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Abstract 
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Hertford College, University of Oxford  

 

Thesis submitted for the degree of Doctor of Philosophy 

Hilary Term 2016 

 

Oxidative stress (OS) and mitochondrial dysfunction are common features of 

neurodegenerative disease, suggesting that antioxidant defence systems are critical for 

cell survival in the central nervous system (CNS). Oxidation resistance 1 (OXR1) has 

emerged as an essential antioxidant protein that controls the susceptibility of neurons to 

OS; however, the function of this novel protein is unknown. The overall goal of this 

thesis was to investigate the potential role of Oxr1 in mitochondria and to understand 

more regarding the function of the gene in the oxidative stress response in vitro and in 

vivo. 

      It was demonstrated that different isoforms of Oxr1 are expressed in specific sub-

cellular compartments and certain mitochondrial Oxr1 isoforms are associated with 

mitochondrial membrane. In addition, it was shown that over-expression of the shortest 

isoform of Oxr1 in the cytoplasm is protective; both against oxidative stress-induced 

apoptosis and against mitochondrial morphological changes caused by disease-

associated TDP-43 mutations. Analysis of mitochondrial metabolism and fusion and 

fission proteins in Oxr1 knockout (bella) tissue indicated that that Oxr1 deletion alone 

does not trigger overt mitochondrial dysfunction but it may influence aspects of 

mitochondrial morphology.  

      To ascertain whether loss of Oxr1 in specific neuronal populations would render 

them more susceptible to cell death, the conditional deletion of Oxr1 in mouse 

dopaminergic neurons was studied. Preliminary data showed that aged mice displayed no 

motor or pathological abnormalities in the midbrain, suggesting that this particular 

conditional deletion does not lead to significant neurodegeneration. Finally, ENU 

mutagenesis screening of Oxr1 identified a point mutation in the highly-conserved TLDc 

domain of Oxr1 (Y644H). In vitro analysis suggested that this mutant rendered cells 

more vulnerable to oxidative stress, demonstrating that this region of the protein is 

functionally important. 

      Taken together, these studies deepen the understanding of Oxr1 as a novel 

antioxidant protein and offer new and important insights into its role in the OS-response 

and its potential use in future antioxidant therapies.   
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Chapter 1: Introduction 

 

1.1 Oxidative stress and neurodegenerative diseases 

Neurodegenerative diseases, which are disorders characterised by selective loss of 

neuronal structure and function, are an increasingly important clinical problem (Saxena 

and Caroni, 2011). Up to now, most, if not all the neurodegenerative diseases are 

incurable and the aetiology of these diseases remains unclear. Identifying common 

pathways of neurodegeneration may shed light on potential treatment. Oxidative stress 

(OS) has been found as a common feature of all the major neurodegenerative diseases 

(Barnham et al., 2004).  

Reactive oxygen species (ROS), including oxide ions and peroxides, are produced as a 

by-product of aerobic metabolism. Although ROS can be detrimental to cells, under 

normal conditions, damage caused by ROS is limited by antioxidant defensive 

mechanisms in cells. For example, antioxidant enzymes such as catalase (Cat) and 

superoxide dismutase (SOD) are efficient in counteracting and neutralising cytotoxic 

effects caused by ROS. Oxidative stress occurs in consequence of the imbalance between 

ROS production and antioxidant response (Figure1.1.). 

An excessive amount of ROS causes damage to critical cellular components such as 

DNA, RNA, lipid and proteins (Rowe et al., 2008). For example, upon oxidative stress, 

DNA base modification, single and double strand breaks as well as lesions such as 8-

oxoguanine can be induced (Bohr, 2002). Accumulation of these modifications may 

ultimately lead to deleterious effects such as neurodegeneration. Amino acids residues  

can be oxidised and trigger subsequent protein damage (Berlett and Stadtman, 1997). 

Lipids, especially polyunsaturated fatty acid (PUFAs) residues are vulnerable to 
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oxidative stress and can be degraded through peroxidation (Halliwell and Chirico, 1993). 

Products of lipid peroxidation such as reactive aldehydes, including 4-hydroxynonenal 

further damage DNA and proteins (Esterbauer et al., 1991).  

 

 

 

Figure 1.1. Oxidative stress and neurodegeneration 

  

Oxidative stress is generated as the result of an imbalance between ROS production in 

mitochondria, which is a key physiological ROS producing site and antioxidant response. 

Aging, inflammation and environmental effects such as pollution are contributing factors 

of OS. OS causes damage to essential compositions of cells such as protein, DNA and 

lipids. It subsequently triggers cell apoptosis or necrosis that leads to various diseases 

including neurodegeneration.  
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Neurons are believed to be particularly vulnerable to oxidative stress due to their more 

active metabolism and lower cellular regeneration capacity in comparison with other cell 

types (Barber and Shaw, 2010). Gradual accumulation of oxidative damage in neurons 

can ultimately trigger cell apoptosis or necrosis through various intracellular signalling 

pathways (Xiao et al., 2011, Fernandez-Checa, 2010). On the basis of studies from 

patients suffering from a number of neurodegenerative diseases including Parkinson’s 

disease (PD), amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD), and 

Huntington’s disease (HD), detrimental effects associated with oxidative stress are 

repeatedly found in regions where programmed neuronal cell death occurs (Uttara et al., 

2009). For example, both post-mortem and in vitro investigations revealed that 

neurodegeneration in AD might be partially attributed to peroxidation induced by 

amyloid beta peptide (Aβ) (Allan Butterfield et al., 2002). In the substantia nigra region 

of PD patients, the level of polyunsaturated free fatty acids was found to be reduced; 

whereas increasing levels of lipid peroxidation and oxidative stress indicators 

(malondialdehyde (MDA) and 4-hydroxynonenal (HNE)) were detected, suggesting 

lipoxidative damage (Dalfó et al., 2005). In HD patient brains, protein carbonylation, 

which is one of the indicators of oxidative stress was found to be increased compared to 

the controls (Sorolla et al., 2008), suggesting the involvement of OS in disease 

progression of HD.  

Despite the fact that oxidative damage has been observed as a common feature of 

neurodegenerative disorders, whether this is the primary cause or, merely one of the 

effects of neurodegeneration, still remains unclear (Gandhi and Abramov, 2012). 

Interestingly, in the central nervous system (CNS), damage caused by oxidative stress 

increase with age (Radak et al., 2011), while the capability of antioxidant defence also 

changes with age (O’Donnell and Lynch, 1998). This is consistent with the fact that 
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neurodegenerative diseases are more prevalent in aged population. Apart from oxidative 

stress, protein aggregation, which is another common pathological feature of 

neurodegenerative diseases is also thought to be progressive with age (David et al., 2010). 

Discoveries have shed light on the relationship between oxidative stress and protein 

aggregation. For instance, incubating the PD-related protein α-synuclein with oxidative 

stress-inducing reagent H2O2 in combination with ferric ion induces aggregation 

(Hashimoto et al., 1999), while exposure of human embryonic kidney (HEK) 293 cells 

expressing wild-type and mutant α-synuclein to nitric oxide- and superoxide-generating 

compounds also triggers aggregation (Paxinou et al., 2001), suggesting an important 

contributing role of oxidative stress in protein aggregation. An AD-related protein 

amyloid beta (Aβ), which is the building block of the hallmark of AD - cortical amyloid 

plaques (Lansbury, 1996), is capable of generating hydrogen peroxide in rat primary 

cortical cultures (Behl et al., 1994) through a mechanism that requires metal ion 

reduction (Huang et al., 1999). This evidence indicates that Aβ is a source that causes the 

oxidative stress-related cytotoxicity and may contribute to the pathogenesis of AD 

(Butterfield et al., 2013, Huang et al., 1999). Moreover, other potential contributors for 

neurodegenerative diseases such as impairment in various kinase signalling pathways and 

synaptic transmission as well as perturbation of cellular calcium homeostasis, are also 

linked with oxidative stress (Gandhi and Abramov, 2012).   

In summary, there is substantial evidence to support the idea that oxidative stress 

plays an essential role in neurodegeneration. Therefore, it is important to study more 

detailed mechanisms of oxidative stress and investigate anti-oxidative pathways in order 

to improve the treatment to neurodegeneration.  
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1.2 Mitochondrial dysfunction and neurodegeneration 

     Mitochondria are multifunctional eukaryotic organelles enclosed by an outer 

membrane (OM) and an inner membrane (IM). The unique double membrane structure 

creates two distinct chambers: an intermembrane space (IMS) and matrix (MX) (Alberts 

et al., 2008).  

   Mitochondrial dysfunction in aging and a wide variety of diseases has been intensively 

studied. In recent years, robust experimental evidence has demonstrated the relationship 

between mitochondria dysfunction and neurodegenerative diseases (Hroudová et al., 

2014).   

 

1.2.1 Mitochondrial bioenergetics 

      Mitochondria are considered as a cellular “power plant”, because they generate 

adenosine triphosphate (ATP) as an energy source through a process named oxidative 

phosphorylation (Saraste, 1999). The site of oxidative phosphorylation is named the 

electron transport chain (ETC) (Figure 1.2.), which contains five main enzyme 

complexes embedded in the inner membrane: NADH dehydrogenase (complex I), 

Succinate-Q oxidoreductase (complex II), Q-cytochrome c oxidoreductase (complex III), 

Cytochrome c oxidase (complex IV) and ATP synthase (complex V). A series of redox 

reactions drive electrons along the ETC, which generate a proton gradient that powers the 

synthesis of ATP (Alberts et al., 2008).   

      Mitochondria contribute the most to intracellular ROS production. Neuron-damaging 

ROS is produced as a by-product of oxidative phosphorylation. Superoxide anion radical 

(O2.-), for example, is mainly produced at the MX side of IM by complex I of the ETC 

(Turrens and Boveris, 1980, St-Pierre et al., 2002); while complex III generates O2.- at 

both sides of IM (Muller et al., 2004). Apart from ETC complexes, several enzymes 
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located in other parts are also responsible for ROS production. For instance, localised at 

the outer membrane, monoamine oxidase (MAO) produces H2O2 which leads to an 

increased level of ROS in mitochondrial MX (Tipton, 1968, Orrenius et al., 2007).  

      Deficiencies in mitochondrial ETC complexes are associated with neurodegeneration. 

For example, reduced complex I activity or, to a lesser extent, complex III activity 

reduction, have been found in substantia nigra and platelet mitochondria of PD patients 

(Schapira et al., 1989, Parker et al., 1989); in the striatum of HD patients, reduced 

expression levels of two complex II subunits have been detected (Benchoua et al., 2006). 

 

1.2.2 Mitochondrial anti-oxidative proteins 

      Mitochondria also have a sophisticated antioxidant defense system that contains both 

enzymatic and non-enzymatic anti-oxidants to neutralise reactive oxygen species 

produced by oxidative phosphorylation (Lin and Beal, 2006). For instance, Catalase (Cat), 

superoxide dismutase (SOD) and glutaredoxin2 (GRX2), are well studied anti-oxidative 

enzymes (Weisiger and Fridovich, 1973, Arita et al., 2006, Beer et al., 2004); while 

coenzyme Q10 (Q), cytochrome c (cyt c) and glutathione (GSH) are important non-

catalytic mitochondrial regulators of anti-oxidative pathways (Ernster and Dallner, 1995, 

Korshunov et al., 1999, Pereverzev et al., 2003, Hayes and McLellan, 1999). Anti-

oxidants work coordinately to detoxify mitochondrial ROS. For example, superoxide 

anion O2·
-
, which is the primary ROS generated by the ETC, is converted to H2O2 by 

SOD (Turrens, 2003). H2O2 is further reduced to H2O by Cat (Turrens, 2003).  

      Overexpression of antioxidants such as Cat has been found to have protective effects 

both in vitro and in vivo. For example, over-expressing Cat by adenoviral transfection in 

cortical neuronal cultures establishes neuroprotection against hydrogen peroxide induced 

cell death (Gáspár et al., 2009); while a transgenic mouse over-expressing mitochondrial 
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targeted human Cat has an extended lifespan and reduced oxidative damage (Schriner et 

al., 2005). Mutations in genes encoding several mitochondria related anti-oxidative 

enzymes are associated with various neurodegenerative diseases. Localised in both 

cytoplasm and mitochondria (Okado-Matsumoto and Fridovich, 2001, Sturtz et al., 2001), 

Cu-Zn SOD mutations are one of the causes of familiar ALS (Rosen et al., 1993). 

Partially localised in mitochondria, protein deglycase DJ-1, which is also known as 

Parkinson disease protein 7 (PARK7) also has anti-oxidative stress functions (Zhang et 

al., 2005, Taira et al., 2004a, Billia et al., 2013). Mutations in DJ-1 contribute to 

autosomal recessive early onset form of PD (Bonifati et al., 2003a, Bonifati et al., 2003b).   
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Figure 1.2.  Schematic illustration of mitochondrial energy production, protein 

transport and apoptotic mechanisms and pathways 

 

Mitochondrial energy production related proteins (in purple): Complex I (CI) receives 

electrons from NADH, an electron carrier of critic acid cycle and pumps out a proton 

from MX to IMS. Complex II (CII) also accepts electrons through succinate oxidation. 

Then electrons from both complexes move to coenzyme Q (Q). Q then passes electrons 

to complex III (CIII), which also pumps out a proton to MX. Electrons then move to CIV 

via Cyt-C. CIV reduces O2 to H2O using H
+
 and electrons received from Cyt-C. The 

proton motive force generated by the three proton pumps then flow back to MX via 

complex V (CV), an ATP synthase, hereby synthesising ATP.  Mitochondrial protein 

import-related proteins (in green): located at the OM, Translocase of the Outer 

Membrane (TOM) complex recognises precursor proteins synthesised in cytosol that 

contains a mitochondrial targeting sequence and then facilitates the entry of proteins 

across OM. Then, the proteins are diverted to their final destinations: IMS proteins are 

further guided by Mitochondrial Intermembrane space import and Assembly (MIA) 

machinery to appropriate locations; MX proteins are translocated across the IM via the 

Translocase of the Inner Membrane (TIM) complex and presequence translocase-

associated motor (PAM). Once in MX, the mitochondrial targeting sequence is removed 

by mitochondrial processing peptidase (MPP); transmembrane proteins are first guided 

by small Tim chaperon proteins to Sorting and Assembly Machinery (SAM) located at 
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the OM, or TIM22 complex located at the IM, hereby facilitating the integration 

processes. Mitochondrial apoptotic pathway related pro-apoptotic proteins (in blue): The 

pro-apoptotic B-cell lymphoma 2 (Bcl-2) proteins such as Bcl-2 associated X protein 

(Bax) translocate to mitochondria upon receiving apoptotic signals, hereby trigger 

mitochondrial outer membrane permeabilisation (MOMP) that subsequently leads to the 

release of pro-apoptotic intermediates such as cytochrome C from IMS to cytosol. 

Cytochrome C release in turn activates subsequent apoptotic factors such as caspase 

cascades. In contrast, localised in mitochondrial OM, Bcl-2 and Bcl-xL establish anti-

apoptotic function by preventing the release of cytochrome C. Additionally, 

mitochondrial permeability transition pore (MPTP) located in IM is also believed to play 

a regulatory role in apoptosis by facilitating the translocation of Bax.  
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1.2.3 Mitochondrial DNA  

      Mitochondria carry a unique and autonomous double stranded circular mitochondrial 

DNA (mtDNA) that is located in an irregularly shaped region called nucleoids. Human 

mtDNA contains 37 genes (Figure 1.3), 22 of which are transfer RNAs (tRNAs), 2 are 

mammalian ribosomal RNAs and 13 of which encode proteins that are requisite for 

oxidative phosphorylation, including 7 subunits of complex I, 3 subunits of complex IV, 

2 subunits of complex V and cytochrome b, which is a subunit of complex III (Anderson 

et al., 1981, Holt et al., 2007, Garrido et al., 2003, Alexeyev et al., 2013). Proteins 

involved in mitochondrial DNA replication, transcription and maintenance, for example, 

the DNA helicase Twinkle, mitochondrial polymerase-γ (POLG), mitochondrial 

transcription factor A (TFAM), and mitochondrial single-stranded DNA-binding protein 

are localised in nucleoid (Garrido et al., 2003). Recently, it has been suggested that 

mitochondrial gene expression is organised and regulated via mitochondrial ribosome 

containing complexes (Kehrein et al., 2015). However, the mechanism of regulation 

remains unknown.  

      Despite the existence of mtDNA damage-repair mechanisms such as base excision 

repair (BER) and homologous recombination (Alexeyev et al., 2013), and numerous 

antioxidant proteins are localised in mitochondria (Lin and Beal, 2006), mtDNA is more 

susceptible to oxidative stress in comparison to nuclear DNA due to its close proximity 

to the ETC and a lack of protective histones (de Souza-Pinto et al., 2009). 8-oxoguanine 

is the most common lesion caused by ROS in mitochondria and can subsequently trigger 

transversion mutations from G:C to T:A (Maki, 2002). Multiple lines of evidence have 

demonstrated that mtDNA damage occurs more frequently during aging, in parallel with 

decreasing mitochondrial respiration efficiency (Kraytsberg et al., 2006, Khaidakov et al., 

2003, Fayet et al., 2002). While most mtDNA mutations are non-pathogenic, more than 
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250 mutations have been identified to be deleterious (Tuppen et al., 2010); mitochondrial 

DNA damage is associated with a variety of neurodegenerative disorders such as the 

severe, early onset and incurable Leigh syndrome (Finsterer, 2008, Tatuch et al., 1992). 
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Figure 1.3.  Schematic illustration of human mitochondrial DNA 

16.6kb double stranded circular mitochondrial DNA contains 37 genes. 13 of them encode proteins that are requisite for oxidative 

phosphorylation: 7 subunits of complex I (ND1, ND2, ND3, ND4, ND4L, ND5 and ND6), 3 subunits of complex IV (COX1, COX2 and COX3), 

2 subunits of complex V (ATPase 6 & 8) and cytochrome b (CYTB), which is a subunit of complex III; 2 ribosomal RNAs (12S and 16S rRNA) 

and 22 transfer RNAs (tRNAs).   
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1.2.4 Mitochondrial protein import system  

      The vast majority of proteins within mitochondria are encoded by nuclear DNA and 

are synthesised outside mitochondria in their precursor forms (Dolezal et al., 2006, 

Becker et al., 2011). A mitochondrial protein import system composed of cooperated 

protein translocases is employed to transport proteins into mitochondria (Figure 1.2.). 

Briefly, located at the outer membrane, Translocase of the Outer Membrane (TOM) 

complex recognises precursor proteins synthesised in cytosol and then facilitates the 

entry of proteins across OM. Then, the proteins are diverted to their final destinations: 

IMS proteins are further guided by Mitochondrial Intermembrane space import and 

Assembly (MIA) machinery to appropriate locations; MX proteins are translocated  

across the IM via the Translocase of the Inner Membrane (TIM) complex; 

transmembrane proteins are first guided by small Tim chaperon proteins to Sorting and 

Assembly Machinery (SAM) located at the OM, or TIM22 complex located at the IM, 

hereby facilitating the integration processes (Dudek et al., 2013).  

      Defects in mitochondrial protein import are associated with several 

neurodegenerative diseases. In HD, mutant huntingtin (Htt) directly and specifically 

associates with the TIM23 complex and consequently inhibits mitochondrial protein 

import (Yano et al., 2014b); mutation in translocase gene TIMM8 affects the TIM22 

pathway and causes deafness-dystonia-optic neuronopathy (DDON) (also referred to as 

Mohr-Tranebjaerg syndrome (MTS)) (Bauer and Neupert, 2001).   

 

1.2.5 Mitochondria and apoptosis 

      Mitochondria also act as crucial regulators of programmed cell death. Cells undergo 

apoptosis mainly through either an extrinsic pathway, which is induced by the binding of 
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extracellular ligands to cell-surface death receptors; or an intrinsic pathway, which is 

triggered by the release of internal cell death signals from mitochondria (Green and 

Llambi, 2015). Essentially involved in the intrinsic pathway (Figure 1.2.), mitochondria 

have interactions with both pro- and anti-apoptotic B-cell lymphoma 2 (Bcl-2) family of 

proteins. The pro-apoptotic Bcl-2 proteins such as Bcl-2 associated X protein (Bax) 

translocate to mitochondria upon receiving apoptotic signals, thereby trigger 

mitochondrial outer membrane permeabilisation (MOMP) that subsequently leads to the 

release of pro-apoptotic intermediates such as cytochrome C from IMS to cytosol 

(Wolter et al., 1997, Chipuk and Green, 2008). Cytochrome C release in turn activates 

subsequent apoptotic factors such as caspase cascades (Zou et al., 1999). In contrast, 

localised in mitochondrial OM, Bcl-2 and Bcl-xL establish anti-apoptotic function by 

preventing the release of cytochrome C (Yang et al., 1997). Additionally, mitochondrial 

permeability transition pore (MPTP) located in the IM is also believed to play a 

regulatory role in apoptosis by facilitating translocation of Bax (De Giorgi et al., 2002).  

      Neuronal apoptosis is a hallmark of neurodegeneration (Okouchi et al., 2007). 

Mitochondria dependent-apoptosis is likely to play an important role in Parkinson’s 

disease (Venderova and Park, 2012). For example, Bax activation was detected in the 

brain of PD patients (Hartmann et al., 2001). Striatal neuron apoptosis may contribute to 

HD (Portera-Cailliau et al., 1995); while upon stress, mitochondria-dependent apoptosis 

was detected in a human cytoplasmic hybrid of HD derived from fusing patient platelets 

with a mitochondrial DNA-depleted NTERA-2 cell line (Ferreira et al., 2010).  
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1.2.6 Mitochondrial dynamics 

      Mitochondria are dynamic and mobile structures that constantly modify their 

morphology through fusion and fission to meet the needs of cell proliferation, 

differentiation and stress mitigation (Figure 1.4.). Chiefly mediated by dynamin related 

guanosine triphosphatases (GTPases) (Hoppins et al., 2007), mitochondria form either a 

tubular network or isolated fragments (Bereiter-Hahn and Voth, 1994). A tubular 

mitochondrial network formed through fusion improves the efficiency of energy 

production by combining and redistributing mitochondrial enzymes and metabolites; 

whereas fragmented mitochondria as a result of fission is suitable for resting cells and the 

fission process is required to sequester damaged mitochondria (Westermann, 2012).  

      Mitochondria have a unique double membrane structure.  In mammals, fusion of the 

OM requires cooperation of Mitofusins 1 & 2 (Mfn1 & 2) (Chen et al., 2003), while 

fusion of the IM is believed to be mediated by OPA1 (Cipolat et al., 2004, Meeusen et al., 

2006). Several variants of OPA1 exist due to alternative splicing and processing carried 

out by IM localised presenilin-associated rhomboid-like (PARL) protein and 

mitochondrial MX localised protease paraplegin (Ishihara et al., 2006, Cipolat et al., 

2006). Mitochondrial fission is facilitated by dynamin-related protein 1 (Drp1) through 

interacting with mitochondrial fission 1 protein (Fis1) (Smirnova et al., 2001), which is 

responsible for recruiting Drp1 to appropriate mitochondrial locations (Zhang and Chan, 

2007, Yoon et al., 2003).  In addition, the movement and distribution of mitochondria are 

facilitated by cytoskeletal structures such as microtubules (Mishra and Chan, 2014).   

      Mutations in dynamin related GTPases are the cause or contributing factor of several 

neurodegenerative disorders. For instance, mutations in Mfn2 causes Charcot-Marie-

Tooth disease (Zuchner et al., 2004). Mutations in OPA1 are linked with autosomal 

dominant optic atrophy (Alexander et al., 2000, Delettre et al., 2000). Induction of 
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mitochondrial fission and fragmentation has also been observed in drug-stimulated PD 

models (Barsoum et al., 2006), suggesting that breaking the sophisticated balance 

between fusion and fission has significant impact in neurodegeneration. 

 

1.2.7 Mitochondrial quality control 

      Mitochondria employ a form of selective autophagy called mitophagy to eliminate 

severely damaged mitochondria and prevent cells from apoptosis or necrosis (Figure 1.4.) 

(Lemasters, 2005).  

      Regulation of mitophagy is largely dependent on the tensin homologue (PTEN)-

induced kinase 1 (PINK)/Parkin pathway (Narendra et al., 2008, Narendra et al., 2010). 

Upon mitochondrial damage, the serine/threonine-protein kinase PINK1 accumulates at 

depolarised mitochondria by interacting with the Translocase Of Outer Mitochondrial 

Membrane 7 (TOMM7) of the TOM complex (Hasson et al., 2013). It then 

phosphorylates ubiquitin at Serine 65 and subsequently activates the E3 ubiquitin ligase 

Parkin (Shimura et al., 2000, Kane et al., 2014, Koyano et al., 2014a), mediating Parkin 

translocation to mitochondria thereby activating the downstream pathway of mitophagy. 

It has been suggested that the activated Parkin then facilitates the formation of 

mitochondria-targeted poly-ubiquitin chains (Geisler et al., 2010), and these chains are 

linked via Lysine 27 and Lysine 63 (Geisler et al., 2010).  Parkin then mediates the 

recruitment of autophagy adaptor protein P62/sequestosome-1 (SQSTM1) to 

mitochondria hereby promoting the final degradation of mitochondria (Geisler et al., 

2010). Recently, a Parkin independent mitophagy pathway has been identified, in which 

PINK1 recruits two autophagy receptors: nuclear dot protein 52kDa (NDP52) and 

optineurin (OPTN) to mitochondria and directly activates mitophagy without the 

facilitation of Parkin (Lazarou et al., 2015).  
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     Defects in mitophagy have been shown to be associated with neurodegenerative 

diseases. For example, mutations of PINK1 or Parkin are believed to be an important 

contributing factor for the autosomal recessive form of PD (Valente et al., 2004, Kitada 

et al., 1998).  Interestingly, it has recently been discovered that over-expressing PINK1 in 

a Drosophila model of HD is neuroprotective against the neuronal damage caused by HD 

and can restore mitochondrial morphological abnormalities (Khalil et al., 2015). 

Moreover, this protective effect is shown to be Parkin dependent, since over-expressing 

PINK1 in heterozygous Parkin loss-of-function HD flies fails to establish the protective 

effects, suggesting PINK/Parkin-mediated mitophagy exerts  a neuroprotective role in 

HD (Khalil et al., 2015). 
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Figure 1.4. Schematic illustration of mitochondrial quality control mechanisms 

Fusion is carried out by mitochondrial outer membrane mediators Mfn1 and Mfn2 as 

well as inner membrane mediator OPA1 to more efficiently produce energy; while 

fission is regulated by mitochondrial inner membrane mediators Drp1 and Fis1 to reduce 

energy production and sequester damaged mitochondria. Irreversibly damaged 

mitochondria are bound by regulators such as PINK, Parkin, P62 and beclin-1, which 

subsequently recruit LC-3 and forms autophagosome. The autophagosome in turn fuses 

with lysosome and degrades the damaged mitochondria in the processed called 

mitophagy. 
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1.2.8 Mitochondria as therapeutic targets 

      Due to multiple roles that mitochondrion plays in neurodegenerative diseases, it is 

considered to be a potential drug target for neurodegenerative disease treatment 

(Armstrong, 2007). Nowadays, three major classes of mitochondria related drug therapies 

have been proposed: metabolic antioxidants (general), mitochondrial-directed 

antioxidants and Szeto-Schiller (SS) peptides (Moreira et al., 2010).  

      Participating in energy production pathways, metabolic antioxidants such as α-lipoic 

acid, creatine, N-acetyl-camitine and coenzyme Q (CoQ) assist a number of metabolic 

enzymes as cofactors. CoQ10, the most predominant form of CoQ in humans and one of 

the critical cofactors of ETC, in vitro pre-treatment in neuronal cells such as human 

teratocarcinoma NT2N cell-lines stabilises mitochondrial membrane potential upon OS 

and reduces ROS levels (Somayajulu et al., 2005). Administration of CoQ in vivo also 

shows protective effects in several mouse models of neurodegeneration as well as 

patients with neurodegenerative disorders. For example, oral CoQ10 supplementation 

significantly extends the lifespan of a transgenic mouse model of ALS (G93A) 

(Matthews et al., 1998). For patients with mitochondrial phosphorylation disorders, 

CoQ10 treatment increases the efficiency of ATP synthesis in lymphocytes (Marriage et 

al., 2004). In a chronic neurotoxin precursor 1-methyl 4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) mouse model for Parkinsonism, CoQ10 administration 

alleviates toxic effects in the substantia nigra pars compacta region (SNpc) (Cleren et al., 

2008).  

      Delivering antioxidants directly to mitochondria is thought to increase their 

efficiency. Mitochondrial directed antioxidant treatment has emerged in some trials. For 

instance, MitoQ, which is a CoQ conjugated with a lipophilic triphenylphosphonium 

cation (TPP+), is targeted to mitochondria and interacts with mitochondrial complex II 
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(James et al., 2007).  In vitro data have shown protective effects of MitoQ during OS and 

neurodegeneration. For example, in glutathione depleted human leukemic cells and ρ
0 

cells derived from the leukemic cells which lack mtDNA, MitoQ down-regulates ROS 

production and prevents mitochondrial dysfunction (Lu et al., 2007); while in cultured 

Friedreich ataxia fibroblasts, MitoQ confers considerably greater protection against OS in 

comparison with untargeted antioxidants such as its anti-oxidative drug analogue 

idebenone (Jauslin et al., 2003).   

      However, most of antioxidant treatments targeting mitochondria are conducted in the 

onset stage of diseases. The potential prophylactic role of these treatments needs to be 

explored.  Interestingly, it has been shown that targeting antioxidant plastoquinonyl-

decyl-triphenylphosphonium (SkQ1) to mitochondria from an early age partially 

improves age-dependent physiological changes and toxic protein accumulation in an 

Alzheimer’s disease-like senescence-accelerated rat (Stefanova et al., 2014), suggesting a 

possible prophylactic role of antioxidants in preventing the development of 

neurodegenerative diseases.  

      One type of positively charged, aromatic-cationic motif containing tetrapeptide 

named Szeto-Schiller (SS) peptide is a highly potent compound that targets mitochondria 

(Zhao et al., 2004, Jin et al., 2014). Particularly, SS-31 targets mitochondrial IM, which 

is the site of ROS production, hereby maintaining mitochondrial integrity and functions 

(Zhao et al., 2004). Interestingly, it has been shown that SS-31 prevents both mouse and 

human neuronal cell-lines, Neuro-2a (N2a), and SH-SY5Y, respectively, from 

mitochondrial depolarization and apoptosis during oxidative insult triggered by an 

organic peroxide called tert-butyl-hydroperoxide (tBuOOH) (Zhao et al., 2005). In N2a 

cells incubated with amyloid beta (Aβ), the major component of amyloid plaque found in 

AD, SS-31 treatment prevented mitochondrial fragmentation caused by Aβ toxicity 
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(Manczak et al., 2010); while in primary neurons from a transgenic mouse model of AD, 

SS-31 treatment increases neurite outgrowth (Manczak et al., 2010). This evidence 

suggests that SS peptide is a potential drug candidate against neurodegenerative diseases.  

