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Abstract 

Superoxide dismutase (SOD1), Tar-DNA binding protein-43 (TDP-43) and Fused in 

Sarcoma (FUS) are major proteins linked to Amyotrophic Lateral Sclerosis (ALS)     

pathology. Whilst neurodegenerative mechanisms are not fully defined in ALS,            

dysfunction to the Endoplasmic Reticulum (ER) is increasingly implicated in the       

pathology of the disease. Protein disulphide isomerase (PDI) is an ER chaperone which 

also functions as an isomerase and aids in the formation and reduction of protein           

disulphide bonds. It is primarily located in the ER but it is also found in other cellular 

locations. Our laboratory previously demonstrated that over-expression of PDI is      

protective against mutant SOD1 in neuronal cultures. PDI has also been shown to       

co-localise with FUS and TDP-43 positive inclusions in ALS patients. Here we           

examined whether over-expression of PDI is protective against mutant TDP-43 and 

FUS induced ER stress and ER-Golgi transport defects and mislocalisation into          

cytoplasm in cellular models. Furthermore, we examined the mechanism by which PDI 

is protective and suggests that the disulphide interchange activity is important for its 

protective function. Also PDI in the cytoplasm further accentuates its protective ability.         

Importantly, PDI was examined in vivo and it was demonstrated that a small molecule 

mimic of the PDI active site -1,2 bis (mercaptoacetamido) cyclohexane BMC reduced 

the loss of motor neuron in SOD1G93A mice signifying the relevance of PDI in disease 

pathology. The results in this study demonstrate that PDI is protective against the      

major misfolded proteins linked to ALS; therefore the molecular mimic may be a novel 

therapeutic target in multiple forms of ALS. 
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1.1 Amyotrophic lateral Sclerosis (ALS)  

Amyotrophic lateral sclerosis (ALS) also known as Lou Gehrig's disease in the 

USA, is a lethal neurodegenerative disease that affects the upper and lower motor 

neurons of the brain stem, cortex and spinal cord [1]. Due to the progressive            

denervation, ALS causes death within 3-5 years of diagnosis on average due to    

respiratory failure [2]. The symptoms generally include muscle weakness, paralysis 

and atrophy, with patients having disability in eating, drinking and slurred speech 

[3]. Since the aetiology of the disease is still under investigation, treatment of          

patients is primarily palliative [4]. Riluzole is the only Food and Drug                       

Administration (FDA) approved drug used for the treatment of ALS but it may only 

increase survival by a few months [5, 6]. Therefore, there is an essential                      

requirement for identification of new therapeutic targets.  

 

ALS is classified into two types. The majority of the cases are sporadic (sALS) 

whereas approximately 15% of cases are genetic termed as familial ALS (fALS) [7, 

8]. Nonetheless, there is a great clinical and pathological overlap between the two 

forms [9]. Therefore, insights gained from studying fALS are likely to be                  

applicable to those with sALS as well. Additional genetic and environmental risk 

factors have also been identified such as viral infection, smoking and exercise     

(section 1.4). Understanding the molecular mechanisms of disease in ALS will       

allow the design of effective therapeutics in the future. Furthermore, potential     

therapies targeted at fALS may be applicable to all kinds of ALS. Current evidence 

identifies induction of endoplasmic reticulum (ER) stress as central mechanism in 

disease pathology. This thesis focuses on understanding the role of protein                

disulphide isomerase (PDI) a chaperone induced during ER stress and its family 

members in ALS, with the objective of using PDI and its protective ability as        

therapeutic target in disease pathology. 
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1.2 Clinical Features of ALS  

Classical ALS affects both primary and lower motor neurons and patients have clear 

dysfunction in these regions affecting the arm, leg and facial muscles [10]. If only 

upper motor neurons (UMN) are affected the disease is known as primary lateral 

sclerosis (PLS) [11]. In contrast if only the lower motor neuron (LMN) in the spinal 

cord  are affected the disease is termed progressive muscular atrophy (PMA) [12]. 

However, if the lowest motor neurons in the brainstem are affected the resulting 

condition is known as progressive bulbar plasy, causing slurred speech [13]. ALS 

also shares clinical and neuropathological similarities with frontotemporal               

dementia (FTD) which is characterised by behavioural and  language dysfunction 

[14]. There is a great clinical and pathological overlap between ALS and FTD; 

around 15% of patients with pathologically confirmed FTD have ALS [15] while 

another 25% may have slight motor system  dysfunction [16]. Recent identification 

of common genetic causes of both ALS and FTD involving mutations in FUS, 

TARDBP and hexanucleotide expansions in C9ORF72 [17, 18], represents a       

spectrum of overlapping clinical symptoms. 

 

In  ALS, 75-80% of patients, symptoms begin with limb involvement, while around 

20-25% of patients have bulbar symptoms during disease onset [19].Women have 

a greater frequency of bulbar onset than men [20]. Patients generally are hyper-

reflexic and stiff; symptoms may include spasms and sudden, uncontrolled     

straightening movements of the lower limbs [21]. Muscle fasciculations occur, 

early during the disease state, particularly in the tongue and limb regions [12]. As 

ALS progresses, muscle atrophy and cramps become common, and spasticity 

causes gait abnormalities [22]. Patients with bulbar involvement may also develop 

swallowing difficulties (dysphagia). A mixture of spastic and flaccid components 

may characterize the patients speech, resulting in dysarthria with severe                    

disintegration and slowness of articulation [23]. Since, the disease primarily            

involves motor neurons, extraocular movements, bowel and bladder control are    

preserved in most cases [24].  
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1.3 Epidemiology of ALS  

ALS occurs throughout the world with no racial, ethnic or socioeconomic         

boundaries. It has a worldwide incidence of 2–3 individuals per 100,000  population 

per year [25] and a prevalence of 4–6 per 100,000 population [26]. The incidence 

of ALS is higher in men than in women, with an overall male-to-female ratio of 

1.5-2:1 [27]. In European population the incidence rate is high with Finland             

reporting the highest rate of ALS [28]. Meanwhile, incidence rate of ALS outside 

populations of European descent is less well-characterized and comparatively lower 

among    Africans, Asians [29] and Alaska natives [30]. More whites are affected 

than nonwhites in the United States with white-to-nonwhite ratio of 1.6:1 however, 

it could be due to limited case findings in nonwhites [31]. In 2011 the US National 

registry analysed a total of 12,187 people with ALS. For the 10,971 patients for 

whom race was known 79.1% white people developed ALS whereas only 6.5% of 

non-white population had ALS [32]. Peak age of onset is 58–63 years for sporadic 

disease and 47-52 years for familial disease also, incidence decreases rapidly after 

80 years of age [33].  

 

1.4 Environmental considerations for ALS  

Many environmental factors have been associated with the development of ALS, 

including smoking, viral infection, cyanotoxins and Gulf war service [34]. ALS 

prevalence is also observed in people with a history of brain trauma [35] and            

involvement in extensive athlete’s exercise [36] or professional soccer players [37]. 

Some studies suggest exposure to heavy metal such as lead, mercury or pesticides 

and organic solvents may have an indirect impact on ALS. However, no direct        

relation has been established with ALS [38]. 

 

Smoking has been considered as an established risk since 2009 after assessment of 

many thorough case studies [39, 40]. The number of years of smoking increases the 

risk of ALS, while the number of years since stopping smoking decreases risk [41]. 

Additionally a different study with over 10,000 ALS patients and 11,000 matched 

controls identified an increased risk of ALS in women who smoked, but not men, 
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compared to non-smokers [42]. However, various contradicting studies have also 

come into light leaving the question unanswered [43]. ALS-like syndrome can also 

occur in association with human immunodeficiency virus (HIV) infection [44]       

although the evidence for a causative link remains  correlative. In some patients 

partial recovery from ALS symptoms has been  reported with antiretroviral          

treatment [44]. Another case study suggested that  endogenous retroviral elements 

contribute in the pathophysiology of ALS, but again there is no evidence that they 

are the primary cause of the syndrome [45]. Armed military personnel deployed to 

the Persian Gulf War of 1990-1991 have twice the risk of getting ALS than military 

personnel who were not deployed [46, 47]. The increased incidence of ALS in this 

population has been attributed to an environmental factor although exact the cause 

remains unknown.  

 

A closer link between ALS and environmental agents is evident by chronic              

exposure to the neurotoxin β-methylamino-L-alanine (BMAA) isolated from Cycas 

micronesica; a cycad plant produced by symbiotic cyanobacteria living in the roots 

[48]. BMAA found in cycad seeds are consumed in the diet of the Chamarro people 

of Guam [49]. A high content of cyanotoxins up to 50-100 times greater incidence 

of an ALS-complex disease is observed in Chamaro people [49]. However, more 

detailed epidemiological and toxicological studies have failed to support the 

hypothesis that these forms of ALS result from cyanotoxic effects.  

 

1.5 Genetic causes of ALS 

Known genetic causes of ALS now account for 11% of sALS and 68% of fALS [8]. 

A major advancement in the field was made in 2011 when a mutation in C9ORF72 

repeat expansion of sequence GGGGCC (G4C2), was identified as the cause of 30% 

of fALS cases and 7% of sALS cases [17, 50]. However, superoxide dismutase 1 

(SOD1) remains the earliest and most widely studied gene which   accounts for 20% 

of fALS cases and 2% of all ALS [51]. Mutations in TARDBP encoding TDP-43 

protein and FUS account for approximately 5% of fALS cases [52]. Importantly, 

misfolded, wild-type forms of SOD1, TDP-43 and FUS are also implicated in sALS 
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pathology, emphasising the overlap between sporadic and familial ALS [53-55]. 

Mutations in these four genes (C9ORF72, SOD1, TARDBP, and FUS/TLS) together 

account for over 50% of all fALS cases and hence are the most common genetic 

mutations which are discussed in the sections below [18]. Other genes identified 

are present in only a minority of cases of ALS (less than 1%) are also discussed. 

 

 

Gene Loca-

tion 

Inheritance Familial 

ALS 

(%) 

Sporadic 

ALS 

(%) 

Reference 

SOD1 21q22 AD and AR 12 1–2 [51] 

C9ORF72 9p21 AD 40 7  [17, 51] 

TARDBP 1p36 AD 4 1 [56] 

FUS 16p11 AD and AR 4 1 [57] 

UBQLN2 Xp11 XD <1 <1 [58] 

VCP 9p13 AD 1 1 [59, 60] 

SQSTM1 5q35 AD 1 <1 [61, 62]  

OPTN 10p13 AR and AD <1 <1 [63] 

PFN1 17p13 AD <1 <1 [64] 

 

Table 1 Genetic mutations associated with the most common forms of familial 

ALS. Values represent the percentage of ALS cases in European populations. AD, 

autosomal dominant; AR, autosomal recessive; XD, X-linked dominant. 
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Gene  Location Predominant clinical syn-

dromes 

Reference 

VAPB 20q13 PMA, fALS [65, 66] 

DCTN1 2p13 PMA; Perry syndrome [67-69] 

NEFH 22q12 fALS, sALS [70] 

PRPH 12q12 ALS,  RP,  mascular  

dystrophy 

[64] 

ALS2 2q33 Juvenile PLS; infantile HSP [71-73] 

FIG4 6q21 CMT; fALS [74, 75] 

CHMP2B 3p11 fALS; sALS; FTD [76] 

SETX 9q34 Juvenile ALS; ataxia with ocu-

lomotor apraxia 

[77] 

ANG 14q11 fALS; sALS [78] 

SPG11 15q14 Juvenile ALS; HSP [79, 80] 

DAO 12q22-23 ALS [81] 

TBK1 12q14.2 ALS [82] 

TAF15 17q12 ALS [83] 

MATR3 5q31.2 ALS [84] 

HNRNPA1 12q13 Multisystem proteinopathy; 

ALS 

[85] 

HNRNPA2B1 7p15 Multisystem proteinopathy; 

ALS 

[85] 

ELP3 8p21 sALS [86] 

 

Table 1. 2 Other  genes (<1%) linked to  implicated in the pathogenesis of      

disease. sALS - sporadic ALS, fALS - familial ALS, PMA - progressive muscular 

atrophy, FTD - frontotemporal dementia, HSP - hereditary spastic paraplegia,  

CMT-Charcot-Marie-Tooth  disease;  RP,  retinitis  pigmentosa, AOA2 - ataxia  

with  oculomotor  apraxia  type  2. 
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1.6 Superoxide dismutase 1 (SOD1) 

Human SOD1 is a homo-dimeric enzyme which is 32 kDa in size and the two       

subunits are linked non-covalently [87]. The dimer is formed by means of four       

hydrogen bonds with  multiple hydrophobic and water mediated interactions [88]. 

The SOD1 gene located on chromosome 21 codes for an intracellular                       

metalloenzyme containing copper and zinc. SOD1 is predominately found in the 

cytoplasm and nucleus [89] and it catalyses the  reduction of harmful, free                 

superoxide radicals into molecular oxygen and  hydrogen peroxide [90]. It is highly 

conserved and accounts for 1-2% of the total soluble protein found in the nervous 

system [91]. Therefore, this highly stable enzyme regulates oxidative stress and 

protects against oxygen radical-induced cellular stress [92]. SOD1 is stabilized by 

four cysteine residues present in each subunit two of which are linked by disulphide 

bonds [93]. The metal ions zinc and copper are present on each subunit and are 

essential for protein stability and  catalytic activity of the enzyme [94]. 

 

 

Over 160 different ALS-linked SOD1 mutations have now been identified,    

throughout all five exons of the SOD1 gene [95]. Most mutations cause single 

amino acid residue changes, however several deletions, insertions and truncation 

mutations are also present in disease. Around 95% of SOD1 missense mutations 

cause classic autosomal dominant ALS, although autosomal recessive inheritance 

occurs in rare instances involving specific SOD1 mutations such as D90A (aspartic 

acid to alanine) and D96N (aspartic acid to asparagine) [95-97]. The most com-

monly studied SOD1 mutations are A4V (alanine to valine), G93A (glycine to        

alanine) and G85R (glycine to arginine). The A4V mutation has a founder effect in 

the USA [98]. Some SOD1 mutations including H46R (histidine to arginine),        

disrupt binding to copper, which is required for the normal dismutase activity of the 

enzyme, and are therefore catalytically inactive. In contrast other ALS-linked 

SOD1 mutations including G93A retain normal metal binding and hence dismutase 

activity [60]. However, the dismutase activity of each ALS-linked mutant does not 

correlate with disease onset, severity or progression [99]. Inactive SOD1H46R          

associated with a slowly progressive disease, compared to   active SOD1G93A, which 

results in a classic, rapidly progressing disease [61-63]. Recent research has         
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identified misfolded wild-type SOD1 in non-SOD1-fALS and in sALS suggesting 

that it could play a role in the pathogenesis of ALS [100-102]. Misfolded SOD1 

monomers have been observed in spinal cords of mice models of ALS-(G85R, 

G93A and G37R) using a specific SOD1-exposed dimer interface (SEDI) antibody. 

However another study demonstrated that misfolded SOD1 was specific to only 

fALS and was not observed in sporadic patients [103]. Over-expression of wild-

type human SOD1 hastens  disease in several mutant SOD1 transgenic mouse lines, 

indicating that even wild-type SOD1 could be involved in disease pathogenesis [89, 

101].  

 

 

Sporadic and SOD1-linked ALS are clinically indistinguishable and share many 

pathological hallmarks, signifying that an understanding of the SOD1-linked forms 

of disease should have broader application to all ALS cases.  

 

 

 

Figure 1 Schematic representation of SOD1 structural domain: displaying the 

location of several ALS causative mutations within the protein. The copper and zinc 

binding histidine residues and aspartic acid residues are also shown. The cysteine 

residues at position C57 and C146 forms an intrasubunit disulphide bond (black). 
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However, abnormal disulphide bonding is observed between C6 and C111 in ALS 

shown in red.  

 

 

Mutant SOD1 proteins have a highly destabilized structure compared to wild-type 

protein and are much readily reduced into monomers [104].  Reduction of the          

disulphide bonds between C57 and C146 and demetallation at the dimer interface, 

could induce monomer formation [94, 105, 106]. Mutations in SOD1 also weaken 

the dimer interface thus increasing the load of unstable SOD1 monomer. Further-

more, oxidative modification of the amino acid residues present on the SOD1 dimer 

interface induces monomerisation and aggregation [105]. They induce toxicity in 

neuronal cell cultures and the toxicity of SOD1 is unrelated to its enzymatic            

behaviour [95, 107]. Accumulation of mutant SOD1 in affected neurons and           

astrocytes leads to the formation of insoluble, intracellular ubiquitin positive          

aggregates or inclusions [108]. Misfolded proteins underlie the formation of             

inclusions and these inclusions increase in number with the progression of disease 

[99]. Large SOD1 positive inclusions are visible by light microscopy in motor      

neurons of SOD1 patients and animal models [66]. SOD1 inclusions are also           

observed in the kidney and liver cells, although their relevance to disease remains 

unknown [67]. The exact mechanism by which mutant SOD1 causes                         

neurodegeneration is unknown but several hypotheses are implicated including         

impairment of axonal transport, disruption of calcium homeostasis, dysfunction to 

ubiquitin-proteasome system, mitochondrial damage and dysregulation to                

autophagy [109, 110].  

 

 

1.7 Animal disease models to investigate ALS 

The first animal model of ALS, created in 1994, was the transgenic SOD1G93A  

mouse, following identification of mutations in SOD1 as a cause of fALS  [111]. 

This model displays similar pathogenic features, including muscle denervation, 

muscle paralysis, motor dysfunction, and motor neuron death, to clinical cases of 

fALS and sALS. Several other transgenic mouse models based on SOD1 are now 
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available, including G37R, G85R, G127X, D90A and H46R [112-114].                   

Furthermore, disease models based on mutant SOD1 have also been developed in 

zebra fish, rodents and Drosophila [115-117]. While SOD1 transgenic models have 

provided significant insights into mechanisms of motor neuron degeneration, no 

therapeutic interventions that were successful in these animals have been validated 

in ALS patients [113]. Hence, this model has been extensively criticised.                 

Furthermore, these mouse models may not replicate human disease accurately 

transgenic SOD1 G93A and D90A mice have been demonstrated to increase the 

load of mutant SOD1 in mitochondria in a non-physiological manner, inducing       

artifactual mitochondrial swelling [118]. Mice overexpressing wild-type SOD1    

developed ALS like symptoms, although disease onset takes much longer compared 

to the  SOD1G93A mice [119].  Similar pathological changes including loss of ventral 

horn neurons, vacuolisation and gliosis, were observed in both wild-type and        

mutant mice at disease end stages.  However, ataxic staggering gait was observed 

in the mutant SOD1 G93A mice only. The wobbler mouse, which bears  a point        

mutation in the Vps54 gene, demonstrates progressive degeneration of upper and 

lower motor neurons [120]. More recently, animal models have been generated 

based on mutations in TDP-43, FUS, and C9ORF72 [18, 121, 122], and ALS-        

associated mutant TDP-43 and FUS models have been developed in rat, zebra fish, 

yeast, roundworm, and Drosophila [123-128]. Transgenic TDP-43 mice carrying a 

human mutation (A315T) were developed several years ago but these animals do 

not replicate important features human ALS and die of gut pathology [129].        

However, recently a novel mouse model based on wild-type TDP-43 lacking a NLS 

was developed, which displays a motor phenotype reminiscent of the SOD1 mouse 

models [130]. Furthermore, Drosophila  and  zebrafish  models  over-expressing 

hexanucleotide  expansions  in C9ORF72 have  been recently developed  [131]. 

Similarly, knock down of C9ORF72 in zebrafish  models induces locomotion       

deficits and   reduced  axon  lengths  of  motor  neurons, although recent studies 

have argued against the loss of function as a novel pathogenic mechanism in ALS  

[132, 133]. 
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1.8 Chromosome 9 open-reading frame 72 (C9ORF72) 

The G4C2 hexanucleotide repeat expansion is present in the noncoding region of 

C9ORF72 and it is a major cause of FTD as well as ALS [17, 50]. Bioinformatics 

studies show that the localisation of this protein is mostly cytoplasmic, and it is 

structurally related to DENN domain proteins conserved GDP-GTP exchange      

factors for RAB proteins [134]. However, normal cellular function of C9ORF72 

and the exact mechanism by which it causes ALS is still under investigation. In 

normal individuals the G4C2 sequence is repeated 2-5 times and has not been            

detected above 30 times [135]. However, in ALS patients G4C2 is abnormally         

expanded from hundreds to thousands [135, 136]. A recent study demonstrated     

using epigenetic and RNA expression analyses that the small repeat expansions 

(less than 70 repeats) are multiple in origin and expand during parent-offspring 

transmission [137]. There are various hypotheses regarding how the C9ORF72       

repeat expansion causes disease pathology including haploinsufficiency leading to 

loss of function of C9ORF72 encoded protein, RNA mediated toxicity and toxic 

dipeptides produced from repeat associated non-ATG (RAN) translation. The        

repeat expansion could potentially alter expression of the mutant allele, causing a 

decrease in expression of C9ORF72 transcripts. Alternatively, the G4C2 expansion 

could result in aberrant methylation of the  cytosine phosphate guanine island near 

the repeat, resulting in down regulation of gene expression as studied in the Cana-

dian patients [138]. Another mechanism is accumulation of abnormal repeat RNA      

transcripts that accumulate within nuclear foci in the brain and spinal cord of 

C9ORF72 expanded repeat carriers [17]. Similarly, other studies have also     

demonstrated the presence of RNA foci which may sequester RNA binding proteins 

in association with C9ORF72 ALS [139-141]. The repeat transcripts also undergo 

unusual RAN translation, thus  generating peptides which aggregate in affected 

neurons and accumulate into  distinct foci, causing ER stress and neurotoxicity in 

patients with ALS and FTD [142, 143]. These peptides affect transcription and 

translation, interfering with both mRNA splicing and the biogenesis of ribosomal 

RNA [144]. Expression of long G4C2 (78x) repeats forms intranuclear RNA foci 

that induce apoptosis in neuronal cell lines and zebrafish models, suggesting RNA 

toxicity and protein sequestration trigger neurodegeneration [145]. Recently,         
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nucleocytoplasmic shuttling of G4C2 expansion in C9ORF72 was demonstrated to 

induce toxicity in Drosophila models [146, 147]. 

 

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

TDP-43 is a widely-expressed protein encoded by the TARDBP gene located on 

human chromosome 1p36.22, with a molecular mass of 43 kDa [148, 149].         

TDP-43 is a multifunctional RNA and DNA-binding protein which also interacts 

with other ribonuclear proteins. TDP-43 contains two RNA recognition motifs, a  

nuclear localization sequence (NLS), a nuclear export signal (NES) [150], and a 

glycine-rich C-terminus which facilitates protein interactions [151]. TDP-43 is    

generally localised in the nucleus, where it mediates RNA splicing and modulates 

microRNA biogenesis [152, 153]. It can also regulate the stability of its own 

mRNA, therefore it can auto regulate its protein levels [154]. Around one third of 

the cellular distribution of TDP-43 is cytoplasmic as it shuttles continuously           

between the nucleus and the cytoplasm [150, 155]. TDP-43 is a crucial component 

of dendritic and somatodendritic RNA transport granules in neurons [156, 157] and 

it plays an important role in neuronal plasticity by regulating local protein synthesis 

in dendrites of Drosophila models [158]. Knockdown of TDP-43 in mice models 

disrupts motor function and yields embryonic lethality [159]. TDP-43 is particularly 

significant under conditions of cellular stress as it is involved in the cytoplasmic 

stress granule response and forms protein complexes that sequester mRNAs            

redundant for survival [160]. 

 

Around 44 mutations in the TARDBP gene have been identified in both familial and 

sporadic ALS patients. These mutations are mostly clustered around the C-terminus 

of the protein and together they account for approximately 2% of total ALS cases, 

although TDP-43 pathology is rarely observed in fALS cases [56, 161-163].       

TDP-43 is the major constituent of cytoplasmic and intranuclear inclusions in spinal 

cord neurons of patients with ALS and cortical neurons of FTD patients [54, 164].     

Ubiquitinated TDP-43 positive inclusions are present in 97% of total ALS cases, 

emphasising the central role of TDP-43 pathology is importance in ALS [165, 166]. 
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However, how TDP-43 dysfunction is associated with ALS remains largely            

unknown, although disease-specific fragmentation [56], aggregation of TDP-43 

[167, 168], redistribution from the nucleus to the cytoplasm [169], loss of RNA 

processing [170] and axonal transport impairment [156] are key features linked to 

pathology [149]. Further discussion of the involvement of TDP-43 in ALS and        

results from investigations into the role of ER stress in TDP-43-linked disease are 

presented in Chapter 3.  

 

 

Figure 2 Schematic representation of the structural domains and motifs within 

TDP-43 domain: displaying ALS causative mutations within the protein. TDP-43 

mutants A315T, Q331K and Q343R were used in this study.  

 

1.10 Fused in Sarcoma (FUS) 

Fused in sarcoma (FUS, also known as translocated in liposarcoma) is a  multi-

functional DNA/RNA-binding protein which belongs to the FET family, encoded 
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by the FUS gene located on human chromosome 16p11.2  [171]. TATA-binding 

protein associated factor 15 (TAF15) and Ewing sarcoma breakpoint region 1 

(EWSR1) are other ALS genes that also belong to the same family of proteins [172]. 

FUS is 53 kDa in size and it bears similarities to TDP-43 in domain structure. FUS 

consists of a N-terminal serine-tyrosine-glutamine glycine (STQG) rich region, a 

glycine rich region, a conserved RNA recognition domain, a RanBP2-type zinc fin-

ger motif and multiple C-terminal arginine glycine-glycine motifs [173]. The C-

terminus of FUS is thought to contain a specialised proline tyrosine nuclear locali-

sation signal involved in RNA binding [174]. Although typically considered as a 

nuclear protein, FUS also plays a role in the nuclear-cytoplasmic shuttling of 

mRNA. FUS is also more immunodetectable in mature dendritic spines upon         

activation by  metabolic glutamate receptor mGluR5 [175]. FUS regulates RNA 

metabolism, which includes transcription and post-transcriptional processing, such 

as pre-mRNA splicing and mRNA trafficking [176]. FUS-/- mice are not  viable 

due to disruption of immune cell development and genomic instability [177].                 

Importantly, FUS knockdown in mice results in abnormal neuronal morphology 

signifying the role of FUS for neuronal structure and function [175]. 

 

In 2009 two groups identified mutations in the FUS gene causing around 5% of 

FUS linked fALS and less than 1% sALS. FUS in sALS cases however is               

controversial [57, 178].  Henceforth, FUS mutations have been shown in FTD, and 

in FTLD patients without motor impairment [179-181]. More recently, FUS          

mutation were also found in a family with hereditary essential tremors [182]. Most 

ALS associated FUS mutations are missense mutations and fewer cases of deletion 

and frame shift mutations have also been reported [153, 183]. FUS                              

immunoreactivity has been detected with expanded poly-glutamine protein nuclear 

aggregates in cell culture [184]. These reports highlight the pathogenic overlap      

between ALS and other neurodegenerative diseases, indicating that similar            

dysfunctions could result in different clinical outcomes. Post mortem analysis of 

brain and spinal cord tissues of ALS patients with FUS mutations demonstrated that 

abnormal cytoplasmic inclusions containing FUS were present in neurons and glial 

cells in the absence of post-translational modifications such as                                       
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hyperphosphorylation and ubiquitination [57, 178]. FUS immunoreactivity is          

observed in inclusions of sporadic and TDP-43 mutant ALS patient spinal cords but 

not in patients with SOD1 mutations, similar to TDP-43 [55, 185]. 

 

 

Figure 3 Schematic representation of the structural domains and motifs within 

FUS domain: displaying ALS causative mutations within the protein. FUS mutants 

R521C, R521H, R522G and P525L were used for this study.  

 

Over 46 ALS causing FUS mutations have been identified, and most of these cluster 

around the C-terminus (515-524 amino acid) of the protein. In this region all 5     

conserved arginine residues are mutated in ALS [52]. Several in vitro studies have 

shown that these mutations prevent nuclear import of FUS causing mislocalisation 

to the cytosol and the generation of transient stress granules (SGs) [186]. They also 

interrupt transportin mediated nuclear import of FUS [187]. The exact mechanism 

by which mutations in FUS cause ALS is still under investigation. However, loss 

of function due to incomplete disease penetrance in some FUS-linked ALS patients 

could be responsible [178, 179]. Though, most mutations are dominantly inherited, 
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suggesting that a gain of toxic function could be in operation in most cases. More-

over, different mutations in FUS may have different pathological effects.                 

Expression of dominantly inherited mutant FUS R521G (arginine to glycine)           

induces cytoplasmic inclusion formation in neuroblastoma cells, however,               

expression of mutant H517Q (histidine to glutamine) FUS which is recessively       

inherited had no such effect [178]. Another truncated mutant R495X causes a severe 

ALS like phenotype leading to causing cytoplasmic distribution of FUS in HEK 

cells and zebrafish models [188]. Mutant R521C (arginine to cysteine) mislocalises 

and generates stress granules in primary cultured transgenic zebrafish models [189].  

 

1.11 Mutations causing disturbance in protein homeostasis 

1.11.1 Ubiquilin-2 (UBQLN2) 

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

like protein family that all possesses a N-terminal ubiquitin like domain (UBL) and 

a C-terminal ubiquitin association domain (UAD) [190]. Ubiquilin-2 delivers    

ubiquitylated proteins to the proteasomal degradation machinery by simultaneously 

binding to these proteins through its UBA domain and to the proteasome through 

its UBL domain [191]. Mutations in UBQLN2 gene causes X-linked autosomal 

dominant form of classic ALS and frontotemporal lobar degeneration FTLD [58]. 

A PXX region located in the vicinity of the N-terminus of the UBA domain           

harbours the mutations associated with fALS and FTD [192, 193]. Ubiquilin-2     

positive inclusions have been detected in motor neurons of patients with sALS or 

FTLD (in the absence of disease-linked UBQLN2 mutations) [58] as well as in    

patients with FUS mutations [192], suggesting that ubiquilin-2 may have a broader 

role in ALS additional to the association with mutations in fALS. It forms skein‐

like inclusions in association with TDP-43 in motor neurons of ALS patients.       

Furthermore, staining with C9ORF72 in ubiquilin-2 patients reveals abnormal      

pathology with dystrophic neurites and aggregates in the neocortex suggesting a   

common downstream pathway involving ubiquitin proteasome system in the         

disease pathology [194]. 
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1.11.2 Valosin containing protein (VCP) 

Also known as p97, VCP is an AAA ATPase associated with diverse cellular          

activities [195]. VCP is a multifunctional ubiquitin sensitive chaperone that unfolds 

and disassembles protein complexes [196]. It is ubiquitously expressed and plays 

an important role in ER associated degradation (ERAD) [197]. The N-terminal       

region of VCP  assists in the transportation  of  misfolded proteins from the ER to 

the cytoplasm with its ATPase activity  [198]. Misfolded proteins are attached to 

ubiquitin in the cytoplasm and degraded via the ubiquitin proteasome system [199].  

ALS associated mutations in VCP disrupt ERAD function which is linked to disease 

pathology [200]. VCP is also involved in autophagy and it assists in the fusion of 

lysosomes with autophagosomes [201]. Knockdown of VCP increases the amount 

of ubiquitinated proteins and inhibit ubiquitin-proteasome system  in Hela cells 

[202]. Decreased levels of cellular VCP also   induces ER stress, due to reduced 

levels of ERAD substrates in Hela cells [203]. Mutations in VCP were first          

identified in patients with inclusion body myopathy with early onset Paget disease 

and FTD [59]. Exome sequencing further identified mutations in VCP clustered 

around the N-terminal of the protein in a small set of patients with fALS [60].  

 

1.11.3 p62 

The Sequestosome1 (SQSTM1) gene encodes p62, a major ubiquitin binding        

protein involved in protein degradation via the proteasome machinery [204]. p62 is 

a common constituent of neuronal and glial ubiquitin-positive inclusions in          

Alzheimer and Parkinson disease [205, 206]. Following the identification of       

ubiquilin-2 mutations in ALS the p62 gene was investigated being a receptor for 

ubiquitylated proteins. Interestingly, mutations in SQSTM1 were found in patients 

with fALS and in individuals with sALS [61]. p62 aggregates in fALS patients and 

in SOD1G93A mouse model of ALS [207, 208]. Over-expression of p62 with mutant 

SOD1 augments mutant SOD1 aggregate formation however this effect is reduced 

when the ubiquitin-associated domain of  p62 is deleted in neuronal cell lines [207]. 

Mutant SOD1 is recognized by p62 in a ubiquitin-independent fashion and is         

targeted for autophagy [209]. Similarly, p62 co-localizes with TDP-43 inclusions 
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in FTD patients with ALS [210] and with FUS and TDP-43 ubiquitinated inclusions 

in motor neurons in spinal cords of sALS patients, non-SOD1 fALS and patients 

with ALS with dementia [55]. In addition, over-expression of p62 reduces TDP-43 

aggregation in an autophagy-proteasome-dependent manner [211].  

 

1.12 Mutations causing cytoskeleton/cellular transport defects  

1.12.1 Optineurin (OPTN) 

Optineurin is a cytoplasmic and Golgi-localised protein encoded by the gene         

Optineurin (OPTN) gene [212]. The main function of optineurin is to inhibit           

activation of  transcription regulator nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) by binding to the ubiquitylated receptor interacting       

protein [213]. Optineurin is also involved in vesicular trafficking, immune               

responses and transcriptional regulation [214, 215]. Additionally, the role of           

optineurin as an autophagy receptor has recently come into light. Optineurin           

interacts with lysosomes and promotes autophagosome fusion to lysosomes in     

neuronal cells, therefore it facilitates trafficking of lysosomes during autophagy in                  

association with myosin VI [216]. Dominant missense, recessive deletion and     

non-sense optineurin mutations are observed in fALS and sALS patients [63].                

Optineurin inclusions are present in the cytoplasm of sporadic ALS patients [217]. 

Mutations in the OPTN gene associated with aggressive form of ALS are also linked 

to adult-onset glaucoma [218]. Over-expression of wild-type optineurin in cell     

culture causes Golgi fragmentation and over-expression of mutant optineurin          

increases apoptosis [219, 220]. Recently, our group demonstrated that expression 

of mutant optineurin results in inhibition of secretory protein trafficking, ER stress 

and Golgi fragmentation in motor neuron-like NSC-34 cells [216]. These studies 

suggest that although only a minority of cases are associated with optineurin          

mutations optineurin is involved in several pathways linked to ALS which could be 

affected due to optineurin dysfunction. Consistent with this notion, our lab also    

detected loss of interaction of optineurin with myosin VI in sporadic ALS human 

spinal cords [216]. 
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1.12.2 Vesicle-associated membrane protein-associated protein B (VAPB) 

VAPB is a widely expressed, conserved, ER transmembrane protein, which is  vital 

for microtubule transport [221]. It also plays an important role in ER-Golgi vesicle 

transport, modulating ER stress [221-223]. A missense P56S (proline to serine)   

mutation in VAPB is the most common mutation detected so far which causes a 

gradually progressing atypical form of ALS, autosomal dominant typical ALS or 

late-onset spinal muscular atrophy (SMA) in Brazilian and German cohorts [65, 

224, 225]. However, little is known about the effect of another missense VAPB 

mutation T46I (threonine  to isoleucine) in ALS [226]. Mutant P56S VAPB is    

ubiquitinated and insoluble, however, over-expression of wild-type VAPB induces 

the unfolded protein response (UPR) in NSC-34 cells [227]. Interestingly, mutant 

VAPB inhibits activation of ER stress sensor protein activating transcription factor 

6 (ATF6) [228]. Mutant VAPB inclusions are ER derived, and colocalise with ER 

chaperone PDI [229], implying the importance of ER in disease pathology. VAPB 

is also important for Golgi maintenance and intracellular transport. Over-expression 

of mutant VAPB causes Golgi  fragmentation in primary neurons [221, 223] and 

wild-type VAPB is required for Golgi-derived transport of lipids in HeLa cells 

[222]. No additional ALS-causative mutations in VAPB have been identified to 

date, indicating that VAPB mutations are a rare cause of ALS. However, decreased 

levels of VAPB mRNA and protein have been identified in both SOD1G93A         

transgenic mice models and in the spinal cord tissues of fALS and sALS patients 

without VAPB mutations [221, 230], suggesting that VAPB could also be involved 

in more common forms of disease.   

 

 1.12.3 Dynactin1 (DCTN1) 

Identification of dynactin mutations in ALS indicates dysfunction to intracellular 

and axonal transport are determinant of motor neuron degeneration because         

dynactin is involved in microtubule and dynein based intracellular and axonal        

retrograde transport [231]. Dynactin mutations are rare in ALS and they were      

identified in the gene encoding the p150Glued subunit of the dynactin complex, 

DCTN1 in patients with a form of autosomal dominant ALS, affecting lower  motor-
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neurons and causing early disease onset [232]. Additional p150Glued  mutations in 

ALS and ALS-FTD patients were also subsequently identified [232]. The disease-

linked G59S (glycine to serine) DCTN1 mutation disrupts  microtubule binding 

[231], and transgenic mice expressing G59S develop progressive degeneration 

which is characterised by defects in vesicular trafficking, accumulation of           

ubiquitinated inclusions, abnormal ER morphology, an increase in the number of 

vesicles and autophagy activation [69, 233]. Conversely, few studies have not been 

successful in identifying disease-associated mutations, implying that dynactin     

mutations are important but an infrequent cause of ALS [234]. 

 

1.12.4 Neurofilament heavy chain NEFH 

Neurofilaments are cytoskeleton proteins which are involved in maintaining axonal 

integrity  [235].Heterozygous deletion and insertion mutations in the NEFH gene, 

encoding neurofilament heavy chain (NF-H), have been observed in a few cases 

(<1%) of sALS and fALS patients [70, 236, 237]. Phosphorylated neurofilament 

proteins accumulate in inclusions in motor neuron of fALS patients [238]. ALS 

causing mutations in NF-H are present in the region containing the phosphorylation 

site essential for neurofilament cross linking. These mutations result in toxicity due 

to neurofilament aggregation and disorganisation [239]. In the early stages of ALS 

pathology there is increased accumulation of neurofilaments in the LMN observed 

in patients [240]. Increased levels of phosphorylated NF-H are observed in the 

blood of SOD1G93A mice and ALS patients suggesting it may have potential as a 

ALS biomarker [241]. Despite these results, other studies have failed to identify an 

association between neurofilament gene mutations and ALS [155]. Furthermore, 

mutations in neurofilaments are also observed in normal controls as well as in ALS 

patients suggesting that they are not pathogenic [242]. However, modulating motor 

neuron degeneration in transgenic NF-H over-expressing mice supports the             

involvement of NF-H in ALS pathogenesis [156].  
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1.12.5 Peripherin (PRPH) 

Expressed mainly in autonomic nerves and peripheral sensory neurons; peripherin 

is a neuronal intermediate filament that shares sequence similarity with                   

neurofilament proteins  [243]. Missense and frame-shift truncation mutations haven 

been identified in a few patients with either fALS or sALS, in the gene  encoding 

PRPH [244, 245]. Peripherin is a constituent of the inclusions present in spinal 

cords of ALS patients, and also on over-expression of mutant peripherin in cell 

culture models [243, 244]. Furthermore, over-expression of peripherin  inhibits     

axonal transport of neurofilament proteins [246], suggesting that   disruption of the 

filament protein network, and changes in peripherin splicing and expression, could 

be general features of ALS [247]. Furthermore, over-expression of wild-type         

peripherin in which there is targeted disruption of the NFL gene in SOD1G93A     

transgenic mice results in selective degeneration of motor neurons and late onset 

disease [248]. Aggregate-inducing isoforms of peripherin are also up-regulated in 

SOD1G37R mice and ALS patients [247, 249].  

 

1.12.6 Profilin 1 (PFN1) 

Profilin 1 is a member of the profilin family of small actin-binding proteins and it 

is important for the polymerization of actin. Missense mutations C71G (cysteine to 

glycine) and M114T (methionine to threonine) in the profilin (PFN1) gene were 

first identified in fALS patients using exome sequencing [64]. Cells                         

over-expressing PFN1 mutants formed ubiquitinated, insoluble aggregates             

colocalised with TDP-43. In vitro studies showed that PFN1 mutants reduced the 

actin-bound  profilin levels and they inhibited axonal outgrowth by decreasing actin          

polymerisation in embryonic motor neurons [64]. These observations further        

emphasize that cytoskeletal pathway alterations contribute to ALS pathogenesis    

although certain studies do not find these mutations as a prominent cause of ALS 

[250], although profilin mutations are a rare cause of fALS cases. In Germany, the 

Nordic countries, and the United States a PFN1 mutation T109M (threonine to     

methionine) was identified which abrogates a phosphorylation site in profilin 1 
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[251]. However, European and Chinese population may have low prevalence of 

profilin mutations [252, 253]. 

 

1.12.7 Alsin (ALS2)  

The ALS2 gene encodes for a guanine nucleotide exchange factor for the small 

GTPase Rab5, which is implicated in endosomal trafficking [254], endocytosis 

[255] and axonal outgrowth [256]. Mutations to the ALS2 gene cause autosomal 

recessive juvenile onset familial ALS (ARJALS) or juvenile PLS and hereditary 

spastic paraplegia [73, 257, 258]. Loss of function of the wild-type alsin results 

neurotoxicity [259] Wild-type alsin associates with mutant SOD1 and increases     

reactive oxygen species [259, 260]. Over-expression of mutant alsin causes Golgi 

fragmentation and mitochondrial trafficking impairment in COS7 cells [261]. 

Alsin-deficient neurons have disrupted α-amino-3-hydroxy-5-methyl-4-isoxa-

zolepropionic acid (AMPA) receptor trafficking and increased glutamate   induced 

cytotoxicity [262]. Also knockdown of alsin in SOD1H46R mice caused early disease 

onset and reduced survival [263]. This was associated with defects in                          

endolysosomal trafficking suggesting that some disease mechanisms overlap          

between mutant ALS2-linked and mutant SOD1-linked ALS [263]. 

 

1.12.8 Phosphatidylinositol 3,5-bisphosphate 5-phosphatase (encoded by FIG4)  

FIG4 is found in vacuolar membranes, and it is essential for normal functioning of 

the endosome-lysosome system [264]. Mutations were first identified in pale tremor 

mice (a multi-system disorder) which develop neuronal degeneration, peripheral 

neuropathy and altered pigmentation [75]. Homozygous or compound                      

heterozygous loss-of-function mutations in human FIG4 were further observed in 

patients with autosomal recessive hereditary motor and sensory neuropathy,         

designated as Charcot-Marie-Tooth disease type 4J (CMT4J) [75]. Dominant FIG4 

mutations have been found in 1-2% of patients with autosomal dominant familial 

and sporadic PLS patients [75]. Also heterozygosity for a lethal allele of FIG4 has 

been found to be a risk factor for ALS [74]. These PLS and ALS patients retained 

one wild-type allele, in comparison to CMT4J patients, [43] suggesting, that      
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membrane and vesicle trafficking defects are common to peripheral neuropathies, 

such as PLS, as well as ALS. 

 

1.12.9 Charged multivesicular body protein 2B /chromtin modifying protein 2b 

(CHMP2B) 

CHMP2B regulates endosomal trafficking and it is involved in the sorting of           

integral membrane proteins in multivesicular bodies and subsequent clearance by 

autophagy [265]. Mutations in the gene encoding CHMP2B were initially             

identified in cases of FTD in a Danish family [76]. ALS cases from two separate 

familial groups that are affected by an ALS like phenotype were identified to        

possess mutations in CHMP2B [266]. Another study found several additional ALS 

specific CHMP2B mutations, and expressions of the mutants in cell culture    

demonstrated that altered lysosomal localisation and reduced autophagy function           

compared to wild-type protein [267]. However, due to the lack of additional  studies 

linking CHMP2B mutations with sALS and fALS cases this is considered to be a 

rare cause of ALS [268]. 

 

1.13 Mutations causing RNA dysfunction  

1.13.1 Senataxin (SETX) 

Senataxin encoded by SETX gene, possesses a DNA/RNA helicase domain and it 

associates with the replication fork around the active transcriptional region where 

it facilitates DNA replication [269]. Senataxin is expressed generally in the              

nucleus, where it is protective against oxidative damage to DNA and it also           

functions in RNA transcription [270, 271]. Silencing senataxin inhibits                   

neuritogenesis, neuronal differentiation and induces aberrant neurite growth [272].                

Dominantly inherited missense or truncation mutations in the SETX gene cause an 

atypical juvenile form of ALS, characterised by symptom onset before 25 years of 

age [77, 273]. The symptoms include limb weakness with severe muscle wasting, 

however, the disease is slow progressing without the involvement of bulbar and 

respiratory muscles [273]. Ataxia may also be observed in some patients [274]. In 
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contrast, another SETX mutation T118I (threonine to isoleucine) was detected in 

patients with sporadic classical ALS, with disease onset at 42 years and rapid         

progression implying that senataxin is also involved in sALS disease pathology 

[275]. Mutant senataxin induces neurotoxicity by damaging DNA induced during 

replication and creating genomic instability [269]. 

 

1.13.2 Angiogenin (ANG) 

Angiogenin is a member of the ribonuclease A (RNase A) superfamily of proteins 

and it is induced under hypoxic conditions to protect cells by regulating the  activity 

of  vascular endothelial growth factor (VEGF) [276, 277]. Angiogenin is also        

implicated in neurite outgrowth [278, 279]. More than 20 fALS mutations in the 

ANG gene have been observed in several distinct populations [78, 280, 281]. ALS 

patients with ANG mutations display TDP-43 accumulation and inclusion              

formation in motor neurons similar to patients with Parkinson disease, indicating 

similar biochemical pathways may be operating [282, 283]. ALS-linked mutant     

angiogenin protein possess show decreased ribonuclease activity compared to wild-

type proteins in vitro suggesting that these mutations may involve a loss of function 

in disease [284]. Consistent with this idea, over-expression of angiogenin in 

SOD1G93A mice model ameliorates motor function and life span [277]. 

 

1.14 Excitotoxicity 

1.14.1 D-amino acid oxidase D-amino acid oxidase (DAO) 

DOA is an important co-agonist involved both in N-methyl d-aspartate receptor 

(NMDAR) mediated LTP and excitotoxicity [285, 286]. Recently, mutation 

R199W (arginine to tryptophan) DAO was shown to induce autophagy,                    

aggregation and apoptosis, all of which processes were decreased by a d-serine/gly-

cine site antagonist of the NMDAR [287]. DAO is a peroxisomal  enzyme that 

functions as a neurotransmitter by oxidising its substrate D-serine, an NMDA-type 

glutamate receptor activator [288]. A single R199W missense  mutation to DAO 

segregates with autosomal dominant ALS in a large  multigenerational population 
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[81]. Over-expression of this mutant increases ubiquitinated inclusion formation 

and cell death in transduced primary motor neurons and diminished enzymatic        

activity of DAO is evident in neuronal cell culture [81]. Furthermore, dysregulation 

of the serine biosynthetic pathway has also been observed in the mutant SOD1G93A 

mice models [289].  

 

1.15 DNA damage repair and autophagy  

1.15.1 Spatacsin  

Spatacsin protein is encoded by SPG11 gene however, the exact function of      

spatacsin in humans is unknown. In zebra fish spatacsin is essential for axonal 

growth and muscular junction connectivity [290]. Mutations in spatacsin cause      

autosomal recessive hereditary spastic paraplegia with thin corpus callosum   

demonstrating overlap in phenotype between these two juvenile-onset movement 

disorders [80]. Additional homozygous or compound heterozygous mutations to 

spatacsin are also detected in patients with ARJALS [291]. This form of ALS has 

early onset (before the age of 25) and is characterised by bulbar symptoms,  muscle 

weakness and dysfunction in both upper and lower motor neurons [291, 292].  

 

1.15.2 Tank-binding kinase 1 (TBK1) 

Due to advances in next generation sequencing techniques mutations in the Tank-

binding kinase 1(TBK1) gene were recently identified in ALS patients [82].          

Similarly, another study identified eight different loss-of-function mutations in 

TBK1 in fALS patients [293]. TBK1 is a multifunctional kinase which plays an 

important role in autophagy where it regulates autophagosome-mediated                

degradation of ubiquitinated cargo and inflammatory signalling [294].                       

Interestingly, both optineurin [295] and p62 [61] act as substrates for TBK1 [295]. 

Furthermore, biochemical studies indicated that haploinsufficiency of TBK1 or loss 

of interaction of the C-terminal TBK1 coiled-coil domain with its adaptor proteins 

are linked to both ALS and FTD [293].  
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1.16 Potential risk factors and other rare ALS causing genes  

Recent advances in techniques for genome-wide association studies (GWAS) have 

facilitated significant contributions in our understanding of ALS genetics and         

allowed the identification of several novel variants which affect susceptibility to 

ALS. A number of susceptible loci have been identified by GWAS including FGGY 

[296], ITPR2 [297], chromogranin B [298, 299] and DPP6 [300] which did not 

replicate in large cohorts. Another risk factor UNC13A which is involved in          

synaptic glutamate release initially appeared to be robust, but exact replication of 

the locus in an independent cohort has not been achieved [301, 302].  Identification 

of variants of KAIFAP3 a molecular motor that mediate anterograde axonal 

transport, and EPH4A ephrin receptor have been reported to significantly affect 

survival in ALS patients [303, 304]. Similarly, other reports of linkage with several 

other loci were not replicated in independent populations [296, 305]. More recently, 

intronic variants of PDA1 gene encoding PDI have also been reported as susceptible 

risk factors in ALS pathology [306]. These findings highlight the complications 

involved in identifying genetic risk factors for ALS.  

 

Exome-wide sequencing also recently identified mutations in TUBA4A, the gene 

encoding the Tubulin isoform, Alpha 4A protein in fALS cases. Functional analyses 

revealed that these TUBA4A mutations destabilize the microtubule  network by 

diminishing its re-polymerization capability [307]. Mutations in Sigma receptor 1 

were identified in juvenile cases of ALS and FTD [308]. Sigma R1 is involved in 

calcium signalling in the ER and the ALS mutations in Sigma R1 causes abnormal 

ER morphology, mitochondrial abnormalities and impaired endosomal trafficking 

and autophagic degradation implying a loss of function [309, 310]. Mutant form of 

a RNA-DNA binding protein encoded by matrin 3 (MATR3) is also involved in 

fALS [84]. With the advances in the field of genomics, the complexity of disease is 

becoming resolved however, further investigations of potential genetic associations 

with disease is warranted. And validation of these new genes in additional families 

is also required. 
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1.17 ALS is a protein misfolding disorder  

A common feature of neurodegenerative diseases is the presence of misfolded      

protein aggregates in affected regions of the nervous system. Aggregates are           

insoluble, non-native structures observed at aberrant subcellular localisation 

formed due to interactions between structured and partially folded proteins [311, 

312]. Whereas inclusions are large polymers into which aggregated proteins are 

sequestered due to the self-assembly of non-native polymers [313]. 

 

Under non stressed conditions the cellular machinery prevents protein misfolding 

with the aid of protein chaperones that assists proteins to fold into their native        

configuration [314]. Alternatively, misfolded proteins are detected by cellular    

quality control machinery the ubiquitin proteasome system and autophagy,              

resulting in their degradation [315]. During neurodegenerative disease abnormal 

protein aggregation can inhibit indispensable cellular functions, causing dysregula-

tion in the proteostasis and eventually neuronal loss. Proteins misfold by various 

mechanisms including genetic mutation, oxidation, post-translation modification, 

proteasomal dysregulation and seeded polymerisation [316]. The presence of  large  

inclusions is a hallmark of ALS pathology as in other neurodegenerative diseases 

and these insoluble inclusions are observed at the onset of disease not only in the 

brain stem and spinal cord but also in the frontal and temporal cortices,                     

hippocampus and cerebellum, where they progressively accumulate until disease 

end stage [317, 318]. 

 

In ALS the pathogenic inclusions are commonly Lewy body-like hyaline                  

inclusions, skein like inclusions which are ubiquitin positive or Bunina bodies 

which are eosinophilic but ubiquitin-negative [319, 320]. The major pathogenic 

proteins, SOD1, TDP-43 [164] and FUS, misfold and form skein-like inclusions, 

while Bunina bodies are immunoreactive for cystatin C and neurofilament  proteins 

[320, 321]. Unconventional translation of hexanucleotide repeat RNA in the          

hippocampus and cerebellum of C9ORF72 patients results in the accumulation of 

abnormal dipeptide repeat (DPR) proteins which are TDP-43-negative                   
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ubiquitinated proteins [322-324].  All C9ORF72 cases are characterised by TDP-

43 pathology in the motor cortex and spinal cord  [149]. In a particular study the 

inclusions formed in patients with C9ORF72 mutation were TDP-43 positive and 

also partially co-localised with p62 and ubiquilin-2 [194]. Mutant SOD1 forms      

hyaline-like inclusions composed of granule coated fibrils immunoreactive for 

SOD1, in the spinal cord of fALS patients and transgenic SOD1 models [325-328]. 

Accumulation of mutant SOD1 monomers and high molecular weight oligomeric 

species that may contain non-native disulphide bonds are prominently associated 

with disease pathology in transgenic SOD1G93A mice [329]. Mutations in proteins 

that are involved in protein degradation including p62, ubiquilin-2 and VCP           

implicates disruption to protein clearance pathways as a pathogenic mechanism in 

ALS. Mutations in some rare genes causing ALS such as p62, ubiquilin-2, VCP 

leads to aggregation of TDP-43 [18]. In ALS patients with ubiquilin-2 mutation the          

ubiquitinated inclusions co-localise with ubiquilin-2 and also interact with TDP-43, 

FUS and optineurin [58, 192]. Both TDP-43 and FUS are aggregate prone in vitro 

[126, 330] and the prion domain may induce inclusion formation [331-333]. The 

role of inclusions in disease pathology is still controversial. However, increasing 

evidence suggests the monomeric and oligomeric species are related to toxicity      

rather than large inclusions visible by light microscope themselves [334]. 

 

Furthermore, wild-type forms of the same proteins mutated in fALS are also found 

in inclusions of sALS patients [53-55, 335]. Wild-type SOD1 has the propensity to 

misfold and aggregate under conditions of oxidative stress in vitro [101]. Further-

more, the misfolded, oxidised forms of wild-type SOD1 share similarity with the 

mutant form and impair axonal transport [53]. Similarly, wild-type TDP-43 is a 

major constituent of ubiquitinated proteins inclusions in nearly all sporadic ALS 

cases suggesting common possible mechanisms of toxicity. Furthermore, inclusions 

containing wild-type forms of FUS, ubiquilin-2 and optineurin are also observed in 

a proportion of sALS cases [55, 217]. Together these data suggest that dysfunction 

to proteostasis induced is possibly multifactorial in origin and it involves both a 

gain in toxic function and loss in normal function mechanisms. 
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1.18 Current Hypotheses linked with the pathogenesis of ALS  

Neurons are highly susceptible to proteostatic dysregulation mainly due to their 

large size and high metabolic requirements [336]. Various hypotheses regarding 

how mutant proteins induce ALS pathology have been suggested including            

impaired axonal transport, abnormal RNA processing, mitochondrial dysfunction, 

redox dysregulation, glutamate excitotoxicity, proteasomal and autophagic           

dysfunction and ER-Golgi transport defects [100, 337, 338]. Importantly, ER stress 

is emerging as an important driver in neurodegeneration [339-341] however, ER 

folding and quality control mechanism are not well characterised during disease 

state [342]. The section below summarises current evidence to explain how mutant 

proteins induce disease pathology. 

