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Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a devastating neurodegenerative disorder 

characterised by the degeneration of motor neurons. Numerous genes are linked to ALS both 

genetically and pathologically. Approximately 10% of ALS cases are familial, and of these 

cases, approximately 20% are due to mutations in the gene encoding superoxide dismutase 1 

(SOD1), and approximately 10% are due to mutations in TAR DNA binding protein 43 

(TDP-43) and fused in sarcoma (FUS). A major hallmark observed in ALS is the 

accumulation of misfolded proteins, containing either SOD1, TDP-43 and FUS, which form 

aggregates in the cytoplasm of degenerating motor neurons. However, the pathogenic 

mechanisms of disease in ALS remain poorly understood. Recent evidence suggests that 

dysfunction to the Endoplasmic Reticulum (ER), resulting in ER stress, is increasingly 

implicated in ALS pathogenesis. Protein Disulphide Isomerase (PDI) is an ER chaperone 

which functions as an oxidoreductase, utilising its disulphide interchange activity to oxidise, 

reduce and isomerase disulphide bonds. Our laboratory has previously demonstrated that PDI 

overexpression is protective against mutant SOD1, TDP-43 and FUS in neuronal cell 

cultures. Hence, here we examined that PDI overexpression is also protective against ALS 

mechanisms of pathogenesis triggered by mutant forms of novel ALS protein, Cyclin F. 

Previous studies have also identified that PDI’s disulphide interchange activity is 

fundamental for its protective activity. Therefore, here we further investigated the properties 

of PDI which are important in mediating this activity. Results obtained suggest that PDI’s a 

domain is essential for PDI’s protective function, as well as its oxidase activity (capability to 

form disulphide bonds). These properties were verified in cell culture models expressing 

mutant FUS. Ultimately, there is a need for more effective therapeutics in ALS, thus, peptides 

mimicking PDI’s a domain and oxidase activity were developed and analysed here for their 

protective effect in ALS cell models.  
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1.1 Amyotrophic Lateral Sclerosis (ALS) 

Amyotrophic Lateral Sclerosis (ALS), also known as Motor Neuron Disease (MND), is a 

fatal, adult-onset neurodegenerative disease, characterised by the premature degeneration of 

upper motor neurons (UMNs) of the motor cortex and lower motor neurons (LMNs) of the 

brainstem and spinal cord [1]. This degeneration manifests in symptoms of fatigue, muscle 

weakness and atrophy, followed by eventual muscle paralysis [2]. The aetiology of ALS is 

still under investigation, hence there is currently no cure for the disease and patients have a 

median lifespan of three years, with death usually occurring due to respiratory failure [3, 4]. 

Currently, there are only two Food and Drug Administration (FDA) approved pharmaceutical 

agents for ALS treatment, Riluzole, although this drug only extends the life span of patients 

by two to three months [5, 6], and the newly approved, Edaravone [7]. Thus, there is a dire 

need for identifying and developing novel therapeutics for the treatment of ALS. 

Approximately 10% of ALS cases are inherited, termed familial ALS (fALS), with the 

remaining 90% of cases being sporadic (sALS) [8]. Of the familial cases, approximately 12-

20% are caused by mutations in the gene encoding superoxide dismutase 1 (SOD1) and 

approximately 8% are caused by mutations in the genes encoding either TAR-DNA binding 

protein 43 (TDP-43) or fused in sarcoma (FUS) [9]. Furthermore, repeat expansions in the 

gene encoding Chromosome 9 open reading frame 72 (C9orf72) account for disease in over 

40% of fALS cases [10]. However, as well as genetic influences, environmental risk factors 

for ALS have also been recently identified, such as smoking, exposure to cyanotoxins, and 

physical activity [11]. Nonetheless, clinical and pathological overlap exists between both 

fALS and sALS. Similar to other neurodegenerative diseases, such as Alzheimer’s Disease 

(AD) and Parkinson’s Disease (PD), protein misfolding and the presence of abnormal 

intracellular protein inclusions are major pathological hallmarks of ALS [12]. Unfortunately, 

however, the mechanisms of pathogenesis are yet to be fully elucidated, and further study is 
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warranted to understand the molecular mechanisms of ALS in order to design effective 

therapeutics for the disease. The induction of Endoplasmic Reticulum (ER) stress is 

increasingly implicated as a key pathological event relevant to ALS disease processes and the 

induction of ER chaperone Protein Disulphide Isomerase (PDI) has been demonstrated to 

play a protective role in ALS cell models. Therefore, this thesis focuses on determining the 

protective characteristics and mechanisms of PDI, with the objective of developing novel 

therapeutics for the treatment of ALS based on PDI’s protective activity.  
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1.2 The epidemiology of ALS 

ALS has a worldwide incidence of approximately 1.5-2 cases per 100,000 per year and a 

prevalence of approximately 5-6 per 100,000 per year, however these rates differ between 

populations [13]. For example, the median incidence of ALS in Europe is 2.1 per 100,000 

whereas the median incidence in the United States is 1.75 per 100,000, and in Chinese 

populations it is only 0.45 per 100,000 [13]. Moreover, there is an overall reduced occurrence 

of ALS among Asian, African, American Indians and Alaskan populations, compared to 

Caucasian populations [14, 15]. ALS has a mean age onset of approximately 58-63 years for 

sporadic disease and 47-52 years for familial disease [16] and the incidence is higher in males 

than females, with an overall male-to-female ratio of 2.5:1, however this ratio declines with 

age to 1.4:1 after the age of 75 [17]. As the risk of developing ALS increases with age, 

therefore with an aging population, both the incidence and prevalence of the disease is 

expected to rise in the future [18]. 

 

1.3 The clinical features of ALS 

The clinical features of ALS present with a loss of voluntary control of skeletal muscle, due 

to the degeneration of UMNs and LMNs [1]. Degeneration of the UMNs results in impaired 

voluntary movement, hyperreflexia and spasticity. If only the UMNs of a patient are affected, 

they are diagnosed with Primary Lateral Sclerosis (PLS) [19]. The median survival time of a 

patient with PLS is more than ten years [20]. Conversely, degeneration of the LMNs results 

in muscle denervation, causing subsequent muscle atrophy, weakness and fasciculation. Loss 

of LMNs only results in a disease termed ‘Progressive Muscular Atrophy (PMA)’ [21], in 

which the median survival time is approximately seven years [20]. Degeneration of UMNs in 

the brainstem causes dysphagia and impaired voluntary control of the bulbar muscles. This is 
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often referred to as progressive bulbar palsy, in which a patient develops slurred speech, and 

can be associated with emotional liability, such as inappropriate crying or laughing [22]. The 

median survival time of a patient with progressive bulbar palsy is two years [20]. In ALS, 

however, degeneration of the UMNs and LMNs is initiated simultaneously, primarily 

affecting specific regions of the body before spreading [23]. 

The initial clinical presentation of ALS can be classed by the body region primarily affected. 

Around 70% of cases result in limb-onset ALS, whereby symptoms originate in the upper and 

lower limbs, and this form is characterised by muscle weakness and fatigue [24]. Patients 

with limb-onset ALS experience fasciculations (fleeting twitches under the skin) and muscle 

atrophy, resulting in spasticity (stiff muscles). Due to this spasticity, gait and the ability to 

execute simple tasks are severely affected. Eventually, bulbar symptoms and respiratory 

issues ensue [25]. In contrast, around 25% of cases result in bulbar-onset ALS, characterised 

by facial weakness, dysarthria of speech, dysphagia (swallowing difficulties) and excessive 

drooling. Bulbar-onset is associated with a more rapid progression of disease, and spinal 

symptoms will eventually progress [24, 26, 27]. A small proportion of patients have a 

concurrent limb and bulbar onset [28]. Moreover, respiratory onset of ALS is rare (< 3% of 

ALS cases), and is usually linked to mutations in the SOD1 gene [29], however, advanced 

cases of ALS will eventually develop respiratory failure and this is the primary cause of death 

in patients [30]. The median survival time after prognosis for ALS is two and a half years 

[20]. Depression is also often associated with ALS, usually because cognitive function is still 

maintained. This has been shown to alter the quality of life of a patient, independent of their 

physical disability [31]. 

Although cognitive function is generally spared in ALS, between 5-40% of patients develop 

Frontotemporal Dementia (FTD) [32]. FTD represents a subgroup of neurological disorders 

that constitute Frontotemporal lobar degeneration (FTLD) and is characterised by behavioural 
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and cognitive dysfunction [32]. Moreover, approximately 15% of patients with FTD develop 

ALS and approximately 30% of FTD patients present signs of motor dysfunction [33]. In 

fact, genetic and neuropathological overlap exists between the two diseases [34]. This overlap 

was suggested by the discovery of common genetic causes for both diseases, including 

mutations in the genes encoding Chromosome 9 open reading frame 72 (C9orf72), TDP-43, 

FUS, TANK-binding kinase-1 (TBK-1), Ubiquilin 2 (UBQLN2), optineurin (OPTN) and 

Cyclin F (CCNF) [35].  

 

1.4 The environmental factors of ALS 

ALS is thought to be a multifactorial disease, where the interaction between genetics and 

environmental factors are considered to play a key role in triggering neurodegeneration. 

Many diverse environmental factors have been associated with ALS development, including 

but not limited to, smoking, toxins and cyanotoxins such as β-N-methylamino-L-alanine 

(BMAA), pesticides, physical activity, heavy metals, viral infections, Gulf war service and 

exposure to electricity [11]. Prevalence of ALS is also commonly observed in people with a 

history of brain trauma [36]. 

Smoking is considered to be a major environmental risk factor for ALS following assessment 

of many case studies [37, 38]. A longitudinal study also revealed that current tobacco 

smokers had almost twice the risk of developing ALS than non-smokers. Moreover, the 

number of years of smoking increased this risk, while the number of years since the cessation 

of smoking decreased this risk [39]. How smoking causes this risk is unknown, however 

exposure to the toxins present in the cigarette may be a possibility. 

Exposure to cyanotoxins, such as BMAA, are also implicated in ALS disease processes. A 

large concentration of BMAA is present in cycad seeds ingested by Guam indigenous 
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populations [40].  Reports of a link between BMAA and ALS was initially based on elevated 

rates of ALS, and other neurodegenerative diseases such as PD and AD, in the island of 

Guam [41]. In fact, the incidence rate of ALS in Guam is three times higher than the overall 

world incidence [41]. Autopsies of nervous tissue of indigenous people from Guam affected 

with ALS demonstrate an increased BMAA concentration, compared to those who died from 

other reasons [42]. This finding was later confirmed when increased levels of BMAA were 

found in the brains of ALS patients in Florida, but not in the brains of healthy subjects [43]. 

More recent studies confirm that BMAA can be incorporated into nerve cell proteins, 

resulting in protein misfolding, aggregation and eventual cell death [44]. 

Physical activity has also been postulated as a risk factor for ALS. In particular, a wide range 

of studies have shown that professional soccer players have a surprisingly high prevalence of 

ALS [45-47]. This incidence of ALS in soccer players was not observed in basketball players 

or cyclists [48]. The reason for this high prevalence of ALS in soccer plays may be due to 

high physical demands which could result in the production of reactive oxygen species 

(ROS), leading to damaged nucleic acids [49]. Moreover, soccer players may suffer from 

repeated head injuries [50] caused by constantly hitting the ball with their heads. Exposure to 

pesticides on soccer fields may also be a risk factor for ALS, as pesticide exposure is 

believed to be implicated in ALS, however this has not been demonstrated conclusively.  

A higher incidence of ALS is recorded among subjects from rural areas [51] and furthermore, 

ALS risk is associated with agricultural chemicals, solvents and heavy metals [52]. The 

interest in pesticides arose following an increased incidence of ALS among Gulf war 

veterans, who possess an almost two-fold greater risk of ALS than military personnel who 

were not deployed [53]. This increased incidence has been attributed to an environmental 

factor, possibly a pesticide, however the exact cause remains unknown [53].  
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Other environmental factors linked with ALS are occupational or residential exposure to 

electromagnetic fields and electric shocks [54, 55], as well as viral infections [56]. ALS has 

been identified in patients with human immunodeficiency virus (HIV) infection [56] and 

another study suggests that retroviral elements contribute to ALS pathophysiology [57]. 

Interestingly, in some cases of ALS, partial recovery of symptoms has been observed with 

antiretroviral treatment [56]. 

 

1.5 The genetics of ALS 

Approximately 10% of all ALS cases are inherited (fALS), caused by mutations in specific 

genes associated with ALS. While the remaining 90% of cases are sporadic (sALS), gene 

mutations can still be implicated in sporadic disease and known genetic causes now account 

for 11% of sALS. In contrast, two-thirds of fALS now have a known genetic aetiology [8]. 

The first identified and hence most widely studied gene in ALS is SOD1, recognized in 1993 

[58]. Since then, many genes have been linked with the disease, as illustrated in Table 1.1. 

For example, the hexanucleotide repeat expansion in C9orf72 is the most common mutation 

present in fALS [59, 60]. Furthermore, mutations in the genes encoding TDP-43 and FUS, 

are also commonly studied and are of great importance because, along with SOD1 and 

C9orf72, misfolded, wildtype forms of these four proteins are implicated in sALS pathology, 

demonstrating the overlap between fALS and sALS [61-64]. Mutations in these four genes 

account for more than 50% of fALS cases [8] and thus, are discussed in detail below. On 

overview of the other genes implicated in ALS is also presented below.  
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TABLE 1.1 An overview of the genes and loci associated with ALS. 

Gene Locus Protein encoded Inheritance References 

SOD1 21q22 Superoxide dismutase 1 AD, AR [58] 

C9orf72 9p21 Chromosome 9 open reading 

frame 72 

AD [60] 

TARDBP 1p36 TAR DNA-binding protein 43 AD [62] 

FUS 16p11 Fused in sarcoma AD, AR [65] 

UBQLN2 Xp11 Ubiquilin 2 XD [66] 

VCP 9p13 Valosin-containing protein AD [67] 

SQSTM1 5q35 Sequestosome 1 AD [68] 

OPTN 10p13 Optineurin AD, AR [69] 

PFN1 17p13 Profilin 1 AD [70] 

VAPB 20q13 Vesicle-associated-membrane-

associated protein B 

AD [71] 

MATR3 5q31. Matrin 3 AD [72] 

TUBA4A 2q35 Tubulin α1 AD [73] 

DCTN1 2p13 Dynactin 1 AD [74] 

NEFH 22q12 Neurofilament heavy chain AD [75] 

PRPH 12q12 Peripherin AD [76] 

ALS2 2q33 Alsin AR [73, 77] 

FIG4 6q21 FIG4 homolog AD [78] 

CHMP2B 3p11 Charged multivesicular protein 

2B 

AD [79] 

SETX 9q34 Sentaxin AD [80] 

ANG 14q11 Angiogenin AD [81] 

SPG11 15q21 Spatacsin AR [82] 

DAO 12q22-23 D-amino acid oxidase AD [83] 

TBK-1 12q14 TANK-binding kinase 1 AD [84] 

HNRNPA1 12q13 Heterogenous nuclear 

ribonucleoprotein A1 

AD [85] 

HNRNPA2B1 7p15 Heterogenous nuclear 

ribonucleoprotein A2B1 

AD [85] 

SIGMAR1 9p13 Sigma nonopioid intracellular 

receptor 1 

AD [86] 

ATXN2 12q24 Ataxin-2 AD [87] 

ELP3 8p21 Elongator acetyltransferase 

complex subunit 3 

Undefined [88] 

CCNF 16p13 Cyclin F AD [89] 

CHCHD10 22q11 Coiled-coil-helix-coiled-coil-

helix domain-containing protein 

10 

AD [90] 

ERBB4 2q34 Chorion protein gene ErB.4 AD [91] 

PON1/2/3 7q21 Paraoxonase 1, 2 and 3 AD [92] 

ANXA11 10q22 Annexin A11 AD [93] 

NEK1 4q33 NIMA-related kinase 1 AD [94] 
AD: autosomal dominant, AR: autosomal recessive, XD: X-linked dominant 
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1.5.1 Superoxide dismutase 1 (SOD1) 

The SOD1 gene, encoding the antioxidant enzyme Cu/Zn superoxide dismutase (SOD1), was 

the first causative gene linked to ALS [58]. Since the discovery of its association with ALS in 

1993, more than 180 mutations in SOD1 have been reported in the ALSoD Database 

(http://alsod.iop.kcl.ac.uk). Most mutations cause autosomal dominant ALS, although 

autosomal recessive inheritance occurs in rare instances, such as in the D90A (aspartic acid to 

alanine) and D96N (aspartic acid to asparagine) SOD1 mutations [95, 96]. Mutations in 

SOD1 account for approximately 12-20% of fALS cases and 1% of sALS [9].   

SOD1 is a highly expressed, ubiquitous antioxidant and metalloenzyme that exists as a 32 

kDa homodimer, comprising two 153 amino acid residue subunits [97]. Each subunit is 

stabilised by four cysteine residues, whereby two are linked by a disulphide bond, and 

contain one enzymatically active copper ion and one stabilising zinc ion which are essential 

for protein stability and SOD1’s catalytic activity [97] (see Figure 1.1). SOD1 is 

predominantly located in the cytoplasm where it catalyses the degradation of harmful, free 

superoxide radicals (O2
-) to dioxygen (O2) and hydrogen peroxide (H2O2). Thus, SOD1 

regulates and protects the cell from oxidative stress [98]. It is a highly conserved protein, 

accounting for 1-2% of the total soluble protein found in the nervous system [99]. Although 

primarily found freely in the cytoplasm, SOD1 is also localised in the mitochondria, 

lysosomes, peroxisomes and the nucleus [100]. Moreover, studies have shown that SOD1 can 

be found in the trans-Golgi network where it binds to neurosecretory vesicles, and thus, it can 

be secreted in the extracellular space, where it can promote microgliosis and motor neuronal 

damage [101]. In fact, both misfolded and wildtype SOD1 are detected in the cerebrospinal 

fluid (CSF) of ALS patients [102, 103]. 
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Figure 1.1: A schematic representation of the SOD1 gene.  

One monomer of SOD1 contains four cysteine residues; Cys-6, Cys-57, Cys-111 and Cys-

146. Cys-57 and Cys-146 form a stabilising intrasubunit disulphide bond (black solid line), 

however abnormal disulphide bonding is sometimes observed between Cys-6 and Cys-111 

due to alterations in redox environment (grey perforated line). The copper (pink) and zinc 

(purple) binding histidine and aspartic acid residues are shown, as well as the location of 

several well studied ALS causative mutations within the protein. 
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Mutant SOD1 proteins have a destabilised structure compared to wildtype SOD1 and they are 

readily reduced into monomers by reduction of the disulphide bonds between Cys-57 and 

Cys-146 and demetallation at the dimer interface [104, 105]. Abnormal disulphide 

crosslinking of SOD1 also leads to the irreversible formation of oligomers [106]. Due to this 

monomerisation, mutant forms of the protein have an increased propensity to misfold and the 

accumulation of misfolded SOD1 in affected neurons leads to the formation of insoluble, 

intracellular ubiquitin positive aggregates or inclusions [104, 107]. In fact, around 2% of 

pathological inclusions in ALS contain accumulated SOD1 [108]. These SOD1 inclusions are 

visible by light microscopy in the motor neurons of SOD1 patients and animal models [109].  

How mutant SOD1 is relevant to disease remains unknown. Initially, it was believed that 

mutant SOD1 was pathogenic due to a loss-of-function, however SOD1-/- (null) mice had a 

reduced lifespan but do not develop an ALS phenotype [110], arguing against this hypothesis. 

Several SOD1 mutations, including H46R (histidine to arginine), disrupt binding to copper 

which is required for SOD1’s dismutase activity, however, other ALS-linked mutations, 

including the commonly studied G93A (glycine to alanine), retains full copper binding and 

dismutase activity [111, 112]. Moreover, the presence of the G93A mutation is associated 

with a rapid progression of disease, whereas the H46R mutation is associated with a slower 

progression of disease [113]. Interestingly, mutations in SOD1 have been linked with 

numerous cell defects, including oxidative stress, excitotoxicity, neuroinflammation, axonal 

transport dysfunction, ER stress and Golgi fragmentation (detailed further in Section 1.6) 

[114, 115]. Recent research has also identified misfolded forms of wildtype SOD1 in sALS 

patients and in fALS patients not associated with SOD1 [116-118]. It has also been 

established that wildtype SOD1 is capable of inducing pathological disease mechanisms 

similar to mutant SOD1 [116, 119], suggesting a role for misfolded, wildtype SOD1 in ALS 

pathogenesis. Interestingly, beneficial effects have been demonstrated for an active 
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immunisation strategy using a SOD1 exposed dimer interface antibody displayed on a 

branched peptide dendrimer to target monomer and misfolded SOD1 in mutant SOD1 

transgenic mice. Immunisation with these antibodies delayed disease onset and extended 

disease duration, with survival times increasing by an average of 40 days in treated mice 

[120]. 

Many rodent models have now been developed which develop ALS-like symptoms at varying 

time-points. The transgenic SOD1 G93A mouse model is the most widely used ALS model 

[121]. Whilst it can recapitulate most characteristics of ALS pathology, it has also been 

heavily criticised as therapeutic strategies developed using this model have failed to translate 

into clinical trials.  

 

1.5.2 TAR-DNA binding protein 43 (TDP-43) 

TDP-43 is a ubiquitously expressed RNA and DNA binding protein, encoded by the 

TARDBP gene, with a molecular mass of 43 kDa [62]. TDP-43 contains two RNA 

recognition motifs, a nuclear localisation sequence (NLS), a nuclear export signal (NES), and 

a glycine-rich C-terminus, which is involved in ribonucleoprotein binding and splicing [122, 

123] (see Figure 1.2). According to the ALSoD database, more than 50 mutations in 

TARDBP have been linked with ALS (http://alsod.iop.kcl.ac.uk). These pathogenic 

mutations are mostly located in the glycine-rich C-terminus [124]. Mutations in TARDBP 

account for approximately 4% of fALS and approximately 1% of sALS worldwide [8, 9], 

most of which are missense and autosomal dominant mutations [125].  
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Figure 1.2: A schematic representation of the TARDBP gene encoding TDP-43.  

TDP-43 contains a nuclear localisation sequence (NLS), two RNA recognition motifs (RRM1 

and RRM2), a nuclear export sequence (NES) within one of the RNA recognition motifs, and 

a glycine-rich domain at the C-terminus. Most ALS causative mutations in TARDBP occur 

within the glycine-rich domain. Some of the most common and well-studied of these 

mutations are shown above.   
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TDP-43 is localised primarily in the nucleus where it is involved in RNA processing, such as 

transcription, pre-mRNA splicing, mRNA stabilisation and transport to dendrites, and 

miRNA biogenesis [108]. In ALS, TDP-43 is recruited to stress granules, ribonucleoprotein 

complexes where protein synthesis is temporarily halted, in conditions of oxidative stress 

[126]. It is thought that these stress granules are precursors for large TDP-43-positive 

inclusions that develop in ALS [127]. In fact, TDP-43 is the major constituent of cytoplasmic 

and intranuclear inclusions in spinal cord neurons and glia of fALS and sALS patients and 

cortical neurons of FTD patients [62, 128]. Moreover, ubiquitinated TDP-43 positive 

inclusions are present in 97% of total ALS cases, except in ALS cases with mutant SOD1, 

indicating a central role of TDP-43 in the pathogenesis of ALS [129]. Interestingly, a 

truncated, 25 kDa fragment of TDP-43, resulting from caspase cleavage, can also cause 

inclusion formation and cellular toxicity [130]. 

In ALS, mutated forms of TDP-43 are redistributed from the nucleus to the cytoplasm [62]. 

In the cytoplasm, TDP-43 is cleaved at the C-terminus and hyper-phosphorylated, and it then 

accumulates into inclusions [62, 131]. However, it remains unclear how TDP-43 mutations 

are associated with ALS, although the distribution of TDP-43 into the cytoplasm and its 

aggregation [132], loss of RNA processing [133], mislocalisation in mitochondria [134, 135], 

and axonal transport impairment [136] are key mechanisms linked to disease. Therefore, the 

discovery of TDP-43 in ALS pathogenesis highlights the importance of RNA processing and 

additional support for this hypothesis has arisen from the discovery of ALS mutations in 

FUS, another RNA-binding protein. 
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1.5.3 Fused in sarcoma (FUS) 

Mutations in the gene encoding the 53 kDa protein, fused in sarcoma (FUS), were first 

identified in cases of autosomal dominant and recessive fALS by two groups in 2009 [65, 

137]. Since then, multiple studies have reported FUS mutations in sALS and in patients with 

FTD [138-140]. FUS is an RNA and DNA-binding protein, sharing functional and structural 

homology with TDP-43. FUS consists of an N-terminal serine-tyrosine-glutamine-glycine 

(SYQG) rich domain, a glycine rich domain, a conserved RNA recognition motif, a RanBP2-

type zinc finger motif and multiple C-terminal arginine glycine-glycine domains [141] (see 

Figure 1.3). Similar to TDP-43, FUS mutations are generally localised in the RNA-binding 

domain at the C-terminus of the protein. More specifically, mutations are usually found in the 

NLS and NES of the C-terminus [137]. Over 46 mutations in FUS are currently associated 

with ALS and these mutations account for approximately 4% of fALS and approximately 1% 

of sALS cases [8].  

 

 

 

 



17 
 

Figure 1.3: A schematic representation of the FUS gene.  

FUS contains a serine-tyrosine-glutamine-glycine rich domain (SYQG-rich domain), a 

glycine-rich domain, an RNA recognition motif (RRM), a nuclear export sequence (NES) 

within the RNA recognition motif, two arginine-glycine rich domains (RG-rich), a zinc finger 

motif (ZnF), and a nuclear localisation sequence (NLS) at the C-terminus. Several ALS 

causative mutations occur in the nuclear localisation sequence of FUS and well-studied 

mutations are illustrated above.  
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FUS is normally localised in the nucleus, but it also plays a role in nuclear-cytoplasmic 

shuttling of mRNA in a transportin-mediated manner, hence it can also be found less 

commonly in the cytoplasm [142]. FUS also regulates RNA transcription and post-

transcriptional processing, such as pre-mRNA splicing and mRNA trafficking [143], and it is 

also involved in mRNA transport and DNA repair [144]. It has been demonstrated that 

mutations in FUS prevent its  nuclear import, causing mislocalisation to the cytosol, resulting 

in the generation of stress granules [145].  

FUS mutations can be categorised into two groups: those localised in the prion-like domain 

and those found in the C-terminus, however both can lead to mislocalisation of FUS to the 

cytoplasm [65, 137]. In ALS, mutant FUS can alter the dynamics of stress granules, thus 

making them more resistant to autophagy [146, 147]. Moreover, distinct mutations of FUS 

can have different pathological effects. For example, expression of mutant FUS R521G 

(arginine to glycine) induces cytoplasmic inclusions formation in neuroblastoma cells, 

whereas expression of mutant FUS H517Q (histidine to glutamine) did not induce inclusions 

[137]. In fact, 2% of sALS patients display FUS immunoreactive inclusions [108]. FUS 

immunoreactive inclusions are also present in TDP-43 negative cases of FTD [148-150], 

indicating an overlap between ALS and FTD, as well as similarities between FUS and TDP-

43. 
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1.5.4 Chromosome 9 open reading frame 72 (C9orf72) 

A GGGGCC hexanucleotide repeat expansion present in the 5’ non-coding region of C9orf72 

represents the most common cause of fALS and FTD worldwide [60]. In fact, this pathogenic 

mutation accounts for approximately 40% of fALS cases [9] and also approximately 7% of 

sALS cases [8]. Normally, the number of hexanucleotide repeats is generally less than 30. 

Conversely, in ALS patients, this expansion can be up to several hundred or thousand copies 

of the repeat [10].  

The normal cellular function of C9orf72 remains relatively unknown, however studies have 

shown that the localisation of C9orf72 is predominately cytoplasmic. Furthermore, it is 

structurally related to DENN domain protein’s conserved GDP-GTP exchange factors that 

activate Rab-GTPases. This suggests that C9orf72 may regulate membrane traffic in 

conjunction with Rab-GTPase switches and plays a role in autophagy [151]. More recent 

studies have confirmed these observations and also established that C9orf72 interacts with 

SMCR8 and WDR41 to form a complex that regulates the autophagy-lysosome pathway 

[152, 153].  

Moreover, the exact mechanisms by which C9orf72 causes ALS have not been fully 

elucidated. However, three hypotheses have been proposed; loss of the normal function of 

C9ORF72 protein caused by C9orf72 haploinsufficiency, and gain of function mechanisms, 

involving either toxicity of sense and anti-sense RNA transcripts, or expression of dipeptide 

repeat proteins from an unconventional mechanism of translation: repeat associated non-ATG 

(RAN) translation [154]. Decreased levels of C9orf72 protein have been detected in ALS 

patient motor neurons [155] and depletion of C9orf72 in primary cortical neurons has been 

reported to impair autophagy, leading to TDP-43 and p63 aggregates [156], however in vivo 

studies have yielded conflicting results as to whether haploinsufficiency is a valid pathogenic 
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mechanism [157]. Alternatively, abnormal repeat RNA transcripts accumulate within nuclear 

foci in the brain and spinal cord of C9orf72 patients [60]. Moreover, expression of long 

GGGGCC repeats form intracellular RNA foci that induce apoptosis in ALS cell lines and 

zebrafish models, suggesting that RNA toxicity triggers ALS [158]. These transcripts 

undergo unusual RAN translation resulting in dipeptide repeat proteins which aggregate in 

ALS and FTD patients [159], as well as in affected neurons, resulting in the induction of ER 

stress and neurotoxicity in vitro [159]. 

 

1.5.5 Other genes implicated in ALS 

The other genes implicated in ALS cause uncommon or atypical forms of the disease and are 

discussed below. It is important to note that genes implicated in ALS and FTD are also 

implicated in patients with other neurological diseases. 

 

1.5.5.1 Mutations in genes encoding proteins that function in proteostasis or 

autophagy 

Ubiquilin 2 (UBQLN2) 

Ubiquilin 2 is encoded by the gene UBQLN2 and it is a member of the ubiquitin-like protein 

family which is involved in the regulation of the ubiquitin proteasome system (UPS) and 

autophagy [160]. Missense mutations in UBQLN2 cause X-linked autosomal dominant ALS 

and FTD, however these mutations are quite rare, accounting for less than 1% of fALS [8, 

66]. All ubiquitin-like proteins possess a N-terminal ubiquitin-like domain (UBL), which 

binds to subunits of the proteasome, and a C-terminal ubiquitin association domain (UAD), 

which binds to poly-ubiquitin chains that are targeted for degradation [160]. A PXX region 
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located close to the UBA domain, not present in other ubiquilins, harbours most of the 

mutations associated with fALS [161].   

Ubiquilin 2 mediates the delivery of ubiquitinated proteins to the proteasome for degradation 

by binding to these ubiquitinated proteins through its UBA domain and binding to the 

proteasome through its UBL domain [162]. Moreover, Ubiquilin 2 interacts with LC3 in the 

autophagosome, suggesting that it is able to deliver cargoes, such as misfolded proteins, to 

autophagosomes [163]. These findings suggest that normally Ubiquilin 2 plays a central role 

in protein quality control.  

Ubiquilin 2 skein-like cytoplasmic inclusions are present in the brain and spinal cords of 

sALS patients [66], suggesting a broader role for Ubiquilin 2 in ALS in addition to the 

familial mutations in fALS. These inclusions also contain ubiquitin, optineurin, TDP-43 and 

FUS [66, 164], suggesting that the dysfunction of protein clearance is associated with ALS.   

 

Valosin containing protein (VCP) 

Valosin containing protein (VCP) is a ubiquitously expressed member of the ATPase 

associated with diverse cellular activities (AAA) protein superfamily [165]. It is a 

multifunctional ubiquitin sensitive chaperone that unfolds and disassembles protein 

complexes or directs misfolded proteins to be degraded via the UPS, suggesting an important 

role in ER associated degradation (ERAD) [166]. Mutations in VCP were first identified in 

patients with inclusion body myopathy with early onset Paget disease and FTD [167], and 

they now account for approximately 1-2% of fALS cases, but they are rare in sALS [8]. Most 

mutations are evident in VCP’s N-domain which is responsible for assisting the transport of 

misfolded proteins from the ER to the cytoplasm with its ATPase activity [167, 168].  ALS-

associated mutations in VCP have been shown to disrupt ERAD function [169] and decreased 
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levels of VCP has been demonstrated to induce ER stress, due to reduced ERAD substrates 

[170].  

 

Sequestosome 1 (SQSTM1)  

The SQSTM1 gene encodes p62, a ubiquitin binding protein involved in protein degradation. 

It is also a major pathologic protein deposited in ubiquitin-positive inclusions in ALS, and 

other neurodegenerative diseases, such as AD and PD [171, 172]. In fact, p62 co-localises 

with TDP-43 and FUS ubiquitinated inclusions in the motor neurons in spinal cords of sALS 

patients, non-SOD1 fALS patients and in ALS patients with FTD [63]. Mutations in SQSTM1 

account for approximately 1% of fALS and approximately 4% of sALS [9].  

Normally, p62 mediates the delivery of misfolded proteins to the autophagosome. Moreover, 

p62 and SOD1 co-localise in aggregates in mutant SOD1 transgenic mice, however, p62 does 

not associate with wildtype SOD1, suggesting that p62 plays an important role in inclusion 

formation [173]. It is speculated that mutations in SQSTM1 result in a loss of function of p62, 

thus causing disturbances in protein homeostasis [174].  

 

Optineurin (OPTN) 

Optineurin was first associated with ALS when mutations in the OPTN gene were identified 

in six Japanese individuals [69]. In these patients, the presence of cytoplasmic inclusions 

containing optineurin, Lewy body-like inclusions containing optineurin and SOD1, and 

skein-like inclusions containing optineurin, ubiquitin and TDP-43, were observed [69]. It has 

since been recognised that mutations in optineurin are greater in Asian populations than in 
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European populations, however the worldwide incidence of optineurin mutations are 

approximately less than 1% in both fALS and sALS [175].  

Optineurin is involved in vesicular trafficking, immune responses and transcriptional 

regulation in the cell [176]. It also plays a role in the trafficking of lysosomes during 

autophagy in association with myosin VI, whereby optineurin interacts with lysosomes and 

promotes autophagosome fusion to lysosomes [177]. However, mutations in optineurin result 

in the inhibition of this fusion of autophagosomes and lysosomes, resulting in autophagy 

dysfunction. Moreover, optineurin mutations cause a disruption of vesicular trafficking 

between the Golgi apparatus and plasma membrane due to a loss of interaction with myosin 

VI, which leads to ER stress and Golgi fragmentation [177]. These studies suggest that 

mutations in optineurin are involved in several mechanisms of ALS pathogenesis.  

 

Charged multivesicular body protein 2B (CHMP2B) 

CHMP2B regulates endosomal trafficking and plays a role in the sorting of integral 

membrane proteins in multivesicular bodies and the subsequent clearance by autophagy 

[178]. Mutations in CHMP2B have been linked to two ALS cases [79] and subsequent studies 

have identified several other ALS-specific mutations in the protein [179]. Mutant CHMP2B 

causes altered lysosomal localisation and impaired autophagy function in cell culture models 

[179]. However, the lack of studies demonstrating CHMP2B mutation detection in ALS 

indicates that these mutations are not a common cause of ALS [180].  
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TANK-binding kinase 1 (TBK-1) 

TBK-1 is a serine-threonine kinase involved in the activation of proinflammatory cytokines 

[181] and in the maintenance of autophagy, whereby it phosphorylates autophagy receptors 

such as p62 [182] and optineurin [183]. More than 40 mutations in TBK-1 have been 

identified since its discovery as an ALS-associated gene [184, 185], and it represents between 

0.4%-4% of ALS patients [186]. 

The exact role that mutant TBK-1 plays in ALS pathogenesis is unknown, however 

mechanisms of protein quality control are hypothesised to be a prominent feature [35]. These 

mutations lead to a loss of function of the protein [84]. Due to disrupted binding to 

optineurin, mutant TBK-1 is unable to be recruited to damaged mitochondria [187, 188], and 

in contrast to wildtype TBK-1 which colocalises with mutant SOD1 aggregates, deletion of 

TBK-1 enhances the presence of these aggregates, and also inhibits autophagy [189]. This 

data suggests that TBK-1 plays a major role in the clearance of protein inclusions via 

autophagy.  

 

1.5.5.2 Mutations in genes encoding cytoskeletal proteins 

Profilin 1 (PFN1) 

Profilin 1 is encoded by the PFN1 gene and it is a member of the profilin family of small 

actin-binding proteins. Profilin 1 is primarily involved in actin regulation, by catalysing its 

polymerization, and thus promoting the assembly of globular actin [70]. Mutations in the 

Profilin 1 gene account for less than 1% of fALS and sALS cases [8], however their exact 

mechanism for triggering ALS is unknown. Two mechanisms have been hypothesised; the 

first is a proposed gain of function by the formation of aggregates, whereby profilin 1 

mutations co-localise with TDP-43 to form ubiquitinated, insoluble aggregates [70]. The 
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second is by a loss of function due to alterations in actin dynamics which trigger disruptions 

to the cytoskeleton. It has been demonstrated that profilin 1 mutants inhibit axonal outgrowth 

by inhibiting actin polymerisation [70]. Regardless, mutations in profilin 1 demonstrate that 

cytoskeletal alterations can contribute to ALS pathogenesis.  

 

Tubulin α1 (TUBA4A) 

TUBA4A encodes Tubulin α1, a member of the alpha-tubulin family and a key component of 

microtubules [73]. Ten missense, one nonsense and one splice donor site mutations in 

TUBA4A have been identified in both classical fALS and sALS, as well as in ALS-FTD 

patients [190]. These mutations cause deleterious effects by destabilising the microtubule 

network and dynamics, and diminishing re-polymerisation capability [73]. Therefore, 

mutations in TUBA4A strengthen the hypothesis that alterations affecting cytoskeleton 

structure and function are linked to ALS pathogenesis.   

 

Neurofilament heavy chain (NEFH) 

Neurofilaments are cytoskeletal proteins involved in maintaining axonal integrity [191]. 

Small heterozygous deletions in the NEFH gene, encoding neurofilament heavy chain, have 

been reported in very few sALS and fALS cases (<1%) [75, 192]. ALS causing mutations in 

neurofilament heavy chain are located in a region containing a phosphorylation site essential 

for neurofilament cross-linking. Therefore, these mutations result in neurofilament 

aggregation and disorganisation, leading to toxicity [193]. Moreover, phosphorylated 

neurofilament proteins have been observed to accumulate into inclusions in motor neurons of 

fALS patients [194]. 
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Peripherin (PRPH) 

Peripherin is a neuronal intermediate filament, encoded by the gene PRPH, possessing 

sequence similarity with neurofilament proteins [76]. Three different frame-shift truncations 

and missense mutations have been detected in the PRPH gene, that cause ALS [76, 195, 196]. 

These mutants disrupt the normal neurofilament network and induce the formation of 

intracellular inclusions [76, 195]. Peripherin is a component of the inclusions present in the 

spinal cords of ALS patients and also in cell culture models overexpressing mutant peripherin 

[76, 195]. Aggregate-inducing isoforms of peripherin are also up-regulated in transgenic 

SOD1 mice models and ALS patients [197, 198]. 

 

1.5.5.3 Mutations in genes encoding proteins that function in intracellular transport  

Vesicle-associated membrane protein-associated protein B (VAPB) 

VAPB encodes an ER transmembrane protein involved in intracellular vesicle trafficking and 

the transport of lipids and microtubules [71, 199]. Mutations in VAPB can cause a rare, 

gradually progressing atypical form of ALS and late-onset SMA [71]. Moreover, decreased 

levels of VAPB have been observed in both mutant SOD1 transgenic mice [199] and in 

human fALS and sALS without VAPB mutations [200], suggesting a role for VAPB in more 

common forms of the disease.  

Studies show that VAPB has a role in modulating ER stress, however the effect of mutant 

VAPB and how it causes disease remains to be determined [201, 202]. Mutant VAPB 

inclusions are ER derived, and they co-localise with ER proteins, including Protein 

Disulphide Isomerase (PDI), indicating that the ER plays a role in VAPB-associated ALS 

[201]. VAPB is also necessary for the maintenance of the Golgi and intracellular transport, 
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however mutant VAPB has been shown to cause Golgi fragmentation in primary neurons 

[203]. 

 

Dynactin 1 (DCTN1) 

DCTN1 encodes the protein Dynactin 1, and mutations in this gene were identified in rare 

autosomal dominant ALS cases with an early-onset [204]. Dynactin is involved in 

microtubule- and dynein- based intracellular and axonal retrograde transport, however 

mutations in dynactin disrupt microtubule binding [204]. Transgenic mice expressing mutant 

dynactin develop a progressive motor neuron disease characterised by the accumulation of 

ubiquitinated inclusions, defects in vesicular trafficking, an abnormal ER morphology, an 

increase in vesicles, and autophagy activation [74, 205]. Therefore, the presence of mutations 

in dynactin imply that dysfunction to intracellular and axonal transport are involved in ALS. 

However, mutations in dynactin are now more commonly linked to Perry Syndrome [206]. 

 

Alsin (ALS2) 

Mutations in the ALS2 gene, encoding alsin, cause atypical autosomal recessive juvenile 

onset fALS or juvenile PLS [77]. Alsin is a guanine nucleotide exchange factor for the 

GTPase Rab5A which is involved in endosomal trafficking [207], axonal outgrowth [208], 

endocytosis [209], and AMPA receptor trafficking [210]. Deletion mutations in ALS2 are 

thought to induce neurotoxicity by a loss of function mechanism [211] because knockdown 

of alsin in transgenic SOD1 mice models exuberated motor dysfunction and caused early 

disease onset and reduced survival [212]. Moreover, alsin-deficient neurons disrupt AMPA 

receptor trafficking and enhance glutamate induced cytotoxicity [210]. Interestingly, alsin 

mutations have never been reported in adult ALS [9]. 



28 
 

FIG 4 

Located in vacuolar membranes, FIG4 is a phosphoinositide which functions as a signalling 

molecule and plays a key role in vesicle trafficking, which is essential for the normal 

functioning of the endosome-lysosome system [213]. Mutations in FIG4 were first identified 

in pale tremor mice which exhibited neuronal degeneration, peripheral neuropathy and altered 

pigmentation [214].  Later, heterozygous missense, truncation and splice site loss of function 

mutations in FIG4 were identified in familial and sporadic forms of ALS and PLS [78]. 

Mutations in FIG4 demonstrate a decreased function of the endosome-lysosome system in 

both mammalian cell culture and in yeast [78, 214], suggesting that defects in membrane and 

vesicle trafficking are features of ALS. 

 

Annexin A11 (ANXA11) 

Annexin A11, encoded by ANXA11, is a phospholipid binding protein involved in vesicular 

transport and has been reported to play a role in apoptosis, exocytosis and cytokinesis [93]. 

Six rare mutations in Annexin A11 have recently been implicated in ALS patients, 

accounting for approximately 1% of fALS and 1.7& of sALS cases. Moreover, Annexin A11-

positive aggregates have been observed in spinal motor neurons and hippocampal axons of a 

patient [215]. It is hypothesised that Annexin A11 mutations interfere with normal function 

[215].  
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1.5.5.4 Mutations in genes encoding proteins that function in DNA damage and repair 

Matrin 3 (MATR3) 

Matrin 3 is an RNA/DNA binding protein that interacts with TDP-43 [72]. Two 

heterozygous, missense mutations in the gene encoding matrin 3, MATR3, have been 

identified in slow progressing fALS cases [72], and it is thought that these mutations result in 

a loss of protein function. It is hypothesised that matrin 3 plays a role in the repair of double 

strand breaks in DNA, and therefore, reports have demonstrated that a loss of matrin 3 

induces DNA damage and also leads to the abnormal accumulation of cells at the S-phase of 

the cell cycle [216]. These results indicate a link between DNA damage and ALS 

pathogenesis. 

 

NIMA-related kinase 1 (NEK1) 

Loss of function mutations in NIMA-related kinase 1, encoded by NEK1, have recently been 

implicated in ALS [93]. Findings demonstrate that NEK1 constitutes a major ALS-associated 

gene with risk variants present in approximately 3% of European and European-American 

ALS cases [217]. Normally, NEK1 is associated with several cellular functions, including the 

DNA-damage response, cilia formation, microtubule stability, mitochondrial function, 

neuronal morphology, and axonal polarity [217]. Moreover, NEK1 plays a key role in 

preventing cell death induced by DNA damage [218]. Foci of damaged DNA in NEK1 null 

cells remain after the removal of a toxic insult, and these cells develop unstable chromosomes 

at a higher rate than identically cultured cells containing NEK1 [219]. 

In addition, C21orf2 has recently been identified as a gene associated with ALS risk [220]. It 

is speculated that defects in C21orf2 may lead to dysfunction in primary cilium and 

mitochondria, or inefficient DNA repair [220]. Interestingly, studies have demonstrated that 
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the C21orf2 protein is required for efficient DNA damage repair and can interact with NEK1 

[221]. DNA repair is less efficient in C21orf2-depleted cells and homologous recombination 

is impaired. However, this deficit can be rescued by the overexpression of NEK1 [221]. 

 

1.5.5.5 Mutations in genes encoding proteins that function in RNA metabolism 

Sentaxin (SETX) 

SETX encodes sentaxin, a large protein with a DNA/RNA helicase domain [80]. Sentaxin is 

localised in the nucleus and there is evidence to suggest it is protective against oxidative 

damage to DNA, and in RNA transcription [222, 223]. Missense and truncation mutations in 

SETX cause an atypical juvenile form of ALS, with an early-onset, under 25 years [80]. This 

rare disease is characterised by the absence of respiratory and bulbar symptoms and typically 

patients have a normal lifespan [80]. However, a novel mutation in SETX has been detected 

in one patient with typical sALS, indicating that sentaxin could possibly play a role in 

sporadic disease in rare instances [224]. Mutant sentaxin acts through a gain of function 

mechanism and it induces neurotoxicity by damaging DNA during replication thus creating 

genomic instability [225]. 

 

Angiogenin (ANG) 

ANG encodes angiogenin which induces angiogenesis (the formation of new blood vessels) 

under hypoxic conditions and protects motor neurons from hypoxia [226]. It is also 

implicated in neurite outgrowth [227]. Angiogenin is a member of the ribonuclease A family 

of proteins, and mutations in this protein demonstrate decreased ribonuclease activity, 

suggesting that mutations are pathogenic by a loss of function mechanism [228]. Although 
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rare, more than 20 FALS mutations in the ANG gene have been observed in numerous 

populations [81, 229-232]. Patients with ANG mutations display an accumulation of TDP-43 

and inclusion formation in motor neurons [233], and interestingly, SALS patients without 

mutations in ANG exhibit elevated serum angiogenin levels [234].   

 

1.5.5.6 Mutations in genes encoding proteins linked to excitotoxicity 

D-amino acid oxidase (DAO) 

DAO is a peroxisomal enzyme that oxides D-serine, an activator of NMDA-type glutamate 

receptors which are responsible for the excitation of neurons. Mutations in the DAO gene 

cause a rare classical adult onset form of fALS [83]. Mutant DAO demonstrates decreased 

enzymatic activity despite its normal localisation in peroxisomes. This results in the induction 

of autophagy, the formation of ubiquitinated inclusions and cell death in transduced primary 

motor neurons [83, 235]. Interestingly, DAO controls the level of D-serine, which has been 

shown to accumulate in the spinal cords in sALS and in a mutant SOD1 mouse model of ALS 

[236], indicating that this abnormality may represent an important component of pathogenesis 

in both sALS and fALS. Moreover, the inactivation of DAO in mutant SOD1 mouse models 

results in spinal motor neuron degeneration and abnormal locomotor activity [237]. 

 

1.5.5.7 Mutations in genes encoding mitochondrial and ER proteins  

Coiled-coil-helix-coiled-coil-helix domain-containing protein 10 (CHCHD10) 

CHCHD10 encodes a protein located on the intermembrane space of mitochondria where it is 

involved in the maintenance of mitochondrial organisation [238]. The first report of a link 

between ALS and mutations in CHCHD10 was found in a French family with ALS, FTD and 
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cerebellar ataxia, whereby all cases in this family demonstrated muscular abnormalities 

[238]. Although rare, CHCHD10 mutations account for approximately 2.6% of FTD-ALS 

cases in France [239, 240]. Mutations in CHCHD10 cause a loss of protein function [241] 

and studies have demonstrated that while normal CHCHD10 exerts a protective effect in 

mitochondrial and synaptic integrity, as well as in the retention of TDP-43 in the nucleus, 

mutant CHCHD10 exhibits a loss of function, resulting in mitochondrial and synaptic 

damage and the accumulation of cytoplasmic TDP-43 inclusions [242].   

 

Paraoxonase 1, 2 and 3 (PON 1/2/3) 

The paraoxonase proteins are involved in lipoprotein secretion, detoxification of neurotoxins 

and protection against oxidative and ER stress in the cell [243]. Whilst rare, eight different 

mutations in the PON genes, which result in a loss of function, have been identified in ALS 

patients [92], indicating a link between mutated forms of paraoxonase proteins and ALS 

pathogenesis. Paraoxonase 1 also exhibits a role in the detoxification of pesticides, herbicides 

and nerve gases, therefore it is hypothesised that these proteins can protect humans from 

environmental risk factors for ALS, whereas mutant paraoxonase proteins cannot [244]. 

 

Sigma nonopioid intracellular receptor 1 (SIGMAR1) 

Mutations in Sigma 1 receptor (SIGMAR1) have been identified in fALS patients [86] Sigma 

1 is a chaperone protein localised at the ER-mitochondrion interface that modulates calcium 

signalling [245]. Mutations in SIGMAR1 cause abnormal ER morphologies, mitochondrial 

abnormalities and impaired endosomal trafficking and autophagic degradation [246], 

implying that these mutations cause a loss of protein function. Another study demonstrated 

that disruption in the function of Sigma 1 disturbed ER-mitochondria contacts and affected 
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intracellular calcium signalling, resulting in the induction of ER stress and mitochondrial 

defects [247]. Moreover, SIGMAR1-/- mice displayed locomotor deficits associated with 

muscle weakness, axonal degeneration and motor neuron loss [247].  

 

1.5.5.8 Mutations in genes encoding proteins of unknown function 

Ataxin 2 (ATXN2) 

The ATXN2 gene encodes the 150 kDa protein, ataxin 2, and mutations in this gene are linked 

to spinocerebellar ataxia type 2 [248]. Mutations in ATXN2 are caused by an abnormal 

expansion of CAG repeats extending to 33, whereas the normal length is below 22 repeats 

[87]. The role of ataxin 2 is currently unknown, however studies have demonstrated that a 

greater frequency of ALS patients possess CAG repeats, compared to controls, indicating that 

more than 29 CAG repeats in ATXN2 are a risk factor for ALS [87, 249]. In ALS, mutant 

ataxin 2 promotes TDP-43 aggregation in motor neurons, and genetic screening indicates a 

link between these two proteins [87].  

 

Spatacsin (SPG11) 

The exact function of Spatacsin, encoded by the SPG11 gene, is unknown. However, twelve 

different homozygous or compound heterozygous mutations in the SPG11 gene have been 

identified in ten distinct families with autosomal recessive hereditary spastic paraplegia [82]. 

Although this is the most common autosomal recessive juvenile form of ALS, fewer than 30 

families have been reported in the literature over the past 20 years [250]. This rare disease 

has an early-onset (under 25 years of age) and is characterised by bulbar symptoms, muscle 

weakness and long disease duration with dysfunction in both upper and lower motor neurons 
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[82, 251]. In zebrafish models, spatacsin is necessary for axonal growth and muscular 

junction connectivity [252], suggesting a fundamental role for spatacsin in motor neuron 

functionality.   

 

 

Other rarer genes linked to ALS include hnRNPA1/A2B1, ELP3 and ERBB4. Mutations in the 

prion-like domains of hnRNP proteins usually cause multisystem proteinopathy but have 

been shown to cause ALS in rare instances [85]. Mutations in ELP3 have demonstrated an 

association with motor neuron degeneration, however whether this causes ALS remains 

unknown [88]. Finally, mutations in ERBB4 disrupt the neuregulin-ErbB4 pathway which can 

result in ALS type 19 [91].  

 

Another gene recently implicated in ALS and FTD is CCNF, encoding the E3 ligase protein, 

Cyclin F [89]. The implication of mutations in this gene are discussed in detail in Chapter 3. 
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1.6 Current hypotheses for the mechanisms of ALS pathogenesis 

The genetic studies presented above, as well as investigations into ALS cell culture and 

animal models, have provided an insight into several possible cellular mechanisms involved 

in the pathogenesis of ALS. Neurons are highly susceptible to oxidative stress and alterations 

in cellular proteostasis, due to their high metabolic requirements and larger size [253], 

however the mechanisms underlying the selective vulnerability of neurons to degeneration 

remain unknown. In particular, motor neurons are specifically affected in ALS, despite the 

ubiquitous expression of numerous ALS causative proteins, and disturbances to organelles 

that are present in almost all cell types, such as the ER, Golgi and mitochondria. 

Interestingly, ALS genetic studies demonstrate that mutations in dissimilar proteins, with 

diverse functions, still result in a similar ALS phenotype, suggesting that motor neuron 

degeneration may be due to multiple mechanisms triggered simultaneously. 

Presently, the cause of ALS pathogenesis is not fully understood. However, evidence 

implicates the following mechanisms; protein misfolding and aggregation, impaired axonal 

transport and intracellular trafficking, excitotoxicity, mitochondrial dysfunction, abnormal 

RNA homeostasis and processing, non-cell autonomous toxicity, dysfunction in proteostasis 

and autophagy, ER-Golgi transport defects, prion-like mechanisms, DNA damage repair 

defects, oxidative stress, and ER stress (Figure 1.4). Notably, ER stress is emerging as a 

major mechanism involved in ALS pathogenesis [254-256]. These proposed mechanisms of 

ALS pathogenesis are described in this section below, with a subsequent focus on ER stress 

which forms the basis of this thesis.  
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Figure 1.4: Cellular symptoms and phenotypes observed in ALS disease models.  

Motor neurons are highly susceptible to degeneration in ALS. The proposed mechanisms of 

ALS pathogenesis are: Protein aggregation, ER-Golgi transport defects, ER stress, 

mitochondrial dysfunction, non-cell autonomous toxicity, oxidative stress, disruption in RNA 

homeostasis, DNA damage repair defects, excitotoxicity, autophagy dysfunction and 

impaired axonal transport. Refer to the text for detailed descriptions for each mechanism. 

Diagram not to scale.  
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1.6.1 Protein misfolding and aggregation 

Despite having diverse clinical manifestations, protein misfolding and aggregation in affected 

areas of nervous tissue is a common feature and pathological hallmark among 

neurodegenerative diseases [257]. In conjunction with ALS, the most prevalent 

neurodegenerative diseases, AD, PD, Huntington’s disease (HD), and transmissible prion 

encephalopathies, such as Creutzfeldt-Jakob disease (CJD), all present with protein 

aggregates, which can sequester into inclusions. These disorders differ in the proteins that 

misfold and the group of neurons which are affected [258]. It is unclear, however, whether 

protein aggregation is a direct cause of disease, a protective response mechanism, or whether 

it is a secondary product of other disease mechanisms. 

Aggregation occurs when misfolded, unfolded, or partially folded, proteins expose 

hydrophobic regions that are normally hidden within a protein folded in its native 

conformation. The exposed hydrophobic regions promote hydrophobic interactions with other 

proteins, resulting in their accumulation, forming aggregates or inclusions [259]. Protein 

misfolding is triggered by either genetic mutations in familial cases of disease, or by cellular 

conditions which cause wildtype proteins to misfold in sporadic cases, although the latter 

mechanism is poorly understood [259]. Abnormal protein aggregation can result in the 

inhibition of important cellular functions, causing a dysregulation in cell proteostasis, which 

eventuates into neuronal death. The presence of prominent cytoplasmic inclusions in motor 

neurons is a classic pathological hallmark in ALS and these insoluble structures are observed 

at the onset of disease, where they progressively accumulate until disease end stage [260].   

Inclusions observed in ALS have variable morphology, including ubiquitin-positive skein-

like or Lewy body-like inclusions, or ubiquitin-negative Bunina bodies containing cystatin C 

and neurofilament proteins [261, 262]. The first study to demonstrate protein aggregation in 



38 
 

ALS described inclusions in the spinal cords of fALS patients carrying SOD1 mutations [58, 

263]. Wildtype SOD1 aggregation has also been reported in post-mortem samples of spinal 

cords from sALS patients [61, 264]. Interestingly, the most inclusion-prone SOD1 mutants 

are linked with higher levels of cell death in cell culture, suggesting a correlation with SOD1 

inclusion formation and toxicity [265]. Moreover, SOD1 mutations with a higher propensity 

to aggregate cause the most aggressive forms of disease with short duration in ALS patients 

[266, 267].   

Examination of SOD1-negative ALS patients identified TDP-43 as a major constituent of 

ubiquitinated inclusions [62, 128]. In fact, wildtype TDP-43 inclusions are observed in motor 

cortices and spinal cords in 97% of ALS patients [125]. In addition to wildtype TDP-43, ALS 

causative mutations in TDP-43 result in the cytoplasmic accumulation of insoluble TDP-43 in 

patient neurons [268]. Similarly, post-mortem tissues of ALS patients carrying FUS 

mutations possess cytoplasmic inclusions within motor neurons and glial cells [65, 137]. In 

addition, FUS-positive inclusions have also been observed in sALS and non-SOD1 fALS 

cases [63]. In C9orf72 patients, the non-ATG translation of hexanucleotide repeat RNA 

results in inclusions containing abnormal dipeptide repeat (DPR) proteins [269]. The 

inclusions first isolated from C9orf72 patient neurons in the hippocampus and pyramidal, 

frontal and temporal cortices were all TDP-43 immuno-positive, however, inclusions from 

the cerebellum and neocortex were TDP-43 negative [270].  

Interestingly, p62 is found in almost all pathological inclusions [271], indicating the 

induction of a cellular response to degrade these aggregates. Moreover, optineurin has also 

been detected in skein-like inclusions in the spinal cords of non-SOD1 fALS and sALS 

patients [272], however other studies dispute this [69, 273]. UBQLN2-positive inclusions are 

detected in the spinal cords of both sALS and fALS patients with mutations in SOD1, TDP-

43, FUS and C9orf72 [66, 164]. Interestingly, ALS patients carrying UBQLN2 mutations 
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possess inclusions that are also immunopositive for other ALS associated proteins, such as 

FUS, OPTN and TDP-43 [164], suggesting that proteostasis dysregulation may play a role in 

inclusion formation.  

 

1.6.2 Impaired axonal transport and intracellular trafficking 

The intracellular trafficking of cargoes is a fundamental process for the maintenance of 

structure and function in all cell types [274]. Due to their remarkably long axons, motor 

neurons are particularly vulnerable to disturbances in intracellular trafficking, thus impaired 

axonal transport is typically implicated in ALS, observed early in disease [275-277]. Axonal 

transport mediates the movement of cargoes synthesised in the cell body; proteins, mRNA, 

lipids, and membrane-bound vesicles, to be distributed to sites along the axon [274]. 

Evidence for defects in axonal transport in ALS demonstrate damage to axonal transport 

machinery via an abnormal accumulation of phosphorylated neurofilaments, mitochondria 

and lysosomes in the axon [278-281], and axonal spheroids containing a variety of vesicles, 

lysosomes, mitochondria, neurofilaments and microtubules [282, 283]. 

In ALS patients and rodent models of ALS, retraction and denervation of neurons is observed 

in the early stages of disease, resulting in axonal dysfunction and connection failure [275, 

276]. Microtubule-dependent kinesin and cytoplasmic dynein motor proteins mediate 

anterograde and retrograde transport, respectively [284]. The deceleration of both anterograde 

and retrograde axonal transport are early events observed in mutant SOD1 transgenic mice 

[114]. In these mice, mutant SOD1 binds preferentially to dynein, which may partially 

explain the slowing of axonal transport [114]. Furthermore, misfolded SOD1 associates with 

kinesin-associated protein 3 (KAP3) into aggregates which inhibits trafficking [285].  



40 
 

Proteomic studies demonstrate that the knockdown of TDP-43 reduces the levels of 

intracellular transport proteins, suggesting that a loss of TDP-43 function could induce 

transport defects [286]. Moreover, mutations in both TDP-43 and FUS may impair axonal 

transport by inducing stress granule formation and aggregation, or by reducing the 

availability of neurofilaments [287-289]. Furthermore, mutations in proteins linked to axonal 

transport, including DCTN1, VAPB and alsin, further support the notion that axonal transport 

defects contribute to ALS pathogenesis [71, 74, 208]. 

  

1.6.3 Excitotoxicity 

There is strong evidence that altered excitatory neurotransmission plays a key role in ALS 

pathogenesis, mediated by an increased susceptibility to excitotoxicity. The over-stimulation 

of post-synaptic glutamate receptors NMDA and AMPA-type receptors, leads to the 

excessive influx of calcium cations, resulting in excitotoxicity [290]. This is facilitated by 

deleterious cellular responses to excitatory stimulation, such as ER stress, mitochondrial 

overload, and the activation of phospholipids and proteases, which cause organelle and DNA 

damage, eventually resulting in neuronal death [290, 291]. Currently, one of only two 

approved treatments for ALS is Riluzole, which blocks sodium currents by inhibiting the pre-

synaptic release of glutamate, thus reducing excitability [292].  

Evidence for altered glutamate levels in ALS is observed in electrophysiological studies 

demonstrating disturbances in UMNs and LMNs [293], and in transcranial magnetic 

stimulation demonstrating hyper-excitability in both sALS patients and fALS patients with 

SOD1 and C9orf72 mutations [294]. In patients with C9orf72 mutations, this hyper-

excitability is observed before the onset of symptoms [295]. Moreover, the presence of 

fasciculations, or muscle twitching, in patients is a key clinical symptom that suggests hyper-
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excitability occurs in ALS [296]. In addition to this, some groups have reported altered 

glutamate levels in post-mortem ALS tissue [297] and in the CSF from some ALS patients 

[298, 299], but the cause remains poorly understood. Interestingly, fasciculations are not 

observed in mutant SOD1 transgenic mice models, although this may be a limitation of the 

model. However, decreased levels of the excitatory amino acid transporter EAAT2, 

responsible for the rapid removal of glutamate from the synapse, is observed in both ALS 

patients and mutant SOD1 transgenic mouse models [300, 301]. Furthermore, the transgenic 

overexpression of EAAT2 in mutant SOD1 mice inhibits excitotoxicity, thus delaying the 

onset of disease, although it does not affect survival [301]. This suggests that excitotoxicity is 

involved in disease progression, however, it is not an upstream trigger of ALS.  

 

1.6.4 Mitochondrial dysfunction 

Changes in mitochondria morphology and function have been well-documented in ALS 

patients and mutant SOD1 mouse models [302]. Moreover, damage to mitochondria is an 

early phenomenon observed in ALS [303]. Analysis of motor neurons from mutant SOD1 

transgenic mice reveal swelling of the mitochondria as early as two weeks of age, before 

symptom onset [304]. In fact, multiple studies have observed a detrimental effect of mutant 

SOD1 localisation and oligomerisation on mitochondria. Wildtype SOD1 can partially 

localise in mitochondria, and non-native mutant SOD1 proteins display an increased tendency 

to localise in this organelle [305, 306]. Furthermore, it has been shown that mutant SOD1 

accumulates and thus, induces mitochondrial damage in cell culture [307, 308] and in ALS 

mouse models [309]. These studies demonstrate an association between SOD1 toxicity and 

mitochondrial dysfunction.  
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Similarly, wildtype TDP-43 also co-localises with mitochondria in motor neurons and this 

association is increased when TDP-43 is mutated [310], demonstrating a correlation of 

mutant TDP-43 with damage to mitochondria. TDP-43 also perturbs ER-mitochondria 

interactions resulting in disruption of cellular calcium homeostasis [311]. Moreover, a 

disturbance of calcium levels is also observed in mutant SOD1 cell and animal models, 

affecting the integrity of motor neurons [312-314]. Mutations in the CHCHD10 gene, 

encoding a mitochondrial protein, have also recently been associated with ALS. These 

mutations cause fragmentation of the mitochondrial network and defects, such as the loss and 

disorganisation of cristae [238]. Furthermore, the activation of mitochondrial-dependent 

apoptotic pathways has been described in ALS cell culture, demonstrating that the release of 

cytochrome c and recruitment of pro-apoptotic Bax protein to mitochondria are involved in 

mutant SOD1-mediated cell death [315, 316].   

Interestingly, however, recent research has demonstrated that low levels of mitochondrial 

stress regulates cytoplasmic proteostasis, enhances stress resistance and prolongs health span 

by inducing genes involved in the stress response [317]. Therefore, mitigating mitochondrial 

stress may also be detrimental to the cell by exacerbating toxicity, rather than protective. 

 

1.6.5 Abnormal RNA homeostasis and processing 

Mutations in genes that encode RNA-binding proteins, such as TDP-43 and FUS, have 

recently emerged as key determinants of ALS. Normally, RNA binding proteins directly bind 

to RNA and control RNA synthesis, maturation, localisation, translation and decay [318], 

however, mutations in these proteins have been reported to alter their native functions. 

Previous studies demonstrate that dysfunction of RNA binding proteins is an important 
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feature in ALS, including dysregulation of RNA processing, mislocalisation of these proteins 

to the cytoplasm, and their abnormal aggregation [319, 320].  

The pathogenic mechanisms triggered by TDP-43 and FUS are thought to involve a 

combination of both loss of function and gain of toxic function processes [108, 321, 322]. For 

example, increased TDP-43 levels of either wildtype or mutant TDP-43 are highly 

deleterious, indicating a crucial role for an auto-regulatory pathway which maintains TDP-43 

RNA levels [323, 324]. Conversely, the selective removal of TDP-43 from motor neurons 

produces progressive motor neuron degeneration with ALS-like pathology in mouse models 

[325]. TDP-43 and FUS are both constituents of stress granules which can induce 

pathogenicity by sequestering mRNA transcripts or other RNA binding proteins, and by 

providing a seed for the formation of pathological inclusions in ALS [288, 326]. The 

recruitment of these proteins into stress granules suggests a loss of function exists under these 

conditions.  

Neurodegeneration induced by C9orf72 mutations are also associated with RNA toxicity by 

the production of toxic RNA containing the repeat sequence [327]. Additional 

neurodegenerative mechanisms may be triggered by complementary repeat-containing RNA 

produced by bidirectional transcription [328], or RAN translation [329], resulting in the 

production of potentially toxic RNA and protein species, respectively. The expression of 

RAN proteins reduces RNA-processing bodies, sequesters essential RNA-binding proteins, 

and induces the formation of cytoplasmic stress granules, thus triggering apoptosis. Hence 

these data imply that RNA homeostasis is perturbed by RAN translated C9orf72 peptides 

[330]. 
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1.6.6 Non-cell autonomous toxicity 

Although motor neurons are primarily implicated in ALS, non-neuronal cell types, such as 

astrocytes and microglia, also play a role in the modulation of disease  [331]. This was first 

demonstrated in experiments utilising mutant SOD1. The expression of mutant SOD1 in 

either muscle or peripheral Schwann cells did not affect ALS disease onset or progression 

[332, 333], however, the expression of mutant SOD1 in microglia or astrocytes accelerates 

disease progression [331, 334]. Moreover, silencing mutant SOD1 expression in microglia 

and astrocytes delays disease progression and motor neuron loss [335, 336]. Interestingly, 

though, the ablation of 50% of reactive microglia from spinal cords of mutant SOD1 

transgenic mice does not affect motor neuron degeneration [337].   

Another study used embryonic stem cells derived from mice carrying either the normal or 

mutant transgenic alleles of the human SOD1 gene to generate motor neurons [338]. The 

results demonstrated that both the wildtype and mutant SOD1 motor neurons displayed 

neurodegenerative properties when co-cultured with mutant SOD1 glial cells, demonstrating 

that glial cells harbouring a human SOD1 mutation have a direct, non-cell autonomous effect 

on motor neuron survival [338]. Similarly, astrocytes cultured from both fALS and sALS 

patients induce toxicity in motor neurons, resulting in neuronal death [339]. Therefore, it is 

possible that non-neuronal cells in ALS modulate disease progression, however, further 

studies need to be undertaken to fully define this process.  

 

1.6.7 Dysfunction in protein degradation 

Autophagy is a major protein degradation pathway involved in the clearance of proteins, 

especially protein aggregates, in order to maintain cellular proteostasis. The presence of 

cytoplasmic aggregates in ALS suggests defects in the machinery that regulates protein 
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homeostasis, and abnormalities in autophagy have been observed in ALS [340]. The 

discovery of ALS-associated mutations in genes encoding for proteins involved in protein 

degradation pathways, such as UBQLN2, TBK-1, OPTN, VCP and p62, provides compelling 

evidence towards autophagy dysfunction as a mechanism of disease pathogenesis [66, 67, 84, 

174, 175]. Interestingly, p62, encoded by SQSTM1, is found in almost all pathological 

inclusions [271] and UBQLN2-immunopositive inclusions have been detected in spinal cords 

of both fALS and sALS patients with mutations in SOD1, TDP-43, FUS or C9orf72 [66, 

164]. This presence of proteasome-associated proteins within pathological inclusions implies 

a defect in the cellular response required to degrade these inclusions.  

Other studies have demonstrated an induction of autophagy markers in spinal cords of ALS 

mouse models [341], sALS and fALS patients [342, 343]. Moreover, increased levels of 

LC3-II are observed in mutant SOD1 transgenic mice models at the symptomatic stage [344, 

345], and increased levels of autophagosomes are observed in motor neurons of sALS 

patients [346]. Interestingly, the partial depletion of C9orf72 in neurons partly impairs 

autophagy, leading to the accumulation of TDP-43 and p62 aggregates [156], indicating that 

C9orf72 may regulate autophagy. Furthermore, C9orf72 interacts with UBQLN2 and LC3-

positive vesicles, and co-migrates with lysosome-stained vesicles in neuronal cultures, 

providing further evidence for a possible role for C9orf72 in autophagy [153].  

Rapamycin is an autophagy activator, and it has been shown to reduce mutant FUS-positive 

stress granules, neurite fragmentation and apoptosis in neuronal cell cultures expressing 

mutant FUS, under conditions of oxidative stress [347]. Furthermore, rapamycin 

administration to mutant optineurin expressing rat models inhibited  the presence of 

optineurin-containing inclusions [348]. Trehalose is another autophagy enhancer, which 

demonstrated a reduction in the formation of SOD1 aggregates, enhanced motor neuron 

survival, and a prolonged lifespan when administered to mutant SOD1 transgenic mice [349]. 
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Finally, an additional autophagy inducing agent, methotrimeprazine, improved TDP-43 

clearance and localisation, and enhanced the survival of primary murine neurons, human stem 

cell-derived neurons and astrocytes expressing mutant TDP-43 [350]. These results 

demonstrate that pharmaceutical agents targeting autophagy may provide a beneficial effect 

in ALS, therefore, autophagy and proteasome dysfunction are important modulators of 

disease.   

 

1.6.8 ER-Golgi transport and secretory pathway defects 

The ER-Golgi secretory pathway mediates the transport of proteins and lipids between the 

ER and the Golgi apparatus [351]. Newly synthesised proteins in the ER are packed into 

vesicles and transported to the Golgi apparatus via the ER-Golgi intermediate compartment 

(ERGIC), before they are redistributed to their respective cellular destinations [352]. 

Impairment of ER-Golgi transport increases the accumulation of secretory proteins within the 

ER lumen, resulting in ER stress [353]. Moreover, impairment also leads to abnormal Golgi 

organisation and fragmentation [354].  

ALS mutations in VAPB disrupt ER-Golgi vesicle transport [71], and mutations in optineurin 

disturb the interaction between optineurin and myosin VI, resulting in inhibition of secretory 

protein trafficking, ER stress and Golgi fragmentation [177]. Our laboratory has 

demonstrated that mutant SOD1 inhibits ER-Golgi transport, preceding the induction of ER 

stress, fragmentation of the Golgi, protein aggregation and apoptosis in ALS cell models 

[355]. Furthermore, our laboratory showed that extracellular wildtype SOD1 also induced 

ER-Golgi trafficking defects in human neuronal cell lines [119], indicating that wildtype 

SOD1 can also cause ER-Golgi impairment. Our group further demonstrated that mutant 

optineurin disrupts association with myosin VI, leading to abnormal diffuse cytoplasmic 
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distribution, inhibition of secretory protein trafficking, ER stress and Golgi fragmentation 

[177]. Furthermore, our group showed that C9orf72 mediates endosomal trafficking via its 

interaction with Rab proteins. The knockdown of C9orf72 inhibited transport of Shiga toxin 

from the plasma membrane to Golgi apparatus in neuronal cell lines, primary cortical neurons 

and spinal cord motor neurons [153]. In addition, greater colocalization was observed 

between C9orf72 and Rab proteins 7 and 11, which are involved in endosomal transport, in 

the motor neurons of ALS patients with the C9orf72 repeat expansion, compared to controls 

[153], thus suggesting that endosomal trafficking is dysregulated in ALS.  

 

1.6.9 Prion-like mechanism of propagation of misfolded proteins 

Recent data provides compelling evidence that pathogenic protein aggregates in ALS possess 

prion-like properties; they are capable of self-replicating by templating the misfolding of 

monomeric proteins, which then propagate between individual cells [356]. This concept was 

first proposed by Prusiner and colleagues after the discovery of protein-only infectious 

agents, termed ‘prions’, that cause transmissible spongiform encephalopathies [357]. In these 

diseases, aggregates form due to misfolding and this aggregation of the prion protein is 

spread to other cells via templated conformational change of normally-folded proteins [358]. 

The notion that this mechanism could be expanded to other neurodegenerative diseases, 

including ALS, was subsequently proposed.  Evidence that this mechanism may operate in 

ALS was obtained by observing the brains of ALS patients at different time periods, 

revealing a stereotypical pattern of spread between the brain regions [23, 359]. Since then, 

numerous studies have demonstrated that both SOD1 and TDP-43 display prion-like 

behaviour [360-362]. 
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Aggregates containing mutant SOD1 penetrate inside cells by micropinocytosis and exit the 

macropinocytic compartment to stimulate aggregation of mutant SOD1 [362]. Once initiated, 

it was demonstrated that mutant SOD1 aggregation is self-perpetuating, transferring 

efficiently from cell to cell, and it is dependent on the extracellular release of aggregates 

[362]. Another study utilising mutant SOD1 transgenic mice demonstrated an accelerated 

development of an ALS phenotype when a single sciatic nerve was injected with spinal 

homogenates from paralysed, previously inoculated mutant SOD1 mice. SOD1 inclusions 

formed outside of the injection site and spread along the spinal cords into motor and sensory 

neurons [360]. Moreover, SOD1 inclusions also become apparent in structures of the brain 

synaptically connected to the injection site [360]. These studies suggest that SOD1 

aggregates propagate in a prion-like manner in neuronal cells and in ALS animal models.  

TDP-43 contains a prion-like domain in the C-terminus glycine rich region, which is prone to 

aggregation [363]. When insoluble TDP-43 from ALS brains are introduced into cells 

expressing TDP-43, phosphorylated and ubiquitinated TDP-43 was aggregated in a self-

templating manner [361]. Upon analysis, it was revealed that the C-terminal fragments of 

insoluble TDP-43 acted as seeds, inducing seed-dependent aggregation of TDP-43 in these 

cells [361], thus indicating that insoluble TDP-43 has prion-like properties. FUS also contains 

a prion-like domain which is required to induce aggregation [364], thus it is possible that 

FUS proteins may have prion-like tendencies, like TDP-43 and SOD1, although this has not 

yet been determined. Similarly, mutations in the prion-like domains of hnRNPA1 and 

hnRNPA2B1 cause ALS and multisystem proteinopathy [85]. However, further in vivo 

characterisation of the transmissibility of these proteins is required to determine if they play a 

role in ALS pathogenesis.   
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1.6.10 DNA damage and repair defects 

In sporadic ALS patients, increased DNA damage is observed in the early stages of disease, 

accompanied by an increase in poly-adenosine diphosphate ribose polymerase (PARP1) and 

expression of enzymes involved in base-excision repair [365]. Once DNA is damaged, 

PARP1 binds to the DNA and signals the recruitment of DNA damage and repair proteins, 

including FUS [365]. It was hypothesised that DNA damage resulting from double-stranded 

breaks triggers the recruitment of wildtype FUS to DNA damage foci, where it interacts with 

chromatin remodelling factor, HDAC1 [366]. However, this interaction is impaired when 

FUS is mutated in ALS, thus limiting its protective activity in DNA repair [367]. Moreover, 

mutant FUS transgenic mice display enhanced DNA repair defects in cortical and spinal 

motor neurons [367], and human induced pluripotent stem cells (iPSC)-derived motor 

neurons expressing mutant FUS demonstrate enhanced DNA damage pathology [368]. In 

addition to FUS, motor neurons differentiated from iPSCs derived from C9orf72 patients, 

also display DNA damage [369]. Furthermore, a recent study from our group demonstrated 

that the DNA damage response was induced by the C9orf72 repeat expansion in ALS [370].  

 

1.6.11 Oxidative stress 

Oxidative stress is caused by an imbalance between the production of reactive oxygen species 

(ROS) and other oxidants, and the elimination of these species by the cellular antioxidant 

defence system [371]. Neurons are particularly vulnerable to oxidative stress, as they use ten 

times more oxygen than other tissues [372]. SOD1 is an antioxidant protein with a normal 

cellular function in preventing the production of ROS, implying a role for oxidative stress in 

the pathogenesis of ALS. Evidence of a role for oxidative stress in ALS is demonstrated in 



50 
 

post-mortem tissues of fALS and sALS patients, and mutant SOD1 transgenic mice, whereby 

widespread oxidative damage to proteins, lipids and DNA are observed [371].  

The main source of ROS results from mitochondrial dysfunction, therefore oxidative stress 

may be linked to abnormalities in this organelle [373]. Moreover, mutant TDP-43 induces 

oxidative stress and mitochondrial dysfunction in neuronal cell cultures by the accumulation 

of nuclear factor E2 related factor 2 (Nrf2), a modulator of oxidative stress [374]. Oxidative 

stress is further aggravated by mutations in TDP-43 and FUS. Under conditions of oxidative 

stress, mutant TDP-43 is recruited into stress granules [126]. Similarly, mutant FUS is 

recruited to stress granules during oxidative stress more rapidly compared to wildtype FUS 

[145]. Finally, as ALS is a late-onset disease, it can be conceptualised that pathology arises 

during the normal aging process, such as through increases in oxidative stress and the 

production of free radicals which damage cells by decreasing antioxidant defences [375].  

It is important to note, however, that ROS also plays a paradoxical role in regulating several 

signalling pathways through its direct interaction with critical signalling molecules, such as 

those in cell proliferation, metabolism, differentiation and survival, anti-oxidant and anti-

inflammatory responses, DNA damage and iron homeostasis [376]. Therefore, while 

therapeutic strategies primarily focus on reducing ROS levels to prevent toxicity, it remains 

to be seen whether targeting the signalling molecules activated by ROS could produce viable 

therapies to prevent ROS-mediated disease.  
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1.7 The ER, ER stress and the Unfolded Protein Response (UPR) 

ER stress is being increasingly recognised as a key cellular mechanism of pathogenesis in 

neurodegenerative diseases, such as ALS, and emerging evidence highlights the complexity 

of the Unfolded Protein Response (UPR) in these disorders, with protective and detrimental 

elements being described [254, 256, 377]. 

The ER is a vital redox-regulated cellular organelle, responsible for the folding, post-

translational modification, transport and quality control of newly synthesised proteins [378]. 

Protein folding in the ER occurs in cisternae, and the capacity of protein folding is adjusted 

according to cellular requirements to maintain homeostasis [379]. The native folding of 

newly synthesised proteins is assisted by ER molecular chaperones, which are responsible for 

the correct folding of nascent proteins and the refolding of incorrectly folded proteins, thus 

preventing misfolded protein aggregation [380]. ER chaperone proteins include BiP, glucose 

regulated protein 94 (GRP94), calreticulin, calnexin, and the Protein Disulphide Isomerase 

(PDI) family [380]. Misfolded proteins that are not refolded in the ER are generally directed 

to the cytoplasm for endoplasmic reticulum-associated protein degradation (ERAD), where 

they are degraded by the proteasome or by autophagy [381], demonstrating an efficient 

protein quality control system to both refold and degrade incorrectly folded proteins. The ER 

is therefore a major component of cellular proteostasis.  

The ER is closely associated with other organelles, such as the outer membrane of the 

nucleus [382], mitochondria [383], and particularly the Golgi apparatus, where newly 

synthesised and correctly folded proteins are transported in vesicles from the ER to the Golgi, 

from where they are secreted to their native cellular locations [384]. Moreover, the ER is also 

responsible for intracellular calcium storage, synthesis of lipids, and it also contributes to the 

biogenesis of autophagosomes and peroxisomes [385, 386]. There is evidence that the ER is 
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much more extensive in neurons than in other cells, extending throughout the entire dendritic 

arbour and axon [387].  Furthermore, due to the high demand for protein synthesis, the ER in 

neurons is particularly challenged and highly susceptible to a constant source of stress. 

 

1.7.1 ER stress and the UPR 

Disturbances in ER homeostasis, such as an ER calcium imbalance, redox dysregulation, ER-

Golgi trafficking defects, or an excess accumulation of misfolded proteins in the ER lumen, 

can result in ER stress [256]. A proportion of proteins misfold under normal physiological 

conditions, however in some situations, the load of misfolded proteins becomes increased. 

The imbalance between the load of misfolded proteins and the rate of protein synthesis results 

in an accumulation of proteins in the lumen of the ER, triggering ER stress, which induces a 

cellular stress response known as the UPR. The UPR is an adaptive mechanism designed to 

control protein folding alterations in the ER, hence restoring proteostasis [388]. 

The UPR is mediated by three ER stress sensors; PKR-like endoplasmic reticulum kinase 

(PERK), inositol-requiring kinase 1 (IRE1), and activating transcription factor 6 (ATF). 

Under basal conditions, these ER stress sensors are bound to the ER chaperone, 

immunoglobulin binding protein (BiP), retaining them in an inactivated state. Upon induction 

of ER stress, BiP dissociates from ER stress sensors, to preferentially bind hydrophobic 

regions of the misfolded proteins, thus resulting in their activation [389].  

Once PERK is dissociated from BiP, it undergoes dimerization and auto-phosphorylation, 

resulting in activation. In turn, PERK directly phosphorylates, and thus inhibits, the 

ubiquitous eukaryotic translation initiation factor 2α (eIF2α), which attenuates protein 

translation, ensuing a reduction in the entry of newly synthesised proteins into the ER lumen, 

therefore decreasing the load of ER protein folding [390]. The phosphorylation of eIF2α also 
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promotes the selective translation of mRNA encoding the transcription factor ATF4. ATF4 

translocates to the nucleus where it specifically induces the expression of ER chaperones, 

thus increasing misfolded protein refolding in the ER [391]. ATF4 subsequently induces the 

expression of various genes involved in autophagy, the antioxidant response, redox control, 

and amino acid biosynthesis and transport [256, 392]. 

Similar to PERK, the IRE1 pathway is initiated by IRE1 dimerization and auto-

phosphorylation. Upon activation, IRE1 degrades a subset of mRNAs which encode for ER-

localised proteins by means of regulated IRE1 dependent decay (RIDD), thereby reducing 

protein synthesis in the ER [392]. IRE1 also catalyses the unconventional splicing of mRNA 

encoding transcription factor X-box binding protein 1 (XBP-1). This splicing removes a 26-

base intron from XBP-1, resulting in a shift in the reading frame. Spliced XBP-1 is a stable 

transcription factor which translocates to the nucleus to induce the upregulation of ER 

chaperones to promote protein folding, and also proteins associated with ERAD, to enhance 

degradation of misfolded proteins, and proteins involved in phospholipid synthesis, in order 

to expand the volume of the ER to alleviate stress [393, 394]. 

The ATF6 pathway involves the translocation of ATF6 from its native localisation on the ER 

membrane to the Golgi apparatus, where it is cleaved by Golgi-localised site-1 and site-2 

proteases. The resulting cytosolic ATF6 fragment translocates from the Golgi apparatus to 

the nucleus where it induces gene expression of ER chaperones, ERAD proteins and XBP-1 

[395]. ATF6 can form heterodimers with XBP-1 to control the induction of specific patterns 

of gene expression [396].   

Thus, the three ER stress sensors aim to alleviate ER stress by regulating the expression of a 

number of target genes encoding for proteins which modulate adaptation to stress. Previous 

studies have demonstrated that the ER stress sensors inhibit protein translation and synthesis, 
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promote protein refolding via the upregulation of ER chaperones, enhance degradation of 

misfolded proteins via ERAD, and they also control the redox environment of the ER and 

expand its volume by synthesising phospholipids. Therefore, the UPR promotes the survival 

of the cell when ER stress is first induced. However, under conditions of chronic or 

irreversible ER stress, such as those that arise during disease, there is a shift in the paradigm 

of the UPR from being pro-protective to pro-apoptotic. 

  

1.7.2 Chronic activation of the UPR 

 During chronic or irreversible ER stress, the UPR induces apoptosis, which is mediated by 

overlapping mitochondria-dependent and independent apoptotic signalling mechanisms. The 

UPR activates apoptosis by signalling calcium release from the ER, the induction of 

microRNAs and mitogen-activated protein kinases, as well as activating all three ER stress 

sensors [397-399].  

The sustained activation of PERK elicits a chain of transcriptional responses mediated by 

ATF4. ATF4 upregulates a key mediator of ER stress induced apoptosis, the transcription 

factor C/EBP-homologous protein (CHOP) and its target, growth arrest and DNA damage-

inducible protein 34 (GADD34). CHOP can inhibit the expression of survival protein BCL-2 

and it can simultaneously engage pro-apoptotic proteins, including Bcl-2-interacting mediator 

of cell death (BIM) and p53 upregulated modulator of apoptosis (PUMA) [400]. These events 

result in the activation of BAX- and BAK-dependent apoptosis at the mitochondria, and 

activation of the caspase cascade, which leads to subsequent apoptosis [401, 402]. 

Interestingly, a recent study has demonstrated that ATF4 and CHOP also trigger apoptosis by 

enhancing protein synthesis within stressed cells, resulting in the accumulation of additional 

misfolded proteins, ATP depletion, oxidative stress, and eventual cell death [403]. The 
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activation of GADD34 results in the de-phosphorylation of eIF2α, thus increasing protein 

synthesis [392, 403]. Furthermore, CHOP induces ERO1α, resulting in oxidative stress by 

transferring electrons from PDI to oxygen, to produce hydrogen peroxide [392]. ERO1α also 

promotes calcium release from the ER. Since calcium is required for ER chaperone function, 

the depletion of calcium in the ER further perturbs protein folding. Moreover, calcium 

released from the ER is loaded into mitochondria, resulting in oxidative stress and apoptosis 

[392]. 