To date, a number of proteins with mitochondrial localisation or are functionally 

linked to mitochondria have been shown to be associated with various neurodegenerative 

diseases (Table 1.1.).  These proteins are also potential candidates of novel approaches in 

treating mitochondrial related neurodegenerative disorders.  
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Table 1.1.  

Mitochondrial related proteins in major neurodegenerative diseases (AD, HD, PD 

and ALS) 

 

Disease Protein  Mitochondria related features/functions 

AD APP ---accumulation found in mitochondrial import 

channels of human AD brains and forms complexes 

with TOM40 and TIM23 (Devi et al., 2006) 

---over-expression of WT and mutant APP shows 

modifications in mitochondrial morphology and 

distribution (Wang et al., 2008a) 

Aβ 

 

---establishes mitochondrial accumulation 

(Caspersen et al., 2005) 

---imported into mitochondria via TOM complex 

and localised to cristae of mitochondrial IM 

(Hansson Petersen et al., 2008) 

---involved in establishing mitochondrial toxicity via 

Aβ-binding alcohol dehydrogenase (ABAD) 

(Lustbader et al., 2004) 

PS1 & PS 2 ---interact with mitochondrial membrane protein 

FKBP38 to regulate apoptosis (Wang et al., 2005) 

Tau ---accumulation of tau leads to deficiency in 

mitochondrial distribution (Kopeikina et al., 2011) 

---over-expression of tau leads to mitochondrial 

elongation by preventing association of fission 

regulator Drp1 with mitochondria (DuBoff et al., 

2012) 

ALS SOD1  ---localised in multiple sub-cellular compartments 

including mitochondria. Mitochondrial fraction is 

mainly in the IMS (Sturtz et al., 2001) 

---loss of SOD1 is more likely to induce oxidative 

stress in mitochondria than cytosol (Fischer et al., 

2011) 

---mutant SOD1 introduces abnormalities to both 

mitochondrial transport and morphology (Magrané 

et al., 2014) 
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---mitochondrial ETC dysfunction detected in 

transgenic mice expressing mutant SOD1 (Jung et 

al., 2002)  

TDP-43 ---ALS disease-linked TDP-43 mutations impair 

both mitochondrial dynamics and function (Wang et 

al., 2013) 

---targeting mitochondrial localisation of TDP-43 

protects neurons from TDP-43-related toxicity 

(Wang et al., 2016) 

HD htt ---localised on the cytosolic side of mitochondrial 

OM (Choo et al., 2004) 

---mutant htt causes impairment of mitochondrial 

protein import (Yano et al., 2014a) 

---mutant htt binds mitochondrial fission protein 

Drp1 and enhances mitochondrial fragmentation 

(Song et al., 2011) 

PD α-Synulcein ---mitochondrial localisations identified in mouse 

and human brain (Devi et al., 2008, Li et al., 2007) 

---accumulation of α-Synulcein in mitochondria 

increases ROS level and causes impairment of 

mitochondrial complex I activity (Devi et al., 2008) 

---over-expressing α-Synulcein results in 

mitochondrial morphological abnormalities (Hsu et 

al., 2000) 

---over-expressing WT and mutant α-Synulcein in 

mitochondria leads to oxidative stress (Parihar et al., 

2008) 

DJ-1 ---mainly cytosolic in basal conditions, recruited to 

mitochondria under oxidative stress (Junn et al., 

2009)  

---mitochondrial localisations has been found in IMS 

and MX (Zhang et al., 2005) 

---over-expressing mitochondrial DJ-1 results in 

enhanced neuroprotection against oxidative stress 

(Junn et al., 2009) 

LRRK2 ---localised on the mitochondrial OM (Biskup et al., 

2006) 

---over-expression of WT and mutant LRRK2 leads 
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to mitochondrial fragmentation and slow 

mitochondrial fusion (Wang et al., 2012b) 

PINK1 ---a serine/threonine kinase that establishes 

mitochondrial localisation (Valente et al., 2004) 

---genetically linked to mitochondrial fusion and 

fission proteins, e.g. Drp1, Mfn2 and Opa1(Deng et 

al., 2008) 

---accumulated on OM of depolarised mitochondria 

(Matsuda et al., 2010) 

---activating the downstream interactor Parkin 

through phosphorylation of ubiquitin (Koyano et al., 

2014b, Kane et al., 2014) 

--- recruits two autophagy receptors: NDP52 and 

OPTN to mitochondria and directly activates 

mitophagy without the facilitation of Parkin 

(Lazarou et al., 2015) 

Parkin ---mainly cytosolic in basal conditions, recruited to 

mitochondria by PINK1 under stress (Matsuda et al., 

2010) 

---functions downstream of PINK1 as an E3 

ubiquitin ligase participated in mitophagy (Imai et 

al., 2000, Narendra et al., 2008) 

---the E3 ubiquitin ligase activity is activated 

through phosphorylation of ubiquitin by PINK1 

(Koyano et al., 2014b, Kane et al., 2014) 
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1.3 Oxr1, an important neuroprotective factor against oxidative stress  

 

1.3.1 The role of Oxr1 as an anti-oxidative protein  

      Oxidation Resistance 1 (OXR1) was firstly identified in a screen for genes preventing 

DNA damage in oxidative repair-deficient E. coli (Volkert et al., 2000). Oxr1 induction 

occurs in consequence of stress such as oxidative stress and heat (Elliott and Volkert, 

2004). 

The anti-oxidative role of Oxr1 orthologues has also been shown in several organisms. 

For instance, in Saccharomyces cerevisiae, deletion of the open reading frame (ORF) of 

scOXR1 increases sensitivity to H2O2 damage (Volkert et al., 2000). LMD-3, which is 

homologous to human Oxr1, is found not to have enzymatic activities against oxidative 

stress (Sanada et al., 2014). However, Caenorhabditis elegans (C. elegans), which carries 

a LMD-3 mutation has a considerably increased sensitivity to OS and a shorter lifespan 

than the wild type; whereas deleting mitochondrial SOD genes sod-2 and sod-3 improves 

the lifespan of lmd-3 mutant, suggesting a potential cooperation of the three proteins 

(Sanada et al., 2014). Moreover, over-expression of Oxr1 from silkworm (Bombyx mori) 

in fruit fly (Drosophila melanogaster) significantly extents the life-span of fruit flies 

regardless of H2O2 insult (Kobayashi et al., 2014). Interestingly, a study in mosquitoes 

(Anopheles gambiae) showed that injection of H2O2 into female mosquitoes induces 

expression of several anti-oxidative enzymes including Cat, Glutathione peroxidase 

(Gpx), c-Jun N-terminal kinase (JNK) and all mosquito Oxr1 (AgOxr1) isoforms 

(Jaramillo-Gutierrez et al., 2010). Knocking down the mRNA level of Oxr1 in 

mosquitoes (approximately 75% reduction) reduces endogenous mRNA levels of both 

Cat and Gpx, but the level of JNK is not affected (Jaramillo-Gutierrez et al., 2010). 
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Knocking down JNK (50% reduction) not only reduces the mRNA levels of Cat and Gpx, 

but also decreases the mRNA level of Oxr1 (Jaramillo-Gutierrez et al., 2010). These 

results suggested that both Oxr1 and JNK are in an anti-oxidative pathway upstream of 

Cat and Gpx, and Oxr1 functions downstream of JNK (Jaramillo-Gutierrez et al., 2010). 

Furthermore, a resistance to Vibrio cholera infection in Drosophila has been detected 

when increasing the expression level of a Drosophila protein homologous to Oxr1 named 

mustard (mtd) (Wang et al., 2012c). A gain-of-function mutation in this protein is also 

sufficient to induce the resistance to Vibrio cholera infection in Drosophila (Wang et al., 

2012c). This resistance is likely to be via the innate immune pathway of Drosophila 

(Wang et al., 2012c). Finally, protective effects have been seen when specifically 

targeting OXR1 to mouse kidney by mesenchymal stem cell (MSC) injection to treat 

experimentally-induced renal injury and inflammation (Li et al., 2014). Taken together, 

these discoveries indicate an evolutionarily conserved role of Oxr1 in stress defence 

mechanisms, but its function still remains unclear.  

 

1.3.2 Oxr1 has an evolutionally conserved TLDc domain   

      Oxr1 has several orthologues present in all eukaryotic organisms ranging from yeast 

to humans (Elliott and Volkert, 2004). They all share a well conserved C-terminal Tre-

2/Bub2/Cdc16 (TBC), Lysin motif (LysM), Domain catalytic (TLDc) domain, which 

consists of approximately 200 amino acids (Durand et al., 2007, Doerks et al., 2002).  It 

was initially hypothesised that the TLDc might have an enzymatic activity (Doerks et al., 

2002). However, biochemical experiments later demonstrated that although Oxr1 is 

found to have direct interaction with H2O2 through a conserved C-terminal cysteine 

residue (Cys753) (Oliver et al., 2011), the rate of this reaction was not in the catalytic 

range (Oliver et al., 2011).   
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     According to the crystal structure of the TLDc domain of oxidation resistance protein 

2 (Oxr2) from zebrafish (Blaise et al., 2012), it shows a combination of anti-parallel β-

sheets and α-helices in a conformation distinct from any other known structures.  

      To date, multiple Oxr1 isoforms have been determined in human and mouse (Oliver 

et al., 2011, Stowers et al., 1999). The full length (Oxr1-FL) isoform has 3 known 

domains: a Lysin Motif (LysM), a Glucosyltransferases, Rab-like GTPase activators and 

Myotubularins (GRAM) and the TLDc domain; whereas the shortest Oxr1 (Oxr1-C) 

isoform mainly contains the TLDc domain (Fischer et al., 2001, Shkolnik et al., 2008, 

Volkert et al., 2000). Interestingly, in vitro peroxide sensitivity assays demonstrated that 

the full length and shortest isoforms of Oxr1 were able to protect cells against oxidative 

damage (Oliver et al., 2011). This suggests that the TLDc domain may have a role in 

anti-oxidative stress. Recently, a mouse model with an insertion that disrupts the TLDc 

domain has been generated by mutating the TLDc domain-coding exons (Finelli et al., 

2016b).  Mice homozygous for this insertion have the same phenotype as the recessive 

oxr1 deletion bella mouse, thereby further confirms the functional importance of the 

TLDc domain in Oxr1 (Finelli et al., 2016b). 

 

1.3.3 Oxr1 belongs to a TLDc domain containing protein family 

      Oxr1 is one member of a TLDc domain containing protein family, which also 

includes nuclear receptor coactivator 7 (NCOA7), TBC1 domain family, member 24 

(TBC1D24), chromosome 20 open reading frame 118 (C20ORF118), KIAA1609 and 

interferon-induced protein 44 (IFI44) (Falace et al., 2010, Durand et al., 2007, Shkolnik 

et al., 2008).  

     According to the alignment of the TLDc containing proteins, the closest member to 

Oxr1 in this family is NCOA7 (Shkolnik et al., 2008).  NCOA7 was first identified as a 
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nuclear receptor binding protein that regulates the transcriptional activities of oestrogen 

receptor α (ERα) and peroxisome proliferator-activated receptor γ (PPARγ) (Shao et al., 

2002). Similar to Oxr1, NCOA7 also has a smaller isoform called NCOA7B, which 

mainly contains the TLDc domain (Shkolnik et al., 2008) (Figure 1.5.A). Both NCOA7 

and NCOA7B have been found to have anti-oxidative roles (Durand et al., 2007, Finelli 

et al., 2016b). For example, over-expressing either NCOA7 or NCOA7B prevented 

oxidative stress induced cell death after arsenite treatment (Finelli et al., 2015b). 

However, the protein level of NCOA7 remains unchanged after oxidative stress insult, 

despite an increase in the mRNA level (Finelli et al., 2015b, Durand et al., 2007). 

Additionally, mRNA quantification revealed that similar to Oxr1, the full length NCOA7 

is highly expressed in CNS (Figure 1.5.B and C); whereas both NCOA7 and NCOA7B 

have a higher expression level in peripheral organs such as lung, kidney and liver (Finelli 

et al., 2016b) (Figure 1.5.B). However, the function of NCOA7 and NCOA7B still 

remains largely unknown.  

       TBC1D24 contains a TBC domain at its N-terminus and a TLDc domain at its C-

terminus (Corbett et al., 2010) and is widely expressed in the developing and adult CNS 

(Falace et al., 2010, Guven and Tolun, 2013) (Figure 1.5.C). Importantly, TBC1D24 

mutations have been found in a range of disorders (Mucha et al., 2015), including 

Familial Infantile Epilepsy (FIME) and Progressive Myoclonic Epilepsy (PME) (Muona 

et al., 2015, Falace et al., 2010). The exact function of TBC1D24 in the nervous  
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Figure 1.5. Schematic illustration and expression of TLDc domain containing 

proteins in mouse embryonic and adult organs  

 

(A) A schematic illustration of the TLDc domain containing proteins: Ncoa7-FL, Ncoa7-

B, Oxr1-FL, Oxr1-C, Tbc1d24, Kiaa1609 and C20Orf118. Both Ncoa7-FL and Oxr1-FL 

have a LysM, lysin motif and a GRAM domain; Ncoa7 has an ERbd, oestrogen receptor 

binding domain. (B) Expression levels of TLDc domain containing proteins in various 

organs of male mice were quantified by qRT-PCR. Data are shown relative to the 

expression level of C20Orf118 and are means ± SEM, analysed by Student’s t-test. 

(*p<0.05; **p<0.01; ***p<0.001). (C) TLDc domain-containing genes in the embryo 

(E14.5, left panel), adult brain (middle panel) or adult cerebellum (right panel) from 

wild-type male mice revealed by in situ hybridization. Scale bar=1 mm (left and middle 

panel) and 200μM (right panel). Taken from: Finelli, M. J., L. Sanchez-Pulido, K. X. Liu, 

K. E. Davies and P. L. Oliver (2016). "The evolutionarily conserved Tre2/Bub2/Cdc16 

(TBC), Lysin motif (LysM), Domain catalytic (TLDc) domain is neuroprotective against 

oxidative stress." Journal of Biological Chemistry, 291: 2751-2763.  
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system still remains unclear. However, it is known to interact with ADP-ribosylation 

factor 6 (ARF6) (Falace et al., 2010), which is a Ras superfamily small GTPase involved 

in dendrite development, branching and formation of dendritic spine (Jaworski, 2007). Of 

note, over-expression of TBC1D24 in mouse primary cortical neurons significantly 

elongates the neurons and increases neurite branching, whereas over-expressing a FIME 

related mutation (A509V) located in the TLDc domain eliminates such effects, but does 

not affect the interaction between TBC1D24 and ARF6 (Falace et al., 2010). In addition, 

over-expressing another FIME-related mutation (D147H) located in the TBC domain 

only partially reduces the neurite morphological features comparing to over-expressing 

the wild-type TBC1D24, but severely disrupts the interaction with ARF6, suggesting that 

apart from the TBC domain, the TLDc domain is also functionally relevant to the role of 

TBC1D24 (Falace et al., 2010). Intriguingly, the structural model of TLDc proposed by 

Blaise, Alsarraf et al. showed that A590 is in the vicinity of an oxidation reactive C530 

residue. The A590V mutation can potentially trigger steric hindrance hereby modifying 

the structure of TLDc and disrupting its functions (Blaise et al., 2012).  

      In summary, accumulating evidence has suggested a potential anti-oxidative role of 

the TLDc family proteins. Mutations in some of these proteins such as the TBC1D24 are 

associated with several neurological diseases such as FIME and PME (Muona et al., 2015, 

Falace et al., 2010).  However, the function of these proteins remains unclear and worthy 

of further study. 

 

1.3.4 The role of Oxr1 in the central nervous system 

      Through studying the recessive Oxr1 deletion mutant mouse called bella (bel), it was 

revealed that Oxr1 was important for neurodegeneration. Homozygous bella mice have 

apparently normal growth and development in the first 18 days postnatally (P18), 
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followed by growth retardation and a severe ataxic gait then develops progressively and 

leads to death by P26. Apoptosis in cerebellar granule cell layer (GCL) is the only 

detectable pathological feature in the brain at end-stage (Oliver et al., 2011) (Figure 1.6. 

A and B). Positional cloning revealed that a 190 kb region containing Oxr1 and muscle 

activator of Rho signalling (STARS) was deleted in bel mice (Oliver et al., 2011). 

Expression studies on wild-type mice detected a high level of Oxr1 expression, in the 

cerebellum and the rest of the brain, but expression of STARS was not found in these 

regions (Oliver et al., 2011) (Figure 1.6. C). This suggested that lack of Oxr1 is 

associated with the establishment of neuropathological features. Furthermore, bella 

mutants showed normal growth patterns after a genetic rescue of Oxr1 expression in the 

brain, thereby confirming that the lack of Oxr1 leads to the bel phenotype (Oliver et al., 

2011). In addition to in vivo observations, primary cerebellar granule cells (GCs) from 

bella mice have a significantly higher apoptosis level in comparison with the WT after 

hydrogen peroxide (H2O2) treatment (Oliver et al., 2011). Similar effects were observed 

when knocking-down Oxr1 in WT GCs using shRNA and over-expressing Oxr1 rescues 

these phenotypes. Taken together, this evidence further suggests a potential  role of Oxr1 

in protecting neurons against OS (Oliver et al., 2011).  

      In addition, Oxr1 has been found to be up-regulated in a pre-symptomatic mouse 

model of Huntington disease (Liu, K. X., Unpublished data), and spinal cord of both ALS 

patients’ biopsy samples and a pre-symptomatic SOD1
G93A

 mouse model of ALS (Oliver 

et al., 2011) (Figure 1.6.D). These findings indicate a potential role of Oxr1 as an early 

marker in oxidative-stress linked neurodegenerative diseases.  
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Figure 1.6. Potential role of Oxr1 in the CNS 

(A) Cell apoptosis were observed in cerebellar GCL of bel mice. GC apoptosis becomes 

detectable after P19 by TUNEL staining. (B) Quantification of GC cell death: total 

number of TUNEL staining positive cells is 6 times higher at P24 in comparison with 

P19. (C) The presence of Oxr1 but not Abra in the GCL of the cerebellum in 

heterozygous (bel/+) mice (P24) revealed by in situ hybridization. Both Oxr1 and Abra 

are absent in homozygous (bel/bel) mice. (D) In comparison with age-matched controls, 

increasing level of OXR1 is found by western blot in spinal cord biopsy samples from 

ALS patients. The expression of Oxr1 from the spinal cord tissue of pre-symptomatic 

A                                                                       B

C                                                        D 
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SOD1 G93A low-copy transgenic mice versus the WT. Adapted from:  Oliver, P. L., M. 

J. Finelli, et al. (2011). "Oxr1 Is Essential for Protection against Oxidative Stress-Induced 

Neurodegeneration." PLoS Genet 7(10): e1002338. 
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1.4 Aims of thesis 

      Considerable evidence has shown that Oxr1 plays an important protective role against 

oxidative stress in different organisms. However, its function is still unknown. So far, 

some preliminary data on the localisation of Oxr1 within different cell types have been 

generated. Immunofluorescence suggests mitochondrial localisation of Oxr1 in yeast, 

HeLa cells and granule neurons (Elliott and Volkert, 2004, Oliver et al., 2011). It has also 

been suggested that up-regulation of Oxr1 occurs in mitochondria during oxidative stress 

(Elliott and Volkert, 2004). However, the significance of this is not known.  

      Since mitochondria are critically involved in ROS generation, anti-oxidative defence 

mechanisms and neurodegeneration, and Oxr1 is known to play a protective role against 

OS-induced neurodegeneration, we hypothesise that Oxr1 may have a potentially 

important regulatory role in mitochondria.  

      The significance of the localisation of Oxr1 and potential structural or functional 

alterations in mitochondria lacking Oxr1 need to be studied, and may provide clues as to 

the function of the protein.  

      Therefore, the first two aims of this project were to: 

1. Investigate the cellular and mitochondrial localisation of different Oxr1 isoforms 

within the CNS and neuronal cell lines as well as mitochondria-related Oxr1 

functions against oxidative stress 

2. Determine whether loss of Oxr1 in vivo causes mitochondrial disruption/dysfunction 

      OXR1 has been shown to be down-regulated in the posterior cingulated cortex of PD 

patients (Stamper et al., 2008), indicating a potential link to PD. Mitochondrial 

dysfunction is a common feature of PD (Ryan et al., 2015), and dopaminergic neurons in 

the substantia nigra (SNc) are the neuronal population vulnerable to PD (Double, 2012). 

Since cerebella granule neurons are the only neuronal population affected in the end-
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stage of the Oxr1 deleted bella mouse (Oliver et al., 2011), it is unknown whether loss of 

Oxr1 can influence other neuronal populations outside of the cerebellum, for example, 

dopaminergic neurons. Due to the short lifespan of bella, it is not a good model for 

examining much later onset and more slowly progressive neurodegenerative disorders 

such as PD. Given the potentially important role of OS in PD, it was decided that 

conditional deletion of Oxr1 in dopaminergic neurons would be a new and valuable 

model for assessing selective vulnerability in the midbrain.  

      Therefore, the third aim of this project was to: 

3. Examine whether specific loss of Oxr1 in dopaminergic neurons causes 

neurodegeneration in vivo  

      A protein’s function is critically dependent on its structure (Studer et al., 2013). 

Mutations in the amino acid sequence of the protein can have a significant impact on its 

structure and function (Studer et al., 2013). The crystal structure of the TLDc domain of 

Oxr2 in zebrafish has been determined (Blaise et al., 2012).  Studying potential mutations 

in the conserved structural region of this doamin may provide clues to its function. 

Moreover, the Oxr1 deletion mouse model (bella) has shown a complete loss-of-function 

phenotye (Oliver et al., 2011). A less servere intermediate phenotype also needs to be 

studied. A mutant mouse generated after ENU-induced mutagenesis screening can be a 

potentially suitable candidate.  

       Therefore, the fourth aim of this project was to:    

4. Identify and characterise ENU-induced mutations in Oxr1 as well as predicting the 

phenotype of the mouse. 
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Chapter 2: Material and Methods 

 

2.1 Ethics statement 

       All procedures relating to animal use have been carried out according to UK Home 

Office regulations and have been approved by the University of Oxford Ethical Review 

Panel. 

 

2.2 Mouse Strains 

      The bella (bel) mutant contains a genetic deletion of 190 kb spanning the entre Oxr1 

gene as previously described (Oliver et al., 2011). The generation of the homozygous 

bel/bel mice was carried out by intercrossing heterozygous bel/+ mice derived from 

backcrossing for over 10 generations to the original C3H/HeH female background. 

Genotyping of the bella mutant was carried out as previously described (Oliver et al., 

2011), using bella specific primers combined with a wild-type control primer or using a 

polymorphic microsatellite marker: DNA Segment, Chr 15, Massachusetts Institute of 

Technology 229 (D15Mit229) that is localised in the vicinity of the bel deletion. 

Genotying of the mice was carried out using a polymorphic microsatellite marker 

D15Mit229.  

      Oxr1
tm1a(EUCOMM)Wtsi 

knockout-first conditional allele mice with LoxP sites flanking 

(flox) Oxr1 exon 15 and 16 generated by the Wellcome Trust Sanger Institute, transgenic 

mice with β-actin driving FLPe variant recombinase (B6.SJL-Tg(ACTFLPe)9205Dym/J) 

(Jackson Laboratory) and Rosa26 locus lacZ reporter mice (B6;129S4-

Gt(ROSA)26Sor
tm1Sor

/J) (Jackson Laboratory) used to confirm the expression of cre 

transgene were all maintained on a C57BL/6 background. DAT-Cre transgenic mice, in 

which Cre recombinase is specifically expressed in dopaminergic neurons regulated by 
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bacterial artificial chromosome (BAC) with the endogenous DAT-promoter, was also 

maintained on a C57BL/6 background. 

      Mice were housed on a 12-hour light: 12-hour dark cycle and supplied with food and 

water ad libitum. 

 

2.3 Mitochondria isolation   

      The purification of mitochondria from tissues and eukaryotic cells was performed 

using Qproteome mitochondria isolation kit (Qiagen) as per the manufacturer’s protocol 

with minor modifications: freshly excised tissue (whole brain, cerebellum or spinal cord) 

was washed with 0.9% (w/v) NaCl solution. Then, 500 µl Lysis Buffer containing 1X 

Protease Inhibitor Solution was added to each sample. The sample was then 

homogenized using an electric homogenizer (Radleys) at the lowest speed for 

approximately 10 seconds. Then, 1.5ml Lysis Buffer was added and the homogenate was 

incubated on a rotator for 10 minutes at 4°C followed by centrifugation at 1000 x g for 10 

minutes at 4°C. Cell pellet was then re-suspended in pre-chilled Disruption Buffer 

containing 1X Protease Inhibitor Solution and the suspension was then subjected to 

complete cell disruption by a 2 ml syringe with a blunt-ended needle (0.6×25 mm) for at 

least 10 repeated ejections. Then, the lysate was centrifuged at 1000 x g for 10 minutes at 

4°C. The supernatant was collected and centrifuged at 6000 x g for 10 minutes at 4°C. 

The pellet was then re-suspended in 1 ml Mitochondrial Storage Buffer and centrifuged 

at 6000 x g for 20 minutes at 4°C. The purified mitochondria were kept in -20 to -80°C 

prior to experiments.  

 

2.4 Western blotting 
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      Protein samples were separated by 12% or 16% SDS polyacrylamide (SDS-PAGE) 

gel electrophoresis followed by transferring to PVDF membranes (GE Healthcare). 

Membranes were incubated in blocking solution containing 5% skimmed milk in TBST 

(10 mM Tris-HCl pH 7.6, 150 mM NaCl and 0.1% Tween 20) for 1 hour prior to 

incubation with primary antibodies (Table 2.1.) for either 1 hour at room temperature or 

overnight at 4°C. After washing with TBST three times, membranes were incubated with 

appropriate HRP-conjugated secondary antibodies (1: 5,000, GE Healthcare).  Blots were 

then developed with the ECL kit (GE Healthcare). 

 

Table 2.1 List of primary antibodies 

 

Purpose Name and Animal of Origin Dilution and Company 

 

 

Sub-cellular and sub-

mitochondrial 

fractionation (western 

blot) 

 

Anti-COX IV, rabbit  

1:2000, Abcam 

Anti- Cyt-C, rabbit 1:1000, Cell Signaling 

Anti-GAPDH, rabbit  1:5000, Sigma-Aldrich; 

or 1:1000, Cambridge 

Bioscience 

Anti-TOM20, rabbit  1:200, Santa Cruz 

Anti-VDAC, rabbit 1:1000, Cell Signaling 

Anti-HSP60 1:1000, Cell Signaling 

 

 

 

Electron transport chain 

MitoProfile total OXPHOS 

rodent WB antibody cocktail, 

mouse  

1:250, Abcam 

Anti-OxPhos Complex Kit, 1:250, Invitrogen 
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proteins (western blot) 

 

mouse   

 

 

 

 

Mitochondrial fusion and 

fission (western blot) 

 

Anti-Mfn1, mouse 1:250, Abcam 

Anti-Mfn2, mouse  1:250, Abcam 

Anti-OPA1, goat 1:500, Santa Cruz 

Anti-Drp1, rabbit 1:1000, Cell Signaling 

Anti-Fis1, rabbit  1:500, Santa Cruz 

Anti-phospho-Drp1 (Ser616), 

rabbit 

1:1000, Cell Signaling 

Anti-phospho-Drp1 (Ser637), 

rabbit 

1:1000, Cell Signaling 

 

Others  

(western blot) 

 

 

Anti-Myc, mouse  

 

1:5000, Sigma-Aldrich 

Anti-HA, mouse 1:1000, Abcam 

Anti-Oxr1, rabbit 1:500, (Oliver et al., 

2011) 

 

 

 

Immunotstaining  

 

 

 

Anti-cleaved Casp3, rabbit 1:200, 400 or 1400, Cell 

Signaling  

Anti-COX IV, rabbit 1:200, 500 or 1000, 

Abcam 

Anti-Myc, mouse  1:100, Sigma-Aldrich 

Anti-HA, mouse 1:100 or 1:1000, Abcam 

Anti-HA, rat 1:100, Sigma-Aldrich 
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2.5 Mitochondria subfractionation  

      Mitochondria were sub-fractionated by following a swelling-shrinking procedure 

originally described by Hovius et al (Hovius et al., 1990), with minor modifications. 

Isolated mitochondria from tissues were suspended in buffer A (10 μM KH2PO4, pH 7.4) 

and placed on ice for 20 minutes, then 1 volume of buffer B (32% sucrose, 30% glycerol, 

and 10 mM MgCl2, pH 7.4) was added. The mixture was sonicated 6 times for 5 seconds 

using a Soniprep 150 sonicator (Jencons-PLS) then centrifuged at 10 000 g at 4°C for 10 

minutes. The pellet was re-suspended in buffer A (10 μM KH2PO4, pH 7.4) and 

incubated on ice for 20 minutes. Then, 1 volume of buffer B (32% sucrose, 30% glycerol, 

and 10 mM MgCl2, pH 7.4) was added followed by further sonication as above. The re-

suspended pellet was centrifuged at 150 000 g at 4°C for 1 hour using a Ti70 rotor 

(Beckman Coulter). Four fractions were obtained corresponding to the outer membrane 

(OM), the intermembrane space (IMS), the inner membrane (IM) and the matrix (MX). 

The IMS and MX supernatants were concentrated using Ultracel-10K filters (Millipore). 

Anti-Flag, mouse 1:100, Sigma-Aldrich 

Anti-TIA-1, goat 1:100, Santa Cruz 

Anti-MAP2, mouse 1:500, Abcam 

Anti-tau, chicken  1:1000, Abcam 

Anti-GABA (A) receptor alpha 

6 subunit, rabbit 

1:100, Merck Millipore 

Anti-Ubiquitin, rabbit 1:250, Abcam 

Immunohistochemistry Anti-TH, rabbit 1:750, Abcam 
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The identity of the fractions was confirmed by western blotting using markers specific 

mitochondrial compartments (Table 2.1.).  