 

1.18.1 Impaired axonal transport 

Axonal pathology is one of the key features of ALS observed during early disease 

[343]. Retraction and denervation of neurons, resulting in axonal connection failure 

and axonal dysfunction, is observed in the early stages in rodents and in ALS          

patients [344-346]. Motor neurons are highly polarized cells with very  elongated 

axons (up to meter in length) that facilitate delivery of essential cellular components 

RNA, proteins and organelles [347]. Microtubule-dependent kinesin and                  

cytoplasmic dynein molecular motors mediate anterograde and retrograde transport 

respectively [348]. Mutations in genes linked to axonal transport   including NEFH, 

PFN1, PRPH, dynactin and tubulin4, further support the notion that axonal 

transport defects contribute to ALS pathogenesis. Recent evidence also            

demonstrated that SQSTM1 is essential for proper dynein motility and   trafficking 

along microtubules [349]. Similarly, spatacsin is implicated in axonal maintenance 

and cargo trafficking [350]. 

 

Decreased levels of NFL mRNA  encoded by NEFL  gene were observed in ALS 

[351]. Proteomic studies demonstrated that knockdown of TDP-43 reduces the      

levels of intracellular transport proteins, RAN-binding protein 1 and  chromogranin 

B, suggesting that loss of function of TDP-43 could induce transport defects [352]. 
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TPD-43 and FUS transport mRNA which encodes for NFL to neuronal distal      

compartments however, mutations in TDP-43 inhibits  axonal mRNA trafficking, 

presumably due to loss of function [156, 176]. Furthermore, mutations in TDP-43 

and FUS may impair axonal transport by inducing stress granule formation and    

aggregation, or by reducing the availability of neurofilaments [157, 353, 354].    

Mutations in FUS cause diminution in the number of SMN proteins (survival motor 

neuron) which are important in trafficking of mRNA [355, 356] in the axon by 

sequestration of SMN protein into cytoplasmic FUS aggregates [357]. Mutations in 

SOD1 also cause axonal transport disruption. Upon subcellular fractionation of the 

lumbar spinal cord of  transgenic SOD1G93A mice accumulation of misfolded SOD1 

was observed in the fraction dense with neurofilaments [358]. Mutant SOD1          

aggregates associate with dynein, the motor responsible for retrograde transport. 

Furthermore, mutant SOD1 aggregation leads to alteration in the subcellular          

distribution of the dynein complex and inhibition of its function in the axon of       

cultured motor neurons [359]. Misfolded SOD1 associates with kinesin-associated 

protein 3 (KAP3), a cargo protein in SOD1G93A mice and sequestration of KAP3 

into these aggregates inhibits trafficking [360]. Mutant SOD1 also activates         

neuronal p38, which  inhibits kinesin-1 through activation of the MAP kinase     

pathway and impairs fast axonal transport in neuronal cultures, spinal cord lysates 

of mice and squid axoplasm [361].  

 

1.18.2 Redox Dysregulation in ALS 

Various cellular abnormalities associated with redox dysregulation including        

oxidative stress, mitochondrial dysfunction, glutamate excitotoxicity and lipid       

peroxidation are linked to ALS pathology. Supplementary Figure 2 consists of a 

review article written by the author that discusses in detail the consequences of the 

dysregulation of ALS and readers are directed here for comprehensive reading on 

this topic. Nonetheless, recent advances in this area are summarised below.  

 

Oxidised DNA, lipids and proteins that serves as biomarkers of oxidative stress and 

nitrosative stress in tissues and biological fluids can aid in understanding ALS       
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pathology [362]. Depletion of antioxidant glutathione is observed in the cortex of 

ALS patients [363] and modulation of this redox regulator is linked to impaired 

mitochondrial pathology in mutant SOD1G93A mice [364]. Furthermore, reduction 

of glutathione is also associated with TDP-43 inclusion formation in sALS patients 

[365]. Expression of TDP-43 also increased the levels of oxidative stress markers 

in Drosophila models, suggesting that oxidative stress may trigger TDP-43 induced 

apoptosis [366]. Oxidative stress is further aggravated due to mutations in TDP-43 

and FUS. Mutant FUS is directed to stress granules more rapidly during oxidative 

stress compared to wild-type FUS [188]. Likewise, TDP-43 is recruited to stress 

granules in conditions of oxidative stress [160]. ALS-linked mutation in TDP-43 

induce oxidative stress and mitochondrial dysfunction by accumulation of nuclear 

factor E2 related factor 2 (Nrf2) which is a modulator of oxidative stress in neuronal 

cell cultures [367]. 

 

1.18.3 Mitochondrial dysfunction in ALS 

Mitochondria are both a target and the main site of production of reactive oxygen 

species [368].Various studies have shown that mitochondrial dysfunction and        

abnormal mitochondrial morphology is associated with ALS pathology [369]. A 

recent study identified a missense mutation in the CHCHD10 gene S59L (serine to 

leucine) which encodes a mitochondrial protein responsible for ALS and FTD 

[370]. Over-expression of a CHCHD10 mutant causes fragmentation of the            

mitochondrial network and ultrastructural defects including loss, disorganization 

and dilatation of cristae in Hela cells [370]. Mitochondrial dysfunction and               

oxidative stress induce mitophagy in cellular cultures expressing both wild-type and 

mutant TDP-43 [367, 371]. Mitochondria are either abnormal and   unorganised in 

post-mortem neurons from juvenile ALS patients [372] and mitochondria are 

smaller in size in cultured motor neurons expressing cytoplasmic FUS mutants 

[373]. Additionally, over-expression of FUS mutant R521C cause Golgi                

fragmentation and aggregation of mitochondria in rats [374]. Recent studies in VCP 

mutant mouse demonstrated that these animals have increased  accumulation of 

TDP-43 and accumulation of abnormal aggregated mitochondria, causing motor 

neuron loss [375, 376]. Furthermore, VCP deficiency results in mitochondrial    
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coupling which is associated with a reduction in mitochondrial membrane potential, 

increased mitochondrial oxygen consumption and abridged ATP production [377]. 

Increased vulnerability of mitochondria is associated with disturbance in calcium 

levels and has been extensively studied in SOD1 in vitro and in vivo models [378-

380]. TDP-43 also perturbs ER-mitochondria interactions which is associated with 

disruption in cellular calcium homeostasis which effects the integrity of motor     

neurons [381].  

 

Other studies have suggested that increased calcium levels in the mitochondria       

results in glutamate dysfunction [382, 383]. Motor neurons are highly vulnerable to 

excitotoxic insults and ALS mutations in DOA further highlights these mechanisms 

in ALS pathologies. A different study demonstrated that exposure to kainic acid 

leads to significant motor neuron death [287]. A more recent study  using induced 

pluripotent stem cells (iPSCs) determined that C9ORF72 ALS iPSNs are highly 

susceptible to glutamate-mediated excitotoxicity [139]. 

 

1.18.4 Non cell autonomous toxicity 

Non-neuronal cell types in the central nervous system (CNS) such as astrocytes and 

microglia are also implicated in modulation of ALS disease processes [384].         

Astrocytes cultured from both fALS and sALS patients induced toxicity causing 

neuronal death [385]. Similar studies in SOD1G85R mice demonstrated that               

astrocytes and microglial cells contribute to disease onset and progression [386-

388]. Similarly, reduced levels of mutant SOD1 in astroglia delay microglial          

activation and decelerate disease progression [386]. Furthermore, silencing mutant 

SOD1 expression in microglia also slows motor neuron loss and disease                  

progression [387, 389]. The activation of glial cells during disease progression can 

be both protective and deleterious in patients and animal models and these           

mechanisms are not fully elucidated [390, 391]. Increased levels of hydrogen         

sulphide were detected in the CSF of ALS patients and in the media from SOD1G93A 

mouse astrocytes and microglia [392]. Loss of oligodendrocytes also induces ALS 

pathology as these cells express monocarboxylate lactate transporter, which is       
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important for axonal maintenance [393, 394]. Therefore, a better understanding of 

the role of non-neuronal cells in ALS pathology is necessary before disease            

processes can be fully understood.  

 

1.18.5 Disruption in RNA homeostasis 

Abnormal localisation and aggregation of essential RNA binding proteins are      

features of sporadic ALS, and mutations in these proteins are also linked to familial 

disease [18]. More importantly, dysregulation in the functions of TDP-43 and FUS 

which individually bind and regulate the transcription of nearly 30% of the            

transcriptome, could be deleterious [395]. As mentioned above ALS-linked           

mutations in other RNA-binding proteins have also been described including          

angiogenin [279], senataxin [77] and ataxin-2 [396]. The RNA binding domains in 

TDP-43 and FUS are essential for toxicity in ALS [397]. Increasing evidence       

suggests that the pathogenic mechanisms for TDP-43 and FUS are likely to be a 

combination of both loss of function and gain of toxic function properties [149, 153, 

398]. TDP-43 levels are also important for normal RNA maturation. Silencing of 

TDP-43 in a normal mouse modulate the levels of 6000 mRNA’s suggesting that 

the loss of function can result in major defects [399]. Mutant TDP-43-dependent 

degeneration of only lower motor neurons causes both loss and gain of splicing 

functions of selected RNA targets at early disease stages without aggregation or 

loss of nuclear protein [170]. TDP-43 and FUS are also both constituents of stress 

granules [353, 400]. Persistent TDP-43/FUS positive stress granules may induce 

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

by providing a seed for the formation of pathological inclusions in ALS [353, 401]. 

Furthermore, the recruitment of TDP-43 and FUS to stress granules also suggests 

that a loss of function of each protein exists in ALS under these conditions.            

Upregulated TDP-43 levels in murine models results in neurodegeneration either 

due to the expression of RNAs that lack auto regulatory sequences, or due to           

disruption of auto regulation [129, 402, 403]. Another study suggested that TDP-

43 and FUS translocate into the dendrites and bind to several RNA targets, that 

regulate synaptic function in response to neuronal activation [175, 404]. Therefore, 

dysfunction in TDP-43 or FUS may alter synaptic function [175, 404]. 
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Mutant SOD1 can bind mRNA’s and impair post-transcriptional regulation by       

sequestering key regulatory RNA-binding proteins including Hu Antigen R (HuR), 

and TIA-1-related protein (TIAR) [405]. Furthermore, wild-type SOD1 can             

interact with TDP-43, suggesting a possible common mechanism in regulation of 

specific RNA stability [354]. Neurodegeneration induced by C9ORF72 mutations 

are also linked to gain of RNA toxicity by the production of toxic RNA containing 

the repeat sequence [406]. Additional toxic mechanisms may be triggered from 

complementary repeat-containing RNA produced by bidirectional transcription 

[407] or RAN translation [408], leading to the production of potentially toxic RNA 

and protein species respectively. Expression of RAN polypeptides also  reduced 

RNA-processing bodies and cytoplasmic stress granules preceded apoptosis         

suggesting that RNA homoeostasis is also perturbed by RAN translated  peptides 

[409].  

 

1.18.6 Prion like mechanism of Neurodegeneration 

Increasing evidence suggests that misfolded proteins responsible for causing        

neurodegenerative diseases may have “prion-like” properties: the ability to              

sequester wild-type proteins and seed their aggregation or misfolding, and thus act 

as transmissible agents between cells [410, 411].  Prion proteins  possess a ‘prion-

like domain’, having similar amino acid composition to yeast prion proteins,  which 

therefore have high propensity to aggregate [412].  In human patients, ALS spreads 

in a characteristic pattern from the site of onset through the neuroanatomy, hence it 

has been argued that prion-like mechanisms exist in ALS [413]. SOD1 displays 

prion-like properties in vitro and in animal models [384]. These mechanisms have 

implications for future therapy that will aim to halt the spread of pathology and also 

for pathogenesis in sALS, given the presence of aggregated SOD1 in sALS cases 

[53, 101, 414]. Similar evidence exists for TDP-43 which contains a prion like       

domain. The C-terminal glycine rich region of TDP-43 is involved in protein-       

protein interactions and is aggregation prone and it induces cellular toxicity in yeast 

models [415]. Exogenously applied insoluble aggregates of TDP-43 generated in 

vitro can be taken up human embryonic kidney cells where they act as a seed for 

aggregation of endogenous TDP-43 [416] Furthermore, the aggregates are similar 
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to pathological ubiquitinated TDP-43 in ALS patients  suggesting that seeded         

aggregation of TDP-43 could be an important phenomenon in disease [416]. In      

addition aggregated TDP-43 isolated from the brains of ALS patients, when           

exogenously applied to human neuroblastoma cells in culture, served as a seed for 

propagation of additional ubiquitinated and phosphorylated TDP-43 aggregation 

[417]. This induced intracellular aggregated TDP-43 was toxic in neuronal cell     

culture, possibly due to proteasomal dysfunction [416]. FUS also contains a prion 

like domain and it requires the RNA binding and glycine rich region as well as its 

prion domain, to induce aggregation [330]. Similarly, mutations in the prion-like 

domains of hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and ALS 

[331]. Nevertheless, further in vivo characterisation of the transmissibility             

misfolded proteins in ALS is required to determine the role of misfolded protein in 

ALS. 

 

1.18.7 Autophagy 

Autophagy is a protein degradation pathway for clearance of misfolded proteins, 

aggregates and the turnover of organelles within the cell to assist in maintaining 

neuronal homeostasis. This degradation is achieved through either                          

macroautophagy, microautophagy and chaperone mediated autophagy [418]. How-

ever, autophagic dysfunction is linked to aggregation and inclusion formation in 

ALS [419]. Studies have demonstrated that the induction of autophagy markers in 

spinal cords of ALS animal models, sALS and fALS patients [420-422]. Autophagy 

is  upregulated in  spinal cords of SOD1G93A mice at the symptomatic stage, and 

increased levels of LC3-II which correspond to the extent of  autophagosome             

formation [423, 424]. Autophagy is also activated in motor neurons of sALS          

patients evident by increased numbers of autophagosomes [425]. Furthermore,      

defects in endosomal sorting complexes required for transport (ESCRT)-III which 

are  essential for fusion of autophagic vesicles within the endocytic pathway, cause 

accumulation of cytoplasmic inclusions containing ubiquitin, p62 and TDP-43 

[426]. Moreover, C9ORF72 interacts with ubiquilin-2 and LC3-positive vesicles, 

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

further evidence that C9ORF72 may regulate  autophagy [427]. 

http://www.nature.com/articles/doi:10.1038%2Fnature11922
http://www.nature.com/articles/doi:10.1038%2Fnature11922
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Autophagy is upregulated due to cellular stress and it can promote cell survival. 

However, autophagy can also directly or indirectly induce cell death. Increasing 

evidence supports the notion that stimulation reduces pathological traits in ALS. 

Rapamycin, an activator of autophagy, reduces mutant FUS-positive stress          

granules, neurite fragmentation and apoptosis in neuronal cultures expressing       

mutant FUS under conditions of oxidative stress [428]. In a more recent study,       

induction of autophagy using rapamycin reduced the effect of over-expressing     

mutant  optineurin by decreasing accumulated mutant optineurin inclusions thereby  

reducing adverse phenotype in rat models [429]. Administration of trehalose, an 

enhancer of mTOR independent autophagy in SOD1G85R mice, significantly           

decreased the accumulation of SOD1 aggregates, enhanced motor neuron survival, 

prolonged life-span and attenuated progression of disease [430]. A similar study 

with trehalose also delayed disease progression, and reduced motor neuron loss in 

spinal cord of SOD1G93A mice. Trehalose decreased the  accumulation of SOD1 and 

p62 aggregates and it improved autophagic flux in motor neurons of transgenic 

mice SOD1G93A [431]. An additional autophagy inducing compound,                    

methotrimeprazine improved TDP-43 clearance and  localization, and enhanced 

survival in primary murine neurons, human stem cell-derived neurons, and              

astrocytes expressing mutant TDP-43 [432]. 

 

However, contradictory studies have shown that treatment with rapamycin can also 

exaggerate disease pathology. Treatment of SOD1G93A mice with rapamycin caused 

motor neuron loss and accelerated disease progression. Also rapamycin induced 

autophagic vacuoles failed to reduce the level of mutant SOD1  aggregation in ALS 

SOD1G93A mice [433]. Another report demonstrated that rapamycin had no            

protective effect on disease onset and survival in SOD1 H46R/H48Q mice [434]. 

In addition, using lithium to induce autophagy exaggerated disease progression in 

clinical patients and SOD1G93A transgenic models of ALS [435-437]. However, the 

exact mechanism by which autophagy affects disease pathogenesis remains         

controversial. 
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1.18.8 ER-Golgi transport defects 

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

between the ER and Golgi and it is instigated by collection of secretory cargo from 

within the ER lumen [438]. ER-Golgi transport is a vital gateway to the whole       

endomembrane system therefore defects may impact greatly on neuronal viability. 

Newly synthesized proteins in the ER are packed into vesicles and transported to 

Golgi apparatus via the ER-Golgi intermediate compartment (ERGIC) [439], and 

finally they are redistributed to their respective cellular destinations [440]. Efficient 

ER-Golgi transport depends on coat protein complexes (COPs) which recruit cargo 

proteins[441], COPII is an essential vesicle coat  protein complex that mediate      

anterograde transport and hence mediates export of  proteins from the ER to the 

Golgi [441]. Impairment of ER-Golgi transport  increases the accumulation of       

secretory proteins within the ER lumen, resulting in ER stress and induction of the 

UPR [442, 443]. Moreover, disruption to this  bidirectional transport also results in 

abnormal Golgi organisation and fragmentation [444, 445]. Defects in ER-Golgi 

trafficking may impact on several cellular processes including ER stress, axonal 

transport and   autophagy. 

 

Currently numerous studies suggest that disturbances and impairment in the         

neuronal secretory apparatus occurs early in ALS [446, 447]. Transportation of   

synaptic transporter-1 GAT1 (GABA) requires efficient ER export in neuronal 

cells, thus suggesting a link between axonal transport and ER Golgi trafficking 

[448]. Abnormal Golgi pathology is observed in neurons of transgenic SOD1G93A 

mice at preclinical stages of disease pathology [449]. Furthermore, Golgi              

fragmentation enhances with disease progression without accumulation of               

inclusions in mutant SOD1 mice [450]. ALS mutations in VAPB also disrupt in 

ER-Golgi vesicle transport [65]. Optineurin mutations in ALS also disrupt the         

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

protein trafficking, ER stress and Golgi fragmentation in neuronal cell cultures 

[216]. 
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The effects of SOD1 mutations in trafficking have been studied in ALS cellular and 

animal models. Mutant SOD1 interacts with dynein thus disrupting the dynein      

motor complex, in cultured cells and also in tissues of SOD1 G93A and G85R   

transgenic mice prior to onset of disease [451]. Mutant SOD1 also  interacts with 

tubulin before disease onset and it recruits tubulin into inclusions, thus inhibiting 

tubulin polymerisation which is essential for microtubule  organisation [452]. Our 

laboratory demonstrated that mutant SOD1 inhibits ER-Golgi transport [453].  

Also, in cells expressing mutant SOD1, disruption in ER-Golgi trafficking preceded 

ER stress, Golgi fragmentation, protein aggregation and apoptosis in vitro [453]. 

Furthermore, over-expression of COPII subunits or Rab1 protected against              

inclusion formation and cell death in neuronal cultures and restored ER-Golgi 

transport suggesting a connection between neurodegeneration and ER Golgi 

transport defects in mutant SOD1 pathology [453]. In another study our laboratory 

demonstrated that extracellular aggregated wild-type and mutant SOD1 induced 

ER-Golgi trafficking defects in human neuronal cell lines, thus demonstrating that 

extracellular forms of wild-type SOD1 causes ER-Golgi transport impairment 

[454]. Our group further showed that C9ORF72 mediates endosomal trafficking by 

interacting with Rab proteins [427]. Consistent with previous bioinformatics        

predictions knockdown of C9ORF72 inhibited transport of Shiga toxin from the 

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

neurons and human spinal cord motor neurons [427]. Furthermore, greater             

colocalisation between C9ORF72 and Rab7 and Rab11 which are involved in        

endosomal transport was observed in motor neurons of ALS patients bearing the 

C9ORF72 repeat expansion suggesting that trafficking is dysregulated in ALS 

[427]. Therefore, further investigation into the relationship between ER-Golgi     

trafficking defects and ALS genes is warranted. 

 

1.18.9 ER stress and the UPR signalling 

ER is a vital cellular organelle which facilitates in the synthesis, folding, maturation 

and post-translational modification of proteins [455]. Nearly one third of all            

secretory proteins are synthesized in the ER and transported to their final                 

destinations. In contrast, misfolded proteins are translocated into the cytoplasm for 
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ERAD [456, 457]. Therefore, efficient functioning of the ER is important in       

maintaining cellular protein homeostasis. The native folding of newly synthesised 

proteins is assisted by protein chaperones including PDI, ERp29, Hsp70 family 

members, immunoglobin binding protein (BiP), calnexin and calreticulin. ER stress 

is triggered when misfolded proteins accumulate in the ER and redox dysregulation, 

ER-Golgi vesicular trafficking defects, ER calcium imbalance,   glucose deficiency 

or excess accumulation of mutant proteins can cause ER stress. [458]. This              

imbalance between the rate of protein synthesis and increased load of misfolded 

proteins activates the cellular stress response known as the unfolded protein             

response (UPR). The initial stages of UPR aims to restores normal cellular function 

by promoting protein folding and inhibiting protein translation via UPR sensor    

proteins to assist quality control cellular machinery to deal with the burden of       

misfolded proteins [459, 460]. 

 

The UPR initiates three crucial signalling branches, protein kinase RNA like          

endoplasmic reticulum kinase (PERK), inositol requiring kinase-1 (IRE-1) and      

activating transcription factor 6 (ATF6) [461]. Under non-stressed conditions BiP 

is bound to each UPR sensor protein which keeps them in an inactive state.         

However, during ER stress the load of misfolded proteins in the ER causes dissoci-

ation of BiP from each sensor protein leading to their activation [462]. Activation 

of PERK accelerates rapid and transient protein translation through inhibition and 

phosphorylation of the eukaryotic translation initiation factor 2α (eIF2α) which     

represses further entry of newly synthesised proteins in the ER [463]. Additionally, 

phosphorylation of eIF2α facilitates translation of mRNA encoding transcription 

factor ATF4, which regulates the expression of genes involved in redox function, 

apoptosis and autophagy. Activation of the second UPR signalling pathway results 

in dimerization of IRE1 and its auto-phosphorylation. This activates the                  

transcription factor X-box binding protein 1 (XBP-1) by excision of a 26 base intron 

that introduces a frame shift in the XBP-1 mRNA. This stable, spliced XBP-1,      

regulates genes related to protein folding, ERAD and lipid synthesis [464]. C-Jun 

N-terminal kinase (JNK) and the apoptosis signal-regulating kinase 1 (ASK1)     

pathway are also activated by IRE-1α, by degrading a subset of specific mRNAs in 

http://en.wikipedia.org/wiki/Hsp70
http://en.wikipedia.org/wiki/Calnexin
http://en.wikipedia.org/wiki/Calreticulin
http://en.wikipedia.org/wiki/XBP1
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a tissue-specific manner through the binding of proteins. The third UPR signalling 

pathway involves the transcription factor ATF6 a basic leucine zipper that is            

anchored to the ER membrane under normal cellular conditions. However, during 

ER stress, ATF6 is cleaved by proteases to form an active 50 kDa transcription 

factor at the Golgi apparatus, and the cytosolic ATF6  fragment translocates to the 

nucleus to activate the transcription of ERAD genes and XBP-1 [465]. The            

collective action of ATF4, spliced XBP-1 and ATF6 upregulates the expression of 

chaperones that augment ER folding capacity and resolve the stress. PDI is one of 

the most important chaperones of the ER and the role of this protein in ALS is the 

main focus of author’s thesis. The possible protective function of this protein is 

discussed below while the potential protection of other PDI family members, 

ERp57 and ERp72 in ALS are the focus of Chapter 5. 

 

Whilst the UPR is primarily protective, an unresolved UPR, as observed in ALS, 

induces cell death. ER stress activates apoptosis via mitochondria-dependent and 

independent forms as well as facilitating Ca2+ release from the ER [466, 467].      

Prolonged activation of PERK and ATF6 initiates a series of successive                   

transcriptional responses arbitrated by ATF4, including up-regulation of                

pro-apoptotic ER stress specific transcription factor, C\EBP homologous protein 

(CHOP) [468] and pro-apoptotic components of the BCL-2 protein family. This 

cascade of events leads to the activation of BAX and BAK dependent apoptosis at 

the mitochondria and the induction of the caspase cascade [469]. CHOP regulates 

the cellular transition from pro-survival to pro-apoptotic signalling during ER stress 

[470]. Under unstressed conditions CHOP is found in the cytoplasm but it           

translocates to the nucleus during cellular stress [471]. Interestingly, ATF4 and 

CHOP were recently shown to induce cell death by accentuating protein synthesis 

during chronic conditions, resulting in ATP reduction, oxidative stress and         

apoptosis [472]. 
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1.18.10 ER stress in ALS 

ER stress and the UPR have been widely studied in neurodegenerative diseases, and 

emerging evidence highlights the UPR as a key pathological mechanism  observed 

in both fALS and sALS patients [470, 473]. Induction of UPR sensors and           

chaperones was present in lumbar spinal cord of sALS patients and in the early 

stages of disease in SOD1G93A mice indicative of a protective role in ALS [474-

476]. Similarly in another study up-regulation of PDI, ERp57, spliced XBP-1, 

ATF4 and phosphorylated eIF2𝛼 were detected in spinal cords of sALS patients 

[476]. Morphological abnormalities in the ER and accumulation of amorphous or 

granular materials within the ER lumen have also been demonstrated in patients 

with sporadic ALS [340, 477].Various studies have demonstrated that induction of 

ER stress is an early event in ALS animal models. Induction of BiP is also evident 

in spinal motor neurons of preclinical transgenic SOD1L84Vmice [478]. Saxena and 

group showed that a subtype-selective ER stress response impacts on disease      

manifestations. Vulnerable motor neurons are selectively more prone to ER stress  

and microglial activation compared to resistant motor neurons [341, 479].  Reduced 

levels of calreticulin were also observed in vulnerable motor  neurons of SOD1G93A 

mice due to activation of FAS death receptor which induced muscle denervation, 

ER stress and apoptosis [480, 481]. Similarly, laser capture micro dissection and 

microarray analysis of motor neurons revealed activation of ATF4 at disease onset 

and significant up-regulation of CHOP at disease end stage in mutant SOD1G93A 

mice, relating ER stress with disease progression [482].  

 

Our laboratory demonstrated that cells with mutant SOD1 inclusion bodies have 

high levels of activated CHOP and readily undergo apoptosis [483]. This occurs via 

activation of Bim [484]. Other studies have shown that mutant SOD1 interacts with 

an ER resident, Derlin-1, which is essential for ERAD function and this triggers ER 

stress-mediated cell death via ASK1 pathway [485]. Interestingly, we also found 

that misfolded aggregated wild-type SOD1 also induces ER stress to a similar        

degree as mutant SOD1 in neuronal cultures [454]. We also demonstrated that      

mutant TDP-43 induces ER stress and upregulates UPR markers CHOP, ATF6 and 

XBP-1 in vitro also ER stress further induced increased cytoplasmic translocation 
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of TDP-43 [486]. These studies are detailed further in Chapter 3. Similarly,             

cytoplasmic localised mutant FUS induces ER stress in neuronal cell lines [487]. 

Furthermore, neurotoxicity induced by G4C2 (50) in C9ORF72 is also associated with 

induction of ER stress in primary neuronal cultures [143]. Synthetically prepared 

poly GA RAN translated proteins induced CHOP and caspase-3 activation in         

primary neurons, which was inhibited on treatment with salubrinal, suggesting that 

ER stress is involved in C9ORF72 ALS pathology. Furthermore, salubrinal and 

other ER stress inhibitors such as guanabenz have been shown to reduce disease 

progression in SOD1 and TDP-43 transgenic models of ALS providing in vivo      

evidence that UPR is associated with disease pathology in ALS [341, 488, 489]. 

However in a recent study treatment with guanabenz hastened disease onset and 

progression in SOD1G93A mice [490]. In conclusion, these studies together imply 

that ER stress is a central and upstream mechanism in ALS pathogenesis, common 

to both familial and sporadic forms. 

 

1.18.11 ER stress is linked to other pathogenic mechanism 

ALS is a disease without a single cause, single mechanism or single phenotype. 

There is apparently interplay between the divergent causes and pathological       

mechanisms. As mentioned in the section above various pathological mechanisms 

- redox dysregulation, genetic mutations, ER-Golgi transport defects can cause ER 

stress trigger apoptosis. However, the exact relationship between ER pathology and 

ER stress in the disease progression are unclear. Glutamate excitotoxicity can result 

in protein accumulation and aggregation in the ER, suggesting a likely association 

with ER stress [491]. Kainic acid induces excitotoxic injury, requires activation of 

PERK, ATF6, IRE1, CHOP and caspase-12 in hippocampal neurons [491].          

Furthermore, activated kainic acid fragments ER membrane in neurons, which is 

attributable to increased calcium influx and activation of glutamate receptors           

resulting in a vicious circle [491]. Another study demonstrated that JNK3                 

expression, a member of the JNK family is necessary for excitotoxic  damage in the 

brain [492]. However, contrary evidence also demonstrated BiP protects  neurons 

against glutamate-induced excitotoxicity [493].  
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ER stress induction, autophagy and dysfunction of the proteasomal system are also 

interconnected. Pharmacological stimulation of ER stress causes increased              

accumulation of ERAD substrates and therefore compromised function of the       

proteasome [494]. ER stress may accelerate autophagosome formation in neuronal 

cells, however, this effect is inhibited by IRE1 deficiency [495]. In addition, UPR 

induction leads to an increase in activity of the autophagy protein Atg1 [496], and 

UPR activation and disruption of calcium homeostasis induces autophagy via          

alterations in mammalian target of rapamycin (mTOR) [497]. Similarly, knockout 

of Atg7, which is essential for functional autophagy, increases PDI and BiP levels 

in the liver of transgenic mice [302], while knockdown of BiP in cell culture           

decreases ER stress-induced autophagosome formation [498]. Furthermore. knock-

down of XBP-1 activates autophagy in SOD1G86R mice [420]. Additionally, 

changes in fatty acid composition, mitochondrial function and proteasome  activity, 

which may be driven by excitotoxicity, lead to oxidative stress and finally              

contribute to ER stress in sporadic ALS [476]. Increased oxidative stress could lead 

to S-nitrosylation of ER chaperone PDI. The main function of PDI is to reduce 

protein misfolding hence S-nitrosylation in ALS patients may lead it to become 

non-functional and possibly further enhancing ER stress [483]. 
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Figure 4 Overview of events associated with the pathogenesis of ALS. Motor 

neurons and neighbouring presynaptic neurons, astrocytes and microglia are            

affected by cellular disturbances in ALS. Refer to text for comprehensive                 

descriptions of each process. 

 

1.19 Protein disulphide isomerase (PDI)  

PDI is multifunctional protein and the prototype of PDI family with more than 21 

members involved in various cellular functions [499]. ERp57 and ERp72 are the 

closest homologues of PDI sharing similarity in function and structure (discussed 

in chapter 5). Recently, (May 2015) the author wrote a review article concerning 

the novel functions of PDI and its relevance in various diseases including ALS and 

the reader is directed to this review for more information (Supplementary Figure 

1). However, a concise summary of the functions of PDI and its relation to ALS is 

presented below. 
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The biogenesis of secretory and cell surface proteins originates in the ER which is 

equipped with a variety of chaperones and folding factors. ER resident chaperones 

guide the unfolded polypeptide chains to achieve their native configuration by      

performing functions including post-translation modifications such as disulphide 

bond formation [500]. Chaperone such as members of the heat shock protein family, 

HSP70 (BiP) and HSP90, are abundantly found in the ER. They function as 

holdases by binding to the exposed hydrophobic region of non-native proteins thus 

reducing protein aggregation. However, whether HSP70 and HSP90 actively        

catalyse the formation of disulphide bonds (folding function) is unclear [501]. In 

contrast disulphide bonds are formed by PDI and PDI family of proteins due to the 

more oxidising environment of the ER (Eo’= -0.18 V) [502, 503]. Disulphide bonds 

are important for the structural stability of proteins and they promote assembly of 

the multi-protein complexes [503, 504].   

 

PDI has two distinct functions. Firstly, it is an ER chaperone that assists in quality 

control by reducing misfolding and aggregation and secondly as a chaperone it is 

an isomerase that catalyses disulphide protein bond formation by the reduction and 

isomerisation of disulphide bonds of those proteins that traffic through the ER 

[505]. PDI is 55 kDa in size and the structure of yeast PDI has now been resolved 

[506]. PDI has four domains consisting of two thioredoxin-like domains namely (a 

and a') and two homologous domains (b and b’). Each thioredoxin like domain    

contains the conserved active site sequence CGHC that facilitates the formation of 

disulphide bonds and are highly redox sensitive [506]. The homologous domains of 

PDI possess a linker region and an ER retrieval sequence - KDEL on the acidic C-

terminus [507]. The b' domain is the main site for binding of protein substrates but 

other domains also assist in the attachment of misfolded proteins [508].The b’       

domain is also known as the chaperone domain that contains a large multivalent 

hydrophobic surface which forms a promiscuous binding site for substrates [509]. 

Although PDI is considered as being ER resident, it has been also observed in other 

sub-cellular locations, such as the extracellular matrix, cytosol and the nucleus      

under certain conditions [510]. 
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1.19.1 PDI facilitates oxidative protein folding in the ER  

Disulphide bonds are important for the structural stability of proteins and they also 

promote the assembly of multi-protein complexes [503, 504]. Disulphide bonds are 

introduced into protein substrates by a diverse set of pathways and the PDI family 

of proteins are key to this process [511]. PDI has two thioredoxin-like active sites, 

which both contain two cysteine residues. Disulphide bonds form between these 

two cysteines and the protein substrate, by oxidation. PDI is also responsible for the 

reduction and isomerization of these disulphide bonds. For PDI to catalyse the      

formation of disulphide bonds in unfolded proteins, it must be re-oxidized. ER       

oxidoreductin 1 (ERo1) is an oxidoreductase that utilises a redox cofactor, flavin        

adenine dinucleotide (FAD), and molecular oxygen, to generate disulphide bonds 

de novo. This reaction is catalysed by peroxiredoxin 4 and glutathione peroxidase, 

which produces hydrogen peroxide to oxidise PDI [512-514]. Additionally,            

oxidised glutathione (GSSG) and vitamin K oxidoreductase can reoxidise PDI after 

substrate oxidation, by directly interacting with PDI [515-517]. In contrast, quiescin 

sulfhydryl oxidase (QSQX) also facilitates disulphide bond formation by directly 

oxidising protein substrates [518, 519].  

 

Substrate oxidation also results in the production of reduced PDI. Although the ER 

introduces disulphide bonds into substrate proteins with high precision, errors in 

this process can lead to the formation of non-native disulphide bonds in these        

substrates. The reduced form of PDI mediates isomerisation reactions in proteins, 

and reduced glutathione (GSH) delivers electrons directly to form reduced PDI 

[520]. Reduced forms of PDI and its other family members also function in the 

retrotranslocation of proteins from the ER to cytosol for degradation by ER              

associated degradation (ERAD) [521]. Hence, the redox state of PDI is essential for 

carrying out its normal functions involving both oxidation and reduction processes. 

PDI normally remains in a semi-oxidised state, however, PDI a domain stays in an 

oxidised state to aid in the formation of disulphide bonds whereas the other PDI a’ 

domains remain in a reduced state to aid in the isomerisation reactions [522]. 
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1.19.2 PDI in ALS  

PDI is upregulated in spinal cords of SOD1G93A mice of ALS and in sporadic ALS 

patient spinal cords [523, 524]. Furthermore, PDI associates with abnormal             

inclusions in SOD1G93A mice and mutant SOD1 inclusions in neuronal cells in       

culture [523]. More importantly, PDI also colocalises and interacts with TDP-43 

and FUS inclusions in the tissues of ALS patients [487, 525]. Similarly, PDI           

co-localises with the inclusions formed by ALS-linked proteins SOD1, TDP-43 

[525, 526], FUS [527] VAPB [528], in vitro implying that PDI is linked to general  

protein misfolding in ALS. Over-expression of PDI reduces mutant SOD1               

inclusions whereas silencing PDI expression increases the number of inclusions 

formed [483]. These data together suggest a protective role for PDI against              

abnormal protein aggregation and ER stress in ALS. Moreover, treatment of        

neuronal cells with (±)-trans-1,2-bis(mercaptoacetamido)cyclohexane (BMC)      

significantly reduced the formation of mutant SOD1 inclusions in a dose-dependent 

manner suggesting that pharmacological agents that mimic PDI’s activity may have 

potential as a possible therapeutic target in ALS [529]. Also, PDI homologue 

ERp57 has been identified as potential biomarkers for ALS patients since it is 

closely associated with disease severity [530].The sub cellular distribution of PDI 

and its relocation from the ER which is mediated by reticulon protein in SOD1 mice 

during disease indicates PDI subcellular location importance in ALS pathology 

[531]. Although, PDI is normally is protective it is S-nitrosylated in transgenic mice 

models of ALS and patients suggesting that in disease it is unable to protect against 

protein misfolding [483]. In addition, S-nitrosylation of PDI increases the number 

of insoluble aggregated mutant SOD1 formed in ALS, suggesting that                          

S-nitrosylated PDI has a toxic gain of function due to this post-translational         

modification [532, 533].  

 

Accumulating evidence indicates that ER stress is a central upstream mechanism in 

ALS pathogenesis. Also, the ER chaperone, PDI is protective against misfolding 

and aggregation of misfolded proteins which is a key pathological hallmark of ALS. 

To investigate the role of PDI in ALS, each chapter of this thesis addresses specific 

aims, as described below.  
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Chapter 3 – The role of PDI against ER pathology in neuronal cells expressing 

mutant TDP-43, FUS or SOD1. The aims of the studies described in this chapter 

were to determine whether mutant TDP-43 induces ER stress in neuronal cell line 

and then study whether PDI is protective against ER stress, ER-Golgi transport      

defects and mislocalisation in the cytoplasm against fALS causing proteins in cell 

culture. 

 

Chapter 4 – The mechanism of action of PDI in ALS. The aim of the studies           

described in this chapter was to determine whether the disulphide or the isomerase 

activity of PDI is responsible for the protective activity in ALS using PDI mutant 

constructs expressed in neuroblastoma cell models.  

 

Chapter 5 – The role of other PDI family members in ALS. The aim of the studies 

described in this chapter was to determine whether other PDI family members        

besides PDI are also protective against ALS like pathology in vitro given they share 

similar structure and functional characteristics.  

 

Chapter 6 –The subcellular location of PDI affects the protective activity of PDI. 

The aim of the studies described in this chapter was to determine whether the sub-

cellular location of PDI determines the protective activity of PDI. A cytoplasmic 

PDI construct was generated with the aim to determine whether over-expression of 

cytoplasmicaly localised PDI was protective in vitro. 
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This section lists general materials and methods, specific methods of chapter 6 are 

Subsequently described later. 

 

2.1 Materials 

 

2.1.1 Expression Constructs  

Wild-type TDP-43 and mutant TDP-43 (Q343R and Q331K) constructs encoding 

enhanced green fluorescent protein (EGFP)-tagged human TDP-43 at the                  

N-terminus were provided by Professor Benjamin Wolozin, Boston University, 

USA. Wild-type TDP-43 and mutant TDP-43 (A315T and Q331K) in  

pmCherry.N1 vector to allow expression of human TDP-43 with a C-terminal 

mCherry tag were as previously described [486]. Wild-type FUS and mutant FUS 

(P525L, R522G) constructs encoding hemaglutinin (HA)-tagged human FUS at the 

N-terminus were provided from Dr Dorothee Dormann, Munich University,         

Germany. VSVG  tagged  with  mCherry  was  a  generous  gift  from  Dr   Jennifer  

Lippincott-Schwartz  and  Dr  George  Patterson, National  Institutes  of  Health, 

USA. Sequences containing either wild type FUS or C-terminal missense mutations 

R521C or R521H cDNAs were ligated into pFC8K-CMV Halo tag vector 

(Promega) with Halo tag positioned at the N-terminus of FUS as previously            

described [487]. The constructs wild-type SOD1 and SOD1A4V constructs  encoding  

EGFP-tagged human  SOD1  at the  C-terminus  were  as  described  previously 

[534]. Previously generated pcDNA3.1(+) constructs encoding  wild-type, PDI    

mutant in which the second cysteine of the a domain was mutated to serine (C2) 

(CGHS, CGHC) and PDI mutant in which the second cysteine of both the a and a’ 

were mutated to serine (C26) (CGHS, CGHS) were provided by Professor, Neil 

Bulleid, University of Glasgow, UK  [535]. The other PDI mutants - (PDI QUAD), 

(A), (A’) were generated by a Masters student using site directed mutagenesis and 

cDNA was inserted into pcDNA3.1(+) vector which is 5428 base pairs with             

C-terminal V5 tag in it. Expression constructs for wild-type ERp57, mutant ERp57, 

wild-type ERp72 and mutant ERp72 constructed in pcDNA3.1(+) were also a      

generous gift from Professor Neil Bulleid [535, 536]. The expression constructs 

were resuspended in sterile Milli-Q water and transformed in XL1-Blue cells for 

further experiments.  
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2.2 Molecular biology 

 

2.2.1 Luria-Bertani (LB) medium 

Luria Bertani  broth (10 g bacto-tryptone (Oxoid), 5 g yeast extract (Oxoid) and 10 

g Nacl in 1 L dH2O, pH adjusted with 200 µl of 5 M NaOH) was  used  as  the  

liquid  culture  medium  to  maintain and support the growth  of  E. coli. The broth 

was autoclaved and antibiotics (ampicillin or kanamycin sulphate, Sigma) were 

added prior to usage. Antibiotic stock solutions were prepared at 100 mg/ml in 

dH2O, filter sterilised and stored at -20°C. The final concentration of 50 µg/mL was 

used for ampicillin and 100 µg/mL for kanamycin. LB agar  was  prepared  by  

dissolving 20 g  of  bacteriological  Agar  (Oxoid)  to 1 L LB  broth  prior  to 

autoclaving. And was used as the solid culture medium to support growth of E. coli 

in petri dishes.  Appropriate antibiotic was added after autoclaving and LB-agar 

was poured into sterile petri dishes in a laminar flow hood. Plates were allowed to 

set, then used immediately or stored at 4°C. 

 

 

2.2.2 Preparation of competent cells  

The strain of E. coli XL1-Blue was inoculated in LB containing 10 µg/ml                  

tetracycline. The overnight culture was added to fresh LB (80 ml) with starting 

OD600 as 0.1. The sample was grown until log phase and then centrifuged at 2000 

g for 15 min. The supernatant was discarded and cell pellet was resuspended in 100 

mM cold CaCl2. The bacterial pellet was incubated on ice for 15 min and then      

centrifuged again at 2000 g for 10 min at 4°C. The pellet was gently resuspended 

in 85 mM CaCl2 with 15% (v/v) glycerol. The mixture was aliquoted into 180 µl 

volumes and snap frozen in liquid nitrogen. The cells were stored at -80°C. 

 

 

2.2.3 Transformation 

Competent cells were thawed on ice. Appropriate volume of DNA plasmid was 

mixed with 50 µl of competent cells in a tube. Cells were incubated on ice for 15 

min and then heat shocked at 42°C for 30 sec. The samples were immediately         
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incubated again on ice for 1 min. Aliquots of 50 µl of the mixture was spread on a 

LB agar plate containing appropriate antibiotics. The plates were incubated 37°C 

overnight. 

 

2.2.4 Preparation of plasmids 

The bacterial strain with the appropriate plasmid was inoculated in 10 ml of LB 

media and incubated overnight at 37°C. It was centrifuged at 4000 g for 5 min. The 

cultures were processed according to the manufacture's protocol and plasmid DNA 

was isolated using a plasmid midi kit (Qiagen). The DNA pellet was air-dried and 

resuspended in 400 μl of nuclease-free H2O and stored at -20°C. DNA was         

quantified by agarose gel electrophoresis and spectrophotometry. Agarose gels 1% 

(w/v) prepared in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8) and 0.1% 

(v/v) Gel Red (Biotium). Plasmid DNA samples were loaded with loading dye 

(0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol) and with 1 Kb plus 

ladder (Invitrogen) as the standard marker. The gels were run at 110 V for 95 min 

and visualised under UV light on a gel doc system (UVP). 

 

 

2.2.5 DNA quantification 

The concentration of DNA was analysed directly 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 the 

purity of DNA, where A260<1.75/A280<1.85 was considered satisfactorily pure 

for transfection experiments. 

 

 

2.2.6 DNA purification by ethanol precipitation 

DNA purification was performed by mixing 1/10th volume sodium acetate (3 M, 

pH 5.2) and 2X volume of 100% ethanol (-20°C). The reaction mixture was placed 

at -20°C for approximately 30 to 120 min.  To collect the precipitated DNA the 

sample was centrifuged at 16,100 g for 15 min at 4°C.  The pellet was washed with 

2X  original  volume  of  70% ethanol  and  centrifuged  at  16,100  g  for  5  min  

at  4°C.  The DNA pellet was air-dried at room temperature for 10 min or for 3 min 
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at 56°C. Precipitated DNA was then resuspended in appropriate volume of              

nuclease-free water. 

 

 

2.3 Mammalian cell culture techniques 

 

2.3.1 Fetal Calf serum (FCS) heat inactivation  

FCS (Gibco)  was  removed  from  -20°C,  allowed  to  thaw  and  was equilibrated  

to room  temperature. FCS was then suspended in a 60°C water bath for 30 min 

with frequent mixing and was allowed to equilibrate. The heat-inactivated FCS was 

dispensed in 50 ml aliquots and stored at -20°C. 

 

 

2.3.2 Cell culture maintenance  

Mouse motor neuron-like NSC-34 cells (provided by Prof Neil Cashman,             

University of Toronto) and mouse neuroblastoma Neuro2a cells were used   

throughout this study. The cells were maintained in Dulbecco's modified eagle     

medium (DMEM) with 10% heat activated FCS, 100 µg/ml penicillin and 100 

µg/ml streptomycin incubated at 37°C with 5% CO2. Before the cells reached        

appropriate confluency they were washed with phosphate buffer saline (PBS, 3.2 

mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl, pH 7.4) and treated 

with 1 ml Trypsin-EDTA (Gibco) with incubation for 3 min at  37˚C  to  detach  

cells  from  the plate. The cells are resuspended in DMEM with 10% FCS and     

centrifuged at 500 g for 10 min. The pellet was resuspended in 1 ml DMEM with 

10% FCS and the confluency of cells was determined by counting on a         

heamocytometer (Crown Scientific). Cell suspension (10 μL) was mixed with 

DMEM (90 μL) and trypan blue (100 μL, Invitrogen) to give a 1:20 dilution. The 

number of viable (non-blue stained) cells in each of four 1 mm2 areas (100 nL       

volume) were counted and the mean number of cells was multiplied by dilution 

factor (20) to give 104 cell number per mL. Cells were then plated into 24-well 

plates or 6-well plates as required and subcultured in a fresh 10 cm plate. 
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2.3.3 Transfection 

Neuro2a and NSC-34 cells were transfected using Lipofectamine2000 with PLUS 

reagent (Invitrogen) according to the manufacturer’s protocols. Cells were typically 

grown to 75% confluency and 5x104-1x105 cells were plated out in 24-well plates 

transfected with 250-1000 ng plasmid DNA. The cell number and DNA amount per 

well were kept constant within experiments, as appropriate. The cells were                

incubated in a 37°C incubator with 5% CO2 and observed post-transfection. 

 

 

2.3.4 Treatment with BMC 

Treatment with trans-1,2-bis mercaptoacetamido cyclohexane (BMC) (Toronto-

ResearchChemicals) was added from a stock dissolved at 25 uM in DMSO. BMC 

was added to the transfected cell expressing SOD1, TDP-43 and FUS post           

transfection. 

 

 

2.3.5 Long-term storage of cell lines 

Low passage number cells were collected by trypsinisation in antibiotic-free 

DMEM with 20% FCS. Approximately 1-3x106 cells were dispensed in the medium 

with 10% sterile DMSO to make the final volume of 1 mL in cryotubes (Nunc).  

Cells were cooled in an isopropanol-filled  cryopresevative  chamber at   -80°C  and 

then  transferred  to  liquid  nitrogen  for  long-term  storage.  Upon thawing, cells 

were rapidly warmed to 37°C and instantly plated in T75 flasks in DMEM with 

10% FCS and 1% penicillin/streptomycin. 

 

2.4 Microscopy 

 

2.4.1 Fluorescence microscopy 

After NSC-34 or Neuro2a cells were transfected with constructs, DMEM was         

removed from the wells of the 24-well plate and the cells washed with PBS. They 

were then fixed with freshly prepared 4% (w/v) paraformaldehyde and incubated in 

the dark for 15 min. The cells were washed again with PBS, treated with 500 ng/ml 

Hoechst 33528 stain and incubated in the dark for 20 min. They were then washed 
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twice with PBS and a drop of fluorescent mounting media (Dako) was added to a 

microscope slide. Coverslips were removed from the wells and placed on the         

fluorescent mounting media, cell side facing down. The slides were air dried and 

observed under 100X magnification on an Olympus 8212 epifluorescent                  

microscope. DAPI (nuclie), FITC (EGFP fluorescence), TRITC (red fluorescence) 

filters were used for viewing and images taken using NIS-Elements BR 3.2          

software. Confocal imaging was done using an Olympus Fluoview inverted          

confocal laser scanning microscope (Macquarie University).  

 

 

2.4.2 Immunofluorescence microscopy   

The cells were permeabilized with 0.1% (v/v) Triton-X in PBS for 5 min and 

blocked with 3% BSA in PBS for 30 min. After washing twice with PBS,                 

appropriate primary antibody was added and the cells were incubated at 4°C       

overnight. The cells were washed again with PBS and the appropriate secondary 

antibody (Alexa Fluor 568- conjugated rabbit anti-mouse IgG (1:250) or Alexa 

Fluor 568- conjugated mouse anti-rabbit IgG (1:250) or Alexa Fluor 488-               

conjugated rabbit anti-mouse IgG (1:250), Alexa Fluor 488-conjugated mouse anti-

rabbit IgG (1:250)) was added for 1 hr and incubated in the dark at room                  

temperature. After washing, staining of nuclei was performed with Hoechst stain 

and mounted using fluorescent mounting media. 

 

 

Protein (antigen) Dilution factor Species Source 

Anti-V5 1:200 Mouse Abcam 

β-actin 1:4000 Mouse Sigma 

CHOP     1:50   Mouse Santa Cruz 

Anti-HA 1:200 Rabbit Sigma 

Anti-Halo 1:250 Rabbit Sigma 

XBP-1 1:20 Rabbit Santa Cruz 

Anti-PDI 1:200 Mouse Abcam 

Anti-Calreticulin 1:250 Rabbit Abcam 
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2.4.3 VSVG transport assay  

Neuro2a cells were transiently transfected with appropriate plasmid and the VSVG-

mCherry plasmid.  Cells were incubated at 40˚C under 5% CO2 for 12.5 hr for 

SOD1, 16 hr for TDP-43 and 72 hr when the cells were transfected with FUS. The 

cells were then treated with cDMEM containing cycloheximide (20 μg/ml) and       

incubated at 32˚C for 30 min. Staining was performed with primary antibodies 

mouse anti-GM130 (1:250) (Golgi marker) (BD Transduction) and rabbit             

anti-calnexin (1:250) (ER marker) (Abcam) overnight. Secondary antibodies 

AlexaFluor 647 goat anti-mouse (1:200) and goat anti-rabbit (1;200) (Invitrogen) 

were used. Mander’s coefficient (M) was used to determine the degree of                 

co-localisation between VSVG-mCherry and ER or Golgi marker. Mander’s           

coefficient was calculated for twenty cells by JACoP (Colocalisation Plugin) [537] 

in ImageJ (NIH). 

 

2.4.4 Nuclear morphology apoptosis analysis  

Neuro2a cells grown were transfected with appropriate plasmids, using         

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Seventy 

hour post transfection cells were washed with PBS  and fixed with 4%                       

paraformaldehyde in PBS for 10 min. Cells were washed and treated with Hoechst 

33342 (1:10,000) prior to mounting in fluorescent mounting medium (Dako).        

Images were acquired using an Olympus Fluoview inverted confocal laser-scanning 

microscope. Nuclei with abnormal morphology -condensed (under ~5 μm in           

diameter) or fragmented (multiple condensed Hoechst-positive structures in one 

cell), were defined as apoptotic nuclei. Apoptotic nuclei were counted as a              

percentage of non-apoptotic cells, from at least 100 cells coexpressing both          

plasmids per treatment in three independent experiments. Cells expressing only one 

transfected construct or undergoing cell division were excluded from analysis. 
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2.5 Statistical Analysis 

The experiments were performed minimum three times on separate days with com-

pulsory one blind experiment. The data are represented as the mean of ± SD or 

±SEM value as applicable. The statistical significance of the data were analysed 

using ANOVA followed by Tukey post hoc test (GraphPad Prism, San Diego, CA, 

USA). P-values of 0.05 or less was considered significant where ***p<.001, 

**p<.01, *p<.05. 
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Chapter 3 PDI is protective against 

ER-Golgi Pathology in neuronal cells 

expressing TDP-43, FUS and SOD1 
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3.1 Introduction 

Protein disulphide isomerase (PDI) accelerates the folding of disulphide-bonded 

proteins that enter the ER [538]. It also assists in rearranging disulphide bonds 

within incorrectly arranged disulphide bonded substrates. Alternatively, PDI acts 

as a chaperone by reducing the aggregation of misfolded proteins and   translocating 

them into the cytoplasm for proteasomal degradation [539]. PDI  inhibits the           

aggregation of proteins with or without the presence of disulphide bonds therefore, 

it acts as a vital cellular defence against general protein  misfolding [540].               

Furthermore, protein misfolding and ER stress are increasingly been implicated in 

various neurodegenerative diseases such as ALS, Parkinson and Alzheimer’s        

disease suggesting PDI relevance in neurological disorders [541-543].  In ALS PDI 

is up-regulated in motor neurons of human patients and in animal models [339]. 

 

Various studies have proposed that induction of PDI is protective during ER stress 

since it decreases the load of misfolded proteins, restores proteostasis and  increases 

neuronal viability [483, 533, 544]. However, recent studies indicate that the loss of 

function of PDI, due to aberrant post-translation modification, is associated with 

the pathogenesis of neurodegenerative diseases [540, 544]. Due to specific cellular 

stressors, such as oxidative stress, during disease states PDI becomes                            

S-nitrosylated.  S-nitrosylation  is the covalent binding of nitric oxide (NO) groups 

to active site cysteine thiols in proteins [545]. S-nitrosylation of PDI under         

pathological conditions is an abnormal, irreversible process associated with protein 

misfolding, ER stress and apoptosis [546]. Increased levels of S-nitrosylated PDI 

are observed in the brains of Parkinson’s, Alzheimer’s and ALS patients [483, 544]. 

