochondrial 

dysfunction; including the hyperpolarisation and increased ROS generation (Lopez-

Gonzalez et al., 2016).  

Expression of the C9orf72 repeat expansion DPRs in cell and animal models have been 

reported to result in varying degrees of toxicity. To differentiate between the RNA and 

protein mediated toxicity, a number of DPR only models have been generated, which 

take advantage of codon degeneracy. These models result in the production of specific 

DPR species without the GGGGCC associated RNA foci/toxicity. Expression of poly-GR 

and poly-PR of lengths between 20 and 400 repeats have been consistently shown to 

induce toxicity in number of cell, Drosophila and mouse models (reviewed in Gitler and 

Tsuiji, 2016; Moens et al., 2017). Mild toxicity of the remaining DPR species of 20 to 400 

length repeats have been reported in 3 studies but are not consistently observed. This 

may owe to the models examined, repeat length and application of the DPR (exogenous 

application versus induced expression) (reviewed in Moens et al., 2017). Therefore, it 

appears that DPRs, especially poly-GR and poly-PR, may contribute to cellular toxicity 

in C9orf72 ALS/FTD.  

1.3.3.3 C9orf72 loss of function 

Haploinsufficiency arises from the loss of normal expression of a gene from one of the 

two alleles, resulting in a reduction in the expression of the protein. Haploinsufficiency 

can arise from a number of defects including missense mutations in the gene, gene 

deletion, mRNA instability and transcriptional repression. Several repeat expansion 

diseases including fragile X syndrome and Friedreich ataxia are associated with 

haploinsufficiency (reviewed in La Spada and Taylor, 2010). ALS and FTD patients with 
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the repeat expansion in C9orf72 have been shown to have reduced mRNA levels 

encoding the C9orf72 protein in lymphoblast and frontal cortex (Belzil et al., 2013; 

DeJesus-Hernandez et al., 2011). Subsequently, the level of the C9orf72 protein was 

shown to be reduced in C9orf72 ALS patient frontal, motor cortex, temporal cortex and 

cerebellum (Frick et al., 2018; Waite et al., 2014; Xiao et al., 2015). This suggests that 

haploinsufficiency of the C9orf72 protein may contribute to disease pathogenesis.  

Several mechanisms leading to the reduction in C9orf72 expression have been 

reported. The G-quadruplex structure adopted by the repeat expansion DNA has been 

shown to impair transcription (Haeusler et al., 2014). Reduced C9orf72 mRNA may also 

be as a result of  hypermethylation of the CpG island 5’ of the C9orf72 promoter region 

(Xi et al., 2013). CpG island hypermethylation acts as a repressor of gene transcription 

and is a common feature in cancer (reviewed in Sproul and Meehan, 2013). The 

presence of hypermethylation of the CpG island is associated with reduced RNA foci 

and DPR pathology (Liu et al., 2014). This suggests that the downregulation of C9orf72 

transcription may be a protective factor in disease. C9orf72 expression has also been 

shown to be affected by histone binding. Trimethylation of histones H3 and H4 led to an 

increase in binding of histones to the repeat expansion and transcriptional repression 

(Belzil et al., 2013). Finally, the RNA and DNA of the C9orf72 repeat expansion has 

been shown to be structurally organised into R-loops (Haeusler et al., 2014; Reddy et 

al., 2013). R-loops are comprised of a DNA:RNA hybrid and is associated with a non-

template single strand of DNA. R-loop formation is important for the regulation of gene 

expression, but also has implications for the stability of the genome (reviewed in Groh 

et al., 2014; Skourti-Stathaki and Proudfoot, 2014). In C9orf72 ALS, the formation of R-

loops led to transcript abortion and thereby potentially C9orf72 haploinsufficiency 

(Haeusler et al., 2014). 

Evidence suggests that in C9orf72 ALS patients the expression of specific transcripts is 

altered. Variants 1 and 2 were found to be significantly downregulated in C9orf72 patient 

cerebellum and frontal cortex, but variant 3 levels were unaffected (DeJesus-Hernandez 

et al., 2011; Fratta et al., 2013; Van Blitterswijk et al., 2015; Waite et al., 2014). In the 

case of variant 1, the decrease in mRNA was linked to a decrease in the use of the 

promoter that is upstream of exon 1a. In the case of variant 2, the repeat expansion is 

proposed to lie within the promoter sequence and hence lead to the decrease in 

transcription (Sareen et al., 2013). Interestingly, increased expression of variant 1 was 

associated with increased survival in C9orf72 carriers, which supports a role for C9orf72 

haploinsufficiency in disease (Van Blitterswijk et al., 2015).  
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Reduced transcription of C9orf72 leads to decreases in protein levels and impact upon 

pathways in which the C9orf72 protein is active. C9orf72 patient cell models have been 

shown to display defects in autophagy and the oxidative stress response (Chitiprolu et 

al., 2018; Webster et al., 2016a; Webster et al., 2016b). This suggested that although 

transcriptional repression may alleviate the RNA and protein toxicity burden in C9orf72 

ALS/FTD disease, reduced levels of C9orf72 may lead to cellular defects associated 

with the function of the C9orf72 protein itself and that haploinsufficiency may contribute 

to disease pathogenesis. Indeed, knockdown of C9orf72 in cell models has been shown 

to result in the aggregation of p62 (Sellier et al., 2016; Webster et al., 2016a), similar to 

the inclusions found in C9orf72 ALS/FTD patients (Cooper-Knock et al., 2012; Stewart 

et al., 2012). Furthermore, the delayed clearance of stress granules upon C9orf72 

knockdown were similar to those shown to accumulate in C9orf72 ALS/FTD patient 

cerebellum and hippocampus (Chitiprolu et al., 2018).  

Whether C9orf72 haploinsufficiency contributes to neurodegeneration has been 

investigated in a number of in vivo and in vitro C9orf72 models (reviewed in Gitler and 

Tsuiji, 2016; Moens et al., 2017). Recently, the survival of C9orf72 ALS patient iPSC 

motor neurons was shown to be dependent on the level of C9orf72 protein, suggesting 

that C9orf72 haploinsufficiency contributes to disease progression  (Shi et al., 2018b). 

C9orf72 knockout  C. elegans and D. ranio models displayed motor defects suggestive 

of a role for C9orf72 in ALS related motor neuron degeneration (Ciura et al., 2013; 

Therrien et al., 2013). Contrastingly, the majority of C9orf72 knockout mice generated 

do not consistently show an effect on either survival or motor function (reviewed in Gitler 

and Tsuiji, 2016; Moens et al., 2017). Indeed, only two C9orf72 knockout mouse models 

have a mild motor phenotype (Atanasio et al., 2016; Jiang et al., 2016). In addition, the 

C9orf72
 
knockout mice showed no overt signs of neurodegeneration and did not present 

with the classical TDP-43 pathology that is associated with ALS (reviewed in Moens et 

al., 2017). This indicated that C9orf72 haploinsufficiency may not lead directly to 

neurodegeneration or the development of ALS linked pathology.  

The overt characteristics of C9orf72
 

knockout mice, are consistent with an 

immunological defect rather than a neurological phenotype. C9orf72 knockout mice 

developed splenomegaly and lymphadenomegaly, accompanied by autoimmunity and 

increased levels of inflammation (Atanasio et al., 2016; Burberry et al., 2016; Jiang et 

al., 2016; O'Rourke et al., 2016; Sudria-Lopez et al., 2016; Sullivan et al., 2016). This 

may support a role for the C9orf72 in the regulation of the immune system, which is of 

growing interest in the neurodegenerative field due to the growing association between 

dysregulation of immune responses and neurodegeneration (reviewed in Labzin et al., 
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2018; Lall and Baloh, 2017). The correct functioning of the autophagy pathway is 

required to regulate the innate and adaptive immune responses (reviewed in Levine et 

al., 2011; Netea-Maier et al., 2016). Indeed, both AMPK and ULK1 knockout mice 

develop splenomegaly, similar to that of the C9orf72 knockout mice (Honda et al., 2014; 

Zhu et al., 2014). Furthermore, C9orf72 knockout mice display an increase in pro-

inflammatory cytokines including IL-1ß (O'Rourke et al., 2016), a phenotype previously 

associated with the autophagy deficient ATG16L knockout mice (Saitoh et al., 2008). 

Together these indicate a potential role for C9orf72 in the regulation of immune-related 

autophagy, which may be relevant for disease pathogenesis.  

1.3.3.4 In vitro patient models 

Several groups have used in vitro C9orf72 ALS/FTD patient cell models to investigate 

the role of the above mechanisms in disease, the relevance of cell type specific 

pathology and to develop therapeutic strategies (reviewed in Selvaraj et al., 2017). 

C9orf72 ALS patient neurons and astrocyte models were shown to display RNA foci, 

although RNA foci numbers were lower in astrocytes than in neurons (Mizielinska et al., 

2013). Similarly, both neuron and astrocyte C9orf72 ALS patient models have been 

shown to display DPR aggregates (Zu et al., 2013) (Ferraiuolo lab, University of 

Sheffield, unpublished data). Knockdown of the nuclear export adaptor SRSF1 in 

C9orf72 ALS patient iNeurons improved their survival and decreased DPR production. 

Surprisingly, the survival of motor neurons in co-culture with C9orf72 ALS patient 

iAstrocytes was improved by the knockdown of SRSF1 in the iAstrocytes, indicating that 

repeat expansion linked changes in the astrocyte may impair their ability to support 

neurons (Hautbergue et al., 2017). Finally, despite differences in levels of expression of 

C9orf72 in astrocytes and neurons (Jiang et al., 2016; O'Rourke et al., 2016), both have 

been shown to display reduced C9orf72 protein levels, consistent with 

haploinsufficiency, in C9orf72 ALS patient models (Fomin et al., 2018; Webster et al., 

2016a).  

C9orf72 ALS patient derived neuron models have been shown to display defects in 

proteostasis and mitochondrial function; including increased ROS generation, impaired 

calcium buffering and altered MMP (Dafinca et al., 2016; Lopez-Gonzalez et al., 2016; 

Webster et al., 2016a). To date the same level of investigation has not been completed 

in C9orf72 ALS patient astrocyte models. However, the study of astrocytes in ALS 

patient models has gained traction, due to the non-cell autonomous nature of ALS 

(reviewed in Chen et al., 2018). Astrocytes support neuronal function, synaptic function 

and maintenance through the secretion of extracellular vesicles that contain specific 
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micro RNAs (miRNA) (Gosselin et al., 2013; reviewed in Schratt, 2009). C9orf72 ALS 

patient derived astrocytes are unable to support the growth of motor neurons to the 

same extent as healthy control derived astrocytes (Meyer et al., 2014). C9orf72 ALS 

patient derived iAstrocytes were subsequently shown to have impaired extracellular 

vesicle formation and altered miRNA vesicular content, which led to the decreased 

survival of co-cultured motor neurons (Varcianna et al., 2019). C9orf72 ALS patient 

astrocytes were shown to have increased levels of intracellular glutamate, indicating that 

glutamate metabolism may be impaired (Fomin et al., 2018). Impaired glutamate 

metabolism by astrocytes may lead to impaired neurotransmission and promote 

excitotoxicity (reviewed in Van Den Bosch et al., 2006). C9orf72 ALS patient iAstrocytes 

were also shown to be more glycolytic than iAstrocytes derived from healthy controls. 

Furthermore, C9orf72 ALS patient iAstrocytes were also shown to have an adenosine 

metabolism defect, which stemmed from decreased levels of adenosine deaminase. 

Supplementation with inosine to promote glycolysis, rescued the C9orf72 ALS patient 

astrocyte-associated toxicity towards motor neurons. This indicated that disrupted 

metabolism in astrocytes may contribute to C9orf72 ALS pathogenesis (Allen et al., 

2019). It is currently unclear how the repeat expansion in C9orf72 results in the above 

changes in astrocytic function, although C9orf72 haploinsufficiency has been proposed 

to lead to the changes in glutamate homeostasis (Fomin et al., 2018; Shi et al., 2018b). 

1.3.3.5 Genetic modifiers of C9orf72 ALS/FTD 

Several genes have been identified that are genetic modifiers of C9orf72 ALS/FTD, 

which impact on age of onset and survival. The age of onset of both ALS and FTD was 

delayed by 4.42 and 3.95 years in C9orf72 ALS/FTD patients which were homozygous 

for the minor alleles of prion protein (PRNP) or which were homozygous or heterozygous 

for the minor alleles in metallothionein 1 E (MT-1e) respectively. Conversely age of onset 

was lower for C9orf72 ALS/FTD patients that carried the minor allele of ubiquitin-

associated protein 1 (UBAP1) (Van Blitterswijk et al., 2014b). A shorter survival post 

onset in C9orf72 FTD patients was associated with the minor allele MT-1e, elongator 

acetyltransferase complex subunit 3 (ELP3) and apolipoprotein E (APOE). A shorter 

survival was associated with C9orf72 ALS patients carrying the minor allele of unc-13 

homologue A, C. elegans (UNC13A), however survival was extended by the minor allele 

delta-aminolevulinate dehydratase (ALAD) (Van Blitterswijk et al., 2014b).  

A single nucleotide polymorphism in TMEM106B is also a genetic modifier of C9orf72 

ALS/FTD. The TMEM106B minor allele was shown to prevent C9orf72 repeat expansion 

patients from developing FTD but not ALS, whilst the major allele, itself a risk factor for 
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FTD delayed onset and increased age at death of C9orf72 patients (Gallagher et al., 

2014; Van Blitterswijk et al., 2014a). The modifier of C9orf72 ALS/FTD, TMEM106B is 

also involved in lysosome trafficking and function. Overexpression of TMEM106B in cells 

results in the accumulation of swollen lysosomes (Stagi et al., 2014). Interestingly, this 

phenotype does not occur upon knockdown of C9orf72 (Busch et al., 2016). This 

highlights the possible functional importance of this pathway in the development of 

neurodegenerative conditions.  

Repeat expansion diseases display disease anticipation, whereby the disease severity 

increases, and onset is earlier in successive generations. Disease anticipation is 

attributed to the dynamic and unstable nature of the repeat expansion and is associated 

with both HD and DM1 (Harper et al., 1992; Ridley et al., 1988). Disease anticipation is 

thought to contribute to earlier onset in successive generations of C9orf72 ALS/FTD 

patients (Van Mossevelde et al., 2017), although additional data is required to fully 

understand this mechanism.  

1.4 Hypothesis and aims of the PhD  

A repeat expansion in the first intron of the C9orf72 gene was identified as the most 

common genetic defect associated with ALS and FTD (DeJesus-Hernandez et al., 2011; 

Renton et al., 2011). Although research has focussed on identifying the mechanism by 

which the repeat expansion results in disease, no single causative link has been 

established. The proposed mechanisms include both RNA and protein toxic gain of 

function and C9orf72 haploinsufficiency. The C9orf72 protein has been shown to be 

involved in the regulation of the autophagy quality control pathway (Amick et al., 2016; 

Sellier et al., 2016; Sullivan et al., 2016; Webster et al., 2016a; Yang et al., 2016). 

C9orf72 ALS/FTD patients were shown to display defects in autophagy (Webster et al., 

2016a). We hypothesised that C9orf72 haploinsufficiency may contribute to C9orf72 

ALS/FTD and understanding the function of C9orf72 further may uncover disease 

related mechanisms.  

Using a yeast two-hybrid and mass spectrometry coupled immunoprecipitation 

approaches, we identified numerous proteins which potentially interact with C9orf72. A 

number of the identified interacting partners were mitochondrial proteins. Hence, we 

hypothesised that C9orf72 may be found on mitochondria and interact with 

mitochondrial protein complexes.  

Mitochondrial health is paramount to the survival of cells especially long-lived cells such 

as neurons. Mitochondrial dysfunction is a prevalent feature of neurodegenerative 

diseases including ALS (reviewed in Smith et al., 2017b). Recently, C9orf72 ALS/FTD 
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patient models have been shown to display signs of mitochondrial dysfunction (Dafinca 

et al., 2016; Lopez-Gonzalez et al., 2016; Onesto et al., 2016). The correct functioning 

of mitochondria is maintained through the import of nuclear encoded proteins into 

mitochondria and dynamic mitochondrial events. Mitochondrial health is underlined by 

the fission/fusion cycling of the mitochondrial network and the removal of damaged 

mitochondria through the mitophagy arm of the autophagy pathway. As mitochondrial 

quality control is regulated by the autophagy pathway and C9orf72 has been implicated 

in the regulation of autophagy, we hypothesised that C9orf72 may play a role in 

maintaining mitochondrial quality control and that this may be involved in C9orf72 

ALS/FTD pathogenesis.   

In order to investigate the above hypotheses, the following aims were established: 

• To investigate the interaction between C9orf72 and the mitochondrial proteins 

identified in interacting partner screens. 

• To characterise the nature of the interaction between C9orf72 and mitochondria. 

• To determine the functional relevance of the interaction between C9orf72 and 

mitochondria, including whether C9orf72 plays a role in mitochondrial quality 

control. 

• To explore whether the mitochondrial role of the C9orf72 protein is relevant in 

C9orf72 ALS/FTD.  
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Chapter 2. Materials and Methods 

2.1 Cell culture 

2.1.1 Cell lines 

HEK293, C9orf72
KO

 CRISPR HEK293 (generated in house by Dr Christopher Webster, 

and characterised by Dr Yolanda Gibson and described below), HeLa, EYFP-Parkin 

HeLa (a gift from Dr Alex Whitworth (Cambridge) made in Dr Jon Lane’s lab (Bristol)) 

and CV1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-

Aldrich) supplemented with 10 % fetal bovine serum (FBS) (LSP) and 1 mM sodium 

pyruvate (Sigma-Aldrich) at 37 °C in a 5 % CO2 incubator. Cell lines were sub-cultured 

twice weekly, to a confluency of 100 %. All cell lines were subjected to monthly testing 

for mycoplasma contamination.  

The C9orf72
KO

 CRISPR HEK293 line was characterised by Dr Yolanda Gibson 

(unpublished data). HEK293 have been shown to be hypotriploid (Bylund et al., 2004) 

and our parental HEK293 line was found to possess 3 C9orf72 alleles. The C9orf72
KO

 

CRISPR HEK293 line was found to have a deletion in each allele of C9orf72; of either 

4, 10 or 35 bp, each of which resulted in a premature STOP codon. The knockout of 

C9orf72 was confirmed by qPCR and C9orf72 immunoblot. 

Flp-In FLAG-C9orf72L and Sham HEK293 lines were a generous gift from Dr Adrian 

Higginbottom (SITraN, Sheffield). To maintain selection and repression of the 

transgene, Flp-In FLAG-C9orf72L or Sham HEK293 lines were maintained in DMEM 

(Sigma-Aldrich) supplemented with 10 % Tetracycline-free FBS (Biosera), 100 µg/µL 

Hygromycin B (Invitrogen) and 15 µg/µL Blasticidin S HCl (InvivoGen). Cell lines were 

sub-cultured twice weekly, to a confluency of 100 %. For induction of transgene 

expression, cells were swapped to DMEM (Sigma-Aldrich) supplemented with 10 % 

Tetracycline-free FBS (Biosera), 100 µg/µL Hygromycin B (Invitrogen) and 10 µg/mL 

Tetracycline (Invitrogen). Tetracycline-induction was performed 24 h prior to cell 

harvesting.  

2.1.2 Patient derived iAstrocytes 

Human skin fibroblast samples were obtained from Professor Pamela Shaw, from the 

Sheffield tissue bank. Informed consent was obtained from subjects prior to sample 

collection (Study number STH16573, Research Ethics Committee reference 

12/YH/0330).  
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The differentiation of patient fibroblasts to iAstrocytes was carried out by the members 

of Dr Laura Ferraiuolo’s lab (SITraN, Sheffield), according to the protocol described in 

(Meyer et al., 2014). Information regarding patient matching and disease status are 

listed in Table 2-1. 

Briefly, patient fibroblasts were transduced with Oct3/4, Sox2, Klf4, and c-Myc. The 

following day the medium on the cells was changed to DMEM (Gibco) with 10 % FBS 

(Life Science Production), to allow cells to recover. Seventy-two h post infection, the 

media on the cells was changed to DMEM/F12 (Gibco) culture medium containing 1 % 

N2 (Gibco), 1 % B27 (Gibco), 20 ng/mL FGF2 (Peprotech), 20 ng/mL EGF (Peprotech), 

and 5 μg/mL heparin (Sigma) to promote the conversion of fibroblasts to NPC. 7 days 

post infection, cells displayed morphological changes consistent with NPC 

characteristics. iNPC cells were maintained in DMEM/F12, 1 % N2, 1 % B27, and 40 

ng/mL FGF2. 

To differentiate iNPCs to iAstrocytes, iNPCs were seeded onto fibronectin coated dishes 

and grown in DMEM containing 10 % FBS and 0.3 % N2 for a minimum of 7 days. 

iAstrocytes were immunostained with astrocytic markers Vimentin, CD44, S100b and 

GFAP. 

Table 2-1 C9orf72 patient and matched control iAstrocyte lines 

Line ID Gender 

Age at 

biopsy 

(years) 

Ethnicity Genotype Mutation 

Time until 

death 

following 

biopsy 

(months) 

C - 155 Male 40 Caucasian Non-ALS control - - 

P - 183 Male 49 Caucasian fALS C9orf72 27 

C - 3050 Male 65 Caucasian Non-ALS control - - 

P - 78 Male 66 Caucasian fALS C9orf72 31.7 

C - 209 Female 69 Caucasian Non-ALS control - - 

P - 201 Female 66 Caucasian fALS C9orf72 19.4 

The length of the repeat expansion in C9orf72 was confirmed by Southern blotting to be 

over 1000 repeats in lines P - 183, P - 78 and P - 201. 
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2.1.3 DNA plasmid transfection  

HeLa and HEK293 cells were transfected with plasmid DNA with Lipofectamine 2000 

(Invitrogen) according to the manufacturer’s instructions, or with polyethylenimine (PEI) 

(Polysciences, stock 1 mM, 3 μL PEI /μg DNA). Briefly, Lipofectamine 2000 or PEI was 

diluted in Opti-MEM (Gibco) and incubated 5 min at room temperature. Separately, DNA 

was diluted in Opti-MEM. Lipofectamine 2000/PEI was then added to the DNA and 

mixed by pipetting. DNA/Lipofectamine 2000 or DNA/PEI mixes were incubated at room 

temperature for 20 min. DNA mixes were then added directly to cells in culture medium. 

Patient derived iAstrocytes were transfected with Lipofectamine 2000 as described 

above. 

For the transfection of CV1 cells, DNA was diluted in Opti-MEM and Turbofect (Thermo 

Fisher Scientific) transfection reagent was added directly to the diluted DNA. Tubes were 

immediately vortexed for 5 s and subsequently incubated for 20 min at room 

temperature. DNA containing mixes were then added to cells in culture medium.  

Information regarding DNA plasmids used in transfections is listed in Table 2-2. The 

amount of DNA and transfection reagent used for transfections are listed in Table 2-3. 

The media was changed on cells 5.5 h post-transfection to limit cytotoxicity. Cells were 

used for experimentation 24 h post transfection.  

Table 2-2 Plasmid DNA constructs 
 

DNA construct Attribution 

pCI-neo Promega 

pEGFP-C2  Clontech 

pRK5-Myc-C9orf72L  In house (Dr Kurt De Vos) 

pRK5-Myc-C9orf72S  In house (Dr Kurt De Vos) 

pRK5-Myc-C9orf72DdD  In house (Dr Kurt De Vos) 

pRK5-HA-C9orf72L  In house (Miss Emma Smith) 

pRK5-HA-C9orf72S In house (Miss Emma Smith) 

pRK5-HA-C9orf72DdD  In house (Miss Emma Smith) 

pEGFPc2-C9orf72L In house (Dr Kurt De Vos) 

pEGFPc2-C9orf72S In house (Dr Kurt De Vos) 

pEGFP-USP8 Prof Sylvie Urbe (Liverpool) 
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DNA construct Attribution 

pCI-neo-Myc-USP8 In house (Miss Emma Smith) 

pCI-neo-Myc-USP8
MIT

 In house (Miss Emma Smith) 

pCI-neo-Myc-USP8
MIT-RHO

 In house (Miss Emma Smith) 

pCI-neo-Myc-USP8
RHO

 In house (Miss Emma Smith) 

pCI-neo-Myc-USP8
USP

 In house (Miss Emma Smith) 

pCI-neo-Myc-USP8
RHO-USP

 In house (Miss Emma Smith) 

pRK5-HA-Ubiquitin
WT

 Dr Ted Dawson (Baltimore) via Addgene (plasmid 

17608) 

pRK5-HA-Ubiquitin
K6R

 In house (Miss Emma Smith) 

pEYFPc1-Parkin Dr Alex Whitworth (Cambridge) 

pEYFPc1-Parkin
K27R, K48R, K76R

 In house (Miss Emma Smith) 

pcDNA3.1-Parkin-Myc/His Dr Mark Cookson (NIH)  

pAcGFP1-Mito Clontech 

pcDNA3.1-Mfn2-Myc/His Prof David Chan (Caltech) via Addgene (plasmid 

23213) 

pRK5-Myc-MIRO1 Prof Pontus Aspenström (Stockholm) 
 

pCMV6-OAT-Myc/DDK Origene 

pCMV6-COX6C-Myc/DDK Origene 
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Table 2-3 Transfection reagents and conditions 

Transfection reagent Plate size 

DNA 

per well 

(µg) 

Transfection 

reagent per well 

(µL) 

Transfection mix 

per well (µL) 

Lipofectamine 2000 96 well 0.1 0.2 10 

24 well 0.5 1 50 

12 well 1 2 100 

6 well 2 4 200 

T75 flask 10 20 1,000 

10 cm
2
 dish 10 20 1,000 

PEI 24 well 0.5 1.5 50 

12 well 1 3 100 

6 well 2 6 200 

T75 flask 10 30 1,000 

10 cm
2
 dish 10 30 1,000 

Turbofect 24 well 1 2 50 

12 well 2 4 100 

6 well 4 8 200 
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2.1.4 siRNA transfection 

Small interfering RNA (siRNA) for knockdown experiments was obtained from Sigma-

Aldrich (Table 2-4). EYFP-Parkin HeLa, HeLa and HEK293 cells were transfected with 

siRNA using Lipofectamine RNAiMAX (Invitrogen, 6 pmol siRNA per 24 well) according 

to the manufacturer’s instructions. Briefly, Lipofectamine RNAiMAX was diluted in Opti-

MEM and incubated 5 min at room temperature. siRNA was diluted in nuclease free 

water (Qiagen) to a concentration of 10 µM. Diluted siRNA was subsequently diluted in 

Opti-MEM as required (Table 2-5). Lipofectamine RNAiMAX mix was then added to the 

siRNA in Opti-MEM and incubated 20 min at room temperature. siRNA/Lipofectamine 

RNAiMAX mix was then added to cells in culture medium. Media was changed 5.5 h 

post-transfection.  

Cells were used for experimentation 4 days following siRNA transfection. When 

subsequent plasmid DNA transfection was required, this was performed on day 3, 24 h 

before cells were used in experimentation.  

Table 2-4 siRNA sequences 

siRNA Sequence 

NTC MISSION siRNA Universal Negative Control #1 (SIC001) 

C9orf72 #2 GUGCUAUAGAUGUAAAGUU[dT][dT] 

C9orf72 #D GAUCAGGGUCAGAGUAUUA[dT][dT] 

USP8 #1 UGAAAUACGUGACUGUUUA[dT][dT] 

USP8 #2 UAUCUAUACUGUCCUGUCC[dT][dT] 

COX6C #1 GUAAAGUAAUCUUGGAAUA[dT][dT] 

COX6C #5 GUUUCGUGUGGCUGAUCAA[dT][dT] 

CHCHD4 #1 CCAUCUUGACCUUGAGUAU[dT][dT] 

CHCHD4 #2 CCAUUACCCAAGAACGUUU[dT][dT] 

FIP200 #1 CAAGUUAGAGGUUGAACUU[dT][dT] 

FIP200 #2 GAUCUUAUGUGAUCGUCCA[dT][dT]  

ULK1 #1 CACUUUAUGCAUAUAGAGA[dT][dT] 
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Table 2-5 siRNA transfection conditions 

Transfection reagent Plate 

size 

siRNA per 

well 

(pmol) 

Transfection 

reagent per well 

(µL) 

Transfection mix 

per well (µL) 

Lipofectamine 

RNAiMAX 

24 well 6 0.6 50 

12 well 12 1.2 100 

6 well 24 2.4 200 

T75 150 15 1,000 

 

2.1.5 Induction of mitophagy 

Mitophagy was induced in cells by incubation with 10 µM or 20 µM Carbonyl cyanide m-

chlorophenyl hydrazone (CCCP) (Sigma-Aldrich) for the indicated time period (0 – 4 h). 

Alternatively, mitophagy was induced by incubation with a combination of 4 µM 

Antimycin A (Sigma-Aldrich) and 10 µM Oligomycin (Sigma-Aldrich) for the indicated 

time period (0 – 23 h).  

2.2 Cloning of plasmid DNA  

2.2.1 Site directed mutagenesis 

Primers for mutagenesis were designed using the QuikChange primer design tool 

(Agilent) and purchased from Sigma-Aldrich. Mutagenesis was performed according to 

the manufacturer’s protocol using a QuikChange Lightning Kit (Agilent, 210518). Briefly, 

75 ng DNA was amplified and mutated with 125 ng of the designed mutagenesis primer 

(Table 2-6).  

Amplification was performed in a thermocycler using the following parameters: 2 min 95 

˚C, followed by 18 cycles of 95 ˚C for 20 s to melt dsDNA, 60 ˚C for 10 s to anneal 

primers and an elongation step at 68 ˚C of 30 s per kb of plasmid to be amplified (Table 

2-6). Parental DNA, lacking the mutation, was digested by incubation with Dpn1 enzyme 

10 min at 37 ˚C. Plasmid DNA was transformed into XL-10 Gold Ultracompetent cells, 

as described in 2.2.6. All constructs harbouring a mutation generated in house were 

verified by sequencing.   
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Table 2-6 Primers used for site directed mutagenesis and PCR elongation times 
 

Construct Primer Sequence (5' - 3') 
Elongation 

time (min) 

pCI-neo 

Myc-USP8 

MIT-STOP 

fwd  
CTTAAATTAAGATATGAAGAAGCTTAAGTCCGG

AAAAAACTTGAGGAAA 

4.5 

rev 
TTTCCTCAAGTTTTTTCCGGACTTAAGCTTCTTC

ATATCTTAATTTAAG 

pCI-neo 

Myc-USP8 

RHO-STOP 

fwd  
TTGTTATCCCCAGTATACAACATAGGCTAAGGT

CACTCCACC 

4.5 

rev  
GGTGGAGTGACCTTAGCCTATGTTGTATACTGG

GGATAACAA 

pCI-neo 

Myc-USP8 

Xho1-RHO 

fwd  
CATCCATTATAATCAAGCTGATGTTTTTCTCGAG

CATCATTGTGTATAGTTCCTTTGCTGTG 

4.5 

rev  
CACAGCAAAGGAACTATACACAATGATGCTCGA

GAAAAACATCAGCTTGATTATAATGGATG 

pCI-neo 

Myc-USP8 

Xho1-USP 

fwd  
CCTAAGTTACGAAGTCCAGTAAGCTCGAGTCCA

GAACCTCCAAAAACAGGA 

4.5 

rev  
TCCTGTTTTTGGAGGTTCTGGACTCGAGCTTAC

TGGACTTCGTAACTTAGG 

EYFP-

Parkin 

K27R 

fwd  
CAACCACCTCCCTGAGCTGGAAGATGCTGGTG

T 

3.5 

rev  
ACACCAGCATCTTCCAGCTCAGGGAGGTGGTT

G 

EYFP-

Parkin 

K48R 

fwd  ATTCCTCAGCTCCCTCCCTGCGAAAATCACACG 

3.5 

rev  
CGTGTGATTTTCGCAGGGAGGGAGCTGAGGAA

T 

EYFP-

Parkin 

K76R 

fwd  
TTCATTTCTTGACCTCTTCTCCACGGTCTCTGC

AC 

3.5 

rev 
GTGCAGAGACCGTGGAGAAGAGGTCAAGAAAT

GAA 
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Construct Primer Sequence (5' - 3') 
Elongation 

time (min) 

pRK5 HA-

Ubiquitin 

K6R 

fwd  
TCTTACCAGTCAGGGTCCTCACGAAGATCTGCA

TG 

2.5 

rev 
CATGCAGATCTTCGTGAGGACCCTGACTGGTA

AGA 

 

2.2.2 Restriction digest of plasmid DNA 

For sub-cloning of a cDNA into a new vector, 1 µg of plasmid DNA (insert) or 3 µg 

plasmid DNA (destination vector) was digested using the required restriction enzymes 

(obtained from Thermo Fisher Scientific) (Table 2-7). The digest was performed to cut 

insert from existing vector and to open the recipient destination vector. Digests were 

performed in FastDigest buffer (Thermo Fisher Scientific) at 37 ̊ C for 15 min. To prevent 

re-ligation, the destination vector was de-phosphorylated using FastAP Thermosensitive 

Alkaline Phosphatase (Thermo Fisher Scientific) for 15 min at 37 ˚C. Digested DNA was 

run on an agarose gel for purification, as described in 2.2.3. 

Table 2-7 Composition of restriction digests 

 
DNA (destination 

vector) 
DNA (insert) 

DNA 3 µg 1 µg 

10 X FD buffer 1 X 1 X 

Restriction enzyme 1 1.5 µL 0.5 µL 

Restriction enzyme 2 1.5 µL 0.5 µL 

Fast AP 3 µL N/A 

 

2.2.3 Agarose gel electrophoresis 

Separation of DNA products on agarose gels was performed during gel excision for 

vector cloning (2.2.2) and during colony polymerase chain reaction (PCR) screening 

(2.2.7). DNA from a restriction digest or colony PCR DNA product was run on a 1 % 

agarose gel (1 % agarose (Bioline), 0.002 % ethidium bromide in TAE buffer (40 mM 

Tris, 20 mM acetic acid, 1 mM EDTA pH 8)), for 40 min at 100 V in TAE buffer. Bands 
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were visualised on a Syngene G:Box UV box. The size of DNA products was estimated 

using Hyperladder 1kb or Hyperladder 25bp (Bioline) as required.  

2.2.4 Gel elution of purified linear DNA 

Following the running of restriction digested products on an agarose gel, bands 

corresponding to the insert and vector were excised from the gel using a scalpel under 

a UV light box.  

Excised DNA was eluted from the gel using a GenElute kit (Sigma-Aldrich, NA1111-

1KT) according to the manufacturer’s protocol. Briefly, excised bands were dissolved in 

gel solubilisation buffer at 55 ˚C for 10 min. Isopropanol was added to the dissolved gel 

and the sample passed through a spin column at 14,000 x g for 1 min. The column was 

washed in wash buffer at 14,000 x g for 1 min and dried by centrifugation at 14,000 x g 

for 1 min. DNA was eluted from the column using GelElute solution at 14,000 x g for 1 

min. The concentration of the eluted DNA was determined on a NanoDrop ND-1000 

Spectrophotometer.   

2.2.5 Ligation  

Ligation was performed by incubating linearised insert and vector at a 3:1 molar ratio 

using the Quick Ligation kit (M2200, NEB). DNA for vector and insert were diluted in 

nuclease free water (Qiagen) and 2 X Quick Ligase buffer to a final volume of 19 µL. 

One µL of Quick Ligase enzyme was added and the reaction incubated for 15 min at 

room temperature.  

2.2.6 Transformation  

Plasmid DNA was transformed into XL-10 Gold Ultracompetent cells (Agilent) according 

to the manufacturer’s protocol. Briefly, bacteria were thawed gently on ice and 20 μL 

transferred to a pre-chilled tube. One µL ß-mercaptoethanol was added to improve 

competency. One μL of ligated plasmid was incubated with the bacteria for 30 min on 

ice, followed by a heat shock at 42 ˚C in a heat block for 45 s. Bacteria were returned to 

ice for 2 min. Five hundred µL of pre-warmed LB broth (Thermo Fisher Scientific) was 

added to the transformed bacteria, which were subsequently incubated 1 h at 37 ˚C on 

a shaker. Transformed bacteria were then plated onto pre-warmed LB agar (Thermo 

Fisher Scientific) plates containing Ampicillin (100 µg/mL, Melford) or Kanamycin (30 

µg/mL, Sigma-Aldrich) as required, and grown overnight at 37 ˚C.  
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2.2.7 Colony PCR 

Colony PCR was used to ascertain the incorporation of insert into the destination vector 

following the ligation step. Sixteen colonies per transformation were selected to undergo 

screening. A master mix containing 500 nM of the required primers and 5 X FirePol 

(Solis Biodyne, 04-12-00115) was produced for all required reactions (Table 2-8). The 

sequences of primers used are found in Table 2-9. Single colonies were picked, 

streaked to a copy plate and added to the PCR mix in a 96 well format. Streak plates 

were incubated at 37 ˚C. PCR amplification was performed in a thermocycler using the 

following parameters: 5 min 95 ̊ C, followed by 35 cycles of 95 ̊ C for 40 s to melt dsDNA, 

55 ˚C for 45 s to anneal primers and an elongation step at 72 ˚C of 1 min per kb of 

plasmid to be amplified, a final elongation step of 10 min at 72 ˚C was included.  

PCR product was run on a 1 % agarose gel for 40 min at 100 V and imaged on a 

SynGene G:Box (as described previously, 2.2.3). Colonies containing insert were grown 

in LB broth supplemented with the appropriate antibiotic (Ampicillin (100 µg/mL) or 

Kanamycin (30 µg/mL)) overnight at 37 ˚C with constant shaking. Plasmid DNA was 

isolated from bacterial cultures as described subsequently (2.2.9).  

 

Table 2-8 PCR mix for colony PCR 

 Single well (µL) Master mix (µL) 

5 X FirePol 2 32 

Fwd primer (10 µM) 0.5 8 

Rev primer (10 µM) 0.5 8 

Water 7 112 

 

Table 2-9 Primers used for colony PCR 

Primer Sequence (5’ – 3’) 

T7EEV AAGGCTAGAGTACTTAATACGA 

SP6 TATTTAGGTGACACTATAG 

T3 ATTAACCCTCACTAAAGGGA 
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2.2.8 Preparation of glycerol stocks 

Five hundred µL of overnight LB broth culture of transformed bacteria was added to 500 

µL of 50 % glycerol and briefly vortexed. Glycerol stocks were stored at -80 ˚C.  

2.2.9 Preparation of plasmid DNA from bacteria 

Bacterial colonies were streaked from glycerol stocks onto LB agar plates containing the 

appropriate antibiotic (Ampicillin (100 µg/mL) or Kanamycin (30 µg/mL)) and grown 

overnight at 37 ˚C in a warm room.  The following morning single colonies were picked 

into 1 mL starter cultures of LB broth containing the appropriate antibiotic (Ampicillin 

(100 µg/mL) or Kanamycin (30 µg/mL)) and grown at 37 ̊ C in a warm room with constant 

shaking. Eight h subsequently the starter cultures were expanded to 5 mL cultures which 

were grown overnight at 37 ˚C in a warm room with constant shaking.  

DNA was extracted from bacteria using a NucleoSpin plasmid kit (Macherey-Nagel, 

740588.250), according to the manufacturer’s instructions. Briefly, bacteria were 

pelleted by centrifugation at 3,893 x g for 10 min. Bacterial pellets were resuspended in 

A1 buffer and subjected to SDS/alkaline lysis by addition of A2 buffer for 5 min. The lysis 

was neutralized by addition of A3 buffer and bacterial debris pelleted by centrifugation 

at 11,000 x g for 10 min. The supernatant was transferred to a spin column and 

centrifuged 1 min at 11,000 x g. DNA was washed once in AW buffer 1 min at 11,000 x 

g and once in A4 buffer containing ethanol 1 min at 11,000 x g. The column was dried 

by centrifugation for 2 min at 11,000 x g. The column was eluted by the addition of elution 

buffer and incubation at room temperature for 1 min followed by centrifugation at 11,000 

x g for 1 min. DNA concentration was determined on a Nanodrop ND-1000 

Spectrophotometer.  