 

2.6 Trypsin susceptibility assay  

      The trypsin susceptibility assay was carried out as described by Choo et al. (Choo et 

al., 2004) with minor modifications. Briefly, increasing concentrations of trypsin (0, 10, 

100 and 500 µg/ml) was used to treat isolated mitochondria (150 µg) on ice for 30 

minutes. The mitochondria were then centrifuged at 6 000 g at 4°C for 10 minutes for 

separation from the trypsin solution. Samples were then subjected to western blotting 

with the Oxr1 antibody and mitochondrial markers as indicted in Table 2.1.  

 

2.7 Plasmids  

      The full-length (NM_130885) or the short mouse Oxr1 isoform (based on 

NM_001130164 with an additional 28 amino-acid second exon that is shared with Oxr1-

FL) was cloned into pCMV/myc/cyto (Invitrogen) to generate the myc-tagged 

cytoplasmic Oxr1 constructs Oxr1-FL-cyto and Oxr1-C-Cyto, respectively. Oxr1-C was 

targeted to the mitochondria by cloning into pCMV/myc/mito containing an N-terminal 

mitochondrial targeting signal (MSVLTPLLLRGLTGSARRLPVPRAKIHSL) 

(Invitrogen) (Rizzuto et al., 1992) to generate Oxr1-C-Mito. Upon translocation into the 

mitochondria, the targeting sequence is removed apart from at least four additional amino 

acids (IHSL) left at the N-terminus of Oxr1.  

      Site-directed mutagenesis was conducted by using QuikChange II XL Site-Directed 

Mutagenesis Kit as per the manufacturer’s protocol (Agilent Technologies) with minor 

changes.  Primer sequences for mutagenesis PCR (Oxr1 Y644H F and R) were indicated 

in the List of Primers (Table 2.2). PCR was carried out using PfuTurbo DNA polymerase 
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(Agilent Technologies) with the following reaction conditions: 95°C for 30 seconds 

(initial denaturation), 55°C for 30 seconds (annealing) and 68°C for 10 minutes 

(elongation), 13 cycles. 

 

Table 2.2. List of primers 

mOxr1 FL SalI F 

mOxr1 S SalI F 

mOxr1 NotI R 

5’-GAGAGTCGACTCTTTTCAGAAGCCTAAAGGAACC-3’ 

5’-GAGAGTCGACTCCCGTGTGTGGTATGGGAAAAAAGG-3’ 

5’-GAGAGCGGCCGCTTCAAAAGCCCAGATTTCAATG-3’ 

10 kb mitochondria 

fragment 
 

5’-GCCAGCCTGACCCATAGCCATAATAT-3’ 

 

5’-GAGAGATTTTATGGGTGTAATGCG G-3’  

 

 

 

117 bp mitochondria 

fragment 

 

5’-CCCAGCTACTACCATCATTCAAGT-3’ 

 

5’-GATGGTTTGGGAGATTGGTTGATGT-3’ 

mOxr1-FL Kpn F 

mOxr1-S Kpn F 

mOxr1 Xba HA R 

5’GAGAGGTACCATGGCCTCTTTTCAGAAGC 

CTAAAGGAAC-3’ 

 

5’-GAGAGGTACCATGGCCTCCCGTCTCTG  

GTATGGGAAAAAAGG-3’ 

 

5’-GAGATCTAGATCAAGCGTAATCTGGAACATC 

GTATGGGTATTCAAAAGCCCAGATTTCAATG-3’ 

 

Oxr1 Y644H F 

Oxr1 Y644H R 

5’-CCATGGACGCTTGTGC[1]ACGGTACTGGGAAGCAT-3’ 

5’-ATGCTTCCCAGTACCGTGCACAAGCGTCCATGG-3’ 

[1] T>C mutation 
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2.8 Cell cultures 

        Mouse Neuro-2a (N2a) cells, human negroid cervix epithelioid carcinoma (HeLa) 

cells and mouse motor neuron cell line (NSC-34) were grown routinely in 75 cm
2
 or 175 

cm
2
 Falcon flasks containing DMEM (Life Technologies) supplemented for 10% Fetal 

bovine serum (FBS) and 1% Penicillin/Streptomycin (Life Technologies) in a humidified 

incubator at 37°C in 5% CO2. Cell passaging was conducted by following the 

mammalian cell tissue culture techniques protocol (Abcam) when cells reach 90%-100% 

confluency. The range of passage numbers was between 1 and 20.  

      Culturing mouse primary cerebellar granule cells (GCs) was conducted as previously 

described (Bilimoria and Bonni, 2008) with minor modifications: cerebella were 

dissected from cervical dislocated and decapitated mouse pups (P7). After removing 

large blood vessels and meninges, cerebella were washed at least 3 times with HHGN 

dissection solution (1X HBSS (Life Technologies), 2.5mM HEPES (pH7.4), 35mM 

glucose, 4mM NaHCO3). After washing, the cerebella were immersed in Trypsin-DNase 

solution (10mg/ml trypsin and 0.1mg/ml DNase in HHGN dissection solution) for 10 

minutes at room temperature. Then, the cerebella were washed with HHGN dissection 

solution 3 times and triturated in DNase solution (0.1mg/ml DNase in BME medium 

(Life Technologies)). After dissociation, the cells were subject to centrifugation at 200 x 

g for 5 minutes at room temperature followed by resuspension in culture medium for 

granule neurons (25 mM KCl, 10 bovine growth serum (Hyclone), 1X penicillin-

streptomycin-glutamine). Live cell numbers were examined by staining with trypan blue 

solution and approximately 2*10
5
 cells and 6*10

4
 -8*10

5
 cells were plated per well of a 

96 well plate and per coverslip in a 24 well plate pre-coated with poly-L-ornithine, 

respectively. 24 hours after plating, cytosine-1-β-D-arabinofuranoside (AraC) was added 

to give a final concentration of 10µM and a final concentration of glucose (25mM) was 
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added on day in vitro 3 (DIV3). The primary cell culture was maintained by routinely 

adding glucose (25mM) and culture medium for granule neurons approximately every 48 

hours until conducting experiments.  

 

2.9 Transfection 

       FuGENE 6 method: Transfection of HeLa cells was carried out as per the 

manufacturer’s protocol (Promega). HeLa cells were plated approximately 20 hours prior 

to the transfection. On the day of transfection, cells were 50%-80% confluence. To 

conduct transfection, FuGENE 6 reagent (Promega) and DNA were mixed in a ratio of 

3:1 (v/w) (e.g. 0.6 μl of FuGENE 6 reagent and 0.2 µg DNA per well of a 24 well plate, 

or 0.15 μl of FuGENE 6 reagent and 0.05 µg DNA per well of a 96 well plate) in serum 

free media followed by incubating the mixture for 15 to 45 minutes. Then, the mixture 

was added to cells and incubated for approximately 1 day at 37°C in 5% CO2 prior to 

further experiments. 

      Magnetofection method: Transfection of NSC-34 cells was carried out as per the 

manufacturer’s instructions (OZ Biosciences).  First, NeuroMag reagent (OZ Biosciences) 

was mixed with DNA diluted in serum free media in a ratio of 3.5:1 (v/w) (e.g. 3.5 μl of 

NeuroMag reagent and 1 µg DNA per well of a 24 well plate, or 1.75 μl of NeuroMag 

reagent and 0.5 µg DNA per well of a 96 well plate). The mixture was then incubated at 

room temperature for 15 to 20 minutes, followed by adding the mixture to cells. After 

this, the cell culture plate was placed on a magnetic plate for 15 minutes. After removing 

the magnetic plate, cells were incubated for 18 hours at 37°C in 5% CO2 prior to further 

experiments.  
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2.10 Immunostaining  

                            

      Cells (HeLa, N2a and GC) on cover slips were washed with PBS followed by 

incubation in 4% PFA at room temperature for 20-30 minutes. Then, cover slips were 

washed 3 times in PBS and permeabilised with 0.1% Trition X-100 prior to incubation in 

blocking solution containing 5% bovine serum albumin (Sigma-Aldrich) and 5% goat 

serum for 1 hour at room temperature. After this, cover slips were incubated with 

appropriate primary antibodies (Table 2.1) for either 1 hour at room temperature or 

overnight at 4°C. The cover slips were then washed 3 times in PBS and incubated with 

Alexa Fluor goat polyclonal secondary antibodies (IgG H&L) (Life Technologies). After 

the incubation, the cover slips were washed 3 times in PBS and mounted in mounting 

medium with 4', 6-diamidino-2-phenylindole (DAPI).  

    

2.11 Cell Death Assay 

      HeLa cells expressing Oxr1-myc with cytoplasmic (Oxr1-C-Cyto) and mitochondrial 

(Oxr1-C-Mito) signals were exposed to 250 µm H2O2 for 4 hours. Cell apoptosis was 

observed by labelling cells with an anti-cleaved Caspase-3 (Asp175) antibody (1:1400, 

Cell Signalling). For quantification, five 20× microscopic fields were randomly selected 

for each coverslip.  

 

2.12 Mitochondria quantification  

       To quantify COX IV-stained mitochondria in cultured primary GCs, confocal images 

(1024×1024 pixels) were acquired using by a Leica TCS SP5II confocal microscope (×63 

oil objective; scan speed: 200Hz) with LAS AF software. Images were then exported and 

processed with NIH ImageJ FIJI software; the entire range of grey values (0-255) was 
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covered by contrast optimization, then, binary images of mitochondria were generated. 

The number of mitochondria per cell and the average area of a mitochondrion were 

subsequently evaluated using the particle analysing tool (size in pixel units: 10-infinity; 

circularity: 0.00-1.00).  

 

2.13 Luxcel Mitoexpress oxygen consumption assay  

      Luxcel Mitoexpress oxygen consumption assay was carried out by following the 

manufacturer’s protocol (Luxcel Biosciences, Ireland) with minor changes. In brief, 

NSC-34 cells were plated approximately 3.3x10
5
 cells/cm

2
 in DMEM and BME growth 

media (Life Technologies), respectively in 96-well Falcon plates. The cells were 

incubated at 37°C, 5% CO2. On the day of assay, the FLUOstar Omega microplate reader 

(BMG Labtech) was warmed to 37°C. Then, the Mitoexpress probe was reconstituted in 

1 ml of Millipore water and warmed to 37°C before adding to each well at a dilution 

factor of 1:10. Then, 100 µl of pre-warmed high sensitivity oil was quickly added to each 

well immediately before the measurement. The plate was then inserted into the pre-

warmed instrument and oxygen probe signals were measured with a time-resolved mode 

using excitation and emission wavelengths of 380 nm and 650 nm, respectively.  

 

2.14 Mitochondrial damage test 

      Mitochondrial damage assay was conducted based on the amplification of long 

mitochondrial DNA fragments (Jendrach et al., 2005). Total DNA was isolated from 

cerebella of WT and bella mice. Both a long (10.1 kb) and short (117 bp) mitochondrial 

fragments were amplified (Table 2.2.). PCR for the long mitochondrial fragment was 

carried out using La-Taq DNA polymerase (Takara) with the following PCR conditions: 

Initial denaturation at 94°C for 1 minute, followed by 24 cycles of 94°C for 30 seconds, 
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60°C for 30 seconds and 72°C for 20 minutes. PCR for the short mitochondrial fragment 

was carried out using Taq DNA polymerase (Sigma-Aldrich) with the following PCR 

conditions: Initial denaturation at 94°C for 2 minutes, followed by 35 cycles of 94°C for 

30 seconds, 56°C for 30 seconds and 72°C for 1 minute. The amount of DNA before and 

after the PCR reactions was quantified fluorometrically using the PicoGreen dsDNA 

quantitation reagent (Life Technologies). The fluorescent signal was measured at 

excitation and emission wavelengths of 485 nm and 528 nm, respectively, using a 

FLUOstar Omega microplate reader (BMG Labtech).  

 

2.15 Mitochondrial membrane potential assay  

      TMRE mitochondrial membrane potential was measured in a 96 well black wall 

microtiter plates (BD Bioscience) by following the manufacturers’ protocol (Abcam and 

ImmunoChemistry Technologies), with minor modifications. GCs were plated at 2*10
5 

cells/well in culture medium for granule neurons (25 mM KCl, 10% bovine growth 

serum (Hyclone), 1× penicillin-streptomycin-glutamine). Approximately 10 minutes 

before the assay, 20 μM of FCCP was added to each sample in media. Then, 

tetramethylrhodamine methyl ester (TMRM) or tetramethylrhodamine ethyl ester (TMRE) 

was warmed up to room temperature and added to each sample to final concentration of 

500 µM. After this, the plate was incubated for 20 minutes at 37°C. After staining, cells 

were washed with 0.2% BSA in PBS for once. Then TMRE staining was measured with 

a florescence intensity mode using excitation and emission wavelengths of 549nm and 

575nm, respectively.  
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2.16 Transmission Electron Microscopy (TEM)  

      Mouse perfusion fixation was performed by Prof. Peter Oliver using the fixative for 

ultra-structural analysis (2.5% glutaraldehyde, 4% paraformaldehyde and 4.35% sucrose 

in 0.1M sodium cacodylate buffer, pH=7.2). Fixed brain tissue was prepared according to 

standard TEM protocols with assistance from Prof. Helen Christian, Department of 

Physiology, Anatomy and Genetics and Dr. Anna Pielach, Sir William Dunn School of 

Pathology. Blocks were sectioned using a UC7 ultramicrotome (Leica) and a Diatome 

diamond knife. Sections (90 nm) were post-stained with lead citrate and imaged on a 

Tecnai 12 TEM (FEI) operated at 120 kV. Digital images were acquired using a US1000 

CCD camera (Gatan) and OneView (Gatan) with assistance from Dr. Errin Johnson, Sir 

William Dunn School of Pathology. 

 

2.17 BN-PAGE analysis  

      Blue Native-PAGE analysis was performed using the NovexH Bis-Tris Gel system 

(Life Technologies) as per the manufacturer’s protocol: isolated mitochondrial samples 

were lysed in sample buffer containing 2.5% n-dodecyl-b-Dmaltoside (DTT) made using 

the Native PAGE Sample Prep Kit (Invitrogen). The samples were subjected to 

centrifugation at 17 000 g at 4°C for 30 minutes and loaded (50 µg) onto a native 

polyacrylamide Novex 3–12% Bis-Tris Gel (Life Technologies). Electrophoresis (PAGE) 

was then carried out at 4°C. After electrophoresis, proteins were transferred to a PVDF 

membrane (GE Healthcare) and fixed with 8% acetic acid and blocked with 5% skimmed 

milk in TBST for 1 hour. Mitochondrial complexes were probed with appropriate 

antibodies (Table 2.1.). 
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2.18 Mitochondrial complex activity assay 

2.18.1 Complex I activity assay 

Complex I activity assay was conducted by two methods: The first method was 

modified from (Ragan et al., 1987), using a spectrophotometric measurement of NADH 

oxidation at 340 nm in intact mitochondria fractions. Firstly, 1ml of Complex I assay 

buffer (0.025M potassium phosphate buffer, pH=7.2, 5mM MgCl2, 13mM NADH, 65 

µM coenzyme Q (Sigma-Aldrich), 0.25% fatty acid free albumin, 3.6 μM Antimycin A 

(Sigma-Aldrich)) was added to a cuvette and warmed to 30°C. Secondly, 100 μg of 

mitochondria were added and mixed with the Complex I assay buffer followed by 

immediate measurement in a spectrophotometer (Shimadzu) at 340 nm at 30°C for 3 

minutes. As a control, mitochondrial samples were treated with 10 μM rotenone after the 

initial measurement and measured again at 340 nm at 30°C for 3minutes.  

      The second method was BN-PAGE in-gel activity measurement as previously 

described (Zerbetto et al., 1997), with minor changes. In brief, mitochondrial sample was 

loaded onto a native polyacrylamide Novex 3–12% Bis-Tris Gel (Lifescience), and 

electrophoresis (PAGE) was then conducted. Then, the gel was incubated in 2 mM Tris-

Hcl, pH7.4, 0.1 mg/ml NADH and 2.5 mg/ml nitrotetrazolium blue (NTB) (Sigma-

Aldrich) for 1hour at room temperature. After incubation, the gel was fixed in fixation 

reagent containing 50% methanol and 10% acetic acid for 15 minutes at room 

temperature.  

 

2.18.2 Complex II activity assay 

      The complex II activity assay was measured by following the protocol as previously 

described (Dayal et al., 2009), with minor modifications. In brief, this assay measures the 

colour change of 2, 6-dichloroindophenol (DCPIP) that reflects complex II activity. 
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Oxidised DCIP that has a blue colour is utilised as the chromophore: once accepting 

electrons from coenzyme Q, which is an electron carrier, it changes from blue to 

colourless and leads to the loss of DCPIP absorbance at 600 nm. Firstly, 20 μg purified 

mitochondria from mouse cerebella were incubated in a cuvette containing assay buffer 1 

(0.025 M potassium phosphate buffer, pH=7.2, 5 mM MgCl2, 2 mM sodium succinate 

(Sigma-Aldrich)) at 30°C for 10 minutes. Then, 10 μl of buffer 2 (0.025 M potassium 

phosphate buffer, pH=7.2, 600 µM rotenone, 360 µM antimycin A and 5mM DCPIP 

(Sigma-Aldrich)) were then added to the cuvette and absorbance at 600nm was 

immediately monitored in a spectrophotometer (Shimadzu) for 1 minute.  

 

2.18.3 Complex III activity assay 

      Complex III activity was monitored by measuring cytochrome C reduction at 550 nm 

as described in (Trounce et al., 1996) with changes. Prior to the assay, decylubiquinone 

was reduced with sodium borohydride (NaBH4) to synthesise decylubiquinonol. Then, 20 

μg mitochondria from each sample were incubated in a cuvette of complex III assay 

buffer (50 mM potassium phosphate, 3 mM sodium azide (NaN3), 1.5 μM rotenone, 50 

µM cytochrome c (Sigma-Aldrich)). Then, decylubiquinol was added to the cuvette to 

make a final concentration of 50 µM.  Reduction of cytochrome c was read in a 

spectrophotometer (Shimadzu) at 550 nm at 30°C for 1 min.  

 

2.18.4 Complex IV activity assay 

      Complex IV activity was carried out by measuring cytochrome C oxidation at 550nm, 

a method modified from Wharton et al. (Wharton and Tzagoloff, 1967). Firstly, reduced 

cytochrome C was synthesised. In Brief, 100 mg cytochrome c (Sigma-Aldrich) was 

added to 10 ml 0.1M potassium phosphate buffer. Then 10 mg sodium ascorbate was 
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added. The solution was then transferred to dialysis tubing and submerged in 1 M 

potassium phosphate buffer. Dialysis against potassium phosphate buffer was carried out 

at 4°C for 12 to 24 hours. The buffer solution was changed 3 times during the dialysis 

process. Then, the synthesised reduced cytochrome C was confirmed by 

spectrophotometry, which showed two peaks at 520 nm and 550 nm respectively. Then, 

Complex IV assay buffer was made by adding reduced cytochrome C to 0.1 M potassium 

phosphate buffer to make a final concentration of 50 μM. After that, approximately 100 

μg of mitochondria were added and mixed with the Complex IV assay buffer followed by 

immediate measurement in a spectrophotometer (Shimadzu) at 550 nm at 30°C for 3 

minutes.  

 

2.18.5 Citrate synthase activity assay 

      Citrate synthase activity was assayed by measuring formation of TNB at 412 nm as a 

result of the reaction between CoA-SH and 5’, 5’-Dithiobis 2-nitrobenzoic acid (DTNB) 

as previously described (Srere et al., 1963), with minor changes. Acetyl CoA was 

synthesised by dissolving coenzyme A hydrate (Sigma-Aldrich) in ice-cold water to 

make a 1% solution. Then, 100µl of 1M KHCO3 (Sigma-Aldrich) and 2 µl of acetic 

anhydride (Sigma-Aldrich) were added, mixed and incubated for 10 minutes followed by 

another addition of 2 µl acetic anhydride mix and incubated for 10 minutes. Then, the 

mixture was diluted with 4.416 ml of water. After preparation of Acetyl CoA, 840 µl of 

water, 100 µl of assay buffer (1mM Dinitrobenzoic acid in 1 M Tris-HCl, pH=8.1), 50 µl 

of Acetyl CoA and 30 µg of mitochondria were added, mixed and incubated at 30°C for 

5 minutes. After incubation, 50 µl of 10 mM Oxaloacetate (Sigma-Aldrich) was added 

followed by immediate measurement in a spectrophotometer (Shimadzu) at 412 nm at 

30°C for 1 minute. 
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2.19 Mitochondrial stress test  

       Mitochondrial stress test was carried out using a Seahorse Bioscience XF96 analyser 

(Seahorse Bioscience Inc.) in 96 well plates at 37°C by following the manufacturer’s 

protocol with minor changes. In brief, GCs at P7 were seeded at 2*10
5 

cells/well in 

culture medium for granule neurons one week prior to the test. A sensor cartridge was 

incubated in XF96 Calibrant (Seahorse Bioscience Inc.) in a CO2 free incubator overnight 

prior to the test. On the test day, the growth media was removed, washed once and 

replaced with XF assay media (Seahorse Bioscience Inc.) and the plate was incubated in 

a CO2 free incubator for 1 hour at 37°C. The hydrated cartridge was loaded with 

appropriate volume of mitochondrial inhibitors to achieve final concentrations in each 

well: port A with oligomycin (3 µM); port B with carbonilcyanide p-

triflouromethoxyphenylhydrazone (FCCP) (2 μM) and port C with rotenone and 

antimycin A (both 2µM). Then, levels of basal respiration, ATP production, proton leak, 

maximal respiration and non-mitochondrial respiration were measured as described in 

manufacturer’s protocol.  

 

2.20 TUNEL staining  

      The TUNEL staining was conducted as per the manufacturer’s protocol (Roche) with 

minor modifications. The frozen sections of mouse brain were fixed in 4% PFA in TBS 

for 20 minutes at room temperature. The slides were then washed in PBS for 30 minutes, 

followed by incubation in 0.1% sodium citrate and 0.1% Triton X-100 for 2 minutes on 

ice. The slides were then washed twice for 3 minutes each time in PBS. Then the slides 

were incubated with TUNEL-Mix (Reagent A and B, 1:1) in a humidified chamber for 60 

minutes at 37°C in the dark, followed by washing the slides three times in PBS. The 

coverslips were then mounted with DAPI.  
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2.21 Immunohistochemistry  

      Vibratome sectioned 40 µm free-floating sections were washed with PBS at room 

temperature for 5 minutes with agitation. Then, endogenous peroxidase was deactivated 

by incubating in H2O2 solution (3% H2O2 and 90% methanol) for 15 minutes at room 

temperature with agitation.  After deactivation, sections were washed with PBS and 0.3% 

Triton X-100 3 times for 5 minutes each time at room temperature followed by 

incubating in blocking buffer (5% normal goat serum in PBS with 0.3% Triton X-100) 

for 1 hour at room temperature with agitation. Then, sections were incubated with rabbit 

anti-tyrosine hydroxylase (TH) (1:750, Abcam) in PBS containing 0.3% Triton X-100, 

and 5% normal goat serum overnight at 4°C with agitation. The overnight incubation was 

washed with PBS 3 times for 10 minutes each time at room temperature followed by 

incubating with biotinylated goat anti-rabbit IgG secondary antibody (1:200, Vector 

Laboratories) in PBS solution containing 1.5% normal goat serum for 1 hour at room 

temperature with agitation. The sections were then washed with PBS 3 times for 10 

minutes each time at room temperature followed by incubating in an avidin-biotinlyated 

peroxidase complex (ABC) (Vector Laboratories) for 1 hour at room temperature with 

agitation. Then, samples were washed with PBS 3 times for 10 minutes each time at 

room temperature. Immpact 3, 3’-diaminobenzidine (DAB) solution (Vector Laboratories) 

was added as a substrate of peroxidase to visualise the bound antibodies through 

immunoreactions. After the reaction, sections were washed with H2O twice, dehydrated, 

mounted with hydromount mounting media (National Diagnostics) and coverslipped.  
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2.22 Stereological quantification of TH positive neurons  

      Stereological analysis was carried out using the Stereo Investigator software (MBF 

Bioscience) by following the optical fractionator’s settings as described previously 

(Taylor et al., 2014). The boundaries of substantia nigra pars compacta (SNpc) and 

ventral tegmental area (VTA) were outlined under a 10 × objective lens using a Leica 

microscope (Leica) as per the atlas (Paxinos and Franklin, 1997). Dopaminergic neurons, 

defined as cells with a TH positive cell body and a TH negative nucleus, on vibratome 

sectioned 40 μm brain slides within the outlined regions were quantified in a blinded 

fashion under a 40 x objective lens (Leica).  Size of counting frames: 50 × 50 μm; size of 

counting grid: 120 × 160 μm; thickness of optical dissector: 22 μm with 2 μm upper and 

lower guard zones). Only cells without intersecting forbidden lines were quantified. 

 

2.23 Rotarod test 

      The accelerating rotarod test was conducted with assistance from Prof. Peter Oliver. 

Mice aged 12 months and 18 months were placed on a plastic rod of a commercial 

rotarod apparatus (Ugo Basile) rotating at a default speed of 5 rpm. All mice were facing 

against the orientation of rotation. The speed was then accelerated from 5 rpm to 40 rpm 

over a 300 second period.  The length of time for mice to stay on the apparatus was 

determined by either the time latency to fall from the rotating rod, or failure to run on the 

rotating rod for at least two complete rotations. Mice were tested on 3 consecutive days 

and a 3-day average was obtained.  
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2.24 Grip strength test (inverted screen test) 

      The inverted screen test was conducted with assistance from Prof. Peter Oliver.  Mice 

aged 12 months and 18 months were individually placed in the centre of a wire mesh 

screen. Then the screen was inverted and then held steady until the mouse had fallen off. 

The latency to fall from the wire mesh was recorded.  

 

2.25 Statistical analysis  

      Results were analysed using GraphPad Prism software (GraphPad Software, Inc.).  

The differences between wild type and mutant or between the various treatments were 

compared using a Student’s t-test or one-way ANOVA or two-way ANOVA test. P-

values < 0.05 were considered to be significant.  Data were expressed as the mean -/+ 

S.E.M. 
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Chapter 3: Investigating the functional consequence of the sub-

cellular localisation of Oxr1 

 

3.1. Introduction  

      Determining the sub-cellular or sub-organellar localisation of a protein is an 

important step toward understanding its function (Binder et al., 2014). Predicting the sub-

cellular and sub-mitochondrial localisation of a protein can be based on its known amino 

acid sequence using various computational algorithms (Imai and Nakai, 2010). However, 

the accuracy of prediction remains questionable. So far, the most standard methods for 

determining sub-cellular protein localisation remain to be cell sub-fractionation and 

immunostaining cells with markers of different cellular compartments (Rockstroh et al., 

2010, Bononi and Pinton, 2015).  

      Substantial evidence has suggested that the sub-cellular and sub-mitochondrial 

localisation of various neurodegenerative disease-associated proteins are relevant to their 

important functions, for example, the Parkinson’s disease-related proteins PINK1 and 

DJ-1 (Gandhi et al., 2006, Narendra et al., 2010, Zhang et al., 2005). PINK1 is 

mitochondrial OM bound and accumulates at depolarised mitochondria thereby 

subsequently recruits its downstream interacting partner, Parkin to its mitochondrial 

localization (Narendra et al., 2010, Okatsu et al., 2015). DJ-1 has been shown to be 

localised in several mitochondrial compartments such as the IM and MX (Zhang et al., 

2005, Kaneko et al., 2014), and its matrix localisation may be involved in oxidative stress 

or nutrient deprivation response (Calì et al., 2015). In addition, translocation of proteins 

into and out of mitochondria is sometimes correlated with the stress response and 

mitochondrial dysfunction. For example, mitochondrial IMS-localised Cyt-C is released 
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into cytosol during apoptosis (Kluck et al., 1997, Yang et al., 1997), whereas DJ-1 

translocates to mitochondria under oxidative stress (Junn et al., 2009).  

      Accumulating data have demonstrated that up-regulating the endogenous level of 

mitochondrial anti-oxidative proteins such as SOD and mitochondrial glutathione 

peroxidase (GPx) is protective against ROS insults (Greco and Fiskum, 2010); while 

exogenously targeting anti-oxidants such as MitoQ to mitochondria is also capable of 

preventing ROS damages (Oyewole and Birch-Machin, 2015). However, to date, only a 

few anti-oxidants, for example, MitoQ have been used to conduct in vivo trials with 

mixed success and potency (Oyewole and Birch-Machin, 2015). Therefore, new anti-

oxidative proteins and pathways need to be explored.  

      High expression level of Oxr1 has been detected in CNS such as brain and spinal 

cord (Oliver et al., 2011, Finelli, 2010, Liu et al., 2015b). To date, some preliminary data 

on the localisation of Oxr1 within different cell types have been generated. For example, 

expressing a GFP-tagged yeast Oxr1 from the endogenous OXR1 promoter established a 

mitochondrial localisation in yeast (Elliott and Volkert, 2004).  Using an antibody that 

specifically recognises the C-terminal domain of Oxr1, Elliott et al. further showed the 

mitochondrial localisation of Oxr1 in HeLa, Hep2 and COS cells; whereas at least in 

yeast and HeLa cells, there is little evidence for the presence of nuclear Oxr1 (Elliott and 

Volkert, 2004). Several Oxr1 isoforms have been found in mammalian cells (Oliver et al., 

2011), and a conserved TLDc domain has been identified in all the isoforms through 

cDNA cloning, qRT-PCR and western blotting (Oliver et al., 2011, Murphy and Volkert, 

2012). However, the sub-cellular and potential sub-mitochondrial localisation of these 

individual isoforms has not been investigated.  

      It had been shown previously that under heat stress or H2O2 induced oxidative stress, 

expression of yeast Oxr1 was up-regulated, but whether this up-regulation is 



75 
 

mitochondria- specific remains unclear (Elliott and Volkert, 2004). In HeLa cells, heat or 

oxidative stress induced OXR1 up-regulation was observed in both mitochondria and 

cytoplasm (Elliott and Volkert, 2004). Interestingly, under oxidative stress, in mouse 

GCs and N2a cells, Oxr1 was found to establish a mitochondrial localisation and co-

localised with mitochondrial marker COX IV (Oliver et al., 2011). However, which 

isoform was co-localised with COX IV remains unknown (Oliver et al., 2011). Although 

a growing body of evidence has shown that Oxr1 plays an important protective role 

against oxidative stress in several organisms and in the CNS, whether its anti-oxidative 

role is sub-cellular localisation dependent has also not been systematically studied yet.  