Moreover, S-nitrosylation reduces the protective effect of PDI in neurons and         

induces apoptosis by increasing ER stress, misfolded proteins or proteasome            

inhibition in these disorders [546]. A recent study using HEK cells revealed that the 

with active site domains of PDI are the main site of S-nitrosylation [547]. Therefore, 

this suggests that modifications in PDI can result in loss of its neuroprotective role. 
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3.1.1 S-nitrosylation of PDI  

Redox-dependent post translational modifications of PDI are also linked to disease 

states. During some cellular conditions, high levels of reactive nitrogen species 

(RNS), hydrogen peroxide and reactive oxygen species (ROS) accumulate in cells, 

inducing nitrosative or oxidative stress. Nitrosative stress can lead to the post         

translation modification of PDI by addition of NO to active site cysteine residues, 

resulting in S-nitrosylation. Furthermore, proteins resident in the ER are                  

particularly vulnerable to post translation modification due to the presence of         

critical thiol residues and redox regulated cysteines. Since PDI is a key enzyme that 

modifies protein disulphide bonds, the loss of function of PDI could increase        

general misfolding and increase ER stress. S-nitrosylation reduces both its          

chaperone and isomerase activity [544]. 

 

S-nitrosylation of PDI has been detected in postmortem brain tissues of patients 

with Alzheimer’s and Parkinson’s disease [544] as well as lumbar spinal cord        

tissues of ALS patients and SOD1G93A mice [483]. S-nitrosylation has also been 

reported in prion disease models triggering mitochondrial mediated apoptosis        

following prion infection [548]. Exposure of cultured neurons to N-methyl-D-        

aspartate receptor (NMDA), leading to calcium influx and nitric oxide production, 

also resulted in S-nitrosylation of PDI. S-nitrosylated PDI (SNO-PDI) increases the 

levels of polyubiquitinated proteins, triggering cell death, and it is also associated 

with  hyper-activation of NMDA [546] and inhibition of mitochondria, leading to 

the generation of ROS and nitric oxide [549]. SNO-PDI accentuates the misfolding 

of synphilin in Parkinson disease [546] and S-nitrosylation also increases mutant 

SOD1 aggregation via incorrect disulphide cross-linking of the immature,             

misfolded mutant SOD1, leading to neuronal cell death [533]. Hence, these data 

imply that aberrant modifications of PDI lead directly to harmful effects as well as 

elimination of the normally protective properties of PDI. 
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3.1.2 ER stress and protein misfolding linked to mutant SOD1, TDP-43 and FUS 

Protein misfolding and associated ER stress leading to apoptosis, are closely linked 

to ALS mutant SOD1. As mentioned earlier, mutant SOD1 induces ER stress in 

animal and cellular disease models based on mutant SOD1 [339, 478].  Previous 

studies have speculated mutant SOD1 is present in the ER, where it  interacts with 

BiP [550]. Also SOD1 colocalised with ER markers and was present in the               

microsome fraction of cells via an ATP dependent mechanism [550, 551]. These 

studies suggest that mutant SOD1 directly induces ER stress from the ER. Apart 

from the conventional method of directly increasing the load of misfolded proteins 

within the ER, mutant SOD1 could induce ER stress through other, more indirect 

pathways, or from the cytoplasm. Mutant SOD1 interacts with Derlin-1, an ER     

protein involved in transport of misfolded proteins from the ER to the cytoplasm 

for degradation via ERAD [485]. Binding of mutant SOD1 to Derlin1 causes up-

regulation of ER stress through activation of the IRE1-ASK1 pro-apoptotic        

pathway, in a Derlin1 binding-dependent manner during the later stages of disease 

in SOD1G93A mice [485].  This study also concluded that mutant SOD1 is not        

present within the ER,  and it disputed previous findings of  ER-localised SOD1, 

by showing that microsomes were contaminated with  cytosolic SOD1 bound to the 

cytoplasmic face of the isolated vesicles [485]. Our laboratory also concluded,      

using multiple approaches, that mutant SOD1 is not present in the ER and that it 

triggers ER stress from the cytoplasm [552]. Moreover, we demonstrated that        

cytoplasmic mutant SOD1 inhibits ER-Golgi transport  in neuronal cell lines, which 

subsequently induces ER stress [552]. ER-Golgi transport inhibition was observed 

prior to several other cellular events, including induction of ER stress, Golgi       

fragmentation, SOD1 aggregation and apoptosis. These data suggest that ER-Golgi 

transport defects could trigger ER stress and apoptosis in cellular models of ALS. 

 

Similar to mutant SOD1, mutant FUS also induces ER stress in neuronal cells, 

[487]. Patients with mutations in FUS and SOD1 have different pathological          

signatures yet at a molecular level they induce the same pathological pathway, ER 

stress. Our laboratory previously showed that mutant FUS induces ER stress,          

including pro-apoptotic marker CHOP, specifically in those cells that mis-localise 
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to the cytoplasm, thus linking mutant FUS to ER-stress specific motor neuron death 

[487]. Mutant FUS  also colocalised with ER maker calreticulin, suggesting that it 

is  associated with the ER however, the exact mechanism by which mutant FUS 

induces ER stress requires clarification [487].  

 

TDP-43 is structurally and functionally similar to FUS and several studies have 

shown that mutations in TDP-43 and FUS are clustered around the C-terminal        

nuclear localisation signal of each protein, which mediates cytoplasmic                   

mis-localisation and prevents nuclear import [484, 485]. The TDP-43 and FUS       

inclusions present in human patient tissues are found in the cytoplasm, suggesting 

that they are associated with clearance of TDP-43 and FUS from the nucleus in 

disease, implying that redistribution of TDP-43 and FUS could be linked with      

pathogenesis [54, 89]. The reason for the presence of cytoplasmic TDP-43 remains 

unclear. However, previously there had been few studies linking ER stress to TDP-

43. Mutations in VCP linked with FTLD induced alterations in TDP-43                      

localisation, triggered ER stress and cell death in vitro [553]. Though, whether        

induction of ER stress occurred before or after redistribution of TDP-43, and 

whether there was a causal link between the two processes, remained unknown. 

Another study showed that over-expression of TDP-43 induced neuronal cell death 

in vitro by the activation of Bim and down-regulation of the Bcl-1 family of proteins 

[554]. Increased levels of CHOP were detected in neuronal cells due to increased 

translation of CHOP mRNA and abrogation in the level of CHOP degradation, 

which was independent of activation of PERK/eIF2a/ATF4 or other UPR pathways 

after 24-48 post transfection [555]. However, the mechanism underlying this TDP-

43 induced CHOP mRNA up-regulation wasn’t previously defined. In another 

study, mutant TDP-43 induced Golgi fragmentation leading to neuronal loss in rat 

models, providing evidence for disruption in the ER-Golgi compartments [556]. 

However, mutant TDP-43 did not induce UPR or ER chaperone expression, but 

were depleted of XBP-1 suggesting that mutant TDP-43 could result in repression 

of UPR and ER chaperones such as PDI [556].  The first part of the studies outlined 

in this Chapter, which formed part of a manuscript published in 2013, demonstrate 

that mutant TDP-43 induces ER stress in neuronal cell lines, and that ER stress is 
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linked to redistribution of mutant TDP-43 from the ER to cytoplasm ([486],         

Supplementary Figure 3). 

 

Recently, in a study involving the author (presented as Supplementary Figure 4), 

our  laboratory demonstrated that mutant TDP-43 and mutant FUS  inhibit protein 

transport between the ER-Golgi in neuronal cells, and this was linked to ER stress 

[557]. Mutant TDP-43 and mutant FUS both inhibited the assimilation of secretory 

protein cargo into COPII vesicles as they bud from the ER, and inhibited transport 

from ER to the ERGIC compartment. TDP-43 was observed on the cytoplasmic 

face of the ER membrane, whereas FUS was detected within the ER, suggesting 

that transport was inhibited from the cytoplasm by mutant TDP-43, and from the 

ER by mutant FUS. It was also demonstrated that mutant SOD1 destabilized           

microtubules and inhibited transport from the ERGIC compartment to Golgi, but 

not from ER to ERGIC.  Whilst it appeared that the different mutant proteins were 

triggering different stages of ER-Golgi transport, each of these steps was Rab1-

dependent [552]. Importantly, evidence was also provided that Rab1 is                    

dysfunctional in human sporadic ALS: Rab1 was found to be misfolded and            

recruited to TDP-43 inclusions in human ALS motor neurons.  Hence these findings 

imply that inhibition of ER-Golgi transport is a common pathogenic mechanism in 

ALS. 

 

3.1.3 Aims of the Chapter 

Despite their diversity, at the molecular level, ALS mutant proteins TDP-43, FUS 

and SOD1 share the same phenomenon of accumulating as abnormally folded      

proteins, and their expression triggers ER stress and inhibits ER-Golgi transport. 

The first aim of the studies presented in this Chapter was to investigate whether 

mutant TDP-43 induces ER stress in neuronal cell lines. Secondly, given that PDI 

is up-regulated during ALS, and given the association of PDI with mutant TDP-43, 

FUS and SOD1, it could be predicted that over-expression of PDI could  protect 

against pathogenic processes triggered by these mutant proteins.  Hence, the second 

aim of this Chapter was to investigate whether PDI is protective in cell lines            

expressing mutant TDP-43, FUS and SOD1 in vitro.   
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3.2 RESULTS 

 

3.2.1 Over-expression of mutant TDP-43 induces ER stress to a greater extent 

than wild-type TDP-43 in neuronal cell lines.  

 

It was first examined whether mutant TDP-43 induces ER stress in neuronal cell 

lines using immunochemistry for markers of the UPR: CHOP, ATF6 and XBP-1. 

Single cell analysis approach was used to detect only the cotransfected cells rather 

than the total cell population. Since, ER stress was only present in particular          

subtypes of cells and the analyses of the total cell populations would be improbable 

to reveal any differences between these populations.  

 

Presence of nuclear XBP-1 was used as it detects the activation of the IRE-1        

pathway during the early, pro-survival phases of UPR. Since, IRE-1 controls the 

cellular response to ER stress, and the extent of IRE1 signalling matches the       

magnitude of the stress [558]. Another UPR marker ATF6 translocates to the Golgi 

indicating activation of the ATF6 pathway of ER stress. CHOP a pro-apoptotic     

protein induced predominately via the PERK and ATF6 UPR pathways was also 

examined. Essentially, CHOP plays a role in facilitating the transition of the UPR 

from pro-survival to pro-apoptosis. Hence, the activation of CHOP directs the UPR 

into its apoptotic phase.  

 

The study demonstrated that ALS mutant TDP-43 induces ER stress in neuronal 

cells. Neuro2a cells expressing mutant TDP-43 A315T had approximately 34% 

(p<.01) cells displaying nuclear XBP-1 immunoreactivity which was significantly 

higher than wild-type TDP-43. Similarly, ATF6 translocated to the Golgi in mutant 

Q331K expressing cells and 28% (p<.05) cells had ATF6 colocalising with the 

Golgi apparatus. Increased nuclear CHOP immunoreactivity was detected in 

Neuro2a cells expressing ALS mutant forms of TDP-43 (A315T, 33% p<.05 and 

Q331K, 35% p<.01) linked with mCherry and in Neuro2a cells expressing ALS 

mutant forms of TDP-43 (Q343R and Q331K, 35% p<.05) linked with EGFP.  
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The results are presented in the published manuscript: “Walker, A. K., et al. (2013) 

"ALS-associated TDP-43 induces endoplasmic reticulum stress, which drives        

cytoplasmic TDP-43 accumulation and stress granule formation." PloS one 8(11): 

e81170 “which is presented at the end of this chapter in Supplementary Figure 3. 

The author performed all the experiments presented in figure 4, described in the 

Results section of the manuscript on page e81170 titled ‘Over-expression of mutant 

TDP-43 induces ER stress to a greater extent than wild-type TDP-43’. 

 

3.2.2 Over-expression of PDI reduces XBP-1 and CHOP activation induced by 

mutant TDP-43 in neuronal cell lines. 

 

Our laboratory previously demonstrated that PDI is protective against mutant 

SOD1-induced ER stress, detected  by nuclear immunoreactivity to CHOP in       

neuronal cell lines [483]. Hence, after demonstrating that mutant TDP-43 also        

induces ER stress, it was next examined whether PDI was protective against UPR 

induction in TDP-43 expressing cells. 

 

Neuro2a cells were transfected with constructs expressing wild-type TDP-43 

mCherry or mutant Q331K (a common mutation observed in sporadic ALS patients) 

tagged with mCherry as previously described [486]. Constructs expressing PDI-

V5-pcDNA3.1 or empty vector in control cells were also cotransfected with TDP-

43. Co-transfection was verified by detecting red fluorescence from mCherry from 

TDP-43 and using immunofluorescence with an Alexa Fluor 488-tagged secondary 

antibody to detect V5 tag of PDI. The mCherry tag is a commonly used tag to aid 

visualisation of the protein in neuronal cells, and it has previously demonstrated not 

to alter the native function or localisation of the protein of interest [559]. Also, V5 

tag is a short peptide sequence of 14 amino   acids that demonstrates high-affinity 

towards specific antibodies [560]. The overall transfection efficiency was found to 

be approximately 40% in Neuro2a cells when observed 18 hr post transfection. Co-

expression of both PDI and TDP-43 proteins was confirmed by performing              

immunocytochemistry to detect V5 tag, followed by fluorescent microscopy to     

simultaneously detect the mCherry and V5 tags. Quantification of individual cells 

http://en.wikipedia.org/wiki/Antibodies
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revealed that over 96% of cells expressing TDP-43 were also expressing PDI      

(Figure 3.1). Hence, for subsequent studies involving ER stress markers (XBP-1 

and CHOP) it was assumed that detection of TDP-43 expression in a cell reflected 

co-expression of both TDP-43 and PDI in the same cell. 

 

 

 

Figure 3.1 Co-expression of TDP mCherry and PDI V5 in Neuro2a cells.       

Representative confocal microscopy images of cells expressing wild-type TDP-43 

mCherry (red) and PDI-V5 (green) and with Hoechst stained nuclei (blue)                

examined 18 hr post transfection. Transfection efficiency was approximately 40%. 

Image demonstrates cells expressing nuclear TDP-43 expression and with PDI in a            

reticulate distribution throughout the cytoplasm. Scale bar = 5 µm. 

 

To investigate the effect of over-expression of PDI on ER stress induced by   mutant 

TDP-43 two markers CHOP and XBP-1 were used to observe UPR indicating ER 

stress-induced apoptotic signalling pathway [486]. As previously established       

mutant TDP-43 induces UPR robustly at 18-24 hr post transfection, when it is       

predominantly expressed in the cytoplasm, because after this point it becomes more 

nuclear again [486]. Therefore, cells were examined at 18 hr post transfection. 

Neuro2a cells were transfected with wild-type TDP-43 or mutant TDP-43 (Q331K) 

and cotransfected with either empty vector or PDI. XBP-1 was used as a marker of 

    TDP-43                     PDI                          NUCLEI          MERGE 
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ER stress. Immunocytochemistry was performed using anti-XBP-1 antibody, where 

nuclear immunoreactivity to XBP-1 was indicative of ER stress. 

 

In Neuro2a cells expressing mCherry alone a diffused localisation of fluorescence 

was observed in the cell throughout the entire cytoplasm and nucleus. Wild-type 

TDP-43 was mainly detected in the nucleus where it colocalised with the Hoechst 

stain. In the nucleus, wild-type TDP-43-mCherry fluorescence was punctate and 

particularly excluded from the nucleoli. Quantification of 100 transfected cells       

revealed that approximately 20% of cells expressing wild-type TDP-43-mCherry 

displayed cytoplasmic mCherry fluorescence, similar to other reports [561].       

However, in contrast, in cells expressing mutant TDP-43 Q331K approximately 

30% of cells displayed TDP-43 localised in the cytoplasm (discussed in section 

3.1.7).  

 

Cells expressing TDP-43 were then scored individually using fluorescence             

microscopy, according to whether XBP-1 was located in the cytoplasm or nucleus 

detected by the presence of green fluorescence (Figure 3.2 A). XBP-1 nuclear        

immunoreactivity was rarely detected in untransfected cells (UTR) (7% cells).   

Similar results were obtained when cells were transfected with empty vector 

mCherry as a control: nuclear immunoreactivity to XBP-1, indicating induction of 

ER stress, was present in only 6% cells. In cells expressing wild-type TDP-43, a 

slight, but non-significant activation of XBP-1 was detected in 20% of transfected 

cells. Expression of mutant TDP-43 Q331K with empty vector pcDNA3.1 resulted 

in significant increase in ER stress 34% as compared to cells expressing wild-type 

TDP-43, as detected by nuclear XBP-1 immunoreactivity, similar to the previous 

study. Interestingly, co-expression with PDI significantly reduced the proportion of 

cells with nuclear XBP-1 immunoreactivity, indicating induction of UPR to 26% 

(p<.01) (Figure 3.2 B).  
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Figure 3.2 Over-expression of PDI reduces XBP-1 activation, and hence ER 

stress, in Neuro2a cells. A) Cells were transfected with TDP-43 mCherry            

constructs and at 18 hr post-transfection, immunocytochemistry using anti-XBP-1 

antibody and counter-staining with DAPI was performed. Cells expressing 

mCherry only (first panel) or wild-type TDP-43 (second panel, TDP-WT) display 

cytoplasmic expression of XBP-1, whereas mutant TDP-43 Q331K (third panel, 

Q331K) induced expression of XBP-1 in the nucleus (middle column), indicated 

with white arrow. However, after co-expression of PDI with TDP-43 Q331K fewer 

cells displayed nuclear XBP-1 expression (fourth panel), demonstrating a reduction 

in ER stress. Scale bar = 10 µm. B) Quantification of cells with and without             

co-expression of PDI using nuclear immunoreactivity for XBP-1 as a marker for 

ER stress. Cells expressing wild-type TDP-43 and mutant Q331K are shown, with 

those expressing mCherry only and untransfected control cells (UTR). A significant 

reduction (**) in the levels of ER stress was observed in cells expressing TDP-43 

Q331K when cells were co-expressed with PDI. For each of 3 replicate experiments, 

100 cells were scored for each population. Data are represented as mean ±standard 

error of the mean (SEM); n=3, **p<0.01 versus mCherry control by two-way 

ANOVA with Bonferroni's post test.   

 

 

Next, the effect of PDI on ER stress-induced apoptotic signalling was examined in 

cells expressing mutant TDP-43, using nuclear immunoreactivity to CHOP as a 

marker. TDP-43 tagged mCherry wild-type TDP-43, Q331K, and a second mutant, 

A315T, which has been detected in multiple fALS pedigrees, were expressed with 

or without PDI in Neuro2a cells. Furthermore, to ensure that the mCherry tag does 

not induce deleterious effects TDP-43 constructs with an alternative tag, EGFP, 

were also expressed in Neuro2a cells. TDP-43-EGFP mutant Q331K, and a second 

familial ALS linked mutant, Q343R, which is aggregation prone and promotes     

toxicity in vivo were also examined (a EGFP-tagged A315T construct was not 

available).  
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Neuro2a cells were transfected with EGFP only, wild-type TDP-43 and mutant 

TDP-43 Q331K and Q343R for 18 hr, and the cells were then fixed and                     

immunocytochemistry for CHOP was performed (Figure 3.3 A). CHOP nuclear    

immunoreactivity was rarely detected in untransfected cells (UTR) 6% cells. The 

expression of EGFP was diffused and observed throughout the cytoplasm and        

nucleus, and little ER stress was detected; only 6% of these cells displayed nuclear 

immunoreactivity to CHOP, indicating activation of the UPR.  In cells expressing 

wild-type TDP-43, a slight, but non-significant activation of CHOP was detected in 

21% of transfected cells. In contrast, cells expressing EGFP tagged Q331K 30% of 

cells or 39% of Q343R TDP-43 cells expressed nuclear CHOP, indicating                

activation of ER stress. However, when co-expressed with PDI there was a              

significant reduction in nuclear immunoreactivity to CHOP for all of the TDP-43 

mutants; to 22% (p<.05) in Q331K cells and in mutant Q343R cells to 28% (p<.01) 

(Figure 3.3 B).  

 

Similar observation was subsequently confirmed using TDP-43 mCherry              

constructs. Neuro2a cells were transfected with mCherry only, wild-type TDP-43 

and mutant TDP-43 Q331K and A315T for 18 hr, and the cells were then fixed and 

immunocytochemistry for CHOP was performed. CHOP nuclear                                 

immunoreactivity was rarely detected in untransfected cells (UTR) 6% cells. The 

expression of mCherry was diffused and observed throughout the cytoplasm and 

nucleus, and little ER stress was detected; only 6% of these cells displayed nuclear 

immunoreactivity to CHOP, indicating activation of the UPR.  In cells expressing 

wild-type TDP-43, a slight, but non-significant activation of CHOP was detected in 

24% of transfected cells. In contrast, cells expressing mCherry tagged Q331K 34% 

of cells or 40% of A315T TDP-43 cells expressed nuclear CHOP, indicating           

activation of ER stress. However, when co-expressed with PDI there was a              

significant reduction in nuclear immunoreactivity to CHOP for all of the TDP-43 

mutants; to 27% (p<.01) in Q331K cells and in mutant A315T cells to 32% (p<.01) 

(Figure 3.3 C). 
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Hence, the data demonstrated that PDI is protective against induction of ER stress 

and activation of both XBP-1 and CHOP in cells expressing three different TDP-

43 mutants (Q331K, A315T and Q343R) during both early and late phases of UPR.  

Furthermore, similar levels of ER stress and the protective activities of PDI, were 

observed in cells expressing either mCherry or EGFP tagged mutant TDP-43        

proteins, indicating that the tag did not impact on the findings.   
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Figure 3.3 Over-expression of PDI reduces nuclear immunoreactivity to 

CHOP, and hence ER stress, in mutant TDP-43 expressing cells. A) Neuro2a 

cells were transfected with EGFP only (first panel), wild-type TDP-43 EGFP (TDP-

WT, second panel) or mutant TDP-43 Q343R EGFP or Q331K (third panel, fifth 

panel), at 18hr post-transfection. Immunocytochemistry was performed using anti-

CHOP antibodies and counter-staining with DAPI. Control cells expressing EGFP 

only, and most cells expressing wild-type TDP-43 display little activation of CHOP. 

However, cells expressing TDP-43 mutant Q343R or Q331K induces ER stress, as 

detected by nuclear immunoreactivity to CHOP (middle panel) indicated with white 

arrows. However, co-expressing PDI reduces nuclear CHOP immunoreactivity in 

cells expressing both mutants (fourth panel and sixth panel). Scale bar = 10 µm  B 

Quantification of cells expressing EGFP tagged TDP-43 proteins with and without 

co-expression of PDI using nuclear immunoreactivity to CHOP as a marker of      

ER-stress induced apoptotic signalling. A significant reduction (**) in the levels of 

ER stress was observed in cells expressing TDP-43 Q343R when cells were            

co-expressed with PDI. A significant reduction (*) in the levels of ER stress was 

observed in cells expressing TDP-43 Q331K when cells were co-expressed with 

PDI. 100 cells were scored for each population. Data represented as mean ±SEM, 

n=3, **p<0.01, *p<.05 versus EGFP controls by two-way ANOVA with               

Bonferroni's post test. PDI significantly reduces UPR activation in cells expressing 

mutant Q343R or Q331K. C) Quantification of cells expressing mCherry tagged 

TDP-43 proteins with and without co-expression of PDI using nuclear                        

immunoreactivity to CHOP as a marker of ER-stress induced apoptotic signalling. 

A significant reduction (**) in the levels of ER stress was observed in cells              

expressing TDP-43 Q331K or A315T when cells were co-expressed with PDI. 100 

cells were scored for each population. Data are represented as mean ±SEM, n=3, 

*p<.05 **p<0.01 versus mCherry controls by two-way ANOVA with Bonferroni's 

post-test. PDI significantly reduces UPR activation in cells expressing mutant 

A315T or Q331K.   

 

  



   Chapter 3 

 

 

75 
 

3.2.3 Over-expression of PDI is protective against mutant TDP-43 induce ER-

Golgi transport defects in neuronal cell lines. 

 

Our lab recently demonstrated that mutant TDP-43 inhibit ER-Golgi transport in 

cellular models of ALS [552, 557]. It was next investigated whether PDI was        

protective against inhibition of ER-Golgi transport induced by mutant TDP-43.    

Vesicular stomatitis glycoprotein-ts045 (VSVG) protein is a widely used marker 

for studying ER-Golgi transport [562]. At 40°C VSVG misfolds and accumulates 

within the ER. However, at the permissive temperature, 32°C, VSVG is transported 

to the Golgi. Neuro2a cells were co-transfected with mCherry-tagged VSVG, EGFP 

tagged wild-type TDP-43 or mutant TDP-43 Q331K, and with either empty vector 

or V5-tagged PDI. The cells were incubated at 40°C for 16 hr to accumulate VSVG 

in the ER, before incubation at the permissive temperature for 30 min. Previous 

studies from our laboratory demonstrated that ER-Golgi transport was inhibited 16 

hr post-transfection in cells expressing mutant TDP-43 Q331K [557] therefore, 

same time point was examined. After fixing the cells, immunocytochemistry was 

performed using antibodies for markers of the ER (calnexin) and Golgi (GM130) 

followed by fluorescent microscopy.  Quantification of the localisation of VSVG 

in either the ER or Golgi was performed, using Mander’s co-efficient, in the range 

from 0 to 1 representing 0-100% overlapping pixels as described previously [552, 

563].  

 

In untransfected cells (UTR), little VSVG 8% was retained in the ER and most 75% 

was transported to the Golgi apparatus after 30 min at the permissive temperature. 

Similarly, in cells expressing EGFP only 8% or wild-type TDP-43 11%, little 

VSVG was retained in the ER because most 72% was already transported to the 

Golgi at this time point.  However, in cells expressing mutant TDP-43 Q331K,      

inhibition of ER-Golgi transport was detected relative to the other cell populations. 

In these cells, significantly more VSVG was retained in the ER 34% (p<.01) and 

less was transported to the Golgi after 30 min 43%, (p<.05), (Figure 3.4 A), similar 

to previous observations [557]. Conversely, when PDI was co-expressed with        

mutant TDP-43, transport between the ER-Golgi was restored only 14% VSVG was 
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retained in the ER 14% (p<.01) and 61% (p<.05) VSVG was transported to Golgi 

Therefore, these data suggest that over-expression of PDI rescued the inhibition of 

ER-Golgi transport induced by mutant TDP-43. 
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Figure 3.4 Over-expression of PDI reduces ER-Golgi transport defects in      

mutant TDP-43 expressing cells. A) Representative fluorescent images of            

co-expressing cells with enhanced green fluorescent protein (EGFP) tagged wild-

type TDP-43 and Q331K and VSVGts045-mCherry with or without PDI at 16 hr 

post-transfection stained with markers of ER (calnexin) or Golgi apparatus 

(GM130). VSVGts045-mCherry was trapped in the ER at 40°C for 16 hr then         

cycloheximide was added and the temperature was shifted to the permissive         

temperature (32°C) for 30 min then cells were fixed with 4% paraformaldehyde 

(PFA) at 30 min at 32°C.  At 32°C VSVG is transported to Golgi and does not 

colocalise with calnexin in untransfected cells (UTR) (first panel) and in cells        

expressing EGFP alone (second panel) or wild-type TDP-43 (TDP-WT, third panel). 

Inhibition of transportation was observed when Q331K was transfected and VSVG 

was found to colocalise more with calnexin and less with GM130 (fourth panel). 

On co-expressing PDI with Q331K transport was facilitated and VSVG colocalised 

more with GM130 and not with ER marker calnexin (fifth panel). Scale bar = 10 μm. 

B) Quantification of the degree of co-localization of VSVGts045-mCherry with 

calnexin or GM130 was quantified using Mander's coefficient in TDP-43                 

expressing cells. Data are presented as mean ± SEM, tested with                                  

one-way ANOVA and Tukey's post-test, n = 3. Significant difference was observed 

(**) p<.01 between cells expressing Q331K as compared to wild-type TDP-43 and 

when co-expressed with PDI when observed for co-localisation between VSVG and 

calnexin. Significant difference was observed (*) p<.05 when cells co-expressed 

Q331K as compared to wild-type TDP-43 with empty vector and when                      

co-expressed with PDI when observed for co-localisation between VSVG and 

GM130. 

 

 

3.2.4 Over-expression of PDI is protective against mutant FUS induced ER 

stress in neuronal cell lines. 

 

Previous studies from our laboratory demonstrated that mutant FUS induces ER 

stress and mutant FUS expressing cells induced high levels of CHOP and XBP-1 



   Chapter 3 

 

 

79 
 

[487]. Hence, it was next examined whether PDI could rescue ER stress in       

Neuro2a cells.  Familial ALS associated FUS mutants R522G and P525L were       

examined in the study. These mutations are present in the NLS region and they 

result both in the formation of inclusions and abnormal cellular localization of FUS 

to the cytoplasm, in human neuroblastoma cells [564]. 

 

Similar to the TDP-43 studies described above, an initial experiment was performed 

to confirm that cells co-transfected with FUS HA-tagged constructs and PDI V5-

tagged constructs coexpress both proteins in the same cells. Therefore, Neuro2a 

cells were co-transfected with wild-type FUS or mutant R522G or P525L-HA with 

PDI-V5. After 48 hr post-transfection, immunocytochemistry was performed using 

anti-HA and anti-V5 antibodies and counter-staining of the nucleus with DAPI.  

Fluorescence microscopy confirmed that 95% of all cells expressing FUS (wild-

type and mutants) also express PDI (Figure 3.5).  

 

 

 

Figure 3.5 Co-expression of FUS HA and PDI V5 in Neuro2a cells.                   

Representative confocal image of cells co-transfected mutant R522G FUS HA-

tagged constructs with PDI V5-tagged constructs. After 48 hr post-transfection, 

cells were fixed then probed with HA-tag (first column), V5-tag (second column) 

antibodies then stained with DAPI (third column). The fourth column is a merge of 

the fluorescent images of HA-tag and V5-tag. Scale bar = 10 µm. 

    FUS                              PDI                         NUCLEI         MERGE 
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Neuro2a cells were transiently transfected with vectors encoding wild-type FUS or 

mutant FUS (R522G or P525L) with either empty vector pcDNA3.1 as a control or 

PDI tagged to V5. Immunocytochemistry was performed using anti-HA antibodies 

to detect FUS expression and anti-CHOP antibodies to detect ER stress. Transfected 

cells were observed 72 hr post transfection using fluorescence microscopy to detect 

nuclear CHOP immunoreactivity as a marker of induction of ER (Figure 3.6 A). 

 

In untransfected cells (UTR) and cells expressing wild-type FUS, only a small      

proportion of cells (7% and 9% respectively) expressed nuclear CHOP, indicating 

induction of the UPR.  However, cells expressing FUS mutants R522G or P525L 

with pcDNA3.1 only, a significantly greater proportion of cells displayed nuclear 

immunoreactivity to CHOP 37% compared to wild-type FUS expressing cells.       

Interestingly, when PDI was co-expressed with mutant FUS there was a significant 

reduction in nuclear immunoreactivity to CHOP, from 37% to 19% (p<.001) in cells 

expressing the R522G mutant, and to 12% (p<.001) in cells expressing the P525L 

mutant (Figure 3.6 B). Hence, over-expression of PDI significantly reduced ER 

stress-induced apoptotic signalling induced by mutant FUS R522G and P525L. 
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Figure 3.6 Over-expression of PDI reduces nuclear immunoreactivity to 

CHOP, and hence ER stress, in mutant FUS expressing cells. A) Neuro2a cells 

were transfected with wild-type FUS (first panel) or mutant FUS R522G, P525L 

(second, fourth panel) at 72 hr post-transfection, and immunocytochemistry using 

anti-CHOP antibodies and counter-staining with DAPI was performed.  Most cells 

expressing wild-type FUS display little activation of CHOP. However, cells            

expressing FUS mutant R522G and P525L induce ER stress, as detected by nuclear 

immunoreactivity to CHOP (middle panel) indicated with white arrows. However, 

over-expression of PDI reduces nuclear CHOP immunoreactivity in cells                  

expressing both mutants (fourth and sixth panel). B) Quantification of cells              

expressing HA tagged FUS proteins with and without co-expression of PDI using 

nuclear immunoreactivity to CHOP as a marker of ER-stress induced apoptotic     

signalling. 100 cells were scored for each population. A significant reduction 

(***p<.001) in the levels of ER stress in cells expressing R522G or P525L when 

co-expressed with PDI. Data are represented as mean ±SEM, n=3, versus controls 

by two-way ANOVA with Bonferroni's post-test. PDI significantly reduces UPR 

activation in cells expressing mutant R522G or P525L.  

 

 

3.2.5 Over-expression of PDI is protective against mutant FUS induced ER-

Golgi transport defects in neuronal cell lines. 

 

As mentioned earlier mutant FUS induces ER-Golgi transport defects in neuronal 

cultures [557]. As observed earlier, mutant TDP-43 also induced ER-Golgi 

transport defects in cell culture which was significantly facilitated when                   

co-expressed with PDI (Result 3.2.3). It was imperative to investigate whether PDI 

could reduce transport defects induced by mutant FUS in neuronal cell lines.  

Neuro2a cells were co-transfected with mCherry-tagged VSVG, EGFP tagged 

wild-type FUS or mutant FUS R522G, and with either empty vector or V5-tagged 

PDI. The cells were incubated at 40°C to accumulate VSVG in the ER, before          

incubation at the permissive temperature for 30 min. After fixing the cells,                

immunocytochemistry was performed using antibodies for markers of the ER       
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(calnexin) and Golgi (GM130) followed by fluorescent microscopy (Figure 3.7 A). 

Quantification of the localisation of VSVG in either the ER or Golgi was                 

performed, using Mander’s co-efficient, in the range from 0 to 1 representing 0-

100% overlapping pixels as described previously [552].   

 

In untransfected cells (UTR), little VSVG 1% was retained in the ER and most 77% 

was transported to the Golgi apparatus after 30 min at the permissive temperature. 

Similarly, in cells expressing wild-type FUS 2%, little VSVG was retained in the 

ER because most was already transported to the Golgi 74% at this time point.       

However, in cells expressing mutant FUS R522G, inhibition of ER-Golgi transport 

was detected relative to the other cell populations. In these cells, significantly more 

VSVG was retained in the ER 43% (p<.01) and less was transported to the Golgi 

after 30 min 39%, (p<.001), (Figure 3.7 B). Conversely, when PDI was                       

co-expressed with mutant FUS R522G, transport between the ER-Golgi was            

restored only 25% (p<.05) VSVG was retained in the ER and 60% (p<.01) VSVG 

was transported to Golgi Therefore, these data suggest that over-expression of PDI 

rescued the inhibition of ER-Golgi transport induced by mutant FUS. 
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Figure 3.7 Over-expression of PDI reduces ER-Golgi transport defects in      

mutant FUS expressing cells. A) Representative fluorescent images of                    

co-expressing cells with enhanced green fluorescent protein (EGFP) tagged wild-

type FUS and R522G and VSVGts045-mCherry with or without PDI stained with 

markers of ER (calnexin) or Golgi apparatus (GM130). VSVGts045-mCherry was 

trapped in the ER at 40°C then cycloheximide was added and the temperature was 

shifted to the permissive temperature (32°C) for 30 min then cells were fixed with 

4% paraformaldehyde (PFA) at 30 min at 32°C.  At 32°C VSVG is transported to 

Golgi and does not colocalise with calnexin in untransfected cells (UTR) (first panel) 

and in cells expressing wild-type FUS (second panel, FUS-WT). Inhibition of     

transportation was observed when R522G was transfected and VSVG was found to      

colocalise more with calnexin and less with GM130 (third panel).                                  

On overexpressing PDI with R522G transport was facilitated and VSVG                 

colocalised more with GM130 and not with ER marker calnexin (fourth panel). 

Scale bar = 10 μm. B) Quantification of the degree of co-localization of 

VSVGts045-mCherry with calnexin or GM130 was quantified using Mander's       

coefficient in FUS expressing cells. A significant difference was observed (**) 

p<.01 when cells were co-expressed with R522G as compared to wild-type FUS 

and (*) p<.05 between R522G and when co-expressed with PDI as observed for co-

localisation between VSVG and calnexin. Significant difference was observed (***) 

p<.001 when cells were expressed with wild-type FUS as compared to R522G and 

(**) p<.01 between R522G and when co-expressed with PDI when observed for 

co-localisation between VSVG and GM130. Data are presented as mean ± SEM, 

tested with one-way ANOVA and Tukey's post-test, n = 3.  

 

 

3.2.6 Over-expression of PDI is protective against mutant SOD1 induced ER-

Golgi transport defects in neuronal cell lines. 

 

Our group previously demonstrated that mutant SOD1 inhibits ER-Golgi transport 

in NSC-34 and SHSY5Y cells [454, 552], leading to induction of ER stress, in NSC-

34 cells, and that PDI is protective against mutant SOD1 misfolding and ER stress 
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in this cell line [483]. However it had not been previously established whether PDI 

is also protective against inhibition of ER-Golgi transport in cells expressing mutant 

SOD1. Initial experiments performed in Neuro2a due to the higher transfection       

efficiency possible compared to NSC-34 cells demonstrated that at 12.5 hours post-

transfection, mutant SOD1A4V first inhibited ER-Golgi trafficking, and at                 

approximately 16 hours post-transfection, inclusions were first formed in these cells 

(data not shown). Therefore, ER-Golgi transport defects were examined in mutant 

SOD1 expressing Neuro2a cells at 12.5 hours post transfection. 

 

Neuro2a cells were co-transfected with mCherry-tagged VSVG, EGFP tagged 

wild-type SOD1 or mutant SOD1A4V, and with either empty vector or V5-tagged 

PDI. The cells were incubated at 40°C for 12.5 hours to accumulate VSVG in the 

ER, before incubation at the permissive temperature for 30 min. After fixing the 

cells, immunocytochemistry was performed using antibodies for markers of the ER 

(calnexin) and Golgi (GM130) followed by fluorescent microscopy (Figure 3.8 A).  

Quantification of the localisation of VSVG in either the ER or Golgi was                 

performed, using Mander’s co-efficient, in the range from 0 to 1 representing 0-

100% overlapping pixels as described previously [552].   

 

In untransfected cells (UTR), little VSVG 1% was retained in the ER and most 68% 

was transported to the Golgi apparatus after 30 min at the permissive   temperature. 

Similarly, in cells expressing EGFP on its own or wild-type SOD1, little VSVG 

was retained in the ER 2% because most was already transported to the Golgi 70% 

in EGFP and in wild-type SOD1 68% at this time point. However, in cells                

expressing mutant SOD1A4V, inhibition of ER-Golgi transport was detected relative 

to the other cell populations. In these cells, significantly more VSVG was retained 

in the ER 37% (p<.01) and less was transported to the Golgi after 30 min 42%, 

(p<.01), (Figure 3.8 B), similar to previous observations [552].    

 

Conversely, when PDI was co-expressed with mutant SOD1A4V, transport               

between the ER-Golgi was restored only 13% (p<.01) VSVG was retained in the 
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ER and 69% (p<.01) VSVG was transported to Golgi Therefore, these data suggest 

that over-expression of PDI rescued the inhibition of ER-Golgi transport induced 

by mutant SOD1. 
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Figure 3.8 Over-expression of PDI reduces ER-Golgi transport defects in      

mutant SOD1 expressing cells. A) Representative fluorescent images of                 

co-expressing cells with enhanced green fluorescent protein (EGFP) tagged wild-

type SOD1 and SOD1A4V and VSVGts045-mCherry with or without PDI at 12.5 hr 

post-transfection stained with markers of ER (calnexin) or Golgi apparatus 

(GM130). VSVGts045-mCherry was trapped in the ER at 40°C for 12.5 hr then 

cycloheximide was added and the temperature was shifted to the permissive          

temperature (32°C) for 30 min then cells were fixed with 4% paraformaldehyde 

(PFA) at 30 min at 32°C.  At 32°C VSVG is transported to Golgi and does not 

colocalise with calnexin in untransfected cells (UTR) (first panel) and in cells         

expressing EGFP alone (second panel) or wild-type SOD1 (SOD1-WT, third 

panel). Inhibition of transportation was observed when SOD1A4V was transfected 

and VSVG was found to colocalise more with calnexin and less with GM130 

(fourth panel). On co-expressing PDI with SOD1A4V transport was facilitated and 

VSVG colocalised more with GM130 and not with ER marker calnexin (fifth 

panel). Scale bar = 10 μm. B) Quantification of the degree of co-localization of 

VSVGts045-mCherry with calnexin or GM130 was quantified using Mander's       

coefficient in SOD1 expressing cells. Data are presented as mean ± SEM, tested 

with one-way ANOVA and Tukey's post-test, n = 3. Significant difference was     

observed (**) p<.01 between cells expressing SOD1A4V as compared to wild-type 

SOD1 and when co-expressed with PDI when observed for co-localisation between 

VSVG and calnexin. Significant difference was observed (**) p<.01 when cells                    

co-expressed SOD1A4V as compared to wild-type SOD1 with empty vector and 

when co-expressed with PDI when observed for co-localisation between VSVG and 

GM130. 

 

Furthermore, the values obtained in this experiment “Neuro2a cells co-transfected 

with mCherry-tagged VSVG, EGFP tagged wild-type SOD1 or mutant SOD1A4V” 

was also used for a manuscript to confirm that ER-Golgi transport is specifically 

inhibited by mutant SOD1. It was demonstrated that inhibition of ER-Golgi 

transport correlated with protein expression and fluorescence intensity. Individual 

cells expressing SOD1 were categorized according to their fluorescence intensity 
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which corresponded to protein expression.  The arbitrary values of low, medium 

and high were calculated according to the pixel intensities quantified in each cells 

by using Image J, demonstrating the levels of expression of SOD1 protein. Using 

Mander’s coefficient it was demonstrated that cells expressing highest expression 

of mutant SOD1A4V inhibited ER-Golgi transport the most. 

 

The result is presented in the published manuscript: “Soo, K. Y., et al. 

(2015).”Rab1-dependent ER–Golgi transport dysfunction is a common pathogenic 

mechanism in SOD1, TDP-43 and FUS-associated ALS." Acta neuropathologica: 

1-19” which is presented at the end of this chapter in (Supplementary Figure 4). 

The author performed all the experiments presented in figure 1e, described in the 

Results section of the manuscript on page 4 under the section of ‘ER–Golgi 

transport is inhibited in cells expressing proteins associated with ALS’. 

 

 

3.2.7 Over-expression of PDI protects against mutant TDP-43 and mutant FUS 

mislocalisation in the cytoplasm in neuronal cell lines. 

A common cellular event linked to both TDP-43 and FUS is the accumulation of 

each protein in the cytoplasm, rather than the nucleus, as observed in ALS patient 

motor neurons and ALS models during disease state [483]. However, the           

mechanism is poorly characterised. It was next investigated whether                        

over-expression of PDI could protect against mutant TDP-43 and mutant FUS        

cytoplasmic mislocalisation in neuronal cells. 

 

The effect of PDI on the cytoplasmic mislocalisation of mutant TDP-43 was            

examined using Neuro2a cells. (Figure 3.9 A). Since in our previous study [486], 

more mutant TDP-43 was present in the cytoplasm and ER stress was detected at 

18-24 hr post-transfection, this time point was also used here [486].                            

Immunocytochemistry was performed using anti-V5 antibody to detect PDI           

expression. Transfected cells were observed 18 hr post transfection using                

fluorescence microscopy. Cells were considered nuclear when they completely     
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colocalised with the nuclear stain DAPI. However, cells displaying both nuclear 

and cytoplasmic localisation with fluorescence detected in both the cytoplasm and 

the nucleus were considered as cytoplasmic in TDP-43 expressing cells.  

 

Expression of wild-type TDP-43 resulted in cytoplasmic TDP-43 distribution in 

26% of cells, in accordance with the literature [150, 561]. Co-expression of PDI 

with wild-type TDP-43 did not alter the proportion of cells with cytoplasmic TDP-

43 However, in cells expressing mutant TDP-43, significantly more cells displayed 

cytoplasmic localisation of TDP-43 (40% in A315T and 31% in Q331K) expressing 

cells compared to cells expressing wild-type TDP-43. Moreover, over-expression 

of PDI resulted in significantly fewer cells with cytoplasmic TDP-43 distribution; 

28% in cells (p <.05) expressing A315T and 20% in cells expressing Q331K (p<.05, 

Figure 3.9 B).  Therefore, this data reveals that over-expression of PDI is protective 

against the cytoplasmic mislocalisation of mutant TDP-43 in neuronal cells. 
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Figure 3.9 Over-expression of PDI decreases cytoplasmic distribution of 

mutant TDP-43 in the cytoplasm. A) Immunofluorescence images of Neuro2a 

cells co-expressing mutant TDP-43 with PDI. Neuro2a cells expressing wild-

type TDP-43 (first panel. TDP-WT) displayed mainly nuclear TDP-43               

localisation whereas more mutant TDP-43 A315T or Q331K (second, fourth 

panel) expressing cells were localised in the cytoplasm as indicated with white 

arrow. On co-expressing PDI with A315T or Q331K, fewer cells displayed      

cytoplasmic TDP-43 distribution (third and fifth panel). Scale bar = 10 µm.  B) 

Quantification of cells in (A), displaying cytoplasmic distribution of mutant 

TDP-43. A significant difference in the proportion of cells displaying                 

cytoplasmic TDP-43 was observed when A315T or Q331K cells were                

co-expressed with PDI (*). For each of 3 replicate experiments, 100 cells were 

scored for each population. Data are presented as mean ± SEM, tested with two-

way ANOVA and Bonferroni's post-test, n = 3. Where *p<.05. 
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To examine the effect of PDI on mislocalisation induced by mutant FUS two          

frequently identified FUS ALS-associated mutations R521H and R521C were        

expressed in a cellular model of disease [153, 372, 565]. Neuro2a cells were         

transiently co-transfected with vectors encoding V5-tagged PDI and wild-type or 

mutant FUS constructs tagged with EGFP. Seventy two hr post transfection              

individual cells were examined by fluorescent microscopy and scored according to 

the cellular localization of fluorescence: nuclear (colocalising with DAPI) or          

cytoplasmic (completely excluded from the nucleus) (Figure 3.10 A) Cells with 

both nuclear and cytoplasmic distribution of FUS, were counted as nuclear [487]. 

Immunocytochemistry was performed using anti-Halo antibodies to detect FUS    

expression, and anti-V5 antibody to detect PDI expression. 

 

As expected, in cells expressing wild-type FUS, the fluorescence was localized 

mainly in the nucleus and observed in the cytoplasm in only 15% of these cells. Co-

expression of PDI with wild-type FUS did not alter the proportion of cells with 

cytoplasmic FUS. In contrast, in cells expressing mutant FUS R521C 64% or 

R521H 72% of cells respectively displayed cytoplasmic distribution of FUS.      

However, when PDI was co-expressed with mutant FUS, the proportion of cells 

with cytoplasmic FUS was significantly reduced, to 44% for each mutant (p<.001) 

(Figure 3.10 B). Hence these data imply that over-expression of PDI is protective 

against the cytoplasmic distribution of mutant FUS in neuronal cell lines. 
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Figure 3.10 Over-expression of PDI decreases cytoplasmic distribution of     

mutant FUS in the cytoplasm. A) Immunofluorescence images of Neuro2a cells 

co-expressing mutant FUS with PDI. Neuro2a cells expressing wild-type FUS (first 

panel) or mutant FUS R521C, R521H (second, fourth panel) in the cytoplasm, as 

indicated with a white arrow. On co-expressing PDI fewer cells    expressed mutant 

FUS in the cytoplasm (third and fifth panel). Scale bar = 10 µm. B) Quantification 

of cells in (A) co-expressing mutant FUS with PDI and displaying cytoplasmic       

localisation of FUS. A significant difference (***) in the proportion of cells            

expressing cytoplasmic FUS was observed when R521C or R521H cells were        

co-expressed with PDI. For each of 3 replicate experiments, 100 cells were scored 

for each population. Data are presented as mean ± SEM, tested with two-way 

ANOVA and Bonferroni's post test, n = 3. Where ***p<.001. 
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3.3 Discussion 

Several proteins are genetically and pathologically linked to ALS, notably SOD1, 

TDP-43 and FUS, which together account for 30% of fALS cases [566].                    

Importantly, TDP-43 pathology is recognized as the signature pathological lesion 

of all sALS and some forms of fALS, because it is present in almost all cases of 

ALS (except SOD1-positive cases and FUS only positive cases) [567]. Despite the 

diverse functions of these proteins, ALS has a remarkably similar disease course 

and pathology. Significantly, ER stress is now recognised as a central mechanism 

leading to cell death in ALS, and it is induced by mutant forms of these proteins in 

neuronal cell cultures. This Chapter firstly demonstrates that mutant TDP-43           

induces ER stress in neuronal cultures, as detected through activation of ER markers 

CHOP, XBP-1 and ATF6 [486]. Secondly, this Chapter demonstrates a protective 

role for PDI, which is upregulated during ER stress, in vitro. In Neuro2a cells             

expressing mutant TDP-43 or mutant FUS, over-expression of PDI was protective 

against ER stress, inhibition of ER-Golgi transport and mislocalisation of TDP-43 

and FUS into the cytoplasm. These data are consistent with our previous studies 

that PDI is protective against mutant SOD1-induced apoptosis and ER stress [483].  

Similarly, it was also demonstrated here that PDI restored ER-Golgi transport          

inhibition by mutant SOD1 in Neuro2a cells. In the previous study [483], we 

demonstrated that PDI is S-nitrosylated in ALS, suggesting that although PDI is up-

regulated, it may not exert a protective effect during disease due to loss of its normal 

function. In this study, it was shown that over-expressing PDI is protective, hence 

it is possible that this protective activity may compensate for the loss of endogenous 

PDI, and thus overcome the cellular defects induced by mutant proteins. Whilst this 

chapter establishes that PDI, as a chaperone primarily located within the ER, is 

protective against mutant SOD1, TDP-43 and FUS, the mechanism involved            

remains undefined.  Possible molecular mechanisms of protection by PDI in ALS 

were investigated further in the studies presented in Chapter 4.  

 

Two UPR markers, XBP-1 and CHOP, were used to investigate ER stress in          

mutant TDP-43 expressing cell lines in this Chapter, representing markers of the 

early and late phases of UPR. Hence these data demonstrate the protective role of 
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PDI during early and later UPR induction in neuronal cell lines against mutant TDP-

43 induced ER stress. Several different TDP-43 mutations involved in sporadic and 

familial cases of ALS were demonstrated to induce ER stress. PDI could inhibit ER 

stress in mutant TDP-43 expressing cells by either decreasing the load of misfolded 

proteins within the ER directly, or by indirect mechanisms, such as increasing the 

rate of ERAD, by retrotranslocation for degradation in the cytoplasm. Evidence 

have demonstrated that PDI facilitates ERAD activity in yeast models [568].         

However, it was also demonstrated here that PDI restores ER-Golgi transport in 

cells expressing mutant TPD-43. Our data implicates inhibition of ER-Golgi 

transport as an important upstream trigger of ER stress [552].   Alternatively, as an 

oxidoreductase PDI could reduce aggregation of abnormally disulphide bonded, 

misfolded TDP-43 itself, since non-native disulphide bonds are implicated in the 

aggregation of mutant TDP-43 [569].  Our group recently demonstrated that mutant 

TDP-43 is present on the cytoplasmic face of the ER [557]. Therefore, PDI could 

physically interact with mutant TDP-43 in this location, and inhibit its aggregation, 

thus reducing adverse pathogenic mechanisms. This is in accordance with our        

previous study which demonstrated that PDI co-localises with TDP-43 inclusions 

and co-immunoprecipitates with mutant TDP-43 to a greater extent than wild-type 

TDP-43 [486].  

 

Our group also demonstrated that ER stress induces TDP-43 localisation in the       

cytoplasm [486]. Therefore, it is possible that PDI reduces ER stress and hence 

prevents the associated cytoplasmic distribution of TDP-43 in cells. However, the 

exact mechanism involved in mislocalisation induced by TDP-43 is still under       

investigation. ALS mutations in the NLS region of TDP-43 result in cellular          

distribution to the cytoplasm, but cellular stressors including oxidative stress, and 

heat shock as well as ER stress, could also result in cytoplasmic re-distribution [150, 

155, 570]. Alternatively, PDI may be protective by preventing misfolding of mutant 

TDP-43 in the cytoplasm, and this may be a primary driver of the protective effect 

rather than at mutant TDP-43 at the ER. Increased cytoplasmic mislocalisation of 

TDP-43 is toxic in primary rat cortical neurons [155]  suggesting the importance of 

PDI protection against cytoplasmic distribution of TDP-43. It should be noted that 
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in the conditions used in these experiments, mutant TDP-43 inclusions were not 

formed in the cell lines used and is a limitation of using cell culture techniques. 

Additional strategies could be used to promote the formation of TDP-43 inclusions, 

such as using proteasome inhibitors.  However, further investigations into the effect 

of PDI against mutant TDP-43 in primary cultures and animal model are therefore 

increasingly warranted.  

 

Our laboratory previously showed that PDI immunoprecipitates with mutant FUS, 

co-localises with markers of the ER, and is present within the ER lumen [487, 557]. 

Hence, the findings obtained here that PDI is protective against ER stress in cells 

expressing mutant FUS is consistent with these data. The exact mechanism               

involved in mislocalisation induced by mutant FUS is unclear. However,                   

cytoplasmic distribution of mutant FUS induces ER stress in vitro, and the                

induction of UPR correlates with the cytoplasmic localisation of mutant FUS [487]. 

Some studies propose that mutations in the C-terminal domain of FUS, containing 

the NLS, as the major cause of cytoplasmic mislocalisation [186, 187]. However, 

N-terminal mutations in FUS also induce cytoplasmic mislocalisation, suggesting 

that this is not the only factor to consider [571]. It is also possible that misfolded 

FUS could interfere with  the  normal shuttling  of  FUS  from  the nucleus  to  the  

cytoplasm, and hence this could mediate toxicity, as observed in yeast models [330]. 

Therefore, PDI may prevent FUS mislocalisation in the cytoplasm by reducing the 

load of misfolded proteins. 

 

Mutant TDP-43 and FUS induce ER-Golgi transport defects in neuronal cell lines 

[557] and experiments performed in this Chapter demonstrate that PDI restores this 

transport. Although TDP-43 and FUS predominately localise in the nucleus our    

laboratory reported the presence of these proteins associated with the ER [487, 557]. 

Similarly, mutant TDP-43 inclusions disrupt ER-Golgi apparatus in neuronal        

cultures, providing further evidence for disruption of the ER-Golgi compartments 

[486]. Furthermore mutant FUS induces fragmentation of the Golgi apparatus in 

neuronal cell cultures [572]. 
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Misfolded and incompletely folded proteins are excluded from export vesicles and 

do not leave ER exit sites during the first phases of ER-Golgi transport [573-575]. 

Inhibition of ER-Golgi traffic could increase the load of secretory proteins with the 

ER, inducing ER stress by this mechanism, even if this is initially triggered from 

the cytoplasm. PDI could therefore be protective by generally reducing the load of 

misfolded proteins within the ER, thus facilitating transport. In the case of mutant 

SOD1 and mutant TDP-43, ER-Golgi transport defects were shown to   precede ER 

stress [552, 557] whereas ER-Golgi transport and ER stress were inhibited            

simultaneously in cells expressing mutant FUS [557]. This may reflect the direct 

ER-localisation of FUS and the cytoplasmic localisation of SOD1 and TDP-43    

(although the latter was attached to the ER membrane). As mutant SOD1 and        

mutant TDP-43 induce ER stress from the cytoplasm, the question arises as to how 

PDI, a primarily ER resident protein, is recruited to interact with cytoplasmic        

proteins. However, PDI has been shown to be redistributed away from the ER as 

punctate vesicles by reticulon proteins (Rtn-1C), and  in this location PDI was        

observed to have higher enzymatic activity [576]. This suggests that PDI in the 

cytoplasm could be mediating the protective effects outlined in this Chapter.           