2.3 Protein biochemistry 

2.3.1 Cell harvesting and lysis 

Cells were collected in trypsin EDTA (Lonza) and pelleted at 400 x g for 4 min. After two 

phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 

mM KH2PO4) washes, cells were lysed in RIPA buffer (50 mM Tris HCl pH 6.8, 150 mM 

NaCl, 1 mM EDTA, 1 mM EGTA, 0.1 % SDS, 0.5 % deoxycholic acid, 1 % Triton X-100 

and 1 X  protease inhibitor cocktail (Thermo Fisher Scientific)) for 30 min on ice and 

clarified by centrifugation at 15,000 x g for 30 min at 4 °C. Protein concentration was 

determined by Bradford protein assay (2.3.2).  Samples were made up in 5 X sample 

loading buffer (5 X buffer: 300 mM Tris-HCl pH 6.8, 10 % SDS, 25 % glycerol, 25 % β-
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mercaptoethanol, 0.01 % bromophenol blue; final sample buffer concentration (1 X): 60 

mM Tris-HCl pH 6.8, 2 % SDS, 5 % glycerol, 5 % β-mercaptoethanol, 0.002 % 

bromophenol blue) (Laemmli, 1970) and stored at -20 °C.  

2.3.2 Bradford assay 

Protein concentration was determined by Bradford assay (Bradford, 1976). Protein 

samples were diluted 1:100 in Bradford reagent (Bio-Rad). A bovine serum albumin 

(BSA) standard (100 mg/mL, Sigma-Aldrich) was similarly diluted in Bradford reagent. 

Serial dilutions of both samples and standards were plated on a 96-well plate and read 

at 595 nm on a platereader (PHERAstar FS, BMG Labtech).  Conformational change of 

the Coomassie Brilliant Blue G-250 in the Bradford reagent upon binding to protein 

results in a shift of absorbance from 465 nm to 595 nm. Samples with a higher protein 

concentration exhibit a proportional increase in absorbance at 595 nm. A standard curve 

was plotted on a scatter chart of absorbance against concentration for the protein 

standard. Considering where the there was a linear relationship between protein 

concentration and absorbance, a line of best fit was obtained from the graph. The 

equation of the line was used to determine the concentration of experimental samples.   

2.3.3 Immunoprecipitation 

Cells were collected in trypsin EDTA and pelleted at 400 x g for 4 min, and subsequently 

washed twice in PBS. Cells were lysed in modified ice cold BRB80 (80 mM K-PIPES pH 

6.8, 1 mM MgCl2, 1 mM EDTA, 1 % NP-40, 150 mM NaCl and 1 X protease inhibitor 

cocktail) for 1 h at 4 °C with constant rotation. Lysates were clarified by centrifugation 

15,000 x g for 30 min prior to determination of protein concentration by Bradford assay 

(2.3.2). 0.5 – 1 mg of protein lysate was incubated overnight at 4 °C with 1 - 2 μg primary 

antibody with constant rotation. Protein G sepharose beads (17-0618-01, GE 

Healthcare) were washed 3 times by resuspending in BRB80 followed by centrifugation 

at 3,000 x g for 30 s. Washed protein G sepharose beads were diluted in BRB80 to 

produce a 50 % bead slurry. For antibody capture, 20 μL of 50 % bead slurry was 

incubated with the protein lysate for 2 h at 4 °C with constant rotation. Bead-antibody 

complexes were washed 5 times in BRB80 at 3,000 x g for 30 s. Beads were eluted by 

boiling in 2 X sample buffer for 5 min. Samples were analysed by SDS-PAGE and 

immunoblot (as described in 2.3.4).  
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2.3.4 Polyacrylamide gel electrophoresis and immunoblot 

2.3.4.1 SDS-PAGE 

Polyacrylamide gels were run in the 4-gel Mini-PROTEAN Tetra cell system (BioRad). 

The size of protein bands was estimated by the running of a protein ladder alongside 

experimental samples. The Precision Plus Protein Ô All Blue Protein Standard 

(1610373, Bio-Rad) ladder provided a range of 10 – 250 kDa with reference bands at 

25, 50 and 75 kDa. All samples were boiled for 5 min at 100 °C prior to loading on 

polyacrylamide gels.  

2.3.4.1.1 Tris-Glycine SDS-PAGE 

Protein lysates were separated by SDS-PAGE on single percentage (10 % or 12 % 

acrylamide) or 4 - 20 % gradient (Invitrogen) Tris-Glycine polyacrylamide gels at 100 V 

in running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS).  

Table 2-10 Composition of Tris-Glycine polyacrylamide gels 

 10 % gel 12 % gel 

Acrylamide (37.5:1 acrylamide:bis-acrylamide) 10 % 12 % 

Tris pH 8.8 375 mM 375 mM 

SDS 0.1 % 0.1 % 

APS 0.1 % 0.1 % 

TEMED 0.001 % 0.001 % 

 

2.3.4.1.2 Tris-Tricine SDS-PAGE 

For endogenous COX6C immunoblot, where the resolution of a 8.8 kDa protein was 

required, protein lysates were separated by SDS-PAGE on 16 % Tris-Tricine 

polyacrylamide gels, according to the method adapted from (Schagger, 2006). Gels 

were ran at 70 V in running buffer (anode buffer: 100 mM Tris, 22.5 mM HCl; cathode 

buffer: 100 mM Tris, 100 mM Tricine, 0.1 % SDS).  
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Table 2-11 Composition of Tris-Tricine polyacrylamide gels 

 16 % gel 

AB-3 (acrylamide-bisacrylamide) 16.5 % T, 1 % C 

3 X Gel buffer 1 X (Final: 1 M Tris, 333 mM HCl, 0.1 % SDS, 

pH 8.45) 

APS 0.1 % 

TEMED 0.002 % 

2.3.4.2 Transfer to membrane 

Proteins separated by SDS-PAGE were transferred to 0.45 μm nitrocellulose (GE 

Healthcare), 0.2 μm nitrocellulose (Bio-Rad), 0.45 μm PVDF (Immobillon) or 0.2 μm 

PVDF (Bio-Rad) membranes. PVDF membranes were activated in methanol prior to 

transfer. Briefly, polyacrylamide gels were placed into a cassette in direct contact with 

the membrane and sandwiched between sheets of filter paper and sponge. Cassettes 

were placed in the transfer tank so that the gel was towards the cathode and the 

membrane towards the anode, leading to the transfer of proteins from the gel to the 

membrane. Transfer was performed at 100 V for 1 h in transfer buffer (25 mM Tris, 192 

mM glycine, 20 % methanol).  

Membranes were subject to reversible Ponceau S (0.1 % Ponceau S, 5 % acetic acid) 

staining following transfer, to identify successful transfer and gauge protein loading 

equivalence. Ponceau S stain was removed by washing the membrane in water.  

2.3.4.3 Immunoblot 

Membranes were blocked in 5 % fat-free milk (Marvel) in TBST (20 mM Tris HCl pH 7.5, 

137 mM NaCl, 0.1 % Tween-20) at room temperature for 1 h. Membranes were probed 

with primary antibodies in blocking buffer for 1 h at room temperature or overnight at 4 

°C. The identity of primary antibodies used are outlined in Table 2-12. Membranes were 

washed 3 times 10 min in TBST at room temperature. Membranes were subsequently 

incubated 1 h with secondary HRP-conjugated antibodies at room temperature (anti-

rabbit HRP (P0448, Dako, 1:5,000) or anti-mouse HRP (P0447, Dako, 1:5,000)). After 

3 10 min TBST washes, the membranes were prepared for imaging with SuperSignal 

West Pico Chemiluminescent (ECL) substrate (Thermo Scientific) according to the 

manufacturer’s instructions. Briefly, a 1:1 ratio of the stable peroxide and 
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luminol/enhancer solutions were added to the membrane and incubated with constant 

rocking for 5 min.  

Imaging was performed on a SynGene G:Box or onto ECL film (GE healthcare) and 

developed in a dark room using developer and fix solutions (Ilford). For manual 

developing, membranes were placed into a developing cassette and film placed on the 

membrane. The exposed film was then placed in developer solution for 1 min. The film 

was then washed in water and placed in fix solution for 2 min. Films were then washed 

in water and dried at room temperature.  

Table 2-12 Primary antibodies used in immunoblotting 

 

Antibody Target Supplier Product code Host Species Dilution 

anti-FLAG Sigma-Aldrich F315.2MG Mouse 1:2,000 

anti-Myc Cell Signaling 2276S Mouse 1:2,000 

anti-Myc Abcam ab9106 Rabbit 1:2,000 

anti-GFP Clontech 632380 Mouse 1:4,000 

anti-GFP Clontech 632377 Rabbit 1:1,000 

anti-HA Sigma-Aldrich H6908 Rabbit 1:1,000 

anti-HA Sigma-Aldrich H9658 Mouse 1:2,000 

anti-GAPDH Cell Signaling 2118 Rabbit 1:2,000 

anti-Tubulin Sigma-Aldrich T9026 Mouse 1:10,000  

anti-Tubulin Abcam ab4074 Rabbit 1:10,000 

anti-COX IV Cell Signaling 4850 Rabbit 1:2,000 

anti-TOMM20 BD Biosciences 612278 Mouse 1:1,000 

anti-MnSOD Enzo ADI-SOD-110 Rabbit 1:1,000 

anti-Mfn2 Sigma-Aldrich M6444 Rabbit 1:1,000 

anti-Mfn1 Abcam ab57602 Mouse 1:2,000 

anti-ATP5A Abcam ab14748 Mouse 1:5,000 

anti-HSP60 Sigma-Aldrich H3524 Mouse 1:2,000 

anti-PTPIP51 Sigma-Aldrich HPA009975 Rabbit 1:1,000 
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Antibody Target Supplier Product code Host Species Dilution 

anti-COX6C Abcam ab110267 Mouse 1:1,000 

anti-TIMM23 BD Biosciences 611222 Mouse 1:2,000 

anti-Cytochrome c Abcam ab110325 Mouse 1:1,000 

anti-CHCHD4 Proteintech 21090-1-AP Rabbit 1:1,000 

anti-TIMM9 Proteintech 11479-1-AP Rabbit 1:500 

anti-USP8 Sigma-Aldrich HPA004869 Rabbit 1:1,000 

anti-C9orf72 Proteintech 25757-1-AP Rabbit 1:1,000 

anti-Drp1 BD Biosciences 611112 Mouse 1:1,000 

anti-ULK1 Cell Signaling 8054 Rabbit 1:1,000 

anti-FIP200 Sigma-Aldrich SAB4200135 Rabbit 1:500 

 

2.3.4.4 Quantification of band intensities 

Quantification of signal intensities was performed using ImageJ/FIJI software (Abramoff 

et al., 2004). A region of interest (ROI) was drawn around the bands to be quantified. 

The intensity of the bands was extracted using the analyse gels function, and the area 

under the curve taken as signal intensity. Signal intensities were normalised to a loading 

control. 

2.3.5 Cellular fractionation 

2.3.5.1 Mitochondrial enriched fractions 

Mitochondria were isolated from cells by differential centrifugation to produce a 

mitochondrial enriched fraction, as described in (Vance, 1990). Cells were collected in 

trypsin EDTA and pelleted at 400 x g for 4 min.  Pellets were washed twice in PBS and 

once in mitochondrial isolation buffer (220 mM mannitol, 70 mM sucrose, 10 mM HEPES 

pH 7.4, 1 mM EDTA, 1 mM DTT, 0.1 % BSA, 1 X protease inhibitor cocktail). Cells were 

lysed using a motorised handheld tissue homogeniser (Kimble 749540-000) for 20 s in 

fresh mitochondrial isolation buffer. Larger cell pellets were lysed with 15 strokes of a 

motorised Kontes Teflon pestle (Kontes 19). Lysed cells were centrifuged 5 min at 600 

x g at 4 °C to remove cellular debris and nuclei. Post centrifugation, a sample of 

supernatant was taken as total cell lysate and lysed in RIPA buffer. The remaining 

supernatant was further cleared by centrifugation at 600 x g for 5 min at 4 °C. Cleared 
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supernatant was centrifuged 10 min at 10,000 x g at 4 °C to pellet mitochondria. The 

supernatant was lysed in RIPA buffer and used as the Cytosol/ER/Microsome fraction. 

The mitochondrial pellet was washed once in fresh mitochondrial isolation buffer and 

resuspended in RIPA buffer. Protein concentration was determined by Bradford assay 

(2.3.2).  

2.3.5.2 Purification of mitochondria by sucrose gradient 

Mitochondria enriched pellets obtained from the 10,000 x g centrifugation, as described 

above (2.3.5.1), were purified on a discontinuous sucrose gradient. A sucrose gradient 

was created by overlaying 1.6 M sucrose (1.6 M sucrose, 10 mM HEPES pH 7.4, 1 mM 

EDTA, 0.1 % BSA) with 1.2 M sucrose (1.2 M sucrose, 10 mM HEPES pH 7.4, 1 mM 

EDTA, 0.1 % BSA), adapted from (De Vos et al., 2000). Crude mitochondrial extracts 

were overlaid onto the sucrose gradient. Gradients were centrifuged 1 h at 4 °C at 

28,000 rpm (95,272 x g MAX / 74,329 x g AVG) in a SW 55Ti rotor (Beckman). Post 

centrifugation, purified mitochondria were collected from the interface between the 1.2 

M and 1.6 M sucrose and pelleted by dilution with 3 volumes of mitochondrial isolation 

buffer at 10,000 x g for 10 min at 4 °C. Mitochondrial pellets were washed once in 

mitochondrial isolation buffer. Mitochondrial pellets were resuspended in RIPA buffer 

and protein concentration was determined by Bradford assay (2.3.2). Conversely, for 

use in downstream assays, recovered mitochondria were resuspended in mitochondrial 

isolation buffer.  

2.3.5.3 Isolation of mitochondria from rat liver 

Whole liver was dissected from adult CD IGS rat and washed 2 times in PBS. Liver was 

diced and washed 2 further times in PBS and once in mitochondrial isolation buffer. Liver 

was homogenized using a motorised 30 mL Wheaton pestle in mitochondrial isolation 

buffer. Unlysed cells, nuclei and cell debris were pelleted by centrifugation for 5 min at 

600 x g at 4 °C. The supernatant was taken and centrifuged at 600 x g for 5 min at 4 °C 

to further clear. Mitochondria were pelleted by centrifugation of the cleared supernatant 

12 min at 12,000 rpm (14,822 x g MAX / 10,596 x g AVG) in a Type 70Ti rotor (Beckman) 

at 4 °C. Mitochondria were purified on a 1.2 M/1.6 M discontinuous sucrose gradient by 

centrifugation at 4 °C for 1 h at 27,000 rpm (131,453 x g MAX / 96,467 x g AVG) in a 

SW28 rotor (Beckman). Mitochondria were recovered from the interface and pelleted by 

centrifugation for 12 min at 12,000 rpm (14,822 x g MAX / 10,596 x g AVG) in a Type 

70Ti rotor at 4 °C in 3 volumes of mitochondrial isolation buffer. Pellets were washed 

once in mitochondrial isolation buffer. Mitochondria were resuspended in mitochondrial 
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isolation buffer and subjected to flash freezing in liquid nitrogen. Frozen mitochondria 

were stored at -80 °C. 

2.3.6 Mitochondrial sub-organelle analysis 

2.3.6.1 Membrane integration 

Purified mitochondria were treated with sodium carbonate essentially as described 

previously (De Vos et al., 2012; Ryan et al., 2001) (Figure 2.1A). Briefly, purified 

mitochondria were resuspended in 300 μL ice cold 100 mM Na2CO3 pH 11.5 and 

incubated 30 min on ice. Following pipetting to promote the release of non-membrane 

associated proteins, mitochondria were subjected to centrifugation at 50,000 rpm 

(135,240 x g MAX / 106,120 x g AVG) for 30 min at 4 °C in a TLA100.3 rotor (Beckman). 

Mitochondrial pellets were resuspended in RIPA buffer and protein concentration 

determined by Bradford assay (2.3.2).  

2.3.6.2 OMM localisation 

Purified mitochondria were treated with Proteinase K essentially as described previously 

to digest cytosol exposed mitochondrial proteins (De Vos et al., 2012; Ryan et al., 2001) 

(Figure 2.1B). Purified mitochondria were resuspended in 100 μL mitochondrial isolation 

buffer (without protease inhibitor cocktail) and incubated 10 min with 1 µL 2 mg/mL 

(equivalent to 80 units) Proteinase K (NEB) on ice. The mitochondria were further 

incubated with 1 μL 200 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich) for 

10 min (final concentration 2 mM) on ice to inhibit Proteinase K activity. Mitochondria 

were pelleted 10 min at 10,000 x g at 4 °C and washed once in mitochondrial isolation 

buffer. Mitochondrial pellets were resuspended in RIPA buffer and protein concentration 

determined by Bradford assay (2.3.2).   

2.3.6.3 IMS localisation 

Localisation of proteins to the mitochondrial IMS was assayed by permeabilisation the 

OMM followed by incubation with Proteinase K (Figure 2.1C-D). Permeabilisation of the 

OMM was achieved by treatment with digitonin, essentially as described by (Badugu et 

al., 2008). Purified mitochondria were resuspended in mitochondrial isolation buffer (in 

the absence of protease inhibitor cocktail) and treated with digitonin (Cayman Chemical) 

(0.5 µg digitonin/ µg mitochondria) 15 min on ice to permeabilise the OMM. Mitochondria 

were incubated for 10 min with 1 µL 2 mg/mL Proteinase K on ice. The mitochondria 

were subsequently incubated with 1 μL 200 mM PMSF for 10 min to inhibit Proteinase 

K activity. Mitochondria were pelleted 10 min at 10,000 x g at 4 °C and washed once in 
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mitochondrial isolation buffer. Mitochondrial pellets were resuspended in RIPA buffer 

and protein concentration determined by Bradford assay (2.3.2).   

 

Figure 2.1 Mitochondrial sub-organelle fractionation  

A) Investigation of mitochondrial membrane integration using alkaline extraction with 

sodium carbonate. B) Investigation of OMM localisation by Proteinase K digestion. C – 

D) Investigation of mitochondrial IMS localisation by permeabilisation of the OMM with 

digitonin and subsequent digestion of mitochondrial proteins with Proteinase K. The 

behaviour of known mitochondrial proteins located in each mitochondrial compartment 

is displayed.  

2.4 Immunofluorescence microscopy  

2.4.1 Immunostaining 

Cells were plated on glass coverslips for use in immunofluorescence experiments. The 

coverslips were washed once in PBS and fixed for 20 min at room temperature in 3.7 % 

formaldehyde (Thermo Fisher Scientific) in PBS. Post two PBS washes, coverslips were 

quenched by washing once with quenching solution (50 mM NH4Cl in PBS) and 

incubated a further 10 min at room temperature in quenching solution. When no further 

staining was required, cells were washed three times in PBS and mounted onto glass 
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slides using fluorescence mounting medium (Dako). When further staining was required, 

cells were permeabilised following quenching in 0.2 % Triton X-100 (Thermo Fisher 

Scientific) in PBS for 3 min at room temperature, washed once in PBS and blocked 20 

min at room temperature in PBS containing 0.2 % fish gelatin (PBS-Fish) (Sigma-

Aldrich). Coverslips were incubated with primary antibodies in PBS-Fish for 1 h at room 

temperature in a humidity chamber. The identity and dilution of primary antibodies are 

outlined in Table 2-13. Coverslips were washed three times in PBS-Fish and incubated 

for 1 h in secondary antibody in PBS-Fish at room temperature in a humidity chamber. 

The identity of secondary antibodies used are outlined in Table 2-14. Cells were then 

washed twice with PBS-Fish and three times with PBS prior to mounting with 

fluorescence mounting medium. Where nuclear staining was employed, this was 

achieved by incubation with 1 µg/mL Hoechst 33342 (Thermo Fisher Scientific) for 10 

min during the final wash step. 

Table 2-13 Primary antibodies used in immunofluorescence 

Antibody Target Supplier Product code Host Species Dilution 

anti-Myc Cell Signaling 2276S Mouse 1:2,000 

anti-Myc Abcam ab9106 Rabbit 1:1,000 

anti-HA Sigma-Aldrich H6908 Rabbit 1:1,000 

anti-HA Sigma-Aldrich H9658 Mouse 1:5,000 

anti-TOMM20 BD Biosciences 612278 Mouse 1:200 

anti-MnSOD Enzo Life Sciences ADI-SOD-110 Rabbit 1:200 

anti-C9orf72 Santa Cruz sc-138763 Rabbit 1:500 

 

Table 2-14 Secondary antibodies used in immunofluorescence 

Antibody Product Code Supplier Dilution 

donkey anti-mouse A488 A21202 Invitrogen 1:500 

goat anti-rabbit A488 A11008 Invitrogen 1:500 

donkey anti-mouse A568 A10037 Invitrogen 1:500 

goat anti-rabbit A568 A11011 Invitrogen 1:500 
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2.4.2 Proximity Ligation Assay  

Cells plated on glass coverslips were processed for proximity ligation assay (PLA) 

according to the manufacturer’s protocol (https://www.sigmaaldrich.com/technical-

documents/protocols/biology/duolink-fluorescence-user-manual.html). Briefly, following 

fixing, quenching and permeabilisation of cells as described previously for 

immunofluorescence staining (2.4.1), coverslips were blocked in PBS-Fish for 30 min at 

room temperature. Coverslips were incubated in primary antibodies for 1 h at room 

temperature. The primary antibodies were as used previously in immunofluorescence 

assays and diluted in antibody diluent (Table 2-13). Following 2 washes in wash buffer 

A (DUO82049-4L, buffer A), samples were incubated with PLA probes (anti-rabbit PLUS 

(Sigma-Aldrich, DUO92002) and anti-mouse MINUS (Sigma-Aldrich, DUO92004)) for 1 

h at 37 °C in a humidity chamber. Following 2 washes in wash buffer A, coverslips were 

incubated with ligase (Sigma-Aldrich, DUO92007) to anneal the PLA probes for 30 min 

at 37 °C. Following 2 washes in wash buffer A, PLA signal was amplified by rolling circle 

PCR via the addition of polymerase for 100 min at 37 °C (Sigma-Aldrich, DUO92007). 

Following one wash in wash buffer B (Sigma-Aldrich, DUO82049-4L, buffer B), samples 

were incubated with 1 µg/mL Hoechst 33342 in 0.01 X wash buffer B for 10 min and 

mounted onto glass slides with fluorescence mounting medium (Dako).  

2.4.3 Image acquisition and analysis 

2.4.3.1 Image acquisition 

Cells were imaged on a Zeiss Axioplan2 microscope fitted with a Hamamatsu multi-

format CCD C4880-80 camera, or fitted with a QImaging RetigaR3 camera, using a 63x 

1.4 NA Plan Apochromat objective (Zeiss). Single cells were selected for analysis based 

on positive staining in a second channel or from operator-blinded samples.  

2.4.3.2 Quantification of mitochondrial morphological parameters 

Morphological parameters of the mitochondrial network were analysed in FIJI 

(Schindelin et al., 2012), according to previously described parameters (De Vos and 

Sheetz, 2007). Images were imported into FIJI (Figure 2.2A) and split into their separate 

channels (Figure 2.2B). An ROI was drawn around the cell selected for analysis (Figure 

2.2C). Images were filtered using a Hat filter (7x7 kernel) to extract mitochondria (Figure 

2.2D) and a default threshold was set to highlight the organelles but not include 

background (Figure 2.2E). Thresholding was assessed by comparison for 

correspondence with the original image. Mitochondria were quantified using the ‘analyse 
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particle’ function in FIJI, to determine particle area, number, perimeter and aspect ratio 

(Figure 2.2F).  

To analyse the connectivity of the mitochondrial network, the image was converted to a 

binary image (Figure 2.2G) and skeletonised (Figure 2.2H). The Look Up Table (LUT) 

was inverted on the image to permit the processing by the binary connectivity analysis 

plugin (Figure 2.2I - J). The resulting histogram from the binary connectivity analysis 

was displayed as a table (Figure 2.2K - L). A value of ‘0’ was allocated where there was 

no positive signal pixel at a given coordinate. A value of ‘1’ was allocated to each 

coordinate where there was a positive pixel without any neighbouring positive pixels. A 

value of ‘2’ was allocated to an end-point in the network, where the positive pixel had 1 

neighbouring positive pixel. A value of ‘3’ was allocated to positive pixels which had 2 

neighbouring positive pixels and was therefore located in the middle of a chain. Positive 

pixels with either 3 or 4 neighbouring positive pixels were given values of ‘4’ or ‘5’ 

respectively and represented bifurcations in the network (Figure 2.3). Mitochondrial 

networking was calculated by dividing the number of endpoints in the network (value ‘2’) 

by the number of bifurcations (values of ‘4’ and ‘5’).  

As a second measure of mitochondrial network branching, mitochondrial form factor was 

calculated, from the mitochondrial parameters defined by the particle analysis performed 

in FIJI. Form factor was defined as Form factor = (Pm
2
)/(4pAm), where Pm is the 

perimeter of the mitochondrion and Am is the area of the mitochondrion (Koopman et 

al., 2005; Mortiboys et al., 2008).  
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Figure 2.2: Quantification of mitochondrial morphology 

A) Composite image (blue: nuclei, yellow: mitochondria) opened in FIJI. Scale bar 10 

µm. B) Image split into separate colour channels, yellow (mitochondria) channel shown. 

C) Region of Interest (ROI) drawn around cell to be analysed. D) Hat 7x7 filter applied 

to image. E) Default threshold applied to image. F) Excerpt from particle analysis table. 

G) Image converted to binary. H) Image skeletonized. I) LUT inverted. J) Binary 
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connectivity add-on ran. K - L) Histogram and table showing the analysis of network 

connectivity.  

 

Figure 2.3: Binary connectivity add-on to quantify mitochondrial network 

connectivity 

For any given pixel, the binary connectivity add-on output describes the presence or 

absence of signal and signal in adjacent pixels. The histogram value of the pixel 

highlighted in red is indicated.  
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2.4.3.3 Quantification of PLA  

For quantification of PLA puncta, composite images were separated into their individual 

channels (Figure 2.4A). The ROI for analysis was created on the mitochondrial channel 

(Figure 2.4B) and applied to the PLA channel (Figure 2.4C). Images of PLA puncta were 

filtered using a Hat filter (7x7 kernel) to extract single PLA puncta (Figure 2.4D). 

Thresholding was set to highlight PLA puncta and compared to the original image to 

ensure correspondence (Figure 2.4E). PLA puncta were quantified using the ‘analyse 

particle’ function in FIJI (Figure 2.4F). The number of PLA puncta per cell was quantified.  

 

Figure 2.4: Quantification of PLA puncta per cell 

A) Image as acquired opened in FIJI. Scale bar 10 µm. B) Image split into separate 

colour channels. ROI drawn around cell to be analysed on channel showing 

mitochondria (cyan). C) ROI applied to PLA channel (yellow). D) PLA channel filtered 

with a Hat 7x7 filter. E) Default threshold applied to image. F) Excerpt from particle 

analysis table. 
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2.4.3.4 Quantification of Parkin recruitment 

Cells were classified as either having non-recruited cytosolic Parkin or as having 

recruited Parkin, that which localised to mitochondria in a non-diffuse manner, by a 

blinded investigator (Figure 2.5). The percentage of cells displaying the recruited EYFP-

Parkin phenotype was quantified in each experiment.  

 

Figure 2.5 Quantification of Parkin recruitment 

HeLa cells were transfected with EYFP-Parkin (yellow) and mitochondria were 

immunostained for TOMM20 (cyan). Recruitment of EYFP-Parkin to damaged 

mitochondria was elicited by treatment with 10 µM Oligomycin and 4 µM Antimycin A. 

Cytosolic EYFP-Parkin that does not co-localise with TOMM20 classified as ‘non-

recruited’, upper panels. Punctate EYFP-Parkin that co-localised with TOMM20 was 

classified as ‘recruited’, lower panels. Scale bar 10 µm, zoom 2 µm.  
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2.4.3.5 Quantification of mitophagy 

To analyse the clearance of mitochondria during mitophagy, cells treated with mitophagy 

inducing treatments were subjected to immunostaining to reveal the remaining 

mitochondrial content. Cells were classified as having a high, intermediate or low 

mitochondrial content on a cell by cell basis by a blinded investigator (Figure 2.6). The 

number of cells for each category were totalled in each condition. The mitophagy index 

was calculated as the percentage of cells displaying the ‘full’ mitochondrial content in 

each condition.  

 

Figure 2.6: Quantification of mitophagy 

EYFP-Parkin (yellow) HeLa cells were treated 23 h with 10 µM Oligomycin and 4 µM 

Antimycin A and were subjected to TOMM20 immunostain (cyan), to reveal 

mitochondrial content. Cells were classified as having a full mitochondrial complement 

(top panel, ‘full’), reduced mitochondrial complement (middle panel, ‘intermediate’) or 

low mitochondrial complement (lower panel, ‘low’). Cells with either a partial or full 

mitochondrial clearance, ‘intermediate’ and ‘low’ mitochondrial complement 

respectively, were categorised as having undertaken mitophagy. Scale bar 10 µm.  
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2.4.4 Analysis of mitochondrial membrane potential  

2.4.4.1 Plating 

HeLa cells were plated onto 96-well plates (Greiner) at a density of 7,000 cells per well. 

Cells were transfected the day following plating using Lipofectamine 2000 (as described 

previously 2.1.3). Triplicate wells were transfected per condition.   

2.4.4.2 TMRM dye loading 

Three hours prior to analysis, triplicate wells of control cells were treated with 10 μM 

CCCP to induce mitochondrial depolarisation. To load Tetramethylrhodamine, methyl 

ester (TMRM) dye (Thermo Fisher Scientific) and to stain nuclei, cells were incubated 

for 30 min with 30 nM TMRM and 1 µg/mL Hoechst 33342. CCCP induced mitochondrial 

depolarisation was maintained during TMRM loading.  Prior to imaging, unloaded TMRM 

was removed by washing the cells in twice in Phenol-Red free DMEM (Gibco). Cells 

were placed in Phenol-Red free DMEM for imaging. 

2.4.4.3 Automated image acquisition 

96 well plates were imaged in an InCell2000 Imager (GE Healthcare) at 5 % CO2 and 

37 ˚C by automated image acquisition with a 60x 0.95 NA objective. Well acquisition 

order was determined in a serpentine fashion to distribute the conditions equally along 

the acquisition timeline. Twenty-five random fields were acquired from each well per 

experimental run. Cells were imaged using the DAPI filter to acquire images of nuclear 

staining, FITC to image EGFP transfected constructs and TRITC to image TMRM 

staining of mitochondria.  

2.4.4.4 Automated analysis of TMRM staining 

Analysis of MMP was performed automatically using the InCell Developer Software 

package (GE Healthcare). Images acquired from the InCell2000 Imager were loaded 

directly into the InCell Developer Software package. Individual cells were identified 

based on the presence of nuclear staining within a FITC positive area (by intensity of 

transfected EGFP construct). The limits of the cell were determined by the FITC 

fluorescence. Mitochondria were identified by intensity in the TRITC channel within the 

identified cells and an ROI was placed around the individual mitochondria. TRITC 

intensity and area were then measured to give an integrated intensity value for TMRM 

staining. Mitochondrial TMRM was calculated by subtracting TMRM signal from CCCP 

treated cells from that of the untreated cells.  



 94 

2.5 RT-qPCR 

RT-qPCR was used to determine knockdown of targets where antibodies against the 

endogenous targets were unreliable. The knockdown of C9orf72 following siRNA 

transfection was verified using RT-qPCR.  

2.5.1 RNA extraction 

RNA was extracted from HEK293, EYFP-Parkin or HeLa cells with TRIzol reagent 

(Invitrogen) according to the manufacturer’s protocol. Briefly, cells were scraped into 

TRIzol reagent and incubated for 5 min at room temperature, to allow dissociation of the 

nucleoprotein complex. A fifth of the volume of TRIzol reagent of chloroform (Thermo 

Fisher Scientific) was added and mixed by shaking. Samples were incubated 3 min at 

room temperature and centrifuged 15 min at 12,000 x g at 4 °C, resulting in phase 

separation between aqueous and phenol-chloroform phases. The RNA containing 

aqueous layer was removed and the RNA precipitated by incubation with isopropanol 

(Thermo Fisher Scientific) for 10 min at room temperature and centrifugation at 12,000 

x g for 10 min at 4 °C. The supernatant was discarded and the RNA pellet washed once 

with 75 % ethanol and pelleted by centrifugation at 7,500 x g for 5 min at 4 °C. RNA 

pellets were air dried for 10 min at room temperature, and resuspended in nuclease free 

water (Qiagen) for 15 min at 55 °C.  

RNA concentration was determined using a Nanodrop ND-1000 spectrophotometer. 

RNA purity was assessed by looking at the A260/A280 ratio, for protein contamination, 

and the A260/A230 ratio for solvent (phenol) contamination. A ratio above 2.0 was 

considered clean.  

2.5.2 Reverse transcription of RNA to cDNA 

Two μg of RNA was resuspended in 8 μL of nuclease free water. Residual DNA was 

removed by incubation for 10 min at 37 °C with 1 μL of DNase I enzyme (NEB). DNase 

I was inactivated by incubation at 75 °C for 10 min in the presence of 1 µL 25 mM EDTA 

pH 8 (Ameresco). The reverse transcriptase PCR was primed by incubation with 2 µL 

25 mM dNTPs (NEB) and 1 µL 0.5 µg/µL Oligo(dT)18 primer (Thermo Fisher Scientific) 

for 5 min at 65 °C. Oligo(dT)18 primes the poly-A tail of mRNAs resulting in the synthesis 

of cDNA from mature mRNAs. cDNA was synthesised in a final volume of 20 µL with 2 

µL DTT 100 mM and 4 µL 5 X reverse transcriptase buffer (Invitrogen) using 0.5 μL 

SuperScript III Reverse Transcriptase (Invitrogen). PCR cycle conditions were as 

follows: 5 min at 25 °C, 60 min at 50 °C and 15 min at 75 °C. Assuming a 100 % 
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conversion from RNA to cDNA, 20 µL of 100 ng/µL cDNA was obtained from the reverse 

transcription PCR. cDNA was stored at 4 °C. 

2.5.3 RT-qPCR 

cDNA was diluted to 10 ng/µL in nuclease free water. qPCR reactions were performed 

in triplicate and a master mix produced for each primer set. qPCR primers were 

designed using Primer3 (http://primer3.ut.ee/) and purchased from Sigma-Aldrich. Stock 

primers were diluted to 100 µM and were further diluted in nuclease free water as 

required (Table 2-15).  Master mixes comprised of 5 X HOT FIREPol EvaGreen qPCR 

Mix Plus (08-25-00001, Solis Biodyne), desired forward and reverse primers and 

nuclease free water were produced for each primer set (Table 2-16). RT-qPCR reactions 

were performed in a Stratagene Mx3000P or a Bio-Rad CFX96 Touch thermocycler and 

analysed using MxPro v4.10 or Bio-Rad CFX Manger software respectively. Cycling 

conditions for the RT-qPCR were as follows: 95 ˚C for 5 min to denature followed by 39 

cycles of 95 ˚C for 30 s and 60 ˚C for 1 min. RT-qPCR cycles were followed by a melt 

curve cycle to ensure single products were generated. Conditions for the melt curve 

were 1 min at 95 ̊ C, followed by 60 cycles of 0.5 ̊ C/cycle from 65 ̊ C. mRNA levels were 

determined comparatively to the GAPDH control via the ΔΔCt method (Livak and 

Schmittgen, 2001).  

Table 2-15 Sequences of primers used for RT-qPCR 

Primer Sequence (5’ – 3’) Dilution 

from 100 

µM stock 

Reference 

C9orf72 fwd GTTGATAGATTAACACATATAATCCGG 1:40 (Webster et 

al., 2016a) 

C9orf72 rev CAGTAAGCATTGGAATAATACTCTGA 1:40 (Webster et 

al., 2016a) 

GAPDH fwd GGGTGGGGCTCATTTGCAGGG 1:33 (Webster et 

al., 2016a) 

GAPDH rev TGGGGGCATCAGCAGAGGGG 1:33 (Webster et 

al., 2016a) 
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Table 2-16 Master mix for RT-qPCR 

 Mix (per well) (µL) Master Mix (µL) 

5 X HOT FIREPol 4 48 

H2O 11 132 

Diluted Fwd primer 2 24 

Diluted Rev primer 2 24 

Final Volume 19 228 

 

2.6 In vitro binding assay 

2.6.1 Production of GST-tagged proteins 

GST, GST-C9orf72L and GST-C9orf72S were expressed from a pGEX6p1 vector in 

Rosetta PLysS cells. Bacteria were grown overnight from glycerol stocks in 20 mL of 

Terrific broth (TB) (1.2 % Tryptone, 2.4 % yeast extract, 17 mM KH2PO4, 72 mM K2HPO4, 

0.4 % glycerol) at 37 ˚C with constant shaking. Rosetta PLysS cells were selected for 

by inclusion of 34 µg/mL Chloramphenicol (Sigma-Aldrich) in the broth, whereas 

selection for the GST containing plasmid transformed cells was achieved with 100 

µg/mL Ampicillin (Melford). 

Ten mL of bacterial starter culture was placed in 750 mL of TB containing Ampicillin 100 

µg/mL and an optical density (O.D.) reading obtained at 600 nm. Additional bacterial 

starter culture was added until an O.D. reading of 0.050 arbitrary units (AU) was 

achieved. Bacterial cultures were grown at 37 ˚C with constant shaking for 2 h. After 2 

h, O.D. readings were taken at 600 nm to assess growth of the culture. O.D. readings 

were taken every 30 min until an O.D. of 0.700 AU was reached. Once an O.D. 0.700 

AU was attained, production of the GST protein was induced by addition of 0.5 mM 

Isopropyl-β-D-thiogalactoside (IPTG) for 3 h. Bacterial pellets were obtained by 

centrifugation at 6,000 rpm (6,371 x g MAX / 3,951 x g AVG) in an Avanti J26 centrifuge 

using a JA-10 rotor for 10 min. Bacterial pellets were frozen and stored at -20 ˚C until 

use.  

2.6.2 Polyacrylamide gel and Coomassie stain to check GST expression 

To verify the expression of the GST-tagged constructs, uninduced and IPTG induced 

GST-construct expressing bacteria were lysed in 5 X sample buffer and subjected to 

SDS-PAGE on a 10 % polyacrylamide gel, as described previously (2.3.4.1).  
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Polyacrylamide gels were stained for 20 min in Coomassie solution (0.1 % Coomassie 

Blue R-250, 50 % methanol, 10 % acetic acid). Gels were destained by briefly heating 

for 15 s and incubating 10 min in destain solution (30 % methanol, 10 % acetic acid) 

until the gel was clear. The gel was washed 2 times in ddH2O and imaged on a SynGene 

G:Box (Figure 2.7).  

 

Figure 2.7: Coomassie stained polyacrylamide gel verifying the expression of 

GST-tagged proteins 

Uninduced and IPTG induced samples of bacteria expressing GST, GST-C9orf72L 

(C9L) and GST-C9orf72S (C9S) were run on a 10 % polyacrylamide gel and were 

subjected to Coomassie staining.  

2.6.3 In vitro binding assay 

2.6.3.1 In vitro translation in reticulocytes  

0.5 μg of DNA was incubated at 37 ˚C for 90 min with 0.5 μL 
35

S-labelled Methionine 

and 8 μL of Reticulocyte master mix from the T7 TnT Quick Coupled 

Transcription/Translation kit (Promega). 