      Mitochondrial morphological abnormalities, dynamics (fusion, fission and migration) 

impairments and bioenergetics defects are common features of ALS (Muyderman and 

Chen, 2014). For example, mutations in mitochondrial Cu/Zn SOD establish genetic 

linkage to familial ALS (Rosen et al., 1993). Interestingly, mutant SOD1 has been shown 

to have several mitochondrial localisations including MX, IMS and the cytoplasmic side 

of OM (Vande Velde et al., 2008, Vijayvergiya et al., 2005, Liu et al., 2004). Mutant 

SOD1 is believed to be detrimental to both mitochondrial morphology and function; 

studies based on transgenic G93A mutant ALS mouse model show mitochondrial 

morphological changes such as swollen shape and structural alteration of cristae (Wong 

et al., 1995). Defects of mitochondrial Ca
2+

 loading capacity and mitochondrial metabolic 

abnormality in the CNS before and at onset of the disease have also emerged (Damiano 

et al., 2006, Mattiazzi et al., 2002).  

      Apart from SOD1, mutations in several other genes, for example, transcriptional 

regulator TAR DNA-binding protein 43 (TDP-43) and RNA-binding protein fused in 

sarcoma (FUS) and chromosome 9 open reading frame 7 (C9ORF72) are thought to be 

contributing factors of ALS and frontotemporal lobar degeneration (FTLD) (Neumann et 
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al., 2006, Arai et al., 2006, Kwiatkowski et al., 2009, Vance et al., 2009, DeJesus-

Hernandez et al., 2011). Recently, a mouse model expressing a G4C2 repeat expansion in 

C9ORF72 has been generated and shown to cause TDP-43 pathology, neuronal loss and 

behavioural deficits (Chew et al., 2015).   

      The normal subcellular localisation of TDP-43 is in the nucleus, where it establishes 

potential roles in splicing regulation and genome stability maintenance (Lagier-Tourenne 

et al., 2010). Nuclear depletion and cytoplasmic aggregation of mutant TDP-43 is one of 

the most common histopathological features of ALS (Forman et al., 2007). It has been 

found that cytoplasmic TDP-43 can co-localise with mRNA and mRNA binding protein-

containing aggregates called stress granules under oxidative stress (Anderson and 

Kedersha, 2008, Colombrita et al., 2009). Under stress, stress granules are thought to be 

formed as a protective structure to limit the translation of mRNAs that are non-essential 

for cell survival (Lindquist, 1981, Li et al., 2013). However, the exact mechanism of 

TDP-43 and stress granule interaction still remains unclear.  

      Importantly, growing evidence has also suggested links between mitochondrial 

impairments and ALS related TDP-43 mutations such as M337V and Q331K 

(Sreedharan et al., 2008, Carrì et al., 2015).  For example, in mouse NSC-34 motor 

neuron-like hybrid cells, over-expressing ALS-related mutant TDP-43 (Q331K and 

M337V) causes mitochondrial distribution abnormalities, increased mitophagy and 

reduction in mitochondrial membrane potential, one of the key parameters of 

mitochondrial function (Duan et al., 2010, Hong et al., 2012). It has also been shown in 

NSC-34 cells and primary motor neurons that mitochondrial morphological abnormalities 

can be caused by TDP-43 mutants (Q331K and M337V) (Lu et al., 2012, Wang et al., 

2013). Of note, previous studies have also demonstrated that in vitro over-expression of 

wild type TDP-43 can also lead to mitochondrial impairments similar to the damage 
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caused by the mutants (Carrì et al., 2015). Interestingly, in human HEK293 cells and 

primary motor neurons, over-expressing the M337V mutant is more cytotoxic than the 

wild type TDP-43 or an A382T mutant (Mutihac et al., 2015). In addition, over-

expression of the human M337V mutant in mouse has demonstrated a more severe 

phenotype compared to over-expression of the wild-type protein (Janssens et al., 2013).  

      Studies from Kay Davies’ group demonstrated that Oxr1-S interacts with both TDP-

43 and FUS (Finelli et al., 2015a). Under oxidative stress, Oxr1-S over-expression can 

reduce wild-type and mutant TDP-43 and FUS recruitment to cytoplasmic inclusion 

bodies (Finelli et al., 2015a). However, whether Oxr1-S over-expression also has a 

protective effect on mitochondrial impairments caused by TDP-43 mutations remains 

unknown. 

 

3.2. Aims of Chapter 3 

      Therefore, the goals of this chapter were to: (1) investigate the cellular and 

mitochondrial localisations of different Oxr1 isoforms; (2) determine whether 

mitochondrial localisation is required for protection against oxidative stress; (3) 

determine whether Oxr1 over-expression can protect mitochondria from impairments 

triggered by TDP-43 mutations. 

 

3.3. Results  

3.3.1. Different isoforms of Oxr1 are expressed in specific sub-cellular 

compartments      

      To date, several Oxr1 isoforms have been found in mammalian cells (Oliver et al., 

2011).  However, the subcellular localisation of these individual isoforms has not been 
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studied. To address this important question, total tissue homogenates, cytosolic and 

mitochondrial fractions from the mouse whole brain, cerebellum and spinal cord were 

analysed by western blotting using an antibody against an epitope in the TLDc domain of 

Oxr1 (Oliver et al., 2011).  

Figure 3.1.  Isoforms of Oxr1  

(A) A schematic illustration of four predicted Oxr1 isoforms in mouse detected by 

western blot in this study: Oxr1 full-length (FL), approximately 84 kDa; intermediate 

isoforms: approximately 55kDa and 40kDa, and the shortest (Oxr1-S) isoform: 

approximately 24kDa. (B) Western blot of total adult mouse whole brain homogenate. 

Total brain homogenate was blotted with anti-Oxr1 antibody that specifically targets an 

epitope within the shared C- terminal TLDc domain.  
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 In total brain tissue lysate, four main isoforms of Oxr1 were detected in mouse brain at 

approximately 84, 55, 40 and 24 kDa (Figure 3.1). Upon fractionation, however, the 

shortest isoform (Oxr1-C, approximately 24 kDa) was almost exclusively localised in 

mitochondria of the brain (Figure 3.2A), while the full-length Oxr1 isoform (Oxr-FL, 

approximately 84kDa) was localised in the cytosolic fraction (Figure 3.2A). In addition, 

the two intermediate isoforms were enriched in the mitochondrial fraction. In the 

cerebellum and spinal cord, a similar distribution was observed, although Oxr1-C could 

not be detected (Figure 3.2B and C). These data suggest that some, but not all, Oxr1 

isoforms are localised to the mitochondria. 
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Figure 3.2. Oxr1 isoforms display differential cellular localisation patterns  

 (A, B and C) Total tissue homogenate, cytoplasmic and mitochondrial fractions from 

whole brain (B) cerebellum (C) and spinal cord (D) were subjected western blot analysis 

with anti-Oxr1, anti-GAPDH as a cytoplasmic marker and anti-COX IV as a 

mitochondrial marker. (D) Representative images of HeLa cells transfected with Oxr1-

FL-Mito or Oxr1-S-Mito constructs and immunostained with anti-Myc and anti-COX IV. 

Oxr1-FL-Mito transfected cells displayed a cytoplasmic diffuse pattern, while Oxr1-S-

Mito was co-localised with mitochondrial marker COX IV with a typical mitochondrial 

filamentous morphology, scattered in the cytoplasm. Scale bar = 20 µm. 

A                                      B                                      C

Cerebellum                            Whole brain                         Spinal Cord

D                                     
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   Predicting the sub-cellular localisation of a protein can be based on its known amino 

acid sequence using various computational algorithms (Imai and Nakai, 2010). In 

principle, these computational programmes scan through the amino acid sequence to 

detect potential nuclear localization signals (NLS) (Cokol et al., 2000), N-terminal 

targeting sequences (Petsalaki et al., 2006, Small et al., 2004), or localization-specific 

protein structure (Andrade et al., 1998). To date, several prediction methods have been 

developed, for example, WoLF PSORT (Horton et al., 2007), MultiLoc2 (Blum et al., 

2009) and MitoFates (Fukasawa et al., 2015).  

      Using an online protein sub-cellular localization prediction programme named 

PSORT II, it has been postulated that a mitochondrial localisation signal (MLS) is 

present at the N-terminus of Oxr1 in yeast (scOxr1) (Elliott and Volkert, 2004). However, 

using the same method, or MitoFates, a more recently developed online analytic method 

for predicting cleavable N-terminal mitochondrial targeting sequences (Fukasawa et al., 

2015), this signal was not found in any of the known isoforms of OXR1 in mouse or 

human. Since the sub-cellular fractionation results obtained from mouse tissue have 

demonstrated the mitochondrial localisation of the shorter Oxr1 isoforms, but not the 

full-length isoform, it was speculated that the presence of Oxr1 in mitochondria is not 

necessarily dependent on MLS with known features. Therefore, other factors such as the 

size of protein could limit the cellular distribution pattern.  

      To examine this further, the shortest Oxr1 isoform (Oxr1-S), which is equivalent to 

the Oxr1-C, and the full-length Oxr1 (Oxr1-FL) were cloned with an additional N-

terminal mitochondrial MLS (Oxr1-S-Mito and Oxr1-FL-Mito). These two constructs 

were transfected into HeLa cells (Figure 3.2.D). If was expected that both Oxr1-FL and 

Oxr1-S should be detectable in mitochondria by post-transfection immunostaining. 

However, although Oxr1-S-Mito was indeed co-localised with the mitochondrial marker 
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COX IV and presented a typical mitochondrial filamentous morphology (Figure 3.2.D); 

Oxr1-FL-Mito
 
did not co-localise with COX IV and established a typical cytoplasmic 

diffuse pattern (Figure 3.2.D). These results suggest that the localisation of the shorter 

isoforms of Oxr1 to mitochondria may be not only dependent on an MLS, but also 

facilitated by other factors, such as a maximal size or a potential internal motif for 

mitochondrial localisation (Bolender et al., 2008, Schmidt et al., 2010).  
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3.3.2 Mitochondrial Oxr1 is predominantly localised at the cytosolic side of 

mitochondrial outer membrane  

      Next, to determine the sub-mitochondrial localisation of Oxr1, mitochondria from 

mouse cerebellum were separated to the OM, the IMS, the IM and the MX by 

ultracentrifugation prior to immunoblotting. Interestingly, these results indicate that the 

mitochondrial isoforms of Oxr1 are localised in the mitochondrial OM and IM, and were 

barely detectable in the IMS and MX (Figure 3.3A). In addition, the specificity of the 

sub-fractionation was confirmed using a set of specific mitochondrial markers (Figure 

3.3A). It is noted that the OM marker voltage-dependent anion channel (VDAC) was also 

observed in the IM, while the IM marker COX IV was also detected in the OM fraction. 

This is likely due to incomplete OM/IM separation caused by multiple contact points 

between mitochondrial membranes as previously described (Zhang et al., 2005, Choo et 

al., 2004, Gandhi et al., 2006).  

       To further characterise the potential membrane-associated localisation of Oxr1 

within mitochondria, a trypsin susceptibility assay was conducted (Choo et al., 2004), 

where intact mitochondria purified from mouse brain were incubated with increasing 

concentrations of trypsin (Figure 3.3B). All Oxr1 isoforms were digested at the lowest 

(10 μg/ml) trypsin concentration, apart from the 55 kDa isoform that required 100 µg/ml 

(Figure 3.3B). As a positive control, TOM20, a receptor loosely associated with the 

cytosolic side of the OM (Schleiff and Turnbull, 1998) was assayed in parallel and this 

also appeared to have poor resistance to trypsinisation (Figure 3.3B) as expected. 

Conversely, VDAC and COX IV, transmembrane proteins localised in OM and IM, 

respectively, were not digested even in the presence of high concentration (500 µg/ml) of 

trypsin (Figure 3.3B); while cytochrome C and HSP60, localised in IMS and MX, 

respectively, were also barely affected (Figure 3.3B). Taken together, these data suggest 
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that the shorter isoforms of Oxr1 are loosely associated with the outer mitochondrial 

membrane, potentially facing towards the cytosol.  
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Figure 3. 3. Mitochondrial Oxr1 is associated with mitochondrial outer membrane  

 

(A) Mitochondria purified from mouse cerebellar tissue were sub-fractionated into OM, 

IMS, IM and MX through ultracentrifugation. Sub-fraction of each compartment as well 

as the total mitochondrial sample (T) were subjected to western blotting using the anti-

Oxr1 antibody and specific markers for individual compartment: TOM20 and VDAC for 

the OM, Cyt-C and COX IV for the IMS and IM, respectively and HSP-60 for MX. Oxr1 

is mainly detected in OM and IM fraction. (B) Mitochondria purified from mouse brain 

were incubated with increasing concentrations of trypsin prior to immunoblotting with 

mitochondrial marker proteins. 
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3.3.3 Endogenous levels Oxr1 isoforms remain stable after oxidative stress insult 

and ageing  

      The transcriptional level of yeast Oxr1 has been found to be increased under 

oxidative stress, while in HeLa cells, the protein level of Oxr1 was also up-regulated 

(Elliott and Volkert, 2004). Interestingly, in N2a cells treated with H2O2, the 

transcriptional levels of Oxr1-FL and Oxr1-C were up-regulated at different times 

(Finelli et al., 2015a). However, the potential mechanism behind this isoform-specific 

and transient induction of Oxr1 at mRNA level remains unknown. In addition, whether 

Oxr1 can translocate between cellular compartments under stress also has not been 

studied.  

      Therefore, to examine the localisation of endogenous Oxr1 isoforms in N2a cells 

under basal conditions or oxidative stress, N2a cells were treated with 250 μM H2O2 for 1 

or 2 hours. Cells were then harvested and subjected to sub-cellular fractionation. Similar 

to the sub-cellular fractionation results in mouse tissue, in the untreated group, the Oxr1-

FL (84kDa) is localised in cytosolic fraction while the short (24kD) isoform is localised 

in mitochondria (Figure 3.4A), same as the localizations in mouse tissue. After treating 

with H2O2, the sub-cellular levels of Oxr1 isoforms appeared to have a trend towards 

reduction, but this trend was spastically non-significant within this time frame (Figure 

3.4B). Taken together, these data suggest that the endogenous Oxr1 does not shuttle from 

mitochondria to cytoplasm after oxidative stress induction.  
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Figure 3.4. Level Oxr1 FL and S isoforms do not translocate between cytoplasm and 

mitochondria after oxidative stress induction  

(A) N2a cells were treated with 0.25mM H2O2 for up to 2 h prior to fractionation to 

cytosolic and mitochondrial fractions. Each sub-cellular sample containing equivalent 

amount of protein were subjected to Western blot analysis with anti-Oxr1, anti-GAPDH 

and anti-COX IV. (B) Intensity of the 24kD mitochondrial isoform normalised with COX 

IV. (C) Intensity of the cytoplasmic 84kD isoform normalised with GAPDH. Data were 

from 3 independent repeats, presented as means ± s.e.m. and analysed by one-way 

analysis of variance (ANOVA) followed by Tukey's multiple comparison test. 
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      It has been widely detected that in tissue, ROS generated by mitochondria 

accumulates with age (Sawada and Carlson, 1987, Sohal and Sohal, 1991, Capel et al., 

2005). Protein levels or activities of several antioxidants such as SOD and GPx have 

been reported to be increased with age in mouse and rat tissues (Hussain et al., 1995, Oh-

Ishi et al., 1995). However, it was previously unknown whether Oxr1 is also up-regulated 

in the aged wild-type mouse CNS. To investigate whether Oxr1 is also upregulated 

during ageing, protein levels were compared by between 3-month-old and 27-month-old 

mice. These data showed that the full-length Oxr1 isoform (Oxr1-FL) was highly 

expressed in both 27-month-old and 3-month-old samples, whereas the shorter isoforms 

were expressed in much lower levels comparing to the Oxr1-FL (Figure 3.5A). The level 

of Oxr1-FL in 27-month-old samples was not significantly higher than the 3-month-old 

group (Figure 3.5B), indicating a lack of induction in the protein level of Oxr1-FL 

during the aging process. 
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Figure 3.5. Level of Oxr1-FL remains stable in mouse cerebella 

(A) Western blot showing stable Oxr1-FL levels in cerebellar homogenates from 3-

month-old (3 M) male C57BL/6 mice versus 27-month-old (27 M) C57BL/6 mice. (B) 

Quantification of Oxr1-FL (84 kDa). Oxr1 bands intensity was normalized to β-tubulin 

used as a control. n=5 for each age group. Tissue was obtained from the SHARM 

resource, University of Sheffield; mice were housed under identical conditions.  
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3.3.4 Over-expression of Oxr1 in the cytosol is more protective against oxidative 

stress-induced cell death than mitochondrial over-expression 

       We have shown previously that the Oxr1-S isoform, which contains almost 

exclusively the TLDc domain, is capable of preventing oxidative damage in vitro (Oliver 

et al., 2011); it is noteworthy, however, that these experiments used a promoter that 

expressed the cloned Oxr1-S protein in the cytoplasm (Oliver et al., 2011). Having 

demonstrated here that non-full-length isoforms of Oxr1 are likely to be loosely 

associated to the mitochondrial membrane, next, it was investigated whether cytoplasmic 

over-expression was more neuroprotective against OS compared to targeted over-

expression in mitochondria. Cells were either transfected with Oxr1-S containing a 

standard CMV promoter with an additional N-terminal mitochondrial localisation signal 

(MLS) as previously described (Oxr1-S-Mito), Oxr1-S without an additional MLS tag 

(Oxr1-S-Cyto) or an empty negative control vector (Figure 3.6).  

 

 

Figure 3.6.  Oxr1 endogenous isoforms and constructs  
 

A schematic illustration of the endogenous Oxr1-FL and Oxr1-S isoforms as well as the 

myc-tagged Oxr1 constructs (Oxr1-S-Mito, Oxr1-S-Cyto and Oxr1-FL-Cyto). MLS: 

mitochondrial localisation signal; CMV: cytomegalovirus promoter   
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      First, the expression of the myc tagged constructs was confirmed by western blotting 

in total cell extract (Figure 3. 7A) followed by the sub-cellular localisation of each Oxr1-

S protein was confirmed by western blotting and co-immonostaining (Figure 3.7B-C). 

Notably, over-expressing cytoplasmic Oxr1-S resulted a band of approximately 30kDa; 

whereas mitochondrially over-expressed Oxr1-S appeared to have two close bands in the 

vicinity of 24kDa (Figure 3.7B), which may be due to post-translational modification 

and cleavage of the MLS fragment as expected.  
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Figure 3.7. Expression of Oxr1 constructs in vitro 

(A) Representative western blots showing untransfected HeLa cells (UT), cells 

transfected with empty vector pcDNA3, Oxr1-S-Cyto and Oxr1-S-Mito and cell lysate 

were labelled with anti-Myc antibody (for Oxr1). β-tubulin was used as a loading control. 

(B) HeLa cells over-expressing Oxr1-S-Cyto or Oxr1-S-Mito were sub-fractionated into 

cytosolic and mitochondrial fractions and labeled with anti-Myc, cytoplasmic marker 

GAPDH and mitochondrial marker COX IV. (C) Representative image of transfected 

HeLa cells with Oxr1-S-Cyto or Oxr1-S-Mito constructs. HeLa cells were 

immunostained with anti-Myc (for Oxr1) and anti-COX IV. Oxr1-S-Mito was co-

localised with mitochondrial marker COX IV with a typical mitochondrial filamentous 

morphology, scattered in the cytoplasm, while Oxr1-S-Cyto had a cytoplasmic diffuse 

pattern. Nuclei mounted with DAPI. Scale bar=20µm. 
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      To induce OS, cells transfected with Oxr1-S-Cyto and Oxr1-S-Mito were treated with 

hydrogen peroxide (H2O2) (250 μM, 4 hours) 24 hours after transfection and cell death 

was measured by quantifying cleaved caspase-3, a marker of cell apoptosis, compared to 

untreated cells (Figure 3.8A). After treatment, cells transfected with the control vector 

showed an increase in the proportion of cell death by approximately 80% (Figure 3.8B). 

In line with previous results, expression of the Oxr1-S-Cyto construct was protective 

against cell death, and after treatment there was only an approximately 20% increase in 

cell death, significantly lower than the control vector (Figure 3.8B). Interestingly, 

mitochondrial over-expression of Oxr1-S (Oxr1-S-Mito) did not appear to show any 

protection against OS, as the percentage increase in cell death was similar to the control 

vector (an approximately 90% increase) (Figure 3.8B). Together, these data indicate that 

cytoplasmic over-expression of Oxr1-S is potentially more effective at preventing OS-

related cell death than mitochondrial over-expression. 
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Figure 3. 8. Cytoplasmic Oxr1 has stronger protection against oxidative stress  

 (A) Representative images of HeLa cells transfected with the control vector, Oxr1-S-

Cyto or Oxr1-S-Mito in untreated (UT) conditions or after H2O2 treatment (250 μM for 4 

hours). Cells were immunostained with anti-myc (for Oxr1) or anti-cleaved caspase-3 

(Casp3) to quantify apoptosis. Scale bar = 50µm. (B) Cells over-expressing Oxr1-S-Cyto 

show stronger protection against oxidative insult compared to cells over-expressing 

Oxr1-S-Mito or the pcDNA3 control vector. Data are shown ± SEM of 4 independent 

experimental repeats and analysed by ANOVA followed by Bonferroni post-hoc tests, * 

p < 0.05, *** p < 0.001 
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3.3.5 Cytoplasmic but not mitochondrial over-expression of Oxr1 alleviates 

mitochondrial morphological changes caused by acute rotenone-induced oxidative 

stress 

      It is well established that mitochondrial morphology is modified in response to 

oxidative stress and that these changes can subsequently affect mitochondrial function 

(Ahmad et al., 2013, Wu et al., 2011, Jendrach et al., 2008). As Oxr1-C was able to 

provide protection against OS, to further understand the potential role of mitochondria in 

this process, it was examined whether over-expressing Oxr1 prevents mitochondrial 

morphological changes induced by OS. For these experiments, rotenone was selected (50 

µM for 1 hour) as a specific and potent inhibitor of mitochondrial complex I capable of 

causing oxidative damage and mitochondrial morphological changes (Ahmad et al., 2013, 

Koopman et al., 2005, Pham et al., 2004). Prior to treatment, HeLa cells were transfected 

with either an empty vector, Oxr1-S-Cyto or Oxr1-S-Mito. An Oxr1-FL-Cyto construct 

was also added to this experiment to complement other studies that have utilised 

successfully this full-length isoform as a protective protein in vivo (Oliver et al., 2011) 

(Figure 3.9A). Consistent with previous findings (Ahmad et al., 2013), by quantifying 

mitochondria labelled with COX IV, rotenone exposure caused a shift of mitochondrial 

shape from mainly tubular, which is found in healthy non-treated cells, to non-tubular 

(‘donut’ or ‘blob’) (Figure 3.9B); thus in cells transfected with empty vector, the ratio 

between tubular and non-tubular mitochondria was significantly reduced by over 2-fold 

after rotenone exposure (Figure 3.9C). In cells over-expressing Oxr1-FL-Cyto or Oxr1-

S-Cyto, no significant reduction of this ratio was observed, suggesting a protective role 

of cytoplasmic Oxr1 against mitochondrial morphological modification induced by 

rotenone (Figure 3.9C). Interestingly, however, expression of the Oxr1-S-Mito construct 

caused a shift towards non-tubular mitochondria, similar to that observed for cells 
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transfected with an empty vector. In addition, pair-wise comparisons showed that under 

rotenone treatment, only cells over-expressing Oxr1-S-Cyto had a significantly higher 

proportion of tubular mitochondria compared to control cells (Figure 3.9C). Next, to 

exclude the possibility that these ratios were confounded by a change in total number of 

mitochondria after treatment, the total number of mitochondria per focal plane was 

quantified, and no differences were observed between the experimental groups (Figure 

3.9D). In summary, these results suggest that cytosolic over-expression of Oxr1 is more 

effective at alleviating mitochondrial morphological changes caused by rotenone than 

over-expression in mitochondria. 
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Figure 3.9.  Cytoplasmic over-expression of Oxr1 alleviates mitochondrial 

morphological changes induced by acute rotenone treatment  

(A) Representative images showing HeLa cells transfected with the control vector, Oxr1-

FL-Cyto, Oxr1-S-Cyto or Oxr1-S-Mito, in untreated (UT) or under rotenone treated (50 

μM, 1 hour) conditions; Cells were immunostained with anti-myc (for Oxr1) and anti-

COX IV. Scale bar = 20 µm. (B) Representative images showing tubular mitochondria in 

untreated control cells (arrows), while non-tubular (donut/blob) mitochondria become 

predominant after rotenone treatment (arrowheads). Scale bar=10 µm (C). Ratio of 

mitochondria classified as tubular versus non-tubular before and after rotenone treatment. 

Rotenone treatment significantly reduced the ratio of tubular to non-tubular mitochondria, 

but over-expression of cytoplasmic and mitochondrial Oxr1 prevented this reduction. (D) 

Total number of mitochondria per focal plane remains unchanged after rotenone 

treatment. Data are shown as the mean ± S.E.M. from 3 independent replicates of each 

genotype. A minimum of 15 cells were analysed per group in each repeat. Data were 

analysed by ANOVA followed by Bonferroni post-hoc tests; * p < 0.05, ** p < 0.01. 
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3.3.6 Mitochondrially targeted Oxr1 translocates to the cytoplasm after long term 

H2O2  exposure or reduction of mitochondrial membrane potential  

      It has been shown above that over-expressing cytosolic but not mitochodnrial Oxr1-S 

in vitro is capable of preventing OS-induced apoptosis and mitochondrial morphological 

changes. Having demonstrated that the endogenous protein level of Oxr1 isoforms 

remains stable after induction of oxidative stress, it was then examined whether the 

exogenously over-expressed Oxr1 isoforms can translocate into or out of mitochondria 

after oxidative stress induction, HeLa cells were transfected with an Oxr1-FL-Cyto, 

Oxr1-S-Cyto or Oxr1-S-Mito, and treated with H2O2 (250 μM, 4 or 8 hours) 24 hours 

after transfection. As shown by immunostaining, Oxr1-FL-Cyto and Oxr1-S-Cyto 

remained in cytoplasm and did not co-localise with the mitochondrial marker COX IV 

(Figure 3.10A), suggesting that these proteins do not directly exert their anti-oxidative 

role within mitochondria. Oxr1-S-Mito remained in mitochondria and co-localise with 

COX IV 4 hours after the treatment (Figure 3.10A). Interestingly however, Oxr1-S-Mito 

appeared to be released out of mitochondria 8 hours after treatment (Figure 3.10B). Of 

note, Oxr1-S-Mito appeared to form cytosolic granules once been released from 

mitochondria and did not tend to form a cytoplasmic diffuse pattern (Figure 3.10B, the 

“zoom in” image).  
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Figure 3.10.  Mitochondrially targeted Oxr1 translocated to the cytoplasm after 

long term H2O2  exposure  

(A) Representative images showing HeLa cells transfected with Oxr1-FL-Cyto or Oxr1-

S-Cyto, in untreated (UT) or under H2O2 (250 μM, 4 or 8 hours) conditions; Cells were 

immunostained with myc (for Oxr1) and mitochondrial marker COX IV. (B) 

Representative images showing HeLa cells transfected with Oxr1-S-Mito in untreated 

(UT) or under H2O2 (250 μM, 4 or 8 hours) conditions. Arrows indicate separate 

localisation of COX IV and myc-tagged Oxr1. Scale bar = 10 µm, scale bar for the 

“zoom in” image=5 µm.      
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      It is well known that several mitochondrial proteins are released into the cytosol 

during apoptosis, for example, Cyt-C (Kluck et al., 1997, Yang et al., 1997), second 

mitochondria-derived activator of caspases (Smac) (Du et al., 2000), and HSP60 

(Chandra et al., 2007). Reduction of mitochondrial membrane potential (Δψm), which is 

a voltage difference across the mitochondrial IM (Glynn, 1967), has been found to 

facilitate the release of mitochondrial proteins such as Cyt-C and Smac from 

mitochondria to cytosol (Zhou et al., 2005, Gottlieb et al., 2003).  To examine whether 

the release of Oxr1-S-Mito to cytosol also occurs coincidentally with the loss of 

mitochondrial membrane potential, HeLa cells were transfected with the Oxr1-S-Mito, 

and treated with mitochondrial uncoupling reagent carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP), (20 μM, 1 or 2 hours) 24 hours after 

transfection. Mitochondrial membrane potential of the cells was measured by a 

fluorescent method by quantifying the level fluorescent signal generated by TMRE. As 

expected, FCCP significantly reduced mitochondrial membrane potential for almost 50% 

one hour after the treatment (Figure 3.11A). Intriguingly, Oxr1-S-Mito was also released 

from mitochondria to cytosol in a pattern similar to the H2O2 treatment one hour after the 

treatment (Figure 3.11B). 

      Taken together, these results suggest that under oxidative stress, mitochondrially 

targeted over-expressed Oxr1-S translocates from mitochondria to cytoplasm, likely to be 

dependent on reduction of mitochondrial membrane potential.   
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Figure 3.11.  Mitochondrially targeted Oxr1 translocated to the cytoplasm after 

reduction in mitochondrial membrane potential 

 (A) Effects of FCCP treatment (20 μM, 1 or 2 hours) on mitochondrial membrane 

potential in HeLa cells. Data were presented as means ± s.e.m. and analysed by one-way 

ANOVA followed by Tukey's multiple comparison test. *P < 0.05 (B) Representative 

images showing HeLa cells transfected with the Oxr1-S-Mito and treated with FCCP (20 

μM, 1 hour). Arrows indicate separate localisation of COX IV and myc-tagged Oxr1. 

Scale bar = 10 µm, scale bar for the “zoom in” image=5 µm. 
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3.3.7. Oxr1 partially reverses mitochondrial size abnormality and number reduction 

caused by TDP-43 mutation 

 

      In the previous section, it has been demonstrated that cytoplasmic Oxr1-S can prevent 

mitochondrial morphological changes triggered by acute rotenone induced oxidative 

stress. Therefore, it was important to determine whether Oxr1-S over-expression has a 

protective effect on mitochondrial morphological impairments caused by TDP-43 

mutations. 

It has been shown that under OS conditions, over-expression of WT and mutant TDP-

43 results in its localisation to mRNA binding protein T cell-induced antigen 1 (TIA-1)-

containing stress granules and Oxr1 interacts with TDP-43 (Finelli et al., 2015a). 

Therefore, I examined first whether over-expressed Oxr1-S also co-localises with TIA-1 

stress granules. To achieve this, mouse motor neuron-like NSC-34 cells were transfected 

with HA-tagged Oxr1-S. It showed that under oxidative stress (0.1mM sodium arsenite, 

30 minute), TIA-1 stress granules were formed, but over-expressed Oxr-S did not co-

localise with TIA-1 stress granules (Figure 3.12), suggesting that Oxr1 does not interact 

directly with the TIA-1 stress granules. 