Investigations into the subcellular locations where PDI is protective, and the           

resulting consequences, are presented in Chapter 6.  In addition, knockdown of       

reticulon Rtn-4A and Rtn-4B has also been shown to induce axonal degeneration 

and early death of transgenic SOD1G93A mice [531]. These results suggest that                 

redistribution of PDI modulates disease progression in vivo, although future     

demonstration of a beneficial effect by over-expression of reticulon proteins is      

necessary to confirm this possibility [577].  

 

Given the innate limitations of investigations into a complex disease in cell culture, 

which is particularly affected by non-physiological, high levels of oxygen, it will 

be important in future studies to further investigate the protective role of PDI in 

ALS using in vivo models. Conditional knockout or transgenic PDI expression       

animal models could be employed to further investigate the role of PDI in ALS, and 

would allow examination of disease progression and onset, which is not possible 

using cell culture models only.  It would be interesting in future studies to study the 
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effect of PDI on other ALS associated proteins, particularly those where a          

pathological association with the ER-Golgi compartments has been previously      

described. PDI interacts with VAPB inclusions in a Drosophila melanogaster 

model of ALS [229], and VAPB mutations cause ER stress [578]. The normal       

cellular functions of optineurin [63], alsin, VAPB [65] and VCP are associated with 

ER-Golgi trafficking, and ALS mutations in optineurin [216], VCP [203] and 

C9ORF72 [427] also induce ER stress. In particular, the effect of PDI on the 

C9ORF72 repeat expansion would be an interesting area of research, given that it 

causes the majority of fALS cases. Various other factors related to proteostasis 

should also be examined, such as the cells capacity to produce sufficient amounts 

of PDI. The association of PDI with other ER chaperones, to decrease the              

pathogenic processes should also be examined during disease progression.  

 

In summary, in this study it was demonstrated that PDI is protective against           

mutant TDP-43, mutant FUS and mutant SOD1 induced ER stress, ER-Golgi 

transport defects and cytoplasmic localisation, in neuronal cells. These are              

important pathogenic mechanisms that are associated with cellular viability and 

apoptosis in ALS. Therefore, these studies suggest that PDI may have potential as 

a therapeutic target in ALS.  Hence, understanding the underlying mechanism by 

which PDI is protective in ALS may help in designing more effective therapeutic 

targets, and studies investigating these processes are presented in Chapter 4.
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Chapter 4 Mechanism of action of PDI 

against mutant SOD1, TDP-43 and 

FUS in neuronal cells 
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4.1 Introduction  

Protein folding is a complex process and around one third of all proteins traverse 

the secretory pathway in humans [579]. Therefore, the ER is equipped with              

numerous ER-resident chaperones which mediate protein quality control            

mechanisms. The ER lumen provides an ideal environment for the oxidative folding 

of proteins.  Furthermore, it possesses proficient oxidative pathways and contains 

chaperones, such as members of the PDI family, that  generate disulphide bonds 

and thus assist in native oxidative folding of proteins [580]. Disulphide bond          

formation, meaning the covalent linkage between two cysteine residues in proteins, 

primarily occurs in the periplasmic space of the ER [581]. When a protein localized 

in the cytoplasm is correctly folded, the number of hydrophobic residues exposed 

on the surface of the protein is minimized. Conversely, membrane and secretory 

proteins are primarily folded in the ER, where oxidative folding occurs in addition 

to post-translational modifications such as N-glycosylation and disulphide bond 

formation [582].  

 

Chronic ER stress, due to the accumulation of misfolded proteins in the ER, is now 

recognized to be an important pathology in protein misfolding disorders, including 

ALS [583]. Mutant proteins linked to fALS also have been shown to induce defects 

in ERAD machinery, ER-Golgi trafficking, the ER folding  network, cellular redox 

conditions and protein degradation pathways [584]. Hence, ER stress could be a 

result or consequence of these cellular condition, subsequently leading to neuronal 

vulnerability and apoptosis [459, 476, 584].  

 

The sections 4.1.2, 4.1.3 and 4.1.4 have been published in the manuscript “Novel 

Roles for Protein Disulphide Isomerase in Disease states: a Double Edged Sword?” 

which is also presented at the end of the chapter as (Supplementary Figure 1). 
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4.1.1 Structure of PDI  

PDI is the prototype of the thioredoxin superfamily of proteins, and it consists of 

four domains, namely a, b, b’, a’ (Figure 4.1). The catalytically active a and a’ 

domains share 47% similarity and contain the conserved active site motif, CGHC 

[585]. Only the active site cysteine residues interact with the thiol group of a   newly 

synthesized protein substrate, hence these cysteines specifically mediate the          

formation and isomerisation of protein disulphide bonds [538]. The  intermediate b 

and b’ domains are 28% identical and they assist in the binding of protein substrates, 

but they lack the catalytically active cysteine residues [586]. PDI also contains a ‘x’ 

linker region and an acidic C terminus, containing a KDEL-ER retrieval                     

sequence[509]. Whilst the three dimensional structure of  human PDI is still under 

investigation, the structures of each single thioredoxin domain [587], and the          

domain combinations bb’c [509] and bb’cxac [588], have been determined.          

However, the structure of yeast PDI has been solved [506], revealing that it adopts 

a ‘U’ shape structure, with the catalytic a and a’ domains facing each other. NMR 

and x-ray crystallography studies have further  demonstrated that the b’ domain 

contains the chaperone activity responsible for binding ligands and protein            

substrates in its hydrophobic pocket [509]. The CGHC motif modulates the overall 

reduction potential of PDI and thus it regulates the catalytic ability of the active site 

cysteines to actively oxidize or reduce disulphide bonds [589]. The reduction         

potential of PDI is −180 mV, higher than other PDI family members, thus making 

it a strong oxidizing agent. The   individual a and a’ domains have similar oxidizing 

ability but conversely they have low isomerase activity. The b’ domain is the main 

site for binding misfolded protein substrates but the other domains also assist in this 

process [508]. The catalytic domains can only catalyze basic disulphide exchange 

and all the domains are required to isomerize a protein substrate that has undergone 

conformational changes. 

 

The crystal structure of the  bb′xa′ region of PDI suggested that PDI is a redox      

dependent chaperone [588]. Oxidation of PDI results in an open conformation,     

rendering the substrate-binding surface more exposed. This open conformation     

induces higher chaperone activity and prevents substrate aggregation during            
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refolding [588]. Binding of PDI to the unfolded proteins and assisting in the            

formation of disulphide bonds in turn reduces PDI. This results in a closed             

conformation which assists in the release of the folded substrates. Reduced PDI 

assists in the  isomerisation of non-native disulphides in substrate proteins, and      

afterwards releases the folded substrates [590]. 

 

 

Figure 4.1 Schematic diagram representing the thioredoxin domains of PDI. 

The thioredoxin-like, catalytically active a and a’ domains, containing the active 

site CGHC are shown in green, and the catalytically inactive and substrate binding 

b and b ' domains are shown in orange and red respectively. White represents the 

linker region ‘x’ and the C-terminus is shown in yellow, which ends with the ER 

retrieval signal KDEL. 

 

4.1.2 PDI is a chaperone present in the ER  

PDI has the ability to distinguish between partially folded, unfolded and properly 

folded protein substrates, and it has a higher affinity to bind to misfolded proteins 

rather than native proteins through hydrophobic interactions [591]. These            

properties, together with its conformational flexibility, make PDI a highly  effective 

chaperone  [592]. PDI binds to a large number of protein substrates in the ER,        

although it is difficult to isolate and identify the individual substrates in vivo.        

Several methods are used to measure the chaperone activity of PDI in vitro. The 

rate of protein aggregation is assessed using protein substrates that do not possess 

cysteine residues, including GAPDH [540], rhodanese [593], citrate synthase,        

alcohol dehydrogenase [594], or EGFP, which on interaction with PDI causes        

increased fluorescent intensity due folding into its native conformation [595]. A 

major function of PDI is a chaperone upregulated during ER stress.  Accumulation 
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of misfolded proteins within the ER activates the unfolded protein response (UPR).  

The UPR aims to reduce the load of unfolded proteins by  increasing the curvature 

of ER, reducing protein synthesis and inducing PDI and other chaperones to further 

increase protein folding capacity [458]. This is achieved by activation of sensor ER 

proteins IRE-1, PERK, and ATF6, which subsequently activate UPR signaling 

pathways (detailed in [596]). While initially protective, prolonged UPR causes 

apoptosis [597]. PDI facilitates the degradation of misfolded proteins via ERAD, 

by translocation of these proteins from the ER to the cytoplasm, for subsequent 

degradation by the ubiquitin protease system. [598, 599]. It also assists in protein 

quality control by retaining unassembled procollagen until the correct native      

structure is achieved [600]. Other specific functions involving the chaperone          

activity of PDI have been described, including maintenance of the active                 

conformation of the β subunit of collagen prolyl 4-hydroxylases [601], and              

stabilisation of the peptide loading complex (PLC) of the major histocompatibility 

complex (MHC), class 1 that mediates MHC class 1 folding.  Interestingly, PDI 

exhibits both chaperone and anti-chaperone activity depending upon its initial                       

concentration. When PDI's chaperone activity is dominant, virtually all of the        

substrate protein is correctly folded. However, at low concentrations, PD1 promotes 

intermolecular disulphide crosslinking of substrates into large inactive aggregates 

via anti-chaperone activity [602].  

 

4.1.3 Disulphide interchange activity of PDI 

Multiple studies have suggested that the disulphide interchange enzymatic activity 

of PDI is more important for its function than its chaperone activity. The two          

catalytically active thioredoxin domains, containing   the CGHC sequences, and the 

C-terminal region of PDI, are responsible for its isomerase activity [603, 604]. 

When its catalytic cysteines are reduced, PDI is able to react with non-native           

disulphides of substrate proteins to form a mixed disulphide complex. PDI then 

catalyzes the rearrangement of incorrectly formed disulphide bonds via                

isomerisation reactions. This takes place with cycles of reduction (breaking of non-

native disulphide bonds) and oxidation (to introduce correct pairing of   cysteines) 

to eventually form the native disulphide bonds [605]. The tripeptide glutathione 
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constitutes the cellular redox buffer that maintains the redox environment of the ER 

[606].  After PDI has oxidized substrate proteins, it then has to be oxidized itself to 

complete the catalytic cycle. This function is carried out by a number of proteins, 

including FAD binding oxidases - Ero1α, oxidized glutathione, glutathione             

peroxidase 7, glutathione peroxidase 8 or quiescin sulfhydryl oxidase [607].            

Interestingly, the chaperone activity of PDI is regulated by the redox state of its 

oxidized and reduced forms [608], thus suggesting a link between the two separate 

functions of PDI. Redox regulation of PDI can be  examined experimentally in vitro 

using scrambled (inactive) RNAse, ribonuclease and bovine pancreatic trypsin       

inhibitor [609, 610].  Furthermore, prevention of mutant SOD1 aggregation by PDI 

could be modulated by disulphide bonding, since  aggregation of mutant SOD1 is 

at least partially dependent upon disulphide bonds, with disulphide reduced         

monomers and high-molecular weight oligomers found in both cell and animal 

models of ALS [329, 611, 612]. 

 

4.1.4 Native and non-native disulphide bonds in SOD1 

SOD1 is a 32 kDa cytoplasmic metalloenzyme [613]. The homo-dimer consists of 

two identical polypeptide chains which are non-covalently linked to each other 

[614]. Metal ions copper and zinc are present on each subunit and are critical for 

the stability and catalytic activity of the enzyme [615]. SOD1 consists of four        

cysteine residues at amino acid positions C6, C57, C111 and C146. The cysteine 

residues at positions C57 and C146 form an intrasubunit disulphide bond, which is 

important for correct native folding of the dimer [614]. This disulphide bond plays 

a vital role in stabilizing the structure of SOD1 and dissociation of the C57-C146 

disulphide bond results in dimer destabilization [616]. The loop containing the C57 

residue assists in the formation of the non-covalently bonded dimer interface. 

 

Several studies have shown that in ALS transgenic models cellular stressors             

induce abnormal disulphide bonding between the C6 and C111 residues that do not 

normally form disulphide bonds [329, 617]. This leads to the formation of high 

molecular weight oligomers, containing non-native disulphide bonded   aggregates. 

Small amounts of disulphide reduced monomeric species can induce aggregation of 



   Chapter 4 

 

 

109 
 

other stable forms of SOD1 [618] and disulphide-reduced mutant SOD1 proteins 

show decreased metal binding and augmented misfolding [619]. Additionally, 

C111 is a target for oxidation, even in wild-type SOD1 [620]. Mutant SOD1           

aggregates containing abnormal, non-native disulphide bonds have been detected 

in ALS linked mutant SOD1 animal and cellular models [621] and an increased 

proportion of disulphide-reduced SOD1 is observed in spinal cords of transgenic 

mutant SOD1 mice [618]. Conversely, some studies have also demonstrated that 

aberrant intermolecular disulphide bonding does not promote aggregation of mutant 

SOD1[622, 623]. 

 

Mutant SOD1 aggregation is linked with neuronal toxicity and correlates, with     

disease progression, suggesting that aggregation is associated with pathogenesis 

[114, 624]. Isomerisation of non-native disulphide bonds in mutant SOD1 reduces 

aggregation in neuronal cell cultures [625]. This suggests that reduction of aberrant 

non-native SOD1 disulphide bonds, or isomerisation of these intersubunit                

disulphide bonds, would be protective against mutant SOD1 aggregation and hence 

toxicity. Therefore, disulphide bond formation in SOD1 would lead to interaction 

of PDI with SOD1 (Figure 4.2).  Hence it could also be predicted that by preventing 

the formation of non-native disulphide bonds in mutant SOD1, PDI could be         

protective in ALS. 
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Figure 4.2 Schematic diagram representing the relationship between                 

disulphide bond formation and aggregation of SOD1 and possible mode of      

action of PDI.  A) Wild-type SOD1 is a homo-dimer stabilised by the presence of 

metal ions and an intramolecular disulphide bond between C57-C146, with two     

independent, cysteines at C6 and C111 per monomer. B) During SOD1-linked 

fALS, SOD1 mutations disrupt the normally stable dimer, leading to monomer      

formation and metal loss. C) Abnormal disulphide cross-linking, involving all four 

cysteine residues, leads to the formation of oligomers. Monomers and soluble         

oligomers are implicated as mediators of toxicity. PDI disulphide interchange        

activity could possibly reduce the non-native disulphide bonds, thus inhibiting the 

formation of the potentially toxic species. D) If the formation of aberrantly               
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disulphide-bonded mutant SOD1 oligomers is not prevented, insoluble intracellular 

mutant SOD1 inclusions result. The diagram is not to scale. 

 

 

4.1.5 Disulphide bond formation in TDP-43 

The presence of disulphide bonds in TDP-43 and FUS have not yet been                    

investigated in detail. However, a study by Virginia Lee’s group demonstrated that 

conserved redox regulated cysteine residues are present near the RNA  recognition 

motif (RRM1) in TDP-43 [569]. Further characterization demonstrated the          

presence of an intra-molecular disulphide bond between  residues C173 and C175 

[569], and additional conserved cysteine residues (C198 and C244) in the RRM2 

domain, identified using mass spectrometry, were also implicated in disulphide 

bond formation. This study also suggested that oxidation of conserved cysteine    

residues altered the conformation of TDP-43 and impaired its nuclear function, thus 

implying that these residues are important in TDP-43 structure and function.      

Moreover, TDP-43 aggregates with abnormal disulphide bonds were identified in 

brains of FTLD patients, suggesting that abnormal  disulphide bond formation in 

TDP-43 is relevant to  disease pathology [569]. A subsequent study further            

validated the presence of TDP-43 disulphide bonds, and also confirmed that            

oxidation of C173 and C175  in the RRM1 domain, and not N- terminal C39 and 

C50, formed oligomeric disulphide species in solution [626].  

 

There is currently no evidence that FUS forms either native or non-native                  

disulphide bonds. However, analysis of the primary sequence of FUS has revealed 

that the C-terminal zinc figure-like domain contains four cysteine residues [627]. 

Furthermore, NMR analysis of the zinc finger-like domain suggested that the zinc 

ion is coordinated via these four conserved cysteines [628]. However, further           

investigations into the possible existence of disulphide bonds in FUS, involving 

these four cysteine residues, is warranted. 
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4.1.6 Novel therapeutic approaches for ALS   

Our laboratory previously demonstrated that a small molecule mimic of PDI           

disulphide interchange activity, -(±)-trans-1,2-Bis (2-mercaptoacetamido)               

cyclohexane (BMC), was protective against mutant SOD1 aggregation in neuronal 

cell lines [483]. BMC is a 262 Da synthetic dithiol which contains two                       

hydrogen-sulphide bonds, which mimic the disulphide interchange activity [629]. 

BMC has been shown to assist in the formation and rearrangement of disulphide 

bonds in vitro and accelerate protein folding during the production of recombinant 

proteins [630]. In addition, BMC has the same reduction potential and acid               

dissociation constant as PDI, which determines the rate of disulphide bond              

formation [629]. However, BMC is not substrate specific because it cannot bind to 

a protein  substrate [503].  Nevertheless the ability of BMC to mimic the disulphide 

interchange activity of PDI suggests that it may have potential as a novel therapeutic 

agent in ALS. 

 

Another approach to reduce the cellular burden of abnormal mutant SOD1                

disulphide bonds, which are implicated in toxicity in ALS, is to inhibit the                

expression of mutant SOD1. Down-regulation of SOD1 could be achieved through 

action of specific antisense peptide nucleic acids (PNA) sequences directed towards 

the mRNA of SOD1. PNA’s are single stranded synthetic oligonucleotides                

designed to specifically bind to complementary mRNA targets through hydrogen 

bonding [631]. PNAs are currently being developed as probes for the detection and 

diagnosis of numerous diseases [632-634]. These DNA mimics have high affinity 

towards target sequences and low toxicity in cell models. However, due to their 

large size, they do not readily cross cell membranes and they have limited activity 

when delivered in animal models [635, 636]. Nevertheless, conjugation of vitamins 

to PNA’s can subsequently improve the efficiency of delivery to cells and this     

strategy has been utilised for drug delivery [637].  PNA sequences have been         

previously shown to inhibit the expression of death signalling neurotrophic receptor 

(p75NTR) which delays disease progression in SOD1G93A mice [638], suggesting that 

antisense therapies which are based on gene targeting of ALS mutant proteins using 

PNAs could be a useful therapeutic target in ALS.  
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4.1.7 Aims of the Chapter 

PDI is a unique protein, which has two independent properties, a chaperone and as 

an isomerase. In Chapter 3 it was demonstrated that over-expression of PDI is       

protective in cells expressing mutant SOD1, TDP-43 and FUS. However, the   exact 

mechanism of action against each misfolded protein remains unknown, whether this 

protection involves the chaperone or disulphide interchange activity of PDI. The 

aim of this chapter was to investigate these mechanisms and determine which          

activities of PDI are protective in each case, with the aim of facilitating futures 

studies to design possible therapeutics targets based on PDI. To perform these      

studies, PDI mutants were created in which the two active site cysteine’s, which 

mediate the isomerisation activity of PDI, were removed.  Hence, these mutants 

should only retain the chaperone activity. Furthermore, BMC, which mimics the 

disulphide interchange activity of PDI, was also examined in cells expressing ALS-

mutants of SOD1, TDP-43 or FUS.   
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 4.2 Results  

 

4.2.1 Expression of PDI mutants in neuronal cell lines. 

Wild-type PDI consists of two catalytically active domains, namely a and a’, with 

conserved active site motif CGHC, which is responsible for the disulphide                

interchange activity. To identify which activity of PDI is more important for its 

protective function, cysteine deficient mutants of PDI were examined. Previously 

generated pcDNA3.1 (+) constructs encoding wild-type PDI (PDI WT) with two 

native active sites (CGHC, CGHC) tagged with V5, a PDI mutant in which the 

second cysteine of the a domain was mutated to serine (C2) (CGHS, CGHC) and a 

PDI mutant in which the second cysteine of both the a and a’ domains were mutated 

to serine (C26) (CGHS, CGHS), were provided by Professor. Neil Bulleid,           

Glasgow, UK  [535] (Figure 4.3 A). Additional PDI mutants were previously       

generated by a Masters student in the laboratory, specifically; PDI QUAD, where 

all the four active site cysteine residues were mutated to serine (SGHS SGHS), PDI 

mutant (A) where both the vicinal cysteine residues were mutated to serine in the a 

domain (SGHS CGHC), and PDI mutant (A’) in which both the cysteine residues 

were mutated to serine in the a’ domain (CGHC SGHS).  

 

 

PDI disulphide and isomerase activity are well characterised in vitro and various 

studies have demonstrated that mutating the active site cysteine residues does         

indeed inhibit the disulphide interchange activity of PDI. However, resulting         

mutants retain the chaperone activity of PDI [602, 609, 639-643].  However, PDI 

activity against mutant ALS proteins in neuronal cell culture has not been                 

investigated. 
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The author transfected Neuro2a cells with all PDI mutant constructs.  At 24 hr post 

transfection, cells were immunostained using anti-V5 antibodies to detect the sub-

cellular localisation of PDI, and with anti-calreticulin antibodies to stain the ER, 

using confocal microscopy. The cells expressing wild-type PDI-V5 displayed         

reticulate expression of PDI in the ER, which was mostly excluded from the nucleus 

as expected. Similarly, PDI mutants all co-localised with calreticulin, suggesting 

ER localisation. Hence, the mutations did not alter the subcellular localisation of 

PDI, as shown in Figure 4.3 B. 
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Figure 4.3 Expression of PDI mutants in Neuro2a cells A) Schematic                 

representation of PDI mutants, illustrating their thioredoxin-like domains. The     

catalytic active domains a and a’ are represented in green. The conserved residues 

(CGHC) are represented in black, and the cysteine residues mutated to serine are 

shown in white. The non-catalytic b domain is displayed in orange and the b’         

domain in red. The sequence coloured white represents the linker region (x). The 

C-terminus is represented in yellow. B) Confocal microscopy images of PDI        

mutants expressed in Neuro2a cells, examined 24 hr post-transfection Cells were 

fixed and probed with anti-V5 (first column) and anti-calreticulin (second column) 

antibodies using immunocytochemistry. The third column is a merge of the             

fluorescent images obtained from immunocytochemistry using anti-V5 and anti-

calreticulin antibodies. Scale bar = 10 µm. 

 

4.2.2) Disulphide interchange activity of PDI is protective against mutant SOD1 

induced ER stress in neuronal cell lines.  

 

Our laboratory previously demonstrated that PDI is protective against mutant 

SOD1-induced ER stress in neuronal cell lines [483]. However, the exact            

mechanism of protection remains unclear. This was investigated by examining the 

effect of PDI mutant proteins possessing only chaperone activity in cells expressing 

mutant SOD1. Therefore, Neuro2a cells were co-transfected with wild-type SOD1 

or mutant SOD1A4V, with either empty vector, wild-type PDI or mutant PDI for 72 

hr.  

 

An initial experiment was performed to confirm that cells co-transfected with SOD1 

(wild-type or A4V) and mutant PDI V5-tagged constructs co-express both proteins 

together in the same cells. Immunocytochemistry was performed to detect the V5 

tag, followed by fluorescent microscopy to simultaneously detect the EGFP and V5 

tags. Quantification of individual cells revealed that over 98% of cells (200 cells 

quantified) expressing SOD1 were also expressing PDI. (Figure 4.4) Representative 

image of cells expressing SOD1A4V and PDI QUAD. Similar results were        
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demonstrated on expressing other PDI mutants (C6, C2 C26, A, A’) (images not 

shown). The overall transfection efficiency was approximately 40% in Neuro2a 

cells observed 72 hr post transfection. Hence, for subsequent studies it was assumed 

that detection of SOD1 expression by the presence of EGFP, reflected                        

co-expression of both SOD1 and PDI in the same cell 

 

 

 

Figure 4.4 Co-expression of SOD1 and PDI in Neuro2a cells. Representative 

confocal microscopy images of cells co-expressingSOD1A4V (green)  and               

PDI-QUAD (red) with Hoechst-stained nuclei (blue) (panel 1).Representative      

confocal microscopy images of cells co-expressingSOD1A4V (green) and PDI-WT 

(red) with Hoechst-stained nuclei (blue) (panel 2). Cells were examined 72 hr post 

transfection. The fourth column is a merge of the fluorescent images of EGFP and 

V5 tag. Scale bar = 10 µm. 
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To investigate the effect of over-expression of PDI mutants on ER stress induced 

by mutant SOD1, nuclear immunoreactivity to CHOP was examined as a marker of 

ER stress, as described previously [483]. Neuro2a cells were co-transfected with 

either wild-type SOD1 or SOD1A4V and either empty vector or PDI (Figure 4.5 A) 

and immunocytochemistry was performed using anti-CHOP antibodies. 

 

As expected, only 17% of untransfected cells (UTR) or cells expressing EGFP, and 

only 21% of cells expressing wild-type SOD1, displayed nuclear CHOP immuno-

reactivity. Furthermore, consistent with previous studies, a much greater proportion 

of cells (68%) expressing SOD1A4V displayed nuclear immunoreactivity to CHOP, 

indicating activation of the pro-apoptotic phases of the UPR in these cells. As        

previous, [483]  co-expressing wild-type PDI with  mutant SOD1A4V led to a           

significant reduction in the proportion of cells with nuclear CHOP                                

immunoreactivity (38%, ***p<.001). In contrast, co-expression of PDI QUAD with 

SOD1A4V, did not significantly decrease the proportion of cells with nuclear            

immunoreactivity to CHOP (63%, Figure 4.5 B). Similarly, all the other mutant PDI 

mutants examined did not significantly reduce the proportion of mutant SOD1A4V 

expressing cells with nuclear immunoreactivity to CHOP, with similar percentages 

of cells in each case: C6 (60%), C2 (59%), C26 (67%), A (64%) and A’ (67%) 

(image not shown).  Hence these data reveal that mutation of one or more cysteine 

residues in either the a or a’ domain of PDI does not reduce ER stress in cells         

expressing with SOD1A4V. These results therefore imply that the disulphide inter-

change activity of PDI is required to protect against ER stress induced by mutant 

SOD1A4V.   
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Figure 4.5 Over-expression of PDI active site cysteine mutants is not protective 

against ER stress induced by mutant SOD1 in Neuro2a cells. A)                            

Immunofluorescent detection of nuclear immunoreactivity to CHOP in wild-type 

SOD1 and SOD1A4V co-expressing Neuro2a cells with wild-type PDI or PDI         

mutants, visualised by confocal microscopy. Few cells expressing EGFP alone 

(panel 1) or wild-type (SOD1-WT, panel 2) displayed nuclear immunoreactivity to 

CHOP. In contrast, nuclear immunoreactivity to CHOP was significantly more      

frequent in cells expressing SOD1A4V (panel 3), indicating activation of the UPR, 

shown with white arrows (middle panel). However, fewer cells co-expressing 

SOD1A4V and wild-type PDI (panel 4) displayed nuclear CHOP immunoreactivity. 

In contrast, there was no difference in cells co-expressing SOD1A4V with vector 

only compared to SOD1A4V with PDI QUAD, indicating that PDI QUAD is not 

protective, unlike wild-type PDI (panel 5). Scale bar = 10 µm. B) Quantification of 

nuclear CHOP immunoreactivity in Neuro2a cells visualised in (A), co-expressing 

wild-type SOD1 or SOD1A4V with wild-type PDI or PDI QUAD. For each              

population, 100 transfected cells expressing CHOP in the nucleus were counted. 

The percentage of SOD1A4V cells expressing nuclear CHOP was significantly lower 

in cells co-expressing wild-type PDI compared to empty vector alone (***p<.001). 

There were also significantly fewer cells with CHOP activation when wild-type 

PDI was co-expressed with SOD1A4V, and between PDI QUAD and SOD1A4V 

(**p<.01). Data are represented as mean ±SD, n=3 with one-way ANOVA and 

Tukey’s post-test. 

 

 

4.2.3 Disulphide interchange activity of PDI is protective against mutant SOD1-

induced inclusion formation in neuronal cell lines. 

 

Mutant SOD1A4V-EGFP forms  prominent fluorescent inclusions, easily visible by 

microscopy, in neuronal cells [483]. Previously, over-expression of PDI was found 

to decrease the proportion of cells forming  mutant SOD1A4V inclusions in neuronal 

cell lines [483]. Hence, it was next investigated whether over-expression of the PDI 
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mutants generated above was protective against inclusion formation induced by 

mutant SOD1.  These results were consistent with the findings of our previous study, 

in which BMC, which mimics the disulphide interchange activity of PDI, was also 

protective against inclusions formation in cells expressing mutant SOD1 [483]. 

 

Neuro2a cells were co-transfected with wild-type and mutant SOD1-EGFP and 

wild-type and mutant PDI-V5 constructs. At 72 hr post transfection, cells were      

imaged using confocal fluorescent microscopy and the percentage of transfected 

cells (visualised by the presence of EGFP fluorescence) bearing fluorescent mutant 

SOD1 inclusions was quantified (Figure 4.6 A). Immunocytochemistry was         

performed using anti-V5 antibodies to detect PDI expression. Untransfected cells 

(UTR), cells expressing EGFP alone or wild-type SOD1 formed very few                 

inclusions (<1%) as expected. Also, similar to previous observations, 34% of cells 

expressing mutant SOD1A4V formed inclusions [483]. However, when wild-type 

PDI was co-expressed with mutant SOD1A4V this proportion was significantly         

reduced, to 21% of cells (*p<.05), as demonstrated previously. In contrast,               

co-expression of PDI QUAD did not significantly alter the proportion of mutant 

SOD1A4V expressing cells bearing inclusions (34%, Figure 4.6 B). Quantification 

of cells coexpressing PDI QUAD and SOD1A4V demonstrated that 85% of SOD1 

inclusion colocalised with PDI QUAD. Similarly, the other PDI mutants also did 

not prevent inclusion formation; 34% of C6 and C2 expressing cells, 35% of C26 

expressing cells, and 32% of A’ expressing cells formed inclusions, similar to PDI 

QUAD (microscopy images not shown). Hence these data suggest that the active 

cysteine residues of PDI are necessary to protect against SOD1 induced inclusion 

formation.  Hence, similar to ER stress, the disulphide activity of PDI is required 

for protection against mutant SOD1 induced inclusion formation. 
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Figure 4.6 Over-expression of PDI cysteine mutant is not protective against 

inclusion formation induced by mutant SOD1 in Neuro2a cells. A) Fluorescent 

detection of EGFP-positive inclusions present in Neuro2a cells expressing wild-

type SOD1 (SOD1-WT) or SOD1A4V (A4V), co-expressing wild-type PDI or PDI 

QUAD (red), examined by confocal microscopy. Nuclei are visualised by Hoechst 

staining (blue). Cells expressing EGFP only (first panel) or wild-type SOD1 rarely 

form inclusions (second panel). In contrast, EGFP-positive inclusions were             

frequent in cells expressing SOD1A4V alone (third panel) or co-expressed with PDI 

QUAD (fifth panel), represented by white arrows. In contrast, fewer cells formed 

inclusions when wild-type PDI was over-expressed with SOD1A4V (third panel). 

Scale bar = 10 µm. B) Quantification of the percentage of transfected cells            

bearing EGFP-positive inclusions in Neuro2a cells represented in (A).                      

Significantly fewer cells formed inclusions when wild-type PDI was co-expressed 

with SOD1A4V (*p<.05) compared to cells co-expressing PDI QUAD or vector only. 

Also when wild-type PDI was co-expressed with SOD1A4V and between PDI 

QUAD and SOD1A4V (*p<.05). Data are represented as mean ±SD, n=3 with one-

way ANOVA and Tukey’s post-test. 

 

4.2.4) Both disulphide interchange activity and chaperone activity of PDI are   

protective against mutant SOD1 induced cell death in neuronal cell lines.  

 

Our laboratory, as well as others, have previously demonstrated that mutant 

SOD1A4V induces apoptosis in neuronal cells [483, 624]  but this is reduced by over-

expression of PDI [483]. Hence, it was next examined whether the chaperone or 

disulphide interchange activity of PDI was protective against apoptosis induced by 

mutant SOD1 using the PDI mutants. Apoptosis was examined by nuclear             

morphology as described previously [483, 644], since fragmentation of DNA,      

visualised using DAPI, is  one of the final stages of  apoptosis.  
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Neuro2a cells were co-transfected with either SOD1-WT or SOD1A4V and either 

empty vector, wild-type PDI, or one of the PDI mutants, to examine apoptosis         

induced by mutant SOD1. Immunocytochemistry was performed using anti-V5     

antibodies to detect PDI expression. Transfected cells were examined 72 hr post 

transfection using fluorescence microscopy and analysis of apoptosis was              

performed by quantification of the percentage of cells bearing apoptotic nuclei    

(Figure 4.7 A). Fragmented nuclei were rare in untransfected cells and cells        

transfected with empty vector EGFP (3% of cells – 3% for both UTR and vector 

only. As expected, only 5% of cells expressing wild-type SOD1 displayed           

apoptotic nuclei, whereas significantly more cells expressing mutant SOD1A4V were 

undergoing apoptosis (22%). In contrast, co-expression of wild-type PDI resulted 

in significantly fewer cells (11%, p<.001) with fragmented nuclei, indicating      

apoptosis. Interestingly, on co-expression of PDI QUAD with mutant SOD1A4V    

significantly fewer cells bore apoptotic nuclei 15% (p<.01) compared to cells     

transfected with vector only (Figure 4.7 B). Similarly, all of the other PDI mutants 

examined were also protective against apoptosis induced by mutant SOD1A4V. 

Fragmented nuclei were detected in only 10% of C6 expressing cells, (p<.001), 

12% of C2 or C26 expressing cells (p<.001), 15% of A expressing cells (p<.01) and 

14% of A’ expressing cells (p<.01). These data suggest that the cysteine residues 

of PDI are not necessary for its protective activity against apoptosis.  Hence the 

chaperone activity of PDI is sufficient to protect against mutant SOD1A4V induced 

apoptosis in cell culture. Since the mutants of PDI examined in cells expressing 

mutant SOD1 (C6, C2, C26, A and A’) produced similar findings to the PDI QUAD 

mutant, this suggests that mutation of a single cysteine residue resulted in similar 

effects as mutation of multiple cysteine, at least in terms of  ER stress, inclusion 

formation and cell death. For all further analysis in the experiments described in 

this chapter involving mutant TDP-43 and mutant FUS, the PDI QUAD mutant  was 

only examined. 
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Figure 4.7 Over-expression of PDI mutants is protective against mutant SOD1 

induced apoptosis in Neuro2a cells. A) Immunofluorescent images of Neuro2a 

cells co-expressing mutant SOD1A4V with wild-type PDI or PDI mutants. Nuclei 

are shown by Hoechst stain (blue). Arrow represents condensed nuclei, indicating 

apoptosis is underway. Neuro2a cells expressing control EGFP only (first panel), 

wild-type SOD1 (second panel) or SOD1A4V with fragmented nuclei (A4V, third 

panel), indicated with white arrow. On co-expressing wild-type PDI (fourth panel) 

or PDI QUAD (fifth panel) fewer cells were undergoing apoptosis. Scale bar = 

10 μm. B) Quantification of apoptotic nuclei in cells in (A), expressing SOD1 and 

PDI. There was a significant difference in the population of apoptotic nuclei            

observed between SOD1A4V co-expressed with vector only and when                      

co-expressed with wild-type PDI, C6, C2 , C26 (***, p<.001), or co-expressed with 

PDI QUAD, A,A’(** p<.01). 

 

 

4.2.5) Disulphide interchange activity of PDI is protective against mutant SOD1 

induced ER-Golgi transport defects in neuronal cell lines. 

 

Our laboratory previously established that mutant SOD1 inhibits ER-Golgi 

transport in neuronal cell lines [552]. Furthermore, the studies described in Chapter 

3 demonstrated that over-expression of PDI was protective against these ER-Golgi 

trafficking defects. It was next examined whether the disulphide interchange           

activity of PDI was protective against the inhibition of ER-Golgi transport. For this 

purpose, the PDI QUAD mutant was used to investigate whether the chaperone     

activity retains the protective activity of PDI. Similarly, as  BMC mimics the            

disulphide interchange activity of PDI, it was also investigated whether BMC was 

protective against the inhibition of ER-Golgi transport,  assayed using VSVG  [562], 

in Neuro2a cells expressing mutant SOD1A4V.  

 

Neuro2a cells were co-transfected with mCherry-tagged VSVG, either EGFP 

tagged wild-type SOD1 or mutant SOD1A4V, and either empty vector or V5-tagged 
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PDI (wild-type PDI or PDI QUAD). The cells were incubated at 40°C for 12.5 

hours to accumulate VSVG in the ER, before incubation at the permissive             

temperature for 30 min. In a separate group of cells co-transfected with mCherry-

tagged VSVG and either EGFP tagged wild-type SOD1 or mutant SOD1A4V, BMC 

(25 µm) was administered 1 hr post-transfection followed by incubation at 37°C for 

12.5 hr. Similarly, control cells co-expressing SOD1A4V and VSVG were treated 

with DMSO for the same period. After fixing the cells, immunocytochemistry was 

performed using antibodies for markers of the ER (calnexin) and Golgi (GM130), 

followed by fluorescent microscopy (Figure 4.8 A). Quantification of the                  

localisation of VSVG in either the ER or Golgi compartments was performed using 

Mander’s co-efficient, in the range from 0 to 1, representing 0-100% overlapping 

pixels, as described previously [552].   

 

In untransfected cells (UTR) and EGFP only expressing cells, little VSVG (2%) 

was retained in the ER and most (70%) was transported to the Golgi apparatus after 

30 min at the permissive temperature. Similarly, in cells expressing wild-type 

SOD1, little VSVG (10%) was retained in the ER and most was transported to the 

Golgi (68%) at this time point.  However, in cells expressing mutant SOD1A4V, 

inhibition of ER-Golgi transport was detected relative to the other cell populations. 

In these cells, significantly more VSVG was retained in the ER (40% , p<.01) and 

less was transported to the Golgi after 30 min (43, p<.01), (Figure 4.8 B), similar 

to previous observations [552]. However, as in the results described in Chapter 3, 

when wild-type PDI was co-expressed with mutant SOD1A4V, transport between 

the ER-Golgi was restored. There was no significant difference and only 16% 

(p<.01) VSVG was retained in the ER and 70% (p<.001) VSVG was transported to 

Golgi. In contrast however, when PDI QUAD was co-expressed with mutant 

SOD1A4V, transport between ER-Golgi was again inhibited, and significantly more 

VSVG was retained in the ER (30%) and significantly less was transported to the 

Golgi after 30 min (50%) compared to cells expressing wild-type SOD1 or control 

cells. Also as a control, ER-Golgi transport was not inhibited in cells  co-expressing 

PDI QUAD with mCherry-tagged VSVG as little VSVG (1%) was retained in the 

ER and most (73%) was transported to Golgi, demonstrating that expression of PDI 

QUAD alone does not inhibit transport (data not shown). Interestingly, when BMC 
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was administered to the cells, VSVG transport was also restored, and there was no 

significant difference between BMC-treated cells and cells expressing wild-type 

SOD1 or control cells; 16% (p<.01) VSVG was retained in the ER and 66% (p<.001) 

was transported to the Golgi. Therefore, these data reveal that wild-type PDI and 

BMC, which possess the disulphide interchange activity of PDI, can restore ER-

Golgi transport inhibited by mutant SOD1.  However, in contrast, the PD1 QUAD 

mutant, which has lost the disulphide interchange activity but retains the chaperone 

activity, is not protective against inhibition of ER-Golgi transport.  
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Figure 4.8 The disulphide interchange activity of PDI is protective against       

inhibition of ER-Golgi transport in mutant SOD1 expressing cells. A)             

Representative fluorescent images of cells co-expressing VSVGts045-mCherry,    

either EGFP enhanced green fluorescent protein tagged wild-type SOD1 or 

SOD1A4V VSVGts045-mCherry, and either empty vector or PDI (wild-type or 

QUAD) at 12.5 hr post-transfection, stained with markers of ER (calnexin) or Golgi 

apparatus (GM130). VSVGts045-mCherry was trapped in the ER at 40°C for 12.5 

hr, then cycloheximide was added and the temperature was shifted to the permissive 

temperature (32°C) for 30 min. Cells were then fixed with 4% paraformaldehyde at 

30 min at 32°C.  At 32°C VSVG is transported to Golgi and little co-localises with 

calnexin in untransfected cells or wild-type SOD1 expressing cells (SOD1-WT, 

first panel). However, inhibition of ER-Golgi transport was observed in cells           

expressing SOD1A4V with vector alone or co-expressing PDI QUAD more VSVG 

co-localise with calnexin and less with GM130 (second panel and fifth panel). In 

contrast, on co-expressing wild-type PDI with SOD1A4V, or administrating BMC, 

ER-Golgi transport was restored and VSVG co-localised more with GM130 rather 

than calnexin (third panel and fifth panel). Scale bar = 10 μm. B) Quantification of 

the degree of co-localization of VSVGts045-mCherry with calnexin or GM130 of 

cells in (A), using Mander’s coefficient. Data are presented as mean ± SEM, tested 

with one-way ANOVA and Tukey's post-test, n = 3. A significant difference in co-

localisation between VSVG and calnexin was observed (**) p<.01 between cells 

expressing SOD1A4V with empty vector compared to those co-expressing PDI or 

treated with BMC when observed for co-localisation between VSVG and calnexin. 

Significant difference was observed (***) p<.001 when cells co-expressed 

SOD1A4V with empty vector and when coexpressed with PDI or when                     

administered with BMC when observed for co-localisation between VSVG and 

GM130. 
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4.2.6) The disulphide interchange activity of PDI is necessary for protection 

against mutant TDP-43 induced ER stress in neuronal cell lines. 

 

As previously demonstrated in Chapter 3, PDI is protective against mutant TDP-43 

induced ER stress in neuronal cultures. To investigate whether the disulphide inter-

change activity or the chaperone activity of PDI is necessary for this  protection in 

cells expressing mutant TDP-43, induction of ER stress was examined using           

nuclear immunoreactivity to CHOP as a marker as above.  Neuro2a cells were co-

transfected with mCherry only, wild-type TDP-43 or mutant TDP-43 Q331K, with 

either empty vector or either wild-type PDI or PDI QUAD. BMC was administered 

to the cells 4 hr post transfection (Figure 4.9 A). The cells were then fixed and 

immunocytochemistry for CHOP was performed at 18 hr post transfection.  

 

CHOP nuclear immunoreactivity was detected in only 7% of untransfected cells 

(UTR) as expected. Similarly, only 6% of cells expressing mCherry only   displayed 

nuclear immunoreactivity to CHOP.  In cells expressing wild-type TDP-43, a slight, 

but non-significant activation of CHOP was detected, as 22% of transfected cells 

displayed nuclear immunoreactivity to CHOP. In contrast, significantly more cells 

expressing mCherry-tagged Q331K (39%, p<.001) expressed nuclear CHOP,         

indicating activation of ER stress, but this was significantly reduced to 30% (p<.01) 

in TDP-43 Q331K cells when wild-type PDI was co-expressed (Figure 4.9 B).     

Similarly, administering BMC to mutant Q331K cells significantly reduced ER 

stress, as only 28% (p<.01) cells displayed nuclear immunoreactivity to CHOP. 

However, when PDI QUAD was co-expressed with TDP-43 Q331K, 35% cells   

displayed nuclear CHOP immunoreactivity, which was not significantly different 

to those cells expressing vector only.  Hence these data demonstrate that the PDI 

QUAD mutant was not protective against induction of ER stress by mutant TDP-

43. This indicates that the disulphide activity of PDI is essential for protection 

against ER stress induced by mutant TDP-43. 
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Figure 4.9 The disulphide interchange activity of PDI is protective against     

nuclear CHOP activation in Neuro2a cells. A) Neuro2a cells were transfected 

with mCherry only (first panel), wild-type TDP-43 (TDP-WT, second panel) or 

mutant TDP-43 Q331K (third panel), for 18 hr. Immunocytochemistry was           

performed using anti-CHOP antibodies and counter-staining with DAPI (blue). Few 

control cells expressing mCherry only, or cells expressing wild-type TDP-43,      

display nuclear immunoreactivity to CHOP. However, significantly more cells      

expressing TDP-43 mutant Q331K induce ER stress, as detected by nuclear           

immunoreactivity to CHOP (middle panel), indicated with white arrows. However, 

coexpression of wild-type PDI or administration of BMC reduces nuclear CHOP 

immunoreactivity in cells expressing Q331K (fourth panel and sixth panel). In    

contrast, co-expressing PDI QUAD with Q331K did not significantly reduce the 

proportion of cells with nuclear CHOP immunoreactivity, indicating ER stress (fifth 

panel). Scale bar = 10 µm. B) Quantification of cells in (A), expressing mCherry 

tagged TDP-43 proteins with and without co-expression of PDI (wild-type of 

QUAD) or administrating BMC using nuclear immunoreactivity to CHOP as a 

marker of ER-stress induced apoptotic signalling. Significantly fewer cells were 

detected with activation of the UPR  (***) p<.001 in cells co-expressing wild-type 

TDP-43 with empty vector compared to TDP-43 Q331K coexpressed with empty 

vector, and between cells co-expressing TDP-43 Q331K with wild-type PDI or     

administered with BMC (**) p <.01. However there was no difference in cells with 

ER stress in TDP-43 Q331K cells expressing vector alone compared to PDI QUAD. 

For each of 3 replicate experiments, 100 cells were scored for each population. Data 

are presented as mean ± SEM, tested with one-way ANOVA and Tukey's post-

test, n = 3. 
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4.2.7) The disulphide interchange activity of PDI is necessary for protection 

against mutant TDP-43 induced inhibition of ER-Golgi transport in neuronal 

cell lines. 

 

To investigate whether the disulphide interchange or chaperone activity of PDI is 

protective against inhibition of ER-Golgi transport, transport of VSVG-mCherry 

was examined in Q331K cells co-expressing PDI QUAD or treated with BMC. 

Neuro-2a cells were co-transfected with mCherry-tagged VSVG, either EGFP 

tagged wild-type TDP-43 or mutant TDP-43 Q331K, and either empty vector or 

V5-tagged PDI (wild-type or QUAD). The cells were incubated at 40°C for 16 hr 

to accumulate VSVG in the ER, before incubation at the permissive temperature 

for 30 min. BMC was administered to the cells 1 hr post-transfection in cells           

expressing mutant TDP-43 followed by incubation at 37°C for 16 hr. Control cells 

expressing  Q331K were treated with DMSO instead of BMC. After fixing the cells, 

immunocytochemistry was performed using antibodies for markers of the ER      

(calnexin) and Golgi (GM130) followed by fluorescent microscopy.                     

Quantification of the localisation of VSVG in either the ER or Golgi  compartments 

was performed using Mander’s co-efficient, in the range from 0 to 1, representing 

0-100% overlapping pixels, as described previously in Chapter 3. 

 

In untransfected cells and in EGFP expressing cells, little VSVG (8%) was retained 

in the ER and most (75%) was transported to the Golgi apparatus after 30 min at 

the permissive temperature, as in Chapter 3 (data not shown). Similarly, in cells 

expressing wild-type TDP-43, little VSVG was retained in the ER (13%) and most 

(72%) was had already reached the Golgi at this time point.  However, in cells      

expressing mutant TDP-43 Q331K, inhibition of ER-Golgi transport was detected 

relative to the other cell populations. In these cells, significantly more VSVG was 

retained in the ER (37%) and significantly less (42%) was transported to the Golgi 

after 30 min, (Figure 4.10 A). When wild-type PDI was co-expressed with mutant 

TDP-43, transport between the ER-Golgi was restored, and little (16%, p<.01) 

VSVG was retained in the ER because most (63%, p<.05) was transported to Golgi, 

and there was no significant difference to cells expressing wild-type TDP-43 or 
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control cells. Similarly, treatment with BMC also restored transport, little VSVG 

(17%, p<.05) was retained in the ER and most (64%, p<.01) was transported to the 

Golgi. However, co-expression of PDI QUAD with Q331K VSVG did not              

significantly alter the proportion of VSVG  retained in the ER (26%) or transported 

to the Golgi 49%  compared to vecto4r only treated cells (Figure 4.10 B). Therefore, 

because BMC was protective and PDI QUAD was not protective, these data suggest 

that the disulphide interchange activity of PDI is necessary for protection against 

inhibition of ER-Golgi transport induced by mutant TDP-43.  
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Figure 4.10 The disulphide interchange activity of PDI is protective against 

inhibition of ER-Golgi transport in mutant TDP-43 expressing cells. A)         

Representative fluorescent images of cells co-expressing VSVGts045-mCherry 

with EGFP-tagged wild-type TDP-43 or Q331K, and PDI (wild-type or QUAD) or 

vector only at 16 hr post-transfection.  VSVGts045-mCherry was trapped in the ER 

at 40°C for 16 hr and the temperature was then shifted to the permissive temperature 

(32°C) for 30 min.  After fixing cells with 4% paraformaldehyde at 30 min at 32°C, 

immunocytochemistry was performed using markers of the ER (calnexin) or Golgi 

apparatus (GM130).  VSVG is transported to the Golgi and little co-localises with 

the ER in cells expressing wild-type TDP-43 (TDP-WT, first panel). Inhibition of 

ER-Golgi transport is observed when TDP-43 Q331K is expressed with empty    

vector or coexpressed with PDI QUAD, more VSVG colocalises with calnexin and 

less with GM130 (second and fourth panel). However on co-expressing wild-type 

PDI or administering BMC with Q331K, transport was restored and VSVG             

co-localised more with GM130 rather than calnexin (third and fifth panel). Scale 

bar = 10 μm. B) Quantification of the degree of co-localization of cells in (A) using 

Mander's coefficient. Data are presented as mean ± SEM, tested with one-

way ANOVA and Tukey's post-test, n = 3. A significant difference was observed 

(**, p<.01) between cells expressing Q331K with empty vector and PDI or (*, 

p<.05) treatment with BMC for co-localisation between VSVG and calnexin.       

Significant difference was observed (*, p<.05) between cells expressing Q331K and 

PDI and when Q331K administered with BMC (**, p<.01) when observed for co-

localisation between VSVG and GM130. 

 

 

 

4.2.8 The disulphide interchange activity of PDI is necessary for protection 

against mutant TDP-43 mislocalisation in the cytoplasm in neuronal cell lines. 

 

In chapter 3 it was demonstrated that PDI prevents the re-distribution of mutant 

TDP-43 from the nucleus to cytoplasm. It was next examined which properties of 

PDI (disulphide interchange or chaperone activities) are necessary for its protective 
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ability in Neuro2a cells. In our previous study [486], as outlined in Chapter  3, it 

was demonstrated that more mutant TDP-43 was present in the  cytoplasm at 18-24 

hr post-transfection compared to later time points [486]. Hence, cells were          

transfected with PDI and TDP-43 constructs as above for 18-24 hr.                               

Immunocytochemistry was then performed using anti-V5 antibodies to detect PDI 

expression, with counter-staining for DAPI to identify the nucleus. The cellular   

distribution of TDP-43 was examined in individual cells using fluorescence           

microscopy.  TDP-43 was considered nuclear when it completely   co-localised with 

DAPI. However, cells in which TDP-43 was expressed in both the nucleus and     

cytoplasm were categorised as containing cytoplasmic TDP-43. (Figure 4.11 A). 

 

Wild-type TDP-43 was expressed in the cytoplasm in 23% of cells, in accordance 

with the literature [150, 561], and co-expressing wild-type PDI, PDI QUAD or 

treatment with BMC did not affect the proportion of cells with cytoplasmic TDP-

43 (25%, 29% or 23% of cells respectively, images not shown). As expected,         

significantly more mutant TDP-43 cells expressed TDP-43 in the cytoplasm         

compared to cells expressing wild-type TDP-43; 41% (p<.001) of Q343R cells and 

36% (p<.01) of Q331K expressing cells. However, co-expression of mutant TDP-

43 and wild-type PDI resulted in significantly fewer cells with cytoplasmic TDP-

43  compared to cells transfected with vector only; 28% of Q343R  expressing cells 

(p <.01) and 22% of  Q331K expressing cells (p<.01, Figure 4.11 B).  Furthermore, 

treatment with BMC also significantly reduced the proportion of cells with              

cytoplasmic TDP-43 24% of Q343R expressing cells (p <.001) and 23% of Q331K      

expressing cells (p<.01, Figure 4.12 B) compared to cells transfected with vector 

only. However, in contrast, co-expressing PDI QUAD did not reduce the proportion 

of cells expressing mutant TDP-43 in the cytoplasm; 34% of Q343R expressing 

cells and 28% of Q331K expressing cells. Therefore, these data reveal that the         

disulphide interchange activity of PDI is protective against the redistribution of   

mutant TDP-43 from the nucleus to the cytoplasm in neuronal cells. 
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Figure 4.11 The disulphide interchange activity of PDI is protective against the 

cytoplasmic localisation of mutant TDP-43. A) Immunofluorescent images of 

Neuro2a cells co-expressing mutant TDP-43 with PDI (wild-type or QUAD).       

Mutant TDP-43 Q343R or Q331K (first, fifth panel) localises more in the cytoplasm 

compared to wild-type TDP-43, indicated with white arrow. However, on                

co-expression with wild-type PDI fewer cells express mutant TDP-43 in the           

cytoplasm (second and sixth panel). In contrast, expression of PDI QUAD did not 

alter the proportion of cells expressing mutant TDP-43 in the cytoplasm compared 

to vector only transfected cells, indicated with white arrow (third and seventh panel). 

Conversely on treatment with BMC, significantly fewer cells expressed mutant 

TDP-43 in the cytoplasm compared to vector only transfected Q343R or Q331K 

cells (fourth and eighth panel). Scale bar = 10 µm.  B) Quantification of cells in (A), 

representing the cytoplasmic distribution of TDP-43. A significant difference in the 

proportion of cells expressing TDP-43 in the cytoplasm was observed between 

wild-type TDP-43 and mutant TDP-43 Q343R (***p<001) or Q331K (**p<.01) 

expressing cells. Similarly, a significant difference in the proportion of cells with 

cytoplasmic mutant TDP-43 was observed when Q343R or Q331K cells were co-

expressed with wild-type PDI (**), or treated with BMC; Q343R (***p<.01) or 

(**p<.01) Q331K cells. However, there was no significant difference between the 

proportion of cells with cytoplasmic mutant TDP-43 in vector only or PDI QUAD 

transfected cells. For each of 3 replicate experiments, 100 cells were scored for each 

B 
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population. Data are presented as mean ± SEM, tested with one-way ANOVA and 

Tukey's post-test, n = 3.  

 

4.2.9) The disulphide interchange and chaperone activities of PDI are protective 

against inhibition of ER-Golgi transport in mutant FUS expressing neuronal cell 

lines.  