2.6.3.2 Bacterial lysis 

Per binding reaction, 0.1 g GST, 0.3 g GST-C9orf72L or 0.2 g GST-C9orf72S expressing 

bacterial pellet was lysed by sonication in 1 mL RB100 buffer (25 mM HEPES pH 7.5, 

100 mM KOAc, 10 mM MgCl2, 1 mM DTT, 0.05 % Triton X-100, 10 % glycerol). To 

minimise variability in lysis, GST expressing bacteria were lysed as a pool for all 

reactions. Hence for 3 binding reactions, 0.3 g GST, 0.9 g GST-C9orf72L or 0.6 g GST-
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C9orf72S expressing bacterial pellet was lysed in 3 mL RB100, at 100 % sonication for 

15 s, repeated 3 times at 30 s intervals. Lysates were clarified by centrifugation for 5 

min at 17,000 x g at 4 ˚C. 

2.6.3.3 Binding assay  

Lysed bacteria were incubated with 30 μL glutathione-agarose beads (GSH beads) (GE 

Healthcare) per reaction, to allow binding of the GST-tagged protein to the bead. Beads 

and bacterial lysate were incubated 30 min at 4 ˚C with constant rotation. Beads were 

washed 2 times in ice cold RB100 buffer and pelleted at 2,000 x g for 1 min.  

For binding reactions, 8 µL of the in vitro translation reaction was incubated with 30 μL 

of 50 % GSH beads for 1 h at 4 ˚C with constant rotation in 400 μL RB100 buffer. GSH 

beads were subsequently washed twice in RB100 and eluted in 40 μL of glutathione 

elution buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 40 mM reduced glutathione). 

Samples were prepared for SDS-PAGE by addition of 5 X sample buffer.  

Eluted samples were analysed by polyacrylamide SDS-PAGE. 0.5 μL of reticulocyte 

lysate was used as input. Samples were run on a 10 % polyacrylamide gel as described 

previously (2.3.4.1). Coomassie staining was used to visualise GST-tagged proteins as 

described above (2.6.2). Polyacrylamide gels were imaged using a digital camera. Gels 

were mounted onto filter paper and dried in a vacuum for 15 min. Gels were exposed to 

a phosphoscreen for 7 days. 
35

S-labelled proteins were detected on a Phosphoimager. 

2.7 Online bioinformatics tools 

2.7.1 TMHMM 

The TMHMM online platform was used to investigate the presence of transmembrane 

domains. The protein sequence of the query protein was uploaded in FASTA format to 

the TMHMM Server v. 2.0., http://www.cbs.dtu.dk/services/TMHMM/ (Krogh et al., 2001; 

Sonnhammer et al., 1998). The default settings were used to run the analysis.  

2.7.2 MitoMiner 

The MitoMiner 4.0 online platform was used to predict the presence of mitochondrial 

targeting sequences in the protein of interest, http://mitominer.mrc-

mbu.cam.ac.uk/release-4.0/begin.do (Smith and Robinson, 2016). The gene symbol of 

the protein of interest was queried on the database. The analysis was ran with the 

default settings.  
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2.7.3 Clustal Omega 

The Clustal Omega online platform was used to produce multiple sequence alignments. 

FASTA format protein sequences for the alignment were identified in Ensembl 

(https://www.ensembl.org/index.html), and uploaded onto the Clustal Omega platform, 

https://www.ebi.ac.uk/Tools/msa/clustalo/, (Sievers et al., 2011). The default 

parameters were used to perform alignments.   

2.8 Statistical analysis 

Statistical analysis was performed using the Prism 7 (version 7.0c) software package 

(GraphPad Software, Inc., US). All data presented as mean±SEM unless otherwise 

stated. Statistical analysis performed by one-way ANOVA with Fisher’s LSD test unless 

otherwise stated.  
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Chapter 3. Investigating the interaction between C9orf72 and mitochondrial 

proteins 

3.1 Introduction 

The C9orf72 gene is predicted to encode 2 protein isoforms: C9orf72L and C9orf72S 

(reviewed in Haeusler et al., 2016). At the start of this project, there was little evidence 

supporting the cellular localisation of the C9orf72 protein. Immunostaining for C9orf72 

revealed diffuse cytosolic staining, but with refinement of C9orf72 antibodies it was 

shown that whilst C9orf72L was cytosolic, C9orf72S was localised to the nuclear 

membrane (Xiao et al., 2015). Early reports revealed that C9orf72 interacts with several 

Rab GTPases, which suggested that C9orf72 may play a role in endosomal trafficking 

events and autophagy (Farg et al., 2014). Indeed, the role of C9orf72 in autophagy has 

now been investigated by multiple groups (Chitiprolu et al., 2018; Sellier et al., 2016; 

Sullivan et al., 2016; Webster et al., 2016a; Yang et al., 2016). During the course of this 

project, new data emerged regarding the cellular localisation of C9orf72. C9orf72 was 

shown to localise to lysosomes upon starvation and regulate lysosomal activity (Amick 

et al., 2016; Ugolino et al., 2016). More recently, C9orf72 was shown to be enriched in 

presynapses (Frick et al., 2018), where it may regulate synaptic plasticity (Sivadasan et 

al., 2016).  

The lack of information regarding the localisation of C9orf72 initially rendered the 

identification of the function of the C9orf72 protein more challenging. In order to aid in 

the determination of the function of the C9orf72 protein, the identities of C9orf72 

interacting proteins were investigated. In the first instance, a yeast two-hybrid (Y2H) 

screen was carried out by our laboratory (unpublished). A number of these interactors 

were initially validated by Dr Christopher Webster in our lab (Webster et al., 2016a). In 

addition to these validated hits, the Y2H screen revealed a number of mitochondrial 

proteins as potential C9orf72 interacting partners.  

The initial aim of this project was to validate and characterise the interactions between 

C9orf72 and mitochondrial proteins identified in the Y2H screen. We hypothesised that 

if C9orf72 interacts with mitochondrial proteins, this may indicate that C9orf72 localises 

to mitochondria. Therefore, we further investigated the subcellular localisation of the 

C9orf72 protein. Finally, we explored how the C9orf72 protein may achieve its cellular 

distribution.  
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3.2 C9orf72 interacts with mitochondrial proteins 

Our lab carried out Y2H screens to identify interacting partners of both the C9orf72L and 

C9orf72S protein isoforms. In the Y2H screens, C9orf72L or C9orf72S was used as bait 

and screened against a human brain cDNA library. In the C9orf72L Y2H screen, two 

mitochondrial proteins were identified as potential interacting proteins. In the C9orf72S 

Y2H screen, eight mitochondrial proteins were identified as potential interacting partners 

(Table 3-1). In addition, Ubiquitin specific peptidase 8 (USP8), previously implicated in 

mitochondrial quality control (Durcan et al., 2014), was also identified as a hit in the 

C9orf72S Y2H screen (Table 3-1). In addition to our Y2H screens, an 

immunoprecipitation coupled mass spectrometry approach performed in house 

identified several mitochondrial proteins as interacting partners of C9orf72L (Table 3-2) 

(Dr Guillaume Hautbergue, unpublished, SITraN, Sheffield). The full details of the 

interacting partners of C9orf72 identified in these screens can be found in the thesis of 

Dr Christopher Webster (unpublished, Sheffield).  

Whilst we were undertaking this project, the results of a number of additional proteomics 

screens investigating C9orf72 interacting partners were published. Supporting our 

previous screening approaches, these screens also identified mitochondrial proteins as 

interacting partners of C9orf72 (Table 3-3) (Blokhuis et al., 2016; Sellier et al., 2016; 

Sullivan et al., 2016).  

As mitochondrial dysfunction, including mitochondrial quality control, is a prevalent 

feature of ALS, we hypothesised that the interaction between C9orf72 and mitochondria 

may be important for cellular function.  
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Table 3-1 Mitochondria associated hits from C9orf72 yeast two-hybrid screens 

Bait Prey Prey description Mitochondrial 

localisation 

Number 

of times 

isolated 

C9orf72L 

 

COX6C Cytochrome c oxidase subunit 

VIc 

IMM 2 

HRK Activator of apoptosis harakiri OMM 1 

C9orf72S 

 

MRPL48 39S ribosomal protein L48, 

mitochondrial 

IMM 3 

OAT Ornithine aminotransferase Matrix 2 

ATP5I ATP synthase, H+ 

transporting, mitochondrial F0 

complex, subunit E 

IMM 1 

PITRM1 Pitrilysin metallopeptidase 1 Matrix 1 

PPP2R2

B 

Protein phosphatase 2 

(formerly 2A), regulatory 

subunit B, beta isoform 

OMM 1 

HSPD1 Heat shock 60kDa protein 1 

(chaperonin) 

Matrix 1 

NDUFA1

0 

NADH dehydrogenase 

(ubiquinone) 1 alpha 

subcomplex, 10, 42kDa 

Matrix 1 

SLC25A

39 

Solute carrier family 25 

member 39 

IMM 1 

 USP8 Ubiquitin specific peptidase 8 Cytosol 2 

Mitochondrial localisation was determined from the subcellular localisation listed on 

UniProt (www.uniprot.org) or reactome (www.reactome.org). Abbreviations: IMM: 

inner mitochondrial membrane, OMM: outer mitochondrial membrane.  
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Table 3-2 Mitochondrial interacting partners of C9orf72L identified in mass 
spectrometry screens (Dr Guillaume Hautbergue, SITraN, Sheffield) 

Common name Protein name Mitochondrial 

localisation 

ADCY10 Adenylate cyclase type 10 Matrix 

ATP5A1 ATP synthase subunit alpha, 

mitochondrial 

IMM 

mtHSP70 Stress-70 protein, mitochondrial Matrix 

RPS3 40S ribosomal protein S3 IMM 

SLC25A5 ADP/ATP translocase 2 IMM 

ATP5B ATP synthase subunit beta, 

mitochondrial 

IMM 

TIMM50 Mitochondrial import inner membrane 

translocase subunit TIM50 

IMM 

FLAG pull down was performed in induced Flp-In FLAG-C9orf72L HEK293 cell lysate. 

Co-immunoprecipitating proteins were identified by MS/MS mass spectrometry. The 

mitochondrial localisation of co-immunoprecipitating proteins was determined from 

the subcellular localisation listed on UniProt (www.uniprot.org) or reactome 

(www.reactome.org). Abbreviation: IMM: inner mitochondrial membrane. 

 

Table 3-3 Mitochondrial interacting partners of C9orf72L from the published 
proteomics screens 

 

Reference Common 

name 

Protein name Mitochondrial 

localisation 

(Blokhuis et al., 2016) CHCHD3 MICOS complex subunit 

MIC19 

IMM 

IMMT MICOS complex subunit 

MIC60 

IMM 

ATAD3 ATPase family, AAA 

domain-containing protein 

3A 

IMM 
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Reference Common 

name 

Protein name Mitochondrial 

localisation 

ATP5A1 ATP synthase subunit alpha, 

mitochondrial 

IMM 

ATP5C1 ATP synthase subunit 

gamma, mitochondrial 

IMM 

DNAJA1 DnaJ homolog subfamily A 

member 1 

Unspecified 

PDHA1 Pyruvate dehydrogenase E1 

component subunit alpha, 

somatic form, mitochondrial 

Matrix 

PDHB Pyruvate dehydrogenase E1 

component subunit beta, 

mitochondrial 

Matrix 

PDHX Pyruvate dehydrogenase 

protein X component, 

mitochondrial 

Matrix 

SDHA Succinate dehydrogenase 

[ubiquinone] flavoprotein 

subunit, mitochondrial 

IMM 

SLC25A12 Calcium-binding 

mitochondrial carrier protein 

Aralar1 

IMM 

SLC25A3 Phosphate carrier protein, 

mitochondrial 

IMM 

SLC25A4 ADP/ATP translocase 1 IMM 

SLC25A5 ADP/ATP translocase 2 IMM 

TIMM50 Mitochondrial import inner 

membrane translocase 

subunit TIM50 

IMM 

VDAC3 Voltage-dependent anion-

selective channel protein 3 

OMM 
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Reference Common 

name 

Protein name Mitochondrial 

localisation 

(Sullivan et al., 2016) CHCHD3 MICOS complex subunit 

MIC19 

IMM 

DNAJA1 DnaJ homolog subfamily A 

member 1 

Unspecified 

IMMT MICOS complex subunit 

MIC60 

IMM 

KARS Lysine--tRNA ligase Matrix 

SLC25A4 ADP/ATP translocase 1 IMM 

SLC25A5 ADP/ATP translocase 2 IMM 

SLC25A11 Mitochondrial 2-

oxoglutarate/malate carrier 

protein 

IMM 

SLC25A12 Calcium-binding 

mitochondrial carrier protein 

Aralar1 

IMM 

VDAC3 Voltage-dependent anion-

selective channel protein 3 

OMM 

(Sellier et al., 2016) SAMM50 Sorting and assembly 

machinery component 50 

homolog 

OMM 

Blokhuis et al. performed a Biotin-Streptavidin pull down from N2A cells expressing 

bioGFP-C9orf72L, followed by mass spectrometry to identify interacting proteins. 

Sullivan et al. performed a GFP immunoprecipitation from N2A cells transfected with 

GFP-C9orf72L and analysed co-immunoprecipitating proteins by mass spectrometry. 

Sellier et al. transfected N2A cells with C9orf72L-FLAG-HA and performed HA-FLAG 

tandem purification. Interacting proteins were identified using NanoESI_Ion Trap 

mass spectrometry. The mitochondrial localisation of co-precipitating proteins was 

determined from the subcellular localisation listed on UniProt (www.uniprot.org) or 

reactome (www.reactome.org). Abbreviations: IMM: inner mitochondrial membrane, 

OMM: outer mitochondrial membrane. 
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3.2.1 Transient expression of C9orf72 in cell lines 

Two protein isoforms of C9orf72 have been suggested; C9orf72 long isoform 1 – 481 

aa (C9orf72L) and C9orf72 short isoform 1 – 222 aa (C9orf72S). As a DENN domain 

protein, C9orf72L is composed of 3 separate DENN domains; the N-terminal uDENN, 

central DENN and C-terminal dDENN. C9orf72S is composed of the uDENN domain 

only (1.3.2). To investigate the localisation of the C9orf72 protein and the role of the 

DENN domains in its localisation, 3 C9orf72 constructs were generated: C9orf72L, 

C9orf72S and C9orf72DdD (Figure 3.1A). C9orf72DdD is composed of the central 

DENN and C-terminal dDENN domains of C9orf72L (205 – 481 aa), and hence 

corresponds to the domains of C9orf72L that are lacking in C9orf72S.  

To verify the expression of the C9orf72 constructs, HEK293 cells were transfected with 

pCI-neo empty vector, Myc-C9orf72L, Myc-C9orf72S or Myc-C9orf72DdD. The 

predicted molecular weights of Myc-C9orf72L, Myc-C9orf72S and Myc-C9orf72DdD 

proteins were 54 kDa, 25 kDa and 32 kDa respectively. Myc immunoblot revealed that 

Myc-C9orf72L, Myc-C9orf72S and Myc-C9orf72DdD expressed efficiently and had the 

expected molecular weight on immunoblot (Figure 3.1B). 

To observe the cellular localisation of the Myc-tagged C9orf72 constructs, HeLa cells 

were transfected with pCI-neo empty vector, Myc-C9orf72L, Myc-C9orf72S or Myc-

C9orf72DdD and immunostained with anti-Myc antibody (Ab). Immunostaining using Ab 

to the Myc-tag revealed that both Myc-C9orf72L and Myc-C9orf72S appeared diffuse 

and cytosolic in cells. In contrast, alongside the cytoplasmic staining, punctate structures 

were apparent in cells transfected with Myc-C9orf72DdD (Figure 3.1C). 
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Figure 3.1 Myc-tagged C9orf72 constructs express efficiently in cells 

A) Schematic of the C9orf72 protein revealing the position of the uDENN, DENN and 

dDENN domains. Below is shown the alignment of the C9orf72L, C9orf72S and 

C9orf72DdD constructs. B) HEK293 cells were transfected with pCI-neo empty vector 

(EV), Myc-C9orf72L (C9L), Myc-C9orf72S (C9S) or Myc-C9orf72DdD (C9D) and were 

subjected to Myc immunoblot. C) HeLa cells were transfected with pCI-neo empty vector 

(EV), Myc-C9orf72L (C9L), Myc-C9orf72S (C9S) or Myc-C9orf72DdD (C9D) and were 

subjected to immunostaining with anti-Myc Ab (yellow). Scale bar 10 µm, zoom 2 µm. 
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3.2.2 Ornithine Aminotransferase 

Ornithine aminotransferase (OAT) was identified as an interacting partner of C9orf72S 

in the Y2H screen (Table 3-1). OAT is a mitochondrial matrix residing protein responsible 

for the conversion of ornithine to glutamic acid gamma-semialdehyde and glutamate 

from alpha-ketoglutarate, for the synthesis of the excitatory and inhibitory 

neurotransmitters glutamate and GABA. OAT also regulates the conversion of ornithine 

to proline and may additionally be involved in the synthesis of ornithine from glutamic 

acid gamma-semialdehyde in an organ specific manner (reviewed in Ginguay et al., 

2017). Supporting its role in neurotransmitter synthesis, high levels of OAT have been 

found at nerve terminals (Wong et al., 1981). Mutations in OAT result in Gyrate Atrophy, 

an autosomal recessive eye disease (Doimo et al., 2013). Two isoforms of OAT have 

been identified; hepatic and renal, which were proposed to differ in enzymatic properties. 

However, the existence of the 2 isoenzymes is controversial and are not consistently 

reported in all studies (reviewed in Ginguay et al., 2017). Initially the 2 isoforms were 

also reported to possess 2 different length N-terminal mitochondrial targeting sequences 

(Figure 3.2A). However, this has been disputed in contrasting reports. It is now thought 

that multi-step cleavage may play a role in the maturation of OAT, resulting in a single 

OAT isoform (reviewed in Ginguay et al., 2017).  

In the Y2H screen the region of OAT interacting with C9orf72 corresponded to the C-

terminus of the protein (Figure 3.2A). To validate the interaction between C9orf72 and 

OAT, HEK293 cells were co-transfected with pCI-neo empty vector, Myc-C9orf72L or 

Myc-C9orf72S and with pCI-neo empty vector or OAT-MycDDK. OAT-MycDDK was 

immunoprecipitated using anti-FLAG Ab, raised against the FLAG peptide sequence 

DYKDDDDK. Immunepellets were subjected to Myc immunoblot which revealed that 

neither Myc-C9orf72L nor Myc-C9orf72S co-immunoprecipitated with OAT (Figure 

3.2B). Hence the interaction identified in the Y2H screen between C9orf72S and OAT 

appeared to be a false positive. However, it should be noted that the Y2H screen 

identified the C-terminal portion of OAT as interacting with C9orf72S and that here we 

used a C-terminal tagged OAT construct to probe this interaction. It is possible that the 

C-terminal MycDDK tag on OAT interfered with the interaction with C9orf72. Therefore, 

to verify whether the interaction was indeed a false hit, the co-immunoprecipitation 

should be carried out with an endogenous OAT antibody or using an untagged construct.  
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Figure 3.2 C9orf72 does not interact with OAT 

A) The two isoforms of OAT, hepatic and renal, are shown with the differing 

mitochondrial targeting sequences (orange). The two hits from the C9orf72S Y2H screen 

are shown below, both corresponding to the C-terminal region of OAT. B) HEK293 cells 

were co-transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L) or Myc-

C9orf72S (C9S) and EV or OAT-MycDDK and were subjected to immunoprecipitation 

with anti-FLAG Ab. Immunepellets were probed with anti-Myc Ab. Input represents 10 

% of lysate subjected to immunoprecipitation.  
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3.2.3 Cytochrome c oxidase subunit 6c 

The Cytochrome c oxidase (COX) IV complex is the terminal complex in the electron 

transport chain. COX IV is a heteromeric complex formed of 13 subunits. The 3 largest 

subunits which are involved in catalytic core activity, electron transport and proton 

pumping are encoded by the mtDNA. The remainder of the subunits are encoded in the 

nuclear DNA and have regulatory or structural functions (reviewed in Kadenbach and 

Huttemann, 2015). The Y2H screen identified the COX IV subunit Cytochrome c oxidase 

6c (COX6C) as a potential interacting partner of C9orf72L. COX6C is a nuclear encoded 

subunit of COX IV (Lenka et al., 1998), which is inserted into COX IV after the assembly 

of the catalytic core (Fornuskova et al., 2010). To date no specific function of the COX6C 

subunit has been identified, however it has been noted to be tightly bound to the catalytic 

subunits (Kadenbach and Huttemann, 2015). Within the COX IV complex, COX6C 

spans the IMM, with the N-terminus located in the mitochondrial matrix and the C-

terminus in the IMS (Figure 3.3A). The region of COX6C identified in the Y2H screen as 

interacting with C9orf72 corresponds to the transmembrane and IMS region of COX6C 

(highlighted in Figure 3.3A).  

To validate the interaction between C9orf72 and COX6C, HEK293 cells were co-

transfected with pCI-neo empty vector, Myc-C9orf72L, Myc-C9orf72S or Myc-

C9orf72DdD and with either pCI-neo empty vector or COX6C-MycDDK. COX6C-

MycDDK was immunoprecipitated using anti-FLAG Ab. Myc immunoblot revealed that 

Myc-C9orf72L co-immunoprecipitated with COX6C-MycDDK. Interestingly Myc-

C9orf72S did not co-immunoprecipitate with COX6C-MycDDK. C9orf72S lacks the 

central DENN and C-terminal dDENN domains found in C9orf72L. Myc-C9orf72DdD, 

which corresponds to these domains, co-immunoprecipitated with COX6C-MycDDK, 

thus the DENN and dDENN domains of C9orf72 may be required to mediate the 

interaction between C9orf72L and COX6C (Figure 3.3B).  
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Figure 3.3 C9orf72L and C9orf72DdD but not C9orf72S interact with COX6C 

A) The structure of COX6C is shown with the mitochondrial localisation of each domain; 

the mitochondrial matrix residing N-terminus (pink), transmembrane region (green) and 

the mitochondrial IMS residing C-terminus (blue). The hits from the C9orf72L Y2H 

screen are highlighted below. B) HEK293 cells were co-transfected with pCI-neo empty 

vector (EV), Myc-C9orf72L (C9L), Myc-C9orf72S (C9S) or Myc-C9orf72DdD (C9D) and 

EV or COX6C-MycDDK and were subjected to immunoprecipitation with anti-FLAG Ab. 

Immunepellets were subjected to Myc immunoblot. Input represents 5.7 % of lysate 

subjected to immunoprecipitation. * indicates a band corresponding to Ig light chain.  
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To further confirm the interaction of C9orf72L with COX6C, proximity ligation assay 

(PLA) was employed. PLA assesses the proximity of proteins in situ, with a signal 

generated when the two target proteins are 40 nm or less apart (Leuchowius et al., 

2011). HeLa cells were co-transfected with pCI-neo empty vector, HA-C9orf72L, HA-

C9orf72S or HA-C9orf72DdD and with pCI-neo empty vector or COX6C-MycDDK. To 

aid in the selection of cells for analysis, transfections were doped with pAcGFP1-Mito. 

PLA using antibodies against the HA and Myc tags was performed, and the number of 

PLA puncta in pAcGFP1-Mito positive cells was quantified. There was no significant 

difference in number of PLA puncta in cells expressing HA-C9orf72L, HA-C9orf72S, HA-

C9orf72DdD or COX6C-MycDDK alone compared to empty vector control cells. When 

compared to cells expressing COX6C-MycDDK alone, cells co-expressing HA-

C9orf72L, HA-C9orf72S or HA-C9orf72DdD and COX6C-MycDDK displayed a 

significant increase in the number of PLA puncta, indicative of proximity of the two 

proteins in situ (Figure 3.4). The increase in PLA puncta in cells co-expressing HA-

C9orf72L or HA-C9orf72DdD and COX6C-MycDDK supported the interaction identified 

in the co-immunoprecipitation assay (Figure 3.3B). Surprisingly, cells expressing HA-

C9orf72S and COX6C-MycDDK also showed an increase in PLA puncta number 

compared to the control cells. Therefore, C9orf72S may also interact with COX6C.   
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Figure 3.4 C9orf72L, C9orf72S and C9orf72DdD interact with COX6C in situ 

A) HeLa cells were co-transfected with pCI-neo empty vector (EV), HA-C9orf72L (C9L), 

HA-C9orf72S (C9S) or HA-C9orf72DdD (C9D) and EV or COX6C-MycDDK. 

Transfections were doped with pAcGFP1-Mito (cyan) to visualise the mitochondrial 

network. Cells were subjected to PLA using anti-Myc and anti-HA Ab (yellow). The 

number of PLA puncta per cell was quantified. Scale bar 10 µm, zoom 2 µm. Graph 

displays mean±SEM. Cells were quantified from 3 independent experiments (EV/EV: 
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116, C9L/EV: 104, C9S/EV: 106, C9D/EV: 106, EV/COX6C: 116, C9L/COX6C: 99, 

C9S/COX6C: 119, C9D/COX6C: 83 cells). Statistical analysis was performed by one-

way ANOVA with Fisher’s LSD; **** P ≤ 0.0001. 

3.2.4 ATP Synthase  

ATP Synthase (Complex V) is a multi-subunit complex that utilises the proton gradient 

set up by the electron transport chain complexes I - IV, to generate ATP from ADP and 

Pi. ATP Synthase is formed of two complexes; the F1 complex, a catalytic core located 

in the mitochondrial matrix and the F0 complex, a proton channel through the IMM 

(Jonckheere et al., 2012). Several subunits of ATP Synthase were identified as 

interacting partners of C9orf72. F0 complex subunit E (ATP5I) was identified as an 

interactor of C9orf72S in the Y2H screen (Table 3-1). The mass spectrometry screen 

identified the b subunit of the F1 complex, ATP5B, as a C9orf72L binding partner (Table 

3-2). The mass spectrometry screen also identified ATP5A1 as an interactor of C9orf72L 

(Table 3-2). ATP5A1 was identified alongside ATP5C1 as an interacting partner of 

C9orf72 in the subsequently published mass spectrometry screen (Table 3-3) (Blokhuis 

et al., 2016). ATP5A1 and ATP5C1 encode the F1 complex subunits a and g respectively. 

The subunits of ATP Synthase identified in the Y2H and mass spectrometry screens as 

potential C9orf72 interacting partners are highlighted in Figure 3.5A.  

To confirm the interaction between C9orf72 and ATP Synthase, HEK293 cells were 

transfected with pCI-neo empty vector, Myc-C9orf72L, Myc-C9orf72S or Myc-

C9orf72DdD and subjected to immunoprecipitation with anti-Myc Ab. Immunepellets 

were probed for endogenous ATP5A, the a subunit of the F1 complex. Endogenous 

ATP5A was efficiently co-immunoprecipitated with Myc-C9orf72L, Myc-C9orf72S and 

Myc-C9orf72DdD (Figure 3.5B). 

To further verify the interaction between C9orf72 and ATP Synthase, the reverse co-

immunoprecipitation was carried out by immunoprecipitation of endogenous ATP5A. 

HEK293 cells were transfected with pCI-neo empty vector, Myc-C9orf72L, Myc-

C9orf72S or Myc-C9orf72DdD. Endogenous ATP5A was immunoprecipitated with anti-

ATP5A Ab. Myc immunoblot revealed that Myc-C9orf72L, but neither Myc-C9orf72S nor 

Myc-C9orf72DdD co-immunoprecipitated with ATP5A (Figure 3.5C). Together this data 

showed that C9orf72 interacts with the ATP Synthase complex.  



 115 

 

Figure 3.5 C9orf72 interacts with the ATP Synthase complex 

A) The structure of the ATP Synthase complex is shown with the potential F0 and F1 

subunits that may interact with C9orf72 highlighted. B) HEK293 cells were transfected 

with pCI-neo empty vector (EV), Myc-C9orf72L (C9L), Myc-C9orf72S (C9S) or Myc-

C9orf72DdD (C9D) and were subjected to immunoprecipitation with anti-Myc Ab. 

Immunepellets were probed by ATP5A immunoblot (identical immunoprecipitation 

sample as probed in Figure 3.6B for TIMM23). Input represents 2 % of lysate subjected 
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to immunoprecipitation. * indicates a band corresponding to Ig heavy chain. C) HEK293 

cells were transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L), Myc-

C9orf72S (C9S) or Myc-C9orf72DdD (C9D) and were subjected to immunoprecipitation 

with anti-ATP5A Ab. Immunepellets were probed by Myc immunoblot. Input represents 

1 % of lysate subjected to immunoprecipitation. * indicates a band corresponding to Ig 

light chain. ** indicates a band corresponding to Ig heavy chain. 

3.2.5 TIM23 complex 

TIMM50 was identified as a potential interacting partner of C9orf72 in both the mass 

spectrometry screen (Table 3-2) and subsequently in the screen published by the 

Pasterkamp and Van den Berg (Table 3-3) (Blokhuis et al., 2016). TIMM50 is a subunit 

of the TIM23 import complex, responsible for the transport of proteins across the IMM 

into the mitochondrial matrix. The TIMM50 subunit plays a role in recognition of 

mitochondrial import sequences for proteins destined for the IMM or mitochondrial matrix 

(Mokranjac and Neupert, 2010) (Figure 3.6A).  

The interaction of C9orf72 with the TIM23 complex was investigated by co-

immunoprecipitation. HEK293 cells were transfected with pCI-neo empty vector, Myc-

C9orf72L, Myc-C9orf72S or Myc-C9orf72DdD and subjected to immunoprecipitation 

with anti-Myc Ab. TIMM23 immunoblot, a subunit of the TIM23 complex, revealed 

TIMM23 to co-immunoprecipitate with Myc-C9orf72L, Myc-C9orf72S and Myc-

C9orf72DdD (Figure 3.6B). 

To further confirm the interaction between C9orf72 and the TIM23 complex, the reverse 

co-immunoprecipitation was performed. HEK293 cells were transfected with pCI-neo 

empty vector, Myc-C9orf72L, Myc-C9orf72S or Myc-C9orf72DdD and subjected to 

immunoprecipitation with anti-TIMM23 Ab. Myc immunoblot revealed that Myc-

C9orf72L, but neither Myc-C9orf72S nor Myc-C9orf72DdD co-immunoprecipitated with 

TIMM23 (Figure 3.6C). Together this showed that C9orf72 interacts with the TIM23 

complex. 
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Figure 3.6 C9orf72 interacts with the TIM23 complex 

A) Structure of the TIM23 complex is shown with the major subunits indicated. C9orf72 

was identified as a potential interactor of the TIMM50 subunit. B) HEK293 cells were 

transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L), Myc-C9orf72S (C9S) 

or Myc-C9orf72DdD (C9D) and subjected to immunoprecipitation with anti-Myc Ab. 

Immunepellets were probed by TIMM23 immunoblot (identical immunoprecipitation 

sample as probed in Figure 3.5B for ATP5A). Input represents 2 % of lysate subjected 

to immunoprecipitation.  * indicates a band corresponding to Ig heavy chain. C) HEK293 

cells were transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L), Myc-

C9orf72S (C9S) or Myc-C9orf72DdD (C9D) and subjected to immunoprecipitation with 

anti-TIMM23 Ab. Immunepellets were probed by Myc immunoblot. Input represents 1 % 
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of lysate subjected to immunoprecipitation. * indicates a band corresponding to Ig light 

chain.  

3.3 C9orf72 localises to mitochondria 

As C9orf72 interacts with mitochondrial proteins and complexes, we hypothesised that 

the C9orf72 protein may localise to mitochondria. To begin to investigate if C9orf72 is 

found on mitochondria, HEK293 cells were transfected with pCI-neo empty vector, Myc-

C9orf72L or Myc-C9orf72S and a mitochondrial enriched fraction was produced by 

centrifugation. The enrichment of mitochondria was verified by immunoblot for the 

cytosolic protein Tubulin and the mitochondrial protein COX IV. Myc immunoblot 

revealed that whilst Myc-C9orf72L and Myc-C9orf72S were found in the 

cytosol/microsome fraction, a proportion of Myc-C9orf72L and Myc-C9orf72S was 

located in the mitochondrial fraction (Figure 3.7A). 

To verify that C9orf72 localised to mitochondria, HEK293 cells were transfected with 

pCI-neo empty vector, Myc-C9orf72L, Myc-C9orf72S, Myc-C9orf72DdD or Myc-MIRO1, 

a known OMM protein (Reis et al., 2009), and mitochondria were purified on a 

discontinuous sucrose gradient, essentially as described in (De Vos et al., 2000). The 

purity of the mitochondria was tested by Tubulin (cytosol) and MnSOD and COX IV 

(mitochondria) immunoblot. As expected of an OMM protein, Myc immunoblot showed 

that Myc-MIRO1 was found in the mitochondrial fraction. Myc immunoblot showed that 

Myc-C9orf72L, Myc-C9orf72S and Myc-C9orf72DdD were also found in the 

mitochondrial fraction (Figure 3.7B). Myc-C9orf72L and Myc-C9orf72DdD were more 

abundant in the mitochondria fraction compared to Myc-C9orf72S. Therefore, the DENN 

and dDENN domains of C9orf72 may be involved in the localisation of C9orf72 to 

mitochondria.  

As C9orf72DdD was found in the mitochondrial fraction, we hypothesised that the 

punctate structures seen in Myc-C9orf7DdD expressing cells may be found on 

mitochondria. To investigate whether the Myc-C9orf72DdD puncta localised to 

mitochondria, HeLa cells were transfected with pCI-neo empty vector or Myc-

C9orf72DdD and immunostained with anti-TOMM20 antibody to visualise the 

mitochondrial network. Myc-C9orf72DdD puncta appeared to co-localise with the 

mitochondrial staining (Figure 3.7C). Taken together this data showed that C9orf72 

localises to mitochondria.  
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Figure 3.7 Overexpressed C9orf72 localises to mitochondria 
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A) HEK293 cells were transfected with pCI-neo empty vector (EV), Myc-C9orf72S (C9S) 

or Myc-C9orf72L (C9L) and mitochondrial enriched fractions were produced. Fractions 

(15 µg of each fraction) were subjected to Myc, Tubulin (cytosol) and COX IV 

(mitochondria) immunoblot. B) HEK293 cells were transfected with pCI-neo empty 

vector (EV), Myc-C9orf72L (C9L), Myc-C9orf72S (C9S), Myc-C9orf72DdD (C9D) or 

Myc-MIRO1 and mitochondrial enriched fractions were produced and purified by 

sucrose gradient. Myc-MIRO1 was used as a positive control for the mitochondrial 

localisation of the Myc-tagged C9orf72 constructs. Mitochondria were subjected to Myc, 

Tubulin (cytosol), MnSOD and COX IV (mitochondria) immunoblot. Twenty µg of total 

cell lysate and mitochondrial fractions were subjected to immunoblot. C) HeLa cells were 

transfected with pCI-neo empty vector (EV) or Myc-C9orf72DdD (yellow) and were 

subjected to immunostaining with anti-TOMM20 Ab (cyan) to reveal mitochondria. Scale 

bar 10 µm, zoom 2 µm.  

To exclude the possibility that the mitochondrial localisation of Myc-C9orf72 was an 

artefact of C9orf72 overexpression, the localisation of endogenous C9orf72 protein was 

investigated. Mitochondria were isolated from HEK293 cells and purified by 

discontinuous gradient. To verify the identity of the endogenous C9orf72 protein upon 

C9orf72 immunoblot, mitochondria were also isolated and purified from C9orf72 

knockout HEK293 cells (C9orf72
KO

). Mitochondria were subjected to Tubulin (cytosol), 

HSP60, TIMM23 and TOMM20 (mitochondria) immunoblot to verify purity. C9orf72 

immunoblot revealed C9orf72 to be found in the mitochondrial fraction. The localisation 

of endogenous C9orf72 in the mitochondrial fraction supported the localisation found 

with the C9orf72 overexpression constructs and that the latter was not an artefact of 

overexpression. 

 

Figure 3.8 Endogenous C9orf72 is located in mitochondria 

Mitochondria were isolated and purified from HEK293 (WT) or C9orf72KO (KO) HEK293 

cells and were subjected to immunoblotting with endogenous C9orf72 Ab. The 
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enrichment of mitochondria was verified by immunoblot for Tubulin (cytosol) and the 

mitochondrial proteins HSP60 (matrix), TIMM23 (IMM) and TOMM20 (OMM). The 

cellular fractions subjected to immunoblotting were total cell lysate (total), cytosol and 

ER/microsomes (Cyto/Micro), crude mitochondria (Mito (Crude)) and purified 

mitochondria (Mito (Pure)). Fifteen µg of each fraction was subjected to immunoblot.  * 

indicates aspecific bands on C9orf72 immunoblot.  

3.4 Investigating the sub-mitochondrial localisation of C9orf72 

Mitochondria are double membraned organelles, comprised of the OMM and IMM. The 

mitochondrial IMS is located between the OMM and IMM. The mitochondrial matrix is 

enclosed by the IMM. The mitochondrial compartments each play roles in specific 

mitochondrial functions and therefore harbour specific mitochondrial proteins (Vogtle et 

al., 2017). As C9orf72 was found in the mitochondrial fraction (3.3) and interacted with 

proteins of the IMM (3.2), the mitochondrial sub-compartment to which C9orf72 localises 

was examined further. 

3.4.1 C9orf72 is a peripheral mitochondrial protein  

Mitochondrial proteins can be divided into 3 groups: integral, peripheral and soluble 

proteins. Proteins inserted the IMM or OMM are called integral mitochondrial proteins. 

Integral proteins include subunits of the TIM/TOM import complexes, COX subunits 

(Burri et al., 2006; Vogtle et al., 2017) and proteins involved in ER-mitochondrial tethers; 

such as PTPIP51 (De Vos et al., 2012). Proteins that are not integrated into a 

mitochondrial membrane but that are also found in or on mitochondria, are either 

peripheral or soluble mitochondrial proteins. Peripheral mitochondrial proteins are 

closely associated with the OMM or the IMM and interact with integral mitochondrial 

proteins, but themselves are not inserted into the mitochondrial membrane. The most 

characterised peripheral mitochondrial protein is Cytochrome c (Singer, 1974). Finally, 

the soluble mitochondrial proteins are proteins which do not associate with the 

mitochondrial membranes. These are found in both the IMS and mitochondrial matrix 

and include the Tim9-Tim10 chaperone complex of the IMS and the proteins involved in 

the Krebs cycle in the matrix (Vogtle et al., 2017).  

First, we investigated whether C9orf72 is an integral mitochondrial membrane protein. 

Integral mitochondrial proteins often contain hydrophobic transmembrane domains 

(Ramasarma, 1996). Online bioinformatics tools can be used to identify potential 

transmembrane domains in proteins (Moller et al., 2001). Using the TMHMM online 

bioinformatics tool, the presence of a predicted transmembrane domain in C9orf72 was 
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investigated. TMHMM analysis of C9orf72 did not predict the presence of a 

transmembrane domain (Figure 3.9), suggesting that C9orf72 was unlikely to be an 

integral mitochondrial protein.  

 

Figure 3.9 C9orf72 is not predicted to contain a transmembrane domain 

The C9orf72 protein was analysed for the presence of possible transmembrane domains 

using the TMHMM platform. C9orf72 was not predicted to contain any transmembrane 

regions. 