IRE1 also mediates apoptosis through the recruitment of apoptosis signalling kinase (ASK1), 

which activates the c-Jun N-terminal kinase (JNK) pathway. The JNK pathway stimulates 

apoptotic pathways through pro-inflammatory responses [404], and by direct interaction with 

BAX and BAK [405]. Similarly, RIDD activity can induce apoptosis by degrading mRNA 

that encodes ER chaperones and by the downregulation of microRNAs that negatively 

regulate the expression of pro-apoptotic caspases [399].  

Hence, the UPR comprises a complex mechanism of integrated signalling pathways that 

respond to ER stress by either cellular adaptation, thus promoting the survival of the cell, or 

by triggering cell apoptosis if ER stress is prolonged or severe (Figure 1.5).  
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Figure 1.5: The UPR signalling pathways. In ALS, the accumulation of misfolded proteins 

in the ER induces the UPR by activating ER stress sensors, ATF6, IRE1 and PERK. ATF6 is 

transported to the Golgi, where it is cleaved, releasing the cytosolic ATF6 fragment which 

acts as a transcription factor. Cleaved ATF6 translocates to the nucleus where it induces 

genes required for the upregulation of ER chaperones and ERAD, and it also modulates XBP-

1 mRNA levels. PERK phosphorylates eIF2α which inhibits protein translation. However, 

ATF4 is upregulated, and it translocates to the nucleus, inducing the expression of ER 

chaperones, genes related to autophagy and redox control. During chronic UPR, ATF4 

induces CHOP, mediating ER stress associated apoptosis. IRE1 induces RIDD and the 

splicing of mRNA encoding XBP-1. Spliced XBP-1 upregulates ER chaperones, genes 

involved in ERAD and genes involved in phospholipid synthesis. During chronic UPR, IRE1 

induces the JNK pathway, which results in apoptosis. 
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1.7.3 Evidence for induction of the UPR in neurodegenerative diseases 

ER stress is induced in many conditions, including viral infection, diabetes, tumour 

development, and autoimmune disease [406]. Moreover, aging inhibits the early protective 

responses of ER stress [407]. There is increasing evidence that the UPR is induced in most 

neurodegenerative diseases, such as ALS, AD, PD, HD and CJD. The upregulation of UPR 

markers in disease-affected neurons has now been described in both cellular and animal 

models of disease, as well as in post-mortem patient tissues, for most of these disorders. It is 

generally thought that UPR induction in these diseases may initially be neuroprotective, 

however, sustained activation of the UPR may subsequently result in neurodegeneration. 

However, in some instances, induction of some phases of the UPR can be detrimental, so the 

relationship between the UPR and neurodegeneration is complex. The author wrote a review 

article on evidence for UPR induction in neurodegenerative diseases, thus the reader is 

directed to this review for more information [12]. However, a concise summary of UPR 

induction in neurodegenerative diseases, besides ALS, is presented below. 

In patients with AD, UPR proteins PERK, BiP, IRE1 and eIF2α are upregulated in the 

temporal cortex and hippocampus [408, 409]. CHOP activation is detected in AD cell models 

[410] and is upregulated, along with JNK, in animal models of AD [411], indicating the 

activation of pro-apoptotic UPR in AD. In patients with PD, phosphorylated PERK and eIF2α 

are detected in the substantia nigra [412]. Moreover, PERK and IRE1, as well as downstream 

targets, eIF2α, ATF4 and CHOP are upregulated in PD cell culture models [413]. The 

induction of CHOP in the substantia nigra of PD mouse models has also been detected [414], 

indicating the activation of pro-apoptotic UPR in PD. BiP and CHOP are up-regulated in HD 

cell models [415], as well as in post-mortem brains from HD patients [416]. Similarly, the 

increased expression of XBP-1 is detected in the striatum of HD patients, however 

interestingly, CHOP and ATF4 are not elevated [417]. Further investigation into XBP-1 in 
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PD demonstrate that XBP-1 knockdown in HD mouse models reduces neuron loss and 

mutant Huntingtin protein levels, and improves motor performance [417]. The upregulation 

of ER chaperones, such as BiP, have been detected in the cortex of post-mortem CJD patients 

[418]. Moreover, in CJD cell models, toxicity is linked with an increase in intracellular 

calcium release from the ER and the upregulation of ER chaperones [418, 419], indicating a 

role for ER stress in prion diseases. 

 

1.7.4 Evidence for ER stress and UPR induction in ALS 

Emerging evidence highlights ER stress, and consequential UPR induction, as a key 

mechanism of ALS pathogenesis, observed in both fALS and sALS. Indeed, UPR activation 

is now well documented in cellular and animal models of ALS, as well as human patient 

tissues, and is discussed in this section.  

Studies utilising mutant SOD1 transgenic mice reveal that ER stress sensors (IRE1, PERK, 

ATF6), ER chaperones (PDI, BiP, ERp57), and apoptotic effectors (CHOP, caspase-12) are 

upregulated in lumbar spinal cords during disease [377, 420], indicating that UPR activation 

is essential in mutant SOD1-associated ALS. Furthermore, UPR markers, including IRE1, 

PDI and CHOP, were observed to be induced prior to symptom onset in these mice, evident 

initially in the subtypes of motor neurons that degenerate first in ALS [254, 255], suggesting 

that ER stress is implicated in pathogenesis. When ER stress is induced using tunicamycin or 

thapsigargin in neuroblastoma cells expressing mutant SOD1, an increase in the formation of 

SOD1 inclusions was observed, and these inclusions co-localised with ER markers [421]. In 

Neuro-2A cells expressing mutant SOD1, increased phosphorylation of PERK and eIF2α, and 

cleavage of ATF6, were upregulated [422]. Furthermore, inhibiting ER stress in mutant 

SOD1 expressing cells by treatment with salubrinal prevents eIF2α de-phosphorylation, 
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inhibits mutant SOD1 inclusion formation and improves cellular viability [422], 

demonstrating that by suppressing this arm of the UPR, the induction of pro-apoptotic ER 

stress is inhibited. These results suggest that ER stress and mutant SOD1 aggregation in ALS 

are closely associated. 

SOD1 mutations represent only 12% of fALS and 1% of sALS cases, and SOD1-ALS 

patients do not display the typical TDP-43 pathology characteristic of most forms of ALS.  

Hence, these cases may not accurately represent pathology in the more common forms of 

disease. However, similar findings of upregulation of UPR markers were obtained in post-

mortem human spinal cords tissues of sALS patients [254, 423, 424], including PDI and 

phosphorylated eIF2α [423]. This was confirmed with a comprehensive analysis of the UPR, 

which demonstrated upregulation of all three ER stress sensors, ER chaperones, and ER 

stress-associated apoptotic effectors, caspase-4 and JNK, in lumbar spinal cord tissue from 

sALS patients [254]. Upregulation of CHOP and BiP, as well as alterations in ER structure in 

motor neurons of ALS patients, have also been described [424, 425].  

More recently, ER stress has been detected in neuronal cells expressing ALS-associated 

mutants of FUS and TDP-43 [426, 427], and in animal models based on TDP-43 [427], 

implying that ER stress is implicated in TDP-43 and FUS-associated ALS. Similarly, the 

UPR is induced in cell culture by ALS-associated mutant VAPB [428] and hexanucleotide 

repeat expansions in C9orf72 [159]. Several mechanisms have been proposed for ER stress 

induction in ALS. In SOD1-associated ALS impairment of ERAD as a result of mutant 

SOD1 interacting with ER resident protein, Derlin-1, which is essential for ERAD function 

has been described. This triggers ER stress-mediated cell death via the ASK1 pathway [429]. 

Another mechanism implicated in triggering ER stress is the impairment of protein transport 

between the ER and Golgi apparatus by mutant SOD1 [119, 355], mutant TDP-43 and mutant 

FUS (Soo et al 2015 Acta). These studies imply that ER stress is triggered from the 
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cytoplasm, rather than the ER, although further studies are warranted to fully define the 

mechanisms involved. Interestingly, in studies using reprogrammed iPSCs ER stress was 

closely associated with the electrical excitability of motor neurons [430], and hyper-

excitability of motor neurons may trigger ER stress [431].  

Several studies have shown that modulation of the UPR genetically in animal models of ALS 

is protective. Deletion of BIM, XBP-1, ASK1, Puma or ATF4 either delays disease [432-

434], or extends survival in transgenic mutant SOD1 mice [342, 429]. Similarly, 

pharmacological modulation of the UPR is protective in mutant SOD1 transgenic mice [255] 

and in C.elegans and zebrafish models expressing mutant TDP-43 [435]. Furthermore, the 

inhibition of eIF2α de-phosphorylation using salubrinal delays disease and extends survival 

of mutant SOD1 transgenic mice [390]. Interestingly, however, mutant SOD1 transgenic 

mice with hemizygous deletion of PERK had a considerably accelerated disease onset and 

shortened lifespan compared to mutant SOD1 transgenic mice with normal PERK expression 

[436], indicating that some aspects of the UPR are not protective, and may enhance disease. 

These findings suggest that PERK is a mediator of motor neuron survival in ALS, perhaps by 

decreasing protein misfolding [436], or by inducing autophagy [342]. Together, these results 

indicate that selectively targeting specific components of the UPR may be beneficial in ALS.  
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1.8 Protein Disulphide Isomerase (PDI) 

PDI is a 55 kDa ER chaperone and oxidoreductase, primarily localised within the ER. It is 

normally upregulated during ER stress, as discussed above, where it aims to alleviate stress 

by engaging in protein folding [437]. PDI is the prototype of a large family of proteins which 

possess two distinct functions: 1) disulphide interchange activity, whereby PDI utilises its 

oxidoreductase capabilities to either oxidise, reduce or isomerise protein disulphide bonds, 

and 2) general chaperone activity (discussed in detail in Chapter 4). These two functions 

allow PDI to promote the correct folding of misfolded proteins into their native 

conformations, hence, PDI is a fundamental constituent of the ER proteostasis machinery 

[438].  

As PDI can facilitate protein folding, it is not surprising that it is increasingly implicated in 

neurodegenerative diseases, such as ALS, where protein misfolding is a key component. PDI 

is often co-localised with misfolded proteins in disease-affected tissue, implying a possible 

role for PDI in preventing protein misfolding [426, 427, 439, 440]. In fact, there is evidence 

that PDI prevents protein aggregation and associated toxicity in ALS, suggesting that is has a 

protective function (discussed in detail in Chapter 3). Moreover, recent studies have 

identified unique functions of PDI family members, specific to the nervous system, including 

neuronal outgrowth and synaptic function [441]. Interestingly, novel variants in genes 

encoding two PDI family members, PDIA (PDI) and PDI3 (ERp57), were recently proposed 

as risk factors for developing ALS [441-444]. Hence, novel therapeutic strategies based on 

the functional activity of PDI may be beneficial in the treatment of protein misfolding 

disorders, such as ALS. 

 

 



63 
 

1.9 Summary and Aims 

In order to develop novel therapeutics based on PDI’s activity, the protective mechanisms of 

PDI need to be defined. To investigate and characterise these protective mechanisms, each 

chapter of this thesis addresses specific aims, as described below. 

Chapter 3 – PDI is protective against ALS-associated mutant Cyclin F expressed in 

neuronal cells. The aims of the studies described in this chapter were to determine whether 

PDI is protective against cellular defects induced by mutant Cyclin F – a novel protein 

associated with ALS. 

Chapter 4 – Characterising the protective properties of PDI. 

The aims of the studies described in this chapter were primarily to determine which domains 

of PDI were involved in PDI’s protective activity. Subsequently, the activities of prokaryotic 

thioredoxin-like proteins with differing redox properties to PDI were analysed to investigate 

differences in activity based on redox potential. 

Chapter 5 – The role of redox activity for PDI’s function. 

The aims of the studies described in this chapter were to determine the role of PDI’s redox 

potential on its protective activity, and to analyse which of PDI’s oxidoreductase properties 

were imperative for its protective function. 

Chapter 6 – The role of PDI and its redox activity in FUS-linked ALS. 

The aims of the studies described in this chapter were to investigate how inhibiting PDI’s 

oxidase activity affects its protective activity against ALS-associated mutant FUS. 

Chapter 7 – Peptides based on PDI’s active site are protective in neuronal cells expressing 

mutant SOD1. The aims of the studies described in this chapter were to determine if linear 

peptides, based on protective features of PDI defined in previous chapters, were protective 

against mutant SOD1 in neuronal cells. 
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Chapter 2: Materials and Methods 
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The general methods of the doctoral work are detailed in this chapter. Methods specific to a 

particular study are described later in the relevant experimental chapter.  

 

2.1 Materials 

Wildtype TDP-43 and mutant TDP-43 Q331K constructs encoding enhanced green 

fluorescent protein (EGFP)-tagged human TDP-43 at the N-terminus were a kind gift from 

Professor Benjamin Wolozin, Boston University, USA, and wildtype TDP-43 and mutant 

TDP-43 Q331K in pmCherry.N1 vector were as previously described [427]. Wildtype SOD1 

and mutant SOD1 A4V constructs encoding EGFP-tagged human SOD1 at the C-terminus 

were previously described [265]. GFP FUS (wildtype and R521G) vectors were a gift from 

Dr. Justin Yerbury, University of Wollongong, Australia, and wildtype FUS and mutant FUS 

R521G constructs encoding hemagglutinin (HA)-tagged human FUS at the N-terminus were 

provided by Dr. Dorothee Dormann, Munich University, Germany. Wildtype Cyclin F and 

mutant Cyclin F S621G in pmCherry.N1 vector were supplied by Professor Roger Chung, 

Macquarie University, Australia. Wildtype PDI containing a v5 tag in pcDNA3.1(+) 

construct was provided by Professor Neil Bulleid, University of Glasgow, UK. Mutant PDI 

D292N and R300H were a kind gift from Professor Claudio Hetz, University of Chile, Chile. 

The PDI QUAD mutant was generated by a Masters student at La Trobe University, 

Australia, and the cytoplasmic PDIs (WT and QUAD) were created by a Post-doctoral 

researcher (Dr. Sonam Parakh), all using site-directed mutagenesis. The EGFP-SOD1 A4V 

cysteine mutants were also generated by a Masters student using site-directed mutagenesis. 

The XBP-1 venus reporter construct was as previously described [445], as well as the GFPu 

construct [446, 447]. The cyto-roGFP construct was a gift from Paul Schumacker (Addgene 

plasmid #49435). Expression constructs were re-suspended in nuclease free water and 
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transformed in TOP10 cells with glycerol stocks made for future experiments. All DNA 

plasmids were verified by DNA sequencing before use. 

 

 

2.2 Molecular Biology 

2.2.1 Luria-Bertani (LB) medium 

Luria-Bertani (LB) broth was used as a medium to maintain and support the growth of E. coli 

throughout the project. 10 g bacto-tryptone (Oxoid), 5 g yeast extract (Oxoid) and 10 g NaCl 

were mixed in 1 L dH2O, with the pH adjusted to 7.0 with 1 mL 1 M NaOH, in order to make 

LB broth. LB broth was autoclaved and stored at room temperature.  

 

2.2.2 Antibiotic for bacterial culture 

Ampicillin or kanamycin sulphate (Sigma) were dissolved in dH2O at 100 mg/mL and filter 

sterilised before storage at -20°C. The appropriate antibiotic was added to LB broth prior to 

the broth’s usage at a final concentration of 60 µg/mL for ampicillin and 100 µg/mL for 

kanamycin. 

 

2.2.3 LB agar plates 

LB agar was prepared by adding 20 g of bacteriological agar (Oxoid) per 1 L LB broth prior 

to autoclaving. LB agar was allowed to cool to approximately 55°C and appropriate antibiotic 

was added before pouring ~ 15 mL into sterile Petri dishes in a laminar flow hood. Plates 

were left to set before immediate use or storage at 4°C. 
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2.2.4 Transformation of competent cells 

TOP10 competent cells (Invitrogen) were stored at -80°C. Upon use, cells were thawed on 

ice. The appropriate volume of DNA plasmid was added to 50 µL of competent cells in a 

tube, and gently mixed with a pipette tip. The cells were incubated on ice for 30 min, and 

then heat shocked at 42°C for 45 s, before immediately returned to ice for a further two 

minutes. 250 µL SOC medium (Invitrogen) was added to the cells and tubes were shaken at 

~200 rpm in a 37°C shaking incubator for 1 h. Aliquots of 50 µL of the cell mixture were 

spread onto pre-prepared agar plates (section 2.2.3), which were incubated at 37°C overnight, 

inverted. 

 

2.2.5 Small scale plasmid DNA production 

DNA used for initial mammalian cell transfection optimisation and mutation screening was 

isolated from bacterial cultures using the QIAprep Spin Miniprep Kit (Qiagen). After 

overnight incubation of transformed LB agar plates, a single bacterial colony was collected 

with a pipette tip and inoculated in a Falcon tube containing 5 mL LB broth with antibiotic. 

The tube was incubated overnight at 200 rpm in a 37°C shaking incubator. 4 mL of bacterial 

culture was centrifuged using a FA-45-24-11 rotor, 1 mL at a time, at 13,000 rpm for 3 min 

the following day. The remaining 1 mL was used to make a glycerol stock (section 2.2.8). 

Supernatants were removed after each centrifugation and the resulting pellet was processed 

according to the manufacturer’s protocol. 50 µL of DNA was eluted as a result of the 

protocol which was stored at -20°C. DNA was quantified by spectrophotometry (section 

2.2.7). 

 

 



69 
 

2.2.6 Midi-scale plasmid DNA production 

DNA used for all mammalian cell transfections was isolated using the QIAGEN Plasmid Plus 

Midi Kit (Qiagen). After overnight incubation of transformed LB agar plates, a single 

bacterial colony was collected with a pipette tip and inoculated in a Falcon tube containing 25 

mL LB broth with antibiotic. The tube was incubated overnight at 200 rpm in a 37°C shaking 

incubator. The following day, bacterial cultures were centrifuged at 6,000 g for 15 min at 

4°C. The supernatant was removed of and the resulting pellet was processed according to the 

manufacturer’s protocol. 200 µL of DNA was eluted as a result of the protocol and this was 

stored at -20°C. DNA was quantified by spectrophotometry (section 2.2.7) and agarose gel 

electrophoresis (section 2.2.8) before use in transfection experiments. 

 

2.2.7 DNA quantification by spectrophotometry 

The concentration of DNA was analysed by using a Nanodrop ND-1000 spectrophotometer. 

A conversion of 1.0 A260 = 50 ng/µL was used to determine the original DNA concentration, 

and the A260/A280 ratio was used to examine DNA purity, where a ratio of ~ 1.8 was generally 

accepted as “pure” for DNA. 

 

2.2.8 DNA analysis by agarose gel electrophoresis 

50x TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) was diluted with dH2O to a 1x 

working solution. 3 % (w/v) agarose was added to the buffer and heated until agarose had 

dissolved, followed by the addition of 0.1 % (v/v) Gel Red Nucleic Acid Stain (Biotium). 

Buffer was poured into a gel rig and allowed to set. Next, the gel rig was placed into the gel 

electrophoresis apparatus and 1x TAE buffer poured over the apparatus, ensuring the gel was 
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covered. 1 kb PLUS DNA ladder (Invitrogen) and plasmid samples were loaded to the wells 

with 6x Gel Loading Dye (New England Biolabs). The voltage applied varied from 70 to 100 

V for 30 – 90 min, depending on DNA size. Bands were visualised under UV light and 

analysed using the desktop program Genesys (Syngene, Frederick, MD, USA).  

 

2.2.9 Glycerol stocks 

Glycerol stocks of overnight bacterial cultures were prepared by mixing 750 µL of bacterial 

culture with 250 µL of 80 % glycerol. Stocks were mixed by vortexing and subsequently 

stored at -80°C in order to preserve bacteria for a long period of time. 

 

 

2.3 Mammalian Cell Culture 

2.3.1 Fetal Calf Serum (FCS) heat inactivation 

Fetal Calf Serum (FCS; Gibco) was stored at -20°C. Upon use, FCS was thawed to room 

temperature, before being added to a 56°C water bath for 30 min with frequent mixing. The 

heat-inactivated FCS was aliquoted in 50 mL tubes and stored at -20°C. 

 

2.3.2 Cell maintenance  

Mouse neuroblastoma Neuro2a cells were maintained in T75 flasks containing high glucose 

Dulbecco’s Modified Eagle Medium (DMEM; Gibco) with 10 % (v/v) heat-inactivated FCS 

and 1 % (v/v) Pen-Strep. The cells were incubated at 37°C under 5 % CO2 and upon 75-80 % 

confluence, they were passaged. This involved briefly washing the cells with sterile 
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phosphate buffer saline (PBS; 3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM 

NaCl, pH 7.4), followed by 37°C incubation with 1 mL Trypsin-EDTA (Gibco) for ~ 1 min 

to detach the cells from the flask. The cells were then collected with 5 mL DMEM with 10 % 

(v/v) FCS and centrifuged at 800 rpm for 5 min. The cell pellet was resuspended in 1 mL 

DMEM with 10 % (v/v) FCS and cell concentration was determined using a haemocytometer 

(Crown Scientific). Briefly, 10 µL of cell suspension was added to 90 µL DMEM and 100 µL 

Trypan Blue (Invitrogen), resulting in a 1:20 dilution. The number of viable cells in each of 

the four 1 mm2 areas of the haemocytometer were counted and the mean number of cells was 

multiplied by 20 (dilution factor) and 104 to confer cell number per mL. Cells were plated 

onto 24-well plates comprising 13 mm coverslips (Menzel) in each well if performing 

immunocytochemistry or 6-well plates if preparing cell lysates, and the remaining cells were 

subcultured into a new T75 flask containing 10 mL DMEM with 10 % (v/v) FCS and 1 % 

(v/v) Pen-Strep. The number of cells plated were dependent on how long the cells were to be 

incubated for, the degree of growth, and the type of well-plate used, typically a range 

between 4 x 104 – 1 x 105 per well. The cell amount per well was kept constant within 

experiments. 

 

2.3.3 Transfection 

Neuro2A cells were transfected using Lipofectamine 2000 with PLUS reagent (Invitrogen) 

according to the manufacturer’s protocol. Cells plated in 24-well plates were transfected with 

500-1000 ng plasmid DNA. In cells which required two plasmid DNAs to be transfected, a 

concentration of 500 ng of each DNA plasmid was used. The DNA amount per well was kept 

constant within experiments to ensure reproducibility. Cells were incubated in a 37°C 
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incubator under 5 % CO2. Cell media was replaced 5 h post-transfection and cells were 

further incubated for between 18 h – 72 h, depending on experiment. 

 

2.3.4 Long-term storage of cell lines 

Confluent cells at a low passage number were treated with Trypsin-EDTA and collected in 5 

mL antibiotic-free DMEM with 10 % (v/v) FCS. The cell suspension was centrifuged at 800 

rpm for 5 min at room temperature and the resulting pellet was resuspended in 1 mL 95 % 

FCS and 5 % DMSO. Cells in this medium were dispensed into cyrovials (1-2 million cells 

per 1 mL aliquot) and frozen at -80°C. Cyrovials were transferred to liquid nitrogen for long 

term storage.  

 

2.3.5 Cell lysate preparation 

Tris NaCl (TN) buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl) was prepared with 0.1 % 

(w/v) sodium dodecyl sulfate (SDS) and 1% protease inhibitor cocktail (Sigma) (1 tablet/10 

mL), and kept on ice. Cell lysates were collected in 250-500 µL TN buffer, depending on 

confluence, and incubated on ice for 15 min. After incubation, remaining cells were detached 

with a cell scraper and collected into labelled centrifuge tubes to be frozen at -20°C for 24 h.  

 

2.3.6 Protein concentration determination 

Samples were incubated on ice for 10 min before centrifugation with a FA-45-24-11 rotor at 

15,000 rpm for 15 min to clear the supernatant. The pellet was removed. The concentration of 

protein within the cell lysates was determined using the BCA Protein Assay (Thermo 

Scientific) by comparing concentrations with a bovine serum albumin (BSA) standard curve 
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of known concentrations ranging from 0 to 2.0 mg/mL, according to the manufacturer’s 

protocol. All cell lysate samples were analysed in duplicates on a 96-well plate, and the 

absorbance at 560 nm was determined using a PHERAstar FS microplate reader (BMG 

Labtech, Ortenberg, Baden-Wűrttemberg, Germany).  

 

 

2.4 Immunocytochemistry 

2.4.1 Cell fixation 

At the appropriate time point for analysis, transfected Neuro2A cells in 24-well plates were 

taken out of 37°C and 5 % CO2 incubation. DMEM was aspirated and cells were washed 

once with 1 x PBS. Cells were then fixed with 4 % (w/v) paraformaldehyde (PFA) and 

incubated in the dark at room temperature for 20 min. Cells were again washed with PBS and 

stored in PBS at 4°C if not used immediately. 

 

2.4.2 Immunofluorescence assay 

After fixation, cells were permeabilised with 0.1 % (v/v) Triton-100 in PBS for 10 min and 

blocked with 3 % (w/v) BSA in PBS for 1 h, both at room temperature with gentle rocking. 

After washing twice with PBS, the appropriate primary antibody (Table 2.1) was diluted and 

added to the cells, followed by an overnight incubation at 4°C. Primary antibodies were 

diluted in 1 x PBS. 
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TABLE 2.1: Primary antibodies used for immunocytochemistry. 

Antibody Dilution factor Species raised in Manufacturer 

Anti-V5 tag 1:200 Mouse Invitrogen 

(#R960-25) 

Anti-HA tag 1:200 Rabbit Sigma 

(#H6908) 

Anti-CHOP 1:50 Mouse Santa Cruz 

(#sc-7351) 

Anti-XBP-1 1:20 Rabbit Santa Cruz 

(#sc-8015) 

Anti-Bax 1:200 Mouse BD Biosciences 

(#556467) 

Anti-Cleaved Caspase-3 1:400 Rabbit Cell Signalling 

(#9661) 

Anti-Calreticulin 1:200 Rabbit Abcam 

(#ab2907) 
 

 

The following day, cells were washed three times with PBS over 10 min, and then incubated 

with the appropriate secondary antibody at 1:250 dilution in PBS for 1 h in the dark at room 

temperature. Secondary antibodies used were goat anti-rabbit IgG Alexa Fluor 594 conjugate 

or goat anti-rabbit IgG Alexa Fluor 488 conjugate for primary antibodies hosted in rabbit, and 

goat anti-mouse IgG Alexa Fluor 594 conjugate or rabbit anti-mouse IgG Alexa Fluor 488 

conjugate for primary antibodies hosted in mouse (all from Molecular Probes). Cells were 

washed three times with PBS over 10 min after secondary antibody incubation. Nuclei were 

stained using Hoechst 33342 (Thermo Scientific) diluted to a concentration of 0.5 µg/mL in 

dH2O for 15 min in the dark. Again, cells were washed three times with PBS. Coverslips 

were carefully removed from wells and mounted onto slides, cell side down, using Dako 

fluorescent mounting media, and allowed to air dry in the dark overnight. 
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2.4.3 Nuclear morphology apoptosis analysis 

Neuro2A cells were grown on coverslips in 24-well plates, and then transfected with suitable 

plasmids, as indicated in section 2.3.3. Cells were washed with PBS and fixed with 4 % (w/v) 

PFA for 20 min in the dark at room temperature. Cells were subsequently washed and then 

treated with Hoechst 33342 at a concentration of 0.5 µg/mL for 15 min in the dark at room 

temperature. After a final two washes with PBS, cells were mounted onto slides, cell side 

down, with Dako fluorescent mounting medium. Images for counting and analysis were 

acquired using a Zeiss AxioImager epifluorescence microscope, and accompanying Zen 

software. At least 100 cells co-expressing both transfected plasmids per treatment were 

counted and analysed, and three independent experiments were performed. Apoptotic nuclei 

were defined as condensed (under 5 µM in diameter), fragmented, or having an abnormal 

morphology (not circular) and were counted as a percentage of non-apoptotic cells. Cells 

which expressed just one transfected plasmid and cells which were undergoing cell division 

were omitted from the study. 

 

2.4.5 Fluorescence microscopy 

Once slides were dried, they were observed under 40x magnification on a Zeiss AxioImager 

epifluorescence microscope. DAPI (nuclei, blue fluorescence), FITC (green fluorescence) 

and TRITC (red fluorescence) filters were used for viewing the different channels, and 

images were taken using the microscope’s Zen software for cell counting and analysis. 

Photomultiplier sensitivities were set to minimise ‘bleed through’ effects from one channel to 

another. At least 100 cells co-expressing both transfected plasmids were counted and 

analysed per treatment. Confocal imaging was performed using a Zeiss LSM 880 confocal 

laser scanning microscope for the attainment of high-resolution images. 
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2.5 SDS-PAGE and Immunoblotting 

2.5.1 Materials 

10x running buffer 

30 g Tris, 148 g glycine and 10 g SDS were dissolved in 1 L dH2O. For a 1x working 

solution, the stock was diluted by 1 in 10 in dH2O. 1x running buffer was used when running 

the gel through electrophoresis. 

1x transfer buffer 

3.03 g Tris and 14.4 g glycine were dissolved in 200 mL methanol and made up to 1 L with 

dH2O. The working solution contained 25 mM Tris, 192 mM glycine and 20 % (v/v) 

methanol. 1x transfer buffer was used when transferring the gel to a nitrocellulose membrane. 

10x Tris-buffered saline (TBS) 

12.1 g Tris and 88 g NaCl were dissolved in 1 L dH2O and stored at 4°C. The stock was 

diluted by 1 in 10 in dH2O and the pH adjusted to 8.0 with HCl to achieve a 1x working 

solution. The working solution contained 10 mM Tris-HCl and 150 mM NaCl. 

10x Tris-buffered saline with tween-20 (TBS-T) 

In each 1 L of 10x TBS, 5 mL of Tween-20 (polyoxyethylene sorbitol monolaureate, Sigma) 

was added. The stock was diluted by 1 in 10 in dH2O and the pH adjusted to 8.0 with HCl to 

achieve a 1x working solution. The working solution contained 10 mM Tris-HCl, 150 mM 

NaCl and 0.05 % (v/v) Tween-20. 

 

2.5.2 SDS-PAGE 

40 µg of protein sample (sections 2.3.5 and 2.3.6) were added to 10 µL of 4 x Laemmli 

Sample Buffer (Biorad) and NuPage Sample Reducing Agent (10x) (Invitrogen). Samples 
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were vortexed and briefly centrifuged before denaturation at 95°C for 5 min. Samples and the 

Precision Plus Protein™ Dual Color Standards molecular weight marker (Bio-Rad) were run 

through a 4-15 % precast polyacrylamide gel and transferred to a nitrocellulose membrane.  

 

2.5.3 Immunoblotting 

Nitrocellulose membranes were blocked with 5 % (w/v) skim milk in TBS-T for 30 min, and 

then incubated with primary antibodies (Table 2.2) at 4°C overnight or at room temperature 

for 1 h. Primary antibodies were diluted in 5 % (w/v) skim milk in TBS-T. 

 

TABLE 2.2: Primary antibodies used for immunoblotting. 

Antibody Dilution factor Species raised in Manufacturer 

Anti- V5 tag 1:2000 Mouse Invitrogen 

(#R960-25) 

Anti- GFP 1:2000 Rabbit Abcam 

(#ab290) 

Anti- β-actin 1:2000 Mouse Sigma 

(#A2228) 

Anti- mCherry 1:2000 Rabbit Abcam 

(#ab183628) 
 

 

After primary antibody incubation, membranes were washed once with TBS-T for 4 min, 

followed by a further two washes with TBS for 4 min each. Membranes were then incubated 

with secondary antibodies (Chemicon) for 1 h at room temperature: HRP-conjugated goat 

anti-rabbit, or goat anti-mouse (1:2000 dilution in TBS-T). After another three washes, 

signals were detected Clarity™ Western ECL Substrate (Bio-Rad), according to the 

manufacturer’s protocol. Membranes were analysed and images obtained using the Bio-Rad 

https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=0ahUKEwi3lIOxzuzLAhVFHJQKHcTKAloQFggmMAI&url=http%3A%2F%2Fwww.bio-rad.com%2Fen-au%2Fsku%2F1610374-precision-plus-protein-dual-color-standards-500-mul&usg=AFQjCNEncbE9hOPUAOn7xiAJZjfQ4doVgw&bvm=bv.118443451,d.dGo
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ChemiDoc MP system and Image Lab™ software. Blots were stripped using Restore™ 

PLUS Western Blot Stripping Buffer (Thermo Scientific) according to the manufacturer’s 

protocol and re-probed as above. 

 

 

2.6 Statistical Analysis 

Each experiment was performed a minimum of three times at differing cell passage number, 

with at least one blind experiment. Differing cell passage numbers were used to demonstrate 

that the results obtained were still consistent, despite variations to cell passage number. The 

data are represented as mean ± standard error of the mean (SEM) and comparisons were 

performed using one-way analysis of variance (ANOVA) followed by Tukey post hoc test 

(GraphPad Prism, San Diego, CA, USA). P-values of 0.05 were considered significant, where 

* p <0.05, ** p <0.01, and *** p <0.001. 
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3.1 Introduction 

PDI is a multifunctional protein, acting as both an ER chaperone and an oxidoreductase. 

Upregulated by the induction of ER stress, PDI is a fundamental molecular defence against 

protein misfolding, both in the ER and in the cytoplasm [438]. In studies investigating the 

role of ER stress in ALS, PDI upregulation was detected in both mutant SOD1 transgenic 

mouse models and human ALS patient spinal cord tissues [254, 440]. Moreover, PDI was 

found to be co-localised with misfolded proteins in disease-affected tissue, suggesting a role 

for PDI in ALS [426, 427]. Investigations into the role of PDI in ALS has established a 

possible protective role for PDI against ER stress and various other ALS hallmarks induced 

by ALS-associated proteins SOD1, TDP-43 and FUS [448] (Parakh et al., 2017 in 

preparation), as discussed in the following sections. 

Cyclin F is an E3 ligase protein, responsible for mediating the ubiquitination and proteasomal 

degradation of target proteins. Therefore, Cyclin F is an essential constituent of the UPS 

[449]. Recently, novel mutations in the gene encoding Cyclin F have been associated with 

ALS and FTD [89], and further studies from our group have demonstrated that ALS/FTD 

associated-mutant forms of the protein inhibit ER-Golgi transport and ERAD, which induces 

ER stress and apoptosis, similar to other proteins linked to ALS (Ragagnin et al., 2017 in 

preparation). 

Given that we have obtained evidence that PDI is protective against similar mechanisms of 

ALS pathogenesis induced previously, it was hypothesised that PDI would also exert a 

protective effect against mutant Cyclin F induced-cellular defects. Thus, this chapter focuses 

specifically on the role of PDI against ALS/FTD associated- mutant Cyclin F in neuronal 

cells. 
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3.1.1 The involvement of PDI in ALS 

PDI was first identified as a key player in ALS when it was found to be upregulated in the 

spinal cords of mutant SOD1 transgenic mouse models of ALS at pre-symptomatic, 

symptomatic and end stages of disease [254]. In addition, PDI levels were upregulated in the 

spinal cords of sALS patients, compared to non-ALS controls [254, 423]. PDI was 

subsequently observed in swollen neurites [440] and upregulated in the CSF of both sALS 

and fALS patients [254], consistent with reports that PDI is localised in other cellular 

locations besides the ER, and secreted by several cell types [450]. Proteomic screening also 

detected an upregulation of PDI in the blood of ALS patients during disease, suggesting that 

PDI may have potential as a biomarker for diagnosis [451].  

PDI co-localises with mutant SOD1 inclusions in both mutant SOD1 transgenic mouse 

models and in neuronal cells expressing mutant SOD1, indicating that it may be protective 

against mutant SOD1 misfolding. This was subsequently confirmed in ALS cell models 

expressing mutant SOD1 in which co-expression with PDI prevented the formation of SOD1 

inclusions and insoluble ubiquitinated proteins [448]. Conversely, the knockdown of PDI in 

these cells increased the proportion of SOD1 inclusions [448], demonstrating that PDI is 

protective against the formation of SOD1 inclusions. Furthermore, overexpression of PDI 

also reduces the levels of UPR markers BiP, phosphorylated PERK, and pro-apoptotic 

CHOP, as well as reduces the proportion of apoptotic cells compared to control populations 

[448], implying that PDI is also protective against ER stress and toxicity induced by mutant 

SOD1.  

In addition to mutant SOD1, PDI also co-localises with inclusions formed by other ALS-

linked mutant proteins; TDP-43 [427, 440], FUS [426], and VAPB [201]. Moreover, PDI has 

been detected in motor neuronal inclusions in sALS patients where it associates with TDP-43 
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and SOD1 [440], suggesting that PDI is associated with general protein misfolding in ALS. 

The neuroprotective role for PDI was also further supported in vivo, by studies involving the 

deletion of Reticulon-4A. Knockdown of Reticluon-4A, responsible for PDI distribution to 

intracellular subdomains, accelerates the degeneration of motor neurons in SOD1 mouse 

models [452].  

Recently, unique roles for PDI and its family member, ERp57, have been identified in the 

nervous system. Overexpression of PDI and ERp57 enhances neurite outgrowth in motor 

neuronal cells, primary neurons and human motor neurons produced from differentiation of 

embryonic stem cells. Moreover, ERp57 is protective at the synapse [441]. Conditional 

ERp57 knockout mice display abnormal synapses, reduced muscle innervation, aberrant 

skeletal muscle fibres and dysfunctional neuromuscular connectivity, resulting in a 

significant decline in motor performance, a reduction in body mass, and premature death 

[441]. Hence, these data suggest that PDI family members have novel roles in motor control 

and neuromuscular connectivity. 

PDI’s profile in ALS has recently become more prominent by the identification of PDI 

variants as a genetic risk factor [442]. In this study, single nucleotide polymorphisms (SNPs) 

in the gene encoding PDI were associated with fALS and sALS [442]. In addition, a second 

study demonstrated a significant association of SNPs in the PDI gene with sALS in the 

Chinese Han population, implying that genetic variations in the PDI gene may be a 

contributing risk factor for developing sporadic forms of ALS in these populations [443]. 

Interestingly, a further study identified 16 variants in both PDI and ERp57, with 1-2% present 

in all fALS and 1% present in all sALS cases analysed [444]. This frequency is similar to that 

of other ALS-linked gene variants [4]. Structural analysis of proteins encoded by PDI 

variants, D292N and R300H, predicted a change in the catalytic functioning of these proteins 

[444]. These variants are discussed in detail in Chapter 6. 
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Recent unpublished data in our laboratory has demonstrated that PDI is protective against ER 

stress and ER-Golgi transport defects induced by mutant TDP-43 and mutant FUS (Parakh et 

al., 2017 in preparation), similar to its protective effect against mutant SOD1. Moreover, PDI 

is able to inhibit mutant TDP-43 and mutant FUS mislocalisation to the cytoplasm (Parakh et 

al., 2017 in preparation), demonstrating that PDI is protective against various ALS-associated 

proteins and against similar ALS mechanisms of pathogenesis. 

 

3.1.2 Cyclin F (CCNF) 

First reported in 1994, Cyclin F, encoded by the gene CCNF, is an orphan member of the 

cyclin protein family [453]. It is involved in regulating several cell cycle processes, including 

centrosome duplication [454], genome stability maintenance [455], and DNA replication and 

repair [456]. Usually, cyclins are important regulators of the cell cycle by activating cyclin-

dependent kinases (CDKs), however, Cyclin F does not perform this function [449]. In 

contrast to other cyclins, which exploit the catalytic subunits of CDKs to phosphorylate 

protein substrates and promote cell cycle events, Cyclin F regulates the cell cycle 

independent of CDK activity. Instead, it ubiquitinates or directly interacts with substrates 

using its F-box motif [449, 456, 457]. This process has important roles in the ubiquitination 

and degradation of proteins involved in the cell cycle, but it also marks other proteins for 

degradation [458].  

Cyclin F is the founding member of the F-box family of proteins, characterised by the 

presence of an F-box motif [453]. By binding directly to S-phase kinase-associated protein 1 

(Skp1), F-box proteins, including cyclin F, act as the substrate recognition subunits of the 

Skp1-Cul1-F-box (SCF) E3 ubiquitin-protein ligase complex, which recognise and mediate 

the ubiquitination and proteasomal degradation of target proteins via an enzyme cascade 
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[449, 453] (see Figure 3.1). Therefore, this E3 ubiquitin-protein ligase complex (SCFCyclin F) 

is a fundamental component of the UPS. Moreover, E3 ubiquitin ligases, including F-box 

proteins, are involved in maintaining ER homeostasis by directing target proteins for 

degradation via ERAD [459, 460].  

 

 

 

 

 

 

Figure 3.1: The SCFCyclin f complex in the UPS pathway.  

Cyclin F, Skp1 and Cul1 form a Skp1-Cul1-F-box (SCF) E3 ubiquitin-protein ligase 

complex. Target substrates bind to Cyclin F’s F-box motif. Ubiquitinated E2 enzymes bind to 

RING box protein 1 (Rbx1), which is bound to Cul1, which then interacts with the SCFCyclin F 

complex to transfer ubiquitin to a target substrate. The ubiquitinated substrate is then directed 

to the proteasome for degradation. 
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Cyclin F has a molecular weight of 87 kDa, and along with an F-box domain, it contains a 

cyclin box, two functional D-box motifs, two NLS motifs, and a PEST sequence rich in 

proline (P), glutamic acid (E), serine (S) and threonine (T) residues (see Figure 3.2).  The two 

NLS motifs ensure cyclin F localises predominantly in the nucleus [461]. The F-box domain 

binds to Skp1 within the SCF complex [462], whereas the two D-box motifs, composed of an 

RXXL sequence, are required for anaphase promoting complex/cyclosome (APC/C)-

mediated degradation of Cyclin F [463]. The cyclin box domain shares structural similarities 

with other cyclin proteins, and it is responsible for binding substrates through hydrophobic 

residues [454-456]. The PEST sequence, located at cyclin F’s C-terminus, is typically present 

in proteins which are rapidly degraded. Indeed, expression of Cyclin F lacking a PEST 

sequence leads to the accumulation of Cyclin F in cells [464].  

 

 

 

Figure 3.2: The domain organisation of the Cyclin F protein. 

Cyclin F is a 786-amino acid protein which contains two NLS motifs (blue), an F-box motif 

(green), a cyclin box (yellow) containing two D-box motifs (light grey) and a PEST region 

(purple). The red text above the sequence indicates the location of each of the ALS/FTD-

linked mutations identified to date within the CCNF gene. 
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3.1.3 Cyclin F mutations are implicated in ALS and FTD 

The role of Cyclin F is neurons has not been well investigated, however recently, genome-

wide linkage analysis in a large ALS/FTD pedigree and whole-exome sequencing was 

utilised to identify a CCNF missense mutation on chromosome 16p13.3. Upon investigation 

of international cohorts, additional novel CCNF variants in both fALS and sALS, as well as 

FTD, were discovered, indicating that mutant forms of Cyclin F are associated with ALS and 

FTD [89]. 

To date, ten missense mutations in CCNF have been identified in fALS, sALS and FTD 

patients. Interestingly, these mutations are scattered throughout the distinct domains of the 

protein and their functional consequences are yet to be determined. However, no mutations in 

the F-box domain of Cyclin F have been identified as of yet. Nonetheless, no relationship has 

yet been identified between the location of mutations in cyclin F and clinical phenotype [89]. 

Familial ALS and FTD mutations in CCNF were present in overall cohorts from diverse 

geographic populations at frequencies ranging from 0.6% to 3.3%, which is comparable to 

the frequency of mutations observed in TARDBP, which encodes TDP-43, and FUS, that 

have been reported in fALS cohorts [89].  

Cyclin F is a fundamental component of the UPS [449]. Usually, aberrant misfolded proteins 

are targeted for degradation by the UPS, however there is increasing evidence that this 

system is dysfunctional in ALS patients [108]. Interestingly, expression of mutant Cyclin F in 

neuronal cells resulted in UPS dysfunction, as well as abnormal ubiquitination and 

accumulation of ubiquitinated proteins, including TDP-43 [89]. Furthermore, overexpression 

of mutant Cyclin F in zebrafish resulted in an aberrant motor neuron phenotype, reminiscent 

of ALS [465]. These studies suggest that mutant forms of Cyclin F may contribute to overall 

proteostasis dysfunction in ALS. 
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3.1.4 Cyclin F induces ER stress, mislocalisation, promotes cell death and activates UPS 

Recent unpublished studies performed in our laboratory have demonstrated that mutant 

Cyclin F S621G induces pathogenic mechanisms previously observed in ALS (Ragagnin et 

al., 2017 in preparation). Similar to mutant forms of TDP-43 and FUS, mutant Cyclin F 

S621G mislocalises to the cytoplasm, whereas wildtype Cyclin F is localised in the nucleus, 

as expected. This suggests that the presence of ALS/FTD-associated mutations in Cyclin F 

induce its redistribution to the cytoplasm. Mutant Cyclin F S621G also perturbs ER-Golgi 

protein transport and induces fragmentation of the Golgi apparatus into tubular and vesicular 

structures. Moreover, mutant Cyclin F S621G induced ER stress, upregulating levels of IRE1, 

spliced XBP-1 and pro-apoptotic CHOP, in neuronal cells (Ragagnin et al., 2017 in 

preparation). CHOP levels were also slightly, but significantly, upregulated in cells 

expressing wildtype Cyclin F, similar to previous findings that wildtype SOD1 induces low 

levels of ER stress [119]. Furthermore, expression of mutant Cyclin F S621G was also found 

to impair ERAD in neuronal cells, and interestingly, wildtype Cyclin F also inhibited ERAD, 

but again to a lesser extent that mutant Cyclin F. In addition, mutant Cyclin F S621G became 

associated with stress granules in neuronal cells, and triggered apoptotic cell death, indicating 

that cellular mechanisms stimulated by mutant Cyclin F are associated with neuronal loss 

(Ragagnin et al., 2017 in preparation). These studies therefore reveal that ALS-associated 

mutant Cyclin F perturbs ER homeostasis and triggers apoptosis in human neuronal cell lines, 

similar to other ALS-associated proteins, revealing novel insights into the pathogenic 

mechanisms induced by Cyclin F in ALS/FTD. These studies also provide further evidence of 

a relationship between ER and Golgi defects and cellular pathology in ALS.  
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3.1.5 Aims of this chapter 

Despite their diverse functions, ALS mutant proteins SOD1, TDP-43 and FUS share several 

pathogenic mechanisms implicated in ALS, including the accumulation of abnormally folded 

proteins, the induction of ER stress and inhibition of ER-Golgi transport. Previous studies 

from our group have demonstrated that PDI is protective against these events in cells 

expressing mutant forms of SOD1, TDP-43 and FUS. Mutant forms of novel ALS/FTD-

associated protein, Cyclin F, also induce similar cellular mechanisms. The following 

experiments described in this chapter involved examining whether the overexpression of PDI 

is protective against these mechanisms induced by mutant Cyclin F S621G in neuronal cell 

lines. 
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3.2 Materials/Methods 

3.2.1 Constructs 

A pcDNA3.1 vector containing full-length PDI and a V5 tag at the C-terminus was provided 

by Dr. Neil Bulleid, University of Glasgow, UK. The V5 tag is a short peptide sequence of 14 

amino acids which is used to detect expression of tagged proteins [466]. Wildtype Cyclin F 

and mutant Cyclin F S621G constructs in pmCherry.N1 vector were supplied by Associate 

Professor Ian Blair, Macquarie University, Australia. mCherry is commonly used as a tag to 

aid the visualisation of proteins in neuronal cells by its bright red fluorescence. It has been 

previously shown not to alter the native function or localisation of proteins [467]. The GFPu 

construct, used to indicate activation of the UPS, was as previously described [447]. 

Similarly, the XBP-1 venus reporter construct was used to signal XBP-1 activation and 

hence, induction of ER stress [445]. The DNA plasmids used in this chapter were verified by 

DNA sequencing before use.  
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3.3 Results 

3.3.1 Wildtype PDI is localised in the ER of Neuro-2A cells. 

First, the localisation of overexpressed V5-tagged PDI protein was analysed in Neuro-2A 

cells using confocal microscopy. Cells were transfected with the PDI construct for 24 h and 

then immunocytochemistry was performed using a V5 antibody to visualise PDI, and a 

calreticulin antibody to probe for calreticulin, an ER-resident protein. As expected, PDI co-

localised with calreticulin in all transfected cells, indicating that PDI is localised within the 

ER (Figure 3.3). This is consistent with previous reports [468]. Single colour controls were 

also performed to ensure there was no evidence of bleed through from one channel to another 

(Supplementary figure 1). 

 

PDI Calreticulin DAPI Merge

 

Figure 3.3: Wildtype PDI is localised in the ER of Neuro-2A cells.  

Neuro-2A cells were transfected with pcDNA3.1 vector encoding PDI and a V5 tag (left 

column). After 24 h transfection, cells were fixed and immunocytochemistry was performed 

using antibodies for the V5 tag and calreticulin (second column from the left), and the 

nucleus was stained using Hoechst (third column). The yellow in the merge panel (last 

column) illustrates co-localisation of PDI and calreticulin, illustrating that PDI is localised 

primarily in the ER, as expected. Scale bar represents 30 µM.  
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3.3.2 Wildtype PDI V5 is co-expressed in almost all Neuro-2A cells co-transfected with 

Cyclin F mCherry. 

Next, the co-transfection efficiency of PDI and Cyclin F was examined in Neuro-2A cells. 

Cells were transfected with PDI-V5 and Cyclin F mCherry constructs for 72 h, before fixing 

and performing immunocytochemistry using an anti-V5 antibody and staining the nuclei with 

Hoechst. Co-transfection was verified by fluorescence microscopy examining mCherry 

expression (red) for Cyclin F and performing immunocytochemistry with an Alexa Fluor 

488-tagged secondary antibody to detect the V5 tag of PDI (Figure 3.4 A). The overall 

transfection efficiency of Cyclin F constructs was calculated to be approximately 35 % in 

Neuro-2A cells when observed 72 h post-transfection. For each of the three replicate 

experiments, fluorescent microscopy was utilised to visualise at least 100 cells expressing 

Cyclin F. These cells were further analysed for co-expression with PDI. Quantification 

revealed that approximately 95 % of Cyclin F transfected cells also co-expressed PDI (Figure 

3.4 B). Thus, it was assumed in all further experiments that detection of Cyclin F expression 

reflected co-expression of both Cyclin F and PDI. Hence, in all future experiments including 

co-transfection of Cyclin F and PDI, immunocytochemistry using a V5 antibody was not 

performed. 
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Cyclin F MergePDI DAPI

 

 

Figure 3.4: Wildtype PDI V5 is co-expressed in almost all Neuro-2A cells co-transfected 

with Cyclin F mCherry. A) Neuro-2A cells were transfected for 72 h with Cyclin F tagged 

with mCherry (left column) and PDI tagged with V5 (second column from the left). Cells 

were fixed and immunocytochemistry was performed using an anti-V5 antibody and the 

nucleus was stained with Hoechst (third column). The merge column demonstrates co-

expression of PDI and Cyclin F in the cell shown. Scale bar = 30 µM. 
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3.3.3 Western blotting of PDI and Cyclin F in Neuro-2A cells. 

Prior to performing cellular assays using overexpressed Cyclin F and PDI, Western blotting 

analysis was performed to ensure that transfection of each construct resulted in similar levels 

of expression and to confirm that the expressed proteins were of the expected size (Figure 3.5 

A and B). Cell lysates were prepared from the following cell populations; mCherry vector 

alone, wildtype Cyclin F co-expressed with either empty pcDNA3.1 vector or PDI, and 

mutant Cyclin F S621G co-expressed with either empty pcDNA3.1 vector or PDI. 

Immunoblotting using an anti-mCherry antibody revealed that wildtype and mutant Cyclin F 

mCherry proteins were expressed at the expected size of 130 kDa, and mCherry alone was 

expressed at 30 kDa, as expected. PDI was detected in transfected cell lysates using an anti-

V5 tag antibody (62 kDa). β-actin was used as a loading control, detected using anti-β-actin 

antibody (40 kDa). These studies revealed that the levels of expression of PDI and Cyclin F 

were similar across cell lysate populations and that overexpression of PDI did not alter the 

expression of Cyclin F. The expression levels of mCherry was significantly higher than the 

expression of Cyclin F proteins, however, this was to be expected. 
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Figure 3.5: Expression of PDI-V5 and Cyclin F-mCherry proteins in Neuro-2A cells. 

A) Western blotting analysis of cell lysates was performed and to ensure that proteins were 

expressed at the expected size and that expression levels were similar between groups. Cell 

lysates examined were from cells expressing mCherry alone, wildtype Cyclin F with either 

empty pcDNA3.1 vector or PDI, and mutant Cyclin F S621G with either empty pcDNA3.1 

vector or PDI. PDI was detected at 62 kDa, as expected (PDI = 61 kDa, V5 tag = 1 kDa), 

whereas wildtype and mutant Cyclin F were detected at 130 kDa (Cyclin F = 100 kDa, 

mCherry = 30 kDa) and mCherry vector at 30 kDa. β-actin was used as a loading control and 

was detected at 40 kDa, as expected. B) The relative intensity of proteins was quantified 

against β-actin. The levels of expression of Cyclin F and PDI were confirmed to be similar 

between groups. The expression levels of mCherry were significantly (p < 0.001) higher than 

the expression levels of Cyclin F-mCherry proteins, as expected.  N = 3, Mean ± SEM, *** p 

< 0.001. 
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3.3.4 Overexpression of PDI inhibits mutant Cyclin F localisation to the cytoplasm. 

Our laboratory has previously shown that mutant Cyclin F mislocalises from its native 

location in the nucleus to the cytoplasm (Ragagnin et al., 2017 in preparation). This finding is 

consistent with prior studies demonstrating that cytoplasmic mislocalisation of TDP-43, FUS 

and C9orf72 is present in ALS, revealing that nucleo-cytoplasmic shuttling is dysregulated 

[469-471]. The mislocalisation of TDP-43 and FUS in ALS patient motor neurons is a 

common observation [62, 65, 128, 137], and it has been demonstrated in our laboratory that 

the over expression of PDI in neuronal cells expressing mutant TDP-43 and FUS can prevent 

mislocalisation of mutant TDP-43 and FUS (Parakh et al., 2017 in preparation). Therefore, it 

was next investigated whether PDI overexpression could also protect against mutant Cyclin F 

mislocalisation to the cytoplasm in Neuro-2A cells. 

The cellular location of Cyclin F was analysed 72 h post-transfection to ensure maximal 

levels of protein expression, based on previous observations in our laboratory. 

Immunocytochemistry was carried out using an anti-V5 antibody to detect PDI expression, 

and DAPI staining using Hoechst was performed to clearly visualise the nuclei. Cells were 

examined for localisation using fluorescence microscopy, and at least 100 cells co-transfected 

with Cyclin F and PDI were examined. Cyclin F was considered nuclear when it completely 

co-localised with the DAPI-stained nucleus. In contrast, Cyclin F was categorised as 

cytoplasmic when fluorescence was detected in both the nucleus and the cytoplasm or only 

within the cytoplasm of Cyclin F expressing cells (Figure 3.6 A). Low magnification images 

are also shown (Supplementary figure 2). 

A significantly higher proportion of cells expressing mutant Cyclin F S621G (p < 0.05) 

displayed cytoplasmic rather than nuclear Cyclin F (54.3% ± 3.4), compared to cells 

expressing wildtype Cyclin F. However, overexpression of PDI in cells expressing mutant 
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Cyclin F S621G resulted in significantly (p < 0.001) fewer cells with cytoplasmic Cyclin F 

localisation (30.7% ± 2.9), compared to cells expressing mutant Cyclin F S621G alone 

(Figure 3.6 B). Wildtype Cyclin F was localised in the cytoplasm in 41.0% ± 2.5 of cells 

expressing Cyclin F. Moreover, co-expression of PDI with wildtype Cyclin F reduced the 

proportion of cells with Cyclin F cytoplasmic mislocalisation to 31.0% ± 2.0 of cells, 

although this decrease was not statistically significant. Therefore, these data suggest that 

overexpression of PDI is protective against the cytoplasmic mislocalisation of ALS-

associated mutant Cyclin F S621G. The cells displaying mislocalised Cyclin F were also 

stratified into fixed expression levels to ensure that the co-expression of PDI did not decrease 

the expression of Cyclin F, thus resulting in less mislocalisation. These results demonstrated 

that the expression levels of Cyclin F were similar between groups, suggesting that alterations 

in expression were not a co-variate in determining PDI’s protective effect against 

mislocalisation (Supplementary figure 3). 
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Figure 3.6: Overexpression of PDI inhibits ALS mutant Cyclin F localisation to the 

cytoplasm. A) Immunofluorescence images of Neuro-2A cells expressing either wildtype or 

mutant Cyclin F S621G (first column), with or without co-expression of PDI (second 

column). DAPI stained nuclei are illustrated in column three, and a merged image of the cell 

is shown in column four. Cells expressing wildtype Cyclin F displayed mainly nuclear 

localisation of Cyclin F (first and second panel; Cyclin F WT, Cyclin F WT + PDI), whereas 

more cells expressing mutant Cyclin F S621G (third panel) displayed cytoplasmic 

localisation, as indicated with the white arrowhead. However, when PDI was co-expressed 

with mutant Cyclin F S621G, significantly fewer cells displayed cytoplasmic Cyclin F (fourth 

panel; Cyclin F S621G + PDI). Scale bar = 30 µM. B) Quantification of Neuro-2A cells with 

cytoplasmic localisation of Cyclin F in A). There was a significant increase (p < 0.05) in the 

proportion of cells with cytoplasmic localisation of mutant Cyclin F S621G, compared to 

wildtype Cyclin F. A significant decrease in the proportion of cells with cytoplasmic 

localisation of Cyclin F was observed when mutant Cyclin F S621G, but not wildtype Cyclin 

F, was co-expressed with PDI (p < 0.001). N=3, Mean ± SEM, * p < 0.05, *** p < 0.001. 
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3.3.5 Overexpression of PDI is protective against ER stress induced by mutant Cyclin F. 

Our laboratory previously demonstrated that ALS-associated Cyclin F induces ER stress in 

neuronal cell lines (Ragagnin et al., 2017 in preparation). As PDI has been shown to be 

protective against mutant SOD1-induced ER stress in neuronal cells [448], it was next 

investigated whether PDI was also protective against ER stress induced by mutant Cyclin F 

S621G in cell culture. Two markers of ER stress were used; XBP-1 and CHOP. The 

activation of XBP-1 was used as a marker of UPR induction in its early, pro-survival stages, 

and is indicative of the activation of the IRE-1 pathway of the UPR [393, 472]. A reporter 

construct for XBP-1 was used to detect XBP-1 activation. The XBP-1 Venus reporter 

contains the GFP variant, Venus, downstream of a partial sequence of XBP-1. Under normal 

non-stressed conditions, it is expected that the mRNA generated from this fusion construct 

will not be spliced, and translation will be terminated at the stop codon between the XBP-1 

and Venus genes. Conversely, during ER stress, this mRNA is spliced, leading to a frame 

shift which results in termination of translation at the stop codon after venus. Thus, a fusion 

protein of XBP-1 and Venus will be produced in cells undergoing ER stress. The 

fluorescence from Venus will therefore be observed in the nucleus if XBP-1 is activated, 

where nuclear immunoreactivity to XBP-1 is indicative of its activation, and thus, ER stress 

[445] (Figure 3.7 A). 

Neuro-2A cells were co-transfected with constructs encoding XBP-1 Venus reporter, either 

wildtype Cyclin F-mCherry or mutant Cyclin F S621G-mCherry, and with either pcDNA3.1 

empty vector (as a control) or PDI-V5 pcDNA3.1. Cells were also transfected with constructs 

encoding mCherry or XBP-1 Venus reporter constructs alone as controls to ensure that 

mCherry or XBP-1 reporter alone does not induce ER stress. After 72 h transfection, the cells 

were fixed and stained with Hoechst to visualise the nuclei.  
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In untransfected cells and cells transfected with mCherry alone, very little XBP-1 activation 

(less than 5% of cells) was detected. Mutant Cyclin F S621G cells co-expressing empty 

vector displayed significantly more (p < 0.001) XBP-1 activation (41.3% ± 2.7) compared to 

cells co-expressing wildtype Cyclin F with empty vector (20.7% ± 3.3). Moreover, co-

expression of mutant Cyclin F S621G with PDI significantly reduced (p < 0.001) the 

proportion of cells with XBP-1 activation to 22.7% ± 1.8, similar to levels seen in cells 

expressing wildtype Cyclin F (Figure 3.7 B). Interestingly, XBP-1 activation was detected in 

an increased percentage of cells expressing wildtype Cyclin F (20.7% ± 3.3) compared to 

mCherry alone (p < 0.001). This result is similar to previous findings obtained from our 

laboratory where wildtype forms of Cyclin F and SOD1 induced low levels of ER stress 

(Ragagnin et al., 2017 in preparation) [119]. However, PDI did not inhibit XBP-1 activation 

in cells expressing wildtype Cyclin F (19.3% ± 1.2). Hence, these results indicate that 

overexpression of PDI is protective against XBP-1 nuclear immunoreactivity, and hence ER 

stress, induced by ALS-associated mutant Cyclin F S621G. 
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Figure 3.7: Overexpression of PDI is protective against XBP-1 activation induced by 

mutant Cyclin F. A) Immunofluorescence images of Neuro-2A cells expressing mCherry 

alone and either wildtype or mutant Cyclin F S621G (first column), with or without co-

expression of PDI-V5 (second column). The third column illustrates DAPI-stained nuclei and 

the fourth column depicts a merged image. Cells expressing mCherry alone, or wildtype 

Cyclin F (first, second and third panels; mCherry, Cyclin F WT, Cyclin F WT + PDI) 

displayed low levels of nuclear XBP-1 immunoreactivity, and hence, XBP-1 activation. In 

contrast, more cells expressing mutant Cyclin F S621G displayed XBP-1 activation (fourth 

panel; Cyclin F S621G), as indicated by GFP expression in the nucleus in the second column. 

However, when PDI was co-expressed with Cyclin F S621G, significantly fewer cells 

displayed XBP-1 activation (fifth panel; Cyclin F S621G + PDI). Scale bar = 30 µM. B) 

Quantification of the cells in A) with XBP-1 nuclear immunoreactivity. The proportion of 

cells with XBP-1 activation was significantly higher in cells expressing Cyclin F S621G, 

compared to wildtype Cyclin F (p < 0.001). When PDI was co-expressed with Cyclin F 

S621G, significantly fewer cells (p < 0.001) displayed XBP-1 activation, implying that PDI is 

protective against ER stress induced by mutant Cyclin F, but not by wildtype Cyclin F. N=3, 

Mean ± SEM, *** p < 0.001. 
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To confirm these results, a second marker of ER stress was examined in cells co-expressing 

Cyclin F and PDI. CHOP is a pro-apoptotic protein induced via the PERK arm of the UPR 

and it is usually activated at a later phase than XBP-1 [397]. Activation of CHOP plays a 

fundamental role in facilitating the transition from the pro-survival to pro-apoptotic phases of 

the UPR. Therefore, nuclear immunoreactivity to CHOP, signifying CHOP activation, 

indicates that ER stress-induced apoptotic signalling has been induced within cells. 

Cells were fixed 72 h after transfection and immunocytochemistry was performed using an 

anti-CHOP antibody, where nuclear immunoreactivity to CHOP indicated activation of pro-

apoptotic UPR, similar to previous studies [448] (Figure 3.8 A). Nuclei were stained with 

Hoechst to clearly visualise the nucleus of each cell. 

Quantification revealed that untransfected cells and cells expressing mCherry alone displayed 

almost no nuclear immunoreactivity to CHOP (3.0% ± 0.6 and 2.3% ± 0.3 of cells 

respectively), as expected. There was a significant increase (p < 0.001) in the proportion of 

cells expressing mutant Cyclin F S621G with nuclear immunoreactivity to CHOP (35.7% ± 

3.0), compared to wildtype Cyclin F expressing cells, consistent with previous observations. 

In contrast, co-expression of PDI with Cyclin F S621G resulted in a significant decrease (p < 

0.01) in the proportion of cells with CHOP activation (23.7% ± 1.2), compared to cells co-

expressing Cyclin F S621G with empty vector. Moreover, there was a slight, but significant 

(p < 0.05), increase in the proportion of cells displaying CHOP activation in cells expressing 

wildtype Cyclin F (14.7% ± 1.5), as for XBP-1. Similarly, co-expression of PDI with 

wildtype Cyclin F did not alter the proportion of cells with CHOP activation (12.3% ± 1.2) 

(Figure 3.8 B). Hence, these findings imply that PDI is protective against ER stress-induced 

apoptotic signalling stimulated by mutant Cyclin F in Neuro-2A cells. 
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Figure 3.8: Overexpression of PDI is protective against CHOP activation induced by 

mutant Cyclin F. A) Neuro-2A cells were transfected with mCherry alone (first panel), 

wildtype Cyclin F co-expressed with either empty vector (second panel; Cyclin F WT) or 

PDI-V5 (third panel; Cyclin F WT + PDI), or mutant Cyclin F S621G co-expressed with 

either empty vector (fourth panel; Cyclin F S621G) or PDI-V5 (fifth panel; Cyclin F S621G 

+ PDI). Cells expressing mCherry or wildtype Cyclin F displayed little nuclear 

immunoreactivity to CHOP. In contrast, in cells expressing Cyclin F S621G, GFP expression 

in the nucleus was more commonly visualised (fourth panel, second column). However, when 

PDI was co-expressed with Cyclin F S621G, the proportion of cells with nuclear 

immunoreactivity to CHOP was reduced (fifth panel). Scale bar = 30 µM. B) Quantification 

of cells in A) displaying CHOP activation. Very few untransfected cells and cells expressing 

mCherry alone displayed nuclear CHOP immunoreactivity. There was a significant increase 

(p < 0.05) in the proportion of cells with CHOP activation in the population expressing 

wildtype Cyclin F, compared to cells expressing mCherry. Moreover, significantly more (p < 

0.001) cells expressing Cyclin F S621G displayed nuclear immunoreactivity to CHOP, 

compared to cells expressing wildtype Cyclin F. However, significantly fewer (p < 0.01) 

Cyclin F S621G cells displayed CHOP activation when PDI was co-expressed, compared to 

cells transfected with the empty vector. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 

0.001. 
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3.3.6 Overexpression of PDI inhibits dysfunction of the UPS induced by mutant Cyclin F. 

Our group previously demonstrated that ALS-associated mutant Cyclin F impairs ubiquitin-

mediated proteasomal degradation in neuronal cells [89]. Therefore, it was next examined 

whether PDI could prevent UPS dysfunction induced by ALS-associated mutant Cyclin F. 

 To investigate this possibility, a UPS reporter construct, GFPu, was utilised. This construct 

consists of a 16 amino acid degron (CL1, a specific substrate for the UPS), fused to the 

carboxyl terminus of GFP [473]. Through the degron sequence, GFP is degraded by the UPS. 

Therefore, the accumulation of GFPu (visualised by its fluorescence) is indicative of UPS 

impairment [473]. Wildtype and mutant Cyclin F constructs tagged with mCherry were co-

transfected with GFPu, and either empty vector pcDNA3.1 or V5-tagged PDI. After 72 h 

transfection, cells were fixed and the nuclei were stained with Hoechst. Cells were analysed 

using confocal microscopy and the percentage of Cyclin F expressing cells with clearly 

visible GFPu expression (indicated by bright green fluorescence) was quantified (Figure 3.9 

A). 

Very few cells expressing mCherry, pcDNA3.1 vector or GFPu alone displayed GFPu 

expression (less than 10%), as expected, demonstrating that the proteasome is functioning as 

normal in these cells. In contrast, a marked increase in the proportion of cells expressing 

wildtype Cyclin F with GFPu fluorescence (40.3% ± 1.8) was observed, indicating that 

degradation of GFPu was impaired in these cells. Hence, this implies that wildtype Cyclin F 

induces UPS dysfunction. However, upon co-expression of wildtype Cyclin F with PDI, there 

was a significant decrease (p < 0.05) in the proportion of cells with GFPu activation (29.3% ± 

2.2). Moreover, the proportion of cells with GFPu fluorescence in populations expressing 

mutant Cyclin F S621G was significantly higher (52.0% ± 2.6, p < 0.05) than in those 

expressing wildtype Cyclin F. However, when Cyclin F S621G was co-expressed with PDI, 
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the proportion of cells with GFPu fluorescence was significantly reduced (31.7% ± 4.5, p < 

0.001) (Figure 3.9 B). These findings demonstrate that PDI is protective against impairment 

of the UPS triggered by both wildtype and ALS-associated mutant Cyclin F. To confirm the 

results obtained, the absolute expression levels of GFPu were also analysed in this 

experiment, and this data can be viewed in the Appendix (Supplementary figure 4). 
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Figure 3.9: Overexpression of PDI inhibits UPS dysfunction induced by mutant and 

wildtype Cyclin F. A) Neuro-2A cells expressing mCherry only (first panel; mCherry) 

display minimal levels of GFPu activation, indicating that the proteasome is functioning 

normally in these cells. In contrast, more cells expressing wildtype Cyclin F (second panel; 

Cyclin F WT) display GFP expression, indicating GFPu activation (as shown in the second 

panel, column two), implying dysfunction in the UPS. However, co-expression of PDI with 

wildtype Cyclin F resulted in fewer cells with GFP expression (third panel; Cyclin F WT + 

PDI). Similarly, whilst mutant Cyclin F S621G expressing cells displayed more GFPu 

activation (fourth panel; Cyclin F S621G) compared to wildtype Cyclin F, this was reduced 

when PDI was co-expressed with mutant Cyclin F (fifth panel; Cyclin F S621G + PDI). Scale 

bar = 30 µM. B) Quantification of the cells in A); the proportion of Cyclin F expressing cells 

with GFPu expression, indicating UPS dysfunction. Very few untransfected cells and 

mCherry expressing cells displayed activation of GFPu. Significantly more cells (p < 0.001) 

expressing wildtype Cyclin F demonstrated UPS dysfunction as detected by GFPu activation, 

however this proportion was significantly decreased (p < 0.05) when PDI was co-expressed. 

There was a significant increase (p < 0.05) in the proportion of cells with GFPu activation in 

populations expressing mutant Cyclin F S621G, compared to wildtype Cyclin F. Moreover, 

this proportion was significantly reduced (p < 0.001) when PDI was co-expressed with 

mutant Cyclin F S621G. N=3, Mean ± SEM, * p < 0.05, *** p < 0.001. 
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3.3.7 PDI overexpression inhibits mutant Cyclin F induced nuclei condensation, indicative 

of apoptosis. 

The activation of CHOP in cells expressing mutant Cyclin F S621G, compared to cells 

expressing wildtype Cyclin F, implies that the presence of the ALS mutation triggers 

apoptotic cell death. Our laboratory has previously demonstrated by flow cytometry and 

examination of nuclear morphology that mutant Cyclin F induces apoptosis in neuronal cell 

lines (Ragagnin et al., 2017 in preparation), and that PDI inhibits apoptosis induced by 

mutant SOD1 in Neuro-2A cell lines [448]. Hence, next it was examined whether 

overexpression of PDI was protective against apoptosis induced by mutant Cyclin F. 

Neuro-2A cells were transfected with wildtype Cyclin F or Cyclin F S621G mCherry with 

either pcDNA3.1 empty vector or PDI-V5. After fixing and staining with Hoechst, cells were 

examined for the presence of condensed nuclei, indicative of apoptosis. Nuclear morphology 

was examined in at least 100 cells expressing Cyclin F, with or without PDI, per experiment. 

Cells were considered apoptotic if the nucleus was condensed (under ~5 µM in diameter) or 

fragmented (multiple condensed Hoechst-positive structures in one cell), following previous 

methods [316, 448] (Figure 3.10 A). Cells undergoing cell division were excluded from the 

study, as these cells can sometimes appear condensed. 

Condensed nuclei, indicative of apoptosis, were rarely present in untransfected cells or cells 

expressing mCherry alone (1.0% ± 0.6 and 2.0% ± 0.6 of cells, respectively). Approximately 

10% of cells co-expressing wildtype Cyclin F with either empty vector pcDNA3.1 or PDI 

displayed condensed nuclei. Apoptotic nuclei were more common in cells expressing mutant 

Cyclin F S621G (24.0% ± 3.5), compared to those expressing wildtype Cyclin F (p < 0.001), 

consistent with previous observations. However, significantly fewer (p < 0.001) apoptotic 

nuclei were detected in cells co-expressing PDI with mutant Cyclin F S621G (10.0% ± 1.5), 
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indicating that PDI overexpression is protective against mutant Cyclin F -induced apoptosis 

(Figure 3.10 B). 
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Figure 3.10: PDI overexpression inhibits mutant Cyclin F induced nuclei condensation, 

indicative of apoptosis. A) Neuro-2A cells expressing mCherry (first panel; mCherry) or 

wildtype Cyclin F (second and third panel; Cyclin F WT, Cyclin F WT + PDI) display few 

apoptotic nuclei, indicated by cells with regular nuclear morphology and size. In contrast, 

more cells expressing mutant Cyclin F S621G (fourth panel, Cyclin F S621G) display 

condensed nuclei (fourth panel, column three). However, the proportion of cells with 

apoptotic nuclei is reduced in mutant Cyclin F S621G cells co-expressing PDI (fifth panel, 

Cyclin F S621G + PDI). Scale bar = 30 µM. B) Quantification of Cyclin F expressing cells 

exhibiting apoptotic nuclei in A). There was a significant increase in the proportion of cells 

with condensed nuclei in mutant Cyclin F S621G populations, compared to those expressing 

wildtype Cyclin F or mCherry (p < 0.001). When PDI was co-expressed with Cyclin F 

S621G, however, there was a significant decrease in the proportion of cells with apoptotic 

nuclei (p < 0.001) to similar levels observed in wildtype Cyclin F expressing cells. N=3, 

Mean ± SEM, *** p < 0.001. 
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3.3.8 PDI overexpression reduces the activation of Caspase-3 induced by mutant Cyclin F. 

To confirm these findings, another marker of apoptosis was examined. Caspase-3 is activated 

during the caspase cascade of apoptotic signalling, following activation of Bax and the 

release of cytochrome c from mitochondria [474]. Therefore, activation of caspase-3 

indicates that a cell is undergoing apoptosis. 

Neuro-2A cells were co-transfected with mCherry alone, and wildtype Cyclin F or mutant 

Cyclin F S621G, with either empty vector pcDNA3.1 or PDI-V5. After 72 h transfection, 

cells were fixed and immunocytochemistry was performed using an anti-cleaved Caspase-3 

antibody. This antibody is specific for the cleaved, or activated form, of Caspase-3. Hence, 

nuclear immunoreactivity to Caspase-3 indicated its activation (Figure 3.11 A). 

Less than 10% of untransfected cells or cells expressing mCherry displayed Caspase-3 

activation. Consistent with previous findings, there was a significant increase in the 

proportion of cells with nuclear immunoreactivity to Caspase-3 in cells expressing mutant 

Cyclin F S621G (56.0% ± 3.1), compared to cells expressing wildtype Cyclin F (p < 0.01). 

However, when PDI was co-expressed with mutant Cyclin F S621G, significantly fewer cells 

displayed Caspase-3 activation (38.7% ± 4.4 of cells, p < 0.05), further confirming that 

overexpression of PDI is protective against apoptosis induced by ALS-associated mutant 

Cyclin F (Figure 3.11 B). Compared to cells expressing mCherry alone, a significantly 

greater (p < 0.05) proportion of cells expressing wildtype Cyclin F were found to be 

undergoing apoptosis, indicated by activation of Caspase-3 (31.3% ± 6.0), and this proportion 

did not significantly alter when PDI was co-expressed (37.0% ± 1.7). This result suggests that 

PDI is only protective against the mutant form of Cyclin F in reducing the activation of 

Caspase-3.  
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Figure 3.11: PDI overexpression inhibits activation of Caspase-3 induced by mutant 

Cyclin F. A) Neuro-2A cells expressing wildtype or mutant Cyclin F, and either empty 

vector pcDNA3.1 or PDI-V5. Few cells expressing mCherry or wildtype Cyclin F display 

Caspase-3 activation (first three panels; mCherry, Cyclin F WT, Cyclin F WT + PDI), 

whereas a greater proportion of cells expressing mutant Cyclin F S621G (fourth panel; Cyclin 

F S621G) exhibit Caspase-3 activation, indicated by nuclear immunoreactivity to Caspase-3 

(fourth panel, column two). When PDI was co-expressed with mutant Cyclin F S621G, fewer 

cells displayed Caspase-3 activation (fifth panel; Cyclin F S621G + PDI). Scale bar = 30 µM. 

B) Quantification of the proportion of Cyclin F expressing cells with Caspase-3 activation in 

A). There was no significant difference in the proportion of cells displaying Caspase-3 

activation between populations expressing wildtype Cyclin F and either empty vector 

pcDNA3.1 or PDI. In contrast, there was a significant increase in the proportion of mutant 

Cyclin F S621G expressing cells with Caspase-3 activation, compared to wildtype Cyclin F 

expressing cells (p < 0.01). The proportion of cells with Caspase-3 activation was 

significantly reduced when PDI was co-expressed with mutant Cyclin F S621G (p < 0.05). 

N=3, Mean ± SEM, * p < 0.05, ** p < 0.01. 
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3.4 Discussion  

Cyclin F has recently been genetically and pathologically linked to ALS and FTD. Mutations 

in the gene encoding Cyclin F, CCNF, were identified in both patients with familial or 

sporadic ALS/FTD [89]. Cyclin F is a component of the SCF E3 ubiquitin-protein ligase 

complex, an integral part of the UPS, and it utilises its F-box domain to promote the 

ubiquitination of target substrates. Thus, Cyclin F is fundamental for the ubiquitination and 

degradation of proteins, particularly those involved in the cell cycle [453, 458].  

Cyclin F exhibits a unique function compared to other ALS-associated proteins. There have 

been few studies examining pathogenic mechanisms linked to Cyclin F mutations, however 

unpublished work from our laboratory has revealed that the several mechanisms of 

pathogenesis implicated are similar to those of other proteins linked to ALS. Mutant forms of 

TDP-43 and FUS mislocalise from their normal location in the nucleus to the cytoplasm [62, 

65]. Moreover, ER stress and dysfunction of ER-Golgi transport have emerged as important 

mechanisms linked to ALS pathogenesis that are be induced by mutant forms of SOD1, TDP-

43 and FUS [355, 426, 427, 448]. Our group has recently demonstrated that a Cyclin F ALS-

associated mutant, S621G, also perturbs ER homeostasis and induces cellular mechanisms 

similar to that of other proteins implicated in ALS. Mutant Cyclin F S621G mislocalises from 

the nucleus to the cytoplasm, similar to mutant TDP-43 and FUS, where it induces ER stress, 

inhibits ER-Golgi transport, impairs the UPS, and triggers apoptosis in cell culture (Ragagnin 

et al., 2017 in preparation).   

Recently, in unpublished work, it has been demonstrated that PDI is protective against ER 

stress induced by mutants TDP-43 and FUS, mutant TDP-43 and FUS mislocalisation to the 

cytoplasm, ER-Golgi transport defects induced by mutant SOD1, TDP-43 or FUS, and UPS 

impairment induced by mutant SOD1 and TDP-43 (Parakh et al., 2017 in preparation). In 
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light of these findings, it was speculated in this study whether PDI would be protective 

against similar mechanisms induced by ALS-associated mutant Cyclin F S621G. In this 

chapter, it was demonstrated in cell culture models that PDI is, in fact, protective against each 

of these cellular mechanisms of pathogenesis induced by mutant Cyclin F S621G. 

In Neuro-2A cells co-expressing PDI with mutant Cyclin F S621G, over-expression of PDI 

was found to be protective against mutant Cyclin F localisation to the cytoplasm, ER stress, 

UPS impairment, and apoptosis. Previous studies have demonstrated that although PDI is 

upregulated in ALS patients, it undergoes post-translational modification and is S-

nitrosylated, therefore losing its normal protective function [448]. It is possible then, that 

over-expressing PDI may compensate for the loss of endogenous PDI activity, and thus, is 

able to overcome these cellular defects induced by mutant Cyclin F. Although in this study it 

has been demonstrated that PDI is protective against ALS-associated mutant Cyclin F, the 

mechanism of its protective activity remains unknown. Possible mechanisms of protection by 

PDI in ALS are explored further in subsequent chapters. 

Cyclin F is usually localised in the centrosomes and the nucleus, however increased levels of 

mutant Cyclin F S621G are detected in the cytoplasm in ALS. Overexpression of PDI was 

found to inhibit mutant Cyclin F S621G localisation in the cytoplasm, albeit it being a 

normally ER resident protein. In this study, the predominant ER localisation of overexpressed 

V5-tagged PDI was confirmed. Interestingly, however, PDI has been shown to be 

redistributed away from the ER as punctate vesicular structures by reticulon proteins, and in 

this location PDI was observed to have higher enzymatic activity [475]. Moreover, the 

knockdown of Reticulon 4A and 4B accelerates axonal degeneration and early death of 

transgenic SOD1 G93A mice, suggesting that the redistribution of PDI away from the ER 

modulates disease progression [452]. In fact, PDI has been detected in the cytoplasm, nucleus 

and extracellular space, although the mechanisms by which PDI leaves the ER in these 
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instances are poorly understood [450]. These studies suggest that PDI plays a protective role 

outside of the ER and that the location of PDI is relevant to disease in ALS. Therefore, it may 

be possible that PDI interacts with mutant Cyclin F in the cytoplasm where it exhibits its 

protective function. 

ER stress and the induction of the UPR is now regarded as a central mechanism of 

pathogenesis in ALS. Two markers of the UPR, XBP-1 and CHOP, were used to investigate 

the activity of PDI on mutant Cyclin F induced ER stress. XBP-1 is a marker of early phase 

UPR, and CHOP activation is an indicator of late phase UPR, whereby the UPR switches 

from protective to pro-apoptotic. Hence, the data obtained in this study demonstrate a 

protective role for PDI during both early and late phase UPR in Neuro-2A cells against ER 

stress induced by mutant Cyclin F S621G. Our laboratory has previously demonstrated that 

mutant Cyclin F triggers ER stress from either the ER or cytoplasm (Ragagnin et al., 2017 in 

preparation). Previous studies from our group and others have proposed that mutant SOD1 

induces ER stress from the cytoplasm [355, 429] and that mutant TDP-43 triggers ER stress 

from the cytoplasmic face of the ER [476]. Hence it remains unclear whether mutant Cyclin F 

induces ER stress from either the ER or cytoplasm, or both. ER chaperones, in particular PDI, 

are upregulated during induction of the UPR [256]. As an oxidoreductase, PDI may function 

during UPR induction by refolding misfolded proteins into their correct and native 

conformation [477]. However, in this study, misfolded or aggregated Cyclin F was not 

detected in cells, nor were visible inclusions formed. It may also be that oligomers were 

present, however, these were not detected in this study in cells with or without PDI.   

Alternatively, PDI could promote protein degradation in order to reduce protein load by 

facilitating ER-associated degradation (ERAD) [478]. Interestingly, our laboratory also 

recently demonstrated that mutant Cyclin F S621G impedes ERAD (Ragagnin et al., 2017 in 

preparation), so it is possible that PDI reverses this effect. Mutant Cyclin F has also been 
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found to abnormally increase the ubiquitination of TDP-43 and its transport to the 

proteasome, and thus may be accountable for wider changes in protein homeostasis [89]. 

Therefore, it may be possible that mutant Cyclin F accelerates the presence of abnormal 

misfolded proteins, such as TDP-43, and the accumulation of protein aggregates, and that 

PDI plays a protective role in preventing these defects, as has been previously reported for 

SOD1.  

Several future studies follow on from this work. Our laboratory has also demonstrated that 

impairment of ER-Golgi transport by mutant Cyclin F S621G precedes and may induce ER 

stress (Ragagnin et al., 2017). Therefore, further study is warranted to determine whether 

overexpression of PDI is protective against ER-Golgi transport defects induced by mutant 

Cyclin F.  However, the protective effect of PDI against ER stress in these cells suggests that 

this is possible. Recently, a study by Lee and colleagues (2017) demonstrated that mutant 

Cyclin F S621G disrupted Lys48-specific ubiquitylation, leading to the accumulation of 

substrates and defects in the autophagy pathway, specifically resulting in the impairment of 

autophagosomal-lysosome fusion [479]. These results indicate that mutant Cyclin F can 

indirectly impair the autophagy degradation pathway which is implicated in ALS 

pathogenesis. Therefore, it would also be interesting to assess whether PDI is protective 

against autophagy induced by mutant Cyclin F and other ALS-associated proteins. In other 

future studies, it would also be interesting to study the effect of PDI on other ALS-associated 

proteins, particularly those which induce ER-Golgi defects and ER stress, such as VAPB. 

PDI interacts with VAPB inclusions in a Drosophila melanogaster model of ALS [201], and 

mutations in VAPB have been shown to induce ER stress [428], implying that PDI has a 

broader role than previously recognised.  

Several caveats of this study should be mentioned, and additional future experiments could be 

performed to address these points. It will be important in future studies to further investigate 
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the protective role of PDI against mutant Cyclin F using in vivo models, given the limitations 

of utilising cell culture only, as in this study. Mutant Cyclin F transgenic zebrafish are 

available in our group which display impaired motor performance and shorter, branched 

axons [465]. These zebrafish could therefore be injected with human PDI RNA and examined 

in vivo for improvement in motor neuron axonopathy and motor performance, which are 

clearly not possible to examine using cell culture models. Conditional knockout or transgenic 

PDI animal models could also be utilised to further investigate the role of PDI in ALS, by 

crossing these rodents with established mouse models, although as of yet, there are no mouse 

models available based on cyclin F. It would also be beneficial to repeat the experiments 

performed in this chapter in primary neuronal cell cultures or IPSC-derived motor neurons, to 

validate the results observed, as neurons would more closely mimic the physiological state of 

motor neurons in ALS patients. Furthermore, this study only investigated the effects of one 

mutant of Cyclin F, thus, it may be worthwhile to confirm the protective activity of PDI 

against other ALS/FTD-associated mutants of Cyclin F. Indeed, studies in our laboratory 

performed since the completion of this work, have demonstrated that two other ALS/FTD-

associated Cyclin F mutants also induce similar cellular events to S621G, so PDI could next 

be over-expressed with both of these mutants in neuronal cells. 