A PhD student in our laboratory, Jessica Sultana, investigated the effect of               

expression of PDI QUAD or treatment with BMC in neuronal cell lines expressing 

mutant FUS.  The data is presented only for reference and comparison. PDI QUAD 

was co-expressed with FUS in Neuro2a cells, and BMC was administered to mutant 

FUS expressing cells, following the same procedures as outlined in Chapter 3.        

Interestingly it was demonstrated that both BMC and co-expression of PDI QUAD 

prevented nuclear immunoreactivity to CHOP and hence the induction of ER stress, 

and the mislocalisation of FUS in the cytoplasm in neuronal cells expressing mutant 

FUS R522G and P525L. It was demonstrated that both the chaperone and the          

disulphide activity of PDI are protective against induction of ER stress and the       

cytoplasmic localisation of FUS in mutant FUS expressing cells. 

 

The author performed additional experiments examining which of PDI’s activities 

are protective against inhibition of ER-Golgi trafficking induced by mutant FUS 

(described in Chapter 3). Neuro-2a cells were co-transfected with mCherry-tagged 

VSVG, either EGFP-tagged wild-type FUS or mutant FUS R522G, and either 

empty vector or V5-tagged PDI (wild-type or QUAD). The cells were incubated at 

40°C to accumulate VSVG in the ER, before incubation at the permissive              

temperature for 30 min. In separate groups of mutant FUS expressing cells, 25 µm 

BMC or DMSO vehicle control were administered 1 hr post-transfection. After      

fixing the cells, immunocytochemistry was performed using antibodies for          

markers of the ER (calnexin) and Golgi (GM130) followed by fluorescent               

microscopy (Figure 4.12 A).  Quantification of the localisation of VSVG in either 

the ER or Golgi compartments was performed, using Mander’s co-efficient, in the 
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range from 0 to 1 representing 0-100% overlapping pixels as described previously 

in chapter 3. 

 

In untransfected cells (UTR) and EGFP expressing cells, as before, little VSVG 

(15%) was retained in the ER and most (77%) was transported to the Golgi               

apparatus after 30 min at the permissive temperature. Similarly, in cells expressing 

wild-type FUS, little (19%) VSVG was retained in the ER, because most was          

already transported to the Golgi (74%) at this time point. However, in cells               

expressing mutant FUS R522G, inhibition of ER-Golgi transport was detected      

relative to the other cell populations. In these cells, significantly more VSVG was 

retained in the ER (43%) and significantly less was transported to the Golgi after 

30 min (40%). As previously described in Chapter 3 when wild-type PDI was co-

expressed with mutant FUS R522G, transport between the ER-Golgi was restored 

to levels found in control cells; only 24% (p<.05) VSVG was  retained in the ER 

and 62% (p<.01) VSVG was transported to Golgi.  Interestingly, co-expressing PDI 

QUAD with mutant FUS was also found to significantly restore transport to levels 

that were similar to control cells. Little VSVG was retained in the ER (23%, p<.01) 

and most (60%, p<.01) was transported to the Golgi (Figure 4.12 B). Similarly, 

BMC also rescued inhibition of transport in cells expressing mutant FUS; little 

(21%, p<.01) VSVG was detected in the ER and most (61%, p<.01) VSVG was 

transported to the Golgi in BMC-treated cells. Hence, transfection with PDI QUAD 

or treatment with BMC are both protective against inhibition of ER-Golgi transport 

induced by mutant FUS. Therefore, these data suggest that both the chaperone        

activity and disulphide activity of PDI are protective against the inhibition of ER-

Golgi transport induced by mutant FUS. 
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Figure 4.12 Both the disulphide interchange and chaperone activities of PDI 

are protective against inhibition of ER-Golgi transport in mutant FUS              

expressing cells. A) Representative fluorescent images of cells co-expressing 

VSVGts045-mCherry, either EGFP-tagged wild-type FUS or mutant FUS R522G, 

and either wild-type PDI or PDI QUAD, stained with markers of the ER (calnexin) 

or Golgi apparatus (GM130). VSVGts045-mCherry was trapped in the ER at 40°C 

and the temperature was then shifted to the permissive temperature (32°C) for 

30 min, followed by fixing with 4% paraformaldehyde (PFA) at 30 min at 32°C.  

At 32°C VSVG is transported to Golgi and little co-localises with the ER in cells 

expressing wild-type FUS (first panel, FUS-WT). In contrast, in mutant FUS 

R522G expressing cells, VSVG co-localises significantly more with the ER and 

less with the Golgi (second panel). However, on over-expressing either wild-type 

PDI or PDI QUAD, transport was restored in mutant FUS expressing cells:  VSVG 

co-localised more with the Golgi rather than the ER (third and fourth panel).         

Similarly treatment of R522G expressing cells with BMC restored transport to the 

Golgi (fifth panel). Scale bar = 10 μm. B) Quantification of the degree of                  

co-localization of VSVGts045-mCherry with either calnexin or GM130 in FUS     

expressing cells in (A), using Mander's coefficient. A significant difference in the 

localization of VSVG within the ER was detected in mutant FUS R522G cells 

treated with BMC (**, p<.01), or co-expressed with either wild-type PDI (*, p<.05), 

or PDI QUAD (**, p<.01). Similarly, significantly more VSVG co-localised with 

the Golgi (**, p<.01) in mutant FUS R522G cells co-expressing either PDI wild-

type, PDI QUAD or treated with BMC. Data are presented as mean ± SEM, tested 

with one-way ANOVA and Tukey's post-test, n = 3.  

 

4.2.10 Administering BMC reduces the loss of motor neurons in SOD1G93A 

mice. 

Our group previously demonstrated that treatment with BMC protects against       

mutant SOD1 induced inclusion formation and aggregation in vitro [483]. It was 

next investigated whether BMC could recapitulate similar effects in vivo. The         

experiment was performed in collaboration with Dr. Bradley Turner, (Florey           
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Institute of Neuroscience and Mental Health, The University of Melbourne,         

Australia) who performed these in vivo experiments using SOD1G93A mice. 

 

At postnatal day 90 (P90), mice were anesthetized as demonstrated previously 

[534]. Surgical implantation of mini-osmotic pumps (Alzet model 2006, 0.15 µl per 

hr for 6 weeks) filled with BMC solution or PBS (vehicle control, VEH) at a dosage 

of 0.1 ml/10 g body weight, with 2 mice per group (total 6 animals). Lumbar spinal 

cord motor neurons were quantified in wild-type SOD1 transgenic mice (WT), 

SOD1G93A mice (VEH) and BMC-treated SOD1G93A mice (BMC). Administering 

BMC to SOD1G93A mice significantly reduced the loss of motor neurons (Figure 

4.13) as compared to the vehicle-treated mice alone. Motor neuron counts in treated 

animals were similar to non-transgenic control animals when administered with 

BMC. Hence, these data demonstrated that the molecular mimic of the PDI active 

site, BMC, is protective against motor neuron loss in vivo. 

 

 

 

 

Figure 4.13 Administration of BMC rescues the loss of motor neurons in 

SOD1G93A mice. Quantitation of the number of ventral horn motor neurons within 

lumbar spinal cord sections of SOD1G93A mice. Data are presented as mean ± SEM, 

(p<.05) n=6. Administering BMC significantly reduced the loss of motor neuron as 

compared to the vehicle. 
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4.2.11 PNA-targeting SOD1 reduce mutant SOD1 induced inclusion formation 

and ER stress in neuronal cell lines. 

 

Another therapeutic strategy, based on knockdown of SOD1 using PNAs, was next 

examined. Dr Belinda Abbott, La Trobe University, Melbourne, Australia, prepared 

a series of PNAs targeting SOD1. The results are discussed in the manuscript         

“Efficacy of peptide nucleic acid and conjugates against specific cellular                   

pathologies of Amyotrophic Lateral Sclerosis” which is presented at the end of the 

Chapter as (Supplementary Figure 5). The author performed all the                              

immunocytochemistry and immunoblotting experiments described on page 11    

(Figure 4), page 13 (Figure 5) and page 15 (Figure 6) of the manuscript. These 

studies demonstrated that administration of PNA1, 6-PNA1, 7-PNA1, 8-PNA1 and 

9 PNA1 all reduced the expression levels of mutant SOD1A4V. PNA1, 6-PNA1 and 

7-PNA1 reduce mutant SOD1A4V inclusion formation and PNA1 and 6-PNA1         

reduced ER stress in neuronal cells expressing mutant SOD1A4V. The manuscript 

describing these findings is currently under review at “Organic and Biomolecular 

Chemistry”.  
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4.3 Discussion  

PDI is the archetype of a family of chaperones that perform two major functions;  

(i) the formation and isomerisation of native disulphide bonds in proteins via            

disulphide interchange (oxido-reductase activity) and (ii) general chaperone            

activity [645]. However, the normally protective properties of PDI are probably 

inactivated in ALS, rendering it non-functional [483]. In Chapter 3 it was         

demonstrated that over-expression of PDI is protective in cells expressing mutant 

SOD1, mutant TDP-43 or mutant FUS in neuronal cultures. Hence, identification 

of the specific requirements that facilitate the protective abilities of PDI, would    

assist in the development of novel therapeutics that may target diverse forms of 

disease linked to SOD1, TDP-43 or FUS. The aim of the studies outlined in this 

Chapter was to investigate whether the disulphide interchange (isomerase) or    

chaperone activities are protective in cells expressing mutant ALS proteins; SOD1, 

TDP-43 and FUS. For this purpose, PDI mutants with mutations in active site       

cysteine residues were investigated. PDI active site mutants were previously shown 

to retain the chaperone activity and were unable perform disulphide isomerisation 

functions [602, 639, 640]. BMC has been previously developed to mimic the           

disulphide interchange activity of PDI [629]. The findings outlined in this chapter 

demonstrate that the disulphide interchange activity of PDI is  necessary for its    

protective ability against ER stress, inclusion formation and cytoplasmic                   

localisation of mutant TDP-43, because each of these properties were lost when the 

PDI QUAD mutant was co-expressed in Neuro2a cells.  In contrast, the PDI QUAD 

mutant, which possesses only chaperone activity, reduced the proportion of mutant 

SOD1 expressing cells undergoing apoptosis and the proportion of mutant FUS    

expressing cells that induce ER stress or express mutant FUS in the cytoplasm.   

 

Mutations in SOD1 cause conformational changes that have been linked to the       

formation of intermolecular disulphide bonds between non-native cysteine            

residues that induce aggregation [646]. Furthermore, those SOD1 mutations with 

the highest propensity to aggregate are the most unstable, and cause the most           

aggressive and rapidly progressing form of ALS [647, 648]. The PDI QUAD         

mutant and the other PDI mutants (C2, C6, C26, A and A’) were not protective 
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against the formation of mutant SOD1 inclusions. This implies that the disulphide 

interchange activity of PDI is essential for its protection against mutant SOD1.    

Conversely, another study previously demonstrated that a similar PDI mutant with 

all four cysteine residues deleted (SXXS SXXS) was protective against mutant 

SOD1 G93A aggregation, demonstrated using biochemical western analysis          

although wild-type PDI was considerably more effective. However, HEK cells      

rather than neuronal cells were used in this study, and mutant SOD1 may be less 

prone to aggregation in these cells than in neuronal cells.  Similarly, neuronal cells 

might be more vulnerable than other cell types to the effect of inclusion  formation  

[533]. 

 

All cysteine deficient PDI mutants demonstrated similar properties to the PDI 

QUAD mutant.  Hence, mutation in a single cysteine residue of only one active site 

resulted in loss of protective effects of PDI against mutant SOD1. It has been         

previously demonstrated that PDI mutants in which mutation in a single residue in 

only one active site are less effective than wild-type PDI as catalysis of disulphide 

rearrangements is slowed.  Hence, a similar pattern may exist in this study [649]. 

The active site cysteine residues are clearly important in terms of PDI function  as 

they bind to misfolded proteins and therefore contribute to protein stabilization 

[506]. Hence, here PDI may bind to mutant SOD1 oligomers and hence reduce 

SOD1 misfolding, which would further inhibit the formation of inclusions. It should 

be noted that inclusions per se may not directly trigger cell death [650, 651].        

Consistent with this notion, other studies have suggested that the monomeric and 

oligomeric forms of misfolded ALS linked SOD1 are the actual toxic species to  

motor neurons [334]. Therefore, in future studies it would be worth examining the 

effect of PDI on SOD1 monomer or oligomer formation directly, to further              

understand the mode of protection  It is possible that PDI stabilises the formation 

of the SOD1 dimer via its disulphide interchange activity, in order to prevent     

monomerisation, oligomerisation and thus prevent inclusion formation. It would 

also be worthwhile to further probe the structural regions of PDI using site-directed 

mutagenesis, so that the protective properties could be further refined. These            
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investigations may be lead to the design of novel therapeutic compounds based on 

the protective properties of PDI. 

 

Although PDI is an ER chaperone and therefore inhibits protein misfolding, the PDI 

mutants with only chaperone activity, were not protective against ER stress induced 

by mutant SOD1. The reasons for this are unclear but may also relate to protein 

aggregation of mutant SOD1 as described above. Alternatively, the disulphide        

interchange activity of PDI may assist in the isomerisation and formation of             

disulphide bonds in other proteins, which may generally decrease the levels of stress 

within the ER. The substrate binding b and b’ domains of PDI which are essential 

for the chaperone activity of PDI bind to the hydrophobic regions of misfolded    

proteins However, complex isomerisation reactions that involve extensive             

conformational changes in the substrate require all of the PDI domains together 

[508], suggesting that the chaperone activity of PDI alone cannot protect against 

the load of misfolded proteins and induction of ER stress. Another possibility is that 

since mutant SOD1 interacts with PDI [447], this interaction could perturb the    

chaperone activity of PDI, rendering it non-functional. Also, mutant SOD1               

association and disruption of important ERAD proteins such as Derlin-1 could        

induce irreversible ER stress which could explain the loss of protective chaperone 

function [485]. Similar observations were made when examining the effect of PDI 

QUAD on inhibition of ER-Golgi transport in mutant SOD1 expressing neuronal 

cells. The PDI QUAD did not restore transport of VSVG, suggesting that the           

disulphide interchange activity of PDI is also necessary for this protective activity 

in neuronal cells. 

 

However, all PDI mutants were protective against the formation of apoptotic nuclei 

in cells expressing mutant SOD1. DNA fragmentation is considered as a late marker 

of apoptosis, hence these data suggest that the chaperone activity of PDI is              

protective during the final stages of apoptosis. However, it would be worthwhile 

also investigating the effect of mutant PDI constructs on early markers of apoptosis, 

such as activation of recruitment of Bax [572, 624] to  confirm the finding that the 
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chaperone activity of PDI is protective against apoptotic cell death. It remains       

unclear as to why the chaperone activity is protective however, it could be           

speculated that this mechanism is used by the cell as a last resort to restore cellular 

homeostasis. 

 

Mutant TDP-43 has been demonstrated to form aberrant, non-native disulphide 

bonds, which contribute to aggregation under cellular stress conditions in vitro 

[652]. Hence, it could be speculated that the disulphide interchange activity of PDI 

assists in preventing the formation of these mutant TDP-43 aggregates. This is      

consistent with the finding that the PDI QUAD mutant was not protective against 

ER stress, ER-Golgi transport defects and mislocalisation in the cytoplasm in        

mutant TDP-43 expressing cells. This implies that the non-native disulphide bonds 

in mutant TDP-43 produce aggregates that contribute to ER stress, ER-Golgi 

transport inhibition and mislocalisation to the cytoplasm. However, it should be 

noted that there was a slight, but non-significant decrease, in the proportion of      

mutant TDP-43 expressing cells displaying these cellular pathologies when the PDI 

QUAD was over-expressed. Further studies may be required to investigate this     

further because it is possible that the use of other assays, with greater sensitivities 

than the ones used here, may’ve resulted in more pronounced differences when PDI 

QUAD was overexpressed with mutant TDP-43. Therefore, we cannot completely 

eliminate the possibility that the chaperone activity has some protective effects 

against mutant TDP-43.  

 

However, contrasting results were obtained in cells expressing mutant FUS.  Over-

expression of PDI QUAD was protective against ER stress, ER-Golgi transport     

defects and mislocalisation of mutant FUS to the cytoplasm in these cells. TDP-43 

and FUS have similar structures and functions and they share some DNA/RNA    

targets [153].  However, they do bind to different sets of cytoplasmic mRNAs in 

neuronal cultures [653]. Hence, it could be speculated that the two proteins may be 

involved in pathology via different mechanisms.  
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FUS contains 4 cysteine residues but the presence of disulphide bonds in FUS has 

not  been demonstrated [654].  In preliminary experiments by our laboratory we 

could not detect the presence of disulphide bonds in FUS.  Hence, there is currently 

no evidence that the aggregation of FUS is linked to disulphide bond formation, 

unlike mutant TDP-43 and mutant SOD1. It is possible that the disulphide inter-

change activity of PDI is not necessary for its protective activity in cells expressing 

mutant FUS.  The differences between the results obtained for SOD1, TDP-43 and 

FUS imply that aberrant disulphide bonds could be primary drivers of pathology in 

cells expressing mutant SOD1 or mutant TDP-43, but this is not the case for FUS, 

revealing important differences in pathological processes in each case. FUS bears  

prion-like domain and its aggregation has been   previously linked to  the presence 

of this domain [655]. Furthermore, PDI interacts with prion-like misfolded           

proteins [656]. This implies that PDI acts as a general chaperone by binding to FUS 

via the prion-like domain and thus may exert its protective activity by refolding 

misfolded FUS proteins. However, the chaperone activity is not the only factor to 

consider since BMC was also protective in cells expressing mutant FUS.  Therefore, 

this finding suggests that the disulphide interchange activity of PDI is also essential 

for protection against mutant FUS. It could also be postulated that BMC is             

protective in an indirect way, such as by preventing the misfolding of other                

disulphide bonded proteins in cells expressing FUS, and thus overall improving 

disulphide bond formation in the cell.  

 

Our laboratory previously demonstrated that BMC was protective against mutant 

SOD1 aggregation and inclusion formation in cellular ALS models [483]. In          

preliminary studies, its importance was also validated in vivo, suggesting that PDI 

mimics may be relevant to disease pathology. In this study, BMC was protective 

against inhibition of ER-Golgi transport and ER stress in cells expressing  mutant 

SOD1, TDP-43 or FUS,  and it was also protective against mislocalisation of        

mutant TDP-43 or mutant FUS in the cytoplasm in cell culture. BMC possesses 

similar oxidoreductase properties and possess the equivalent reduction potential as 

that of the active site of PDI [629]. BMC could induce the efficient folding of        

protein substrates by acting as a direct catalyst and thus assisting the protein folding 
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machinery to reach a redox active state.  Administration of BMC may induce an 

oxidising environment in the cells as observed in vitro addition of 10 µm BMC 

increases the yield of native disulphide bonded proinsulin by two fold [657]. Also 

100 µm BMC increases the secretion of recombinant immunoglobins expressed in 

Chinese Hamster Ovary (CHO) cells [658]. Since BMC is a reducing agent it may 

also influence the mitochondrial redox potential. Furthermore the presence of BMC 

in the ER may be an important consideration for BMC to mimic the properties of 

PDI. One study demonstrated that administration of BMC increases the secretion 

of heterologous proteins in yeast cells and that BMC was able to enter the ER [629].  

 

Our findings show it mimics the same protective activities of PDI in cells                 

expressing mutant SOD1, TDP-43 or FUS. These results further validate that the 

disulphide interchange activity of PDI is protective in ALS. Hence it is possible that 

other mimics of PDI such as  active-site bis (cysteinyl) fragments may be beneficial 

against these ALS mutant proteins [630]. Furthermore, CGC peptide has been 

demonstrated to perform isomerisation functions in vitro [659]. However, a mono-

thiol analogue (CxxC) of BMC was inefficient in reducing protein aggregation    

suggesting that the presence of all four cysteine residues in the active site are         

necessary for the formation of native disulphide bonds [649, 660], which is            

consistent with the findings obtained here using the panel of PDI mutants BMC is 

not substrate specific, hence, administration of BMC may be creating a more           

reducing cellular environment. This in turn may facilitate more efficient disulphide 

bond formation and isomerisation by endogenous PDI, because PDI is known to 

require these conditions for activity [661]. 

 

PDI is a redox dependent chaperone, and cellular redox conditions also determine 

the oxidoreductase properties of PDI [538]. The oxidative environment of the ER 

assists PDI in the formation of disulphide bonds in proteins. However, during         

unfavourable conditions it becomes more reducing [662, 663]. Therefore, specific 

experiments should be conducted in the future to investigate how cellular redox 

conditions regulate PDI function in relation to SOD1, TDP-43 and FUS, and also if 
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or how this becomes altered during ALS, which would help elucidate the            

mechanism of action of PDI in this disorder. PDI may act as a redox-dependent 

switch, and it acts as a chaperone or an isomerase depending upon the redox          

conditions. Since the active cysteine residues are also redox defined by                   

post-translation modifications due to cellular stressors, this may also similarly      

regulate the chaperone or isomerase activity. Site-directed mutagenesis of PDI      

(removal of domains/modification of the redox active sites of PDI) could further 

assist in    understanding of the minimum requirements necessary for the protective 

activity of PDI, which would be beneficial in designing new therapeutics based on 

PDI’s function. Furthermore, to completely understand the mechanistic details of 

PDI function, the substrate specificity of PDI should also be investigated, since it 

binds non-specifically to aggregated proteins and assists in their native folding 

[539]. Furthermore, studies leading to identification of other proteins that interact 

with PDI, whether or how PDI collaborates with other ER residents, and                     

investigations of possible substitutive pathways for disulphide formation, are       

therefore warranted. The PDI family members are able to recompense for each other, 

and they may also assist in shedding light on the mechanisms of action of PDI, 

which is discussed further in Chapter 5. 

 

In summary, this study reveals that the disulphide interchange activity of PDI is an 

important feature of PDI activity in ALS, and it is protective in cells expressing 

mutant SOD1, TDP-43 and FUS in cellular models of ALS. Furthermore, the     

chaperone activity is also protective in the case of mutant FUS. Understanding the 

key features that mediate the protective activity of PDI may facilitate future studies 

that aim to develop therapeutic targets in protein misfolding disorders. The            

preliminary findings that BMC is protective in vivo add weight to this argument and 

investigations into the protective abilities of PDI mimics of PDI are therefore      

warranted.  
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Chapter 5 Examining the role of PDI 

family members ERp57 and ERp72 in 

ALS 
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5.1 Introduction  

The PDI family comprises of more than 21 members that share similar signal           

sequence, active site motif (CXXC) and at least one thioredoxin-like domain [505]. 

Although it is implied that all PDI family members possess the ability to rearrange 

disulphide bonds, only some members have been shown to actually  perform these 

physiological activities in vivo and the rest are associated to the PDI family through 

evolution rather than  function [664]. The PDI family members that possess             

disulphide interchange activity assist in the formation and isomerisation of               

disulphide bonds within protein substrates, thereby assisting proteins to achieve 

their  active confirmation in their fully folded states [665]. In addition, some      

members also possess chaperone-like activities and assist in the degradation of    

misfolded proteins [666]. PDI family members primarily vary in their substrate 

specificity and enzymatic activity due to their differing redox   potentials [535]. The 

enzymatic activity relies on the sequence of the active site generally, and the           

residues around the active site that modulate the cysteine  residues [666].  

 

Sequence alignment reveals that PDI family members ERp57 and ERp72 are the 

most similar to PDI [667, 668]. The PDI members that have been studied in most 

detail are ERp44, ERp18, ERdj5 and PDIp (Figure 5.1). ERp57 and PDIp share the 

same active site motif (CXXC), and the same domain architecture (a-b-b’-a’-c) 

with PDI. However, ERp57 mediates disulphide bond formation primarily in        

glycosylated proteins by interacting with the ER-resident lectins, calnexin or      

calreticulin [669]. Conversely, PDI can bind non-specifically to a large number of 

substrates, including non-glycosylated proteins [670].  PDIp is only expressed in 

pancreatic cells suggesting that it functions as a protein-folding catalyst for              

secretory digestive enzymes [671]. ERp72 is the second largest protein in the PDI 

family, which possess three catalytically active domains and has an overall (31%) 

sequence similarity to PDI [672]. Since PDI family members share sequence         

similarities with the archetype PDI, it is possible that ERp57 and ERp72, which are 

the closest homologues of PDI may have interchangeable and overlapping           

functions. Therefore, this chapter focuses on the role of the PDI family members 
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ERp57 and ERp72 and their effect on the pathological effects triggered by mutant 

SOD1, FUS and TDP-43 in neuronal cells. 

 

 

 

Figure 5.1 Schematic diagram of the most common PDI family members. 

Green represents the catalytic domains, a and a'. The domains coloured orange     

represent the non-catalytic b domains, and red represents the b’ domains that           

facilitate substrate binding. The sequence coloured white represents the linker        

region (x) which allows flexibility between domains.  Finally, the transmembrane 

region is represented in grey. ERp72 is the only PDI family member which has three 

catalytic domains. The third catalytic domain of ERp72 is termed ‘a°’ and is        rep-

resented here in blue. 

 

5.1.1 Endoplasmic Reticulum protein 57 (ERp57) 

ERp57, which is also known as PDIA3 or HIP-70, is the second most abundant 

soluble protein after PDI found in the ER. It can also localise in other non-ER      

compartments such as the cytosol, mitochondria, cell surface and the nucleus,        

under varied conditions [673]. It was first discovered in the hamster fibroblast cell 
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line K12 and it was originally named ‘glucose regulated protein (GRp58)’ since its 

expression increased after glucose depletion [674]. Encoded by the gene PDIA3, 

human ERp57 is situated on chromosome 15, and is 505 amino acids long, with a 

molecular weight of 57 kDa. ERp57 is ubiquitously distributed in most tissues    

however, it is expressed at considerably higher levels in secretory cells compared 

to other tissues [675]. ERp57 has an overall 33% sequence similarity with PDI    

making it the closest homologue. However, extremely low sequence similarity 

(17%) is observed in the substrate binding b’ domain [538, 676]. The redox             

potential, which determines the catalytic properties of ERp57, is less than that of 

PDI, making ERp57 more reducing in nature [677, 678]. ERp57 performs numerous 

activities such as accelerating the oxidative refolding of RNase B [678],                   

participating in the assembly of the major histocompatibility complex (MHC) class 

I peptide (independent of its enzymatic activity) [679], and folding and maturation 

of influenza heamagglutinin in association with the  chaperone tapasin [680, 681]. 

Recently, it was demonstrated that ERp57 assists peripheral nerve regeneration in 

ERp57 transgenic mice [682]. Predominately, like PDI, the main function of ERp57 

is an oxidoreductase to facilitate the isomerisation and formation of native                 

disulphide bonds in proteins [674].  

 

 

Studies have demonstrated that ERp57 also assists PDI and other PDI family      

members in protein folding, and that ERp57 reacts non-specifically with small       

ligands and some macromolecules [673]. ERp57 and PDI participate                         

simultaneously in the formation of disulphide-linked complexes with                        

thyroglobulin, during the production and isomerisation of its new disulphide bonds 

[683]. PDI and ERp57 are also crucial for the optimal folding of transferrin [684].   

Furthermore, knockdown of both PDI and ERp57 together leads to protein             

misfolding and impaired export of proteins such as α-fetoprotein from the ER in   

human hepatoma cells [685]. ERp57 has also been shown to interact with ERp27 

in a similar method ERp57 interacts with calreticulin. However, the exact cellular 

function of this interaction with ERp27 is unknown, although it is hypothesised to 

play a role in quality control of non-glycosylated proteins [686]. Deletion of ERp57 

using siRNA in fibroblasts does not induce ER stress, and neither is the oxidation 
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of glycoproteins affected [687]. However, ERp57 deficiency is lethal in mice at 

early embryonic stages, possibly due to modulation of signal transducer and            

activator of transcription 3 (STAT3) signalling [688].  

 

 

5.1.2 Structure of ERp57 

 

ERp57 contains four analogous domains to PDI (a-b-b'-a'). Most similarity (46%) 

to PDI is found between the a and a' domain, whereas there is lesser similarity 

(~20%) between the b and b' domains [689]. All the four domains together assist in 

the formation and isomerisation of disulphide bonds within the unfolded protein 

substrate [674]. Crystallographic studies reveal that the four domains of human 

ERp57 form a U-shaped struture, allowing the two terminal a and a’ domains to 

face each other and interact together with other proteins [684]. The two central      

domains of ERp57 b and b', form the binding site for calreticulin and calnexin [690]. 

However, the PDI substrate binding b’ domain is different to that of ERp57 in that 

it binds to small ligands and not these lectin chaperones [508]. The b and b' domains 

of ERp57 contain the basic residues K214, K274 and R282, which are highly 

conserved and are essential for binding to lectin-like chaperones [691]. The b 

domain of ERp57 interacts with the arm-like P-domains of calnexin and calreticulin 

[21]. For both ERp57 and PDI the oxidative and catalytic properties depends on 

charged glutamic acid and lysine residues, found near the active CGHC site [505]. 

 

 

 

5.1.3 Role of ERp57 in neurodegenerative diseases 

 

ERp57 has been linked to several neurodegenerative diseases. ERp57 has been      

detected  in the CSF of Alzheimer’s patients, where it physically associates and 

reduces the aggregation of β-amyloid peptides [692]. ERp57 and PDI were found 

to be up-regulated in two gene profile studies in cellular models of Parkinson         

Disease (PD), where they were identified as a global response to ER stress [693, 

694]. However, oxidation of  ERp57 due to oxidative stress causes accumulation of 
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high molecular weight ERp57-containing aggregates in PD in vitro models [695]. 

In prion disorders, misfolded prion proteins induce ER stress in neuronal cell         

cultures, and the levels of ERp57 correlate with the levels of prion misfolding [696]. 

However, ERp57 levels were inversely correlated with the degree of neuronal        

injury in murine models, suggesting ERp57 has a  protective role against prion     

neurotoxicity [696]. ERp57 has also been previously linked to ALS. Both ERp57 

and PDI are up-regulated during ER stress in transgenic SOD1G93A mice, and also 

in lumbar spinal cord tissues and CSF of sALS patients [470]. PDI and ERp57 were 

also identified as potential biomarkers for ALS using peripheral blood mononuclear 

cells [530]. Recently, missense variants in the PDIA1 and ERp57 genes were         

detected in ALS patients using exome sequencing, suggesting a  possible               

contribution of these genetic mutations to disease pathology [697]. 

 

 

5.1.4 Endoplasmic reticulum protein 72 (ERp72) 

 

ERp72 is a 72 kDa protein which is predominately found in the lumen of  the ER, 

but it has also been detected on the cell membrane [668, 698]. ERp72 is also known 

as protein disulphide isomerase 4 (PDIA4) or calcium binding protein (CaBP2) 

[699]. It is the only member of the PDI family with three catalytic domains           

(containing active site residues, CGHC), thus it possesses similar redox properties 

to PDI and ERp57 [700]. The catalytic domain  (a and a’) of ERp72 is similar to 

PDI, showing 48% sequence similarity, but overall ERp72 has lower sequence     

similarity to PDI [672, 701]. ERp72 has an overall structural similarity of 40% with 

ERp57 (more than ERp57 has with PDI), and it may also substitute for ERp57 in 

the folding of specific proteins [687], although it does not bind to glycoproteins. 

Because ERp72 has interchangeable activities with ERp57, it has been suggested 

to compensate for deficiency of ERp57 in knockout cells [702]. The similarities 

observed between PDI and ERp57 imply that ERp72 has a role in the rearrangement 

of disulphide bonds. Furthermore, ERp72 has been detected in complexes with class 

II MHC and it may therefore assist in the assembly of these molecules [703]. ERp72 

is part of a large complex of chaperones, including PDI and BiP, which forms an 

ER network that binds to unfolded protein substrates, instead of existing as free 



   Chapter 5  

 

 

161 
 

molecules [704]. ERp72 is important for the isomerisation of disulphide bonds in 

bovine pancreatic trypsin inhibitor [705], and it associates with                                   

transporter associated with antigen processing (TAP), and assists TAP in             

transporting peptides to ER [700]. ERp72 also associates with BiP and together the 

ERp72-BiP complex assists in the folding of apolipoprotein B [706]. 

 

 

5.1.5 Structure of ERp72  

 

The structure of ERp72 is composed of five thioredoxin-like domains (a°-a-a'-b-

b') , and the conserved CGHC motif is found in all three active catalytic domains, 

a°, a and  a' [691]. The non-catalytic domains b and b' bind substrates, although not 

much information is available regarding the substrate specificity of ERp72.         

Analysis from small angle x-ray scattering studies in rat suggests that the structure 

of ERp72 adopts a crescent shape, where the a° domain is situated in the same plane 

as the other two catalytic domains a and a’ [672]. The a' domain of ERp72 is struc-

turally similar to the a’ domain of PDI (48%) [707], whereas the a°  domain of 

ERp72 is more analogous to the a domain of PDI, (54% identity, rather than the a’ 

domain of PDI. This implies that duplication of the a domain may have occurred 

during evolution [672]. Following the a° domain  is a repetitive  stretch of aspartic 

acid and glutamic acid residues, which are responsible for    binding to calcium ions 

and positively charged ER substrates [699]. The non-catalytic b and b' domains of 

ERp72 are 22% and 35% similar to the b and b’ domains of ERp57 [707]. ERp72 

does not bind to lectin chaperones as it lacks  positive residues in the bb' fragment, 

which are responsible for binding of  substrates [707]. The C-terminus of ERp72 

consists of negatively charged residues similar to PDI [510]. It possess a KEEL 

sequence instead of the conventional KDEL sequence for ER retention [708].   

 

 

5.1.6 Aim 

 

The PDI family members ERp57 and ERp72 have structural and functional           

similarities to PDI, but they have not been studied before in relation to protection 



   Chapter 5  

 

 

162 
 

in ALS. However it could be hypothesized that they might be protective against 

mutant SOD1, TDP-43 and FUS, due to their similarity to PDI. The aim of the 

studies described in this chapter was to investigate the role of PDI family members 

ERp57 and ERp72 in ALS. Studies were performed in which the effect of ERp57 

in neuronal cells expressing mutant SOD1 was examined. The findings of these 

experiments, that ERp57 was protective against mutant SOD1 inclusion formation, 

ER stress and apoptosis, is presented as a manuscript in the (Supplementary Figure 

6). Investigations into whether ERp57 and ERp72 were protective in cells                

expressing mutant FUS or TDP-43 are presented below. In all of these studies,       

catalytically inactive mutants of ERp57 and ERp72 were also examined, to provide 

insights into the mechanism of these proteins in their protective activities.  
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5.2 Results  

 

5.2.1 Expression of ERp57 and ERp72 constructs in Neuro2a cells. 

 

Previously generated pcDNA3.1(+) constructs encoding wild-type ERp57,  mutant 

ERp57 (C24A_ERp57), wild-type ERp72 or  mutant ERp72 (C26A_ERp72) were 

a generous gift from Dr Neil Bullied, Glasgow, UK [536].  The mutant constructs 

contain mutations in the active site of either ERp57 or ERp72, where the second 

cysteine residue of each catalytic domain is mutated to alanine (CGHC - CGHA). 

In C24A_ERp57 one cysteine residue in both the a and a’ domains were mutated 

to alanine, whereas in C26A_ERp72, cysteine residues of only two of the catalytic 

domains, a° and a’, were mutated to alanine (Figure 5.2 A). 

 

 

Neuro2a cells were transfected with ERp57 and ERp72 and examined at 72 hr post 

transfection. The cells were fixed and then probed with anti-V5-tag and                     

anti-calreticulin antibodies using immunocytochemistry. The subcellular                   

localization of wild-type ERp57, C24A_ERp57, ERp72 wild-type and 

C26A_ERp72 expressed in these cells was examined using confocal fluorescent 

microscopy (Figure 5.2.B).  Both wild-type and mutant forms of ERp57 and ERp72 

co-localised with ER marker calreticulin, thus confirming their subcellular                

localisation in the ER, as expected. These data also demonstrate that the cysteine 

mutations do not alter the cellular localisation of C24A_ERp57 or C26A_ERp72. 
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Figure 5.2 Expression of ERp57 and ERp72 in Neuro2a cells A) Schematic     

representation of wild-type ERp57, C24A_ERp57, wild-type ERp72 and 

C26A_ERp72.The active site residues CGHC in the catalytic a and a’ domains, 

which are shown in green, were mutated to CGHA in the construct expressing 

C24A_ERp57. Similarly, cysteine residues of catalytic domains a° and a’, were 

mutated in the construct expressing same C26A_ERp72, as shown in blue and 

green. Numbers represent the position in the amino acid sequence on the active site 

residues. B) Confocal microscopy images of wild-type and mutant forms of ERp57 

and ERp72 expressed in Neuro2a cells. ERp57 and ERp72 expressing cells were 

examined after 72 hr post-transfection and the cells were fixed and then probed with 

anti-V5-tag (first column) and anti-calreticulin (second column) antibodies using 

immunocytochemistry. The third column is a merge of the fluorescent images        

obtained from immunocytochemistry using anti-V5 and anti-calreticulin antibodies. 

Scale bar = 10µm. 

 

 

5.2.2 Over-expression of ERp57 is protective against ALS mutant SOD1 ex-

pressed in neuronal cell culture. 

The results of this section are discussed in the manuscript “ERp57 protects against 

toxicity induced by mutant SOD1 in ALS”. The author performed all the                  

experiments described in the manuscript except where acknowledgments are made.  

This manuscript is presented in the (Supplementary Figure 6) to this chapter. 

 

 

5.2.3 Over-expression of ERp72 is not protective against mutant SOD1             

inclusion formation in neuronal cultures. 

This result was obtained as a part of the author’s Masters Research study, and hence 

is only presented for reference and comparison. The author examined whether over-

expression of ERp72 was protective against mutant SOD1 inclusion formation. 

ERp72 was co-expressed with SOD1 in neuronal cell lines (NSC-34 and Neuro2a) 

following the same procedures as for PDI, as outlined in Chapter 4. Unlike the       

results obtained for PDI, no decrease in the number of transfected cells forming 

inclusions was observed when ERp72 was co-expressed with mutant SOD1A4V and 
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SOD1G85R.  Hence these data imply that ERp72 is not protective against mutant 

SOD1 inclusion formation. 

 

 

5.2.4 Over-expression of ERp57 and ERp7 is protective against mutant FUS 

induced ER stress in neuronal cultures. 

 

In chapter 4 it was previously established that over-expression of either wild-type 

PDI or the PDI QUAD was protective against ER stress induced by mutant FUS. 

Therefore, it was examined whether PDI family members ERp57 and ERp72 were 

also protective against ER stress induced by mutant FUS. Neuro2a cells were       

transfected with wild-type FUS (FUS-WT) or mutant FUS (R522G) and                   

co-transfected with either wild-type ERp57, C24A_ERp57, wild-type ERp72 or 

C26A_ERp72. Immunocytochemistry was performed using anti-HA antibodies to 

detect FUS expression and anti-CHOP antibodies to detect ER stress. Transfected 

cells were observed 72 hr post transfection using fluorescence microscopy to         

detect nuclear CHOP immunoreactivity as a marker of induction of ER stress (Fig-

ure 5.3 A).  

 

 

Only 11% of untransfected cells were found to display nuclear CHOP                         

immunoreactivity. Similarly, in wild-type FUS expressing cells, few cells (11%) 

cells expressed CHOP in the nucleus. However, in contrast, 67% of cells                   

expressing mutant FUS R522G displayed nuclear CHOP immunoreactivity (Figure 

5.3 B), but this was significantly reduced to 43% (p<.01) upon co-expression with 

wild-type ERp57. Hence ERp57 is protective against ER stress induced by mutant 

FUS.  Similarly, when wild-type ERp72 was co-expressed with mutant FUS 

R522G, significantly fewer cells (48%, p<.05) displayed nuclear CHOP   immuno-

reactivity, indicating that ERp72 is also protective against ER stress induced by 

mutant FUS. Next, C24A_ERp57 and C26A_ERp72 were over-expressed with 

FUS R522G.  Similar to wildtype ERp57, significantly fewer cells co-expressing 

C24A_ERp57 with FUS displayed nuclear CHOP immunoreactivity (44% p<.01) 

compared to cells expressing vector alone. In contrast, no significant difference in 
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nuclear CHOP immunoreactivity was observed between cells co-expressing 

C26A_ERp72 (66%) and those expressing vector only. These results suggest that 

wild-type ERp57, C24A_ERp57 and wild-type ERp72 are protective against ER 

stress-induced by mutant FUS. 
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Figure 5.3 Over-expression of wild-type ERp57, C24A_ERp57 and wild-type 

ERp72 reduces CHOP activation induced by mutant FUS in Neuro2a cells. A) 

Immunofluorescence images of Neuro2a cells co-expressing mutant FUS R522G 

with ERp57 and ERp72. Neuro2a cells expressing wild-type FUS (first panel) or 

mutant FUS R522G (second panel), which induces nuclear CHOP expression     

(middle panel), indicating activation of the UPR, as indicated by the white arrow. 

On co-expressing wild-type ERp57, C24A_ERp57 or wild-type ERp72 with FUS 

R522G, fewer cells displayed nuclear CHOP expression and hence ER stress (third, 

fourth and fifth panel). However, on co-expressing C26A_ERp72 with FUS R522G 

there was no significant difference in nuclear CHOP immunoreactivity to cells       

expressing vector only (sixth panel). White arrows indicate nuclear CHOP                

immunoreactivity, as marker of ER stress. Scale bar = 10 µm. B) Quantification of 

cells with nuclear CHOP immunoreactivity induced by mutant FUS, co-expressed 

with ERp57 or ERp72. A significant difference (**) in the proportion of cells         

displaying nuclear CHOP immunoreactivity was observed when FUS R522G was 

co-expressed with ERp57 (wild-type or mutant) or (*) co-expressed with ERp72. 

For each of 3 replicate experiments, 100 cells were scored for each population. Data 

are presented as mean ± SEM, tested with one-way ANOVA and Tukey's post-

test, n = 3. Where *p<.05, **p<.01. 

 

 

5.2.5 Over-expression of ERp57 and ERp72 is protective against mutant FUS 

mislocalisation into the cytoplasm in neuronal cultures.  

 

After observing that wild-type ERp57, C24A_ERp57 and wild-type ERp72 were 

protective against ER stress induced by mutant FUS, the cellular distribution of 

FUS (cytoplasmic or nuclear) was next examined. Neuro2a cells were                         

co-transfected with wild-type FUS (FUS-WT) or mutant FUS (R522G) and either 

wild-type ERp57, C24A_ERp57, wild-type ERp72 or C26A_ERp72.                         

Immunocytochemistry was performed using anti-HA antibodies to detect FUS       

expression, and anti-V5 antibodies to detect ERp57 and ERp72 expression.        
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Transfected cells were observed 72 hr post transfection using fluorescence               

microscopy (Figure 5.4 A). 

 

 

Consistent with earlier reports as expected only 19% of vector only transfected 

Neuro2a cells expressed FUS in the cytoplasm [487]. Conversely, significantly 

more (66%) R522G mutant cells displayed FUS expressed in the cytoplasm.       

However, significantly fewer cells expressed cytoplasmic FUS when wild-type 

ERp57 47% (p<.01) or wild-type ERp72 49% (p<.01) was co-expressed with        

mutant FUS. Hence these data reveal that ERp57 and ERp72 are protective against 

the mislocalisation of mutant FUS to the cytoplasm. Similarly, over-expression of 

C24A_ERp57 was also protective, as it significantly reduced the proportion of cells 

expressing mutant FUS in the cytoplasm to 49% (p<01). However, in contrast 

C26A_ERp72 did not reduce the proportion of cells with cytoplasmic FUS: there 

was no significant difference between the proportions of vector only transfected 

cells expressing mutant FUS compared to cells expressing C26A_ERp72 (64%) 

(Figure 5.4 B). Hence these data suggest that the chaperone activity of ERp57, but 

not ERp72, is protective against the mislocalisation of mutant FUS to the                  

cytoplasm.  

 

  



   Chapter 5  

 

 

171 
 

 

 

 

 

 

 

 

 

  

            HA                      V5                NUCLEI         MERGE 

FUS-WT 

 

R522G  

 

 

R522G+ERp57 wt 

 

 

R522G+ERp57 mut 

 

 

R522G+ERp72 wt 

 

 

R522G+ERp72 mut 

 

B 

 

A 

 



   Chapter 5  

 

 

172 
 

Fig 5.4 Wild-type ERp57, C24A_ERp57 and wild-type ERp72 decrease the 

proportion of cells with FUS localisation in the cytoplasm. A)                                 

Immunofluorescence images of Neuro2a cells co-expressing mutant FUS R521G 

with ERp57 and ERp72. Neuro2a cells expressing wild-type FUS (first panel) or 

mutant FUS R522G (second panel) in the cytoplasm, as indicated with a white        

arrow. On overexpressing wild-type ERp57, C24A_ERp57or wild-type ERp72 

fewer cells expressed mutant FUS in the cytoplasm (third panel, fourth and fifth 

panel). However, co-expression of mutant ERp72 with R522G had no effect on the 

proportion of cells with cytoplasmic mutant FUS (sixth panel). Scale bar = 10 µm. 

B) Quantification of cells in (A) co-expressing mutant FUS with ERp57 or ERp72 

and displaying cytoplasmic localisation of FUS. A significant difference (**) in the 

proportion of cells expressing cytoplasmic FUS was observed when R522G cells 

were co-expressed with ERp57, wild-type ERp72 or C24A_ERp57. For each of 3 

replicate experiments, 100 cells were scored for each population. Data are presented 

as mean ± SEM, tested with one-way ANOVA and Tukey's post-test, n = 3. Where 

*p<.05. **p<.01 and ***p<.001. 

 

 

The author supervised an Honours student who examined whether ERp57 and 

ERp72 was protective against ER stress and mislocalisation of TDP-43 in the          

cytoplasm in mutant TDP-43 expressing cells.  The following results, presented in 

sections 5.2.6 and 5.2.7, were performed by Honours student Emma Perri, under 

the supervision of the author. 

 

 

5.2.6 Over-expression of ERp57 and ERp72 are protective against mutant TDP-

43 induced ER stress in neuronal cultures.  

 

 

The effect of ERp57 and ERp72 on ER stress induced by mutant TDP-43 was         

examined in neuronal cell culture. Neuro2a cells were transfected with wild-type 

TDP-43 (TDP-43 WT) or mutant TDP-43 (Q331K) and cotransfected with either 

wild-type ERp57, C24A_ERp57, wild-type ERp72 or C26A_ERp72. XBP-1 was 
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used as a marker of ER stress. Immunocytochemistry was performed using anti-

XBP-1 antibodies, where nuclear immunoreactivity to XBP-1 was indicative of ER 

stress. Transfected cells were observed 18 hr post transfection using fluorescence 

microscopy (Figure 5.5 A). 

 

 

XBP-1 nuclear immunoreactivity was rarely detected in untransfected cells (UTR) 

(4% cells). Similar results were obtained when cells were transfected with empty 

vector mCherry as a control: nuclear immunoreactivity to XBP-1, indicating           

induction of ER stress, was present in only 5% cells. In cells expressing wild-type 

TDP-43, a slight, but non-significant activation of XBP-1 was detected in 16% of 

transfected cells. In contrast, in cells expressing Q331K, the proportion of cells with 

XBP-1 activation increased significantly to 39% (p<.01), as expected (Chapter 3). 

However, in cells co-expressing wild-type ERp57 and Q331K, there was a             

significant decrease in the proportion of cells with ER stress, as  only 23% (p<.05) 

of these cells displayed  nuclear XBP-1 immunoreactivity. Whereas, co-expression 

of C24A_ERp57 with TDP-43 Q331K did not significantly reduce the proportion 

of transfected cells with XBP-1 activation (39%) compared to vector only           

transfected cells. Conversely, there was a significant decrease in the proportion of 

cells co-expressing wild-type ERp72 and mutant FUS with nuclear XBP-1              

immunoreactivity, compared to cells transfected with mutant FUS and vector only 

(23% p<.05). However, there was no significant difference between the proportion 

of cells co-expressing C26A_ERp72 and TDP-43 Q331K with nuclear XBP-1       

immunoreactivity compared to those expressing TDP-43 Q331K and vector only 

(Figure 5.5 B). These results indicate that both wild-type ERp57 and wild-type 

ERp72 are protective against ER stress induced by mutant TDP-43. However,       

neither C24A_ERp57 nor C26A_ERp72 are protective, indicating that the                

disulphide interchange activity of both ERp57 and ERp72 are necessary for this 

activity. 
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Figure 5.5 Over-expression of wild-type ERp57 and wild-type ERp72 reduces 

the proportion of Neuro2a cells with nuclear XBP-1 immunoreactivity. A)      

Immunofluorescence images of cells co-expressing mutant TDP-43 Q331K with 

ERp57 or ERp72. Neuro2a cells expressing empty vector only (first panel), wild-

type TDP-43 (second panel), or mutant TDP-43 Q331K (third panel) are shown.  

Nuclear XBP-1 immunoreactivity induced by mutant FUS (middle panel) is             

indicated by white arrows. On co-expressing wild-type ERp57 or wild-type ERp72 

with TDP-43 Q331K fewer cells displayed nuclear XBP-1 immunoreactivity       

compared to cells transfected with TDP-43 Q331K and vector only (fourth panel 

and sixth panel). However, on co-expressing C24A_ERp57 or C26A_ERp72 with 

TDP-43 Q331K there was no significant difference in  the proportion of cells with  

nuclear XBP-1 immunoreactivity compared to cells transfected with TDP-43 

Q331K and vector only (fifth panel and seventh panel).White arrows indicate         

nuclear XBP-1 immunoreactivity, indicating induction of  ER stress. Scale bar = 10 

µm. B) Quantification of mutant TDP-43 Q331K cells with nuclear XBP-1              

immunoreactivity co-expressing either ERp57 or ERp72. A significant difference 

in the proportion of cells displaying nuclear XBP-1 (*) immunoreactivity was        

observed when ERp57 or ERp72 (wild-type) was co-expressed with TDP-43 

Q331K. For each of 3 replicate experiments, 100 cells were scored for each           

population. Data are presented as mean ± SEM, tested with one-way ANOVA and 

Tukey's post-test, n = 3. Where *p<.05, **p<.01 and ***p<.001. 
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5.2.7 Over-expression of ERp57 and ERp72 are protective against mislocalisation 

of mutant TDP-43 into the cytoplasm in neuronal cells 

 

Neuro2a cells were co-transfected with wild-type TDP-43 or mutant TDP-43 

(Q331K) and either wild-type ERp57, C24A_ERp57, wild-type ERp72 or 

C26A_ERp72. Immunocytochemistry was performed using anti-V5 antibodies to 

detect ERp57 and ERp72 expression. Transfected cells were observed 72 hr post 

transfection using fluorescence microscopy (Figure 5.6 A).  

 

 

In Neuro2a cells expressing wild-type TDP-43, only 6% of transfected cells          

displayed cytoplasmic localisation of TDP-43, whereas in TDP-43 Q331K               

expressing cells, this proportion was significantly increased to (19%, p<.001) of 

transfected cells. However, in cells co-expressing Q331K with wild-type ERp57, 

significantly fewer transfected cells expressed TDP-43 in the cytoplasm (10%, 

p<.01), in comparison to cells expressing Q331K alone. Similarly, there was a       

significant reduction (13%, p<.05) in the proportion of cells with cytoplasmic TDP-

43 when mutant Q331K was co-expressed with wild-type ERp72. However, co-

expression of TDP-43 Q331K with either C24A_ERp57 or C26A_ERp72 did not 

significantly reduce the proportion of transfected cells with cytoplasmic                    

localisation of TDP-43 (20%, Figure 5.6 B). These data reveal that both wild-type 

ERp57 and ERp72 are protective against mutant TDP-43 mislocalisation to the       

cytoplasm. However, C24A_ERp57 and C26A_ERp72 were not protective against 

cytoplasmic localisation of TDP-43, thus implying that the disulphide interchange 

activity is necessary for this activity.  
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Fig 5.6 ERp57 and ERp72 reduce the proportion of cells with TDP-43                

localisation in the cytoplasm. A) Immunofluorescence images of Neuro2a cells 

co-expressing mutant TDP-43 Q331K with ERp57 or ERp72. Neuro2a cells            

expressing wild-type TDP-43 (first panel) displayed mainly nuclear TDP-43            

localisation whereas more mutant TDP-43 Q331K expressing cells were localised 

in the cytoplasm (second panel), as indicated with white arrow. On co-expressing 

wild-type ERp57 or wild-type ERp72 with Q331K, fewer cells displayed                 

cytoplasmic TDP-43 distribution (third panel and fifth panels). However,                 

co-expressing Q331K with either C24A_ERp57 or C26A_ERp72 cells did not 

change the proportion of cells with cytoplasmic TDP-43 (fourth panel and sixth 

panel). Scale bar = 10 µm.  B) Quantification of cells in (A), displaying cytoplasmic 

distribution of mutant TDP-43. A significant difference in the proportion of cells 

displaying cytoplasmic TDP-43 was observed when Q331K cells were expressed 

with wild type ERp57 (**) or with (*) wild-type ERp72, but not C24A_ERp57 or 

C26A_ERp72. For each of 3 replicate experiments, 100 cells were scored for each 

population. Data are presented as mean ± SEM, tested with one-way ANOVA and 

Tukey's post-test, n = 3. Where *p<.05. **p<.01 and ***p<.001. 
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5.3 Discussion 

It was previously demonstrated in chapter 4 that over-expression of PDI is              

protective against mutant TDP-43 and FUS in neuronal cultures. Furthermore,       

experiments performed by our laboratory demonstrated that PDI is non-functional 

due to S-nitrosylation as observed in ALS patients which may contribute to  disease 

progression [483]. Since, PDI is the prototype of the PDI family which comprises 

of proteins with similar structure and functions [664]. In this study the role of the 

other most extensively studied family members ERp57 and ERp72 was observed. 

Due to the similarities between these proteins and PDI it was interesting to                

investigate their role against mutant SOD1, TDP-43 and FUS. The study focussing 

the role of ERp57 on mutant SOD1 induced toxicity in cell culture is presented as 

a separate manuscript and is not a part of this discussion below. 
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Table 5.1 Summary of the effect of wild-type ERp57 and C24A_ERp57 against 

mutant TDP-43 and FUS in neuronal cell lines and the effect of ERp72 wild-type 

and C26A_ERp72 against mutant TDP-43 and FUS in neuronal cell lines. 

 

 

To investigate whether ERp57 had similar protective function as that of PDI, ERp57 

was co-expressed with mutant FUS. In this study it was demonstrated that ERp57 

is protective against ER stress and mislocalisation induced by mutant FUS and 

TDP-43 in neuronal cell cultures. Since, ERp57 is also found in the nucleus and 
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cytosol it could interact with the predominately nuclear localised proteins TDP-43 

and FUS accessible in non-ER locations [709]. Additionally, ERp57 in the               

cytoplasm has been postulated to protect against oxidative stress which could        

further prevent mislocalisation of mutant TDP-43 and FUS into the cytoplasm 

[710]. Another possible mechanism through with ERp57 could be protective is by 

directly interacting with them as it has been shown to participate in regulatory 

events in the nucleus where it was found to associate with several transcription     

factors [710, 711].  