To experimentally determine whether C9orf72 is an integral or peripheral/soluble 

mitochondrial protein, alkaline extraction was performed on mitochondria. Alkaline pH 

decreases noncovalent interactions between proteins. This results in the release of 

peripheral and soluble but not integral mitochondrial proteins from mitochondria (Fujiki 

et al., 1982; Kim et al., 2015b). Mitochondria were purified from Flp-In FLAG-C9orf72L 

HEK293 cells which were induced to express FLAG-C9orf72L. Purified mitochondria 

were subjected to alkaline extraction. The purity of the mitochondria was verified by 

Tubulin immunoblot. Mitochondria were subjected to immunoblot for known integral 

mitochondrial proteins TOMM20, PTPIP51, TIMM23 and COX IV, the peripheral 

mitochondrial protein Cytochrome c, and the soluble mitochondrial matrix proteins 

MnSOD and HSP60 (Figure 3.10). As expected, the integral mitochondrial proteins were 

not affected by alkaline extraction, whereas the peripheral mitochondrial protein 

Cytochrome c and the soluble mitochondrial protein MnSOD were extracted from the 

mitochondria. FLAG immunoblot revealed FLAG-C9orf72L to also be removed from the 

mitochondria following alkaline extraction. Together this data showed that C9orf72L was 

either a peripheral or soluble mitochondrial protein. As C9orf72 interacts with 

mitochondrial proteins and complexes of the IMM (3.2), C9orf72 is a peripheral 

mitochondrial protein.  
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Figure 3.10 C9orf72L is a peripheral mitochondrial protein 

Purified mitochondria (mito) from Flp-In FLAG-C9orf72L HEK293 cells were subjected 

to alkaline extraction (Na2CO3). Mitochondria were immunoblotted with Ab against 

FLAG, Tubulin (cytosol) and the mitochondrial proteins PTPIP51 (OMM), TOMM20 

(OMM), Cytochrome c (IMS), TIMM23 (IMM), COX IV (IMM), HSP60 (matrix), MnSOD 

(matrix). Fifteen µg of total cell lysate and mitochondrial fractions were subjected to 

immunoblot. * indicates Cytochrome c from previous immunoblot upon TOMM20 

immunoblot.  

3.4.2 C9orf72 is localised in the mitochondrial intermembrane space 

Peripheral mitochondrial proteins may be associated with the OMM and be located in 

the cytosol or IMS. Peripheral protein may also interact with the IMM, these proteins are 

located in the IMS or mitochondrial matrix. As C9orf72 interacts with proteins and 

complexes of the IMM (3.2), we hypothesised that C9orf72 is located either in the IMS 

or the mitochondrial matrix. To determine whether C9orf72 resides in the IMS, 

mitochondria were subjected to sequential permeabilisation of the OMM and digestion 

of cytosol exposed proteins.  

The OMM and IMM display differing susceptibility to digitonin permeabilisation owing to 

their differing cholesterol content (Cheng and Kimura, 1983; Frenkel et al., 2014). This 
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property can be exploited to assess the localisation of proteins to the IMS (Ryan et al., 

2001). Proteinase K is a broad-spectrum proteinase (Ebeling et al., 1974). Treatment of 

mitochondria with Proteinase K results in the digestion of cytosol exposed proteins. 

When mitochondria are intact, only OMM proteins are exposed to the cytosol and are 

hence digested by Proteinase K. However, upon digitonin permeabilisation of the OMM, 

both IMS and IMM IMS facing proteins are exposed to the cytosol and are therefore also 

digested by Proteinase K (Ryan et al., 2001). Before investigating the localisation of the 

C9orf72 protein, the conditions for digitonin permeabilisation of the OMM and the 

digestion of mitochondrial proteins with Proteinase K were optimised. 

The Proteinase K mediated digestion of mitochondrial proteins was optimised by 

investigating the digestion of the OMM protein Mfn1. Mitochondria were isolated from 

rat liver and subjected to digestion with Proteinase K. To optimise the conditions for 

Proteinase K digestion, 2 mg/mL and 0.2 mg/mL Proteinase K were tested. The serine 

protease inhibitor Phenylmethylsulfonyl fluoride (PMSF) was used to inhibit Proteinase 

K activity. The conditions for PMSF inhibition of Proteinase K were simultaneously 

optimised with 2 µM, 20 µM and 2 mM PMSF tested. In order to verify that any 

degradation of Mfn1 protein was due to the activity of Proteinase K, samples were also 

treated with PMSF prior to Proteinase K addition to inhibit protease activity. Mitochondria 

were subject to Mfn1 (OMM), MnSOD (matrix) and COX IV (IMM) immunoblot (Figure 

3.11). As an OMM protein protruding into the cytosol, Mfn1 should be degraded upon 

Proteinase K treatment. In contrast, COX IV and MnSOD are located within mitochondria 

and therefore should not be degraded upon Proteinase K treatment in intact 

mitochondria. Treatment of mitochondria with 2 mg/mL Proteinase K resulted in the 

digestion of Mfn1 (Figure 3.11, lanes 3 – 8). Prior treatment of mitochondria with 2 mM 

(Figure 3.11, lane 7), but neither 2 µM nor 20 µM (Figure 3.11, lanes 3 and 5) PMSF 

was sufficient to inhibit Proteinase K activity. Although, treatment of mitochondria with 

0.2 mg/mL Proteinase K resulted in the digestion of Mfn1, for the same incubation period 

this was reduced markedly from the 2 mg/mL Proteinase K mediated digestion (Figure 

3.11, lanes 9 – 12). Therefore, 2 mg/mL Proteinase K and 2 mM PMSF were selected 

for characterisation of the mitochondrial localisation of C9orf72. 
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Figure 3.11 Optimisation of Proteinase K and PMSF conditions 

Mitochondria were isolated from rat liver and subjected to Proteinase K (PK) digestion. 

Mitochondria were treated with either 2 mg/mL (lanes 3 – 8) or 0.2 mg/mL (lanes 9 – 12) 

PK. To inhibit the activity of PK, mitochondria were incubated with 2 µM (lanes 3, 4, 9, 

10), 20 µM (lanes 5, 6) and 2 mM (lanes 7, 8, 11, 12) PMSF. Mitochondria were also 

incubated with PMSF prior to the incubation with PK to inhibit PK activity and prevent 

digestion of OMM proteins (pre-treat, lanes 1, 3, 5, 7, 9 and 11). Mitochondria were 

subjected to Mfn1 (OMM), MnSOD (matrix) and COX IV (IMM) immunoblot. Fifteen µg 

of mitochondria was subjected to immunoblot. 

To optimise the permeabilisation of the OMM using digitonin, mitochondria were 

extracted from rat liver and were permeabilised with increasing amounts of digitonin per 

µg of mitochondria. The previously optimised conditions for Proteinase K digestion of 

mitochondrial proteins was used to digest cytosol exposed proteins. Mitochondria were 

subjected to immunoblot to reveal Proteinase K mediated digestion of PTPIP51 (OMM) 

and TIMM23 (IMS facing IMM). IMM integrity was verified by MnSOD and HSP60 

(matrix), and COX IV and ATP5A (matrix facing IMM) immunoblot (Figure 3.12). In 

unpermeabilised mitochondria, Proteinase K digested only the OMM protein PTPIP51 

(Figure 3.12, lane 2). Permeabilisation of the OMM with 0.5 µg digitonin / µg 

mitochondria resulted in the Proteinase K digestion of both PTPIP51 and TIMM23 

(Figure 3.12, lane 4). The digestion of TIMM23 by Proteinase K indicated that the OMM 

was successfully permeabilised. Permeabilisation of the OMM with 1 µg digitonin / µg 

mitochondria similarly resulted in the degradation of TIMM23 upon Proteinase K 

treatment. However, levels of the matrix protein MnSOD were also reduced by 

Proteinase K treatment suggesting that IMM integrity may have been affected (Figure 

3.12, lane 6). Permeabilisation of the OMM with 2 µg digitonin / µg mitochondria led to 

loss of MnSOD, in both Proteinase K untreated and treated mitochondria, again 

suggesting the loss of IMM integrity (Figure 3.12, lanes 7 and 8). Permeabilisation of the 
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OMM with 4 µg digitonin / µg mitochondria led to loss of PTPIP51 from the mitochondria 

in the absence of Proteinase K treatment, indicating that the OMM may have been 

removed from the mitochondria (Figure 3.12, lane 9). Indeed, digitonin treatment of 

mitochondria can also be employed to separate mitoplasts (IMM and matrix) from the 

OMM (Nishimura and Yano, 2014). Furthermore, the loss of MnSOD and the 

vulnerability of COX IV, ATP5A and HSP60 to Proteinase K digestion showed that IMM 

integrity was compromised (Figure 3.12, lane 10). Hence a concentration of 0.5 µg 

digitonin / µg mitochondria was selected for permeabilisation of the OMM, as it was 

found to result in the permeabilisation of the OMM without affecting the integrity of the 

IMM. 

 

Figure 3.12 Optimisation of digitonin permeabilisation of the OMM 

Mitochondria were isolated from rat liver and were subjected to the sequential 

permeabilisation of the OMM with digitonin and the digestion of cytosol exposed proteins 

with Proteinase K (PK). To optimise the permeabilisation of the OMM, 4 concentrations 

of digitonin were tested: 0.5 µg digitonin / µg mitochondria (lanes 3, 4), 1 µg digitonin / 

µg mitochondria (lanes 5, 6), 2 µg digitonin / µg mitochondria (lanes 7, 8) and 4 µg 

digitonin / µg mitochondria (lanes 9, 10). Mitochondria were subjected to PTPIP51 

(OMM), TIMM23 (IMM, IMS facing), ATP5A (IMM, matrix facing), COX IV (IMM, matrix 

facing), HSP60 (matrix) and MnSOD (matrix) immunoblot. Twelve µg of mitochondria 

was subjected to immunoblot. 

To investigate whether C9orf72 resided in the mitochondria IMS or matrix, mitochondria 

were purified from induced Flp-In FLAG-C9orf72L HEK293 cells. The purity of the 

mitochondria was verified by Tubulin immunoblot. The purified mitochondria were 

subjected to OMM permeabilisation with digitonin and the subsequent digestion of 
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cytosol exposed proteins with Proteinase K. Mitochondria were subjected to immunoblot 

for the mitochondrial proteins PTPIP51 and TOMM20 (OMM), Cytochrome c (IMS), 

TIMM23 (IMM, IMS facing) and COX IV (IMM, matrix facing), MnSOD and HSP60 

(matrix). FLAG-C9orf72L was revealed by FLAG immunoblot. In unpermeabilised 

mitochondria, Proteinase K digested the OMM proteins PTPIP51 and TOMM20, but did 

not digest the proteins of the IMS, IMM or matrix. FLAG immunoblot revealed that FLAG-

C9orf72L was similarly not digested by Proteinase K. Thus in intact cells, C9orf72L is 

not found on the OMM and is found in either the IMS or matrix. Permeabilisation of the 

OMM with digitonin resulted in the digestion of the OMM proteins PTPIP51 and 

TOMM20 and the IMS facing IMM protein TIMM23 by Proteinase K. In contrast, the 

matrix facing IMM protein COX IV and the matrix protein HSP60 were not digested by 

Proteinase K in OMM permeabilised mitochondria. FLAG immunoblot revealed that 

FLAG-C9orf72L was digested by Proteinase K upon permeabilisation of the OMM 

(Figure 3.13). Therefore, C9orf72L is found in the mitochondrial IMS.  

 

 

Figure 3.13 C9orf72L resides in the mitochondrial IMS 



 128 

Mitochondria were purified from induced Flp-In FLAG-C9orf72L HEK293 cells and were 

subjected to sequential permeabilisation of the OMM with digitonin and degradation of 

cytosol exposed proteins with Proteinase K (PK). Mitochondria were subjected to FLAG, 

Tubulin (cytosol), PTPIP51 (OMM), TOMM20 (OMM), Cytochrome c (IMS), TIMM23 

(IMM, IMS facing), COX IV (IMM, matrix facing), HSP60 (matrix) and MnSOD (matrix) 

immunoblot. * indicates an aspecific band on FLAG immunoblot. Fifteen µg of total cell 

lysate and mitochondrial fractions were subjected to immunoblot. ** indicates a 

TOMM20 cleavage product.  

3.5 Targeting C9orf72 to the mitochondrial intermembrane space 

The majority of mitochondrial proteins are encoded by the nuclear genome and are 

synthesised in the cytosol. These proteins are then targeted to mitochondria and 

transported into their specific mitochondrial sub-compartment (reviewed in Dudek et al., 

2013). IMS proteins are classified into three categories according to the mechanism by 

which they are imported; Class I, II and III (reviewed in Herrmann and Hell, 2005; 

Herrmann and Riemer, 2012). These mechanisms were initially identified and 

characterised in yeast but are conserved in mammals. The mechanism by which 

C9orf72 localises to the IMS was investigated in the final section of this chapter. 

3.5.1 Class I IMS protein import  

The precursors of Class I IMS proteins harbour an N-terminal targeting sequence and 

are imported into the mitochondria through the TOM complex into the IMS. Once in the 

IMS, the N-terminal sequence is recognised by the TIM23 complex and the precursor is 

directed towards import through the IMM. A second hydrophobic internal sequence 

results in the arrest of partially imported proteins in TIM23. The arrested proteins are 

translocated laterally into the IMM. The N-terminal mitochondrial targeting sequence, 

located in the mitochondrial matrix, is cleaved by mitochondria processing peptidase. 

The IMP or Pcp1 proteases of the IMS cleave the precursor protein on the IMS side of 

the IMM, resulting in the release of the C-terminal portion of the protein into the IMS. 

Class I IMS proteins can be both large and highly folded due to the import being partially 

driven by TIM23 complex activity (Figure 3.14) (reviewed in Herrmann and Hell, 2005). 

Proteins that localise to the IMS using this mechanism include the pro-apoptotic proteins 

Smac/DIABLO and apoptosis-inducing factor, and the mitochondrial fusion protein 

OPA1 (Burri et al., 2005; Herlan et al., 2003; Sesaki et al., 2003).  
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Figure 3.14 Class I IMS protein import 

Class I IMS proteins are imported through the TOM complex and undergo partial 

translocation through the TIM23 complex. Arrested preproteins are transferred laterally 

into the IMM. Pre-sequences are cleaved in the matrix and proteolytic cleavage on the 

IMS side of the IMM releases the protein into the IMS. 

To investigate whether C9orf72 may be imported by the Class I mechanism, C9orf72 

was screened for a predicted N-terminal mitochondrial sequence using the MitoMiner 

4.0 platform (Smith and Robinson, 2016). The MitoMiner platform queried 4 separate 

mitochondrial targeting prediction tools; iPSORT (Bannai et al., 2002), TargetP 

(Emanuelsson et al., 2000; Petersen et al., 2011), MitoProt (Claros, 1995) and MitoFates 

(Fukasawa et al., 2015), for a mitochondrial targeting sequence in C9orf72. These 

prediction tools predict the presence mitochondrial targeting sequences based on the 

amino acid composition of the N-terminal portion of the input sequence. MitoMiner 4.0 

did not identify a mitochondrial targeting sequence in C9orf72 (Table 3-4). Hence, the 

import of C9orf72 into the IMS is not likely to occur through the Class I mechanism. 
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Table 3-4 C9orf72 is not predicted to contain a mitochondrial targeting sequence 

MitoMiner 4.0 did not predict the presence of a mitochondrial targeting sequence in C9orf72.  
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3.5.2 Class II IMS protein import  

The Class II IMS import mechanism takes advantage of the oxidative environment of 

the IMS and results in the entrapment of imported proteins through the stabilisation of 

protein structure via the generation of intramolecular disulphide bonds (reviewed in 

Backes and Herrmann, 2017; Dudek et al., 2013; Herrmann and Hell, 2005; 

MacPherson and Tokatlidis, 2017; Schmidt et al., 2010). Class II IMS proteins lack N-

terminal cleavable mitochondrial presequences but frequently contain internal cysteine 

motifs. A twin pair of 2 cysteine residues separated by 3 amino acids (CXXXC) forms 

the basis of the internal motif and is found in many small TIM and COX proteins (Lutz et 

al., 2003). Larger Class II IMS proteins with an expanded twin cysteine (CX9C) motif 

have been identified (reviewed in Hell and Neupert, 2008; Longen et al., 2009). 

However, more recently a group of proteins lacking internal cysteine motifs, but which 

are nevertheless imported into the IMS by the Class II mechanism have been identified. 

These proteins are rich in cystine residues and similarly undergo disulphide bond 

mediated structural changes (Nuebel et al., 2016).  

Class II IMS proteins undergo import through the TOM complex whilst the preprotein is 

in a reduced state (Kurz et al., 1999; Lu et al., 2004; Müller et al., 2008). Once in the 

IMS, the precursor is folded by the MIA40/ERV1 disulphide relay pathway, that was 

initially described in yeast (Chacinska et al., 2004; Naoé et al., 2004; Terziyska et al., 

2005). Briefly, the imported protein interacts with mitochondrial intermembrane space 

import and assembly protein 40 (MIA40), with which it forms an intermolecular disulphide 

bond. The formation of the disulphide bond between precursor and MIA40 results in the 

reduction of cysteine residues in MIA40. The reduced -SH bonds in cysteines in the 

imported protein then form intramolecular disulphide bridges, resulting in a structural 

conformational change in the protein. The structural change results in entrapment of the 

protein in the IMS. To re-oxidise the cysteine residues in MIA40, MIA40 interacts with 

Growth factor augmenter of liver regeneration (ERV1). ERV1 accepts electrons from 

MIA40 which are then transferred to Cytochrome c and onwards to the electron transport 

chain. Hence a disulphide relay chain is generated (Figure 3.15) (reviewed in 

MacPherson and Tokatlidis, 2017). The MIA40/ERV1 pathway is conserved in 

mammals. The mammalian homologue of MIA40 is coiled-coil-helix-coiled-coil domain 

4 (CHCHD4) (Hofmann et al., 2005). The ERV1 mammalian homologue is augmenter 

of liver regeneration (ALR), which acts in a similar way to ERV1, and restores the 

disulphide bond in CHCHD4  (reviewed in Giorda et al., 1996; Hell and Neupert, 2008). 

Similarly, the binding of imported proteins to co-factors also leads to entrapment of 

proteins into the IMS (Figure 3.15). The IMS protein SOD1 is imported into the IMS 
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where it interacts with copper chaperones for SOD (CCS) via an intermolecular 

disulphide bond. SOD1 subsequently binds copper which results in the formation of a 

intramolecular disulphide bond in SOD1 and its release from CCS (Kawamata and 

Manfredi, 2010). The structural change in copper-bound SOD1 results in its entrapment 

and localisation to the IMS.  

 

Figure 3.15 Class II IMS protein import 
Class II IMS proteins undergo oxidative folding mediated by co-factors or the 

MIA40/ERV1 (CHCHD4/ALR) disulphide relay. The formation of structural changes in 

the imported protein through the formation of intramolecular disulphide bonds results in 

the entrapment of the protein in the IMS. 

To begin to investigate if C9orf72 may be imported by the Class II mechanism, first the 

sequence of C9orf72 was examined for the presence of a cysteine motif or the presence 

of conserved cysteine residues. C9orf72L and C9orf72S contain 9 and 3 cysteine 

residues respectively (Figure 3.16A). The amino acid sequence of C9orf72 does not 

contain a twin cysteine motif, indicating that it may not be a classical Class II IMS protein.  

However, Clustal O alignment of the C9orf72 protein sequence with the C9orf72 protein 

of other species, revealed that the cysteine residues of C9orf72 are evolutionally 

conserved (Figure 3.16B, C). The conservation of the cysteine residues in C9orf72 may 

hint that disulphide bonds play an important role in the structure or function of the 

C9orf72 protein. 
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Figure 3.16 The C9orf72 protein contains conserved cysteine residues 
A) The position of cysteine residues in C9orf72L and C9orf72S are shown. B) The amino 

acid sequence of Human C9orf72 was aligned with that of Vervet, Opossum, Rat, 

Mouse, Chicken, Xenopus and Zebrafish in CLUSTAL O (v1.2.4.). Cysteine residues 

that are conserved in all species are highlighted in blue. Alternate amino acid residues 

that are at the position of cysteine residues conserved in other species are shown in 

yellow. C) The phylogenetic tree of the species used in the CLUSTAL O alignment is 

shown.  

Next the localisation of C9orf72 to the IMS by the Class II mechanism was investigated 

experimentally. In yeast knockdown of MIA40 leads to a reduced presence of the Class 

II imported proteins in mitochondria (Allen et al., 2005; Chacinska et al., 2004; Peleh et 

al., 2016). In mammalian cells, proteins that are imported into the IMS by the Class II 

mechanism have been shown to have reduced stability upon CHCHD4 knockdown 

(Hofmann et al., 2005; Sakowska et al., 2015). As we found C9orf72 to localise to the 

mitochondrial IMS (3.4.2), we investigated the localisation of C9orf72 in mitochondria in 

cells with reduced CHCHD4 levels. Mitochondria were isolated from HEK293 cells 

transfected with non-targeting control or CHCHD4 siRNA. Mitochondria were subjected 

to immunoblot for Tubulin and the mitochondrial proteins HSP60 and TOMM20 to verify 

mitochondrial enrichment. The knockdown of CHCHD4 was verified by CHCHD4 

immunoblot (Figure 3.17). Loss of CHCHD4 did not alter either the total level of C9orf72 

nor the level of mitochondrial C9orf72. Thus, C9orf72 may not be stabilised by the 

CHCHD4/ALR pathway. However, in contrast to the reports in yeast, the level of known 

CHCHD4/ALR substrate TIMM9 did not decrease in mitochondria upon the loss of 

CHCHD4. As we were unable to verify the effect of loss of CHCHD4 on a bona fide 

Class II IMS protein, the localisation of C9orf72 to the IMS via the Class II mechanism 

cannot be ruled out. 
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Figure 3.17 Knockdown of CHCHD4 does not affect C9orf72 levels or its 
localisation in mitochondria  
HEK293 cells were transfected with non-targeting control (NTC) or CHCHD4 siRNA and 

mitochondria were isolated. Mitochondria were subjected to C9orf72, Tubulin (cytosol), 

TOMM20 (OMM), HSP60 (matrix) and TIMM9 (IMS) immunoblot. Fifteen µg of total cell 

lysate and mitochondrial fractions were subjected to immunoblot. The knockdown of 

CHCHD4 was verified by CHCHD4 immunoblot. The levels of mitochondrial TIMM9 and 

total and mitochondrial C9orf72 were quantified from 3 independent experiments. 

Graphs display mean±SEM. Statistical analysis was performed by unpaired t-test; ** P 

≤ 0.01.  
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3.5.3 Class III IMS protein import  

In contrast to the import of Class I and II IMS proteins, little is known about the 

mechanism by which Class III proteins localise to the IMS. Class III IMS proteins do not 

contain N-terminal presequences but may contain internal patterns of hydrophilic 

residues (Diekert et al., 1999). Class III proteins are associated with proteins of the IMM, 

which mediates their localisation to the IMS (Figure 3.18). Briefly, Class III IMS proteins 

are imported through the TOM complex. The import of Class III proteins may be driven 

by their association with their IMM interacting partners. Mitochondrial function, including 

OXPHOS activity and cellular ATP levels, are not limiting factors for Class III import. 

Proteins suggested to be imported into the IMS via the Class III mechanism include 

COX6B of Complex IV and Qcr8 of Complex III (reviewed in Herrmann and Hell, 2005). 

The most well characterised Class III IMS proteins are the heme lysases (Steiner et al., 

1995), which are targeted to the IMS via an internal hydrophilic amino acid sequence 

(Diekert et al., 1999). We found C9orf72 interact with several mitochondrial protein 

complexes (3.2). If C9orf72 is a Class III IMS protein, then these interactions may 

mediate the localisation of C9orf72 to the IMS.  

 

Figure 3.18 Class III IMS protein import 
Class III IMS protein are imported through the TOM complex and interact with proteins 

of the IMM, which drives their IMS localisation. 

To begin to investigate whether C9orf72 may be a Class III IMS protein, the requirement 

of the binding to one of its interacting partners, COX6C, for the mitochondrial localisation 

of C9orf72 was examined. HEK293 cells were transfected with non-targeting control or 

COX6C siRNA and were subsequently transfected with pCI-neo empty vector, Myc-

C9orf72L, Myc-C9orf72S or Myc-C9orf72DdD. Mitochondrial enriched fractions were 

produced and subjected to immunoblot for Tubulin and the mitochondrial proteins 

MnSOD and COX IV to verify the enrichment of mitochondria (Figure 3.19A). 

Surprisingly, the knockdown of COX6C resulted in a decrease in COX IV levels, which 

may indicate COX IV instability. The knockdown of COX6C was verified by COX6C 

immunoblot (Figure 3.19B). Myc immunoblot revealed that the level of Myc-C9orf72L 
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and Myc-C9orf72DdD in mitochondria was not affected by the knockdown of COX6C. In 

contrast, the level of Myc-C9orf72S in mitochondria was decreased upon the knockdown 

of COX6C. Thus, although COX6C is not required for the localisation of C9orf72L and 

C9orf72DdD to mitochondria, it may be required for the localisation of C9orf72S.  

 

 

Figure 3.19 COX6C is required for the mitochondrial localisation of C9orf72S 
A) HEK293 cells were transfected with non-targeting control (NTC) or COX6C siRNA 

and were subsequently transfected with pCI-neo empty vector (EV), Myc-C9orf72L 

(C9L), Myc-C9orf72S (C9S) or Myc-C9orf72DdD (C9D). Mitochondrial enriched 

fractions were produced and subjected to Myc, Tubulin (cytosol), MnSOD (matrix) and 

COX IV (IMM) immunoblot. Twenty-five µg of total cell lysate and mitochondrial fractions 

were subjected to immunoblot. The level of C9orf72 on the mitochondrial fraction was 

quantified from 5 (C9L), 3 (C9S) and 3 (C9D) independent experiments. Graphs display 

mean±SEM. Statistical analysis was performed by unpaired t-test; ** P ≤ 0.01. B) The 

knockdown of COX6C was verified by COX6C immunoblot.   
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To further investigate the role of COX6C in the mitochondrial localisation of C9orf72, 

HEK293 cells were co-transfected with pCI-neo empty vector, Myc-C9orf72L, Myc-

C9orf72S or Myc-C9orf72DdD and with either pCI-neo empty vector or COX6C-

MycDDK. Mitochondria enriched fractions were produced and mitochondria were 

immunoblotted for Tubulin, MnSOD and COX IV to verify the enrichment of 

mitochondria. Of note, the overexpression of COX6C-MycDDK reduced levels of 

endogenous COX IV, suggesting that the complex may be destabilised by 

overexpression of the COX6C subunit. Overexpression of COX6C-MycDDK did not alter 

the amount of Myc-C9orf72L, Myc-C9orf72S nor Myc-C9orf72DdD on the mitochondrial 

fraction (Figure 3.20). Taken together, COX6C does not affect the level of C9orf72L or 

C9orf72DdD in mitochondria but may affect the level of C9orf72S. Therefore, the 

localisation of C9orf72 to the IMS may in part be governed by the Class III import 

mechanism, but requires further investigation.  

 

 

Figure 3.20 Overexpression of COX6C does not affect mitochondrial C9orf72 
levels 
HEK293 cells were co-transfected with pCI-neo empty vector (EV), Myc-C9orf72L 

(C9L), Myc-C9orf72S (C9S) or Myc-C9orf72DdD (C9D) and EV (-) or COX6C-MycDDK 

(+) and mitochondrial enriched fractions were produced. The fractions were subjected 

to Myc, Tubulin (cytosol), MnSOD (matrix) and COX IV (IMM) immunoblot. Twenty-five 

µg of total cell lysate and mitochondrial fractions were subjected to immunoblot. The 



 139 

level of C9orf72 on the mitochondrial fraction was quantified from 2 independent 

experiments. Graphs display mean±SEM. Statistical analysis was performed by 

unpaired t-test.   

3.6 Discussion 

Mitochondrial dysfunction is a common feature of ALS, including in C9orf72 ALS 

(Dafinca et al., 2016; Lopez-Gonzalez et al., 2016; Onesto et al., 2016; reviewed in 

Smith et al., 2017b). We identified and verified an interaction between C9orf72 and 

mitochondria. In this chapter we show that the C9orf72 protein interacts with the COX 

IV subunit COX6C, the TIM23 import complex and ATP Synthase. Consistent with an 

interaction of C9orf72 with IMM complexes, we show additionally that C9orf72 localises 

to the mitochondrial IMS and attempt to clarify its import mechanism. 

The interacting partner of C9orf72 in the TIM23 complex was identified as the TIMM50 

subunit (Table 3-2, Table 3-3) (Blokhuis et al., 2016). TIMM50 is involved in the 

recognition of the preproteins that have been translocated through the TOM20 complex 

and which are directed towards the TIM23 complex for import across the IMM or into the 

IMS (Gevorkyan-Airapetov et al., 2009). Therefore, the interaction between C9orf72 and 

the TIM23 complex may promote the import of C9orf72 into mitochondria and its 

localisation in the IMS. With the majority mitochondrial proteins synthesised in the 

cytosol and imported into the mitochondria through the TOM20 complex, C9orf72 

associated with TIM23 may interact with proteins that are undergoing import into 

mitochondria. This includes subunits of COX IV including COX6C (Mehnert et al., 2014; 

Mick et al., 2012). Therefore, C9orf72 may interact with COX6C during its import and 

participate in the trafficking of mitochondrial proteins into the organelle. In yeast, the 

TIM23 complex also interacts with the MIC60 subunit of the mitochondrial contact site 

and cristae organising system (MICOS), suggesting spatial juxtaposition and interlinked 

roles in protein import (Mehnert et al., 2014). Indeed, it has been shown that import 

machineries of the OMM (TOM20 complex) and IMM (TIM23 complex) associate with 

cristae junctions (Gold et al., 2014) and that MICOS is important for the import of proteins 

into mitochondria (reviewed in Horvath et al., 2015). Interestingly, the published 

proteomics screens identified MICOS proteins as interacting partners of C9orf72 

(Blokhuis et al., 2016; Sullivan et al., 2016). Thus, C9orf72 may interact with the MICOS 

and regulate the dynamics of mitochondrial cristae and the complexes found therein.  

C9orf72 interacts with the ATP Synthase complex (3.2.4). Proteins that interact with ATP 

Synthase have been reported to regulate the activity of the complex. Overall these 

interactions promote the coupling of mitochondrial oxygen consumption and ATP 
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generation, and regulate the opening of the mitochondrial permeability transition pore 

(reviewed in Long et al., 2015). Therefore, C9orf72 may play a role in the regulation of 

ATP Synthase activity. Indeed, C9orf72 ALS patient fibroblasts display increased 

oxygen consumption and ATP levels (Onesto et al., 2016), but it remains to be seen 

whether these are due to C9orf72 haploinsufficiency. ATP Synthase also plays a role in 

the formation of IMM cristae (Paumard et al., 2002). Thus, the interaction between 

C9orf72 and both the TIM23 and ATP Synthase complexes validated here support a 

role for C9orf72 in the regulation of mitochondrial IMM structure.  

COX6C is thought to be a structural or regulatory subunit of the COX IV complex 

(Lazarou et al., 2009), which is upregulated in cancer cells and upon ischemia (Llombart 

et al., 2017; Zhou et al., 2018). Interestingly, reports have implicated COX6C in the 

mitochondrial apoptotic signalling pathway (Hadife et al., 2013), controlling the levels of 

Caspase-9, required to activate intrinsic apoptosis after viral infection (Othumpangat et 

al., 2014). Caspase-9 is also activated as a result of mitochondrial stresses, including 

the elevation of ROS levels and an inflammatory environment (Guo et al., 2016; Zuo et 

al., 2009). Furthermore, Caspase-9 has been reported to play a role in promoting 

autophagy during inflammation (Guo et al., 2016). In ALS, inflammation is reported in 

the areas of motor neuron loss including the motor cortex and the spinal cord (Kawamata 

et al., 1992), suggesting that innate immunity pathways are induced. C9orf72 knockout 

mice display high levels of immunity and a dysregulated immune response (Atanasio et 

al., 2016; Burberry et al., 2016; O'Rourke et al., 2016; Sudria-Lopez et al., 2016). This 

implies that C9orf72 haploinsufficiency may lead to the activation of the innate immune 

system in C9orf72-related ALS (Lall and Baloh, 2017). The interaction between C9orf72 

and COX6C may regulate the Caspsase-9 autophagy response, which may be altered 

in C9orf72 ALS/FTD. Whether or not COX6C levels is affected in C9orf72 knockout 

animal models requires further investigation. Furthermore, the mechanisms underlying 

the inflammatory phenotype in C9orf72 knockout mice should be investigated to gauge 

the role of the C9orf72 protein in immune-related autophagy.  

C9orf72 was found in mitochondria (Figure 3.8). The mitochondrial localisation of 

C9orf72 was subsequently reported in the screen by Blokhuis et al. (Blokhuis et al., 

2016). Investigation of the DENN domains of C9orf72 revealed that the C-terminal 

fragment of C9orf72L (C9orf72DdD, corresponding to the DENN and dDENN domains) 

localised more strongly to mitochondria than the uDENN domain (C9orf72S) (Figure 

3.7). The DENN and dDENN domains of C9orf72L may also be important for the 

interaction of C9orf72 with mitochondrial IMM complexes. Indeed in co-

immunoprecipitation assays, COX6C only interacted with constructs of C9orf72 which 
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contained the DENN and dDENN domains (Figure 3.3), whilst ATP5A and TIMM23 

interacted more strongly with C9orf72L and C9orf72DdD than with C9orf72S (Figure 

3.5, Figure 3.6). Therefore, despite the uDENN, DENN and dDENN domains being 

frequently reported together and not being described as having separate functions 

(Levivier et al., 2001); in the context of C9orf72, the DENN and dDENN may mediate 

the localisation and impart some of the interactions with other proteins. Indeed, it has 

been reported that the DENN domain of C9orf72 is required to mediate its interaction 

with both SMCR8 and WDR41 (Yang et al., 2016). 

We attempted to identify the mechanism by which C9orf72 localises to the IMS, however 

this remains unclear. C9orf72 does not have a mitochondrial targeting sequence so the 

classical mitochondrial targeting pathway (Class I) is unlikely to play a role in the 

localisation of C9orf72 (Table 3-4). The MIA40/ERV1 pathway (Class II) mechanism has 

been extensively studied in yeast, however the same level of investigation has not been 

performed in mammalian cell lines. Knockdown of CHCHD4 in cells did not result in 

lower levels of C9orf72 in mitochondria, suggesting that the Class II mechanism may 

not be involved in the IMS localisation of C9orf72. However, it should be noted that 

unlike in the assays performed in yeast (Allen et al., 2005; Chacinska et al., 2004; Peleh 

et al., 2016; Sakowska et al., 2015), the knockdown of CHCHD4 did not result in a 

decrease of a known Class II protein TIMM9 in mitochondria (Figure 3.17). Thus, the 

Class II IMS import mechanism cannot be excluded for C9orf72. The difference in 

TIMM9 import could highlight differences in the oxidative folding pathway between yeast 

and mammalian models that warrants further investigation. Finally, the localisation of 

C9orf72 to the IMS may be mediated through interactions with the IMM complexes 

(Class III). The levels of C9orf72L and C9orf72DdD in mitochondria were not altered by 

changes in the expression of the C9orf72 interacting partner COX6C. In contrast, 

mitochondrial levels of C9orf72S were affected by the level of COX6C (Figure 3.19). 

Aside from the interaction with IMM complexes, the mechanism by which Class III 

proteins are imported into mitochondria remains unclear (Herrmann and Hell, 2005). 

Thus, it is possible that C9orf72 is imported by the Class III mechanism. We noted the 

ability of C9orf72DdD to localise readily to mitochondria (Figure 3.7). It may be that the 

localisation of C9orf72L to mitochondria is regulated by the uDENN domain (essentially 

C9orf72S). However, it may not be possible to verify the Class III mechanism of C9orf72 

import into the IMS without first identifying the full C9orf72 IMM/IMS interactome. This 

would be required to produce a model in which several interacting partners were 

knocked-out, to observe any changes in the localisation of C9orf72 in mitochondria. 

Furthermore, exploration of the localisation of the endogenous C9orf72 protein may aid 
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in the identification of the import mechanisms, which may be masked by overexpression 

of C9orf72. 

To investigate the sub-mitochondrial localisation of C9orf72, we used Flp-In FLAG-

C9orf72L HEK293 cells. This model was used as it provided a reliable level of FLAG-

C9orf72L expression, when compared to the transient expression of C9orf72 used in 

our other assays. However, this model represents nonetheless an overexpression of 

C9orf72. The overexpression of protein can lead to artefacts and protein mislocalisation, 

especially in the ER. Therefore to validate our experiments identifying the mitochondrial 

IMS localisation of C9orf72, our assays need to be reproduced investigating the 

localisation of the endogenous C9orf72 protein, which is now possible due to the newly 

available commercial antibodies, including the Proteintech anti-C9orf72 antibody 

(25757-1-AP) which we used here to identify endogenous C9orf72 on the mitochondrial 

fraction (Figure 3.8). Another limitation of the methodology is linked to the preparation 

of the enriched mitochondrial fractions themselves. It is likely that the mitochondrial 

enriched fractions contain other organelles with similar densities, including lysosomes 

and peroxisomes. This is especially true for lysosomes which have a similar density to 

mitochondria on a sucrose gradient (Lodish et al., 2000). Here we identified C9orf72 to 

be locate in the mitochondrial IMS using permeabilisation of the OMM with digitonin and 

Proteinase K digestion of cytosol exposed proteins (Figure 3.13). However, C9orf72 has 

previously been shown to be recruited to lysosomes upon starvation (Amick et al., 2016). 

Lysosomes are single membrane bound organelles and which contain a higher 

membrane cholesterol content compared to mitochondria and other organelle 

membranes (Schoer et al., 2000). Therefore, lysosomal membranes would be 

permeabilised by the treatment with digitonin employed in our assays. Had the C9orf72 

we identified on our mitochondrial fraction been of lysosomal origin, then the treatment 

of the mitochondrial fraction with digitonin alone would have resulted in the loss of FLAG-

C9orf72L from the mitochondria pellet, due to the permeabilisation of the lysosomes. As 

we observed FLAG-C9orf72L to only be removed from the mitochondrial pellet following 

both digitonin membrane permeabilisation and Proteinase K treatment, this indicated 

that FLAG-C9orf72L was located in the IMS (Figure 3.13). This was consistent with the 

interaction of C9orf72 with the IMM proteins.  

C9orf72 does not localise exclusively to the mitochondrial fraction, but distributes 

between mitochondria and the cytosol. This highlights the possibility of a dynamic 

localisation of the C9orf72 to mitochondria. Indeed, many proteins are recruited to both 

the OMM and IMM in a temporal and spatial manner. This includes proteins involved in 

maintaining mitochondrial dynamics (Pagliuso et al., 2018; Yoo and Jung, 2018). 
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C9orf72 has been previously been reported to undergo dynamic cellular redistribution 

upon amino acid starvation (Amick et al., 2016). Whether the interaction between 

C9orf72 and mitochondria is a dynamic event with functional consequences will be 

examined in the following section of this thesis. 
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Chapter 4. Investigating the role of the C9orf72 protein in mitochondrial 
function and dynamics 

4.1 Introduction 

The C9orf72 protein interacts with complexes of the IMM and a proportion of the cellular 

C9orf72 protein is found in the mitochondrial IMS (3.2, 3.4). We hypothesised that the 

interaction between C9orf72 and mitochondria may play a role in mitochondrial function.   

Interestingly, in our hands C9orf72 does not localise exclusively to the mitochondrial 

fraction and distributes between mitochondria and the cytosol (Figure 3.7A, Figure 3.8). 

Therefore, C9orf72 may undergo dynamic changes in localisation depending on the 

cellular environment. Indeed, the spatiotemporal dynamic recruitment of proteins to 

mitochondria underlies mitochondrial dynamics, including fission/fusion cycling and 

mitophagy. Drp1, the GTPase responsible for mitochondrial fission, is recruited to 

mitochondria upon the triggering of a fission event, including upon mitochondrial 

damage (reviewed in Hu et al., 2017). Likewise, proteins involved in mitochondrial 

quality control including Parkin, NDP52, OPTN are recruited to mitochondria upon 

mitochondrial damage (reviewed in Hamacher-Brady and Brady, 2016). Furthermore, 

proteins located in the OMM and IMM recruit LC3 positive autophagosomes to 

mitochondria to promote the clearance of damaged organelles by mitophagy (reviewed 

in Martinez-Vicente, 2017).   

During mitophagy, the autophagy machinery, including the ULK1 initiation complex, is 

recruited to mitochondria to promote the engulfment of the damaged organelle by an 

autophagosome (Itakura et al., 2012; Wu et al., 2014). C9orf72 has been shown to 

interact with the ULK1 initiation complex and regulate its trafficking to phagophores 

during autophagy via Rab1a (Webster et al., 2016a; Yang et al., 2016). Mitochondrial 

C9orf72 may similarly recruit the ULK1 initiation complex to mitochondria and promote 

mitophagy.  