In summary, this study demonstrated that PDI is protective against mutant Cyclin F induced 

cellular mechanisms relevant to ALS pathogenesis in Neuro-2A cells. PDI was able to inhibit 

mutant Cyclin F localisation to the cytoplasm, as well as inhibit induction of ER stress and 

UPS impairment, and reduce the proportion of mutant Cyclin F cells undergoing apoptosis.  

A schematic diagram outlining these events in shown in Figure 3.12.  
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Figure 3.12: A schematic diagram illustrating the impairment of ER homeostasis, 

resulting in apoptosis, in neuronal cells expressing mutant Cyclin F S621G. 

 The Cyclin F mutation S621G triggers Cyclin F mislocalisation from the nucleus to the 

cytoplasm (1). Misfolded Cyclin F in the cytoplasm induces ER stress (2) and inhibition of 

the UPS (3), therefore resulting in apoptosis of the cell (4). PDI is protective against all four 

of these mechanisms of ALS pathogenesis induced by mutant Cyclin F S621G.  
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Hence, this study is consistent with previous studies demonstrating that PDI is broadly 

protective against ALS-associated proteins. Moreover, this study provides further evidence to 

suggest that PDI may be a potential therapeutic target in ALS, or that drugs based on PDI’s 

protective activity may lead to novel, effective treatments. Therefore, it is imperative that the 

underlying mechanisms whereby PDI is protective in ALS are investigated and fully defined 

so that they can be applied to the design of possible therapeutic agents. In depth studies 

investigating these mechanisms and defining the protective characteristics of PDI are 

presented in the following chapters. 
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Chapter 4: Characterising the Protective 

Properties of PDI Against Misfolded 
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4.1 Introduction 

The ER is equipped with numerous ER chaperones which assist protein quality control 

mechanisms, such as mediating protein folding and directing misfolded proteins to ERAD. 

Moreover, the ER lumen provides an optimal environment for the oxidative folding of 

proteins [480]. PDI is a fundamental protein localised in the ER because it can facilitate both 

oxidative folding, via cysteine-based redox reactions to form disulphide bonds, as well as 

performing general chaperone functions [481]. Previous studies in our laboratory have 

demonstrated that PDI’s disulphide interchange activity is essential to its protective function 

against misfolded proteins SOD1, TDP-43 and FUS in ALS, more so than its chaperone 

capabilities, which was only protective against mutant FUS (Parakh et al., 2017 in 

preparation).  

Therefore, the next series of experiments, as described in this chapter, involve investigating 

which of PDI’s domains mediate this protective function, in the anticipation of designing 

small therapeutic agents based on the activity of PDI in the future. Moreover, in this chapter, 

the effect of PDI’s chaperone activity and cytoplasmic localisation on mutant SOD1-induced 

cell apoptosis was examined, as well as the role of mutant SOD1’s cysteine residues on the 

induction of ER stress. Finally, this chapter concludes with a brief study on PDI-like proteins 

DsbA and DsbC, which possess differing redox properties to PDI. 
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4.1.1 The structure and expression of PDI 

Encoded by the P4HB gene, PDI (also known as PDI1) is a 508 amino acid, 55 kDa 

molecular chaperone, primarily localised within the ER lumen [481]. It is the prototype of a 

large thioredoxin-like family of proteins, responsible for oxidative folding, which vary in 

length, domain arrangement and substrate specificity [437]. PDI is a highly abundant ER 

protein constituting 0.8% of total cellular protein [482]. 

The structure of PDI consists of four domains; two catalytic domains (a and a’) and two non-

catalytic domains (b and b’). The catalytic domains are separated by the non-catalytic 

domains and an x-linker region. PDI also contains a highly acidic C-terminus, comprising an 

ER-retention signal sequence (KDEL), and a signal sequence at the N-terminus. The KDEL 

sequence and signal sequence are responsible for retaining PDI in the ER (Figure 4.1) [483, 

484]. The catalytic domains share 33.3% similarity and they contain PDI’s two thioredoxin-

like active site motifs, each possessing two cysteine residues (CGHC), which facilitate 

disulphide bond formation, reduction and isomerisation, by interacting with the thiol group of 

a substrate protein [483, 485]. The two active site motifs co-operate in disulphide bond 

formation, however, each motif comprises independent enzymatic activity in the full-length 

protein [486]. Moreover, the catalytic domains can only catalyse basic disulphide exchange, 

but all domains are required to isomerise a protein substrate that has undergone 

conformational change [487, 488]. The non-catalytic domains share 28% identity and are 

principally involved in the binding of protein substrates [489]. Indeed, studies have identified 

that the b’ domain of PDI is the major substrate-binding site because of its hydrophobic 

pocket, although the other domains also contribute to the binding of substrate proteins [487]. 

In its 3D conformation, PDI is arranged in a “U” shape, in which the a and a’ domain active 

site motifs face each other across the long sides of the “U”. The b and b’ domains form the 
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hydrophobic base for the U-shaped molecule, thought to be involved in substrate interaction 

[489].  

Overall, the CGHC active sites modulate the redox potential of PDI, and thus regulate its 

catalytic activity. The redox potential of PDI is -160 mV, higher than other PDI family 

members, and it has a low pKa value of 6.7, which renders PDI a proficient oxidising agent in 

the ER [490-492]. 

 

 

 

 

 

Figure 4.1: Schematic diagram illustrating the structure of PDI. PDI comprises four 

domains, a, b, b’ and a’. The two catalytic a and a’ domains (shaded in orange) possess the 

thioredoxin-like CGHC active site motif, responsible for oxidative protein folding. The 

catalytic domains are separated by the substrate-binding b and b’ domains (shaded in blue) 

and the x-linker region (shaded in yellow). The highly acidic C-terminus (termed ‘c’ and 

shaded in purple) comprises an ER-retention signal, KDEL. The N-terminus consists of a 

signal sequence (shaded in grey).  
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4.1.2 The functions of PDI 

PDI has two major functions; firstly, it is an oxidoreductase that mediates oxidative protein 

folding, as it is responsible for the oxidation (formation), reduction (break down) and 

isomerisation (rearrangement) of native disulphide bonds in proteins, via disulphide 

interchange activity. Secondly, PDI also possesses general chaperone capabilities [437]. 

These functions are described in detail below. Other secondary functions of PDI include the 

retro-translocation of misfolded cholera toxin from the ER to the cytoplasm by interaction 

with Derlin-1 [493], and the cellular export of some proteins, such as thyroglobulin [494]. 

   

4.1.2.1 PDI’s chaperone function 

Being a major chaperone in the ER, PDI binds to misfolded proteins to prevent their 

aggregation and subsequently translocates them to the cytoplasm for degradation [380]. For 

this purpose, PDI has the ability to distinguish between partially folded, unfolded and 

correctly folded substrates [495]. Moreover, PDI is able to bind misfolded proteins with high 

affinity and broad specificity via hydrophobic interactions with these misfolded proteins and 

its conformational flexibility [495, 496]. Together, these properties make PDI a highly 

efficient chaperone in the ER.  

PDI is upregulated during ER stress where the accumulation of misfolded proteins activates 

the UPR. The UPR induces chaperones, such as PDI, to increase protein folding capacity and 

to facilitate the degradation of misfolded proteins via ERAD, demonstrating a role in protein 

quality control [256, 478, 497]. The b’ domain of PDI comprises the principal substrate-

binding site which binds substrate proteins, however, whilst the b’ domain is sufficient alone 

to bind small substrates, the binding of larger substrates requires additional contributions 

from the other domains [487]. Other specific functions involving PDI’s chaperone activity 
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have been described, such as the maintenance of the active conformation of the β subunit of 

collagen prolyl 4-hydroxylases [498], and stabilisation of the peptide loading complex of the 

major histocompatibility complex (MHC) class 1, which mediates MHC class 1 folding 

[499]. 

 

4.1.2.2 PDI’s disulphide interchange activity 

As PDI is an oxidoreductase, it is able to act as either an oxidase (to form disulphide bonds), 

a reductase (to break down disulphide bonds) or an isomerase (to rearrange disulphide bonds) 

(Figure 4.2). The catalytic a and a’ domains are responsible for this disulphide interchange 

activity due to the presence of two cysteine residues in the thioredoxin-like CGHC motif 

[500, 501]. Interestingly, the a and a’ domains act independently of one another, as it has 

been demonstrated that abolishment of one active site decreases catalytic activity by 50%, 

and abolishment of both active sites results in the complete removal of catalytic activity 

[502].  

In an oxidation reaction, PDI utilises oxidative protein folding to form disulphide bonds in 

nascent, unfolded proteins. During this process, the substrate protein’s dithiol groups (SH) 

are oxidised to form a disulphide (S-S). To facilitate this event, the substrate protein’s 

reduced cysteine thiols bind to PDI’s active site CGHC motif to form a PDI-substrate 

complex. A second reduced thiol from the substrate protein reacts with this complex and 

forms a disulphide with the first cysteine thiol, producing a disulphide with one another, 

resulting in a correctly folded protein [500]. This causes PDI to become subsequently reduced 

due to its donation of a disulphide bond to the substrate protein. However, it is soon re-

oxidised due to the oxidising environment of the ER, via interaction with endoplasmic 

reticulum oxidoreductin 1 (Ero1) [503, 504]. 
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However, oxidative protein folding is not unflawed, and at times incorrectly folded proteins 

can result. Hence, non-native disulphide bonds need to be corrected by either reduction or 

isomerisation to recover the native conformation of these proteins [505]. In a reduction 

reaction, whereby PDI breaks down disulphide bonds, a disulphide bond within a substrate 

protein is reduced to the dithiol state, via the formation of a disulphide bond with PDI’s 

active site. For this process, PDI needs to be in a reduced state, therefore, reductants such as 

glutathione (GSH) and NADPH donate electrons to reduce the disulphide in PDI to a dithiol 

state [483]. Finally, the isomerisation, or rearrangement, of disulphide bonds is essential for 

the formation of abnormal disulphides by misfolded proteins, in order to return them to their 

native conformation. To facilitate isomerisation of disulphides, one of PDI’s active sites must 

be in a reduced dithiol state [503]. Next, the N-terminal cysteine residue in the active site 

binds to the substrate protein’s disulphide group, which results in an intra-molecular 

rearrangement within the substrate protein itself [505]. Conversely, isomerisation can be 

regarded as repeated cycles of reduction and oxidation [500].  These processes are illustrated 

in Figure 4.2. 

Ultimately, impairment of PDI’s disulphide interchange activity results in the accumulation 

of misfolded proteins, which are prone to aggregation. Furthermore, aggregation of mutant 

SOD1 is at least partially dependent upon disulphide bonds, because disulphide-reduced 

monomers and high molecular weight oligomers are present in both cell and animal models 

of ALS [506-508].  Hence it is possible that PDI prevents mutant SOD1 aggregation by 

correcting abnormal disulphide bonding. 
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Figure 4.2: The disulphide interchange activity of PDI. Being an oxidoreductase, PDI can 

catalyse the oxidation (formation), reduction (break down) and isomerisation (rearrangement) 

of disulphide bonds in nascent and misfolded proteins via the cysteine residues of its 

thioredoxin-like active site motif (CGHC). This ensures the correct and native conformation 

of substrate proteins.  
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4.1.3 PDI and SOD1: Non-native disulphide bonding in mutant SOD1 aggregation 

Misfolded SOD1-containing aggregates in motor neurons are a common feature of mutant 

SOD1-mediated ALS [263]. Previous studies have demonstrated that PDI is present within 

abnormal inclusions found in SOD1 G93A rodents, motor neuronal cells and ALS patients 

[254], implying that PDI may function as a cellular defence against SOD1 misfolding and 

aggregation. Consistent with this notion, it has been demonstrated in our laboratory that over-

expression of PDI in motor neuron-like cell lines significantly reduced the percentage of cells 

expressing SOD1 inclusions in a dose dependent manner [448]. Moreover, knockdown of 

PDI in these cell lines using siRNA increased the proportion of cells bearing mutant SOD1 

inclusions [448], indicating an important role for PDI in protecting the cell from mutant 

SOD1 protein aggregation. 

The SOD1 protein consists of four cysteine residues at amino acid positions Cys-6, Cys-57, 

Cys-111 and Cys-146. The Cys-57 and Cys-146 residues form an intra-subunit disulphide 

bond, which is necessary for the stabilisation and correct folding of SOD1 [509]. The loop 

containing Cys-57 is involved in the formation of the non-covalently bonded dimer interface, 

thus dissociation of this disulphide bond results in destabilisation of the physiological SOD1 

homodimer [98]. Interestingly, several studies have demonstrated that cellular stressors in 

ALS transgenic mouse models induce abnormal disulphide bonding between Cys-6 and Cys-

111 residues, which normally do not form disulphide bonds, leading to the presence of high 

molecular weight oligomers containing non-native disulphide-bonded aggregates. These 

aggregates have been observed in the spinal cords of mutant SOD1 transgenic mice and also 

in ALS cellular models [506, 510, 511]. Furthermore, it has been shown that mutagenesis of 

Cys-6 and Cys-111 to serine inhibits mutant SOD1 aggregation, inclusion formation and cell 

toxicity [510, 512], although this has been disputed by other studies [513]. Moreover, the 

reduction of non-native disulphide bonds in mutant SOD1 can inhibit aggregation in neuronal 
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cell cultures [512], suggesting that the reduction or isomerisation of aberrant non-native 

SOD1 disulphide bonds via PDI may be protective against mutant SOD1-induced pathogenic 

mechanisms. Additionally, by preventing the formation of non-native disulphide bonds in 

mutant SOD1, PDI could be protective in ALS. 

If PDI interacts directly with SOD1, this interaction implies a redistribution of either PDI to 

the cytoplasm, or SOD1 to the ER. Interestingly, PDI has been observed in non-ER locations, 

including the cytoplasm [450]. In fact, acute ER stress can cause leakage of PDI from the ER 

to the cytoplasm, suggesting that this could be how PDI interacts with SOD1 [514]. 

 

4.1.4 The cellular locations of PDI 

Although primarily localised in the ER, PDI has been identified in other sub-cellular 

compartments, although the exact mechanisms by which PDI leaves the ER in these 

situations is poorly understood. PDI has been detected in the cytosol, endosomes and plasma 

membrane, where it acts as a reductase, due to the reducing environment of these cellular 

locations [515]. PDI is also localised in the nucleus, extracellular space and on the cell 

surface, where it facilitates several different functions [450, 516].   

PDI is involved in the metabolism of insulin in the cytoplasmic fraction of human liver cells 

[517]. PDI is also expressed in the cytoplasm of leukocytes [518] and in the cytoplasm of 

glial astrocytes where it regulates actin polymerisation [519]. Cell surface PDI is involved in 

cell signalling through its interaction with membrane receptors, however it remains unclear 

how PDI is transported to this location [520, 521]. At the cell surface, PDI is also involved in 

the adhesion of leukocytes, where the reducing activity of PDI assists in the interaction with 

thyroid stimulating hormone receptor of thyrocytes [494, 522]. Moreover, cell surface PDI 

facilitates thrombus formation on the surface of platelets [523], and it can have detrimental 
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effects in this location, such as mediating the entry of pathogens during infectious disease  

[524, 525].  

Furthermore, PDI has been detected in the nuclear matrix of human lymphocytes and 

monocytes [526]. Nuclear PDI has been linked to several transcription factors as it activates 

the binding of immunoglobulin enhancer binding factors (E2A) and NF-ĸB via redox 

regulated mechanisms [527, 528]. Together, these studies support the hypothesis that PDI in a 

non-ER location interacts with SOD1, and they demonstrate that PDI is secreted from a 

variety of cell types. For example, PDI is secreted from hepatocytes, pancreatic exocrine cells 

and endothelial cells, although the biological relevance of the presence of PDI in these 

secretions is unclear [521, 529, 530]. 

In 2009, a study identified that reticulons, a family of ER membrane proteins, are essential 

modulators of PDI subcellular localisation, and they mediate its redistribution to the 

cytoplasm. Interestingly, deletion of Reticulon-4A accelerates motor neuron degeneration in 

mutant SOD1 transgenic mouse models, implying that the cellular location of PDI is relevant 

to disease in ALS [452]. Consistent with this study, redistribution of PDI increases its 

enzymatic activity and reduces the intracellular levels of PDI which are aberrantly modified 

by S-nitrosylation [475]. 

 

4.1.5 The S-nitrosylation of PDI 

Although PDI is normally protective against protein misfolding, under conditions of cellular 

stress, such as in ALS, PDI can become aberrantly modified by post-translational 

modification. Whilst the ER is capable of enduring mild insults of stress, a build-up of ROS 

and reactive nitrogen species can result in oxidative and nitrosative stress [531]. Typically, 

oxidative and nitrosative stress increases in cells throughout the ageing process due to a 
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decline in antioxidant defences, however neurons are particularly vulnerable to these 

conditions. This also renders them susceptible to late-onset neurodegenerative disorders, such 

as ALS. Moreover, proteostasis in the ER also declines with age, resulting in higher levels of 

stress [532].  

The excessive generation of nitric oxide (NO) has been implicated in ALS and in other 

neurodegenerative diseases, including AD and PD. In these disorders, and during conditions 

of elevated nitrosative stress, the active sites of PDI undergo a post-translational modification 

called S-nitrosylation [500]. S-nitrosylation involves the covalent addition of an NO group to 

one or both cysteine thiols of the active site. This modification inhibits the normal disulphide 

interchange activity of PDI and it results in the accumulation of misfolded proteins [500]. 

Previous studies have demonstrated that the levels of S-nitrosylated PDI in the lumbar spinal 

cords of ALS patients are five-fold greater compared to controls [448], suggesting that 

although PDI is normally protective, it is functionally inactive in ALS. S-nitrosylated PDI is 

also evident in the brains of AD and PD patients [533]. In addition to inhibiting the function 

of PDI, S-nitrosylation is linked to the redistribution of PDI away from the ER by reticulon 

proteins [475]. This is associated with increased mutant SOD1 aggregation, induction of ER 

stress and resultant neuronal cell death [534].  

 

4.1.6 The PDI family of proteins 

The PDI family of proteins comprises more than 21 members that share several similar 

features, including a signal sequence and a thioredoxin-like domain. These domains may 

present as a catalytically active a or a’ domain comprising a CXXC active site motif, or as a 

catalytically inactive b or b’ domain [535, 536]. The most common active site motif is 

CGHC, present in PDI, ERp57 and ERp72. Moreover, sequence alignment reveals that these 
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three proteins are the most similar [537, 538]. Although it is speculated that all PDI family 

members possess disulphide interchange activity, only specific members have actually 

demonstrated this activity in vivo [539]. In addition, only a number of family members have 

specifically displayed chaperone-like capabilities, such as facilitating misfolded protein 

degradation via ERAD [540]. The other members of the PDI family are related through 

evolution, rather than function [536]. Ultimately, PDI family members primarily vary in their 

substrate specificity and enzymatic activity [485], due to their contrasting redox potentials, 

which is determined by the two residues between the active site cysteines [540].   

4.1.6.1 ERp57 

ERp57, which is also known as PDIA3, is the second most abundant soluble protein after PDI 

localised in the ER. It can also localise in other non-ER compartments such as the cytosol, 

mitochondria, cell surface and nucleus [541]. Sequence alignment reveals that ERp57 is the 

most similar PDI family member to PDI [537]. It shares the same active site motif (CGHC) 

and the same domain architecture (a-b-b’-a’-c) as PDI, as well as being an oxidoreductase 

similar to PDI. However, ERp57 mediates disulphide bond formation primarily in 

glycosylated proteins, by interacting with the ER-resident lectins calnexin (CNX) and 

calreticulin (CRT), as part of the CNX/CRT cycle [542]. This cycle selectively recruits newly 

synthesised glycoproteins, thus promoting their folding by exposing them to oxidoreductases, 

such as ERp57 [543]. Moreover, ERp57 has a lower redox potential than PDI, rendering it 

more reducing in nature [544]. Like PDI, ERp57 is upregulated in spinal cords of mutant 

SOD1 transgenic mouse models, in human patient spinal cords, in the CSF and blood of ALS 

patients [254, 451]. Recent reports have also demonstrated that ERp57 has novel roles in the 

nervous system, in enhancing neurite outgrowth, facilitating axonal regeneration, regulating 

the expression of synapse proteins, inhibiting neuromuscular junction defects, and ensuring 

normal muscle innervation and function [441].   
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4.1.7 Dsbs – prokaryotic PDI-like proteins 

Bacteria express a spectrum of disulphide-bonded virulence factors, such as secreted toxins, 

adhesins, pili, and secretion systems [545]. Many of these proteins must be oxidatively folded 

to be functionally active [546]. As PDI comprises the machinery that catalyses oxidative 

protein folding in eukaryotes, the Dsb (disulphide bond) system is the equivalent bacterial 

machinery that facilitates oxidative protein folding in prokaryotes. The Dsb system consists 

of several enzymes that form two distinct pathways in the periplasm; the oxidative pathway 

which introduces disulphide bonds into substrate proteins, and the isomerisation pathway 

which rearranges incorrectly folded, non-native disulphide bonds, thereby correcting 

misfolded substrates to their native conformation [547]. 

 

4.1.7.1 The Dsb oxidation pathway 

Two Dsb proteins, DsbA and DsbB, comprise the oxidative pathway in E. coli. DsbA is an 

oxidase and it is therefore responsible for the introduction of disulphide bonds into nascent 

proteins that are translocated to the periplasm [548, 549]. The structure of DsbA consists of a 

thioredoxin-like domain, a common structural fold observed in thiol-disulphide 

oxidoreductases, and an inserted helical domain [550, 551]. Consistent with thioredoxin-like 

proteins, DsbA contains a CXXC active site motif of CPHC, and a cis-proline residue that is 

closely associated with the active site motif , which plays a key role in the function of the 

protein [552]. DsbA has a redox potential of -120 mV, rendering it one of the most oxidising 

proteins yet identified [492]. DsbA displays broad specificity and it reacts quickly with 

unfolded nascent proteins via cysteines in its CPHC motif [553]. In the process of oxidising 

substrate proteins, the two cysteines in the CPHC motif become subsequently reduced. 

Afterward, DsbB catalyses the re-oxidation of these cysteines, thereby restoring DsbA to its 
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active oxidised form, in order to interact with another unfolded substrate protein [554, 555]. 

Interestingly, DsbB has a strict substrate specificity for DsbA and it does not participate in 

disulphide exchange reactions with reduced unfolded proteins [547]. 

 

4.1.7.2 The Dsb isomerisation pathway 

Similar to protein folding in eukaryotic cells, the Dsb oxidation pathway is not unflawed, and 

it can give rise to non-native disulphide substrates. To avoid this, the Dsb isomerisation 

pathway, comprising DsbC and DsbD, corrects non-native disulphides [547]. DsbC is an 

isomerase, with a redox potential of approximately -140 mV [492], which rearranges non-

native disulphides in misfolded bacterial proteins introduced by either DsbA [556] or under 

conditions of copper oxidative stress [557]. No functional role has been described for DsbG, 

another isomerase protein in E. coli, with a redox potential of approximately -130 mV [492]. 

Both DsbC and DsbG contain a thioredoxin-like domain with a CXXC motif in the active site 

(CGYC in DsbC and CPYC in DsbG), which is adjacent to the cis-proline residue. In contrast 

to DsbA, DsbC and DsbG are linked to an amino-terminal dimerization domain, resulting in a 

V-shaped homodimer [558, 559]. This dimerization provides a hydrophobic pocket where 

misfolded substrate proteins can bind, however this prevents interaction with DsbB [554]. 

DsbC and DsbG are maintained in their active reduced form by interaction with DsbD [560]. 

Interestingly, DsbC possesses a chaperone function, similar to PDI [561].  
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4.1.8 Aims of this chapter 

PDI is a unique protein, possessing two fundamental properties; an oxidoreductase 

facilitating disulphide interchange activity, as the prototype of the major groups of enzymes 

mediating protein disulphide bond formation, and an ER chaperone. In Chapter 3 it was 

demonstrated that PDI is protective against mutant forms of a novel ALS-associated protein, 

Cyclin F, in neuronal cells, suggesting that PDI’s protective activity is broader than its 

protective effect against the more well-studied ALS mutant proteins; SOD1, TDP-43 and 

FUS. Therefore, therapeutics based on PDI’s activity may be beneficial in the treatment of 

ALS. Previous studies undertaken in our laboratory have verified that PDI’s disulphide 

interchange activity is required for PDI’s protective function, rather than its chaperone 

capabilities (Parakh et al., 2017 in preparation), implying that therapeutics based on the 

disulphide interchange activity would be most effective against pathogenic mechanisms of 

ALS. However, full-length PDI, being a 55kDa protein, is too large to be delivered in the 

brain as an effective therapeutic agent by itself.  

Thus, the aim of this chapter was to investigate which of PDI’s domains were essential for 

PDI’s protective activity. To perform these studies, PDI domain mutants were created, to 

assess the individual protective activity of each domains. Furthermore, eukaryotic forms of 

Dsb proteins, DsbA and DsbC, were also synthesised to investigate the role of redox potential 

on protective activity. The effect of mutant SOD1’s cysteine residues on ER stress activation 

was also examined to determine if PDI’s interaction with SOD1 is protective against mutant 

SOD1 protein misfolding, and thus, ER stress. Finally, the effect of PDI’s chaperone function 

and the cytoplasmic localisation of PDI were examined for their protective effect against 

mutant SOD1-induced apoptosis. 
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4.2 Materials/Methods 

4.2.1 Constructs used in this chapter 

A pcDNA3.1 vector, containing full-length PDI and a V5 tag, was provided by Dr. Neil 

Bulleid, University of Glasgow, UK. Wildtype and mutant A4V constructs encoding EGFP-

tagged human SOD1 at the C-terminus were as previously described [265]. Wildtype and 

mutant Q331K constructs encoding EGFP-tagged human TDP-43 at the N-terminus was a 

gift from Professor Benjamin Wolozin, Boston University, USA, and GFP FUS (wildtype 

and mutant R521G) vectors were provided by Dr. Justin Yerbury, University of Wollongong, 

Australia. The EGFP-SOD1 A4V cysteine mutants and the PDI QUAD mutant constructs 

were generated by Masters students in the laboratory (Ray Ma, Navya Bilia). The constructs 

encoding cytoplasmic PDI (wildtype and QUAD) were synthesised by a post-doctoral 

researcher in the laboratory (Sonam Parakh), using site-directed mutagenesis. All DNA 

plasmids used in this chapter were verified by DNA sequencing before use. 

 

4.2.2 Analysing Bax activation vs. Bax recruitment to the mitochondria 

To determine the proportion of transfected cells in which Bax is activated or recruited to 

mitochondria, immunocytochemistry using anti-Bax antibodies was performed (section 

2.4.2). To examine Bax recruitment, cells were permeabilised with 0.1 % (v/v) Triton-100 in 

PBS for 10 min to permeabilise the cell membrane. To analyse for Bax activation, cells were 

permeabilised with CHAPS buffer for 10 min to lyse the nuclear membrane. 
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4.2.3 Generating PDI domain constructs 

To determine the protective effects of the individual domains of PDI, three constructs were 

designed and synthesised by Genscript (Piscataway, New Jersey, USA). The constructs were 

based on the two individual ‘a’ domains and the ‘b’ domains of PDI, as shown in Table 4.1. 

 

TABLE 4.1. PDI domain variants 

Variant name Modification 

PDIa Remove b, b’, a’ and c domains 

PDIbb’ Remove a, a’ and c domains 

PDIa’ Remove a, b, b’ and c domains 

 

 

Constructs were designed so that the unwanted domains were removed from full-length PDI, 

whilst retaining the signal sequence at the N-terminus and KDEL ER-retention signal at the 

C-terminus. A V5 tag was added to the C-terminus of each construct. Once constructs were 

received, transformation into E. coli was performed (section 2.2.4), followed by a midi-scale 

plasmid DNA production (section 2.26). The resulting plasmids were sequenced to ensure the 

desired mutations had been incorporated and that specific domains had been removed.  
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4.2.4 Generating Dsb constructs for transfection into Neuro-2A cells 

To express DsbA and DsbC in mammalian cells, new constructs were designed and 

synthesised by Genscript. DNA sequences encoding Dsbs were inserted into a pcDNA3.1 

backbone, with PDI’s signal sequence at the N-terminus of the Dsb sequence, and PDI’s 

KDEL ER-retention signal at the C-terminus of the sequence. A V5 tag was added to the C-

terminus of both constructs. Once constructs were received, transformation into E. coli and a 

midi-scale plasmid DNA preparation was performed, followed by sequencing of the plasmids 

to confirm that the desired constructs contained the expected sequence. 
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4.3 Results 

4.3.1 PDI-V5 is co-expressed in almost all cells transfected with either EGFP-SOD1, 

EGFP-TDP-43 or GFP FUS 

The experiments described in this chapter examine the effect of PDI when co-expressed in 

neuronal cells with ALS-associated proteins, SOD1, TDP-43 and FUS. Hence, the percentage 

of cells co-expressing PDI with each of these three proteins was primarily quantified. 

Previous studies in our laboratory demonstrated that almost all cells co-expressing SOD1 also 

expressed PDI, so it was expected that these experiments would yield the same results. 

Neuro-2A cells were transfected with constructs encoding PDI-V5 and either EGFP-SOD1, 

EGFP-TDP-43, or GFP FUS for 72 h, before fixing and performing immunocytochemistry. 

An anti-V5 primary antibody was used with an Alexa Fluor 568-tagged secondary antibody 

to detect the V5 tag and thus, analyse PDI expression. Expression of SOD1, TDP-43 or FUS 

was verified by examining the green fluorescence from GFP by fluorescent microscopy 

(Figure 4.3). Fluorescent microscopy was used to examine at least 100 cells expressing either 

SOD1, TDP-43 or FUS and they were further analysed for co-expression with PDI. The 

overall transfection efficiency of the constructs encoding SOD1, TDP-43 or FUS was found 

to be approximately 75-80% in Neuro-2A cells when observed 72 h post transfection. 

Quantification demonstrated that approximately 99% of mutant SOD1 expressing cells, 97% 

of mutant TDP-43 expressing cells, and 98% of mutant FUS expressing cells also co-

expressed PDI. Therefore, it was assumed in all further experiments in which PDI-V5 was 

not examined by immunocytochemistry using a V5 antibody, that expression of either SOD1, 

TDP-43 or FUS in a cell also reflected co-expression with PDI. 
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Figure 4.3: Wildtype PDI-V5 is co-expressed in almost all Neuro-2A cells co-transfected 

with either EGFP-SOD1, TDP-43 or FUS. A) Neuro-2A cells were transfected with either 

EGFP-SOD1, TDP-43 or FUS (left column, GFP) and PDI-V5 (second column, PDI). Cells 

were stained with Hoechst to visualise nuclei (third column, DAPI). The merge column 

illustrates co-expression of PDI with either SOD1, TDP-43 or FUS in a cell. Scale bar = 20 

µM. 
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The effect of the individual domains of PDI on its protective activity. 

The first half of this chapter primarily focuses on the individual domains of PDI and their role 

in mediating PDI’s protective activity against selective ALS-associated cellular mechanisms 

of pathogenesis. The two catalytic domains, a and a’, were analysed, as well as the non-

catalytic domains, bb’. Previous studies have demonstrated that PDI’s catalytic domains, 

containing the CGHC active site, are responsible for PDI’s disulphide interchange activity. 

On the other hand, the bb’ domains of PDI were selected as they contain the hydrophobic 

cleft responsible in substrate binding, thus play a fundamental role in facilitating PDI’s 

chaperone function [483]. These constructs were synthesised so that the unwanted domains 

were eliminated from the cDNA sequence, leaving only the domain to be examined. 

Constructs were inserted into the pcDNA3.1 vector and a V5 tag was attached to the C-

terminal of the sequence. The activity of the PDI domain mutants was examined in cells 

expressing mutant ALS proteins, SOD1, TDP-43 and FUS. The sequences for the three 

domain constructs are shown in Figure 4.4.  
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Figure 4.4: The sequences of the PDI a, a’ and bb’ domain constructs. The PDI domain 

constructs contain PDI’s signal sequence at the N-terminus, the domain of interest in between 

two BamHI restriction recognition sites, followed by a V5 tag, PDI’s KDEL ER-retention 

sequence and stop codon at the C-terminal.  
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4.3.2 Localisation of PDI domain mutants 

To ensure that the individual PDI domain mutant proteins exhibited similar localisation to 

PDI, the localisation of the V5-tagged proteins was analysed in Neuro-2A cells using 

confocal microscopy. This was important to investigate because previous studies have shown 

that the localisation of PDI is important in its protective activity. Cells were transfected with 

either the PDI a domain, a’ domain or bb’ domain constructs for 24 h before 

immunocytochemistry using an anti-V5 tag antibody and an anti-calreticulin antibody to 

probe for ER-resident protein, calreticulin, was performed. All three PDI domain mutants co-

localised with calreticulin in all transfected cells examined, indicating all three mutant 

proteins were expressed in the ER (Figure 4.5). This result was expected due to the presence 

of PDI’s signal sequence and KDEL sequence, which target or retain proteins in the ER, 

respectively. 
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Figure 4.5: The PDI a domain, a’ domain and bb’ domain mutants are localised in the 

ER of Neuro-2A cells. Neuro-2A cells were transfected with pcDNA3.1 vectors containing 

either the PDI a domain, a’ domain or bb’ domain mutants tagged with V5 (left column; V5). 

After a 24 h transfection, cells were fixed and immunocytochemistry was performed using 

antibodies for the V5 tag and calreticulin (second column from left), and the nucleus was 

stained with Hoechst (third column). The yellow in the merge column (last column) 

illustrates co-localisation of the PDI domain mutants and calreticulin, demonstrating that 

these proteins are localised in the ER, as expected. Scale bar represents 30 µM. 
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The PDI domain mutants and their effect on mutant SOD1 

The PDI domain mutants were first examined in Neuro-2A cells expressing mutant SOD1 

A4V. Their activity on SOD1 inclusion formation, mutant SOD1-induced ER stress and 

apoptosis was investigated in the following experiments. In this section, the effect of SOD1’s 

four cysteine residues on ER stress is also investigated. There is also an investigation into 

PDI’s cellular location and its loss of active site on mutant SOD1-induced apoptosis.  

 

4.3.3 PDI domain mutants are co-expressed in almost all cells expressing EGFP-SOD1. 

The PDI domain mutants were first analysed in cells expressing mutant SOD1, therefore, the 

co-transfection efficiency of the PDI domain mutants and SOD1 was first examined in 

Neuro-2A cells. Cells were transfected with EGFP-SOD1 and either the PDI a domain, PDI 

a’ domain or PDI bb’ domain constructs for 72 h, before fixing and performing 

immunocytochemistry using an anti-V5 antibody and staining the nuclei with Hoechst. Co-

transfection was verified by fluorescent microscopy, examining EGFP expression (green) 

from SOD1 and performing immunocytochemistry with an Alexa Fluor 568-tagged 

secondary antibody to detect the V5 tag (Figure 4.6). The overall transfection efficiency of 

SOD1 was approximately 75-80% in Neuro-2A cells when observed 72 h post transfection, 

similar to previous observations. For each of the three replicate experiments, fluorescent 

microscopy was used to examine at least 100 SOD1-expressing cells and these cells were 

further analysed for co-expression with the PDI domain mutant proteins. Quantification 

revealed that approximately 95% of SOD1 expressing cells also co-expressed the PDI a 

domain, 94% co-expressed the PDI a’ domain, and 96% co-expressed the PDI bb’ domain 

mutant. Therefore, it was assumed in all further experiments that detection of SOD1 
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expression reflected co-expression of both SOD1 and the PDI domain mutants when they 

were co-transfected and immunocytochemistry using a V5 antibody was not performed. 

 

 

 

Figure 4.6: The PDI a domain, a’ domain and bb’ domain mutant proteins are co-

expressed in almost all Neuro-2A cells co-transfected with EGFP-SOD1. Neuro-2A cells 

were transfected with SOD1 (left column) and either the PDI a domain, a’ domain or bb’ 

domain mutants (second column from the left; V5) for 72 h. Cells were fixed and 

immunocytochemistry was performed using an anti-V5 antibody and nuclei were stained with 

Hoechst (third column). The merge column demonstrates co-expression of each of the three 

domain mutants with SOD1 in the cells shown. Scale bar = 30 µM. 
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4.3.4 Expression of SOD1 and PDI domain mutants in Neuro-2A cells 

Prior to examining the effect of the PDI domain mutants on mutant SOD1-induced cellular 

pathogenesis, Western blotting analysis was performed to ensure that transfection of each 

construct resulted in similar levels of mutant protein expression and to confirm that the 

expressed proteins were of the expected MW (Figure 4.7). Lysates were prepared from the 

following cell populations; GFP, wildtype SOD1 co-expressed with empty vector pcDNA3.1, 

and mutant SOD1 A4V co-expressed with either empty vector pcDNA3.1, wildtype PDI, PDI 

a domain, a’ domain or bb’ domain mutants. Immunoblotting using an anti-GFP antibody 

revealed that wildtype and mutant EGFP-SOD1 proteins were expressed at the expected size 

of 50 kDa, and GFP alone was expressed at 26 kDa. Wildtype SOD1 was expressed at higher 

levels compared to mutant SOD1 A4V, as expected. Wildtype PDI was detected at 62 kDa 

using an anti-V5 tag antibody, as expected. The PDI a domain mutant was detected at 15 

kDa, the PDI a’ domain mutant was detected at 12 kDa and the PDI bb’ domain mutant was 

detected at 25 kDa using an anti-V5 tag antibody. All PDI proteins were expressed at similar 

levels. β-actin was used as a loading control and was detected using an anti-β-actin antibody 

at 40 kDa. 
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Figure 4.7: Protein expression of PDI domain constructs and EGFP-SOD1 in Neuro-2A 

cells. A) Western blotting analysis of cell lysates was performed and quantified to ensure that 

PDI domain mutant proteins were expressed at similar levels and were of the expected MW. 

Lysates examined were from cells expressing either GFP alone, wildtype SOD1 co-expressed 

with empty vector pcDNA3.1, and mutant SOD1 A4V co-expressed with either pcDNA3.1, 

PDI, the PDI a domain, a’ domain or bb’ domain. PDI was detected at 62 kDa as expected 

(PDI = 60 kDa, V5 tag = 2 kDa), whereas the a domain mutant was detected at 15 kDa, the a’ 

domain mutant was detected at 12 kDa and the bb’ domain mutant was detected at 25 kDa. 

Wildtype and mutant SOD1 were detected at 50 kDa (SOD1 = 18 kDa, GFP = 26 kDa) and 

GFP alone at 26 kDa. Loading control, β-actin was detected at 40 kDa. B) Quantification 

revealed that wildtype SOD1 had a significantly higher (p < 0.001) than mutant SOD1 A4V, 

as expected. Mutant SOD1 A4V was expressed at similar levels across all cell lysate 

populations. PDI and the PDI domain mutants were expressed at similar levels also. Lysates 

expressing GFP only were not included in quantification. N=3, Mean ± SEM, *** p < 0.001. 
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4.3.5 Overexpression of PDI’s ‘a’ domains reduce mutant SOD1 inclusion formation 

Previous studies in our laboratory have demonstrated that PDI overexpression in motor-

neuron like cell lines significantly reduces the percentage of cells expressing mutant SOD1 

inclusions [448]. It remains unclear, however, how PDI mediates its protective activity, 

whether it be via its disulphide interchange activity, facilitated by the a and a’ domains, or by 

its chaperone function, mediated by the b domains with substrate binding capabilities. Thus, 

it was next investigated which specific domains of PDI are protective against mutant SOD1 

inclusion formation in Neuro-2A cell lines. 

Neuro-2A cells were transfected with constructs encoding empty pcDNA3.1 vector, GFP 

alone, wildtype SOD1 co-expressed with empty pcDNA3.1 vector, and mutant SOD1 A4V 

co-expressed with either pcDNA3.1, PDI, the a domain or the bb’ domain mutants. SOD1 

inclusion formation was analysed 72 h post-transfection because at this time-point maximal 

levels of mutant SOD1 inclusions and expression are observed. Immunocytochemistry was 

performed using an anti-V5 antibody to detect PDI and domain mutant expression, and cells 

were stained with Hoechst to clearly visualise the nuclei. At least 100 cells co-expressing 

mutant SOD1 A4V and the V5-tagged PDI proteins were examined and quantified for the 

presence of SOD1 inclusions (EGFP fluorescence) using fluorescence microscopy. Inclusions 

were categorised by prominent “clumps” of EGFP fluorescence in the cytoplasm of mutant 

SOD1 expressing cells (Figure 4.8 A). Low magnification images are also shown 

(Supplementary figure 5).   

As expected, untransfected cells and cells expressing pcDNA3.1 or GFP did not bear any 

inclusions, and wildtype SOD1 expressing cells formed very few inclusions (1.7% ± 0.3). 

Conversely, significantly more cells expressing mutant SOD1 A4V with empty pcDNA3.1 

vector (p < 0.001) displayed inclusions (25.3% ± 2.9), similar to previous results [265]. Co-
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expression of wildtype PDI with mutant SOD1 A4V significantly reduced (p < 0.001) the 

proportion of cells bearing mutant SOD1 inclusions to 12.8% ± 1.8, consistent with previous 

results. Moreover, overexpression of the PDI a domain mutant in cells expressing mutant 

SOD1 A4V resulted in significantly (p < 0.01) fewer cells with SOD1 inclusions (15.0% 

±1.5). In fact, there was no significant difference to the cells co-expressing full-length PDI, 

implying that PDI’s a domain contributes to its protective activity against SOD1 inclusions. 

Interestingly, when mutant SOD1 A4V was co-expressed with the bb’ domain mutant, there 

was no significant difference in the proportion of cells bearing inclusions when compared to 

cells expressing mutant SOD1 A4V with empty vector (19.0% ±2.0). There was, however, a 

significant increase (p < 0.05) compared to cells co-expressing mutant SOD1 A4V and full-

length PDI, implying that the bb’ domains do not contribute to the protective activity (Figure 

4.8 B). Hence, these data suggest that PDI’s a domain, and therefore its disulphide 

interchange activity, is responsible for preventing the formation of misfolded protein 

inclusions formed by mutant SOD1. This result was confirmed using matched expression 

levels in the cells displaying inclusions to ensure that the co-expression of mutant SOD1 A4V 

with either PDI, the a domain mutant or the bb’ domain mutant did not decrease its 

expression levels (Supplementary figure 6). 

Next, the a domain mutant was compared directly to the a’ domain mutant, to examine 

whether the a’ domain had a similar protective effect to that of the a domain. Cells were 

transfected with empty pcDNA3.1 vector, GFP, wildtype SOD1 co-expressed with 

pcDNA3.1 and mutant SOD1 A4V co-expressed with either full-length PDI, the a domain 

mutant or the a’ domain mutant. Again, cells were fixed and immunocytochemistry was 

performed using an anti-V5 antibody and nuclei stained with Hoechst. Similar to the studies 

described above, cells expressing empty pcDNA3.1 vector, GFP alone and wildtype SOD1 

did not form inclusions. As expected, there was a significant increase (p < 0.001) in inclusion 
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formation in cells expressing mutant SOD1 A4V (23.7% ± 1.5), and the proportion of cells 

with inclusions was significantly decreased (p < 0.001) when PDI was co-expressed with 

mutant SOD1 A4V (10.0% ± 1.0). Co-expression of the a domain with mutant SOD1 A4V 

resulted in significantly fewer (p < 0.05) cells bearing SOD1 inclusions compared to cells 

expressing mutant SOD1 A4V alone (15.3% ± 0.9). Moreover, when the a’ domain mutant 

was co-expressed with mutant SOD1 A4V, there was a significant reduction (p < 0.001) in 

the proportion of cells forming SOD1 inclusions to 10.7% ± 2.0, compared to cells 

expressing mutant SOD1 A4V alone (Figure 4.8 C). No differences were observed in the 

proportion of cells forming inclusions in populations expressing a domain or a’ domain 

mutants, or full-length PDI, suggesting that either the PDI a or a’ domain is sufficient to 

prevent SOD1 inclusion formation. 
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Figure 4.8: Overexpression of either the PDI a and a’ domains reduces mutant SOD1 

inclusion formation. A) Immunofluorescence images of Neuro-2A cells expressing GFP, 

wildtype SOD1 and mutant SOD1 A4V co-expressed with or without PDI, the a domain, a’ 

domain or bb’ domain. Cells expressing GFP and wildtype SOD1 did not present with 

inclusions (first and second panels; GFP, SOD1 WT). Conversely, more cells expressing 

mutant SOD1 A4V (third panel; SOD1 A4V) displayed SOD1 inclusions, as indicated by the 

white arrowhead (third panel, column one). When PDI (fourth panel; A4V + PDI), the a 

domain (fifth panel; A4V + a domain) or the a’ domain (sixth panel; A4V + a’ domain) were 

co-expressed with mutant SOD1 A4V, significantly fewer cells displayed SOD1 inclusions. 

However, when the bb’ domain was co-expressed with mutant SOD1 A4V, there was no 

difference in the proportion of cells with SOD1 inclusions compared to mutant SOD1 A4V 

expressing cells. Scale bar = 20 µM. B) Quantification of Neuro-2A cells with SOD1 

inclusion formation shown in A). There was a significant increase (p < 0.001) in the 

proportion of cells with SOD1 inclusions in cells expressing mutant SOD1 A4V, compared to 

cells expressing wildtype SOD1. A significant decrease in the proportion of cells bearing 

SOD1 inclusions was observed when mutant SOD1 A4V was co-expressed with either full-

length PDI (p < 0.001) or the a domain mutant (p < 0.01). However, there was a significant 

increase in the proportion of cells co-expressing mutant SOD1 A4V with the bb’ domain 

mutant (p < 0.05), compared to cells co-expressing mutant SOD1 A4V with PDI, indicating 

that the bb’ domains are not protective. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 

0.001. C) Quantification of Neuro-2A cells with SOD1 inclusions in A). There was a 

significant increase (p < 0.001) in the proportion of cells with SOD1 inclusions in cells 

expressing mutant SOD1 A4V, compared to cells expressing wildtype SOD1, as expected. A 

significant decrease in the proportion of cells displaying mutant SOD1 inclusions was 

observed when mutant SOD1 A4V was co-expressed with either full-length PDI (p < 0.001), 
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the a domain mutant (p < 0.05) or the a' domain mutant (p < 0.001), compared to cells 

expressing mutant SOD1 A4V with empty pcDNA3.1 vector. N=3, Mean ± SEM, * p < 0.05, 

*** p < 0.001. 
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4.3.6 Overexpression of either the PDI ‘a’ or ‘bb’’ domain is protective against mutant 

SOD1 induced ER stress 

Our laboratory previously demonstrated that SOD1 inclusion formation is linked to ER stress 

in motor neuron-like cell lines and that PDI inhibits ER stress in these cells [448]. Therefore, 

it was next examined which of the domain mutants inhibit ER stress induced by mutant 

SOD1. The activation of CHOP, indicated by nuclear immunoreactivity, was used as a 

marker for ER stress, as previous. Neuro-2A cells were transfected with empty pcDNA3.1 

vector, GFP, wildtype SOD1 and mutant SOD1 A4V co-expressed with either pcDNA3.1, 

PDI, the a domain or bb’ domain mutants. Cells were fixed 72 h after transfection, and 

immunocytochemistry was performed using an anti-CHOP antibody, where nuclear 

immunoreactivity to CHOP indicated its activation, as well as the induction of pro-apoptotic 

UPR (Figure 4.9 A). Nuclei were stained with Hoechst to clearly visualise the nucleus of 

each cell. Low magnification images are also shown (Supplementary figure 7). 

Quantification revealed that less than 5% of untransfected cells or cells expressing either 

empty pcDNA3.1 vector or GFP only displayed nuclear immunoreactivity to CHOP, 

consistent with previous observations that these controls do not induce ER stress. 

Furthermore, only 8.0% ± 1.5 of cells expressing wildtype SOD1 displayed CHOP activation, 

as expected. There was a significant increase (p < 0.001) in the proportion of cells displaying 

CHOP activation in cells expressing mutant SOD1 A4V (26.7% ± 0.9), compared to wildtype 

SOD1 expressing cells. In contrast, co-expression of PDI with mutant SOD1 A4V resulted in 

a significant decrease (p < 0.001) in the proportion of cells with CHOP activation (11.3% ± 

1.9), consistent with previous studies [448]. Moreover, when the a domain mutant was co-

expressed with mutant SOD1 A4V, there was also a significant decrease (p < 0.001) in the 

proportion of cells with activated CHOP (9.0% ± 1.7), compared to cells expressing mutant 

SOD1 A4V alone. This result implies that the a domain, and thus the disulphide interchange 



164 
 

activity of PDI, is important for the inhibition of ER stress induced by mutant SOD1. 

Interestingly, there was also a significant reduction (p < 0.05) in the proportion of cells with 

CHOP activation in populations co-expressing mutant SOD1 A4V and the bb’ domain mutant 

(18.3% ± 2.0), suggesting that either, or both, of the b domains of PDI contribute to PDI’s 

protective activity against ER stress. This result indicates that PDI’s chaperone function 

contributes to this activity. However, there was also a significant difference in the proportion 

of CHOP activated cells between populations expressing the bb’ domain mutant, compared to 

those expressing full-length PDI (p < 0.05), and the a domain mutant (p < 0.01), suggesting 

that the a domain makes a greater contribution than the bb’ domains to PDI’s protective 

effect against ER stress-induced apoptotic signalling, stimulated by mutant SOD1 in Neuro-

2A cells (Figure 4.9 B).  

Next, the protective activity of the a’ domain of PDI was compared to that of the a domain in 

Neuro-2A cells. Cells were transfected with empty pcDNA3.1 vector, GFP only, wildtype 

SOD1 and mutant SOD1 A4V, co-expressed with either pcDNA3.1, PDI, the a domain 

mutant or the a’ domain mutant. Similar to the results described above, less than 10% of 

untransfected cells or cells expressing either pcDNA3.1, GFP or wildtype SOD1 displayed 

CHOP activation. There was a significant increase (p < 0.001) in the proportion of cells with 

CHOP activation in populations expressing mutant SOD1 A4V, compared to wildtype SOD1, 

to 29.7% ± 1.5. However, there was a significant decrease (p < 0.01) in the proportion of 

mutant SOD1 expressing cells with CHOP activation when co-expressed wither either PDI or 

the a domain mutant (17.3% ± 0.9 and 15.7% ± 1.9, respectively). The proportion of cells 

displaying CHOP activation was also significantly reduced (p < 0.05) when the a’ domain 

was co-expressed with mutant SOD1 A4V (20.3% ± 3.5), compared to cells expressing 

mutant SOD1 A4V with empty pcDNA3.1 vector. Moreover, there was no significant 

difference between cells expressing the a’ domain to those expressing full-length PDI. These 
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results therefore imply that both the a and a’ domains of PDI are protective against ER stress 

induced by mutant SOD1 (Figure 4.9 C).  
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Figure 4.9: The overexpression of PDI’s a, a’ or bb’ domains are protective against 

CHOP activation induced by mutant SOD1. A) Neuro-2A cells were transfected with GFP 

alone (first panel; GFP), wildtype SOD1 (second panel; SOD1 WT) or mutant SOD1 A4V, 

co-expressed with either empty pcDNA3.1 vector (third panel; SOD1 A4V), PDI (fourth 

panel; A4V + PDI), the a domain (fifth panel; A4V + a domain), a’ domain (sixth panel; 

A4V + a’ domain) or bb’ domain mutants (seventh panel; A4V + bb’ domain). Cells 

expressing GFP or wildtype SOD1 displayed little CHOP activation. Conversely, in cells 

expressing SOD1 A4V, nuclear immunoreactivity to CHOP was more commonly visualised 

(third panel, second column), as expected. However, when PDI, the a domain, a’ domain or 

bb’ domain mutants were co-expressed with mutant SOD1 A4V, the proportion of cells with 

CHOP activation was reduced. Scale bar = 20 µM. B) Quantification of cells in A) displaying 

nuclear immunoreactivity to CHOP, indicating CHOP activation. Very few untransfected 

cells or cells expressing pcDNA3.1, GFP or wildtype SOD1 displayed CHOP activation. 

There was a significant increase (p < 0.001) in the proportion of cells with CHOP activation 

in populations expressing mutant SOD1 A4V, compared to cells expressing wildtype SOD1. 

In comparison, significantly fewer (p < 0.001) cells co-expressing mutant SOD1 A4V with 

either PDI or the a domain mutant displayed CHOP activation, compared to those co-

expressing mutant SOD1 A4V with empty pcDNA3.1 vector. Moreover, cells co-expressing 

mutant SOD1 A4V with the bb’ domain mutant demonstrated a significant decrease (p < 

0.05) in the proportion of cells with nuclear immunoreactivity to CHOP, however there was a 

significant difference in this proportion compared to cells co-expressing SOD1 A4V and PDI 

(p < 0.05) or the a domain (p < 0.01). N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 

0.001. C) Quantification of the cells in A) displaying CHOP activation. There was a 

significant increase (p < 0.001) in the proportion of cells exhibiting CHOP activation in cells 

expressing mutant SOD1 A4V, compared to cells expressing wildtype SOD1, GFP alone or 
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empty pcDNA3.1 vector. Significantly fewer SOD1 A4V expressing cells displayed CHOP 

activation when either PDI (p < 0.01), the a domain (p < 0.01) or the a’ domain (p < 0.05) 

were co-expressed, compared to cells expressing mutant SOD1 A4V alone. N=3, Mean ± 

SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.3.7 The effect of SOD1’s cysteine residues on mutant SOD1 induced ER stress 

ALS-associated mutant SOD1 forms disulphide-reduced monomers and high molecular 

weight oligomers containing non-native disulphide bonds [506, 511]. The following 

experiments examined the effect of mutating the four cysteine residues in SOD1 A4V to 

serines on induction of ER stress by mutant SOD1 A4V. For the purpose of this study, eight 

mutant constructs were previously generated in our laboratory, containing different 

combinations of the four cysteine residues in the mutant SOD1 A4V backbone. Serine was 

chosen to replace cysteine due to their structural similarity, but serine residues lack the ability 

to form disulphide bonds. These cysteine mutants are listed in Table 4.2 and the sites of their 

mutations are shown in Figure 4.10. 

 

TABLE 4.2. SOD1 A4V cysteine mutants 

1 A4V C6S 

2 A4V C57S 

3 A4V C111S 

4 A4V C146S 

5 A4V C57S C146S 

6 A4V C6S C111S 

7 A4V C57S C111S C146S 

8 A4V QUAD 
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Figure 4.10: Sequence of wildtype SOD1. ATG represents the start codon. The location of 

the A4V mutation is denoted in red, and the sites of the four cysteine residues which are 

mutated to serines are indicated in blue. 
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Previous studies have examined the effect of similar SOD1 mutations on SOD1 aggregation. 

These studies demonstrated that Cys-6 and Cys-111 play a role in the abnormal aggregation 

of SOD1 via non-native disulphide bonds [512]. Hence, the role of these cysteine residues on 

induction of ER stress by mutant SOD1 A4V was next examined. Prior to performing these 

experiments, Western blotting was performed to ensure similar levels of each cysteine mutant 

was expressed in Neuro-2A cells. Lysates from cells expressing SOD1 A4V and each 

cysteine mutant were prepared; A4V C6S, A4v C57S, A4V C111S, A4V C146S, A4V C57S 

C146S, A4V C6S C111S, A4V C57S C111S C146S and A4V QUAD, containing all four 

mutations. All A4V cysteine mutant proteins were detected at approximately 50 kDa using an 

anti-GFP antibody. Interestingly, mutant SOD1 A4V displayed lower expression levels 

compared to the SOD1 A4V cysteine mutants. Moreover, the C57S C111S C146S mutant 

displayed higher expression levels compared to the other cysteine mutant. β-actin was used as 

a loading control and was detected at 40 kDa, as expected (Figure 4.11). 
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Figure 4.11: Protein expression of SOD1 A4V and SOD1 A4V cysteine mutation 

constructs. A) Western blotting analysis was performed to ensure that the A4V cysteine 

mutants were expressed to a similar degree and that they were of the expected size for SOD1-

EGFP. All SOD1 proteins were detected at the expected size of 50 kDa using anti-GFP 

antibody. The loading control, β-actin was detected at 40 kDa. B) Quantification revealed that 

mutant SOD1 A4V was expressed at significantly lower levels (p < 0.01) than the SOD1 

A4V cysteine mutants. The C57S C111S C146S cysteine mutant was expressed at 

significantly higher levels (p < 0.01) than the other SOD1 A4V cysteine mutants. Lysates 

expressing GFP only were not included in quantification. N=3, Mean ± SEM, ** p < 0.01. 
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4.3.8 Mutant SOD1 A4V Cysteine-111 is necessary to induce ER stress in Neuro-2A cells 

It was next investigated whether the cysteine residues of mutant SOD1 A4V were involved in 

induction of ER stress, given that cysteine residues are involved in mutant SOD1 aggregation 

and that mutant SOD1 aggregation has been linked to the induction of ER stress. Two UPR 

markers were examined in cells expressing these mutants; XBP-1 and CHOP, as in Chapter 3.  

XBP-1 was used to examine the IRE-1 pathway of the UPR, which is usually activated during 

the early, pro-survival stages of the UPR [393, 472]. As in Chapter 3, activation of the IRE1 

pathway was indicated by nuclear immunoreactivity to XBP-1. Neuro-2A cells were 

transfected with either GFP (as a control), wildtype SOD1, mutant SOD1 A4V, and the eight 

mutant SOD1 A4V cysteine mutant constructs. After 72 h transfection, cells were fixed and 

immunocytochemistry was performed using an anti-XBP-1 antibody to determine whether 

XBP-1 was present within the cells’ nucleus. Cells were also stained with Hoechst to 

visualise the nuclei (Figure 4.12 A). 

In untransfected cells and cells expressing GFP or wildtype SOD1, less than 10% of cells 

displayed XBP-1 activation. There was a significant increase (p < 0.01) in the proportion of 

cells expressing mutant SOD1 A4V with XBP-1 activation (31.3% ± 2.4), compared to cells 

expressing GFP or wildtype SOD1, as expected. However, activation of XBP-1 was detected 

in a significantly decreased proportion of cells expressing the C111S mutant (16.0% ± 2.4), 

compared to mutant SOD1 A4V expressing cells (p < 0.05). Similarly, there was also a 

significant reduction in the proportion of cells with XBP-1 activation in populations 

expressing the C6S C111S mutant to 18.0% ± 1.5 of cells (p < 0.05), compared to mutant 

SOD1 A4V. Moreover, significantly fewer cells expressing the A4V QUAD mutant (p < 

0.05) displayed XBP-1 activation (15.3% ± 2.0), compared to cells expressing mutant SOD1 

A4V. However, there was no significant difference in the proportion of SOD1 A4V 
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expressing cells with nuclear XBP-1 immunoreactivity and cells expressing the other A4V 

cysteine mutants (Figure 4.12 B) Hence, these results indicate that mutation of either Cys-

111, Cys-111 and Cys-6, or all four cysteines is protective against XBP-1 nuclear 

immunoreactivity, and hence ER stress induced by mutant SOD1 A4V. 
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Figure 4.12: Mutating Cysteine-111 in mutant SOD1 A4V to serine is protective against 

XBP-1 activation. A) Immunocytochemistry images of Neuro-2A cells expressing GFP 

alone (first panel; GFP), wildtype SOD1 (second panel; SOD1 WT), mutant SOD1 A4V 

(third panel; SOD1 A4V), or A4V cysteine mutants (panels four to 11). Cells expressing GFP 

or wildtype SOD1 displayed little nuclear immunoreactivity to XBP-1, indicating activation. 

In contrast, more cells expressing mutant SOD1 A4V, C6S, C57S, C146S, C57S C146S, and 

C57S C111S C146S displayed nuclear immunoreactivity to XBP-1, as indicated by the white 

arrowhead (column two). However, fewer cells expressing C111S, C6S C111S, and QUAD 

exhibited XBP-1 activation. Scale bar = 20 µM. B) Quantification of the cells in A) 

displaying nuclear immunoreactivity to XBP-1. There was a significant increase (p < 0.01) in 

the proportion of cells with XBP-1 activation in mutant SOD1 A4V expressing cells, 

compared to cells expressing wildtype SOD1 and GFP, as expected. A significant decrease in 

the proportion of cells with XBP-1 activation was observed in populations expressing the 

A4V C111S mutant, the A4V C6S C111S mutant, or the A4V QUAD mutant (p < 0.05). 

N=3, Mean ± SEM, * p < 0.05, ** p < 0.01. 
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To confirm these results, a second marker of ER stress was examined in cells expressing 

SOD1 A4V cysteine mutants. CHOP is induced via the PERK pathway and is upregulated at 

the late pro-apoptotic phase of the UPR [562]. CHOP activation was detected by nuclear 

immunoreactivity following immunocytochemistry, indicating the activation of pro-apoptotic 

phases of the UPR. Cells were fixed 72 h after transfection, immunocytochemistry was 

performed using an anti-CHOP antibody and nuclei were stained with Hoechst, before 

examining cells for CHOP activation using fluorescent microscopy (Figure 4.13 A). 

Quantification revealed that in untransfected cells, and cells expressing either GFP or 

wildtype SOD1, less than 5% of cells displayed nuclear immunoreactivity to CHOP. As 

expected, there was a significant increase (p < 0.001) in the proportion of cells with CHOP 

activation in populations expressing mutant SOD1 A4V (22.8% ± 1.8), compared to cells 

expressing wildtype SOD1. Similar to the XBP-1 results, there was a significant reduction (p 

< 0.001) in the proportion of cells with CHOP activation in cells expressing the A4V C111S 

mutant, compared to cells expressing mutant SOD1 A4V (8.0% ± 2.1). Also, significantly 

fewer cells expressing the A4V C6S C111S mutant (p < 0.001) or A4V QUAD mutant (p < 

0.01) displayed nuclear immunoreactivity to CHOP (10.7% ± 2.7 and 12.7% ± 1.2, 

respectively), compared to mutant SOD1 A4V. Interestingly, significantly fewer cells (p < 

0.05) expressing the A4V C57S C146S mutant displayed CHOP activation (14.0% ± 1.0). 

There was no significant difference in the proportion of cells with CHOP activation in the 

populations expressing the other mutant SOD1 A4V cysteine mutants and mutant SOD1 A4V 

itself (Figure 4.13 B). 
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Figure 4.13: Mutating Cysteine-111 in mutant SOD1 A4V to serine is protective against 

CHOP activation. A) Neuro-2A cells were transfected with GFP alone (first panel; GFP), 

wildtype SOD1 (second panel; SOD1 WT), mutant SOD1 A4V (third panel; SOD1 A4V) or 

mutant SOD1 A4V cysteine mutants (panels fours to 11). Few cells expressing GFP or 

wildtype SOD1 displayed CHOP activation. Conversely, more cells expressing mutant SOD1 

A4V exhibited CHOP immunoreactivity in the nucleus (third panel, second column). More 

cells expressing A4V cysteine mutants also displayed CHOP activation, except those 

expressing C111S (panel six), C57S C146S (panel eight), C6S C111S (panel nine) or QUAD 

(panel 11). Scale bar = 20 µM. B) Quantification of the cells in A) displaying nuclear 

immunoreactivity to CHOP, indicating activation. Less than 10% of untransfected cells and 

cells expressing either GFP or wildtype SOD1 displayed CHOP activation. There was a 

significant increase (p < 0.001) in the proportion of cells expressing mutant SOD1 A4V with 

CHOP activation, compared to those expressing wildtype SOD1. Significantly fewer cells 

expressing mutants C111S (p < 0.001), C6S C111S (p < 0.001), QUAD (p < 0.01) or C57S 

C146S displayed nuclear immunoreactivity to CHOP, compared to mutant SOD1 A4V. There 

was no significant difference in the proportion of cells exhibiting CHOP activation between 

the populations expressing the other cysteine mutants and cells expressing mutant SOD1 

A4V. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.3.9 Overexpression of PDI’s ‘a’ domains are protective against apoptosis induced by 

mutant SOD1 

It has been previously demonstrated that mutant SOD1 inclusion formation is closely 

correlated with apoptosis [315] and that full length PDI prevents apoptosis induced by mutant 

SOD1 . [448]. Hence, next it was examined whether overexpression of the PDI domain 

mutants was protective against apoptosis induced by mutant SOD1, utilising nuclear 

condensation and morphology analysis as previous. 

Neuro-2A cells were transfected for 72 h with empty pcDNA3.1 vector, GFP, wildtype SOD1 

with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, PDI, the a domain or bb’ 

domain mutants. Cells were fixed, immunocytochemistry was performed using an anti-V5 

antibody to visualise PDI and the domain mutants, and stained with Hoechst to examine 

morphology of the nuclei. Nuclear morphology was examined in at least 100 transfected cells 

per experiment. Cells were considered apoptotic if the nucleus was condensed or fragmented 

(Figure 4.14 A). 

Condensed nuclei were rarely present in untransfected cells or in cells expressing pcDNA3.1 

(less than 5%). The proportion of cells with apoptotic nuclei was significantly higher (p < 

0.001) in cells expressing mutant SOD1 A4V (16.3% ± 0.3), compared to cells expressing 

wildtype SOD1 (5.0% ± 0.6). However, significantly fewer apoptotic nuclei were observed in 

cells co-expressing mutant SOD1 A4V with either PDI (9.7% ± 1.2, p < 0.05), or the a 

domain mutant (8.7% ± 1.5, p < 0.01), suggesting that the a domain, and thus the disulphide 

interchange activity of PDI, is protective against mutant SOD1-induced apoptosis. In 

contrast, 15.3% ± 2.2 of cells co-expressing mutant SOD1 A4V and the bb’ domain exhibited 

condensed nuclei. This proportion of apoptotic nuclei was significantly higher (p < 0.05) than 

in SOD1 A4V expressing cells co-expressing either PDI or the a domain mutant, and was not 
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significantly different to cells expressing SOD1 A4V alone.  These data therefore indicate 

that the bb’ domain of PDI alone is not protective against mutant SOD1-induced apoptosis 

(Figure 4.14 B).  

Next, it was examined whether the a’ domain was also protective against mutant SOD1-

induced apoptosis. Cells were transfected with empty pcDNA3.1 vector, GFP wildtype SOD1 

with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, PDI, a domain or a’ domain 

mutants. After fixing and immunocytochemistry with an anti-V5 antibody was performed, 

nuclei were stained with Hoechst to visualise condensation or fragmentation. As expected, 

very few untransfected cells or cells expressing pcDNA3.1, GFP or wildtype SOD1 exhibited 

nuclei condensation (less than 3% of cells). In contrast, a significantly higher (p < 0.001) 

proportion of cells expressing mutant SOD1 A4V displayed apoptotic nuclei (13.7% ± 1.5). 

There was a significant reduction in the proportion of cells with apoptotic nuclei, however, 

when mutant SOD1 A4V expressing cells were co-expressed with PDI (4.7% ± 0.9, p < 

0.001), the a domain (7.7% ± 0.3, p < 0.05), and the a’ domain mutants (6.0% ± 0.6, p < 

0.01) (Figure 4.14 C).  Hence both a domain and a’ domain mutants are protective against 

mutant SOD1-induced apoptosis.  
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Figure 4.14: Overexpression of the PDI a and a’ domain mutants inhibit mutant SOD1-

induced apoptosis. A) Neuro-2A cells expressing GFP (first panel; GFP) or wildtype SOD1 

(second panel; SOD1 WT) display few apoptotic nuclei, indicated by cells with regular 

morphology and size. In contrast, more cells expressing mutant SOD1 A4V (third panel; 

SOD1 A4V) exhibit irregular morphology, as indicated by the white arrowhead (third panel, 

column three). However, the proportion of cells with apoptotic nuclei is reduced in cells co-

expressing mutant SOD1 A4V with either PDI (fourth panel; A4V + PDI), the a domain 

(fifth panel; A4V + a domain) and the a’ domain mutants (sixth panel; A4V + a’ domain). 

Cells co-expressing mutant SOD1 A4V and the bb’ domain mutant (seventh panel; A4V + 

bb’ domain) displayed a high proportion of apoptotic nuclei, as indicated by the white 

arrowhead (seventh panel, column three). Scale bar = 20 µM. B) Quantification of cells 

exhibiting apoptotic nuclei in A). There was a significant increase in the proportion of cells 

with condensed or fragmented nuclei in cells expressing mutant SOD1 A4V, compared to 

cells expressing wildtype SOD1 (p < 0.001). When PDI or the a domain mutant was co-

expressed with mutant SOD1 A4V, however, there was a significant decrease in the 

proportion of cells with apoptotic nuclei (p < 0.05 and p < 0.01, respectively). There was a 

significant increase in the proportion of cells with apoptotic nuclei in mutant SOD1 A4V 

populations co-expressing the bb’ domain, compared to SOD1 A4V cells expressing PDI or 

the a domain (p < 0.05). N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. C) 

Quantification of cells with apoptotic nuclei in A). There was a significant increase in the 

proportion of cells with apoptotic nuclei in mutant SOD1 A4V populations, compared to 

those expressing wildtype SOD1 (p < 0.001). However, a significant decrease in the 

proportion of cells with apoptotic nuclei was observed when mutant SOD1 A4V cells co-

expressed PDI (p < 0.001), the a domain (p < 0.05) or the a’ domain (p < 0.01). N=3, Mean ± 

SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.3.10 The effect of PDI QUAD and cytoplasmic PDI in Neuro-2A cells expressing mutant 

SOD1 

Analysing nuclei condensation and fragmentation as a measure of apoptosis is often criticised 

for its subjective nature. Therefore, in the next set of studies, it was examined whether other 

apoptotic assays demonstrated similar results to a nuclei condensation assay. These 

experiments follow on from studies performed in the laboratory where PDI’s chaperone 

activity and localisation in the cytoplasm were assessed for any protective effect against 

mutant SOD1-induced apoptosis (Parakh et al., 2017 in preparation). The study first involved 

mutating the active site cysteines in PDI to serines (CGHC to SGHS). The construct bearing 

the SGHS active site was termed PDI QUAD, and it has been previously established that 

mutating cysteines to serines in the active site abolishes PDI’s disulphide interchange 

activity, leaving only the chaperone activity to function [502, 563]. The final two constructs 

were designed so that PDI was localised in the cytoplasm. This was achieved by deleting the 

signal sequence of PDI and the ER-retention signal (KDEL), by site-directed mutagenesis, in 

both wildtype PDI and in the PDI QUAD mutant, resulting in cytoplasmic forms of both 

proteins. These constructs, termed “Cytoplasmic wildtype PDI” and “Cytoplasmic PDI 

QUAD”, as well as PDI QUAD, have previously been investigated in our laboratory (Parakh 

et al., 2017 in preparation). In these studies, PDI QUAD and both cytoplasmic PDI proteins 

demonstrated a protective effect against apoptotic nuclei, indicating that the chaperone 

activity of PDI, as well as PDI’s localisation in the cytoplasm, is protective against apoptosis 

induced by mutant SOD1. Hence, here, further studies were undertaken to verify the 

protective effect of these proteins against apoptosis using three apoptotic assays.  

First, the localisation of overexpressed PDI QUAD, cytoplasmic wildtype PDI and 

cytoplasmic PDI QUAD proteins were analysed in Neuro-2A cells using confocal 

microscopy. Cells were transfected with the PDI mutants for 24 h before performing 
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immunocytochemistry using a V5 antibody and a calreticulin antibody to probe for 

calreticulin, an ER-resident protein. As expected, PDI QUAD co-localised with calreticulin in 

all transfected cells, indicating that abolishment of the disulphide interchange activity does 

not affect the localisation of PDI. As expected, cytoplasmic wildtype PDI and cytoplasmic 

PDI QUAD did not co-localise with calreticulin, and both proteins were instead present in the 

cytoplasm of transfected cells, confirming that by removing the signal sequence and KDEL, 

PDI is excluded from the ER and becomes localised in cytoplasm (Figure 4.15). 
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Figure 4.15: Localisation of PDI QUAD and cytoplasmic PDIs in Neuro-2A cells.  

Neuro-2A cells were transfected with constructs encoding either PDI QUAD, cytoplasmic 

wildtype PDI or cytoplasmic PDI QUAD (left column). After a 24 h transfection, cells were 

fixed and immunocytochemistry was performed using antibodies for the V5 tag and 

calreticulin (second column), and the nucleus was stained with Hoechst (third column). PDI 

QUAD co-localised with calreticulin, as illustrated by the yellow signal in the merge panel 

(last column), indicating that PDI QUAD is localised in the ER. Both cytoplasmic wildtype 

PDI and cytoplasmic PDI QUAD did not co-localise with calreticulin, demonstrating that 

these proteins are expressed in the cytoplasm, instead of the ER. Scale bar represents 20 µM. 
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4.3.11 PDI QUAD and cytoplasmic PDIs are co-expressed in almost all cells transfected 

with SOD1. 

Next, the co-transfection efficiency of PDI QUAD, cytoplasmic wildtype PDI and 

cytoplasmic PDI QUAD with mutant SOD1 was examined in Neuro-2A cells. Cells were 

transfected with one of the three PDI constructs and EGFP-SOD1 for 72 h, before fixing and 

performing immunocytochemistry using an anti-V5 antibody and staining with Hoechst to 

visualise the nuclei. Co-transfection was verified using fluorescent microscopy by examining 

EGFP expression (green) from SOD1 and performing immunocytochemistry with an Alexa 

Fluor 568-tagged secondary antibody to detect the V5 tags of PDI (Figure 4.16). The overall 

transfection efficiency of mutant SOD1 was found to be around 75-80% in Neuro-2A cells 

when observed 72 h post-transfection. For each of the three replicate experiments, fluorescent 

microscopy was utilised to examine at least 100 cells expressing mutant SOD1 and these cells 

were further analysed for co-expression with PDI QUAD, cytoplasmic wildtype PDI or 

cytoplasmic PDI QUAD. Quantification revealed that approximately 96% of SOD1 

transfected cells also co-expressed PDI QUAD or cytoplasmic wildtype PDI. Furthermore, 

95% of SOD1 expressing cells also co-expressed cytoplasmic PDI QUAD. Thus, it was 

assumed in all further experiments that the detection of SOD1 expression signified co-

expression with the respective PDI proteins when they were co-transfected and 

immunocytochemistry using a V5 antibody was not performed. 
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Figure 4.16: PDI QUAD, cytoplasmic wildtype PDI and cytoplasmic PDI QUAD are co-

expressed in almost all Neuro-2A cells co-expressing EGFP-SOD1. Neuro-2A cells were 

transfected for 72 h with EGFP-SOD1 (left column) and PDI-V5 constructs (second column). 

Cells were fixed and immunocytochemistry was performed using an anti-V5 antibody. Nuclei 

were stained with Hoechst (third column). The merge column demonstrates co-expression of 

SOD1 and the respective PDI proteins in the cells shown. Scale bar = 20 µM. 
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4.3.12 Expression of SOD1 and PDI proteins in Neuro-2A cells 

Prior to examining apoptosis using overexpressed mutant SOD1 and PDI constructs, Western 

blotting analysis was performed to ensure that the PDI proteins were expressed at the 

expected MW and similar levels of expression were obtained between groups (Figure 4.17). 

Cell lysates were prepared from the following groups; GFP alone, wildtype SOD1 co-

expressed with empty pcDNA3.1 vector, and mutant SOD1 A4V co-expressed with either 

empty pcDNA3.1 vector, wildtype PDI, PDI QUAD, cytoplasmic wildtype PDI or 

cytoplasmic PDI QUAD. Immunoblotting revealed that wildtype and mutant EGFP-SOD1 

proteins were expressed at the expected size of 50 kDa, and GFP alone was expressed at 26 

kDa, using an anti-GFP antibody. Wildtype SOD1 was expressed at significantly higher 

levels than mutant SOD1 A4V, as expected. The PDI constructs were detected at 62 kDa 

using an anti-V5 tag antibody and shared similar expression levels. β-actin was used as a 

loading control and was detected using an anti-β-actin antibody at 40 kDa. 
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Figure 4.17: Protein expression of EGFP-SOD1 and wildtype PDI, PDI QUAD, and 

cytoplasmic PDIs in Neuro-2A cells. A) Western blotting of cell lysates and quantification 

was performed to ensure that the proteins were expressed at the correct size and with similar 

expression levels between groups. The lysates examined were GFP, wildtype SOD1 with 

empty pcDNA3.1 vector, and mutant SOD1 A4V with either empty pcDNA3.1 vector, 

wildtype PDI, PDI QUAD, cytoplasmic wildtype PDI, or cytoplasmic PDI QUAD. The PDI 

proteins were expressed at the expected size of 62 kDa (PDI = 60 kDa, V5 tag = 2 kDa). 

Wildtype and mutant SOD1 were expressed at 50 kDa (SOD1 = 18 kDa, GFP = 26kDa) and 

GFP was detected at 26 kDa. The loading control, β-actin, was detected at 40 kDa. B) 

Quantification revealed that wildtype SOD1 was expressed at significantly higher levels (p < 

0.001) than mutant SOD1 A4V, as expected. Mutant SOD1 A4V was expressed similarly 

across all cell lysate populations, and PDI and the PDI domain mutants shared similar 

expression also. Lysates expressing GFP only were not included in quantification. N=3, 

Mean ± SEM, *** p < 0.001. 
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4.3.13 Overexpression of PDI QUAD, cytoplasmic wildtype PDI and cytoplasmic PDI 

QUAD are protective against SOD1 induced apoptosis. 

Our laboratory has recently demonstrated that PDI is able to rescue cells from apoptosis 

induced by mutant SOD1. Moreover, previous studies observed that PDI’s disulphide 

interchange activity was not required for protection against nuclei condensation and 

fragmentation (Parakh et al., 2017 in preparation). Previous reports demonstrate that PDI 

interacts with SOD1 in the cytoplasm, but it remained unknown whether a cytoplasmic-

localised PDI would also be protective against apoptosis. Hence, next apoptosis was 

examined in cells co-expressing mutant SOD1 A4V with either PDI QUAD, cytoplasmic 

wildtype PDI and cytoplasmic PDI QUAD, using three separate assays; Bax activation, Bax 

recruitment to mitochondria and Caspase-3 activation. 

First, Bax activation and its recruitment to mitochondria were examined. Upregulation of 

CHOP activates Bax, which results in the localisation of Bax to mitochondria [564]. Bax 

activation was examined by permeabilising the nuclear envelope with CHAPS buffer, hence 

nuclear immunoreactivity to Bax indicated Bax activation [315]. Bax recruitment was 

analysed by permeabilising the cell membrane with 0.1% (v/v) Triton-100 in PBS, so that 

Bax localisation to the mitochondria could be observed.  

Neuro-2A cells were transfected with pcDNA3.1 empty vector, GFP, wildtype SOD1, and 

mutant SOD1 A4V with either pcDNA3.1 empty vector, or constructs encoding wildtype 

PDI, PDI QUAD, cytoplasmic wildtype PDI, or cytoplasmic PDI QUAD. After fixing and 

permeabilising the nuclear envelope with CHAPS buffer, immunocytochemistry was 

performed using an anti-Bax antibody, where nuclear immunoreactivity to Bax indicated its 

activation (Figure 4.18 A). Cells were also stained with Hoechst to visualise the nuclei.  
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Less than 10% of untransfected cells or cells expressing pcDNA3.1, GFP and wildtype SOD1 

displayed Bax activation, as expected. A significantly greater (p < 0.001) proportion of cells 

expressing mutant SOD1 A4V displayed activation of Bax, indicating apoptosis (28.3% ± 

4.7). This proportion of cells was significantly decreased (p < 0.001) when wildtype PDI was 

co-expressed with mutant SOD1 A4V (9.3% ± 1.5). However, when PDI QUAD was co-

expressed with mutant SOD1 A4V, the proportion of cells with Bax activation was 

significantly reduced (p < 0.05) to 18.7% ± 0.7, although this proportion was significantly 

different (p < 0.05) to cells co-expressing wildtype PDI. A similar result was obtained in cells 

co-expressing SOD1 A4V with cytoplasmic PDI QUAD, where a significant decrease (p < 

0.05) in the proportion of cells with Bax activation was observed compared to cells co-

expressing mutant SOD1 A4V and empty pcDNA3.1 vector (18.7% ± 1.5), but this 

proportion was significantly different (p < 0.05) to cells co-expressing SOD1 A4V with 

wildtype PDI. When cells expressing mutant SOD1 A4V were co-expressed with cytoplasmic 

wildtype PDI, there was a significant decrease (p < 0.01) in the proportion of cells exhibiting 

nuclear immunoreactivity to Bax (15.0% ± 0.6), compared to cells co-expressing mutant 

SOD1 A4V and empty vector (Figure 4.18 B). Hence, these results imply that cytoplasmic 

PDI retains the protective activity of wildtype PDI. Moreover, these results demonstrate a 

protective activity for PDI’s chaperone function against mutant SOD1-induced apoptosis. 

However, whilst PDI QUAD and cytoplasmic PDI QUAD were also protective, they did not 

retain the full protective capacity of wildtype PDI.  
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Figure 4.18: Overexpression of PDI QUAD, cytoplasmic wildtype PDI and cytoplasmic 

PDI QUAD are protective against Bax activation. A) Neuro-2A cells expressing GFP, 

wildtype SOD1 and mutant SOD1 A4V, with either pcDNA3.1, wildtype PDI, PDI QUAD, 

cytoplasmic wildtype PDI, or cytoplasmic PDI QUAD. Few cells expressing GFP or wildtype 

SOD1 displayed Bax activation (first two panels; GFP, SOD1 WT). Conversely, a larger 

proportion of cells expressing mutant SOD1 A4V (third panel; SOD1 A4V) demonstrated 

Bax activation, indicated by nuclear immunoreactivity of Bax (third panel, column two). 

When PDI, PDI QUAD, cytoplasmic wildtype PDI, or cytoplasmic PDI QUAD were co-

expressed with mutant SOD1 A4V, fewer cells displayed Bax activation (panels 4-7). Scale 

bar = 20 µM. B) Quantification of the proportion of cells with Bax activation in A). A similar 

proportion of untransfected cells and cells expressing pcDNA3.1, GFP or wildtype SOD1 

displayed Bax activation. There was a significant increase in the proportion of cells with Bax 

activation in mutant SOD1 A4V populations, compared to wildtype SOD1 populations (p < 

0.001). The proportion of cells with Bax activation was significantly reduced when wildtype 

PDI (p < 0.001) or cytoplasmic wildtype PDI (p < 0.01) was co-expressed with mutant SOD1 

A4V. The proportion of cells exhibiting Bax activation was also significantly decreased when 

SOD1 A4V expressing cells were co-expressed with either PDI QUAD or cytoplasmic PDI 

QUAD (p < 0.05). However, there were significantly more (p < 0.05) cells in these 

populations with Bax activation when compared to cells co-expressing mutant SOD1 A4V 

and wildtype PDI. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Next, Bax recruitment to mitochondria was examined in cells transfected with pcDNA3.1, 

GFP, wildtype SOD1, and mutant SOD1 A4V with either pcDNA3.1 empty vector, wildtype 

PDI, PDI QUAD, cytoplasmic wildtype PDI or cytoplasmic PDI QUAD. After fixing and 

permeabilising the cell membrane with 0.1 % (v/v) Triton-100 in PBS, immunocytochemistry 

was performed using an anti-Bax antibody, where Bax localisation in the mitochondria 

indicated recruitment, and hence, that apoptosis was underway (Figure 4.19 A). Cells were 

stained with Hoechst to visualise the nuclei.  

Less than 10% of untransfected cells, or cells expressing pcDNA3.1, GFP or wildtype SOD1, 

displayed Bax recruitment to mitochondria. There was a significant increase (p < 0.001) in 

the proportion of mutant SOD1 A4V expressing cells with Bax recruitment (26.7% ± 2.7) 

compared to those expressing wildtype SOD1. As expected, this proportion was significantly 

decreased (p < 0.001) when mutant SOD1 A4V expressing cells were co-expressed with 

wildtype PDI (10.3% ± 0.9). Moreover, this proportion also significantly decreased (p < 0.01) 

when cytoplasmic wildtype PDI was co-expressed with SOD1 A4V (12.3% ± 1.5). There was 

also a significant reduction (p < 0.05) in the proportion of cells with Bax recruitment to 

mitochondria when SOD1 A4V expressing cells were co-expressed with either PDI QUAD or 

cytoplasmic PDI QUAD (18.3% ± 0.9 and 19.3% ± 1.8, respectively), compared to cells 

expressing mutant SOD1 A4V with empty pcDNA3.1 vector. Similar to Bax activation, there 

was also a significant difference (p < 0.05) in the proportion of cells with Bax recruitment in 

populations co-expressing mutant SOD1 A4V with either PDI QUAD or cytoplasmic PDI 

QUAD, and cells co-expressing mutant SOD1 A4V with wildtype PDI (Figure 4.19 B). 

These findings confirm that PDI localised in the cytoplasm is protective against apoptosis 

induced by mutant SOD1. They also suggest that the disulphide interchange activity of PDI is 

not required to rescue cells from apoptosis. However, as the QUAD mutants were not as 
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protective as wildtype PDI, these findings also imply that the disulphide interchange activity 

and chaperone activities both contribute to the protective functions of PDI against apoptosis. 
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Figure 4.19: Overexpression of PDI QUAD, cytoplasmic wildtype PDI and cytoplasmic 

PDI QUAD are protective against Bax recruitment to the mitochondria. A) 

Immunofluorescence images of Neuro-2A cells expressing GFP, wildtype SOD1, and mutant 

SOD1 A4V, with either empty vector pcDNA3.1, wildtype PDI, PDI QUAD, cytoplasmic 

wildtype PDI or cytoplasmic PDI QUAD. Few cells expressing GFP or wildtype SOD1 

displayed Bax recruitment to the mitochondria (first two panels; GFP, SOD1 WT), whereas a 

greater proportion of cells expressing mutant SOD1 A4V (third panel; SOD1 A4V) 

demonstrated Bax recruitment, indicated by Bax localisation in the mitochondria (third panel, 

column two). When wildtype PDI (fourth panel; A4V + PDI WT), PDI QUAD (fifth panel; 

A4V + PDI QUAD), cytoplasmic wildtype PDI (sixth panel; A4V + Cyto PDI WT) or 

cytoplasmic PDI QUAD (seventh panel; A4V + Cyto PDI QUAD) were co-expressed with 

mutant SOD1 A4V, fewer cells displayed Bax recruitment. Scale bar = 20 µM. B) 

Quantification of the proportion of SOD1 expressing cells with Bax recruitment in A). There 

was no significant difference in the proportion of cells with Bax recruitment between 

untransfected cells and cells expressing GFP, pcDNA3.1 and wildtype SOD1. There was a 

significant increase (p < 0.001) in the proportion of mutant SOD1 A4V expressing cells with 

Bax recruitment, compared to wildtype SOD1 expressing cells. The proportion of cells with 

Bax recruitment was significantly reduced when wildtype PDI or cytoplasmic wildtype PDI 

was co-expressed with mutant SOD1 A4V (p < 0.001). There was a slight but significant 

decrease in the proportion of cells with Bax recruitment in populations co-expressing mutant 

SOD1 A4V with either PDI QUAD or cytoplasmic PDI QUAD (p < 0.05), compared to cells 

co-expressing mutant SOD1 A4V with empty pcDNA3.1 vector. There was also a significant 

increase (p < 0.05) in the proportion of cells with Bax recruitment in these populations when 

compared to populations expressing mutant SOD1 A4V and wildtype PDI. N=3, Mean ± 

SEM, * p < 0.05, *** p < 0.001. 
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4.3.14 Overexpression of PDI QUAD and the cytoplasmic PDIs decrease Caspase-3 

activation induced by mutant SOD1. 