 

 

Furthermore, co-expression of either wild-type or C24A_ERp57 was protective 

against ER stress and mislocalisation into the cytoplasm in cells expressing mutant 

FUS. The mutation in the active site of C24A_ERp57 did not hinder its protective 

ability against mutant FUS. The data implies that with mutant FUS the chaperone 

activity along with the disulphide interchange activity of ERp57 plays a protective 

role. Since there is absence of disulphide bonding in FUS protein the chaperone 

activity of ERp57 could assist in reducing the detrimental effects of mutant FUS 

[628].  ERp57 is upregulated during ER stress in ALS [709]. Therefore, ERp57 

could be preventing the aggregation of misfolded mutant FUS proteins by              

functioning as a holdase and assist in the degradation of misfolded proteins. This 

data is also similar to observation made in Chapter 4 where mutant PDI QUAD 

which had mutation in the active site of PDI was also protective against FUS          

pathology. 

 

 

The effect of ERp57 on mutant TDP-43 induced ER stress and mislocalisation was 

different from FUS. Co-expression of wild-type ERp57 significantly reduced ER 

stress and mislocalisation of mutant TDP-43 into the cytoplasm. However, 

C24A_ERp57 was not protective against ER stress and cytoplasmic TDP-43            

localisation in cells expressing mutant TDP-43. Co-expression of C24A_ERp57 

with mutant TDP-43 had similar or more devastating effect than mutant TDP-43 

co-expressed with empty vector which suggests that mutation in a single cysteine 

residue of the active site could make ERp57 non-functional. This result is in             
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accordance with the observation that against mutant TDP-43 the mode of action of 

protection is through the disulphide interchange activity. Since the cysteine residues 

in TDP-43 could cross-link during stress and could alter conformations and         

function of proteins [569]. Hence, it is tempting to speculate that protection by 

ERp57 is a cellular response to prevent further aggregation of abnormally                  

disulphide bonded and misfolded TDP-43 a mechanism similar to mutant SOD1. 

Furthermore it also validates the result obtained with BMC which only has the         

disulphide interchange activity and catalyses reactions like PDI in protection 

against mutant TDP-43 and mutant SOD1 [712].  

 

 

The presence of three active sites in ERp72 makes it exclusive amongst PDI        

family members and a potential candidate in mimicking the role of PDI.  ERp72 

was co-expressed with either mutant FUS or TDP-43 and the effect on ER stress 

and mislocalisation was observed in neuronal cell cultures. It was observed that 

wild-type ERp72 was protective against mutant TDP-43 and FUS. However, co-

expressing with C26A_ERp72 had no effect on mutant TDP-43 or FUS expressing 

cells. This ER chaperone may  be reducing the load of misfolded proteins and          

reducing stress as it is involved in the disulphide bond oxidation and isomerisation 

and has also been confirmed in vitro [713]. ERp72 is more similar to ERp57, since 

many of the residues that are implicated in ERp57 are conserved in ERp72. This 

suggests that ERp72 could be compensating the function of ERp57 or   indirectly 

PDI. It could also associate and modulate the redox state of ERdj5 which is a major 

regulator of the degradation of misfolding proteins in the ER [714, 715]. Or could 

be protective via a network of chaperone in a multi protein complex and interact 

with misfolded proteins [704]. However, since the C26A_ERp72 was not protective 

other contributing factors such as substrate    specificity, redox conditions, cellular 

localisation and abundance in the cell could also play a role in the protection. 

 

 

Although ERp57 and ERp72 were protective against mutant TDP-43 and FUS in 

neuronal cell lines, interaction with these proteins is warranted. ERp57 interacts 

with glycosylated substrates contrarily ERp72 substrate specificity is still unclear 
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[716]. A study reported endogenous protein substrates of PDI family members        

including PDI, ERp72, ERp57, ERp18, ERp46 and PDIA6 using active site            

cysteine trapping mutants to isolate PDI proteins that had formed mixed  disulphide 

bonds with substrates, and demonstrated that the different PDI family members 

have different substrate specificities [535]. Furthermore, both PDI and ERp57 had 

broader substrate specificity than ERp72 [535]. However, TDP-43 and FUS have 

never been studied as potential substrates of PDI family members. It would be         

intriguing to observe whether ERp57 or ERp72 colocalise with TDP-43 and FUS 

inclusions in patients tissues and provide a cellular defence. It could also be useful 

to perform immunoprecipitation studies to examine whether ERp57 or ERp72 

forms complexes with mutant TDP-43 or FUS. Further detailed investigation of the 

substrate specificity of the PDI family members can be beneficial in understanding 

their specific functions. 

 

 

To understand the mechanism of action of these proteins, more specific approach 

could be utilised. Since induction of XBP-1, an early ER stress marker was used to 

study mutant TDP-43 co-expression with ERp57 and CHOP a late apoptotic marker 

was observed for mutant FUS co-expression with ERp72. Other ER stress markers 

such as BiP, ATF6, and PERK could be studied to understand the occurrence of 

induction of these ER chaperones which would further help in understanding the 

mechanism of action.  Also observing the effect of ERp57 and ERp72 under           

different stressors such as oxidative stress in cellular models could provide insight 

into the mechanism of action.  

 

 

It is probable that like PDI, ERp57 and ERp72 could also be non-functional during 

disease state. Evidence suggests that both ERp57 and ERp72 have the presence of 

phosphorylation sites and ERp57 could be phosphorylated on the tyrosine and 

ERp72 on serine residues [717-719]. Additionally, PDI plays an important role in 

oxidising the other PDI family members such as ERp57 via the ERo1α pathway and 

accelerates formation and isomerisation of disulphide bonds in substrates [720]. It 
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could be postulated that loss of function of PDI could affect the function ERp57 

and ERp72 during disease state. 

 

 

A detailed investigation of the role of the other PDI family members is also           

warranted following the outcome of this study. Since PDI family members           

complement and overlap each other’s function a thorough investigation on          

structures of PDIs in complex with their substrates or functional partners is essential 

for fully understanding how PDIs fulfil their distinguished functions to maintain 

cellular homeostasis.  ERp27 which lacks the catalytic domains but the b’ domain 

is identical PDI and assists in binding misfolded proteins should also be                      

investigated to understand which key domain is important in protection [686].  

 

 

In summary, in this study it was demonstrated that ERp57 and ERp72 protect 

against mutant TDP-43 and FUS induced ER stress and cytoplasmic localisation in 

neuronal cells. It was further demonstrated that the mode of action of protection is 

different among PDI family members. The disulphide interchange activity of 

ERp57 is important for protecting against mutant TDP-43 pathology. Whereas, 

C24A_ERp57 with most chaperone activity was protective against mutant FUS      

induced ER stress and cytoplasmic distribution. Another ER chaperone, ERp72 was 

also protective against mutant TDP-43 and FUS pathology. PDIs undergo                

significant dynamics in conformation and cellular localization in response to         

various conditions and situations. Therefore, further investigation of these ER      

proteins could help in elucidating ER stress and also the functions of other PDI 

family members. This study also suggests that like PDI, other members of the PDI 

family may also have specific roles in protein misfolding and protection against 

ALS pathology. 
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6.1 Introduction  

Traditionally, PDI is recognised as being resident within the ER, where it is  highly 

expressed, with ER concentrations of 0.2–0.5 mM range [721]. The oxidising        

environment of ER lumen provides an ideal condition for protein  folding and post-

translational modifications for the efficient functioning of PDI [722]. Indeed, PDI 

is retained in the ER lumen due to the presence of a short   signal peptide at the N-

terminus and a classic Lys-Asp-Glu-Leu (KDEL) motif at the C-terminus end [582]. 

The KDEL tagged PDI is retrieved back into the ER via a retrograde pathway 

through non-covalent interaction with the KDEL receptors localised on the ER and 

cis-Golgi membrane [723]. However, various reports have identified roles for PDI 

in other cellular locations, where important functions have been ascribed. 

 

6.1.1 PDI in Non-ER locations 

The exact mechanism by which PDI escapes from the ER is poorly defined.         

However, numerous theories have been proposed, related to redox modulation,      

saturation of the ER-retention machinery or removal of the KDEL sequence [510]. 

PDI acts as a reductase in non-ER locations, including the cytosol, endosomes, and 

plasma membrane, due to the reducing environment of these cellular locations.  

Specific functions of PDI have been described in these locations [724]. For example, 

in the cytosolic fraction of human liver cells, PDI is involved in the metabolism of 

insulin [725]. PDI is also expressed in the cytoplasm in leukocytes and          

megakaryocytes, although the concentrations of cytosolic PDI are considerably 

lower than the levels of ER-localized PDI found in other cells [726]. Cytoplasmic 

PDI is observed in glial astrocytes, where PDI regulates actin polymerisation [727]. 

PDI is also present on the cell surface, although the exact mechanism of how PDI 

positions itself on the membrane is unclear. However, electrostatic charges have 

been implicated in this process [728]. Cell surface PDI is involved in cell signalling 

through interaction with membrane receptors. The thioredoxin like domains of PDI 

assist in catalysis of disulphide bonds in  lymphocytes [729, 730].  

 



   Chapter 6 

 

 

187 
 

Cell surface PDI is also involved in adhesion of leukocytes, where more reducing 

PDI is required for its conformational stability [731]. The reducing activity of cell 

surface PDI assists in the interaction with thyroid stimulating hormone receptor of 

thyrocytes [732]. Furthermore, PDI has been detected in the nuclear matrix of       

human lymphocytes and monocytes [733]. PDI in the nucleus has been associated 

with various transcription factors where it activates the binding of immunoglobulin 

enhancer-binding factors (E2A) and NF- kB  via a redox regulated mechanism [734, 

735]. PDI is also secreted from a variety of cell types, such as hepatocytes,             

pancreatic exocrine cells and endothelial cells, although the biological relevance is 

still unclear [728, 736, 737]. 

 

PDI also has detrimental effects and is implicated in mediating the entry of           

pathogens during infectious disease. Cell surface PDI mediates infection of HeLa 

cells by mouse polyoma virus [738], and it also facilitates the entry of cholera  toxin 

[739]. The oxidized form of PDI mediates translocation of cholera toxin into the 

host cell cytoplasm [740] whereas the reduced form of PDI leads to its  unfolding. 

In rat models of Huntington and Alzheimer’s disease, PDI  accumulation at the ER-

mitochondrial junction triggers apoptosis via mitochondrial outer membrane        

permeabilisation [741]. This effect is specific for the accumulation of misfolded 

proteins, but not other triggers of apoptosis, suggesting a specific role for               

pro-apoptotic PDI in neurodegenerative disease. 

 

6.1.2 Reticulon-mediated redistribution of PDI in ALS  

The distribution of PDI from the ER to other cellular locations, mediated via            

reticulon proteins, was demonstrated in two independent studies [531, 576]. From 

these studies the importance of the reticulon family of proteins as regulators of PDI 

activity was shown. Reticulons are membrane-bound proteins residing in the ER  

that  possess a uniquely conserved C-terminus and a variable N-terminal region 

[742, 743]. They maintain the curvature of the ER membrane and are also                  

associated with ER-Golgi trafficking, ER stress, vesicle formation, membrane    

morphogenesis and apoptosis [742, 744, 745].  Four reticulon proteins have been 
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identified in mammals, namely Rtn-1, Rtn-2, Rtn-3 and Rtn-4 (Nogo): the latter is 

also a specific neurite outgrowth inhibitor. It was demonstrated that Rtn1-C              

induced a punctate localisation of PDI, that was distinct from the ER, without         

affecting the overall morphology of the ER in neuronal cell lines [576].                    

Furthermore,  this  redistribution was associated with a significant increase in PDI 

enzymatic activity, which also reduced the intracellular levels of S-nitrosylated PDI 

[576]. Another study demonstrated that the punctate   redistribution of PDI could 

also be modulated by reticulon-4A (NogoA) [531]. Over-expression of NogoA       

induced a punctate redistribution of PDI both in vitro and in vivo. Moreover, knock-

down of NogoA accelerated motor neuron  degeneration in SOD1G93A mice [531], 

suggesting that the localisation of PDI in punctate structures away from the ER 

could be protective in ALS.  However, the study did not define the exact cellular 

compartment in which PDI was distributed. A range of markers were examined, 

including Golgi and endosomal markers, but they did not colocalise with the        

PDI-positive vesicular structures. 

 

6.1.3 Aim  

PDI is conventionally recognized as being ER-resident, but it is also present in other 

cellular locations including the nucleus, extra-cellular matrix and on the cell surface. 

However, the functional consequence of PDI in non-ER compartments is poorly 

understood. Given that over-expression of PDI was protective against mutant SOD1, 

TDP-43 and FUS in neuronal cultures (Chapter 3), it was important to define the 

sub-cellular compartment in which this protection occurs since this could provide 

further clues as to disease pathogenesis. In this study, construct was designed to 

express PDI in the cytoplasm, by deleting the signal peptide and KDEL retention 

signal. The localisation of PDI in the cytoplasm was confirmed using subcellular 

fractionation and confocal microscopy. Furthermore, the protective role of              

cytoplasmic PDI in cells expressing mutant SOD1, TDP-43 and FUS in neuronal 

cell lines was investigated.  
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6.2 Methods and Materials  

 

6.2.1 Materials 

Restriction enzymes  were  purchased  from  New  England  Biolabs  (NEB, 

http://www.neb.com/)  and  PCR  primers  were  purchased  from  Gene  Works  

(http://www.geneworks.com.au/). The pcDNA3.1 empty vector was provided by Dr.  

Hamsa Puthalakath, La Trobe Institute for Molecular Science, Melbourne,            

Australia. PDI WT pcDNA3.1 was provided from Prof Neil Bullied, Glasgow, UK. 

For cloning E.coli XL1-Blue strain was used and was purchased from Stratagene. 

 

6.2.2 Bioinformatics tools 

The cDNA sequences were analyzed using the National Centre for Biotechnology 

Information (NCBI) and  ExPASY  translate tools  were  used  to  translate  protein  

sequences  and  to  confirm  molecular weights. A plasmid Editor program - ApE 

(University of Utah, USA) was used to create vector maps and to analyse nucleotide 

sequences. 

 

6.2.3 Polymerase chain reaction (PCR) 

To amplify the cDNA insert from  the  CYTO PDI pcDNA3.1  construct without 

the  ER  targeting  signal  sequence  and  ER  retention  signal  sequence specific 

primers were designed. The forward (5′  AAAGAATTCATGGACGCCCCCGAG-

GAGGA 3′) and reverse (5′ AAAGCGGCCGCTCAAGTAGAATCAAGACCAA-

GAA  3′)  primers  were  used  to  amplify 52-1555  nucleotide  region.  A start 

codon and an EcoRI restriction  enzyme  site  were introduced  in  the  forward  

primer,  and  a  stop  codon  and  NotI  restriction  enzyme  site  were introduced in 

the reverse primer to enable cloning into the pcDNA3.1 vector. PCR reactions were 

prepared with 1× Thermopol buffer, 10 µM of forward and reverse primers, 10 mM 

of dNTPS (dGTP, dATP,  dCTP, dTTP), 1 ng of template DNA, and 10  U of Taq  

and  Vent  polymerase  in  a  total  volume  of  50  µl.  The  DNA  was  amplified  

in  a  thermocycler  (Thermo Scientific)  using an  initial denaturation temperature 

http://www.geneworks.com.au/
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of 95°C for 5 min, followed  by  30  cycles  of  denaturation  at  95°C  for  30  sec;  

annealing  at  60°C  for  30  sec; extension at 72°C for 2 min and a final extension 

at 72°C for 5 min. 

 

6.2.4 Restriction Enzyme Digest and agarose gel electrophoresis 

For the cloning of CYTO PDI-pcDNA3.1 restriction enzyme digest reaction        

mixtures  were  prepared  in NEB buffer 3.1 with 4 µg of DNA, 20 U of EcoRI and 

10 U of NotI restriction enzymes  in a  total  volume  of  20  µl  and  incubated  at  

37°C  for  4  hr. The DNA samples were mixed with DNA loading dye (3.7 mM 

bromophenol blue, 4.6 mM xylene cyanol and 33%  glycerol)  and loaded onto a 

1% (w/v) agarose gel prepared in  TAE buffer  (40 mM  Tris,  1  mM  EDTA,  

0.114%  v/v  glacial  acetic  acid)  and  0.1%  (v/v)  Gel  Red  (Biotium). The size 

of DNA fragments was estimated using DNA 1Kb plus ladder (Invitrogen) as the 

standard marker. The gels was run at 110 V for 90 min in TAE buffer and visualized 

under UV light on chemidoc imaging system (Biorad). 

 

6.2.5 Gel extraction 

The restriction digest products and PCR amplicons were run on 1% (w/v) low    

melting agarose gel at 80 V for 3 hr. Target fragments were excised using a scalpel 

and extraction was performed using a QIAquick Gel Extraction Kit (Qiagen) as per 

the manufacturer’s protocol.  

 

6.2.6 Ligation   

Ligation reaction was performed to ligate the gel extracted CYTO PDI pcDNA3.1 

insert into the pcDNA3.1 vector. The reaction mixture was prepared in T4 DNA 

ligase buffer (Promega) containing 1:4 molar ratios of vector and insert DNA and 

1 U of T4 DNA ligase (Promega). The ligation mixture was incubated at 4°C      

overnight. 
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6.2.7 Sequencing  

Sequencing samples were prepared by mixing 0.5 µg of plasmid DNA with 1 pmol 

of T7 forward or BGH reverse primer for CYTO PDI pCDNA3.1. Sequencing of 

the  samples  were performed at  the  Australian  Genome  Research  Facility  

(AGRF)  by  using DNA Big Dye Terminator (BDT) sequencing method. The         

results were examined using Basic Local Alignment Search Tool (BLAST) and the 

chromatographs were analyzed by using Chromas v2.1 software (Technelysium, 

Brisbane) to determine the accuracy of the sequence. 

 

6.2.8 Primary neurons  

Primary neurons were harvested from the cortex of C57BL/6 mouse embryos at 

embryonic (E) day 14.5 by washing the cortex in cell plating medium (Neuro-

basal™ medium (Gibco), 2% B27 supplement, 10% fetal calf serum (Gibco), 0.5 

mm glutamine, 25 µm glutamate and 1% antibiotic/antimycotic (Gibco) followed 

by treatment with 0.125% Trypsin-EDTA (Gibco) (37 C for 5 min) and mechanical 

titration using a 1 ml pipette. Cell viability and density were assessed using a trypan 

blue exclusion assay. Cells were plated onto poly-l-lysine-coated 13 mm coverslips 

in 24-well plates at a concentration of 50 000 cells per coverslip. The following 

day, the media was changed to cell maintenance media consisting of plating media 

without the fetal calf serum and glutamate. Cells were grown in 5% CO2 at 37°C 

for 5 days and then fixed with 4 % paraformaldehyde and immunocytochemistry 

was performed. 

 

6.2.9 Subcellular fractionation Assay  

Neuro2a cells were grown (4*10 6) and transfected with either CYTO PDI 

pcDNA3.1, wild-type PDI pcDNA3.1 or PDI QUAD pcDNA3.1 for 72 hr. The    

culture media was removed and cells were trypsinised using Trypsin and incubated 

at 37°C for 5 min. The cells were dislodged and aspirated with cold culture media 

containing 10% Fetal Bovine Serum to quench the Trypsin. Cells were centrifuged 

at 100 RCF at 4°C to pellet the cells. The supernatant was washed with ice cold 
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PBS and the cell suspension was centrifuged at 100 g at 4°C to pellet the cells. The 

cells were resuspended in 400 µl of ice cold Digitonin Buffer (150 mM NaCl, 50 

mM HEPES pH 7.425, μg/ml digitonin (SIGMA #D141)) containing protease        

inhibitors. The cell suspension was incubated at 4°C for 10 min and then centri-

fuged at 2,000 g to pellet the cells. The supernatant was collected which contained 

the cytosol-enriched fraction. The cell pellet was resuspended by vortexing in 400 

µl of cold NP40 Buffer (150 mM NaCl, 50 mM HEPES pH 7.4,1 % NP40). The 

pellet was incubated on ice for 30 min and then centrifuged at 7,000 g to pellet 

nuclei and cell debris. The supernatant, comprising membrane bound organelles 

including the ER proteins was collected. The resulting extracts were analysed by 

12% SDS PAGE followed by Western blotting and probed using antibodies against 

markers of the ER (IRE-1α or calnexin) and cytoplasm (GAPDH). 

 

6.2.10 Immunoblotting 

Protein concentrations of the different cell fractions were determined using the 

BCA protein assay (Thermo scientific) by comparison with bovine serum albumin 

(BSA) standards. Protein samples (20 µg) were electrophorezed through 12% SDS–

polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were 

blocked with 5% skim-milk in Tris-buffered saline pH 8.0 for 30 min, then               

incubated with the appropriate primary antibodies at 4°C for 16 hr anti Ire-1a 

(1:500, Santa Cruz), or anti-calnexin (1:1000, Abcam) or anti-GAPDH (1;4000, 

Milipore). Membranes were incubated for 1 hr at room temperature with                    

appropriate secondary antibodies (1:4000, HRP-conjugated goat anti rabbit, or 

HRP-conjugated goat anti mouse Chemicon), and were detected using ECL             

reagent (Biorad) on Chemidoc XRS (Biorad).  Precision plus ProteinTM (Biorad) 

molecular marker was used to identify the approximate protein size. 
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6.3 Results  

6.3.1 Design and Characterization of Cytoplasmic PDI  

PDI consists of 508 amino acids and it contains an ER signal sequence, comprising 

of 17 amino acids at the N-terminus, and an ER retention motif, KDEL, at the C-

terminus. In this study, a construct was designed to encode a 407 amino acid PDI 

protein whose expression was restricted to the cytoplasm (CYTO PDI pcDNA3.1).  

This plasmid was constructed by deleting the KDEL sequence and the first 17         

secretory peptide sequence from a PDI expression vector based on pcDNA3.1, 

tagged with a V5 tag. A schematic diagram of the designed CYTO PDI protein 

encoded by this plasmid is presented in (Figure 6.1 A). The amino acid sequence of 

PDI, highlighting the active site motifs CGHC and the V5 tag for detection of        

expression, is presented in (Figure 6.1 B). A DNA sequence is shown in the           

Appendix section. 

 

 

The  CYTO PDI pcDNA3.1  insert  was  cloned  into  a  mammalian  expression 

vector pcDNA3.1 using  EcoRI  and  NotI  restriction enzymes. The CYTO PDI 

pcDNA3.1 insert band was gel extracted and ligated into the EcoRI and NotI             

digested vector pcDNA3.1.  The ligation reactions were then transformed into XL1-

Blue E.Coli cells and plasmid DNA was isolated from positive colonies. The         

successful ligation of the insert to vector was confirmed by restriction enzyme         

digest of the plasmid DNA with EcoRI and NotI enzymes. The correct sequence in 

the resulting CYTO PDI pcDNA3.1 construct was confirmed by DNA sequencing.  
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DAPEEEDHVLVLRKSNFAEALAAHKYLLVEFYAPW         

CGHCAAEYAKAAGKLKAEGSEIRLAKVDATEESDL            

AQQYGVRGYPTIKFFRNGDTASPKEYTAGREADDI     

VNWLKKRGPAATTLPDGAAAESLVESEVAVIGFFK  

DVESDSAKQFLQAAEAIDDIPFGITSNSDVSKYQL 

DKDGVVLFKKFDEGRNNFEGEVTKENLLDFIKHNQ    

LPLVIEFTEQTAPKIFGGEIKTHILLFLPKSVSDY        

DGKLSNFKTAAESFKGKILFIFIDSDHTDNQRILE     

FFGLKKEECPAVRLITLEEEMTKYKPESEELTAER  

ITEFCHRFLEKIKPHLMSQELPEDWDKQPVKVLVG 

KNFEDVAFDEKKNVFVEFYAWCGCKQLAPIWDKLG          

ETYKDHENIVIAKMDSTANEVEAVKVHSFPTLKFF          

PASADRTVIDYNGERTLDGFKKFLESGGQDGAGDD     

DDLEDLEEAEEPDMEEDDDQKAVGKPIPNPLLGLD            

ST 

 

Figure 6.1: Domain organization and amino acid sequence of the CYTO PDI 

protein. A) Domain map of CYTO PDI showing the deleted ER targeting signal 

sequence and KDEL sequence. B)  Amino acid sequence of full length CYTO PDI, 

with the active site CGHC highlighted in red and the V5 tag shown in purple. 

 

6.3.2 Expression of CYTO PDI, wild-type PDI and PDI QUAD in Neuro2a cells 

The localisation of the expressed PDI protein (CYTO PDI) in the cytoplasm was 

confirmed using confocal microscopy (Figure 6.2 A) Neuro2a cells were              

transfected with the construct encoding CYTO PDI and observed 24 hr                   

post-transfection. Immunocytochemistry was performed using anti-V5 antibodies 

to detect expression of CYTO PDI, and anti-calreticulin antibodies as an ER marker. 

A 

 

B 
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Confocal microscopy was performed to verify the localisation of the expressed     

protein. CYTO PDI displayed a diffuse, cytoplasmic staining pattern, which lacked 

any distinct punctate structures. Calreticulin was present in the typical   perinuclear 

pattern characteristic of the ER. When the PDI and calreticulin images were merged, 

there was no clear co-localisation of CYTO PDI with calreticulin. This was further 

confirmed by observing the orthogonal section of the z stack   image (Figure 6.2 B).  

 

As a comparison, the cellular distribution of endogenous PDI, and wild-type PDI 

and PDI QUAD expressed in Neuro2a cells was also examined Firstly, the   cellular 

localisation of endogenous PDI in primary cortical neurons was examined  at 24 hr 

post plating. Cortical neurons were fixed and stained using anti-PDI antibodies, to 

observe the expression of endogenous PDI, and anti-calreticulin   antibodies, as a 

marker of ER. Confocal microscopy demonstrated that PDI in primary neurons co-

localised with ER marker calreticulin, confirming that normally PDI is expressed 

principally within neurons in the ER, as expected   (Figure 6.2 C, D). 

 

To further confirm the cellular localisation of endogenous PDI in neuronal cell lines, 

subcellular fractionation of Neuro2a cells was also performed. Neuro2a cells were 

plated and after 24 hr cells were harvested and subcellular fractionation was           

performed accordingly to the protocol mentioned in (6.2.9). The generated fractions 

were analysed by 12% SDS PAGE followed by Western blotting, and then probed 

using antibodies against calnexin (ER marker), GAPDH (cytoplasmic marker) and 

PDI to detect endogenous PDI expression. The total cell lysate was used as a control 

fraction.  The integrity of the fractions was confirmed by expression of GAPDH 

only in the cytoplasmic fraction and calnexin only in the ER fraction. PDI was     

present only in the ER fraction: a faint band of approximately 59 kDa was present 

(Figure 6.2 E). 
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Figure 6.2 Characterization of the subcellular location of CYTO PDI, PDI WT, 

PDI QUAD and endogenous PDI. A) Confocal microscopy images of Neuro2a 

cells expressing CYTO PDI (green) immunostained using antibodies against ER 

marker calreticulin (red). CYTO PDI does not co-localise with calreticulin and its 

distribution appeared cytoplasmic, as observed in the merge image. B)   Orthogonal 

section of confocal images in (A) confirming that CYTO PDI does not co-localise 

with ER marker calreticulin. Scale bar = 10 µm. C) Confocal microscopy images 

of mouse primary cortical neurons immunostained using antibodies against PDI 

(green) in  and ER marker calreticulin (red). Endogenous mouse PDI colocalises 

with calreticulin as observed in the merge image, demonstrating      ER-localisation. 

Scale bar = 10 µm. D) Orthogonal section of the confocal images in H, showing co-

localisation of endogenous PDI in primary neurons with ER marker calreticulin. E) 

Western blot demonstrating subcellular fractionation of Neuro2a cell lysates.       

Calnexin was used as an ER marker (~ 90 kDa) and GAPDH was used as a               

cytoplasmic marker (37 kDa). Lane 1-total cell lysate (TL), 2-Cytoplamic fraction, 

3-ER fraction. Total cell lysate was used as a control. Endogenous PDI was             

observed in the ER fraction only (lane 3). 

 

 

 

  



   Chapter 6 

 

 

198 
 

The cellular distribution of wild-type PDI and PDI QUAD expressed in Neuro2a 

cells was also examined. Neuro2a cells were transfected with constructs encoding 

either wild-type PDI or PDI QUAD and observed 24 hr post transfection using      

confocal microscopy. Immunocytochemistry was performed using anti-V5              

antibodies to detect wild-type PDI and PDI QUAD expression, and anti-calreticulin 

antibodies as an ER marker. Confocal microscopy was performed to verify the        

localisation of these proteins. Both wild-type PDI and PDI QUAD co-localised with 

ER marker calreticulin, confirming their subcellular localisation in the ER, as         

expected (Figure 6.3 A, C). This was further confirmed by observing the orthogonal 

section of the z stack image (Figure 6.3 B, D).  

 

The localisation of wild-type PDI, PDI QUAD and CYTO PDI was further            

confirmed using subcellular fractionation experiments. Neuro2a cells were         

transfected with wild-type PDI, PDI QUAD or CYTO PDI in pcDNA3.1 and 72 hr 

post transfection harvested and subcellular fractionation was performed. The           

fractions generated were analysed by 12% SDS PAGE followed by Western        

blotting and probed with antibodies against Ire-1α (ER marker), GAPDH                

(cytoplasmic marker) and V5 to detect expression of PDI. The total cell lysate was 

used as a control and as expected, contained GAPDH, which is normally present in 

the cytoplasmic fraction, and Ire1-a, which is normally present in the ER fraction. 

Both wild-type PDI and PDI QUAD were expressed in the ER and the cytoplasmic 

fractions. However, in contrast, CYTO PDI was only present in the cytoplasmic 

fraction, and not in the ER fraction (Figure 6.3 E), demonstrating that targeting to 

the cytoplasm only was successful. 
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Figure 6.3 Characterization of the subcellular location of CYTO PDI, wild-

type PDI and PDI QUAD. A) Confocal microscopy images of Neuro2a cells         

expressing wild-type PDI (green) immunostained using antibodies against ER 

marker calreticulin (red). Wild-type PDI co-localised with calreticulin as observed 

in the merge image. Scale bar = 10 µm. B) Orthogonal section of the confocal        

images in C, showing co-localisation of wild-type PDI with ER marker calreticulin. 

C) Confocal microscopy images of Neuro2a cells expressing PDI QUAD (green) 

immunostained with antibodies against ER marker calreticulin (red). PDI QUAD 

co-localises with calreticulin, as observed in the merge image. Scale bar = 10 µm. 

Orthogonal section of confocal images in F, showing co-localisation of PDI QUAD 

with the ER marker calreticulin. Scale bar = 10 µm. E) Western blot demonstrating 

subcellular fractionation of wild-type PDI, PDI CYTO and PDI QUAD cell lysate 

extracts. Total cell lysate is represented as (TL), ER-rich fraction as (E) and the 

cytoplasmic fraction as (C). Ire-1α was used as an ER marker (125 kDa), and 

GAPDH was used as a cytoplasmic marker (37 kDa). Lane 1-total lysate (TL), 2-

ER rich fraction for wild-type PDI overexpressing cells, 3-Cytoplasmic fraction for 

wild-type PDI overexpressing cells, 4-ER fraction for CYTO PDI overexpressing 

cells, 5-Cytoplasmic fraction for CYTO-PDI overexpressing cells,  6-ER fraction 

for PDI QUAD overexpressing cells, 7-Cytoplasmic fraction for PDI QUAD. Total 

cell lysate was used as a control. Wild-type PDI (lane 2, 3) and PDI QUAD (lane 6, 

7) were observed in both the ER and the cytoplasmic fractions. However in contrast, 

CYTO PDI was only detected in the cytoplasmic fraction (lane 5) and not in the ER 

fraction.  
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 6.3.3 Over-expression of CYTO PDI is protective against mutant SOD1 induced 

ER stress in neuronal cell lines 

Previously in Chapter 4 it was demonstrated that over-expression of wild-type PDI 

(CGHC CGHC) was protective against mutant SOD1 induced ER stress, inclusion 

formation and cell death in neuronal cell lines.  However PDI QUAD, containing 

mutations in the active site regions (SGHS SGHS) was not protective. Hence, it was 

next examined whether CYTO PDI was also protective against mutant SOD1         

expressed in neuronal cells, to address where the subcellular location where this 

protection is mediated. Neuro2a cells were co-transfected with wild-type SOD1 or 

SOD1A4V with empty vector and wild-type PDI, PDI QUAD or CYTO PDI.           

Immunocytochemistry was performed using anti-CHOP antibodies to examine     

nuclear immunoreactivity to CHOP, used as a marker of ER stress. Transfected 

cells were observed 72 hr post transfection using fluorescence microscopy (Figure 

6.4 A).  

 

 

As expected, few control untransfected cells (5%), and cells expressing EGFP or 

wild-type SOD1 (7%) induced ER stress. as indicated by nuclear CHOP immuno-

reactivity, similar to the results presented in Chapter 4. In contrast, in Neuro2a      

expressing mutant SOD1A4V, that were also co-transfected with empty vector 

pcDNA3.1, 50% of cells displayed nuclear CHOP immunoreactivity. Interestingly, 

co-expressing either CYTO PDI or wild-type PDI WT with SOD1A4V had a            

protective effect. Co-expression of wild-type PDI reduced nuclear CHOP                 

immunoreactivity to only 28% (p<.001) of transfected cells. Similarly, there was a 

significant reduction in the proportion of CYTO PDI expressing cells with ER stress, 

as only 35% (p<.001) cells displayed nuclear CHOP immunoreactivity (Figure 6.4 

B). Similar to the results obtained in Chapter 4, co-expression of PDI QUAD with 

SOD1A4V, did not reduce the proportion of cells with nuclear immunoreactivity 

42% cells. These data imply that PDI localised in the cytoplasm is protective against 

ER stress induced by mutant SOD1A4V. 
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Figure 6.4 CYTO PDI and wild-type PDI are protective against ER stress        

induced by mutant SOD1 in Neuro2a cells. A) Immunofluorescent images of 

Neuro2a cells co-expressing mutant SOD1A4V with PDI CYTO, wild-type PDI or 

PDI QUAD. Neuro2a cells expressing SOD1A4V (A4V, first panel), immunostained 

using anti-CHOP antibodies, (middle panel) nuclear immunoreactivity to CHOP 

indicated with white arrow. Co-expression of   CYTO PDI (second panel) or wild-

type PDI (third panel), but not PDI QUAD (fourth panel), leads to a reduction in 

ER stress. Scale bar = 10 μm. B) Quantification of nuclear CHOP immunoreactivity 

in Neuro2a cells visualised in (A), co-expressing wild-type SOD1 or SOD1A4V with 

PDI CYTO, wild-type PDI or PDI QUAD. Significantly fewer cells were detected 

with nuclear CHOP immunoreactivity (***, p<.001) between SOD1A4V cells      

transfected with vector alone compared to those co-expressing CYTO PDI or wild-

type PDI. 100 successfully transfected cells expressing CHOP in the nucleus were 

counted in each case.  For each of 3 replicate experiments, 100 cells were scored 

for each population. Data are presented as mean ± SEM, tested with one-

way ANOVA and Tukey's post-test, n = 3. 

 

 

6.3.4 CYTO PDI is protective against the formation of mutant SOD1 inclusions 

and cell death in neuronal cell lines 

 

Since CYTO PDI was protective against mutant SOD1 induced ER stress, the         

effect of CYTO PDI on inclusion formation and cell death induced by mutant SOD1 

in neuronal cultures was next observed. Neuro2a cells were co-transfected with 

wild-type SOD1 or SOD1A4V with empty vector or CYTO PDI, wild-type PDI or 

PDI QUAD. Transfected cells were observed 72 hr post transfection using               

fluorescence microscopy and the percentage of transfected cells bearing mutant 

SOD1 inclusions was quantified by visualising the presence of EGFP fluorescence 

(Figure 6.5 A). As expected, Neuro2a cells expressing EGFP vector or wild-type 

SOD1 formed very few inclusions (<1%). Conversely, 21% of cells expressing    

mutant SOD1A4V with empty vector pcDNA3.1 formed inclusions, similar to        
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previous results. Co-expression of wild-type PDI significantly reduced the             

proportion of cells with mutant SOD1A4V inclusions, as previous 16% (p<.01). 

However, importantly, co-expression of CYTO PDI with mutant SOD1A4V resulted 

in a significant reduction in the proportion of cells forming inclusions, to only 12% 

(p<.001) of cells (Figure 6.5 B). CYTO PDI was significantly protective suggesting 

that cytoplasmic location of PDI preserves its protective ability. As in Chapter 4, 

co-expression of PDI QUAD did not significantly reduce inclusion formation.  

 

 

  



   Chapter 6 

 

 

205 
 

 

 

 

 

 

 

 

 

 

 

 

  

B 

 

 

 

 

 

            

A
4
V

+
P

D
I 

Q
U

A
D

  
  

  
 A

4
V

+
P

D
I 

W
T

  
  

  
  

A
4

V
+

C
Y

T
O

 P
D

I 
  

  
  
  

  
  

 A
4

V
  

  
  
 

               EGFP                      V5                NUCLEI         MERGE 

v 
v 

v 

v 

A 

 

 

 

 

 

            



   Chapter 6 

 

 

206 
 

Figure 6.5 CYTO PDI is protective against inclusion formation induced by 

mutant SOD1. A) Immunofluorescent images of Neuro2a cells co-expressing     

mutant SOD1A4V with PDI CYTO, wild-type PDI or PDI QUAD. Neuro2a cells 

expressing SOD1A4V that form inclusions (A4V, first panel), indicated with white 

arrow. On co-expressing CYTO PDI (second panel) or wild-type PDI (third panel) 

significantly fewer cells formed inclusions. However, co-expressing PDI QUAD 

(fourth panel) did not alter the percentage of inclusion positive cells. Scale bar = 

10 μm. B) Quantification of the percentage of transfected Neuro2a cells bearing 

inclusions, visualised in (A), co-expressing wild-type SOD1 or SOD1A4V with PDI 

CYTO, wild-type PDI or PDI QUAD. There was a significant difference in the 

percentage of cells forming inclusions, between SOD1A4V alone and when               

co-transfected with (**p<.01) wild-type PDI, and (***p<.001) CYTO PDI.  There 

was also a significant difference in the percentage of cells forming inclusions,        

between (***p<.001) SOD1A4V with CYTO PDI and SOD1A4V with PDI QUAD. 

100 cells expressing mutant SOD1 were counted.  For each of 3 replicate                  

experiments, 100 cells were scored for each population. Data are presented as 

mean ± SEM, tested with one-way ANOVA and Tukey's post-test, n = 3. Where 

*p<.05, **p<.01 and ***p<.001.  
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Next, cell death was examined in cells expressing mutant SOD1, using nuclear    

morphology analysis. Neuro2a cells were co-transfected with wild-type SOD1 or 

SOD1A4V with empty vector or wild-type PDI, PDI QUAD or CYTO PDI. Immuno-

cytochemistry was performed using anti-V5 antibodies to detect the expression of 

PDI. Transfected cells were observed 72 hr post transfection using fluorescence 

microscopy, and quantification of apoptosis was performed by examining the cells 

for the presence of fragmented nuclei, indicative of apoptosis [483, 644].                 

Fragmented nuclei and nuclei without detectable DAPI were significantly more 

common (12%) in cells expressing SOD1A4V than in those expressing wild-type 

SOD1 (p<.001), consistent with previous observations (Figure 6.6 A). Also as       

previous, co-expressing wild-type PDI or PDI QUAD with mutant SOD1A4V            

resulted in significantly fewer cells with apoptotic nuclei 8%, p<.01 and 9%, p<.05 

(Figure 6.6 B). Interestingly, co-expressing CYTO PDI with mutant SOD1A4V      

significantly reduced the proportion of cells with apoptotic nuclei to only 6% 

(p<.001). These data suggest that PDI located in cytoplasm is protective against 

apoptotic cell death induced by mutant SOD1.  
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Figure 6.6 CYTO PDI is protective against apoptotic cell death induced by 

mutant SOD1. A) Immunofluorescent images of Neuro2a cells co-expressing     

mutant SOD1A4V with PDI CYTO, wild-type PDI or PDI QUAD.  Nuclei are         

visualised using Hoechst staining (blue). Arrow represents nuclei without                

detectable DAPI, indicating that apoptosis is underway. Neuro2a cells expressing 

SOD1A4V with fragmented nuclei (A4V, first panel), indicated with white arrow. 

On co-expressing CYTO PDI (second panel), wild-type PDI (third panel), PDI 

QUAD (fourth panel) fewer cells were undergoing apoptosis. Scale bar = 10 μm. 

B) Quantification of apoptotic nuclei in cells shown in (A), expressing SOD1 and 

PDI. There was a significant difference in the proportion of SOD1A4V expressing 

cells with apoptotic nuclei between cells co-transfected with empty vector            

compared to those co-expressing (**, p<.01) wild-type PDI, (***, p<.001) CYTO 

PDI and (*, p<.05) PDI QUAD. For each of 3 replicate experiments, 100 cells were 

scored for each population. Data are presented as mean ± SEM, tested with one-

way ANOVA and Tukey's post-test, n = 3.  

 

 

6.3.5 CYTO PDI is protective against mislocalisation of TDP-43 in the cytoplasm 

and induction of ER stress in neuronal cell lines 

As CYTO PDI was protective in neuronal cell lines expressing mutant SOD1, it 

was next examined whether CYTO PDI was also protective against ER stress and 

mislocalisation induced by mutant TDP-43. Neuro2a cells were co-transfected with 

wild-type TDP-43 or mutant TDP-43 (Q331K), and empty vector or either CYTO 

PDI, wild-type PDI or PDI QUAD (Figure 6.7 A). Immunocytochemistry was     

performed using anti-CHOP antibodies to examine nuclear immunoreactivity as a 

marker for ER stress. Transfected cells were observed 18 hr post transfection using 

fluorescence microscopy. 

 

In control, untransfected cells (UTR) and cells transfected with empty vector few 

cells (5%) displayed nuclear CHOP immunoreactivity, similar to results   presented 

in Chapter 4. In Neuro2a cells expressing wild-type TDP-43, 30% of cells displayed 
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nuclear CHOP immunoreactivity, and this was significantly increased in cells        

expressing mutant TDP-43 Q331K, where 40% of cells (p<.01) expressed nuclear 

CHOP. Interestingly, co-expression of mutant TDP-43 Q331K with CYTO PDI 

significantly fewer cells displayed nuclear CHOP  immunoreactivity, indicating ER 

stress (28%,p<.01) (Figure 6.7 B). Similar    results were obtained by co-expressing 

wild-type PDI with mutant TDP-43 Q331K, 28% of cells (p<.01) displayed nuclear 

immunoreactivity to CHOP. Hence both wild-type PDI and CYTO PDI were        

protective against ER stress   induced by mutant TDP-43.  In contrast, co-expression 

of PDI QUAD did not significantly reduce the proportion of cells with nuclear 

CHOP (35% cells). These data suggests that PDI localised in the cytoplasm is       

protective against ER stress induced by mutant TDP-43.  
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Figure 6.7 CYTO PDI is protective against the induction of ER stress. A)         

Immunofluorescent images of cells co-expressing mutant TDP-43 (Q331K) with 

CYTO PDI, wild-type PDI or PDI QUAD. Neuro2a cells expressing Q331K (first 

panel) display nuclear CHOP immunoreactivity as a marker of ER stress (middle 

panel), indicated using white arrows. However, co-expression of CYTO PDI or 

wild-type PDI with Q331K resulted in fewer cells with nuclear CHOP expression 

(second panel and third panel). In contrast, co-expression of PDI QUAD with 

Q331K did not alter the proportion of cells with nuclear CHOP expression (fourth 

panel), indicated by white arrow. Scale bar = 10 µm. B) Quantification of mutant 

TDP-43 Q331K expressing cells with nuclear CHOP immunoreactivity in (A), co-

expressed with CYTO PDI, wild-type PDI or PDI QUAD. A significant difference 

in the proportion of cells displaying nuclear CHOP (** p<.01) was observed            

between wild-type TDP and Q331K expressing cells transfected with empty vector, 

and Q331K expressing cells cotransfected with either wild-type PDI or with CYTO 

PDI, compared to vector only. For each of 3 replicate experiments, 100 cells were 

scored for each population. Data are presented as mean ± SEM, tested with one-

way ANOVA and Tukey's post-test, n = 3.  
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The effect of CYTO PDI on the cytoplasmic localisation of mutant TDP-43 was 

next examined. Neuro2a cells were co-transfected with wild-type TDP-43 or         

mutant TDP-43 (Q331K), with empty vector or CYTO PDI, wild-type PDI or PDI 

QUAD (Figure 6.8 A). Immunocytochemistry was performed using anti-V5            

antibodies to detect the expression of PDI. Transfected cells were observed 18 hr 

post transfection using fluorescence microscopy. 

 

 

In Neuro2a cells expressing wild-type TDP only 25% of transfected cells displayed 

cytoplasmic localisation of TDP-43. As expected, in comparison, an increased     

proportion of cells expressed TDP-43 in the cytoplasm in mutant TDP-43 Q331K 

cells (36% cells, p<.01). However, on co-expression of mutant TDP-43 Q331K 

cells with CYTO PDI, significantly fewer cells expressed TDP-43 in the cytoplasm 

compared to cells expressing Similar to previous results (Chapter 4), significantly 

fewer transfected cells expressing wild-type PDI 26% (p<.01) displayed                   

cytoplasmic TDP-43. Hence both CYTO PDI and wild-type PDI were protective 

against the cytoplasmic localisation of mutant TDP-43.  In contrast, PDI QUAD did 

not reduce the proportion of cells with TDP-43 31% of transfected cells were         

detected with cytoplasmic localisation (Figure 6.7 B). 
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Figure 6.7 CYTO PDI is protective against the localisation of TDP-43 in the 

cytoplasm. A) Immunofluorescent images of Neuro2a cells co-expressing TDP-43 

and PDI. Significantly more cells expressed TDP-43 in the cytoplasm in mutant 

TDP-43 Q331K cells compared to wild-type TDP-43 cells (first panel), indicated 

using white arrows. On overexpressing wild-type PDI or CYTO PDI significantly 

fewer cells displayed cytoplasmic localisation of mutant TDP-43 Q331K (second 

and third panel). However, on co-expressing PDI QUAD with Q331K the                

cytoplasmic distribution did not change (fourth panel). B) Quantification of mutant 

TDP-43 and- PDI expressing cells in (A) that display cytoplasmic distribution of 

TDP-43. A significant difference in the proportion of cells with cytoplasmic TDP-

43 was observed between cells expressing wild-type TDP and Q331K (**) p<.01, 

and between Q331K cells expressing vector only, and (**) wild-type PDI or CYTO 

PDI.  For each of 3 replicate experiments, 100 cells were scored for each population. 

Data are presented as mean ± SEM, tested with one-way ANOVA and Tukey's 

post-test, n = 3. 
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6.3.6 CYTO PDI is protective against induction of ER stress and mislocalisation 

of FUS in the cytoplasm in neuronal cell lines  

 

As CYTO PDI was protective in neuronal cell lines expressing mutant SOD1 and 

TDP-43, it was next examined whether CYTO PDI was also protective against ER 

stress and mislocalisation induced by mutant FUS.Neuro2a cells were                         

co-transfected with wild-type FUS (FUS-WT) or mutant FUS (R522G) with empty 

vector or either CYTO PDI or wild-type PDI or PDI QUAD (Figure 6.9 A).             

Immunocytochemistry was performed using anti-CHOP antibodies to detect          

nuclear immunoreactivity to CHOP, indicating activation of ER stress. Transfected 

cells were observed 72 hr post transfection using fluorescence microscopy. 

 

 

In Neuro2a cells expressing wild-type FUS, only 14% of cells displayed nuclear 

CHOP immunoreactivity, compared to approximately 50% of cells expressing      

mutant FUS R522G, similar to previous findings. Notably, on co-expressing CYTO 

PDI with mutant FUS R522G, significantly fewer cells expressed nuclear CHOP 

immunoreactivity (37%, p<.05) of transfected cells, (Figure 6.9 B). Similarly, co-

expressing either wild-type PDI or PDI QUAD also reduced the proportion of cells 

with nuclear CHOP immunoreactivity, to 34% (p<.01) and 38% (p<.05) of         

transfected cells respectively. These data reveal that CYTO PDI is also protective 

against ER stress induced by mutant FUS R522G. 
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Fig 6.9 CYTO PDI reduces the proportion of cells with ER stress in Neuro2a 

cells. A) Immunofluorescent images of Neuro2a cells co-expressing mutant FUS 

R522G with PDI proteins. Neuro2a cells expressing mutant FUS R522G (first panel) 

display nuclear CHOP immunoreactivity, (middle panel) indicated with white         

arrow. On over-expressing wild-type PDI, CYTO PDI or PDI QUAD significantly 

fewer cells displayed nuclear CHOP immunoreactivity, indicating ER stress        

(second, third panel, fourth panel). Scale bar = 10 µm. B) Quantification of mutant 

FUS expressing cells with nuclear CHOP immunoreactivity, co-expressing wild-

type PDI, CYTO PDI or PDI QUAD, in (A). A significant difference (**) in the 

proportion of FUS R522G cells displaying nuclear CHOP immunoreactivity was 

observed when cells were co-transfected with wild-type PDI, (*) CYTO PDI or PDI 

QUAD. For each of 3 replicate experiments, 100 cells were scored for each           

population. Data are presented as mean ± SEM, tested with one-way ANOVA and 

Tukey's post-test, n = 3, where *p<.05. **p<.01. 
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Furthermore, the effect of CYTO PDI against the cytoplasmic localisation of         

mutant FUS was examined. Neuro2a cells were co-transfected with wild-type FUS 

or mutant FUS (R522G) and with empty vector or either CYTO PDI, wild-type PDI 

or PDI QUAD (Figure 6.10 A). Immunocytochemistry was performed using anti-

HA antibodies to detect the expression of FUS, and anti-V5 antibodies to detect the 

expression of PDI. Transfected cells were observed 72 hr post transfection using 

fluorescence microscopy.  

  

 

In Neuro2a cells expressing wild-type FUS only 18% of transfected cells expressed 

FUS in the cytoplasm. Conversely, 70% cells expressing FUS mutant P525L         

displayed cytoplasmic localisation of FUS (p<.001). However, when CYTO PDI 

was co-expressed with mutant FUS, significantly fewer cells expressed FUS in the 

cytoplasm (48%, p<.01) compared to mutant FUS cells co-transfected with empty 

vector. Hence these data suggest that PDI located in the cytoplasm is protective 

against the mislocalisation of mutant FUS in the cytoplasm. (Figure 6.10 B).         

Similar results were obtained when wild-type PDI or PDI QUAD were                       

co-expressed with mutant FUS: significantly fewer cells of expressing FUS in the 

cytoplasm (49%, p<.01) and (53%, p<.01) respectively.  
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Fig 6.10 CYTO PDI reduces the proportion of cells localised in the cytoplasm. 

A) Immunofluorescent images of Neuro2a cells co-expressing mutant FUS P525L 

with PDI proteins. A proportion of Neuro2a cells express mutant FUS P525L (first 

panel) in the cytoplasm, indicated with white arrow. On over-expressing wild-type 

PDI, CYTO PDI or PDI QUAD, fewer cells displayed cytoplasmic FUS                   

distribution (second, third panel, fourth panel). Scale bar = 10 µm. B)                    

Quantification of cells in (A), with cytoplasmic distribution of mutant FUS. A        

significant difference in the proportion of cells expressing FUS in the cytoplasm 

was observed between wild-type FUS and P525L (***), and between cells               

co-expressing mutant FUS P525L with CYTO PDI, wild-type PDI or PDI QUAD 

(**). For each of 3 replicate experiments, 100 cells were scored for each population. 

Data are presented as mean ± SEM, tested with one-way ANOVA and Tukey's 

post-test, n = 3, where **p<.01 and ***p<.001. 

 

  



   Chapter 6 

 

 

222 
 

6.3 Discussion  

 

The main findings of this study are that by restricting the subcellular location of 

PDI to the cytoplasm, its protective activities could be retained, suggesting that the 

cytoplasm is the subcellular compartment where protection occurs.  Cytoplasmic 

PDI (CYTO PDI) was generated by deleting the signal peptide and KDEL sequence 

from PDI, which are responsible for targeting to the ER, and retention in the ER, 

respectively.  The cytoplasmic location of CYTO PDI and its exclusion from the 

ER was confirmed using confocal microscopy and subcellular fractionation.            

Interestingly, CYTO PDI was protective against mutant SOD1 induced ER stress, 

inclusion formation and apoptosis in neuronal cell lines. Similarly, CYTO PDI    

protected against mutant TDP-43 and FUS induced ER stress and mislocalisation 

to the cytoplasm. 

 

SOD1 is predominately cytoplasmic and pathological forms of TDP-43 and FUS 

are present in the cytoplasm [89, 746, 747].  The reasons why cytoplasmic PDI is 

protective remain unclear. However, CYTO PDI could be protective due to          

availability of the substrate, or due to augmented interaction with the mutant ALS 

proteins in the cytoplasm compared to the ER. Alternatively, the reducing                

environment of the cytoplasm could assist in isomerisation of non-native disulphide 

bonds and may prevent the misfolding of ALS mutant proteins SOD1, TDP-43 and 

FUS.  

 

Additionally, CYTO PDI was protective against the formation of mutant SOD1      

inclusions in neuronal cell lines. This finding suggests that CYTO PDI could         

possibly interact better with misfolded mutant SOD1, which localises in the same 

compartment, and hence exert more protection. Similarly, CYTO PDI also   reduced 

SOD1 induced apoptosis. PDI assists  in the retrotranslocation of misfolded           

proteins into the cytosol for proteolysis [748]. Hence, CYTO PDI may recognise 

misfolded proteins in the cytoplasm and therefore degrade them more efficiently, 

thus reducing toxicity. It is possible that the interaction of PDI with other cytosolic 
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proteins not yet identified is involved. PDI family members have the ability to form 

multiprotein complex via a network of chaperones against protein misfolding [704]. 

Therefore, cytoplasmic PDI may also interact with other PDI family members and 

chaperones localised in the cytoplasm, thus enhancing the beneficial effect. 

 

The findings of this study suggest that expression of PDI in the cytoplasm is          

beneficial in neuronal cultures expressing ALS-mutant proteins. Interestingly, sub-

cellular fractionation experiments demonstrated that wild-type PDI and PDI QUAD 

localised both in the ER and the cytoplasm. However, it should be noted that           

expression of PDI in the cytoplasm could be an artefact, since experimental over-

expression is not physiological and it is possible that highly expressed   recombinant 

proteins mis-localised or leak into the cytoplasm. Also in preparations of ER      

compartment the danger of a presence of other membrane bound organelles such as 

the Golgi or some nuclear lumenal proteins is quite real. The studies with                 

endogenous PDI here, consistent with previous studies, have shown that PDI is     

expressed profusely in the ER region surrounding the nuclear membrane [510]. 

However, the non-ER localisation of PDI has been substantiated by multiple           

experimental approaches, in numerous studies, thus arguing against the possibility 

that cytoplasmic PDI is due entirely to contamination [510, 725, 749, 750]. Similar 

PDI redistribution has been detected in ALS, and hence may occur primarily during 

disease states. 