 

 

Figure 3. 12.  Oxr1 does not co-localise with the TIA-1 stress granules  

NSC-34 cells were transfected with and Oxr1-S and immunostained with anti-HA and 

anti-TIA-1. Scale bar=10µm. 
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      I next examined whether Oxr-1-S over-expression could reverse mitochondrial 

morphological impairments caused by TDP-43 mutations. NSC-34 cells were transfected 

with pcDNA3, TDP-43 M337V or Oxr1-S constructs and subjected to confocal 

microscopy (Figure3.13.A). In NSC-43 cells over-expressing TDP-43 M337V, both 

average mitochondrial size and average number of mitochondria per focal plane were 

significantly reduced comparing to the control group (Figure3.13. B-C), consistent with 

previous studies (Lu et al., 2012, Wang et al., 2013). In NSC-34 cells co-transfected with 

TDP-43 M337V and Oxr1-S, increased average mitochondrial size was observed 

comparing to cells expressing only TDP-43 M337V. However, the average number of 

mitochondria per focal layer remained unchanged. Under arsenite treated conditions, a 

trend towards reduction of both mitochondrial size and number in TDP-43 M337V 

mutant was detected. Whereas, over-expressing Oxr1-S established an increasing trend in 

comparison with the M337V mutant. These trends were statistically non-significant.   

      These results suggest that overexpressing Oxr1-S can alleviate abnormalities of 

mitochondrial size and number caused by TDP-43 mutant over-expression.  
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Figure 3.13. Oxr1 partially reverses mitochondrial abnormality caused by TDP-43 

mutations 

 (A) Representative picture of transfected NSC-34 cells with pcDNA3, TDP-43 M337V
 

or Oxr1-S
 
constructs. Cells were immunostained with anti-flag, anti-HA and anti-COX 

IV. Nuclei mounted with DAPI. Scale bar=5µm. (B, C) Quantification of mitochondrial 

average size (B) and average number of mitochondria per cell layer (C). Experiments 

were carried out in untreated or treated (0.5mM Arsenite, 30minutes) conditions. 

Experiments were repeated 3 independent times for untreated condition and 4 

independent times for treated condition. Data are presented as means ± s.e.m. and 

analysed by one-way ANOVA followed by Tukey's multiple comparison test. *P < 0.05  
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3.3.8. Oxr1 partially reverses mitochondrial functional abnormality caused by TDP-

43 mutations 

I then assessed whether the mitochondrial morphological impairment associated with 

TDP-43 M337V mutation could lead to mitochondrial functional abnormality and, if so, 

whether Oxr-1-S over-expression could alleviate these abnormalities. To achieve this, 

mitochondrial oxygen consumption level and mitochondrial membrane potential, -both 

important parameters of mitochondrial function -were measured. TDP-43 WT and a 

TDP-43 Q331K mutants were also tested in parallel, as it has been shown that over-

expression of wild type TDP43 and Q331K also leads to mitochondrial morphological 

and functional impairment in motor neurons (Wang et al., 2013).  

Oxygen consumption levels of NSC-34 cells transfected with pcDNA3, TDP-43 WT, 

TDP-43 Q331K, TDP-43 M337V or Oxr1-S constructs in untreated or 10 μM arsenite 

treated condition were measured by using mitochondrial oxygen consumption assay. As 

described previously (Hynes et al., 2001), this assay uses a probe of which emission is 

quenched by O2 in the surrounding environment under normal conditions. Consumption 

of O2 by mitochondria reduces the quenching effect, which leads to an increase in probe 

signal. The change of probe signal over time indicates the change of oxygen levels 

consumed by mitochondria. Pairwise study revealed that in the untreated group, cells 

over-expressing FLAG-tagged TDP-43 M337V had a significantly reduced oxygen 

consumption rate comparing to the empty vector control. When co-expressing Oxr1-S, 

oxygen consumption returned to the normal level comparing to the control, indicating a 

trend towards alleviation (Figure 3.14A). In the treated group, however, such a trend was 

statistically non-significant (Figure 3.14A).  

Mitochondrial membrane potential of NSC-34 cells transfected with pcDNA3, TDP-43 

WT, TDP-43 Q331K, TDP-43 M337V or Oxr1-S constructs in untreated or 10 μM 

arsenite treated condition were measured by a fluorescent TMRM method as described in 
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Material and Methods. The data showed that over-expression of wild type or mutant 

TDP-43 did not have any significant impact on mitochondrial membrane potential in 

both untreated and treated condition (Figure 3.14B).  

      Taken together, the results show that over-expressing Oxr1-S can partially reverse 

mitochondrial oxygen consumption abnormality caused by TDP-43 M337V mutation.  
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A

B

 

Figure 3.14. Oxr1 partially reverses mitochondrial abnormality caused by TDP-43 

mutations 

(A) A reduction of mitochondrial oxygen consumption rate (% respiration) was found in 

cells over-expressing the TDP-43 M337V mutation. Co-expressing with Oxr1-S 

prevented the reduction. Experiments were carried out in untreated or treated (10 μM 

Arsenite, 2.5 hours) conditions. Another ALS-associated mutation (Q331K) found to 

impair mitochondria (Wang et al., 2013) was also added to this experiment. For the 

untreated condition, data were obtained from 6 independent experiments; for the treated 

condition, data were obtained from 3 independent experiments. Data were presented as 

means ± s.e.m. and analysed by one-way ANOVA followed by Tukey's multiple 

comparison test. *P < 0.05 (B) No difference in mitochondrial membrane potential was 

observed in untreated and treated groups. Data were obtained from 3 independent 

experiments for both untreated and treated conditions. Data were presented as means ± 

s.e.m. and analysed by two-way ANOVA followed by Bonferroni post hoc test. 
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3.4 Discussion 

      In this chapter, it was demonstrated for the first time that Oxr1-FL is localised in 

cytoplasm, while the shorter Oxr1 isoforms are enriched in mitochondria. These 

mitochondrial Oxr1 isoforms localised predominantly in the cytosolic side of the outer 

mitochondrial membrane. It was then investigated whether mitochondrial localisation is 

required for protection against oxidative stress-induced apoptosis and mitochondrial 

morphological changes. The data suggest that cytoplasmic over-expression of Oxr1 has a 

stronger protection against OS induced apoptosis and mitochondrial morphological 

change compared to the mitochondrial Oxr1. Moreover, over-expression of Oxr1 

alleviated mitochondrial morphological changes and mitochondrial oxygen consumption 

caused by a TDP-43 mutation, indicating a potential role of Oxr1 in maintaining 

mitochondrial morphology and function.  

3.4.1. Isoform specific sub-cellular and sub-mitochondrial localization of Oxr1  

      Several isoforms of OXR1 and its orthologues have been described in mammalian 

and non-mammalian systems (Volkert et al., 2000, Elliott and Volkert, 2004, Stowers et 

al., 1999), and western blot results have indicated a complex differential distribution of 

isoforms in mouse tissue (Oliver et al., 2011, Liu et al., 2015a).  In this study, using our 

antibody raised against a shared C-terminal epitope (Oliver et al., 2011), the cytosolic 

localisation of the full-length Oxr1 isoform (84 kDa) and mitochondrial enrichment for 

the shorter isoforms (55, 40 and 24 kDa) (Figure 3.2A-C) was demonstrated. These 

findings suggest that the mitochondrial localisation of Oxr1 observed previously in 

mammalian cells by immunofluorescence may have originated from non-full-length 

isoforms (Elliott and Volkert, 2004, Oliver et al., 2011).  
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      It is still unclear, however, how the shorter Oxr1 isoforms are translocated to the 

mitochondria. It has been postulated that a mitochondrial localisation signal (MLS) is 

present at the N-terminus of Oxr1 in yeast (scOxr1) (Elliott and Volkert, 2004). Indeed, 

in our study, while tagged mouse Oxr1 proteins with an additional MLS are successfully 

targeted to mitochondria (Oxr1-S-Mito), over-expression of constructs with no additional 

MLS (both Oxr1-S-Cyto and Oxr1-FL-Cyto) only showed cytosolic localisation. 

Intriguingly, the full-length Oxr1 protein could not be targeted into mitochondria using 

the same N-terminal MLS. These findings suggest the association between Oxr1 and 

mitochondria may be size-selective.       

      The sub-mitochondrial localisation of Oxr1 had not been investigated before. Using a 

combination of ultracentrifugation and trypsin digestion assays, the results suggest that 

that Oxr1 is not likely to be present in the mitochondrial matrix or intermembrane space, 

but is found at the mitochondrial OM, facing the cytosol. Of note, the anti-oxidative 

protein DJ-1, mutated in familial Parkinson’s disease, has been found to have a similar 

OM-associated localisation, despite lacking a bona fide MLS (Bonifati et al., 2003a, 

Taira et al., 2004a, Canet-Avilés et al., 2004, Maita et al., 2013). Translocation of DJ-1 

into mitochondria is thought to be mediated by interacting with chaperones including 

heat-shock protein (HSP) 70, C-terminus of heat-shock cognate 71 kDa protein (HSC70)-

Interacting Protein (CHIP) and mtHsp70/Grp75 (Li et al., 2005). It is possible that the 

translocation of Oxr1 to mitochondria occurs via a similar mechanism; for example, our 

initial results from a protein interaction screen suggest that under OS, Oxr1-S may 

interact with DnaJ (Hsp40) homolog, subfamily C, member 19 (DNAJC19) (Finelli et al., 

2015a), a mitochondrial protein translocase component (Richter-Dennerlein et al., 2014) 

localised on mitochondrial IM (Richter-Dennerlein et al., 2014). However, the possible 

mechanism behind this is elusive. In addition, Solute Carrier Family 25 member 3 
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(SLC25A3) and member 5 (SLC25A5) might also be potential interaction partners of 

Oxr1-S, but not Oxr1-FL (Finelli et al., 2015a). SLC25A3 is a mitochondrial carrier 

protein that is in charge of facilitating transportation of phosphate into mitochondrial 

matrix (Palmieri, 2004). Interestingly, it has both N-terminal and C-terminal protrusions 

towards cytosol (Palmieri, 2004). The finding of mitochondrial membrane bound, 

cytosolic facing localisation of mitochondrial Oxr1 provided further possibilities of 

interactions between the two proteins.  Further studies will be required to confirm such 

associations using methods such as co-immunoprecipitation and understand their 

functional relevance to OS sensitivity. 

 

3.4.2 Oxr1 localisation and its anti-oxidative role  

      The cell apoptosis assays revealed that, in contrast to mitochondrially targeted Oxr1-

S, cytoplasmic expression of the shortest Oxr1 isoform (Oxr1-S-Cyto), containing almost 

exclusively the TLDc domain, is protective against OS-induced apoptosis; this is 

consistent with previous findings that the TLDc domain of Oxr1 is a key feature of its 

anti-oxidative role (Oliver et al., 2011).  Importantly, the MLS used for Oxr1-S-Mito was 

from subunit VIII of human cytochrome c oxidase that targets proteins to the 

mitochondrial matrix (Rizzuto et al., 1992); thus my findings suggest that a balance 

between cytosolic and mitochondrial OM localisation may be required for the anti-

oxidative role of Oxr1 in these assays. Interactions of various pro- and anti-apoptotic 

proteins as well as ROS sensors occur at the interface between the cytosol and the 

mitochondrial OM, and these binding events are thought to mediate mitochondrial OM 

permeabilisation (MOMP), one of the hallmarks of the early stage of apoptosis (Chipuk 

et al., 2006). Moreover, regulation of MOMP is independent from IM and MX proteins 

(Kuwana et al., 2002). Hence, it will be worthwhile to determine whether the OM-
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associated, cytosolic-facing Oxr1 isoforms establish their anti-oxidative role via these 

pathways. 

      Oxr1-related proteins localised to other cellular compartments may also confer 

protection against OS-related insults; for instance, over-expression of Oxr1 from the silk-

worm Bombyx mori (BmOxr1) was protective against OS in Drosophila melanogaster 

(Kobayashi et al., 2014). Interestingly, when over-expressed, BmOxr1 was found mainly 

in the nuclei of Drosophila melanogaster cells. The sequence alignments provided 

suggest that this BmOXR1 protein has sequence identity with NCOA7, a known nuclear-

expressed TLDc domain-containing protein that is also able to confer protection against 

OS (Durand et al., 2007). 

      Of note, mitochondrial over-expression of human OXR1 in a highly peroxide 

sensitive mutant strain of yeast has shown to be protective against H2O2 induced 

oxidative damage (Elliott and Volkert, 2004). The apparent discrepancy between these 

results and this study here may relate to differences in the type of assay or species used, 

the levels of over-expression achieved, or the type of MLS used to tag OXR1 itself. 

However, the MLS used in the previous study was from yeast Sod2 that should also 

direct proteins to the mitochondrial matrix. The particular isoforms of Oxr1 used in such 

OS protection assays must also be considered; it has been focused here on the shortest 

Oxr1-S isoform that is based on a known cDNA that is expressed in mouse and humans 

(Oliver et al., 2011), whereas other studies have used longer isoforms containing 

additional exons outside of the TLDc domain. Those isoforms are likely to be 

represented by the 44 and/or 55 kDa proteins, which were detected in western blot. It has 

been suggested that other exons of OXR1 may also play an important role in OS 

resistance (Murphy and Volkert, 2012).  
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      With regard to the 30kD band and the double band revealed by the western blot of 

HeLa cells over-expressing Oxr1-S-Cyto, and Oxr1-S-Mito, respectively (Figure 3.7A-

B), in Elliott and Volkert’s study (Elliott and Volkert, 2004), using an antibody against 

Oxr1-C (also known as C7C (Fischer et al., 2001)), the smallest Oxr1 isoform that they 

could detect in HeLa cells was also 30kD. Combining the results, it suggests that in HeLa 

cells, the smallest and Oxr1-C equivalent cytosolic Oxr1 isoform is 30kDa, which might 

be due to cytosolic post translational modification (Forte et al., 2011). Mitochondrial 

protein post translational modification also occurs at a high frequency (Kim et al., 2006). 

Partial modification of the over-expressed Oxr1-S-Mito such as phosphorylation and 

acetylation may be the cause of the double band. Notably, the Oxr1-S-Mito construct was 

cloned with an approximately 3kD N-terminal mitochondrial MLS and the MLS is 

cleaved once the targeting is complete (Rizzuto et al., 1992). Thus, the double band could 

also be due to a mixture of cleaved and un-cleaved Oxr1-S-Mito in the cell lysate. 

Interestingly, in a previous study, FLAG-tagged over-expression of a mitochondrial 

protein CHCHD10 revealed a double band pattern nearly identical to the Oxr1 results; 

however, in this case, the lower band was considered to be non-specific (Bannwarth et al., 

2014).   

     

3.4.3 The role of Oxr1 in protecting the TDP-43 mutation induced mitochondrial 

impairments  

      Multiple lines of evidence has demonstrated that mitochondrial morphological and 

functional impairment can be caused by mutations in TDP-43 (A315T, Q331K and 

M337V) (Lu et al., 2012, Wang et al., 2013, Magrané et al., 2014). Studies from our 

group have demonstrated the interactions between Oxr1-C and TDP-43 as well as FUS 

(Finelli, 2010). Importantly, my results showed that over-expressing cytoplasmic Oxr1-S 
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is protective against mitochondrial morphological changes induced by oxidative stress. 

Therefore, we hypothesised that over-expressing Oxr1 can also protect mitochondria 

from impairments triggered by TDP-43 mutations. As expected, our results at least 

partially confirmed the hypothesis, but raised new questions regarding the potential 

mechanism for the protection.  

        Oxidative stress is one of the driving forces for TDP-43 and FUS to form stress 

granules (Bentmann et al., 2012), as well as being a hallmark of ALS (Bentmann et al., 

2012). Previous results have also shown that over-expressing mutant TDP-43 is capable 

of generating oxidative stress (Duan et al., 2010). The data here demonstrated that under 

basal conditions, expression of the TDP-43 M337V mutation alone was capable of 

triggering mitochondrial impairment. It is plausible that the role of Oxr1 in protecting the 

TDP-43 mutation induced mitochondrial impairments is anti-oxidative. In addition, over-

expression of Oxr1-S alleviated the reduction of both mitochondrial size and number and 

conferred a stronger protection under basal conditions comparing to the arsenite treated 

condition (Figure 3.13B-C), suggesting that under treated condition, the gross oxidative 

stress generated by the mutant TDP-43 and arsenite is beyond the level of Oxr1’s anti-

oxidative capacity. Nevertheless, it may also indicate a potential involvement of a 

regulatory role of Oxr1 that is not only dependent on anti-oxidation.  

       Tdp-43 and FUS are known as splicing regulators (Lagier-Tourenne et al., 2010). 

Over-expression of WT TDP-43 up-regulated mitochondrial fission regulators Drp1 and 

Fis1 and down-regulated a fusion regulator Mfn1 (Xu et al., 2010); whereas expression 

of TDP-43 mutants tend to shift mitochondrial network within motor neurons to a more 

pro-fission status (Wang et al., 2013), and this effect was reversed by over-expressing 

mitochondrial fusion protein Mfn2 (Wang et al., 2013). These results suggest a potential 
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regulatory role of TDP-43 on fusion and fission proteins possibly via its function as a 

splicing regulator.  

      Intriguingly, using in silico approaches, our lab recently found a potential role of 

Oxr1-C as a regulator of RNA-post-translational modification. Moreover, under 

oxidative stress, over-expression of Oxr1-C in cells transfected with Tdp-43 (M337V) 

abolished the TDP-43 mutation associated splicing alteration of a mitochondrial fission 

gene, Mtfr1, indicating a potential role of Oxr1 in regulating mitochondrial dynamics and 

a partial involvement of oxidative stress in this complicated unknown mechanism (Finelli 

et al., 2015a). 

      It was shown here that co-expression of Oxr1-S was capable of preventing a 

reduction in oxygen consumption, a key parameter of mitochondrial energy metabolism 

(Figure 3.14A), suggesting a protective role of Oxr1 in maintaining mitochondrial 

function. However, dysfunction in mitochondrial metabolism can also be caused by 

mitochondrial morphological changes (Wang et al., 2008b). Therefore, the potential 

protective role of Oxr1-S in maintaining mitochondrial function may be only a secondary 

effect of the Oxr1’s role in regulating mitochondrial dynamics. Similarly, over-

expression of Mfn2 has also been shown to protect cells from mitochondrial dysfunction 

induced by TDP-43 mutation (Wang et al., 2013), and the mitochondrial dysfunction was 

indeed found to be caused by mitochondrial morphological abnormalities (Wang et al., 

2013).   

        Nevertheless, our initial results from mass spectrometry indicate Oxr1-S may 

interact with Atp5b and Slc25a5 (Finelli et al., 2015a), a subunit of the mitochondrial 

ATP synthase and a mitochondrial adenine nucleotide translocator, respectively (Ohta 

and Kagawa, 1986, Haitina et al., 2006). This might also suggest a role of Oxr1 in 

regulating mitochondrial energetic metabolism.  
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      Moreover, the intermediate isoforms of OXR1 (40kDa and 55kDa ) were found to be 

up-regulated in ALS patients’ spinal cord biopsy samples (Oliver et al., 2011). Since both 

isoforms contain the TLDc domain that has a neuroprotective anti-oxidative role (Finelli 

et al., 2016b, Oliver et al., 2011) and  it was found here in mouse spinal cord, the 40kDa 

and 55kDa isoforms are exclusively localised in mitochondria, these data suggest a 

potential role of these two mitochondrially localised isoforms in ALS pathology.  

      In summary, in this chapter, I systematically studied the sub-cellular and sub-

mitochodnrial localisation of Oxr1 isoforms and revealed a localisation-specific, anti-

oxidative role of Oxr1. Moreover, the mechanisms through which Oxr1 can improve the 

mitochondrial impairments caused by TDP-43 mutations have been linked with the 

regulation of mitochondrial fusion and fission. Elucidating these unknown mechanisms 

may provide potential methods for delay or prevention of TDP-43-related pathology of 

ALS.  
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Chapter 4: Investigating the morphological and functional 

status of mitochondria in Oxr1 knockout (bella) mice  

4.1. Introduction 

      In the previous chapter, it was demonstrated that cytoplasmic over-expression of 

Oxr1 prevented oxidative stress-induced apoptosis. Oxr1 was also able to alleviate 

aspects of mitochondrial morphology caused by oxidative stress, and partially reversed a 

mitochondrial oxygen consumption defect that resulted from a pathogenic TDP-43 

mutation. These data suggest a protective role of Oxr1 related to mitochondrial function. 

In contrast to Oxr1 over-expression, the recessive Oxr1 deletion mutant mouse bella (bel) 

displays a neurodegenerative phenotype associated with oxidative stress (Oliver et al., 

2011). Apoptosis in the cerebellar granule cell layer (GCL), severe and progressive  

ataxia are the phenotypical features of the bella mutant (Oliver et al., 2011). Over-

expression of Oxr1 in vitro is protective against oxidative stress induced apoptosis in 

primary cerebellar GCs (Oliver et al., 2011). Together, these data suggest an important 

protective role of Oxr1 against oxidative stress in the CNS. However, the link between 

Oxr1 deletion and potential mitochondrial dysfunction has not been fully studied.  

      Mitochondria play an essential role in oxidative stress generation, which in turn 

contributes to cell apoptosis (Bhat et al., 2015) Mitochondria are also well known as a 

key site for apoptosis activation through releasing the IMS protein Cyt-C (Wang and 

Youle, 2009). Abnormalities in mitochondrial morphology and dynamics as well as 

dysfunction in mitochondrial bioenergetics are common features of neurodegenerative 

disorders (Cabezas-Opazo et al., 2015, Su et al., 2010). For example, in a rat 

neuroblastoma cell line expressing α-synulcein, co-expression of a mutant PD-related, 

mitophagy regulator PINK1 leads to increased mitochondrial size and abnormal cristae, 
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suggesting a role of PINK1 in maintaining mitochondrial morphology (Marongiu et al., 

2009). In the hippocampus of AD patients, protein levels of mitochondrial fusion 

regulators OPA1, Mfn1 and Mfn2 as well as the level of a fission protein Drp1 were 

significantly reduced; whereas the level of another fission regulator, Fis1 was 

significantly increased, suggesting that the mitochondrial dysfunction and neuronal 

pathogenesis in AD may be resulted from an alteration in the balance between fusion and 

fission (Wang et al., 2009). In mitochondria obtained from PD patients’ substantia nigra 

region and platelet, reduced complex I activity or, to a lesser extent, complex III activity 

have been detected (Schapira et al., 1989, Parker et al., 1989).  However, whether these 

impairments are a direct cause or an effect of neurodegeneration still remains unclear.  

            Loss of neurodegenerative disease associated genes has been shown to cause 

mitochondrial abnormalities. For instance, in dopaminergic cells in the substantia nigra, 

the deletion of the PD associated gene DJ-1, leads to impairment in mitochondrial 

complex I assembly and a reduction in mitochondrial oxygen consumption (Heo et al., 

2012). Knocking out Parkin, an E3 ubiquitin ligase linked with familial PD also causes 

reductions in protein levels of mitochondrial complex I, complex IV and anti-oxidative 

protein peroxiredoxin (PRDX) as well as a reduction in mitochondrial respiration, despite 

an apparently normal mitochondrial morphology (Palacino et al., 2004).  The above 

results suggest that these key neurodegeneration-related genes are likely to exert their 

regulatory roles via mitochondrial pathways.  

      Previous studies have demonstrated an anti-oxidative regulatory role of Oxr1, but 

whether this role is dependent on a mitochondrial pathway is unknown. Based on the 

finding in chapter 3 that Oxr1 alleviated mitochondrial morphological changes and 

oxygen consumption defect, it is hypothesised that Oxr1 deletion may lead to 

mitochondrial morphological abnormality or dysfunction in bioenergetics.  
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4.2 Aims of Chapter 4 

      The aim of this chapter was to examine whether loss of Oxr1 in vivo causes 

mitochondrial morphological disruption or dysfunction in mitochondrial bioenergetics.  

 

4.3 Results 

4.3.1 Mitochondrial length is reduced in primary cerebellar GCs from mice lacking 

Oxr1         

      Since over-expressing cytosolic Oxr1 in vitro is able to alleviate OS-induced 

mitochondrial morphological changes (Section 3.3.5), yet the cause of selective 

neurodegeneration in the bella Oxr1 deletion mouse is still unclear, it is speculated that 

the loss of Oxr1 would influence mitochondrial structural integrity. To examine this 

hypothesis, primary cerebellar GC neurons were utilised, since this is the only region of 

the brain where neurodegeneration is detected at disease end-stage in homozygous bella 

mutants (Oxr1
bel/bel

). Primary GCs from bella mice and wild-type (WT) littermate 

controls at P7 were isolated and grown in vitro until DIV7 and their identity confirmed 

by immunostaining with granule neuron marker GABA (A) receptor subunit alpha-6 

(GABRA6) (Figure4.1A). The differentiation of the primary granule neurons was 

confirmed by staining with a dendritic marker MAP2 and axonal marker tau (Figure 

4.1B). Mitochondria were confirmed to be in both dendrite and axon by co-staining with 

mitochondrial marker COX IV (Figure 4.1B). 
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A

B

Figure 4.1. Markers 

for cerebellar granule 

neuron  

 (A) Representative 

images confirming the 

expression of GABA(A) 

receptor alpha 6 in 

granule neurons by 

immunocytochemistry 

from primary cerebellar 

GC culture of WT and 

bella mice. Scale bar = 

10µm. (B) Primary 

cerebellar GCs were 

triple stained for MAP2, 

a dendritic marker for 

GC; tau, an axonal 

marker and COX IV, a 

mitochondrial marker. 

Nuclei were mounted 

with DAPI.  Scale 

bar=20µm 
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       By quantifying mitochondrial structure between primary GCs cultured in parallel 

from the two genotypes (Figure 4.2A), we discovered that mitochondrial length was 

significantly reduced in primary GCs of bella mice in comparison with WT (Figure 

4.2B). Importantly, there was neither a difference in average size or total number of 

mitochondria per focal plane between the genotypes (Figure 4C-D). These data suggest 

that the mitochondrial population shifts towards a more non-tubular structure when oxr1 

is deleted. 
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Figure 4.2. Mitochondrial morphological changes in primary cerebellar GCs of 

bella mice 

 

 (A) Representative images showing mitochondria in WT and bella (bel) primary 

cerebellar GCs. Scale bars = 10µm. (B) Mitochondrial length is significantly reduced in 

bella compared to WT GCs. (C, D) No difference was observed in the average size or 

total number of mitochondria per focal plane between WT and bella GCs. Mitochondria 

were quantified in primary GCs of 3 WT and 3 bella mice and a minimum of 10 cells 

were analysed per replicate. Data are shown as mean ± S.E.M. and analysed by Student’s 

t- test; * p < 0.05. 

A

B                                                             C

D   
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bel

Zoom in 
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4.3.2 Intact mitochondrial ultra-structure in the cerebellum of end-stage bella 

mouse  

 

       Mitochondrial ultra-structural changes have been observed in cells under both acute 

and chronic conditions of oxidative stress. In H2O2 treated MEFs, swollen mitochondria 

with thinner cristae were observed (Cole et al., 2010). In an AD patient specimen, cristae 

disruptions as well as accumulation of osmophilic substance in mitochondria of Purkinje 

cells have been detected (Baloyannis, 2013).  However, whether lack of Oxr1 can cause 

mitochondrial ultra-structural alterations is unknown. To address this question, TEM was 

conducted to detect the ultra-structure of cerebella mitochondria in bella and WT mice.  

       Through visual observation of multiple cerebellar sections, preliminary results 

showed that the ultra-structure of cerebellar mitochondria from 1 end-stage bella and 2 

age-matched WT mice appeared to be comparable and intact (Figure 4.3.). No rupture of 

either OM or IM was detected; and neither swelling nor cristae disruption was observed. 

These results suggest that the loss of Oxr1 does not cause a disruption in mitochondrial 

ultra-structure.  

 

 

 

 

 

 

 

 

 



129 
 

 

 

 

 Figure 4.3. Ultra-structure of mitochondria in WT and bella cerebellum. 

TEM of cerebellar mitochondria from near end-stage bella and age-matched WT mice. 

Mitochondria exhibit normal and comparable ultra-structure from both genotypes. 
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4.3.3 Deletion of Oxr1 influences expression of mitochondrial fission regulators  

       Since mitochondrial shape and morphology are regulated by fusion and fission 

(Otera et al., 2013), whether deletion of Oxr1 affects these processes was  examined. 

Protein levels of major known fusion regulators, Mfn1, Mfn2 and OPA1 as well as 

fission mediators Drp1 and Fis1 were quantified from WT and bella cerebellar 

homogenates taken at end-stage P24 (Figure 4.4A). No differences in expression were 

detected between genotypes, with the exception of Drp1, that showed a statistically 

significant increase in bella mice compared to WT (Figure 4.4B). Under OS, Drp1 is 

phosphorylated at Ser616, which activates the protein for recruitment to mitochondria to 

facilitate the fission process; conversely, dephosphorylation at Ser616 inhibits 

mitochondrial fission (Qi et al., 2011, Yu et al., 2010). Therefore, whether there is an 

increase of Drp1 recruitment to mitochondria in the bella cerebellum was then tested, 

although no difference in the levels of Drp1 either in the cytosolic or mitochondrial 

fractions compared to WT were observed (Figure 4.4C). It was hypothesised, therefore, 

that there may be an inhibitory effect on the activity of Drp1 in mutant mice, thus we 

tested the level of phosphorylated (p-) Drp1 S616 (Figure 4.4D). Interestingly, the level 

of p-Drp1 S616 was significantly lower in cerebella homogenate from bella compared to 

WT mice (Figure 4.4E), indicating an inhibitory effect of Drp1’s activity. In addition, it 

is also known that phosphorylation at Ser637 of Drp1 plays an inhibitory role on the 

fission process (Chang and Blackstone, 2010, Jahani-Asl and Slack, 2007). To test 

whether Drp1 S637 is also involved in mitochondrial response to Oxr1 loss, western 

blotting was carried out. However, the level of phosphorylated (p-) Drp1 S637 was 

barely detectable, regardless of experiment conditions (data not shown), suggesting a non 

or less significant role of Drp1 S637 in mitochondrial response to Oxr1 loss. Overall, 
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these data suggest that the change in mitochondrial morphology observed in bella mice 

may be caused by a compensatory pathway that inhibits the activity of Drp1 through 

dephosphorylation of Ser616 in response to stress caused by the deletion of Oxr1. 
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B                                                    C

D                                                                                 E                                          

 

Figure 4.4.  Expression level of mitochondrial fusion and fission proteins in 

cerebella of WT and bel mice  
(A) Cerebellar homogenates from 6 end-stage bel and age-matched WT mice were 

subjected to western blotting for mediators of mitochondrial fission (Drp1 and Fis1) and 

fusion (Mfn1 and Mfn2). For fusion regulator Opa1, 3 independent samples of each 

genotype were measured. (B) Quantitative analysis by densitometry; the total level of 

Drp1 is significantly higher in bella comparing to WT tissue. (C) Western blot of 

cytosolic and mitochondrial fractions were labelled with anti-Drp1 cytoplasmic marker 

anti-GAPDH and mitochondrial marker anti-COX IV. No sub-cellular translocation of 

Drp1 was observed. (D) Western blot of cerebellar homogenate from end-stage bella and 

age-matched WT mice were labeled with p-Drp1 S616, indicating that the expression 

level in bella is significantly lower than WT. (E) Phosphorylation of Drp1 relative to β-

tubulin loading control. Data are shown as mean ± S.E.M. from 3 independent samples of 

each genotype and were analysed by Student’s t-test; * p < 0.05.  
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4.3.4 Mitochondrial DNA mutations do not accumulate in bella mouse  

 

       The vulnerability of mitochondrial (mt)DNA to OS has been well-established (Yakes 

and Van Houten, 1997, Salazar and Van Houten, 1997) and recently, accumulation of 

mtDNA damage was found in OXR1 depleted (approximately 85% knockdown) HeLa 

cells treated with H2O2 (Yang et al., 2014). Furthermore, it has been shown previously 

that OS-induced genomic DNA damage occurs in the cerebellar GCL of end-stage bella 

mice using 8-hydroxydeoxyguanosine (8-OHdG), a marker of OS to DNA (Oliver et al., 

2011).  