To confirm these findings, Caspase-3 activation was next examined in cells expressing 

mutant SOD1 with PDI proteins. Caspase-3 is induced following the activation of Bax and its 

recruitment to the mitochondria, therefore it is indicative of later stages of apoptosis. Neuro-

2A cells were transfected with pcDNA3.1, GFP, wildtype SOD1, and mutant SOD1 A4V 

with either pcDNA3.1 empty vector, wildtype PDI, PDI QUAD, cytoplasmic wildtype PDI or 

cytoplasmic PDI QUAD. After fixing, immunocytochemistry was performed using an anti-

cleaved Caspase-3 antibody, specific for the cleaved, or activated form, of Caspase-3. 

Nuclear immunoreactivity to Caspase-3 was indicative of its activation, hence induction of 

apoptosis (Figure 4.20 A). Cells were stained with Hoechst to visualise the nuclei. 

Less than 10% of untransfected cells or cells expressing pcDNA3.1, GFP or wildtype SOD1 

displayed Caspase-3 activation. In contrast, a significant increase (p < 0.001) in the 

proportion of mutant SOD1 A4V expressing cells with Caspase-3 activation was observed 

(25.0% ± 3.2). However, upon co-expression of mutant SOD1 A4V with wildtype PDI or 

cytoplasmic wildtype PDI, there was a significant decrease (p < 0.001) in the proportion of 

cells with Caspase-3 activation (12.3% ± 2.3 and 11.3% ± 1.7, respectively). There was also a 

slight but significant decrease (p < 0.05) in the proportion of cells with Caspase-3 activation 

in populations co-expressing mutant SOD1 A4V and either PDI QUAD or cytoplasmic PDI 

QUAD (17.3% ± 1.1 and 16.0% ± 1.2, respectively) (Figure 4.20 B). Now that is has been 

shown that the nuclei condensation assay of apoptosis produces similar results to other 

apoptotic assays, only nuclei condensation was assessed in further experiments of this chapter 

examining apoptosis. 
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Figure 4.20: Overexpression of PDI QUAD, cytoplasmic wildtype PDI and cytoplasmic 

PDI QUAD inhibit Caspase-3 activation induced by mutant SOD1. A) Neuro-2A cells 

expressing GFP (first panel; GFP) or wildtype SOD1 (second panel; SOD1 WT) display low 

levels of Caspase-3 activation. In contrast, more cells expressing mutant SOD1 A4V (third 

panel; SOD1 A4V) demonstrate nuclear immunoreactivity to Caspase-3 (third panel, column 

two). However, the proportion of cells with Caspase-3 activation is reduced in mutant SOD1 

A4V cells co-expressing wildtype PDI, PDI QUAD, cytoplasmic wildtype PDI, or 

cytoplasmic PDI QUAD (panels four to seven; A4V + PDI WT, A4V + PDI QUAD, A4V + 

Cyto PDI WT, A4V + Cyto PDI QUAD), compared to those expressing empty vector. Scale 

bar = 20 µM. B) Quantification of the proportion of cells with Caspase-3 activation in A). 

There was a significant increase in the proportion of cells with Caspase-3 activation in mutant 

SOD1 A4V populations, compared to those expressing wildtype SOD1, GFP or pcDNA3.1 (p 

< 0.001). There was a significant decrease, however, when mutant SOD1 A4V expressing 

cells were co-expressed with wildtype PDI (p < 0.001), PDI QUAD (p < 0.05), cytoplasmic 

wildtype PDI (p < 0.001) and cytoplasmic PDI QUAD (p < 0.05). N=3, Mean ± SEM, * p < 

0.05, *** p < 0.001. 
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Investigation into the protective properties of PDI domain mutants in neuronal cells 

expressing mutant TDP-43. 

The PDI domain mutants were next examined in Neuro-2A cells expressing mutant TDP-43 

Q331K. Their activity on mutant TDP-43 mislocalisation to the cytoplasm and mutant TDP-

43-induced ER stress was investigated in the following experiments. 

 

 

4.3.15 PDI domain constructs are co-expressed in almost all cells transfected with TDP-43 

It was next examined whether the PDI domain constructs were protective in cells expressing 

mutant TDP-43 induced. First, the co-transfection efficiency of the domain constructs and 

EGFP-TDP-43 was analysed in Neuro-2A cells. Cells were transfected for 72 h with EGFP-

TDP-43 and either the PDI a domain, a’ domain, or bb’ domain mutants, before cells were 

fixed.  Immunocytochemistry was then performed using an anti-V5 antibody and the nuclei 

were stained with Hoechst. Co-transfection was verified using fluorescence microscopy by 

examining EGFP expression (green) for TDP-43 and by performing immunocytochemistry 

using an Alexa Fluor 568-tagged secondary antibody, to detect the V5 tag of the domain 

mutants (Figure 4.21). The transfection efficiency of EGFP-TDP-43 was approximately 70-

75% in Neuro-2A cells when observed 18 h post-transfection. For each of the three replicate 

experiments, at least 100 cells expressing TDP-43 were analysed using fluorescent 

microscopy and these cells were further examined for co-expression with the PDI domain 

mutants. Data was represented as mean ± standard error of the mean (SEM). Quantification 

revealed that approximately 97% of SOD1 transfected cells also co-expressed the PDI a 

domain, 94% also co-expressed the a’ domain, and 96% also co-expressed the bb’ domain. 

Thus, in all further experiments where TDP-43 and the domain mutants were co-transfected 
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and immunocytochemistry using a V5 antibody was not performed, it was assumed that 

detection of TDP-43 expression reflected co-expression of both TDP-43 and the domain 

mutants.  

 

  

 

Figure 4.21: The PDI a domain, a’ domain and the bb’ domain are co-expressed in 

almost all Neuro-2A cells co-transfected with EGFP-TDP-43. Neuro-2A cells were 

transfected for 18 h with EGFP-TDP-43 (left column) with either the PDI a domain, a’ 

domain or bb’ domain (second column; V5). Cells were fixed and immunocytochemistry 

performed using an anti-V5 antibody, with nuclei stained with Hoechst (third column). The 

merge column indicates co-expression of the PDI domain mutants and TDP-43 in the shown 

cells. Scale bar = 30 µM. 
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4.3.16 Expression of TDP-43 and PDI domain mutants in Neuro-2A cells 

Western blotting analysis was performed prior to examining cellular assays using the PDI 

domain mutants and TDP-43 in order to ensure that transfection of each mutant resulted in 

similar levels of expression and that the expressed proteins were of the expected size (Figure 

4.22). Cell lysates were prepared from the following groups; GFP alone, wildtype TDP-43 

co-expressed with pcDNA3.1, and mutant TDP-43 Q331K co-expressed with either 

pcDNA3.1, wildtype PDI, PDI a domain, a’ domain or bb’ domain. Immunoblotting revealed 

that wildtype and mutant TDP-43 were expressed at the expected size of 64 kDa (TDP-43 = 

38 kDa, GFP = 26 kDa) and GFP was expressed at 26 kDa using an anti-GFP antibody. 

Wildtype TDP-43 was expressed at higher levels compared to mutant TDP-43 Q331K, as 

expected. PDI was detected in transfected cell lysates using an anti-V5 antibody at 62 kDa, 

whereas the a domain was detected at 15 kDa, the a’ domain at 12 kDa and the bb’ mutant at 

25 kDa. All PDI proteins shared similar expression levels. β-actin was used as a loading 

control, detected using an anti-β-actin antibody (40 kDa). 
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Figure 4.22: Protein expression of EGFP-TDP-43, full length PDI and the PDI domain 

mutants in Neuro-2A cells. A) Western blotting of cell lysates was performed and quantified 

to ensure that the proteins expressed were of the expected size and to verify that the 

expression level of each protein was similar between groups. Cell lysates examined were 

GFP alone, wildtype TDP-43 with empty pcDNA3.1 vector, and mutant TDP-43 Q331K with 

either empty pcDNA3.1 vector, full length PDI, the a domain, a’ domain or bb’ domain 

mutants. Wildtype and mutant TDP-43 were detected at 64 kDa and GFP was detected at 26 

kDa as expected. The a domain mutant was detected at 15 kDa, whereas the a’ domain 

mutant was expressed at 12 kDa, and bb’ domain mutant at 25 kDa. β-actin was used as a 

loading control and was detected at 40 kDa. B) Quantification revealed that wildtype TDP-43 

was expressed at significantly higher levels (p < 0.05) than mutant TDP-43 Q331K, as 

expected. Mutant TDP-43 Q331K shared similar expression levels across all cell lysate 

populations. Full length PDI and the PDI domain mutants were also expressed at similar 

expression levels. Lysates expressing GFP only were not included in quantification. N=3, 

Mean ± SEM, * p < 0.05. 
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4.3.17 Overexpression of PDI a or a’ domain inhibits mutant TDP-43 mislocalisation to 

the cytoplasm 

The mislocalisation of normally nuclear TDP-43 and FUS to the cytoplasm in ALS patient 

motor neurons is a common pathological trait shared by mutant versions of these proteins in 

ALS [469]. Interestingly, our laboratory has demonstrated that over expression of PDI in 

neuronal cells expressing mutant TDP-43 inhibits TDP-43 mislocalisation to the cytoplasm 

(Parakh et al., 2017 in preparation). It is unclear, however, which of PDI’s functions is 

involved in this protective activity. Therefore, it was next investigated whether over 

expression of the a domains or b domains of PDI was protective against mutant TDP-43 

mislocalisation to the cytoplasm in Neuro-2A cells.  

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype TDP-43 with 

pcDNA3.1, and mutant TDP-43 Q331K with either pcDNA3.1, PDI, the a domain or a’ 

domain mutants. TDP-43 localisation was analysed 18 h post-transfection because previous 

experiments performed in our laboratory demonstrated that TDP-43 display the maximal 

levels of mislocalisation to the cytoplasm [427]. Immunocytochemistry was not performed as 

it was assumed that EGFP-TDP-43 expression reflected co-expression with the V5-tagged 

mutants. However, DAPI staining using Hoechst was performed to visualise nuclei of the 

cells. Cells were examined for expression and localisation of TDP-43 using fluorescence 

microscopy, whereby at least 100 cells transfected with TDP-43 were analysed. TDP-43 was 

considered nuclear when it completely co-localised with the DAPI-stained nucleus. 

Conversely, TDP-43 was considered mislocalised when fluorescence was detected in both the 

nucleus and cytoplasm of TDP-43 expressing cells (Figure 4.23 A). 

Wildtype TDP-43 was expressed in the cytoplasm in 5.3% ± 0.3 of cells. Compared to 

wildtype TDP-43 expressing cells, there was a significant increase (p < 0.001) in the 
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proportion of cells displaying cytoplasmic TDP-43 in mutant TDP-43 Q331K expressing 

cells (17.0% ± 2.0). However, co-expression of PDI with mutant TDP-43 Q331K 

significantly reduced (p < 0.01) the proportion of cells with TDP-43 localisation in the 

cytoplasm to 7.7% ± 1.8, as expected. Similarly, there was a significant reduction (p < 0.05) 

in the proportion of cells with cytoplasmic expression of TDP-43 when the a domain was co-

expressed with mutant TDP-43 (9.0% ± 0.6), revealing that the a domain is protective against 

TDP-43 mislocalisation. However, there was no significant decrease in the proportion of cells 

with cytoplasmic expression of TDP-43 in mutant TDP-43 Q331K populations co-expressing 

the bb’ domain (14.0% ± 1.0), when compared to cells expressing mutant TDP-43 Q331K 

with empty pcDNA3.1 vector, although there was a significant difference (p < 0.05) 

compared to cells co-expressing mutant TDP-43 Q331K and PDI. Together these results 

suggest that the b domains of PDI are not protective against mutant TDP-43 mislocalisation 

to the cytoplasm (Figure 4.23 B). This result was confirmed using matched expression levels 

in the cells displaying mislocalised TDP-43 to ensure that the co-expression of mutant TDP-

43 Q331K with either PDI, the a domain mutant or the bb’ domain mutant did not decrease 

its expression levels (Supplementary figure 8). 

Next, it was investigated whether the a’ domain was also protective against mutant TDP-43 

mislocalisation. Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, 

wildtype TDP-43 with pcDNA3.1, and mutant TDP-43 with either pcDNA3.1, PDI, a domain 

or a’ domain mutants for 18 h. Quantification revealed that there was a significant increase (p 

< 0.001) in the proportion of cells with cytoplasmic expression of TDP-43 in populations 

expressing mutant TDP-43 Q331K (14.7% ± 1.5), compared to cells expressing wildtype 

TDP-43 (1.7% ± 0.3) as expected. There was a significant reduction in the proportion of cells 

with cytoplasmic expression of TDP-43 when mutant TDP-43 Q331K expressing cells were 

also co-expressed with either PDI (5.3% ± 1.2, p < 0.001), the a domain (8.7% ± 0.9, p < 
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0.01) or a’ domain mutants (4.7% ± 0.3, p < 0.001). Interestingly, there was a significant 

difference (p < 0.05) in the proportion of cells with cytoplasmic localisation of TDP-43 in 

populations expressing the a domain with those expressing  the a’ domain, suggesting that 

the a’ domain is more efficient in inhibiting the cytoplasmic localisation of TDP-43., 

However there were no differences in the proportion of cells with cytoplasmic expression of 

TDP-43 in populations expressing either of  the domain mutants to those expressing PDI 

(Figure 4.23 C). 
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Figure 4.23: Overexpression of the PDI a and a’ domains inhibits mutant TDP-43 

mislocalisation to the cytoplasm. A) Immunofluorescence images of Neuro-2A cells 

expressing wildtype TDP-43 with empty pcDNA3.1 vector, and mutant TDP-43 Q331K co-

expressing either pcDNA3.1, PDI, the a domain, a’ domain or bb’ domain. Cells expressing 

wildtype TDP-43 (first panel; TDP-43 WT) display mainly nuclear localisation of TDP-43, 

whereas more TDP-43 Q331K (second panel; TDP-43 Q331K) cells express TDP-43 in the 

cytoplasm, as indicated by the white arrowhead (second panel, first column). When mutant 

TDP-43 Q331K was co-expressed with PDI (third panel; Q331K + PDI), the a domain 

(fourth panel; Q331K + a domain) or the a’ domain mutants (fifth panel; Q331K + a’ 

domain), significantly fewer cells expressed TDP-43 in the cytoplasm. In comparison, more 

cells co-expressing mutant TDP-43 Q331K with the bb’ domain mutant (sixth panel; Q331K 

+ bb’ domain) expressed TDP-43 in the cytoplasm, as indicated by the white arrowhead 

(sixth panel, first column). Scale bar = 20 µM. B) Quantification of cells with TDP-43 

mislocalisation in A). There was a significant increase (p < 0.001) in the proportion of cells 

with TDP-43 mislocalisation in cells expressing mutant TDP-43 Q331K, compared to cells 

expressing wildtype TDP-43 as expected. A significant decrease in the proportion of cells 

with cytoplasmic TDP-43 was observed when mutant TDP-43 Q331K was co-expressed with 

either PDI (p < 0.01) or the a domain mutant (p < 0.05). However, there was a significant 

increase (p < 0.05) in the proportion of cells with cytoplasmic TDP-43 in populations co-

expressing mutant TDP-43 Q331K and the bb’ domain mutant, compared to cells co-

expressing TDP-43 Q331K with PDI. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 

0.001. C) Quantification of cells with cytoplasmic TDP-43 in A). There was a significant 

increase (p < 0.001) in the proportion of cells with cytoplasmic localisation of TDP-43 in 

populations expressing mutant TDP-43 Q331K, compared to cells expressing wildtype TDP-

43. A significant decrease in the proportion of cells with cytoplasmic TDP-43was observed 
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when mutant TDP-43 Q331K was co-expressed with either PDI (p < 0.001), the a domain (p 

< 0.01) or a’ domain (p < 0.001) mutants. Also, there was a significantly higher (p < 0.05) 

proportion of cells with cytoplasmic localisation of TDP-43 in populations co-expressing the 

a domain and mutant TDP-43 Q331K, compared to those co-expressing the a’ domain and 

TDP-43 Q331K. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.3.18 Overexpression of PDI’s a domain, a’ domain, or bb’ domains are protective against 

mutant TDP-43 induced ER stress 

Our laboratory has previously shown that the overexpression of mutant TDP-43 induces ER 

stress in neuronal cells compared to wildtype TDP-43 [427] and that PDI co-precipitates with 

mutant TDP-43 and is also upregulated in transgenic mutant TDP-43 mouse spinal cords 

[427]. More recently, our laboratory has demonstrated that the overexpression of PDI inhibits 

ER stress in Neuro-2A cells expressing mutant TDP-43, as detected by the activation of 

CHOP or XBP-1(Parakh et al., 2017 in preparation). Therefore, it was next investigated 

whether the domain mutants and hence which regions of PDI are responsible for the 

protective activity against ER stress.  

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype TDP-43 with 

empty pcDNA3.1 vector, and mutant TDP-43 Q331K with either pcDNA3.1, PDI the a 

domain or a’ domain mutant. After 72 h transfection, the cells were fixed and 

immunocytochemistry was performed using an anti-CHOP antibody to probe for nuclear 

immunoreactivity to CHOP, as previous. Cells were also stained with Hoechst to visualise the 

nuclei. Fluorescence microscopy was utilised to analyse at least 100 transfected cells, 

whereby nuclear immunoreactivity to CHOP indicated activation, and thus, induction of ER 

stress (Figure 4.24 A).  

Quantification revealed very little CHOP activation in untransfected cells and cells 

transfected with empty pcDNA3.1 vector and GFP (less than 5% cells). Only 8.3% ± 0.9 of 

cells expressing wildtype TDP-431 displayed CHOP activation and as expected, significantly 

more cells expressing mutant TDP-43 Q331K displayed (p < 0.001) nuclear CHOP 

immunoreactivity (20.3% ± 0.7) in comparison. Similar to previous reports, there was a 

significant decrease (p < 0.01) in the proportion of cells with nuclear immunoreactivity to 



214 
 

CHOP when cells were co-expressed with PDI and mutant TDP-43 Q331K (9.3% ± 1.5), 

compared to cells expressing mutant TDP-43 Q331K alone. Similarly, significantly fewer 

cells co-expressing the a domain with mutant TDP-43 Q331K (p < 0.01) displayed CHOP 

activation (10.0% ± 3.2) compared to cells expressing mutant TDP-43 Q331K alone. 

Together these data indicate that the disulphide interchange activity of PDI is protective 

against ER stress induced by mutant TDP-43.  Interestingly, significantly fewer cells co-

expressing the bb’ domain with TDP-43 Q331K displayed (p < 0.001) nuclear CHOP 

immunoreactivity (9.0% ± 1.0), suggesting that the chaperone function of PDI also 

contributes to inhibition of ER stress induced by mutant TDP-43 (Figure 4.24 B).  

Next, the a and a’ domain mutants were compared for their protective activity against mutant 

TDP-43 induced activation of CHOP. Neuro-2A cells were transfected with empty 

pcDNA3.1 vector, GFP, wildtype TDP-43 with pcDNA3.1, and TDP-43 Q331K with either 

pcDNA3.1, PDI, the a domain or a’ domain mutants. Immunocytochemistry was performed 

using an anti-CHOP antibody to examine nuclear immunoreactivity of CHOP, indicative of 

its activation, and cells were stained with Hoechst to visualise the nuclei. As expected, there 

was little CHOP activation in untransfected cells and in cells expressing pcDNA3.1, GFP and 

wildtype SOD1 (less than 10%). There was a significant increase (p < 0.001) in the 

proportion of cells with CHOP activation in populations expressing mutant TDP-43 Q331K 

(23.7% ± 1.3), compared to cells expressing wildtype TDP-43 (8.0% ± 1.2). A significant 

decrease (p < 0.001) in the proportion of cells with CHOP activation was detected when 

mutant TDP-43 Q331K was co-expressed with either PDI (9.3% ± 1.7) or the a domain 

mutant (11.7% ± 0.3), compared to cells co-expressing empty pcDNA3.1 vector. There was 

also a significant reduction (p < 0.05) in the proportion of cells with CHOP activation when 

mutant TDP-43 Q331K was co-expressed with the a’ domain mutant (16.3% ± 2.6).  Hence 

these data imply that both a and a’ domains exhibit protective activity against mutant TDP-
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43-induced ER stress. However, significantly more (p < 0.05) cells expressing the a’ domain 

displayed nuclear immunoreactivity to CHOP compared to those co-expressing PDI with 

TDP-43 Q331K, suggesting that the protective activity of the a’ domain mutant may not be as 

effective as that of PDI (Figure 4.24 C). 
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Figure 4.24: Overexpression of the a domain, a’ domain or the bb’ domain is protective 

against CHOP activation induced by mutant TDP-43. A) Immunofluorescence images of 

Neuro-2A cells expressing GFP alone, wildtype TDP-43, and mutant TDP-43 Q331K co-

expressed with either pcDNA3.1, PDI, a domain, a’ domain or bb’ domain (first column), 

with or without nuclear immunoreactivity to CHOP (second column). The third column 

illustrates DAPI-stained nuclei and the fourth column depicts a merged image of the cell. 

Few cells expressing GFP or wildtype TDP-43 (first and second panel; GFP, TDP-43 WT) 

displayed CHOP activation. Conversely, more cells expressing mutant TDP-43 Q331K and 

pcDNA3.1 (third panel; TDP-43 Q331K) displayed CHOP activation, as indicated by red 

fluorescence in the nucleus (third panel, second column). However, when either PDI (fourth 

panel; Q331K + PDI), the a domain (fifth panel; Q331K + a domain), a’ domain (sixth panel; 

Q331K + a’ domain) or bb’ domain (seventh panel; Q331K + bb’ domain) mutants were co-

expressed with TDP-43 Q331K, fewer cells displayed CHOP activation, indicating ER stress. 

Scale bar = 20 µM. B) Quantification of cells in A) with CHOP nuclear immunoreactivity. 

The proportion of cells with CHOP activation was significantly higher in populations 

expressing mutant TDP-43 Q331K, compared to wildtype TDP-43 (p < 0.001) as expected. 

However, significantly fewer cells displayed CHOP activation when PDI (p < 0.01), the a 

domain (p < 0.01) or the bb’ domain (p < 0.001) was co-expressed with TDP-43 Q331K, 

implying that both the a and bb’ domains are protective against mutant TDP-43-induced ER 

stress. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. C) Quantification of the 

cells in A) with nuclear immunoreactivity to CHOP. The proportion of cells with CHOP 

activation was significantly higher in populations expressing mutant TDP-43 Q331K, 

compared to those expressing wildtype TDP-43 (p < 0.001). Significantly fewer cells with 

CHOP activation were present when PDI (p < 0.001), the a domain (p < 0.001) or the a’ 

domain (p < 0.05) mutants, were co-expressed with TDP-43 Q331K. However, there was a 
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significant difference (p < 0.05) in the proportion of cells with CHOP activation between 

TDP-43 Q331K cells co-expressing PDI and those co-expressing the a’ domain. N=3, Mean 

± SEM, * p < 0.05, *** p < 0.001. 
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Investigation into the protective properties of PDI domain mutants in neuronal cells 

expressing mutant FUS 

The PDI domain mutants were finally examined for protective effect in Neuro-2A cells 

expressing mutant FUS R521G. Their activity on mutant FUS mislocalisation to the 

cytoplasm and mutant FUS-induced ER stress were analysed in this section. 

 

 

4.3.19 PDI domain mutants are co-expressed in almost all cells transfected with FUS 

Finally, the PDI domain mutants were analysed for their protective activity against mutant 

FUS is. Similar to the SOD1 and TDP-43 experiments the co-transfection efficiency of FUS 

and the PDI domain mutants were first examined in Neuro-2A cells. Cells were transfected 

with mutant GFP FUS R521G and the PDI a domain, a’ domain or bb’ domain mutants for 

72 h. Cells were fixed, immunocytochemistry using an anti-V5 antibody performed, and 

nuclei stained with Hoechst. Co-transfection was confirmed by analysing GFP expression 

(green) for FUS and performing immunocytochemistry with an Alexa Fluor 568-tagged 

secondary antibody to detect the V5 tag of the domain mutants (Figure 4.25). Upon 

observation at 72 h post transfection, the overall transfection efficiency of GFP FUS was 

approximately 80 % in Neuro-2A cells. For each of the three replicate experiments, at least 

100 FUS expressing cells were visualised using fluorescent microscopy, and these cells were 

further analysed for co-expression with the PDI a domain, a' domain and bb’ domain 

mutants. Quantification revealed that approximately 97 % of FUS expressing cells also co-

expressed the PDI a domain, 94 % also co-expressed the a’ domain, and 97 % also co-

expressed the bb’ domain mutants. Thus, in further experiments, it was assumed that FUS 
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expression reflected co-expression of both FUS and the PDI domain mutants when they were 

co-transfected but immunocytochemistry using a V5 antibody was not performed.  

 

 

 

Figure 4.25: The PDI a domain, a’ domain and bb’ domain are co-expressed in almost 

all Neuro-2A cells co-expressing GFP FUS. Neuro-2A cells were transfected with GFP 

FUS (left column) and the PDI domain mutants (second column; V5) for 72 h. Cells were 

fixed, immunocytochemistry was performed using an anti-V5 antibody, and the nuclei were 

stained with Hoechst (third column). The merge column illustrates co-expression of the PDI 

domain mutants and FUS in the cells shown. Scale bar = 30 µM.  
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4.3.20 Expression of FUS and PDI domain mutants in Neuro-2A cells 

Western blotting analysis was next undertaken to confirm that the expressed proteins were of 

the expected size and that transfection of each mutant resulted in comparable levels of protein 

expression (Figure 4.26). Cell lysates were prepared from the following groups; GFP alone, 

wildtype FUS co-expressed with pcDNA3.1, and mutant FUS R521G co-expressed with 

either pcDNA3.1, PDI, PDI a domain, a’ domain or bb’ domain mutants. Immunoblotting 

revealed that wildtype and mutant FUS GFP proteins were expressed at the expected size of 

100 kDa, and GFP alone was expressed at 26 kDa, using an anti-GFP antibody. PDI was 

detected at 62 kDa, PDI a domain at 15 kDa, a' domain at 12 kDa and bb’ domain at 25 kDa, 

using an anti-V5 tag antibody. β-actin was used as a loading control and was detected at 40 

kDa using an anti-β-actin antibody.  
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Figure 4.26: Protein expression of the PDI domain mutants and GFP FUS in Neuro-2A 

cells. A) Western blotting of cell lysates was performed and quantified to determine if protein 

expression levels were comparable between groups and to ensure that proteins were 

expressed at the expected size. Cell lysates examined were GFP alone, wildtype FUS with 

pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, PDI, PDI a domain, a’ domain or 

bb’ domain mutants. PDI was detected at 62 kDa, the PDI a domain was detected at 15 kDa, 

the a’ domain was detected at 12 kDa, and the bb’ domain was detected at 25 kDa. Wildtype 

and mutant FUS were detected at 100 kDa (FUS = 74 kDa, GFP = 26 kDa) and GFP alone at 

26 kDa. β-actin was used as a loading control and was expressed at 40 kDa. B) Quantification 

revealed that wildtype FUS and mutant FUS R521G shared similar expression levels. 

Similarly, full length PDI and the PDI domain mutants also demonstrated comparable levels 

of expression. Lysates expressing GFP only were not included in quantification. N=3, Mean 

± SEM. 
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4.3.21 Overexpression of the ‘a’ or a’ domains of PDI inhibits mutant FUS mislocalisation 

to the cytoplasm 

Our laboratory has previously demonstrated that PDI colocalises with FUS in ALS cell lines 

and in ALS patient tissue [426]. Furthermore, more recent studies have shown that PDI 

overexpression is protective against mutant FUS mislocalisation to the cytoplasm in neuronal 

cell lines (Parakh et al., 2017 in preparation). Hence, the activity of PDI’s a and b domains 

was next investigated to determine which regions of PDI are essential in preventing the 

cytoplasmic localisation of FUS. 

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype FUS with 

pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, PDI, the a domain or bb’ domain 

mutants for 72 h. After fixing, cells were stained with Hoechst to visualise the nuclei. 

Immunocytochemistry was not performed as it was assumed that FUS expression reflected 

co-expression with the V5-tagged mutants, as determined in section 4.3.21. At least 100 

transfected cells were examined for the localisation of FUS using fluorescence microscopy. 

FUS was considered cytoplasmic when fluorescence was detected only in the cytoplasm, and 

was considered nuclear when fluorescence was detected in both the nucleus and the 

cytoplasm (Figure 4.27 A). The reason that mislocalisation in mutant FUS expressing cells 

were categorised differently to mutant TDP-43 expressing cells is that a much higher 

percentage of cells were localised only in the cytoplasm compared to TDP-43. The R521G 

mutation of FUS is an aggressive form and studies have demonstrated that it is highly 

retained in the cytoplasm, characterised by a high proportion of insoluble FUS and a decrease 

in soluble nuclear FUS [137]. 

Quantification revealed that in populations expressing wildtype FUS, FUS was never 

localised in the cytoplasm. Conversely, 75.3% ± 5.2 of mutant FUS R521G populations 
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expressed cytoplasmic FUS. There was a significant decrease in the proportion of cells 

exhibiting cytoplasmic localisation when mutant FUS R521G populations were co-expressed 

with either PDI (56.0% ± 1.5, p < 0.01) or the a domain (54.3% ± 3.8, p < 0.001), compared 

to FUS R521G populations co-expressed with empty pcDNA3.1 vector. However, there was 

no significant difference in the proportion of cells with cytoplasmic localisation in 

populations co-expressing mutant FUS R521G with pcDNA3.1 to those co-expressing FUS 

R521G with the bb’ domain (67.7% ± 2.6). A significant difference (p < 0.05) was observed 

in the proportion of cells co-expressing FUS R521G with the a domain and those co-

expressing the bb’ domain, suggesting that the a domain, and thus PDI’s disulphide 

interchange activity, is required for inhibiting the cytoplasmic mislocalisation of FUS (Figure 

4.27 B). 

Next, the cytoplasmic localisation of FUS was examined in cells co-expressing the a’ domain 

compared to those co-expressing the a domain. Neuro-2A cells were transfected with 

pcDNA3.1, GFP, wildtype FUS with pcDNA3.1, and mutant FUS R521G with either 

pcDNA3.1, PDI, the a domain or a’ domain mutants. Quantification revealed that there was a 

significant increase (p < 0.001) in the proportion of mutant R521G cells displaying 

cytoplasmic FUS (88.3% ± 0.9), compared to cells expressing wildtype FUS (2.7% ± 1.3). 

Co-expression of PDI and mutant R521G resulted in significantly fewer (p < 0.001) cells 

with FUS mislocalisation to the cytoplasm, compared to those expressing mutant R521G 

alone (75.3% ± 0.9). Similarly, a significant decrease in the proportion of cells with 

cytoplasmic FUS was observed when mutant R521G was co-expressed with either the a 

domain (77.7% ± 1.2, p < 0.01), or the a’ domain mutants (71.0% ± 2.3, p < 0.001), 

indicating that both PDI’s a and a’ domains inhibit the mislocalisation of FUS to the 

cytoplasm (Figure 4.27 C). 
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Figure 4.27: Overexpression of the PDI a and a’ domains inhibits mutant FUS 

mislocalisation to the cytoplasm. A) Immunofluorescence images of Neuro-2A cells 

expressing wildtype FUS with empty pcDNA3.1 vector and mutant FUS R521G with either 

pcDNA3.1, PDI, the a domain, a’ domain or bb’ domain mutant (first column). DAPI-stained 

nuclei are illustrated in column two, and a merged image of the cell is shown in column three. 

Cells expressing wildtype FUS displayed nuclear localisation (first panel; FUS WT), whereas 

more cells expressing mutant R521G (second panel; FUS R521G) displayed cytoplasmic 

localisation of FUS, with no expression in the nucleus. When PDI, the a domain or a’ domain 

mutants, were co-expressed with mutant FUS R521G (panels three – five; R521G + PDI, 

R521G + a domain, R521G + a’ domain), fewer cells displayed FUS localisation in the 

cytoplasm, as indicated by expression in both the nucleus and cytoplasm. However, more 

cells co-expressing mutant FUS R521G and the bb’ domain (sixth panel; R521G + bb’ 

domain) displayed cytoplasmic FUS. Scale bar = 20 µM. B) Quantification of Neuro-2A cells 

with FUS mislocalisation in A). As expected, FUS was never expressed in the cytoplasm in 

populations expressing wildtype FUS, in contrast to the majority of cells expressing mutant 

FUS R521G. There was a significant decrease in the proportion of cells with cytoplasmic 

FUS when PDI (p < 0.01) and the a domain (p < 0.001) mutant were co-expressed with 

mutant R521G, compared to cells expressing mutant FUS R521G alone. Compared to cells 

co-expressing mutant FUS R521G and the a domain mutant, there was a significant increase 

(p < 0.05) in in the proportion of cells with cytoplasmic FUS when cells were co-expressing 

mutant R521G and the bb’ domain mutant. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p 

< 0.001. C) Quantification of Neuro-2A cells with FUS mislocalisation in A). There was a 

significant increase (p < 0.001) in the proportion of cells with cytoplasmic FUS in 

populations expressing mutant FUS R521G, compared to those expressing wildtype FUS. A 

significant decrease in the proportion of cells with cytoplasmic FUS was observed when 
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mutant FUS R521G cells were co-expressed with PDI (p < 0.001), the a domain (p < 0.01) or 

a’ domain mutants (p < 0.001). N=3, Mean ± SEM, ** p < 0.01, *** p < 0.001. 
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4.3.22 Overexpression of PDI’s a domain, a’ domain or bb’ domains are protective against 

mutant FUS induced ER stress 

Previously, our laboratory demonstrated that ER stress is triggered in cells expressing mutant 

FUS, and this is closely associated with FUS redistribution to the cytoplasm [426]. Moreover, 

recent studies have demonstrated that PDI overexpression is protective against FUS induced 

ER stress in neuronal cells (Parakh et al., 2017 in preparation). It is currently unclear, 

however, which PDI functions mediate this protective activity. Therefore, the PDI domain 

mutants were next examined for their effect on mutant FUS induced CHOP activation. 

 Neuro-2A cells were transfected with pcDNA3.1, GFP, wildtype FUS with pcDNA3.1, and 

mutant FUS R521G with either pcDNA3.1, PDI, the a domain or bb’ domain mutants for 72 

h. Immunocytochemistry was performed using an anti-CHOP antibody to detect 

immunoreactivity in the nucleus, indicating its activation, and thus induction of ER stress. At 

least 100 transfected were analysed using fluorescence microscopy (Figure 4.28 A). 

Quantification revealed that few untransfected cells or cells expressing either pcDNA3.1, 

GFP or wildtype FUS displayed nuclear immunoreactivity to CHOP (less than 5%). There 

was a significant increase (p < 0.001) in the proportion of cells with CHOP activation in 

populations expressing mutant FUS R521G (19.3% ± 2.0), compared to those expressing 

wildtype FUS (1.7% ± 0.9) as expected. Significantly fewer (p < 0.001) cells with CHOP 

activation were detected when PDI was co-expressed with mutant FUS R521G (6.3% ± 0.3), 

compared to cells expressing mutant FUS R521G alone. Moreover, there was also a 

significant decrease (p < 0.01) in the proportion of cells with CHOP activation when either 

the a or bb’ domain mutants was co-expressed with FUS R521G, to 9.0% ± 1.5 and 9.3% ± 

2.0 cells respectively. These data therefore indicate that both the disulphide interchange 
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activity and chaperone function of PDI are protective against mutant FUS-induced ER stress 

(Figure 4.28 B). 

Finally, the activity of the a’ domain mutant against CHOP activation was compared to that 

of the a domain. Neuro-2A cells were transfected with pcDNA3.1, GFP, wildtype FUS and 

pcDNA3.1, and mutant FUS R521G with pcDNA3.1, PDI, the a domain or a’ domain 

mutants. As expected, there was a significant increase (p < 0.001) in the proportion of cells 

displaying CHOP activation in populations expressing mutant FUS R521G (27.7% ± 2.0), 

compared to those expressing wildtype FUS (8.3% ± 0.9). Significantly fewer cells displayed 

CHOP activation when PDI or the a domain mutant was co-expressed with mutant FUS 

R521G (13.0% ± 0.6, p < 0.001 17.7% ± 1.5, p < 0.01 respectively). Similarly, there was a 

significant reduction (p < 0.001) in the proportion of cells with nuclear immunoreactivity to 

CHOP when the a’ domain mutant was co-expressed with FUS R521G (15.7% ± 0.9) 

compared to those co-transfected with empty vector.  Hence these data imply that both a and 

a’ domains are protective against mutant FUS-induced ER stress (Figure 4.28 C). 
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Figure 4.28: PDI’s a, a’ and bb’ domains are protective against CHOP activation 

induced by mutant FUS. A) Immunofluorescence images of Neuro-2A cells expressing GFP 

(first panel; GFP) or wildtype FUS (second panel; FUS WT) reveal minimal levels of CHOP 

activation in these populations. In contrast, more cells expressing mutant FUS R521G (third 

panel; FUS R521G) exhibit CHOP activation, indicated by nuclear immunoreactivity (as 

shown in the third panel, column two). However, co-expression of mutant FUS R521G with 

PDI (fourth panel; R521G + PDI), the a domain (fifth panel; R521G + a domain), a’ domain 

(sixth panel; R521G + a’ domain) or bb’ domain (seventh panel; R521G + bb’ domain) 

resulted in fewer cells with CHOP activation. Scale bar = 20 µM. B) Quantification of cells 

with CHOP activation in A). Very few untransfected cells or cells expressing pcDNA3.1, 

GFP or wildtype FUS displayed nuclear immunoreactivity to CHOP. Significantly more cells 

(p < 0.001) expressing mutant FUS R521G displayed CHOP activation, however this 

proportion was significantly decreased when either PDI (p < 0.001), the a domain (p < 0.01) 

or the bb’ domain (p < 0.01) mutant was co-expressed with FUS R521G. N=3, Mean ± SEM, 

** p < 0.01, *** p < 0.001. C) Quantification of cells with CHOP activation in A). 

Significantly more cells (p < 0.001) expressing mutant FUS R521G displayed CHOP 

activation, compared to untransfected cells and populations expressing pcDNA3.1, GFP or 

wildtype FUS. There was a significant reduction in the proportion of cells with CHOP 

activation when PDI (p < 0.001), the a domain (p < 0.01) or the a’ domain (p < 0.01) mutants 

were co-expressed with mutant FUS R521G. N=3, Mean ± SEM, ** p < 0.01, *** p < 0.001. 
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4.3.23 A summary of the protective activity of the PDI domain mutants 

A summary of the protective effects of the PDI domain mutants against ALS-associated 

proteins, SOD1, TDP-43 and FUS, is shown in Table 4.3. The a and a’ domains 

demonstrated a protective effect against all cellular mechanisms of pathogenesis across all 

three mutant proteins. The bb’ domain mutant only elicited a protective effect against ER 

stress induced by either mutant SOD1, TDP-43 or FUS. 

 

TABLE 4.3 The protective activities of the PDI domain mutants. 

SOD1 

 Inclusion formation ER stress Apoptosis 

a domain ✔ ✔ ✔ 

a’ domain ✔ ✔ ✔ 

bb’ domain  ✔  

TDP-43 

 TDP-43 mislocalisation ER stress 

a domain ✔ ✔ 

a’ domain ✔ ✔ 

bb’ domain  ✔ 

FUS 

 FUS mislocalisation ER stress 

a domain ✔ ✔ 

a’ domain ✔ ✔ 

bb’ domain  ✔ 
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Investigation into the protective properties of eukaryotic DsbA and DsbC-like proteins 

in neuronal cells expressing mutant SOD1, TDP-43 and FUS. 

DsbA and DsbC are prokaryotic proteins located in the periplasm, with properties similar to 

thioredoxin and PDI. DsbA functions as an oxidase, whilst DsbC is an isomerase but it can 

also function as a chaperone [492, 561]. In order to provide insights as to whether the oxidase 

or isomerase properties of PDI are protective in ALS, it was next investigated whether DsbA 

or DsbC are protective, similar to PDI and the domain mutants. 

 

4.3.24 Sequences of newly synthesised DsbA and DsbC mutants 

 A BLAST search was initially performed to compare the nucleotide sequences of the Dsb 

protein, which revealed that the proteins were not similar in any way. To express these 

bacterial proteins in mammalian cells, constructs encoding DsbA and DsbC were synthesised. 

These constructs were codon-optimised, designed by adding PDI’s signal sequence at the N-

terminus of each Dsb protein and PDI’s KDEL ER-retention signal at their C-terminus to 

ensure that DsbA and DsbC are expressed in the ER of a eukaryotic cell, similar to PDI. A 

V5 tag was also added to the C-terminus of both proteins so that visualisation was possible 

using an anti-V5 tag antibody. The cDNA encoding each protein was inserted into 

pcDNA3.1, a mammalian expression vector. The sequences of the newly synthesised Dsb 

proteins are illustrated in Figure 4.29.  
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Figure 4.29: Design of constructs for expression of Dsb proteins, DsbA and DsbC, in 

mammalian cells. The Dsb mammalian constructs encode PDI’s signal sequence at the N-

terminus, the Dsb cDNA sequence cloned between two BamHI restriction recognition sites, 

followed by a V5 tag, PDI’s KDEL ER-retention sequence and stop codon at the C-terminus. 

The new sequences were inserted into the backbone of the mammalian expression vector, 

pcDNA3.1. 
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4.3.25 Localisation of DsbA and DsbC-V5 mutants 

To ensure the new constructs were capable of expressing Dsb-like proteins in mammalian 

cells, and to confirm that expression was ER-localised and hence that the PDI signal 

sequence and KDEL were functional, confocal microscopy was used to examine the 

localisation of the V5-tagged Dsb proteins in Neuro-2A cells. Cells were transfected with the 

DsbA and DsbC-like constructs for 24 h before immunocytochemistry was performed using 

an anti-V5 tag antibody to visualise Dsb expression, and an anti-calreticulin antibody to 

probe for the ER-resident protein, calreticulin. These results demonstrated that both DsbA 

and DsbC were expressed in Neuro-2A cells, and moreover, that DsbA and DsbC co-

localised with calreticulin in all transfected cells examined, indicating that these proteins 

were localised within the ER, as desired (Figure 4.30). 
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Figure 4.30: The DsbA and DsbC-like proteins are localised in the ER of Neuro-2A 

cells. Neuro-2A cells were transfected with a pcDNA3.1 vector encoding either DsbA or 

DsbC (left column). After a 24 h transfection, cells were fixed and immunocytochemistry 

was performed using antibodies for V5 tag and calreticulin (second column). The nuclei were 

stained with Hoechst (third column). The yellow in the merge column (last column) 

demonstrates co-localisation of the Dsbs with calreticulin, indicating that the DsbA and 

DsbC-like proteins are localised within in the ER of mammalian Neuro-2A cells. Scale bar 

represents 20 µM. 
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The Dsb-like eukaryotic proteins and their effect on mutant SOD1 

DsbA and DsbC eukaryotic proteins were first examined in Neuro-2A cells expressing 

mutant SOD1 A4V. Their activity on SOD1 inclusion formation, mutant SOD1-induced ER 

stress and apoptosis was investigated in the following experiments.  

 

4.3.26 DsbA and DsbC are co-expressed in almost all cells transfected with SOD1 

First, the protective activity of the DsbA and DsbC-like proteins was examined in Neuro-2A 

cells expressing mutant SOD1. However, firstly the co-transfection efficiency of the Dsb-like 

proteins and SOD1 was investigated. Cells were transfected with EGFP-SOD1 and either 

DsbA-V5 or DsbC-V5 constructs for 72 h, before fixing and performing 

immunocytochemistry using an anti-V5 antibody and staining the nuclei with Hoechst. Co-

transfection was confirmed by fluorescence microscopy examining EGFP expression (green) 

from SOD1 and performing immunocytochemistry with an Alexa Fluor 568-tagged 

secondary antibody to detect the V5 tag of the Dsbs (Figure 4.31). Similar to the expressed 

PDI proteins, the overall transfection efficiency of wildtype and mutant SOD1 was 

approximately 75-80% when observed 72 h post-transfection in Neuro-2A cells. Fluorescent 

microscopy was used to examine at least 100 SOD1-expressing cells for each of the three 

replicate experiments. These cells were analysed further for co-expression with DsbA and 

DsbC. Quantification revealed that approximately 96% of SOD1 expressing cells also co-

expressed DsbA and approximately 95% of SOD1 expressing cells also co-expressed DsbC. 

Thus, in all further experiments, it was assumed that the observation of SOD1 expression 

indicated co-expression of both SOD1 and the Dsb-like proteins, where SOD1 and Dsb 

constructs were co-transfected and immunocytochemistry with an anti-V5 antibody was not 

performed. 
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Figure 4.31: Mammalian DsbA-V5 and DsbC-V5 proteins are co-expressed in almost all 

Neuro-2A cells expressing EGFP-SOD1. Neuro-2A cells were transfected for 72 h with 

EGFP-SOD1 (left column) and either DsbA-V5 or DsbC-V5 (second column). Cells were 

fixed, immunocytochemistry was performed using an anti-V5 antibody, and nuclei were 

stained with Hoechst (third column). The merge column illustrates co-expression of DsbA 

and DsbC with SOD1 in the cell shown. Scale bar = 20 µM. 
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4.3.27 Expression of Dsb-like proteins and SOD1 in Neuro-2A cells 

Prior to examining the protective activity of DsbA and DsbC in cells expressing mutant 

SOD1, Western blotting was undertaken to ensure the expressed proteins were of the 

expected MW, and to ensure that the transfection of each protein resulted in comparable 

levels of expression (Figure 4.32). Cell lysates were prepared from the following; GFP alone, 

wildtype SOD1 co-expressed with empty pcDNA3.1 vector, and mutant SOD1 A4V co-

expressed with either pcDNA3.1, wildtype PDI, DsbA or DsbC-like proteins. 

Immunoblotting revealed that wildtype and mutant EGFP-SOD1 proteins were expressed at 

the expected MW of 50 kDa, and GFP alone was expressed at the expected MW of 26 kDa, 

utilising an anti-GFP antibody. Wildtype SOD1 displayed significantly higher expression 

levels (p < 0.001), compared to mutant SOD1 A4V, as expected. PDI was detected at 62 kDa 

using an anti-V5 antibody, as expected. Also using an anti-V5 antibody, DsbA-V5 was 

detected at 25 kDa and the two DsbC-V5 monomers were detected at around 30 kDa. DsbC 

was expressed at significantly higher (p < 0.01) levels than PDI and DsbA, although this 

could be due to the presence of two monomers. The loading control, β-actin, was detected 

using an anti- β-actin antibody (40 kDa). 
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Figure 4.32: Expression of DsbA-V5 and DsbC-V5 proteins with EGFP-SOD1 in Neuro-

2A cells. A) Western blotting of cell lysates and quantification was performed to ensure that 

the levels of protein expression were similar between groups and to confirm that proteins 

were expressed at their expected sizes. Cell lysates observed were GFP alone, wildtype 

SOD1 co-expressed with pcDNA3.1, and mutant SOD1 A4V co-expressed with either 

pcDNA3.1, PDI, DsbA or DsbC. PDI was detected at 62 kDa, whereas DsbA was detected at 

25 kDa and DsbC was detected at 30 kDa. Two bands were detected for DsbC as this protein 

exists as a dimer. Wildtype and mutant EGFP-SOD1 were expressed at 50 kDa and EGFP 

alone was expressed at 26 kDa. β-actin, the loading control, was detected at 40 kDa. B) 

Quantification revealed that wildtype SOD1 was expressed at significantly higher (p < 0.001) 

levels than mutant SOD1 A4V. Mutant SOD1 A4V displayed comparable levels of 

expression across all cell lysate populations. DsbC expression was significantly higher than 

that of PDI and DsbA (p < 0.01). Lysates expressing GFP only were not included in 

quantification. N=3, Mean ± SEM, ** p < 0.01, *** p < 0.001. 
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4.3.28 Overexpression of DsbA inhibits mutant SOD1 inclusion formation 

As discussed above, the presence of prominent misfolded, mutant SOD1 inclusions is a 

classical hallmark of mutant SOD1-associated ALS. The results of the studies obtained using 

the domain mutants demonstrated that the disulphide interchange activity of PDI is essential 

in inhibiting SOD1 inclusion formation in Neuro-2A cells. Therefore, it was next investigated 

whether DsbA, an oxidase, plays a similar role to PDI. Neuro-2A cells were transfected with 

empty pcDNA3.1 vector, GFP, wildtype SOD1 with pcDNA3.1, and mutant SOD1 A4V with 

either pcDNA3.1, PDI or DsbA-V5 for 72 h. Immunocytochemistry was performed using an 

anti-V5 antibody to detect the expression of PDI and DsbA, and cells were stained with 

Hoechst to visualise the nuclei. Fluorescent microscopy was used to quantify at least 100 co-

transfected cells for the presence of SOD1 inclusions (EGFP fluorescence) (Figure 4.33 A). 

A significant increase (p < 0.001) in the proportion of cells bearing SOD1 inclusions was 

observed in cells expressing mutant SOD1 A4V (37.0% ± 1.7), compared to cells expressing 

wildtype SOD1 (2.0% ± 1.2) consistent with previous observations. When PDI was also co-

expressed with mutant SOD1 A4V, there was a significant reduction (p < 0.001) in the 

proportion of cells forming SOD1 inclusions, as expected (19.3% ± 1.2). Similarly, co-

expression of mutant SOD1 A4V with DsbA resulted in a significant reduction (p < 0.001) in 

the proportion of cells with SOD1 inclusions (to 26.7% ± 1.3), compared to cells expressing 

mutant SOD1 A4V alone. These results therefore indicate that DsbA is able to inhibit e 

SOD1 inclusion formation similar to PDI. However, there was a significant increase (p < 

0.05) in the proportion of cells bearing SOD1 inclusion in populations co-expressing SOD1 

A4V and DsbA compared to those co-expressing SOD1 A4V and PDI, suggesting that whilst 

DsbA is protective, it is not as protective as PDI (Figure 4.33 B). 
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Next, the protective activity of DsbC, an isomerase, was investigated against mutant SOD1 

inclusion formation. As well as its ability to isomerase disulphide bonds in proteins, DsbC 

also functions as a chaperone, hence it possesses similarities to the bb’ domain mutant 

studied earlier in this chapter. Neuro-2A cells were transfected for 72 h with empty 

pcDNA3.1 vector, GFP, wildtype SOD1 with pcDNA3.1, and mutant SOD1 A4V with either 

pcDNA3.1, PDI or DsbC. Immunocytochemistry using an anti-V5 antibody was performed 

and DAPI-staining was implemented using Hoechst.  

Quantification analysis of at least 100 co-transfected cells bearing SOD1 inclusions revealed 

a significant increase (p < 0.001) in the proportion of cells displaying SOD1 inclusions in 

mutant A4V expressing cells (25.3% ± 2.9), compared to wildtype SOD1 expressing cells 

(1.7% ± 0.3). As expected, there was a significant reduction (p < 0.01) in in the proportion of 

SOD1 inclusion-bearing cells when cells were co-expressed with PDI and mutant SOD1 A4V 

(12.7% ± 1.8), compared to cells expressing SOD1 A4V only. Interestingly, co-expression of 

DsbC and mutant SOD1 A4V did not alter the proportion of cells bearing SOD1 inclusions. 

In fact, there were significantly more (p < 0.05) SOD1 inclusions in these populations (22.3% 

± 1.5), compared to cells co-expressing PDI and mutant SOD1 A4V, suggesting that DsbC is 

not protective against SOD1 inclusion formation (Figure 4.33 C).  



245 
 

 

 

 

 

 

 

 

 

 



246 
 

Figure 4.33: Overexpression of DsbA but not DsbC-like proteins inhibits mutant SOD1 

inclusion formation. A) Immunofluorescence images of Neuro-2A cells expressing GFP 

(first panel; GFP), wildtype SOD1 with pcDNA3.1 (second panel; SOD1 WT), and mutant 

SOD1 A4V with either pcDNA3.1, PDI, DsbA or DsbC. Cells expressing GFP and wildtype 

SOD1 do not bear SOD1 inclusions. In contrast, a significant proportion of cells expressing 

mutant SOD1 A4V (third panel; SOD1 A4V) display SOD1 inclusions, as indicated by the 

white arrowhead (third panel, column one). However, co-expression of PDI or DsbA with 

mutant SOD1 A4V resulted in fewer cells forming SOD1 inclusions (fourth and fifth panel; 

A4V + PDI, A4V + DsbA). In contrast, more cells co-expressing DsbC and SOD1 A4V 

(sixth panel; A4V + DsbC) displayed SOD1 inclusions (sixth panel, column one). Scale bar = 

20 µM. B) Quantification of cells bearing SOD1 inclusions in A). Very few cells expressing 

wildtype SOD1 displayed SOD1 inclusions. Significantly more (p < 0.001) cells expressing 

mutant SOD1 A4V formed SOD1 inclusions, however this proportion was significantly 

reduced (p < 0.001) when either PDI or DsbA were co-expressed. However, significantly 

fewer cells bore inclusions (p < 0.01) when PDI and SOD1 A4V were co-expressed, 

compared to populations co-expressing DsbA and SOD1 A4V. N=3, Mean ± SEM, ** p < 

0.01, *** p < 0.001. Hence DsbA is protective against mutant SOD1 inclusion formation, but 

not to the same extent as PDI. C) Quantification of cells bearing SOD1 inclusions in A). 

There was a significant increase (p < 0.001) in the proportion of cells forming SOD1 

inclusions in populations expressing mutant SOD1 A4V compared to cells expressing 

wildtype SOD1. Significantly fewer cells (p < 0.01) bore SOD1 inclusions when PDI was co-

expressed with mutant SOD1 A4V as expected. However, significantly more cells (p < 0.05) 

displayed SOD1 inclusions when DsbC and SOD1 A4V were co-expressed, compared to 

cells co-expressing PDI and mutant SOD1 A4V and there was no difference in the proportion 
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of cells co-expressing DsbC with vector only. Hence DsbC is not protective against mutant 

SOD1 inclusion formation. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001.  
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4.3.29 DsbA and DsbC-like proteins are protective against mutant SOD1 induced ER stress 

Next, the activity of DsbA and DsbC was examined against mutant SOD1-induced ER stress. 

CHOP activation was used as a marker for late-phase, apoptotic ER stress, as previous. 

Firstly, Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype SOD1 

with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, PDI or DsbA for 72 h. 

Immunocytochemistry was performed using an anti-CHOP antibody to examine nuclear 

immunoreactivity as previous. Cells were also stained with Hoechst to visualise the nuclei. 

Fluorescent microscopy was utilised to examine at least 100 co-transfected cells and 

quantification of the proportion of cells with nuclear immunoreactivity to CHOP was 

performed, indicating activation of CHOP, and thus, induction of ER stress (Figure 4.34 A). 

Less than 10% of untransfected cells or cells expressing pcDNA3.1, GFP or wildtype SOD1, 

displayed nuclear immunoreactivity to CHOP. A significantly greater (p < 0.001) proportion 

of cells expressing mutant SOD1 A4V were found to be undergoing ER stress, indicated by 

CHOP activation (26.0% ± 1.7), compared to cells expressing wildtype SOD1 (7.0% ± 1.5). 

However, the proportion of cells displaying CHOP activation was significantly decreased (p 

< 0.001) when either PDI (11.3% ± 1.3) or DsbA (14.3% ± 0.7) was co-expressed with 

mutant SOD1 A4V, indicating that DsbA has a protective role against mutant SOD1-induced 

ER stress, similar to PDI (Figure 4.34 B). 

Next, DsbC was examined for its protective activity against CHOP activation induced by 

mutant SOD1. Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype 

SOD1 with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, PDI or DsbC for 72 h. 

Immunocytochemistry was performed using an anti-CHOP antibody and the nuclei were 

stained with Hoechst.  CHOP nuclear immunoreactivity was then examined using fluorescent 

microscopy. Quantification revealed a significant increase (p < 0.001) in the proportion of 



249 
 

cells with CHOP activation in populations expressing mutant SOD1 A4V (27.7% ± 0.9), 

compared to wildtype SOD1 expressing cells (8.0% ± 1.5). As expected, significantly fewer 

(p < 0.001) cells displayed CHOP activation when SOD1 A4V cells were co-expressed with 

PDI (11.3% ± 1.9). Interestingly, however, when cells co-expressed DsbC and mutant SOD1 

A4V, there was a significant reduction (p < 0.001) in the proportion of cells exhibiting CHOP 

activation (16.7% ± 1.9), compared to cells expressing mutant SOD1 A4V alone. Hence, 

these data suggest that DsbC is also protective against ER stress induced by mutant SOD1, 

revealing that the isomerase activity or chaperone function of DsbC is protective (Figure 4.34 

C). 
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Figure 4.34: Overexpression of DsbA and DsbC-like proteins inhibits mutant SOD1 

induced CHOP activation. A) Immunofluorescence images of cells expressing GFP, 

wildtype SOD1 with empty pcDNA3.1 vector, and mutant SDO1 A4V with either 

pcDNA3.1, PDI, DsbA or DsbC. Few cells expressing GFP (first panel; GFP) or wildtype 

SOD1 (second panel; SOD1 WT) display CHOP activation, whereas a greater proportion of 

cells expressing mutant SOD1 A4V (third panel; SOD1 A4V) demonstrate activation of 

CHOP, indicated by its nuclear immunoreactivity (third panel, column two). When PDI, 

DsbA or DsbC were co-expressed with mutant SOD1 A4V, fewer cells displayed CHOP 

activation (panels four – six; A4V + PDI, A4V + DsbA, A4V + DsbC). Scale bar = 20 µM. 

B) Quantification of the proportion of cells with CHOP activation in A). There was a 

significant increase in the proportion of mutant SOD1 A4V expressing cells with CHOP 

activation, compared to wildtype SOD1 expressing cells (p < 0.001) as expected. The 

proportion of cells with CHOP activation was significantly reduced when either PDI or DsbA 

were co-expressed with mutant SOD1 A4V (p < 0.001), and there was no significant 

difference between populations co-expressing PDI or DsbA. N=3, Mean ± SEM, *** p < 

0.001. C) Quantification of the proportion of cells with CHOP activation in A). Significantly 

more cells expressing mutant SOD1 A4V displayed CHOP activation, compared to cells 

expressing wildtype SOD1 (p < 0.001). Co-expression of either PDI or DsbC with mutant 

SOD1 A4V resulted in a significant reduction in the proportion of cells with CHOP 

activation, compared to cells expressing SOD1 A4V alone (p < 0.001). N=3, Mean ± SEM, 

*** p < 0.001. There was no significant difference between populations co-expressing PDI or 

DsbA. 
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4.3.30 Overexpression of DsbA inhibits apoptosis induced by mutant SOD1 

As these results indicated that both DsbA and DsbC were able to inhibit ER stress induced 

apoptotic signalling, it was next hypothesised that these proteins may also inhibit apoptotic 

cell death. Hence, it was next examined whether overexpression of DsbA or DsbC was 

protective against apoptosis induced by mutant SOD1. Neuro-2A cells were transfected for 

72 h with empty pcDNA3.1 vector, GFP, wildtype SOD1 with pcDNA3.1, and mutant SOD1 

A4V with either pcDNA3.1, PDI or DsbA. After fixing, immunocytochemistry was 

performed using an anti-V5 antibody to visualise PDI and DsbA, and the nuclei were stained 

with Hoechst. Fluorescent microscopy was utilised to examine at least 100 co-transfected 

cells for the presence of apoptotic nuclei. Nuclei of irregular, condensed or fragmented 

morphology were considered apoptotic as previous (Figure 4.35 A). 

Apoptotic nuclei were rarely present in untransfected cells or cells expressing pcDNA3.1 and 

GFP (less than 5%) and in cells expressing wildtype SOD1, only 6.0% ± 0.6 of cells 

displayed condensed nuclei as expected. Apoptotic nuclei were more common in cells 

expressing mutant SOD1 A4V (19.0% ± 1.2), compared to cells expressing wildtype SOD1 

(p < 0.001) as previous. However, significantly fewer (p < 0.05) cells bearing apoptotic 

nuclei was observed in populations co-expressing either PDI (13.0% ± 2.3) or DsbA (12.3% 

± 1.2) with mutant SOD1 A4V, indicating that DsbA overexpression is protective against 

mutant SOD1-induced apoptosis (Figure 4.35 B).  

DsbC overexpression was next examined for its protective effect against apoptosis. Neuro-2A 

cells were transfected with empty pcDNA3.1 vector, GFP, wildtype SOD1 with pcDNA3.1, 

and mutant SOD1 A4V with either pcDNA3.1, PDI or DsbC for 72 h. After performing 

immunocytochemistry with an anti-V5 antibody and staining nuclei with Hoechst, at least 

100 co-transfected cells were analysed for the presence of apoptotic nuclei. Quantification 
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revealed that untransfected cells or cells expressing pcDNA3.1, GFP and wildtype SOD1 had 

minimal apoptotic nuclei (less than 5%). There was a significant increase (p < 0.001) in the 

proportion of cells with apoptotic nuclei in cells expressing mutant SOD1 A4V (16.3% ± 

0.3), compared to cells expressing wildtype SOD1 (5.0% ± 0.6) as expected. Significantly 

fewer (p < 0.01) cells presented with apoptotic nuclei when PDI was co-expressed with 

SOD1 A4V (9.7% ± 1.2), compared to cells expressing mutant SOD1 A4V alone as previous. 

However, there was no significant difference in the proportion of cells with apoptotic nuclei 

when DsbC was co-expressed with mutant SOD1 A4V (15.3% ± 1.8). A significant 

difference (p < 0.05) in the proportion of cells with apoptotic nuclei was detected between 

populations co-expressing PDI with those co-expressing DsbC, revealing that unlike DsbA, 

DsbC is not able to inhibit apoptosis induced by mutant SOD1 (Figure 4.35 C). 
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Figure 4.35: Overexpression of DsbA, but not DsbC, inhibits apoptosis induced by 

mutant SOD1. A) Immunofluorescence images of cells expressing GFP, wildtype SOD1 

with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, PDI, DsbA or DsbC. Cells 

expressing GFP (first panel; GFP) and wildtype SOD1 (second panel; SOD1 WT) rarely 

exhibit apoptotic nuclei, indicated by cells with regular morphology and size. In contrast, 

more cells expressing mutant SOD1 A4V (third panel; SOD1 A4V) display apoptotic nuclei, 

as indicated by the white arrowhead (third panel, column three). The proportion of cells with 

apoptotic nuclei was reduced when PDI and DsbA were co-expressed with mutant SOD1 

A4V (panels 4 -5; A4V + PDI, A4V + DsbA). However, more cells co-expressing DsbC and 

SOD1 A4V (sixth panel; A4V + DsbC) display apoptotic nuclei, indicated by the white 

arrowhead (sixth panel, column three). Scale bar = 20 µM. B) Quantification of cells 

exhibiting apoptotic nuclei in A). There was a significant increase in the proportion of cells 

with condensed nuclei in mutant SOD1 A4V populations, compared to those expressing 

wildtype SOD1 (p < 0.001) as expected. When PDI or DsbA were co-expressed with SOD1 

A4V, however, there was a significant decrease in the proportion of cells with apoptotic 

nuclei (p < 0.05), indicating that DsbA is protective against mutant SOD1-induced apoptosis. 

N=3, Mean ± SEM, * p < 0.05, *** p < 0.001. C) Quantification of cells displaying apoptotic 

nuclei in A). Significantly more (p < 0.001) cells expressing mutant SOD1 A4V possessed 

apoptotic nuclei than cells expressing wildtype SOD1. When PDI was co-expressed with 

SOD1 A4V, there was a significant decrease (p < 0.01) in the proportion of cells with 

apoptotic nuclei, however no significant difference was observed when DsbC was co-

expressed with SOD1 A4V, compared to cells expressing mutant SOD1 A4V alone. 

However, significantly fewer cells displayed apoptotic nuclei in cells co-expressing PDI with 

mutant SOD1 A4V, compared to those co-expressing DsbC and mutant SOD1 A4V (p < 
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0.05), revealing that DsbC is not protective against mutant SOD1-induced apoptosis. N=3, 

Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



256 
 

Investigation into the protective properties of DsbA and DsbC-like eukaryotic proteins 

in neuronal cells expressing mutant TDP-43. 

Eukaryotic DsbA and DsbC were next examined in Neuro-2A cells expressing mutant TDP-

43 Q331K. Their activity on mutant TDP-43 mislocalisation to the cytoplasm and mutant 

TDP-43-induced ER stress was investigated in the following experiments. 

 

 

4.3.31 DsbA and DsbC are co-expressed in almost all cells transfected with TDP-43 

Next, the activity of DsbA and DsbC was analysed against mutant TDP-43. The co-

transfection efficiency of the Dsb-like proteins and TDP-43 in Neuro-2A cells was first 

investigated. Cells were transfected with either DsbA or DsbC and EGFP-TDP-43 constructs 

for 18 h, before fixing and performing immunocytochemistry using an anti-V5 antibody. 

Cells were also stained with Hoechst to visualise the nuclei. Co-transfection was confirmed 

using fluorescent microscopy by examining EGFP expression (green) from TDP-43 and 

performing immunocytochemistry with an Alexa Fluor 568-tagged secondary antibody to 

detect the V5 tag for both DsbA and DsbC (Figure 4.36). The overall transfection efficiency 

of the TDP-43 constructs was approximately 70-75 % in Neuro-2A cells when examined 18 h 

post-transfection. For each of the three replicate experiments, fluorescent microscopy was 

used to visualise at least 100 cells transfected with TDP-43 and these cells were further 

analysed for co-expression with either DsbA or DsbC. Quantification revealed that 

approximately 97% of TDP-43 expressing cells also co-expressed either DsbA or DsbC.  

Hence, in all further experiments, it was assumed that detection of TDP-43 expression 

reflected co-expression of TDP-43 and either DsbA or DsbC when they were co-transfected 

and immunocytochemistry using a V5 antibody was not performed. 
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Figure 4.36: DsbA-V5 and DsbC-V5 are co-expressed in almost all Neuro-2A cells co-

expressing EGFP-TDP-43. Neuro-2A cells were transfected for 18 h with constructs 

encoding EGFP-TDP-43 (left column) and either DsbA-V5 or DsbC-V5 (second column). 

Cells were fixed, immunocytochemistry was performed using an anti-V5 antibody and the 

nuclei were stained with Hoechst (third column). The merge column illustrates co-expression 

of the Dsb-like proteins and TDP-43 in the cells shown. Scale bar = 20 µM.  
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4.3.32 Expression of DsbA and DsbC-like proteins and TDP-43 in Neuro-2A cells 

Prior to undertaking cellular assays using overexpressed TDP-43 and the mammalian Dsb 

proteins, control Western blotting was performed to ensure that each protein was expressed to 

a similar level and to verify that the expressed proteins were of the expected MW (Figure 

4.37). Cell lysates were prepared from the following populations; GFP alone, wildtype TDP-

43 co-expressed with empty pcDNA3.1 vector, and mutant TDP-43 Q331K co-expressed 

with either pcDNA3.1, PDI, DsbA or DsbC. Immunoblotting using an anti-GFP antibody 

revealed that wildtype and mutant EGFP-TDP-43 proteins were expressed at similar levels at 

the expected MW of 64 kDa, and GFP alone was expressed at the expected MW of 26 kDa. 

PDI was detected in cell lysates using an anti-V5 tag antibody (62 kDa), as well as DsbA (25 

kDa) and DsbC (30 kDa). β-actin was used as a loading control, detected at 40 kDa using an 

anti-β-actin antibody. 



259 
 

 

 

 



260 
 

Figure 4.37: Protein expression of DsbA-V5, DsbC-V5-like proteins and EGFP-TDP-43 

in Neuro-2A cells. A) Western blotting of cell lysates was performed and quantified to 

ensure that the proteins expressed were of similar expression levels between groups and that 

each was expressed at the expected MW. Cell lysates examined were GFP alone, wildtype 

TDP-43 co-expressed with empty pcDNA3.1 vector, and mutant TDP-43 Q331K co-

expressed with either empty pcDNA3.1 vector, PDI, DsbA or DsbC. PDI was detected at 

62kDa, DsbA was detected at 25 kDa and DsbC was detected at 35 kDa. Two bands were 

detected for DsbC as it is a dimer. Moreover, wildtype and mutant TDP-43 were expressed at 

64 kDa, whereas GFP alone was detected at 26 kDa. β-actin was utilised as the loading 

control and was detected at 40 kDa. B) Quantification revealed that wildtype and mutant 

TDP-34 proteins were expressed at comparable levels. Similarly, PDI and the Dsb proteins 

were also shared similar expression levels. Lysates expressing GFP only were not included in 

quantification. N=3, Mean ± SEM. 
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4.3.33 Overexpression of DsbA and DsbC is protective against mutant TDP-43 

mislocalisation to the cytoplasm 

As TDP-43 mislocalises from the nucleus to the cytoplasm in ALS, it was first investigated 

whether DsbA and DsbC could prevent this, similar to PDI. Neuro-2A cells were transfected 

with empty pcDNA3.1 vector, GFP, wildtype TDP-43 with pcDNA3.1, and mutant TDP-43 

Q331K with either pcDNA3.1, PDI or DsbA. Immunocytochemistry was not performed as it 

was assumed that TDP-43 expression reflected co-expression with PDI or the Dsbs, however, 

cells were stained with Hoechst to visualise nuclei. The cellular localisation of TDP-43 was 

analysed 18 h post-transfection using fluorescent microscopy because previous studies in our 

laboratory found that more TDP-43 was localised in the cytoplasm at this timepoint [427]. 

TDP-43 was considered to be nuclear when it completely localised with the DAPI-stained 

nucleus. Conversely, TDP-43 was considered to be cytoplasmic when fluorescence was 

detected in both the nucleus and the cytoplasm of TDP-43 expressing cells (Figure 4.38 A).  

Wildtype TDP-43 was mislocalised to the cytoplasm in 4.0% ± 1.0 of cells. In comparison, 

significantly more cells expressing mutant TDP-43 Q331K (p < 0.001) displayed 

mislocalisation, as expected (17.3% ± 1.5). When PDI was co-expressed with mutant TDP-43 

Q331K there was a significant decrease (p < 0.01) in the proportion of cells with cytoplasmic 

TDP-43, compared to cells expressing mutant TDP-43 Q331K alone (6.7% ± 1.7). Moreover, 

co-expression of DsbA with TDP-43 Q331K also resulted in significantly fewer (p < 0.01) 

cells displaying cytoplasmic TDP-43(7.3% ± 1.9), indicating that DsbA is protective against 

mutant TDP-43 mislocalisation to the cytoplasm (Figure 4.38 B).  

Next it was examined whether DsbC was also protective against mutant TDP-43 

mislocalisation to the cytoplasm. Neuro-2A cells were transfected with empty pcDNA3.1 

vector, GFP, wildtype TDP-43 with pcDNA3.1, and mutant TDP-43 Q331K with either 
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pcDNA3.1, PDI or DsbC for 18 h. After fixing, DAPI-staining was performed using Hoechst 

to visualise the nuclei. 100 co-transfected cells were analysed with fluorescent microscopy 

and quantified according to whether TDP-43 was expressed in the cytoplasm. Quantification 

revealed a significant increase (p < 0.001) in the proportion of cells with cytoplasmic TDP-43 

in mutant TDP-43 Q331K expressing populations (16.0% ± 2.6), compared to wildtype TDP-

43 expressing cells (4.3% ± 1.2). Significantly fewer cells (p < 0.05) displayed TDP-43 

mislocalisation when PDI was co-expressed with mutant TDP-43 Q331K (7.7% ± 1.8), 

compared to populations expressing TDP-43 Q331K only. Interestingly, there was also a 

significant reduction (p < 0.01) in the proportion of cells with cytoplasmic TDP-43 when 

DsbC was co-expressed with mutant TDP-43 Q331K (6.3% ± 1.3). These data reveal that 

DsbC, and therefore either its isomerase or chaperone activity, is protective against mutant 

TDP-43 mislocalisation to the cytoplasm (Figure 4.38 C). 
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Figure 4.38: Overexpression of DsbA and DsbC is protective against mutant TDP-43 

mislocalisation to the cytoplasm. A) Immunofluorescence images of Neuro-2A cells 

expressing wildtype TDP-43 with empty pcDNA3.1 vector and mutant TDP-43 Q331K with 

either pcDNA3.1, PDI, DsbA or DsbC (column one). Wildtype TDP-43 expressing cells (first 

panel; TDP-43 WT) displayed mainly nuclear localisation of TDP-43, which co-localised 

entirely with the DAPI-stained nuclei (column two), as demonstrated in the merge column. 

Conversely, more cells expressing mutant TDP-43 Q331K (second panel; TDP-43 Q331K) 

displayed mislocalisation to the cytoplasm, as indicated with the white arrowhead. However, 

when PDI, DsbA or DsbC (panels 3 – 5; Q331K + PDI, Q331K + DsbA, Q331K + DsbC) 

were co-expressed with mutant TDP-43 Q331K, significantly fewer cells displayed 

cytoplasmic TDP-43, Scale bar = 20 µM. B) Quantification of Neuro-2A cells with TDP-43 

mislocalisation in A). There was a significant increase (p < 0.001) in the proportion of cells 

with mislocalisation of mutant TDP-43 Q331K, compared to wildtype TDP-43. A significant 

decrease (p < 0.01) in the proportion of cells with mislocalisation of TDP-43 was observed 

when mutant TDP-43 Q331K was co-expressed with either PDI or DsbA. N=3, Mean ± 

SEM, ** p < 0.01, *** p < 0.001. C) Quantification of Neuro-2A cells with cytoplasmic 

TDP-43 in A). Significantly more (p < 0.001) cells expressing mutant TDP-43 Q331K 

displayed cytoplasmic TDP-43, compared to cells expressing wildtype TDP-43. However, 

there was a significant decrease in the proportion of cells with cytoplasmic TDP-43 when 

mutant TDP-43 Q331K populations were co-expressed with PDI (p < 0.05) or DsbC (p < 

0.01). N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.3.34 Overexpression of DsbA, but not DsbC, is protective against ER stress induced by 

mutant TDP-43 

As TDP-43 mislocalisation to the cytoplasm and ER stress are closely associated [427], it 

was next examined whether the DsbA and DsbC-like proteins were protective against the 

induction of ER stress, by activation of pro-apoptotic ER stress marker, CHOP. Neuro-2A 

cells were transfected with empty pcDNA3.1 vector, GFP, wildtype TDP-43 with pcDNA3.1, 

and mutant TDP-43 Q331K with either pcDNA3.1, PDI or DsbA for 18 h. After fixing, 

immunocytochemistry was performed using an anti-CHOP antibody to examine nuclear 

immunoreactivity, indicating CHOP activation as previous, and cells were stained with 

Hoechst to clearly visualise the nuclei. Fluorescent microscopy was utilised to analyse at least 

100 co-transfected cells for nuclear immunoreactivity to CHOP (Figure 4.39 A). 

Less than 10% of untransfected cells, or cells expressing either empty pcDNA3.1 vector, GFP 

alone or wildtype TDP-43 displayed nuclear immunoreactivity to CHOP. There was a 

significant increase (p < 0.001) in the proportion of cells displaying CHOP activation in cells 

expressing mutant TDP-43 Q331K (18.3% ± 1.9), compared to cells expressing wildtype 

TDP-43 (7.0% ± 1.5) consistent with previous observations (Walker et al., 2013). In contrast, 

co-expression of mutant TDP-43 Q331K with either PDI or DsbA resulted in a significant 

decrease (p < 0.001) in the proportion of cells with CHOP activation (6.7 % ± 1.3 and 9.7% ± 

1.9, respectively), compared to cells expressing TDP-43 Q331K alone. Thus, these data 

demonstrate that DsbA is protective against mutant TDP-43 induced CHOP activation 

(Figure 4.39 B). 

Next, it was examined whether DsbC was also protective against ER stress, similar to DsbA. 

Cells were transfected with empty pcDNA3.1 vector, GFP, wildtype TDP-43 with 

pcDNA3.1, and mutant TDP-43 Q331K with either pcDNA3.1, PDI or DsbC for 18 h before 
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immunocytochemistry was performed using an anti-CHOP antibody. Similar to the result in 

Figure 4.39 B, there was a significant increase (p < 0.001) in the proportion of cells with 

nuclear immunoreactivity to CHOP, in populations expressing mutant TDP-43 Q331K 

(20.3% ± 0.7), compared to those expressing wildtype TDP-43 (8.3% ± 0.9). As previous, 

significantly fewer cells (p < 0.001) co-expressing mutant TDP-43 Q331K and PDI displayed 

CHOP activation (9.3% ± 1.5). However, co-expression of DsbC with TDP-43 Q331K did 

not alter the proportion of cells with nuclear immunoreactivity to CHOP (16.0% ± 2.0), 

compared to cells expressing mutant TDP-43 Q331K alone, revealing that DsbC is not 

protective against ER stress induced by mutant TDP-43. Furthermore, a significant difference 

(p < 0.05) in the proportion of TDP-43 Q331K cells with CHOP activation was observed 

between populations co-expressing PDI to those co-expressing DsbC. Hence these data 

indicate that although DsbC is protective against ER stress induced by mutant SOD1, it is not 

protective against ER stress induced by mutant TDP-43 (Figure 4.39 C). 
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Figure 4.39: Overexpression of DsbA is protective against ER stress induced by mutant 

TDP-43. A) Immunofluorescence images of Neuro-2A cells expressing GFP, wildtype TDP-

43 with pcDNA3.1, and mutant TDP-43 Q331K with either pcDNA3.1, PDI, DsbA or DsbC. 

Cells expressing GFP (first panel; GFP) or wildtype TDP-43 (second panel; TDP-43 WT) 

rarely display nuclear immunoreactivity to CHOP, indicating activation of ER stress. In 

contrast, in cells expressing mutant TDP-43 Q331K (third panel; TP-43 Q331K), CHOP 

nuclear immunoreactivity was more commonly visualised (third panel, second column). 

However, when PDI or DsbA were co-expressed with mutant TDP-43 Q331K, the proportion 

of cells with CHOP activation was reduced (fourth and fifth panel; Q331K + PDI, Q331K + 

DsbA). Conversely, there was no difference in the proportion of cells co-expressing DsbC 

and mutant TDP-43 Q331K (sixth panel; Q331K + DsbC) to those expressing DsbC with 

vector only. Scale bar = 20 µM. B) Quantification of cells in A) displaying CHOP activation. 

Very few untransfected cells and cells expressing pcDNA3.1, GFP or wildtype TDP-43 

displayed nuclear CHOP immunoreactivity. There was a significant increase (p < 0.001) in 

the proportion of cells with CHOP activation in cells expressing mutant TDP-43 Q331K, 

compared to wildtype TDP-43, as previous. Significantly fewer cells displayed CHOP 

activation when PDI (p < 0.001) or DsbA (p < 0.01) was co-expressed with TDP-43 Q331K, 

compared to cells co-expressing the empty vector. N=3, Mean ± SEM, ** p < 0.01, *** p < 

0.001. C) Quantification of cells in A) displaying CHOP activation. Significantly more (p < 

0.001) cells expressing mutant TDP-43 Q331K displayed CHOP activation, compared to 

cells expressing wildtype TDP-43 or controls. A significant decrease (p < 0.001) in the 

proportion of cells with CHOP activation was observed in populations co-expressing PDI 

with mutant TDP-43 Q331K compared to those expressing vector only. However, there was a 

significant increase (p < 0.05) in the proportion of cells with CHOP activation in populations 
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co-expressing DsbC with TDP-43 Q331K, compared to cells co-expressing PDI withTDP-43 

Q331K. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Investigation into the protective properties eukaryotic DsbA and DsbC-like proteins in 

neuronal cells expressing mutant FUS. 

DsbA and DsbC were finally examined for protective effect in Neuro-2A cells expressing 

mutant FUS R521G. Their activity on mutant FUS mislocalisation to the cytoplasm and 

mutant FUS-induced ER stress were analysed in this section. 

 

 

4.3.35 DsbA and DsbC are co-expressed in almost all cells transfected with FUS 

Firstly, the co-transfection efficiency of DsbA and DsbC with FUS was examined in Neuro-

2A cells. Cells were transfected with constructs encoding GFP-FUS and either DsbA or DsbC 

for 72 h, before fixing. Immunocytochemistry was then performed using an anti-V5 antibody 

and the nuclei were stained with Hoechst. Co-expression of either DsbA or DsbC with GFP-

FUS was confirmed using fluorescence microscopy by analysing GFP expression (green) 

from FUS and performing immunocytochemistry with an Alexa Fluor 568-tagged secondary 

antibody to detect the V5 tag for both DsbA and DsbC (Figure 4.40). The overall transfection 

efficiency of FUS was approximately 80% in Neuro-2A cells when observed 72 h post-

transfection. Three replicate experiments were undertaken, whereby fluorescent microscopy 

was used to visualise at least 100 FUS expressing cells. These cells were further analysed for 

co-expression with either DsbA or DsbC. Quantification revealed that approximately 97% of 

FUS expressing cells also co-expressed DsbA and approximately 96% of FUS expressing 

cells also co-expressed DsbC. Thus, in all further experiments where FUS and the Dsbs were 

co-transfected and immunocytochemistry using a V5 antibody was not performed, it was 

assumed that detection of FUS reflected co-expression of both FUS and either DsbA or 

DsbC. 
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Figure 4.40: DsbA-V5 and DsbC-V5-like proteins are co-expressed in almost all Neuro-

2A cells co-expressing GFP-FUS. Neuro-2A cells were transfected for 72 h with constructs 

encoding GFP-FUS (left column) and either DsbA-V5 or DsbC-V5 (second column). Cells 

were fixed, immunocytochemistry was performed using an anti-V5 antibody, and the nuclei 

were stained with Hoechst (third column). The merge column demonstrates co-expression of 

the Dsb-like proteins s with FUS in the cell shown. Scale bar = 20 µM. 
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4.3.36 Expression of DsbA and DsbC-like proteins and FUS in Neuro-2A cells 

Western blotting was performed next to ensure that each protein was expressed to a similar 

efficiency s and to confirm that the DsbA and DsbC-like proteins were of the expected MW 

(Figure 4.41). Cell lysates were prepared from the following; GFP alone, wildtype FUS co-

expressed with empty pcDNA3.1 vector, and mutant FUS R521G co-expressed with either 

empty pcDNA3.1 vector, PDI, DsbA or DsbC-like proteins. Immunoblotting showed that 

wildtype and mutant GFP-FUS were expressed at similar levels at 100 kDa, and GFP alone 

was expressed at 26 kDa, as expected, using an anti-GFP antibody. DsbA and DsbC were 

detected at 25 kDa and 30 kDa, respectively using an anti-V5 antibody. PDI was also 

detected using an anti-V5 antibody (62 kDa). The loading control, β-actin, was detected using 

an anti- β-actin antibody at 40 kDa. 
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Figure 4.41: Expression of GFP-FUS with DsbA-V5 and DsbC-V5-like proteins in 

Neuro-2A cells. A) Western blotting of cell lysates and quantification was performed to 

ensure that the expressed proteins were the correct MW and that similar expression levels 

between proteins were observed. Cell lysates analysed were GFP alone, wildtype FUS with 

empty pcDNA3.1 vector, and mutant FUS R521G with either empty pcDNA3.1 vector, PDI, 

DsbA or DsbC. Wildtype and mutant FUS were detected at 100 kDa and GFP alone was 

detected at 26 kDa. DsbA was expressed at 25 kDa, DsbC was expressed at 30 kDa and PDI 

was detected at 62 kDa. The two bands detected for DsbC demonstrate that DsbC is a dimer. 

The loading control, β-actin, was detected at 40 kDa. B) Quantification revealed that wildtype 

FUS and mutant FUS R521G were expressed at similar levels. Moreover, mutant FUS 

R521G displayed similar expression across all cell lysate populations. DsbC appeared to have 

higher expression levels than PDI and DsbA, although this was not statistically significant. 

Lysates expressing GFP only were not included in quantification. N=3, Mean ± SEM. 
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4.3.37 Overexpression of DsbA mutant FUS mislocalisation to the cytoplasm 

As previous studies have demonstrated that FUS mislocalises from the nucleus to the 

cytoplasm in ALS, it was next investigated whether the Dsb-like proteins were able to inhibit 

this process. First, Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, 

wildtype FUS with pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, PDI or 

DsbA. Immunocytochemistry was not performed as it was assumed that FUS expression 

reflected co-expression of both FUS and V5-tagged DsbA and DsbC. Cells were fixed and 

DAPI-stained using Hoechst to visualise the nuclei. The cellular localisation of FUS was 

analysed 72 h post-transfection using fluorescence microscopy to ensure maximal levels of 

protein expression, where at least 100 FUS expressing cells were examined. FUS was 

considered to be nuclear either when it completely co-localised with the DAPI-stained 

nucleus, or when it was localised within the nucleus and the cytoplasm, as the R521G 

mutation is quite aggressive. In contrast, FUS was considered cytoplasmic when fluorescence 

was only detected in the cytoplasm in FUS expressing cells (Figure 4.42 A). 

Untransfected cells and cells expressing pcDNA3.1, GFP and wildtype FUS, did not display 

FUS localisation in the cytoplasm. In contrast, there was a significant increase (p < 0.001) in 

the proportion of cells with cytoplasmic FUS in populations expressing mutant FUS R521G 

(71.3% ± 2.9). However, there was a significant decrease in the proportion of cells with 

cytoplasmic FUS when either PDI (p < 0.001) or DsbA (p < 0.01) was co-expressed with 

mutant FUS R521G, compared to cells expressing FUS R521G with empty pcDNA3.1 vector 

(58.0% ± 1.5 and 59.0% ± 3.0, respectively). This data demonstrates a protective role for 

DsbA against mutant FUS mislocalisation to the cytoplasm (Figure 4.42 B). 

Next, the protective activity of DsbC was examined against mutant FUS mislocalisation. 