 

The localisation of PDI may affect its protein folding ability and thus influence its 

function during disease states. PDI is highly expressed in spinal cord motor neurons 

and is protective against misfolded proteins but undergoes aberrant                           

post-translational modification in ALS [483]. This study shows that cytoplasmic 

PDI is protective effect, hence it could be postulated that during disease states,        

induction of ER stress could lead to the leakage of endogenous PDI in the cytoplasm 

where it may more favourably interact with cytoplasmic protein substrates.  It has 

been demonstrated that PDI is released in the cytoplasm during ER stress-induced 

apoptosis in a Bax-dependent manner [751]. Therefore, an indirect mechanism may 
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explain the protective effect of cytoplasmic PDI, possibly via a non-classical ER 

stress pathway. Recently our group demonstrated that mutant TDP-43, FUS and 

SOD1 inhibit ER-Golgi transport in neuronal cultures [552, 557]. Furthermore,   

mutant TDP-43 was observed at the cytoplasmic face of the ER and inhibited ER-

Golgi transport from the cytoplasm. Hence, PDI available in the cytoplasm would 

be beneficial against such cellular defects induced by mutant proteins.  However, 

due to S-nitrosylation, PDI may be non-functional in the cytoplasm. This would be 

important to examine in sporadic ALS, where the exact role of PDI remains poorly 

defined. 

 

Another possible explanation for the protective effect of PDI could be reticulon-

modulated re-distribution of PDI. Previous evidence suggests that PDI redistributes 

away from the ER in ALS, where enhanced enzymatic activity was demonstrated.  

However, in this study the precise localisation of punctate PDI that was associated 

with protection could not clearly be define [531]. Although the  oxidation of newly 

formed disulphide bonds in substrate proteins is difficult in the cytoplasm due to 

the reducing environment, other possible mechanisms have been proposed through 

which PDI could isomerise disulphide bonds in proteins in the cytoplasm [511].The 

reduced form glutathione in the cytoplasm assists PDI in the non-native disulphide 

bond rearrangements [752]. 

 

A key question which arises from the studies presented in this Chapter is, if             

distribution of PDI is protective in ALS, at what stage during the disease process 

does PDI become distributed away from the ER. Reticulon-1C mediated                   

distribution of PDI did not affect ER morphology and also did not induce UPR 

[576]. However, other cellular insults, such as oxidative stress and heat shock, could 

be responsible for the cellular distribution of PDI in non-ER locations. Therefore, 

investigating the mechanism by which reticulons mediate PDI re-distribution is an 

exciting question that should be addressed in future studies. Similarly, it would also 

be interesting to investigate the role of a cytoplasmic version of the PDI QUAD 

mutant in future studies. These type of studies  would further assist in understanding 
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the precise role of the disulphide interchange activity of PDI and its beneficial role 

against mutant proteins linked to ALS, since  cytoplasmic PDI was protective 

against three major misfolded proteins in this study. The findings of these studies 

may provide new clues in designing novel therapeutics which could be targeted to 

the cytosol rather than other cellular compartments. This may also explain how 

BMC, a synthetic mimic of PDI which is not confined to the ER, was protective as 

described previously.  

 

Hence, in summary in the studies outlined in this Chapter, the subcellular location 

of PDI was examined in relation to its protective activity. It was demonstrated that 

the disulphide interchange activity of PDI, when localised in the cytoplasm, is       

protective in cells expressing the major misfolded proteins linked to ALS, mutant 

SOD1, TDP-43 and FUS. Hence, small molecules that mimic the protective activity 

of cytoplasmic PDI, may be a novel therapeutic target, and relevant to multiple 

forms of ALS. 

 

 

 

. 
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Figure 6.7 Schematic representation outlining the possible mechanism of         

action of CYTO PDI in ALS. This schematic diagram summarizes how PDI may 

be protective in ALS. During disease states, the cysteine residues of PDI become 

modified by S-nitrosylation, rendering PDI, nonfunctional. Furthermore, mutant, 

misfolded forms of SOD1, TDP-43 and FUS mislocalise to the cytoplasm, where 

they inhibit ER-Golgi transport, trigger ER stress, leading to apoptosis. However, 

on over-expression of CYTO PDI, PDI becomes accessible to these mutant proteins 

either through the disulphide interchange activity or chaperone activity and thus is 

protective. Therefore, a molecular mimic of PDI, which could compensate loss of 

endogenous PDI in the cytoplasm, may be a beneficial therapeutic target in ALS. 

The diagram is not to scale. 
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7.1 General Discussion  

7.1.1 Summary of the main findings from this thesis   

The main findings of this study demonstrate an important neuroprotective role for 

PDI against several of the major misfolded proteins associated with ALS; TDP-43, 

FUS and SOD1. These proteins are structurally and functionally different    however, 

they portray a similar clinical pattern. Over-expression of PDI was protective 

against mutant SOD1, TDP-43 and FUS induced ER stress, ER-Golgi transport     

defects and mislocalisation into the cytoplasm in neuronal cell cultures. Importantly, 

insights into the mechanism of protection of PDI were also provided in this study. 

The disulphide interchange activity of PDI was found to be essential for protection 

against mutant SOD1 and mutant TDP-43, and it was also  protective against mutant 

FUS. However, the chaperone activity was also protective against mutant FUS,     

unlike mutant TDP-43 and mutant SOD1. The molecular mimic of PDI - BMC was 

further protective against these mutant proteins, and administration of BMC           

rescued the loss of motor neurons in SOD1G93A mice, suggesting it is relevant to 

disease pathology. Furthermore, the involvement of other PDI family members, 

ERp57 and ERp72, in cellular models of ALS was investigated. Like PDI, ERp57 

was found to be protective in cells   expressing mutant SOD1, mutant TDP-43, and 

mutant FUS. Another homologue, ERp72, was also protective against mutant TDP-

43 and mutant FUS, however it was not protective against mutant SOD1. These 

data suggest that specificity exists amongst PDI family members against these      

proteins. Lastly, the role of PDI in the cytoplasm was examined. By modulating the 

location of PDI in the cytoplasm, its protection could be preserved against mutant 

SOD1, TDP-43 and FUS in cellular cultures, suggesting that the cytoplasm is a 

primary location where PDI is protective. Moreover, the studies outlined in this 

thesis raise the possibility of utilising oxidoreductase chaperones such as PDI for 

designing therapeutic agents that could be trialled in ALS. 
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Mutant protein Pathology PDI 

WT/BMC 

PDI QUAD CYTO PDI 

SOD1 - 

A4V 

ER stress 

 

 

X 

 

SOD1 - 

A4V 

ER-Golgi transport defects 

 

 

X 

 

SOD1 - 

A4V 

Inclusion formation 

 

 

X 

 

SOD1 - 

A4V 

Apoptosis   

X 

 

TDP-43 - 

Q331K, 

Q343R, A315T 

ER stress 

 

 

X 

 

TDP-43 -

Q331K 

ER-Golgi transport defects   

X 

 

TDP-43 - 

Q331K, 

Q343R 

Mislocalisation in cytoplasm   

X 

 

FUS - 

R522G, P525L 

ER stress    

FUS - 

R522G 

ER-Golgi transport defects 

 

  

FUS - 

R522G, P525L 

R521C,R521H 

 

Mislocalisation in cytoplasm  

  

 

Table 7.1 Summary of the results obtained from the thesis. Wild-type 

PDI with the disulphide interchange activity and BMC treatment were      

protective against all three mutant proteins – SOD1, TDP-43 and FUS.     

Similarly, CYTO PDI, localised only in the cytoplasm instead of the ER, 

was also protective against mutant SOD1, TDP-43 and FUS. The PDI 
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QUAD mutant, which only possessed chaperone activity, was only             

protective against mutant FUS. 

 

 

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

lines. 

 

The findings described in Chapter 3 highlight the importance of PDI in ALS and its 

broad role in disorders related to protein aggregation. Neurodegenerative diseases 

are associated with the accumulation and aggregation of misfolded proteins that are 

associated with induction of ER stress and apoptosis [316, 753]. Neuroblastoma 

cell culture models were used to demonstrate that over-expression of PDI protects 

against mutant TDP-43 and FUS induced ER stress, ER-Golgi transport defects and 

mislocalisation in the cytoplasm. Furthermore, PDI also protected against ER-Golgi 

transport defects induced by mutant SOD1 in Neuro2a cells, adding to previous 

findings from our group that PDI is protective against ER stress and apoptosis in 

cells expressing mutant SOD1 [483]. 

 

Protein misfolding is a common and intrinsic propensity of most proteins, even 

those that do not bear mutations, and it is influenced by amino acid composition 

and cellular conditions that can induce conformational changes [754]. Misfolded 

proteins display normally buried hydrophobic regions at their surfaces, which can 

lead to accumulation into protein aggregates, which may be toxic. Therefore, the 

normal cellular machinery is equipped with chaperones to refold aberrantly folded 

proteins and degrade protein aggregates [755]. PDI has distinctive properties that 

makes it an effective catalyst, such assist conformational flexibility, rapid ligand 

exchange, broad substrate specificity and ability to differentiate between unfolded 

and partial folded proteins [592]. Other chaperones, such as the heat shock proteins, 

are holdases and only decrease protein aggregation. However, PDI is unique since 

it reduces aggregation either by degrading misfolded proteins or by isomerising    

disulphide bonds present within the protein substrate, until the correct confirmation 

is achieved. This dual property of PDI could be particularly  important in ALS and 
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other neurodegenerative conditions as pathogenic processes may induce autophagy 

failure and/or disturbance in the proteasome ubiquitin  degradation system, which 

would further exacerbate protein misfolding [756].  

 

However, PDI is S-nitrosylated in patients with ALS as well as in other                    

neurodegenerative disorders [483]. This aberrant post-translational modification 

could therefore mask the normal protective function of PDI during disease states 

[483]. PDI S-nitrosylation may compromise its oxidoreductase functions, as well 

as its chaperone functions, further aggravating protein misfolding and ER stress in 

these conditions. Protein misfolding could additionally further deplete chaperones 

by sequestration, thus reducing the effective cellular pool of chaperones. This         

vicious circle may trigger the onset of disease due to the collapse of multiple          

cellular processes, thus dysregulating proteostasis [757].  

 

The possibility of an alternative protective mechanism of PDI, unrelated to its     

chaperone or oxidoreductase activity, cannot be eliminated. Among the various    

important functions ascribed to PDI are that it is also involved in cytoskeleton        

reorganisation of actin via interaction with cysteine residues [758]. Since                 

cytoskeletal defects are common in ALS pathology [759, 760], multifunctional PDI 

may exert protection via these types of processes, thus reducing the pathological 

consequences. Consistent with this notion, large motor neurons are particularly    

vulnerable to neurofilament abnormalities. Misfolded proteins can also induce      

axonal transport defects, which is a well described pathogenic process in ALS [343]. 

Hence, compensating PDI levels may facilitate axonal transport, which could have 

a beneficial effect on other related cellular processes, such as ER-Golgi transport. 

Alternatively, the ER-Golgi transport defects we have describe may underlie the 

axonal transport dysfunction identified in ALS, because these processes are clearly 

linked [448, 761]. 

 

The studies described in this thesis imply that the normal function of PDI is to      

protect against pathogenic processes induced by mutant ALS proteins. However, 
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due to unfavourable conditions, such as oxidative stress PDI can become                

non-functional, and other studies have demonstrated it acquires a toxic gain of  

function [741] and even becomes apoptotic [663, 762]. Therefore, it is possible that 

with PDI, both loss of its normal function and gain of aberrant, toxic functions, 

come into play. PDI may therefore act as a regulatory switch, in which PDI is          

initially protective against protein misfolding and aggregation. However, in            

response to unknown triggers, when proteostasis cannot otherwise be resolved, PDI 

subsequently becomes apoptotic (Figure 7.1), in what may be ultimately a              

protective mechanism to protect the organism from the burden of misfolded          

proteins. Therefore, aberrant post-translational modifications, together with the 

pro-apoptotic function of PDI, could further accentuate the adverse effects of PDI. 

This raises the possibility that therapeutic elevation of PDI activity, either by          

increasing the cellular levels of PDI, by administration of small molecular mimics 

of PDI activity, could be beneficial.  In addition, reversal of PDI inhibition, or       

prevention of nitrosative stress, could also increase the protective capabilities of 

PDI [763].  Alternatively, it is also possible that the pro-apoptotic activities of PDI 

could be targeted as a possible therapeutic strategy, as was described in a study that 

identified PDI inhibitors such as muscimol that were protective in Huntington   

models [741]. 

 

It is important to mention some caveats to this study. The studies in this thesis         

incorporated the use of cell culture models overexpressing mutant proteins linked 

to ALS.  The rationale with using these models is to gain a simplified, yet                  

accelerated, view of the pathological consequences of expression of these mutant 

proteins and also investigate the effect of PDI. The microscopic techniques used 

allow us to examine the fate of a single transfected cell, rather than the total           

population, which is therefore not dependent on transfection efficiency.                   

Immunoblotting assays can sometimes be less accurate because they sample the 

whole cell population, even though only a percentage of the cells actually express 

that protein [764]. However, it should be noted that transient transfections result in 

high levels of expression of mutant proteins, which may be non-physiological and 

therefore give rise to phenotypes not directly relevant to the disorder. Investigating 

cellular pathologies using stable cell lines expressing PDI, may eliminate aberrantly 
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levels of expression. Alternatively, in future studies other  approaches could be used 

to express mutant proteins in cell culture, such as the use of the CRISPR/Cas9     

technology, which could possibly give more  physiological levels of expression 

[765]. This thesis shows that over-expression of ER targeted proteins results in      

expression in the cytoplasm, so these approaches may assist in understanding the 

effect of different localisation of PDI. Other   improvements and better approaches 

would be to examine live cells using more advanced techniques such as foster       

resonance energy transfer (FRET)  methods [766], since these techniques are effi-

cient in determining the  compartmentalization and functional organization of living 

cells [767]. FRET methods could assist in efficient characterisation of PDI             

subcellular localisation. 

 

Furthermore, in future studies it would be worthwhile to investigate other                 

pathologies related to the ER in relation to ALS, including dysregulation in the   

levels of calcium, the redox state of ER, or in ERAD function, which could             

impact on the protective functions of PDI. Fluorescence recovery after                     

photobleaching (FRAP) could be utilised to directly determine the burden of        

misfolded protein within the ER using novel techniques and reagents recently         

developed [768, 769] that directly monitor the activities of chaperones such as BiP 

or PDI. ERAD substrates should also be monitored since they can provide insights 

into the functionality of the ER folding environment [770]. It would be worthwhile 

to investigate additional pathogenic events such as oxidative stress, response to heat 

or toxins. PDI might be selectively protective against particular events linked to ER 

however it might not exert similar protective against other cellular stressors. 

 

Also in this thesis, VSVG was the only method examined to investigate ER-Golgi 

transport, and this is an overexpressed, non-physiological marker. Therefore, other 

alternative approaches are warranted, such as examining normal proteins secreted 

by neurons. Recently, a novel method of examining cellular transport using flow 

cytometry was described, which could be used in future studies to confirm the         

results obtained here [771]. Furthermore, the data obtained from the VSVG assay 

using Manders coefficient could further be validated and compared to data obtained 
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using Pearson correlation coefficient, which excludes background pixels [772]. 

These additional experiments could further strengthen the findings obtained in this 

study that elucidate the role of PDI in the pathogenesis of ALS. 

 

 

 

Figure 7.1 Schematic diagram outlining the dual nature of PDI in ALS. Under 

normal conditions, PDI reduces the load of misfolded proteins either by its          

chaperone activity or by isomerization of non-native bonds. However, during         

disease states, loss of the normal protective function of PDI as well as the gain of 

additional, toxic functions, leads to PDI becoming apoptotic, thus contributing to 

disease pathology. 

 

 

7.1.3 Mechanism of action of PDI against mutant SOD1, TDP-43 and FUS in 

neuronal cell lines. 

 

In order to exploit the protective ability of PDI and to develop therapeutic targets it 

is important to determine which key property of PDI makes it protective. In this 

study it was demonstrated that the disulphide interchange activity of PDI is            
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protective against mutant SOD1, mutant FUS and mutant TDP-43 in neuronal cell 

lines. Furthermore, BMC, the molecular mimic of the active site of PDI, was        

protective against all the three mutant proteins observed in this study in vitro. The 

disulphide residues of PDI are important for various functions in the cell, such as 

the specific recognition of misfolded proteins in the ER [773]. These residues are 

essential for interaction with other chaperones such as BiP. According to a             

proposed model, BiP and PDI form a multiprotein complex, where BiP binds to 

unfolded polypeptide chains, thus allowing PDI to access cysteine residues which 

otherwise are buried [774]. Additionally, reduction of disulphide bridges in           

substrate proteins by the cysteine residues of PDI  are a prerequisite for their       

retro-translocation into the cytoplasm [775]. Although cysteine residues are           

important for the  function of PDI, they are also susceptible to be modified by         

oxidative stress [547], which would consequently leading to redox dysregulation 

and loss of PDI function. 

 

One gap in our knowledge of the function of PDI is whether the redox status of PDI 

could affect its protective ability. Since PDI is a redox regulated protein, it is          

important to understand the changes in the redox state during ER stress. An  ER-

targeted GFP that has been modified to become redox sensitive could be utilised to 

examine changes in ER redox potential in the presence of aberrant disulphide bond 

formation [776]. However, since the redox state of PDI in vivo is determined by 

numerous factors such as the redox environment of the ER, the availability and the 

concentration of glutathione and the specific substrate, it is hard to replicate similar 

conditions in vitro. Investigations using Dsb (bacterial disulphide oxido-reductase) 

rather than PDI may also assist in understanding the redox regulation conditions 

necessary for the protective function of PDI in ALS because the redox machinery 

is simpler in DsbA and its redox requirements are now well understood [586, 777, 

778]. BMC was protective both in vitro and in vivo models, and more detailed         

experiments to investigate how BMC delays symptom onset and progression in 

SOD1G93A mice and reduces neuropathology, are now in progress in our laboratory.  
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7.1.4 Role of PDI family members Erp57 and ERp72 against mutant SOD1, TDP-

43 and FUS in neuronal cell lines. 

The reasons why so many PDI family members exist remains unclear since the PDI 

proteins have very similar functions in the isomerisation and refolding of misfolded 

proteins. The results in this thesis also demonstrate the protective role of PDI family 

members ERp57 and ERp72 in cellular models of ALS. Therefore, further detailed 

investigations into the role of other PDI family members in ALS is warranted.      

Specific PDI family members could be involved in preventing misfolding of certain 

specific misfolded protein substrates, or alternatively they may function in a cell-

type specific manner. Sequence comparisons of the  substrate binding domains of 

these proteins has suggested that there are  similarities between PDIp, PDILT, 

ERp27, ERp44 and PDI [686],  suggesting that these family members could also 

bind to misfolded proteins similar to PDI. Similarly, understanding how PDI        

family members compensate each other’s function would be another approach to 

understand the mechanism of protection of PDI. Given that ER stress is a central 

process in ALS, it would also be worthwhile investigating other ER chaperones 

related to PDI to provide further insights into how this family of proteins function 

in ALS. Peptidyl prolyl isomerase is an ER chaperone that also assists in the        

isomerisation of disulphide bonds in proteins [773]. This could be an important 

molecule to investigate to further understand if indeed the disulphide interchange 

activity of PDI is the key feature which protects against mutant proteins. 

 

The PDI family of proteins may have broader functions than just isomerisation and 

formation of disulphide bonds. There is some evidence that they regulate quality 

control mechanisms and therefore regulating ER homeostatic mechanism. ERdj5 is 

a co-chaperone of BiP that directs BiP to bind to unfolded proteins during UPR 

induction [704]. Some PDI family members also interact with heat shock proteins, 

including  HSP70 [505, 779]. However, defining the in vivo functions of chaperone 

proteins is difficult to determine due to their intrinsically complex substrate         

specificity. Hence knock down studies, in which the activity of each protein is      

negligible, would assist in examining the role of individual PDI family members. 
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However, the presence of active site cysteine residues in all PDI family members, 

may render them susceptible to post-translational modifications, and hence they 

may be non-functional during disease state.  

 

7.1.5 Role of Cytoplasmic PDI against mutant SOD1, TDP-43 and FUS in        

neuronal cell lines.  

The studies outlined in chapter 6 demonstrate that PDI in the cytoplasm is               

protective against mutant SOD1, TDP-43 and FUS in neuronal cultures. By            

deletion of the signal peptide and the ER retention signal KDEL, the cellular             

localisation of PDI was directed to the cytoplasm, and we confirmed that PDI was 

no longer expressed in the ER. Cytoplasmic PDI was efficient in rescuing several 

pathological processes induced by mutant SOD1, TDP-43 and FUS, implying that 

the subcellular location of PDI does affect its protective functions. However, this 

observation has opened up several questions which should be investigated in           

future studies. For example, does the cell modulate the location of PDI as a defence 

against different stressors, to facilitate augmented protein folding?  Furthermore, 

what levels of PDI are optimal to protect the cell against these stressors during      

disease states, given that the cytoplasm does not ideally favour disulphide bond 

formation? It would therefore be worthwhile to determine the binding partners of 

PDI which assist in its protective function in the cytoplasm. Conversely, it should 

be noted that PDI in non-ER locations can have adverse   effects. Cell surface PDI 

facilitates the entry of nitric oxide into the cell, which subsequently can induce post-

translational modifications into proteins [780]. Furthermore, PDI at the                     

mitochondrial-associated ER membrane (MAM) regulates apoptotic signalling in 

Huntington models, and induces apoptosis [741]. Therefore the role of PDI within 

different cellular locations is clearly important in terms of its function and therefore 

needs detailed investigation in the future. 

 

7.2 Concluding remarks 

ALS is a late onset disease which is coupled with decreased cellular defences and 

increased protein misfolding. PDI is an efficient catalyst and protein chaperone. It 
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has the ability to restore proteostasis by catalysing the efficient folding of newly 

synthesized proteins, and it plays an important role in protein quality control. The 

protective functions of PDI may be modulated by the subcellular location of PDI, 

levels of ER stress, redox environment and post-translational modification. In this 

study, over-expression of PDI positively modified the deleterious cellular features 

of pathogenic SOD1, TDP-43 and FUS mutations, thereby reducing the vicious 

stress cycle. Elevation of the levels of total PDI, with the aim of restoring PDI    

function and therefore reduce protein misfolding, could be an effective therapeutic 

approach in ALS. Similarly, reducing the levels of aberrantly modified PDI might 

also be necessary in neurodegeneration, in order to defend against the pro-apoptotic 

properties of PDI. Taken together these findings suggest that PDI may have           

therapeutic potential for the treatment of ALS and related neurodegenerative          

disorders associated with protein misfolding, which should be investigated in the 

future in in vivo approaches. 
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7.2.1 Sequence of  CYTO PDI without signal sequence or KDEL: 

 

atgGACGCCCCCGAGGAGGAGGACCACGTCCTGGTGCTGCG-

GAAAAGCAACTTCGCGGAGGCGCTGGCGGCCCACAAGTAC-

CTGCTGGTGGAGTTCTATGCCCCTTGGTGTGGCCACTG-

CAAGGCTCTGGCCCCTGAGTATGCCAAAGCCGCTGGGAA-

GCTGAAGGCAGAAGGTTCCGAGATCAGGTTGGCCAAGGTG-

GACGCCACGGAGGAGTCTGACCTGGCCCAGCAGTAC-

GGCGTGCGCGGCTATCCCACCATCAAGTTCTTCAG-

GAATGGAGACACGGCTTCCCCCAAGGAATATACAGCTGG-

CAGAGAGGCTGATGACATCGTGAACTGGCTGAAGAAGCG-

CACGGGCCCGGCTGCCACCACCCTGCCTGACGGCGCAGCTG-

CAGAGTCCTTGGTGGAG-

TCCAGCGAGGTGGCTGTCATCGGCTTCTTCAAGGACGTG-

GAGTCGGACTCTGCCAAGCAGTTTTTGCAGGCAG-

CAGAGGCCATCGATGACATACCATTTGGGATCAC-

TTCCAACAGTGACGTGTTCTCCAAATACCAGCTCGACAAA-

GATGGGGTTGTCCTCTTTAAGAAGTTTGATGAAGGCCG-

GAACAACTTTGAAGGGGAGGTCACCAAGGAGAACCTGCTG-

GACTTTATCAAACACAACCAGCTGCCCCTTGTCATCGAG-

TTCACCGAGCAGACAGCCCCGAAGATTTTT-

GGAGGTGAAATCAAGACTCACATCCTGCTGTTCTTGCCCAA-

GAGTGTGTCTGACTATGACGGCAAACTGAG-

CAACTTCAAAACAGCAGCCGAGAGCTTCAAGGGCAA-

GATCCTGTTCATCTTCATCGACAGCGACCACACCGACAAC-

CAGCGCATCCTCGAGTTCTTTGGCCTGAAGAAGGAAGAG-

TGCCCGGCCGTGCGCCTCATCACCCTGGAGGAGGAGATGAC-

CAAGTACAAGCCCGAATCGGAGGAGCTGACGGCAGAGAG-

GATCACAGAGTTCTGCCACCGCTTCCTGGAGGG-

CAAAATCAAGCCCCACCTGATGAGCCAGGAGCTGCCGGAG-

GACTGGGACAAGCAGCCTGTCAAGGTGCTTGTTGGGAA-

GAACTTTGAAGACGTGGCTTTTGATGAGAAAAAAAAC-

GTCTTTGTGGAGTTCTATGCCCCATGGTGTGGTCACTG-

CAAACAGTTGGCTCCCATTTGGGATAAACTGGGAGAGAC-

GTACAAGGACCATGAGAACATCGTCATCGCCAA-

GATGGACTCGACTGCCAACGAGGTGGAGGCCGTCAAAGTG-

CACAGCTTCCCCACACTCAAGTTCTTTCCTGCCAG-

TGCCGACAGGACGGTCATTGATTACAACGGGGAACGCAC-

GCTGGATGGTTTTAAGAAATTCCTGGAGAGCGGTGGCCAG-

GATGGGGCAGGGGATGATGACGATCTCGAGGACCTGGAA-

GAAGCAGAGGAGCCAGACATGGAGGAAGAC-

GATGATCAGAAAGCTGTGGGTAAAC-

CTATTCCTAATCCTCTTCTTGGTCTTGATTCTACTTGA 
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7.2.2 Supplementary Figure 1 
 

The published review article: Parakh S and Atkin J (2015) “Novel roles for            

protein disulphide isomerase in disease states: a double edged sword”. Frontiers 

in Cell and Developmental Biology 3: 1-11 was written by the author with the     

guidance of supervisor Julie Atkin. 
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Protein disulphide isomerase (PDI) is a multifunctional redox chaperone of the

endoplasmic reticulum (ER). Since it was first discovered 40 years ago the functions

ascribed to PDI have evolved significantly and recent studies have recognized its distinct

functions, with adverse as well as protective effects in disease. Furthermore, post

translational modifications of PDI abrogate its normal functional roles in specific disease

states. This review focusses on recent studies that have identified novel functions for PDI

relevant to specific diseases.

Keywords: protein disulfide isomerase family, neurodegnerative diseases, protein chaperones, post-translational

modifications, cancer, amyotrophic lateral sclerosis

Introduction

Protein disulphide isomerase (PDI) was the first folding catalyst isolated from rat liver (Goldberger
et al., 1963) and it is found abundantly in many tissues, accounting for 0.8% of total cellular
protein (Freedman et al., 1994). PDI is induced during endoplasmic reticulum (ER) stress
(Wilkinson and Gilbert, 2004) and it serves as a vital cellular defense against general protein
misfolding via its chaperone activity. It is also responsible for the isomerization, formation, and
rearrangement of protein disulphide bonds, thereby providing another mechanism by which
native protein conformation is maintained. Disulphide bonds play an important role in the
folding and stability of proteins and they are present in more than 30% of all human proteins
that traverse the secretory pathway (Fewell et al., 2001). Since most cellular compartments are
reducing environments, protein disulphide bonds are usually unstable in the cytosol, although
there are exceptions (Frand et al., 2000). PDI assists in redox protein folding, involving oxidation,
multiple intramolecular thiol-disulphide exchanges, and isomerization (reduction) activities and it
is highly specific in its interaction with different substrates. Whilst PDI is considered to be resident
primarily within the ER, nonetheless it has been detected in many other diverse cellular locations,
including the cell surface, cytosol, mitochondria, and extracellular matrix (Turano et al., 2002).
However, the mechanism by which PDI escapes from the ER is still unclear. PDI is also present
in the extracellular medium where it facilitates protein folding and reduces protein aggregation
(Delom et al., 2001). Furthermore, specific functions of cell surface PDI have been identified in
hepatocytes, platelets, and endothelial cells (Turano et al., 2002). This review focusses on recent
advances recognizing the versatile roles of PDI in normal cellular function and also in disease
states. These studies highlight novel therapeutic possibilities based on the functional properties
of PDI.
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Structure and Superfamily of PDI

PDI is a soluble 55-kDa protein that is the prototype of the
PDI family of proteins which all contain the thioredoxin-like
βαβαβαββα domain (Kemmink et al., 1997). Thioredoxins are a
class of oxidoreductase enzymes containing a dithiol-disulphide
active site that are involved in redox signaling (Moran et al.,
2001). Besides PDI, 21more family members have been described
(Kozlov et al., 2010). However, the enzymatic properties of
these proteins differ in their redox potential and hence substrate
specificity (Jessop et al., 2009), the sequence of their active site
and the pKa of the active site cysteine residues (Ellgaard and
Ruddock, 2005). They are primarily localized in the ER where
they maintain an oxidative environment and thereby contribute
to ER homeostasis (Anelli et al., 2002).

Full length PDI contains 508 amino acids and consists of four
domains namely a, b, b’, a’ (Figure 1). The homologous a and a’
domains share 47% similarity and contain the active site, CGHC
(Kemmink et al., 1996). The active site cysteine residues interact
with the thiol group of a newly synthesized substrate, thus
mediating the formation and isomerization of protein disulphide
bonds (Gilbert, 1998). The intermediate b and b’ domains are
28% identical and they assist in the binding of protein substrates
but they lack the catalytically active cysteine residues (Gruber
et al., 2006). PDI also contains a x linker region and an acidic C
terminus containing a KDEL-ER retrieval sequence (Darby et al.,
1996). Whilst the three dimensional structure of human PDI is
still under investigation, the structures of each single thioredoxin
domain (Nguyen et al., 2008) and the domain combinations bb’c
(Denisov et al., 2009) and bb’cxac (Wang et al., 2012a) have been
determined. However, the structure of yeast PDI has been solved
(Tian et al., 2006) revealing that it adopts a U shape structure,
with the catalytic a and a’ domains facing each other. NMR and x-
ray crystallography has further demonstrated that the b’ domain
contains the chaperone activity responsible for binding ligands
and protein substrates in its hydrophobic pocket (Denisov et al.,
2009).

The CGHC motif modulates the overall reduction potential
of PDI and thus it regulates the catalytic ability of the active
site cysteines to actively oxidize or reduce disulphide bonds
(Chivers et al., 1997). The reduction potential of PDI is−180mV,
higher than other PDI family members, thus making it a strong
oxidizing agent. The individual a and a’ domains have similar
oxidizing ability but conversely they have low isomerase activity

FIGURE 1 | Domain structure of PDI. The thioredoxin-like domains are

shown in green, representing the catalytically active domains a and a’. The

catalytically inactive b domain and b’ domains are illustrated in orange and red

respectively. The linker region x (shown in white) is responsible for the U shape

structure of PDI. The C terminus is illustrated in yellow, followed by an ER

retrieval signal, KDEL.

(Darby et al., 1998). The b’ domain is the main site for binding
misfolded protein substrates but the other domains also assist
in this process (Klappa et al., 1998). The catalytic domains can
only catalyze basic disulphide exchange and all the domains are
required to isomerize a protein substrate that has undergone
conformational changes (Darby et al., 1996). Deletion of the C-
terminal residues of PDI results in deactivation of its chaperone-
like activity and its peptide binding ability, but this does not affect
its catalytic activity in disulphide bond formation (Dai andWang,
1997).

Although it is implied that all PDI family members possess
the ability to rearrange disulphide bonds, only a few members
have actually been demonstrated to perform these activities and
the rest are linked to the family through evolution rather than
function (Galligan and Petersen, 2012). The most commonly
studied members of the PDI family after PDI are ERp57, ERp72,
ERp29, ERp44, and PDIA2 (Appenzeller-Herzog and Ellgaard,
2008). There appears to be an interplay of functions amongst the
PDI family and some family members are able to recompense
for each other. For example, ERp72 is known to compensate for
ERp57 deficiency, where it can assist in folding specific proteins
(Solda et al., 2006). Certain protein substrates also appear to
interact simultaneously with PDI and its family members. ERp57
and PDI engage simultaneously in forming mixed disulphides
with thyroglobulin during the production and isomerization of
new disulphide bonds. In addition both ERp57 and PDI are
released from thyroglobulin when it dissociates from the ER
(Di Jeso et al., 2005). Transferrin also requires both PDI and
ERp57 for optimal folding. Furthermore, depletion of both PDI
and ERp57 leads to generalized protein misfolding, impaired
export from the ER, and degradation in human hepatoma
cells, implying that these proteins function together (Rutkevich
et al., 2010). Functional analysis in yeast revealed that ERp46
substitutes for PDI-mediated disulphide bond formation in vivo
(Knoblach et al., 2003). However, PDI itself plays a key role
in oxidative protein folding and no other family member can
entirely compensate for its loss (Rutkevich et al., 2010).

There is also evidence that PDI family members dimerise
and that this property is involved in its function. PDI was
recently shown to form disulphide-independent dimers in vivo
suggesting that dimerizationmay control efficient protein folding
in the ER (Bastos-Aristizabal et al., 2014). This may be achieved
by generating a reserve of inactive protein that allows the
ER to respond competently to an abrupt increase in substrate
availability (Bastos-Aristizabal et al., 2014). PDI family member
ERp29 also dimerises, and it acts as an escort protein in the
binding of thyroglobulin in the ER (Rainey-Barger et al., 2007).
It has been suggested that the formation of a dimer of PDIA2,
which is mediated through glycosylation (Walker et al., 2013),
is increased under conditions of oxidative stress, and this dimer
has increased chaperone activity compared to the monomeric
form (Fu and Zhu, 2009). Several excellent recent reviews have
discussed the structural aspects of the PDI family in more detail
and the reader is directed to these for further information
(Hatahet and Ruddock, 2009; Kozlov et al., 2010; Galligan and
Petersen, 2012). This review will focus on recent advances made
into the functional roles of PDI.
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Functions of PDI

PDI is found in all eukaryotic organisms, whereas in prokaryotes
a related homolog, Dsb, performs similar functions in facilitating
protein folding (Inaba, 2009). The importance of PDI in cellular
function was first realized in yeast, where PDI was found to be
essential for cellular viability (LaMantia et al., 1991). To date, no
viable PDI knockout strain has been reported in rodents, further
emphasizing the importance of PDI in normal cellular physiology
(Hatahet and Ruddock, 2009). The disulphide interchange and
chaperone functions of PDI are well documented and will be
summarized briefly below. Emerging evidence describing novel
functions for PDI will then be described.

PDI is a Chaperone Present in the ER
PDI has the ability to distinguish between partially folded,
unfolded, and properly folded protein substrates, and it has a
higher affinity to bind to misfolded proteins rather than native
proteins through hydrophobic interactions (Klappa et al., 1997).
These properties, together with its conformational flexibility,
make PDI a highly effective chaperone (Irvine et al., 2014). PDI
binds to a large number of protein substrates in the ER, although
it is difficult to isolate and identify the individual substrates in
vivo. Several methods are used to measure the chaperone activity
of PDI in vitro. The rate of protein aggregation is assessed using
protein substrates that do not possess cysteine residues, including
GAPDH (Cai et al., 1994), rhodanese (Song and Wang, 1995),
citrate synthase, alcohol dehydrogenase (Primm et al., 1996), or
GFP, which on interaction with PDI causes increased fluorescent
intensity as it folds into its native conformation (Mares et al.,
2011).

A major function of PDI is a chaperone upregulated during
ER stress. Accumulation of misfolded proteins within the
ER activates the unfolded protein response (UPR). The UPR
aims to reduce the load of unfolded proteins by increasing
the curvature of ER, reducing protein synthesis, and by the
induction of PDI and other chaperones to further increase the
protein folding capacity (Hetz and Mollereau, 2014). This is
achieved by activation of sensor ER proteins inositol requiring
enzyme-1(IRE-1), protein kinase RNA like ER kinase (PERK),
and activating transcription factor kinase 6 (ATF6), which
subsequently activate UPR signaling pathways [detailed in
(Sovolyova et al., 2014)]. While initially protective, prolonged
UPR causes apoptosis (Schroder and Kaufman, 2005).

PDI facilitates the degradation of misfolded proteins via
ER association degradation (ERAD) by translocation of these
proteins from the ER to the cytoplasm, for subsequent
degradation by the ubiquitin protease system. (Molinari et al.,
2002; Lee et al., 2010b). It also helps in protein quality control
by retaining unassembled procollagen until the correct native
structure is achieved (Bottomley et al., 2001).

Other specific functions involving the chaperone activity
of PDI have been described, including maintenance of the
active conformation of the β subunit of collagen prolyl 4-
hydroxylase (Vuori et al., 1992) and stabilization of the
major histocompatibility complex’s (MHC) class 1 peptide
loading complex (PLC) that mediates MHC class 1 folding.

Interestingly, PDI exhibits both chaperone and anti-chaperone
activity depending upon its initial concentration. When PDI’s
chaperone activity is dominant, virtually all of the substrate
protein is correctly folded. However, at low concentrations, PD1
promotes intermolecular disulphide crosslinking of substrates
into large inactive aggregates via anti-chaperone activity (Puig
and Gilbert, 1994).

Redox Regulation of PDI
Multiple studies have suggested that the disulphide interchange
enzymatic activity of PDI is more important for its function
than its chaperone activity. When its catalytic cysteines are
reduced, PDI is able to react with non-native disulphides of
substrate proteins to form a mixed disulphide complex. PDI then
catalyzes the rearrangement of incorrectly formed disulphide
bonds via isomerization reactions. This takes place with cycles
of reduction (breaking of non-native disulphide bonds) and
oxidation (to introduce correct pairing of cysteines) to eventually
form the native disulphide bonds (Schwaller et al., 2003). The
tripeptide glutathione constitutes the cellular redox buffer that
maintains the redox environment of the ER (Hwang et al.,
1992). After PDI has oxidized substrate proteins, it then has
to be oxidized itself to complete the catalytic cycle. This
function is carried out by a number of proteins including
FAD binding oxidases, Ero1α, oxidized glutathione, glutathione
peroxidase 7, glutathione peroxidase 8 or quiescin sulfhydryl
oxidase (Wilkinson and Gilbert, 2004) (Figure 2). Interestingly,
the chaperone activity of PDI is regulated by the redox state of
its oxidized and reduced forms (Wang et al., 2013), suggesting a
link between the two separate functions of PDI. Redox regulation
of PDI can be examined experimentally in vitro using scrambled
RNAse, ribonuclease and bovine pancreatic trypsin inhibitor
(Darby et al., 1998; Xiao et al., 2001).

The in vivo redox state of PDI is complex and determined by
numerous factors including the reduction potential of PDI, the
glutathione redox state in the ER, and the potential reductase
activity of the substrate and its availability. However, redox
conditions can have a major impact on the functions of PDI.
For example, PDI regulates the organization of the cytoskeleton
by forming a disulphide bond to Cys 374 of β-actin via a redox
dependent mechanism (Sobierajska et al., 2014).

PDI in Disease States

Recent studies provide compelling evidence for a role for PDI
in both the physiology and pathophysiology of disease states
including diabetes (Grek and Townsend, 2014), cardiovascular
diseases (Khan and Mutus, 2014), cancer (Xu et al., 2014),
neurodegenerative conditions (Andreu et al., 2012) and the entry
of pathogens in infectious diseases (Benham, 2012). However,
precise roles for PDI in these diseases have not yet been
elucidated. PDI is upregulated in various tissues during disease
and surprisingly, both protective and detrimental effects have
been described. These effects relate to either a loss of its normal
protective function in some situations, or gain of toxic function
in others. While the association between the PDI family and
human disease states still requires further validation, current
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FIGURE 2 | Diagram representing disulphide bond formation in the eukaryotic ER and redox reactions involving PDI. Oxidative folding of PDI leads to

disulphide bond formation in native protein substrates. Reduced PDI facilitates isomerization of non-native bonds in protein substrates.

improvements in our understanding of the functional roles of
PDI provide new insights into the physiological contribution of
PDI in vivo.

PDI in Cancer
PDI is highly expressed and up-regulated in numerous cancer
cell types, including kidney, lung, brain, ovarian, melanoma,
prostrate, and male germ cell tumors (Xu et al., 2014). Also,
lower levels of PDI are associated with a higher survival rate
in patients with breast cancer and glioblastoma (Thongwatchara
et al., 2011), suggesting that PDI promotes the survival of cancer
cells. Consistent with this notion, knockdown of PDI induces
cytotoxicity in human breast cancer and neuroblastoma cell lines
due to caspase activation (Hashida et al., 2011). Suppression of
apoptosis by PDI has been proposed as mechanism for tumor
growth and metastasis. Over-expression of PDI may therefore
serve as a diagnostic marker for cancer, as suggested for glial
cell cancer (Goplen et al., 2006), colorectal cancer (Ataman-Onal
et al., 2013), and breast cancer (Thongwatchara et al., 2011).
Cell surface PDI is also associated with cancer progression and
administering of anti-PDI monoclonal antibodies inhibits the
invasion of glioma cells (Goplen et al., 2006).

As increasing evidence suggests that PDI supports the survival
and progression of various cancers, inhibitors of PDI may
therefore have a therapeutic role against cancer progression (Xu
et al., 2014). A synthesized series of PACMA (propynoic acid
carbamoyl methyl amides) compounds demonstrated anticancer
activity in human ovarian cancer in vitro and in vivo by
a mechanism involving inhibition of PDI (Xu et al., 2012).
Bacitracin, a pharmacological inhibitor of PDI, reduced the
in vitromigration and invasion of human brain glial cells (Goplen
et al., 2006). However, the specificity of bacitracin as an inhibitor
of PDI has recently been questioned (Karala and Ruddock, 2010).

Small-molecule inhibitors of PDI which bind to the CGHC
active site may also have potential for improving the efficacy
of chemotherapy in melanoma, as inhibition of PDI function
proliferates apoptosis (Lovat et al., 2008). However, the effect of
PDI in supporting tumor survival is based on the specific type of
cancer and may be cell type dependent. Hence it is important to
recognize the specific type of cancer cell for future applications in
cancer therapy.

PDI in Neurodegenerative Disorders
Neurodegenerative diseases are also known as protein misfolding
disorders due to their characteristic property of accumulating
insoluble ubiquitinated aggregated proteins within affected
tissues. Protein misfolding within the ER triggers ER stress,
and hence up-regulation of PDI, and ER stress is increasingly
implicated in these diseases (Hetz and Mollereau, 2014). Most
studies suggest that the induction of PDI during ER stress
in neurodegenerative diseases reduces the load of misfolded
proteins, and is therefore protective thus restoring proteostasis
and increasing neuronal viability.

PDI is upregulated in dopaminergic neurons and Lewy
bodies of patients with Parkinson’s disease. Similarly PDI
reduces aggregation of the Parkinson’s disease-associated protein
synphilin-1 in neuroblastoma cells, an activity which relies on
the presence of the CGHC active site motif (Uehara et al., 2006).
Similarly, PDI also prevents aggregation of another Parkinson’s
associated protein, α-synuclein, in cell-free in vitro systems
(Cheng et al., 2010). PDI also co-localizes with neurofibrillary
tangles in Alzheimer’s disease patient brain tissue, and is
upregulated in brains of Alzheimer’s rodent models (Lee et al.,
2010a) implying a role in refolding misfolded proteins in these
conditions. Consistent with this notion, ERp57 is present in CSF,
where it binds and reduces aggregation of β-amyloid peptides
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(Erickson et al., 2005). Furthermore, PDI is upregulated in
response to hypoxia in the brain and PDI prevents neuronal and
cardiomyocyte apoptosis, triggered by hypoxia-ischaemia in cell
culture and in rodent models, by decreasing protein misfolding
(Tanaka et al., 2000). In prion disorders, Wang and group
suggested a pleiotropic role of PDI in the cellular management
of misfolded prion protein (Wang et al., 2012b) because PDI and
ERp57 are protective against prion induced toxicity in vitro (Hetz
et al., 2005) and inhibition of PDI increases the production of
misfolded prion proteins (Watts et al., 2009).

An important role for PDI has been implicated in
amyotrophic lateral sclerosis (ALS). PDI is up-regulated
and recruited to misfolded protein aggregates in sporadic human
ALS (Atkin et al., 2008). PDI is also up-regulated in lumbar
spinal cords from transgenic SOD1G93A mice, the most widely
used animal disease model (Atkin et al., 2006). Furthermore,
over-expression of PDI is protective against the formation of
mutant SOD1 inclusions and ER stress, whereas knockdown
of PDI using siRNA increases mutant SOD1 aggregation and
inclusion formation (Walker et al., 2010). Similarly, a small
molecule mimic of PDI reduces mutant SOD1 aggregation in
vitro (Walker et al., 2010). Endogenous PDI co-localizes with
mutant superoxide dismutase 1 (SOD1) (Atkin et al., 2006), TAR
DNA-binding protein-43 (TDP-43) (Honjo et al., 2011), vesicle
associated protein B (VAPB) (Tsuda et al., 2008), and Fused in
Sarcoma (FUS) (Farg et al., 2012) in neuronal cells. PDI and
ERp57 were identified as potential biomarkers for ALS using
peripheral blood mononuclear cells (Nardo et al., 2011) and
mutations in intronic variants of PDI are predicted to be a risk
factor in ALS (Kwok et al., 2013).

There is also evidence that the cellular location of PDI is
linked to disease outcomes in ALS. PDI is redistributed away
from the ER via a reticulon-dependent process in transgenic
SOD1G93A mice (Yang et al., 2009). The reticulon family of
proteins function in maintaining the curvature of ER and
several members of this family modulate the re-distribution of
PDI away from the ER when overexpressed (Bernardoni et al.,
2013). Furthermore, deletion of reticulon 4a,b enhances disease
progression in SOD1G93A mice (Yang et al., 2009), highlighting
the importance of a non-ER location of PDI in ALS.

Roles of PDI in Cardiovascular Disease
Both beneficial and harmful roles for PDI in cardiovascular
disease have been proposed. PDI prevents protein misfolding
in the myocardium during ischemic myocardial injury (Toldo
et al., 2011). PDI is also up-regulated in hypoxia induced in
myocardial capillary endothelial cells (Tian et al., 2009) and this
is linked to significant decreases in the rate of cardiomyocyte
apoptosis in murine models (Severino et al., 2007). Similarly,
PDI is also involved in endothelial cell endurance (Severino
et al., 2007) and it is required for platelet derived growth
factor (PDGF)-induced vascular smooth muscle cell migration
(Primm and Gilbert, 2001) which is an important therapeutic
target in atherosclerosis (Pescatore et al., 2012). Furthermore,
increased expression of PDI is protective against endothelial
cellular migration, adhesion, and tubular formation in mice
suggesting an important role for PDI in angiogenesis (Tian et al.,

2009). Hence these studies raise the possibility that upregulating
PDI has possible future pharmacological applications in treating
ischemic cardiomyopathy (Severino et al., 2007).

Diabetes is associated with coronary artery disease and an
increased risk of heart failure, and PDI function is impaired in
mouse models of diabetes. This may be due to alterations in its
oxidoreductive state (Toldo et al., 2011). Reduced PDI has been
detected in the diabetic heart after ischemia, which could explain
why PDI is not protective in diabetes (Toldo et al., 2011).

However, in contrast to these protective functions, PDI has
also been implicated in detrimental activities in cardiovascular
diseases. Over-expression of PDI in myocytes attenuates
the levels of misfolded pro-insulin while decreasing glucose
stimulated insulin secretion, thereby inducing ER stress and
apoptosis (Zhang et al., 2009). PDI on the surface of platelets
plays an important role in thrombus formation and it is vital for
the aggregation of platelets (Kim et al., 2013). Similarly, PDI is
also present on at the surface of human B-lymphocytes where
it has a putative role in regulating leukocyte adhesion (Bennett
et al., 2000). PDI has also been implicated in platelet integrin
function, tissue-factor activation, and in mice, it accumulates
during fibrin and thrombus formation at sites of vascular
injury (Jurk et al., 2011). PDI inhibition prevents both platelet
accumulation and fibrin generation during thrombus formation
(Jasuja et al., 2012). Therefore, inhibition of PDI could prevent
thrombosis in coronary artery disease, suggesting that PDI
inhibitors have potential as antithrombotic agents (Jasuja et al.,
2012).

PDI Mediates Pathogen Entry in Infectious
Diseases
PDI is also implicated in mediating the entry of pathogens during
infectious disease. Over-expression of PDI increases the fusion of
viral membranes, leading to internalization of HIV-1 (Auwerx
et al., 2009). Similarly, cell surface PDI facilitates infection of
HeLa cells by mouse polyoma virus (Gilbert et al., 2006), and it
also mediates the entry of cholera toxin (Stolf et al., 2011). The
chaperone activity of PDI is important for folding cholera toxin
subunit A1 and reducing its aggregation (Taylor et al., 2011).
However, cholera intoxication is a redox dependent process. The
oxidized form of PDImediates translocation of cholera toxin into
the host cell cytoplasm (Tsai et al., 2001) whereas the reduced
form of PDI leads to its unfolding.

Post Translational Modification of PDI

Redox-dependent post translational modifications of PDI are
also linked to disease states. Due to cellular conditions, high
levels of reactive nitrogen species (RNS), hydrogen peroxide and
reactive oxygen species (ROS) can accumulate in cells, inducing
nitrosative or oxidative stress. Nitrosative stress can lead to post
translation modification of PDI by the addition of NO to active
site cysteine residues, resulting in S-nitrosylation. S-nitrosylation
of proteins under pathological conditions is an abnormal,
irreversible process that is linked to protein misfolding, ER stress
and apoptosis. Furthermore, proteins resident in the ER are
particularly vulnerable to post translation modification due to
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the presence of critical redox regulated cysteines. Since PDI is the
major enzyme responsible for modification of protein disulphide
bonds, the loss of function of PDI could increase cellular protein
misfolding and thus increase ER stress. S-nitrosylation of PDI
inhibits its normal enzymatic activity and hence the beneficial
effects of PDI, and S-nitrosylated PDI has been detected in several
neurodegenerative diseases (Nakamura and Lipton, 2011; Chen
et al., 2012). S-nitrosylation reduces both its chaperone and
isomerase activity (Uehara et al., 2006).

S-nitrosylation of PDI has been detected in postmortem
brain tissues of patients with Alzheimer’s disease, Parkinson’s
disease (Uehara et al., 2006) and in lumbar spinal cord tissues
of ALS patients and transgenic SOD1G93A mice (Walker et al.,
2010). S-nitrosylation has also been reported in prion disease
models using brain tissues of scrapie-263K-infected hamsters
(Wang et al., 2012b). Exposure of cultured neurons to N-
methyl-D-aspartate receptor (NMDA), leading to calcium influx
and nitric oxide production, also resulted in the S-nitrosylation
of PDI (Forrester et al., 2006). S-nitrosylated PDI (SNO-
PDI) increases the levels of polyubiquitinated proteins and
triggers cell death, and it is also associated with hyper-
activation of NMDA (Forrester et al., 2006) and inhibition of
mitochondria, leading to the generation of ROS and nitric oxide
(Halloran et al., 2013). SNO-PDI accentuates the misfolding
of synphilin in Parkinson disease (Forrester et al., 2006) and
S-nitrosylation also increases mutant SOD1 aggregation via
incorrect disulphide cross-linking of the immature, misfolded
mutant SOD1, leading to neuronal cell death (Jeon et al.,
2014).

As well as S-nitrosylation, other aberrant post-translational
modifications of PDI have been described, including
carbonylation and S-glutathionylation. Oxidized low density
lipoproteins induce carbonylation, which disrupts the catalytic
activity of PDI, inducing ER stress and apoptosis in vascular cells
(Muller et al., 2013). Furthermore, carbonylated PDI detected
in the lipid rich atherosclerotic region of human endothelial
cells activates CHOP and XBP1 and induces apoptosis (Muller
et al., 2013). S-glutathionylation is induced by reactive oxygen
or nitrogen species and it results in formation of a disulphide
bond between GSH and a cysteine residue of another protein
(Xiong et al., 2011). S-glutathionylation, leading to increased
protein misfolding and enhancement of the UPR (Townsend
et al., 2009), has been detected primarily in relation to cancer.
S-glutathionylation of PDI obliterates estrogen receptor α

stability in breast cancer cells, which prevents binding of PDI
to the receptor. This subsequently leads to dysregulation in
ERα signaling (Xiong et al., 2012), and cell death via UPR
induction (Xiong et al., 2012). S-glutathionylation also reduces
the isomerase activity of PDI in ovarian cancer cells and
human leukemia cells and it also decreases chaperone activity.
In cultured astrocytes after cerebral ischemic reperfusion,
SNO-PDI increases the levels of ubiquitinated aggregates that
co-localize with SOD1 (Chen et al., 2012). These modifications
can further attenuate UPR and cause neuronal cell death.
Hence, aberrant modifications of PDI lead directly to harmful
effects as well as loss of the normally protective properties
of PDI.

PDI Causes Oxidative Stress
Recent evidence implicates PDI in increasing the levels of ROS,
thus directly inducing oxidative stress and apoptosis via its
chaperone activity rather than the disulphide interchange activity
(Fernandes et al., 2009). Similarly, only oxidized PDI triggers the
production of ROS, whereas reduced PDI inhibits the production
of ROS (Paes et al., 2011). PDI associates with the NAPDH
peroxidase complex (Nox), a major source of ROS, where it
stabilizes and associates with the oxidase subunit of Nox in
vascular smooth muscle cells (Janiszewski et al., 2005). Similar
effects are observed in macrophages and murine microglial cells,
where PDI interacts with Nox and increases the levels of ROS
(Fernandes et al., 2009). PDI also activates the transcription
factors NF-kB and AP-1, thus promoting their binding to DNA
(Clive and Greene, 1996). PDI is also a major catalyst of trans-
nitrosation reactions, mediating nitric oxide internalization from
extracellular S-nitrosothiols (Zai et al., 1999), thus further
promoting the production of SNO proteins (Ramachandran
et al., 2001).

PDI Causes Apoptosis
Whilst SNO-PDI is implicated in triggering apoptosis, recent
studies have revealed a direct role for unmodified PDI in
apoptosis. In rat models of Huntington and Alzheimer’s disease,
PDI accumulation at the ER-mitochondrial junction triggers
apoptosis via mitochondrial outer membrane permeabilisation
(Hoffstrom et al., 2010). This effect is specific for the
accumulation of misfolded proteins, but not other triggers
of apoptosis, suggesting a specific role for pro-apoptotic PDI
in neurodegenerative disease. Inhibitors of PDI including
hypotaurine, thiomuscimol, and shRNA that inhibited the
activity of PDI, were found to suppress the toxicity associated
with misfolded Huntingtin and β-amyloid proteins.

Summary

PDI is an important cellular protein given its abundance, multiple
biological functions, versatile redox behavior, interaction with
other proteins and its implied role in various diseases.
However, many issues remain unresolved that warrant further
investigation, in particular the role of PDI in non-ER sub-cellular
locations, and substrate specificity of the PDI family members.
In future studies it will be important to replicate the precise
functions of PDI in the ER and other cellular locations, separately
from roles ascribed in vitro, before its normal cellular roles are
fully understood.