      To study next whether the deletion of Oxr1 can cause accumulation of endogenous 

mtDNA lesions in in vivo, DNA was extracted from the cerebella of WT and end-stage 

(P24) bella mice and the mtDNA was subjected to quantitative (q)PCR to amplify a long 

(10.1 kb) and a short (117 bp) mtDNA fragment (Figure 4.5A). Since it becomes less 

efficient for PCR reactions to amplify long mitochondrial fragments when more lesions 

appear in mtDNA (Jendrach et al., 2005), level of mtDNA damage can be revealed by 

comparing relative PCR product. Using this method, no increase in mtDNA lesions was 

evident in the bella cerebellum (Figure 4.5B), indicating that loss of Oxr1 does not lead 

to accumulation of mtDNA damage in the cerebellum.  
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Figure 4. 5. bella displays no mitochondrial DNA damage  

(A) Representative gels showing PCR products of a long (10.1 kb) and a short (117bp) 

mtDNA fragments from total DNA extracted from cerebellar tissue of 5 WT and end-

stage 6 bel mice. (B) Quantification was carried out by the PicoGreen method and the 

relative PCR product number of the long mtDNA fragment (10.1 kb) is normalised to the 

copy number of the short mtDNA fragment (117bp). There is no difference in the relative 

PCR product number between WT and bel mice. Data are means ± S.E.M. and analysed 

by Student’s t- test.   

 

 

 

A
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4.3.5. bella mouse has normal mitochondrial ETC expression levels and intact 

complex assembly  

      The unique capability of mitochondria for producing energy in the form of ATP is 

dependent on its ETC embedded in the IM. Previous discoveries have suggested potential 

association between oxidative phosphorylation (OXPHOS) defects within mitochondria 

and neurodegenerative diseases (Werner et al., 2012). Both mtDNA mutations and ETC-

specific nuclear DNA mutations affect oxidative phosphorylation (OXPHOS) (Trounce, 

2000). As an initial investigation into whether lack of Oxr1 in vivo can lead to gross 

alterations of ETC complex protein expression and assembly, expression levels of five 

ETC complex subunits (Complex I to V) in both WT and bella mice were measured by 

labelling with total OXPHOS antibody cocktail prior to western blot analysis (Figure 

4.6.A). Results from western blotting displayed similar expression levels of the five ETC 

complex subunits between the WT and bel mice. These results suggested that Oxr1 does 

not play an essential role in regulating the translation of the subunits of the ETC complex.  

     Proper function of the ETC relies on the appropriate assembly of mitochondrial ETC 

complexes. Whether loss of Oxr1 had an impact on mitochondrial complex assembly 

pathways was then tested by conducting BN PAGE analysis to detect formation of the 5 

complexes. BN results revealed no difference in mitochondrial ETC complex formation 

between WT and bella mice (Figure 4.6.B), which indicated that Oxr1 does not 

participate in the assembly process of mitochondrial ETC complex.  
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Figure 4.6. Expression levels of five ETC complexes and ETC complex assembly in 

WT and bel mice  

 

 (A) Equal amount (30 μg) of mitochondria purified from cerebella of 3 end stage bella 

and 3 age-matched WT mice were immunoblotted with an antibody cocktail against 

subunits of five ETC complexes: CI-NDUFB8, CII-SDHB, CIII-UQCRC2, CIV-MTCO1 

and CV-ATP5A. No differences in expression were observed. (B) End-stage bella and 

age-matched WT cerebellar tissue were subjected to BN-PAGE analysis to resolve 

purified mitochondrial proteins solubilised by the detergent n-dodecyl-β-D-

maltopyranoside (DDM). A representative image is shown of samples probed using an 

anti-OxPhos Complex antibody indicating no defects in complex assembly in bella mice.   
 

 

 

 

 

 

 

 

A                                                                                               B



137 
 

4.3.6. Loss of Oxr1 does not affect enzymatic activities of mitochondrial electron 

transport system (ETS) 

 Having shown similar levels of ETC protein translation and intact complex assembly 

between the genotypes, the potential effect of Oxr1 loss on the mitochondrial ETS (C I to 

C IV) activities was then evaluated. To achieve this, mitochondria isolated from cerebella 

of end-stage bella (P24) and age-matched controls were subjected to spectrophotometric 

or in-gel activity assays.  

      The activity of mitochondrial Complex I was detected by measuring rotenone-

sensitive NADH oxidation at 340 nm. It showed no difference between WT and bella 

(Figure 4.7A). The result was verified by C I in-gel activity assay: bands representing C 

I also revealed no difference between the genotypes (Figure 4.7B). The activity of C II 

was then assayed by measuring the colour change of DCPIP at 600nm. Results showed 

no difference between WT and bella (Figure 4.7C). The activity of C III was also 

assayed by measuring Cyt-C reduction at 550nm; comparable activities were observed 

between the genotypes (Figure 4.7D). C IV activity was measured by detecting Cyt-C 

oxidation at 550 nm. Mitochondria in bella also appeared to have a similar CI activity in 

comparison with the WT (Figure 4.7E). Finally, as a control, citric synthase activity was 

examined by measuring formation of TNB at 412 nm as a result of a reaction between 

CoA-SH and 5’, 5’-Dithiobis 2-nitrobenzoic acid (DTNB). No difference between the 

two genotypes was discovered (Figure 4.7E).  

      Taken together, the data suggest that the Oxr1 deletion has no overt impact on 

mitochondrial ETC complex activities (C I to C IV).  
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Figure 4.7.  Mitochondrial ETC complex activities in bella and WT mice  

No differences in ETC activities between bella and WT mice were observed. 

Measurement of complex activities was conducted using spectrophotometry and BN-

PAGE gel electrophoresis for in-gel CI assay. All activity results were obtained from 

mitochondrial extractions of end stage bella and age-matched WT mice (A) CI activity 

(B) in-gel activity of CI (C) CII activity (D) CIII activity (E) CIV activity (F) Citric 

synthase activity. Data are shown as the mean ± S.E.M. from 3-6 replicates of each 

genotype and analysed by Student’s t- test. 
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4.3.7 Primary cerebellar GCs from bella mice display normal mitochondrial 

membrane potential 

      Having shown similar mitochondrial ETS activities (CI to C IV) between WT and 

bella tissue samples, the functional status of ATP synthase (C V) needs to be 

investigated. Initially, attempts to directly measure the activity of C V were made by 

using an in-gel method as previously described (Zerbetto et al., 1997). However, the 

bands representing the C V activity were barely detectable (data not shown), indicating 

that the sensitivity of this in-gel method previously used for measuring heart and 

skeletal muscle C V activities (Zerbetto et al., 1997) was insufficient in detecting the 

cerebellar C V activity. Therefore, mitochondrial membrane potential, the electrical 

gradient of proton motive force that drives protons across the IM through ATP-synthase 

was measured as an indirect way to reveal the functional status of C V and overall 

mitochondrial energy metabolism (Perry et al., 2011).  

      Using a TMRM fluorescent method, mitochondrial membrane potential was 

measured in primary cerebellar GCs culture. The GCs were isolated from cerebella of the 

WT and bella mice at P7 and cultured for 7 days. It showed that mitochondrial 

membrane potential measured by TMRM fluorescence remained the same between the 

genotypes, indicating once again that Oxr1 loss does not lead to impairment in 

mitochondrial energetic metabolism (Figure 4.8).  
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Figure 4.8. No difference in mitochondrial membrane potential between bella and 

WT mice  

 

Pulled primary GCs obtained from 2-3 WT and bella mice were measured in each 

experiment and the data were obtained from 3 independent experiments. No difference in 

mitochondrial membrane potential was observed between bella and the age-matched wild 

type control. Data were presented as means ± s.e.m. and analysed by Student’s t-test. 
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4.3.8 Primary cerebellar GCs from bella mice display normal mitochondrial oxygen 

consumption levels  

      To date, loss or disruption of a number of antioxidant proteins such as SOD1 and DJ-

1 has been found to influence mitochondrial oxygen consumption as part of a potential 

neurodegenerative pathway in the SOD1 (G93A) mutant mouse tissue and DJ-1 knockout 

dopaminergic neurons (Heo et al., 2012, Mattiazzi et al., 2002). Whether deletion of 

Oxr1 can cause similar defects was therefore studied by measuring mitochondrial oxygen 

consumption and other respiratory parameters from WT and bella primary GCs at P7 

cultured for 7 days using the Seahorse metabolic analyser that utilises fluorescently 

sensitive probe to measure the concentration of oxygen. Basal respiration level was first 

measured prior to addition of any mitochondrial stressors, and no difference was 

observed between genotypes at any of the time points measured (Figure 4. 9A). After 

adding mitochondrial complex V inhibitor oligomycin, a marked decline of oxygen 

consumption level (approximately 100 pmol/min) was observed in both WT and bella 

GCs, indicating the same amount of oxygen was used for ATP production. Then the 

mitochondrial uncoupler FCCP was added that immediately triggered a marked induction 

of oxygen consumption (approximately 150 pmol/min) in both WT and bella, suggesting 

the spare oxygen consumption capacity of GCs from both genotypes was equivalent 

(Figure 4. 9A). Finally, rotenone and antimycin A, which inhibit CI and CIII 

respectively, were added to the assays causing a considerable reduction in oxygen 

consumption as expected. The remaining oxygen consumption level indicated the amount 

of oxygen available for non-mitochondrial respiration, approximately 50 pmol/min for 

both genotypes. By subtracting non-mitochondrial O2 consumption level, the normalised 

data suggest that there was no significant difference of mitochondrial oxygen 
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consumption in basal level, proton leak stage or maximum respiration between WT and 

bella GCs (Figure 4. 9B). 
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Figure 4.9.  Oxygen consumption in primary GCs is not affected by deletion of 

Oxr1 

(A) Oxygen consumption rate (OCR) profiles are expressed as pmol of O2 consumed per 

minute in primary GCs of WT and bel. Arrows indicate the time point of adding 

mitochondrial inhibitors/stressors: oligomycin (3 µM), FCCP (2 µM) and rotenone and 

antimycin (2µM, each). (B) Normalized OCRs after subtraction of rotenone/antimycin 

treated OCR (non-mitochondrial respiration), under basal condition, after adding 

oligomycin (3 µM, proton leak) or FCCP (2 µM, maximal respiration). The data were 

obtained from 3 independent experiments using primary GCs obtained from 6 WT and 5 

bella mice. Data are shown as the mean ± S.E.M. and analysed by Student’s t-test. 
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Discussion  

     In this chapter, to investigate whether the loss of Oxr1 causes mitochondrial 

morphological abnormalities or functional defects, the primary GCs or cerebellar tissue 

from bella mice and the age-matched WT control were studied. It was found that Oxr1 

deletion leads to a mild mitochondrial gross shape change compared to the WT in 

primary GCs, but normal ultra-structure in vivo. No differences in protein levels of major 

fusion and fission regulators were detected between the genotypes, except the levels of 

Drp1 and phosphorylated Drp1 (S616). In terms of mitochondrial bioenergetics, the 

levels of protein expression and post-translational assembly of mitochondrial ETC 

complexes appeared to be unchanged in the end-stage bella mouse in comparison with 

the age-matched control. ETC complex activities, mitochondrial membrane potential and 

mitochondrial respiratory capacities in bella mouse were also comparable to the control. 

These experiments suggest that the Oxr1 deletion alone is unlikely to trigger overt 

mitochondrial dysfunction prior to the activation of cerebellar GC apoptosis.  

 

4.4.1 Oxr1 loss and mitochondrial morphology and dynamics  

      Mitochondrial dynamics is constantly regulated by fusion and fission processes, and 

plays a key role in determining mitochondrial morphology (Otera et al., 2013). Loss of 

anti-oxidative proteins such as DJ-1 can lead to abnormalities in both mitochondrial 

morphology and dynamics. For example, in DJ-1 null dopaminergic neuronal cells, both 

mitochondrial size and numbers are reduced comparing to the control (Heo et al., 2012). 

In mouse embryonic fibroblasts (MEFs), loss of DJ-1 leads to reduced mitochondrial 

length (Irrcher et al., 2010); while using the same cell type, Krebiehl, Ruckerbauer et al 

not only confirmed a reduced mitochondrial length but also showed a reduced level in 

mitochondrial branching (Krebiehl et al., 2010). In MEFs, loss of DJ-1 leads to 
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fragmented mitochondria with reduced fusion rates and a reduction in the protein level of 

mitochondrial fusion regulator Mfn1, but not the fission regulator Drp1 (Irrcher et al., 

2010). Importantly, the mitochondrial fragmentation was found to be linked with 

elevated ROS levels (Irrcher et al., 2010). Together, these results indicate that oxidative 

stress plays an important role in facilitating mitochondrial fragmentation.  

      It was therefore hypothesised that there would be a shift in the mitochondrial 

population towards a more pro-fission status in cerebella of end-stage bella mice due to 

an increased level of OS in this region as detected previously (Oliver et al., 2011). The 

confocal microscopy here showed mitochondria with reduced length, but normal size and 

number (Figure 4.2B- D), and TEM showed cerebellar mitochondria of near-end stage 

bella mice displayed normal ultra-structure (Figure 4.3). Of note, the TEM images 

obtained in this study were two-dimensional (2D). Since different mitochondrial three-

dimensional (3D) projections (0.2-2 µm) exist and the mitochondrial 2D images taken 

from the ultrathin (50-100 nm) tissue sections cannot accurately reflect those 3D 

projections (Nathaly Rigoglio et al., 2012), TEM is not considered as a suitable method 

for measuring the length of mitochondria. Using the confocal method for mitochondrial 

length observation and quantification in neurons has been well established (Cheng et al., 

2012, Silva-Alvarez et al., 2013, Wang et al., 2013). The TEM method here was 

therefore only used for observing potential mitochondrial ultra-structural abnormalities 

such as matrix swelling and membrane damage, in order to complement the incapability 

of confocal microscopy in studying mitochondrial ultra-structures.  

      Screening the protein level of major known fusion regulators, Mfn1, Mfn2 and OPA1 

as well as fission mediators Drp1 and Fis1 found no difference between the bella and 

age-matched WT mice, apart from a small but statistically significant increase in the 

Drp1 (Figure 4.4B), suggesting a pro-fission protein up-regulation towards 
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mitochondrial fission in response to the loss of Oxr1. Unexpectedly, the level of 

phospho-Drp1 (Ser616) was found to be significantly reduced in cerebellar homogenate 

of bella mouse (Figure 4.4E). Multiple lines of evidence have shown that under OS, 

once phosphorylated at Ser616, the fission protein Drp1 is activated to facilitate 

mitochondrial fragmentation (Taguchi et al., 2007, Qi et al., 2011). Intriguingly, 

reduction of phosphor-Drp1 S616 is also observed in cells upon starvation (Rambold et 

al., 2011), indicating a protective pathway against stress. My results are therefore in 

favour of an unknown pathway involved in regulating the phosphorylation of Drp1 to 

inhibit mitochondrial fission and compensate the stress caused by the loss of Oxr1.   

 

4.4.2 Oxr1 loss and mitochondrial DNA integrity   

      mtDNA damage has been detected in several neurodegenerative diseases and can 

subsequently lead to mitochondrial dysfunction (Cha et al., 2015). For example, in 

substantia nigra neurons of PD patients, high levels of mtDNA mutations were detected 

(Bender et al., 2006); while in the motor cortex of sporadic ALS patients, the level of a 

mtDNA deletion mutation was significantly higher comparing to the temporal cortex of 

the patients, but not in the same brain regions of the healthy controls (Dhaliwal and 

Grewal, 2000). However, using quantitative (q) PCR, no evident increase of mtDNA 

lesions in the cerebella of bella mice was detected (Figure 4.5B); while Yang et al. also 

showed no accumulation of mtDNA damage in OXR1 depleted (85% knockdown) HeLa 

cells (Yang et al., 2014). However, when treated with hydrogen peroxide, accumulation 

of mtDNA damage occurs (Yang et al., 2014). Together, these results suggest that the 

loss of OXR1 alone does not lead to mtDNA damage, but increases the susceptibility of 

mtDNA to oxidative stress. Furthermore, by staining with oxidative DNA damage 

marker 8-OHdG, Kay Davies’ lab had demonstrated that OS induced DNA damage is 
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exclusively detectable in cerebellar GCL of end-stage bel mice (Oliver et al., 2011). 

Since the GCL comprises only a small proportion of the whole cell population, it could 

be that the levels of mtDNA damage between the genotypes at the disease end-point are 

below the detection threshold of the most sensitive techniques used in the experiment.  

 

4.4.3 Oxr1 loss and mitochondrial metabolic functions   

      Defects in the expression and assembly of OXPHOS complexes have been reported 

in several neurodegenerative disorder-related gene knockout cell types and animal 

models. For instance, a defect in complex I assembly has been detected in PINK1 

knockout flies and DJ-1 null substantia nigra dopaminergic cells (Liu et al., 2011, Heo et 

al., 2012). In PINK1 knockout flies, this defect subsequently leads to a reduction in 

complex I activity (Liu et al., 2011); while in DJ-1 null cells, the defect further causes a 

reduction in mitochondrial respiration (Heo et al., 2012). Recently, it has been 

demonstrated that a loss of function in vacuolar protein sorting 13C (VPS13C) leads to 

autosomal-recessive early-onset PD (Lesage et al., 2016). Knockdown of this gene 

(approximately 75%) in monkey fibroblast-like COS-7 cell line leads to a reduction in 

mitochondrial membrane potential and an increase in mitochondrial respiration rates 

(Lesage et al., 2016). However, results here showed that loss of Oxr1 did not lead to 

alterations in mitochondrial ETC protein levels (Figure 4.6A), complex assembly 

(Figure 4.6B) and the subsequent mitochondrial bioenergetics (Figures 4.7-9.), 

indicating that the deletion of Oxr1 in the mouse cerebellum or cultured GCs does not 

trigger a profound mitochondrial functional alteration. Moreover, using RNA sequencing, 

Yang et al. recently found a large number of genes including anti-oxidative genes, 

transcription factors and apoptosis regulators that were up- or down-regulated in OXR1 

depleted HeLa cells under basal or oxidative stress conditions (Yang et al., 2015). 
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However, only very few genes were mitochondria-related including Cyt-C, which plays a 

key regulatory role in apoptosis (Yang et al., 2015). Together, these results further 

indicate that Oxr1 might not exert its anti-oxidative role directly via mitochondrial 

bioenergetics pathways. 

      Interestingly, proteomic interaction studies from Kay Davies’ group indicate Oxr1-S 

may interact with mitochondrial protein Atp5b and Slc25a5 (Finelli et al., 2015a), a 

subunit of the mitochondrial ATP synthase and a mitochondrial adenine nucleotide 

translocator, respectively (Ohta and Kagawa, 1986, Haitina et al., 2006). Of note, both 

proteins are localised in mitochondrial IM (Vyssokikh et al., 2001, Alberts et al., 2008). 

Since the mitochondrial sub-mitochondrial localisation data in the previous chapter 

revealed that Oxr1 is likely to be associated with OM, and multiple contact points have 

been shown between IM and OM (Reichert and Neupert, 2002), these findings can 

potentially indicate a role of Oxr1 in regulating mitochondrial metabolism. Since 

previous results suggested that only a small neuronal population within cerebella of the 

end-stage mutant is affected (Oliver et al., 2011), it could be that the mitochondrial 

functional differences between the genotypes at disease end-point are below the detection 

threshold of the most sensitive techniques used for GCs, cerebellar tissue homogenate or 

isolated mitochondria, further indicating that mitochondrial dysfunction is at least not a 

major contributor to apoptosis and neurodegeneration caused by Oxr1 knockout. To 

address mitochondrial assay sensitivity, however, further studies could be more focused 

on the mitochondrial bioenergetics of individual cells within the cerebellar GCL of bella 

mutants. For instance, using the immunohistochemical complex II/complex IV double-

labelling method to specifically visualise ETC activities in fresh frozen brain sections 

(Ross, 2011). Of note, complex II and IV are preferable among other ETC complex 

candidates are mainly because the assay conditions for histochemical analysis have long 
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been developed and proven to be amenable (Ross, 2011, Old and Johnson, 1989). Yet it 

is clear that further experiments where the mitochondria are under additional functional 

pressure, such as under oxidative stress induced by H2O2 or arsenite, might reveal more 

regarding the significance of Oxr1. 

      Several discrepancies have emerged when investigating potential alterations in 

mitochondrial oxidative metabolism caused by neurodegeneration-related gene knockout 

or mutations. For instance, significant reductions in complex I activity and mitochondrial 

respiration have been observed in DJ-1 null dopaminergic neuronal cells (Kwon et al., 

2011, Heo et al., 2012); whereas in DJ-1 knockout MEFs, the mitochondrial respiration 

level and mitochondrial complex activities are unchanged comparing to the control 

(Giaime et al., 2012). In mitochondria isolated from the cerebral cortex of DJ-1 knockout 

mouse, mitochondrial respiration level is also similar to the control, suggesting that DJ-1 

may not directly regulate mitochondrial respiration through its anti-oxidative role 

(Giaime et al., 2012). A recent study of the oxidative metabolism in a HD mouse model 

carrying mutant huntingtin (mHtt) has shown similar levels of nuclear-encoded subunits 

of complex I, II, IV, and V comparing to the control  (Hamilton et al., 2015). 

Mitochondrial respiration levels and ATP levels are also comparable between the 

genotypes (Hamilton et al., 2015). These discrepancies may be due to differences in 

model systems and assay protocols used in these studies. This evidence also suggests that 

impairments in mitochondrial oxidative metabolism may not be the causal effect in 

neurodegenerative diseases.           

      In summary, apart from normal mitochondrial ultra-structure and functions, loss of 

Oxr1 can lead to a mild modification of mitochondrial gross shape and an alteration in 

mitochondrial fission regulators. It is plausible that the Oxr1 deletion-related cerebellar 

GC apoptosis could be resulted from mitochondria-unrelated oxidative stress, for 
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example, the ROS produced by the cell membrane-associated NADPH oxidase complex 

(Hernandes and Britto, 2012). Interestingly, recent data have indeed shown that NADPH 

oxidase 4 (NOX4), one of the homologues of the NADPH oxidase family, plays an 

essential contributing role in the pathogenesis of an oxidative stress-related, cerebellar 

neurodegenerative disease called Ataxia telangiectasia (A-T) (Weyemi et al., 2015). A-T 

is caused by a defect or loss of a protein kinase named ataxia telangiectasia mutated 

(ATM) (Savitsky et al., 1995). ATM also establishes a role as a ROS sensor and is 

protective against ROS accumulation (Guo et al., 2010, Cosentino et al., 2011). 

Cerebellar ataxia, a progressive loss of cerebellar GCs and Purkinje cells as well as an 

increased expression level of NOX4 are pathological features of A-T patients (Barzilai et 

al., 2002, Weyemi et al., 2015). Whether NOX4 also plays a role in the bella pathology 

could be examined in order to gain an insight into the mechanism of cerebellar GCs 

degeneration caused by Oxr1 deletion.  
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Chapter 5: Characterisation of conditional dopaminergic Oxr1 

knockout mouse  

 

5.1 Introduction  

      Parkinson’s disease (PD) is the second most common adult onset neurodegenerative 

disease after AD (Pankratz and Foroud, 2007). Progressive loss of dopaminergic neurons 

in substantia nigra (SNc) and the formation of α-synuclein containing aggregates (Lewy 

bodies) in neurons are major pathological hallmarks of the disease (Baba et al., 1998, 

Forno, 1996, Braak and Braak, 2000). At early stages of PD, dopamine deficiency is the 

major contributor that leads to symptoms such as rigidity, tremor and bradykinesia 

(Connolly and Lang, 2014, Samii et al., 2004). So far, PD is incurable and available 

treatments are still restricted to symptom relief. For example, utilising the dopamine 

precursor, levodopa, or dopamine agonists, which activate dopamine receptors, to 

complement the loss of dopamine (Connolly and Lang, 2014). Therefore, in order to 

search for a more effective treatment for this disease, the causal mechanisms as well as 

new therapeutic candidates need to be identified.  

      Oxidative stress (OS) and mitochondrial dysfunction are common features of PD 

(Moon and Paek, 2015). In the SNc region of PD patients, a reduction in mitochondrial 

complex I activity has been observed (Mann VM, 1994, Schapira et al., 1989). Complex I 

deficiency can contribute to an increase in excessive ROS production, which further 

damages mitochondria (Tretter et al., 2004). In addition to mitochondrial complex I 

defect, multiple lines of evidence have demonstrated that mtDNA mutation is also 

involved in PD. For example, fusing platelets from PD patients that contains mtDNA 

mutations with cells without mtDNA led to complex I impairment (Gu et al., 1998). 
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Moreover, levels of mtDNA  mutations in neurons from the substantia nigra were also 

found to be markedly increased at early stage of PD (Lin et al., 2012).  

      To date, mutations in several genes involved in mitochondrial-related pathways have 

been identified in familial PD. For example, mutations in mitophagy pathway-related 

genes such as PINK1 and PARK2 that encode a serine/threonine protein kinase named 

PINK1 and its downstream interaction partner Parkin respectively, lead to autosomal 

recessive, early onset PD (Bonifati et al., 2005, Kitada et al., 1998, Clark et al., 2006). In 

primary fibroblasts of PD patients with PINK1 mutations, mitochondrial morphological 

abnormalities such as an increase in mitochondria fragmentation has been observed 

(Exner et al., 2007). In a PINK1 knockout mouse, mitochondrial respiration level was 

found to be reduced (Gautier et al., 2008). These data indicate that loss or mutation in 

PINK1 leads to mitochondrial dysfunction. Similarly, mitochondrial dysfunction such as 

reduced mitochondrial membrane potential has also been detected in primary fibroblasts 

from patients with Parkin mutations (Mortiboys et al., 2008), while mitochondria isolated 

from striatum of Parkin knockout mice exhibit reduced respiration (Palacino et al., 2004). 

Moreover, mutation in PARK7 that encodes a redox-sensitive chaperone DJ-1 also 

contributes to PD (Bonifati et al., 2003a). Interestingly, DJ-1 has an anti-oxidative role 

that protects human neuroblastoma cell lines (SH-SY5Y and SK-N-BE(2)C) from H2O2- 

induced cell death and this protective role was found to be related to its mitochondrial 

localisation (Taira et al., 2004b, Zhang et al., 2005, Junn et al., 2009).  Furthermore, very 

recently, it has been demonstrated that a loss of function in vacuolar protein sorting 13C 

(VPS13C) leads to autosomal-recessive early-onset PD (Lesage et al., 2016). Knockdown 

of this gene (approximately 75%) in monkey fibroblast-like COS-7 cell line resulted in 

decreased mitochondrial membrane potential and higher mitochondrial respiration rates 

(Lesage et al., 2016). Combining these results, it is plausible that identifying new PD-
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related genes and studying their potential functions in mitochondria and anti-oxidative 

pathways could deepen the understanding of the pathological mechanism of PD and shed 

light on potential treatments.  

      So far, there is still a lack of human disease-associated OXR1 mutations. Importantly, 

however, differential expression of OXR1 has been implicated in neurodegenerative 

disease. For example, in spinal cord biopsy samples of ALS patients and spinal cord 

tissue of pre-symptomatic ALS mouse (SOD1 G93A), intermediate or full-length 

isoforms of Oxr1 were up-regulated, respectively (Oliver et al., 2011). Interestingly, in 

the posterior cingulated cortex of PD patients without dementia, OXR1 has been shown 

to be down-regulated by 3-fold at the RNA level (Stamper et al., 2008). Together, this 

evidence above suggests a potential role of OXR1 as an early indicator of 

neurodegenerative disorders such as PD and ALS. 

      Dopaminergic neurons in the substantia nigra pars compacta (SNc) are the neuronal 

population vulnerable in PD (Double, 2012), whereas cerebella granule neurons are the 

only neuronal population affected at the end-stage of the bella mouse (Oliver et al., 2011). 

Therefore, it is unknown loss of Oxr1 would influence the cell survival in neuronal 

populations outside of the cerebellum, such as dopaminergic neurons, as the mice reach 

end-stage at such a young age; as such it is not a good model for examining slowly 

progressive neurodegenerative disorders such as PD. Given the potentially important role 

of OS in PD, it was decided that conditional deletion of Oxr1 in dopaminergic neurons 

would be a new and valuable model for assessing selective vulnerability in the midbrain.   
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5.2 Aims of Chapter 5 

      The aim of this chapter was to characterise conditional dopaminergic Oxr1 knockout 

mouse in order to examine whether Oxr1 has a potential protective role in dopaminergic 

neurons.    