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype FUS with 
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pcDNA3.1, or mutant FUS R521G with either pcDNA3.1, PDI or DsbC for 72 h. After 

fixing, cells were stained with Hoechst to visualise the nuclei and fluorescent microscopy was 

utilised to examine at least 100 FUS transfected cells. Quantification revealed that 

cytoplasmic FUS was never observed in populations expressing wildtype FUS. Conversely, 

there was a significant increase (p < 0.001) in the proportion of cells with cytoplasmic FUS in 

populations expressing mutant FUS R521G (75.3% ± 5.2) compared to wildtype FUS. As 

expected, co-expression of PDI with mutant FUS R521G resulted in a significant decrease (p 

< 0.01) in the proportion of cells with cytoplasmic FUS (56.0% ± 1.5), compared to cells 

expressing FUS R521G with empty pcDNA3.1 vector. However, co-expression of DsbC with 

FUS R521G resulted in a significant increase (p < 0.05) in the proportion of cells with 

cytoplasmic FUS (67.7% ± 3.2) compared to cells co-expressing PDI with mutant FUS, and 

this proportion was not significantly different to cells expressing vector only.  Hence, these 

data indicate that DsbC is not protective against mutant FUS mislocalisation to the cytoplasm 

(Figure 4.42 C). 
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Figure 4.42: Overexpression of DsbA prevents mutant FUS mislocalisation to the 

cytoplasm. A) Immunofluorescence images of Neuro-2A cells expressing wildtype FUS with 

pcDNA3.1, or mutant FUS R521G with either pcDNA3.1, PDI, DsbA or DsbC (column one). 

DAPI stained nuclei are illustrated in column two, and a merged image of the cells is shown 

in column three. Cells expressing wildtype FUS (first panel; FUS WT) only displayed FUS 

co-localisation with the DAPI-stained nucleus, revealing that wildtype FUS is only ever 

expressed in the nucleus of Neuro-2A cells. In contrast, mutant FUS R521G (second panel; 

FUS R521G) was frequently observed in the cytoplasm, as indicated by no fluorescence in 

the DAPI-stained nucleus. However, when PDI or DsbA were co-expressed with mutant FUS 

R521G, significantly fewer cells displayed cytoplasmic FUS, as illustrated by the localisation 

of FUS in both the nucleus and cytoplasm (third and fourth panel; R521G + PDI, R521G + 

DsbA). In contrast, mutant FUS was present (fifth panel; R521G + DsbC) mostly in the 

cytoplasm when DsbC was co-expressed with R521G, similar to populations expressing 

mutant FUS R521G only. Scale bar = 20 µM. B) Quantification of Neuro-2A cells with FUS 

mislocalisation to the cytoplasm in A). Wildtype FUS was never found in the cytoplasm of 

Neuro2A cells, whereas mutant FUS R521G was expressed mostly in the cytoplasm. There 

was a significant decrease in the proportion of cells with cytoplasmic FUS when PDI (p < 

0.001) or DsbA (p < 0.01) was co-expressed with mutant R521G. N=3, Mean ± SEM, ** p < 

0.01, *** p < 0.001. C) Quantification of Neuro-2A cells with cytoplasmic FUS in B). A 

significant decrease (p < 0.01) in the proportion of cells with cytoplasmic FUS was observed 

in populations co-expressing PDI with mutant R521G, compared to those expressing mutant 

FUS R521G and pcDNA3.1. In comparison, there was no significant difference in the 

proportion of cells with cytoplasmic FUS in populations co-expressing DsbC with mutant 

R521G, compared to those co-expressing mutant FUS R521G with empty vector. 

Furthermore, there was a significant increase (p < 0.05) in the proportion of cells with 
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cytoplasmic FUS between populations co-expressing DsbC and FUS R521G compared to 

those expressing PDI and FUS R521G. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01. 
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4.3.38 Overexpression of DsbA and DsbC-like proteins is protective against ER stress 

induced by mutant FUS 

Finally, the activity of DsbA and DsbC-like proteins was investigated against mutant FUS 

induced ER stress. The activation of CHOP was assessed by its nuclear immunoreactivity as 

above, to examine induction of the pro-apoptotic phase of the UPR. Neuro-2A cells were first 

transfected with empty pcDNA3.1 vector, GFP, wildtype FUS with pcDNA3.1, and mutant 

FUS R521G with either pcDNA3.1, PDI or DsbA for 72 h. After fixing, 

immunocytochemistry was performed using an anti-CHOP antibody and cells were stained 

with Hoechst to detect the nuclei. Fluorescence microscopy was utilised to examine at least 

100 FUS transfected cells for ER stress, whereby nuclear immunoreactivity to CHOP was 

indicative of its activation (Figure 4.43 A). 

Untransfected cells, or cells expressing pcDNA3.1, GFP and wildtype FUS rarely displayed 

CHOP activation (less than 5%). Conversely, significantly more (p < 0.001) cells expressing 

mutant FUS R521G displayed nuclear immunoreactivity to CHOP (22.3% ± 1.8), compared 

to those expressing wildtype FUS (1.7% ± 0.9). Co-expression of PDI with mutant FUS 

R521G resulted in a significant reduction (p < 0.001) in the proportion of cells with CHOP 

activation (5.7% ± 0.3), compared to those expressing mutant FUS R521G with empty 

pcDNA3.1 vector. Moreover, significantly fewer cells co-expressing DsbA with FUS R521G 

(p < 0.001) displayed CHOP activation compared to those expressing mutant FUS only.  

Hence these data imply that DsbA, and hence its oxidase activity, is protective against mutant 

FUS induced ER stress (Figure 4.43 B). 

Finally, DsbC was examined for its protective activity against CHOP activation. Neuro-2A 

cells were transfected for 72 h with empty pcDNA3.1 vector, GFP, wildtype FUS with 

pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, PDI, or DsbC. After 
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immunocytochemistry was performed using an anti-CHOP antibody, cells were examined for 

CHOP activation using fluorescence microscopy. Similar to the results presented in Figure 

4.43 B, less than 5% of untransfected cells or cells expressing pcDNA3.1, GFP and wildtype 

FUS, exhibited nuclear immunoreactivity to CHOP. A significant increase (p < 0.001) in the 

proportion of cells with CHOP activation was observed in populations expressing mutant 

FUS R521G (19.3% ± 2.0), compared to those expressing wildtype FUS (1.7% ± 0.9). As 

expected, there was a significant decrease (p < 0.001) in the proportion of cells with CHOP 

activation when PDI was co-expressed with mutant FUS R521G (6.3% ± 0.3), compared to 

cells expressing mutant FUS R521G with empty pcDNA3.1 vector. Interestingly, co-

expression of mutant FUS R521G with DsbC also resulted in a significant decrease (p < 0.01) 

in the proportion of cells with nuclear immunoreactivity to CHOP (10.0% ± 2.5) compared to 

FUS R521G cells co-expressing empty pcDNA3.1 vector.  Hence, these data indicate that 

DsbC, and hence either its isomerase or chaperone activity, is also protective against mutant 

FUS induced-ER stress (Figure 4.43 C).  
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Figure 4.43: Overexpression of DsbA and DsbC is protective against ER stress-induced 

by mutant FUS. A) Immunofluorescence images of Neuro-2A cells expressing GFP, 

wildtype FUS with pcDNA3.1, and mutant FUS with either pcDNA3.1, PDI, DsbA or DsbC 

(column one), and immunocytochemistry to CHOP (column two). Cells expressing GFP (first 

panel; GFP) or wildtype FUS (second panel; FUS WT) rarely displayed nuclear 

immunoreactivity to CHOP, indicating activation. In contrast, more cells expressing mutant 

FUS R521G (third panel; FUS R521G) displayed nuclear immunoreactivity to CHOP, as 

indicated by red fluorescence in the nucleus (panel three, column two). However, when 

mutant FUS R521G was co-expressed with either PDI, DsbA or DsbC, fewer cells displayed 

CHOP activation. Scale bar = 20 µM. B) Quantification of cells in A) displaying CHOP 

activation. Very few untransfected cells and cells expressing pcDNA31, GFP or wildtype 

FUS displayed nuclear CHOP immunoreactivity as expected. There was a significant increase 

(p < 0.001) in the proportion of cells with CHOP activation in populations expressing mutant 

FUS R521G, compared to those expressing wildtype FUS. Significantly fewer (p < 0.001) 

mutant FUS R521G cells displayed CHOP activation when PDI or DsbA were co-expressed, 

compared to those co-expressing empty pcDNA3.1 vector. N=3, Mean ± SEM, *** p < 

0.001. Hence DsbA is protective against mutant FUS-induced ER stress. C) Quantification of 

cells in A) displaying nuclear immunoreactivity to CHOP. There was a significant increase (p 

< 0.001) in the proportion of cells with CHOP activation in populations expressing mutant 

FUS R521G, compared to those expressing wildtype FUS, GFP or empty pcDNA3.1 vector 

alone. However, this proportion was significantly reduced when either PDI (p < 0.001) or 

DsbC (p < 0.01) was co-expressed with mutant FUS R521G. Hence DsbC is protective 

against mutant FUS-induced ER stress. N=3, Mean ± SEM, ** p < 0.01, *** p < 0.001. 
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4.3.39 A summary of the protective activity of the DsbA and DsbC-like proteins 

A summary of the protective effects of the DsbA and DsbC-like proteins against ALS-

associated proteins, SOD1, TDP-43 and FUS, is shown in Table 4.4. DsbA was protective 

against all cellular pathogenic mechanisms induced by all three mutant proteins, 

demonstrating an importance for oxidase activity. DsbC demonstrated protective properties 

against ER stress induced by either mutant SOD1 or FUS, and mutant TDP-43 

mislocalisation to the cytoplasm. 

 

TABLE 4.4. The protective activities of the DsbA and DsbC-like proteins. 

SOD1 

 Inclusion formation ER stress Apoptosis 

DsbA ✔ ✔ ✔ 

DsbC  ✔  

TDP-43 

 TDP-43 mislocalisation ER stress 

DsbA ✔ ✔ 

DsbC ✔  

FUS 

 FUS mislocalisation ER stress 

DsbA ✔ ✔ 

DsbC  ✔ 
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4.4 Discussion 

PDI is a molecular chaperone found primarily in the ER, which is upregulated during ER 

stress [437]. It is the prototype of a large family of chaperones which possess two distinct 

protein folding functions; firstly, PDI is an oxidoreductase, and thus, possesses disulphide 

interchange activity, in which disulphide bonds are oxidised (formed), reduced (broken 

down) and isomerised (rearranged). Secondly, PDI demonstrates general chaperone activity 

[438, 489]. Hence, PDI is an essential part of ER proteostasis, because it is able to facilitate 

the correct folding of misfolded proteins back into their native conformation. Previous studies 

have revealed a protective activity for PDI in ALS. Unfortunately, the exact mechanism of 

action of PDI’s protective activity in ALS and other neurodegenerative diseases is poorly 

understood. Therefore, this chapter aimed to identify the specific requirements that enable the 

protective capabilities of PDI and to determine which of PDI’s domains and therefore, which 

of its functions, are fundamental for this protective activity in cells expressing mutant ALS 

proteins, SOD1, TDP-43 and FUS. These experiments may then assist in the development of 

novel therapeutics based on PDI’s activity and protective function. 

It has been previously considered that PDI can prevent mutant SOD1 aggregation by 

modulating disulphide bonding, and thus utilise its disulphide interchange activity, since 

reports suggest a correlation between SOD1 aggregation and disulphide reduction/non-native 

cross-linking between SOD1’s disulphide bonds [506, 510, 511, 565]. Previous studies have 

demonstrated that a non-native intermolecular disulphide bond between Cys-6 and Cys-111 

residues of mutant SOD1 mediates high molecular weight aggregate formation because 

mutagenesis of Cys-6 and Cys-111 to serine reduces ALS-linked mutant SOD1 aggregation, 

and thus, inclusion formation and apoptosis [510, 512]. Hence, this study investigated 

whether the mutagenesis of the same cysteine residues in SOD1 to serines would also prevent 

induction of ER stress, as ER stress is becoming increasingly implicated in the cellular 
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pathogenesis in ALS. The results obtained in this study demonstrate a reduction in the 

proportion of cells with XBP-1 activation, indicative of early phase UPR induction, when 

mutants A4V C111S, A4V C6S C111S and A4V QUAD were expressed in Neuro-2A cells. 

This data is concurrent with previous reports which concluded that mutagenesis of the Cys-

111 residue to serine inhibits SOD1 aggregation, inclusion formation and apoptosis [512], 

and studies which indicate that Cys-111 is a target for oxidation [566]. Similar results were 

obtained from the nuclear CHOP immunoreactivity studies, which examined ER stress 

induced apoptotic signalling. However, in contrast to the XBP-1 results, the A4V C57S 

C146S mutant was also protective against CHOP activation. It is interesting to note, however, 

that mutation of the A4V Cys-6 residue to serine was not protective against ER stress, and 

removing this cysteine would ensure that the non-native disulphide bond between Cys-6 and 

Cys-111 could not form. Previous studies have reported aggregation of mutant SOD1 upon 

C-6 mutagenesis, however [512]. Moreover, in this study, mutation of the A4V Cys-57 Cys-

111 Cys-146 residues to serines did not alter the proportion of cells with either activated 

XBP-1 or CHOP, even though the Cys-111 residue is unable to cross link with Cys-6. These 

results imply that the mechanism triggering induction of ER stress by mutant SOD1 is more 

complex than just non-native disulphide bonding of mutant SOD1 cysteine residues. In fact, 

nuclear XBP-1 and CHOP activation, indicating induction of ER stress, can be detected in 

mutant SOD1 A4V expressing cells that do not bear inclusions. It is unusual however that 

expression of the A4V C57S C146S mutant did not alter the proportion of Neuro-2A cells 

with CHOP activation, since Cys-57 and Cys-146 are involved in formation of SOD1’s 

disulphide bridge, hence mutating these residues to serine would effectively destabilise the 

SOD1 dimer. Interestingly, in our laboratory, all the cysteine mutations have also been 

generated in the wildtype SOD1 construct. Unpublished observations have demonstrated that 

these mutations in wildtype SOD1 do not form aggregates, suggesting that the Cys-to-Ser 
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mutations do not cause ALS-like gain of toxic functional properties. It is important to note 

however, that the role of disulphide cross-linking in the aggregation of mutant SOD1 has 

been disputed [513], therefore future studies will need to be undertaken to further investigate 

the role of SOD1’s cysteine residues on mutant SOD1 aggregation, and now, ER stress. In 

future studies, it would also be interesting to examine whether PDI can inhibit induction of 

ER stress triggered by the SOD1 A4V cysteine mutants that induce the UPR; C6S, C57S, 

C146S, and C57S C111S C146S. A protective role for PDI in this instance would suggest 

that PDI does not need to interact with SOD1 via its disulphide bonds. Conversely, if PDI is 

not protective against ER stress induced by A4V SOD1 cysteine mutants, this would further 

strengthen the notion that PDI interacts with mutant SOD1, and therefore is protective via its 

disulphide interchange activity.  

Previous studies undertaken in our laboratory have demonstrated that PDI’s disulphide 

interchange activity is required for its protective activity against SOD1 inclusion formation, 

ER stress and ER-Golgi transport defects induced by mutant SOD1 (Parakh et al., 2017 in 

preparation). Based on these results, the active site cysteine residues are evidently 

fundamental for PDI function, in this case by binding to misfolded proteins and subsequently 

contributing to protein stabilisation [486]. Other studies have suggested that monomeric and 

oligomeric forms of misfolded SOD1 are toxic to motor neurons [567, 568]. For example, it 

has been demonstrated that mutations in SOD1 destabilise the SOD1 dimer to form 

monomers, and it is these unstable monomeric SOD1 proteins which cause aggregation [568]. 

Thus, future studies should be performed to examine PDI’s effects on SOD1 monomer or 

oligomer formation, to further elucidate its mode of protection. One explanation for the 

protective functions of PDI is that it is able to stabilise the formation of the SOD1 dimer 

through its disulphide interchange activity, therefore preventing monomerisation or 

oligomerisation of misfolded SOD1, thus preventing the formation of inclusions.  
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Interestingly though, both the disulphide interchange activity and chaperone function of PDI 

were protective against mutant SOD1-induced apoptosis, whereby the PDI QUAD mutant, 

which contains only serine residues instead of cysteines in PDI’s active sites, was found to 

decrease the proportion of cells with nuclei condensation and fragmentation in comparison to 

wildtype PDI (Parakh et al., 2017 in preparation). Previous studies have confirmed 

conclusively that removal of all four cysteine residues in PDI’s active sites ablates the 

disulphide interchange activity [502, 563]; hence experiments to demonstrate that the QUAD 

mutant does not retain this function were not performed here. DNA fragmentation is 

considered a late marker of apoptosis, hence, it was also investigated here whether expression 

of the PDI QUAD mutant was also able to inhibit early apoptotic events; the activation of 

Bax, its recruitment to mitochondria, and the activation of cleaved Caspase-3 [315]. These 

results demonstrated that PDI QUAD mutant retained its protective activity against apoptosis 

using all three of these markers, confirming the DAPI condensation results, and 

demonstrating that the chaperone function of PDI is sufficient to rescue cells from apoptotic 

cell death. It remains unclear exactly how the chaperone activity is protective against mutant-

SOD1 induced apoptosis when it is not protective against inclusion formation which was 

previously linked to apoptosis [315]. However, it could be speculated that the chaperone 

activity of PDI is triggered as a last resort to restore cellular proteostasis. 

It is also important to note that cytoplasmic wildtype PDI and cytoplasmic PDI QUAD were 

also protective in decreasing the proportion of cells with activation and recruitment of Bax, 

and activation of Caspase-3. These data suggest that the cytoplasm is the cellular location 

where PDI is protective. The cytoplasmic PDI proteins were examined for their cellular 

location using confocal microscopy and they were found to be clearly absent in the ER, 

confirming their cytoplasmic expression. In fact, previous studies have shown that 

endogenous PDI is present in multiple non-ER locations, including the cytoplasm [450], and 
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it has been demonstrated that PDI is released into the cytoplasm during ER stress-induced 

apoptosis [569]. SOD1 is predominantly cytoplasmic and excluded from the ER [355], so it is 

plausible that PDI and SOD1 interact mainly in the cytoplasm. Cytoplasmic PDI may be 

protective due to an augmented availability of mutant SOD1 and other proteins linked to ALS 

in the cytoplasm compared to the ER. Consistent with this notion, pathological forms of 

TDP-43 and FUS are also present in the cytoplasm [145, 570] and our laboratory has recently 

demonstrated that cytoplasmic wildtype PDI is also protective against other cellular events 

linked to pathogenesis that occur in the cytoplasm, such as mislocalisation of TDP-43 and 

FUS from the nucleus, and defects in ER-Golgi transport (Parakh et al., 2017 in preparation). 

Therefore, together these data imply that PDI is most beneficial when available in the 

cytoplasm. A study by Yang and colleagues (2009) identified that reticulons, a family of ER 

membrane proteins, are important modulators of PDI subcellular localisation, and 

interestingly, deletion of reticulon-4A accelerates motor neuron degeneration in mutant 

SOD1 G93A mouse models [452], providing further evidence that the cellular location of 

PDI is relevant to disease in vivo in ALS. 

Although previous studies have confirmed that PDI’s chaperone activity can be isolated by 

mutating the cysteine residues on its active sites to remove the disulphide interchange 

activity, the individual domains of PDI are thought to play their own distinct roles in PDI’s 

functions. The a and a’ domains of PDI, which contain the CGHC active sites, are 

responsible for the disulphide interchange activity, whereas the b domains contain the 

substrate binding sites that are essential for PDI’s chaperone function. These substrate 

binding sites are able to bind to the hydrophobic regions of misfolded proteins with high 

affinity, albeit broad specificity [495]. Hence, three PDI domain mutants (a domain, a’ 

domain and bb’ domain) were generated by removing the other domains. It is important to 

note that the constructs encoding these mutants were designed to retain PDI’s signal sequence 
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and KDEL sequence to ensure that the native localisation of PDI was preserved. The ER -

localisation of the domain mutants was confirmed using confocal microscopy, whereby each 

mutant co-localised with ER resident protein, calreticulin.  

In this study, only the a and a’ domains, possessing the disulphide interchange activity, were 

protective against mutant SOD1 inclusion formation, suggesting that the b domains, and thus 

the chaperone functions, are not protective. One possible reason for this is that the disulphide 

interchange activity of PDI is required for the oxidation, isomerisation and reduction of 

misfolded SOD1 disulphide bonds, in order to produce SOD1’s native conformation. On the 

other hand, it is possible that the chaperone activity of PDI is in fact protective, however the 

bb’ domain mutant alone is insufficient to elicit a protective response against inclusion 

formation. It has been previously demonstrated that complex reactions involving extensive 

conformational changes in substrate proteins require all of PDI’s domains [487], implying 

that the chaperone activity of PDI alone is not protective against the formation of misfolded 

SOD1 proteins. Remarkably, however, the bb’ domain, along with the a and a’ domains, was 

protective against mutant SOD1-induced ER stress. This is an interesting result since the 

presence of SOD1 inclusions is closely associated with ER stress [429]. Previous reports, 

however, have demonstrated that induction of the UPR upregulates chaperones, including 

PDI [571]. Also, it may be that major conformational changes of substrate proteins are not 

required to inhibit ER stress, thus the b and b’ domains alone are sufficient to elicit a 

protective response. It should be noted however, that there were significantly fewer mutant 

SOD1 expressing cells with ER stress when the a domain was over-expressed, compared to 

when the bb’ domain was over-expressed, indicating that the a domain, and thus the 

disulphide interchange activity of PDI, is more efficient in preventing ER stress, compared to 

the chaperone function. This could be due to the fact that the disulphide interchange activity 
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of PDI is also protective against the formation of SOD1 inclusions, unlike the chaperone 

function, which would further contribute to the protective activity against the UPR.  

Another interesting result obtained in this study was that only the a and a’ domain mutants 

were protective against mutant SOD1-induced apoptotic cell death. It was initially 

hypothesised that the bb’ domain mutant would also be protective against apoptosis, given 

that the PDI QUAD mutant, which possesses chaperone activity only, was in fact, protective. 

Again, perhaps the chaperone function of PDI still requires the presence of all domains to 

prompt a protective response against apoptosis, which would explain why the bb’ domain 

mutant alone was unable to decrease the proportion of cells with apoptotic nuclei. These 

results, however, do highlight the importance of the a and a’ domains, and thus the disulphide 

interchange activity of PDI, in restoring cellular proteostasis and thus ensuring cellular 

viability. 

The a, a’ and bb’ domain mutants were also protective against mutant TDP-43-induced ER 

stress. Similar to the mutant SOD1 result, the chaperone function of PDI may be induced 

following ER stress, whereby an upregulation of ER chaperones occurs to alleviate the load 

of misfolded proteins, thus accounting for the protective activity of the bb’ domain. Mutant 

TDP-43 also forms abnormal non-native disulphide bonds following oxidation, which 

eventually leads to aggregation, and subsequent activation of ER stress [572]. Therefore, the 

a and a’ domains, or the disulphide interchange activity of PDI, may prevent the formation of 

these TDP-43 aggregates by refolding the non-native disulphide bonds, thus preventing 

activation of ER stress. TDP-43 aggregation may also be the reason why mutant TDP-43 

remains mislocalised to the cytoplasm. Interestingly, only the a and a’ domain mutants were 

able to inhibit TDP-43 mislocalisation to the cytoplasm, implying that only the disulphide 

interchange activity, and not the chaperone function, is protective. Further studies are 

necessary to elucidate the mechanism by which the b and b’ domains of PDI were protective 



292 
 

against mutant TDP-43-induced ER stress, but have no protective effect against TDP-43 

mislocalisation to the cytoplasm, especially since mislocalisation is associated with ER stress 

[427]. Perhaps mislocalisation of TDP-43 to the cytoplasm is triggered by an alternative 

mechanism, or perhaps the chaperone function of PDI requires the presence of all domains of 

PDI. 

 Similar findings were obtained from cells expressing mutant FUS R521G, where only the a 

and a’ domains were protective against mutant FUS mislocalisation to the cytoplasm, but all 

three domain mutants, including bb’, were protective against ER stress. TDP-43 and FUS 

have similar functions and they share multiple DNA/RNA targets [573], therefore it is 

possible that PDI has a similar protective function against both proteins. The bb’ domain 

mutant, and thus the chaperone function of PDI, was protective against ER stress induced by 

all three of the ALS-associated proteins examined here; SOD1, TDP-43 and FUS. These 

results suggest that the chaperone function of PDI plays an important role in the alleviation of 

ER stress following its upregulation via the UPR. However, the a and a’ domains were 

protective against every cellular mechanism linked to pathogenesis investigated in this study, 

for each of the three mutant proteins, indicating that the disulphide interchange activity of 

PDI is imperative for its protective function. This makes sense as S-nitrosylation of PDI 

affects only its active site cysteine residues, but it ultimately compromises PDI’s function. On 

the contrary, however, whilst SOD1 and TDP-43 aggregation is mediated via their cysteine 

residues, FUS aggregates are formed in stress granules that do not rely on cysteine residues. 

It is interesting, then, that the disulphide interchange activity is protective against mutant 

FUS pathogenesis. Therefore, future work should be performed to investigate the effect of 

PDI, and consequently the effect of the a and a’ domain mutants, on stress granule formation, 

to further elucidate PDI’s protective mechanisms against FUS aggregation.     
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Although the a and a’ domains of PDI only share 33.6% homology [483], in this study their 

protective activities were found to be remarkably similar, indicating that the disulphide 

interchange activity relies predominantly on the identical CGHC active site. Interestingly, 

however, one previous study examining the PDI a and a’ domains, concluded that the a’ 

domain functions as a disulphide oxidase, whereas the a domain functions as a disulphide 

isomerase [574]. This variability between the functions of the two domains was linked to 

asymmetry in PDI’s active sites, resulting from the substrate-independent enhanced rate of 

oxidation of the a’ domain compared to the a domain, and the substrate-mediated inhibition 

of oxidation of the a domain [574]. The results obtained in this study demonstrate that there 

is a slight, but non-significant, decrease in the proportion of cells forming SOD1 inclusions, 

mutant SOD1-induced apoptosis, and mislocalisation of both TDP-43 and FUS to the 

cytoplasm when the a’ domain was overexpressed, compared to the a domain, suggesting that 

the oxidase activity of PDI may be more protective against these properties. The a domain, 

and thus, the predicted isomerase activity of PDI, was found to be more protective against 

mutant SOD1 and TDP-43 induced ER stress than the a’ domain, however, these results were 

not statistically significant. Therefore, further studies should include more sensitive assays to 

explore these findings further. Moreover, the protective effects of the a and a’ domains 

relative to PDI were quite comparable in this study, however other studies report that 

disruption to one of PDI’s active sites abolishes 50% of PDI’s catalytic activity overall [502]. 

Again, further studies, utilising more sensitive assays, may be required to investigate the 

relative degree of protective activity of the a and a’ domain mutants, in comparison to PDI, 

and to each other. However, these studies provide a good foundation for further drug design 

studies based on PDI’s protective activity. Full length PDI, being a protein of 55 kDa, is 

undesirable to be used therapeutically, therefore isolating the protective properties of PDI and 
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using smaller proteins derived from PDI as a basis for designing potential therapeutics, may 

be beneficial. 

Studies examining eukaryotic versions of DsbA and DsbC proteins can illustrate the 

importance of redox activity on the protective properties of PDI. DsbA is normally a 

monomer, which is responsible for oxidising disulphide bonds in prokaryotes [575], whereas 

DsbC is a normally dimeric protein, responsible for isomerising disulphide bonds. 

Furthermore, DsbC is also capable of chaperone activity because its V-shape 3D 

conformation contains a highly hydrophobic inner surface capable of binding substrate 

proteins [559]. Here, BLAST comparisons of DsbA and DsbC sequences revealed that these 

proteins do not share extensive homology with one another, nor do they share much 

similarity to PDI, other than possessing a CXXC thioredoxin-like active site (CPHC in DsbA 

and CGYC in DsbC). However, nonetheless, these differences, particularly in the two 

residues between the cysteines of the active sites, result in different redox properties of PDI, 

DsbA and DsbC, so that PDI is an oxidoreductase, DsbA is an oxidase and DsbC is an 

isomerase.    

DsbA was protective in cells expressing mutant SOD1, TDP-43 or FUS, in that it was able to 

decrease the proportion of cells with SOD1 inclusions and mutant SOD1-induced apoptotic 

nuclei, as well as inhibit TDP-43 and FUS mislocalisation to the cytoplasm, and induction of 

ER stress. These results imply that the oxidase activity of DsbA, where it facilitates 

disulphide bond formation, is broadly protective. In prokaryotic cells, DsbA becomes re-

oxidised via DsbB. The crystal structure of DsbB demonstrates that DsbB shares a core 

structure and is functionally analogous to Ero1p, the redox partner of PDI [576, 577]. 

Therefore, it is plausible that the DsbA-like protein expressed here can bind and become re-

oxidised in the eukaryotic cells by Ero1p, allowing it to retain its native functionality. DsbC, 

on the other hand, displayed protective activity only against ER stress induced by mutant 
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SOD1 and FUS, and TDP-43 mislocalisation to the cytoplasm. DsbC is an intriguing protein, 

in that it’s V-shaped 3D structure is similar to that of the b domains of PDI. In this respect, it 

is unknown whether the isomerase or chaperone activity of DsbC were protective against the 

cellular events identified here. However, the bb’ domain mutant was not protective against 

TDP-43 mislocalisation to the cytoplasm, thus it could be speculated that the isomerase 

activity of PDI is of importance in maintain TDP-43’s localisation in the nucleus. In contrast, 

however, it was evident from this study that the chaperone function of PDI, via the bb’ 

domain mutant, plays a fundamental role in inhibiting ER stress induced by all three mutant 

proteins examined. These data therefore imply that DsbC’s chaperone function may be 

responsible for inhibiting ER stress in this study. Moreover, the structure of DsbD, which is 

responsible for maintaining DsbC in its reduced form, has not yet been defined, hence the 

mechanism by which the DsbC-like protein examined here maintains its reduced form in the 

eukaryotic cell remains uncertain. Therefore, the chaperone function of DsbC seems a more 

plausible mechanism for the inhibition of ER stress observed here in eukaryotic cells, rather 

than the isomerase function.  

Ultimately, the results obtained here, by analysing the protective activity of DsbA and DsbC, 

suggest that the redox activity is of particular importance for the protective function of 

oxidoreductase proteins in ALS, such as PDI. The results indicate that the oxidase activity is 

more protective than the isomerase activity, however it is important to note that DsbA does 

also possess isomerase capabilities [492, 549]. Whereas DsbC is implicated in the 

isomerisation of substrate proteins in prokaryotes, it is possible that the combined activity of 

DsbA and Ero1p in the Neuro-2A cells examined here allows DsbA to facilitate its oxidase 

function, as well as additional isomerase activity if required, which involves both oxidase and 

reductase activity. It would be beneficial then, in future, to analyse the protective activity of 

Thioredoxin in eukaryotic cells against ALS-associated mutant proteins. Thioredoxin is 
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highly homologous in structure to the a domain of PDI [578], despite being a reductase, thus 

it would be interesting to investigate whether it possesses the same protective capabilities as 

PDI’s a domain, or whether its reductase activity would result in different protective 

activities. The redox potential of PDI and its consequential protective activity in ALS is 

explored further in Chapter 5. 

In summary, this study reveals that the a and a’ domains of PDI are fundamental for PDI’s 

protective capabilities in ALS. The a and a’ domains were found to be protective across all 

cellular mechanisms examined, induced by mutant SOD1, TDP-43 and FUS. These results 

indicate that the a and a’ domains, responsible for the disulphide interchange activity, are a 

key feature in facilitating PDI’s protective function against misfolded proteins in ALS. Thus, 

novel therapeutics based on the disulphide interchange activity, should be designed based on 

this domain. The chaperone function of PDI was shown to be protective against ALS-

associated ER stress as well as SOD1-induced apoptosis, indicating that PDI may elicit its 

protective response through several different pathways simultaneously. This study also 

demonstrates the importance of the redox potential in oxidoreductase proteins such as PDI, 

hence further studies are warranted to better understand how the redox activity of PDI affects 

its role in ALS, and how differences in redox activity can mediate a change in activity.   
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Chapter 5: The Role of Redox Activity in 

the Protective Function of PDI 
 

 

 

 

 

 

 

 

 

 



300 
 

5.1 Introduction 

As an oxidoreductase, PDI can act as an oxidase, reductase or isomerase in eukaryotic cells, 

thus catalysing oxidative protein folding in the ER. PDI can oxidise pairs of cysteines to form 

disulphide bonds, reduce cysteine pairs to break down disulphide bonds, or isomerase 

cysteines to rearrange incorrect disulphides into their correct pairings [489]. 

PDI is a member of the thioredoxin-like superfamily, and proteins of this family are 

characterised by the presence of one or more thioredoxin-like domains, that display sequence 

or structural similarity to thioredoxin [550]. Redox active members, including PDI, all 

possess a CXXC catalytic motif, in which the two amino acid residues between the cysteines 

have a fundamental role in determining the overall redox potential of the protein. PDI has a 

redox potential of -160 mV, allowing it to perform its oxidoreductase function [437]. 

Conversely, thioredoxin-like proteins can act solely as oxidants of thiols, such as DsbA [575], 

reductants of disulphide bonds, such as thioredoxin itself [579], or isomerases that shuffle 

non-native disulphide bonds, as for DsbC and DsbG [559, 580]. All the aforementioned 

thioredoxin-like proteins possess diverse redox potentials, which dictate  their characteristic 

activities against substrates [489]. Interestingly, features other than the CXXC motif can 

influence redox activity, including the cis-proline loop, which is described subsequently in 

this chapter. 

The experiments outlined in this chapter investigate the role of redox activity on PDI’s 

protective function. This was examined by modulating specific features characteristic of 

thioredoxin-like proteins; the active site motif and the cis-proline loop. Studies investigating 

the redox properties of other thioredoxin-like proteins, including DsbA, DsbC and 

thioredoxin, have been previously performed. However, these studies have yet to be 

implemented on PDI. 



301 
 

5.1.1 The redox properties of thioredoxin-like proteins 

Thioredoxin-like proteins all contain a structural motif, the thioredoxin fold. This fold is the 

core scaffold of this group of proteins, which possess the general motif β1α1β2-α2-β3β4α3. The 

fold is incorporated into proteins that control the cellular redox environment [550]. However, 

thioredoxin-like proteins share no overall homology, except for the presence of the CXXC 

catalytic motif, which is located at the N-terminus of the first helix in the conserved 

thioredoxin fold, and a cis-proline loop, which precedes the β3β4α3 motif [489, 550]. The 

CXXC motif and cis-proline loop are distant in sequence, however they are closely adjacent 

in three-dimensional space within the thioredoxin fold. Thus, the CXXC motif and cis-proline 

loop together constitute the active site of these redox proteins [492].  

The wide range of redox activities observed in thioredoxin-like proteins is postulated to be a 

consequence of modifications to the core scaffold, in particular the CXXC motif and cis-

proline loop, which result in diverse redox properties. For example, the redox potential of the 

archetype of the family, thioredoxin, is highly reducing at -271 mV [581], whereas that of 

periplasmic DsbA is highly oxidising at -120 mV [582]. The redox potential of bacterial 

isomerases DsbC and DsbG, are both approximately -130 mV [559]. Thioredoxin-like 

proteins that participate in numerous thiol disulphide exchange reactions, including PDI, have 

intermediate redox potentials, and PDI possesses a redox potential of -160 mV [583].  

The cis-proline loop plays a significant role in the stability and structure of thioredoxin-like 

proteins [584, 585], and it also contributes to substrate binding and release [552, 586, 587]. 

The cis-proline loop is also thought to be involved in decreasing the pKa of the N-terminal 

cysteine of the CXXC motif, by stabilising the negative charge of the thiolate [486, 559]. 

Furthermore, the cysteine pKa, and thus the catalytic activity of the protein, is influenced by 

the electrostatic nature of neighbouring residues, and in particular by the residues located 
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between the two active-site cysteines [505, 588]. Moreover, the side chain of the residue 

preceding the proline in the cis-proline loop is closely associated with the N-terminal cysteine 

of the CXXC motif, thus this residue has the potential to also be involved in hydrophobic 

interactions with this cysteine, thereby modulating its activity [492]. 

Variability in CXXC active site motifs, and the residue preceding proline in the cis-proline 

loops, is observed in thioredoxin-like proteins. PDI contains a CGHC active site motif in both 

it’s a and a’ domains, and a cis-proline loop of sequence GYP in it’s a domain and a cis-

proline loop of sequence SFP in it’s a’ domain [489]. The oxidase DsbA possesses an active 

site motif of CPHC and a cis-proline loop of sequence GVP. In contrast, isomerases DsbC 

and DsbG both have a conserved GTP cis-proline loop, however their active site motifs are 

CGYC and CPYC, respectively. The reductase thioredoxin contains a CGPC active site motif 

and a GIP cis-proline loop [492] (Figure 5.1). 
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Figure 5.1: A schematic representation of thioredoxin-like proteins DsbA, DsbC and 

thioredoxin (TRX). A) A representation of the secondary structure elements of DsbA, DsbC 

and TRX. The thioredoxin fold is illustrated in pink/orange, and insertions in the thioredoxin 

fold are shaded in blue. The position of the CXXC active site motifs and cis-proline loops are 

indicated, with the differing residues contained within each protein in bold. DsbG has a 

similar secondary structure to DsbC, except that its active site motif is CPYC. B) A close-up 

of the active sites of DsbA, DsbC and TRX, demonstrating the close association of the 

catalytic CXXC motif and the cis-proline loop. Hydrogen bonds are represented by a black 

line [492]. 
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5.1.2 Modulation of the CXXC motif and cis-proline loops in thioredoxin-like proteins 

Studies investigating the redox potential of the strongly oxidising protein, DsbA, indicated 

that its redox properties could be modulated by replacing the residues between the two 

cysteines of the CXXC active site motif [589]. In these experiments, DsbA’s CPHC active 

site motif was replaced with, CGHC similar to the oxidoreductase PDI, CPYC, similar to 

isomerase DsbG, or CGPC, as observed in the reductase thioredoxin. The results obtained 

demonstrated that all these CXXC variants were less oxidising that wildtype DsbA, and the 

resulting redox potentials were in the same order as the native proteins from which the active 

site sequence was obtained; DsbA > PDI > DsbG > thioredoxin [589]. In addition, mutating 

thioredoxin’s CXXC active site motif to those of more oxidising proteins, resulted in a more 

oxidising redox potential for thioredoxin. Moreover, this impacted thioredoxin’s ability to 

function as a reductase and its interaction with folding protein substrates [590]. 

More recent studies have investigated the role of the cis-proline loop in modulating the redox 

potential of thioredoxin-like proteins. When DsbA’s GVP cis-proline loop is mutated to GTP, 

equivalent to that of DsbC and DsbG, interestingly, the redox potential of DsbA is 

substantially increased [492]. Thus, the presence of threonine within the cis-proline loop 

exerts a more oxidising influence than valine. Moreover, when thioredoxin’s GIP cis-proline 

loop is substituted to any other residue, thioredoxin becomes more oxidising, therefore 

demonstrating that isoleucine has a strong reducing influence [492]. These results indicate 

that substituting the residue preceding the proline in the cis-proline loop of a thioredoxin-like 

protein to a threonine increases the oxidase activity, whereas substituting it to an isoleucine 

increases the reductase activity. It was also concluded in this study that the cis-proline loop 

has a strong influence on the redox properties of thioredoxin-like proteins, similar to the 

CXXC active site motif [492]. 
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5.1.3 The generation of PDI redox mutants 

Based on these previous studies defining the structural requirements that contribute to the 

redox potential of thioredoxin-like proteins, in this study mutations in PDI were designed to 

create a series of PDI redox mutants, either by altering the CGHC active site motif of PDI or 

its cis-proline loops.  

The CXXC active site mutations were based on the oxidase, isomerase and reductase 

properties from the thioredoxin-like protein superfamily. Therefore, PDI’s active site motif, 

in both it’s a and a’ domains, was replaced with; CPHC, the motif observed in the highly 

oxidising protein DsbA; CPYC, present in the isomerase DsbG; and CGPC, present in the 

strongly reducing protein, thioredoxin. It was predicted that upon mutation, PDI’s redox 

activity would be modified to that of an oxidase, isomerase and reductase, respectively.  

The cis-proline loop mutations were based on studies that reported that substituting the 

residue preceding the proline to threonine increases oxidising activity, whilst a substitution to 

isoleucine decreases oxidising activity. Therefore, PDI’s a domain cis-proline loop was 

substituted from GYP to GTP, with the aim of making it more oxidising, or to GIP, with the 

aim of rendering it more reducing. Similarly, the a’ domain cis-proline loop was exchanged 

from SFP to STP, which is predicted to enhance its oxidising ability, or to SIP, with the aim 

of enhancing its reducing activity.  

 The seven proposed redox mutants are summarised in Table 5.1. 
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TABLE 5.1. PDI redox potential mutants 

Variant name Modification Predicted outcome 

CXXC active site mutants 

PDI CPHC Modify both CXXC active site 

motifs in the a and a’ domains 

from CGHC to CPHC 

PDI becomes a stronger 

oxidase 

(forms disulphide bonds) 

PDI CPYC Modify both CXXC active site 

motifs in the a and a’ domains 

from CGHC to CPYC 

PDI acts as an isomerase 

(re-arranges disulphide bonds) 

PDI CGPC Modify both CXXC active site 

motifs in the a and a’ domains 

from CGHC to CGPC 

PDI becomes a stronger 

reductase 

(break down disulphide bonds) 

Cis-proline loop mutants 

PDI GIP Modify the a domain cis-

proline loop from GYP to GIP 

PDI becomes more reducing 

PDI GTP Modify the a domain cis-

proline loop from GYP to GTP 

PDI becomes more oxidising 

PDI SIP Modify the a’ domain cis-

proline loop from SFP to SIP 

PDI becomes more reducing 

PDI STP Modify the a’ domain cis-

proline loop from SFP to STP 

PDI becomes more oxidising 
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5.1.4 Aims of this chapter 

In Chapter 4, it was demonstrated that PDI’s a and a’ domains were required for its 

protective function against cellular pathogenic mechanisms induced by mutant forms of 

SOD1, TDP-43 and FUS. These two domains contain PDI’s active site, comprising a CGHC 

active motif, which is responsible for PDI’s oxidoreductase function and hence, its disulphide 

interchange activity. As detailed above, other thioredoxin-like proteins also possess a CXXC 

active site motif, however they possess differing redox potentials. This was demonstrated in 

the studies outlined in Chapter 4 which investigated the activity of Dsb proteins, bearing 

differing redox potentials, on pathogenic mechanisms induced in ALS. DsbA, an oxidase 

with a CPHC active site motif, was consistently protective in these studies, whereas DsbC, an 

isomerase with a CGYC active site motif, was only protective in some instances. Hence, 

these findings indicate that the redox potential of PDI is important in determining its 

protective activity. Therefore, it was next hypothesised that alterations in PDI’s active site 

motif would result in changes to PDI’s redox potential, and thus, its protective function. 

Furthermore, as mutating the residue preceding the cis-proline loop of thioredoxin-like 

proteins also alters their redox potential and function [492], it was also hypothesised that 

alterations in PDI’s cis-proline loop would also modify its function. 

Therefore, the aim of the studies described in this chapter was to investigate the effect of 

mutating either the active site motifs or cis-proline loops of PDI, on its protective activity. To 

perform these studies, the CGHC active sites were modified in both the a and a' domains, the 

GYP cis-proline loop was modified in the a domain, and the SFP cis-proline loop mutant was 

modified in the a’ domain, to create seven mutants of PDI. These studies aimed to investigate 

which of PDI’s oxidoreductase properties (oxidase, isomerase or reductase activity) were 

essential for protective activity. Thus, it was predicted that these studies would highlight the 

importance of redox potential on modulating PDI’s protective function. 
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5.2 Materials/Methods 

5.2.1 Constructs used in this chapter 

A pcDNA3.1 vector containing full-length PDI and a V5 tag was provided by Dr. Neil 

Bulleid, University of Glasgow, UK. This construct was used as the template for site-directed 

mutagenesis. Wildtype SOD1 and mutant SOD1 A4V constructs encoding EGFP-tagged 

human SOD1 at the C-terminus were previously described [265]. Wildtype TDP-43 and 

mutant TDP-43 Q331K constructs encoding EGFP-tagged human TDP-43 at the N-terminus 

was a gift from Professor Benjamin Wolozin, Boston University, USA, and GFP-tagged FUS 

(wildtype and mutant R521G) vectors were provided by Dr. Justin Yerbury, University of 

Wollongong, Australia. All DNA plasmids used in this chapter were verified by DNA 

sequencing before use. 

 

5.2.2 Site-directed mutagenesis to generate redox mutants of PDI 

Site-directed mutagenesis was performed to generate PDI redox mutants using the Q5 Site-

Directed Mutagenesis Kit (New England Biolabs), according to the manufacturer’s protocol. 

Primers for mutagenesis were designed using New England Biolabs’ NEBaseChanger 

(available at http://www.nebasechanger.neb.com) and are shown in Table 5.2. Primers were 

dissolved at a stock concentration of 10 µM.  

 

 

 

 



309 
 

TABLE 5.2: Mutagenesis primers. 

Primer name Primer sequence 

Redox active site mutants 

PDIa CPHC Forward 5’-CCCTTGGTGTCCCCACTGCAAG 

PDIa CPHC Reverse 5’-GCATAGAACTCCACCAGC 

PDIa’ CPHC Forward 5’-CCCATGGTGTCCTCACTGCAAACAG 

PDIa’ CPHC Reverse 5’- GCATAGAACTCCACAAAG 

PDIa CPYC Forward 5’- CCCTTGGTGTCCCTACTGCAAGGC 

PDIa CPYC Reverse 5’- GCATAGAACTCCACCAGC 

PDIa’ CPYC Forward 5’-CCCATGGTGTCCTTACTGCAAACAGTTG 

PDIa’ CPYC Reverse 5’- GCATAGAACTCCACAAAG 

PDIa CGPC Forward 5’-TGGTGTGGCCCCTGCAAGGCT 

PDIa CGPC Reverse 5’-AGGGGCATAGAACTCCACC 

PDIa’ CGPC Forward 5’-TGGTGTGGTCcCTGCAAACAG 

PDIa’ CGPC Reverse 5’- TGGGGCATAGAACTCCAC 

Cis-proline loop mutants 

PDI GIP Forward 5’- CGTGCGCGGCATTCCCACCATC 

PDI GIP Reverse 5’- CCGTACTGCTGGGCCAGG 

PDI GTP Forward 5’- CGTGCGCGGCACTCCCACCATCAAG 

PDI GTP Reverse 5’- CCGTACTGCTGGGCCAGG 

PDI SIP Forward 5’- AGTGCACAGCATCCCCACACTC 

PDI SIP Reverse 5’- TTGACGGCCTCCACCTCG 

PDI STP Forward 5’- AGTGCACAGCACCCCCACACTCAAG 

PDI STP Reverse 5’- TTGACGGCCTCCACCTCG 
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Reactions were made up to a volume of 25 µL, containing 12.5 µL Q5 Hot Start High-

Fidelity 2X Master Mix (1 X), 1.25 µL forward primer (0.5 µM), 1.25 µL reverse primer (0.5 

µM), 1 µL template DNA (1-25 ng/µL), and 9.0 µL nuclease free H2O. Reactions were 

cycled on a PCR thermal cycler under the following conditions (Table 5.3): 

 

TABLE 5.3. Thermocycling conditions 

 98°C 30 seconds 

 

25 cycles 

98°C 10 seconds 

50-72°C* 30 seconds 

72°C 30 seconds/kb plasmid length 

 72°C 2 minutes 

 

* The annealing temperature of the primers was determined using NEBaseChanger.  

 

The PCR product was digested with the addition of 2 µL DpnI (New England Biolabs) and 3 

µl CutSmart Buffer (New England Biolabs) with incubation at 37°C for 1 h. Reactions were 

transformed into NEB 5-alpha Competent E. coli cells, according to the manufacturer’s 

protocol. Transformed cells were spread onto LB agar plates which were incubated overnight 

at 37°C. Single colonies were selected and inoculated into LB Broth containing the 

appropriate antibiotic the following day. Inoculations were incubated overnight in a shaking 

incubator at 37°C and 200 rpm, followed by small scale DNA plasmid production (section 

2.2.5) the next day. DNA plasmid samples were quantified using a Nanodrop ND-1000 

spectrophotometer.  The presence of the desired mutation was confirmed by DNA 

sequencing.  
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5.3 Results 

5.3.1 Sequences and sequencing results for point mutations 

Once site-directed mutagenesis of PDI had been performed to generate the redox active site 

and cis-proline loop mutants, these constructs were sequenced to confirm the presence of 

each point mutation. The nucleotide and amino acid sequences of wildtype PDI, and the 

position of each mutation, are shown in Figure 5.2. The sequencing results confirmed that 

each point mutations, for both the active site redox mutants (Figure 5.3) and the cis-proline 

loop mutants (Figure 5.4), were present. 
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Figure 5.2: The nucleotide and amino acid sequences of wildtype human PDI. 

The sequences highlighted in yellow represent the CGHC active sites of PDI’s a and a’ 

domains, which are the site of the point mutations for the active site mutants. It is important 

to note that both domains of the active site mutants contained the mutation. The sequences 

highlighted in green demonstrate the GYP and SFP cis-proline loops of the a and a’ domain, 

respectively, as well as the site of the point mutations for the cis-proline loop mutants. Only 

one cis-proline loop was mutated (either GYP or SFP) per mutation. 
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Figure 5.3: Sequencing of each active site mutant confirmed that each point mutations 

had been successfully incorporated into in the PDI-V5 tagged construct. The CGHC 

active sites in both of wildtype PDI’s a and a’ domains were mutated to CPHC, CPYC or 

CGPC, resulting in three redox active site mutants, termed ‘CPHC, CPYC, and CGPC’. 
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Figure 5.4: Sequencing of each cis-proline loop mutant confirmed that the appropriate 

point mutations had been successfully incorporated into each PDI construct. The cis-

proline loops in PDI’s a and a’ domains were mutated separately, to create either the GTP or 

GIP mutant, in which the GYP cis-proline loop in wildtype PDI’s a domain was mutated to 

GTP or GIP respectively, or to create either the STP or SIP mutant, in which the SFP cis-

proline loop in wildtype PDI’s a’ domain was mutated to STP or SIP, respectively. Hence, in 

total four cis-proline loop PDI mutants were created. 
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5.3.2 Proof of a change in redox potential in redox mutants 

The mutations were designed to modulate the redox activity of PDI and they were based on 

studies of thioredoxin-like proteins such as the Dsb family, which possess similar active site 

motifs. However, it has not been previously established that these mutations modulate the 

redox activity of PDI specifically. Hence, once the presence of each point mutation was 

confirmed for the redox mutants, it was first examined whether the redox potential of each 

mutant was altered by substitution of residues in either the active site or the cis-proline loops. 

To investigate the redox properties of the mutants, a cytoplasmic reduction-oxidation 

sensitive green fluorescent protein (cyto-roGFP) was utilised. Cyto-roGFP is a redox 

sensitive biosensor containing two cysteines in the beta barrel structure of GFP. When the 

two cysteine residues are oxidised and a disulphide is formed, cyto-roGFP exhibits GFP 

expression [591]. Hence, a cell fluoresces green when it has been oxidised.  However, in a 

reducing environment, no GFP expression is observed.  Therefore, if a redox mutant is more 

oxidising, more cells transfected with roGFP will exhibit GFP luminescence, compared to a 

reducing redox mutant, where fewer cells transfected with roGFP will produce a GFP signal.   

Neuro-2A cells were transfected with either empty vector pcDNA3.1 alone (control), GFP 

alone (control), cyto-roGFP alone, or cyto-roGFP co-expressed with either empty vector 

pcDNA3.1, wildtype PDI, the active site mutants, CPHC, CPYC or CGPC, or the cis-proline 

loop mutants, GIP, GTP, SIP or STP for 18 h. Immunocytochemistry was performed using an 

anti-V5 antibody and nuclei were stained with Hoechst before examining cells using 

fluorescent microscopy. At least 100 cells expressing either wildtype PDI or the PDI mutants 

were examined and these cells were further analysed for cyto-roGFP expression (Figure 5.5 

A). 
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Cells expressing cyto-roGFP alone or cyto-roGFP with empty vector pcDNA3.1 displayed 

low levels of roGFP expression (13.7% ± 4.3 and 13.3% ± 1.9, of transfected cells 

respectively). There was a significant increase (p < 0.01) in the proportion of cells with 

roGFP expression when wildtype PDI was co-expressed with cyto-roGFP (42.7% ± 2.3), 

compared to cells expressing cyto-roGFP with empty pcDNA3.1 vector, indicating that 

oxidation is taking place in the cell when PDI is expressed. Moreover, significantly more 

cells (p < 0.01) displayed roGFP expression when cyto-roGFP was co-expressed with the 

CPHC active site mutant (69.7% ± 2.3), compared to those co-expressing cyto-roGFP with 

wildtype PDI. This suggests that PDI is more oxidising when its active site is mutated from 

CGHC to CPHC active site, as hypothesised, consistent with our predictions. In contrast, 

there was a significant reduction (p < 0.05) in the proportion of cells with roGFP expression 

when cyto-roGFP was co-expressed with the CGPC active site mutant (18.0% ± 2.5), 

compared to when it was co-expressed with wildtype PDI. This result indicates that when 

PDI’s active site is mutated to CGPC, it becomes more reducing than the native CGHC 

sequence, also consistent with our predictions. There was a decrease in the proportion of cells 

with roGFP expression when cells co-expressed cyto-roGFP and the CPYC active site mutant 

(26.0% ± 8.6), compared to cells co-expressing cyto-roGFP and PDI, however this reduction 

was not statistically significant. It was expected that wildtype PDI and CPYC would have 

similar levels of roGFP expression. Similarly, there was no statistical difference in the 

proportion of cells with roGFP expression between populations co-expressing cyto-roGFP 

with wildtype PDI and cells co-expressing cyto-roGFP with any of the cis-proline loop 

mutants; GIP (28.7% ± 3.2), GTP (54.7% ± 5.8), SIP (40.7% ± 1.8), and STP (45.3 % ± 2.6). 

However, there was a slight increase in the proportion of cells with roGFP expression when 

cyto-roGFP was co-expressed with GTP, compared to co-expression with wildtype PDI 

(Figure 5.5 B), as was expected, although this was not statistically significant. Whilst these 
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results did not display a statistical difference between the cis-proline loop mutants and 

wildtype PDI, this could be due to the sensitivity of the assay used. 
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Figure 5.5: The active site mutants, but not the cis-proline loop mutants, alter the redox 

potential of PDI. A) Immunofluorescence images of Neuro-2A cells co-expressing either 

wildtype PDI, the PDI active site mutants or the PDI cis-proline loops mutants (column one), 

with cyto-roGFP (column two). The third column shows DAPI-stained nuclei and the fourth 

column depicts a merged image of the cell.  A similar proportion of cells (approximately 

50%) expressing either wildtype PDI (first panel; PDI), or the CPYC active site mutant (third 

panel; CPYC), SIP cis-proline loops mutant (seventh panel; SIP) or STP cis-proline loop 

mutant (eighth panel; STP) displayed roGFP expression. In contrast, more cells expressing 

either the CPHC active site mutant (second panel; CPHC) or the GTP cis-proline loop mutant 

(sixth panel; GTP) demonstrated roGFP expression. Conversely, fewer cells expressing either 

the CGPC active site mutant (fourth panel; CGPC) or the GIP cis-proline loop mutant (fifth 

panel; GIP) displayed roGFP expression. Scale bar = 30 µM. B) Quantification of Neuro-2A 

cells with roGFP expression in A). There was a significant increase (p < 0.01) in the 

proportion of cells displaying roGFP expression in cells co-expressing cyto-roGFP with 

wildtype PDI, compared to cells co-expressing cyto-roGFP with empty vector pcDNA3.1. 

Significantly more cells (p < 0.01) with roGFP expression were observed in populations co-

expressing cyto-roGFP with the CPHC active site mutant, compared to those expressing 

wildtype PDI. In contrast, compared to cells expressing PDI, significantly fewer cells (p < 

0.05) co-expressing cyto-roGFP with the CGPC active site mutant demonstrated roGFP 

expression. There were no significant differences observed between cells expressing wildtype 

PDI and those expressing either the CPYC active site mutant or any of the cis-proline loop 

mutants. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01. 
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The redox active site mutants of PDI 

The following section of this chapter focuses on the redox active site mutants which modify 

PDI’s native CGHC active site to either CPHC, CPYC or CGPC. Based on previous studies 

[589, 592], it was postulated that through point mutations in the two amino acid residues 

between the cysteines of the active site, the redox potential of PDI would be shifted to be 

either more oxidising (demonstrated with the CPHC active site), isomerising (as in the CPYC 

active site) or reducing (observed in the CGPC active site). The activity of the redox active 

site mutants was analysed in cells expressing mutant ALS proteins; SOD1, TDP-43 and FUS. 

 

5.3.3 Cellular localisation of the PDI redox active site mutants in Neuro-2A cells 

Firstly, to ensure that the PDI redox active site mutants were still expressed within the ER, 

implying that they retained their native properties (except redox activity), the localisation of 

the V5-tagged PDI proteins was analysed in Neuro-2A cells using confocal microscopy. Cells 

were transfected with either the CPHC, CPYC or CGPC active site mutants for 24 h before 

immunocytochemistry using an anti-V5 tag antibody to visualise the mutants, and an anti-

calreticulin antibody to probe for the ER-resident protein, calreticulin. It was hypothesised 

that all three active site mutants would still be retained in the ER due to the presence of PDI’s 

signal sequence and KDEL sequence. Results demonstrated that all three active site mutants 

co-localised with calreticulin all transfected cells, indicating their localisation in the ER, as 

expected (Figure 5.6). 



321 
 

 

 

Figure 5.6: The CPHC, CPYC and CGPC active site mutants are localised within the 

ER of Neuro-2A cells. Neuro-2A cells were transfected with either the CPHC, CPYC or 

CGPC PDI active site mutants (first column; V5) for 24 h. Cells were fixed and 

immunocytochemistry performed using antibodies for V5 tag and calreticulin (second 

column; Calreticulin), and nuclei were stained using Hoechst (third column; DAPI). The 

yellow in the merge column (fourth column; Merge) illustrates co-localisation of each of the 

active site mutants with calreticulin, demonstrating that the active site mutants are localised 

within the ER. Scale bar = 30 µM. 
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Examining the protective effect of the PDI redox active site mutants in cells expressing 

mutant SOD1. 

The protective effects of the PDI redox active site mutants was first analysed in Neuro-2A 

cells expressing mutant SOD1 A4V. Their activity against SOD1 inclusion formation, mutant 

SOD1-induced ER stress and apoptosis was investigated in the following experiments. 

 

5.3.4 PDI redox active site mutants are co-expressed in almost all cells transfected with 

SOD1 

Firstly, the co-transfection efficiency of the PDI active site mutants and SOD1 was examined 

in Neuro-2A cells. Cells were transfected with mutant EGFP-SOD1 and either the CPHC, 

CPYC, or CGPC active site mutant, for 72 h, before fixing and performing 

immunocytochemistry using an anti-V5 antibody. DAPI-staining was performed using 

Hoechst to visualise the nuclei. Co-transfection was verified by EGFP expression (green) 

from SOD1 and performing immunocytochemistry with an Alexa Fluor 568-tagged 

secondary antibody to detect the V5 tag of the PDI mutants (Figure 5.7). At 72 h post-

transfection, the overall transfection efficiency of mutant SOD1 was found to be 

approximately 75-80% in Neuro-2A cells. For each of the three replicate experiments, 

fluorescent microscopy was used to examine at least 100 SOD1-expressing cells and these 

cells were further analysed for co-expression with the active site mutant proteins. 

Quantification revealed that approximately 96% of SOD1-expressing cells also co-expressed 

the CPHC active site mutant, 96% co-expressed the CPYC active site mutant, and 97% co-

expressed the CGPC active site mutant. Therefore, in all further experiments, it was assumed 

that detection of SOD1 expression reflected co-expression of both SOD1 and the PDI active 



323 
 

site mutants when they were co-transfected and immunocytochemistry using a V5 antibody 

was not performed. 

 

 

Figure 5.7: The CPHC, CPYC and CGPC active site mutants are co-expressed in almost 

all Neuro-2A cells co-transfected with EGFP-SOD1. Neuro-2A cells were transfected with 

SOD1 (first column; SOD1), and either the CPHC, CPYC, or CGPC active site mutants 

(second column; V5) for 72 h. Cells were fixed and immunocytochemistry was performed 

using an anti-V5 antibody and nuclei were stained with Hoechst (third column; DAPI). The 

merge column demonstrates co-expression of the three PDI active site mutants with SOD1. 

Scale bar = 30 µM.  
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5.3.5 Protein expression of SOD1 and the PDI active site mutants in Neuro-2A cells 

Once localisation and expression of the redox active site mutants was established in Neuro-

2A cells, Western blotting analysis was performed to ensure that the transfection of each 

protein resulted in similar expression levels and to confirm that the expressed proteins were 

of the expected MW (Figure 5.8). Cell lysates were prepared from the following cell 

populations; GFP alone, wildtype SOD1 co-expressed with empty vector pcDNA3.1, and 

mutant SOD1 A4V co-expressed with either empty vector pcDNA3.1, wildtype PDI, CPHC, 

CPYC, or CGPC active site mutants. Immunoblotting using an anti-GFP antibody revealed 

that wildtype and mutant EGFP-SOD1 proteins were expressed at the expected size of 50 

kDa, and GFP alone was expressed at 26 kDa. Wildtype SOD1 was expressed at higher levels 

compared to mutant SOD1 A4V, as expected. Wildtype PDI and the PDI active site mutants 

were detected at 62 kDa using an anti-V5 antibody, and shared similar expression levels. β-

actin was used as a loading control and was detected using an anti-β-actin antibody (40 kDa).  
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Figure 5.8: Protein expression of wildtype PDI, PDI active site mutants and EGFP-

SOD1 proteins in Neuro-2A cells. A) Western blotting analysis of cell lysates was 

performed and quantified to ensure that PDI redox active site mutants were expressed at 

similar levels and were of the expected MW. Lysates examined were from cells expressing 

either GFP alone, wildtype SOD1 co-expressed with empty pcDNA3.1 vector, and mutant 

SOD1 A4V co-expressed with either empty pcDNA3.1 vector, wildtype PDI, or the CPHC, 

CPYC or CGPC active site mutants. PDI and the active site mutants were detected at 62 kDa, 

as expected (PDI = 60 kDa, V5 tag = 2 kDa). Wildtype and mutant SOD1 were detected at 

approximately 50 kDa, and GFP alone was detected at 26 kDa. β-actin was detected at 40 

kDa. B) Quantification revealed that wildtype SOD1 was expressed at significantly higher 

levels (p < 0.001) compared to mutant SOD1 A4V, as expected. Mutant SOD1 A4V was 

expressed at similar levels across all cell lysate populations. PDI and the active site mutants 

were expressed at similar levels also. Lysates expressing GFP only were not included in 

quantification. N=3, Mean ± SEM, *** p < 0.001. 
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5.3.6 The oxidase and reductase activity of PDI is necessary to inhibit mutant SOD1 

inclusion formation 

Chapter 4 of this thesis previously demonstrated that PDI’s disulphide interchange activity, 

mediated by it’s a domains, was fundamental for PDI’s protective function in preventing 

mutant SOD1 inclusion formation. The effect of the redox potential was also explored 

through experiments involving the Dsb proteins, where the oxidase, DsbA, was able to inhibit 

the formation of SOD1 inclusions in Neuro-2A cells. Hence, it was next investigated if 

modifying the redox potential of the CGHC active site in the a domain would alter PDI’s 

capability to prevent SOD1 aggregation.  

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP alone, wildtype SOD1 

co-expressed with empty pcDNA3.1 vector, and mutant SOD1 A4V co-expressed with either 

pcDNA3.1, wildtype PDI, or the CPHC, CPYC or CGPC active site mutants. Mutant SOD1 

inclusion formation was analysed 72 h post-transfection to ensure maximal levels of protein 

aggregation and expression. After fixing, immunocytochemistry was performed using an anti-

V5 antibody to detect expression of PDI and the active site mutants, and cells were stained 

with Hoechst to visualise the nuclei. For each of three replicate experiments, at least 100 cells 

co-expressing mutant SOD1 A4V and the V5-tagged proteins were examined and quantified 

for the presence of SOD1 inclusions (EGFP fluorescence) using fluorescence microscopy 

(Figure 5.9 A).  

As expected, untransfected cells and cells expressing pcDNA3.1 or GFP did not bear any 

inclusions, and similarly, wildtype SOD1 expressing cells formed very few inclusions (1.0% 

± 0.6). In contrast, significantly more cells (p < 0.001) expressing mutant SOD1 A4V with 

empty pcDNA3.1 vector displayed inclusions (32.7% ± 4.3), as expected. Consistent with 

previous results, co-expression of mutant SOD1 A4V with wildtype PDI significantly 
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reduced (p < 0.01) the proportion of cells bearing mutant SOD1 inclusions to 16.3% ± 0.9. 

Moreover, overexpression of the CPHC active site mutant, which is predicted to possess 

oxidase activity, in cells expressing mutant SOD1 A4V resulted in significantly fewer (p < 

0.05) cells with SOD1 inclusion formation (18.7% ± 1.9), compared to cells expressing 

mutant SOD1 A4V alone. Similarly, expression of the CGPC active site mutant, predicted to 

possess reductase activity, also significantly decreased (p < 0.05) the proportion of cells 

bearing SOD1 inclusions (19.7% ± 3.2). In contrast, in cells co-expressing the CPYC active 

site mutant, bearing predicted isomerase activity, and SOD1 A4V, there was no change in the 

proportion of cells with SOD1 inclusions (30.7% ± 5.2) compared to cells expressing mutant 

SOD1 A4V with empty pcDNA3.1 vector. Significantly more (p < 0.05) cells expressing the 

CPYC mutant displayed SOD1 inclusions compared to cells co-expressing wildtype PDI with 

mutant SOD1 A4V (Figure 5.9 B). These results suggest that the oxidase (formation of 

disulphide bonds) and reductase (break down of disulphide bonds) activities of PDI are 

required to prevent mutant SOD1 inclusion formation. 
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Figure 5.9: The oxidase and reductase activities of PDI prevent mutant SOD1 inclusion 

formation. A) Immunofluorescence images of Neuro-2A cells expressing GFP, wildtype 

SOD1 and mutant SOD1 A4V co-expressed with either empty pcDNA3.1 vector, wildtype 

PDI, or the CPHC, CPYC or CGPC active site mutants. Cells expressing GFP and wildtype 

SOD1 did not present with inclusions (first and second panels; GFP, SOD1 WT). In contrast, 

more cells expressing mutant SOD1 A4V (third panel; SOD1 A4V) displayed SOD1 

inclusions, as indicated by the white arrowhead (third panel, column one). However, when 

PDI (fourth panel; A4V + PDI), the CPHC active site mutant (fifth panel; A4V + CPHC), or 

the CGPC active site mutant (seventh panel; A4V + CGPC) were co-expressed with mutant 

SOD1 A4V, significantly fewer cells displayed SOD1 inclusions. Conversely, when the 

CPYC active site mutant (sixth panel; A4V + CPYC) was co-expressed with mutant SOD1 

A4V, there was no change in the proportion of cells bearing inclusions. Scale bar = 20 µM. 

B) Quantification of Neuro-2A cells bearing SOD1 inclusions in A). There was a significant 

increase (p < 0.001) in the proportion of cells with SOD1 inclusions in cells expressing 

mutant SOD1 A4V, compared to cells expressing wildtype SOD1. However, significantly 

fewer (p < 0.01) cells bore SOD1 inclusions in populations expressing SOD1 A4V with PDI. 

Similarly, a significant decrease (p < 0.05) in the proportion of cells bearing SOD1 inclusions 

was observed when either the CPHC or the CGPC active site mutants were co-expressed with 

mutant SOD1 A4V. Conversely, co-expression of the CPYC active site mutant did not 

prevent SOD1 inclusion formation, compared to cells expressing SOD1 A4V alone. 

Furthermore, significantly more cells (p < 0.05) bore SOD1 inclusions in populations co-

expressing the CPYC active site mutant with mutant SOD1 A4V, compared to those co-

expressing wildtype PDI and SOD1 A4V. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p 

< 0.001. 
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5.3.7 The oxidase, reductase and isomerase activities of PDI are protective against ER 

stress induced by mutant SOD1 

 

5.3.7.1 XBP-1 as a marker of early UPR induction 

In Chapter 4, it was demonstrated that PDI’s a and b domains alone were protective against 

induction of ER stress in Neuro-2A cells, implying that both the disulphide interchange and 

chaperone functions of PDI are protective in ALS. It was also shown that both DsbA and 

DsbC, an oxidase and isomerase respectively, were protective against ER stress induced by 

mutant SOD1. Thus, it was next investigated whether the active site mutants of PDI were also 

protective. The activation of XBP-1 was used as a marker for ER stress as previous, to 

examine the effect of the redox active site mutants on early UPR induction induced by mutant 

SOD1.  

Neuro-2A cells were transfected for 72 h with empty pcDNA3.1 vector, GFP, wildtype SOD1 

with empty pcDNA3.1 vector, and mutant SOD1 A4V co-expressed with either pcDNA3.1, 

wildtype PDI, or the CPHC, CPYC or CGPC active site mutants. After fixing the cells, 

immunocytochemistry was performed using an anti-XBP-1 antibody, where nuclear 

immunoreactivity to XBP-1 signified its activation, indicative of UPR induction (Figure 5.10 

A). To clearly visualise the nucleus of each cell, DAPI-staining with Hoechst was also 

performed. 

Quantification revealed that only approximately 10% of untransfected cells or cells 

expressing either empty pcDNA3.1 vector or GFP, exhibited nuclear immunoreactivity to 

XBP-1, indicating low levels of activation of ER stress in these cells. There was a slight, but 

insignificant increase in the proportion of cells with XBP-1 activation in populations 

expressing wildtype SOD1 with empty pcDNA3.1 vector (17.0% ± 2.6), consistent with 
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previous studies [119]. As expected, there was a significant increase (p < 0.01) in the 

proportion of cells with XBP-1 activation in populations expressing mutant SOD1 A4V with 

empty pcDNA3.1 vector (35.3% ± 3.5), compared to those expressing wildtype SOD1. 

However, when PDI was co-expressed with mutant SOD1 A4V, there was a significant 

reduction (p < 0.01) in the percentage of cells with activated XBP-1 (16.3% ± 2.0), consistent 

with previous studies [448]. Significantly fewer cells with XBP-1 activation were also 

observed when mutant SOD1 A4V was co-expressed with either the CPHC (p < 0.01, 19.0% 

± 2.6), CPYC (p < 0.05, 19.7% ± 3.9) or CGPC (p < 0.01, 18.7% ± 3.2) active site mutants 

(Figure 5.10 B), but in each case, there was no significant difference to cells expressing 

wildtype PDI. These results suggest that wildtype PDI and the redox mutants were equally 

protective against induction of ER stress induced by mutant SOD1.  Hence modifying PDI’s 

active site redox potential does not further improve PDI’s capability to inhibit early UPR 

induction. 



333 
 

 



334 
 

Figure 5.10: The oxidase, reductase and isomerase activities of PDI are protective 

against XBP-1 activation induced by mutant SOD1. A) Neuro-2A cells were transfected 

with GFP alone, wildtype SOD1 with empty pcDNA3.1 vector, and mutant SOD1 A4V with 

either pcDNA3.1, wildtype PDI, or the CPHC, CPYC or CGPC active site mutants. Cells 

expressing GFP or wildtype SOD1 displayed little XBP-1 activation (first and second panel; 

GFP, SOD1 WT). However, in cells expressing mutant SOD1 A4V (third panel; SOD1 

A4V), nuclear immunoreactivity to XBP-1 was more commonly visualised, as indicated by 

the white arrowhead (third panel, second column). Co-expression of mutant SOD1 A4V with 

either wildtype PDI (fourth panel; A4V + PDI) or the active site mutants (panels five to 

seven; A4V + CPHC, A4V + CPYC, A4V + CGPC), resulted in a reduction in the proportion 

of cells displaying XBP-1 activation. Scale bar = 20 µM. B) Quantification of cells in A) 

displaying XBP-1 activation. Few untransfected cells or cells expressing pcDNA3.1, GFP or 

wildtype SOD1, displayed XBP-1 activation. There was a significant increase (p < 0.01) in 

the proportion of cells with XBP-1 activation in populations expressing mutant SOD1 A4V, 

compared to those expressing wildtype SOD1. Significantly fewer cells displayed XBP-1 

activation, when either wildtype PDI (p < 0.01), or the CPHC (p < 0.01), CPYC (p < 0.05) or 

CGPC (p < 0.01) active site mutants, were co-expressed with mutant SOD1 A4V. N=3, Mean 

± SEM, * p < 0.05, ** p < 0.01. 
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 5.3.7.2 CHOP as a marker of the apoptotic phases of UPR 

Next, to confirm the results obtained using XBP-1 nuclear immunoreactivity, that all three 

PDI redox active site mutants are protective against mutant SOD1-induced ER stress in 

Neuro-2A cells, another marker of ER stress was examined; CHOP. The activation of CHOP 

is also indicative of ER stress-induced apoptotic signalling; hence it was investigated whether 

the PDI active site mutants were able to inhibit the UPR’s shift from pro-survival to pro-

apoptosis within these cells. Neuro-2A cells were transfected with empty pcDNA3.1 vector, 

GFP alone, wildtype SOD1 with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, 

wildtype PDI, or the CPHC, CPYC, or CGPC active site mutants. Cells were fixed 72 h after 

transfection where immunocytochemistry was performed using an anti-CHOP antibody and 

nuclei were stained with Hoechst. Cells were analysed using fluorescent microscopy, 

whereby nuclear immunoreactivity to CHOP was indicative of its activation, as well as the 

induction of pro-apoptotic UPR (Figure 5.11 A), as in previous chapters.  

Quantification revealed that less than 5% of untransfected cells or cells expressing empty 

pcDNA3.1 vector or GFP alone displayed CHOP activation, as expected. Similarly, only 

5.0% ± 0.6 of cells expressing wildtype SOD1 exhibited nuclear immunoreactivity to CHOP. 

A significant increase (p < 0.001) in the proportion of cells displaying CHOP activation was 

observed in mutant SOD1 A4V expressing cells (19.0 % ± 1.5), compared to wildtype SOD1 

expressing cells, consistent with previous studies. In contrast, significantly fewer (p < 0.01) 

cells displayed CHOP activation when PDI was co-expressed with mutant SOD1 A4V 

(12.0% ± 1.2), compared to cells expressing mutant SOD1 A4V alone. Similar to wildtype 

PDI, when either the CPHC, CPYC or CGPC active site mutants were co-expressed with 

SOD1 A4V, there was a significant reduction (p < 0.05) in the proportion of cells with 

nuclear immunoreactivity to CHOP (12.7 % ± 0.9, 13.7% ± 1.2 and 13.7% ± 1.5, 

respectively), suggesting that the oxidase, reductase and isomerase activity of PDI are equally 
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protective against CHOP activation, and hence, ER stress-induced apoptotic signalling 

(Figure 5.11 B).  These results were therefore consistent with the findings obtained using 

XBP-1 as a marker of ER stress. 
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Figure 5.11: The oxidase, reductase and isomerase activities of PDI are protective 

against CHOP activation induced by mutant SOD1. A) Immunofluorescence images of 

Neuro-2A cells transfected with GFP, wildtype SOD1 with pcDNA3.1, and mutant SOD1 

A4V with either pcDNA3.1, wildtype PDI, and the CPHC, CPYC and CGPC active site 

mutants. Cells expressing GFP alone or wildtype SOD1 (first and second panels; GFP, SOD1 

WT) displayed little CHOP activation. In contrast, more mutant SOD1 A4V expressing cells 

(third panel; SOD1 A4V) displayed nuclear immunoreactivity to CHOP (third panel, column 

two). However, when PDI (fourth panel; A4V + PDI) or the PDI active site mutants (panels 

five to seven; A4V + CPHC, A4V + CPYC, A4V + CGPC) were co-expressed with mutant 

SOD1 A4V, the proportion of cells displaying CHOP activation was reduced. Scale bar = 20 

µM. B) Quantification of the cells in A) displaying CHOP activation. Very few untransfected 

cells or cells expressing pcDNA3.1, GFP or wildtype SOD1 displayed nuclear 

immunoreactivity to CHOP, indicating activation. There was a significant increase (p < 

0.001) in the proportion of cells with CHOP activation in mutant SOD1 A4V expressing 

cells, compared to wildtype SOD1 expressing cells. Significantly fewer (p < 0.01) cells 

expressing mutant SOD1 A4V exhibited CHOP activation when wildtype PDI was co-

expressed. Similarly, there was a significant reduction (p < 0.05) in the proportion of cells 

displaying nuclear CHOP immunoreactivity when mutant SOD1 A4V expressing cells were 

co-expressed with either the CPHC, CPYC or CGPC active site mutants, and no significant 

differences were observed between these groups. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, 

*** p < 0.001. 
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5.3.8 The oxidase activity of PDI is protective against apoptosis induced by mutant SOD1 

 

5.3.8.1 Nuclear condensation as a marker of apoptosis 

Previous studies described in Chapter 4 of this thesis investigated the role of the individual 

domains of PDI in ALS and their subsequent protective functions. The results demonstrated 

that PDI’s a domains, and therefore the disulphide interchange activity of PDI, was required 

to inhibit apoptosis induced by mutant SOD1. Moreover, other studies described in Chapter 4 

demonstrated that the oxidase activity via DsbA was protective against apoptosis. Therefore, 

it was next examined whether the PDI active site mutants, and therefore modulation of the 

redox potential of PDI’s active sites, plays a role in mediating this protective activity. To 

assess apoptosis, the condensation and morphology of cell nuclei were firstly analysed. 

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP alone, wildtype SOD1 

with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, wildtype PDI, or the CPHC, 

CPYC, or CGPC active site mutants for 72 h. Immunocytochemistry was performed after 

fixing the cells using an anti-V5 antibody to visualise expression of PDI and the redox active 

site mutant proteins. Moreover, cells were stained with Hoechst to examine the morphology 

of nuclei. Nuclear morphology was analysed in at least 100 transfected cells per cell 

population using fluorescent microscopy and cells were considered apoptotic if the nucleus 

was condensed or fragmented, as in previous studies (Figure 5.12 A).  

Condensed nuclei were rarely present in untransfected cells (4.0%) or in cells expressing 

pcDNA3.1, GFP or wildtype SOD1 (4.0%, 5.7% ± 0.7 and 6.0% ± 0.6, respectively). The 

proportion of cells with apoptotic nuclei was significantly higher (p < 0.001) in cells 

expressing mutant SOD1 A4V (16.3% ± 1.9), compared to cells expressing wildtype SOD1. 

However, significantly fewer apoptotic nuclei were observed when wildtype PDI was co-
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expressed with mutant SOD1 A4V (p < 0.05, 10.0% ± 2.0) or the CPHC active site mutant (p 

< 0.01, 9.7% ± 1.2), suggesting that the oxidase activity of PDI is protective against apoptosis 

induced by mutant SOD1. In contrast, co-expression of the CPYC and CGPC active site 

mutants did not reduce the presence of apoptotic nuclei in cells expressing mutant SOD1 

A4V (16.3% ± 0.3 and 17.3% ± 0.9, respectively). Moreover, the proportion of apoptotic 

nuclei was significantly higher in cells co-expressing SOD1 A4V with either CPYC (p < 

0.05) or CGPC (p < 0.01), compared to those co-expressing PDI with mutant SOD1 A4V, 

implying that the isomerase and reductase activities of PDI are not protective against mutant 

SOD1-induced apoptosis (Figure 5.12 B). 
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Figure 5.12: The oxidase activity of PDI is protective against nuclei condensation 

induced by mutant SOD1. A) Immunofluorescence images of Neuro-2A cells transfected 

with GFP, wildtype SOD1 with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, 

wildtype PDI, or the CPHC, CPYC, or CGPC active site mutants. Cells expressing GFP (first 

panel; GFP) or wildtype SOD1 (second panel; SOD1 WT) display nuclei of regular 

morphology and size. In contrast, more cells expressing mutant SOD1 A4V (third panel; 

SOD1 A4V) display apoptotic nuclei, indicated by condensed nuclei or irregular morphology, 

as shown by the white arrowhead (third panel, column three). However, the proportion of 

cells with apoptotic nuclei is reduced in populations co-expressing mutant SOD1 A4V with 

either wildtype PDI (fourth panel; A4V + PDI) or the CPHC active site mutant (fifth panel; 

A4V + CPHC). Cells co-expressing mutant SOD1 A4V with either the CPYC active site 

mutant (sixth panel; A4V + CPYC) or the CGPC active site mutant (seventh panel; A4V + 

CGPC) displayed more apoptotic nuclei, indicated by the white arrowheads. Scale bar = 20 

µM. B) Quantification of cells displaying apoptotic nuclei in A). A significant increase in the 

proportion of apoptotic nuclei was observed in cells expressing mutant SOD1 A4V, 

compared to cells expressing wildtype SOD1 (p < 0.001). However, there was a significant 

decrease in the proportion of cells with apoptotic nuclei when mutant SOD1 A4V was co-

expressed with either wildtype PDI (p < 0.05) or the CPHC active site mutant (p < 0.01). In 

contrast, significantly more cells with apoptotic nuclei were detected in populations co-

expressing mutant SOD1 A4V with either the CPYC active site mutant (p < 0.05) or the 

CGPC active site mutant (p < 0.01), compared to cells co-expressing mutant SOD1 A4V and 

PDI.  Hence these data indicate that these mutants are not protective against apoptosis, unlike 

the CPHC mutant. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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5.3.8.2 Caspase-3 as an early marker of apoptosis 

To confirm these findings, another marker of apoptosis was examined, the activation of 

Caspase-3. Neuro-2A cells were transfected for 72 h with empty pcDNA3.1 vector, and 

constructs encoding GFP alone, wildtype SOD1 with pcDNA3.1, and mutant SOD1 A4V 

with either pcDNA3.1, wildtype PDI, or the CPHC, CPYC, or CGPC active site mutants. 

Cells were fixed and immunocytochemistry was performed using an anti-cleaved Caspase-3 

antibody, where nuclear immunoreactivity to Caspase-3 was indicative of its activation, and 

moreover, of a cell undergoing apoptosis (Figure 5.13 A). Cells were also stained with 

Hoechst to clearly visualise the nuclei. 

Less than 5% of untransfected cells or cells expressing either empty pcDNA3.1 vector or 

GFP displayed nuclear immunoreactivity to Caspase-3. Similarly, only 4.7% ± 1.2 cells 

expressing wildtype SOD1 demonstrated Caspase-3 activation. As expected, there was a 

significant increase (p < 0.001) in the proportion of cells displaying Caspase-3 activation 

when mutant SOD1 A4V was expressed (19.0% ± 1.5). However, when PDI was co-

expressed with mutant SOD1 A4V, significantly fewer (p < 0.01) cells displayed Caspase-3 

activation (10.7% ± 1.7), compared to cells expressing mutant SOD1 A4V alone. A similar 

significant decrease (p < 0.001) in the proportion of cells with Caspase-3 activation was also 

observed when the CPHC active site mutant was co-expressed with mutant SOD1 A4V (8.7% 

± 0.3), compared to cells expressing mutant SOD1 A4V with empty pcDNA3.1 vector, 

suggesting that the active site mutant with predicted oxidase activity, CPHC, is protective 

against mutant SOD1-induced apoptosis, similar to PDI. Conversely, co-expression of mutant 

SOD1 A4V with either the CPYC active site mutant (15.3% ± 1.8) or the CGPC active site 

mutant (16.7% ± 1.2) did not alter the proportion of cells displaying Caspase-3 activation. 

Moreover, a significant difference (p < 0.05) in the proportion of cells with Caspase-3 

activation was observed between mutant SOD1 A4V cells co-expressing PDI, and SOD1 
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A4V cells co-expressing the CGPC active site mutant. Furthermore, significantly fewer 

mutant SOD1 A4V cells co-expressing the CPHC active site mutant displayed Caspase-3 

activation, compared to SOD1 A4V cells co-expressing either the CPYC active site mutant (p 

< 0.05) or the CGPC active site mutant (p < 0.01). These results demonstrate that the mutants 

with predicted isomerase activity, CPYC, and reductase activity, CGPC, are not protective 

against mutant SOD1-induced apoptosis (Figure 5.13 B). These results therefore confirm the 

results obtained using nuclei condensation as a marker of apoptosis.  Hence, Caspase-3 

activation was no longer utilised as an apoptotic marker in this chapter given that similar 

percentages of apoptosis was obtained using both markers. 
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Figure 5.13: The oxidase activity of PDI is protective against Caspase-3 activation 

induced by mutant SOD1. A) Immunofluorescence images displaying Neuro-2A cells 

expressing GFP, wildtype SOD1 with pcDNA3.1, and mutant SOD1 A4V with either 

pcDNA3.1, PDI, or the CPHC, CPYC, or CGPC active site mutants. Few cells expressing 

GFP or wildtype SOD1 displayed Caspase-3 activation (first and second panels; GFP, SOD1 

WT), whereas more cells expressing mutant SOD1 A4V (third panel; SOD1 A4V) 

demonstrated Caspase-3 activation, indicated by nuclear immunoreactivity to Caspase-3 

(third panel, column two). When PDI or the CPHC active site mutant were co-expressed with 

mutant SOD1 A4V, fewer cells displayed Caspase-3 activation (fourth and fifth panels; A4V 

+ PDI, A4V + CPHC) compared to mutant SOD1 A4V cells expressing empty vector. 

However, when mutant SOD1 A4V was co-expressed with either the CPYC or CGPC active 

site mutants (sixth and seventh panels; A4V + CPYC, A4V + CGPC), a similar proportion of 

cells with Caspase-3 activation was detected. Scale bar = 20 µM. B) Quantification of the 

proportion of cells with Caspase-3 activation in A). There was a significant increase in the 

proportion of mutant SOD1 A4V expressing cells with Caspase-3 activation, compared to the 

proportion of cells expressing wildtype SOD1 (p < 0.001). However, the proportion of cells 

with Caspase-3 activation was significantly reduced when PDI (p < 0.01) or the CPHC active 

site mutant (p < 0.001) were co-expressed with mutant SOD1 A4V compared to cells 

expressing mutant SOD1 A4V with empty vector. There was a significant increase in the 

proportion of SOD1 A4V expressing cells displaying Caspase-3 activation in populations co-

expressing either the CPYC (p < 0.05) or the CGPC (p < 0.01) active site mutants compared 

to mutant SOD1 A4V cells co-expressing the CPHC active site mutant. Similarly, there was a 

significant increase in the proportion of Caspase-3 activated cells expressing mutant SOD1 

A4V with the CGPC active site mutant, compared to cells expressing SOD1 A4V with PDI (p 

< 0.05.) N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Examining the protective effect of the PDI redox active site mutants in cells expressing 

mutant TDP-43 

The PDI redox active site mutants were next analysed in Neuro-2A cells expressing mutant 

TDP-43 Q331K. Their activity on TDP-43 mislocalisation and mutant TDP-43-induced ER 

stress was investigated in the following experiments. 