In this chapter we aimed to identify the functional relevance of the interaction between 

C9orf72 and mitochondria.  

4.2 C9orf72 protein levels alter mitochondrial network dynamics 

Mitochondria are highly dynamic organelles undergoing fission/fusion cycling and 

transport. Alterations in mitochondrial fission/fusion cycling, transport and mitophagy are 

features of ALS and are proposed to contribute to the alterations in mitochondrial 

networks observed in patient derived tissues and cell models (reviewed in Smith et al., 

2017b).  
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To investigate whether C9orf72 may play a role in the maintenance of mitochondrial 

networks, the effect of altering C9orf72 expression levels on the mitochondrial network 

was analysed. First, to investigate the effect of an increase in C9orf72 levels on 

mitochondrial networks, CV1 cells were transfected with pCI-neo empty vector, Myc-

C9orf72L or Myc-C9orf72S. To visualise the mitochondrial networks, cells were co-

transfected with pAcGFP1-Mito (Figure 4.1A).  In control cells, the mitochondrial network 

appeared branched and tubular. Overexpression of either Myc-C9orf72L or Myc-

C9orf72S resulted in more rounded mitochondria, as seen by a decrease in 

mitochondrial aspect ratio. Myc-C9orf72L and Myc-C9orf72S expression led to a 

reduction in mitochondrial network connectivity, as seen by a decrease in both form 

factor and mitochondrial network. A rounding of the mitochondria and reduction in the 

connectivity of the network was interpreted as a splitting of the mitochondria from the 

network. Thus, an increase in the level of C9orf72 induced the fragmentation of the 

mitochondrial network. 

To verify that an increase in C9orf72 levels led to a fragmentation of the mitochondrial 

network in human derived cell lines, HeLa cells were co-transfected with pCI-neo empty 

vector, Myc-C9orf72L or Myc-C9orf72S and, to visualise the mitochondrial network, 

pAcGFP1-Mito (Figure 4.1B). As observed in CV1 cells, the overexpression of Myc-

C9orf72L and Myc-C9orf72S led to a rounding of the mitochondria, as seen be a 

decrease in mitochondrial aspect ratio. Overexpression of Myc-C9orf72L and Myc-

C9orf72S additionally led to a decrease in mitochondrial network connectivity and form 

factor. This indicated that overexpression of Myc-C9orf72L and Myc-C9orf72S led to the 

fragmentation of the mitochondrial network in human derived cell lines.  

Next to investigate the effect of loss of C9orf72 on mitochondrial networks, HeLa cells 

were transfected with non-targeting control or C9orf72 siRNA and immunostained for 

endogenous TOMM20, an OMM protein, to visualise the mitochondrial network (Figure 

4.2A). The efficiency of C9orf72 siRNA knockdown was determined by qPCR (Figure 

4.2B). Control cells displayed tubular and branched mitochondrial networks. A reduction 

in C9orf72 levels resulted in mitochondria appearing more elongated, as seen by an 

increase in aspect ratio. Mitochondrial network interconnectivity was increased upon the 

reduction of C9orf72 levels, seen by an increase in both form factor and mitochondrial 

network. Therefore, reducing the levels of C9orf72 induced mitochondrial networking.   
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Figure 4.1 Overexpression of C9orf72 leads to the fragmentation of the 
mitochondrial network 
A) CV1 cells were co-transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L) 

or Myc-C9orf72S (C9S) (cyan) and pAcGFP1-Mito (yellow). The shape of the 

mitochondria (aspect ratio), mitochondrial form factor and mitochondrial network 
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connectivity were quantified. Cells were quantified from 3 independent experiments (EV: 

99, C9L: 92, C9S: 80 cells). Scale bar 10 µm, zoom 2 µm. Graphs display mean±SEM. 

Statistical analysis was performed by one-way ANOVA with Fisher’s LSD; *** P ≤ 0.001, 

**** P ≤ 0.0001. B) HeLa cells were co-transfected with pCI-neo empty vector (EV), Myc-

C9orf72L (C9L) or Myc-C9orf72S (C9S) (cyan) and pAcGFP1-Mito (yellow). The shape 

of the mitochondria (aspect ratio), mitochondrial form factor and mitochondrial network 

connectivity were quantified. Cells were quantified from 3 independent experiments (EV: 

65, C9L: 71, C9S: 66 cells). Scale bar 10 µm, zoom 2 µm. Graphs display mean±SEM. 

Statistical analysis was performed by one-way ANOVA with Fisher’s LSD; **** P ≤ 

0.0001. 

 

Figure 4.2 Reduced levels of C9orf72 lead to increased mitochondrial networking 
A) HeLa cells were transfected with non-targeting control (NTC) or C9orf72 siRNA and 

were subjected to immunostaining with anti-TOMM20 Ab (yellow) to visualise the 

mitochondrial network. The mitochondrial shape (aspect ratio), form factor and network 

connectivity were analysed. Cells were quantified from 3 independent experiments 

(NTC: 132, C9orf72: 114 cells). Scale bar 10 µm, zoom 2 µm. Graphs display 

mean±SEM. Statistical analysis was performed by unpaired t-test; ** P ≤ 0.01, **** P ≤ 

0.0001. B) C9orf72 mRNA levels were determined by qPCR. Graph displays 

mean±SEM. Statistical analysis was performed by unpaired t-test; *** P < 0.001.   
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4.2.1 C9orf72 regulates fission/fusion of the mitochondrial network 

Changes in the morphology of the mitochondrial networks can be governed by multiple 

factors, including mitochondrial bioenergetics, the levels of fission/fusion proteins, 

contacts between mitochondria and ER, and the activity of the mitophagy pathway 

(reviewed in Elgass et al., 2013; Youle and van der Bliek, 2012). To explore how the 

change in C9orf72 expression led to changes in the morphology of the mitochondrial 

network observed, the levels of the proteins involved in the mitochondrial fission/fusion 

cycling were investigated. It has previously been shown that the fragmentation of the 

mitochondrial network may be due to a decrease in the levels of the pro-fusions protein 

Mfn1/2 or an increase in the recruitment of fission meditator Drp1 to mitochondria (Chen 

et al., 2003; Eura et al., 2003; Labrousse et al., 1999). Conversely, fusion of the 

mitochondrial network has been reported to be caused by an increase in fusion proteins 

including Mfn1/2 or a decrease in the level of Drp1 (Mai et al., 2010; Santel and Fuller, 

2001). 

To investigate the effect an increase in C9orf72 levels on the fission/fusion machinery, 

initially HeLa cells were co-transfected with pCI-neo empty vector, Myc-C9orf72L or 

Myc-C9orf72S and Mfn2-MycHis. Mfn2 immunoblot revealed that an increase in C9orf72 

levels did not affect the level of the fusion protein Mfn2 (Figure 4.3A). Next to investigate 

whether an increase in C9orf72 levels induced the fragmentation of the mitochondrial 

network through the recruitment of Drp1 to mitochondria, HEK293 cells were transfected 

with pCI-neo empty vector, Myc-C9orf72L or Myc-C9orf72S. To induce the recruitment 

of Drp1 to mitochondria in control cells, mitochondrial damage was induced by CCCP 

treatment (Ishihara et al., 2003). Mitochondria were enriched and subjected to Drp1 

immunoblot (Figure 4.3B). The treatment of control cells with CCCP resulted in an 

increase of Drp1 in mitochondria. Increased levels of Myc-C9orf72L or Myc-C9orf72S 

also resulted in an increase in Drp1 levels in mitochondria indicative of its recruitment. 

Thus, an increase in C9orf72 levels recruits Drp1 to mitochondria, which may lead to 

mitochondrial network fragmentation.  
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Figure 4.3 Increased C9orf72 levels do not affect the level of fusion protein Mfn2, 
but induces Drp1 translocation to mitochondria 
A) HeLa cells were co-transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L) 

or Myc-C9orf72S (C9S) and Mfn2-MycHis. The level of Mfn2-MycHis was determined 

by Mfn2 immunoblot and quantified relative to the empty vector control in 3 independent 

experiments. Twenty µg of total cell lysate was subjected to immunoblot. Graph displays 

mean±SEM. Statistical analysis was performed by one-way ANOVA with Fisher’s LSD. 
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* indicates the band corresponding to GAPDH upon subsequent Myc immunoblot. ** 

indicates a non-specific band on Myc immunoblot. B) HEK293 cells were transfected 

with pCI-neo empty vector (EV), Myc-C9orf72L (C9L) or Myc-C9orf72S (C9S). The 

recruitment of Drp1 to mitochondria was induced by treatment with 10 µM CCCP for 4 h 

in control cells. Mitochondria were subjected to Drp1, Tubulin, MnSOD and Myc 

immunoblot. Twenty-five µg of total cell lysate and mitochondrial fractions were 

subjected to immunoblot. The level of Drp1 recruited to mitochondria was quantified 

relative to control cells from 3 independent experiments. Graph displays mean±SEM. 

Statistical analysis was performed by one-way ANOVA with Fisher’s LSD; * P ≤ 0.05, 

(C9L; P Value = 0.0978). 

To investigate the fission/fusion machinery upon loss of C9orf72, first HEK293 cells were 

transfected with non-targeting control or C9orf72 siRNA (Figure 4.4Ai). The efficiency of 

C9orf72 siRNA knockdown was verified by qPCR (Figure 4.4Aii). The knockdown of 

C9orf72 did not affect the level of the fission protein Drp1. Thus, loss of C9orf72 did not 

affect the mitochondrial fission machinery. Secondly to investigate the fusion machinery, 

HeLa cells were transfected with non-targeting control or C9orf72 siRNA and were 

subsequently co-transfected with Mfn2-MycHis and EYFP-Parkin (Figure 4.4Bi). The 

efficiency of C9orf72 siRNA knockdown was verified by qPCR (Figure 4.4Bii). The 

knockdown of C9orf72 led to an increase in the level of Mfn2-MycHis. Thus, the 

reduction in C9orf72 levels led to an increase the fusion protein Mfn2, which may 

underlie the increase in mitochondrial network connectivity observed previously (Figure 

4.2). 
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Figure 4.4 The reduction of C9orf72 levels promotes mitochondrial network fusion 
through increased Mfn2 levels 
A) i) HEK293 cells were transfected with non-targeting control (NTC) or C9orf72 siRNA 

and were subjected to Drp1 immunoblot. Twenty-five µg of total cell lysate was subjected 

to immunoblot. The level of Drp1 in total cell lysate was quantified relative to the control 

siRNA in 3 independent experiments. Graph displays mean±SEM. Statistical analysis 

was performed by unpaired t-test. ii) C9orf72 mRNA levels were determined by qPCR. 

Graph displays mean±SEM. Statistical analysis was performed by unpaired t-test; ** P 

≤ 0.01. B) i) HeLa cells were transfected with non-targeting control (NTC) or C9orf72 

siRNA and were subsequently co-transfected with Mfn2-MycHis and EYFP-Parkin. 

Mfn2-MycHis levels in total cell lysate were quantified by Mfn2 immunoblot relative to 

the control siRNA in 3 independent experiments. Twenty µg of total cell lysate was 

subjected to immunoblot. Graph displays mean±SEM. Statistical analysis was 

performed by unpaired t-test; ** P ≤ 0.01. ii) C9orf72 mRNA levels were determined by 

qPCR. Graph displays mean±SEM. Statistical analysis was performed by unpaired t-

test; * P ≤ 0.05. 

4.2.2 Increased C9orf72 expression leads to mitochondrial network 
fragmentation without altering mitochondrial membrane potential 

The MMP is generated by the OXPHOS machinery and drives the production of ATP by 

mitochondria. Loss of MMP can be induced by mitochondrial damage and triggers 

dysfunctional organelles to be removed from the cell by mitophagy. To segregate the 

damaged mitochondrion with a lower MMP from the network, fission of the damaged 

organelle from the network is promoted by the recruitment of Drp1 (reviewed in Pagliuso 

et al., 2018). Indeed, damaged mitochondria with a lower MMP display more fragmented 

mitochondrial networks (reviewed in Youle and van der Bliek, 2012). To investigate 

whether the fragmentation of the mitochondrial network upon C9orf72 overexpression 

was as a result of mitochondrial damage, the MMP was measured in cells 

overexpressing C9orf72. HeLa cells were transfected with EGFP-C2, EGFP-C9orf72L 

or EGFP-C9orf72S and were subjected to TMRM staining. TMRM is a cell permeable 

fluorescent dye that accumulates in mitochondria. When used in non-quenching mode, 

the accumulation of TMRM in mitochondria correlates with MMP (reviewed in Perry et 

al., 2011). To verify that TMRM fluorescence measured arose from mitochondria, control 

cells were depolarised with CCCP. CCCP uncouples the proton gradient established by 

the OXPHOS machinery and thereby inhibits ATP synthesis by ATP Synthase. An 

increase in the expression level of neither EGFP-C9orf72L nor EGFP-C9orf72S resulted 



 152 

in a change in TMRM staining intensity compared to the EGFP control (Figure 4.5A). 

Thus, increased C9orf72 levels did not change MMP. This indicated that overexpression 

of C9orf72 did not disrupt the proton gradient, suggesting that mitochondrial damage 

was not induced.  

 

Figure 4.5 Increased C9orf72 levels do not influence mitochondrial membrane 
potential 
HeLa cells were transfected with EGFP-C2 (EGFP), EGFP-C9orf72L (C9L) or EGFP-

C9orf72S (C9S) (cyan) and were incubated with 30 nM TMRM (yellow) to determine 

MMP. MMP was dissipated in control cells by treatment with 10 µM CCCP for 4 h. Scale 

bar 10 µm. The mitochondrial TMRM staining in cells expressing EGFP-C9orf72L or 

EGFP-C9orf72S was normalised to that of the EGFP control in 3 independent 

experiments. Statistical analysis was performed by one-way ANOVA with Fisher’s LSD.  

4.2.3 Mitochondrial fragmentation occurring upon increased C9orf72 levels is a 
result of the activation of mitophagy  

Fission of damaged mitochondria from the mitochondrial network is an important step in 

mitophagy (reviewed in Hamacher-Brady and Brady, 2016; Ni et al., 2015). We showed 

that an increase in C9orf72 levels induces the fragmentation of the mitochondrial 

network (Figure 4.1) and induces the recruitment of Drp1 to mitochondria (Figure 4.3), 

similar to the effect seen during CCCP induced mitophagy (Ishihara et al., 2003). 

Therefore, increasing C9orf72 levels in cells may induce mitophagy. During mitophagy, 

the autophagy machinery is recruited to damaged mitochondria to promote their 

engulfment by the autophagosome (reviewed in Hamacher-Brady and Brady, 2016). 

Knockdown of ATG7 or ATG8/LC3 prevents the mitochondrial fragmentation found in 
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PINK1 knockout cells (Dagda et al., 2009). Knockout of LC3/GABARAP proteins 

prevents the maturation of mitochondria containing autophagosomes (Nguyen et al., 

2016). Furthermore, knockout of the autophagy initiation machinery also affects 

mitophagy. The initiation complex, comprised of ULK1, FIP200, ATG13 and ATG101 

regulates the early stages of autophagy (Figure 1.2). Upon the induction of autophagy, 

inhibition of mTORC1 results in the dephosphorylation and the activation of ULK1. 

Activated ULK1 then undergoes autophosphorylation and phosphorylates the other 

members of the initiation complex and the downstream VPS34 complex to promote the 

initiation of autophagy (reviewed in Zachari and Ganley, 2017). The interaction of ULK1 

with FIP200 or ATG13 is required to improve the stability and kinase activity of ULK1 

(Ganley et al., 2009; Hosokawa et al., 2009; Jung et al., 2009). Furthermore, FIP200 is 

required for the localisation of ULK1 to the isolation membrane (Hara et al., 2008). The 

knockout of FIP200 in mice leads to the accumulation of misshapen and damaged 

organelles (Liang et al., 2010), whereas the knockout of ULK1 has been shown to 

prevent the removal of mitochondria during erythrocyte maturation (Kundu et al., 2008). 

ULK1 has been shown to be recruited to mitochondria and promote fission via the 

phosphorylation of Drp1 (Saito and Sadoshima, 2018). C9orf72 has been shown to 

interact with and mediate the recruitment of the ULK1 initiation complex to the 

phagophore during autophagy (Sullivan et al., 2016; Webster et al., 2016b; Yang et al., 

2016). Thus, the fragmentation of the mitochondrial network upon an increase in 

C9orf72 levels may be due to activation of mitophagy via ULK1 recruitment to 

mitochondria.  

To begin to investigate, whether the mitochondrial fragmentation induced by an increase 

in C9orf72 was as a result of the interaction between C9orf72 and the ULK1 initiation 

complex, HeLa cells were transfected with non-targeting control or ULK1 siRNA. Cells 

were subsequently co-transfected with pCI-neo empty vector or Myc-C9orf72L and 

pAcGFP1-Mito, to visualise the mitochondrial network (Figure 4.6Ai). The knockdown of 

ULK1 was verified by ULK1 immunoblot (Figure 4.6Aii). The loss of ULK1 did not affect 

the morphology of the mitochondrial network. As observed previously (Figure 4.1), an 

increase in the level of Myc-C9orf72L led to the rounding of mitochondria and the 

fragmentation of the mitochondrial network, as seen by a decrease in both mitochondrial 

aspect ratio and form factor. Loss of ULK1 prevented the rounding of mitochondria and 

fragmentation upon the expression of Myc-C9orf72L. To verify that the ULK1 initiation 

complex was required for the mitochondrial fragmentation upon Myc-C9orf72L 

overexpression, the requirement of the FIP200 protein was investigated. C9orf72 has 

previously been shown to interact with FIP200 (Sullivan et al., 2016; Webster et al., 
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2016a). HeLa cells were transfected with non-targeting control or FIP200 siRNA and 

were subsequently co-transfected with pCI-neo empty vector or Myc-C9orf72L and 

pAcGFP1-Mito, to visualise the mitochondrial networks (Figure 4.6Bi). The knockdown 

of FIP200 was verified by FIP200 immunoblot (Figure 4.6Bii). Loss of FIP200 resulted 

in a shortening of the mitochondria but did not affect overall branching of the network, 

which may reflect an accumulation of aggregated mitochondria, as reported previously 

(Liang et al., 2010). Loss of FIP200 did not affect the mitochondrial shortening and 

rounding upon expression of Myc-C9orf72L but did prevent the dismantling of the 

mitochondrial networks. Taken together, the fragmentation of the mitochondrial 

networks induced by an increase in the level of C9orf72L requires the ULK1 initiation 

complex.  
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Figure 4.6 The fragmentation of the mitochondrial network upon increased levels 
of C9orf72L requires the ULK1 initiation complex  
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A) i) HeLa cells were transfected with non-targeting control (NTC) or ULK1 siRNA and 

were subsequently co-transfected with pCI-neo empty vector (EV) or Myc-C9orf72L 

(C9L) (cyan) and pAcGFP1-Mito (yellow). Mitochondrial shape parameters were 

quantified (aspect ratio and form factor). Cells were analysed from 2 independent 

experiments (NTC/EV: 30, NTC/C9L: 27, ULK1/EV: 29, ULK1/C9L: 28 cells). Scale bar 

10 µm, zoom 1 µm. Graphs display mean±SEM. Statistical analysis was performed by 

one-way ANOVA with Fisher’s LSD; * P ≤ 0.05, ** P ≤ 0.01, **** P ≤ 0.0001. ii) The 

knockdown of ULK1 was verified by ULK1 immunoblot. B) i) HeLa cells were transfected 

with non-targeting control (NTC) or FIP200 siRNA and were subsequently co-

transfected with pCI-neo empty vector (EV) or Myc-C9orf72L (C9L) (cyan) and 

pAcGFP1-Mito (yellow). Mitochondrial shape parameters were quantified (aspect ratio 

and form factor). Cells were analysed from 3 independent experiments (NTC/EV: 59, 

NTC/C9L: 53, FIP200/EV: 53, FIP200/C9L: 47 cells). Scale bar 10 µm, zoom 2 µm. 

Graphs display mean±SEM. Statistical analysis was performed by one-way ANOVA with 

Fisher’s LSD; * P ≤ 0.05, ** P ≤ 0.01, *** P < 0.001, **** P ≤ 0.0001. ii) The knockdown 

of FIP200 was verified by FIP200 immunoblot. * indicates an aspecific band on FIP200 

immunoblot.  

The ULK1 initiation complex is recruited to mitochondria upon induction of mitophagy 

(Itakura et al., 2012; Wu et al., 2014). C9orf72 recruits the ULK1 initiation complex during 

autophagy (Webster et al., 2016a). To investigate whether C9orf72 may recruit the ULK1 

initiation complex to mitochondria and induce mitophagy, HEK293 cells were transfected 

with pCI-neo empty vector, Myc-C9orf72L or Myc-C9orf72S and mitochondria were 

isolated. The recruitment of ULK1 to mitochondria was stimulated in control cells by 

treatment with CCCP to induce mitophagy (Itakura et al., 2012). Mitochondria were 

subjected to immunoblot for Tubulin and MnSOD to verify the enrichment of 

mitochondria (Figure 4.7). ULK1 immunoblot revealed that CCCP treated cells displayed 

increased levels of ULK1 on mitochondria, indicative of induced mitophagy. An increase 

in the level of Myc-C9orf72L but not of Myc-C9orf72S similarly resulted in an increase 

in the level of ULK1 found on mitochondria. Thus, the increase in Myc-C9orf72L protein 

levels led to the recruitment of ULK1 to mitochondria.  
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Figure 4.7 ULK1 is recruited to mitochondria by an increase in C9orf72L levels  
HEK293 cells were transfected with pCI-neo empty vector (EV), Myc-C9orf72L or Myc-

C9orf72S. To induce mitophagy and the translocation of the ULK1 initiation complex to 

mitochondria, control cells were treated 4 h with 10 µM CCCP. Mitochondria were 

isolated and subjected to ULK1, Tubulin, MnSOD and Myc immunoblot. Twenty-five µg 

of total cell lysate and mitochondrial fractions were subjected to immunoblot. 

Mitochondrial ULK1 was quantified relative to the untreated control cells from 3 

independent experiments. Graph displays mean±SEM. Statistical analysis was 

performed by one-way ANOVA with Fisher’s LSD; * P ≤ 0.05. * indicates a non-specific 

band on Myc immunoblot.  

4.3 C9orf72 regulates mitochondrial clearance via mitophagy 

The recruitment of ULK1 to damaged mitochondria plays an important role in the 

targeting of damaged organelles for degradation during mitophagy (Itakura et al., 2012; 

Wu et al., 2014). As increased levels of C9orf72 led to the recruitment of ULK1 to 

mitochondria, we hypothesised that C9orf72 may regulate mitophagy via the recruitment 

of ULK1.  

First, to investigate whether C9orf72 is involved in the clearance of mitochondria during 

mitophagy, EYFP-Parkin expressing HeLa cells were transfected with non-targeting 

control or C9orf72 siRNA and treated 23 h with Oligomycin and Antimycin A (O/A) to 

induce mitophagy and mitochondrial clearance (Figure 4.8A). Oligomycin is an inhibitor 

of ATP Synthase (Perlin et al., 1985), whilst Antimycin A is an inhibitor of Complex III of 

the OXPHOS machinery (Alexandre and Lehninger, 1984). A combination of O/A 

treatment efficiently induces mitochondrial damage and mitophagy (Lazarou et al., 2015; 
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Yamano et al., 2016). The remaining mitochondrial content of each cell was scored and 

the mitophagy index was generated (as described in 2.4.3.5). The knockdown of 

C9orf72 was verified by C9orf72 immunoblot (Figure 4.8B). In untreated cells, both the 

control and C9orf72 siRNA transfected cells displayed a mitophagy index value of 100, 

indicating a full mitochondrial content as expected. In control cells, mitochondrial content 

was reduced following O/A treatment in 80 % of cells. In contrast, in cells where C9orf72 

levels were reduced, only 60 % of cells displayed a reduced mitochondrial content. Thus, 

loss of C9orf72 impaired mitochondrial clearance. C9orf72 may therefore regulate 

mitophagy.  

 

Figure 4.8 Reduced levels of C9orf72 impair mitophagy 
A) EYFP-Parkin (cyan) expressing HeLa cells were transfected with non-targeting 

control (NTC) or C9orf72 siRNA and were treated 23 h with 10 µM Oligomycin and 4 µM 

Antimycin A (O/A) to induce mitophagy. Cells were subjected to immunostain for the 

OMM protein TOMM20 (yellow) to reveal mitochondrial content. The mitochondrial 

content of individual cells was quantified at each timepoint and the mitophagy index 

calculated. Cells were quantified from 15 fields from 4 independent experiments (345 – 

864 cells per condition per experiment). Scale bar 10 µm. Graph displays mean±SEM. 
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Statistical analysis was performed by one-way ANOVA with Fisher’s LSD; * P ≤ 0.05, 

**** P ≤ 0.0001. B) The knockdown of C9orf72 was verified by C9orf72 immunoblot. 

Relative C9orf72 levels were quantified to the control siRNA. Graph displays 

mean±SEM. Statistical analysis was performed by unpaired t-test; *** P < 0.001.  

To investigate how C9orf72 may regulate mitophagy, we investigated the role of C9orf72 

in Parkin dependent mitophagy. Briefly, following mitochondrial damage and the 

depolarisation of the mitochondria, PINK1 is stabilised on the OMM, which leads to the 

recruitment of the E3 ligase Parkin to mitochondria (Narendra et al., 2008; Narendra et 

al., 2010a). The ubiquitination of OMM proteins leads to their degradation by the 

proteasome and to the recruitment of the mitophagy adaptor proteins (Gegg et al., 2010; 

Lazarou et al., 2015). Finally, the ULK1 initiation complex is recruited to mitochondria 

and the organelle is engulfed by an autophagosome (Itakura et al., 2012). We next 

investigated how C9orf72 may regulate mitophagy.  

4.3.1 C9orf72 regulates the recruitment of Parkin to mitochondria 

The stabilisation of PINK1 on the OMM upon loss of MMP, results in the phosphorylation 

of mitochondrial ubiquitin residues and the recruitment of the E3 ligase Parkin to 

damaged mitochondria. Parkin is then phosphorylated resulting in a conformational 

change and its activation. Parkin ubiquitinates proteins on the OMM surface, resulting 

in the proteasomal degradation of the proteins involved in mitochondrial fusion and 

motility (reviewed in Hamacher-Brady and Brady, 2016). The recruitment of Parkin to 

damaged mitochondria results in an amplification of the mitochondrial damage signal 

(reviewed in Durcan and Fon, 2015).   

To investigate whether C9orf72 is involved in the recruitment of Parkin to mitochondria, 

first the effect of increasing the level of C9orf72 was explored. In an 

immunofluorescence approach, HeLa cells were co-transfected with pCI-neo empty 

vector, Myc-C9orf72L or Myc-C9orf72S and EYFP-Parkin. To induce Parkin recruitment, 

cells were additionally treated with CCCP to induce mitochondrial damage and Parkin 

dependent mitophagy. The number of cells displaying EYFP-Parkin recruited to 

mitochondria was quantified in each condition (Figure 4.9A). Under basal conditions, 

EYFP-Parkin appeared cytosolic in both control cells and cells expressing either Myc-

C9orf72L or Myc-C9orf72S. Upon CCCP treatment, EYFP-Parkin was recruited to 

mitochondria in control cells. The expression of Myc-C9orf72L or Myc-C9orf72S did not 

affect the translocation of EYFP-Parkin to mitochondria upon CCCP treatment. One 

drawback of this immunofluorescence-based approach was the high level of cytosolic 

EYFP-Parkin under basal conditions. Because it is possible that this may have masked 
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low levels of Parkin recruitment to mitochondria, the recruitment of Parkin to 

mitochondria was also investigated by immunoblot. HEK293 cells were co-transfected 

with pCI-neo empty vector, Myc-C9orf72L or Myc-C9orf72S and EYFP-Parkin. In control 

cells, EYFP-Parkin translocation to mitochondria was induced by CCCP treatment. 

Mitochondria were isolated and subjected to immunoblot for Tubulin and COX IV to 

verify the enrichment of mitochondria (Figure 4.9B). YFP immunoblot revealed a low 

level of EYFP-Parkin in mitochondria in control cells. The level of EYFP-Parkin in 

mitochondria increased in control cells upon CCCP treatment, indicative of the 

translocation of EYFP-Parkin to mitochondria. An increase in the level of C9orf72, upon 

overexpression of either Myc-C9orf72L or Myc-C9orf72S, led to an increase in the 

amount of EYFP-Parkin found in the mitochondrial fraction. Thus, increased C9orf72 

levels led to the translocation of Parkin to mitochondria.  
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Figure 4.9 An increased C9orf72 level recruits Parkin to mitochondria 
A) HeLa cells were co-transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L) 

or Myc-C9orf72S (C9S) (cyan) and EYFP-Parkin (yellow). Subsequently, cells were 

treated 4 h with 10 µM CCCP to induce mitochondrial damage and EYFP-Parkin 

recruitment. The number of cells displaying EYFP-Parkin recruited to mitochondria was 

quantified at each timepoint. Cells were quantified from 2 independent experiments (29 

– 47 cells per experiment). Scale bar 10 µm. Graph displays mean±SEM. Statistical 

analysis was performed by two-way ANOVA with Fisher’s LSD. B) Mitochondrial 
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enriched fractions were produced from HEK293 cells co-transfected with pCI-neo empty 

vector (EV), Myc-C9orf72L (C9L) or Myc-C9orf72S (C9S) and EYFP-Parkin. Control 

cells were treated 4 h with 10 µM CCCP to induce mitochondrial damage and Parkin 

translocation to mitochondria. Mitochondria were subject to YFP, Tubulin, COX IV and 

Myc immunoblot. Twenty µg of total cell lysate and mitochondrial fractions were 

subjected to immunoblot. Relative mitochondrial EYFP-Parkin was quantified from the 

YFP immunoblot relative to the control from 3 independent experiments. Graph displays 

mean±SEM. Statistical analysis was performed by one-way ANOVA with Fisher’s LSD; 

* P ≤ 0.05, ** P ≤ 0.01.  

To investigate whether the loss of C9orf72 alters Parkin recruitment and mitophagy 

initiation, HeLa cells were transfected with non-targeting control or C9orf72 siRNA and 

were subsequently transfected with EYFP-Parkin. Mitochondrial damage and Parkin 

translocation were induced by treatment with CCCP treatment and the number of cells 

displaying recruited EYFP-Parkin was quantified (Figure 4.10Ai). The efficiency of 

C9orf72 knockdown was verified by qPCR (Figure 4.10Aii). Under basal conditions, 

control cells and cells lacking C9orf72 displayed cytosolic EYFP-Parkin. At 1 h CCCP 

treatment, 50 % of control cells displayed EYFP-Parkin recruited to mitochondria. The 

reduction in C9orf72 levels did not affect the translocation of EYFP-Parkin to 

mitochondria following 1 h of CCCP treatment. Following 2 h of CCCP treatment, 80 % 

of control cells displayed EYFP-Parkin recruitment to mitochondria. The loss of C9orf72 

did not affect the number of cells displaying the translocation of EYFP-Parkin following 

2 h of CCCP treatment. The maintenance of Parkin on mitochondria is required for a 

robust mitophagy response (reviewed in Durcan and Fon, 2015; Hamacher-Brady and 

Brady, 2016). To further investigate the role of C9orf72 in Parkin translocation during 

later stages of mitophagy, HeLa cells were transfected with non-targeting control or 

C9orf72 siRNA and were subsequently transfected with EYFP-Parkin. Mitochondrial 

damage and Parkin translocation were induced by treatment with CCCP for 4 h. The 

number of cells displaying recruited EYFP-Parkin were quantified (Figure 4.10Bi). The 

efficiency of C9orf72 knockdown was verified by qPCR (Figure 4.10Bii). The loss of 

C9orf72 led to a decrease in the number of cells displaying EYFP-Parkin translocated 

to mitochondria compared to control cells following 4 h CCCP treatment. Thus, C9orf72 

is not required for the translocation of Parkin during early mitophagy but may be required 

for maintaining Parkin on mitochondria during late mitophagy.   
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Figure 4.10 The loss of C9orf72 leads to reduced mitochondrially located Parkin 
at later stages of mitophagy 
A) i) HeLa cells were transfected with non-targeting control (NTC) or C9orf72 siRNA and 

were subsequently transfected with EYFP-Parkin (yellow). Cells were treated 1 or 2 h 

with 10 µM CCCP to induce mitochondrial damage and Parkin recruitment. Cells 

displaying EYFP-Parkin recruited to mitochondria were quantified at each timepoint. 

Cells were quantified from 5 independent experiments (32 – 79 cells per experiment). 

Scale bar 10 µm. Graph displays mean±SEM. Statistical analysis was performed by two-
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way ANOVA with Fisher’s LSD. ii) The level of C9orf72 mRNA was determined by qPCR. 

Graph displays mean±SEM. Statistical analysis was performed by unpaired t-test; **** 

P ≤ 0.0001. B) i) HeLa cells were transfected with non-targeting control (NTC) or C9orf72 

siRNA and were subsequently transfected with EYFP-Parkin (yellow). Cells were treated 

4 h with 10 µM CCCP to induce mitochondrial damage and Parkin translocation. The 

number of cells displaying the translocation of EYFP-Parkin to mitochondria was 

quantified. Cells were quantified from 3 independent experiments. Scale bar 10 µm. 

Graph displays mean±SEM. Statistical analysis was performed by two-way ANOVA 

wish Fisher’s LSD; ** P ≤ 0.01. ii) The level of C9orf72 mRNA was determined by qPCR. 

Graph displays mean±SEM. Statistical analysis was performed by unpaired t-test; * P ≤ 

0.05. 

4.3.2 C9orf72 is not required for the degradation of OMM proteins 

Following the recruitment and activation of Parkin, the OMM proteins involved in 

mitochondrial fusion and motility are ubiquitinated and degraded by the proteasome. 

Their degradation leads to the arrest of mitochondrial movement and the isolation of 

damaged organelles from the network (reviewed in Hamacher-Brady and Brady, 2016). 

Proteins degraded in this manner include the fusion proteins Mfn1/2 and MIRO1, 

involved in the anterograde transport of mitochondria (Gegg et al., 2010; Tanaka et al., 

2010; Wang et al., 2011). Whether C9orf72 plays a role in this step of mitophagy was 

next investigated. 

Earlier we showed that an increase in C9orf72 expression levels did not alter the levels 

of OMM protein Mfn2 (Figure 4.3). Thus, despite an increase in the level of Parkin found 

on mitochondria following the expression of Myc-C9orf72L or Myc-C9orf72S (Figure 

4.9), this did not result in the degradation of the OMM protein Mfn2.  

To determine if C9orf72 was required for the Parkin mediated degradation of OMM 

proteins, HeLa cells were transfected with non-targeting control or C9orf72 siRNA. Cells 

were subsequently co-transfected Mfn2-MycHis and EYFP-Parkin. To induce 

mitochondrial damage and the degradation of OMM proteins, cells were treated with 

CCCP (Figure 4.11Ai). The efficiency of C9orf72 knockdown was verified by qPCR 

(Figure 4.11Aii). Mfn2 immunoblot revealed that in both control and cells with loss of 

C9orf72, the treatment with CCCP resulted in a decrease in the level of Mfn2-MycHis. 

Thus, C9orf72 is not required for the degradation of the OMM protein Mfn2 during 

mitophagy. To verify that the loss of C9orf72 did not affect the degradation of OMM 

proteins during mitophagy, a preliminary investigation into the degradation of MIRO1 

was performed. HeLa cells were transfected with non-targeting control or C9orf72 siRNA 
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and were subsequently co-transfected with pCI-neo empty vector or Parkin-MycHis and 

with Myc-MIRO1. To induce mitophagy cells were treated with CCCP (Figure 4.11Bi). 

The efficiency of C9orf72 siRNA was verified by qPCR (Figure 4.11Bii). Myc immunoblot 

revealed that in cells lacking Parkin, the induction of mitophagy with CCCP did not 

induce a decrease in the level of Myc-MIRO1. Consistent with the role of Parkin in the 

labelling of OMM proteins for proteasomal degradation, the expression of Parkin-MycHis 

resulted in a decrease in the level of Myc-MIRO1 upon CCCP treatment in control siRNA 

transfected cells. Loss of C9orf72 did not affect the reduction in Myc-MIRO1 levels upon 

mitophagy induction. Hence, C9orf72 is not required for the proteasomal degradation of 

OMM proteins during mitophagy. We noted that knockdown of C9orf72 resulted in a 

slight increase in the level of EYFP-Parkin or Parkin-MycHis (Figure 4.11). Parkin has 

been shown to ubiquitinate itself to regulate its degradation by the autophagy pathway 

(Durcan et al., 2011; Zhang et al., 2000). Knockdown of C9orf72 has been shown to 

result in impaired autophagy (Sellier et al., 2016; Webster et al., 2016a; Yang et al., 

2016). Hence the elevation in Parkin noted here may correspond to defects in Parkin 

turnover, which should be explored further. However, Parkin has also been shown to be 

upregulated upon mitochondrial damage and where mitochondrial fission/fusion cycling 

is impaired (reviewed in Dorn, 2016). Therefore, this increase may merely reflect a cellar 

response to defective mitochondrial quality control.   
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Figure 4.11 Loss of C9orf72 does not impair the degradation of OMM proteins 
during mitophagy 
A) i) HeLa cells were transfected with non-targeting control (NTC) or C9orf72 (C9) siRNA 

and were subsequently co-transfected with Mfn2-MycHis and EYFP-Parkin. Cells were 

treated 4 h with 20 µM CCCP to induce mitochondrial damage and the degradation of 

OMM proteins. The level of Mfn2-MycHis in total cell lysate was quantified by Mfn2 

immunoblot relative to the untreated control in 3 independent experiments. Twenty µg 

of total cell lysate was subjected to immunoblot. Graph displays mean±SEM. Statistical 

analysis was performed by one-way ANOVA with Fisher’s LSD; * P ≤ 0.05, ** P ≤ 0.01, 

*** P < 0.001. ii) The level of C9orf72 mRNA was quantified by qPCR. Graph displays 

mean±SEM. Statistical analysis was performed by unpaired t-test; * P ≤ 0.05. B) i) HeLa 

cells were transfected with non-targeting control (NTC) or C9orf72 (C9) siRNA and were 

subsequently co-transfected with Myc-MIRO1 and pCI-neo empty vector (EV) or Parkin-

MycHis. Cells were treated 4 h with 20 µM CCCP to induce mitochondrial damage and 

the degradation of OMM proteins. The level of Myc-MIRO1 in total cell lysate was 

quantified by Myc immunoblot relative to the untreated control in 2 independent 

experiments. Twenty-five µg of total cell lysate was subjected to immunoblot. Graph 

displays mean±SEM. Statistical analysis was performed by one-way ANOVA with 

Fisher’s LSD; * P ≤ 0.05. ii) The level of C9orf72 mRNA was quantified by qPCR. Graph 

displays mean±SEM. Statistical analysis was performed by unpaired t-test; P value = 

0.1123.  

4.3.3 C9orf72 is recruited to mitochondria upon mitochondrial damage 

Mitophagy adaptor proteins and the autophagy machinery are recruited to the damaged 

organelle upon the induction of mitophagy (reviewed in Hamacher-Brady and Brady, 

2016). C9orf72 has previously been shown to relocalise during starvation (Amick et al., 

2016). Therefore, the cellular localisation of C9orf72 may be dynamic and respond to 

the cellular environment. As C9orf72 may be involved in the clearance of mitochondria 

during mitophagy and may recruit the ULK1 initiation complex to mitochondria, we 

investigated the possibility that C9orf72 undergoes recruitment to mitochondria upon 

mitochondrial damage.   

To investigate whether C9orf72 may be recruited to mitochondria during mitophagy, 

HEK293 cells were treated with O/A to induce mitochondrial damage and mitophagy. 