 

5.3 Results 

5.3.1 Generation of dopaminergic Oxr1 conditional knockout mouse 

      As has been demonstrated in Chapter 3, the shortest isoforms of Oxr1 can be fully 

functional, therefore in order to disrupt the gene genetically, it was necessary to design a 

strategy that would affect all isoforms. Therefore, it was decided to target the TLDc 

domain. In this strategy, the Cre-mediated deletion of two coding exons of Oxr1 leads to 

a truncated protein (Figure 5.1A). In summary, Oxr1
tm1a(EUCOMM)Wtsi 

knockout-first 

conditional allele (tm1a) mice (Oxr1
tm1a/+

) were generated by the Wellcome Trust Sanger 

Institute using a previously described gene targeting method (Skarnes et al., 2011). This 

particular allele leads to expression of a truncated Oxr1 allele with a lacZ trapping 

element and a floxed promoter-driven neo cassette (Skarnes et al., 1992, Skarnes et al., 

2011) (Figure 5.1B). The successful functional disruption of Oxr1 in the tm1a allele was 

confirmed by generating Oxr1
tm1a/tm1a

 animals; these displayed an identical phenotype to 

the bella mutants (Finelli et al. JBC 2016). Heterozygous Oxr1
tm1a/+

 mice were then 

crossed with a transgenic Flpe mouse line (Flp) to remove the lacZ elements as well as 

the floxed promoter-driven neo cassette using a β-actin-driven FLPe variant recombinase 

from the Flpe mouse (Figure 5.1B). The offspring of this cross generate the conditional-

ready allele (tm1c) that contains exons 15 and 16 of Oxr1 flanked by loxP sites 
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recognisable by the Cre recombinase (Figure 5.1B). Importantly, the tm1c allele 

expresses Oxr1 normally, and thus homozygous animals are viable. 
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Figure 5.1. Generation of dopaminergic Oxr1 conditional knockout mouse 

(A) A schematic illustration of the full-length (Oxr1-FL) and the shortest (Oxr1-S). Both 

exons 15 and 16 were targeted to knockout all isoforms of Oxr1. (B) A schematic 

illustration of the tm1a allele that contains a neo and a lacZ cassettes located between the 

exons 14 and 17 of Oxr1. These cassettes are removed by crossing the tmla mouse with 

an Flp mouse line. The β-actin driven FLPe variant recombinase specifically recognises 

the flippase recominase target (FRT) sites and the cutting generates a conditional tm1c 

allele. Crossing this mouse line that contains the conditional tm1c allele with the DAT 

promoter driven Cre mouse generates a dopaminergic Oxr1 conditional knockout mouse. 
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      Next, to further confirm that the Cre-mediated disruption of the tm1c allele was fully 

effective, Oxr1
tm1c/tm1c

 mice were crossed with SRY-box containing gene 2 (Sox2)-Cre+ 

mice, thus generating a constitutive disruption of Oxr1 (Hayashi et al., 2002). It was 

expected, therefore, that the Oxr1
tm1c/tm1c

/Sox2-Cre+ mouse would display 

neurodegeneration similar to the Oxr1 knockout bella mouse. As expected, 

Oxr1
tm1c/tm1c

/Sox2-Cre+ mice showed rapid, progressive ataxia from P18 and TUNEL 

staining showed cell death in the cerebellar GCL, while in age-matched 

Oxr1
tm1c/tm1c

/Sox2-Cre- mice, cell death was not detectable (Figure 5.2). These results 

confirm the functional disruption of the Oxr1 conditional allele.  

      To generate the dopaminergic Oxr1 conditional knockout mouse, homozygous 

Oxr1
tm1c/tm1c

 mice were crossed with a transgenic line where the expression of Cre 

recombinase is controlled by a dopamine transporter (DAT) promoter (Zhuang et al., 

2005) (Figure 5.1B). Firstly, however, the specificity of Cre expression by the DAT-

driven transgene was confirmed by crossing the DAT-Cre mice with Rosa26 locus lacZ 

reporter (R26R (lacZ)) mice. It was expected that the offspring should co-express lacZ 

with Cre-expressing neurons (Zhuang et al., 2005). Indeed, it was found that Cre 

recombinase co-expressed with lacZ in dopaminergic neurons in the SNc and ventral 

tegmental area (VTA) of mouse midbrain (Figure 5.3A) (Peter Oliver, unpublished data).  

      Next, the disruption of Oxr1 in the midbrain in Oxr1
tm1c/tm1c 

/ DAT-Cre+ mice was 

confirmed by in situ hybridization using a probe specific to the deleted exons. These data 

showed that the expression level of Oxr1 in the SNc and VTA regions of the Oxr1
tm1c/tm1c 

/ DAT-Cre+ mouse was barely detectable comparing to the Oxr1
tm1c/tm1c 

/ DAT-Cre- 

mouse (Figure 5.3B) (Peter Oliver, unpublished data). Together, these results confirm 

that the Oxr1 disruption in the SNc had been achieved successfully and that the Cre-

mediated deletion allele is non-functional. 
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Figure 5.2. TUNEL staining of the GCL region  

 TUNEL staining shows GCL apoptosis in conditional knockout (Oxr1
tm1c/tm1c

/Sox2-Cre+) 

mouse, but not in age-matched tm1c/tm1c control (Oxr1
tm1c/tm1c

/Sox2-Cre−) mouse. 

Nuclei mounted with DAPI. Scale bar=400 µm.  
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Figure 5.3. Expression of Oxr1 in DAT-positive neurons is specifically deleted in 

Oxr1
tm1c/tm1c

/DAT-cre mice 

(A) Left: Nissl staining shows the neuronal population in substantia nigra (SNc) and 

ventral tegmental area (VTA). Right: LacZ staining demonstrates the co-expression of 

Cre with lacZ in dopaminergic neurons in the SNc and VTA of mouse midbrain. Images 

were taken by Prof. Peter Oliver. Scale bar=100 μm (B) In situ hybridisation showed that 

the expression level of Oxr1 in the SNc and VTA regions of the Oxr1
tm1c/tm1c

/
 
DAT-Cre+ 

mouse (conditional knockout (KO)) was barely detectable comparing to the Ox1
tm1c/tm1c 

/DAT-Cre- (control) mouse. Images were taken by Prof. Peter Oliver. Scale bar=100 μm 
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5.3.2 Selective loss of Oxr1 in dopaminergic neurons does not affect rotarod 

performance and grip strength  

      PD patients display motor symptoms such as movement slowness and rigidity 

(Mazzoni et al., 2012). In the mouse, behavioural tests can be used to assess these 

parameters and others related to dopaminergic cell dysfunction (Taylor et al., 2010). To 

examine whether selective loss of Oxr1 in dopaminergic neurons also leads to these 

defects as a preliminary screen, motor function, muscle strength and weight were 

measured in a cohort of 12-month-old Oxr1
tm1c/tm1c

/DAT-Cre+ and age-matched control 

Oxr1
tm1c/tm1c

/DAT-Cre- mice.  

      Using accelerating rotarod to examine the motor co-ordination and motor function, 

no difference in latency to fall between the genotypes was observed (Figure 5.4A). 

Using the inverted screen test for the grip strength measurement, there was also no 

difference found between the genotypes (Figure 5.4B). Moreover, there was no 

significant difference in weight between the genotypes (Figure 5.4C). Together, these 

data indicate that the selective loss of Oxr1 in dopaminergic neurons does not have a 

major effect on aspects of motor function. 

      Nevertheless, it was found that female mice in general had better rotarod and grip 

strength test performance in comparison with the age-matched males (Figure 5.4A-B). 

Whereas the male mice generally have a higher weight comparing to the females (Figure 

5.4C), suggesting that weight can potentially affect the performance in rotarod and grip 

strength tests.  
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Figure 5.4. Selective loss of Oxr1 in dopaminergic neurons does not affect rotarod 

performance and grip strength in 12-month old mice 

 (A) No difference in motor function between the conditional KO (Oxr1
tm1c/tm1c

/DAT-

Cre+) and age matched control (Oxr1
tm1c/tm1c

/DAT-Cre−) mice. However, the latency to 

fall was significantly different between the sexes. (B) No difference in grip strength 

(inverted screen test) between the conditional KO and age matched control mice. 

However, the grip strength also was significantly different between the sexes. (C) No 

difference in weight between the conditional KO and age matched control mice. 

However, the weight was significantly different between the sexes. n=8-14 for each sex 

and genotype. Data are means ± S.E.M. and Pairwise analysis was analysed by Student’s 

t- test. To determine whether there is a significant difference between the sexes in weight, 

grip strength and latency to fall, two-way ANOVA followed by Bonferroni post-hoc tests 

were conducted. (**P<0.01, ***p<0.001 and ****p<0.0001). 
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5.3.3 Selective loss of Oxr1 in dopaminergic neurons does not reduce the number of 

TH+ cells  

      Loss of dopaminergic neurons in SNpc region is one of the pathological hallmarks of 

PD (Forno, 1996). Loss of Oxr1 in bella mouse at end stage leads to a significant 

induction of apoptosis in cerebellar GCL comparing to the age-matched control (Oliver 

et al., 2011). It is therefore investigated whether the conditional Oxr1 knockout reduces 

the total number of dopaminergic neurons by quantifying the number of cells expressing 

a dopaminergic neuron marker tyrosine hydroxylase (TH).   

      In contrast to bella mice, which only have a short lifespan of P26 (Oliver et al., 2011), 

we found that Oxr1
tm1c/tm1c

/DAT-Cre+ could be aged up to 18 months, meaning that 

neuropathology at a late-stage could be assessed; this approach might be suitable for 

modeling age-related cellular stress relevant to PD (Varçin et al., 2012). Serial midbrain 

sections obtained from 18-month old conditional knockout and control mice were stained 

with an anti-TH antibody (Figure 5.5A) and subjected to stereological quantification of 

both the SNpc and VTA regions. Only cells with a TH positive cell body and a TH 

negative nucleus were counted (Figure 5.5B). However, no significant difference in the 

total number between the genotype was observed (Figure 5.5C), suggesting that 

selective loss of Oxr1 in dopaminergic neurons does not lead to overt neurodegeneration 

in SNc and VTA by 18 months of age. 
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Figure 5.5. Conditional Oxr1 knockout in dopaminergic neurons does not reduce 

the number of TH+ cells  

 

(A) Representative images showing sections obtained from 18-month control 

(Oxr1
tm1c/tm1c

/DAT-Cre−) and conditional KO (Oxr1
tm1c/tm1c

/DAT-Cre+) mice stained for 

TH. Scale bar=100 μm. (B) “Zoom in” images for dopaminergic neurons, defined as cells 

with a TH positive (dark) cell body and a TH negative nucleus (bright). Scale bar=25 μm. 

(C) Total TH + cell number sterologically counted in serial immunohistological sections 

of 18-month old mice stained for TH. 7 sections were counted per animal. Mouse brain 

was sectioned at 40 μm and counted sections were spaced at 240 μm apart; n=4 animals 

per group; Data are means ± S.E.M. and analysed by Student’s t- test. 
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5.4 Discussion  

      In this chapter, a mouse model in which Oxr1 is selectively deleted in dopaminergic 

neurons was generated and characterised. The conditional knockout Oxr1
tm1c/tm1c

/DAT-

Cre+ mice displayed no differences in survival and no reduction in the number of 

dopaminergic neurons within the SNc and VTA regions in comparison with the age-

matched control up to 18 months of age. It was also demonstrated here that up to 12 

months, no loss of motor function, muscle strength or weight was observed in 

Oxr1
tm1c/tm1c

/DAT-Cre+ mice comparing to the age-matched controls. Together, these 

preliminary results indicate that this Oxr1 conditional deletion does not lead to the 

selective vulnerability of dopaminergic neurons to neurodegeneration. 

      Importantly, it was demonstrated successfully that Oxr1 had been disrupted in the 

dopaminergic neurons predominantly located in the SNc and VTA regions in 

Oxr1
tm1c/tm1c

/DAT-Cre+, an essential control for any new conditional mouse study. 

Alternative cre recombinase drivers are used to selectively target midbrain neuronal 

populations. For example, using an alternative TH-Cre driven method, a dopaminergic 

conditional knockout mouse has been used to study neuronal signalling mechanisms in 

the VTA region (Stamatakis et al., 2013). However, a recent intensive study comparing 

different Cre-driver transgenic mouse lines at anatomical, molecular and functional levels 

have demonstrated that when regulated by TH, considerable non-dopaminergic cell 

expression patterns were discovered in the VTA compared to the DAT-cre driver. This 

indicates a potential confound in experiments that have used the TH-cre (Lammel et al., 

2015). These data therefore support the use of the DAT-cre transgene for modeling 

dopaminergic cell function.   

      As introduced in the previous chapters, deletion of Oxr1 in mice causes oxidative 

damage and cerebellar neurodegeneration (Oliver et al., 2011), whereas over-expression 
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of OXR1 has been found to be neuroprotective in cellular and mouse models of 

amyotrophic lateral sclerosis (ALS) (Finelli et al., 2015a, Liu et al., 2015b). This 

evidence indicates an anti-oxidative role that Oxr1 plays in the CNS. Intriguingly, 

transcriptomic studies have shown that the protective role of Oxr1 against SOD1-

mediated ALS may be associated with anti-inflammatory pathways (Liu et al., 2015b), 

while accumulating evidence has shown that neuroinflammation is an important feature 

of PD. For example, in the SNc, an increasing level of pro-inflammation mediators such 

as interleukin-1β (IL-1β), tumour necrosis factor-α (TNF-α) and inducible nitric oxide 

synthase (iNOS) have been detected in PD, (Hirsch et al., 2012, Herrero et al., 2015), 

while a macrophage marker, cluster of differentiation 68 (CD68) has been found to be 

associated with PD in post-mortem SNc of PD patients (Croisier et al., 2005). Therefore, 

in the future, it will be important to determine whether there are changes in 

neuroinflammation in the SNc region of the Oxr1 conditional knockout by 

immunocytochemical labelling brain tissue sections for inflammatory markers; for 

example, the CD68 and glial fibrillary acidic protein (GFAP), a marker for astrogliosis 

that is recently found to be inversely correlated with the progression of PD in the SNc 

(Hatfield and Skoff, 1982, Tong et al., 2015).  

      In addition, since multiple lines of evidence has shown that Oxr1 is an early marker 

of stress (Oliver et al., 2011, Stamper et al., 2008), the transcriptional and transactional 

level of Oxr1 in the PD affected regions such as SNc should be measured in the future. 

However, since mouse dopaminergic neurons predominantly located in the SNc and 

VTA regions are very difficult to be isolated, it is hard to carry out qPCR or western 

blotting to directly study the transcriptional and translational levels of Oxr1 in these cells. 

More sophisticated methods need to be ultilised. For example, using laser capture micro-

dissection technique, Kummari et al. recently isolated individual dopaminergic neurons 
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and the whole VTA region from mouse brain (Kummari et al., 2015). Our future studies 

can therefore be potentially benefited from this technique. Furthermore, in contrast to the 

cerebellar GCs death detected in the end-stage bella mutant, our preliminary results could 

not find dopaminergic cell loss in the midbrain of the conditional knockout mice, 

suggesting the loss of Oxr1 does not lead to dopaminergic cell loss. Of note, in end-stage 

bella mice, oxidative stress markers such as 8-OHdG were detected in the GCL (Oliver et 

al., 2011). However, stress markers have not been tested on the Oxr1 conditional 

knockout mice. Therefore, in the future, oxidative stress markers such as 8-OHdG should 

be tested in the SNc and VTA regions.             

      One important feature of the bella mutant is the apparent selective vulnerability of 

cells in the cerebellar GCL at disease end-stage (P24) versus the rest of the CNS (Oliver 

et al., 2011). So far, the reason behind this specific susceptibility is unknown, although it 

has been shown that cerebellar GCs were more vulnerable from oxidative stress-related 

cell death than primary cortical cells (Oliver et al., 2011). Hence, it was hoped that 

deletion of Oxr1 in dopaminergic cells would lead to neurodegeneration due to ageing-

related factors that do not occur in the midbrain of bella mice at P24. However, no 

indication of selective degeneration of cells in the SNc or VTA was detected at 18 

months of age in DAT-Cre Oxr1 conditional knockouts. Therefore, more detailed 

pathological analyses of this line at the behavioural, pathological and physiological level 

is required to be studied in the future. For example, the level of dopamine within mouse 

brain can be measured in real time using the fast-scan voltammetry with carbon-fibre 

microelectrodes to reflect the status of dopaminergic neurotransmission (Robinson et al., 

2003). Previously, using this technique, Senior et al. found that the extracellular 

concentration of dopamine in an α- and γ-synulcein double- knockout mouse was 

significantly elevated after discretely stimulating the striatum using the microelectrodes  
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(Senior et al., 2008). Of note, the double knockout mice that they studied only displayed 

a subtle phenotype with hyper-dopaminergic-like behaviour (Senior et al., 2008), 

suggesting that the fast-scan voltammetry method may be useful to capture transient 

neuronal changes resulted from genetic changes. Therefore, this method can potentially 

be used in our future studies on the Oxr1 conditional knockout mice.  

      For dopaminergic cells in the mouse midbrain, there are several pharmacological 

tools available to model the PD-related cell death. For example, the neurotoxin MPTP 

can be applied to the Oxr1 conditional knockouts. Once in the brain, MPTP is converted 

to MPP+, which specifically inhibits the activity of mitochondrial complex I and causes 

dopaminergic neuron death in midbrain regions such as SNc (Langston et al., 1983, 

Nicklas et al., 1985). In addition, the selectivity of MPP+-induced damage to 

dopaminergic neurons is also mainly affected in PD and can acutely trigger PD 

symptoms (Nicklas et al., 1985, German et al., 1996, Langston et al., 1983). Therefore, 

MPTP is considered as an ideal pharmacological tool to unveil the potential pathological 

mechanism of PD and MPTP mouse model for PD has been developed through 

intraperitoneal or subcutaneous injections (Jackson-Lewis and Przedborski, 2007). 

Several parameters can be studied in the MPTP treated mice, for example, studying the 

potential pathological effect of MPTP treated mouse midbrain by quantifying the number 

of TH-positive neurons in the SNc region (Muthane et al., 1994, Taylor et al., 2014) or 

investigating potential physiological and behavioural changes in MPTP treated mice by 

rotarod or grip coordination test (Sedelis et al., 2001).    

      In summary, in this chapter, we preliminarily characterised the Oxr1
tm1c/tm1c

/DAT-Cre 

mice to examine whether specific loss of Oxr1 in dopaminergic neuron populations 

would lead to potential selective vulnerability in the midbrain regions. Despite no change 

was detected between the genotypes, the work here is still at a preliminary stage and as 
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introduced in the discussion section, more parameters such as transient dopamine release, 

cell death, oxidative stress and neuroinflammation markers need to be systematically 

studied in the future.   

  



170 
 

Chapter 6: In vitro characterisation of an ENU-induced 

mutation (Y644H) in Oxr1 

6.1 Introduction  

      It was introduced in previous chapters that the deletion or mutation of many genes 

could lead to neurodegenerative phenotypes, including those that encode anti-oxidative 

proteins. Point mutations can cause impairment of a protein’s function and may 

subsequently lead to neurodegenerative disorders. Studying point mutations can therefore 

help further understand the potential biological function of a protein that may not be 

possible from the study of a gene deletion (Oliver and Davies, 2012).  

      N-ethyl-N-nitrosourea (ENU) mutagenesis, which uses the potent alkylating 

compound ENU as a mutagen has been widely applied as a useful tool in screening 

potential mutations and studying function of genes in the mouse (Acevedo-Arozena et al., 

2008). ENU transfers its ethyl group to the nucleobases thereby randomly induces base 

substitutions primarily in AT base pairs in DNA, and consequently triggers mainly 

missense mutations (Justice et al., 1999). So far, there are two main types of ENU 

mutagenesis screening: a phenotype-driven screen and a gene-driven screen (Acevedo-

Arozena et al., 2008). The phenotype-driven screen identifies genes, which mutations 

within them were previously unknown to be linked with the phenotype of interest 

resulted from ENU mutagenesis; whereas the gene-driven screen is focused on potential 

ENU-induced mutations within a selected gene (Quwailid et al., 2004).  

      Through studying point mutations generated by ENU mutagenesis, new functions of 

a number of proteins, which were unable to be discovered from studying gene deletion, 

has been identified. For example, homozygous deletion of synaptosomal-associated 

protein 25 (Snap-25) in mouse is embryonic lethal, whereas heterozygous mice do not 

have apparent phenotype (Washbourne et al., 2002, Schoch et al., 2001), which makes 
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these mice not suitable for phenotypic characterisation. Interestingly, mice with a 

mutation in a highly conserved domain of Snap-25 showed alteration in behavior and 

protein functions at both molecular and cellular level (Jeans et al., 2007). Of note, these 

mutant mice were first identified using a large-scale, phenotype-driven dominant 

mutagenesis screen (Jeans et al., 2007, Nolan et al., 2000). 

      The gene-driven screen is also a useful tool to study potential functional alterations of 

a gene in consequence of amino acid changes (Quwailid et al., 2004). This can be carried 

out by two complementary methods: the first approach uses mutagenised embryonic stem 

(ES) cells to construct a library by either freezing the clones or extracting the DNA 

(Chen et al., 2000, Munroe et al., 2000); while the second method uses sperm achieves 

from the offspring (G1) of the ENU-treated male mouse (Quwailid et al., 2004, Coghill et 

al., 2002).The DNA obtained from either method is sequenced and mutations of interest 

can then be introduced into live mice for phenotypic characterisation (Quwailid et al., 

2004).  

      To date, the function of Oxr1 is still unknown. As described in the previous chapter 

(Section 1.3.4), it has been found that recessive Oxr1 deletion mutant mouse bella (bel) 

displays a severe neurodegenerative phenotype associated with oxidative stress (Oliver et 

al., 2011). However, Oxr1 mutant mice with an intermediate phenotype have not been 

generated. In addition, potential functional consequences of ENU mutations identified in 

Oxr1 can be investigated in vitro before generating the mutant mouse, which is efficient 

and cost-effective.   
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6.2 Aim of Chapter 6 

      The aims of this chapter were to identify and characterise ENU mutations in Oxr1 as 

well as predicting the phenotype in mouse.  

 

6.3 Results 

6.3.1 Identifying ENU-induced Oxr1 mutation in mouse 

      Much of the amino acid sequence of Oxr1 is highly conserved in evolution (Volkert 

et al., 2000). Moreover, BLASTP analysis (Altschul et al., 1997, Altschul et al., 2005) 

showed that the amino acid sequences of mouse Oxr1 are highly similar to human OXR1 

(84% identical). Together, these results suggest that Oxr1 is an ideal candidate for ENU 

screening. 

      To identify potential point mutations in Oxr1, ENU mutagenesis screening was 

conducted by MRC Harwell using the denaturing high-performance liquid 

chromatography (DHPLC). Through screening mutations in mouse genomic DNA, 

several point mutations and 3 single nucleotide polymorphisms (SNPs) in Oxr1 

(Transcript: Oxr1-201) on mouse chromosome 15 were identified (Table 6.1).  

 

Table 6.1. ENU-induced mutations in mouse Oxr1  

Base change  Location Amino acid 

(AA) change 

Comments 

A>T 

 

Exon 5 E117D Both are negatively charged 

AAs (acidic) 

G>A Exon 5 S101S Silent 

T>G Exon 6 M181R AA with hydrophobic side 

chain to positively charged 
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(basic) 

A>C (SNP) Exon 7 T347P AA with a polar uncharged 

side chain to cyclic 

G>A (SNP) Exon 7 V349I Both are AA with a 

hydrophobic side chain 

C>T (SNP) Exon 7 S363L AA with a polar uncharged 

side chain to a hydrophobic 

side chain 

A>G Exon 8 K473E Positively charged AA 

(basic) to negatively 

charged AA (acidic) 

C>T Exon 9 A509A Silent 

A>C Exon 10 E574D Both are negatively charged 

AAs (acidic) 

A>G Exon 10 T578T Silent 

A>G Exon 10 R581R Silent 

C>T Exon 11 D602D Silent 

C>T Exon 11 P610L Changed to AA with a 

hydrophobic side chain 

(aliphatic) 

C>T Exon 12 T641M AA with a polar uncharged 

side chain to a hydrophobic 

side chain 

T>C Exon 12 Y644H AA with a hydrophobic 

side chain (aromatic) to 

positively charged (basic) 
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     Among the mutations identified in the ENU screen, a threonine-to-methionine 

(T641M) and a tyrosine-to-histidine (Y644H) were found in exon 12, which are within 

the well-conserved TLDc domain of Oxr1 spanning from exon 12 to 16 (Durand et al., 

2007, Doerks et al., 2002). Specifically, the tyrosine 644 but not threonine 641 within the 

TLDc domain is highly conserved through evolution (Figure 6.1.). Importantly, 

alignment studies revealed that the tyrosine 644 (tyrosine 740 in humans) corresponds to 

phenylalanine 667 in the TLDc domain of the OXR1A from zebrafish. Based on the 

crystal structure of the TLDc domain of zebrafish OXR1A (PDB-ID: 4ACJ) (Blaise et al., 

2012), the phenylalanine 667 is part of the hydrophobic core of the TLDc domain and is 

in close interaction with leucine 679 (leucine 752 in humans) (Figure 6.2.). Of note, both 

tyrosine and phenylalanine are aromatic amino acids with hydrophobic side chains. 

Changing from tyrosine or phenylalanine to the positively charged basic amino acid 

histidine is unlikely to maintain the hydrophobic core, and may destabilise the TLDc 

domain. In addition, using PolyPhen-2, which is a computational tool for predicting 

potential structural and functional impact of an amino acid substitution on a protein, it 

suggested that changing from tyrosine to histidine is likely to damage the TLDc domain 

with a score of 0.999 (Sanchez-Pulido, unpublished data). Since multiple lines of 

evidence has demonstrated an anti-oxidative role of the TLDc domain (Oliver et al., 2011, 

Finelli et al., 2016b), it is speculated that the Oxr1 Y644H mutation could cause 

structural alterations in Oxr1 and have a negative impact on its anti-oxidative role.  
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Figure 6.1. The tyrosine in the TLDc domain is highly conserved across species  

Alignment of TLDc domain-containing proteins across species. Colours correspond to the amino acid conservation of each alignment column: 

red (highly conserved), purple (mildly conserved), and light yellow (poorly conserved) based on BLOSUM62 scores. Residues mutated in this 

study are labelled according to reference protein sequences for human NCOA7-B (red), human NCOA7-(FL) (magenta) and the zebrafish 

OXR1A-TLDc sequence (PDB-ID: 4ACJ, purple) (Blaise et al., 2012). Of note, the tyrosine 644 is tyrosine 726 in mouse Oxr1 on this 

alignment. Protein sequences are shown by name or by Uniprot identifier. abbreviations: ASCSU, Ascaris suum (pig roundworm); CAEEL, 

Tyrosine 726 
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Caenorhabditis elegans; CALMI, Callorhinchus milii (ghost shark); CIOIN, Ciona intestinalis; DANRE, Danio rerio (zebrafish); DROME, 

Drosophila melanogaster (fruit fly); HUMAN, Homo sapiens; MOUSE, Mus musculus; NASVI, Nasonia vitripennis (wasp); NECAM, Necator 

americanus (human hookworm); NEMVE, Nematostella vectensis (starlet sea anemone). The figure is adapted from Finelli, M. J., L. Sanchez-

Pulido, K. X. Liu, K. E. Davies and P. L. Oliver (2016). "The evolutionarily conserved Tre2/Bub2/Cdc16 (TBC), Lysin motif (LysM), Domain 

catalytic (TLDc) domain is neuroprotective against oxidative stress." Journal of Biological Chemistry, 291: 2751-2763.  
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Figure 6.2. Conserved phenylalanine 667 (Phe 667) in the TLDc domain of zebrafish 

OXR1A 

Crystal structure of the TLDc domain of zebrafish OXR1A (PDB-ID: 4ACJ). The 

visualisation of the structure was made by Pymol. Phe 667 is part of the hydrophobic 

core of the TLDc domain and is in close interaction with leucine 679 (Leu 679).  

Taken from Sanchez-Pulido, unpublished data. 
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6.3.2 Over-expression of Oxr1-S Y644H causes more severe oxidative stress-related 

protein aggregation   

 

       It has been found that transgenic over-expression of proteins can cause abnormal 

cellular accumulations. For example, over-expressing a PD-related αSYN mutant (A30P) 

causes abnormal protein accumulation in neuronal cells of mouse brain (Kahle et al., 

2000); over-expressing both wild-type and mutant TDP-43 in cultured motor neurons 

also leads to abnormal cytoplasmic accumulation (Wang et al., 2013). To examine 

whether over-expression of the mutant Oxr1 Y644H also triggers any abnormal cellular 

accumulation, Oxr1-S WT and Oxr-S-Y644H containing almost exclusively the TLDc 

domain (Oliver et al., 2011) were constructed, since the Y644H is within the conserved 

TLDc domain.  

      Lysate from un-transfected HeLa cells, cells transfected with pCX-GFP, cells over-

expressing HA-tagged Oxr1-S WT or Oxr1-S Y644H were subjected to western blotting. 

Cells transfected with WT and Y644H demonstrated similar levels of Oxr1-S and HA 

(Figure 6.3A-B). Interestingly, confocal images showed that the majority of cells 

transfected with Oxr1-S-WT exhibited a cytosolic diffuse pattern; whereas in cells over-

expressing the Y644H mutation, aggregate-like puncta were observed to be scattered in 

cytoplasm (Figure 6.3C). The percentage of cells with such punctate form was two-fold 

higher in cells over-expressing the mutant comparing to the cells over-expressing the 

wild-type protein (Figure 6.3D). Moreover, when treating cells with 0.25 mM H2O2, an 

aggravated effect was found on both WT and Y644H groups (Figure 6.3D), indicating 

that the aggregates were oxidative stress-related.  
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Figure 6.3. Over-expression of Oxr1-S Y644H causes more severe oxidative stress-

related protein aggregation   

 

 (A) HeLa cells were transfected with pcX-GFP, pcX-Oxr1-S WT and pcX-Oxr1-S 

Y644H. Cell lysate were labelled with anti-Oxr1 antibody. β-tubulin was used as a 

loading control. (B) Cells were labeled with anti-HA antibody. β-tubulin was used as a 

loading control. (C) HeLa cells were transfected with pCX-Oxr1-S WT and pCX-Oxr1-S 

Y644H
 
constructs and immunostained with mouse anti-HA. Nuclei were mounted with 

DAPI. Scale bar=50 µm (D) In untreated condition, cells over-expressing Oxr1-S Y644H 

has significant higher percentage of cells with aggregates; Treating with 250 µM H2O2 

had an aggravated impact. Data are means ± S.E.M. of 3 independent repeats and 

analysed by two-way ANOVA followed by Bonferroni Test, * p < 0.05. Pairwise 

comparisons in untreated or treated groups were made by Student’s t test, ** p < 0.01 
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 6.3.3 The oxidative stress-related protein aggregates are co-localised with 

cytoplasmic ubiquitin   

     Since the punctuate aggregate-like sub-cellular distribution of Oxr1-S was similar to 

the distribution pattern of mitochondria within cells, it was examined whether these 

aggregates were co-localised with mitochondria. However, neither Oxr1-S WT nor Oxr1-

S Y644H was co-localised with the mitochondrial marker COX IV (Figure 6.4A), 

indicating the aggregates were not mitochondrially associated.  