 

5.3.9 The redox active site mutants are co-expressed in almost all cells transfected with 

TDP-43 

Firstly, the co-transfection efficiency of the active site mutants and TDP-43 was investigated 

by transfecting either the CPHC, CPYC or CGPC active site mutants with EGFP-TDP-43 

Q331K for 18 h. Cells were fixed, immunocytochemistry was performed using an anti-V5 

antibody, and cells were stained with Hoechst to visualise the nuclei. Co-transfection was 

confirmed by examining EGFP expression for TDP-43 using fluorescent microscopy, and by 

performing immunocytochemistry with an Alexa Fluor 568-tagged secondary antibody to 

detect the V5 tag on the active site mutants (Figure 5.14). The overall transfection efficiency 

of TDP-43 was approximately 70-75% 18 h post-transfection in Neuro-2A cells. For each of 

the three replicate experiments undertaken, at least 100 TDP-43 expressing cells were 

examined for co-expression with either the CPHC, CPYC or CGPC active site mutants using 

fluorescent microscopy. Quantification revealed that approximately 98% of TDP-43 

expressing cells also co-expressed the CPHC active site mutant, 94% of TDP-43 expressing 

cells co-expressed the CPYC active site mutant, and 96% of TDP-43 expressing cells co-

expressed the CGPC active site mutant. Therefore, it was assumed that the detection of TDP-

43 expression reflected co-expression of both TDP-43 and the appropriate PDI active site 
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mutant in future experiments, where they were co-transfected and immunocytochemistry 

using a V5 antibody was not performed. 

 

 

 

Figure 5.14: The CPHC, CPYC and CGPC redox active site mutants are co-expressed 

in almost all Neuro-2A cells co-transfected with EGFP-TDP-43. Neuro-2A cells were 

transfected with EGFP-TDP-43 (left column; TDP-43) and either the CPHC, CPYC or CGPC 

active site mutants (second column; V5) for 18 h. Cells were fixed, immunocytochemistry 

performed using an anti-V5 antibody and the nuclei stained with Hoechst (third column; 

DAPI). The merge column demonstrates co-expression of the active site mutants and TDP-

43. Scale bar = 20 µM. 
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5.3.10 Expression of TDP-43 and redox active site mutants in Neuro-2A cells 

Next, Western blotting analysis was performed to ensure that the transfection of each protein 

resulted in similar expression levels and to confirm that the expressed proteins were of the 

expected size (Figure 5.15). Cell lysates were prepared from the following cellular 

populations; GFP alone, wildtype TDP-43 co-expressing empty vector pcDNA3.1, and 

mutant TDP-43 Q331K co-expressing either pcDNA3.1, wildtype PDI, or the CPHC, CPYC 

or CGPC active site mutants. Immunoblotting revealed that wildtype and mutant EGFP-TDP-

43 proteins were expressed at the expected size of 64 kDa, and GFP alone was expressed at 

the expected size of 26 kDa, using an anti-GFP antibody. Wildtype TDP-43 was expressed at 

higher levels compared to mutant TDP-43 Q331K, as expected. Wildtype PDI and the PDI 

active site mutants were detected in cell lysates at similar levels using an anti-V5 antibody at 

62 kDa. β-actin was used as a loading control, detected at 40 kDa using an anti-β-actin 

antibody. 
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Figure 5.15: Protein expression of wildtype PDI, the PDI redox active site mutants and 

EGFP-TDP-43 proteins in Neuro-2A cells. A) Western blotting analysis was performed and 

quantified to ensure that the proteins expressed were of expected MW and to verify that the 

expression level of each protein was similar between groups. Cell lysates examined were 

GFP alone, wildtype TDP-43 with empty pcDNA3.1 vector, and mutant TDP-43 Q331K with 

either empty pcDNA3.1 vector, wildtype PDI, or the CPHC, CPYC or CGPC active site 

mutants. Wildtype and mutant TDP-43 were detected at 64 kDa (TDP-43 = 48 kDa, GFP = 

26 kDa) and GFP was detected at 26 kDa, as expected. Wildtype PDI and the redox active 

site mutants were detected at 62 kDa and loading control, β-actin, was detected at 40 kDa. B)  

Quantification revealed that wildtype TDP-43 was expressed at significantly higher levels (p 

< 0.05) than mutant TDP-43 Q331K, as expected. Mutant TDP-43 Q331K shared similar 

expression levels across all cell lysate populations. Wildtype PDI and the active site mutants 

were also expressed at similar expression levels. Lysates expressing GFP only were not 

included in quantification. N=3, Mean ± SEM, * p < 0.05. 
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5.3.11 The oxidase and isomerase activity of PDI is necessary for preventing mutant TDP-

43 mislocalisation to the cytoplasm 

Previously in Chapter 4, it was demonstrated that the a domain of PDI was protective against 

mutant TDP-43 mislocalisation to the cytoplasm, suggesting that the disulphide interchange 

activity of PDI plays an important role in inhibiting TDP-43’s translocation to the cytoplasm. 

Furthermore, other studies outlined in Chapter 4 examining the Dsb proteins revealed that 

both DsbA and DsbC, and hence the oxidase and isomerase activity respectively, prevented 

mutant TDP-43 mislocalisation to the cytoplasm. Therefore, next, the active site mutants of 

PDI were examined to investigate whether alterations in the redox potential of PDI modifies 

this protective activity. 

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP alone, wildtype SOD1 

with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, wildtype PDI, or the CPHC, 

CPYC, or CGPC active site mutants. At 18 h post-transfection, cells were fixed and stained 

with Hoechst to clearly visualise the nuclei. Immunocytochemistry was not performed as it 

was assumed that EGFP-TDP-43 expression reflected co-expression with the V5-tagged 

proteins, as previously described in section 5.3.11. At least 100 TDP-43 expressing cells were 

examined for mislocalisation using fluorescent microscopy. TDP-43 was considered nuclear 

when it completely co-localised with the nucleus but was considered mislocalised when TDP-

43 was detected in both the nucleus and the cytoplasm in EGFP-TDP-43 expressing cells 

(Figure 4.16 A).  

Very few cells expressing wildtype TDP-43 displayed mislocalisation to the cytoplasm (1.0% 

± 0.6). There was a significant increase (p < 0.001) in the proportion of cells displaying TDP-

43 mislocalisation in populations expressing mutant TDP-43 Q331K with empty pcDNA3.1 

vector (14.7% ± 1.2) compared to those expressing wildtype TDP-43, as expected. However, 
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co-expression of PDI with mutant TDP-43 Q331K significantly reduced (p < 0.01) the 

proportion of cells with TDP-43 mislocalisation (6.7% ± 1.7), compared to those expressing 

mutant TDP-43 Q331K alone, consistent with previous reports. Similarly, significantly fewer 

(p < 0.05) cells displayed TDP-43 mislocalisation to the cytoplasm when either the CPHC 

active site mutant (7.7% ± 0.3) or the CPYC active site mutant (8.3% ± 1.5) were co-

expressed with mutant TDP-43, suggesting that both PDI’s oxidase and isomerase activity are 

protective against mutant TDP-43 mislocalisation to the cytoplasm. Conversely, co-

expression of the CGPC active site mutant with mutant TDP-43 Q331K did not reduce the 

proportion of cells with TDP-43 mislocalisation (11.3% ± 1.5), compared to cells expressing 

mutant TDP-43 Q331K alone. However, there was also no significant differences between 

the proportion of these cells with mutant TDP-43 mislocalisation and those expressing the 

other active site mutants or wildtype PDI, indicating that further studies may be warranted to 

elucidate the protective properties of the active site mutants (Figure 5.16 B). 
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Figure 5.16: The oxidase and isomerase activities of PDI are protective against mutant 

TDP-43 mislocalisation to the cytoplasm. A) Immunofluorescence images of Neuro-2A 

cells expressing wildtype TDP-43 with pcDNA3.1, and mutant TDP-43 Q331K with either 

pcDNA3.1, wildtype PDI, or the CPHC, CPYC or CGPC active site mutants. Wildtype TDP-

43 expressing cells (first panel; TDP-43 WT) displayed nuclear localisation of TDP-43, 

whereas more cells expressing mutant TDP-43 Q331K (second panel; TDP-43 Q331K) 

displayed cytoplasmic, mislocalised TDP-43, as indicated by the white arrowhead (second 

panel, first column). When mutant TDP-43 Q331K was co-expressed with PDI (third panel; 

Q331K + PDI), the CPHC active site mutant (fourth panel; Q331K + CPHC) or the CPYC 

active site mutant (fifth panel; Q331K + CPYC), fewer cells displayed TDP-43 

mislocalisation. However, more cells co-expressing mutant TDP-43 Q331K with the CGPC 

active site mutant (sixth panel; Q331K + CGPC) displayed TDP-43 mislocalisation, as 

indicated by the white arrowhead (sixth panel, first column). Scale bar = 20 µM. B) 

Quantification of cells with TDP-43 mislocalisation in A). There was a significant increase (p 

< 0.001) in the proportion of cells with TDP-43 mislocalisation in mutant TDP-43 Q331K 

expressing cells, compared to wildtype TDP-43 expressing cells. However, this proportion 

was significantly decreased when mutant TDP-43 Q331K was co-expressed with either 

wildtype PDI (p < 0.01), the CPHC active site mutant (p < 0.05) or the CPYC active site 

mutant (p < 0.05). Co-expression of the CGPC active site mutant with TDP-43 Q331K did 

not reduce the proportion of cells exhibiting TDP-43 mislocalisation to the cytoplasm. N=3, 

Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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5.3.12 The oxidase activity of PDI is protective against ER stress induced by mutant TDP-

43 

In Chapter 4, it was demonstrated that both the a and b domains of PDI, and hence both the 

disulphide interchange activity and chaperone function, were protective against mutant TDP-

43-induced ER stress. Studies involving DsbA and DsbC explored how the redox potential of 

PDI modulates this protective activity, and they demonstrated that only the oxidase protein, 

DsbA, was able to inhibit the induction of mutant TDP-43-induced ER stress in Neuro-2A 

cells. Therefore, it was next investigated whether the active site mutants were protective 

against ER stress, to investigate how altering PDI’s active site to modify its redox potential, 

also alters its protective activity. The activation of XBP-1 was examined in cells expressing 

mutant TDP-43-induced. 

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP alone, wildtype SOD1 

with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, wildtype PDI, or the CPHC, 

CPYC, or CGPC active site mutants for 18 h. Cells were fixed, immunocytochemistry was 

performed using an anti-XBP-1 antibody to probe for XBP-1 activation, and cells were 

DAPI-stained with Hoechst. Fluorescent microscopy was utilised to analyse at least 100 

TDP-43 expressing cells for activation of XBP-1 and hence ER stress, illustrated by nuclear 

immunoreactivity to XBP-1 (Figure 5.17 A).  

Approximately 10% of untransfected cells, or cells expressing either empty pcDNA3.1 vector 

or GFP only, displayed XBP-1 activation. Similarly, few cells expressing wildtype TDP-43 

exhibited XBP-1 activation (11.3% ± 1.9). In contrast, there was a significant increase (p < 

0.01) in the proportion of cells displaying XBP-1 activation in populations expressing mutant 

TDP-43 Q331K (29.3% ± 1.8). However, co-expression of mutant TDP-43 with either 

wildtype PDI or the CPHC active site mutant resulted in a significant decrease (p < 0.05) in 
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the proportion of cells with XBP-1 activation (14.0% ± 1.2 and 15.0% ± 3.6, respectively). 

Co-expression of the CPYC and CGPC active site mutant did not decrease the proportion of 

cells with XBP-1 activation in mutant TDP-43 Q331K expressing populations (27.0% ± 5.0 

and 23.0% ± 2.6, respectively), and a significant difference (p < 0.05) in this proportion was 

observed between mutant TDP-43 Q331K cells co-expressing the CPYC active site mutant 

and TDP-43 Q331K cells co-expressing wildtype PDI. These results demonstrate that the 

CPHC active site mutant, with predicted oxidase activity, is protective against mutant TDP-

43-induced XBP-1 activation, similar to wildtype PDI (Figure 5.17 B). 
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Figure 5.17: The oxidase activity of PDI is protective against XBP-1 activation induced 

by mutant TDP-43. A) Immunofluorescence images of Neuro-2A cells expressing GFP, 

wildtype TDP-43 with pcDNA3.1, and mutant TDP-43 Q331K with either pcDNA3.1, 

wildtype PDI or the CPHC, CPYC or CGPC active site mutants. Few cells expressing GFP 

alone or wildtype TDP-43 (first and second panels; GFP, TDP-43 WT) displayed nuclear 

XBP-1 immunoreactivity, and hence, XBP-1 activation. In contrast, more cells expressing 

mutant TDP-43 Q331K displayed XBP-1 activation (third panel; TDP-43 Q331K), as 

indicated by the white arrowhead (third panel, column two). However, when wildtype PDI or 

the CPHC active site mutant was co-expressed with mutant TDP-43 Q331K (fourth and fifth 

panels; Q331K + PDI, Q331K + CPHC), fewer cells displayed XBP-1 activation. Co-

expression of TDP-43 Q331K with either the CPYC or CGPC active site mutants (sixth and 

seventh panels; Q331K + CPYC, Q331K + CGPC) did not reduce the proportion of cells with 

XBP-1 activation, indicated by the white arrowheads (column two, panels six and seven). 

Scale bar = 20 µM. B) Quantification of the cells in A) with XBP-1 activation. The 

proportion of cells with XBP-1 activation was significantly higher in cells expressing mutant 

TDP-43 Q331K, compared to cells expressing wildtype TDP-43 (p < 0.01) as expected. 

However, when either PDI or the CPHC active site mutant was co-expressed with mutant 

TDP-43 Q331K, significantly fewer cells (p < 0.05) displayed XBP-1 activation, implying 

that the CPHC oxidase active site mutant is protective against ER stress induced by mutant 

TDP-43 Q331K. Mutant TDP-43 Q331K cells co-expressing either the CPYC or CGPC 

active site mutants did not reduce the proportion of cells with XBP-1 nuclear 

immunoreactivity and significantly higher (p < 0.05) levels of XBP-1 activation was 

observed in TDP-43 Q331K cells co-expressing CPYC, compared to TDP-43 Q331K cells 

co-expressing wildtype PDI. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01. 
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5.3.13 The oxidase activity is protective against CHOP activation induced by mutant TDP-

43 

The oxidase, isomerase and reductase active site mutants were all protective against ER stress 

induced by mutant SOD1, however only the oxidase was protective against mutant TDP-43 

induced ER stress. To confirm this result, a second marker of ER stress, CHOP, was 

examined in cells co-expressing mutant TDP-43 and the active site mutants. Neuro-2A cells 

were transfected for 18 h with empty pcDNA3.1 vector, GFP alone, wildtype TDP-43 with 

pcDNA3.1, and mutant TDP-43 Q331K with either pcDNA3.1, wildtype PDI, or the CPHC, 

CPYC, or CGPC active site mutants. Immunocytochemistry was performed using an anti-

CHOP antibody, where nuclear immunoreactivity to CHOP indicated the activation of pro-

apoptotic UPR, similar to previous studies [448], and nuclei were stained with Hoechst 

(Figure 5.18 A). 

Quantification revealed that untransfected cells and cells expressing either empty pcDNA3.1 

vector or GFP alone displayed almost no nuclear immunoreactivity to CHOP, as expected. 

Similarly, only 7.0% ± 1.5 cells co-expressing wildtype TDP-43 and empty pcDNA3.1 vector 

exhibited CHOP activation. Compared to wildtype TDP-43 expressing cells, there was a 

significant increase (p < 0.001) in the proportion of cells co-expressing mutant TDP-43 

Q331K and empty pcDNA3.1 vector displaying CHOP activation (17.0% ± 0.6) as expected. 

In contrast, co-expression of mutant TDP-43 Q331K with either wildtype PDI (6.7% ± 1.3) 

or the CPHC active site mutant (8.0% ± 1.2) resulted in a significant decrease (p < 0.001 and 

p < 0.01, respectively) in the proportion of cells with CHOP activation, compared to cells co-

expressing mutant TDP-43 Q331K with empty vector, confirming that the CPHC oxidase 

active site mutant is protective against ER stress induced by mutant TDP-43. Co-expression 

of mutant TDP-43 Q331K with either the CPYC or CGPC active site mutant did not alter the 

proportion of cells displaying CHOP activation (12.7% ± 1.5 and 11.7% ± 1.5, respectively), 
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compared to cells co-expressing TDP-43 Q331K and empty vector. Moreover, significantly 

more cells (p < 0.05) expressing mutant TDP-43 Q331K and the CPYC active site mutant 

exhibited CHOP activation, compared to cells co-expressing TDP-43 Q331K and wildtype 

PDI (Figure 5.18 B). These results therefore confirm that the CPHC active site is protective 

against ER stress induced by mutant TDP-43, unlike the CPYC isomerase active site and the 

CGPC reductase active site mutants 
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 Figure 5.18: The oxidase activity of PDI is protective against CHOP activation induced 

by mutant TDP-43. A) Immunofluorescence images of Neuro-2A cells expressing GFP 

alone, wildtype TDP-43 with empty pcDNA3.1 vector, or mutant TDP-43 Q331K with either 

pcDNA3.1, wildtype PDI, or the CPHC, CPYC or CGPC active site mutants. Cells 

expressing either GFP alone (first panel; GFP) or wildtype TDP-43 (second panel; TDP-43 

WT) rarely displayed nuclear immunoreactivity to CHOP, indicating activation. In contrast, 

more cells expressing mutant TDP-43 Q331K (third panel; TDP-43 Q331K) displayed 

nuclear immunoreactivity to CHOP (third panel, column two). Fewer cells exhibited CHOP 

activation when either wildtype PDI (fourth panel; Q331K + PDI) or the CPHC active site 

mutant (fifth panel; Q331K + CPHC) were co-expressed with TDP-43 Q331K. However, co-

expression of either the CPYC or CGPC active site mutants with mutant TDP-43 Q331K 

(sixth and seventh panels; Q331K + CPYC, Q331K + CGPC) resulted in more cells with 

CHOP nuclear immunoreactivity (column two, sixth and seventh panels) compared to cells 

co-expressing wildtype PDI or the CPHC mutant. Scale bar = 20 µM. B) Quantification of 

the cells in A) with CHOP activation. Very few untransfected cells or cells expressing either 

empty pcDNA3.1 vector, GFP alone or wildtype TDP-43, displayed activation of CHOP.  

Significantly more cells (p < 0.001) expressing mutant TDP-43 Q331K demonstrated CHOP 

activation, compared to wildtype TDP-43 expressing cells. However, this proportion was 

significantly decreased when either wildtype PDI (p < 0.001) or the CPHC active site mutant 

(p < 0.01) was co-expressed with mutant TDP-43. Compared to TDP-43 Q331K cells co-

expressing PDI, a significant increase (p < 0.05) in the proportion of cells with CHOP 

activation was observed when the CPYC active site was co-expressed with mutant TDP-43 

Q331K. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Examining the protective effect of the PDI redox active site mutants in cells expressing 

mutant FUS 

Finally, the PDI redox active site mutants were analysed in Neuro-2A cells expressing mutant 

FUS R521G. Their protective activity against FUS mislocalisation and mutant FUS-induced 

ER stress was investigated in the following experiments. 

 

5.3.14 Redox active site mutants are co-expressed in almost all cells transfected with FUS 

Firstly, as with the studies involving SOD1 and TDP-43, the co-transfection efficiency of the 

PDI active site mutants and FUS was examined. Cells were transfected with GFP-FUS and 

either the CPHC, CPYC, or CGPC active site mutants for 72 h, before fixing, and 

immunocytochemistry using an anti-V5 antibody and DAPI-staining with Hoechst was 

performed. Co-transfection was verified by examining the GFP expression of mutant FUS-

GFP using fluorescent microscopy and performing immunocytochemistry with an Alexa 

Fluor 568-tagged secondary antibody to detect the V5 tags on the active site mutants (Figure 

5.19). The overall transfection efficiency of mutant FUS was approximately 80% in Neuro-

2A cells when observed 72 h post-transfection. Three replicate experiments were undertaken, 

where fluorescent microscopy was utilised to examine at least 100 FUS expressing cells. 

These cells were analysed for co-expression with either the CPHC, CPYC or CGPC active 

site mutants. Quantification revealed that approximately 96% of FUS expressing cells also 

co-expressed the CPHC active site mutant, 94% of these cells co-expressed the CPYC active 

site mutant, and 98% of cells co-expressed the CGPC active site mutant. Hence, in all further 

experiments where FUS and the PDI active site mutants were co-transfected and 

immunocytochemistry using an V5 antibody was not performed, it was assumed that 
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detection of FUS reflected co-expression of both FUS and either the CPHC, CPYC or CGPC 

active site mutants. 

 

 

 

Figure 5.19: The CPHC, CPYC and CGPC active site mutants are co-expressed in 

almost all Neuro-2A cells co-transfected with GFP-FUS. Neuro-2A cells were transfected 

for 72 h with mutant GFP-FUS (left column; FUS) and either the CPHC, CPYC or CGPC 

active site mutants (second column; V5). Immunocytochemistry was performed using an anti-

V5 antibody to visualise the PDI active site mutants, and the nuclei were stained with 

Hoechst (third column; DAPI). The merge column illustrates co-expression of the PDI active 

site mutants with FUS in the shown cells. Scale bar = 20 µM.   
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5.3.15 Expression of FUS and redox active site mutants in Neuro-2A cells 

Western blotting analysis was next performed to ensure that the transfection of each protein 

resulted in similar expression levels and to verify that the expressed proteins were of the 

expected sizes (Figure 4.20). Cell lysates were prepared from the following populations; GFP 

alone, wildtype FUS co-expressed with empty vector pcDNA3.1, and mutant FUS R521G 

with either pcDNA3.1, wildtype PDI, or the CPHC, CPYC or CGPC active site mutants. 

Immunoblotting revealed that both wildtype and mutant GFP-FUS were expressed at 100 

kDa as expected (FUS = 74 kDa, GFP = 26kDa) and GFP alone was expressed at 26 kDa 

using an anti-GFP antibody. Wildtype FUS was expressed at higher levels than mutant FUS 

R521G, as expected. Wildtype PDI and the PDI redox active site mutants were detected at 

approximately 62 kDa using an anti-V5 antibody. The loading control, β-actin, was detected 

using an anti-β-actin antibody (40 kDa). 
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Figure 5.20: Protein expression of wildtype PDI, the PDI redox active site mutants and 

GFP-FUS proteins in Neuro-2A cells. A) Western blotting of cell lysates was performed 

and quantified to determine if protein expression levels were comparable between groups and 

to ensure that proteins were expressed at expected MW. Cell lysates examined were GFP 

alone, wildtype FUS with empty pcDN3.1, and mutant FUS R521G with either pcDNA3.1, 

wildtype PDI, or the CPHC, CPYC or CGPC active site mutants. PDI and active site mutants 

were detected at 62 kDa, wildtype FUS and mutant FUS R521G were detected at 100 kDa 

and GFP alone was detected at 26 kDa, as expected. β-actin was used as a loading control and 

was expressed at 40 kDa. B) Quantification revealed that wildtype FUS was expressed at 

significantly higher levels (p < 0.05) compared to mutant FUS R521G. Mutant FUS R521G 

shared similar expression levels across all cell lysates. Similarly, wildtype PDI and active site 

mutants also demonstrated comparable levels of expression. Lysates expressing GFP only 

were not included in quantification. N=3, Mean ± SEM, * p < 0.05. 

 

 

 

 

 

 

 

 

 



369 
 

5.3.16 The oxidase activity of PDI is necessary for preventing mutant FUS mislocalisation 

to the cytoplasm 

Previous results obtained in Chapter 4 demonstrated that the a and a’ domains, which are 

responsible for PDI’s disulphide interchange activity, were both protective against mutant 

FUS mislocalisation to the cytoplasm. Furthermore, analysis of Dsb proteins, DsbA and 

DsbC, demonstrated that only DsbA, which possesses oxidase activity, was able to prevent 

FUS mislocalisation to the cytoplasm, in contrast to DsbC, the isomerase. Therefore, the 

redox active site mutants of PDI were next examined in Neuro-2A cells expressing mutant 

FUS to determine whether modulating the redox potential of PDI’s a and a’ domains altered 

the protective activity of PDI in preventing ALS-associated FUS mislocalisation to the 

cytoplasm. 

Neuro-2A cells were transfected for 72 h with empty pcDNA3.1 vector, GFP alone, wildtype 

FUS with pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, wildtype PDI, or the 

CPHC, CPYC, or CGPC active site mutants. Immunocytochemistry was not performed as it 

was assumed that detection of FUS expression also reflected co-expression with V5-tagged 

PDI proteins, previously determined in section 5.3.16. Fluorescent microscopy was utilised to 

examine the cellular location of FUS, following fixing and staining of the cells with Hoechst 

to visualise the nuclei. FUS was considered cytoplasmic when fluorescence was only 

detected in the cytoplasm but FUS was considered to be nuclear when it was localised in both 

the cytoplasm and nucleus, as previous, as well as when it localised solely in the nucleus 

(Figure 5.21 A).  The reason that these cells were categorised differently to mutant TDP-43 is 

that a much higher percentage of cells were localised only in the cytoplasm compared to 

TDP-43. The R521G mutation of FUS is an aggressive form and studies have demonstrated 

that it is highly retained in the cytoplasm, characterised by a high proportion of insoluble 

FUS and a decrease in soluble nuclear FUS [137]. 
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Untransfected cells, cells expressing empty pcDNA3.1 vector and those expressing GFP 

alone, were not expressing GFP-FUS and hence they were not included in the analysis. In 

wildtype FUS-GFP cells, FUS was expressed solely within the nucleus, and cytoplasmic 

localisation was never detected. Conversely, a high proportion of cells co-expressing mutant 

FUS R521G, with empty pcDNA3.1 vector, displayed cytoplasmic FUS mislocalisation 

(71.3% ± 2.9). However, co-expression of mutant FUS R521G with either wildtype PDI or 

the CPHC active site mutant resulted in a significant reduction (p < 0.05) in the proportion of 

cells expressing cytoplasmic FUS (55.7% ± 1.8 and 53.7% ± 4.3, respectively). This result 

implies that the oxidase activity of the CPHC active site mutant is protective against mutant 

FUS mislocalisation. In contrast, however, there was no difference in the proportion of cells 

with cytoplasmic FUS in populations co-expressing mutant FUS with either the CPYC or the 

CGPC active site mutants (60.3% ± 6.4 and 65.3% ± 2.4, respectively), compared to cells 

expressing mutant FUS R521G with empty pcDNA3.1 vector. Hence these data imply that 

the isomerase and reductase activity of PDI are not protective against mutant FUS 

mislocalisation to the cytoplasm (Figure 5.21 B). 
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Figure 5.21: The oxidase activity of PDI prevents mutant FUS mislocalisation to the 

cytoplasm. A) Immunofluorescence images of Neuro-2A cells expressing wildtype FUS with 

empty pcDNA3.1 vector, and mutant FUS R521G with either pcDNA3.1, wildtype PDI or 

the CPHC, CPYC or CGPC active site mutants. Cells expressing wildtype FUS displayed 

only nuclear FUS localisation, demonstrated by complete co-localisation with the DAPI-

stained nucleus (first panel; FUS WT). In contrast, more cells expressing mutant FUS R521G 

with empty vector demonstrated cytoplasmic localisation of FUS (second panel; FUS 

R521G). Similarly, FUS was localised primarily in the cytoplasm in mutant FUS R521G cells 

co-expressing either the CPYC or the CGPC active site mutants (fifth and sixth panels; 

R521G + CPYC, R521G + CGPC). However, fewer FUS R521G cells co-expressing either 

wildtype PDI or the CPHC active site mutant (third and fourth panels; R521G + PDI, R521G 

+ CPHC), demonstrated FUS localisation in the cytoplasm. Scale bar = 20 µM. B) 

Quantification of Neuro-2A cells with FUS mislocalisation in A). FUS was expressed only in 

the nucleus in populations expressing wildtype FUS, and no cells with cytoplasmic FUS were 

detected. In contrast, most (71.3 %) cells expressing mutant FUS R521G displayed 

cytoplasmic localisation of FUS. A significant decrease (p < 0.05) in the proportion of cells 

with FUS mislocalisation to the cytoplasm was observed when either wildtype PDI or the 

CPHC active site mutant were co-expressed with mutant FUS R521G. However, no 

significant difference was observed in the proportion of FUS R521G cells co-expressing 

either the CPYC or the CGPC active site mutants. N=3, Mean ± SEM, * p < 0.05. 
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5.3.17 The oxidase, reductase and isomerase activity of PDI are protective against XBP-1 

activation induced by mutant FUS 

In the studies described in Chapter 4 both the oxidase activity of DsbA and the isomerase 

activity of DsbC were found to be protective against mutant FUS-induced ER stress. Hence, 

it was next examined whether the redox active site mutants of PDI were also protective 

against ER stress. Firstly, the activation of XBP-1 was used as a marker of ER stress in FUS 

expressing cells. Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP alone, 

wildtype FUS with pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, wildtype 

PDI, or the CPHC, CPYC, or CGPC active site mutants for 72 h. After fixing, 

immunocytochemistry was performed using an anti-XBP-1 antibody, whereby XBP-1 nuclear 

immunoreactivity was indicative of its activation, and thus, UPR induction. DAPI-staining 

was performed with Hoechst to visualise the nuclei (Figure 5.22 A). 

Quantification revealed that approximately 10% of untransfected cells or control cells 

expressing empty pcDNA3.1 vector or GFP alone, displayed XBP-1 activation. Similarly, 

cells expressing wildtype FUS exhibited little XBP-1 activation (12.0% ± 1.5). In contrast, 

there was a significant increase (p < 0.001) in the proportion of cells with XBP-1 activation 

in populations expressing mutant FUS R521G with empty pcDNA3.1 vector (35.7% ± 2.6), 

consistent with previous observations. As expected, a significant decrease (p < 0.001) in the 

proportion of cells with XBP-1 activation was observed when mutant FUS R521G was co-

expressed with wildtype PDI (20.7% ± 2.3), compared to mutant FUS R521G cells co-

expressed with empty vector. Similarly, significantly fewer mutant FUS R521G expressing 

cells demonstrated XBP-1 nuclear immunoreactivity when either of the active site mutants 

was co-expressed; CPHC (p < 0.01, 22.3% ± 1.2), CPYC (p < 0.05, 25.0% ± 2.6) or CGPC (p 

< 0.01, 23.3% ± 1.5). Hence these data imply that the oxidase, isomerase and reductase 
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activities of PDI are all protective against mutant FUS induced UPR induction (Figure 5.22 

B). 
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Figure 5.22: The oxidase, reductase and isomerase activities of PDI are protective 

against XBP-1 activation induced by mutant FUS. A) Immunofluorescence images of 

Neuro-2A cells expressing GFP alone, wildtype FUS with pcDNA3.1, and mutant FUS 

R521G with either pcDNA3.1, wildtype PDI or the CPHC, CPYC or CGPC active site 

mutants. Cells expressing either GFP alone or wildtype FUS (first and second panels; GFP, 

FUS WT) rarely displayed XBP-1 activation. Conversely, more cells expressing mutant FUS 

R521G (third panel; FUS R521G) demonstrated XBP-1 nuclear immunoreactivity, indicative 

of XBP-1 activation, as specified by the white arrowhead (third panel, column two). Co-

expression of mutant FUS R521G with either wildtype PDI (fourth panel; R521G + PDI) or 

the redox active site mutants (panels five to seven; R521G + CPHC, R521G + CPYC, R521G 

+ CGPC) resulted in fewer cells with XBP-1 activation. Scale bar = 20 µM. B) Quantification 

of the cells in A) with XBP-1 activation. There was a significant increase (p < 0.001) in the 

proportion of cells co-expressing mutant FUS R521G with empty vector, compared to cells 

co-expressing wildtype FUS with empty vector, as expected. Significantly fewer cells 

displayed XBP-1 activation when mutant FUS R521G was co-expressed with either wildtype 

PDI (p < 0.001), the CPHC active site mutant (p < 0.01), CPYC active site mutant (p < 0.05) 

or the CGPC active site mutant (p < 0.01). N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p 

< 0.001. 
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5.3.18 The oxidase, reductase and isomerase activities of PDI are protective against CHOP 

activation induced by mutant FUS 

To confirm the XBP-1 findings that all three redox active site mutants were protective against 

mutant FUS induced ER stress, the activation of pro-apoptotic CHOP was analysed in Neuro-

2A cells. Cells were transfected for 72 h with empty pcDNA3.1 vector, GFP alone, wildtype 

FUS with pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, wildtype PDI, or the 

CPHC, CPYC, or CGPC active site mutants. Immunocytochemistry was performed using an 

anti-CHOP antibody to detect nuclear immunoreactivity to CHOP, indicating activation. 

Cells were also stained with Hoechst to visualise the nuclei and examined using fluorescent 

microscopy (Figure 5.23 A). 

Less than 5% of untransfected cells or cells expressing either empty pcDNA3.1 vector or 

GFP displayed CHOP activation. Moreover, only 1.7% ± 0.9 of cells expressing wildtype 

FUS demonstrated nuclear immunoreactivity to CHOP. Conversely, there was a significant 

increase (p < 0.001) in the proportion of cells with CHOP activation (22.3% ± 1.8) in 

populations expressing mutant FUS R521G, compared to those expressing wildtype FUS. 

Co-expression of PDI with mutant FUS R521G resulted in a significant reduction (p < 0.001) 

in the proportion of cells displaying CHOP activation (5.7% ± 0.3), compared to cells co-

expressing mutant FUS R521G with empty vector. Moreover, significantly fewer cells (p < 

0.001) displayed CHOP activation when mutant FUS R521G cells were co-expressed with 

either the CPHC (4.7% ± 1.8), CPYC (8.0% ± 2.5) or the CGPC (7.7% ± 0.9) active site 

mutants.  Hence these results reveal that all three mutants were protective against ER stress 

induced by mutant FUS, thus confirming the results observed with XBP-1 (Figure 5.23 B). 

Furthermore, as very similar results were obtained whether XBP-1 or CHOP was used as a 

marker of ER stress, in experiments involving mutant SOD1, TDP-43 or FUS proteins, only 
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the activation of CHOP was used as an ER stress marker in the studies described in the 

remainder of this Chapter. 
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Figure 5.23: The oxidase, reductase and isomerase activities of PDI are protective 

against CHOP activation induced by mutant FUS. A) Immunofluorescence images of 

Neuro-2A cells expressing GFP, wildtype FUS with pcDNA.31, and mutant FUS R521G 

with either pcDNA3.1, wildtype PDI or the CPHC, CPYC or CGPC active site mutants. Cells 

expressing either GFP (first panel; GFP) or wildtype FUS (second panel; FUS WT) rarely 

displayed CHOP activation. In contrast, more cells expressing mutant FUS R521G (third 

panel; FUS R521G) demonstrated CHOP nuclear immunoreactivity (third panel, column 

two). However, co-expression of mutant FUS R521G with either wildtype PDI or each of the 

redox active site mutants (panels four to seven; R521G + PDI, R521G + CPHC, R521G + 

CPYC, R521G + CGPC), resulted in fewer cells displaying CHOP activation. Scale bar = 20 

µM. B) Quantification of the cells in A) with CHOP activation. A significant increase (p < 

0.001) in the proportion of cells with CHOP activation was observed when cells were co-

expressed with mutant FUS R521G and empty pcDNA3.1 vector, compared to cells co-

expressed with wildtype FUS and pcDNA3.1. However, there was a significant decrease (p < 

0.001) in the proportion of mutant FUS R521G expressing cells displaying CHOP activation 

when either wildtype PDI, or the CPHC, CPYC or CGPC active site mutants were co-

expressed. N=3, Mean ± SEM, *** p < 0.001. 
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5.3.19 A summary of the protective activity of the PDI redox active site mutants  

A summary of the results obtained so far in this Chapter, examining the protective effects of 

the PDI redox active site mutants against ALS-associated proteins, SOD1, TDP-43 and FUS, 

is shown in Table 5.4. The CPHC active site mutant, with proposed oxidase activity, is 

protective against all cellular pathogenic mechanisms induced by mutant forms of SOD1, 

TDP-43 and FUS. 

 

TABLE 5.4. The protective activities of the PDI redox active site mutants. 

SOD1 

 Inclusion formation ER stress Apoptosis 

CPHC (oxidase) ✔ ✔ ✔ 

CPYC (isomerase)  ✔  

CGPC (reductase) ✔ ✔  

TDP-43 

 TDP-43 mislocalisation ER stress 

CPHC (oxidase) ✔ ✔ 

CPYC (isomerase) ✔  

CGPC (reductase)   

FUS 

 FUS mislocalisation ER stress 

CPHC (oxidase) ✔ ✔ 

CPYC (isomerase)  ✔ 

CGPC (reductase)  ✔ 
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The cis-proline loop mutants of PDI 

The second half of this chapter focuses on studies involving a second set of PDI mutants, 

whereby the cis-proline loops of PDI were mutated to either GIP or GTP in the a domain, or 

SIP or STP in the a’ domain. The rationale for this was based on previous studies of Dsb 

proteins which demonstrated that mutating the residue preceding the cis-proline in the cis-

proline loop altered the redox potential of these proteins [492] Hence, it was postulated that a 

point mutation in the residue preceding the proline in the cis-proline loop of PDI would alter 

the redox potential of the a and a’ domains, to be either more oxidising by substituting the 

residue for a threonine (mutants GTP and STP), or more reducing by substituting this residue 

to a isoleucine (mutants GIP and SIP). The roGFP expression assay demonstrated that there 

were no differences in oxidation levels between wildtype PDI and the cis-proline loop 

mutants, however, this could be due to the sensitivity of the assay utilised. The redox 

potential of these mutants was unable to be measured due to time constraints, however the 

experiments were performed anyway to investigate the role of the mutations. The activity of 

the cis-proline loop mutants was analysed in cells expressing mutant ALS proteins, SOD1, 

TDP-43 and FUS. 

 

5.3.20 The localisation of the PDI cis-proline loop mutants in Neuro-2A cells 

To ensure that mutations in the cis-proline loop did not alter the location of PDI, the 

localisation of the V5-tagged mutants was analysed using confocal microscopy in Neuro-2A 

cells. Cells were transfected with either the GIP, GTP, SIP or STP cis-proline loop mutants 

for 24 h before immunocytochemistry was performed, using an anti-V5 tag antibody to 

visualise the PDI mutants, and an anti-calreticulin antibody to probe for the ER-resident 

protein, calreticulin. These results illustrated that all four cis-proline loop mutants co-
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localised with calreticulin in all transfected cells examined, indicating that mutations in PDI’s 

cis-proline loop did not alter PDI’s ER localisation (Figure 5.24). 

 

 

Figure 5.24: The PDI cis-proline loop mutants are localised in the ER of Neuro-2A cells. 

Neuro-2A cells were transfected with either the V5-tagged GIP, GTP, SIP or STP cis-proline 

loop mutant (left column; V5).  At 24 h post-transfection, immunocytochemistry was 

performed using antibodies for the V5 tag and calreticulin (second column; Calreticulin) and 

the nuclei were stained with Hoechst (third column; DAPI). The yellow in the merge column 

(last column; Merge) illustrates co-localisation of the mutants and calreticulin, indicating that 

the PDI cis-proline loop mutants are localised within the ER of Neuro-2A cells. Scale bar = 

20 µM.  
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Examining the protective effect of the PDI cis-proline loop mutants in cells expressing 

mutant SOD1 

The PDI cis-proline loop mutants were first analysed in Neuro-2A cells expressing mutant 

SOD1 A4V. Their protective activities against SOD1 inclusion formation, mutant SOD1-

induced ER stress and apoptosis, were investigated in the following experiments. 

 

5.3.21 Cis-proline loop mutants are co-expressed in almost all cells transfected with SOD1 

Firstly, the co-transfection efficiency of the cis-proline loop PDI mutants and SOD1 was 

examined. Cells were transfected with EGFP-SOD1 and either the GIP, GTP, SIP or STP cis-

proline loop mutants for 72 h, before fixing and performing immunocytochemistry with an 

anti-V5 antibody, and DAPI-staining with Hoechst to visualise the nuclei. Co-transfection 

was verified by examining EGFP expression for mutant SOD1 and immunocytochemistry 

was performed with an Alexa Fluor 568-tagged secondary antibody to detect the V5 tag of 

the PDI mutants (Figure 5.25). The overall transfection efficiency of mutant SOD1 in Neuro-

2A cells was approximately 75-80% when observed 72 h post-transfection. Fluorescent 

microscopy was utilised in three replicate experiments to observe at least 100 SOD1-

expressing cells for co-expression with the cis-proline loop mutants. Quantification revealed 

that 95% of mutant SOD1 transfected cells also co-expressed GIP, 93% also co-expressed 

GTP, 97% also co-expressed SIP, and 97% also co-expressed STP. Therefore, in all further 

experiments where SOD1 and the cis-proline mutants were co-transfected and 

immunocytochemistry with an anti-V5 antibody was not performed, it was assumed that the 

observation of SOD1 expression illustrated co-expression of both SOD1 and the cis-proline 

loop mutants.  



385 
 

 

 

Figure 5.25: The PDI cis-proline loop mutants are co-expressed in almost all Neuro-2A 

cells co-transfected with EGFP-SOD1. Neuro-2A cells were transfected with EGFP-SOD1 

(left column; SOD1) and either the GIP, GTP, SIP or STP cis-proline loop mutants (second 

column; V5) for 72 h. Immunocytochemistry was performed using an anti-V5 antibody, and 

nuclei were stained with Hoechst (third column; DAPI). The merge column depicts co-

expression of the cis-proline loop mutants with SOD1 in the shown cells. Scale bar = 20 µM. 
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5.3.22 Expression of SOD1 and cis-proline loop mutants in Neuro-2A cells 

Once the localisation and expression of the cis-proline loop mutants was established in 

Neuro-2A cells, Western blotting analysis was performed to ensure that the transfection of 

each protein resulted in similar levels of expression and to verify that the expressed proteins 

were of expected size (Figure 5.26). Cell lysates were prepared from the following 

populations; GFP alone, wildtype SOD1 co-expressed with empty vector pcDNA3.1, and 

mutant SOD1 A4V with either pcDNA3.1, wildtype PDI, GIP, GTP, SIP or STP cis-proline 

loop mutants. Western blotting revealed that wildtype and mutant EGFP-SOD1 proteins were 

expressed at the expected size of 50 kDa, and GFP alone was expressed at 26 kDa, using an 

anti-GFP antibody. Wildtype SOD1 was expressed at higher levels compared to mutant 

SOD1 A4V, as expected. Wildtype PDI and the PDI cis-proline loop mutants were detected 

at similar levels at approximately 62 kDa, using an anti-V5 antibody. β-actin was detected at 

40 kDa using an anti-β-actin antibody, which was used as a loading control. 
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Figure 5.26: Protein expression of wildtype PDI, the PDI cis-proline loop mutants and 

EGFP-SOD1 proteins in Neuro-2A cells. A) Western blotting analysis was performed to 

ensure that the levels of protein expression were similar between groups and to confirm that 

proteins were expressed at their expected MW. Cell lysates observed were GFP alone, 

wildtype SOD1 co-expressed with empty pcDNA3.1 vector, and mutant SOD1 A4V co-

expressed with either pcDNA3.1, wildtype PDI, or the GIP, GTP, SIP or STP cis-proline loop 

mutants. Wildtype PDI and the GTP, SIP or STP cis-proline loop mutants were detected at 62 

kDa, whereas GIP was expressed at around 60 kDa. Wildtype SOD1 and mutant SOD1 A4V 

were expressed at 50 kDa and GFP alone was detected at 26 kDa. The loading control, β-

actin, was detected at 40 kDa. B) Quantification revealed that wildtype SOD1 was expressed 

at significantly higher (p < 0.001) levels, compared to mutant SOD1 A4V. Mutant SOD1 

A4V was expressed similarly across all cell lysate populations. Wildtype PDI and the cis-

proline loop mutants also shared similar expression levels. Lysates expressing GFP only were 

not included in quantification. N=3, Mean ± SEM, *** p < 0.001.  
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5.3.23 The GTP, SIP and STP cis-proline loop mutants prevent SOD1 inclusion formation 

in Neuro-2A cells 

The results obtained investigating the activity of the redox active site mutants on SOD1 

inclusion formation demonstrated that both PDI’s oxidase and reductase activity inhibit the 

formation of inclusions. The protective activities of the PDI cis-proline loop mutants were 

next analysed, to determine whether alterations in the redox potential through modifications 

to these regions in either the a or a’ domain, also impact on PDI’s protective activity against 

SOD1 aggregation. Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, 

wildtype SOD1 with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, wildtype 

PDI or the GIP, GTP, SIP or STP cis-proline loop mutants for 72 h. Immunocytochemistry 

was performed using an anti-V5 antibody to detect expression of PDI proteins, and cells were 

stained with Hoechst to visualise the nuclei. Fluorescent microscopy was utilised to quantify 

at least 100 co-transfected cells for the presence of SOD1 inclusions (Figure 5.27 A). 

As expected, no inclusions were formed in untransfected cells or control cells expressing, 

empty pcDNA3.1 vector, GFP only, or wildtype SOD1. However, in contrast, inclusions 

were detected in 23.0% ± 1.5 of cells co-expressing mutant SOD1 A4V with empty 

pcDNA3.1 vector. A significant decrease in the proportion of cells with inclusions (p < 

0.001) was observed when wildtype PDI was co-expressed with mutant SOD1 A4V (10.3% ± 

1.3), compared to cells co-expressing mutant SOD1 A4V with empty pcDNA3.1 vector. 

Similarly, there was also a significant reduction (p < 0.001) in the proportion of cells 

displaying SOD1 inclusions when mutant SOD1 A4V was co-expressed with either the GTP 

(11.7% ± 1.5), SIP (10.7% ± 2.7) or the STP (9.7% ± 2.0) cis-proline loop mutants. In 

contrast however, there was no change in the proportion of cells forming inclusions when 

SOD1 A4V was co-expressed the GIP cis-proline loop mutant (18.0% ± 1.2), compared to 

cells co-expressing mutant SOD1 A4V and pcDNA3.1. Moreover, significantly more (p < 



390 
 

0.05) cells co-expressing SOD1 A4V and the GIP cis-proline loop mutant displayed 

inclusions, compared to cells co-expressing SOD1 A4V and wildtype PDI (Figure 5.27 B).  

Hence the GTP, SIP or STP cis-proline loop mutants, but not the GIP mutant, are protective 

against mutant SOD1 inclusion formation. These results therefore demonstrate that rendering 

the cis-proline loop in the a domain to become more oxidising (GTP) retains its protective 

activity against mutant SOD1 inclusion formation, whereas altering it to become more 

reducing (GIP) inhibits this protective activity. Interestingly, modifying the cis-proline loop 

in the a’ domain, to render it either more oxidising (STP) or more reducing (SIP), does not 

alter PDI’s protective function. This suggests that the activity of the a domain is imperative 

for the protective function of PDI, rather than the a’ domain.    
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Figure 5.27: The GTP, SIP and STP cis-proline loop mutants inhibit SOD1 inclusion 

formation in Neuro-2A cells. A) Immunofluorescence images of Neuro-2A cells expressing 

GFP, wildtype SOD1 with empty pcDNA3.1 vector, or mutant SOD1 A4V with either 

pcDNA3.1, PDI or the GIP, GTP, SIP or STP cis-proline loop mutants. Cells expressing 

either GFP (first panel; GFP) or wildtype SOD1 with pcDNA3.1 (second panel; SOD1 WT) 

do not form SOD1 inclusions. In contrast, more cells expressing mutant SOD1 A4V with 

pcDNA3.1 (third panel; SOD1 A4V) form SOD1 inclusions, as indicated by the white 

arrowhead (third panel, first column). However, fewer mutant SOD1 A4V cells form SOD1 

inclusions when co-expressed with either wildtype PDI (fourth panel; A4V + PDI), or the 

GTP, SIP or STP cis-proline loop mutants (panels six to eight; A4V + GTP, A4V + SIP, A4V 

+ STP). In contrast, more cells co-expressing mutant SOD1 A4V and the GIP cis-proline 

loop mutant exhibited SOD1 inclusions (fifth panel; A4V + GIP), as indicated by the white 

arrowhead (fifth panel, first column). Scale bar = 20 µM. B) Quantification of the cells in A) 

forming SOD1 inclusions. Control cells expressing GFP only or wildtype SOD1 did not form 

inclusions, however significantly more cells expressing mutant SOD1 A4V formed SOD1 

inclusions, as expected. A significant reduction (p < 0.001) in the proportion of cells 

displaying SOD1 inclusions was observed when mutant SOD1 A4V was co-expressed with 

either wildtype PDI, or the GTP, SIP or STP cis-proline loop mutants, but not the GIP 

mutant. Significantly more (p < 0.05) cells formed SOD1 inclusions when the GIP cis-proline 

loop mutant was co-expressed with mutant SOD1 A4V, compared to when wildtype PDI was 

co-expressed with SOD1 A4V. N=3, Mean ± SEM, * p < 0.05, *** p < 0.001. 
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5.3.24 The GTP, SIP and STP cis-proline loop mutants are protective against ER stress 

induced by mutant SOD1 in Neuro-2A cells 

All three redox active site mutants of PDI (predicted oxidase, reductase and isomerase 

activities) were protective against mutant SOD1-induced ER stress. Therefore, it was next 

examined whether changes in redox potential modulated by the cis-proline loop mutants 

alters the protective activity of PDI. Neuro-2A cells were transfected with empty pcDNA3.1 

vector, GFP, wildtype SOD1 with pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, 

wildtype PDI or the GIP, GTP, SIP or STP cis-proline loop mutants for 72 h. After fixing, 

immunocytochemistry was performed using an anti-CHOP antibody to examine nuclear 

immunoreactivity, indicative of its activation. DAPI-staining with Hoechst was also 

performed to visualise the nuclei and fluorescent microscopy was utilised to determine the 

proportion of cells with CHOP activation, and thus, induction of pro-apoptotic ER stress 

signalling (Figure 5.28 A). 

Very few untransfected cells, or cells expressing empty pcDNA3,1 vector, GFP or wildtype 

SOD1 displayed nuclear immunoreactivity to CHOP, signifying low levels of ER stress in 

these cells. A significantly greater (p < 0.001) proportion of cells co-expressing mutant SOD1 

A4V with pcDNA3.1 were undergoing ER stress, indicated by CHOP activation (30.0% ± 

1.5), compared to cells expressing wildtype SOD1 and pcDNA3.1 (7.7% ± 0.3). However, 

the proportion of cells displaying CHOP activation was significantly decreased (p < 0.001) 

when either PDI (17.7% ± 0.9), the GTP (16.7% ± 0.3), SIP (14.7% ± 0.9), or STP (18.0% ± 

1.2) cis-proline loop mutants were co-expressed with mutant SOD1 A4V. In contrast, 

differences in the proportion of cells with CHOP activation was observed when the GIP cis-

proline loop mutant was co-expressed with mutant SOD1 A4V (26.0% ± 3.5), compared to 

cells co-expressing mutant SOD1 with empty vector. Furthermore, there was a significant 

difference (p < 0.05) in the proportion of these cells with CHOP activation compared to cells 
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co-expressing wildtype PDI and mutant SOD1 A4V (Figure 5.28 B). These results 

demonstrate that, similar to the results obtained for inclusion formation, a more oxidising 

(GTP) cis-proline loop in the a domain retains PDI’s protective activity against ER stress, 

whilst a more reducing (GIP) cis-proline loop in the a domain results in a loss of this 

protective activity. In contrast, changes to the cis-proline loop in the a’ domain, either more 

oxidising (STP) or reducing (SIP), do not alter PDI’s capability to inhibit induction of ER 

stress in mutant SOD1 expressing cells.  
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Figure 5.28: The GTP, SIP and STP cis-proline loop mutants are protective against ER 

stress induced by mutant SOD1 in Neuro-2A cells. A) Immunofluorescence images of 

Neuro-2A cells expressing GFP, wildtype SOD1 with empty pcDNA3.1 vector, or mutant 

SOD1 A4V with either pcDNA3.1, PDI, or the GIP, GTP, SIP or STP cis-proline loop 

mutants. Few cells expressing GFP (first panel; GFP) or wildtype SOD1 (second panel; 

SOD1 WT) were undergoing ER stress, indicated by nuclear immunoreactivity to CHOP, 

whereas a greater proportion of cells expressing mutant SOD1 A4V (third panel; SOD1 A4V) 

displayed CHOP activation (third panel, column two). The proportion of cells with CHOP 

activation did not alter when the GIP cis-proline loop mutant was co-expressed with mutant 

SOD1 A4V (fifth panel; A4V + GIP). However, when wildtype PDI (fourth panel; A4V + 

PDI) or the GTP, SIP or STP cis-proline loop mutants (panels six to eight; A4V + GTP, A4V 

+ SIP, A4V + STP) were co-expressed with mutant SOD1 A4V, fewer cells displayed CHOP 

activation. Scale bar = 20 µM. B) Quantification of the proportion of cells with CHOP 

activation in A). A significant increase (p < 0.001) in the proportion of mutant SOD1 A4V 

expressing cells with CHOP activation was observed, compared to wildtype SOD1 

expressing cells, as expected. However, this proportion of cells with CHOP activation was 

significantly reduced (p < 0.001) when either PDI, or the GTP, SIP or STP cis-proline loop 

mutants, were co-expressed with mutant SOD1 A4V. Significantly more cells (p < 0.05) co-

expressing mutant SOD1 A4V and the GIP cis-proline loop mutant displayed CHOP 

activation compared to cells co-expressing mutant SOD1 A4V and wildtype PDI. N=3, Mean 

± SEM, * p < 0.05, *** p < 0.001. 
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5.3.25 The GTP, SIP and STP cis-proline loop mutants inhibit induction of apoptosis 

induced by mutant SOD1 in Neuro-2A cells 

As the results above indicated that the GTP, SIP and STP cis-proline loop mutants were 

capable of inhibiting ER stressed induced apoptotic signalling, it was next hypothesised that 

these mutants would be able to inhibit apoptotic cell death, whereas the GIP cis-proline loop 

mutant would not. Hence, it was next examined whether the overexpression of the cis-proline 

loop mutants were protective against apoptosis induced by mutant SOD1.  

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype SOD1 with 

pcDNA3.1, and mutant SOD1 A4V with either pcDNA3.1, wildtype PDI or the GIP, GTP, 

SIP or STP cis-proline loop mutants for 72 h. Immunocytochemistry was performed after 

fixing, using an anti-V5 antibody to detect expression of PDI and the cis-proline loop 

mutants. DAPI-staining was performed using Hoechst, as the presence of apoptotic nuclei 

was used as a maker for cell apoptosis. Irregular, condensed or fragmented nuclei was 

considered apoptotic and these were examined utilising fluorescent microscopy (Figure 5.29 

A). 

Apoptotic nuclei were rarely observed in untransfected cells or cells expressing empty 

pcDNA3.1 vector or GFP (less than 5%), and cells expressing wildtype SOD1 only displayed 

apoptotic nuclei in 2.0% ± 0.6 of cells. There was a significant increase (p < 0.001) in the 

proportion of cells with apoptotic nuclei in populations co-expressing mutant SOD1 A4V 

with empty pcDNA3.1 vector (12.0% ± 0.6), compared to those expressing wildtype SOD1 

with empty pcDNA3.1 vector. However, significantly fewer cells bearing apoptotic nuclei 

were observed in populations co-expressing mutant SOD1 A4V with either wildtype PDI (p < 

0.01, 5.3% ± 1.5), or the GTP (p < 0.05, 6.0% ± 0.6), SIP (p < 0.05, 6.3% ± 1.3) or STP (p < 

0.01, 5.3% ± 0.3) cis-proline loop mutants. There was no significant decrease in the 
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proportion of cells co-expressing mutant SOD1 A4V with the GIP cis-proline loop mutant, 

displaying apoptotic nuclei (9.0% ± 1.0) compared to cells expressing mutant SOD1 A4V 

with empty pcDNA3.1 vector (Figure 5.29 B). These results demonstrate that a more 

reducing cis-proline loop in the a domain (GIP) ensues a loss of protective activity of PDI, 

whereas a more oxidising cis-proline loop (GTP) retains this activity. Moreover, altering the 

a’ domain active site to be either more oxidising (STP) or more reducing (SIP) does not alter 

PDI’s protective activity against mutant SOD1 induced apoptosis.  
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Figure 5.29: The GTP, SIP and STP cis-proline loop mutants inhibit apoptosis induced 

by mutant SOD1 in Neuro-2A cells. A) Immunofluorescence images of Neuro-2A cells 

expressing GFP, wildtype SOD1, or mutant SOD1 A4V with either empty pcDNA3.1 vector, 

PDI, or the GIP, GTP, SIP or STP cis-proline loop mutants. Cells expressing GFP or 

wildtype SOD1 rarely present with apoptotic nuclei (first and second panels; GFP, SOD1 

WT), however, apoptotic nuclei were more common in cells expressing mutant SOD1 A4V 

(third panel; SOD1 A4V), as indicated by the white arrowhead, pointing to condensed nuclei 

(third panel, column three). The proportion of cells with apoptotic nuclei was reduced when 

PDI (fourth panel; A4V + PDI) or the GTP, SIP or STP cis-proline loop mutants were co-

expressed with mutant SOD1 A4V (panels six to eight; A4V + GTP, A4V + SIP, A4V + 

STP). In contrast, more cells co-expressing the GIP cis-proline loop and SOD1 A4V (fifth 

panel; A4V + GIP) display apoptotic nuclei, as indicated by the white arrowhead (fifth panel, 

column three). Scale bar = 20 µM. B) Quantification of cells displaying apoptotic nuclei in 

A). There was a significant increase (p < 0.001) in the proportion of cells with apoptotic 

nuclei in mutant SOD1 A4V populations, compared to populations expressing wildtype 

SOD1. A significant decrease in the proportion of cells with apoptotic nuclei was observed 

when mutant SOD1 A4V was co-expressed with wildtype PDI (p < 0.01), the GTP cis-

proline loop mutant (p < 0.05), SIP cis-proline loop mutant (p < 0.05) or the STP cis-proline 

loop mutant (p < 0.01). N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

 

 

 

 



401 
 

Examining the protective effect of the PDI cis-proline loop mutants in cells expressing 

mutant TDP-43 

The protective activities of the PDI cis-proline loop mutants were next analysed in Neuro-2A 

cells expressing mutant TDP-43 Q331K. Their activity against TDP-43 mislocalisation to the 

cytoplasm and mutant TDP-43-induced ER stress was investigated in the following 

experiments. 

 

5.3.26 Cis-proline loop mutants are co-expressed in almost all cells transfected with TDP-

43 

First, the co-transfection efficiency of the PDI cis-proline loop mutants and TDP-43 was 

investigated in Neuro-2A cells. Cells were transfected with mutant EGFP-TDP-43 and either 

the GIP, GTP, SIP, or STP cis-proline loop mutants for 18 h, before immunocytochemistry 

was performed using an anti-V5 antibody, and cells were stained with Hoechst to visualise 

the nuclei. Co-transfection was confirmed by examining EGFP expression for TDP-43 and 

performing immunocytochemistry with an Alexa Fluor 568-tagged secondary antibody to 

detect the V5 tags for the cis-proline loop mutants (Figure 5.30). The overall transfection 

efficiency of TDP-43 was approximately 70-75% in Neuro-2A cells when examined 18 h 

post-transfection. Fluorescent microscopy allowed the visualisation of at least 100 mutant 

TDP-43 expressing cells, and for each of the three replicate experiments performed, these 

cells were further analysed for co-expression with the cis-proline loop mutants. 

Quantification revealed that approximately 97% of cells expressing mutant TDP-43 also co-

expressed GIP, 94% also co-expressed GTP, 98% also co-expressed SIP, and 97% also co-

expressed STP. Therefore, in further experiments where TDP-43 and the cis-proline loops 

were co-transfected and immunocytochemistry using a V5 antibody was not performed, it 
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was assumed that TDP-43 expression also reflected co-expression with either the GIP, GTP, 

SIP or STP cis-proline loop mutants. 

 

 

Figure 5.30: The PDI cis-proline loops are co-expressed in almost all Neuro-2A cells co-

transfected with EGFP-TDP-43. Neuro-2A cells were transfected with EGFP-TDP-43 (left 

column; TDP-43) and either the GIP, GTP, SIP or STP cis-proline loop mutants (second 

column; V5) for 18 h. Cells were fixed, immunocytochemistry was performed using an anti-

V5 antibody, and the nuclei were stained with Hoechst (third column; DAPI). The merge 

column demonstrates co-expression of the cis-proline loop mutants and TDP-43 in the shown 

cells. Scale bar = 20 µM. 
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5.3.27 Expression of TDP-43 and cis-proline loop mutants in Neuro-2A cells 

Once localisation and co-expression of the cis-proline loop mutants with TDP-43 was 

established in Neuro-2A cells, Western blotting analysis was performed to ensure that the 

transfection of each protein resulted in similar levels of expression and that the expressed 

proteins were of the expected size (Figure 5.31). Cell lysates were prepared from the 

following cell populations; GFP alone, wildtype TDP-43 co-expressed with empty vector 

pcDNA3.1, and mutant TDP-43 Q331K with either pcDNA3.1, wildtype PDI, GIP, GTP, SIP 

or STP cis-proline loop mutants. Immunoblotting revealed that wildtype and mutant EGFP-

TDP-43 were expressed at 64 kDa, as expected, with similar expression levels across all cell 

lysate populations, and GFP was expressed at 26 kDa, using an anti-GFP antibody. Wildtype 

PDI and the PDI cis-proline loop mutants were detected in transfected cell lysates using an 

anti-V5 antibody at approximately 62 kDa. The loading control, β-actin, was detected using 

an anti-β-actin antibody at 40 kDa. 
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Figure 5.31: Protein expression of wildtype PDI, the PDI cis-proline loop mutants and 

EGFP-TDP-43 proteins in Neuro-2A cells. A) Western blotting of cell lysates was 

performed and quantified to ensure that the proteins expressed were of similar expression 

levels between groups and that each was at expressed at the expected MW. Cell lysates 

examined were GFP alone, wildtype TDP-43 with empty pcDNA3.1 vector, and mutant 

TDP-43 Q331K with either pcDNA3.1, wildtype PDI, or the GIP, GTP, SIP or STP cis-

proline loop mutants. Wildtype TDP-43 and mutant TDP-43 Q331K were detected at 64 kDa, 

whereas GFP alone was detected at 26 kDa. Wildtype PDI and the GTP, SIP and STP cis-

proline loop mutants were expressed at 62 kDa, however the GIP cis-proline loop mutant was 

expressed at 60 kDa. β-actin was detected at 40 kDa. B) Quantification revealed similar 

expression levels between wildtype TDP-43 and mutant TDP-43 Q331K between all cell 

lysate populations. Likewise, PDI and the cis-proline loop mutants shared similar levels of 

expression also. Lysates expressing GFP only were not included in quantification.  N =3, 

Mean ± SEM. 
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5.3.28 The GTP, SIP and STP cis-proline loop mutants are protective against mutant TDP-

43 mislocalisation to the cytoplasm 

The results described in section 5.3.13 demonstrated that the oxidase and isomerase active 

site mutants (CPHC and CPYC, respectively) were protective against mutant TDP-43 

mislocalisation to the cytoplasm, however the reductase active site mutant (CGPC) was not. 

Hence, it was next examined whether the a and a’ domain cis-proline loops mutations alter 

PDI’s ability to prevent mislocalisation to the cytoplasm in Neuro-2A cells expressing mutant 

TDP-43. 

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype TDP-43 with 

pcDNA3.1, and mutant TDP-43 Q331K with either pcDNA3.1, wildtype PDI or the GIP, 

GTP, SIP or STP cis-proline loop mutants for 18 h. After fixing, DAPI-staining was 

performed using Hoechst to visualise the nuclei. Immunocytochemistry was not performed as 

it was assumed that detection of TDP-43 expression reflected co-expression with the V5-

tagged proteins, as described above. The cellular localisation of TDP-43 was analysed using 

fluorescent microscopy. TDP-43 was considered to be nuclear when it completely localised 

in the DAPI-stained nucleus. In contrast, TDP-43 was considered to be cytoplasmic when 

fluorescence was detected in both the nucleus and the cytoplasm of TDP-43 expressing cells 

(Figure 5.32 A). 

Wildtype TDP-43 was mislocalised to the cytoplasm in 2.3% ± 0.9 transfected cells. In 

contrast, there was a significant increase (p < 0.001) in the proportion of cells with TDP-43 

mislocalisation to the cytoplasm in cells expressing mutant TDP-43 Q331K with empty 

pcDNA3.1 vector (23.3% ± 1.8). However, co-expression of mutant TDP-43 Q331K with 

either wildtype PDI (11.3% ± 2.7), or the GTP (11.0% ± 3.0), SIP (11.3% ± 1.3) or STP 

(11.3% ± 3.5) cis-proline loop mutants, resulted in a significant decrease (p < 0.05) in the 
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proportion of cells with mutant TDP-43 mislocalisation to the cytoplasm. Conversely, co-

expression of mutant TDP-43 Q331K with the GIP cis-proline loop mutant (19.3% ± 2.9) did 

not reduce the proportion of cells with cytoplasmic TDP-43, compared to cells co-expressing 

mutant TDP-43 Q331K with empty vector (Figure 5.32 B). These results demonstrate that the 

predicted, more oxidising cis-proline loop in the a domain retains PDI’s protective activity, 

however, the predicted more reducing cis-proline loop, results in a loss of protective activity. 

However, the more oxidising or reducing cis-proline loop in the a' domain of PDI does not 

alter PDI’s protective activity.  
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Figure 5.32: The GTP, SIP and STP cis-proline loop mutants are protective against 

mutant TDP-43 mislocalisation to the cytoplasm. A) Immunofluorescence images of 

Neuro-2A cells expressing wildtype TDP-43 and mutant TDP-43 Q331K with either empty 

pcDNA3.1 vector, wildtype PDI, or the GIP, GTP, SIP or STP cis-proline loop mutants. In 

cells expressing wildtype TDP-43 (first panel; TDP-43 WT), TDP-43 is expressed only in the 

nucleus, with no mislocalisation to the cytoplasm, however, in contrast, more cells expressing 

mutant TDP-43 Q331K (second panel; TDP-43 Q331K) display mislocalisation to the 

cytoplasm, as indicated by the white arrowhead (third panel, column one). Co-expression of 

mutant TDP-43 Q331K with wildtype PDI (third panel; Q331K + PDI) or cis-proline 

mutants, GTP, SIP or STP (panels five to seven; Q331K + GTP, Q331K + SIP, Q331K + 

STP), results in fewer cells with cytoplasmic TDP-43 compared to cells expressing mutant 

TDP-43 Q331K with empty vector. Conversely, co-expression of mutant TDP-43 Q331K 

with the GIP cis-proline loop mutant (fourth panel; Q331K + GIP) does not change the 

proportion of cells with cytoplasmic TDP-43, as indicated by the white arrowhead (fourth 

panel, column one). Scale bar = 20 µM. B) Quantification of the cells in A) with TDP-43 

mislocalisation to the cytoplasm. A significant increase (p < 0.001) in the proportion of cells 

with TDP-43 mislocalisation was observed in populations co-expressing mutant TDP-43 

Q331K with empty pcDNA3.1 vector, compared to cells co-expressing wildtype TDP-43 

with empty pcDNA3.1 vector. Significantly fewer (p < 0.05) cells displayed TDP-43 

mislocalisation to the cytoplasm when mutant TDP-43 Q331K expressing cells also co-

expressed wildtype PDI or the GTP, SIP or STP cis-proline loop mutants. N=3, Mean ± 

SEM, * p < 0.05, *** p < 0.001.  
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5.3.29 The GIP, GTP, SIP and STP cis-proline loop mutants are protective against mutant 

TDP-43 induced ER stress 

Previous studies in Chapter 4 demonstrated that the oxidase DsbA was protective against 

mutant TDP-43 induced ER stress, whilst the isomerase, DsbC, was not. Moreover, earlier in 

this chapter, in section 5.3.15, it was demonstrated that only the oxidase active site mutant 

(CPHC) was able to decrease the proportion of cells with ER stress in populations expressing 

mutant TDP-43. These results suggest that the oxidase activity of PDI is important for its 

protective activity against mutant TDP-43-induced ER stress. Therefore, it was next 

examined whether the predicted differences in redox potential in the cis-proline loops of PDI, 

would also modify its protective activity.  

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype TDP-43 with 

pcDNA3.1, and mutant TDP-43 Q331K with either pcDNA3.1, wildtype PDI or the GIP, 

GTP, SIP or STP cis-proline loop mutants for 18 h. After fixing, immunocytochemistry was 

performed using an anti-CHOP antibody, and cells were stained with Hoechst to visualise the 

nuclei. Fluorescent microscopy was utilised to analyse at least 100 co-transfected cells for 

nuclear immunoreactivity to CHOP, indicative of its activation, and thus, induction of ER 

stress-induced apoptotic signalling (Figure 5.33 A). 

Quantification revealed that less than 10% of untransfected cells, or cells expressing either 

empty pcDNA3.1 vector, GFP or wildtype TDP-43, displayed nuclear immunoreactivity to 

CHOP. In contrast, a significant increase (p < 0.001) in the proportion of cells displaying 

CHOP activation was observed in populations expressing mutant TDP-43 Q331K (24.0% ± 

1.5), compared to cells expressing wildtype TDP-43 (8.3% ± 1.2). As expected, there was a 

significant reduction (p < 0.001) in the proportion of cells with CHOP activation in cells co-

expressing mutant TDP-43 Q331K with wildtype PDI (10.7% ± 0.7), compared to cells co-
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expressing mutant TDP-43 Q331K with empty pcDNA3.1 vector. Similar to previous results, 

co-expression of the GTP (16.0% ± 2.0), SIP (16.3% ± 1.2) or STP (12.7% ± 1.2) cis-proline 

loop mutants with mutant TDP-43 Q331K, resulted in a significant decrease (p < 0.01 and p 

< 0.001) in the proportion of cells displaying CHOP activation, in comparison to cells co-

expressing mutant TDP-43 Q331K and empty pcDNA3.1 vector. Interestingly, significantly 

fewer (p < 0.001) cells co-expressing TDP-43 Q331K and the GIP cis-proline loop mutant 

(14.0% ± 0.6) also displayed CHOP activation (Figure 5.33 B). These results suggest that 

alterations in the cis-proline loop mutants in PDI’s a and a’ domains do not affect PDI’s 

protective activity against ER stress in cells expressing mutant TDP-43.  
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Figure 5.33: The GIP, GTP, SIP and STP cis-proline loop mutants are protective 

against mutant TDP-43-induced ER stress. A) Immunofluorescence images of Neuro-2A 

cells expressing GFP, wildtype TDP-43 and mutant TDP-43 Q331K with either empty 

pcDNA3.1 vector, wildtype PDI, or the GIP, GTP, SIP or STP cis-proline loop mutants. Few 

cells expressing GFP or wildtype TDP-43 (first and second panel; GFP, TDP-43 WT) 

displayed CHOP activation. Conversely, more cells expressing mutant TDP-43 Q331K (third 

panel; TDP-43 Q331K) were undergoing ER stress, indicated by nuclear immunoreactivity to 

CHOP (third panel, column two). A decrease in the proportion of cells with CHOP activation 

was observed in cells co-expressing mutant TDP-43 Q331K with either wildtype PDI (fourth 

panel; Q331K + PDI), or one of the cis-proline loop mutants (panels five to eight; Q331K + 

GIP, Q331K + GTP, Q331K + SIP, Q331K + STP). Scale bar = 20 µM. B) Quantification of 

the cells in A) displaying CHOP activation. Significantly more cells (p < 0.001) co-

expressing mutant TDP-43 Q331K and pcDNA3.1 displayed CHOP activation, compared to 

cells co-expressing wildtype TDP-43 and pcDNA3.1. However, a significant decrease in the 

proportion of cells with CHOP activation was observed when mutant TDP-43 Q331K 

expressing cells also co-expressed wildtype PDI (p < 0.001), or the cis-proline loop PDI 

mutants; GIP (p < 0.001), GTP (p < 0.01), SIP (p < 0.01) or STP (p < 0.001). N=3, Mean ± 

SEM, ** p < 0.01, *** p < 0.001. 
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Examining the protective activity of the PDI cis-proline loop mutants in cells expressing 

mutant FUS 

Finally, the PDI cis-proline loop mutants were analysed in Neuro-2A cells expressing mutant 

FUS R521G. Their protective activity against FUS mislocalisation to the cytoplasm and 

mutant FUS-induced ER stress, was investigated in the following experiments. 

 

5.3.30 The cis-proline loop mutants are co-expressed in almost all cells transfected with 

FUS 

Prior to performing the cellular assays, the co-transfection efficiency of the cis-proline loop 

mutants with FUS was analysed in Neuro-2A cells. Cells were transfected with mutant GFP-

FUS and either the GIP, GTP, SIP or STP cis-proline loop mutants for 72 h, before 

immunocytochemistry with an anti-V5 antibody and staining of the nuclei with Hoechst was 

performed. Co-transfection was confirmed by examining GFP expression for FUS and 

performing immunocytochemistry with an Alexa Fluor 568-tagged secondary antibody to 

detect the V5 tag of the cis-proline loop PDI mutants (Figure 5.34). The overall transfection 

efficiency of mutant FUS was approximately 80% in Neuro-2A cells when observed 72 h 

post-transfection. Fluorescent microscopy was utilised to examine at least 100 cells 

expressing FUS and these cells were further analysed for co-expression with the cis-proline 

loop mutants. For each of the three replicate experiments, quantification revealed that 

approximately 96% of mutant FUS expressing cells also co-expressed GIP, 95% also co-

expressed GTP, 98% also co-expressed SIP, and 96% also co-expressed STP. Thus, in all 

further experiments, it was assumed that the detection of FUS reflected co-expression of both 

FUS and the cis-proline loop PDI mutants when they were co-transfected but 

immunocytochemistry using a V5 antibody was not performed. 
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Figure 5.34: The cis-proline loop mutants are co-expressed in almost all Neuro-2A cells 

co-transfected with mutant GFP-FUS. Neuro-2A cells were transfected for 72 h with GFP-

FUS (left column; FUS) and either the GIP, GTP, SIP or STP cis-proline loop mutants 

(second column; V5). Cells were fixed, immunocytochemistry was performed using an anti-

V5 antibody, and the nuclei were stained using Hoechst (third column; DAPI). The merge 

column depicts co-expression of the cis-proline loop mutants with FUS in the shown cells. 

Scale bar = 20 µM. 
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5.3.31 Expression of FUS and cis-proline loop mutants in Neuro-2A cells 

Once the localisation and expression of the cis-proline loops was established in Neuro-2A 

cells expressing mutant FUS, Western blotting analysis was undertaken to confirm that 

expressed proteins were of the expected size and that the transfection of each protein resulted 

in comparable levels of expression (Figure 5.35). Cell lysates were prepared from the 

following cell populations; GFP alone, wildtype FUS co-expressed with empty vector 

pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, wildtype PDI, or the GIP, GTP, 

SIP or STP cis-proline loop mutants. Immunoblotting revealed that wildtype and mutant 

GFP-FUS were detected at the expected size of 100 kDa, and GFP alone was expressed at 26 

kDa, using an anti-GFP antibody. Wildtype FUS was expressed at higher levels compared to 

mutant FUS R521G in some cell lysate populations, however, differences in expression levels 

are expected between wildtype and mutant forms of the protein. Wildtype PDI and the PDI 

cis-proline loop mutants were detected at approximately 62 kDa using an anti-V5 antibody 

and displayed similar expression levels. The β-actin loading control was detected at 40 kDa 

using an anti-β-actin antibody. 
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Figure 5.35: Protein expression of wildtype PDI, the PDI cis-proline loop mutants and 

GFP-FUS proteins in Neuro-2A cells. A) Western blotting of cell lysates was performed to 

ensure that the expressed proteins were the correct MW and that similar expression levels 

between proteins were observed. Cell lysates analysed were GFP alone, wildtype FUS with 

empty pcDNA3.1 vector, and mutant FUS R521G with either pcDNA3.1, wildtype PDI, or 

the GIP, GTP, SIP or STP cis-proline loop mutants. Wildtype and mutant FUS were detected 

at 100 kDa and GFP alone was detected at 26 kDa. Wildtype PDI and the GTP, SIP and STP 

cis-proline loop mutants were expressed at 62 kDa, as expected, however the GIP cis-proline 

loop mutant was detected at approximately 60 kDa. The loading control, β-actin, was 

detected at 40 kDa. B) Quantification revealed that wildtype FUS was expressed at 

significantly higher (p < 0.05) levels compared to mutant FUS R521G in some cell lysate 

populations. However, mutant FUS R521G displayed similar expression levels across all cell 

lysate populations. Wildtype PDI and the GIP, GTP, SIP and STP cis-proline loop mutants 

also displayed similar expression levels. Lysates expressing GFP only were not included in 

quantification.  N=3, Mean ± SEM, * p < 0.05. 
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5.3.32 The GTP and SIP cis-proline loop mutants inhibit mutant FUS mislocalisation to 

the cytoplasm. 

In Chapter 4, studies examining the Dsb proteins, DsbA and DsbC, demonstrated that the 

oxidase DsbA was able to prevent mutant FUS mislocalisation to the cytoplasm, whereas the 

isomerase, DsbC, could not. Furthermore, earlier in this chapter in section 5.3.18, it was 

determined that the CPHC oxidase mutant was the only active site mutant protective against 

FUS mislocalisation, implying an important role for the oxidase function in mediating the 

protective activity of PDI. Hence, it was next examined whether the cis-proline loop mutants 

were protective against FUS mislocalisation to the cytoplasm. 

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype FUS with 

pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, wildtype PDI or the GIP, GTP, 

SIP or STP cis-proline loop mutants for 72 h. After fixing, DAPI-staining was performed 

using Hoechst to visualise the nuclei. Immunocytochemistry was not performed because it 

was assumed that detection of FUS expression reflected co-expression of FUS with V5-

tagged proteins, as determined in section 5.3.32. Fluorescent microscopy was utilised to 

analyse at least 100 FUS expressing cells for mislocalisation to the cytoplasm. Due to the 

aggressive nature of the R521G mutation, FUS was considered to be nuclear when it was 

expressed only in the nucleus, or when it was expressed in both the nucleus and cytoplasm. In 

contrast, FUS was considered to be cytoplasmic when it was only detected in the cytoplasm 

of FUS expressing cells (Figure 5.36 A).  

Untransfected cells and cells expressing either empty pcDNA3.1 vector or GFP were 

excluded from analysis as they did not express FUS. Very few cells expressing wildtype FUS 

possessed cytoplasmic FUS (3.0% ± 1.5). In contrast, a significantly greater (p < 0.001) 

proportion of cells expressing mutant FUS R521G displayed FUS mislocalisation to the 
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cytoplasm (90.0% ± 0.6), compared to cells expressing wildtype FUS. Co-expression of 

wildtype PDI (71.0% ± 2.1) or the GTP (72.7% ± 6.1) or SIP (70.7% ± 6.2) cis-proline loop 

mutants with mutant FUS R521G, resulted in a significant decrease (p < 0.05) in the 

proportion of cells with cytoplasmic FUS, compared to mutant FUS R521G cells expressing 

empty pcDNA3.1 vector. When mutant FUS R521G was co-expressed with the GIP (78.0% ± 

6.1), or the STP cis-proline loop mutant (79.0% ± 0.6), there was no change in the proportion 

of cells with cytoplasmic FUS compared to cells expressing empty vector. These results 

demonstrate that only the GTP and SIP cis-proline loop mutants were protective against 

mutant FUS mislocalisation to the cytoplasm (Figure 5.36 B). 
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Figure 5.36: The GTP and SIP cis-proline loop mutants inhibit mutant FUS 

mislocalisation to the cytoplasm. A) Immunofluorescence images of Neuro-2A cells 

expressing wildtype FUS, or mutant FUS with either empty pcDNA3.1 vector, wildtype PDI, 

or the GIP, GTP, SIP or STP cis-proline loop mutants. Cells expressing wildtype FUS 

displayed only nuclear localisation of FUS (first panel; FUS WT), whereas cells expressing 

mutant FUS R521G mainly display cytoplasmic FUS (second panel; FUS R521G), as 

indicated by the white arrowhead (second panel, column one). Co-expression of mutant FUS 

R521G with either wildtype PDI (third panel; R521G + PDI) or cis-proline loop mutants, 

GTP and SIP (panels five and six; R521G + GTP, R521G + SIP), resulted in localisation of 

FUS in both the nucleus and the cytoplasm. Conversely, co-expression with either the GIP 

cis-proline loop mutant or STP cis-proline loop mutant (panels four and seven; R521G + GIP, 

R521G + STP) resulted in mainly cytoplasmic FUS. Scale bar = 20 µM. B) Quantification of 

cells in A) with FUS mislocalisation to the cytoplasm. A significant increase (p < 0.001) in 

the proportion of mutant FUS R521G expressing cells with FUS mislocalisation to the 

cytoplasm was observed, compared to wildtype FUS expressing cells. In contrast, 

significantly fewer (p < 0.05) cells exhibited FUS mislocalisation when mutant FUS R521G 

cells co-expressed either wildtype PDI or the GTP or SIP cis-proline loop mutants, but not 

the STP or GIP mutants. N=3, Mean ± SEM, * p < 0.05, *** p < 0.001. 
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5.3.33 The GTP and SIP cis-proline loop mutants are protective against ER stress induced 

by mutant FUS 

Finally, the protective activity of the cis-proline loop mutants was examined against mutant 

FUS-induced ER stress. The oxidase, reductase and isomerase active site mutants of PDI 

were all protective against ER stress in cells expressing mutant FUS, implying that all three 

redox activities are important for PDI’s protective function, or alternatively, that the 

chaperone capabilities of PDI are protective. Thus, modifications in the cis-proline loops of 

PDI were examined for differences in protective activity to further elucidate how this activity 

is mediated. 

Neuro-2A cells were transfected with empty pcDNA3.1 vector, GFP, wildtype FUS with 

pcDNA3.1, and mutant FUS R521G with either pcDNA3.1, wildtype PDI or the GIP, GTP, 

SIP or STP cis-proline loop mutants for 72 h. After fixing, immunocytochemistry was 

performed using an anti-CHOP antibody to examine CHOP activation, a marker of ER stress 

induced apoptotic signalling as previous. Cells were also stained with Hoechst to visualise 

nuclei before fluorescent microscopy was utilised to analyse at least 100 FUS expressing 

cells for nuclear immunoreactivity to CHOP (Figure 5.37 A). 

Very few untransfected cells or cells expressing empty pcDNA3.1 vector, GFP or wildtype 

FUS, presented with CHOP activation (less than 10%). In contrast, a significant increase (p < 

0.001) in the proportion of cells displaying CHOP nuclear immunoreactivity was observed in 

populations expressing mutant FUS R521G with empty pcDNA3.1 vector (27.7% ± 2.0), 

compared to cells expressing wildtype FUS with empty vector (9.0% ± 0.6). Significantly 

fewer (p < 0.001) mutant FUS R521G expressing cells presented with CHOP activation when 

either wildtype PDI (13.7% ± 0.3), the GTP cis-proline loop mutant (12.0% ± 1.2) or the SIP 

cis-proline loop mutant (11.3% ± 2.0) was co-expressed, compared to mutant FUS R521G 
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co-expressing empty vector. A significant increase in the proportion of cells with CHOP 

activation was observed when either the GIP cis-proline loop mutant (21.7% ± 2.2, p < 0.05) 

or the STP cis-proline loop mutant (29.7% ± 1.5, p < 0.001) was co-expressed with mutant 

FUS R521G (Figure 5.37 B), compared to cells co-expressing mutant FUS R521G and PDI. 

Similar to the FUS mislocalisation data, these results indicated that only the GTP and SIP cis-

proline loops are protective against mutant FUS induced ER stress. Both of these results 

indicate that altering the a’ domain cis-proline loop can modify PDI’s protective activity 

against mutant FUS-induced pathogenic cellular mechanisms. 
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Figure 5.37: The GTP and SIP cis-proline loop mutants are protective against ER stress 

induced by mutant FUS. A) Immunofluorescence images of Neuro-2A cells expressing 

GFP, wildtype FUS, or mutant FUS R521G with either empty pcDNA3.1 vector, wildtype 

PDI or the GIP, GTP, SIP, or STP cis-proline loop mutants. Cells expressing GFP (first 

panel; GFP) or wildtype FUS (second panel; FUS WT) rarely display CHOP activation. 

Conversely, more cells expressing mutant FUS R521G (third panel; FUS R521G) display 

nuclear immunoreactivity to CHOP (third panel, column two). Fewer cells exhibit CHOP 

activation when mutant FUS R521G is co-expressed with either wildtype PDI (fourth panel; 

R521G + PDI) or the GTP (sixth panel; R521G + GTP) or SIP (seventh panel; R521G + SIP) 

cis-proline loop mutants. In contrast, cells co-expressing mutant FUS R521G with either the 

GIP or STP cis-proline loop mutants display more cells with CHOP activation (panels five 

and eight; R521G + GIP, R521G + STP), indicated by its nuclear immunoreactivity (column 

two, panels five and eight). Scale bar = 20 µM. B) Quantification of the cells in A) with 

CHOP activation. A significant increase (p < 0.001) in the proportion of cells with CHOP 

activation was observed in populations expressing mutant FUS R521G compared to cells 

expressing wildtype FUS. However, there was a significant decrease (p < 0.001) in the 

proportion of cells with CHOP activation when either wildtype PDI, the GTP cis-proline loop 

mutant, or the SIP cis-proline loop mutant, were co-expressed with mutant FUS R521G. 

Compared to cells co-expressing wildtype PDI and mutant FUS R521G, significantly more 

mutant FUS R521G cells co-expressing either the GIP cis-proline loop mutant (p < 0.05) or 

the STP cis-proline loop mutant (p < 0.001), displayed CHOP activation. N=3, Mean ± SEM, 

* p < 0.05, *** p < 0.001. 
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5.3.34 A summary of the protective activities of the PDI cis-proline loop mutants examined 

in this Chapter 

A summary illustrating the results obtained in the Chapter, demonstrating the protective 

effects of each of the cis-proline loop mutants against ALS-associated proteins, SOD1, TDP-

43 and FUS, is shown in Table 5.5. 