Mitochondrial enriched fractions were produced and subjected to Tubulin and HSP60 

immunoblot to verify the enrichment of mitochondria (Figure 4.12). C9orf72 immunoblot 

revealed that the induction of mitochondrial damage with O/A resulted in a higher level 
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of C9orf72 in mitochondria. Thus, C9orf72 is recruited to mitochondria upon 

mitochondrial damage.  

 

Figure 4.12 C9orf72 is recruited to mitochondrial upon mitochondrial damage 
Mitochondria were isolated from HEK293 cells which were treated 3 h with 10 µM 

Oligomycin and 4 µM Antimycin A (O/A) to induce mitochondrial damage. Total cell 

lysate (Total) and mitochondrial fractions were subjected to C9orf72, Tubulin and 

HSP60 immunoblot. Twenty-five µg of total cell lysate and mitochondrial fractions were 

subjected to immunoblot. The level of mitochondrial C9orf72 was quantified relative to 

the untreated control in 5 independent experiments. Graph displays mean±SEM. 

Statistical analysis was performed by unpaired t-test; * P ≤ 0.05. * indicates an aspecific 

band on C9orf72 immunoblot.  

4.4 C9orf72 ALS patient iAstrocytes display altered mitochondrial dynamics 

Defects in mitochondrial morphology and mitophagy are common features of ALS 

patients and cell and animal models (reviewed in Smith et al., 2017b). C9orf72 patient 

fibroblasts and iPSC motor neurons were reported to have fragmented mitochondrial 

networks and swollen mitochondria (Dafinca et al., 2016; Onesto et al., 2016). 

Furthermore, autophagic vacuoles containing mitochondria were reported in C9orf72 

fibroblasts, which implied dysregulated mitophagy (Onesto et al., 2016). Non-cell 

autonomous mechanisms have been shown to contribute to ALS pathogenesis 

(reviewed in Chen et al., 2018). C9orf72 ALS patient derived astrocytes have been 

reported to display an impaired ability to support the survival of motor neurons (Meyer 

et al., 2014). Whether C9orf72 ALS patient astrocytes display mitochondrial quality 

control defects is currently unknown.  

The study of mitochondrial quality control in neuronal cell lines remains controversial 

(reviewed in Martinez-Vicente, 2017). Therefore, to investigate mitochondrial 

dysfunction in a disease relevant patient model, mitochondrial network morphology and 
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mitophagy were investigated in C9orf72 ALS patient derived iAstrocytes. C9orf72 ALS 

patient skin fibroblasts and age and sex matched controls were reprogrammed into 

iAstrocytes according to the published protocol (Meyer et al., 2014). C9orf72 ALS patient 

iAstrocytes display RNA foci, observed in patient tissue and other C9orf72 ALS patient 

cell models, suggesting that they may recapitulate features of C9orf72 disease 

(Ferraiuolo lab, University of Sheffield, unpublished data).  

4.4.1 C9orf72 patient iAstrocytes have fragmented mitochondrial networks 

To investigate whether the C9orf72 patients iAstrocytes display mitochondrial network 

alterations, C9orf72 ALS patient and control iAstrocytes were immunostained with anti-

TOMM20 to visualise mitochondrial networks. The connectivity of the mitochondrial 

networks was analysed (Figure 4.13). The mitochondrial networks in control cells 

appeared tubular and branched, whereas the mitochondrial networks in the C9orf72 

ALS patient iAstrocytes were more fragmented. Hence C9orf72 patient iAstrocytes 

recapitulate the fragmented mitochondrial networks reported in other C9orf72 ALS 

patient models. Therefore, mitochondrial dynamics may be altered in C9orf72 ALS 

patients.  
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Figure 4.13 C9orf72 patient iAstrocytes display fragmented mitochondrial 
networks 
C9orf72 ALS patient iAstrocytes and matched controls were immunostained with anti-

TOMM20 (grey) to reveal mitochondria. Mitochondrial network connectivity was 

quantified. Scale bar 10 µm, zoom 2 µm. Graphs display mean, minimum and maximum 

values. A) C – 3050/P – 78, cells quantified from 2 independent experiments (C – 3050: 

40, P – 78: 40 cells). B) C – 209/P – 201, cells quantified from 2 independent 

experiments (C – 209: 34, P – 201: 36 cells). C) C – 155/P – 183, cells quantified from 

1 experiment (C – 155: 19, P – 183: 19 cells). Statistical analysis was performed by 

unpaired t-test; ** P ≤ 0.01, **** P ≤ 0.0001.  
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4.4.2 Parkin recruitment is delayed in C9orf72 patient iAstrocytes 

It was previously reported that iNeurons derived from these same C9orf72 ALS patients 

(P - 201 and P – 183) exhibit defects in autophagy (Webster et al., 2016a). Defects in 

autophagy can lead to accumulation of damaged mitochondria through impaired 

mitophagy (Rambold and Lippincott-Schwartz, 2011). To investigate whether cells from 

the same C9orf72 ALS patients displayed mitophagy defects, the recruitment of Parkin 

to damaged mitochondria was analysed. C9orf72 ALS patient and matched control 

iAstrocytes were transfected with EYFP-Parkin. Mitochondrial damage and the 

translocation of Parkin was induced by O/A treatment. The number of cells displaying 

EYFP-Parkin recruited to mitochondria was quantified (Figure 4.14). EYFP-Parkin was 

translocated to mitochondria in both the control and patient iAstrocytes, indicating that 

mitophagy had been successfully induced in these cells. Compared to the matched 

controls, the C9orf72 ALS patient iAstrocytes displayed a reduced number of cells 

displaying mitochondrially located EYFP-Parkin following both 30 min and 1 h O/A 

treatment. Following 2 h O/A treatment, C9orf72 ALS patients P – 183 and P – 78 

displayed the same level of EYFP-Parkin recruitment as their matched controls. In 

contrast, patient P – 201 displayed a reduced EYFP-Parkin compared to control C - 209. 

Hence, C9orf72 ALS patients displayed delayed Parkin recruitment, which may lead to 

impaired clearance of damaged mitochondria. 
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Figure 4.14 C9orf72 patient iAstrocytes have delayed Parkin recruitment 
C9orf72 ALS patient (P – 78, P – 201, P – 183) and matched control (C – 3050, C – 

209, C – 155) iAstrocytes were transfected with EYFP-Parkin (yellow) and treated with 

10 µM Oligomycin and 4 µM Antimycin A (O/A) for 30, 60 or 120 min as indicated. The 

number of cells displaying EYFP-Parkin translocated to mitochondria was quantified at 

each timepoint. A) C – 3050 / P – 78. B) C – 209 / P – 201. C) C – 155 / P – 183. Scale 

10 µm. Graphs display mean±SEM. Cells were quantified from 2 independent 

experiments (9 – 30 fields per experiment (10 – 114 cells)). Statistical analysis was 

performed by two-way ANOVA with Fisher’s LSD; P ≤ 0.05, *** P < 0.001.  
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4.5 Discussion 

In Chapter 3, we identified an interaction between C9orf72 and mitochondria. In this 

chapter the relevance of this interaction for mitochondrial health and dynamics was 

investigated. C9orf72 was found to be recruited to mitochondria following mitochondrial 

damage (Figure 4.12). An increase in C9orf72 levels induced the fragmentation of the 

mitochondrial network (Figure 4.1), coupled with Drp1, Parkin and ULK1 recruitment to 

mitochondria (Figure 4.3B, Figure 4.9, Figure 4.7) but without inducing a decrease in 

MMP that may indicate damage (Figure 4.5). This indicated that an increase in C9orf72 

levels may induce mitophagy. In contrast, loss of C9orf72 led to an increase in 

mitochondrial fusion (Figure 4.2), associated with increased level of the fusion protein 

Mfn2 (Figure 4.4A). Loss of C9orf72 impaired the clearance of damaged mitochondria 

(Figure 4.8), affecting Parkin localisation to mitochondria at later stages of mitophagy 

(Figure 4.10B).  

The localisation of C9orf72 on mitochondria may underlie its role in the regulation of 

mitochondrial dynamics. C9orf72 has previously been reported to respond to cellular 

stresses and undergo cellular redistribution during starvation (Amick et al., 2016) and 

here upon mitochondrial damage (Figure 4.12). An increase in the level of C9orf72 in 

mitochondria upon induction of mitochondrial damage suggested that C9orf72 may be 

recruited to damaged mitochondria. Indeed, this is similar to the autophagy and 

mitophagy adaptor proteins previously implicated in mitophagy (reviewed in Hamacher-

Brady and Brady, 2016; Itakura et al., 2012; Lazarou et al., 2015; Wong and Holzbaur, 

2014). Damaged mitochondria are targeted for degradation by the recruitment of LC3 

positive autophagosomes to mitochondria by the mitophagy adaptor proteins (reviewed 

in Hamacher-Brady and Brady, 2016). Mitophagy adaptor proteins including OPTN and 

p62 are recruited to the OMM during mitophagy and in turn recruit LC3 to mitochondria 

via their LIR (reviewed in Birgisdottir et al., 2013). In addition, mitochondrial proteins 

which contain an LIR, such as PHB2 of the IMM and FUNDC1 of the OMM have been 

shown to recruit LC3 to damaged mitochondria (Liu et al., 2012; Wei et al., 2017). PHB2 

is located in the IMM and binds LC3 upon rupture of the OMM (Wei et al., 2017). 

Therefore, despite the interaction of C9orf72 with IMM complexes and a localisation to 

the IMS, C9orf72 may be involved in recruiting the autophagy machinery to damaged 

mitochondria. Indeed, rupture of the OMM may promote the mitochondrial localisation 

of C9orf72 and mitochondrial clearance. 

The C9orf72 protein has been previously reported to play a role in the autophagy 

pathway (Amick et al., 2016; Sellier et al., 2016; Sullivan et al., 2016; Webster et al., 

2016a; Yang et al., 2016). As a Rab effector, C9orf72 regulates the trafficking of the 
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ULK1 initiation complex to the phagophore during autophagy initiation (Sullivan et al., 

2016; Webster et al., 2016a; Yang et al., 2016). The recruitment of ULK1 to mitochondria 

is required for the removal of the damaged organelle (Itakura et al., 2012; Wu et al., 

2014) and for the Drp1 mediated fission of mitochondrial networks (Saito and 

Sadoshima, 2018). The data reported here supports a role for C9orf72 in the clearance 

of mitochondria via mitophagy. Consistent with a role for the trafficking of the ULK 

initiation complex by C9orf72 in mitophagy, increased levels of C9orf72 led to elevated 

ULK1 levels on mitochondria (Figure 4.7). Furthermore, ULK1 was required for C9orf72 

mediated fission of the mitochondrial network (Figure 4.6). The recruitment of ULK1 to 

mitochondria has been reported to promote the fission of the network through 

phosphorylation of Drp1 at Ser616 (Saito and Sadoshima, 2018). Hence trafficking of 

ULK1 to mitochondria by C9orf72 may result in the fragmentation of the network. Thus, 

C9orf72 may traffic the ULK1 initiation complex to mitochondria and the activity of the 

ULK1 complex subsequently results in the fragmentation of the network and promotes 

mitophagy. Therefore, upon mitochondrial damage, C9orf72 may translocate to 

mitochondria with the ULK1 initiation complex and promote mitophagy. As an increase 

in C9orf72 resulted in the fragmentation of the mitochondrial network without inducing 

mitochondrial damage (Figure 4.1, Figure 4.5), this indicates a role for C9orf72 directly 

in the targeting of mitochondria for degradation. Indeed, overexpression of PHB2, an 

IMM protein which also targets mitochondria for degradation (Wei et al., 2017), results 

in fission of the network without overt mitochondrial damage (Kowno et al., 2014).  

We reported an increase in the level of E3 ligase Parkin in mitochondria upon expression 

of C9orf72 (Figure 4.9). However, this did not correlate with a decrease in the level of 

known OMM Parkin substrate Mfn2 (Figure 4.3A). To promote the E3 ligase activity, 

Parkin is phosphorylated by PINK1 and undergoes conformational changes (reviewed 

in Durcan and Fon, 2015). As MMP was not affected by an increase in C9orf72 

expression, it is therefore unlikely that PINK1 is stabilised on the OMM when C9orf72 

was expressed. In the absence of PINK1 stabilisation, Parkin activity is repressed, 

hence the Parkin found on mitochondria upon expression of C9orf72 may not be active 

and therefore a reduction in the level of Mfn2 may not to be expected. Despite this, this 

does not preclude the induction of Parkin dependent mitophagy by C9orf72 expression, 

as low-level Parkin activity has been reported to play a role in the removal of 

mitochondrial subdomains via MVD formation (1.2.3.2) (McLelland et al., 2014; Sugiura 

et al., 2014).  

Although loss of C9orf72 did not impair the initial recruitment of Parkin to mitochondria 

(Figure 4.10A), nor the degradation of OMM proteins thereafter (Figure 4.11), at later 
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stages of mitophagy, loss of C9orf72 led to a decrease in mitochondrially located Parkin 

(Figure 4.10B). The retention of Parkin on mitochondria is required to produce a whole 

organelle mitophagy response and the recruitment of the mitophagy adaptor proteins 

and autophagy machinery (reviewed in Hamacher-Brady and Brady, 2016). Therefore, 

the impaired mitophagy observed upon loss of C9orf72 may be as a result of two 

separate events. The loss of Parkin from the mitochondria at an earlier stage during 

mitophagy, may slow the labelling of OMM proteins with ubiquitin. These may then be 

targeted by DUBs, including USP30, which remove the ubiquitin residues and prevent 

the mitochondria from being recognised by the mitophagy adaptor proteins and 

subsequently promoting the recruitment autophagy machinery (reviewed in Durcan and 

Fon, 2015) and discussed later in Chapter 5. In a second event, loss of C9orf72 may 

impair the recruitment of the ULK1 initiation complex to mitochondria, resulting in a 

further impaired targeting of damaged organelles to autophagosomes. Indeed, depletion 

of ULK1 impairs mitochondrial clearance (Kundu et al., 2008).  

Mitochondrial dysfunction, including mitophagy defects, is a prevalent feature of ALS, 

including C9orf72 ALS (Dafinca et al., 2016; Lopez-Gonzalez et al., 2016; Onesto et al., 

2016; reviewed in Smith et al., 2017b). Here we report mitochondrial defects in C9orf72 

ALS patient iAstrocytes. C9orf72 ALS models display fragmented and swollen 

mitochondria (Figure 4.13) (Dafinca et al., 2016; Onesto et al., 2016). However, it is 

unclear whether the mitochondrial dysfunction found in these patient cells is as a direct 

result of C9orf72 haploinsufficiency. Indeed, the poly-GR DPRs were reported to induce 

mitochondrial damage (Lopez-Gonzalez et al., 2016). In addition, TDP-43 pathology 

results in ROS induced mitochondrial damage (Hong et al., 2012). ROS can trigger the 

fragmentation of mitochondrial networks (reviewed in Ježek et al., 2018), which may 

result directly in the fragmented mitochondria observed in C9orf72 ALS models. 

Furthermore, TDP-43 pathology may impair Parkin mediated mitophagy through 

transcriptional alterations and therefore prevent mitochondrial clearance (Lagier-

Tourenne et al., 2012; Polymenidou et al., 2011). Therefore, in order to determine the 

contribution of C9orf72 haploinsufficiency in our C9orf72 ALS/FTD iAstrocytes patient 

model, it will be necessary to rescue the levels of C9orf72 through expression. Indeed, 

if the C9orf72 ALS/FTD patient iAstrocytes display fragmentated mitochondrial networks 

and impaired Parkin translocation during mitophagy upon expression of C9orf72L, then 

it may be that the gain of function mechanisms or TDP-43 pathology play important roles 

in the impairment of mitochondrial dynamics.  

Emerging evidence supports defects in mitophagy to contribute to the mitochondrial 

dysfunction seen in the C9orf72 ALS patient cells. Indeed, the early stages of mitophagy 
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were impaired in the C9orf72 ALS iAstrocytes, with a defect in the translocation of Parkin 

observed (Figure 4.14). In patient fibroblasts, in contrast, mitochondria were found within 

autophagic vacuoles, suggesting a downstream impairment of mitophagy progression 

(Onesto et al., 2016). Although also potentially linked to the other C9orf72 disease 

mechanisms, both the swollen mitochondria and the mitochondria located in autophagic 

vacuoles may be linked directly to C9orf72 haploinsufficiency. The accumulation of 

aggregated and swollen mitochondria is a feature of cells in which the initiation of 

autophagy is impaired. For instance, both FIP200 and ULK1 knockout cells have 

aggerated and swollen mitochondria (Kundu et al., 2008; Liang et al., 2010). Loss of 

C9orf72 has been shown to impair autophagy initiation (Webster et al., 2016a), and may 

therefore also contribute to the mitochondrial morphology changes reported in C9orf72 

ALS patient cells. C9orf72 has also been linked to lysosomal function (Amick et al., 

2016; Ugolino et al., 2016). Defects in lysosomal function lead to the accumulation of 

autophagic vacuoles containing mitochondria, a feature prevalent in familial PD 

(reviewed in Plotegher and Duchen, 2017). Therefore, a double hit effect on 

mitochondrial clearance may arise from C9orf72 haploinsufficiency in C9orf72 ALS 

patient cells.   

There are several drawbacks arising from our study design that may need to be 

addressed further. In the first instance we used overexpressed C9orf72 to investigate 

mitochondrial dynamics. Overexpression of proteins can lead to altered function and cell 

stress, leading to cellular artefacts being observed. Induction of cell stress pathways 

may induce the fragmentation of the mitochondrial network, as we observed upon 

expression of Myc-C9orf72L and Myc-C9orf72S (Figure 4.1). In order to establish 

whether the mitochondrial network fragmentation was as a result of protein 

overexpression, attempts to correlate the level of expression with the fragmentation 

phenotype should be made. In addition, if C9orf72 were to be tagged with an EGFP tag, 

then expression of EGFP-C9orf72L and EGFP-C9orf72S compared to EGFP empty 

vector and non-transfected cells could be performed. Second, in our C9orf72 

knockdown experiments, we used a pool of 2 siRNAs C9orf72 (C9orf72 #2 and C9orf72 

#D). In order to verify that the impaired mitochondrial network connectivity and 

mitophagy defect were not off-target effects, rescues of the C9orf72 knockdown should 

be performed through the expression of an siRNA-resistant C9orf72 construct. In 

addition, the pool of siRNA ought to be split into its component parts to verify that each 

siRNA gives rise to a similar phenotype. Finally, in Chapter 3 we identified C9orf72 to 

be distributed between the mitochondria and cytosol (Figure 3.8). Here we did not 

attempt to distinguish whether the C9orf72 found in the mitochondria plays a separate 



 177 

role in mitochondrial quality control, compared to C9orf72 found in the cytosol. 

Therefore, it may be informative to design assays to determine the contribution of each 

C9orf72 population, either through exclusion of C9orf72 import into mitochondria or via 

the targeting of C9orf72 exclusively to the mitochondrial IMS.    
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Chapter 5. Investigating the role of the interaction between C9orf72 and USP8 
in mitophagy 

5.1 Introduction 

Cellular processes including mitophagy are regulated by the post-translational 

modification of proteins, including by ubiquitination. Ubiquitin in a highly conserved 76 

amino acid protein, which is conjugated to Lys residues on the target protein by the 

action of the E1, E2 and E3 ligase cascade (reviewed in Berndsen and Wolberger, 

2014). Although ubiquitin is typically conjugated to Lys residues, ubiquitination of other 

amino acid residues including Cys has been reported (reviewed in McDowell and 

Philpott, 2013). The specific ligation of ubiquitin to proteins is regulated by the E3 ligase, 

of which over 600 have been identified in humans (Li et al., 2008). The addition of 

ubiquitin to proteins occurs in both mono- and poly-ubiquitination chains. Poly-ubiquitin 

chains arise from the addition of ubiquitin moieties to one of the 7 Lys residues on a 

previously conjugated ubiquitin moiety. Eight different ubiquitin linkages have been 

identified and convey different cellular functions (reviewed in Akutsu et al., 2016). K48- 

and K63- linked ubiquitin chains are the best characterised and are linked to the 

degradation of proteins by the proteasome and by autophagy respectively (reviewed in 

Komander and Rape, 2012). 

The progression of mitophagy is controlled in part by the ubiquitination of OMM proteins 

and their degradation by the proteasome. The labelling of OMM proteins with ubiquitin 

is performed by the E3 ligase Parkin (Sarraf et al., 2013). K6-, K11-, K48- and K63- 

linked chains are thought to have particular relevance for mitophagy (reviewed in Durcan 

and Fon, 2015). K48- linked chains are associated with the degradation of the OMM 

proteins by the proteasome (Chan et al., 2011), whereas K63- linked ubiquitination has 

been shown to be involved in mitochondrial clustering and the recruitment p62 to 

damaged mitochondria (Okatsu et al., 2010). K6- and K11- linked ubiquitin chains have 

been shown to be required for the normal progression of mitophagy (Cunningham et al., 

2015).  

The action of E3 ligases and the ubiquitination of proteins is regulated by the opposing 

action of DUBs. DUBs hydrolyse ubiquitin chains, thus altering the fate and function of 

ubiquitinated proteins (reviewed in Komander et al., 2009; Mevissen and Komander, 

2017). Several DUBs have been implicated in mitophagy. DUB activity of Ubiquitin 

specific peptidases 15, 30 and 35 (USP15, USP30 and USP35) have been shown to 

oppose mitophagy (Bingol et al., 2014; Cornelissen et al., 2014; Cunningham et al., 

2015; Wang et al., 2015). In contrast, USP8 DUB activity was reported to promote the 
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recruitment of Parkin to mitochondria following mitochondrial damage (Durcan et al., 

2014). The mechanism by which USP8 regulates mitophagy is unclear. On the one 

hand, USP8 DUB activity may improve the stability of endogenous Parkin in cells and 

thereby promote mitophagy (reviewed in Bingol and Sheng, 2016). Alternatively, USP8 

has been proposed to remove K6- linked ubiquitin chains from Parkin to promote its 

translocation and thereafter mitochondrial clearance (Durcan et al., 2014). Furthermore, 

USP8 may be involved in the removal of K6- linked ubiquitin chains that would otherwise 

prevent the interactions between Parkin, the target mitochondria and the inbound 

autophagy machinery (Durcan and Fon, 2015). 

In addition to its role in mitophagy, USP8 has been shown to play a role in cellular 

trafficking events including the control of endosome morphology, and early endosome 

cargo sorting and trafficking (Berlin et al., 2010a; Row et al., 2007; Row et al., 2006). 

Gain of function mutations in USP8 lead to Cushing’s disease, reported to be due to 

increased epidermal growth factor receptor (EGFR) signalling (Berlin et al., 2010b; 

Reincke et al., 2015). Furthermore, USP8 has been shown to remove K63- linked 

ubiquitin chains from a-synuclein, a protein found in Lewy bodies in PD. Persistence of 

the K63- linked ubiquitin chains prevented the degradation of a-synuclein by the 

lysosome leading to cellular aggregation and toxicity. Consistent with this, knockdown 

of USP8 rescued the locomotor defects and cell loss in a-synuclein WT and A53T 

Drosophila models (Alexopoulou et al., 2016).  

The USP8 protein is composed of 3 separate domains: the microtubule interacting and 

trafficking (MIT), the Rhodanese and the USP domains (Figure 5.1A). The MIT domain 

is involved in many of the functions of USP8 including endosomal localisation, Charged 

multivesicular body protein 1b (CHMP1B) binding, maintenance of endosomal sorting 

required for transport complex 0 (ESCRT-0) stability and EGFR degradation (Row et al., 

2007). The Rhodanese domain is required to bind the E3 ligase NRDP1 (Wu et al., 

2004). Finally, the USP domain conveys the ubiquitin hydrolase activity (Komander et 

al., 2009).  

USP8 was identified as a potential interacting partner of C9orf72S in the Y2H screen 

(Table 3-1). The interacting region mapped to the C-terminal region of USP8, which 

corresponds to the USP domain (Figure 5.1A). As both USP8 (Durcan et al., 2014) and 

C9orf72 (4.3) have been implicated in membrane trafficking events and mitophagy, the 

interaction between C9orf72 and USP8 in the context of mitochondrial quality control 

was explored in the final chapter of this thesis. 
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5.2 C9orf72 interacts with USP8 

The interaction between C9orf72 and USP8, as identified in the Y2H screen (Table 3-1), 

was initially verified by co-immunoprecipitation. HEK293 cells were co-transfected with 

pCI-neo empty vector, Myc-C9orf72L, Myc-C9orf72S or Myc-C9orf72DdD and either 

EGFP-C2 or EGFP-USP8. Myc-C9orf72 isoforms were immunoprecipitated using anti-

Myc Ab. Immunepellets were probed for co-immunoprecipitation of EGFP-USP8 by GFP 

immunoblot. EGFP-USP8 co-immunoprecipitated with Myc-C9orf72L, Myc-C9orf72S 

and Myc-C9orf72DdD. A greater amount of EGFP-USP8 appeared to co-

immunoprecipitate with Myc-C9orf72S than with MycC9orf72L or Myc-C9orf72DdD. The 

interaction was not due to the EGFP-tag, as EGFP-USP8 did no co-immunoprecipitate 

with the empty vector control. Furthermore, the EGFP empty vector control did not co-

immunoprecipitate with the empty vector control nor with any of the Myc-C9orf72 

constructs (Figure 5.1B). 

 

Figure 5.1 C9orf72 interacts with USP8 
A) The location of the MIT (green), Rhodanese (RHO) (light green) and USP (yellow) 

domains of USP8 are depicted on USP8. Below are shown the regions of USP8 that 

were identified as interacting with C9orf72S in the Y2H screen. B) HEK293 cells were 

co-transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L), Myc-C9orf72S 



 181 

(C9S) or Myc-C9orf72DdD (C9D) and with EGFP-C2 or EGFP-USP8 and subjected to 

immunoprecipitation with anti-Myc Ab. Co-immunoprecipitation of EGFP-C2 or EGFP-

USP8 was determined by GFP immunoblot. Input represents 5.7 % of lysate subjected 

to immunoprecipitation. * indicates a band corresponding to Myc-C9orf72S from the Myc 

immunoblot upon the subsequent GFP immunoblot.  

The Y2H screen indicated an interaction between C9orf72S and the USP domain of 

USP8 (Figure 5.1A). To establish the domain of USP8 which interacts with C9orf72, 

several fragments of USP8 (USP8FL full length) were generated. To investigate 

interactions with the N-terminus of USP8, constructs harbouring the MIT domain only 

(USP8MIT, aa 1-116) and the MIT-RHO domains (USP8MIT-RHO
, aa 1-313) were 

generated. To investigate the interaction with the C-terminus, a USP domain only 

(USP8USP, aa 776-1118) and a RHO-USP construct (USP8RHO-USP, aa 195-1118) were 

generated. Finally a RHO domain only (USP8RHO, aa 195-313) fragment was generated 

(Figure 5.2A).  

To establish whether the generation of USP8 fragments had been successful and that 

these produced the expected products, the USP8 fragments were expressed in cells. 

HEK293 cells were transfected with either pCI-neo empty vector, Myc-USP8MIT, Myc-

USP8MIT-RHO or Myc-USP8FL. The predicted molecular weights of the USP8 fragments 

were 14 kDa, 37 kDa and 127 kDa for Myc-USP8MIT, Myc-USP8MIT-RHO and Myc-USP8FL 

respectively. Myc immunoblot revealed that Myc-USP8MIT, Myc-USP8MIT-RHO and Myc-

USP8FL expressed efficiently in cells and corresponded to the expected molecular 

weight (Figure 5.2B). Next, HEK293 cells were transfected with either pCI-neo empty 

vector, Myc-USP8RHO-USP or Myc-USP8FL. The predicted molecular weights of these 

fragments were 105 kDa and 127 kDa for Myc-USP8RHO-USP and Myc-USP8FL 

respectively. Myc immunoblot revealed Myc-USP8FL and Myc-USP8RHO-USP to be 

expressed efficiently in cells and to correspond to the expected molecular weight (Figure 

5.2C). Finally, HEK293 cells were transfected with pCI-neo empty vector, Myc-USP8RHO 

or Myc-USP8USP. The predicted molecular weights of Myc-USP8RHO and Myc-USP8USP 

were 14 kDa and 40 kDa respectively. Myc immunoblot revealed that whilst Myc-

USP8USP was expressed in cells and corresponded to the expected molecular weight, 

Myc-USP8RHO was not detected, suggesting that it may not express efficiently in cells 

(Figure 5.2D).  
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Figure 5.2 The generation and expression of USP8 fragments  
A) The domain structure of USP8 full length (USP8FL) depicting the MIT domain (green), 

Rhodanese (RHO) domain (light green) and the USP domain (yellow) is shown. Below 

are shown the domain fragments of USP8 that were generated. B) HEK293 cells were 

transfected with pCI-neo empty vector (EV), Myc-USP8FL, Myc-USP8MIT or Myc-

USP8MIT-RHO. The expression of the Myc-tagged USP8 constructs was verified by Myc 

immunoblot. C) HEK293 cells were transfected with pCI-neo empty vector (EV), Myc-

USP8RHO-USP or Myc-USP8FL. The expression of the Myc-tagged USP8 constructs was 

verified by Myc immunoblot. D) HEK293 cells were transfected with pCI-neo empty 

vector (EV), Myc-USP8RHO or Myc-USP8USP. The expression of the Myc-tagged USP8 

constructs was verified by Myc immunoblot. * indicates a non-specific band on Myc 

immunoblot. #1 and #2 correspond to cells transfected with DNA extracted from 

individual bacterial clones (either clone 1 or 2) expressing the USP8 construct. 
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To investigate the domain of USP8 which confers its interaction with C9orf72, in vitro 

binding assays were performed. The N-terminal fragments of USP8 (USP8MIT or 

USP8MIT-RHO), the C-terminal fragments of USP8 (USP8RHO-USP or USP8USP) and USP8 

(full length, USP8FL) were translated in a TnT coupled reticulocyte reaction to produce 
35S-labelled USP8 fragments. The 35S-labelled USP8 fragments were incubated with 

GST empty vector, GST-C9orf72S or GST-C9orf72L. GST-tagged constructs were 

isolated using GSH-beads (Coomassie stain, lower panels). The co-isolation of the 35S-

labelled USP8 fragments was detected by phosphoscreen (upper panels). 35S-labelled 

USP8FL was co-isolated with both GST-C9orf72L and GST-C9orf72S. The co-isolation 

was due to the interaction with C9orf72 as 35S-labelled USP8FL did not co-isolate with 

the GST empty vector control (Figure 5.3A, B). The 35S-labelled N-terminal USP8 

fragments USP8MIT and USP8MIT-RHO were not co-isolated with the GST empty vector 

control nor with the GST-tagged C9orf72S or C9orf72L (Figure 5.3A). The 35S-labelled 

C-terminal USP8 fragments USP8RHO-USP and USP8USP were co-isolated with both GST-

C9orf72L and GST-C9orf72S. Neither USP8RHO-USP nor USP8USP were co-isolated with 

the GST empty vector control (Figure 5.3B). As USP8USP was co-isolated with both GST-

C9orf72L and GST-C9orf72S, it appeared that the USP domain of USP8 was sufficient 

to convey the interaction between C9orf72 and USP8.  
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Figure 5.3 C9orf72 interacts with the USP domain of USP8 
A) 35S radiolabelled full length USP8 (USP8FL – FL) or the N-terminal MIT fragment of 

USP8 (USP8MIT – MIT) or MIT-Rhodanese fragment of USP8 (USP8MIT-RHO – MIT-RHO) 

were incubated with GST empty vector (GST), GST-C9orf72L or GST-C9orf72S. GST 

pull down was performed with GSH beads and revealed by Coomassie stain (lower 

panel). The co-isolation of 35S radiolabelled USP8 or USP8 N-terminal fragments was 

detected on a phosphoscreen (upper panel). Input represents 6.25 % of 35S 

radiolabelled USP8 fragments incubated in GST pulldown. B) 35S radiolabelled full 

length USP8 (USP8FL – FL), the C-terminal Rhodanese-USP fragment of USP8 

(USP8RHO-USP – RHO-USP) or USP fragment of USP8 (USP8USP – USP) were incubated 

with GST empty vector (GST), GST-C9orf72L or GST-C9orf72S. GST pull down was 

performed with GSH beads and revealed by Coomassie stain (lower panel). The co-

isolation of 35S radiolabelled USP8 or USP8 C-terminal fragments was detected on a 

phosphoscreen (upper panel). Input represents 6.25 % of 35S radiolabelled USP8 

fragments incubated in GST pulldown. * 35S radiolabelled USP8 products arising from 

potential alternative start codons. N-terminal USP8 fragments were generated by the 

introduction of a STOP codon in USP8 following the MIT or Rhodanese domains. These 

alternative USP8 products are comprised of the C-terminal region of USP8 and likely 

interact with C9orf72 in a similar manner to the C-terminal USP8 fragments via the USP 

domain.   
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To verify if the USP domain confers the interaction between USP8 and C9orf72 in cells, 

co-immunoprecipitation assays using the N-terminal and C-terminal fragments of USP8 

were performed. To investigate the interaction with the N-terminal USP8 fragments, 

HEK293 cells were co-transfected with pCI-neo empty vector or HA-C9orf72L and with 

pCI-neo empty vector, Myc-USP8MIT, Myc-USP8MIT-RHO or Myc-USP8FL. To investigate 

the interaction with the C-terminal USP8 fragments HEK293 cells were co-transfected 

with pCI-neo empty vector or HA-C9orf72L and with pCI-neo empty vector, Myc-

USP8RHO, Myc-USP8USP, Myc-USP8RHO-USP or Myc-USP8FL. Cell lysates were subjected 

to immunoprecipitation with anti-Myc Ab to immunoprecipitate the Myc-USP8 fragments. 

Immunepellets were probed with anti-HA Ab to reveal co-immunoprecipitation of HA-

C9orf72L. HA-C9orf72L co-immunoprecipitated with Myc-USP8FL (Figure 5.4A, B). HA-

C9orf72L was also co-immunoprecipitated with the N-terminal USP8 fragment Myc-

USP8MIT-RHO (Figure 5.4A) and the C-terminal USP8 fragment Myc-USP8RHO-USP (Figure 

5.4B). HA-C9orf72L was co-immunoprecipitated with the Rhodanese domain fragment 

(Myc-USP8RHO) (Figure 5.4B). HA-C9orf72L did not co-immunoprecipitate with the 

fragment corresponding to the MIT domain (Myc-USP8MIT) (Figure 5.4A). Hence the 

interaction between Myc-USP8MIT-RHO and HA-C9orf72L was likely due to the interaction 

between C9orf72L and the Rhodanese domain of USP8. HA-C9orf72L also interacted 

to a lesser extent with the USP domain (Myc-USP8USP) (Figure 5.4B), which 

recapitulated the finding of the in vitro binding assay (Figure 5.3). The interaction 

between HA-C9orf72L and the Myc-USP8 fragments was specific as HA-C9orf72L was 

not co-immunoprecipitated in the empty vector control. 
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Figure 5.4 C9orf72L interacts with the Rhodanese and USP domains of USP8 
A) HEK293 cells were co-transfected with pCI-neo empty vector (EV) or HA-C9orf72L 

(C9L) and with EV, Myc-USP8MIT, Myc-USP8MIT-RHO or Myc-USP8FL and were subjected 

to immunoprecipitation with anti-Myc Ab. Immunepellets were subjected to HA 

immunoblot. Input represents 4 % of lysate subjected to immunoprecipitation. B) 

HEK293 cells were transfected with pCI-neo empty vector (EV) or HA-C9orf72L (C9L) 

and with EV, Myc-USP8RHO, Myc-USP8USP, Myc-USP8RHO-USP or Myc-USP8FL and 

subjected to immunoprecipitation with anti-Myc Ab. Immunepellets were subjected to 

HA immunoblot. Input represents 4 % of lysate subjected to immunoprecipitation. * 

indicates a non-specific band on HA immunoblot. ** indicates a non-specific band on 

Myc immunoblot. 
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5.3 C9orf72 and USP8 do not have connected roles in maintaining mitochondrial 
dynamics  

DUBs, including USP8, have been shown to play a role in mitochondrial quality control 

(reviewed in Bingol and Sheng, 2016; Durcan and Fon, 2015). USP8 has been shown 

to be required for the efficient recruitment of Parkin to damaged mitochondria, with 

knockdown impairing mitophagy progression (Durcan et al., 2014). We identified a role 

for C9orf72 in the regulation of mitochondrial dynamics and the removal of damaged 

mitochondria through the mitophagy pathway (4.3). As C9orf72 interacts with USP8 

(Figure 5.1B), and both appear to be involved in the regulation of mitophagy, the role of 

the interaction between C9orf72 and USP8 in relation to mitochondrial dynamics was 

investigated. 

5.3.1 Knockdown of USP8 does not affect C9orf72 induced fragmentation of the 
mitochondrial network 

Overexpression of C9orf72 resulted in mitochondrial rounding and the fragmentation of 

the mitochondrial network (Figure 4.1). To investigate whether USP8 is necessary for 

the fragmentation of the mitochondrial network induced by C9orf72 overexpression, 

HeLa cells were transfected with non-targeting control or USP8 siRNA and subsequently 

co-transfected with pCI-neo empty vector or Myc-C9orf72L and pAcGFP1-Mito, to 

visualise the mitochondrial networks (Figure 5.5A). The reduction of USP8 protein 

following siRNA knockdown was confirmed by USP8 immunoblot (Figure 5.5B). As 

observed previously (Figure 4.1), overexpression of Myc-C9orf72L led to the 

fragmentation of the mitochondrial network in the control siRNA transfected cells. 

Knockdown of USP8 led an elongation of the mitochondria but did not affect 

mitochondrial network connectivity. The knockdown of USP8 did not affect the rounding 

of mitochondria nor the fragmentation of the mitochondrial network upon overexpression 

of Myc-C9orf72L (Figure 5.5A). Thus, USP8 is not required for C9orf72 mediated 

changes in mitochondrial network morphology.  
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Figure 5.5 Knockdown of USP8 does not prevent C9orf72L overexpression 
induced fragmentation of the mitochondrial network  
A) HeLa cells were transfected with non-targeting control (NTC) or USP8 siRNA and 

were subsequently co-transfected with pCI-neo empty vector (EV) or Myc-C9orf72L 

(cyan) and pAcGFP1-Mito (yellow). Scale bar 10 µm, zoom 2 µm. Mitochondrial shape 

(aspect ratio), network connectivity and form factor were quantified from 3 independent 

experiments (NTC/EV: 62, NTC/C9L: 58, USP8/EV: 60, USP8/C9L: 60 cells). Graphs 

display mean±SEM. Statistical analysis was performed by one-way ANOVA with 

Fisher’s LSD; * P ≤ 0.05, **** P ≤ 0.0001. B) The knockdown of USP8 was verified by 

USP8 immunoblot. * indicates an aspecific band on USP8 immunoblot.   
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5.3.2 The recruitment of Parkin is differentially regulated by C9orf72 and USP8 

Knockdown of USP8 has previously been shown to result in a delay in the recruitment 

of Parkin to mitochondria following the induction of mitochondrial damage (Durcan et al., 

2014). To verify that USP8 knockdown impairs Parkin recruitment, HeLa cells were 

transfected with non-targeting control or USP8 siRNA and were subsequently 

transfected with EYFP-Parkin. Mitochondrial damage and the recruitment of EYFP-

Parkin to mitochondria was induced by treatment with CCCP (Figure 5.6A). The 

knockdown of USP8 was confirmed by USP8 immunoblot (Figure 5.6B). At 1 h CCCP 

treatment, USP8 siRNA transfected cells displayed a reduction in EYFP-Parkin 

translocation to mitochondria compared to the control siRNA transfected cells. At 2 h 

CCCP treatment there was no difference in EYFP-Parkin translocation to mitochondria 

between control and USP8 siRNA transfected cells. This corroborated the previous 

report that knockdown of USP8 delayed the recruitment of Parkin to mitochondria 

following mitochondrial damage (Durcan et al., 2014).   