      Since the degradation of misfolded proteins can be carried out via the ubiquitin-

proteasome pathway (Wilkinson, 2000), to test whether these aggregates are 

ubiquitinated, cells were immunostained with an anti-ubiquitin antibody that specifically 

recognises ubiquitinated cytoplasmic inclusion bodies. It showed that the aggregates co-

localised with the ubiquitin antibody (Figure 6.4B), indicating that the mutant Oxr1-S is 

more likely to be targeted by ubiquitin and subjected to degradation.  
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Figure 6.4. Oxr1-S Y644H aggregates are stress dependent and co-localise with 

ubiquitin 

(A) Oxr1-S WT did not co-localise with mitochondrial marker COX IV and displayed a 

diffuse pattern; Oxr1-S Y644H also did not co-localise with COX IV. Nuclei were 

mounted with DAPI. Scale bar=20µm. (B) Cells were labelled with antibody specifically 

against cytoplasmic ubiquitin aggregates. Ubiquitin aggregates were not detectable in 

cells over-expressing Oxr1-S WT that had a diffuse pattern, but co-localised with cells 

over-expressing Oxr1-S Y644H that had a punctuate aggregate-like sub-cellular 

distribution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



184 
 

 

6.3.4 Oxr1-S Y644H over-expression increases cell death under OS 

      It has been demonstrated previously that in Oxr1 knockout and knockdown primary 

GCs, H2O2-induced oxidative stress significantly increases the level of apoptosis (Oliver 

et al., 2011). However, whether over-expressing the mutant Oxr1 can also lead to 

increased cell apoptosis had not been studied.  

      To address this question, a hydrogen peroxide stress assay on HeLa cells was carried 

out. Hela cells were transfected with pCX-GFP, HA tagged pCX-Oxr1-S WT or pCX-

Oxr1-S Y644H constructs, then exposed to 250 μM H2O2 for 4 hours. Cell death was 

measured by labelling cells with anti-cleaved Caspase-3, a marker of cell apoptosis 

(Figure 6.5A). The percentage of cell death was calculated as the number of cells with 

cleaved Caspase-3 positive nucleus versus the number of transfected cells. In untreated 

condition, all groups exhibited similar apoptosis levels (Figure 6.5B). In the group over-

expressing mutant Oxr1, it manifested a significant induction of cell death after the 

treatment (Figure 6.5B). Conversely, all other groups exhibited no statistically 

significant increase in cell death after treating with H2O2 despite an increasing trend. The 

data suggest that over-expression of mutant Oxr1-S Y644H rendered cells more 

susceptible to oxidative stress.  
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Figure 6.5. Oxr1-S Y644H over-expression significantly increases apoptosis under 

OS 

 

(A) Stably transfected HeLa cells were exposed to 250 µM H2O2 for 4 hours, and 

apoptosis was measured by labelling with anti-cleaved Caspase-3. Scale bar=50µm (B) 

When treated with 250 µM H2O2, cells over-expressing Oxr1-S Y644H had significantly 

higher percentage of cell death in comparison with untransfected cell, cells over-

expressing GFP and cells over-expressing Oxr1-S WT. Data are means ± S.E.M. of 3 

independent repeats and analysed by two-way ANOVA followed by Bonferroni Test, 

*** p < 0.001.  
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6.3.5 Oxr1-S Y644H over-expression does not cause mitochondrial functional 

abnormalities 

 

      It has been shown that Y644H over-expression alone cannot lead to an increase in 

cell apoptosis. Since apoptosis is a severe cellular response to stress and damage, and I 

have observed formation of ubiquitin co-localised aggregates under basal conditions, 

whether Y644H over-expression also causes other cellular responses under basal 

condition should also be examined. To achieve this, mitochondrial membrane potential, 

which is an important parameter of mitochondrial function as well as an early indicator 

of apoptosis, was measured by the TMRE assay. It showed that there was no statistically 

significant difference in mitochondrial membrane potential among cells untransfected or 

transfected with different constructs, in both untreated and FCCP treated conditions, 

although the uncoupling reagent FCCP caused a significant reduction in the membrane 

potential (Figure 6.6A).  

      Oxygen consumption levels of untransfected HeLa cells and cells over-expressing 

GFP, Oxr1-S-WT or Oxr1-S-Y644H constructs were measured by using Luxcel 

mitochondrial oxygen consumption assay as introduced in Material and Methods. No 

statistically significant difference was observed among cells (Figure 6.6B).  

      Taken together, these results suggest that the over-expression of neither Oxr1-S-WT 

nor the Y644H mutant caused mitochondrial functional abnormalities.  

 

 

 

 

 

 

 

 

 

 

 



187 
 

A

B

 
 

 

Figure 6.6. Oxr1-S Y644H over-expression does not cause mitochondrial functional 

abnormalities  

 

(A) Stably transfected HeLa cells under basal condition or treated with 20 µM FCCP for 

10 minutes were subjected to TMRE assay. FCCP treatment significantly reduced 

mitochondrial membrane potential (p<0.0001), but no difference was detected among 

cells under the same condition (treated or untreated). Data are means ± S.E.M. of 4 

independent repeats and analysed by two-way ANOVA followed by Bonferroni post-hoc 

tests; pairwise comparisons in untreated or treated groups were made by one-way 

ANOVA followed by Bonferroni post-hoc tests. (B) Stably transfected HeLa cells were 

subjected to Luxcel mitochondrial oxygen consumption assay; no difference was 

detected among groups. Data are means ± S.E.M. of 3 independent repeats and analysed 

by one-way ANOVA followed by Bonferroni post-hoc tests.  
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6.3.6 Rederivation of Oxr1 mutant (Y644H) mice  

      Having shown potential structural and functional consequences of ENU mutations 

identified in Oxr1 by in vitro studies, an Oxr1 mutant (Y644H) mouse ought to be 

generated for phenotypic characterisation.  

      Three separate attempts were made to rederive the Y644H mouse from frozen sperm 

using the in vitro fertilisation (IVF) method by MRC Harwell. However, no live pups 

were born, which is likely due to poor sperm quality of the ENU-treated mice.  
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6.4 Discussion  

      In this chapter, from an ENU gene-driven screen, an Oxr1 mutant (Y644H) was 

identified. Over-expression of Oxr1-S-Y644H led to a much higher percentage of cells 

with abnormal cytoplasmic puncta comparing to over-expression of the wild-type Oxr1-S. 

These aggregates were found to be oxidative stress-dependent and targeted by ubiquitin. 

Moreover, over-expression of Y644H alone neither induced apoptosis nor triggered 

mitochondrial functional abnormality; whereas under oxidative stress, it significantly 

increased the level of apoptosis. Together, these results suggest that the over-expression 

of mutant Oxr1-S Y644H rendered cells more vulnerable to oxidative stress.  

6.4.1 Pros and cons of ENU mutagenesis 

      In the past decade, ENU mutagenesis has been widely applied as an important tool to 

study the biological function of genes and generate mouse models of human diseases 

(Acevedo-Arozena et al., 2008). One of the major advantages of ENU mutagenesis is its 

unbiased approach to discover gene functions (Justice et al., 1999). Randomly generated 

mutations can lead to a wide range of effect at molecular and cellular levels, which 

enables mouse phenotypic diversity (Acevedo-Arozena et al., 2008). However, several 

drawbacks of ENU mutagenesis have also been revealed. For instance, the cost of large 

gene screening is high (Kile and Hilton, 2005). Moreover, taken our study as an example, 

it is occasionally unable to rederive mutant mice with newly identified mutations due to 

unknown factors, which prevents further characterisation of the mutations in vivo. 

Furthermore, ENU treated mice always carry multiple mutations and sometimes have to 

be backcrossed for several generations (Gondo, 2008), which is time-consuming and 

expensive. Nevertheless, due to its unbiased and versatile features, ENU mutagenesis 

will still remain an important tool of studying mouse genetics in the near future.  
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6.4.2 The potential structural impact of Y644H mutation on Oxr1 

      Expression of mutant proteins can cause protein misfolding and mislocalisation 

(Valastyan and Lindquist, 2014); and these abnormalities are hallmarks of 

neurodegenerative diseases (Hung and Link, 2011, Ramdzan et al., 2012). For example, 

over-expression of a PD-associated mutant DJ-1 (L166P) causes protein accumulation 

and loss of function (Bonifati et al., 2003b, Olzmann et al., 2004). Of note, according to 

the crystal structure of DJ-1, the leucine 166 is located in a helix that is important to the 

dimerisation of the protein (Tao and Tong, 2003, Wilson et al., 2003); changing from the 

aliphatic leucine to the cyclic proline can therefore affect the assembly of the dimer and 

subsequently affects its function. Interestingly, it was shown here that over-expression of 

Oxr1 with a mutation (Y644H) in the hydrophobic core of the TLDc domain (Blaise et 

al., 2012) also leads to the formation of cellular aggregates; and these aggregates were 

co-localised with ubiquitin (Figure 6.4B), which targets misfolded proteins for 

degradation (Wilkinson, 2000). These results suggest that changing from the aromatic 

tyrosine to the basic histidine in the hydrophobic core of the TLDc domain may trigger a 

structural alteration of Oxr1.  

 6.4.3 The potential functional impact of Y644H mutation on Oxr1 

      It was also found here that the cytoplasmic aggregates of Oxr1 were oxidative stress-

related. In untreated condition, a significantly higher percentage of cells with the Oxr1 

aggregates were detected in the mutant group in comparison with the WT group, 

indicating that over-expression of the mutant Oxr1 alone may lead to an imbalance 

between ROS and anti-oxidative activities within the cell. Over-expressing mutant anti-

oxidative proteins under oxidative stress has been shown to cause increased level of cell 

death, for example, overexpression of PD-related mutant DJ-1 (R98Q, D149A and 
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L166P) in human dopaminergic neuroblastoma M17 cells showed significant elevation of 

cell death in H2O2 treated condition comparing to the over-expression of the WT and 

empty vector control (Wang et al., 2012a).  Results here showed that over-expression of 

Oxr1-S-Y644H also caused a significant induction in apoptosis after treating with H2O2 

(Figure 6.5B). Since multiple lines of evidence has shown that Oxr1 is anti-oxidative 

(Oliver et al., 2011, Elliott and Volkert, 2004), the incapability of mutant Oxr1 in 

protecting cells against oxidative stress suggests a potential alteration in the anti-

oxidative role of Oxr1.  

      In addition, previous results demonstrated that under basal condition, Oxr1 knockout 

or knockdown is insufficient to induce apoptosis in vitro (Oliver et al., 2011), whereas 

under H2O2-induced oxidative stress the level of apoptosis is significantly increased 

(Oliver et al., 2011). Here, over-expression of mutant Oxr1 also did not show any 

induction of apoptosis under basal condition (Figure 6.5B); whereas under H2O2-induced 

oxidative stress, the level of apoptosis was significantly elevated, consistent with 

previous findings in the Oxr1 knockout or knockdown cells (Oliver et al., 2011).   In 

addition, over-expression of the Y644H mutant did not lead to any impairment in 

mitochondrial oxygen consumption and mitochondrial membrane potential, which is 

consistent with previous studies in the chapter 4 using the Oxr1 knockout primary GCs. 

These results further indicate that Oxr1 deletion or mutation alone is unlikely to trigger 

mitochondrial dysfunction. Together, these data indicate that the Y644H mutation caused 

an impairment of the anti-oxidative role of Oxr1, similar to the effect resulted from the 

loss of Oxr1 (Oliver et al., 2011).  

      In summary, in this chapter, in vitro characterisation of the ENU-induced mutation 

(Y644H) in Oxr1 revealed both potentially structural and functional changes to Oxr1, 

further suggesting the structural and functional significance of the TLDc domain in Oxr1. 
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It has been demonstrated that Oxr1-S interacts with ALS-related genes TDP-43 and FUS 

(Finelli et al., 2015a). It is worthwhile to study in the future whether the Oxr1 mutation 

could influence the protein-protein interaction. Moreover, it has also been found that 

over-expression of Oxr1 in vitro is protective against oxidative stress induced apoptosis 

in Oxr1 knockout primary cerebellar GCs; a genetic rescue of Oxr1 expression in the 

brain prevented the establishment of bella phenotype (Oliver et al., 2011). Therefore, it 

also needs to be studied whether over-expressing the mutant Oxr1 in Oxr1 knockout 

primary GCs or in bella mouse could rescue the oxidative stress induced cytotoxicity or 

phenotype.   
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Chapter 7: Discussion 
 

7.1 Summary of results 

      The overall goal of this thesis was to investigate the potential role of Oxr1 in 

mitochondria and to understand more regarding the function of the gene in the oxidative 

stress response in vitro and in vivo. The results demonstrated that different isoforms of 

Oxr1 are expressed in specific sub-cellular compartments and those mitochondrial Oxr1 

isoforms are associated with mitochondrial OM, facing toward cytosol. In addition, over-

expression of cytoplasmic Oxr1-S is protective against oxidative stress-induced apoptosis 

as well as TDP-43 mutation-related gross mitochondrial morphological changes and 

dysfunction. These results indicate a potential role of Oxr1 in maintaining mitochondrial 

morphology and function. Following on from these data, it was shown that mitochondrial 

ultra-structure and bioenergetic metabolism were not affected in the cerebellar tissue of 

Oxr1 knockout (bella) mice, although a reduction in mitochondrial length was observed 

in primary GCs. Analysis of mitochondrial fusion and fission proteins indicated that the 

level of the fission regulator p-Drp1 S616 was altered in bella tissue. These results 

suggest that Oxr1 deletion alone does not trigger overt mitochondrial dysfunction but it 

may influence aspects of mitochondrial morphology.  

      Conditional deletion of Oxr1 in mouse dopaminergic neurons in vivo showed no 

motor or pathological abnormalities compared to age-matched controls, suggesting that 

this conditional deletion does not lead to the selective vulnerability of dopaminergic 

neurons to neurodegeneration. Regarding the ENU mutagenesis screening, a mutation in 

the highly-conserved TLDc domain of Oxr1 (Y644H) was identified and over-expression 

of this mutation in vitro rendered cells more vulnerable to oxidative stress, demonstrating 

that this region of the protein is functionally important. 
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7.2 Role of Oxr1 in mitochondria 

      Because mitochondria are critically involved in the generation of ROS, anti-oxidative 

defence mechanisms and neurodegeneration, and Oxr1 is known to be protective against 

OS-induced neurodegeneration (Oliver et al., 2011), we first hypothesised that Oxr1 may 

play an important role in mitochondria. The data in this thesis demonstrated that although 

specific Oxr1 isoforms are associated with mitochondria, no overt defects in 

mitochondrial function can be detected in Oxr1 knockout tissue apart from subtle 

structural alterations in primary cells. These findings are somewhat surprising, given that 

the early OXR1 studies had focused on the role of the gene in mitochondria (Elliot 2004). 

Importantly, however, using fractionation and western blotting, I was able to reveal the 

complex distribution of Oxr1 isoforms and their relevance to cellular survival that had 

not been addressed before. Although these findings have provided important, new 

information regarding Oxr1, the direct functional significance of the gene in 

mitochondria, if any, is still unclear. 

      To investigate the function of OXR1 in more detail in the presence and absence of 

oxidative stress in an in vitro context, a very recent study applied RNAseq to HeLa cells 

where OXR1 had been knocked-down by approximately 85% (Yang et al., 2015). Results 

showed that many (807) genes were differentially expressed in OXR1 knockdown cells 

comparing to the control cells under the H2O2 treated or non-treated conditions (Yang et 

al., 2015). Of note, under non-treated condition alone, a large number of genes (679) 

were differentially expressed and more than 50% of those differentially expressed genes 

found under non-treated condtion are still similarly regulated after treating with H2O2, 

indicating an important regulatory role of OXR1 in regulating gene expression under 

normal or stressed conditions (Yang et al., 2015).  
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      Interestingly, combining basal and H2O2-treated conditions with OXR1 knockdown, 

from these data only 8 differentially expressed genes identified were mitochondria-

related (Yang et al., 2015). For example, cytochrome C (Cyt-C), an early indicator of 

apoptosis (Zou et al., 1999), was up-regulated (Yang et al., 2015). It is well known that 

immediately prior to apoptosis, Cyt-C is released from mitochondria to cytosol, thereby 

triggering the downstream apoptotic cascade in cytosol (Kluck et al., 1997). From my 

work in Chapter 3, it was shown that over expression of cytosolic, but not mitochondrial 

Oxr1-S in HeLa cells prevented oxidative stress-induced apoptosis; while in the RNAseq 

study, knockdown of OXR1 was also found to regulate the protein level and activation of 

the mainly cytosolic, pro-apoptotic caspase-9 (Yang et al., 2015, van Loo et al., 2002, 

Chandra and Tang, 2003). Taken together, these data suggest that the Cyt-C expression 

changes observed by RNAseq are due to the triggering of cell death pathways as opposed 

to defects in the mitochondrial, electron transport chain-related function of this Complex 

IV protein. 

      It appears that two mitochondrial genes, proline dehydrogenase (oxidase) 1 (PRODH) 

and oxoglutarate dehydrogenase-like protein (OGDHL) involved in metabolic pathways 

and stress response were down-regulated in OXR1 knockdown HeLa cells (Yang et al., 

2015, Phang et al., 2010, McLain et al., 2011). Therefore, I suggested that there was a 

potential association between Oxr1 and mitochondrial bioenergetics. However, in 

Chapter 4, I showed that Oxr1 deletion alone does not trigger overt mitochondrial 

dysfunction. This notion is supported by early studies of primary GCs from the bella 

mutant, where under basal conditions no differences in cell death were observed in 

culture. However after exogenous oxidative stress, the bella GCs were more susceptible 

to degeneration (Oliver et al., 2011). Moreover, as discussed in Chapter 4, previous 

proteomic interaction studies showed that specific interactors such as a subunit of the 
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mitochondrial ATP synthase named Atp5b (Ohta and Kagawa, 1986, Finelli et al., 

2015a), were identified under H2O2-induced oxidative stress. These data further support 

the hypothesis that key functional aspects of Oxr1 can only be identified under such 

stress conditions.  

      Hence, future work is required to determine the bioenergetic status of mitochondria 

under oxidative stress in the context of Oxr1, for example, measuring mitochondrial 

respiration, ATP synthesis and mitochondrial membrane potential in H2O2 or arsenite-

treated primary GCs from wild-type and bella mice. 

 

7.3 Oxr1 level and its anti-oxidative role 

      It was proposed initially that the expression of OXR1 itself is induced under both 

oxidative and heat stress (Elliott and Volkert, 2004, Oliver et al., 2011). Differential 

expression in several endogenous anti-oxidative genes has been found under oxidative 

stress. For example, induction of the anti-oxidative protein DJ-1 at both mRNA and 

protein levels was detected in human neuroblastoma cells treated with oxidative stress-

inducing reagents such as 6-hydroxydopamine or rotenone (Lev et al., 2008). However, 

studies on the expression of endogenous Oxr1 under oxidative stress have generated 

mixed results. For example, data from Elliott et al. indicated an up-regulation of certain 

isoforms of OXR1 under heat or oxidative stress at the mRNA or protein level (Elliott 

and Volkert, 2004), whereas my data from Chapter 3 neither observed an induction of 

endogenous Oxr1 isoforms at protein level nor a significant shift in the sub-cellular re-

localisation of these isoforms in N2a cells under H2O2-induced oxidative stress.  

      Recent evidence has indicated that the response of Oxr1 to oxidative stress may be 

transient and cell-type specific. For instance, in H2O2 treated N2a cells, transcriptional 

levels of the full-length and shortest Oxr1 isoforms were induced at different time points 
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(Finelli et al., 2015a), whereas in arsenite treated mouse primary cortical neurons, only 

the transcriptional level of the shortest Oxr1 isoform was induced (Finelli et al., 2016b) 

and in HeLa cells treated with H2O2, no induction of Oxr1 at mRNA level was observed 

(Yang et al., 2015).  

      Importantly, induction of a number of anti-oxidative proteins has been found to be 

regulated by nuclear factor erythroid-derived 2-like 2 (Nrf2)-mediated OS-response 

pathways through the binding of Nrf2/small Maf protein complex to anti-oxidant 

response elements (AREs) in the promoter region of the downstream anti-oxidative genes 

(Wang et al., 2007, Itoh et al., 1997).  Intriguingly, neither the shortest nor longest OXR1 

isoforms contains a predicted or experimentally determined (ARE), suggesting that the 

gene is not downstream of the classical Nrf2-mediated OS-response pathways (Wang et 

al., 2007, Kuosmanen et al., 2016). In addition, other anti-oxidation-related proteins such 

as SOD1 and DJ-1 have been found to be closely associated with the Nrf2 pathway, and 

DJ-1 is believed to be an upstream activator (Milani et al., 2013). The possibility for 

Oxr1 to be an upstream regulator of the Nrf2 pathway still cannot be ruled out, despite a 

lack of supportive evidence. Recently, Yang et al. detected the activation of stress-

response P53 pathway-related apoptosis regulators in the same OXR1 knockdown 

RNAseq study introduced above (Yang et al., 2015). The authors therefore suggested a 

potential transcriptional regulatory role of Oxr1 on anti-oxidative stress-related pathways 

in cytosol, which is supported by my findings in Chapter 3 that over-expressing 

cytoplasmic Oxr1 is more protective against oxidative stress comparing to the 

mitochondrial Oxr1.  

      Therefore, the complexities and functional importance of Oxr1 up-regulation in 

response to oxidative stress and neurodegenerative diseases needs to be further studied.  

For instance, a more detailed study on Oxr1 at mRNA and protein levels across a range 
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of stressors such as mitochondrial complex inhibitors (rotenone and antimycin A) and 

more time points corresponded to the transcriptional studies should be considered.    

 

7.4 Potential links between Oxr1 and mitochondrial protein import  

      Recent RNAseq data from Yang et al. showed that the translocase of outer 

mitochondrial membrane 22 homolog (TOM22) was the only gene found to be up-

regulated in both untreated and treated conditions (Yang et al., 2015). TOM22 is a 

mitochondrial import receptor localised to mitochondrial OM with a cytosolic domain 

that interacts with mitochondrial import receptor TOM20 (Yano et al., 2000). In Chapter 

3, it was demonstrated that mitochondrial Oxr1 is OM-associated and cytosolic-facing, 

similar to the localisation of TOM20 and TOM22. This raises the possibility of a 

potential functional interaction between Oxr1 and TOM22.  

      Disruption of mitochondrial protein import has been found to be associated with 

neurodegeneration. For example, primary cortical neurons of pre-symptomatic HD 

mouse model that express mutant HTT with an abnormal polyglutamine expansion 

display an impairment in mitochondrial protein import and increased susceptibility to 

oxidative stress (Yano et al., 2014b). These results suggested a direct association between 

mitochondrial protein import defect, vulnerability of cells to oxidative insult and HD 

pathogenesis (Yano et al., 2014b). Interestingly, however, mitochondria with the 

impairment in protein import obtained from both pre-symptomatic and mid-stage disease 

mice appeared to have normal mitochondrial respiratory function and membrane 

potential (Yano et al., 2014b), suggesting that the defect in import system was not in 

conjunction with mitochondrial bioenergetic dysfunction. Notably, my work in Chapter 4 

also demonstrated normal mitochondrial respiratory function and membrane potential in 

Oxr1 knockout mice. Therefore, this evidence cannot exclude a possibility of 
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mitochondrial protein import dysfunction resulted from Oxr1 loss and should be 

independently investigated.  

      In addition, as discussed in Chapter 3 and 4, results from a protein interaction screen 

have shown that under OS, Oxr1-S may interact with mitochondrial IM protein 

translocase component DNAJC19 as well as mitochondrial carrier protein SLC25A3 and 

SLC25A5 (Finelli et al., 2015a, Richter-Dennerlein et al., 2014, Palmieri, 2004). 

However, this protein interaction screen did not detect an interaction between Oxr1 and 

TOM22 (Finelli et al., 2015a). These data, in combination with the RNA sequencing data 

(Yang et al., 2015), indicate a potentially direct or indirect relationship between Oxr1 and 

mitochondrial import. Of note, these studies were carried out using tagged, exogenously 

expressed Oxr1 constructs that may not reflect the specific three-dimensional structural 

features or expression levels of certain mitochondrial membrane associations.  

      Therefore, in the future, it would be interesting to conduct studies to validate the 

potential relationship between endogenous Oxr1 and mitochondria protein import. 

Previously, interaction between TOM22 and other mitochondrial membrane associated 

partners such as TOM20 was demonstrated by using co-immunoprecipitation (van Wilpe 

et al., 1999, Alconada et al., 1995). The potential interaction between endogenous Oxr1 

and those mitochondrial import regulators (DNAJC19, SLC25A3, SLC25A5 and TOM22) 

could therefore be validated by using co-immunoprecipitation from mouse brain tissue 

homogenate. In addition, an established radiolabelled precursor matrix protein-based 

protein import assay can be used to test the mitochondrial protein import activities in 

bella mouse and age-matched controls to search for defects that might contribute to cell 

death (Yano et al., 2000, Terada et al., 1997, Yano et al., 2014b). 
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7.5 Using CRISPR technique to investigate potential mutations in conserved regions 

of Oxr1 

      In Chapter 6, a point mutation in a tyrosine amino acid within the TLDc domain of 

Oxr1 (Y644H) was identified through ENU mutagenesis screening. This mutant was 

selected for further study due to the conservation of this amino acid in the TLDc domain 

of scOxr1. In vitro characterisation of this mutation revealed an increasing susceptibility 

of cells to oxidative stress compared to cells over-expressing the wild-type Oxr1. Since 

these data were collected, and based on the predicted three-dimensional structure of the 

TLDc domain from zebrafish (Blaise et al., 2012), mutations in other highly conserved 

amino acids in the C-terminal of TLDc domain have been characterised in vitro (Finelli 

et al., 2016a). For example, a C-terminal glutamic acid in Oxr1 is conserved in all TLDc 

domain-containing proteins and over-expressing these mutations (Oxr1-FL E773A and 

Oxr1-C E293A) significantly impaired the anti-oxidative role of the protein (Finelli et al., 

2016a), indicating an important function of certain structural positions within the TLDc 

domain in maintaining its anti-oxidative role. However, whether expression of these 

mutations in vivo leads to a phenotype in the mouse CNS, for example one that is less 

severe than the bella deletion mutant, has not been investigated. 

      In the past three decades, development of new embryonic manipulation techniques, 

such as gene knockout, conditional knockout, as well as ENU-based gene-driven 

mutagenesis have meant that the mouse is well-established as a key model organism to 

study biological function of genes and potential mechanism of human diseases (Gondo, 

2010). More recently, the RNA-guided endonuclease Cas9 from type II clustered 

regulatory interspaced short palindromic repeat (CRISPR) systems have been widely 

implemented for gene editing in vitro and in vivo (Hsu et al., 2014). For example, 

CRISPR-Cas9-mediated methods for genome editing have been shown to be highly 
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capable of conducting in vivo genome manipulation (Platt et al., 2014). In the case of 

generating mice with subtle genetic mutations, for example, substitution of crucial 

amino-acids of a protein, using the CRISPR-Cas9 targeted approach can bypass the 

multiple manipulation steps in the ES cells used by the traditional methods based on 

homologous recombination (Menke, 2013, Singh et al., 2015). Moreover, since the 

crystal structure of the conserved TLDc domain in zebrafish has been determined (Blaise 

et al., 2012), based on this structure and alignment studies, potential point mutations that 

may cause structural or functional alteration within this conserved TLDc domain can be 

predicted. Comparing the ENU mutagenesis approach used in Chapter 6 that randomly 

induces a large number of point mutations in vivo before identifying and selecting 

potentially important mutations to the targeted CRISPR-Cas9 approach, the later method 

enables a direct modification to the amino acid predicted to be structurally or functionally 

important. As the result, it bypasses the mutation selection step and the IVF in the ENU-

mutagenesis method, which is more efficient and cost-effective. 

      Therefore, in the future, the CRISPR technique could be used to study those Oxr1 

mutations (Y644H, E773A and E293A) in vivo.  

 

7.6 The therapeutic potential of Oxr1 

      In recent years, delivering antioxidant proteins to mitochondria or cytoplasm to 

directly or indirectly regulate mitochondria-related functions has been considered as a 

potentially effective way of treating disease where OS is thought to be an important 

contributing factor to pathology, for example, PD (Jin et al., 2014, Smith et al., 2012). 

Although results here have confirmed several mitochondrial isoforms in mouse tissue and 

cells, my in vitro and in vivo work indicates that Oxr1 might not exert its anti-oxidative 

role directly via mitochondrial bioenergetics pathways. This evidence suggests that if 
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Oxr1 is indeed a viable protective factor in diseases such as neurodegeneration, it would 

be different from drug candidates such as MitoQ  that directly manipulates mitochondrial 

metabolic activities (Smith et al., 2012).  

      Interestingly, my in vitro work here has demonstrated that over-expression of Oxr1 in 

cytoplasm is protective against cellular and mitochondrial damage resulted from 

oxidative stress and ALS-related TDP-43 mutation. Importantly, the cytoplasmic over-

expression does not induce cytotoxicity such as apoptosis, or mitochondrial impairments 

such as alteration in mitochondrial morphology and function. Moreover, a neuronal Oxr1 

over-expression transgenic mouse exhibited no pathological or phenotypic abnormality, 

while crossing this mouse with the ALS mouse model (SOD1 G93A) significantly 

delayed the disease onset and improved neurodegenerative phenotype such as motor 

deficits (Liu et al., 2015b). These in vitro and in vivo results indicate that Oxr1 can be a 

potential drug candidate that indirectly alleviates cellular and mitochondrial impairments. 

Indeed, injection of mouse bone marrow-derived mesenchymal stem cells (MSCs) over-

expressing hOXR1 into mouse kidney has been shown to be protective against 

experimentally-induced renal injury and inflammation (Li et al., 2014), while mutations 

in an Oxr1 homologue in Drosophila melanogaster show increased tolerance to Vibrio 

cholerae infection (Wang et al., 2012d). Together, these findings deepen the 

understanding of Oxr1 as a novel antioxidant protein and offer new and important 

insights into its role in the OS-response and its potential use in future antioxidant 

therapies.   
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