 

TABLE 5.5. The protective activity of the PDI cis-proline loop mutants. 

SOD1 

 Inclusion formation ER stress Apoptosis 

GIP (a domain – reducing)    

GTP (a domain – oxidising) ✔ ✔ ✔ 

SIP (a’ domain – reducing) ✔ ✔ ✔ 

STP (a’ domain – oxidising) ✔ ✔ ✔ 

TDP-43 

 TDP-43 mislocalisation ER stress 

GIP (a domain – reducing)  ✔ 

GTP (a domain – oxidising) ✔ ✔ 

SIP (a’ domain – reducing) ✔ ✔ 

STP (a’ domain – oxidising) ✔ ✔ 

FUS 

 FUS mislocalisation ER stress 

GIP (a domain – reducing)   

GTP (a domain – oxidising) ✔ ✔ 

SIP (a’ domain – reducing) ✔ ✔ 

STP (a’ domain – oxidising)   
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5.4 Discussion 

In Chapter 4, it was demonstrated that the a and a’ domains are necessary for PDI’s 

protective activity against mutant ALS proteins, SOD1, TDP-43 and FUS, in neuronal cell 

lines. This finding is consistent with previous studies in our laboratory which revealed that 

PDI’s disulphide interchange activity, mediated by the CGHC active sites located in the a and 

a’ domains, was important for its protective function in ALS (Parakh et al., 2017 in 

preparation). Moreover, Chapter 4 investigated the protective activities of eukaryotic versions 

of Dsb proteins, DsbA (oxidase) and DsbC (isomerase), in neuronal cell lines expressing 

ALS-associated SOD1, TDP-43 or FUS. These results demonstrated that the oxidase protein 

DsbA retains the protective activity of PDI against all the mechanisms of pathogenesis 

examined in this study, induced by mutant SOD1, TDP-43 and FUS. In contrast the 

isomerase protein DsbC, was only protective against a selection of these mechanisms. Thus, 

these results imply that the redox potential of PDI, mediated by the active sites of 

thioredoxin-like proteins, play an important role in mediating the protective capabilities of 

disulphide interchange activity in ALS.  

As PDI is capable of acting as an oxidase, reductase and isomerase, predictions were made as 

to which of these redox activities are necessary for facilitating PDI’s protective function. 

Therefore, redox active site mutants based on other specific oxidase, reductase and isomerase 

thioredoxin-like proteins, were designed to determine if alterations in the active site redox 

potential modify the protective effect of PDI in ALS. This work was based on previous 

studies which investigated the importance of the active site in thioredoxin-like proteins, 

where the DsbA active sites were mutated to that of PDI, DsbG and thioredoxin [589]. The 

study found that DsbA lost its oxidase activity when its active site motifs were mutated to 

that of PDI (CGHC), DsbG (CPYC) or thioredoxin (CGPC) [589]. In this study, following on 

from the results obtained in Chapter 4, the CPHC active site mutant was designed, based on 
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our current knowledge of DsbA proteins. DsbA is highly oxidising, with a redox potential of 

-120 mV [492], compared to PDI which has an intermediate redox potential, of -160 mV 

[593]. Therefore, it was hypothesised that mutation of the PDI active site from CGHC to 

CPHC would allow PDI to function more like an oxidase. The CPYC active site was based 

on the active site of DsbG, an isomerase and general chaperone, with 24% sequence 

homology and redox properties similar to that of DsbC [559]. Therefore, it was proposed that 

mutation of the active site from CGHC to CPYC would make PDI more isomerising. In 

contrast, the CGPC active site mutant was reminiscent of Thioredoxin’s active site. 

Thioredoxin is a highly reducing protein with a redox potential of -271 mV [581], thus, it was 

postulated that PDI would act more like a reductase when it possesses this active site.  

The experiment undertaken using cyto-roGFP to analyse roGFP expression when co-

transfected with the redox active site mutants provided evidence to support the proposed 

redox activities of the active site mutants. The CPHC active site mutant demonstrated 

significantly higher levels of roGFP expression than wildtype PDI, suggesting that more 

roGFP was being oxidised in these experiments, as hypothesised. In comparison, less roGFP 

expression was observed when the CGPC active site mutant was expressed compared to 

wildtype PDI, indicating less oxidation and thus, more reduction. In fact, roGFP expression 

levels in cells expressing the mutant CGPC active site mutant were similar to those observed 

when only empty pcDNA3.1 vector was expressed, indicative of the reducing environment of 

the cytoplasm. In cells expressing the CPYC active site mutant, similar levels of roGFP 

expression to wildtype PDI were detected, as expected, since the redox potential of DsbG is 

between that of DsbA and thioredoxin [559]. It should be noted, however, that due to time 

restrictions, it was not possible to perform experiments that allow calculation of the precise 

redox potential of each active site mutant. Hence, future studies should be conducted to 

confirm the actual redox potential of these active site mutants, and thus, verify the results 
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obtained in this study, that the more oxidising PDI is, the more protective it is. Redox 

potential can be measured by incubation of the mutants in degassed redox buffers containing 

various concentrations of GSH/GSSG [492, 594]. 

A change in redox potential evidently altered the protective activity of PDI in these studies. 

The CPHC oxidase and CGPC reductase active site mutants were protective against mutant 

SOD1 inclusion formation, whereas the CPYC isomerase active site mutant was not 

protective. It is possible that the reductase activity of PDI is involved in the breakdown of 

misfolded disulphide bonds in aggregated, misfolded proteins, including mutant SOD1, 

whereas the oxidase activity is responsible for the formation of new correctly folded 

disulphide bonds in these proteins, such asSOD1. Previous studies have concluded that PDI’s 

isomerisation capabilities are required for rearranging disulphide bonds in misfolded proteins 

[477], whereas others describe isomerisation as repeated bouts of oxidation and reduction 

[505]. Consistent with these findings, in Chapter 4, DsbA (oxidase) was found to be 

protective against SOD1 inclusion formation, whereas DsbC (isomerase) was not protective, 

demonstrating a consistency in these results.  

Interestingly, when assessing the effect of the redox active site mutants on mutant SOD1-

induced apoptosis, only the CPHC oxidase mutant was protective. This result is in 

accordance with the results obtained in Chapter 4, where only DsbA demonstrated a 

protective effect against apoptosis, and DsbC was not protective. It is possible that a more 

oxidising form of PDI is more effective than wildtype PDI in ensuring the correct formation 

of disulphide bonds in proteins, therefore maintaining proteostasis in the cell and preventing 

apoptosis. This result is interesting however, because previous studies undertaken in our 

laboratory (Parakh et al., 2017 in preparation) and studies performed in Chapter 4, 

demonstrated that the PDI QUAD mutant was protective against apoptosis, indicating that 

PDI’s chaperone activity is protective against this property. Therefore, it is possible that a 
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change in redox potential of PDI alters substrate binding in the active sites, preventing the 

binding of mutant SOD1. These results demonstrate that PDI’s protective activity against 

apoptosis is complex and further studies will need to be undertaken to fully understand the 

mechanisms involved. 

Upon investigation of mutant SOD1-induced ER stress, all three redox active site mutants 

were found to be protective. These results suggest that the oxidase, reductase and isomerase 

activities of PDI are all able to inhibit ER stress induced by mutant SOD1 in Neuro-2A cells. 

Similarly, studies investigating the effect of DsbA and DsbC against mutant SOD1-induced 

ER stress in Chapter 4 demonstrated a protective effect for both the oxidase and isomerase 

Dsb proteins. However, it is important to note that DsbC does have chaperone capabilities, 

similar to PDI.  In fact, studies investigating the protective activities of PDI’s individual 

domains in Chapter 4, demonstrated that as well as the a and a’ domains, the b domains of 

PDI also elicited a protective effect, implying that the chaperone function is also protective 

against mutant SOD1-induced ER stress. Therefore, it may be that PDI’s chaperone activity 

is involved in protection against ER stress, instead of PDI’s disulphide interchange activity, 

thus, the redox potential of PDI would bear no difference on whether PDI was protective or 

not. This is unlike SOD1 inclusion formation where only the a and a’ domains of PDI, and 

therefore the disulphide interchange activity, were protective against the formation of 

inclusions.  

A similar result was obtained when examining ER stress induced by mutant FUS. As in cells 

expressing mutant SOD1, all three redox active site mutants were protective, indicating that 

either PDI’s oxidase, reductase and isomerase activities are all protective, or conversely, that 

the chaperone function of PDI is protective. DsbA and DsbC were also both protective 

against ER stress induced by mutant FUS, demonstrating that proteins of different redox 

potentials are able to restore ER proteostasis in response to the expression of misfolded 
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protein. This could also point to a protective activity for DsbC’s chaperone function. 

Furthermore, studies described in chapter 4 analysing the effects of PDI’s individual domains 

demonstrated that the a, a’ and b domains of PDI were all protective against mutant FUS-

induced ER stress, suggesting that either disulphide interchange activity or chaperone activity 

of PDI are capable of alleviating ER dysfunction. In contrast, only the CPHC active site 

mutant was able to inhibit mutant FUS mislocalisation to the cytoplasm in Neuro-2A cells, 

indicating that PDI’s oxidase activity is required for this function. In accordance with this 

result, it was interesting to note that in Chapter 4, DsbA was also protective against 

mislocalisation of FUS, however DsbC was not. Again, it is possible that a more oxidising 

form of PDI can ensure the correct formation of disulphide bonds, and it may be less prone to 

errors compared to wildtype PDI.  

The results obtained when analysing the effect of the PDI active site mutants on TDP-43 

mislocalisation were different to those obtained with FUS. Both the CPHC and CPYC, or the 

oxidase and isomerase, active site mutants, were able to restore TDP-43’s localisation in the 

nucleus. In contrast, the CGPC reductase mutant was not able to do this. TDP-43 inclusions 

are present in motor neurons of almost all ALS patients [62, 129], indicating that TDP-43 is 

incorrectly folded in ALS. Therefore, it is possible that the isomerase activity of PDI is 

essential for this protective function, as well as its oxidase activity, in order to rearrange 

disulphide bonds in misfolded proteins to form correctly folded, stable proteins. Furthermore, 

both DsbA and DsbC were protective against mutant TDP-43 mislocalisation to the 

cytoplasm in Chapter 4, further verifying a protective role for the PDI oxidase and isomerase 

activity. Interestingly, however, only the CPHC active site mutant was protective against 

mutant TDP-43-induced ER stress. This is quite different from the results obtained when 

investigating ER stress induced by mutant forms of SOD1 and FUS, because all redox active 

site mutants were able to inhibit ER stress in these cells. Similarly, however, DsbA was able 
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to inhibit ER stress induced by mutant TDP-43, whereas the isomerase DsbC was not. It is 

interesting to note that the b domains of PDI were protective against ER stress, implying that 

PDI’s chaperone function may be involved in this ability. It may therefore be that changes to 

the redox potential of the active site of PDI alter its binding to TDP-43. The substrates which 

specifically bind to PDI will not necessarily bind to other PDI family members, so changes in 

PDI’s active site may alter its broad specificity.  

However, these results demonstrate a very important and widespread function for PDI’s 

oxidase activity against misfolded proteins in ALS. The CPHC oxidase active site mutant was 

protective against all mechanisms of pathogenesis investigated across all three ALS-

associated mutant proteins, similar to wildtype PDI. Oxidised PDI exists in an open state 

conformation compared to reduced PDI, resulting in more exposed hydrophobic areas, and a 

larger cleft with potential for substrate binding [501]. In addition, although the active sites of 

thioredoxin-like proteins are the main factor determining redox potential, previous studies 

have demonstrated that other factors can also determine the redox potential, such as the cis-

proline loop [492]. Similar studies on the role of the intervening residues in the CXXC motif 

on the redox potential of PDI itself have however, not been performed. 

The cis-proline loop is closely associated with the active site of thioredoxin-like proteins, and 

it has been shown to play a vital role in determining redox potential, protein structure and 

stability, and substrate binding and release [492]. Moreover, previous studies have 

demonstrated that substituting the residue preceding the proline can significantly alter these 

properties [492]. PDI has two cis-proline loops; one in the a domain (GYP) and the other in 

the a’ domain (SFP). Following the study of Ren and colleagues (2009) in the role of the 

residue preceding the proline on redox potential, it was postulated that by substituting 

tyrosine in the a domain cis-proline loop to a threonine (GTP), PDI would become more 

oxidising, whereas substituting this tyrosine with an isoleucine (GIP), would render it more 
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reducing. Similarly, when substituting phenylalanine in the a’ domain cis-proline loop with 

threonine (STP), it was predicted that PDI would become more oxidising, whilst a 

substitution of this phenylalanine with isoleucine (SIP) should make it more reducing. Upon 

examining roGFP expression in Neuro-2A cells co-expressing the cis-proline loop mutants, 

no significant difference in roGFP expression was observed compared to wildtype PDI. 

However, this may be because only one of the two cis-proline loops of PDI (a and a’ domain) 

was mutated each time in these mutants, while the other remained native. These studies 

revealed a trend for the GTP cis-proline loop to be more oxidising compared to the native cis-

proline loop, as expected, however this was not statistically significant. A more sensitive 

assay is necessary in future studies to assess and verify the redox potential of these cis-

proline loops mutants. Furthermore, other future studies would involve the creation of 

additional mutants in which the cis-proline loops are modified in both the a and a’ domains 

together, or alternatively, the a or a’ domain mutant alone should be expressed with its cis-

proline loop mutated. 

In Neuro-2A cells expressing mutant SOD1, the GTP cis-proline loop mutant (located in the 

a domain) was protective against inclusion formation, ER stress and apoptosis. These results 

are consistent with those described previously in this thesis which suggest that a more 

oxidising form of PDI is effective in preventing the formation of SOD1 inclusions, mutant 

SOD1-induced ER stress and apoptosis. The results obtained with the GIP cis-proline loop 

mutant are consistent with this notion, as this mutant was not protective effect against mutant 

SOD1-induced pathogenic mechanisms, implying that a more reducing cis-proline loop 

results in a loss of the protective activity of PDI. Interestingly, the SIP and STP cis-proline 

loop mutants, which contain substitutions on the a’ domain of PDI, were equally protective as 

wildtype PDI. Hence these data imply that a more oxidising or reducing a’ domain cis-

proline loop does not impact on its protective activity.  
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Similar results were obtained when assessing the protective activity of the cis-proline loop 

mutants against mutant TDP-43. The presence of an oxidising cis-proline loop in the a 

domain of PDI resulted in protective activity against TDP-43 mislocalisation, whereas a 

predicted more reducing cis-proline loop mutant was not protective. In contrast, the presence 

of either an oxidising or a reducing cis-proline loop in the a’ domain still retained PDI’s 

protective ability against mislocalisation of TDP-43 to the cytoplasm. An exception was 

noted when investigating the effects of the cis-proline loops on mutant TDP-43-induced ER 

stress, as the GIP mutant was found to be also protective. It is possible that this protective 

activity is due to PDI’s chaperone function, although this remains unlikely, as PDI’s 

chaperone function had no effect against ER stress induced by TDP-43 for the active site 

mutants. It is possible that mutation of the cis-proline loop from GYP to GIP allows effective 

substrate binding of TDP-43 to PDI, thus PDI is able to retain its activity. Regardless, the 

results obtained here imply that the protective activity of PDI is mediated primarily by PDI’s 

a domain. Alterations to the cis-proline loop of PDI’s a’ domain did not modify PDI’s 

protective activity, whereas mutation of the a domain cis-proline loop did alter PDI’s 

protective activity. Therefore, it is possible in the full-length PDI protein, the protective 

activity lies primarily in the a domain. The a’ domain mutant was found to be protective on 

its own in the studies outlined in Chapter 4, however, it is possible that the presence of the a 

domain acts as a secondary active site and is not necessarily required. Moreover, previous 

studies have concluded that the a domain of PDI acts as an oxidase, whereas the a’ domain 

possesses more isomerase activity [574], further supporting the notion that the oxidase 

activity of PDI is essential for PDI’s protective function. 

Similar results were obtained when examining mechanisms of pathogenesis induced by 

mutant FUS, except that the presence of the STP cis-proline loop mutant resulted in PDI not 

being protective against mislocalisation of FUS to the cytoplasm and induction of ER stress. 
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This result is interesting as the STP cis-proline loop mutant is proposed to be more oxidising, 

compared to the native SFP cis-proline loop of the a’ domain. Moreover, it is puzzling that 

alterations to the a’ domain cis-proline loop did not alter the protective activity of PDI in 

cells expressing either mutant SOD1 or TDP-43, but it did alter the activity against mutant 

FUS. These differences in the protective activity of PDI, resulting from the presence of the 

cis-proline loop mutations, may be due to alterations in substrate binding when the STP cis-

proline loop mutant is present. It is therefore possible that mutant FUS can no longer bind to 

the STP cis-proline loop mutant of PDI, thus PDI can no longer exert its protective effect. 

In future studies, the cis-proline loop should be mutated in the individual a and a’ domain 

proteins used in Chapter 4. This way, the effect of the different cis-proline loops of each 

domain can be assessed for protective activity individually. It would therefore be interesting 

to examine the resultant activity of the a and a’ domain mutants upon mutagenesis of the cis-

proline loops. These studies may also provide different results to those obtained using the full 

length PDI cis-proline loop mutants, and they may reveal additional insights into how 

modifying the redox potential of PDI can modify its activity. Therefore, a and a’ domain 

proteins, containing mutations in the cis-proline loop, should be co-expressed with cyto-

roGFP to provide insights into the redox potential of these proteins. It would be predicted that 

a significant difference in roGFP activity may be observed in these analyses. Assessing the 

domains of PDI individually would also provide more information into whether the a’ 

domain is still functional when it contains the cis-proline loop mutations, once the a domain 

is no longer present. Future studies should also be undertaken to measure the actual redox 

potential of both the active site mutants and the cis-proline loop mutants as described above. 

Due to time constraints, redox potential measurements were unable to be performed here, 

however, they should be undertaken as the next stage in this study so that precise 

measurements of the redox potential can be determined and correlated precisely with the 
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protective activity of PDI. The fact that the experiments did reveal differences in the 

protective activity for the PDI mutants implies that these mutants do differ in redox potential, 

however this was not shown specifically. It would also be interesting to examine the redox 

potential of PDI when active site mutations are combined with alterations to the cis-proline 

loops, for example, an oxidising active site with a reducing cis-proline loop, and vice versa. 

Finally, it would also be important to perform some in silico analysis, such as molecular 

modelling, to ascertain that these mutations have not altered the protein’s native 

conformation, resulting in its unfolding or dysfunction. Biophysical studies using purified 

proteins would also need to be performed to ensure that they are correctly folded and 

functioning as predicted. 

In summary, this chapter provides insights into the importance of PDI’s redox potential on its 

protective activity against misfolded proteins associated with ALS. It was demonstrated that 

the oxidase activity was protective against every cellular mechanism examined, in cells 

expressing ALS-associated forms of either mutant SOD1, TDP-43 or FUS. These data imply 

that the formation of disulphide bonds is an important function necessary for the protective 

activity in PDI in ALS. Furthermore, results obtained using the cis-proline loop mutants 

suggest that the a domain is more important in determining PDI’s protective activity, 

compared to the a’ domain. It was also shown in this Chapter that there are a number of 

factors that determine the protective effects of PDI, other than the a domain, such as the 

precise sequence of active site residues, and the cis-proline loop located in the a domain, 

which is also considered to be part of the active site of PDI.  
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Chapter 6: The Role of PDI and its Redox 

Activity in FUS-Linked ALS 
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6.1 Introduction 

Over 46 mutations in FUS are currently associated with ALS and these mutations account for 

approximately 4% of fALS and 1% of sALS cases [8]. FUS has been well-studied in ALS, 

and recently, studies in our laboratory have demonstrated that PDI is protective against 

mutant FUS mislocalisation to the cytoplasm and mutant FUS-induced ER stress and ER-

Golgi transport defects (Parakh et al., 2017 in preparation), suggesting that PDI is protective 

against mutant FUS in ALS. 

The studies performed in Chapters 4 and 5 have highlighted key mechanisms by which PDI 

mediates its protective activity. Specifically, in Chapter 5, it was concluded that the oxidase 

activity of PDI, (involving the formation of disulphide bonds), is imperative for its protective 

function. In this chapter, the experiments performed further investigate the oxidase activity of 

wildtype PDI for one particular protein linked to ALS,  mutant FUS mutant, R521G, which is 

responsible for an aggressive form of ALS [137]. Moreover, the protective activity of a PDI 

mimetic, BMC, and two novel PDI variants, D292N and R300H, are explored. 
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6.1.1 BMC: a PDI mimetic 

-(±)-trans-1,2-Bis(2-mercaptoacetamido) cyclohexane (BMC) is a 262 Da synthetic dithiol 

which contains two hydrogen-sulphide bonds. It is designed to mimic the activity of PDI and 

is based on the CGHC motif, allowing it to mimic the disulphide interchange activity [595]. 

Previous studies have demonstrated that BMC can assist in the oxidation and isomerisation of 

disulphide bonds in vitro and it also accelerates protein folding during the production of 

recombinant proteins [595, 596]. Moreover, BMC has similar pKa and reduction potential to 

the CGHC active site motifs of PDI, suggesting that BMC is an efficient catalyst of 

disulphide oxidation and isomerisation [596]. However, unlike PDI, BMC cannot bind to 

protein substrates, and it is therefore not substrate specific [490].  

A previous study from our group demonstrated a reduction in the formation of mutant SOD1 

inclusions and in the levels of SDS-insoluble mutant SOD1, in a dose-dependent manner, in 

cells treated with BMC, indicating that BMC is able to mimic the protective effects of PDI on 

mutant SOD1 aggregation [448]. Moreover, unpublished studies performed have 

demonstrated that BMC is protective against ER-Golgi transport defects and ER stress in 

neuronal cells expressing mutant SOD1, TDP-43 and FUS, and it is also protective against 

the mislocalisation of mutant TDP-43 and mutant FUS. Unfortunately, however, BMC is 

highly insoluble and is predicted to be unable to cross the BBB, rendering it unsuitable for 

therapeutic use (unpublished observations). However, since treatment of neuronal cells with 

BMC emulates PDI overexpression utilising disulphide interchange activity, it is postulated 

whether BMC exerts this protective function primarily through its oxidase activity or 

isomerase activity.  
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6.1.2 PDI variants, D292N and R300H 

As discussed briefly in Chapter 3, section 3.1.1, exome sequencing and a candidate gene 

approach identified 16 missense variants in the PDI and ERp57 genes (nine in PDI and seven 

in ERp57). These missense variants were overrepresented in ALS cases compared to controls, 

indicating that they may act as risk factors or phenotypic modifiers through gain- and loss-of-

function mechanisms [444]. Moreover, it was reported that, overall, these variants were 

present in 1-2%  of all fALS and 1% of all sALS cases analysed [444], similar to the 

frequencies of other ALS-linked gene variants [4]. 

Two variants in the PDI gene, D292N and R300H, have been studied in detail since their 

initial identification. Both variants are present within the substrate binding b’ domain of PDI 

and modelling studies predict that these mutations perturb the binding of substrate proteins 

[441, 444]. However, significant or obvious structural alterations are not observed in these 

variants, suggesting that they confer functional changes in PDI, rather than structural 

modifications [441]. Interestingly, the aspartate residue that is removed in the D292N variant 

has previously been shown to control accessibility to the substrate binding site [597], 

indicating that the variant may impede substrate accessibility. Moreover, the R300H variant 

also perturbs redox-dependent substrate binding and accessibility to the catalytic active site 

[444]. Interestingly, different proteolytic patterns around the x-linker region of the D292N 

and R300H variants have been observed, compared to wildtype PDI [441]. Indeed, the x-

linker region of PDI can adopt several conformations which determine the accessibility of 

substrates to the substrate binding site of the b’ domain [597]. It was predicted that 

conformation of the D292N variant displays blocking of the x-linker region to the binding 

pocket, however the predicted conformation of the R300H displays an opposite effect, even 

though the R300H variant demonstrates a decrease in catalytic activity, compared to wildtype 

PDI [441]. 
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Investigations in zebrafish have previously demonstrated that a large fraction of embryos 

expressing the R300H variant displayed a distinct shortening of the axis and tail curvature, 

which are features characteristic of zebrafish models of ALS. Similarly, axonal morphology 

was also impaired, resulting in reduced length and increased branching. Furthermore, synapse 

formation was also disrupted in these animals [441]. These results imply that expression of 

these variants disrupt motor neuron connectivity and function in zebrafish. Interestingly, 

defects observed in neurons were associated with motor behavioural defects, implying that 

the expression of R300H produces a phenotype characteristic of ALS zebrafish models. 

Moreover, the effect of PDI on neurite outgrowth in neuronal cells and human motor neurons 

was inhibited when the PDI variants were expressed, suggesting that the variants inhibit 

neurite outgrowth [441]. Conversely, however, the expression of R300H in zebrafish did not 

lead to motor neuron loss [441]. 

Interestingly, the PDI D292N and R300H variants do not induce cell toxicity or ER stress in 

neuronal cell lines and primary motor neuron cultures [441], despite ER stress being 

implicated as an early pathogenic mechanism in ALS [255]. Furthermore, ER morphology 

and protein secretion via the secretory pathway is retained upon expression of the variants, 

indicative of normal ER homeostasis in the cells [441]. Together these findings imply that 

D292N and R300H are not causative of ALS, but may be a risk factor for disease. The author 

of this thesis co-authored a review article discussing the PDI variants and PDI’s novel roles 

in the nervous system [598]. The reader is directed to this review for more information. 
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6.1.3 Aims of this chapter 

The studies in Chapters 4 and 5 have predicted an important role for oxidase activity in 

mediating PDI’s protective function. In Chapter 4, oxidase DsbA was consistently protective 

against pathogenic mechanisms induced by ALS, compared to isomerase DsbC which was 

only protective in some instances. Moreover, studies examining the PDI active site mutants in 

Chapter 5 also demonstrated that a predicted oxidising active site motif or cis-proline loop 

was consistently protective against cellular disease processes, in comparison to predicted 

reducing or isomerising mutants.   

In order to probe the role of redox activity in PDI’s protective function in more detail, one 

specific ALS-associated protein was selected for further study, and FUS was chosen because 

it has not been as well studied as SOD1 or TDP-43. Therefore, the oxidase activities of 

wildtype PDI, BMC and PDI variants, D292N and R300H, were investigated in Neuro-2A 

cells expressing mutant FUS R521G. The studies in this chapter involve examining the 

function of each PDI protein, or PDI mimetic, on mutant FUS-induced pathogenic 

mechanisms, upon ablation of oxidase activity. It was hypothesised that ablation of oxidase 

activity would render the PDI proteins and BMC non-functional. These experiments were 

consequently confirmed by the use of cyto-roGFP to examine the oxidase activity of wildtype 

PDI, PDI R300H and PDI QUAD. Thus, it was predicted that these studies would verify the 

importance of the oxidase activity on PDI’s protective function. 
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6.2 Materials/Methods 

6.2.1 Constructs used in this chapter 

A pcDNA3.1 vector containing full-length PDI and a V5 tag was provided by Dr. Neil 

Bulleid, University of Glasgow, UK. GFP FUS (wildtype and R521G) vectors were a gift 

from Dr. Justin Yerbury, University of Wollongong, Australia, and wildtype FUS and mutant 

FUS R521G constructs encoding hemagglutinin (HA)-tagged human FUS at the N-terminus 

were provided by Dr. Dorothee Dormann, Munich University, Germany. Mutant PDI D292N 

and R300H were a kind gift from Professor Claudio Hetz, University of Chile, Chile. The 

PDI QUAD mutant was generated by a Masters student, utilising site-directed mutagenesis. 

The cyto-roGFP construct was a gift from Paul Schumacker (Addgene plasmid #49435). The 

DNA plasmids used in this chapter were verified by DNA sequencing before use. 

 

6.2.2 BSO administration 

Cells transfected with FUS WT and R521G were treated with Buthionine sulfoximine (BSO) 

to reduce levels of glutathione, resulting in diminished oxidation. 75 µM BSO was 

administered into transfected cells 24 h post transfection for a total of 48 h. Cells were fixed 

72 h post transfection and an immunofluorescence assay was performed before analysis of 

BSO’s effect on PDI’s activity under a Zeiss AxioImager epifluorescence microscope. BSO 

was stored at a stock solution of 100 mM at -20°C. 
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6.2.3 Cell culture treatment with BMC 

Treatment with PDI mimetic, -(±)-trans-1,2-Bis(2-mercaptoacetamido) cyclohexane (BMC) 

(Toronto Research Chemicals), was administered to cells at a concentration of 25 µM 

approximately 5 h post transfection with FUS WT and R521G constructs. BMC was stored at 

a stock solution of 100 mM in DMSO at -20°C. Cells transfected with FUS constructs were 

also administered with DMSO alone to act as a control. Cells were fixed 72 h post 

transfection and an immunofluorescence assay was performed before analysis of BMC’s 

effect on FUS mislocalisation, ER stress and inclusion formation under a Zeiss AxioImager 

epifluorescence microscope. 
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6.3 Results 

6.3.1 Protein expression of PDI and FUS are not altered after administration of BSO in 

Neuro-2A cells 

Chapter 5 of this thesis previously demonstrated that PDI’s oxidase activity was imperative 

for its protective function. To further confirm this finding, the use of a specific redox 

inhibitor, BSO, was administered into Neuro-2A cells expressing mutant FUS R521G and 

PDI. BSO inhibits intracellular glutathione synthesis by inhibition of the enzyme γ-glutamyl-

cysteine synthetase [599]. One of glutathione’s functions is to modulate a redox environment 

in the ER lumen that maintains PDI in an active form for oxidation [600], and in the presence 

of glutathione, PDI accelerates its oxidation of disulphide bonds, but not isomerisation [601]. 

Therefore, it was predicted that the administration of BSO would inhibit PDI’s oxidase 

activity, and thus, its protective activity. 

First, Western blotting analysis was performed to ensure that BSO did not alter or diminish 

the protein expression of PDI, and wildtype and mutant FUS (Figure 6.1). Cell lysates were 

prepared from the following cell populations; GFP alone, wildtype FUS with either empty 

pcDNA3.1 vector or PDI, with and without BSO administration, and mutant FUS R521G 

with either empty pcDNA3.1 vector or PDI, with and without BSO administration. 

Immunoblotting using an anti-GFP antibody revealed that wildtype and mutant FUS-GFP 

proteins were expressed at the expected size of 100 kDa with similar levels of expression. 

GFP alone was expressed at 26 kDa, as expected. Wildtype PDI was detected at 62 kDa using 

an anti-V5 antibody, and expression levels were constant across cell lysate populations. 

These results indicate that the administration of BSO does not alter protein expression. β-

actin was used as a loading control and was detected using an anti-β-actin antibody (40 kDa). 
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Figure 6.1: Protein expression of PDI and GFP-FUS proteins in Neuro-2A cells, with 

and without BSO administration. A) Western blotting analysis of cell lysates was 

performed to ensure that PDI and GFP-FUS proteins were expressed at similar levels and 

were of expected MW. Lysates examined were from cells expressing either GFP alone, 

wildtype FUS co-expressed with either pcDNA3.1 or PDI, with exposure to BSO or no 

exposure, or mutant FUS R521G co-expressed with either pcDNA3.1 or PDI, with and 

without BSO exposure. PDI was detected at 62 kDa (PDI = 60 kDa, V5 tag = 2 kDa). 

Wildtype and mutant FUS were detected at 100 kDa (FUS = 74 kDa, GFP = 26 kDa), and 

GFP alone was detected at 26 kDa. β-actin was expressed at 40 kDa. B) Quantification 

revealed that BSO did not alter protein expression levels upon administration. Wildtype FUS 

and mutant FUS R521G-expressing cells were expressed at similar levels, and the expression 

levels of PDI remained constant across cell lysate populations. Lysates expressing GFP only 

were not included in quantification. N = 3, Mean ± SEM. 
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6.3.2 The administration of BSO impedes PDI’s ability to inhibit mutant FUS 

mislocalisation to the cytoplasm 

The effect of BSO on PDI’s activity was first investigated in Neuro-2A cells expressing 

wildtype and mutant FUS by examining FUS mislocalisation to the cytoplasm. Neuro-2A 

cells were transfected with GFP alone, wildtype FUS co-expressed with either empty 

pcDNA3.1 vector or PDI, and mutant FUS R521G co-expressed with either empty 

pcDNA3.1 vector or PDI. Transfected cells were both exposed and not treated with BSO to 

examine the effects of BSO administration. Cells were fixed after 72 h and 

immunocytochemistry was performed using an anti-V5 antibody to visualise V5-tagged PDI. 

Cells were also DAPI-stained with Hoechst to view the nuclei.  Fluorescent microscopy was 

utilised to examine the cellular location of FUS, whereby FUS was considered cytoplasmic 

when fluorescence was only detected in the cytoplasm, but was considered nuclear when it 

was localised in both the cytoplasm and nucleus, as in previous chapters of this thesis (Figure 

6.2 A).  

Untransfected cells and cells expressing GFP alone were not included in the analysis because 

they did not express GFP-FUS. In wildtype FUS expressing cells, whether co-expressed with 

PDI or exposed to BSO, or not, less than 5% of cells demonstrated a cytoplasmic localisation 

of FUS. Conversely, a high proportion of cells co-expressing mutant FUS R521G with empty 

pcDNA3.1 vector displayed cytoplasmic FUS mislocalisation (93.5% ± 1.2), and this 

proportion did not change upon administration of BSO (91.8% ± 1.7). As expected, co-

expression of mutant FUS R521G with PDI resulted in a significant reduction (p < 0.001) in 

the proportion of cells expressing cytoplasmic FUS (75.5% ± 3.8). However, upon 

administration of BSO to cells co-expressing mutant FUS R521G and PDI, significantly more 

(p < 0.001) cells expressed cytoplasmic FUS (94.23% ± 2.3), compared to FUS R521G and 

PDI co-expressing cells without BSO administration. These data indicate that in cells treated 
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with BSO, PDI loses it protective activity against FUS mislocalisation to the cytoplasm 

(Figure 6.2 B). 
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Figure 6.2: The administration of BSO inhibits PDI’s ability to inhibit mutant FUS 

mislocalisation to the cytoplasm. A) Immunofluorescence images of Neuro-2A cells 

expressing wildtype FUS with either empty pcDNA3.1 vector or PDI (with or without BSO), 

and mutant FUS R521G with either pcNDA3.1 or PDI (with or without BSO). Cells 

expressing wildtype FUS displayed nuclear FUS localisation, demonstrated by complete co-

localisation with the DAPI-stained nucleus (panels 1-4; FUS WT, FUS WT + BSO, FUS WT 

+ PDI, FUS WT + PDI + BSO). In contrast, almost all cells expressing mutant FUS R521G 

with empty vector demonstrated cytoplasmic localisation of FUS (panels five and six; FUS 

R521G, FUS R521G + BSO). However, fewer FUS R521G cells co-expressing PDI (panel 

seven; R521G + PDI) displayed cytoplasmic FUS, demonstrated by localisation in both the 

nucleus and cytoplasm (panel seven, column one). Conversely, when BSO was administered 

to cells co-expressing mutant FUS R521G and PDI (panel eight; R521G + PDI + BSO), more 

cells demonstrated cytoplasmic FUS mislocalisation. Scale bar = 30 µM. B) Quantification of 

Neuro-2A cells with FUS mislocalisation in A). FUS was typically expressed in the nucleus 

in populations expressing wildtype FUS. In contrast, most cells expressing mutant FUS 

R521G with empty vector displayed cytoplasmic localisation of FUS, with or without BSO. 

A significant decrease (p < 0.001) in the proportion of cells with FUS mislocalisation to the 

cytoplasm was observed when PDI was co-expressed with mutant FUS R521G. However, the 

proportion of FUS R521G and PDI co-expressing cells with FUS mislocalisation was 

significantly increased (p < 0.001) when BSO was administered to cells. N=3, Mean ± SEM, 

*** p < 0.001. 
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6.3.3 The administration of BSO impedes PDI’s ability to inhibit CHOP activation induced 

by mutant FUS 

It was next examined whether BSO would impede PDI’s protective activity against ER stress 

induced by mutant FUS. Only one marker for ER stress was utilised in these studies, based on 

the consistency of results obtained between different ER stress markers in Chapters 3, 4 and 5 

and due to time constraints. However, ideally another marker of ER stress should be 

investigated to confirm these results in future experiments. For this study, the activation of 

CHOP was used to examine late, pro-apoptotic UPR induction. Neuro-2A cells were 

transfected with GFP alone, wildtype FUS with either empty pcDNA3.1 vector or PDI, and 

mutant FUS R521G with either pcDNA3.1 or PDI, with and without BSO administration. 

Cells were fixed 72 h after transfection, and immunocytochemistry was performed using an 

anti-CHOP antibody to detect nuclear immunoreactivity to CHOP, indicative of activation. 

Cells were also stained with Hoechst to visualise the nuclei and examined using fluorescent 

microscopy (Figure 6.3 A). 

Less than 10% of untransfected cells or cells expressing GFP, with or without BSO 

administration, displayed activation of CHOP, as expected. Moreover, wildtype FUS 

expressing cells only displayed CHOP activation in 5.3% ± 0.3 of cells without BSO, and 

11.0% ± 1.0 of cells with BSO. The proportion of cells with CHOP activation was also 

similar in wildtype FUS expressing cells when PDI was co-expressed. In contrast, there was a 

significant increase (p < 0.001) in the proportion of cells with nuclear immunoreactivity to 

CHOP in populations expressing mutant FUS R521G with empty pcDNA3.1 vector (22.0% ± 

1.5), compared to those expressing wildtype FUS, as previous. This proportion did not alter 

in these cells when BSO was administered (18.3% ± 2.6). As expected, co-expression of PDI 

with mutant FUS R521G resulted in a significant reduction (p < 0.001) in the proportion of 

cells displaying CHOP activation (7.7% ± 1.2), compared to cells co-expressing mutant FUS 



456 
 

R521G with empty vector. However, administration of BSO to cells co-expressing PDI and 

mutant FUS R521G resulted in significantly more cells (p < 0.01) with nuclear 

immunoreactivity to CHOP (17.3% ± 1.5), compared to these cells without BSO treatment, 

indicating that BSO impedes PDI’s ability to utilise its oxidase activity to inhibit ER stress 

induced by mutant FUS (Figure 6.3 B). 
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Figure 6.3: The administration of BSO impedes PDI’s ability to inhibit CHOP 

activation induced by mutant FUS. A) Immunofluorescence images of Neuro-2A cells 

expressing GFP, wildtype FUS with either empty pcDNA3.1 vector or PDI (with and without 

BSO), and mutant FUS R521G with either pcDNA3.1 or PDI (with and without BSO). Cells 

expressing GFP (first panel; GFP) or wildtype FUS (panels two to five; FUS WT, FUS WT + 

BSO, FUS WT + PDI, FUS WT + PDI + BSO) rarely displayed CHOP activation. In 

contrast, more cells expressing mutant FUS R521G (panels six and seven; FUS R521G, FUS 

R521G + BSO) demonstrated CHOP nuclear immunoreactivity (panels six and seven, 

column two). Co-expression of mutant FUS R521G with PDI (panel eight; R521G + PDI) 

resulted in fewer cells displaying CHOP activation. However, the administration of BSO to 

cells co-expressing FUS R521G and PDI (panel nine; R521G + PDI + BSO) resulted in an 

increase in the proportion of cells with CHOP activation. Scale bar = 20 µM. B) 

Quantification of the cells in A) with CHOP activation. A significant increase (p < 0.001) in 

the proportion of cells with CHOP activation was observed when cells were co-expressed 

with mutant FUS R521G and empty pcDNA3.1 vector, compared to cells co-expressed with 

wildtype FUS and pcDNA3.1. There was a significant decrease (p < 0.001) in the proportion 

of mutant FUS R521G expressing cells displaying CHOP activation when PDI was co-

expressed. However, when BSO was administered to cells co-expressing FUS R521G and 

PDI, significantly more cells (p < 0.01) displayed CHOP nuclear immunoreactivity, 

compared to these cells without BSO treatment. N=3, Mean ± SEM, ** p < 0.01, *** p < 

0.001. 
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6.3.4 The administration of BSO impedes PDI’s ability to inhibit mutant FUS inclusion 

formation 

In previous studies performed in Chapter 4 and 5, the presence of inclusions was observed in 

the cytoplasm of cells expressing mutant FUS R521G, however they were not previously 

quantified in these experiments. Mutant FUS inclusions in Neuro-2A cells are observed as 

punctate structures in the cytoplasm. Moreover, the activity of PDI on mutant FUS inclusion 

formation has not been described previously in our laboratory. Hence, in these studies, 

mutant FUS inclusions were quantified, and the activity of PDI against the formation of these 

inclusions was investigated. Furthermore, the administration of BSO to in these cells was 

analysed for its effect on FUS inclusion formation. 

Neuro-2A cells were transfected for 72 h with GFP alone, wildtype FUS with either empty 

pcDNA3.1 vector or PDI, and mutant FUS R521G with either pcDNA3.1 or PDI. These cell 

populations were both exposed and not exposed to BSO. After fixing, immunocytochemistry 

was performed using an anti-V5 antibody to detect the expression of V5-tagged PDI, and 

nuclei were stained with Hoechst. For each of three replicate experiments, at least 100 cells 

co-expressing FUS proteins and PDI were examined for the presence of FUS inclusions (GFP 

fluorescence) utilising fluorescent microscopy (Figure 6.4 A). 

Untransfected cells and cells expressing GFP alone did not express GFP-FUS, and hence 

were not included in the analysis. Wildtype FUS cells, co-expressing either pcDNA3.1 or 

PDI, did not form inclusions. Interestingly though, upon BSO treatment, inclusions were 

occasionally observed in cells co-expressing wildtype FUS with either pcDNA3.1 or PDI, 

typically within the nucleus (9.3% ± 1.1 and 6.3% ± 1.3, respectively). Conversely, a high 

proportion of cells co-expressing mutant FUS R521G with empty pcDNA3.1 vector 

displayed FUS inclusions, with (22.0% ± 3.2) or without BSO administration (19.0% ± 1.4). 
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Co-expression of PDI with mutant FUS R521G resulted in a significant reduction (p < 0.05) 

in the proportion of cells bearing inclusions (11.5% ± 1.6), indicating that PDI is able to 

inhibit mutant FUS inclusion formation in Neuro-2A cells. However, upon BSO 

administration to cells co-expressing PDI and mutant FUS R521G, a significant increase (p < 

0.001) in the proportion of cells with inclusions was observed (23.3% ± 1.8), compared to 

these cells without BSO treatment, implying that BSO impedes PDI’s oxidase activity, and 

thus, its ability to inhibit FUS inclusion formation (Figure 6.4 B). 
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Figure 6.4: The administration of BSO impedes PDI’s ability to inhibit mutant FUS 

inclusion formation. A) Immunofluorescence images of Neuro-2A cells expressing GFP, 

wildtype FUS with either pcDNA3.1 or PDI (with and without BSO), and mutant FUS 

R521G with either pcDNA3.1 or PDI (with and without BSO). Cells expressing GFP or 

wildtype FUS did not present with inclusions (panels one, two and four; GFP, FUS WT, FUS 

WT + PDI). In contrast, upon BSO treatment in cells expressing wildtype FUS, inclusions 

were observed (panels three and five; FUS WT + BSO, FUS WT + PDI + BSO), sometimes 

as a large prominent inclusion body (panel three, column 1), but usually as structures 

resembling paraspeckles (panel five, column 1) within the nucleus, indicated by the white 

arrowheads. More cells expressing mutant FUS R521G (panels six and seven; FUS R521G, 

FUS R521G + BSO) displayed FUS inclusions within the cytoplasm, as indicated by the 

white arrowheads (column one). Conversely, when PDI was co-expressed with mutant FUS 

R521G, fewer cells displayed FUS inclusions (panel eight; R521G + PDI). However, when 

BSO was administered to cells co-expressing PDI and FUS R521G, an increase in the 

proportion of cells with inclusions was observed (panel nine: R521G + PDI + BSO), as 

indicated by the white arrowhead (panel nine, column one). Scale bar = 20 µM. B) 

Quantification of Neuro-2A cells bearing FUS inclusions in A). No cells expressing wildtype 

FUS displayed inclusions. However, upon BSO administration, an increase in the proportion 

of wildtype FUS-expressing cells with inclusions was observed. There was a significant 

increase (p < 0.001) in the proportion of cells with FUS inclusions in cells expressing mutant 

FUS R521G, compared to cells expressing wildtype FUS. However, significantly fewer (p < 

0.05) cells bore FUS inclusions in populations co-expressing PDI with mutant FUS R521G. 

Conversely, a significant increase (p < 0.001) in the proportion of cells with FUS inclusions 

was observed when BSO was administered to cells co-expressing PDI and mutant FUS 
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R521G, compared to these cells without BSO administration. N=3, Mean ± SEM, * p < 0.05, 

*** p < 0.001. 
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6.3.5 The administration of BSO impedes the ability of BMC to inhibit mutant FUS 

mislocalisation to the cytoplasm 

The next set of experiments investigated the effect of BSO on the PDI mimic, BMC. BMC 

mimics the disulphide interchange activity of PDI and possesses similar oxidoreductase 

properties [595]. Moreover, BMC has previously demonstrated protective activity against 

mutant FUS-induced ER stress and mislocalisation (Parakh et al., 2017 in preparation), 

therefore it was speculated whether BSO could inhibit the activity of BMC, similar to the 

way it inhibited PDI’s function. The effect of BSO on BMC was first investigated in Neuro-

2A cells expressing wildtype and mutant FUS by analysing FUS mislocalisation to the 

cytoplasm. 

Neuro-2A cells were transfected for 72 h with GFP alone, wildtype FUS and mutant FUS 

R521G. Wildtype FUS and mutant FUS R521G were either co-expressed with empty 

pcDNA3.1 vector or PDI, or treated 5 h post-transfection with either DMSO (as a control) or 

BMC (with and without BSO administration). After fixing, nuclei were DAPI-stained with 

Hoechst and subsequently analysed using fluorescent microscopy for FUS mislocalisation to 

the cytoplasm. As previous, FUS was considered cytoplasmic when it was only detected in 

the cytoplasm, and was considered nuclear when it was expressed in both the nucleus and the 

cytoplasm of FUS expressing cells (Figure 6.5 A). 

Untransfected cells and cells expressing GFP were excluded from analysis as they did not 

express FUS. Cells expressing wildtype FUS rarely displayed cytoplasmic FUS. In contrast, a 

significantly greater (p < 0.001) proportion of cells expressing mutant FUS R521G co-

transfected with empty vector or treated with DMSO displayed FUS mislocalisation to the 

cytoplasm (93.5% ± 1.2 and 94.0% ± 1.6, respectively), compared to cells expressing 

wildtype FUS. Co-expression of PDI with FUS R521G resulted in a significant decrease (p < 
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0.001) in the proportion of cells with cytoplasmic FUS (75.5% ± 3.8), compared to cells co-

expressing FUS R521G with empty vector, as expected. Moreover, treatment of mutant FUS 

R521G expressing cells with BMC also significantly reduced (p < 0.01) the proportion of 

cells with mislocalisation (85.0% ± 1.1), however significantly more (p < 0.01) cells with 

cytoplasmic FUS were detected in these populations, compared to FUS R521G expressing 

cells with PDI. Interestingly, when BSO was administered to FUS R521G expressing cells 

with BMC treatment, a significant increase (p < 0.01) in the proportion of cells with FUS 

mislocalisation was observed (94.8% ± 1.7), compared to BMC treated cells expressing 

mutant FUS R521G without BSO treatment (Figure 6.5 B). These results indicate that BSO 

impedes BMC’s ability to inhibit mutant FUS mislocalisation to the cytoplasm. 
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Figure 6.5: The administration of BSO impedes the ability of BMC to inhibit mutant 

FUS mislocalisation to the cytoplasm. A) Immunofluorescence images of Neuro-2A cells 

expressing wildtype FUS with treatment of either DMSO or BMC (with and without BSO), 

and mutant FUS R521G with treatment of either DMSO or BMC (with and without BSO). 

Cells expressing wildtype FUS displayed only nuclear localisation of FUS (panels 1-3; FUS 

WT + DMSO, FUS WT + BMC, FUS WT + BMC + BSO). Cells expressing mutant FUS 

R521G and treated with DMSO (panel four; R521G + DMSO) displayed mainly cytoplasmic 

FUS. In contrast, when mutant FUS R521G expressing cells were treated with BMC (panel 

five; R521G + BMC), fewer cells displayed FUS mislocalisation, as indicated by localisation 

of FUS in both the nucleus and cytoplasm (panel five, column one). However, BSO 

administration to FUS R521G expressing cells treated with BMC (panel six; R521G + BMC 

+ BSO) resulted in mainly cytoplasmic FUS. Scale bar = 20 µM. B) Quantification of cells in 

A) with FUS mislocalisation to the cytoplasm. A significant increase (p < 0.001) in the 

proportion of mutant FUS R521G expressing cells with FUS mislocalisation to the cytoplasm 

was observed, compared to wildtype FUS expressing cells. In contrast, significantly fewer 

cells exhibited FUS mislocalisation when mutant FUS R521G cells were either co-expressed 

with PDI (p < 0.001) or treated with BMC (p < 0.01), compared to mutant FUS R521G 

expressing cells treated with DMSO. However, significantly more (p < 0.01) FUS R521G 

cells displayed FUS mislocalisation when treated with BMC, compared to when co-expressed 

with PDI. Moreover, significantly more (p < 0.01) BMC treated FUS R521G expressing cells 

displayed FUS mislocalisation when BSO was administered, compared to BMC treated FUS 

R521G expressing cells without BSO administration. N=3, Mean ± SEM, ** p < 0.01, *** p 

< 0.001. 
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6.3.6 The administration of BSO impedes the ability of BMC to inhibit CHOP activation 

induced by mutant FUS 

Next, the effect of BSO on BMC’s protective activity against mutant FUS induced ER stress 

was investigated. Neuro-2A cells were transfected for 72 h with GFP alone, wildtype FUS 

and mutant FUS R521G. Wildtype FUS and mutant FUS R521G were either co-expressed 

with empty pcDNA3.1 vector or PDI, or treated 5 h post-transfection with either DMSO (as a 

control) or BMC (with and without BSO administration). After fixing, immunocytochemistry 

was performed using an anti-CHOP antibody to examine CHOP activation. Cells were also 

stained with Hoechst to visualise the nuclei before fluorescent microscopy was used to 

analyse at least 100 FUS expressing cells for nuclear immunoreactivity to CHOP (Figure 6.6 

A). 

Less than 10% of untransfected cells, or cells expressing GFP, or wildtype FUS with either 

DMSO, PDI or BMC, presented with CHOP activation. In contrast, a significant increase (p 

< 0.001) in the proportion of cells displaying CHOP nuclear immunoreactivity was observed 

in populations expressing mutant FUS R521G with either empty pcDNA3.1 vector or treated 

with DMSO (22.0% ± 1.5 and 20.0% ± 1.2, respectively), compared to cells expressing 

wildtype FUS with either empty vector or DMSO (5.0% ± 0.6 and 7.7% ± 1.9, respectively). 

Significantly fewer (p < 0.001) mutant FUS R521G expressing cells presented with CHOP 

activation when either PDI was co-expressed (7.7% ± 1.2), or BMC was administered (9.7% 

± 1.9), as expected. However, when BSO was administered to FUS R521G expressing cells 

treated with BMC, there was a significant increase (p < 0.05) in the proportion of cells 

exhibiting CHOP activation (16.7% ± 1.9), compared to BMC treated FUS R521G 

expressing cells without BSO administration (Figure 6.6 B). Hence these data indicate that 

BSO impedes BMC’s protective activity against mutant FUS-induced ER stress.   
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Figure 6.6: The administration of BSO impedes the ability of BMC to inhibit CHOP 

activation induced by mutant FUS. A) Immunofluorescence images of Neuro-2A cells 

expressing GFP, wildtype FUS with treatment of either DMSO or BMC (with and without 

BSO), and mutant FUS R521G with treatment of either DMSO or BMC (with and without 

BSO). Cells expressing GFP (first panel; GFP) or wildtype FUS (panels 2-4; FUS WT + 

DMSO, FUS WT + BMC, FUS WT + BMC + BSO) rarely display CHOP activation. 

Conversely, more cells expressing mutant FUS R521G with DMSO treatment (panel five; 

R521G + DMSO) display nuclear immunoreactivity to CHOP (fifth panel, column two). 

Fewer cells exhibit CHOP activation when mutant FUS R521G is treated with BMC (panel 

six; R521G + BMC), however, when BMC treated FUS R521G expressing cells are exposed 

to BSO, more cells display CHOP activation (panel seven; R521G + BMC + BSO), indicated 

by its nuclear immunoreactivity (panel seven, column two). B) Quantification of the cells in 

A) with CHOP activation. A significant increase (p < 0.001) in the proportion of cells with 

CHOP activation was observed in populations expressing mutant FUS R521G compared to 

cells expressing wildtype FUS. However, there was a significant decrease (p < 0.001) in the 

proportion of FUS R521G expressing cells with CHOP activation when either PDI was co-

expressed, or BMC was administered. In contrast, significantly more (p < 0.05) BMC treated 

FUS R521G expressing cells displayed CHOP activation when they were exposed to BSO. 

N=3, Mean ± SEM, * p < 0.05, *** p < 0.001. 
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6.3.7 The administration of BSO impedes the ability of BMC to inhibit mutant FUS 

inclusion formation 

As PDI was demonstrated to be protective against mutant FUS inclusion formation (section 

6.3.4), it was finally investigated whether BMC is also protective, as this has not yet been 

previously shown and if so, whether BSO could also impede this function. To examine this, 

Neuro-2A cells were transfected with GFP alone, wildtype FUS and mutant FUS R521G. 

Wildtype FUS and mutant FUS R521G were either co-expressed with empty pcDNA3.1 

vector or PDI, or treated 5 h post-transfection with either DMSO (as a control) or BMC (with 

and without BSO administration). After 72 h, cells were fixed and nuclei were stained with 

Hoechst before fluorescent microscopy was utilised to examine and quantify at least 100 

FUS-expressing cells for the presence of FUS inclusions (Figure 6.7 A). 

Untransfected cells and cells expressing GFP were excluded from analysis as they did not 

express FUS. As expected, cells expressing wildtype FUS did not bear any inclusions, 

however, interestingly, when BSO was administered to wildtype FUS expressing cells, a 

small proportion of cells displayed inclusions in the nucleus (5.25% ± 0.5). Compared to 

wildtype FUS expressing cells, significantly more cells (p < 0.001) expressing mutant FUS 

R521G, with either empty pcDNA3.1 vector or DMSO treatment, displayed inclusions 

(18.0% ± 1.1 and 15.8% ± 1.1, respectively), as expected. Co-expression of mutant FUS 

R521G with PDI significantly reduced the proportion of cells bearing FUS inclusions to 

11.5% ± 1.6, compared to mutant FUS R521G expressing cells with either empty vector (p < 

0.001) or with DMSO treatment (p < 0.05). Similarly, BMC treatment to cells expressing 

mutant FUS R521G also significantly reduced (p < 0.001) the proportion of cells bearing 

inclusions (8.8% ± 0.6), indicating that BMC is able to inhibit mutant FUS inclusion 

formation. Upon BSO administration to BMC treated cells expressing mutant FUS R521G, 

significantly more (p < 0.001) cells displayed FUS inclusions (16.8% ± 1.4), compared to 
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these cells without BSO administration (Figure 6.7 B), implying that BSO impedes BMC’s 

protective activity against mutant FUS inclusion formation. 
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Figure 6.7: The administration of BSO impedes the ability of BMC to inhibit mutant 

FUS inclusion formation. A) Immunofluorescence images of Neuro-2A cells expressing 

GFP, wildtype FUS with treatment of either DMSO or BMC (with and without BSO), and 

mutant FUS R521G with treatment of either DMSO or BMC (with and without BSO). Cells 

expressing GFP (first panel; GFP) or wildtype FUS (panels two and three; FUS WT + 

DMSO, FUS WT + BMC) did not present with inclusions. However, when wildtype FUS 

expressing cells were exposed to BSO (panel four; FUS WT + BMC + BSO), a small 

proportion of cells displayed inclusions within the nucleus, as indicated by the white 

arrowhead (fourth panel, column one). More cells expressing mutant FUS R521G with 

DMSO treatment (panel five; R521G + DMSO) displayed FUS inclusions in the cytoplasm, 

as indicated by the white arrowhead (panel five, column one). Conversely, when mutant FUS 

R521G expressing cells were treated with BMC (panel six; R521G + BMC), fewer cells 

displayed inclusions, however, when BSO was administered to these cells (panel seven; 

R521G + BMC + BSO), a greater proportion of cells presented with inclusions. Scale bar = 

20 µM. B) Quantification of Neuro-2A cells bearing FUS inclusions in A). There was a 

significant increase (p < 0.001) in the proportion of cells with FUS inclusions in cells 

expressing mutant FUS R521G, compared to cells expressing wildtype FUS. A significant 

decrease in the proportion of cells with FUS inclusions was observed when PDI was co-

expressed (p < 0.05), or BMC was administered (p < 0.001), to cells expressing mutant FUS 

R521G, compared to DMSO treated cells expressing mutant FUS R521G. Conversely, 

significantly more (p < 0.001) cells displayed inclusions in BMC treated FUS R521G 

expressing cells exposed to BSO, compared to those without exposure to BSO. N=3, Mean ± 

SEM, * p < 0.05, *** p < 0.001. 
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6.3.8 Cellular localisation of PDI variants, D292N and R300H, in Neuro-2A cells 

The next set of experiments of this chapter focuses on the activity of PDI variants, D292N 

and R300H on mutant FUS cellular pathogenic mechanisms, including mislocalisation to the 

cytoplasm, ER stress and inclusion formation, and whether they still possess a protective 

function, similar to wildtype PDI. Furthermore, it was hypothesised that these mutations do 

not alter the protective function of PDI via its oxidase activity, thus the effect of BSO 

administration on these variants were also investigated.  

Firstly, to ensure that PDI variants D292N and R300H were expressed within the ER, like 

wildtype PDI, the localisation of the V5-tagged PDI proteins were analysed in Neuro-2A 

cells using confocal microscopy. Cells were transfected with either the D292N or R300H 

variant for 24 h before immunocytochemistry using an anti-V5 tag antibody to visualise the 

mutants, and an anti-calreticulin antibody to probe for the ER-resident protein, calreticulin. 

These results demonstrated that both D292N and R300H variants were co-localised with 

calreticulin in all transfected cells, indicating their localisation in the ER, as expected (Figure 

6.8), and that the mutations do not alter their subcellular distribution of PDI. 
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Figure 6.8: The PDI variants D292N and R300H are localised within the ER of Neuro-

2A cells. Neuro-2A cells were transfected with either the D292N or R300H PDI variants 

(first column; V5) for 24 h. Cells were fixed and immunocytochemistry performed using 

antibodies for V5 tag and calreticulin (second column; Calreticulin), and nuclei were stained 

using Hoechst (third column; DAPI). The yellow in the merge column (fourth column; 

Merge) illustrates co-localisation of both D292N and R300H variants with calreticulin, 

demonstrating that the PDI variants, D292N and R300H, are localised within the ER. Scale 

bar = 20 µM. 
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6.3.9 PDI D292N and PDI R300H are co-expressed in almost all cells transfected with 

FUS 

Firstly, the co-transfection efficiency of the PDI variants and mutant FUS was examined in 

Neuro-2A cells. Cells were transfected with mutant FUS R521G and either PDI D292N or 

PDI R300H for 72, before fixing and performing immunocytochemistry using an anti-V5 

antibody. DAPI-staining was performed using Hoechst to visualise the nuclei. Co-

transfection was verified by GFP fluorescence from FUS and performing 

immunocytochemistry with an Alexa Fluor 568-tagged secondary antibody to detect the V5 

tag of the PDI variants (Figure 6.9). At 72 h post-transfection, the overall transfection 

efficiency of mutant FUS was found to be approximately 75-80% in Neuro-2A cells. For 

each of the three replicate experiments, fluorescent microscopy was used to examine at least 

100 FUS-expressing cells and these cells were further analysed for co-expression with the 

PDI variants, D292N and R300H. Quantification revealed that approximately 97% of FUS-

expressing also co-expressed PDI D292N, and 96% co-expressed PDI R300H. Therefore, in 

all further experiments, it was assumed that detection of FUS expression reflected co-

expression of both FUS and the PDI variants when they were co-transfected and 

immunocytochemistry using a V5 antibody was not performed.  
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Figure 6.9: The PDI D292N and R300H variants are co-expressed in almost all Neuro-

2A cells co-transfected with mutant GFP-FUS. Neuro-2A cells were transfected with 

mutant FUS (first column; FUS), and either PDI D292N or PDI R300H (second column; V5) 

for 72 h. Cells were fixed and immunocytochemistry was performed using an anti-V5 

antibody and nuclei were stained with Hoechst (third column; DAPI). The merge column 

demonstrates co-expression of the PDI variants, D292N and R300H, with mutant FUS. Scale 

bar = 30 µM.  

 

 

 

 



479 
 

6.3.10 Protein expression of FUS and the PDI variants, D292N and R300H, in Neuro-2A 

cells 

Once localisation and expression of the PDI variants was established in Neuro-2A cells, 

Western blotting analysis was performed to ensure that the transfection of each protein 

resulted in similar expression levels and to confirm that the expressed proteins were of the 

expected MW (Figure 6.10). Cell lysates were prepared from the following cell populations; 

GFP alone, wildtype FUS co-expressed with either empty pcDNA3.1 vector, wildtype PDI, 

PDI D292N or PDI R300H, and mutant FUS R521G co-expressed with either empty 

pcDNA3.1, wildtype PDI, PDI D292N or PDI R300H. Immunoblotting using an anti-GFP 

antibody revealed that wildtype and mutant FUS proteins were expressed at the expected size 

of 100 kDa, and were expressed at similar levels across cell lysate populations. Moreover, 

GFP alone was expressed at 26 kDa. Wildtype PDI and the PDI variants were detected at 62 

kDa using an anti-V5 antibody, and were expressed at similar levels. β-actin was used as a 

loading control and was detected using an anti-β-actin antibody at 40 kDa. 
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Figure 6.10: Protein expression of FUS and the PDI variants, D292N and R300H, in 

Neuro-2A cells. A) Western blotting analysis of cell lysates was performed and quantified to 

ensure that FUS proteins the PDI variants were expressed at similar levels and were of the 

expected MW. Lysates examined were from cells expressing either GFP alone, wildtype FUS 

co-expressed with either empty pcDNA3.1 vector, wildtype PDI, PDI D292N or PDI R300H, 

and mutant FUS R521G co-expressed with either empty pcDNA3.1 vector, wildtype PDI, 

PDI D292N or PDI R300H. Wildtype PDI and the PDI variants were detected at 62 kDa, as 

expected (PDI = 60 kDa, V5 = 2 kDa). Wildtype and mutant FUS R521G were detected at 

100 kDa, and GFP alone was detected at 26 kDa. β-actin was detected at 40 kDa. B) 

Quantification revealed that wildtype and mutant FUS were expressed at similar levels across 

all cell lysate populations. PDI proteins were also expressed at similar levels. Lysates 

expressing GFP only were not included in the quantification. N = 3, Mean ± SEM.  
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6.3.11 PDI D292N and R300H are protective against mutant FUS mislocalisation to the 

cytoplasm, however, their function is perturbed when BSO is administered 

The PDI variants, D292N and R300H, were first examined in Neuro-2A cells expressing 

mutant FUS to determine whether they could inhibit FUS mislocalisation to the cytoplasm. 

Neuro-2A cells were transfected with GFP alone, wildtype FUS with either pcDNA3.1, 

wildtype PDI, PDI D292N or PDI R300H, and mutant FUS R521G with either pcDNA3.1, 

wildtype PDI, PDI D292N or PDI R300H. After 72 h, cells were fixed and 

immunocytochemistry was performed using an anti-V5 antibody to detect expression of V5-

tagged PDI proteins. Cells were stained with Hoechst to visualise the nuclei and fluorescent 

microscopy was utilised to examine the cellular location of FUS (Figure 6.11 A). 

Untransfected cells and cells expressing GFP alone were excluded in the analysis as they did 

not express GFP-FUS. In wildtype FUS cells, FUS was expressed within the nucleus and was 

rarely detected in the cytoplasm (1.0% ± 0.7). Conversely, a high proportion of cells co-

expressing mutant FUS R521G with empty pcDNA3.1 vector displayed mislocalisation to the 

cytoplasm (93.5% ± 1.2). However, a significant decrease (p < 0.001) in the proportion of 

cells with cytoplasmic FUS was observed when wildtype PDI was co-expressed with mutant 

FUS R521G (75.5% ± 3.8), compared to cells co-expressing mutant FUS R521G with empty 

vector. Moreover, compared to FUS R521G expressing cells with empty vector, significantly 

fewer displayed cytoplasmic FUS when either PDI D292N (p < 0.001, 80.8% ± 1.4) or PDI 

R300H (p < 0.05, 85.5% ± 1.7) were co-expressed with mutant FUS R521G, indicating that 

the PDI variants still retain their protective activity against FUS mislocalisation to the 

cytoplasm. Interestingly, however, a significant increase (p < 0.01) in the proportion of cells 

with FUS mislocalisation was observed in cells co-expressing FUS R521G and PDI R300H, 

compared to cells co-expressing FUS R521G and wildtype PDI, suggesting that the 
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protective activity of PDI R300H may not be as effective as that of wildtype PDI (Figure 6.11 

B). 

Next, the PDI variants were analysed for their protective activity against FUS mislocalisation 

upon administration of BSO. As expected, a high proportion of cells expressing mutant FUS 

R521G with empty pcDNA3.1 vector displayed cytoplasmic FUS (93.5% ± 1.2), compared to 

cells expressing wildtype FUS. Significantly fewer mutant FUS R521G expressing cells 

displayed mislocalisation when either PDI D292N (p < 0.001, 80.8% ± 1.4) or PDI R300H (p 

< 0.01, 85.5% ± 1.7) were co-expressed. However, upon administration of BSO to cells co-

expressing FUS R521G and PDI D292N, a significant increase (p < 0.001) in the proportion 

of cells with FUS mislocalisation was observed (94.3% ± 2.5), compared to these cells 

without exposure to BSO. Similarly, when BSO was administered to FUS R521G cells co-

expressing PDI R300H, significantly more (p < 0.01) cells displayed cytoplasmic FUS 

(93.8% ± 0.5), compared to these cells without BSO administration (Figure 6.11 C). These 

findings suggest that the loss of oxidase activity in the PDI variants, due to exposure to BSO, 

results in a loss of protective function.  
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Figure 6.11: PDI D292N and R300H are protective against mutant FUS mislocalisation 

to the cytoplasm, however, their function is perturbed when BSO is administered. A) 

Immunofluorescence images of Neuro-2A cells expressing wildtype FUS with either 

pcDNA3.1, wildtype PDI, PDI D292N or PDI R300H, and mutant FUS R521G with either 

pcDNA3.1, wildtype PDI, PDI D292N (with and without BSO) and PDI R300H (with and 

without BSO). Cells expressing wildtype FUS (panels 1-4; FUS WT, FUS WT + PDI WT, 

FUS WT + D292N, FUS WT + R300H) displayed localisation within the DAPI-stained 

nucleus. In contrast, mutant FUS R521G (panel five; FUS R521G) was frequently observed 

in the cytoplasm, as indicated by no fluorescence in the nucleus. However, when wildtype 

PDI, PDI D292N or PDI R300H were co-expressed with mutant FUS R521G, fewer cells 

displayed cytoplasmic FUS, as illustrated by the localisation of FUS in both the nucleus and 

cytoplasm (panel six, seven and nine; R521G + PDI WT, R521G + D292N, R521G + 

R300H). Upon BSO administration to FUS R521G cells co-expressing PDI D292N and PDI 

R300H, more cells displayed cytoplasmic FUS (panels eight and ten; R521G + D292N + 

BSO, R521G + R300H + BSO). Scale bar = 20 µM. B) Quantification of Neuro-2A cells 

with FUS mislocalisation to the cytoplasm in A). Wildtype FUS was never found in the 

cytoplasm of Neuro-2A cells, whereas FUS R521G was expressed mostly in the cytoplasm. 

There was a significant decrease in the proportion of cells with cytoplasmic FUS when 

wildtype PDI (p < 0.001), PDI D292N (p < 0.001) or PDI R300H (p < 0.05) were co-

expressed with mutant FUS R521G. Significantly more (p < 0.01) FUS R521G cells 

displayed mislocalisation when co-expressed with PDI R300H, compared to FUS R521G 

cells co-expressed with wildtype PDI. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 

0.001. C) A significant decrease in the proportion of mutant FUS R521G expressing cells 

with mislocalisation was observed in populations co-expressing either PDI D292N (p < 

0.001) or PDI R300H (p < 0.01), compared to those expressing mutant FUS R521G and 
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empty vector. A significant increase (p < 0.001) in the proportion of cells with FUS 

mislocalisation was observed when cells co-expressing FUS R521G and PDI D292N were 

exposed to BSO, compared to these cells without exposure to BSO. Similarly, significantly 

more (p < 0.01) cells displayed mislocalisation when BSO was administered to FUS R521G 

populations co-expressing PDI R300H, compared to these cells without BSO administration. 

N=3, Mean ± SEM, ** p < 0.01, *** p < 0.001. 
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6.3.12 PDI D292N and R300H are protective against CHOP activation induced by mutant 

FUS, however their protective activity is perturbed upon BSO administration 

The activity of PDI D292N and PDI R300H was next investigated against mutant FUS-

induced ER stress. Neuro-2A cells were transfected for 72 h with GFP alone, wildtype FUS 

with either pcDNA3.1, wildtype PDI, PDI D292N or PDI R300H, and mutant FUS R521G 

with either pcDNA3.1, wildtype PDI, PDI D292N or PDI R300H. After fixing, 

immunocytochemistry was performed using an anti-CHOP antibody and cells were stained 

with Hoechst to detect the nuclei. Fluorescence microscopy was utilised to examine at least 

100 FUS transfected cells for ER stress, whereby nuclear immunoreactivity to CHOP was 

indicative of its activation (Figure 6.12 A). 

Untransfected cells, or cells expressing either GFP alone or wildtype FUS rarely displayed 

CHOP activation (less than 10%). Conversely, significantly more (p < 0.001) cells expressing 

mutant FUS R521G and empty pcDNA3.1 vector displayed nuclear immunoreactivity to 

CHOP (22.0% ± 1.5), compared to those expressing wildtype FUS and empty pcDNA3.1 

vector (5.0% ± 0.6). Co-expression of either wildtype PDI (7.7% ± 1.2), PDI D292N (8.0% ± 

3.1) or PDI R300H (10.0% ± 1.8) with mutant FUS R521G resulted in a significant reduction 

(p < 0.001) in the proportion of cells with CHOP activation, compared to those expressing 

mutant FUS R521G with empty vector (Figure 6.12 B). Hence, these data imply that PDI 

D292N and R300H are protective against mutant FUS-induced ER stress. 

Next, the PDI variants were analysed for their protective activity against ER stress induced 

by mutant FUS upon administration of BSO. Significantly more (p < 0.001) cells expressing 

mutant FUS R521G and pcDNA3.1 displayed CHOP activation (22.0% ± 1.5), compared to 

cells expressing wildtype FUS (5.0% ± 0.6). However, this proportion of FUS R521G 

populations with CHOP activation was significantly reduced (p < 0.001) when either PDI 
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D292N (8.0% ± 3.1) or PDI R300H (10.0% ± 1.8) were co-expressed. Administration of 

BSO to cells co-expressing mutant FUS R521G and PDI D292N resulted in a significant 

increase (p < 0.05) in the proportion of cells with nuclear immunoreactivity to CHOP (16.0% 

± 1.5), compared to these cells without BSO. Similarly, when BSO was administered to FUS 

R521G cells co-expressed with PDI R300H, significantly more (p < 0.05) cells displayed 

CHOP activation (15.3% ± 0.9), compared to these cells without exposure to BSO (Figure 

6.12 C). These results suggest that BSO perturbs the protective activity of the PDI variants 

against mutant FUS-induced ER stress. 
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Figure 6.12: PDI D292N and R300H are protective against CHOP activation induced by 

mutant FUS, however their protective activity is perturbed upon BSO administration. 

A) Immunofluorescence images of Neuro-2A cells expressing GFP, wildtype FUS with either 

pcDNA3.1, wildtype PDI, PDI D292N or PDI R300H, and mutant FUS R521G with either 

pcDNA3.1, wildtype PDI, PDI D292N (with and without BSO) and PDI R300H (with and 

without BSO). Cells expressing GFP (first panel; GFP) or wildtype FUS (panels 2-5; FUS 

WT, FUS WT + PDI WT, FUS WT + D292N, FUS WT + R300H) rarely displayed nuclear 

immunoreactivity to CHOP. In contrast, more cells expressing mutant FUS R521G (sixth 

panel; FUS R521G) displayed nuclear immunoreactivity to CHOP, as indicated by the red 

fluorescence in the nucleus (panel six, column two). However, when mutant FUS R521G was 

co-expressed with either wildtype PDI, PDI D292N or PDI R300H (panels seven, eight and 

ten; R521G + PDI WT, R521G + D292N, R521G + R300H), fewer cells displayed CHOP 

activation. Upon BSO administration to mutant FUS R521G cells co-expressing either PDI 

D292N or PDI R300H (panels nine and eleven; R521G + D292N + BSO, R521G + R300H + 

BSO), more cells displayed CHOP activation, as indicated by nuclear immunoreactivity 

(panels nine and eleven, column two). Scale bar = 20 µM. B) Quantification of cells in A) 

displaying CHOP activation. Very few untransfected cells and cells expressing GFP or 

wildtype FUS displayed CHOP activation. There was a significant increase (p < 0.001) in the 

proportion of cells with CHOP activation in populations expressing mutant FUS R521G, 

compared to those expressing wildtype FUS, as expected. Significantly fewer (p < 0.001) 

mutant FUS R521G cells displayed CHOP activation, when wildtype PDI, PDI D292N or 

PDI R300H were co-expressed, compared to those co-expressing pcDNA3.1 vector. N=3, 

Mean ± SEM, *** p < 0.001. C) There was a significant increase (p < 0.001) in the 

proportion of cells with CHOP activation in populations expressing mutant FUS R521G, 

compared to those expressing wildtype FUS. However, this proportion was significantly 
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reduced (p < 0.001) when PDI D292N or PDI R300H was co-expressed with mutant FUS 

R521G. When FUS R521G cells co-expressing PDI D292N were exposed to BSO, there was 

a significant increase (p < 0.05) in the proportion of cells with CHOP activation, compared to 

these cells without BSO. A similar result was observed in FUS R521G cells co-expressing 

PDI R300H upon BSO administration, in that significantly more (p < 0.05) cells displayed 

CHOP nuclear immunoreactivity, compared to FUS R521G cells co-expressing PDI R300H 

without BSO exposure. N=3, Mean ± SEM, * p < 0.05, *** p < 0.001. 
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6.3.13 PDI D292N and R300H inhibit mutant FUS inclusion formation, however, their 

function is perturbed when BSO is administered 

Finally, it was investigated whether PDI variants, D292N and R300H, were protective against 

mutant FUS inclusion formation, similar to PDI. Furthermore, if protective, it was examined 

whether BSO inhibits the function of the variants by perturbing oxidase activity. Neuro-2A 

cells were transfected with GFP alone, wildtype FUS with either pcDNA3.1, wildtype PDI, 

PDI D292N or PDI R300H, and mutant FUS R521G with either pcDNA3.1, wildtype PDI, 

PDI D292N or PDI R300H. After 72 h, cells were fixed, immunocytochemistry was 

performed using an anti-V5 antibody to detect the expression of the V5-tagged PDI proteins, 

and nuclei were stained with Hoechst. Fluorescent microscopy was used to quantify at least 

100 co-transfected cells for the presence of FUS inclusions (Figure 6.13 A).  

Untransfected cells and cells expressing GFP were excluded from analysis as they do not 

express FUS. Wildtype FUS expressing cells did not form inclusions. Conversely, a high 

proportion of cells expressing mutant FUS R521G with empty pcDNA3.1 vector displayed 

inclusions (18.0% ± 1.1). When PDI was co-expressed with mutant FUS R521G, there was a 

significant reduction (p < 0.001) in the proportion of cells forming FUS inclusions (11.0% ± 

1.4), as expected. Moreover, a significant decrease (p < 0.001) in the proportion of cells 

bearing FUS inclusions was observed in FUS R521G populations co-expressing either PDI 

D292N (8.3% ± 0.5) or PDI R300H (8.0% ± 2.1), indicating that the PDI variants retain their 

protective activity against mutant FUS inclusion formation (Figure 6.13 B).  

Next, the activities of the PDI variants were analysed against mutant FUS inclusion formation 

upon administration of BSO. As expected, a significant decrease (p < 0.001) in the proportion 

of cells bearing FUS inclusions was observed when mutant FUS R521G populations were co-

expressed with either PDI D292N (8.3% ± 0.5) or PDI R300H (7.3% ± 1.4), compared to 
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when they were co-expressed with empty pcDNA3.1 vector (18% ± 1.1). However, upon 

BSO administration to FUS R521G cells co-expressing PDI D292N, significantly more (p < 

0.05) cells displayed inclusions (13.5% ± 1.8), compared to these cells that weren’t exposed 

to BSO. Similarly, a significant increase (p < 0.05) in the proportion of cells bearing 

inclusions was observed in FUS R521G cells co-expressing PDI R300H once treated with 

BSO (11.8% ± 0.5), compared to these cells that weren’t treated with BSO. Interestingly, 

however, cells co-expressing mutant FUS R521G and D292N, and exposed to BSO, still 

displayed significantly fewer (p < 0.05) FUS inclusions, compared to cells expressing mutant 

FUS R521G and empty vector. Similarly, mutant FUS R521G cells co-expressing PDI 

R300G and treated with BSO also displayed significantly fewer (p < 0.01) inclusions, 

compared to mutant FUS R521G expressing cells (Figure 6.13 C). These data suggest that a 

loss of oxidase activity results in the inhibition of the PDI variants’ protective function. 

However, they also suggest that the loss of PDI oxidase activity is not as detrimental 

compared to a mutant FUS R521G expressing cell without PDI expression. 
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Figure 6.13: PDI D292N and R300H inhibit mutant FUS inclusion formation, however, 

their protective function is perturbed when BSO is administered. A) 

Immunofluorescence images of Neuro-2A cells expressing GFP, wildtype FUS with either 

pcDNA3.1, wildtype PDI, PDI D292N or PDI R300H, and mutant FUS R521G with either 

pcDNA3.1, wildtype PDI, PDI D292N (with and without BSO) and PDI R300H (with and 

without BSO). Cells expressing GFP (first panel; GFP) or wildtype FUS (panels 2-5; FUS 

WT, FUS WT + PDI WT, FUS WT + D292N, FUS WT + R300H) do not bear inclusions. In 

contrast, a greater proportion of cells expressing mutant FUS R521G (sixth panel; FUS 

R521G) display FUS inclusions, as indicated by the white arrowhead (sixth panel, column 

one). However, co-expression of either wildtype PDI, PDI D292N or PDI R300H with 

mutant FUS R521G resulted in fewer cells forming FUS inclusions (panels seven, eight and 

ten; R521G + PDI WT, R521G + D292N, R521G + R300H). Conversely, when BSO was 

administered to FUS R521G cells co-expressing either PDI D292N or PDI R300H, more cells 

displayed inclusions (panels nine and eleven; R521G + D292N + BSO, R521G + R300H + 

BSO). Scale bar = 20 µM. B) Quantification of cells bearing FUS inclusions in A). Cells 

expressing GFP or wildtype FUS do not bear inclusions. Significantly more (p < 0.001) cells 

expressing mutant FUS R521G formed FUS inclusions, however this proportion was 

significantly reduced (p < 0.001) when either wildtype PDI, PDI D292N or PDI R300H were 

co-expressed. N=3, Mean ± SEM, *** p < 0.001. C) A significant decrease (p < 0.001) in the 

proportion of cells bearing inclusions was observed when either PDI D292N or PDI R300H 

were co-expressed with mutant FUS R521G, compared to cells expressing mutant FUS 

R521G and empty vector. However, significantly more (p < 0.05) cells formed inclusions 

when BSO was administered to mutant FUS R521G cells co-expressed with either PDI 

D292N or PDI R300H, compared to these cells without BSO administration. FUS R521G 

cells co-expressing either PDI D292N or PDI R300H and subject to BSO exposure still 
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formed significantly fewer (p < 0.05 and p < 0.01, respectively) inclusions, compared to 

mutant FUS R521G expressing cells with empty vector. N=3, Mean ± SEM, * p < 0.05, ** p 

< 0.01, *** p < 0.001. 
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6.3.14 Overexpression of wildtype PDI and PDI R300H increases the expression of cyto-

roGFP, indicating an increase in oxidase activity. 

The BSO studies performed in this Chapter complement the results described in Chapter 5 

which revealed that PDI’s oxidase activity is fundamental for its protective function. To 

further confirm this notion, experiments utilising cyto-roGFP (as used in Chapter 5) in cells 

co-expressing FUS and PDI proteins were performed to analyse the levels of oxidation in 

Neuro-2A cells. As cyto-roGFP fluoresces green when it has been oxidised, HA-tagged FUS 

proteins, which fluoresce red, rather than GFP-tagged FUS, were used in these experiments.  

HA_FUS was also co-transfected with wildtype PDI, PDI QUAD (in which disulphide 

interchange activity has been ablated) and the PDI variant, R300H. From the results obtained 

in this Chapter, it would be expected that cell populations expressing wildtype PDI or PDI 

R300H would display higher expression of roGFP activation, indicative of more oxidase 

activity occurring in the cell. 

As various PDI proteins and new versions of FUS proteins were utilised in this study, 

Western blotting analysis was first performed to ensure that each protein was expressed to a 

similar level and to verify that the expressed proteins were of the expected MW. Cell lysates 

were prepared from the following populations; wildtype FUS co-expressed with either empty 

pcDNA3.1 vector or wildtype PDI, and mutant FUS R521G co-expressed with either 

wildtype PDI, PDI QUAD or PDI R300H. Immunoblotting using an anti-HA antibody 

revealed that wildtype and mutant HA-FUS proteins were expressed at similar levels at the 

expected MW of 65 kDa. PDI proteins were detected in cell lysates using an anti-V5 antibody 

(62 kDa), and demonstrated similar expression levels. β-actin was used as a loading control, 

detected at 40 kDa using an anti-β-actin antibody (Figure 6.14 A and B). 
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Neuro-2A cells were then transfected with GFP alone, pcDNA3.1, wildtype PDI, wildtype 

FUS with either pcDNA3.1 or wildtype PDI, and mutant FUS R521G with either pcDNA3.1, 

wildtype PDI, PDI QUAD or PDI R300H. All populations were also co-transfected with 

cyto-roGFP to determine the levels of oxidation occurring within the cells. After 72, cells 

were fixed and the nuclei were stained with Hoechst before examining cells using fluorescent 

microscopy. At least 100 cells expressing FUS were examined and these cells were further 

analysed for cyto-roGFP expression (Figure 6.14 C). 

Cells expressing cyto-roGFP alone or cyto-roGFP with empty vector pcDNA3.1 displayed 

low levels of roGFP expression (approximately 10% of cells). There was a significant 

increase (p < 0.001) in the proportion of cells with roGFP expression when wildtype PDI was 

co-expressed with cyto-roGFP (27.0% ± 1.5), compared to cells expressing cyto-roGFP with 

empty pcDNA3.1 vector (10.3% ± 1.4), indicating that oxidation is taking place in the cell 

when PDI is expressed. Interestingly, when cells were transfected with wildtype and mutant 

FUS proteins, roGFP expression was considerably increased. A significant increase (p < 

0.01) in the proportion of cells with roGFP expression was observed when wildtype PDI was 

co-expressed with wildtype FUS (75.0% ± 4.6), compared to when empty pcDNA3.1 vector 

was co-expressed with wildtype FUS (61.7% ± 1.7). Similarly, PDI co-expression with 

mutant FUS R521G demonstrated significantly higher (p < 0.05) levels of roGFP expression 

(76.0% ± 2.1), compared to FUS R521G expressing cells with empty vector (65.0% ± 1.0), as 

expected. There was no statistical difference in the proportion of FUS R521G populations co-

expressing PDI QUAD (58.0% ± 3.5), compared to FUS R521G expressing cells with empty 

vector, indicating that PDI QUAD is not oxidising cyto-roGFP in these cells, thus confirming 

the lack of disulphide interchange activity of this mutant. Moreover, roGFP expression in 

FUS R521G populations co-expressing PDI QUAD was significantly lower (p < 0.001) than 

roGFP expression observed in FUS R521G populations co-expressing wildtype PDI. 
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Interestingly, although there was an increase in the proportion of cells with roGFP 

expression, similar levels of roGFP expression (67.0% ± 1.2) were observed in FUS R521G 

populations co-expressing PDI R300H, compared to those cells co-expressing empty vector. 

Hence these data imply that PDI R300H is not utilising its oxidase activity in these cells. 

However, no statistical difference was observed in the proportion of these cells with roGFP 

expression compared to cells co-expressing FUS R521G and wildtype PDI either, suggesting 

that its activity is still similar to that of PDI’s (Figure 6.14 D).   
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Figure 6.14: Overexpression of wildtype PDI and PDI R300H increases the proportion 

of cells with expression of cyto-roGFP, indicating an increase in oxidase activity. A) 

Western blotting of cell lysates was performed to ensure that the proteins expressed were of 

similar expression levels between groups and that each was expressed at the expected MW. 