 

 

Figure 5.6 Knockdown of USP8 impairs Parkin recruitment 
A) HeLa cells were transfected with non-targeting control (NTC) or USP8 siRNA and 

subsequently were transfected with EYFP-Parkin (yellow). Cells were treated for 1 or 2 

h with 10 µM CCCP to induce mitochondrial damage and EYFP-Parkin recruitment. The 

number of cells displaying EYFP-Parkin recruited to mitochondria was quantified at each 

timepoint. Scale bar 10 µm. Graph displays mean±SEM. Cells were quantified from 3 

independent experiments (cells were quantified from 15 – 30 fields per experiment (25 

– 92 cells)). Statistical analysis was performed by two-way ANOVA with Fisher’s LSD; 

** P ≤ 0.01. B) The knockdown of USP8 was verified by USP8 immunoblot. * indicates 

an aspecific band on USP8 immunoblot.  
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The activation and recruitment of Parkin to damaged mitochondria depends on its 

phosphorylation and upon cycles of ubiquitination and de-ubiquitination (reviewed in 

Bingol and Sheng, 2016). Upon mitochondrial damage, Parkin has been proposed to be 

ubiquitinated at 3 Lys residues: K27-, K48- and K76-, with K6- linked ubiquitin chains. 

USP8 was reported to remove the K6- linked ubiquitin chains from Parkin to permit it to 

translocate efficiently to mitochondria (Figure 5.7A, B) (Durcan et al., 2014). To 

investigate the importance of the ubiquitination of these Lys residues for the 

translocation of Parkin to mitochondria upon mitochondrial damage, a novel Parkin 

construct was generated by the mutagenesis of the Lys residues at positions 27, 48 and 

76 to Arg. Changes in R group composition between Lys and Arg prevents the 

ubiquitination of Parkin at these residues. Hence, ubiquitination of ParkinK27R/K48R/K76R 

(Parkin3xKR) at residues R27, R48 and R76 upon mitochondrial damage would not occur 

and Parkin3xKR was predicted to be recruited to mitochondria (Figure 5.7C). As the 

removal of ubiquitin chains on Parkin3xKR was not required for its predicted translocation 

to mitochondria, we hypothesised that knockdown of USP8 would not affect the 

recruitment of Parkin3xKR (Figure 5.7D).  
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Figure 5.7: The predicted translocation of ParkinWT and Parkin3xKR in mitophagy 
A) Wild type Parkin (ParkinWT) is ubiquitinated (Ub) at K27, K48 and K76 upon the 

induction of mitophagy. The ubiquitin chains are removed by USP8 to permit the 

translocation of Parkin to damaged mitochondria. B) The knockdown of USP8 prevents 

the removal of ubiquitin chains from K27, K48 and K76 and delays the recruitment of 

Parkin during mitophagy. C) ParkinK27R/K48R/K76R (Parkin3xKR) harbours Arg substitutions 

at the Lys residues that are ubiquitinated upon mitophagy induction. Parkin3xKR is not 

ubiquitinated upon mitophagy induction and translocates to mitochondria. D) Parkin3xKR 

does not undergo ubiquitination of the R27, R48 and R76 residues upon mitophagy 

induction, therefore USP8 is not required to deubiquitinate Parkin3xKR to permit its 

translocation. Hence knockdown of USP8 does not impair the translocation of Parkin3xKR 

to mitochondria during mitophagy.  

To verify whether the recruitment of Parkin3xKR to mitochondria was affected by the 

knockdown of USP8, HeLa cells were transfected with non-targeting control or USP8 

siRNA and subsequently transfected with EYFP-ParkinWT (wild type) or EYFP-

Parkin3xKR. Cells were treated with CCCP to induce mitochondrial damage and Parkin 

recruitment (Figure 5.8A). The knockdown of USP8 was confirmed by USP8 immunoblot 
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(Figure 5.8B). CCCP treatment resulted in the translocation of EYFP-ParkinWT to 

mitochondria at 1 h. The knockdown of USP8 resulted in a decrease in cells displaying 

recruited EYFP-ParkinWT compared to the control siRNA transfected cells following 1 h 

CCCP treatment, as reported previously by (Durcan et al., 2014). Surprisingly, 

compared to the control siRNA cells expressing EYFP-ParkinWT, EYFP-Parkin3xKR 

recruitment was delayed in both the control and USP8 siRNA transfected cells following 

1 h CCCP treatment. Thus, the K27, K48 and K76 residues of Parkin may be important 

for the translocation of Parkin. There was no difference in the recruitment of EYFP-

ParkinWT and EYFP-Parkin3xKR to mitochondria at 1 h CCCP treatment in USP8 siRNA 

transfected cells. Thus, it is unlikely that the delay in Parkin recruitment upon USP8 

knockdown is due to the removal of K6- linked ubiquitin chains from K27, K48 and K76. 

At 2 h CCCP treatment, the recruitment of EYFP-ParkinWT and EYFP-Parkin3xKR in USP8 

knockdown cells was decreased compared to the NTC EYFP-ParkinWT control, in 

contrast to previous reports (Durcan et al., 2014) and our previous finding (Figure 5.6A). 

No difference in EYFP-ParkinWT or EYFP-Parkin3xKR translocation was observed 

between the control and USP8 siRNA transfected cells at 4 h CCCP treatment.  

To explore further the role of USP8 and K6- linked ubiquitination in Parkin recruitment 

during mitophagy, the recruitment of Parkin in cells unable to form K6- linked ubiquitin 

chains was explored. An HA-Ub construct was mutated at position 6 from Lys to Arg 

(HA-UbK6R), rendering it unable to form K6- linked ubiquitin chains. In the study by 

Durcan et al., expression of HA-UbK6R rescued the defect in Parkin recruitment reported 

with USP8 knockdown (Durcan et al., 2014). HeLa cells were transfected with non-

targeting control or USP8 siRNA and were subsequently co-transfected with pCI-neo 

empty vector, HA-UbWT (wild type) or HA-UbK6R and with EYFP-Parkin. Cells were 

treated CCCP to induce mitochondrial damage and EYFP-Parkin translocation (Figure 

5.9A). The knockdown of USP8 was confirmed by USP8 immunoblot (Figure 5.9B). 

Knockdown of USP8 resulted in a decrease in EYFP-Parkin translocation at 1 h CCCP 

treatment. No difference in the recruitment of EYFP-Parkin to mitochondria was 

observed with co-expression of either HA-UbWT or HA-UbK6R in USP8 siRNA transfected 

cells. Thus, USP8 may not be involved in the removal of K6- linked ubiquitin chains in 

mitophagy. Surprisingly, overexpression of HA-UbWT led to a decrease in EYFP-Parkin 

translocation to mitochondria in control siRNA transfected cells. Thus, an increase in 

total cellular ubiquitin levels may impair Parkin recruitment. Whether or not this is due to 

increased ubiquitination of Parkin remains to be explored. At 2 h CCCP treatment, a 

decrease in the mitochondrially located EYFP-Parkin persisted in the USP8 knockdown 

cells transfected with both empty vector and HA-UbK6R.  
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Figure 5.8: Parkin translocation to mitochondria requires K27, K48 and K76 
independently of USP8 activity  
A) HeLa cells were transfected with non-targeting control (NTC) or USP8 siRNA and 

were subsequently transfected with EYFP-ParkinWT or EYFP-Parkin3xKR (yellow). Cells 

were treated 1, 2 or 4 h with 10 µM CCCP to induce mitochondrial damage and EYFP-

Parkin recruitment. Cells displaying EYFP-Parkin recruited to mitochondria at each 

timepoint was quantified. Scale bar 10 µm. Graph displays mean±SEM. Cells were 

quantified from 6 coverslips from 3 independent experiments (10 fields quantified per 

coverslip (18 – 52 cells per coverslip)). Statistical analysis was performed by two-way 
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ANOVA with Fisher’s LSD; * P ≤ 0.05. B) Knockdown of USP8 was verified by USP8 

immunoblot. * indicates an aspecific band on USP8 immunoblot.   
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Figure 5.9 Cells unable to form K6- linked ubiquitin chains are equally affected by 
USP8 knockdown in their ability to recruit Parkin 
A) HeLa cells were transfected with non-targeting control (NTC) or USP8 siRNA and 

were subsequently co-transfected with pCI-neo empty vector (EV), HA-UbWT or HA-

UbK6R (cyan) and EYFP-Parkin (yellow). Cells were treated for 1 or 2 h with 10 µM CCCP 

to induce mitochondrial damage and EYFP-Parkin recruitment. Cells displaying EYFP-

Parkin recruitment at each timepoint were quantified. Scale bar 10 µm. Graph displays 

mean±SEM. Cells were quantified from 8 coverslips from 4 independent experiments 

(12 – 15 fields quantified per coverslip (27 – 101 cells per coverslip)). Statistical analysis 

was performed by two-way ANOVA with Fisher’s LSD; * P ≤ 0.05, ** P ≤ 0.01, *** P < 

0.001. B) Knockdown of USP8 was verified by USP8 immunoblot. * indicates an 

aspecific band on USP8 immunoblot.    

We previously identified that C9orf72 was involved in the recruitment of Parkin to 

mitochondria (4.3.1). To investigate whether C9orf72 and USP8 played roles in Parkin 

recruitment that placed them in the same pathway, the functional relationship between 

C9orf72 and USP8 was analysed.  

First, whether C9orf72 acts downstream of USP8 in the translocation of Parkin during 

mitophagy was examined. HeLa cells were transfected with non-targeting control or 

USP8 siRNA and subsequently co-transfected with pCI-neo empty vector, Myc-

C9orf72L or Myc-C9orf72S and EYFP-Parkin. Cells were treated with CCCP to induce 

mitochondrial damage and EYFP-Parkin translocation (Figure 5.10A). The knockdown 

of USP8 was verified by USP8 immunoblot (Figure 5.10B). The knockdown of USP8 

resulted in a decrease in EYFP-Parkin that was translocated to mitochondria following 

1 h CCCP treatment. The overexpression of Myc-C9orf72L or Myc-C9orf72S did not 

affect the translocation of EYFP-Parkin to mitochondria in the control siRNA transfected 

cells. Furthermore, overexpression of neither Myc-C9orf72L nor Myc-C9orf72S altered 

the defect in EYFP-Parkin translocation in USP8 siRNA transfected cells.  
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Figure 5.10 Overexpression of C9orf72 does not rescue the USP8 knockdown 
delay in Parkin translocation 
A) HeLa cells were transfected with non-targeting control (NTC) or USP8 siRNA and 

subsequently co-transfected with pCI-neo empty vector (EV), Myc-C9orf72L (C9L) or 

Myc-C9orf72S (C9S) (cyan) and EYFP-Parkin (yellow). Cells were treated 1 h with 10 
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µM CCCP to induce mitochondrial damage and Parkin recruitment. Cells displaying 

recruited EYFP-Parkin were quantified at each timepoint. Scale bar 10 µm. Graph 

displays mean±SEM. Cells were quantified from 3 independent experiments (cells 

quantified from 15 – 30 fields per experiment (37 – 101 cells)). Statistical analysis was 

performed by two-way ANOVA with Fisher’s LSD; * P ≤ 0.05, ** P ≤ 0.01. B) Knockdown 

of USP8 was verified by USP8 immunoblot. * indicates an aspecific band on USP8 

immunoblot.  

If the C9orf72 and USP8 proteins play sequential roles in Parkin translocation during 

mitophagy, then knockdown of both USP8 or C9orf72 would result in a delay in Parkin 

recruitment that was equal to the effect of the knockdown of the downstream protein 

alone. Conversely, if C9orf72 and USP8 affect different parts of the Parkin translocation 

pathway, the double knockdown would result in a change in the delay in Parkin 

translocation from the single knockdown phenotype. To investigate whether knockdown 

of C9orf72 alters the USP8 knockdown induced delay in Parkin recruitment, HeLa cells 

were transfected with either non-targeting control, USP8 or a combination of both 

C9orf72 and USP8 siRNA and were subsequently transfected with EYFP-Parkin. Cells 

were treated with CCCP to induce mitochondrial damage and EYFP-Parkin 

translocation (Figure 5.11A). The efficiency of C9orf72 knockdown was confirmed by 

qPCR (Figure 5.11B), the knockdown of USP8 was verified by USP8 immunoblot (Figure 

5.11C). One hour CCCP treatment in USP8 knockdown cells resulted in a decrease in 

cells displaying EYFP-Parkin recruitment to mitochondria compared to the control siRNA 

transfected control cells. Double knockdown of C9orf72 and USP8 did not alter the 

USP8 knockdown induced delay in EYFP-Parkin recruitment. At 2 h CCCP there was 

no difference between the control cells and the USP8 or C9orf72 and USP8 siRNA 

transfected cells. Thus, C9orf72 and USP8 may act as parts of the same Parkin 

translocation pathway.  
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Figure 5.11 Knockdown of C9orf72 does not affect the USP8 knockdown delay in 
Parkin translocation  
A) HeLa cells were transfected with non-targeting control (NTC), USP8 or a combination 

of C9orf72 and USP8 siRNA and were subsequently transfected with EYFP-Parkin 

(yellow). Cells were treated 1 or 2 h with 10 µM CCCP to induce mitochondrial damage 

and EYFP-Parkin recruitment. Cells displaying EYFP-Parkin recruited to mitochondria 

were quantified at each timepoint. Scale bar 10 µm. Graph displays mean±SEM. Cells 

were quantified from 4 coverslips from 2 independent experiments (10 fields quantified 

per coverslip (17 – 63 cells per coverslip)). Statistical analysis was performed by two-

way ANOVA with Fisher’s LSD; * P ≤ 0.05. B) C9orf72 mRNA levels were determined 

by qPCR. Graph displays mean±SEM. Statistical analysis was performed by unpaired t-

test; * P ≤ 0.05. C) The knockdown of USP8 was verified by USP8 immunoblot. * 

indicates an aspecific band on USP8 immunoblot.  

5.4 Discussion 

In this chapter the interaction between C9orf72 and USP8 was investigated. DUB 

enzymes, including USP8, feature 3 domains which mediate cellular localisation, 

interactions and DUB activity (Komander et al., 2009). In USP8, the C-terminal USP 
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domain interacts with ubiquitin to mediate the cleavage of ubiquitin from the substrate, 

hence mediating DUB activity. Interactions between substrate and DUB promote 

substrate specificity (reviewed in Mevissen and Komander, 2017). The Rhodanese 

domain has been identified to interact with the E3 ligase NRDP1, possibly to regulate 

the of ubiquitination of substrates or NDPR1 stability (Wu et al., 2004). In vitro assays 

differentially identified the USP and Rhodanese domains of USP8 as potential 

interacting regions that were required for the interaction with C9orf72 (Figure 5.3, Figure 

5.4). The interaction between the Rhodanese domain of USP8 and C9orf72 may 

promote specific targeting of USP8 DUB activity towards C9orf72. Indeed, C9orf72 is 

predicted to undergo ubiquitination at Lys14 (prediction from http://ubpred.org), which 

may target it for degradation by the proteasome. As the USP domain interacts with 

ubiquitin moieties, the USP domain of USP8 may interact preferentially with the 

ubiquitinated form of C9orf72. Indeed, preliminary data from our lab suggests that USP8 

is involved in regulating the turnover of C9orf72 (Dr Christopher Webster, unpublished 

data), which will be investigated further in our lab by Miss Lily Koryang.  

A greater amount of USP8 appeared to co-immunoprecipitate with C9orf72S than with 

C9orf72L or C9orf72DdD, suggesting that the N-terminal fragment of C9orf72 may 

interact preferentially with USP8 (Figure 5.1B). As EGFP-USP8 interacted with both 

C9orf72S and C9orf72DdD, which are composed of either the uDENN or DENN-dDENN 

domains of C9orf72 respectively, USP8 may interact with multiple sites on C9orf72. 

Previous data collected in our lab showed that C9orf72L and C9orf72S can interact (Dr 

Christopher Webster, unpublished data). The formation of C9orf72 dimers may underlie 

the interaction between USP8 and both the C- and N-terminal C9orf72 proteins. The 

formation of C9orf72 dimers should be further investigated to determine interacting 

regions and relevance for the cellular functions of C9orf72. 

Next, we investigated the importance of the C9orf72 and USP8 interaction in the 

regulation of mitochondrial dynamics. The mitochondrial network morphology is in part 

controlled by the ubiquitination of proteins involved in fission and fusion events. Indeed, 

ubiquitination of Drp1 regulates the fission of mitochondria, whereas the ubiquitination 

and proteasomal degradation of OMM targets regulates fusion events. DUBs have been 

previously found to play a role in regulating the mitochondrial network. Mitochondrially 

located USP30 regulates mitochondrial morphology, with knockdown of USP30 resulting 

in elongation of the mitochondria (Nakamura and Hirose, 2008). USP30 has been shown 

to deubiquitinate OMM proteins including MIRO1, TOMM20 and VDAC and prevent their 

degradation by the proteasome (Bingol et al., 2014; Cunningham et al., 2015; Liang et 

al., 2015). It remains unclear how the knockdown of USP30 may lead to elongation of 
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mitochondria, but may involve dysregulated mitochondrial fusion by Mfn1/2 turnover 

(Nakamura and Hirose, 2008). In our hands, knockdown of USP8 resulted in a similar 

elongation of mitochondria and an increase in mitochondrial connectivity (Figure 5.5). 

Therefore, USP8 may also target OMM proteins and regulate mitochondrial 

fission/fusion events by a similar undiscovered mechanism. We observed a 

fragmentation of the mitochondrial network upon C9orf72 overexpression (4.2), which 

was not influenced by the absence of USP8 (Figure 5.5). Therefore, the regulation of 

mitochondrial network morphology in C9orf72 expressing cells may not be due to 

dysregulated ubiquitination of the mitochondrial fission/fusion machinery.  

Finally, we investigated the role of the C9orf72 and USP8 interaction in mitophagy. 

USP8 has been suggested to be involved in the recruitment of the E3 ligase Parkin to 

mitochondria. USP8 was proposed to remove K6- linked ubiquitin from Parkin to 

promote its translocation (Durcan et al., 2014). We previously found that C9orf72 may 

be involved in mitophagy and the translocation of Parkin (4.3). We found no evidence 

that C9orf72 and USP8 play interlinked roles in Parkin translocation (Figure 5.10, Figure 

5.11). Indeed, this would support the finding that C9orf72 may be involved in the 

recruitment of the ULK1 initiation complex in mitophagy, a downstream event of Parkin 

translocation. Furthermore, we did not find any direct evidence to support the previously 

described function of USP8 in mitophagy. Expression of a Parkin unable to undergo 

ubiquitination at the 3 Lys residues was detrimentally recruited upon stimulation of 

mitophagy (Figure 5.8). In addition, in our hands the defect in Parkin translocation upon 

USP8 knockdown was not rescued by expression of ubiquitin unable to form K6- linked 

chains (Figure 5.9). Thus, USP8 may not regulate the translocation of Parkin to 

mitochondria though the removal of K6- linked ubiquitin chains. 

Although K6- linked ubiquitin linkages were the most abundant poly-ubiquitin chain 

assembled on Parkin in mitophagy, K11-, K48- and K63- linkages were also identified, 

which also assembled on  K27, K48 and K76 of Parkin (Durcan et al., 2014). Due to the 

mutation of Lys to Arg, the Parkin3xKR would be also unable to assemble these ubiquitin 

chains. As the ubiquitination status of Parkin may underlie its activation and 

translocation, Parkin3xKR cannot undergo the initial translocation events, resulting in the 

delay reported here (Figure 5.8). Indeed ubiquitination of Parkin was shown to promote 

the role of Parkin in the clearance of a-synuclein via autophagy (Lonskaya et al., 2013). 

Hence it may be information to investigate further the ubiquitin linkage sites found on 

Parkin as well as the nature of the ubiquitin linkage itself, to fully understand the role of 

ubiquitin in the activation of Parkin during mitophagy.  
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It is clear that K6- linked ubiquitin chains are important for the regulation of mitophagy. 

In the context of USP8 regulated mitophagy Durcan et al., speculated K6- linked 

ubiquitin may impair the interaction between Parkin and PINK1 or phosphorylated 

ubiquitin chains on mitochondria impairing the translocation of Parkin to mitochondria 

(Durcan and Fon, 2015). Durcan et al., also proposed that K6- linked ubiquitin chains 

may impair the interactions between damaged mitochondria and the autophagy 

machinery and hence prevent autophagic clearance (Durcan and Fon, 2015). However, 

several other DUB enzymes have been implicated in mitophagy. USP15, USP30 and 

USP35 have been identified to act in opposition to the progression of mitophagy, with 

knockdown of these DUBs resulting in increased mitochondrial turnover (Bingol et al., 

2014; Cornelissen et al., 2014; Cunningham et al., 2015; Wang et al., 2015). USP30 is 

located on the OMM, with the catalytic portion of the protein facing the cytosol 

(Nakamura and Hirose, 2008). Knockdown of USP30 led to an increase levels of 

ubiquitinated TOMM20 and MIRO1, suggesting that it may act to remove these ubiquitin 

linkages on OMM targets to prevent mitophagic clearance (Bingol et al., 2014). In 

addition, knockdown of USP30 was able to rescue the mitophagy defects associated 

with Parkin mutants, suggesting that its role is downstream of Parkin in mitophagy 

(Bingol et al., 2014). USP30 has been shown to display a preference for K6- linked 

ubiquitin chains on mitochondrial proteins (Cunningham et al., 2015). The accumulation 

of K6- linked ubiquitin chains as a result of USP30 knockdown appeared to accelerate 

mitophagy (Cunningham et al., 2015). Moreover, expression of a UbK6R was reported in 

these studies to result in a delay of mitophagy (Cunningham et al., 2015), which was 

recapitulated in our results (Figure 5.9). The difference in reported effects of UbK6R on 

accelerating or impeding mitophagy was postulated to be due to the substrate on which 

the K6- linked chain was be formed. Thus K6- linked ubiquitin chains on mitochondrial 

proteins promote mitochondrial clearance, whereas K6- linked chains on Parkin impair 

its translocation and mitophagy (reviewed in Durcan and Fon, 2015). Clarification as to 

how ubiquitin regulates mitochondrial turnover via mitophagy requires further 

investigation.  

DUB enzymes do not display selective linkage hydrolysis. Indeed, unlike USP30 that 

has been shown to show a degree of specificity towards K6- linked ubiquitin chains 

(Gersch et al., 2017), USP8 does not display linkage specificity (Ritorto et al., 2014). 

USP8 has been shown to hydrolyse both K48- and K63- ubiquitin chains (Alexopoulou 

et al., 2016). As multiple types of ubiquitin linkage are involved in mitophagy progression 

(notably K6-, K11-, K48-, and K63-), the dysregulation of mitophagy induced by 

knockdown of DUB enzymes may be due to changes in ubiquitination of many cellular 
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targets, including those involve in trafficking events. The lysosomal targeting of 

mitochondria during mitophagy was promoted upon knockdown of both USP30 and 

USP35 (Wang et al., 2015). A process also potentially linked to USP8 mitophagy via its 

interaction with the E3 ligase NRDP1 which plays a role in the fusion of lysosome during 

late Parkin mediated mitophagy (Soleimanpour et al., 2014). As C9orf72 was shown to 

be recruited to lysosomes, the C9orf72 and USP8 interaction may be involved in the 

regulation lysosomal function and mitophagy at later stages which warrant further 

investigation. Furthermore, both USP8 and C9orf72 have been shown to be involved in 

endosomal trafficking events, suggesting additional interconnected roles which will be 

discussed further (6.2.3). 

Although here we identified an interaction between C9orf72 and USP8 in both co-

immunoprecipitation and in vitro GST binding assays, it would be informative to verify 

that this interaction is of physiological relevance by performing the co-

immunoprecipitation between the endogenous proteins. Similar to our assays in Chapter 

4, we investigated the role of USP8 in mitophagy using a pool of siRNA consisting of 2 

individual siRNAs targeting USP8. To verify that these did not lead to off target effects, 

which may also impair mitophagy progression, the rescue of USP8 using siRNA 

resistant constructs should be performed. Despite this, our assays correspond to the 

second cell type that USP8 siRNA knockdown has been shown to impair Parkin 

translocation during mitophagy, indicating that USP8 may indeed play a role in 

mitophagy, albeit one not yet fully characterised. Furthermore, we were unable to 

identify a role for the C9orf72 and USP8 interaction in the maintenance of mitochondrial 

dynamics (5.3). A PLA investigation may clarify the cellular compartment in which the 

interaction between C9orf72 and USP8 occurs, which may inform on which cellular 

processes, including mitophagy, lysosomal function and endosomal trafficking, may be 

regulated by the two proteins.  
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Chapter 6. Discussion 

6.1 Introduction 

A repeat expansion in C9orf72 is the most common genetic defect associated with ALS 

and FTD (reviewed in Corcia et al., 2017; DeJesus-Hernandez et al., 2011; Renton et 

al., 2011). The repeat expansion is proposed to contribute to disease via 3 separate 

mechanisms; an RNA toxicity, a DPR protein toxicity and C9orf72 haploinsufficiency 

(reviewed in Gendron and Petrucelli, 2018; Todd and Petrucelli, 2016). C9orf72 

haploinsufficiency has been reported to impact on the survival of motor neurons, 

indicating that it may play a role in ALS pathogenesis (Shi et al., 2018b). The C9orf72 

protein has been shown to be in a complex with SMCR8 and WDR41 and to play a role 

in both autophagy and lysosomal function (reviewed in Amick and Ferguson, 2017; 

Amick et al., 2016; reviewed in Nassif et al., 2017; Sellier et al., 2016; Sullivan et al., 

2016; Ugolino et al., 2016; Webster et al., 2016a; Yang et al., 2016). The purpose of this 

thesis was to investigate the function of the C9orf72 protein further, by characterising 

the interaction between C9orf72 and mitochondrial proteins.  

Screens designed to identify interacting partners of the C9orf72 protein reported several 

mitochondrial proteins and complexes as hits (Y2H unpublished screen, Dr Guillaume 

Hautbergue (SITraN) unpublished mass spectrometry screen and in published screens 

(Blokhuis et al., 2016; Sellier et al., 2016; Sullivan et al., 2016)). In Chapter 3, we verified 

the interaction between C9orf72 and mitochondrial proteins and complexes of the IMM, 

namely COX6C of COX IV and the ATP Synthase and TIM23 complexes (Figure 3.3, 

Figure 3.5, Figure 3.6). Consistent with these interactions, C9orf72 was found to localise 

to the IMS (Figure 3.13). However, the mechanism by which C9orf72 is imported into 

the IMS remains unclear (3.5).  

We next investigated the function of the interaction between C9orf72 and mitochondria 

(Chapter 4). C9orf72 was found to influence the dynamics of the mitochondrial network 

(Figure 4.1, Figure 4.2); which can occur as a result of changes in mitochondrial quality 

control (reviewed in Hamacher-Brady and Brady, 2016). Consistent with a role in 

mitophagy, loss of C9orf72 led to impaired clearance of mitochondria (Figure 4.8). 

C9orf72 was found to be recruited to mitochondria upon mitochondrial damage (Figure 

4.12) and to recruit the mitochondrial fission and the autophagy machinery to 

mitochondria (Figure 4.3, Figure 4.7). Therefore, C9orf72 may assist in the segregation 

of the damaged organelles from the network and in the initiation of phagophore 

biogenesis, targeting the damaged organelle for degradation (reviewed in Hu et al., 

2017; Ishihara et al., 2003; Itakura et al., 2012; reviewed in Yamano et al., 2016).  
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As C9orf72 haploinsufficiency may contribute to C9orf72 ALS/FTD (Shi et al., 2018b), 

and the poly(GR) DPR has been shown to induce mitochondrial dysfunction (Lopez-

Gonzalez et al., 2016), we investigated the mitochondrial dynamics of a C9orf72 ALS 

patient iAstrocyte model. C9orf72 ALS patient iAstrocytes were found to have 

fragmented mitochondrial networks (Figure 4.13) and an impairment in an early stage 

of mitophagy (Figure 4.14). Therefore, C9orf72 ALS/FTD patients display signs of 

impaired mitochondrial dynamics, reminiscent of some of the changes observed in the 

C9orf72 loss and gain of function cell models.  

Finally, we characterised the interaction between C9orf72 and a DUB, USP8 (5.2). Both 

C9orf72 and USP8 were previously implicated in endosomal trafficking events (Berlin et 

al., 2010a; Farg et al., 2014; Row et al., 2007) and autophagy (Sellier et al., 2016; Sun 

et al., 2018; Webster et al., 2016a; Yang et al., 2016). We identified a mitochondrial 

function for C9orf72 (Chapter 4), whilst USP8 had previously been implicated in Parkin 

dependent mitophagy (Durcan et al., 2014). We found no evidence of interplay between 

C9orf72 and USP8 in the regulation of mitochondrial dynamics or mitophagy (5.3). 

Furthermore and in contrast to the previous report, we did not observe the K6- linked 

specificity of DUB activity of USP8 towards Parkin (Figure 5.8, Figure 5.9) (Durcan et 

al., 2014). Whilst this does not exclude a role for USP8 and other DUBs in mitophagy, 

as discussed previously in (5.4), it does highlight the need for further investigation into 

the role of USP8 in mitochondrial quality control. Further investigations into the 

functional relevance of the interaction between C9orf72 and USP8 are also required.  

6.2 The role of the C9orf72 protein in maintaining mitochondrial function 

6.2.1 C9orf72 in mitochondrial function and mitophagy 

We found C9orf72 to be recruited to mitochondria following mitochondrial damage 

(Figure 4.12). We propose that as C9orf72 interacts with and regulates the translocation 

of the autophagy machinery, C9orf72 may direct the autophagy machinery specifically 

to damaged organelles during mitophagy. Indeed, an increased expression of C9orf72 

led to an increase in the level of ULK1 found on mitochondria (Figure 4.7, Figure 6.1). 

This is similar to the mitophagy adaptor proteins that are recruited to ubiquitin chains on 

the OMM of damaged mitochondria (Lazarou et al., 2015). The majority of proteins that 

direct the autophagy machinery to mitochondria are located on or recruited to the OMM 

(reviewed in Yamano et al., 2016). However, PHB2 found on the IMM, also interacts 

with LC3 to promote mitophagy upon the rupture of the OMM (Wei et al., 2017). We 

identified IMM complexes as interacting partners of C9orf72 (3.2, Figure 3.3, Figure 3.5, 

Figure 3.6), with C9orf72 residing in the IMS (3.4, Figure 3.13). Following rupture of the 
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OMM, the IMM is exposed to the cytosol, cytosolic C9orf72 may then interact with COX 

IV via COX6C and the TIM23 and ATP Synthase complexes, leading to the recruitment 

of C9orf72 to mitochondria and with it the trafficking of the ULK1 initiation complex. The 

binding to multiple IMM complexes may indicate that C9orf72 recognises damaged 

organelles in a redundant manner.  

We observed C9orf72 to be found in mitochondria even in the absence of mitochondrial 

damage (Figure 3.8, Figure 6.1). Whilst, this does not exclude the above statement 

about the recruitment of C9orf72 to mitochondria upon damage, it rather suggests an 

additional role for C9orf72 in the regulation of IMM complexes or in the recognition of 

damaged organelles. Interestingly, C9orf72 has been proposed to interact with VDAC3 

(Blokhuis et al., 2016; Sullivan et al., 2016). The oxidation of Cys residues in VDAC3 

has been proposed to stimulate mitochondrial quality control pathways including MDV 

formation and Parkin dependent mitophagy (reviewed in Reina et al., 2016; Soubannier 

et al., 2012b; Sun et al., 2012). C9orf72 itself contains a number of conserved Cys 

residues (Figure 3.16), which may become oxidised upon mitochondrial damage and 

form part of the signalling pathway to detect the accumulation of damaged organelles 

and promote their subsequent clearance (Figure 6.1). Furthermore, ubiquitinated 

VDAC3 acts as a Parkin docking site during mitophagy (Sun et al., 2012). Therefore, 

the proposed interaction between C9orf72 and VDAC3 may be involved in the 

recognition of damaged organelles and in the recruitment of mitophagy machinery to 

mitochondria.  

C9orf72 has been shown to be in a stable complex with SMCR8 and WDR41 (Amick et 

al., 2016; Sellier et al., 2016; Sullivan et al., 2016; Ugolino et al., 2016; Yang et al., 

2016). In this study we did not investigate the contribution to mitophagy made by either 

SMCR8 or WDR41. WDR41 has been shown to regulate the trafficking of C9orf72 to 

lysosome upon amino acid starvation (Amick et al., 2018), but its role in mitophagy is 

unexplored. The interactions between SMCR8, OPTN and p62; SMCR8, Rab8a and 

Rab39b; and the phosphorylation of SMCR8 by TBK1 strongly support a role for SMCR8 

in mitophagy, driving site specific formation of autophagosomes (Figure 6.1) (Sellier et 

al., 2016). Indeed, SMCR8 may be recruited to mitochondria by the mitophagy adaptor 

proteins, OPTN and p62 (Sellier et al., 2016). The amino acid sequence of SMCR8, 

harbours a potential GABARAP interaction motif; [F]-[V]-[X]-[V]. Therefore, SMCR8 may 

also interact with GABARAP proteins (Rogov et al., 2017). Like the LC3s, GABARAPs 

are lipidated during autophagosome maturation and are required for mitophagy 

progression (Kabeya et al., 2004; Nguyen et al., 2016; Weidberg et al., 2010). Therefore, 

following mitochondrial damage, SMCR8 may be recruited to mitochondria as part of 
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the C9orf72 complex or by OPTN/p62. SMCR8 may the aid in the recruitment of 

GABARAP proteins and participate in the elongation and maturation of the phagophore 

(Figure 6.1).    

 
 

Figure 6.1 A model suggesting how the C9orf72 complex regulates the engulfment 
of damaged mitochondria by the autophagosome 
1) The C9orf72 protein interacts with protein complexes of the IMM. 2) Mitochondrial 

damage may be sensed by IMS residing C9orf72 and modify IMM complex function. 3) 

The C9orf72 complex is recruited to mitochondria upon damage and meditates the 

recruitment of the ULK1 initiation complex. 4) SMCR8 may be recruited to mitochondria 

by C9orf72, p62 and OPTN. SMCR8 is phosphorylated by TBK1 and ULK1, modifying 

its GEF activity. SMCR8 acts as GEF for Rab8a and Rab39b and promotes 

autophagosome elongation. 5) SMCR8 interacts with GABARAP proteins to promote 

the elongation and maturation of the phagophore.  

We identified C9orf72 to play a role in the removal of damage mitochondria though the 

mitophagy pathway (Figure 4.8). C9orf72 recruits the autophagy machinery, namely the 

ULK1 initiation complex, to damaged mitochondria to promote their removal (Figure 6.1). 

The recruitment of the ULK1 initiation complex to mitochondria is a feature of both Parkin 

dependent and Parkin independent mitophagy pathways (Itakura et al., 2012; Wu et al., 

2014). Therefore, despite the investigation into the role in C9orf72 in Parkin dependent 

mitophagy here, C9orf72 may also play a role in Parkin independent mitophagy. 



 208 

Recently attention has turned away from investigating Parkin dependent mitophagy 

utilising chemical induction, as this relies on an induction of mitophagy which may not 

employ mechanisms that function in vivo to maintain mitochondria. Indeed, animal 

models have shown that both PINK1 and Parkin are dispensable for the maintenance of 

mitochondria and basal mitophagy (Lee et al., 2018b; Lin et al., 2017; McWilliams et al., 

2018). Therefore, separate mechanisms as yet unexplored, may be of greater relevance 

in vivo, which may also be regulated by the C9orf72 protein. 

C9orf72 is expressed in neurons and has been shown to regulate neuronal autophagy, 

via the translocation of the ULK1 initiation complex (Webster et al., 2016a). Whether or 

not C9orf72 regulates mitophagy in neurons requires further investigation. Fully 

understanding the role that the C9orf72 protein may play in the maintenance of neuronal 

mitochondria presents further challenges, as little evidence supports the function of 

endogenous Parkin in the maintenance of mitochondria in neurons (reviewed in 

Cummins and Gotz, 2017). Furthermore, mitophagy is not reliably induced in neurons 

under cell culture conditions (reviewed in Martinez-Vicente, 2017). Therefore, exploring 

the role of C9orf72 in neuronal mitochondrial maintenance may therefore require 

investigations into both Parkin dependent and independent mitophagy mechanisms.  

C9orf72 has been shown to regulate lysosomal function (reviewed in Amick and 

Ferguson, 2017; Amick et al., 2016; Ugolino et al., 2016). Lysosomal function is required 

for the clearance of autophagy substrates including damaged mitochondria (reviewed in 

Menzies et al., 2017). Loss of C9orf72 led to the perinuclear clustering of swollen 

lysosomes suggestive of impaired clearance or lysosomal transport (Amick et al., 2016). 

Although we did not investigate the role of the downstream effects of lysosomal function 

on mitophagy in our C9orf72 loss of function model, this does not exclude that disrupted 

lysosome function may lead to the delayed mitochondrial clearance observed.  

The phenotype associated with C9orf72 knockout mice is consistent with a defect in 

immune system function, rather than neurodegeneration (Atanasio et al., 2016; Burberry 

et al., 2016; O'Rourke et al., 2016; Sullivan et al., 2016; Ugolino et al., 2016). The 

changes in lysosomal function associated with loss of C9orf72 in cells may lead directly 

to the phenotype of the C9orf72 knockout mice (reviewed in Amick and Ferguson, 2017). 

Furthermore, alterations in immune function are reported in C9orf72 ALS/FTD patients, 

which may indicate a contribution of C9orf72 haploinsufficiency towards the progression 

of C9orf72 ALS/FTD (reviewed in Lall and Baloh, 2017). The function of the immune 

system is intrinsically linked to that of mitochondria (reviewed in Weinberg et al., 2015). 

Mitochondrial function has not yet been explored and reported in the C9orf72 knockout 

mice. However, the accumulation of damaged mitochondria through reduced mitophagy, 
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as reported here in our C9orf72 loss of function cell model (Figure 4.8), may lead to an 

increase in mitochondrial damage-associated molecular patterns (DAMPs) which 

activate the inflammasome and promote a pro-inflammatory state (reviewed in Broz and 

Dixit, 2016), similar to that observed in the C9orf72 knockout mice (Atanasio et al., 2016; 

O'Rourke et al., 2016). Consistent with defects in mitophagy stimulating the 

inflammatory system, the loss of Parkin and/or the downstream mitophagy effector p62 

in macrophages led to and increase pro-inflammatory IL-1b following stimulation of the 

inflammasome (Zhong et al., 2016). Furthermore, PINK1 and Parkin knockout mouse 

models display elevated levels of pro-inflammatory cytokines following mitochondrial 

stress (Sliter et al., 2018). Therefore, reduced mitophagy through C9orf72 

haploinsufficiency, may in concert with the increased the cellular stresses associated 

with C9orf72 ALS/FTD, including DPRs, TDP-43 aggregates and p62 pathology, 

promote mitochondrial induced activation of the inflammatory response and result in the 

inflammation observed in C9orf72 ALS/FTD patients.  

6.2.2 Rab GTPases in mitochondrial dynamics and mitophagy 

C9orf72 and SMCR8 are DENN domain containing proteins (Levine et al., 2013; Zhang 

et al., 2012). As such C9orf72 and SMCR8 have been shown to act in Rab GTPase 

cascades (reviewed in Webster et al., 2016b). Consistent with this role, C9orf72 has 

been shown to interact with multiple Rab GTPases (Table 1-3). Rab cascades have 

been implicated in the maintenance of mitochondrial health, through the regulation of 

both mitochondrial network dynamics and the removal of damaged organelles (Alto et 

al., 2002; Bui et al., 2010; Caza et al., 2014; Lai et al., 2015; Landry et al., 2014; Ortiz-

Sandoval et al., 2014; Yamano et al., 2018). As a Rab effector or GEF, C9orf72 may be 

responsible for the targeting of Rabs to specific cellular membranes or their activity 

(Grosshans et al., 2006). As C9orf72 is found on mitochondria, it may direct Rabs to 

damaged mitochondria and regulate mitochondrial dynamics.  

The Rab cascade involving C9orf72 and SMCR8 has so far been studied in the context 

of autophagy. C9orf72 has been shown to act as an effector for Rab1a (Webster et al., 

2016a). Consistent with a Rab cascade, C9orf72 may then recruit the downstream GEF 

(SMCR8) and Rabs (Rab8a and Rab39b) which promotes the elongation of the 

phagophore (reviewed in Nassif et al., 2017; Sellier et al., 2016; Yang et al., 2016). This 

Rab cascade may also be of relevance in the clearance of mitochondria. Indeed, the 

interaction of Rab8a and Rab39b with OPTN and p62 suggest a role in the selective 

degradation of autophagic cargos and damaged mitochondria (Pilli et al., 2012; Sellier 

et al., 2016; Vaibhava et al., 2012). Rab8a is phosphorylated upon the induction of 
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mitochondrial damage, downstream of PINK1 and Parkin activation, by an unknown 

kinase (Lai et al., 2015). Although the role of this phosphorylation event in mitophagy is 

unclear, it has been shown to impair the activation of Rab8a by its GEF Rabin (Lai et 

al., 2015). Furthermore, SMCR8 has been shown to be phosphorylated by TBK1, 

mTOR, AMPK and ULK1 (Figure 6.1) (Hoffman et al., 2015; Hsu et al., 2011; Sellier et 

al., 2016). The phosphorylation of SMCR8 may alter its GEF activity and regulate site 

directed autophagosome synthesis (Jung and Behrends, 2017; Sellier et al., 2016).  

Mitochondrial network morphology has been shown to be regulated by the Rab32 family 

and Rab11, through the modulation of Drp1 (Alto et al., 2002; Bui et al., 2010; Landry et 

al., 2014; Ortiz-Sandoval et al., 2014). We found that overexpression of C9orf72 led to 

the recruitment of Drp1 to mitochondria (Figure 4.3) and to the fragmentation of the 

mitochondrial network (Figure 4.1). The Rab32 family, which includes Rab38 and 

Rab29, are localised to the mitochondria and MAM (Bui et al., 2010; Ortiz-Sandoval et 

al., 2014), where they regulate the recruitment of calnexin to maintain Ca2+ homeostasis 

(Bui et al., 2010). MAM is also important for the regulation of mitochondrial dynamics 

and fission (reviewed in Paillusson et al., 2016). Rab32, and to a lesser extent Rab38 

and Rab29, were found to interact with Drp1, with dominant active Rab32 promoting the 

interaction indicating that Drp1 may be an effector for this family of Rabs. Furthermore, 

the expression of the dominant negative Rab32 family led to the collapse of mitochondria 

around the nucleus (Ortiz-Sandoval et al., 2014), similar to that found in Drp1 knockout 

cells (Ishihara et al., 2009). Ortiz-Sandoval et al. proposed that the Rab32 family 

mediated the redistribution of Drp1 on ER membranes to mediate mitochondrial 

fission. Although the C9orf72 complex was not found to interact with Rab32, it was found 

to interact with family members Rab29 and Rab38, which play a similar role in Drp1 

recruitment. Therefore, C9orf72 may also play a role in the trafficking of these Rabs 

during mitochondrial network fission events (Figure 6.2) (Aoki et al., 2017; Ortiz-

Sandoval et al., 2014; Sellier et al., 2016). In addition, Rab32 has been shown to play a 

role in autophagosome membrane elongation (Hirota and Tanaka, 2009), which may 

indicate further involvement of C9orf72 in autophagy Rab cascades. C9orf72 was also 

shown to co-localise and interact with Rab11 (Farg et al., 2014), which has also linked 

to Drp1 mediated mitochondrial fission following viral insult. Rab11 was shown to 

regulate the remodelling of the cytoskeleton and mitochondria in an SFK dependent 

manner. In this model the trafficking of Drp1 to mitochondria dependent on Rab11 and 

its effector FIP1/RCP (Landry et al., 2014). Rabs have been shown to be regulated by 

multiple effectors. Furthermore, the interaction of a single effector with multiple Rabs 

permits the coupling of the Rab activity and allows crosstalk between membrane 
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compartments (reviewed in Grosshans et al., 2006; Pylypenko et al., 2018). Therefore, 

although currently C9orf72 has not been linked to these Rabs in the context of 

mitochondrial dynamics, this does not exclude a role for the C9orf72/SMCR8/WRD41 

complex in the localisation and mitochondrial function of Rab11, Rab29 and Rab38 

(Figure 6.2).   

Following PINK1 activation and the labelling of OMM proteins with ubiquitin chains, 

RABGEF1 is recruited to mitochondria and directs downstream Rab5 to mitochondria. 

Rab5 and its effectors then mediate the recruitment of the downstream Rab, Rab7. Rab7 

mediates the recruitment of ATG9A membranes to the mitochondrion and promotes the 

formation and elongation of the phagophore in a mechanism that is specific to 

PINK1/Parkin mitophagy. Rab7 is inactivated by TBC1D15 and TBC1D17 (GAPs) which 

are recruited to mitochondria by Fis1 (Yamano et al., 2018). Rab7 has been shown to 

interact with Mfn2, which is increased during starvation, to promote the use of 

mitochondrial membranes as sources of autophagosome membrane (Zhao et al., 2012). 

C9orf72 has been shown to interact with both Rab5 and Rab7 (Aoki et al., 2017; Farg 

et al., 2014; Frick et al., 2018). The effector for Rab7 mediating the recruitment of ATG9A 

during mitophagy has not been identified, therefore it is possible that C9orf72 could fulfil 

such as role. This could lead to a two-step recruitment of autophagy machinery by 

C9orf72 to damaged mitochondria, recruiting both ULK1 during initiation and ATG9A for 

phagophore elongation, inducing phagophore biogenesis specifically at the damaged 

mitochondrion (Figure 6.2). In addition to this role in the initiation of mitophagy, Rab7 

has also been implicated in autophagosome maturation regulating the fusion with the 

lysosome (Gutierrez et al., 2004), the transport of lysosomes (Pu et al., 2016) and SNPH 

MDV transport (Lin et al., 2017). These also impact on mitochondrial dynamics and 

mitophagy (1.2.3.2). Investigations into the nature of the interaction between C9orf72 

and Rab7 will explore whether C9orf72 is involved in these processes and will clarify the 

extent to which C9orf72 is involved in mitochondrial quality control.  

Rab4 has been reported to influence mitochondrial clearance; regulating Drp1 levels 

and the formation of autophagosomes on the mitochondria (Caza et al., 2014; Talaber 

et al., 2014). Rab4, LC3 and mitochondria were found to co-localise upon starvation and 

the inhibition of mTOR (Talaber et al., 2014). To date no interaction has been found 

between C9orf72 and Rab4. However, loss of C9orf72 perturbs signalling of mTOR 

during starvation and amino acid re-feeding, resulting in altered lysosomal function 

(Amick et al., 2016; Ugolino et al., 2016). Therefore, C9orf72 may have an indirect effect 

on Rab4 mediated autophagosome biogenesis during starvation and impair autophagy 

and mitophagy. 
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Figure 6.2 C9orf72 may regulate Rab GTPases governing mitochondrial dynamics 
C9orf72 may act as a GEF or effector for Rab11, Rab29 and Rab38 and promote the 

recruitment of the pro-fission protein Drp1 to mitochondria. The recruitment of Drp1 

results in mitochondrial network fragmentation and remodelling. In mitophagy, C9orf72 

regulates the recruitment of the ULK1 initiation complex to mitochondria. In addition, 

C9orf72 may also act as a GEF or effector for Rab7, which retrieves ATG9A membranes 

during mitophagy, to promote the elongation of the phagophore.  

6.2.3 The role of the C9orf72 and USP8 interaction 

We identified an interaction between C9orf72 and the DUB USP8 (5.2), however we did 

not identify a common function in mitochondrial quality control (Figure 5.10, Figure 5.11, 

5.3). Interestingly both USP8 and C9orf72 have been reported to co-localise with Rab5 

(Alexopoulou et al., 2016; Farg et al., 2014; Frick et al., 2018; Xia et al., 2012), which is 

involved in the trafficking of early endosomes (Jovic et al., 2010). Consistent with an 

interaction with Rab5, both C9orf72 and USP8 have been implicated in endosomal 

trafficking (Farg et al., 2014; Row et al., 2007; Row et al., 2006; Yeates and Tesco, 

2016). Constitutively active Rab5 was able to improve the survival of C9orf72 ALS 

patient iMN, indicative that defective endosomal trafficking may contribute to C9orf72 

ALS/FTD (Shi et al., 2018b). The activity of Rab cycles is regulated by PTMs, including 

ubiquitination, which can alter cellular localisation and activity (reviewed in de la Vega 

et al., 2011). Rab5 has been shown to undergo ubiquitination which can impair the 

interaction between Rab5 and its effector, as well as GDP/GTP exchange activity (Shin 

et al., 2017). Hence USP8 may be involved in the regulation of the ubiquitination state 

of endosomal Rabs, including those trafficked by the C9orf72 complex.  

In contrast, ubiquitination can also regulate protein turnover (reviewed in Komander and 

Rape, 2012). The interaction between USP8 and C9orf72 may therefore regulate the 
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turnover of C9orf72. It is unclear whether this is the case, but this is currently under 

investigation by Miss Lily Koryang in our lab. If C9orf72 turnover is regulated by USP8, 

then USP8 may be an attractive therapeutic target for C9orf72 ALS/FTD, to increase 

C9orf72 levels. Targeting the activity of USP8 has previously been identified as a 

therapeutic target for neurodegenerative diseases, including PD and ALS. USP8 has 

been shown to regulate the clearance of a-synuclein aggregates, with knockdown of 

USP8 resulting in a decrease in a-synuclein aggregates and eye toxicity in a Drosophila 

model of PD (Alexopoulou et al., 2016). USP8 has also been shown to interact with 

TDP-43, with USP8 regulating the turnover of TDP-43 by the proteasome. Consistent 

with this, knockdown of USP8 was reported to increase the severity of the fly eye 

phenotype in TDP-43 expressing Drosophila (Hans et al., 2014). This would indicate 

that silencing USP8 may not be a catch-all therapy and although beneficial for some 

conditions, may increase the pathology associated with other neurodegenerative 

diseases, especially TDP-43 pathologies including ALS/FTD.  

6.3 Defective mitochondrial dynamics in ALS 

6.3.1 ALS proteins interact with mitochondria and mediate mitochondrial 
dysfunction 

A number of ALS-linked genes products have been shown to interact with mitochondria 

and regulate mitochondrial function, including, SOD1, TDP-43, FUS and the C9orf72 

repeat expansion-associated DPR poly-GR (Blokhuis et al., 2016; Deng et al., 2015; 

Higgins et al., 2002; Lopez-Gonzalez et al., 2016; Mattiazzi et al., 2002; Wang et al., 

2016). The interaction between these proteins, especially the ALS mutant forms, have 

been implicated directly in the dysregulation of mitochondria (reviewed in Smith et al., 

2017b). 

Here we found C9orf72 to be located to the IMS and to interact with OXPHOS and the 

TIM23 complexes (Figure 3.5, Figure 3.6). At present it is unknown whether C9orf72 

regulates the function of the mitochondrial import or OXPHOS complexes. Mitochondria 

in C9orf72 ALS patient fibroblasts and iPSC motor neurons have been reported to be 

hyperpolarised (Lopez-Gonzalez et al., 2016; Onesto et al., 2016), although this is 

contested by others (Dafinca et al., 2016). Hyperpolarised mitochondria can be 

indicative of OXPHOS dysfunction (Forkink et al., 2014; Perl et al., 2004). The 

hyperpolarisation of mitochondria in C9orf72 ALS patients is in stark contrast to the 

majority of ALS cases, including SOD1, TDP-43, FUS, VCP and SQSTM1 ALS, where 

mitochondria have been reported to be depolarised (reviewed in Smith et al., 2017b). 

Therefore, a specific C9orf72-linked mechanism may result in the changes in MMP 
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observed. If the interaction between C9orf72 and ATP Synthase plays a regulators role 

in the latter’s function, then C9orf72 haploinsufficiency may lead to dysregulation of the 

OXPHOS machinery. However, the C9orf72 repeat expansion associated poly-GR 

DPRs have been shown to interact with mitochondrial ribosomal proteins and induce 

mitochondrial stress (Lopez-Gonzalez et al., 2016). Therefore, a combination of C9orf72 

repeat expansion-associated disease mechanisms may lead ultimately to the 

mitochondrial dysfunction found in C9orf72 ALS/FTD patients. As cellular ROS are 

generated though the activity of the OXPHOS machinery (reviewed in Murphy, 2009; 

Turrens, 2003), a higher MMP may drive elevated ROS levels through increased 

OXPHOS activity, establishing a pathological cycle. The poly-GR DPRs may also 

interact with mitochondria and induce further ROS generation (Figure 6.3).  

 

 

 
 
 

Figure 6.3 Mitochondrial damage establishes a pathological cycle 
C9orf72 repeat associated poly-GR DPRs and cytosolic TDP-43 are imported into 

mitochondria and associate with mitochondrial ribsomal proteins and mRNA 

respectively. These abherrant associations induce mitochondrial damage and drive the 

generation of ROS. Excessive ROS generation induces mitochondrial dysfunction but 

also perpetuates the mislocalisation and aggergation of TDP-43 establishing a 

pathological cycle.  

The production of ROS has been shown to lead to the mislocalisation and aggregation 

of TDP-43 (Colombrita et al., 2009; McDonald et al., 2011; Meyerowitz et al., 2011), 

which may then exacerbate cellular and mitochondrial dysfunction and ROS generation 

(Figure 6.3). Indeed, TDP-43 and to a greater extend ALS mutant TDP-43 accumulates 

in mitochondria where it preferentially binds the mRNAs of the mtDNA-encoded complex 
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I subunits, resulting in complex I disassembly (Wang et al., 2016). Since cytoplasmic 

TDP-43 accumulation is a hallmark pathology in most ALS cases, including C9orf72 

ALS, this may also explain the mitochondrial defects observed in sporadic ALS and other 

familial ALS cases. Therefore it may be key to determine the contribution to mitochonrial 

dysfunction that can be attributed to the mutated ALS protein itself, in contrast to the 

TDP-43 pathology associated changes.  

6.3.2 Import of mitochondrial proteins in ALS 

We identified C9orf72 to be located in the IMS, however we did not identify the 

mechanism by which its import was achieved (3.5). As C9orf72 haploinsufficiency is 

implicated in C9orf72 ALS/FTD it is possible that levels of IMS C9orf72 are reduced in 

disease. This may then result in a 2-fold effect on mitochondrial function. First, as 

described here (Chapter 4), the clearance of damaged mitochondria may be impaired. 

Second, if the C9orf72 protein is found to play a role in the function of mitochondria, then 

these may also be impaired in disease.   

The mislocalisation of IMS proteins SOD1 and CHCHD10 has been implicated in SOD1 

and CHCHD10 ALS (reviewed in Muyderman and Chen, 2014; Ramesh and Pandey, 

2017). Loss of CHCHD10 import was proposed to underlie the changes in cristae 

morphology found in CHCHD10 ALS patient fibroblasts (Bannwarth et al., 2014). 

However, the exact role of CHCHD10 in the IMS is unclear, as CHCHD10 knockout mice 

displayed no mitochondrial substructure alterations (Burstein et al., 2018). Secondly, the 

accumulation of ALS mutant SOD1 in the IMS is thought to primarily be driven by the 

formation of aggerates (Kawamata and Manfredi, 2008). However, it has been shown 

that increased levels of CCS worsened the ALS phenotype and mitochondrial swelling 

of SOD1 G93A mice, highlighting a role for Class II IMS import in SOD1 ALS 

pathogenesis (Son et al., 2007). Hence the potential loss of C9orf72 from the IMS either 

directly as a result of haploinsufficiency or as a result of impaired import, may affect 

mitochondrial function and mitochondrial architecture.   

6.3.3 Structural alterations of mitochondrial networks in ALS  

We found C9orf72 patient iAstrocytes to have fragmented mitochondrial networks 

(Figure 4.13). This is consistent with previous reports of fragmented mitochondria being 

observed in C9orf72 ALS patient fibroblasts mitochondria contained within autophagic 

vesicles (Onesto et al., 2016) and swollen mitochondria found in C9orf72 ALS patient 

iPSC motor neurons (Dafinca et al., 2016). As most ALS models, including C9orf72 ALS, 

display mitochondrial fragmentation this suggests that mitochondrial dysfunction is a 
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prevalent and core feature of disease (Table 1-2) (reviewed in Smith et al., 2017b). 

Fragmented mitochondria are indicative of defects in mitochondrial function (reviewed 

in Youle and van der Bliek, 2012). 

In SOD1 and TDP-43 ALS, imbalances in mitochondrial fission and fusion machinery 

were reported to induce the mitochondrial fragmentation, with the balance shifted 

towards an increase in fission proteins, although this remains controversial (Ferri et al., 

2010; Liu et al., 2013; Luo et al., 2013; Xu et al., 2010; Xu et al., 2011). Interestingly, in 

C9orf72 ALS patient fibroblasts, elevated levels of Mfn1 were reported (Onesto et al., 

2016). This is counterintuitive as this would suggest a shift towards mitochondrial fusion, 

as opposed to the fragmented mitochondrial networks observed (Onesto et al., 2016). 

In our C9orf72 loss of function cell model, we observed an increase in Mfn2 levels which 

correlated with mitochondrial network fusion (Figure 4.4). Therefore, C9orf72 

haploinsufficiency may induce the increase in pro-fusion proteins, as seen in the C9orf72 

ALS patient fibroblasts and our C9orf72 loss of function model (Onesto et al., 2016). 

However, it is likely that the other repeat expansion mechanisms influence mitochondria 

function in C9orf72 ALS/FTD, resulting in an overall decrease in mitochondrial network 

connectivity. For instance, the interaction between the poly-GR DRP and mitochondria 

proteins is likely to induce mitochondrial dysfunction, as seen by the increase in 

mitochondrial ROS, leading to mitochondrial fragmentation (Lopez-Gonzalez et al., 

2016). In addition, C9orf72 ALS/FTD patients present with TDP-43 pathology, which 

itself may contribute to mitochondrial dysfunction and mitochondrial fragmentation 

(Wang et al., 2016).  

IMM cristae play important roles in mitochondrial function, supporting import of proteins 

through the TOM20/TIM23 complexes and the activity of the OXPHOS machinery 

(reviewed in Cogliati et al., 2016). We identified the C9orf72 protein to interact with IMM 

complexes that are located within mitochondrial cristae (Figure 3.5, Figure 3.6). 

Furthermore, a BioIP screen identified MICOS subunits, CHCHD3 and IMMT, as 

potential interacting partners of C9orf72 (Blokhuis et al., 2016). CHCHD3, also known 

as MIC19, regulates the assembly of the MICOS complex (Sakowska et al., 2015). 

IMMT, also referred to as MIC60, regulates the remodelling of membranes for cristae 

formation and is regulated by MIC19 (Hessenberger et al., 2017). Therefore, C9orf72 

may be involved in the regulation of cristae structure. Therefore, C9orf72 

haploinsufficiency may disrupt cristae formation, resulting the deformed cristae 

observed in C9orf72 patient cell models (Dafinca et al., 2016; Onesto et al., 2016). This 

may impair mitochondrial function, which may then lead to the fragmentation of the 

mitochondrial network. The deformation of mitochondrial cristae has been reported in 
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SOD1, TDP-43, FUS, Alsin and CHCHD10 ALS cell and animal models (Bannwarth et 

al., 2014; Deng et al., 2015; Gautam et al., 2016; Genin et al., 2016; Kirkinezos et al., 

2005; Stribl et al., 2014). In SOD1 and FUS ALS models, these defects are associated 

with early disease stages indicating that early changes in mitochondrial function may 

underlie disease pathogenesis (Kong and Xu, 1998; Sharma et al., 2016).  

Interestingly, the fragmentation of the mitochondrial network is also a feature of ageing. 

Mitochondrial function declines with age (reviewed in Seo et al., 2010), which could 

contribute to the progression of neurodegenerative diseases. Importantly fragmentation 

of mitochondria is also associated with PD, AD and HD (Cai and Tammineni, 2016; 

Martin et al., 2015; Ryan et al., 2015). The similarity in mitochondrial dysfunction 

between neurodegenerative diseases, highlights potential crossover between disease 

pathways despite the varying clinical phenotypes and endpoints, that may inform on 

therapeutic avenues.  

6.3.4 Defective mitochondrial quality control in ALS 

Mitochondrial quality control is impaired in neurodegenerative diseases including ALS 

(reviewed in Rodolfo et al., 2018). Indeed, the accumulations of mitochondria seen in 

ALS patient tissue, and ALS cell and animal models point towards defective clearance 

of mitochondria (reviewed in Smith et al., 2017b).  

In C9orf72 ALS patient iAstrocytes expressing Parkin, we observed a delay in the 

recruitment of Parkin to mitochondria upon mitochondrial damage (Figure 4.14). This 

may lead to a decrease in the recognition of damaged organelles for clearance by 

mitophagy. A decrease in the recruitment of Parkin to mitochondria could also lead to 

an increase in the level of OMM proteins that are normally regulated by Parkin mediated 

degradation by the proteasome as part of basal mitochondrial maintenance (reviewed 

in Martinez-Vicente, 2017). This may account for the increase in the level of Mfn1 

observed in C9orf72 ALS patient fibroblasts (Onesto et al., 2016) and the increase in 

Mfn2 levels we observed upon C9orf72 knockdown (Figure 4.4). Parkin dependent 

mitophagy may be impaired in TDP-43 and FUS ALS, as both have been shown to 

regulate the expression of Parkin (Lagier-Tourenne et al., 2012; Polymenidou et al., 

2011). As TDP-43 mislocalisation to the cytosol is a feature of most ALS cases, defects 

in Parkin expression may be a common feature of ALS. Consequently, the induction of 

mitophagy may be affected in most ALS cases. In contrast, a recent study in SOD1 

G93A mice revealed a chronic induction of Parkin dependent mitophagy, which resulted 

in a lower mitochondrial mass. The knockout of Parkin in SOD1 G93A mice improved 

the survival and delayed onset of pathology (Palomo et al., 2018). Palomo et al. 
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suggested that the knockout of Parkin delayed the chronic accelerated turnover of 

mitochondria in SOD1 G93A mice, thereby improving mitochondrial dynamics. In 

agreement with this, the knockout of PINK1 or Parkin in a FUS P525L Drosophila model 

led to an improvement in motor phenotype and survival (Chen et al., 2016b). As neither 

SOD1 nor FUS ALS are associated with the mislocalisation of TDP-43, it is likely that 

this may explain the increase in Parkin activity and differentiate these forms of ALS from 

those associated with TDP-43 pathology. Nevertheless, improving mitochondrial 

dynamics may present an attractive therapeutic strategy for ALS.  

We established C9orf72 as an IMS protein that may recruit directly the ULK1 autophagy 

machinery to mitochondria upon mitochondrial damage (Figure 4.7). C9orf72 

haploinsufficiency may therefore impair the recruitment of the ULK1 initiation complex 

to mitochondria. Indeed, C9orf72 haploinsufficiency has been shown to impair 

autophagy in C9orf72 patient iNeurons through a similar mechanism (Webster et al., 

2016a). The disrupted targeting of mitochondria for degradation appears to be a 

common feature in ALS. The expression of the autophagy adaptors p62 and BNIP3, 

were found to be reduced in SOD1 G93A mice (Rogers et al., 2017). Furthermore, the 

recognition of mitochondria with ruptured OMM is mediated by the IMM protein PBH2 

(Wei et al., 2017). TDP-43 has been shown to interact with PHB2 and regulate its 

expression during mitophagy (Davis et al., 2018). It is unknown how this interaction may 

be affected by ALS mutations in TDP-43. However, due to the widespread prevalence 

of TDP-43 mislocalisation in ALS, this pathway for the recognition of damaged 

mitochondria may be affected in ALS as a whole. Finally, the autophagy machinery is 

recruited to mitochondria indirectly by the mitophagy adaptor proteins including, p62 and 

OPTN (reviewed in Yamano et al., 2016). Both ALS mutant forms of p62 and OPTN lead 

to decreased recognition of the organelle by LC3 (Fecto et al., 2011; Maruyama et al., 

2010). OPTN and p62 are phosphorylated by TBK1 to increase the affinity of the 

interaction with LC3 (reviewed in Majcher et al., 2015; Richter et al., 2016) (Wild et al., 

2011a). ALS-linked loss of function mutations in TBK1 impair the interaction between 

TBK1 and OPTN impair the clearance of damaged mitochondria (Li et al., 2016; Moore 

and Holzbaur, 2016; Richter et al., 2016).  

Not all mitochondrial turnover occurs via the removal of whole organelles (reviewed in 

Martinez-Vicente, 2017). The budding of MDV from neuronal mitochondria has been 

reported to deliver damaged mitochondria directly to lysosomes (McLelland et al., 2014; 

Soubannier et al., 2012a; Sugiura et al., 2014). SOD1 G93A mice were shown to have 

increased formation of SNPH mitochondrial vesicles (Lin et al., 2017). It is unknown if 

this is also the case in C9orf72 ALS/FTD. However, the transport of MDV to lysosomes 
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is regulated by Rab7 (Lin et al., 2017). If C9orf72 is found to regulate Rab7 mediated 

trafficking events through its interaction (Farg et al., 2014; Frick et al., 2018), then this 

mechanism of mitochondrial quality control may also be affected in disease.  

Defects in autophagy lead to the accumulation of damaged mitochondria. Autophagy 

defects linked to ALS are present in multiple steps of the pathway and C9orf72 has been 

implicated several of these including phagophore initiation and downstream in lysosomal 

function (reviewed in Amick and Ferguson, 2017; Nassif et al., 2017; Webster et al., 

2017). C9orf72 ALS patients have been shown to have altered autophagic flux and an 

accumulation of autophagic vacuoles, including some containing mitochondria 

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

Ugolino et al., 2016; Webster et al., 2016b). These findings suggest that the lysosomal 

function of C9orf72 ALS patients is impaired, which could be as a direct result of C9orf72 

haploinsufficiency. The clearance of mitochondria is dependent on the lysosomal 

degradation of both autophagosomes containing mitochondria and MDV (reviewed in 

Martinez-Vicente, 2017). Thus, C9orf72 haploinsufficiency may lead to a two-step 

impairment of mitochondrial clearance; occurring at both initiation and degradation 

stages. Changes in lysosome function have repeatedly been implicated in 

neurodegenerative diseases, including ALS (reviewed in Wang et al., 2018). 

Compounding the potential effect of C9orf72 haploinsufficiency, is the altered lysosomal 

function associated with C9orf72 ALS/FTD risk factor TMEM106B (Amick and Ferguson, 

2017). However although loss of TMEM106B has been reported to affect lysosomal 

trafficking, it did not affect mitochondrial trafficking or mass (Schwenk et al., 2014), 

suggesting that it does not itself play a role in the regulation of mitochondrial dynamics.  

As C9orf72 haploinsufficiency impairs mitochondrial clearance (Figure 4.8) and the DPR 

proteins induce mitochondrial damage (Lopez-Gonzalez et al., 2016) a 2-hit mechanism 

impairing mitochondrial dynamics may arise in C9orf72 ALS/FTD. Indeed, the DPRs 

may lead to an accumulation of mitochondria that are targeted for mitophagy, but that 

fail be removed as a result of C9orf72 haploinsufficiency. The accumulate accumulation 

of damaged mitochondria, which generate ROS, may then act feed-forward and induce 

further cellular dysfunction. 

C9orf72 patient fibroblasts have been to show to have increased mitochondrial mass 

and upregulated PGC-1a (Onesto et al., 2016). PGC-1a is the master regulator of 

mitochondrial biogenesis (reviewed in Jornayvaz and Shulman, 2010). Therefore, whilst 

an increased mitochondrial mass could be explained by an impairment of the removal 

of damaged organelles by mitophagy, it may also be due to increased generation of new 

organelles. In C9orf72 ALS patient cells, mitochondrial biogenesis may be promoted to 
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produce new organelles due to poor mitochondrial health. However, coincidentally, cells 

are unable to remove the damaged organelles, leading to the accumulation of damaged 

fragmented mitochondria as seen in our iAstrocyte model (Figure 4.13) and reported in 

the C9orf72 ALS patient fibroblasts and iPSC motor neurons (Dafinca et al., 2016; 

Lopez-Gonzalez et al., 2016; Onesto et al., 2016). The mechanism underlying the 

increase in PGC-1a in C9orf72 ALS patient fibroblast is unknown. However, disrupted 

mitochondrial biogenesis has been implicated in other ALS models. TDP-43 located in 

mitochondria regulates the transcription of mtDNA encoded proteins (Izumikawa et al., 

2017). Mutant TDP-43 and TDP-43 ALS pathology have been shown to impair 

mitochondrial function and biogenesis (Wang et al., 2016). As TDP-43 pathology is a 

feature of all ALS cases, with the exception of SOD1 and FUS ALS, it is likely that 

dysregulated mitochondrial biogenesis plays a role in ALS pathogenesis. In contrast to 

the report in C9orf72 ALS fibroblasts, SOD1 G93A mice and sporadic ALS patients were 

reported to have lower levels of PGC-1a expression (Thau et al., 2012). In PD, activation 

of PGC-1a has been proposed as a therapeutic target as it has been shown to prevent 

the death of dopaminergic neurons in cell models of disease (reviewed in Corona and 

Duchen, 2015). However, SOD1 G37R mice with elevated PGC-1a levels, generated 

through a cross with an MCK-PGC1a mouse, displayed improved motor function without 

any extension of lifespan (Da Cruz et al., 2012). Therefore, early indications suggest 

that increasing mitochondrial biogenesis may not be beneficial for SOD1-linked ALS, 

potentially due the numerous other cellular pathologies. 

The high level of redundancy in the mitophagy pathway supports a multi-hit hypothesis 

for mitochondrial dysfunction in C9orf72 ALS. ALS is a progressive disease affecting 

individuals over the age of 55 – 65 (Orsini et al., 2015). Mitochondrial function declines 

naturally with age (reviewed in Bratic and Larsson, 2013; Payne and Chinnery, 2015), 

in addition declines in autophagy and lysosomal function also occur (reviewed in 

Carmona-Gutierrez et al., 2016; Martinez-Lopez et al., 2015). C9orf72 

haploinsufficiency may impair mitochondrial quality control in C9orf72 ALS patients. 

Therefore, in early life, C9orf72 ALS patients may be able to remove damaged 

mitochondria though non-C9orf72 related mitophagy pathways. However as cellular 

dysfunction increases over age, perpetuated by the RNA and protein toxicities 

associated with the C9orf72 repeat expansion and the aggregation of autophagic 

cargos, mitochondrial clearance further declines, and damaged mitochondria 

accumulate.  

C9orf72 ALS/FTD is likely caused by a contribution of all 3 repeat expansion disease 

mechanisms. Indeed, no model investigating a single disease mechanism recapitulates 
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the features of C9orf72 ALS/FTD fully (reviewed in Batra and Lee, 2017; Gitler and 

Tsuiji, 2016; Moens et al., 2017). The poly-GR DPRs have been shown to interact with 

mitochondrial ribosomes and induce mitochondrial derived ROS (Lopez-Gonzalez et al., 

2016). Apart from these direct effects, the gain of function of mechanisms may have 

indirect effects on mitochondrial function. The sequestration of RNA binding proteins by 

the repeat expansion leads to the dysregulation of nuclear encoded genes (Cooper-

Knock et al., 2015a; reviewed in Kumar et al., 2017; Prudencio et al., 2015; Sareen et 

al., 2013). As the majority of mitochondrial proteins are encoded by the nuclear genome, 

it is possible that the RNA toxicity leads to expression changes of mitochondrial proteins. 

The DPR proteins induce cell stress responses (reviewed in Freibaum and Taylor, 

2017). For instance, the poly-GA DPR has been shown to induce ER stress (Zhang et 

al., 2014). ER stress is modulated by the contacts between mitochondria and ER at 

MAM, which then affect mitochondrial function (van Vliet and Agostinis, 2018). In ALS, 

ER – mitochondria contacts have been found to be reduced (Bernard-Marissal et al., 

2015; reviewed in Smith et al., 2017b; Stoica et al., 2014; Stoica et al., 2016). It is 

currently unknown how ER - mitochondria contacts are affected in C9orf72 ALS/FTD. 

But dysregulation of ER-mitochondrial contacts and induction of ER stress could likely 

lead to further mitochondrial stress and ROS generation.   

Cortical hyperexcitability has been reported in C9orf72 ALS patients and synaptic 

dysfunction reported in several of the DPR and repeat expansion models (Starr and 

Sattler, 2018). Synaptic dysfunction can be linked to mitochondrial dysfunction and has 

been proposed to contribute to AD and ALS/FTD (reviewed in Guo et al., 2017; Ling, 

2018). Indeed, mitochondria are responsible for local ATP synthesis and Ca2+ buffering 

at the synapse (reviewed in Lee et al., 2018a). ALS-linked mutations in the mitochondrial 

IMS protein CHCHD10 lead to ALS and FTD, potentially as due to a loss of function 

(Bannwarth et al., 2014; Woo et al., 2017), however this remains contested (Burstein et 

al., 2018). Loss of CHCHD10 and the expression of ALS mutant CHCHD10 led to 

changes in expression of synaptic markers (Woo et al., 2017). This may indicate a direct 

link between mitochondrial and synaptic dysfunction. However, this may merely reflect 

the dysfunction in TDP-43 that was reported upon loss of CHCHD10 and the ALS mutant 

proteins (Woo et al., 2017). Indeed, TDP-43 at the synapse is involved in the transport 

of mRNAs to the synapse and their localised translation at the synapse, both of which 

may be impaired by the aggregation of TDP-43 in ALS and FTD  (reviewed in Ling, 

2018). C9orf72 has been shown to be found in synaptosomes and interact with the Rab3 

family, which suggests that C9orf72 may play a role in the regulating the trafficking of 
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synaptic vesicles (Atkinson et al., 2015; Frick et al., 2018). The function of C9orf72 at 

the synapse is currently being investigated by Miss Rebecca Cohen in our laboratory.  

6.4 Future Directions 

Here we investigated the role of C9orf72 in Parkin dependent mitophagy upon the 

induction of mitochondrial damage using chemical inhibitors in cell lines. The recruitment 

of ULK1 has been reported in Parkin independent mitophagy mechanisms and upon the 

stimulation of mitophagy by other types of mitochondrial damage (Laker et al., 2017; Wu 

et al., 2014). As the recruitment of ULK1 appears to be a feature of multiple mitophagy 

pathways, C9orf72 may also be involved in these. Establishing whether C9orf72 is 

involved in Parkin independent mitophagy pathways may be important due to the high 

levels of redundancy in the mitophagy quality control pathways and the paucity of data 

supporting a single mitochondrial quality control mechanism to be active in neurons 

(reviewed in Cummins and Gotz, 2017; Martinez-Vicente, 2017). 

Basal mitophagy may be regulated by alternate mechanisms to that induced by 

mitochondrial stress (Lee et al., 2018b; McWilliams et al., 2018). The monitoring of basal 

mitophagy can be assayed using constructs measuring the delivery of mitochondria to 

lysosomes, including mt-Keima and mito-QC (McWilliams et al., 2016; Sun et al., 2017; 

Sun et al., 2015). As C9orf72 has been implicated in the regulation of lysosomal function 

(Amick et al., 2016), it will be informative to explore the role of C9orf72 in the delivery of 

mitochondria to lysosomes in basal mitophagy, as this may help decipher between 

upstream and downstream roles for C9orf72 in mitophagy. The investigations into basal 

mitophagy should also be extended to C9orf72 ALS/FTD patient models.  

To fully investigate the role of the C9orf72 protein in mitophagy, experiments should be 

carried out to identify Rab GTPases for which C9orf72 and the C9orf72/SMCR8/WDR41 

complex may be a GEF or effector. These Rabs may include those already identified to 

interact with the C9orf72 complex in autophagy, namely Rab1a, Rab8a and Rab39b 

(reviewed in Nassif et al., 2017; Sellier et al., 2016; Webster et al., 2016a). Other Rabs 

that should be investigated include those that have been shown to co-localise or interact 

with C9orf72 including Rab5, Rab7, Rab11, Rab29 and Rab38 (Aoki et al., 2017; Farg 

et al., 2014; Sellier et al., 2016), which have also been shown to regulate mitochondrial 

dynamics (Alto et al., 2002; Bui et al., 2010; Landry et al., 2014; Ortiz-Sandoval et al., 

2014; Yamano et al., 2014; Yamano et al., 2018). Although targeted investigations into 

these Rabs may yield informative results, it may additionally be useful to perform a Rab 

siRNA screen to fully identify Rabs that are involved in C9orf72 activity in mitophagy. 

Furthermore, whilst we concentrated of the role of C9orf72 in mitophagy, it will be 
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interesting to dissect the roles of SMCR8 and WDR41 in mitophagy and mitochondrial 

function.  

Whilst here we used cell lines to investigate the function of C9orf72, this may be of 

limited relevance for the study of neurodegenerative disease (Schlachetzki et al., 2013). 

C9orf72 is ubiquitously expressed and regulates autophagy in neurons (Sellier et al., 

2016; Webster et al., 2016a). The study of mitophagy in neurons has proven more 

controversial than in cell lines (reviewed in Cummins and Gotz, 2017; Martinez-Vicente, 

2017). Establishing the role of C9orf72 in the maintenance of mitochondria in neurons 

should be carried out in both the context of Parkin dependent and independent 

mechanisms, in order to determine its potential as a target for therapeutic strategy in 

ALS/FTD. Furthermore, as ALS has been linked to non-cell autonomous mechanisms 

(reviewed in Lee et al., 2016a), exploring the role of C9orf72 in the maintenance of 

mitochondria in astrocytes and microglia may also lead to targets for therapeutic 

strategy.  

C9orf72 was found to interact with several IMM complexes (3.2). However, many other 

potential interacting partners have been identified which still require validation (Blokhuis 

et al., 2016; Sellier et al., 2016; Sullivan et al., 2016). Establishing the full C9orf72 

interactome could clarify the role of C9orf72 in mitochondria. The effect of the C9orf72 

interaction with the complexes on mitochondrial function should also be investigated. 

For instance, import through the TIM23 complex in the presence and absence of 

C9orf72 could be explored to investigate the role of C9orf72 in protein import. 

Whilst we concentrated on the role of C9orf72 in mitochondrial quality control, C9orf72 

has been identified to play roles in autophagy, lysosome function, endosome trafficking, 

synaptic function and the regulation of the immune response (reviewed in Amick and 

Ferguson, 2017; Nassif et al., 2017). In addition, considerable overlap exists between 

autophagy, mitophagy and xenophagy (reviewed in Randow and Youle, 2014). To fully 

understand the function of C9orf72, these additional avenues of research should be 

pursued. Indeed, these may inform on both C9orf72 ALS/FTD pathology and therapeutic 

strategy.  

Mitochondrial defects are a prevalent feature of ALS, including C9orf72 ALS (reviewed 

in Smith et al., 2017b). So far investigations into mitochondrial network connectivity, 

ROS production and MMP have been performed in C9orf72 ALS/FTD patient models 

(Figure 4.13) (Dafinca et al., 2016; Lopez-Gonzalez et al., 2016; Onesto et al., 2016). 

Further studies into extent mitochondrial dysfunction found in C9orf72 ALS should be 

carried out to determine the degree of similarity with other ALS cases. This may then 
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help in the development of therapeutics either for ALS as a whole or towards gene 

specific therapy for ALS.    

Finally, if C9orf72 haploinsufficiency plays a role in C9orf72 ALS/FTD, it will be important 

to quantify the contribution of this towards the mitochondrial dysfunction observed in 

C9orf72 ALS/FTD patient cells. Indeed, the contribution of each C9orf72 repeat 

expansion mechanisms towards mitochondrial dysfunction should be explored using cell 

models and patient derived cells. These models may then be used in drug screening 

assays to identify compounds that improve mitochondrial function and cell survival.  
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