Cell lysates examined were wildtype FUS co-expressed with either empty pcDNA3.1 vector 

or wildtype PDI, and mutant FUS R521G co-expressed with either wildtype PDI, PDI QUAD 

or PDI R300H. PDI proteins were detected at 62 kDa and HA-FUS proteins were detected at 

65 kDa, as expected. β-actin was used as the loading control and was detected at 40 kDa. B) 

Quantification revealed that wildtype and mutant HA-FUS proteins were expressed at similar 

levels. Similarly, wildtype PDI, PDI QUAD and PDI R300H also displayed similar 

expression. N=3, Mean ± SEM. C) Immunofluorescence images of Neuro-2A cells co-

expressing cyto-roGFP with wildtype FUS and either pcDNA3.1 or wildtype PDI, or mutant 

FUS R521G and either pcDNA3.1, wildtype PDI, PDI QUAD or PDI R300H. Populations 

expressing wildtype FUS display more cells with roGFP expression when co-expressed with 

wildtype PDI, as indicated by green fluorescence (second panel, column two), compared to 

when co-expressed with empty vector. Similarly, when mutant FUS R521G expressing cells 

are co-expressed with either wildtype PDI or PDI R300H, more display roGFP expression 

compared to mutant FUS R521G expressing cells with empty vector (panels four and six, 

column two). However, no differences in the proportion of cells with roGFP expression are 

observed when mutant FUS R521G is co-expressed with PDI QUAD. Scale bar = 20 µM. D) 

Quantification of Neuro-2A cells with roGFP expression in A). There was a significant 

increase (p < 0.001) in the proportion of cells displaying roGFP expression in cells co-

expressing cyto-roGFP with wildtype PDI, compared to cells co-expressing cyto-roGFP with 

empty pcDNA3.1 vector. Significantly more cells (p < 0.01) with roGFP expression were 

observed in populations co-expressing wildtype FUS and wildtype PDI, compared to those 
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co-expressing wildtype FUS and empty vector. Similarly, significantly more cells (p < 0.05) 

displayed roGFP expression when observed in mutant FUS R521G populations co-expressing 

wildtype PDI, compared to co-expressing empty vector. There were no statistical differences 

observed between mutant FUS R521G populations co-expressing empty vector and FUS 

R521G populations co-expressing either PDI QUAD or PDI R300H. Moreover, roGFP 

expression was significantly higher (p < 0.001) in FUS R521G populations co-expressing 

wildtype PDI, compared to populations co-expression PDI QUAD. N=3, Mean ± SEM, * p < 

0.05, ** p < 0.01, *** p < 0.001. 
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6.3.15 The administration of BSO decreases the proportion of cells with cyto-roGFP when 

co-expressed wildtype PDI or PDI R300H 

Finally, to confirm that roGFP expression reflects the cellular redox environment, roGFP 

expression levels were examined when BSO was administered to cells expressing wildtype 

PDI, PDI QUAD and PDI R300H. Therefore, the same experiment was performed here as 

described above, except that BSO was added. At 72 h post-transfection, cells were fixed, 

stained with Hoechst to visualise the nuclei, and at least 100 FUS expressing cells were 

examined using fluorescent microscopy for roGFP expression (Figure 6.15 A). 

As previous, expression of wildtype PDI significantly increased (p < 0.01) the proportion of 

cells with roGFP expression (27.0% ± 1.5), compared to cells expressing pcDNA3.1, 

however a significant decrease (p < 0.01) in this proportion was observed when BSO was 

administered (7.7% ± 0.3). When examining wildtype PDI co-expression with wildtype FUS, 

significantly fewer (p < 0.001) cells displayed roGFP expression when exposed to BSO 

(55.7% ± 6.9), compared to these cells without BSO (75.0% ± 4.6). Similarly, BSO 

administration to cells co-expressing wildtype PDI and mutant FUS R521G resulted in a 

significant decrease (p < 0.001) in the proportion of cells with roGFP expression (54.0% ± 

3.5, compared to cells co-expressing wildtype PDI and mutant FUS R521G with no BSO 

(77.0% ± 1.5). These findings therefore suggest that the increase in roGFP expression 

observed when PDI is overexpressed is a result of its oxidase activity, because roGFP 

expression is decreased upon oxidation inhibition by BSO. Furthermore, a significant 

decrease (p < 0.05) in the proportion of cells with roGFP expression was observed when BSO 

was administered to cells co-expressing mutant FUS R521G and PDI R300H (53.0% ± 4.0), 

compared to these cells without BSO administration (67.0% ± 1.2). These results imply that 

PDI R300H does indeed possess oxidase activity, as roGFP expression is decreased upon 

exposure to BSO. As expected, BSO administration to FUS R521G populations co-
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expressing PDI QUAD did not alter the proportion of cells with roGFP expression (56.3% ± 

0.3), compared to cells not treated with BSO (58.0% ± 3.5), indicating that PDI QUAD 

mutant does not possess oxidase activity (Figure 6.15 B), as expected. 

To confirm that BSO did not alter FUS or PDI protein expression in cells upon its 

administration, Western blotting analysis was performed and quantified to ensure that each 

protein was expressed at similar levels and at the expected MW. Immunoblotting using an 

anti-HA antibody revealed that wildtype and mutant HA-FUS proteins were expressed at 

similar levels at the expected MW of 65 kDa. Moreover, the PDI proteins were detected at 62 

kDa, using an anti-V5 tag antibody, with similar expression levels, suggesting that 

administration of BSO did not alter protein expression in this experiment (Figure 6.15 C).   
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Figure 6.15: The administration of BSO decreases the proportion of cells with cyto-

roGFP expression when co-expressed wildtype PDI and PDI R300H.  

A) Immunofluorescence images of Neuro-2A cells co-expressing cyto-roGFP with wildtype 

FUS and either pcDNA3.1 or wildtype PDI (with and without BSO), or mutant FUS R521G 

and either pcDNA3.1, wildtype PDI, PDI QUAD or PDI R300H (with and without BSO). 

When wildtype PDI is co-expressed with wildtype FUS, more cells display roGFP 

expression, as indicated by green fluorescence (column two), compared to cells expressing 

wildtype FUS alone. However, when BSO is administered to cells co-expressing wildtype 

FUS and wildtype PDI, fewer cells display roGFP expression (see panels 1-3). A similar 

pattern is observed when wildtype PDI (see panels 4-6) or PDI R300H (see panels 9-10) are 

co-expressed with mutant FUS R521G, and then subsequently exposed to BSO. When mutant 

FUS R521G cells are co-expressed with PDI QUAD, there is no difference in roGFP 

expression compared to cells expressing mutant FUS R521G alone, and this proportion of 

cells is not altered upon BSO administration (see panels 7-8). B) Quantification of Neuro-2A 

cells with roGFP expression in A). Significantly fewer cells (p < 0.001) display roGFP 

expression when BSO is administered to cells co-expressing PDI with either wildtype FUS or 

mutant FUS R521G, compared to these cells without BSO treatment. Similarly, a significant 

decrease (p < 0.05) in the proportion of cells co-expressing mutant FUS R521G and PDI 

R300H with roGFP expression is observed upon administration of BSO, compared to these 

cells without BSO. BSO did not alter roGFP expression levels in cells co-expressing mutant 

FUS R521G and PDI QUAD. N=3, Mean ± SEM, * p < 0.05, *** p < 0.001. C) Western 

blotting analysis was performed to ensure that BSO administration did not alter protein 

expression. Wildtype and mutant HA-FUS proteins demonstrated similar levels of expression 

and were detected at 65 kDa. Moreover, PDI proteins, detected at 62 kDa, also displayed 

similar expression, indicating that administration of BSO did not reduce or alter the 
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expression of protein across cell populations. Loading control, β-actin, was detected at 40 

kDa. Quantification is not shown.  
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6.4 Discussion 

 Chapters 4 and 5 of this thesis demonstrate that the oxidase activity of PDI is important for 

its function. In Chapter 4, the oxidase DsbA was consistently protective against cellular 

pathogenic mechanisms induced by ALS proteins, SOD1, TDP-43 and FUS. Moreover, the 

mutants with predicted oxidase activity generated in Chapter 5 were also consistently 

protective against ALS cellular disease processes, compared to the predicted reductase and 

isomerase redox mutants, suggesting that oxidase activity is the key feature mediating PDI’s 

protective function. Therefore, this hypothesis was examined further by focussing on one 

ALS-associated protein in particular: FUS.  The protective activity of wildtype PDI, PDI 

variants, D292N and R300H, as well as PDI mimetic, BMC, were examined in studies 

utilising mutant FUS-expressing Neuro-2A cells. 

The results of this chapter confirm the importance of the redox and oxidase activities of PDI. 

Upon administration of BSO, which changes the cellular redox properties so that oxidation is 

ablated, wildtype PDI was unable to prevent mutant FUS mislocalisation to the cytoplasm, 

the formation of FUS inclusions, or the induction of ER stress induced by mutant FUS. These 

findings imply that without it’s oxidase activity, PDI loses its protective function against 

mutant FUS in Neuro-2A cells. These results therefore complement the findings observed in 

Chapter 5 where an oxidising active site motif or cis-proline loop in PDI was protective 

against ALS cellular processes.  

Similar results were observed when cells expressing mutant FUS were treated with BMC. As 

demonstrated previously in our laboratory, BMC is protective against pathogenic 

mechanisms induced by mutant forms of SOD1, TDP-43 and FUS. However, upon BSO 

administration in this study, BMC lost its protective effect against mutant FUS, indicating 

that, it too, is reliant on oxidase properties. Treatment of cells with BMC is able to emulate 
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the protective activity of PDI overexpression in neuronal cells by mimicking the disulphide 

interchange activity of PDI. From the results obtained in this study, it can be suggested that 

BMC functions similarly to PDI, and it primarily relies on its oxidase activity to elicit a 

protective response. It is important to note, however, that BMC is not substrate specific in the 

same way that PDI is, therefore it could be possible that BMC treatment may be creating a 

more reducing cellular environment, which in turn, facilitates efficient oxidation and 

isomerisation by endogenous PDI, which thrives on a reducing environment for activity 

[504]. Thus, it is possible that BSO is also preventing BMC from inducing the appropriate 

cellular (reducing) environment, similar to how it prevents reducing conditions by inhibiting 

glutathione synthesis.   

An interesting observation from this study was that PDI variants, D292N and R300H, were 

protective against mutant FUS mislocalisation, the formation of FUS inclusions and ER 

stress. These variants previously displayed major detrimental effects in the nervous system 

and on neuromuscular connectivity in zebrafish [441], therefore it would be expected that 

these mutations would impede PDI’s protective activity. However, previous studies have 

demonstrated that ER homeostasis is not perturbed, and cell toxicity is not induced, by the 

D292N and R300H variants [441], thus the results obtained here are consistent with those 

findings. It is puzzling, however, that ER homeostasis is not perturbed by the PDI variants, 

given that PDI is central to this process and several misfolded proteins linked to ALS trigger 

the UPR and ER dysfunction. It is important to note, however, that these PDI mutations are 

present in the b’ domain of PDI, and the important a domain is left intact. Moreover, the 

variants appear to perturb substrate binding, and thus, chaperone function, rather than PDI’s 

disulphide interchange activity. Therefore, PDI’s oxidase activity should still be retained in 

these variants and its protective activity against mutant FUS is reminiscent of this. Moreover, 

upon BSO administration, both D292N and R300H variants lost their protective activity, 
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similar to wildtype PDI, implying that the oxidase activities of these variants are also 

fundamental for protective function. If additional PDI variants are detected in the future in 

ALS patients, it would be interesting to examine whether they are present within the a 

domain, and moreover, whether this would perturb protective activity in neuronal cells. 

Indeed, one of the identified ERp57 variants contains a mutation in the a’ domain [444]. 

In this chapter, mutant FUS inclusions were quantified for the first time in this thesis, 

demonstrating that PDI was able to inhibit their formation. The formation of inclusions in 

cells expressing wildtype FUS have not been commonly observed in these cell model studies 

in our laboratory. However, upon BSO administration, inclusions and paraspeckle-like 

structures were sporadically detected within the nucleus. Paraspeckles are ribonucleoprotein 

bodies found in the interchromatin space of mammalian cell nuclei. They are RNA-protein 

structures formed by the interaction between a long non-coding RNA, NEAT1 [602]. Indeed, 

FUS is a major constituent of paraspeckles [603] and paraspeckle formation has been 

reported in motor neurons of ALS patient spinal cords [604]. Glutathione is an important 

antioxidant in cells, capable of preventing damage to cellular organelles caused by ROS 

[605]. Therefore, it is possible that upon BSO administration, which depletes glutathione, 

there is an increase in ROS inducing oxidative stress, and this results in the formation of 

these paraspeckles. Hence, future studies should explore how paraspeckles are induced in 

cells expressing FUS and how they are implicated in ALS. Interestingly, though, an increase 

in inclusion-like structures was only observed in cells expressing wildtype FUS, and the 

proportion of mutant FUS R521G expressing cells forming inclusions remained the same, 

with or without BSO administration, suggesting that these cells are already subject to 

oxidative stress. 

Finally, to confirm that PDI utilises its oxidase activity in mutant FUS expressing cells, 

studies examining roGFP expression were performed. The roGFP construct fluoresces green 
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once it has been oxidised, hence an increase in roGFP expression is evident of increased 

cellular oxidation conditions, whereas a decrease in roGFP expression is reminiscent of a 

decline in cellular oxidation. As expected, more wildtype or mutant FUS cells displayed 

roGFP expression when PDI was co-expressed, indicating that roGFP is becoming oxidised 

under these conditions due to the presence of PDI. Conversely, when PDI QUAD was co-

expressed with mutant FUS, no increase in the proportion of cells with roGFP expression was 

observed. This result was expected because previous studies have established that the PDI 

QUAD mutant does not possess disulphide interchange activity [502, 563], and thus, it cannot 

oxidise proteins. Interestingly, a decrease in the proportion of cells with roGFP expression 

was observed when BSO was administered to cells co-expressing mutant FUS with either 

wildtype PDI or PDI R300H. These findings indicate that BSO inhibits the oxidase activity of 

both PDI proteins, as observed by fewer cells with roGFP expression. Thus, this confirms 

that BSO ablates oxidase activity in this study. In contrast, the administration of BSO did not 

decrease the proportion of cells with roGFP expression in mutant FUS populations co-

expressing PDI QUAD. Again, this was to be expected due to the absence of disulphide 

interchange activity in the PDI QUAD mutant. Therefore, alterations in roGFP expression 

were confirmed as either being due to an increase in oxidation when expression of roGFP 

was augmented, or a decrease in oxidation when its expression was diminished.  

Some caveats in this study should be mentioned and future experiments are therefore 

warranted to address these issues. Firstly, roGFP expression was assessed in these studies by 

simply quantifying cells that exhibited expression. However, another, more widely used 

method to assess roGFP expression is to examine the ratios of fluorescence from excitation at 

400 nm and 485 nm, because roGFP has two fluorescence excitation maxima at 400 nm 

(oxidised form) and 485 nm (reduced form) [606]. Hence, the results obtained in this study 

examining roGFP expression should be confirmed by this alternative method in the future. 
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Furthermore, because glutathione is depleted in cells with BSO, it is unknown whether these 

cells are exposed to higher levels of oxidative stress. This could be evident by the observation 

that wildtype FUS-expressing cells form inclusions and possible paraspeckle-like structures 

in the nucleus. However, control cell populations treated with BSO did not display any 

obvious cellular defects or cell death, suggesting that this is probably not the case, or that 

higher concentrations are required than those used here. Finally, there are limitations in using 

this cell culture model system, as the assay used may not be sensitive enough to detect 

whether there are other factors influencing PDI’s protective activity, such as its chaperone 

function, or the isomerase and reductase activities which were found to be protective against 

mutant FUS-induced ER stress in Chapter 5. 

In summary, this chapter confirms the importance of the oxidase activity for PDI’s protective 

function against the cellular mechanisms examined here, as it was demonstrated that PDI and 

BMC lost these protective functions once their oxidase activities had been inhibited. 

Moreover, this study demonstrated that PDI variants, D292N and R300H, were still 

protective against mutant FUS-induced pathogenic mechanisms, even though they have 

detrimental effects on the nervous system in zebrafish models. The studies described in this 

thesis indicate that this protective activity is most likely due to the presence of the mutation 

being localised in the b’ domain of PDI, and thus, the oxidase activity, mediated by the a 

domain, is still retained. This is supported by the results obtained here that demonstrated that 

both PDI variants lost their protective activities when BSO impeded their oxidase 

capabilities. Therefore, in conclusion, the oxidase activity of PDI is protective against mutant 

FUS-induced ALS. These studies should now be performed in cells expressing other ALS-

associated proteins, such as SOD1, TDP-43 or Cyclin F.    
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7.1 Introduction 

Therapeutic strategies that modulate ER stress are rapidly becoming an attractive target for 

ALS, and the ALS-Therapy Development Institute now lists seven compounds that target the 

UPR. However, it is possible that strategies based on PDI may provide more specific benefits 

rather than targeting ER stress itself. Protein misfolding is a common phenomenon of most 

proteins, therefore in neurodegenerative diseases associated with misfolded proteins, 

approaches that prevent protein aggregation may be particularly beneficial. Moreover, PDI is 

protective against a number of cellular pathogenic mechanisms observed in ALS, induced by 

multiple ALS-linked mutant proteins, suggesting that a therapeutic agent based on PDI’s 

activity may be effective in multiple forms of ALS. 

PDI is also an appealing therapeutic and novel target as it has dual functions. Indeed, all ER 

chaperones are essential for maintaining ER proteostasis by refolding aberrantly folded 

proteins, and thus preventing the formation of protein aggregates. However, PDI is both a 

chaperone and an oxidative foldase, and it has distinctive properties which make it an 

effective catalyst, such as conformational flexibility, broad substrate specificity and the 

ability to differentiate between unfolded and partially folded proteins, in contrast to other 

chaperones, which do not possess these properties [496]. Moreover, PDI can also refold 

proteins that do not contain disulphide bonds [607]. 

BMC, a small molecular mimic of PDI’s disulphide interchange activity, was previously 

observed to enhance native protein folding and the secretion of recombinant proteins in yeast 

and bacterial cultures [595, 596]. Furthermore, in ALS cell models expressing mutant SOD1, 

BMC treatment inhibited the formation of SOD1 inclusions, indicating that BMC is able to 

reproduce the protective activity of PDI on SOD1 aggregation [448]. These studies provide 

further evidence that a therapeutic PDI mimic could be an effective treatment in ALS. 
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The studies performed in this doctoral thesis aimed to characterise the protective mechanisms 

of PDI, in particular, which domains and redox properties of the protein are responsible for 

its protective effect against ALS cellular pathogenesis. These studies were undertaken with 

the ultimate aim of designing novel therapeutic peptides based on PDI’s protective properties. 

Preliminary cell culture experiments investigating the effect of linear peptides mimicking 

PDI’s activity, which were designed based on the outcomes of the results obtained in 

Chapters 4 and 5, are described in this final chapter. 

 

7.1.1 The use of peptides as therapeutics 

Peptides currently only represent 2% of the drug market, however this market is constantly 

growing. Peptides represent a unique class of pharmaceutical agents that are molecularly 

similar to small molecules as well as proteins, yet they are biochemically and therapeutically 

distinct from both. Peptides have some advantages when compared to small molecules in that 

they are known to exhibit high binding affinity and excellent target specificity, whilst bearing 

low toxicity [608]. 

Another advantage of using peptides for therapeutic intervention is that they closely mimic 

normal cellular pathways, essentially acting as “replacement therapies” that supplement 

mechanisms in which endogenous levels are compromised. An example of this is the 

isolation and first therapeutic use of insulin in the 1920s for diabetics with inadequate 

production of the hormone [609] and later the purification of adrenocorticotrophic hormone 

(ACTH) from livestock pituitary glands to treat endocrine disorders in human patients. 

Unfortunately, however, typically naturally occurring peptides have poor absorption, 

distribution, metabolism, and excretion properties [610]. 
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The utilisation of peptides evolved in the second half of the 20th century with the feasibility 

of chemically synthesising peptides. Examples of synthetic peptides include oxytocin and 

vasopressin [611]. Synthetic peptides have improved properties compared to naturally 

occurring peptides and they are much more stable [610].  Furthermore, cyclisation of linear 

peptides is one strategy to improve their stability for therapeutic applications. Moreover, the 

discovery of cell-penetrating peptides offers an exciting approach for delivering drugs to 

intracellular targets, as these peptides are capable of crossing the cell membrane and can 

carry many different therapeutic agents to cells, such as small molecules, plasmid DNA, 

siRNA, therapeutic proteins, viruses and various nanoparticles [612].   

In 2017, information for 484 therapeutic peptides currently exists [613]. Of these, 68 peptides 

had been approved, however eight were subsequently withdrawn, therefore there are 

currently 60 approved therapeutic peptides in the United States, Europe and/or Japan. 155 of 

these peptides are currently in active clinical development with just under half in Phase 2 

studies. Unfortunately, the remaining 261 peptide programs were terminated prior to approval 

[613]. Nevertheless, the cumulative number of approved peptides has progressively 

increased, with 13 peptide approvals occurring from the start of 2010 to the beginning of 

2017 [613].  

 

7.1.2 Linear peptides based on PDI’s protective activity 

Previous, unpublished studies in our laboratory, have provided evidence to suggest that PDI 

is protective against multiple cellular pathogenic events and against several misfolded 

proteins associated with ALS, such as SOD1, TDP-43 and FUS, as well as in vivo against 

motor performance and axonopathy in zebrafish models of ALS. The studies described in 

Chapter 3 of this doctoral thesis provide additional evidence that PDI is protective against 
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mutant forms of a novel ALS/FTD-associated protein, Cyclin F. Hence, these findings 

provide further evidence that PDI is broadly protective in ALS, although it should be noted 

that validation experiments in rodent models of disease has not yet been performed. 

Nonetheless, protein aggregation and ER stress are proposed to be early pathogenic events in 

ALS, suggesting that they are a fundamental process in causing motor neuron degeneration, 

rather than a secondary effect. These disease processes are common amongst many diverse 

types of ALS, and they are relevant in sporadic disease. Therefore, peptide therapeutics based 

on PDI’s protective activity may be broadly applicable to all ALS, not just familial forms. 

PDI, in its full native form, is too large to be delivered efficiently to the brain of ALS 

patients. Hence, experiments to investigate and characterise the protective mechanisms and 

domains of PDI were performed in this study. Previous studies in our laboratory have already 

shown that PDI’s disulphide interchange activity, or oxidoreductase function, rather than its 

chaperone capabilities, is necessary for PDI’s protective function (Parakh et al., 2017 in 

preparation). Experiments performed in Chapter 4 of this doctoral thesis confirmed this 

result, as it was demonstrated that the a and a’ domains of PDI were much more protective 

than the b domains. Indeed, the a domains of PDI, containing the catalytic CGHC active 

sites, are the key mediators for PDI’s disulphide interchange activity, as the cysteines in the 

active site facilitate disulphide bonding with substrate proteins. Therefore, it was decided to 

design novel peptides to mimic PDI’s activity that are primarily be based on PDI’s a and a’ 

domains.  

The studies outlined in Chapter 4, examining the Dsb proteins, suggested that the redox 

potential of thioredoxin-like proteins plays a key role in their protective activity in ALS, as it 

was demonstrated that the oxidase Dsb (DsbA) was protective against all cellular pathogenic 

mechanisms examined, in contrast to the isomerase Dsb (DsbC). Therefore, it was postulated 

whether modification in PDI’s active sites, which are predicted to alter its redox potential, 
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would affect PDI’s protective activity. In Chapter 5, the results obtained demonstrated that 

mutating PDI’s active site to modulate its redox properties, resulted in variations in its 

protective activity, and in some instances, PDI’s protective effect was lost. These results 

highlighted that PDI’s oxidase activity is important in ALS, as this activity demonstrated a 

protective effect across all mutant proteins and all cellular mechanisms observed, compared 

to the reductase or isomerase activity. These results also verified that the active sites of PDI’s 

a and a’ domains were imperative for its protective function, as alterations in the active site 

can ablate this activity. Therefore, it was concluded that therapeutic peptides mimicking 

PDI’s activity, based on its active sites and oxidase activity, may be protective in ALS. 

Further studies performed in Chapter 5 also established that modulating PDI’s cis-proline 

loop can affect its activity. In particular, the cis-proline loop of the a domain was necessary 

for this activity, as modifying this loop altered PDI’s activity. Altering the cis-proline loop in 

the a’ domain however, did not alter PDI’s activity in most instances, suggesting that it is not 

essential for protective function. Therefore, one therapeutic peptide was designed to contain 

an additional proline residue, to mimic PDI’s cis-proline loop in the a domain, whilst another 

peptide was designed without this residue. 

 

7.1.3 The design of linear peptides, CGHC4 and CGHC5. 

The design of the CGHC4 and CGHC5 linear peptides, 35 amino acids in length, was based 

on a naturally occurring α-hairpinin anti-microbial plant peptide, EcAMP1 [614].  This 

peptide possesses a two anti-parallel α-helices, with an intervening loop region and four 

naturally occurring cysteine residues [615]. The CGHC4 peptide was designed to contain the 

CGHC active site, within the loop region of EcAMP1. The four native cysteine residues of 

EcAMP1 were replaced with serines, to prevent them from interfering with the cysteines of 
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the CGHC sequence, and hence the redox potential. The CGHC5 peptide was designed in the 

same way, except that it also incorporated a proline residue, five residues downstream of the 

CGHC active site, in order to introduce a kink in the helix, reminiscent of PDI’s cis-proline 

loop. Flanking residues of the EcAMP1 peptide were replaced with a sequence to allow 

cyclisation of these linear peptides in the future, using the vacuolar processing enzyme (VPE) 

system [610], as used by collaborators Marilyn Anderson and Mark Bleackley.  Figure 7.1 

illustrates how the CGHC active site and proline sequences were incorporated into EcAMP1, 

to create the novel peptides CGHC4 and CHGC5. 
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Figure 7.1: A schematic representation of the CGHC4 and CGHC5 peptides based on 

the α-hairpinin peptide, EcAMP1. The sequences for EcAMP1, CGHC4 and CGHC5 are 

shown above the peptide structure. The sequence in the loop region of EcAMP1 was replaced 

with the CGHC active site of PDI’s a domain for both CGHC4 and CGHC5 (shown in blue). 

The native cysteine residues of EcAMP1 were also substituted to serines to prevent 

interference with the active site (shown in orange). In the CGHC5 peptide, a proline residue 

was inserted in place of the normal valine residue at this position, to introduce a kink into the 

helix, thus mimicking the cis-proline loop (shown in green). Flanking residues were replaced 

with a cyclisation sequence so that these linear peptides could be cyclised in the future using 

the VPE system. The 3D structure of the EcAMP1 peptide is also illustrated. The CGHC4 

and CGHC5 peptides would not contain the disulphide bonds (yellow) due to the removal of 

cysteine residues. 
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7.1.4 Aims of this chapter 

This doctoral thesis has characterised and identified the properties of PDI which are essential 

for its protective activity, at least in vitro. Based on these results, two novel, linear peptides 

based on PDI were synthesised. The aim of the studies outlined in this chapter was to 

investigate whether these two peptides are protective against SOD1 inclusion formation, ER 

stress and cell toxicity in neuronal cell lines expressing mutant SOD1. These preliminary 

studies would therefore provide some evidence to determine whether these peptides are 

functional or not, and if so, if they exert a protective effect similar to PDI. If protective, 

further studies need to be performed in the future, to optimise the properties of these peptides, 

so they can be developed as potential therapeutics for ALS in the future. 

 

 

 

 

 

 

 

 

 

 

 

 



523 
 

7.2 Materials/Methods 

7.2.1 Administration of peptides into Neuro-2A cells 

Peptides were dissolved in Milli Q water to a stock concentration of 1 mM, aliquoted and 

stored at -20°C. Upon treatment of cells, peptides were administered at varying 

concentrations from 10 µg/mL to 100 µg/mL, approximately 5 h post transfection with SOD1 

A4V-EGFP constructs (section 2.3.3). Cells were fixed 72 h after transfection, and 

immunocytochemistry was performed (section 2.4.2) to analyse the effect of the peptides on 

cellular mechanisms linked to ALS. 
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7.3 Results 

7.3.1 The expression of mutant SOD1 A4V does not alter upon administration of linear 

peptides. 

The experiments described below in sections 7.3.2 to 7.3.4 examined the effect of two linear 

peptides, CGHC4 and CGHC5, that mimic the active site of PDI, on SOD1 inclusions, ER 

stress and apoptosis induced by mutant SOD1 A4V. SOD1 A4V was nominated as the ALS-

associated mutant to assess as this accounts for a considerable proportion of familial ALS 

cases and presents as an aggressive form of disease within Neuro-2A cells. Prior to these 

immunocytochemistry based assays, control western blotting experiments were performed to 

ensure that the administration of the peptides did not alter or diminish the expression of 

mutant SOD1 A4V (Figure 7.2). Cell lysates were obtained for each experimental group. 

Wildtype SOD1 and mutant SOD1 A4V were detected at 50 kDa, as expected, using an anti-

GFP antibody. Moreover, the peptides did not significantly alter mutant SOD1 A4V 

expression, when compared to SOD1 A4V expressing cells without peptide treatment. 

However, when CGHC4 was administered at 25 µg/mL and CGHC5 was administered at 10 

µg/mL, SOD1 expression did appear to diminish (Figure 7.1 B). GFP was detected in GFP 

expressing cells at the expected size of 26 kDa using an anti-GFP antibody. β-actin was used 

as a loading control and was detected at 40 kDa utilising an anti-β-actin antibody.  
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Figure 7.2: Protein expression of SOD1 A4V after linear peptide administration in 

Neuro-2A cells. A) Cell lysates for each experimental group were obtained and western 

blotting analysis was performed to ensure that expression of mutant SOD1 A4V-EGFP was 

produced at the expected size and its expression was not altered. GFP was detected at 26 kDa 

and wildtype SOD1 and mutant SOD1 A4V were detected at 50 kDa (SOD1 = 19 kDa, GFP 

= 26 kDa). The loading control, β-actin, was detected at 40 kDa. B) Quantification of western 

blotting analysis revealed that CGHC4 administration at 25 µg/mL and CGHC5 

administration at 10 µg/mL resulted in less SOD1 expression compared to mutant SOD1 

A4V expression without peptide treatment. At other varying concentrations, however, both 

CGHC4 and CGHC5 administration did not alter mutant SOD1 expression.  
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7.3.2 The administration of linear peptides mimicking the PDI active site results in a dose 

dependent inhibition of mutant SOD1 inclusion formation. 

To analyse whether the linear peptides based on PDI’s active sites were protective against 

mutant SOD1 A4V, it was first examined whether both the peptides were able to inhibit 

SOD1 inclusion formation in Neuro-2A cells.  

CGHC4 and CGHC5 were administered to Neuro-2A cells at varying concentrations from 10 

µg/mL to 100 µg/mL five hours after transfection with mutant SOD1 A4V. SOD1 inclusion 

formation was analysed 72 h post transfection after cells were fixed and stained with Hoechst 

to visualise the nuclei. Mutant SOD1 A4V expressing cells were examined for the formation 

of inclusions using fluorescence microscopy where at least 100 cells were examined per 

group. The frequency of cells bearing inclusions were quantified (Figure 7.3 A). 

Untransfected cells and cells expressing EGFP alone or wildtype SOD1 formed no inclusions 

(0%), as expected. Conversely, 24.6% ± 0.9 of cells expressing SOD1 A4V without peptide 

treatment did form inclusions, consistent with previous observations. Interestingly, cells 

exposed to 10 µg/mL of either CGHC4 or CGHC5 demonstrated a significant reduction (p < 

0.01 and p < 0.001) in SOD1 inclusion formation to 13.3% ± 1.2 and 12.0% ± 1.0, 

respectively. Across all experimental groups, there appeared to be a dose dependent decrease 

in the percentage of cells forming inclusions (Figure 7.3 B). Cells in which 100 µg/mL of 

either CGHC4 or CGHC5 were administered displayed a significant decrease in inclusions to 

8.7% ± 1.8 and 6.7% ± 0.3 respectively, compared to SOD1 A4V transfected cells with no 

peptide treatment (p < 0.001) (Figure 7.3 C). 
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Figure 7.3: The administration of linear peptides, CGHC4 and CGHC5, results in a 

dose dependent decrease in mutant SOD1 inclusion formation. A) Immunofluorescence 

images of Neuro-2A cells expressing GFP (first panel; GFP), wildtype SOD1 (second 

column; SOD1 WT), and SOD1 A4V with or without either CGHC4 or CGHC5 peptide 

administration. Cells expressing GFP or wildtype SOD1 did not form SOD1 inclusions. A 

high proportion of cells expressing mutant SOD1 A4V without peptide treatment (third panel; 

SOD1 A4V) displayed SOD1 inclusions, as indicated by the white arrowhead, consistent with 

previous observations. When cells expressing mutant SOD1 A4V were exposed to CGHC4 

and CGHC5 peptides (fourth and fifth panel; A4V + CGHC4, A4V + CGHC5), less cells 

formed inclusions. Scale bar = 30 µM. B) There was a dose dependent decrease in the 

proportion of cells forming inclusions in cells expressing mutant SOD1 A4V treated with the 

CGHC4 and CGHC5 peptides, compared to SOD1 A4V expressing cells without peptide 

administration. C) Quantification of cells in A) forming mutant SOD1 A4V inclusions. 

Untransfected cells, and cells expressing GFP or wildtype SOD1, did not display SOD1 

inclusions, as expected. Conversely, there was a significant increase of SOD1 inclusions in 

cells expressing mutant SOD1 A4V, compared to cells expressing wildtype SOD1. However, 

the proportion of cells with SOD1 inclusions significantly decreased when either CGHC4 or 

CGHC5 was administered to mutant SOD1 A4V expressing cells, at all concentrations (p < 

0.01, p < 0.001). N=3, Mean ± SEM, ** p < 0.01, *** p < 0.001. 
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7.3.3 The administration of linear peptides, CGHC4 and CGHC5, decreases CHOP 

activation induced by mutant SOD1. 

Next, it was examined whether the PDI active site linear peptides were protective against ER 

stress, using CHOP activation as a marker of ER stress-induced pro-apoptotic signalling.  

Cells expressing mutant SOD1 A4V were administered with CGHC4 and CGHC5, at a range 

of concentrations, five hours post-transfection. Cells were fixed 72 h after transfection and 

immunocytochemistry was performed using an anti-CHOP antibody. Cells were stained with 

Hoechst to visualise nuclei. Cells were examined using fluorescence microscopy and at least 

100 transfected cells were counted and analysed for nuclear immunoreactivity to CHOP, 

indicating activation (Figure 7.4 A). 

Quantification revealed that few untransfected cells and cells expressing GFP or wildtype 

SOD1 displayed CHOP activation (4.7% ± 0.3 and 5.0% ± 1.2, respectively). As expected, 

there was a significant increase (p < 0.001) in the proportion of cells expressing mutant 

SOD1 A4V with nuclear immunoreactivity to CHOP to 19.3% ± 1.9, compared to wildtype 

SOD1. However, when cells expressing mutant SOD1 A4V were exposed to either CGHC4 

or CGHC5 peptides, there was a reduction in the percentage of cells with nuclear 

immunoreactivity to CHOP. At 10, 25 and 50 µg/mL, CGHC4 significantly reduced the 

proportion of cells displaying CHOP activation to approximately 10% (p < 0.01). At the 

highest concentration examined, 100 µg/mL, this proportion was further reduced to 7.7% ± 

1.5 of cells with activated CHOP (p < 0.001). CGHC5 demonstrated a protective effect at 10 

µg/mL, where the percentage of mutant SOD1 A4V expressing cells was reduced to 11.3% ± 

1.7 (p < 0.05), however, this result could be due to less SOD1 expression. Furthermore, 

CGHC5 demonstrated no significant protective effect at 25 and 50 µg/mL, although a trend 

was evident. At 100 µg/mL, the protective effect of CGHC5 was significant; CHOP 
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activation in mutant SOD1 A4V expressing cells was reduced to 10.7% ± 1.3 (p < 0.05) 

(Figure 7.4 B). 
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Figure 7.4: The administration of linear peptides, CGHC4 and CGHC5, decreases 

CHOP activation induced by mutant SOD1. A) Few neuro-2A cells expressing GFP (first 

panel; GFP) or wildtype SOD1 (second panel; SOD1 WT) displayed CHOP activation. As 

expected, cells expressing mutant SOD1 A4V (third panel; SOD1 A4V) displayed more 

CHOP activation, as indicated by red fluorescence in the nucleus (third panel, second 

column). However, when CGHC4 or CGHC5 were administered to mutant SOD1 A4V 

expressing cells, fewer cells displayed nuclear immunoreactivity to CHOP, indicating 

activation (fourth and fifth panels; A4V + CGHC4, A4V + CGHC5). Scale bar = 30 µM. B) 

Quantification of the cells in A) with CHOP nuclear immunoreactivity. The proportion of 

cells with CHOP activation was significantly lower in cells expressing wildtype SOD1 and 

GFP, compared to cells expressing mutant SOD1 A4V (p < 0.001). When CGHC4 was 

administered to mutant SOD1 A4V expressing cells, there was a decrease in the proportion of 

cells exhibiting CHOP activation across all concentrations (10 µg/mL and 25 µg/mL = p < 

0.01, 50 µg/mL = p < 0.05, 100 µg/mL = p < 0.001). Similarly, there was a decrease in the 

proportion of cells with CHOP activation when exposed to CGHC5 at 10 µg/mL and 100 

µg/mL (p < 0.01 and p < 0.05, respectively). N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** 

p < 0.001. 
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7.3.4 The administration of linear peptides, CGHC4 and CGHC5, inhibits mutant SOD1 

induced nuclei condensation, indicative of apoptosis. 

It was next examined whether the CGHC4 and CGHC5 linear peptides were protective 

against apoptotic cell death induced by mutant SOD1. To determine this, nuclei condensation 

and fragmentation was observed by microscopy, which was indicative of a cell in late-phase 

apoptosis. 

Neuro-2A cells were transfected with GFP, wildtype SOD1 or mutant SOD1 A4V, where 

cells expressing mutant SOD1 A4V were exposed to varying concentrations of CGHC4 and 

CGHC5 linear peptides. After 72 h, cells were fixed and the nuclei stained with Hoechst. The 

nuclei of transfected cells were examined and scored using fluorescence microscopy, 

whereby apoptosis was recorded if nuclei were condensed, fragmented or presented an 

irregular morphology (Figure 7.5 A).  

Few untransfected cells and cells expressing GFP and wildtype SOD1 possessed condensed 

nuclei (less than 5%), indicating that GFP alone and wildtype SOD1 do not induce apoptosis, 

as expected. There was a significant increase in the proportion of cells undergoing apoptosis 

in mutant SOD1 A4V expressing cells (18.7% ± 0.9), compared to cells expressing wildtype 

SOD1 (p < 0.001), consistent with previous studies [265]. Upon administration of CGHC4 to 

SOD1 A4V expressing cells, there was a significant reduction in the proportion of cells with 

nuclei condensation, however this decrease did not appear to be dose dependent. An average 

of 10% of mutant SOD1 A4V expressing cells displayed nuclei condensation or 

fragmentation upon CGHC4 administration across all doses (p < 0.01). Administration of 

CGHC5 also displayed a significant decrease in apoptosis compared to mutant SOD1 A4V 

expressing cells without peptide treatment. At 10 and 25 µg/mL, there was a significant 

reduction in cells with apoptotic nuclei to 12.0% (p < 0.05). At 50 µg/mL, this proportion 
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decreased to 8.3% ± 0.7 (p < 0.001), and at 100 µg/mL, the proportion of cells with apoptotic 

nuclei further decreased to 5.7% ± 0.3 (p < 0.001). Overall, this data suggests that linear 

peptides based on PDI’s active site are protective against apoptotic cell death induced by 

mutant SOD1 (Figure 7.5 B). 
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Figure 7.5: The administration of linear peptides, CGHC4 and CGHC5, reduces the 

proportion of cells with mutant SOD1 induced nuclei condensation, indicative of 

apoptosis. A) Neuro-2A cells expressing GFP (first panel; GFP) or wildtype SOD1 (second 

panel; SOD1 WT) exhibit few apoptotic nuclei. More cells expressing mutant SOD1 A4V 

(third panel; SOD1 A4V) possess condensed nuclei, indicating apoptosis, shown by the white 

arrowheads (third panel, column two). However, there is a decrease in the proportion of cells 

with nuclei condensation when mutant SOD1 A4V expressing cells are treated with CGHC4 

and CGHC5 (fourth and fifth panel; A4V + CGHC4, A4V + CGHC5). Scale bar = 30 µM. B) 

Quantification of cells in A) displaying apoptotic nuclei. There was a significant increase in 

the proportion of cells with condensed or fragmented nuclei in cells expressing mutant SOD1 

A4V, compared to untransfected cells, or cells expressing GFP or wildtype SOD1 (p < 

0.001). When SOD1 A4V expressing cells were treated with peptides CGHC4 and CGHC5, 

at varying concentrations, there was a significant decrease in the proportion of apoptotic 

nuclei. N=3, Mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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7.4 Discussion 

The aim of the studies described in this chapter was to investigate whether peptides designed 

to mimic the active site of PDI were protective in cell culture models. The peptides were 

designed based on findings obtained from the characterisation of PDI’s protective activity in 

ALS, presented in the previous chapters of this thesis. Specifically, the peptides were based 

on PDI’s CGHC active site in its a domain, where its disulphide interchange activity, or 

redox activity, is located. The experiments performed in this short study aimed to examine 

the effect of two linear peptides, termed CGHC4 and CGHC5, in preliminary cell culture 

studies against mutant SOD1. CGHC4 contained the CGHC active site, whilst CGHC5 

contained a proline residue to mimic PDI’s cis-proline loop, in addition to the CGHC active 

site. Linear peptides were analysed for their effects in mutant SOD1 expressing cells, 

specifically against mutant SOD1 inclusion formation, ER stress and apoptosis. 

On the whole, these experiments demonstrated a beneficial effect of these peptides on mutant 

SOD1 expressing cells. There was a statistically significant decrease in the formation of 

SOD1 inclusions when both CGHC4 and CGHC5 were administered at only 10 µg/mL, and 

this proportion decreased further at higher concentrations of each peptide. However, it is 

important to note that at 10 µg/mL, CGHC5 caused a loss of SOD1 expression and a similar 

result was observed when CGHC4 was administered at 25 µg/mL. It is unknown why this 

reduction in SOD1 expression resulted, or whether this loss of SOD1 expression was due to 

experimental error in the transfection of mutant SOD1 A4V. Hence, future experiments 

should be undertaken to determine if modulating the concentration of these peptides alter the 

expression levels of SOD1. Regardless, the decrease observed in the proportion of cells 

bearing SOD1 inclusions is consistent with the results obtained in chapter 4, where 

expression of the PDI a domain constructs resulted in a protective effect against inclusion 

formation in cells expressing mutant SOD1. This result further strengthens the notion that the 
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a domain of PDI, and more importantly, the disulphide interchange activity, is imperative for 

its protective activity. It also demonstrates that the peptides, similar to PDI, are able to reduce 

protein misfolding, an important pathological hallmark in ALS. Protein misfolding is a 

common property of most proteins, even those without mutations, therefore peptides which 

prevent protein aggregation may be valuable against other misfolded proteins, such as those 

associated with other neurodegenerative diseases.  

The CGHC4 and CGHC5 linear peptides were also able to reduce the proportion of cells with 

CHOP activation in cells expressing mutant SOD1, indicating that both peptides may also be 

protective against ER stress, although additional markers of ER stress were not examined due 

to time constraints. This effect was not dose-dependent as expected, although this could be a 

limitation of the cell culture assay. Therapeutic strategies targeting ER stress are becoming an 

appealing therapeutic target for ALS, with seven compounds targeting the UPR currently 

being examined for their therapeutic potential, according to the ALS Therapy Development 

Institute (ALS-TDI). Indeed, ER stress is proposed to play a fundamental role in ALS 

pathogenesis. However, strategies based on PDI’s activity may provide more specific 

benefits, rather than just targeting the UPR. A reduction in the proportion of cells with CHOP 

activation also implies that there are fewer pro-apoptotic cells in populations treated with 

peptide, and this notion is further strengthened when analysing the effects of CGHC4 and 

CGHC5 specifically on apoptosis. At varying concentrations, both linear peptides were 

capable of reducing the proportion of mutant SOD1 expressing cells exhibiting condensed or 

fragmented nuclei, consistent with an apoptotic cell. However, additional apoptotic assays 

should be performed to confirm these findings. Ultimately, an effective therapeutic agent for 

ALS needs to prevent the death of neuronal cells, therefore this preliminary result 

demonstrating that the peptides can inhibit apoptosis is promising. It is important to note, 

however, that these results did not follow the typical sigmoidal shape expected of a dose 
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response curve, thus future experimentation will have to be undertaken, or perhaps more data 

points are needed between 0 to 10 µg/mL of peptide to ascertain the sigmoidal shape. If there 

does not seem to be a dose response in future experiments, it may imply that the peptide 

could have multiple targets. 

It is interesting to note that both CGHC4 and CGHC5 exhibit much the same protective 

activity, despite the fact that only CGHC5 possesses the proline residue, reminiscent of PDI’s 

cis-proline loop. The studies outlined in Chapter 5, analysing the effects of mutating PDI’s 

cis proline loop, indicated that this loop did contribute to the protective activity in the a 

domain, because mutating the loop did perturb some activities. However, this study showed 

that CGHC4, the peptide without the proline, still retains a protective effect.  

A previous study by Liu and colleagues (2013) examined the effect of a peptide disulphide 

they designed based on PDI, with the sequence RKCGCFF. As in the peptides designed in 

this study, this peptide contained two cysteine residues, albeit with only one residue between 

them, instead of two, and it did not contain a proline residue. Interestingly, this peptide was 

able to facilitate protein refolding and it was found to be more effective than oxidised 

glutathione [491]. It is therefore possible that the cis-proline loop only plays a role in 

substrate binding, rather than being involved in the disulphide interchange activity of PDI. 

However, previous studies examining the cis-proline loop of Dsb proteins have demonstrated 

that mutating a single residue of the cis-proline loop can also modify the redox properties of 

thioredoxin-like proteins, as well as altering its ability to interact with substrates [492]. It 

would be interesting in future studies therefore, to examine whether the linear peptides are 

protective when administered to cells expressing other ALS mutant proteins, such as mutant 

forms of TDP-43, FUS or Cyclin F.  
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It would also be interesting to design additional novel linear peptides utilising the CPHC 

oxidase active site, instead of the native CGHC sequence. When PDI’s active site was 

mutated to CPHC, as described in Chapter 5 of this thesis, PDI still retained its protective 

activity, whereas mutating the active site to CPYC or CGPC was only protective in some 

instances. These results demonstrate that PDI’s oxidase activity is important for its protective 

function. No significant differences were observed in the protective activity detected between 

native PDI and the novel “oxidase” forms of PDI, although it should be noted that this may 

be a limitation of the sensitivity of the assays used here. Hence, it is tempting to speculate 

that a peptide with the CPHC active site would still be as effective as the peptide containing 

CGHC, or it may be even more protective. Future studies should explore this notion. 

Ultimately, however, there is a need to determine whether the protective effect of these 

peptides translates to ALS animal models. In future studies, these peptides should be cyclised 

and examined in zebrafish models of ALS, to determine if they can improve the axonopathy, 

induction of apoptosis, and impairment of motor function in these models. If effective, these 

peptides should then be analysed for their protective effect by administration to mutant SOD1 

and TDP-43 transgenic mouse models of ALS, such as the recently described NEFH mice 

expressing cytoplasmically localised wildtype TDP-43 [616]. 

In future studies, it should also be examined if these peptides are able to cross the blood brain 

barrier (BBB). There are currently more than 30 BBB shuttle peptides available [617] and 

nanoparticles or exosomes can also be used in order to increase permeability to the BBB 

[618]. Hence, there are multiple options that could be examined in future studies if the 

peptides described in this Chapter cannot access the brain. Future experiments should also be 

undertaken in consideration of evidence implying that PDI becomes apoptotic when ER 

proteostasis cannot be resolved (reviewed in Parakh and Atkin [619]). These pro-apoptotic 

functions of PDI are not fully understood and thus need to be investigated if effective 
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therapeutic strategies based on PDI are to be designed. In models of Huntington’s disease and 

Alzheimer’s disease, PDI inhibitors were previously found to be protective [620], suggesting 

that inhibiting the harmful effects of PDI can sometimes also be beneficial therapeutically. 

Therefore, the switch from the protective functions to the detrimental activity of PDI need to 

be fully defined before effective therapeutic strategies based on the protein can be fully 

realised.  

Peptides currently only represent 2% of the drug market, however this market is growing 

rapidly. Peptides have some advantages when compared to small molecules; they are known 

to exhibit high binding affinity and excellent target specificity, whilst bearing low toxicity 

[608]. Moreover, synthetic peptides, such as the peptides used in this study, have improved 

properties compared to natural peptides because they are much more stable [610], and 

cyclisation can further improve their stability.  

The development of novel therapeutics in treating ALS is imperative given that there are 

currently few therapeutic options. The aim of the studies outlined in this chapter was to 

obtain preliminary evidence to determine whether novel therapeutic peptides based on the 

activity of PDI can be developed in the future. Whilst studies from our laboratory show that 

PDI is protective, it cannot be used as a drug as it is too large to be effectively delivered 

through the BBB. Moreover, the findings of previous chapters of this thesis reveal the 

disulphide interchange activity of PDI is fundamental for its protective activity, and this is 

reliant on the CGHC active site located in the a domain. This suggests that only this small 

region, mimicked in the peptides described in this Chapter, is responsible for PDI’s protective 

activity against several ALS-associated proteins in cellular studies.  Hence this study 

provides promising preliminary evidence that these peptides have further potential as novel 

therapeutic agents in ALS, although there are many future studies that need to be performed, 

as outlined further in the concluding chapter of this thesis. 
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Chapter 8: General Discussion 
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8.1 Summary of the main findings of this thesis 

The findings reported in this thesis highlight the mechanisms by which PDI modulates its 

protective activity against cellular processes linked to ALS. In neuronal cell culture models, 

PDI was protective against mutant forms of a novel ALS/FTD-associated protein, Cyclin F. 

PDI was capable of inhibiting mutant Cyclin F mislocalisation to the cytoplasm, ER stress 

induction, impairment to the UPS and apoptosis. Hence, although Cyclin F is structurally and 

functionally different to the more well-studied ALS proteins, SOD1, TDP-43 and FUS, PDI 

was still able to elicit a protective response against these common cellular pathogenic 

mechanisms of ALS. Whilst extensive studies of the efficacy of PDI in vivo in rodents are 

currently underway, and need to be completed to ascertain its true potential in ALS, these 

results imply that therapeutics based on PDI’s protective function may be beneficial in ALS. 

Given the considerable genetic and pathological overlap between ALS and FTD, it is also 

possible that the protective functions of PDI may also be applicable in FTD. Thus, an 

intensive study into the protective mechanisms mediated by PDI was performed to determine 

the specific properties of PDI that are necessary to elicit a protective response. It is possible 

that PDI is not protective against other cellular mechanisms associated with ALS, such as 

those processes related to RNA dysfunction.  However, in terms of mechanisms linked to 

proteostasis and ER homeostasis, the evidence obtained by our group and others suggests that 

PDI is broadly protective, and should therefore be examined further as a possible therapeutic 

target. 

Studies analysing the effect of co-expression of the individual domains of PDI with mutant 

proteins linked to ALS demonstrated that the a and a’ domains are fundamental for PDI’s 

protective activity, because they both were protective against all pathogenic mechanisms 

induced by mutant SOD1, TDP-43 and FUS that were examined in this study. Previous 

studies undertaken in our laboratory have revealed the importance of PDI’s disulphide 
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interchange activity, rather than its chaperone function, in these protective effects (Parakh et 

al., 2017 in preparation). The findings obtained in this study are consistent with the previous 

results obtained from our laboratory, because the disulphide interchange activity of PDI 

requires the CXXC active site motif located within the a and a’ domains. Therefore, studies 

investigating the relationship between the redox activity and the CXXC active site motif were 

performed to investigate how the redox characteristics of PDI modulate its protective activity. 

Whilst the roGFP results do not fully permit analysis of the precise redox properties of PDI, 

they do provide an indication of these characteristics. The results obtained demonstrated that 

an active site motif that is predicted to be more oxidising was protective against all 

pathogenic mechanisms examined in cells expressing mutant SOD1, TDP-43 or FUS, 

whereas motifs that were predicted to be either isomerising or reducing were only protective 

against mutant SOD1 and FUS induced ER stress, and mutant TDP-43 mislocalisation. 

Moreover, studies involving expression of bacterial Dsb proteins in eukaryotic cell culture, 

DsbA and DsbC, were subsequently performed and the redox properties of these proteins 

have been extensively characterised. These studies confirmed that the oxidising thioredoxin-

like protein, DsbA, demonstrated much more protective capabilities than the isomerising 

DsbC. In fact, the oxidase DsbA demonstrated a protective effect against all the pathogenic 

mechanisms observed, induced by mutant SOD1, TDP-43 and FUS, similar to wildtype PDI. 

The isomerase, DsbC, was protective only against mutant SOD1 and FUS-induced ER stress, 

as well as mutant TDP-43 mislocalisation; results that were consistent with those obtained 

from the study of the CXXC active site mutants. These results together indicate that it is the 

oxidase activity of PDI that is essential for its protective functions in ALS. Furthermore, 

studies examining the effect of PDI’s cis-proline loop demonstrated that it also plays a role in 

modulating protective function, and they provided additional evidence that the oxidase 

activity of PDI is protective in ALS. The results obtained revealed that mutations that were 
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predicted to enhance the oxidising activity of the cis-proline loop within the a domain, 

retained the protective activity of PDI. However, mutations that were predicted to enhance 

the reducing activity of the a domain cis-proline loop, inhibited PDI’s protective activity. 

Interestingly, no alterations in PDI’s activity were observed when the a’ domain cis-proline 

loop was modified to become either more oxidising or reducing, suggesting that PDI’s a 

domain and its oxidase activity is the key feature mediating PDI’s protective function. These 

results therefore confirm that the oxidising activity of PDI is protective against ALS cellular 

mechanisms.  

The oxidase activity of PDI was further investigated in cells expressing mutant FUS in 

Chapter 6. Upon ablation of PDI’s oxidase activity, PDI lost its protective function against 

mutant FUS-induced pathogenic mechanisms. This was further confirmed in cells treated 

with the PDI mimetic, BMC, whereby BMC’s protective activity was subsequently 

diminished once its oxidase capabilities were inhibited. Furthermore, this study demonstrated 

that PDI variants, D292N and R300H, are also protective against mutant FUS cellular 

mechanisms, including FUS mislocalisation, ER stress and the formation of inclusions. 

Moreover, the protective activities of the variants were inhibited upon disruption of the 

cellular redox conditions and ablation of oxidase activity by BSO, suggesting that these 

mutations in PDI do not affect disulphide interchange activity, and furthermore, their oxidase 

capabilities. The mutations in these mutants are located in the substrate binding b’ domain, 

thus, these results further confirm that the a domains possess the protective properties of PDI. 

Finally, based on the results obtained in this doctoral thesis, linear peptides based on PDI’s 

protective features were synthesised. Preliminary studies investigating the effect of these 

peptides in neuronal cells expressing mutant SOD1 were performed. These experiments 

demonstrated that the peptides were protective against mutant SOD1 inclusion formation, ER 

stress and apoptosis.  Since, the completion of the experimental work for this thesis, it has 
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also been demonstrated by another member of our laboratory that cyclised versions of 

CGHC4 and CGHC5 are also protective against the same processes in cells expressing 

mutant SOD1. These results suggest that therapeutic agents based on PDI’s protective 

mechanisms may be beneficial in ALS and hence they should be explored in the future. A 

summary of all the main results obtained in this study, which demonstrate PDI’s protective 

mechanisms against misfolded proteins linked to ALS, are presented in Table 8.1. 
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TABLE 8.1: A summary of the PDI characteristics investigated and the results obtained. 

Mutant 

protein 

SOD1 

inclusion 

formation 

SOD1-

induced 

ER 

stress 

SOD1-

induced 

apoptosis 

TDP-43 

mislocalisation 

TDP-43-

induced 

ER 

stress 

FUS 

mislocalisation 

FUS-

induced 

ER 

stress 

PDI domain mutants 

a domain 

 
✔ ✔ ✔ ✔ ✔ ✔ ✔ 

a’ domain 

 
✔ ✔ ✔ ✔ ✔ ✔ ✔ 

bb’ domain 

 
 ✔   ✔  ✔ 

PDI redox active site mutants 

CPHC 

(oxidase) 
       

CPYC 

(isomerase) 
       

CGPC 

(reductase) 
       

PDI cis-proline loop mutants 

GIP (a 

domain - 

reducing) 

       

GTP (a 

domain -

oxidising) 

       

SIP (a’ 

domain -

reducing) 

       

STP (a’ 

domain -

oxidising) 

       

Dsb mutants 

DsbA 

(oxidase) 
       

DsbC 

(isomerase) 
       

Linear peptides 

CGHC 4 

 
   NA NA NA NA 

CGHC 5 

 
   NA NA NA NA 
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8.1.1 PDI is protective against ALS-associated mutant Cyclin F 

The findings detailed in Chapter 3 reveal that PDI has broader activity in ALS than 

previously recognised, because PDI was protective in cells expressing mutant S621G cyclin 

F. This mutation is associated with both ALS and FTD [89]; hence this is the first time that 

PDI has been shown to be protective against a mutation that causes FTD, implying that PDI 

may also be relevant therapeutically to FTD.  ALS and FTD are associated with the 

accumulation of misfolded proteins that have the propensity to aggregate in the cytoplasm, 

resulting in the induction of ER stress and apoptosis. Previous studies undertaken in our 

laboratory have demonstrated that PDI is able to inhibit these cellular pathogenic mechanisms 

induced by mutant forms of ALS proteins, SOD1, TDP-43 and FUS [448](Parakh et al., 2017 

in preparation). Here, neuronal cell culture models were used to demonstrate that PDI was 

also protective against mutant Cyclin F; a novel ALS/FTD associated protein with structural 

and functional disparities compared to other well-studied ALS associated proteins. In future 

studies these findings should be validated in additional disease models, such as IPSC-derived 

motor neurons or in vivo. 

Interestingly, recent studies in our laboratory have shown that mutant Cyclin F ALS-

associated mutant, S621G, perturbs ER homeostasis and induces similar cellular mechanisms 

to that of other proteins implicated ALS, such as its mislocalisation from the nucleus to the 

cytoplasm, induction of ER stress, inhibition of ER-Golgi transport, impairment of UPS, and 

thus, apoptosis (Ragagnin et al., 2017 in preparation). These results imply that common 

disease mechanisms are present in ALS, triggered by diverse mutant proteins. In Chapter 3, 

the overexpression of PDI in Neuro-2A cells expressing mutant Cyclin F S621G was found to 

be protective against Cyclin F mislocalisation to the cytoplasm, ER stress, UPS impairment, 

and apoptosis, similar to the observations obtained previously in cells expressing mutant 

SOD1, TDP-43 or FUS. However, the mechanisms that mediate this protective activity have 
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been unclear until now. Moreover, it is interesting to consider why PDI is protective in ALS 

cell models, as demonstrated here, but not in ALS patients where it is upregulated. One 

possible explanation for this is post-translational modification of PDI in ALS patients. In 

conditions of elevated stress, PDI is S-nitrosylated, therefore inhibiting PDI’s normally 

protective function during disease states. S-nitrosylation may compromise both PDI’s 

oxidoreductase and chaperone activities, further exacerbating protein misfolding and ER 

stress, and thus dysregulating proteostasis, creating a vicious cycle. Hence, overexpressing 

PDI in cell culture models may compensate for the loss of endogenous PDI caused by S-

nitrosylation, therefore overcoming the cellular defects induced by mutant ALS proteins, 

such as Cyclin F. This notion supports the idea that therapeutic agents based on PDI’s activity 

may be beneficial in ALS, by utilising a PDI mimic to compensate for the loss of PDI 

function in patients. 

However, a number of confounding questions need to be considered, such as how the 

overexpression of PDI inhibits mutant Cyclin F mislocalisation from the nucleus to the 

cytoplasm? Whilst the PDI family of proteins are generally considered to be located in the 

ER, PDI re-distributes away from the ER in punctate vesicular structures, mediated by 

reticulon proteins, where it possesses higher enzymatic activity [475]. Moreover, PDI has 

been detected in other sub-organelles, such as the cytoplasm, nucleus and extracellular space 

[450], and previous studies from our group and others have suggested that the proteins that 

misfold in ALS are not associated with the ER, further suggesting that PDI exerts its 

protective activity away from the ER. Hence together these data imply that PDI interacts with 

Cyclin F in the cytoplasm. Consistent with this notion, in Chapter 4 of this thesis, 

cytoplasmic only PDI was found to inhibit apoptosis induced by mutant SOD1, as assessed 

by three separate apoptosis assays (Bax activation, Bax recruitment to mitochondria, and 

Caspase-3 activation), indicating that PDI prevents toxicity from a cytoplasmic localisation.  
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It should be noted that we cannot rule out the possibility that PDI did not alter its cellular 

localisation away from the cytoplasm following co-transfection with SOD1, but these 

findings are consistent with our previous studies.  

It remains unknown if mutant Cyclin F induces ER stress from the ER or the cytoplasm, and 

additional studies are underway in our group to examine this. Our laboratory previously 

demonstrated that ER-Golgi impairment precedes ER stress induced by mutant Cyclin F 

(Ragagnin et al., 2017 in preparation), implying inhibition of transport activates ER stress. 

Unfortunately, in the current study, the protective activity of PDI against inhibition of ER-

Golgi transport was not investigated. Therefore, further studies are warranted to elucidate 

both whether PDI is protective against inhibition of ER-Golgi transport, and the mechanisms 

by which ER stress is induced by mutant Cyclin F.  

Protein misfolding is a normal physiological event in most proteins, even those that do not 

bear mutations. Misfolded proteins can display their normally folded hydrophobic regions at 

their surface, which can result in the accumulation of misfolded proteins into aggregates. PDI 

has unique properties which make it an effective chaperone in these instances, such as 

conformational flexibility, broad substrate specificity and the ability to differentiate between 

unfolded and partially folded proteins. Moreover, PDI possesses oxidoreductase capabilities, 

allowing it to oxidise, isomerise or reduce disulphide bonds, whereas other chaperones, such 

as heat shock proteins, do not. In addition, PDI can direct misfolded proteins to ERAD, 

thereby reducing protein aggregation. Interestingly, misfolded Cyclin F or Cyclin F 

inclusions were not detected in this study, even in cells that did not co-express PDI. Previous 

studies have demonstrated that mutant Cyclin F S621G impedes ERAD (Ragagnin et al., 

2017 in preparation), therefore it is surprising that Cyclin F aggregation or inclusion 

formation was not observed. It is possible that Cyclin F oligomers were present in this study, 

however these are not detected by light microscopy, and assays to identify the formation of 
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smaller cyclin F aggregates were not performed due to time constrains. Therefore, further 

studies should be performed to investigate whether Cyclin F inclusions are associated with 

ALS/FTD. Studies of human ALS tissues bearing Cyclin F mutations are currently underway 

in our group, however, at the moment only a limited number of patient samples are available. 

As mutant Cyclin F impairs ERAD, it may also be predicted that PDI overexpression inhibits 

this process, and further studies should therefore be performed to investigate this possibility.  

 Several overall caveats of this study should be mentioned, and additional future experiments 

need to be performed to address these issues. The studies performed in this thesis all involved 

the use of cell culture models overexpressing mutant proteins linked to ALS. Although these 

studies provide some information regarding the protective activity of PDI against mutant 

proteins, it will be necessary to further investigate the role of PDI against mutant Cyclin F in 

vivo, given the limitations of utilising neuroblastoma cell lines to model post-mitotic neurons. 

It would therefore be beneficial to repeat these studies in primary neuron cultures or IPSC-

derived motor neurons, which more closely mimic the physiological state of motor neurons in 

ALS patients, to validate the results observed. Similar experiments performed in mixed 

cultures of neurons and glial cells would also be informative, given that ALS is thought to be 

non-cell autonomous. Moreover, mutant Cyclin F S621G zebrafish are available in our group, 

which develop an axonopathy and impaired motor performance [465].  Indeed, we have also 

shown that PDI rescues a similar axonopathy and impaired motor performance in zebrafish 

expressing ALS-associated mutant SOD1 A4V (Laird et al., unpublished 2017). Therefore, it 

would be interesting to examine whether PDI has a similar protective effect in these 

zebrafish. In addition, validation of these findings in rodent disease models would provide 

compelling evidence that PDI is protective in ALS. Together these experiments would further 

strengthen the findings obtained in Chapter 3. 
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8.1.2 The protective domains of PDI that mediate protective activity 

In order to develop therapeutic agents based on PDI’s protective activity, it is first necessary 

to determine the specific requirements and key characteristics of PDI that render it protective. 

Full length PDI, being a protein of considerable size (55kDa) is unlikely to be effective as a 

drug itself as it is too large to penetrate the BBB. Thus, identifying the exact protective 

mechanisms or properties of PDI, and then developing a therapeutic agent that can mimic this 

property, is essential. With this as an overarching aim, Chapter 4 of this thesis described a 

detailed study to determine which of PDI’s domains were fundamental for its protective 

activity in cells expressing mutant ALS proteins, SOD1, TDP-43 and FUS.  

Three PDI domain mutants were generated; an a domain mutant, a’ domain mutant and bb’ 

domain mutant. The a and a’ domains of PDI, which contain the CGHC active site motifs, 

are responsible for PDI’s oxidoreductase, or disulphide interchange, activity, whereas the b 

domains of PDI contain the substrate binding sites that are utilised for PDI’s chaperone 

function. Although the chaperone activity can be isolated by mutating the active site cysteine 

residues of PDI to inhibit the disulphide interchange activity, the individual domains of PDI 

are thought to perform their own distinct functions.  Hence this approach, to investigate the 

individual domains of PDI, was also investigated in this study.  

The a and a’ domains were able to inhibit mutant SOD1 inclusion formation, implying that 

the disulphide interchange activity performs this function. One possible reason for this is that 

this activity facilitates the oxidation, reduction and isomerisation of misfolded SOD1 

disulphide bonds, in order to retain SOD1’s native conformation. It has been previously 

suggested that PDI can prevent mutant SOD1 aggregation by modulating disulphide bonding, 

since previous reports suggest a correlation between SOD1 aggregation and the formation of 

non-native disulphide bonds [506, 510, 565]. In Chapter 4, the effect of mutating SOD1’s 
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cysteine residues on the induction of ER stress was described. These results demonstrated a 

reduction in the proportion of cells with ER stress when the Cys-111 residue was mutated to a 

serine. The removal of this cysteine residue would prevent the formation of a non-native 

disulphide bond between Cys-6 and Cys-111 in SOD1, which has been previously implicated 

in mediating mutant SOD1 aggregation [512]. Therefore, it is possible that PDI prevents the 

formation of this non-native disulphide bond, by utilising its disulphide interchange activity 

to either form the correct disulphide in SOD1 (Cys-57 - Cys-146), or to break down and re-

arrange any incorrect disulphides (involving residues at Cys-6 or Cys-111), thus preventing 

monomerisation, which is implicated as a precursor to aggregation [104], or oligomerisation 

of misfolded SOD1. In future studies it would be interesting to examine whether PDI can 

inhibit the induction of ER stress by mutant SOD1 proteins containing mutations in cysteine 

residues, that are still capable of triggering the UPR. A protective role for PDI in this instance 

would imply that PDI does not need to interact with SOD1 via its disulphide bonds. 

However, if PDI is not protective, this would further strengthen the notion that PDI interacts 

with mutant SOD1, and therefore demonstrates a protective effect via its disulphide 

interchange activity. 

Interestingly, in this study, the bb’ domain mutant also demonstrated a protective effect 

against induction of ER stress by mutant SOD1, TDP-43 and FUS, indicating that PDI’s 

chaperone function is protective against triggering of ER stress. Upon UPR induction, ER 

chaperones including PDI are upregulated to alleviate the load of misfolded proteins. Hence 

the chaperone activity of PDI may perform a generalized response against protein misfolding 

here and this could account for the protective activity of the bb’ domain mutant. In contrast, 

the a and a’ domain mutants may be protective against ER stress by a different mechanism, 

by preventing the formation of mutant protein aggregates by refolding non-native disulphide 

bonds, thus inhibiting the activation of ER stress.  



557 
 

It is also interesting to note that only the a and a’ domain mutants were capable of preventing 

mutant TDP-43 and FUS mislocalisation to the cytoplasm, implying that only the disulphide 

interchange activity is protective for this function. Further studies are therefore warranted to 

elucidate the mechanism by which the bb’ domain mutant was protective against ER stress 

induced by mutant forms of TDP-43 and FUS, yet there was no protective effect against their 

mislocalisation. This again implies that the bb’ domain mutant, and hence the chaperone 

activity of PDI, may perform a generalised role against the load of misfolded proteins in the 

ER, rather than against misfolded TDP-43 or FUS specifically.  Alternatively, it is possible 

that the a and a’ domain mutants prevent the induction of ER stress by preventing the 

mislocalisation of TDP-43 and FUS to the cytoplasm, from where evidence points to ER 

stress being induced, and returning these proteins to the nucleus, from where they are 

unlikely to be capable of triggering the UPR. It is also possible that mislocalisation of TDP-

43 and FUS to the cytoplasm is triggered by an alternative, unknown mechanism, which the a 

and a’ domain mutants are protective against, but the bb’ domain mutants are not. Another 

explanation is that the chaperone function of PDI requires the presence of all domains of PDI, 

rather than just the two b domains.  

In contrast to the bb’ domains, the a and a’ domains were protective against every cellular 

mechanism linked to pathogenesis investigated in this study. This included mutant SOD1-

induced apoptosis, indicating a fundamental role for these domains in preventing 

neurotoxicity. Furthermore, these results confirm that the disulphide interchange activity of 

PDI is imperative for its protective function. S-nitrosylation of PDI affects only the active site 

cysteine residues of the a and a’ domain, but ultimately compromises all of PDI’s function, 

thus implying that S-nitrosylation, and hence the integrity of the CGHC active site motif, may 

have an important role in the pathogenesis of ALS.  
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8.1.3 The role of redox potential in mediating PDI’s protective activity 

As PDI is capable of acting as an oxidase, reductase and isomerase, and the results obtained 

in Chapter 4 demonstrated that PDI’s a and a’ domains mediate its protective function, it was 

hypothesised in Chapter 5 whether redox potential contributes to PDI’s protective function. 

Mutants were designed with modifications in either the active site motifs or cis-proline loops 

of PDI, in both the a and a’ domains. These mutations were predicted to alter PDI’s redox 

properties, and thus, alter its protective activity. These studies demonstrated that when PDI’s 

active site was mutated to that of the oxidase DsbA (CPHC), PDI retained its protective 

function against all cellular mechanisms of pathogenesis investigated, induced by all proteins 

examined. These results were consistent with the studies described in Chapter 4 investigating 

the activity of a eukaryotic version of DsbA, which was also broadly protective against 

mutant SOD1, TDP-43 and FUS, strengthening the notion that the oxidase activity, 

responsible for the formation of disulphide bonds, is imperative for its protective function.  

Assessing the role of the active site PDI mutants on the formation of mutant SOD1 inclusions 

demonstrated that the CPHC oxidase and CGPC reductase mutants were both protective, 

indicating the importance of both the formation and break down of disulphide bonds in 

preventing mutant SOD1 aggregation. The isomerase mutant, CPYC, was not protective, 

which was consistent with the results obtained with the eukaryotic version of the isomerase 

DsbC. Interestingly, all three active site mutants (with predicted oxidase, reductase and 

isomerase activities) were able to inhibit activation of the UPR in cells expressing mutant 

SOD1 or FUS, suggesting that all three redox activities are protective against ER stress. 

Similarly, and consistent with these results, DsbC inhibited ER stress induced by mutant 

SOD1 and FUS, in addition to DsbA. An alternative explanation is that the protective activity 

by all three redox active site mutants is due to PDI’s chaperone function. This is consistent 

with the results obtained from studies of the bb’ domain mutant which was protective against 
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ER stress induced by all three mutant proteins. It is interesting to note however, that only the 

CPHC oxidase mutant and DsbA were protective against ER stress induced by mutant TDP-

43, whereas the other active site mutants and DsbC were not. Dissimilarities between TDP-43 

and FUS were also observed in studies examining their mislocalisation to the cytoplasm, 

whereby only the CPHC oxidase active site mutant was protective for mutant FUS, but both 

the CPHC oxidase and isomerase CPYC active site mutants were protective for mutant TDP-

43. Remarkably, the same pattern was observed in studies of the Dsb proteins, where both 

DsbA and DsbC were protective against mutant TDP-43 mislocalisation, but only DsbA was 

protective against the mislocalisation of mutant FUS. The consistency in these results implies 

that the redox potential of the active site motif does indeed modulate the function of PDI. 

Interestingly, similar results were obtained when examining mutant SOD1-induced apoptosis 

in Chapters 4 and 5. Only the proteins with predicted oxidase activity were protective; the 

CPHC active site mutant and the oxidase DsbA. It is possible that a more oxidising form of 

PDI is better than wildtype PDI at forming the correct disulphide bonds in proteins, therefore 

maintaining cellular proteostasis and preventing apoptosis. This result is interesting however, 

because previous studies undertaken in our laboratory (Parakh et al., 2017 in preparation) and 

those described in Chapter 4, demonstrated that the PDI QUAD mutant was protective 

against apoptosis, indicating that PDI’s chaperone activity retains its protective effect. This 

mutant has all active site cysteine residues removed, so its disulphide interchange activity is 

absent.  Hence this suggests that PDI uses its chaperone function for its protective activity 

against apoptosis. Nascent and misfolded proteins may primarily bind to cysteine residues 

within the active site of PDI, before opting to bind with the weaker, hydrophobic forces of the 

b domains in later stages of protein folding. However, this finding implies that S-nitrosylated 

PDI is also protective against apoptosis, but this has not been reported before. However, it is 

possible that S-nitrosylation results in conformation changes in PDI, which impacts on its 
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chaperone function. Alternatively, a change in the redox potential of PDI may alter substrate 

binding in its active site, thus preventing the binding of mutant SOD1. Moreover, the results 

in Chapter 4 show that the b domains of PDI were not effective in inhibiting apoptosis 

induced by mutant SOD1, suggesting that only the disulphide interchange activity via the a 

and a’ domains is protective. Alternatively, however, as all the domains of PDI have been 

previously shown to be necessary for its chaperone activity [487], it is possible that there are 

very specific structural requirements for the chaperone activity that are missing in the bb’ 

domain mutant. Therefore, it is difficult to pinpoint the exact mechanism by which PDI is 

protective against apoptosis and the results obtained here demonstrate that this activity is 

quite complex. It also remains a possibility that the results obtained in these experiments may 

either be a consequence of a general redox alteration, or of the interaction between the PDI 

mutants and other proteins. It could be that a ligand to PDI is the active agent that is 

sequestered by the addition of PDI and other PDI-like agents. This notion is warranted based 

on the observation that PDI’s natural function as a chaperone is not the factor that is 

mediating its protective activity against mutant ALS proteins. Further studies are therefore 

required to fully elucidate the mechanisms involved. 

The studies investigating the effect of the mutations in the cis-proline loops provided 

additional insights into the mechanisms of protection of PDI. Firstly, these results 

demonstrated that mutations that aim to enhance the oxidising activity of the cis-proline loop 

in the a domain retained PDI’s protective activity, whereas mutations that were predicted to 

enhance the reducing activity were not protective. These findings suggest that modifying the 

cis-proline loop in the a domain is sufficient to alter PDI’s function. Moreover, they are 

consistent with the other studies performed in this thesis implying that PDI’s oxidase activity 

is necessary for its protective activity. Interestingly, however, modifying the cis-proline loop 

of PDI’s a’ domain did not alter PDI’s protective function against mutant SOD1 and TDP-43, 
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suggesting that the protective activity contributed by the cis-proline loop is mediated 

primarily by its a domain. The a’ domain alone was found to be protective in the domain 

mutant studies described in Chapter 4, which at first appears contradictory. However, it is 

possible that when the a domain is present alongside the a’ domain, as in full-length PDI, the 

a domain drives the disulphide interchange activity and the a’ domain acts only as a 

secondary active site and is not necessarily required. 

Future experiments examining the effect of the redox activity of PDI on its protective activity 

in ALS are warranted. In particular, the redox potential of each redox mutant needs to be 

specifically measured using established methods [492]. Due to time constraints, these studies 

were unable to be performed, therefore the redox properties of the mutants examined in this 

study are only predicted. The different results obtained for each mutant and the consistency 

of the overall findings, demonstrating that those mutants that are predicted to enhance the 

oxidase activity retained all of the protective activities of wildtype PDI, implies that 

variabilities in the redox potential of each mutant was present, although this needs to be 

confirmed experimentally. In addition, in future studies, the cis-proline loop mutations should 

be incorporated into the a and a’ domain mutants used in Chapter 4, to assess the activity of 

PDI’s cis-proline loops individually, without the presence of the intact cis-proline loop in the 

other disulphide interchange domain (a or a’).    

 

8.1.4 The role of inhibiting oxidation on PDI’s protective activity against mutant FUS 

The results obtained in Chapter 6 reiterate the importance of the oxidase activity in mediating 

PDI’s protective function. Upon oxidase ablation, due to cellular exposure to BSO, wildtype 

PDI was unable to inhibit mutant FUS mislocalisation to the cytoplasm, inclusion formation 

or ER stress induced by mutant FUS, indicating that PDI is non-functional when the cellular 
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redox conditions are altered so that it is less likely to be oxidising. Interestingly, similar 

results were obtained when examining PDI mimetic, BMC. It is known that BMC emulates 

PDI’s disulphide interchange activity, however it was unknown if BMC primarily relies on its 

oxidase or isomerase activities. Based on the results observed, it could be suggested that the 

oxidase activity of BMC plays a key role in mediating its protection, similar to PDI. 

Moreover, this idea is consistent with the findings that inhibiting PDI’s oxidase activity 

renders the protein non-functional. As a major catalyst for disulphide bond formation in the 

ER, PDI’s oxidase activity is necessary to ensure that nascent proteins are correctly folded, 

thus preventing disturbances in ER homeostasis. As endogenous PDI in ALS cell lines is 

most likely S-nitrosylated, dysfunction in ER homeostasis is inevitable without the 

availability of overexpressed PDI to form disulphide bonds in nascent proteins to 

compensate. Furthermore, it would be interesting to examine the activity of the oxidase 

CPHC active site mutant or DsbA upon oxidase ablation by BSO treatment, and this should 

be investigated in future studies. In addition, further studies should now be performed to 

examine the activity of PDI, upon oxidase ablation, on other ALS-associated proteins, 

including SOD1 and TDP-43. 

An interesting finding described in Chapter 6 was that PDI variants, D292N and R300H, 

were protective against mutant FUS-induced pathogenic mechanisms, even though they have 

been reported to cause detrimental effects to neurons in zebrafish models [441]. However, 

previous studies have shown that these variants do not induce ER stress or cell toxicity [441], 

consistent with the results obtained in this chapter. An explanation for why the D292N and 

R300H variants do not cause disturbances to ER homeostasis, even though ER stress is 

considered to be an important disease mechanism in ALS, is because their mutations lie in the 

substrate binding b’ domain. Thus, these variants most likely cause inhibition of chaperone 

function. As investigated in Chapter 4, the b domains of PDI are not essential for PDI’s 
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protective activity. In fact, the a domains in these variants remain functionally intact, and 

studies performed in Chapter 4 suggest that this is the most important region for mediating 

PDI’s protection. Therefore, the disulphide interchange activity, and more specifically, the 

oxidase activity, of these variants are functional, and still able to elicit a protective response. 

Oxidase activity ablation, due to BSO administration, perturbed the protective activity of the 

D292N and R300H variants, demonstrating that these variants are protective via their oxidase 

capabilities, similar to PDI. Future analysis into additional variants should assess whether 

mutations are present in the a domain, and these variants should be examined for their 

activity.  

Finally, it was demonstrated that PDI was protective against mutant FUS inclusion formation 

in these studies. Future studies investigating the activity of the PDI domain mutants, PDI 

active site mutants and PDI cis-proline loop mutants, on mutant FUS inclusion formation 

should now be performed to elucidate the protective mechanisms that prevent the formation 

of mutant FUS inclusions. Indeed, the reductase activity of PDI was protective against mutant 

SOD1 inclusion formation, as well as its oxidase activity, so it would be interesting in future 

studies to determine if PDI’s reductase activity plays a role against FUS inclusion formation 

also.  

 

8.1.5 Peptide therapeutics based on PDI’s protective mechanisms 

The final chapter of this thesis investigated the activity of linear peptides that were designed 

based on the findings obtained in this doctoral work concerning PDI’s protective 

mechanisms. In the previous chapters, it was deduced that: 1) PDI’s a and a’ domains were 

protective against pathogenic mechanisms induced by mutant SOD1, TDP-43 and FUS; 2) 

specific redox activities of PDI-like proteins contribute to its protective function, contained 
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with the CGHC active site motif. This CGHC active site motif was conserved in the peptides 

that were designed as it is responsible for facilitating PDI’s oxidoreductase activity; and 3) 

the role of PDI’s cis-proline loop was partially investigated for the first time in this thesis, 

hence two peptides, one without a proline and one with, termed CGHC4 and CGHC5 

respectively, were synthesised.  

Preliminary studies were described here in which CGHC4 and CGHC5 were administered 

into neuronal cell lines expressing mutant SOD1. The results demonstrated that both CGHC4 

and CGHC5 peptides were protective against mutant SOD1 inclusion formation, ER stress 

activation and apoptosis, indicating that the characteristics of PDI identified throughout this 

PhD project were necessary for the protective function. In future studies, it would be 

interesting to administer CGHC4 and CGHC5 into cells expressing mutant forms of TDP-43, 

FUS and Cyclin F, to analyse if these peptides are protective against other ALS-associated 

proteins. Ultimately, however, there is a necessity to determine whether these peptides are 

protective in ALS animal models. Thus, the next phase of experiments should entail 

administering either the linear versions, or newly created cyclised version, into zebrafish 

models of ALS.  

Therapeutic strategies that target ER stress may be beneficial in ALS, but the studies 

described in this thesis imply that PDI uses different mechanisms in its protective activity.  

Therapeutic agents based on PDI should now be examined in detail. Indeed, PDI is 

upregulated in ALS patients, but is subsequently S-nitrosylated [254, 448], thus a 

pharmacological agent which compensates for PDI’s loss of function may be beneficial in the 

treatment of disease. Treatment of the PDI mimic, BMC, in ALS cell models, results in a 

reduction in the proportion of cells forming SOD1 inclusions [448], suggesting that 

replicating the protective activity of PDI is at least beneficial against SOD1 aggregation. 



565 
 

However, further studies into what mediates the switch from a protective PDI to a harmful 

PDI are warranted if therapeutics based on PDI are to be designed to target ALS.  

 

8.2 Concluding remarks 

ALS is a devastating, late-onset neurodegenerative disorder, characterised at the cellular level 

by protein misfolding and aggregation. Moreover, the induction of ER stress has been 

recently implicated as a key mechanism of pathogenesis. During ER stress, PDI is 

upregulated and has the ability to restore proteostasis by utilising its oxidoreductase or 

chaperone functions, and thus plays an important role in protein quality control and in the 

restoration of ER homeostasis. Moreover, novel roles for PDI have been described in the 

nervous system, such as in neurite outgrowth and synapse connectivity. PDI has already been 

demonstrated to be protective against mutant forms of ALS proteins, SOD1, TDP-43 and 

FUS. In this PhD thesis, overexpression of PDI was shown to be protective against a novel 

protein linked to ALS and FTD, Cyclin F, demonstrating its broad activity against an array of 

proteins. Moreover, the work described in this thesis has aimed to characterise the protective 

mechanisms and properties of PDI that mediate its protection. Thus, these mechanisms are 

now better understood. Taken together, these findings have been utilised to design 

therapeutics based on these protective mechanisms of PDI, and will hopefully lead to the 

advancement of an effective treatment in the near future for this crippling disease. 
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Appendix 

 

Supplementary figure 1 

 

 

 

 

 

Supplementary figure 1: Single colour controls. Cells expressing PDI-V5 were stained 

with either Anti-Calreticulin, Anti-V5 or Hoechst and then viewed under a fluorescent 

microscope to ensure there was no bleed through from one channel to another. The figure 

demonstrates that no bleed through was evident, validating that PDI co-localises with 

Calreticulin in the ER. 
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Supplementary figure 2 

 

 

 

Supplementary figure 2: Low magnification images demonstrating that the 

overexpression of PDI inhibits ALS mutant Cyclin F localisation to the cytoplasm. The 

overexpression of PDI decreases the proportion of cells displaying mutant Cyclin F 

mislocalisation to the cytoplasm. Scale bar = 20 µM. 
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Supplementary figure 3 

 

 

 

 

Supplementary figure 3: The percentage of low, intermediate and high Cyclin F 

expression levels in cells displaying Cyclin F mislocalisation. Cyclin F expression levels 

were similar between groups, suggesting that co-expression with PDI did not alter or decrease 

the expression of Cyclin F. This result validates the finding that the overexpression of PDI 

decreases mutant Cyclin F mislocalisation to the cytoplasm.  
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Supplementary figure 4 

 

 

 

 

Supplementary figure 4: The absolute expression levels of GFPu in cells co-expressing 

wildtype or mutant Cyclin F with either empty pcDNA3.1 vector or PDI. In addition to 

analysing the percentage of Cyclin F transfected cells displaying GFPu activation, the 

absolute expression levels of GFPu were also examined. The overexpression of PDI 

decreased the absolute expression levels of GFPu in cells expressing both wildtype or mutant 

Cyclin F, suggesting that PDI is protective against UPS impairment induced by both wildtype 

and mutant forms of the protein.  
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Supplementary figure 5 

 

Supplementary figure 5: Low magnification images demonstrating that the 

overexpression of PDI and the a domain mutant reduces mutant SOD1 inclusion 

formation. The overexpression of PDI and the a domain mutant decreases the proportion of 

cells displaying mutant SOD1 inclusion formation. Scale bar = 20 µM. 
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Supplementary figure 6 

 

 

 

 

Supplementary figure 6: The percentage of low, intermediate and high mutant SOD1 

A4V expression levels in cells displaying SOD1 inclusions. Mutant SOD1 A4V expression 

levels were similar between groups, suggesting that co-expression with PDI or the domain 

mutants did not alter or decrease the expression of mutant SOD1. This result validates the 

finding that the overexpression of PDI and the a domain mutant decreases mutant SOD1 

inclusion formation. 
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Supplementary figure 7 

 

Supplementary figure 7: Low magnification images demonstrating that the 

overexpression of PDI’s a and bb’ domains decreases ER stress induced by mutant 

SOD1. The overexpression of PDI and the a and bb’ domain mutants decreases the 

proportion of cells displaying CHOP activation induced by mutant SOD1. Scale bar = 20 µM. 
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Supplementary figure 8 

 

 

 

 

Supplementary figure 8: The percentage of low, intermediate and high mutant TDP-43 

Q331K expression levels in cells displaying TDP-43 mislocalisation to the cytoplasm. 

Mutant TDP-43 Q331K expression levels were similar between groups, suggesting that co-

expression with PDI or the domain mutants did not alter or decrease the expression of mutant 

TDP-43. This result validates the finding that the overexpression of PDI and the a domain 

mutant decreases mutant TDP-43 mislocalisation to the cytoplasm. 

 

 

 



607 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