PDI performs an impressive array of cellular functions and
the up-regulation of PDI is a cellular defensive mechanism to
restore proteostasis. However, despite this up-regulation, the
functional properties of PDI can become abrogated due to
aberrant post translational modifications. This is of particular
relevance in neurodegenerative diseases where disruption to
redox regulation is implicated (Parakh et al., 2013). Furthermore,
neurons are particularly susceptible to ROS/RNS damage due
to their high oxygen demand and a lower availability of
antioxidants. Recent evidence implicates PDI as a trigger for
apoptosis specifically in relation to the accumulation ofmisfolded
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FIGURE 3 | Schematic diagram outlining the dual nature of

PDI, focusing on neurodegenerative disorders as an example.

Under normal conditions, PDI reduces the load of misfolded

proteins either by its chaperone activity or by isomerization of

non-native bonds. However, during disease states, loss of the

normal protective function of PDI as well as the gain of

additional, toxic functions, leads to PDI becoming apoptotic, thus

contributing to pathology.

FIGURE 4 | Schematic diagram illustrating possible therapeutic applications to modulate PDI function.

proteins. PDI may therefore act as a regulatory switch, in
which PDI is initially is protective against protein misfolding
and aggregation. However, in response to an unknown trigger
PDI subsequently becomes apoptotic when proteostasis cannot
otherwise be resolved (Figure 3). Therefore aberrant post
translational modifications together with the pro-apoptotic

function of PDI could further accentuate the adverse effects
of PDI.

In conclusion, PDI is an efficient catalyst and protein
chaperone. It has the ability to restore proteostasis by catalyzing
the efficient folding of newly synthesized proteins, and it plays
an important role in protein quality control and ERAD by
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reducing the burden of misfolded proteins, thus inhibiting
abnormal protein aggregation. The protective or harmful
functions of PDI may be modulated by the subcellular location
of PDI, levels of ER stress and the redox environment. While
further investigations are clearly needed in this area, PDI
has the potential to be exploited therapeutically in a variety
of diseases. However, specific approaches depending on the
disease in question will be required. In neurodegenerative
conditions, elevation of the levels of total PDI, with the aim
of restoring PDI function to reduce protein misfolding, could
be an effective therapeutic approach. However, in contrast,
reduction of the levels of PDI might be an appropriate
strategy in cancer or cardiovascular diseases (Figure 4). Similarly,
reducing the levels of aberrantly modified PDI might also be
necessary in neurodegeneration in order to defend against the

pro-apoptotic properties of PDI. At the cellular level there are
important unanswered questions that need addressing, before
the therapeutic applications of PDI can become realized in the
future.

Acknowledgments

This work was supported by the National Health and Medical
Research Council of Australia (NHMRC) Project grants (1006141
and 1030513), Bethlehem Griffiths Research Foundation, and
Motor Neurone Disease Research Institute of Australia Angie
Cunningham Laugh to Cure MND Grant, Zo-ee Research Grant
and Grants in Aid. SP is supported by a Macquarie University
Postgraduate Research Scholarship, and previously by a La Trobe
Post Graduate Research Scholarship.

References

Andreu, C. I., Woehlbier, U., Torres, M., and Hetz, C. (2012). Protein disulfide

isomerases in neurodegeneration: from disease mechanisms to biomedical

applications. FEBS Lett. 586: 2826–2834. doi: 10.1016/j.febslet.2012.07.023

Anelli, T., Alessio, M., Mezghrani, A., Simmen, T., Talamo, F., Bachi, A.,

et al. (2002). ERp44, a novel endoplasmic reticulum folding assistant of the

thioredoxin family. EMBO J. 21, 835–844. doi: 10.1093/emboj/21.4.835

Appenzeller-Herzog, C., and Ellgaard, L. (2008). The human PDI family:

versatility packed into a single fold. Biochim. Biophys. Acta 1783, 535–548. doi:

10.1016/j.bbamcr.2007.11.010

Ataman-Onal, Y., Beaulieu, C., Busseret, S., Charrier, J.-P., Choquet-Kastylevsky,

G., Rolland, D., et al. (2013). Protein disulfide isomerase assay method for the

in vitro diagnosis of colorectal cancer. Patents 1–30.

Atkin, J. D., Farg, M. A., Turner, B. J., Tomas, D., Lysaght, J. A., Cheema, S. S., et al.

(2006). Induction of the unfolded protein response in familial amyotrophic

lateral sclerosis and association of protein-disulfide isomerase with superoxide

dismutase 1. J. Biol. Chem. 281, 30152–30165. doi: 10.1074/jbc.M603393200

Atkin, J. D., Farg, M. A., Walker, A. K., McLean, C., Tomas, D., and Horne, M.

K. (2008). Endoplasmic reticulum stress and induction of the unfolded protein

response in human sporadic amyotrophic lateral sclerosis. Neurobiol. Dis. 30,

400–407. doi: 10.1016/j.nbd.2008.02.009

Auwerx, J., Isacsson, O., Söderlund, J., Balzarini, J., Johansson, M., and Lundberg,

M. (2009). Human glutaredoxin-1 catalyzes the reduction of HIV-1 gp120 and

CD4 disulfides and its inhibition reduces HIV-1 replication. Int. J. Biochem. Cell

Biol. 41, 1269–1275. doi: 10.1016/j.biocel.2008.10.031

Bastos−Aristizabal, S., Kozlov, G., and Gehring, K. (2014). Structural insight

into the dimerization of human protein disulfide isomerase. Protein Sci. 23,

618–626. doi: 10.1002/pro.2444

Benham, A.M. (2012). The protein disulfide isomerase family: key players in health

and disease. Antioxid. Redox Signal. 16, 781–789. doi: 10.1089/ars.2011.4439

Bennett, T. A., Edwards, B. S., Sklar, L. A., and Rogelj, S. (2000). Sulfhydryl

regulation of L-selectin shedding: phenylarsine oxide promotes activation-

independent L-selectin shedding from leukocytes. J. Immunol. 164, 4120–4129.

doi: 10.4049/jimmunol.164.8.4120

Bernardoni, P., Fazi, B., Costanzi, A., Nardacci, R., Montagna, C., Filomeni, G.,

et al. (2013). Reticulon1-C modulates protein disulphide isomerase function.

Cell Death Dis. 4:e581. doi: 10.1038/cddis.2013.113

Bottomley, M. J., Batten, M. R., Lumb, R. A., and Bulleid, N. J. (2001).

Quality control in the endoplasmic reticulum: PDI mediates the ER retention

of unassembled procollagen C-propeptides. Curr. Biol. 11, 1114–1118. doi:

10.1016/S0960-9822(01)00317-7

Cai, H., Wang, C.-C., and Tsou, C.-L. (1994). Chaperone-like activity of protein

disulfide isomerase in the refolding of a protein with no disulfide bonds. J. Biol.

Chem. 269, 24550–24552.

Chen, X., Guan, T., Li, C., Shang, H., Cui, L., Lui, X.-M., et al. (2012).

SOD1 aggregation in astrocytes following ischemia/reperfusion injury: a

role of NO-mediated S-nitrosylation of protein disulfide isomerase (PDI).

J. Neuroinflammation 9:237. doi: 10.1186/1742-2094-9-237

Cheng, H., Wang, L., and Wang, C.-C. (2010). Domain a’of protein disulfide

isomerase plays key role in inhibiting α-synuclein fibril formation. Cell Stress

Chaperones. 15, 415–421. doi: 10.1007/s12192-009-0157-2

Chivers, P. T., Prehoda, K. E., and Raines, R. T. (1997). The CXXCmotif: a rheostat

in the active site. Biochemistry 36, 4061–4066. doi: 10.1021/bi9628580

Clive, D. R., and Greene, J. J. (1996). Cooperation of protein disulfide isomerase

and redox environment in the regulation of NF−κB and AP1 binding to DNA.

Cell Biochem. Funct. 14, 49–55. doi: 10.1002/cbf.638

Dai, Y., and Wang, C.-C. (1997). A mutant truncated protein disulfide

isomerase with no chaperone activity. J. Biol. Chem. 272, 27572–27576. doi:

10.1074/jbc.272.44.27572

Darby, N. J., Kemmink, J., and Creighton, T. E. (1996). Identifying and

characterizing a structural domain of protein disulfide isomerase. Biochemistry

35, 10517–10528.

Darby, N. J., Penka, E., and Vincentelli, R. (1998). The multi-domain structure of

protein disulfide isomerase is essential for high catalytic efficiency. J. Mol. Biol.

276, 239–247. doi: 10.1006/jmbi.1997.1504

Delom, F., Mallet, B., Carayon, P., and Lejeune, P.-J. (2001). Role of extracellular

molecular chaperones in the folding of oxidized proteins refolding of colloidal

thyroglobulin by protein disulfide isomerase and immunoglobulin heavy chain-

binding protein. J. Biol. Chem. 276, 21337–21342. doi: 10.1074/jbc.M101086200

Denisov, A. Y., Määttänen, P., Dabrowski, C., Kozlov, G., Thomas, D. Y.,

Gehring, K., et al. (2009). Solution structure of the bb’ domains of human

protein disulfide isomerase. FEBS J. 276, 1440–1449. doi: 10.1111/j.1742-

4658.2009.06884.x

Di Jeso, B., Park, Y.-N., Ulianich, L., Treglia, A. S., Urbanas, M. L., High, S.,

et al. (2005). Mixed-disulfide folding intermediates between thyroglobulin and

endoplasmic reticulum resident oxidoreductases ERp57 and protein disulfide

isomerase. Mol. Cell. Biol. 25, 9793–9805. doi: 10.1128/MCB.25.22.9793-

9805.2005

Ellgaard, L., and Ruddock, L. W. (2005). The human protein disulphide isomerase

family: substrate interactions and functional properties. EMBO Rep. 6, 28–32.

doi: 10.1038/sj.embor.7400311

Erickson, R. R., Dunning, L. M., Olson, D. A., Cohen, S. J., Davis, A. T., and

Holtzman, J. L., et al. (2005). In cerebrospinal fluid ER chaperones ERp57 and

calreticulin bind β-amyloid. Biochem. Biophys. Res. Commun. 332, 50–57. doi:

10.1016/j.bbrc.2005.04.090

Farg, M. A., Soo, K. Y., Walker, A. K., Pham, H., Orian, J. and Atkin,

J. D., et al. (2012). Mutant FUS induces endoplasmic reticulum stress

in amyotrophic lateral sclerosis and interacts with protein disulfide-

isomerase. Neurobiol. Aging 33, 2855–2868. doi: 10.1016/j.neurobiolaging.

2012.02.009

Fernandes, D. C., Manoel, A. H. O., Wosniak, J. Jr., and Laurindo, F. R. (2009).

Protein disulfide isomerase overexpression in vascular smooth muscle cells

induces spontaneous preemptive NADPH oxidase activation and Nox1 mRNA

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 May 2015 | Volume 3 | Article 30

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Parakh and Atkin Novel roles for PDI in health and disease

expression: effects of nitrosothiol exposure. Arch. Biochem. Biophys. 484,

197–204. doi: 10.1016/j.abb.2009.01.022

Fewell, S. W., Travers, K. J., Weissman, J. S., and Brodsky, J. L. (2001). The action

of molecular chaperones in the early secretory pathway. Annu. Rev. Genet. 35,

149–191. doi: 10.1146/annurev.genet.35.102401.090313

Forrester, M. T., Benhar, M., and Stamler, J. S. (2006). Nitrosative stress in the ER:

a new role for S-nitrosylation in neurodegenerative diseases. ACS Chem. Biol.

1, 355–358. doi: 10.1021/cb600244c

Frand, A. R., Cuozzo, J. W., and Kaiser, C. A. (2000). Pathways for protein

disulphide bond formation. Trends Cell Biol. 10, 203–210. doi: 10.1016/S0962-

8924(00)01745-1

Freedman, R. B., Hirst, T. R., and Tuite, M. F. (1994). Protein disulphide isomerase:

building bridges in protein folding. Trends Biochem. Sci. 19, 331–336. doi:

10.1016/0968-0004(94)90072-8

Fu, X.-M., and Zhu, B. T. (2009). Human pancreas-specific protein disulfide

isomerase homolog (PDIp) is an intracellular estrogen-binding protein that

modulates estrogen levels and actions in target cells. J. Steroid Biochem. Mol.

Biol. 115, 20–29. doi: 10.1016/j.jsbmb.2009.02.008

Galligan, J. J., and Petersen, D. R. (2012). The human protein disulfide isomerase

gene family. Hum. Genomics 6, 1–15. doi: 10.1186/1479-7364-6-6

Gilbert, H. F. (1998). Protein disulfide isomerases.Meth. Enzymol. 290, 26–50. doi:

10.1016/S0076-6879(98)90005-2

Gilbert, J., Ou, W., Silver, J., and Benjamin, T. (2006). Downregulation of protein

disulfide isomerase inhibits infection by the mouse polyomavirus. J. Virol. 80,

10868–10870. doi: 10.1128/JVI.01117-06

Goldberger, R. F., Epstein, C. J., and Anfinsen, C. B. (1963). Acceleration of

reactivation of reduced bovine pancreatic ribonuclease by a microsomal system

from rat liver. J. Biol. Chem. 238, 628–635.

Goplen, D., Wang, J., Enger, P. Ø., Tysnes, B. B., Terzis, A., and Bjerkvig, R.,

et al. (2006). Protein disulfide isomerase expression is related to the invasive

properties of malignant glioma. Cancer Res. 66, 9895–9902. doi: 10.1158/0008-

5472.CAN-05-4589

Grek, C., and Townsend, D. (2014). Protein disulfide isomerase superfamily in

disease and the regulation of apoptosis. Endoplasmic Reticulum Stress Dis. 1,

4–17. doi: 10.2478/ersc-2013-0001
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that results from the death of upper and lower motor neurons.
Due to a lack of effective treatment, it is imperative to understand the underlying mechanisms and processes involved in disease
progression. Regulations in cellular reduction/oxidation (redox) processes are being increasingly implicated in disease. Here we
discuss the possible involvement of redox dysregulation in the pathophysiology of ALS, either as a cause of cellular abnormalities
or a consequence. We focus on its possible role in oxidative stress, protein misfolding, glutamate excitotoxicity, lipid peroxidation
and cholesterol esterification, mitochondrial dysfunction, impaired axonal transport and neurofilament aggregation, autophagic
stress, and endoplasmic reticulum (ER) stress. We also speculate that an ER chaperone protein disulphide isomerase (PDI) could
play a key role in this dysregulation. PDI is essential for normal protein folding by oxidation and reduction of disulphide bonds,
and hence any disruption to this process may have consequences for motor neurons. Addressing the mechanism underlying redox
regulation and dysregulation may therefore help to unravel the molecular mechanism involved in ALS.

1. Introduction

Cellular oxidation/reduction (redox) states regulate various
aspects of cellular function and maintain homeostasis [1].
Moderate levels of reactive oxygen species/reactive nitro-
gen species (ROS/RNS) function as signals to promote cell
proliferation, regulation, and survival [2], whereas increased
levels of ROS/RNS can induce cell death [1, 2]. Under normal
physiological conditions, cells maintain redox homeostasis
through generation of ROS which include free radical species
such as superoxide (O

2

−) hydroxyl radicals (OH−) and non-
radical species such as hydrogen peroxide (H

2
O
2
); and RNS,

which includes nitric oxide (NO), nitronium ion (NO
2

+),
nitrogen dioxide (NO

2

∙), and peroxynitrite (ONOO−) [3–
5]. RNS are by-products of nitric oxide synthase (NOS)
and NADPH oxidase [6]. Increased levels of NOS have
been observed in the motor neurons of amyotrophic lateral
sclerosis (ALS) patients suggesting a role of RNS in pathology
[7]. Higher levels of RNS can react with other free radicals
such as superoxide and undergo complex reactions to form
the strong oxidant ONOO− which causes cellular damage [8–
10].

Cells are equipped with antioxidant systems to eliminate
ROS/RNS and maintain redox homeostasis, which include
enzymatic antioxidants such as superoxide dismutase (SOD),
peroxidase, oxidase, catalase, and nonenzymatic oxidants
such as glutathione [3, 11]. Glutaredoxin and thioredoxin are
redox active molecules which undergo cysteine dependent
modifications, also making them preferential targets for
direct oxidation [12].

Redox regulation is a fundamental cellular process involv-
ing enzymes that maintain the appropriate environment for
metabolic activities and proper functioning of the cell [13].
Normally, redox homeostasis ensures that cells respond to
stressors such as oxidative or nitrative stress efficiently but
when it is disturbed, neurodegeneration and apoptosis can
occur [11, 14]. Neurons are particularly susceptible to degen-
eration via redox dysregulation as the high consumption of
oxygen by the brain results in a significant production of
ROS [15]. Disruption in redox regulation is implicated in
the pathogenesis of neurodegeneration disorders, including
ALS. Interestingly, several pathogenic mechanisms linked
to ALS involve redox-sensitive proteins, such as SOD1, and
proteins with active-site cysteine residues, including protein
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disulphide isomerase (PDI), thioredoxin, and glutathione
[16–20]. These proteins contain a thiol group which is
highly sensitive to changes in redox conditions [12, 21]. Even
slight modulations in redox state are capable of producing
neurotoxic species such as NO

2

+, NO
2

∙, and ONOO− [14],
suggesting that redox stress could be of importance in disease
[9].

2. Amyotrophic Lateral Sclerosis (ALS)

ALS, also known asCharcot’s or LouGehrig’s disease, is a fatal
neurodegenerative disorder that affects the upper and lower
motor neurons of the primary cortex, brainstem, and spinal
cord [22, 23]. The symptoms include muscle weakness and
muscle spasticity eventually resulting in paralysis [24] with
ALS patients generally dying from respiratory failure within
3–5 years of diagnosis. Approximately 2 per 100,000 people
worldwide are affected by ALS every year [22]. Riluzole is
the only FDA-approved drug currently available for ALS.
Riluzole has modest efficacy. It slows disease progression
and a dose of 100mg per day also improves limb function
and muscle strength although it increases life span by an
average of only 2-3 months [25, 26]. Therefore, a greater
understanding of the molecular mechanisms causing ALS is
important in order to develop better therapeutic solutions.

Approximately 90% of ALS cases have no genetic asso-
ciation and are known as sporadic ALS (SALS). However
mutations in genes such as copper/zinc superoxide dis-
mutase (SOD1), fused in sarcoma (FUS) and TAR DNA
binding protein (TARDBP), have also been described in SALS
patients; also environmental causes such as smoking and
viral infection are linked to ALS [24, 27–31]. Studies have
shown higher prevalence of ALS in people with a history
of trauma [32] and involvement in physical activities such
as soccer has also been observed in ALS patients [33, 34];
however the exact aetiology is unknown. The remaining 10%
of ALS cases, known as familial ALS (FALS), are linked
to mutations in specific genes [35] including SOD1, TDP-
43, FUS, vesicle associated membrane protein-B (VAPB),
optineurin, alsin, and ubiquilin-2 [18, 36–43]. Recently a
noncoding mutation in C9ORF72 was shown to cause the
greatest proportion of FALS cases [44]. SOD1 causes 15–
20% of all FALS cases and was the first described and hence
most widely researched gene linked to ALS [18]. Transgenic
mice overexpressing ALS-associated mutant SOD1 proteins
have been used extensively as diseasemodels [45–47]. Similar
to other protein disorders, the pathological hallmark of
ALS is the presence of intracellular protein inclusions [48].
Misfolded wild-type and mutant forms of SOD1, FUS, and
TDP-43 [41, 49, 50] are present on the inclusions found in
affected tissues of ALS patients [41, 51–53]. SALS and FALS
have similar symptoms and are clinically and pathologically
indistinguishable.

Wild-type SOD1 is a highly stable homodimeric protein,
explained in part by the presence of an intrasubunit disul-
phide bond between cysteine 57 and cysteine 146 [54]. It
contains both copper and zinc ions which are essential for
the catalytic activity and stability, respectively [55]. Reduction

of the disulphide bond results in dissociation of the dimer
and the resulting protein is highly unstable and prone to
aggregation [56, 57].

Dysfunction in multiple cellular mechanisms is linked
to ALS pathology reviewed recently by Cozzolino and
coworkers [58]. Many of these events are linked to redox
regulation including oxidative stress, protein misfolding and
aggregation, excitotoxicity, lipid peroxidation and cholesterol
esterification, mitochondrial dysfunction, impaired axonal
transport and neurofilament aggregation, autophagy, and ER
stress [46, 59–68]. However, there is a complex interplay
between these processes and the exact aetiology of the disease
is unclear. It is debatable whether redox dysregulation is a
primary effect or a secondary consequence of other patholo-
gies and the association of redox regulation and cysteine rich
redox regulated proteins with these mechanisms is unclear.
This paper discusses the main redox linked mechanisms
which are involved in ALS and their association with redox
or cysteine dependent proteins.

3. Possible Redox Regulated Cellular
Mechanisms Involved in ALS

3.1. Oxidative Stress. Oxidative stress arises when the levels
of ROS/RNS exceed the amounts required for normal redox
signalling. While oxidative stress has been implicated as a
pathological mechanism in ALS the exact role of ROS/RNS
in disease processes is unclear [9, 69]. ROS causes permanent
oxidative damage to major cellular components such as
proteins, DNA, lipids, and cell membranes [70–72]. ROS has
been detected in the spinal cord and cerebrospinal fluid (CSF)
of SALS patients [17]. Increased levels of H

2
O
2
and oxidative

damage to protein andDNAhave also been observed in SOD1
transgenicmice [73]. Defects in the Rac/Nox pathway leading
to redox dysregulation are also linked to SOD1G93A mice [74].
Furthermore dysregulation of redox regulated-tumour pro-
tein 1, ubiquitin carboxyl-terminal hydrolase isoenzyme L1,
and 𝛼B crystallin has been observed in transgenic SOD1G93A
mice [75].

Altered redox homeostasis regulates gene expression of
transcriptional factors such as nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-𝜅B), activator protein
1 (AP-1), and hypoxia inducible factor 1𝛼 (HIF-1𝛼) [76].
These transcriptional factors help inmaintaining homeostasis
by regulating gene expression. They have a redox regulated
cysteine residue at their DNA binding site [76] which can
be affected due to thiol oxidation and could be influenced
by ROS [77]. A direct relation between the transcription
factors and redox regulation in ALS is unknown; nevertheless
dysregulation in the levels of NF-𝜅B and HIF-1𝛼 has been
observed in SALS patients, and activation of AP-1 in mutant
SOD1 expressing cells, suggesting potential involvement of
redox regulation in ALS pathology [78, 79].

SOD1 and its antioxidant properties have been studied
extensively from the perspective of redox regulation in ALS
[80, 81]. SOD1 catalyses the conversion of superoxide into
hydrogen peroxide and oxygen and it undergoes cyclic
reduction and oxidation of its copper ions [82]. Initially, it
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was proposed that ALSmutations in SOD1 result in the loss of
its ability to act as an antioxidant, but further research showed
that disease is not associated with its enzymatic activity
[83]. However, mutations in SOD1 could produce ONOO−
or OH− and lower its ability to catalyse superoxide [84] by
reacting with nitric oxide [85]. These intermediate products
are highly unstable and have been detected with other amino
acids such as tyrosine. Nitrated proteins and high levels
of nitrotyrosine have been detected in the CSF of both
SALS and FALS patients suggesting that posttranslational
modification via free radical production is present in ALS
[17, 86–88]. Oxidised wild-type SOD1 in the lymphoblasts
of SALS patients associates with mitochondrial Bcl-2 which
causes mitochondrial damage [89]. Oxidative damage is an
important phenomenon; however, treatment with antioxi-
dants has not been very successful [90].

3.2. Protein Aggregation andMisfolding. Redox dysregulation
may not only increase the production of ROS/RNS but also
affect protein conformation and structure. Posttranslational
modification of SOD1 such as oxidation has an adverse
effect on the conformational arrangement of SOD1 [91].
Glutathionylation, a posttranslational modification of the 111
cysteine residue, causes destabilisation of SOD1 structure
[92]. Wild-type SOD1 has been shown in inclusions of SALS
patients suggesting its involvement in causing neurotoxicity
[93]. Evidence suggests that oxidised wild-type SOD1 has
the ability to misfold and form aggregates and gain similar
conformation as the mutant and has toxic functions in vitro
[89, 94]. SOD1 depleted zinc and copper have altered redox
activity and are more prone to oxidation [95].

An oxidising environment also causes abnormal disul-
phide linkages and protein aggregation in ALS [80, 96].
SOD1 containing aberrant disulphide bonds involves the
normally unpaired cysteine residues cysteine 6 and cysteine
111 in the spinal cord of ALS transgenic mice models [96].
Studies show that mutant TDP-43 aggregation is caused
due to increased disulphide bonds [97]. Similarly oxidative
stress causes aberrant disulphide cross-linking and subcel-
lular localisation of TDP-43 [97] as well as accumulation of
FUS into the cytoplasm [98]. Mutant SOD1 readily forms
monomers, oligomers, or inclusions which are insoluble [55].
It is unclear how conformational changes cause misfolding
but one possible explanation could be the modification and
alteration of protein structure by ROS through oxidisation of
the thiol group, forming aberrant disulphide bonds.

3.3. Glutamate Excitotoxicity. The levels of glutamate present
inmammalian CNS aremuch higher than those of other neu-
rotransmitters (5–10mmol/kg) indicating the importance of
glutamate in neuronal function [99]. However, excitotoxicity
occurs when the levels of glutamate are increased in neurons,
resulting in increased calcium intake and neuronal injury
[100, 101]. Motor neurons are particularly susceptible to high
levels of glutamate [102]. Glutamate uptake from the synapse
is controlled by glutamate transporters astroglial GLAST,
GLT1, and neuronal EAAC1 which possess a redox regulated
cysteine residue [103]. N-methyl-D aspartic acid (NMDA)

glutamate receptors are also redox regulated suggesting that
redox dysfunction may further affect glutamate regulation.
Increased levels of intracellular glutamate and decreased
uptake of glutamate from the synapse have been observed
in ALS patients [104, 105]. Indeed, Rothstein and coworkers
showed an absence of GLT1 transporter in ALS patients
[106]. ROS can reduce the uptake of glutamate in mammals
[107]; however, increased calcium levels in the mitochondria
due to dysfunctional glutamate regulation can result in
overproduction of ROS and cause oxidative stress [108]. The
question remains whether oxidative stress causes glutamate
dysregulation or vice versa.

3.4. Lipid Peroxidation and Cholesterol Esterification. The
ER is also the main site of lipid and sterol synthesis [109].
Lipids are major targets of oxidative stress, resulting in lipid
peroxidation via a chain-reaction process [11]. Sphingolipids
are localised in the plasma membrane and ER membranes
and, with cholesterol, are processed into domains known
as lipid rafts [68]. Lipid rafts can form macroplatforms
for redox signalling, providing critical mediation for cel-
lular functioning [110]. Lipid peroxidation and cholesterol
esterification have been implicated in the pathogenesis of
ALS [68, 69, 111]. Excitotoxicity and oxidative stress alter
sphingolipid metabolism resulting in the accumulation of
long-chain ceramides, sphingomyelin, and cholesterol esters
in the spinal cords of ALS patients and Cu/Zn SOD1 mice.
This occurs at the early presymptomatic stage of disease in the
SOD1mice [68] thus implicating aberrant lipidmetabolism in
the pathophysiology of ALS. Further evidence of lipid dysreg-
ulation in ALS comes from studies which reported that ALS
patients demonstrated a tendency towards hyperlipidemia.
Additionally, correlational studies have shown that ALS
patients with the highest low density lipoprotein (LDL)/ high
density lipoprotein (HDL) ratio have a significant increase
in survival time and respiratory function [112, 113]. Fur-
thermore, recently, an interaction between SOD1 aggregates
with lipid was found to alter lipid membrane permeability
[114].

Lipid peroxidation products such as 4-hydroxynonenal
have been detected at higher levels in ALS patients spinal
cord than controls, and this has been linked to modification
of astrocytic glutamate transporter EAAT2 and excitotoxicity
[111]. Excitotoxicity was also linked to upregulation of sterol
regulatory binding element 1 (SREBP1) in the spinal cords
of FALS and SALS patients, and SOD1G93A transgenic mice
suggesting cholesterol depletion [115]. Furthermore, the link
between ALS and statins, a class of drug which inhibit 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase, may suggest that suppressing cholesterol synthesis
increases the incidence [116, 117], progression, and severity
of ALS [118], although this has been questioned [119]. Lipid
raft alteration has also been linked to the pathogenesis of
ALS. Endogenous, wild-type and mutant SOD1G93A proteins
were recruited into lipid rafts isolated from spinal cords of
transgenic SOD1mice [120]. Hence, together the data suggest
that oxidative stress may alter sphingolipid and cholesterol
metabolism and deregulate lipid raft redox signalling leading
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to the accumulation of toxic ceramides and cholesterol esters
which may ultimately result in motor neuron death [68].

3.5. Mitochondrial Dysfunction. Mitochondria are impor-
tant players in redox regulation and oxidative stress has
the potential to cause mitochondrial dysfunction [70, 121].
Indeed, damaged mitochondria are observed in the spinal
cord cells of SALS patients [122–124]. The mitochondrial
genome is particularly susceptible to oxidative damage [125],
hence any increase in cellular ROS would potentially per-
turb mitochondrial functions. Mitochondria participate in
neuronal apoptotic signalling pathways through the release
of mitochondrial proteins including cytochrome c into the
cytoplasm [126]. There is substantial evidence that molecular
components of mitochondrial apoptosis play a role in neu-
rodegeneration in both SOD1 rodents and in mutant SOD1
overexpressed in cell culture [127]. The enzymatic activity
of cytochrome c oxidase (COX) in mitochondria is also
reduced in the spinal cord cells of SALS patients [122–124,
128, 129]. Mitochondria have been well studied in relation to
ALS pathogenesis. Degenerating or abnormal mitochondria
have been described in mouse models [62, 130], cultured
neuronal cellular models [131, 132], and ALS patients [133,
134], although how nonfunctioning mitochondria relate to
ALS is unclear. Possible explanations include inhibition of
axonal transport, dysregulation of calcium buffering [135], or
activation of mitochondrial-dependent apoptosis [128, 136].
Recent studies have shown that overexpression of TDP-43
causes mitochondrial dysfunction and induces mitophagy in
cell culture [137].The presence of ROS and impairment of the
mitochondrial respiratory chain have also been observed in
TDP-43 models [138, 139].

Mutant SOD1 has also been implicated in mitochondrial
respiratory complex impairment [140] and a shift in the redox
state of mitochondria towards oxidation [141]. How SOD1
functions in the mitochondria is still not clear, although
some data suggests that SOD1 is crucial for maintenance
of the mitochondrial redox state [142, 143] and that ALS
mutations affect the localisation or function of SOD1 in
mitochondria [135]. However, mutant misfolded SOD1 has
been found localised with various compartments of the
mitochondria [144]. Significantly, any pathological changes
in regulation of the electron transport chain would result in
more oxidative stress [145] triggering further cellular redox
dysregulation, leading to a potential vicious cycle of damage
and degeneration.

3.6. Impaired Axonal Transport. Axonal transport is a key
mechanism required for cellular viability in neuronal cells.
Most proteins required in the axon and in synaptic terminals
must be transported along the axon after synthesis in the cell
body. Similarly RNA and organelles also need to be trans-
ported over long distances, and these transport processes
require molecular motors, such as kinesins, dyneins, and
myosins that operate along the cellular cytoskeleton. Dys-
function of axonal transport has now been well documented
in ALS [61]. Whilst many of these studies implicate dynein
in this process [146], several also highlight the importance

of kinesin in ALS, particularly kinesin heavy chains KIF5A
and KIF1B𝛽, which transport mitochondria, synaptic vesi-
cles, and macromolecular complexes. Interestingly, a recent
study demonstrated that oxidised wild-type SOD1 immuno-
purified from SALS patient tissues inhibited kinesin-based
axonal transport in amanner similar tomutant SOD1 in FALS
providing evidence for common pathogenic mechanisms in
both SALS and FALS [94].

Neurofilaments (NF) accumulation in motor neurons
is another histopathological hallmark of ALS [147, 148].
Also, transgenic mice that overexpress NF subunits in motor
neurons develop a motor neuron disease with impaired
axonal flow, as axonal defects cause delay in transportation
of components required for the maintenance of axon [149].
However, ONOO− formed during oxidative stress from
nitrooxide and superoxide can affect NF assembly and cause
NF accumulation in motor neurons [8]. Chou and coworkers
showed NF aggregations are associated with SOD1 and nitric
oxide synthase activities leading to nitrotyrosine formation
on NF [150]. Nitrotyrosine can inhibit phosphorylation of
heavy or light NF subunits and may alter axonal transport
and trigger motor neuron death [150]. Taken together, these
findings suggest a relation between redox regulation and
axonal transport dysfunctions in ALS.

3.7. Autophagy. Autophagy is a normal homeostatic mecha-
nism to dispose large protein aggregates, damaged organelles,
and long-lived proteins. Autophagic stress results when the
number of autophagosomes increases relative to the pro-
portion of degradable proteins. The presence of high levels
of superoxide and hydrogen peroxide species can induce
autophagy in vitro [151], but consequently, autophagy can
further induce oxidative or nitrative stress thus creating a
vicious cycle [152]. Dysregulated redox activity also influ-
ences autophagy. Cathepsin, a class of proteases which have
highly regulated thiol groups [152] and other key regulatory
autophagic complexes such as Beclin 1 and Rubicon, also
have the presence of cysteine residues [152]. The presence of
cysteine residues suggests that they are redox regulated and
likely to be affected by ROS. ATG 4, another protease, is a
target of oxidation by hydrogen peroxide. However, direct
association of these with ALS has not yet been identified.
Altered autophagic levels have been observed in SOD1G93A
mice and sporadic and familial patients but whether the
increased levels are protective or not is still questionable [153–
156].

3.8. ER Stress and Protein Disulphide Isomerase (PDI) in ALS.
The ER is redox regulated and another important location
for the production of ROS. It plays key roles in protein and
lipid synthesis and protein folding. Proteinmisfolding within
the ER triggers ER stress which induces the unfolded protein
response (UPR) a distinct signalling pathway which aims to
relieve stress [157]. While initially protective, prolonged UPR
causes apoptosis [158, 159]. Recent studies suggest that ER
stress is an early and important pathogenic mechanism in
ALS [66, 158, 160]. ER stress is induced in animal models
of SOD1, in cells expressing mutant FUS and in patients
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Figure 1: Schematic diagram showing domain structure of PDI.
Thioredoxin-like 𝑎 domain (orange) and 𝑎 domain (purple) pos-
sessing the catalyticmotif, catalytically inactive 𝑏 domain (blue), and
𝑏
 domain (red). Green represents the linker region 𝑥 which allows
flexibility between domains.TheC terminal domain is shown in grey
followed by the ER retrieval signal KDEL.

[20, 161]. Oxidative stress driven by changes in fatty acid
composition, mitochondrial function, and/or proteosome
activity leads to oxidative stress and contributes to ER stress
in SALS patients [162, 163]. PDI is an ER chaperone which
is induced during UPR and has been implicated in several
neurodegenerative disorders including ALS [164–166].

PDI is a member of an extended family of foldases
and chaperones which are responsible for the formation
and isomerisation of protein disulphide bonds [167]. The
PDI family comprises 21 members which have structural
similarities but different functions [168] and all have a
similar active site to thioredoxin [169]. Thioredoxin is an
intracellular protein which regulates redox conditions and
which is effective against oxidative stress [170]. PDI is most
abundant in the ER but it is also found in other subcellular
locations such as the nucleus and extracellular matrix [171]
and it constitutes 0.8% of the total cellular protein [172].
The yeast PDI crystal structure was recently solved [173]
which suggests that 𝑎 and 𝑎 domains are responsible for
the formation of disulphide bonds (Figure 1). These domains
contain a redox active CGHCmotif which isomerases protein
disulphide bonds and is involved in redox regulation [173].
PDI also contains 𝑏 and 𝑏 domains which are responsible
for substrate binding [174, 175]. Misfolded proteins attach to
the hydrophobic region of an inverted U shape structure [173,
176]. The C-terminal region also aids in polypeptide binding
and contributes chaperone activity [177]. Compared to other
familymembers, PDI has broad substrate specificities and can
interact with glycosylated as well as nonglycosylated proteins
[178].

4. PDI and Redox Regulation

PDI forms protein disulphide bonds by the oxidation of
thiols within the PDI active site cysteine residues [179, 180].
When PDI is in an oxidised state it transfers a disulphide to
the substrates thereby oxidising the substrate and becoming
reduced itself. Conversely, substrates which need disulphide
bond rearrangement are reduced by PDI in the reduced state
thus oxidising PDI in the process [168, 181]. This continual
cycling regulates redox conditions within the ER. A thiol
containing tripeptide protein and glutathione also maintains
ER redox homeostasis by similar shuffling between oxidized
and reduced cysteine residues. Glutathione is also required
for the isomerisation and rearrangement of disulphide bonds
[182]. The redox potential of PDI (−110mV) is lower than

other family members [183] due to intervening residues
present between the reactive cysteines thus facilitating disul-
phide bonds [183]. ERO1 oxidises PDI also aiding disulphide
bond formations [184], but PDI is also oxidised through
peroxiredoxin 4, vitamin K, glutathione peroxidase, and
quiescin sulfhydryl oxidase [181]. During ER stress high
levels of ERO1 have been observed which accelerates protein
oxidation suggesting interplay between oxidative stress and
ER stress. The transfer of electrons from the thiol group
of PDI to ERO1 results in the production of excess ROS,
decreasing the levels of glutathione available for reduction
and increasing ERO1 thus altering the redox conditions [185,
186]. Hence, imbalance in the redox state of the ERmay result
in dysregulation of thiol containing proteins and triggers.

4.1. The Role of PDI in ALS. Due to its function in preventing
protein misfolding, PDI is important in protein quality con-
trol [166]; also deletion of PDI is embryonically lethal [187].
Hence, regulated expression of PDI is critical for normal
cellular function.There is now growing evidence for a role of
PDI in ALS. PDI levels are upregulated in transgenic models
of ALS and spinal cord tissues of ALS patients [66, 158].
Overexpression of PDI is also protective againstmutant SOD1
mediated aggregation and reduces cell death in vitro [20]. PDI
coimmunoprecipitates with both SOD1 and FUS [158, 161]; it
also colocalises with SOD1, TDP-43, and FUS in ALS patients
suggesting a physical interaction exists between PDI and
other key misfolded proteins in ALS [66, 161, 188]. Similarly,
PDI also colocalises with TDP-43 in ALS tissues and with
VAPB inclusions in a Drosophila melanogaster model of
ALS [188, 189]. A small mimic of the active site of PDI,
dithiol (±)-trans-1,2-bis (mercaptoacetamido) cyclohexane
(BMC), is also protective in cell culture and it reduces mutant
SOD1 aggregation in a dose dependent manner [20]. Further
evidences for a role for disulphide interchange activity in ALS
comes from studies showing that another PDI familymember
ERp57 is also upregulated in transgenic SOD1 mice and ALS
patients [66]. Furthermore, thioredoxin is also upregulated in
the erythrocytes of FALS patients [19].

The upregulation of these thiol containing proteins in
ALS suggests a cellular defensive mechanism is triggered
in disease as a defence against oxidative stress. However,
there is evidence that normal protective function of PDI is
inhibited in disease [20]. Modifications of active site thiol
groups through direct oxidation, S-glutathiolation and S-
nitrosylation, can lead to inactivation of the normal enzy-
matic activity of PDI [13, 190, 191]. PDI was recently shown
to be S-nitrosylated in ALS [20, 192] as in other neurodegen-
erative disorders such as Parkinson’s and Alzheimer’s disease.
[191]. S-nitrosylation occurs when there is an increased pro-
duction of RNS during oxidative stress resulting in addition
of a nitrogen monoxide group to the thiol side of PDI
[20, 164]. Experiments performed by Chen and coworkers
suggested that in the presence of S-nitrosylated PDI, the
formation of mutant SOD1 aggregates increases in vitro [192].
It is also likely that inactivation of PDI could lead to activation
of the UPR as observed in other neurodegenerative disorders
[191]. The loss of PDI functional activity can directly lead to
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Figure 2: Redox dysfunction and its relationship to other patholo-
gies in ALS. Alteration in the enzymatic activity of PDI due to
redox dysregulation and oxidative stress can further increase the
load of misfolded proteins, ER stress, oxidative stress, autophagy,
mitochondrial dysfunction, and axonal impairment leading to
neuronal cell death.

apoptosis, or indirectly to a range of cellular abnormalities
such as oxidative stress and protein misfolding, which again
lead to cell death [164, 166]. Hence the redox regulation
of PDI is a crucial component in the maintenance of a
balanced redox environment, and inhibition of its enzymatic
activity will lead to important consequences for the cell
(Figure 2).

Neurons are highly susceptible to redox dysregulation
due to their high metabolic requirements, large size, and
lower ability to maintain the balance between antioxidants
and ROS [15]. In disease states such as ALS, oxidative
stress, and altered enzymatic activity of PDI, which normally
reduces ROS and the burden of misfolded protein, can cause
serious damage to the neuron. Since multiple mechanisms
are involved in neurodegeneration, any imbalance in redox
regulation can lead to an imbalance in the production of
free radical species, which consequently cause mitochondrial
damage and excitotoxicity, thus elevating the levels of free
radicals [193]. Furthermore, an excess of free radicals can
also lead to DNA damage and may also result in aggregation
of NF [194] and structural destabilization of other proteins,
thus inducing ER stress and apoptosis. Since ALS is a slow
progressive disorder it could be hypothesised that these cyclic
events, due to loss of functional activity of PDI,may gradually
lead to neuronal degradation. In such a scenario, the redox
regulatory function of PDI may therefore have an important
protective effect.

5. Conclusion

Redox regulation is an important mechanism of homeostasis
in eukaryotic cells, especially neuronal cells where oxygen

levels are high [15]. Many cellular processes rely on it, includ-
ing proper functioning of the mitochondria and ER, calcium
regulation, axonal transport, regulated autophagy, and pro-
tein folding. Links between redox dysregulation and ALS
are becoming well documented in the literature, although
the directionality of these links and their underlying cause
are still quite unknown. One possible key player in redox reg-
ulation in ALS is PDI, whose role in ALS pathogenesis is the
topic of much new research. As the critical protein involved
in thiol reduction, any dysregulation of PDI activity can lead
to oxidative stress and redox dysregulation. Due to its activity,
PDI itself also contains an active site thiol group suggesting
that it can also be affected by oxidative stress, leading to an
escalating cycle that perpetuates redox dysregulation. How
PDI becomes nonfunctional in the first place is still unclear,
although somepapers point to S-nitrosylation as having a role
[20]. Regardless of its exact role, any mechanism to improve
the catalytic activity of PDI should have a reductive effect on
oxidative stress levels in neurons. It is therefore tempting to
speculate about PDI as a possible therapeutic target in the
treatment of ALS.
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“ALS-associated TDP-43 induces endoplasmic reticulum stress, which drives     
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12 the author performed all the experiments presented in figure 4, described in the 

Results section of the manuscript on page e81170 titled ‘Over-expression of mu-
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accumulates in the cytoplasm of affected neurons and glia, where it associates with stress granules (SGs) and forms large
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Introduction

TAR DNA-binding protein 43 (TDP-43) is a protein constituent

of pathologic cytoplasmic and intranuclear inclusions in neurons

and glia of patients with sporadic and familial forms of

amyotrophic lateral sclerosis (ALS) and frontotemporal lobar

degeneration (FTLD) [1,2]. While predominantly a nuclear

protein, a proportion of TDP-43 is cytoplasmic, even under

normal conditions [3,4,5]. When nuclear localisation sequences of

TDP-43 are genetically ablated, the protein accumulates in the

cytoplasm and forms inclusions that are similar to those seen in

disease [4,6]. Recently, it was shown that under cellular stress,

TDP-43 accumulates in the cytoplasm and forms cytoplasmic

stress granules (SGs) [7,8,9]. The sub-cellular location of the

inclusions and the effects of TDP-43 inclusions on cellular

physiology are not well known. Also, the relationship between

SGs and inclusions remains controversial, although SGs could

represent a precursor to TDP-43 inclusions [9,10].

SGs form rapidly in response to a variety of cellular insults and

lead to translational repression of incorporated mRNAs [11]. SG

assembly is usually initiated by the phosphorylation of eukaryotic

initiation factor 2 alpha (eIF2a), which inhibits formation of the

ternary complex (eIF2/GTP/tRNAMet) required to initiate

protein translation [12,13]. Although the specific stressors which

direct TDP-43 to SGs in vivo remain unclear, conditions including

endoplasmic reticulum (ER) stress, heat shock, oxidative stress,

osmotic stress, and serum deprivation can all cause TDP-43-

positive SG formation in certain cell types in cell culture systems

[14]. Interestingly, different cell types display different levels of

recruitment of TDP-43 to SGs in response to various stressors. For

example, thapsigargin, which perturbs intracellular calcium stores

and is widely used to induce ER stress, was previously shown to

induce TDP-43 recruitment to SGs in HeLa cells but not in
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Neuro2a cells [8,15]. Whether or not modulation of TDP-43

recruitment to SGs has an effect on disease-relevant processes,

such as inclusion formation, remains debated [14]. However,

alterations in TDP-43 levels alter SG dynamics, suggesting that

SG changes could occur in disease [8].

ER stress and induction of the unfolded protein response (UPR)

are central to ALS pathophysiology [16]. When the UPR is

induced three distinct signalling pathways are activated, mediated

by inositol requiring kinase 1 (IRE1), activating transcription

factor 6 (ATF6), and protein-kinase-like endoplasmic reticulum

kinase (PERK) [17,18,19]. IRE1 activation leads to the splicing of

X-box binding protein 1 (XBP-1) mRNA within the nucleus to

produce a functional transcription factor. When ATF6 is

activated, it is transported to the cis-Golgi compartment and is

cleaved to produce an active transcription factor. In addition,

activation of PERK causes general translational repression by

stimulating SG formation via phosphorylation of eIF2a. Other

consequences of UPR induction include up-regulation of ER

chaperones, such as protein disulphide isomerise (PDI) [20].

Although initially protective, if unresolved, the UPR triggers

apoptosis by ER stress-specific cell death signals, including

induction of C/EBP-homologous protein (CHOP) via the PERK

and ATF6 pathways [21,22].

ER stress precedes the appearance of clinical features in ALS-

linked mutant superoxide dismutase 1 (SOD1) transgenic rodents

[23], and genetic manipulation of ER stress mediators modulates

disease in these animals [24,25]. ER stress is present in sporadic

and familial forms of ALS, including those cases caused by

mutations in fused in sarcoma (FUS), which bears structural and

functional similarities to TDP-43 [23,26,27]. Increased genetic

susceptibility to ER stress has also been linked with ALS [28].

Although TDP-43 is C-terminally fragmented and hyper-phos-

phorylated in disease [1], the factors which trigger these changes

remain poorly defined. However, ER stress also causes TDP-43

fragmentation in cell culture [15,29] and over-expression of TDP-

43 causes changes in CHOP and XBP-1 signalling in cell culture

and rat models of TDP-43-linked disease [30,31].

The chaperone protein disulphide isomerase (PDI) is induced by

ER stress and is up-regulated in human sporadic ALS and in

animal models of mutant SOD1-linked ALS [23,32,33]. PDI may

protect against ER stress, inclusion formation and cell death

associated with mutant SOD1 expression by modulating abnormal

disulphide bond formation [27,34]. In addition, the cellular

distribution of PDI in mutant SOD1 transgenic mice modifies

disease processes [35] and PDI is a constituent of TDP-43-positive

or FUS-positive inclusions found in motor neurons of ALS patients

[26,36]. Cross-linking of TDP-43 via disulphide bonds alters its

conformation and function [37], suggesting that PDI is a potential

candidate for proteins that interact with TDP-43 and prevent

TDP-43 misfolding.

In this study we examined whether ER stress could act as a

stressor that leads to cytoplasmic accumulation of TDP-43 and

subsequent incorporation of TDP-43 into SGs. Six different ALS-

linked TDP-43 mutants were examined: A315T and M337V,

which have been reported in multiple familial ALS pedigrees

[38,39,40,41,42,43]; D169G, the only ALS-linked mutation

identified that lies outside the C-terminal region [39]; and

G294A, Q331K and N390D, which have been identified in

sporadic ALS patients [39,40]. Pharmacological induction of ER

stress in cell culture led to cytoplasmic accumulation of wildtype

TDP-43 and all six TDP-43 mutants. Furthermore, ER stress

caused the rapid incorporation of TDP-43 into cytoplasmic SGs.

This process was enhanced by pharmacological treatment with

salubrinal to inhibit the deactivation of eIF2a, a key upstream

modulator of ER stress. We also demonstrate that C-terminal

TDP-43 fragments form inclusions in close association with PDI

and the ER/Golgi apparatus, suggesting that TDP-43 inclusion

formation causes dysfunction of ER/Golgi components. More-

over, over-expression of mutant TDP-43, and to a lesser extent

wildtype TDP-43, induced ER stress via several UPR pathways,

including activation of XBP-1 and ATF6, thus linking ER stress to

neurodegeneration. Finally we show up-regulation of PDI in the

spinal cords of transgenic mutant A315T TDP-43 mice, and

interaction of mutant TDP-43 with PDI, providing further

evidence of an ER-associated protective response in TDP-43

proteinopathies.

Materials and Methods

DNA constructs
Site-directed mutagenesis was performed to remove the stop

codon and insert a unique BamHI restriction enzyme site into a

pcDNA3.1(+) Myc-tagged human TDP-43-encoding construct [4].

The Myc-TDP-43 sequence was inserted between HindIII and

BamHI restriction sites in pmCherry.N1 (Clontech), to allow

expression of human TDP-43 with a C-terminal mCherry tag.

The subsequent wildtype Myc-TDP-43-mCherry construct was

used as a template to produce six ALS-linked mutant TDP-43

expressing vectors (D169G, G294A, A315T, Q331K, M337V,

N390D) by QuikChange site-directed mutagenesis (Stratagene)

according to the manufacturer’s instructions. The 218–414 TDP-

43-mCherry construct was produced by cloning of a PCR product

from a primer incorporating a unique HindIII restriction enzyme

site immediately 59 to the M218 codon of TDP-43 into a pCR2.1-

TOPO vector (Invitrogen) with subsequent sub-cloning into

pmCherry.N1 using HindIII and BamHI restriction sites. EGFP-

TDP-43 constructs were as described previously [7,44]. For the

detection of ER stress, an ATF6-EGFP reporter construct

(Addgene plasmid 32955) was used [45]. For co-immunoprecip-

itation experiments, a vector encoding PDI with a V5 epitope tag

was used [46].

Cell culture
Mouse neuroblastoma Neuro2a (ATCC cell line CCL-131),

human epithelial HeLa (ATCC cell line CCL-2) and human

embryonic kidney HEK293T cell lines were maintained in high

glucose DMEM (Gibco) with 10% heat-inactivated fetal calf serum

(Gibco), 100 mg/mL penicillin and 100 mg/mL streptomycin.

Cells were treated as indicated with thapsigargin (Sigma) to induce

ER stress, MG132 (Sigma) to inhibit proteasomal function,

cycloheximide (Sigma) as a general translation inhibitor, and

arsenite (Sigma) as a standard oxidative stress inducer of SGs. For

immunocytochemistry, cells were plated on poly-L-lysine-coated

12 mm glass coverslips. Cells were transfected with constructs

using Lipofectamine2000 with PLUS reagent (Invitrogen) accord-

ing to the manufacturer’s protocol. Cell lysates were collected in

TN buffer (50 mM Tris-HCl pH 7.5 and 150 mM NaCl) with

0.1% SDS, 1% protease inhibitor cocktail (Sigma) and 1%

phosphatase inhibitor (Sigma) by incubation on ice for 10 min.

The supernatant was cleared by centrifugation at 16,100 g for

10 min (the SDS-soluble fraction). Protein concentrations of cell

and tissue lysates were determined using the BCA protein assay

(Thermo Scientific) by comparison with bovine serum albumin

(BSA) standards.

Immunocytochemistry and microscopy
Cells were fixed with 4% paraformaldehyde at room temper-

ature for 15 min, permeabilised with 0.1% triton X-100 in PBS for

TDP-43 Induces ER Stress
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10 min and then blocked with blocking buffer (1% BSA in 0.03%

triton X-100 in PBS) for 30 min at room temperature. Primary

antibodies were diluted in blocking buffer and incubated overnight

at 4uC. Primary antibodies were: mouse anti-PDI Ab2792

(Abcam), rabbit anti-TDP-43 10782 (Protein Tech Group), mouse

anti-HuR 39-0600 (Invitrogen), rabbit anti-ERGIC53 E1031

(Sigma), rabbit anti-XBP-1 sc-7160 (Santa Cruz), mouse anti-

GADD153/CHOP sc-7351 (Santa Cruz) and mouse anti-GM130

610823 (BD Transduction Labs). Cells were washed in PBS and

then incubated with secondary antibody at 1:5000 in PBS for 1 h

at room temperature. Secondary antibodies used were: goat-anti-

rabbit IgG AlexaFluorH 488/594, goat anti-mouse IgG Alexa-

FluorH 647 or rabbit-anti-mouse IgG AlexaFluorH 488 (all from

Molecular Probes). Nuclei were stained using TO-PROH-3 Iodide

stain (Invitrogen), Hoechst 33342 or DAPI diluted 1:2000-1:10000

in PBS for 10 min. Images were acquired with constant gain and

offset settings where appropriate using an Olympus Fluoview 1000

inverted confocal laser-scanning microscope or an Olympus IX81

inverted fluorescence microscope with Olympus digital camera.

For SG quantification, 40X images of at least five random fields of

view taken at K radius of the coverslip were used for analysis from

at least three independent experiments. Cells bearing two or more

HuR-positive and/or TDP-43-positive non-nuclear foci of greater

than ,1 mm in diameter were counted as cells containing SGs

using ImageJ software. For detection of ER stress, 120 cells were

counted in each group. An ATF6-GFP reporter construct was co-

expressed with TDP-43 constructs and cells were immunostained

for GM130 to visualise the Golgi apparatus. Cells in which ATF6

fluorescence co-localised with GM130 fluorescence, indicating

translocation of ATF6 to the Golgi, were scored as having ER

stress [45]. For detection of XBP-1 activation, cells were

transfected with TDP-43 constructs and immunostained for

XBP-1. Cells in which XBP-1 immunoreactivity was higher in

the nucleus than the cytoplasm were scored as having ER stress,

similar to previous studies [26,47]. Likewise, cells with nuclear

immunoreactivity for CHOP were scored as having ER stress, as

performed previously [27].

Transgenic mice
A315T TDP-43 transgenic mice were obtained from Jackson

Laboratories and bred on a C57BL/6 background [48]. Exper-

imental procedures and housing conditions for animals were

approved by the University of Queensland and University of

Melbourne Animal Ethics Committees. Spinal cords of three

transgenic female mice at symptom onset (p92, p97 and p102) and

age- and gender-matched non-transgenic littermate controls were

analysed in triplicate by SDS-PAGE and immunoblotting. For

immunohistochemistry, spinal cords of two male transgenic mice

at p79 and p83 were analysed with matched non-transgenic

littermates.

SDS-PAGE and immunoblotting
Protein samples were electrophoresed through SDS-polyacryl-

amide gels and transferred to nitrocellulose membranes. Mem-

branes were blocked with 5% skim-milk in TBS or 3% BSA in

TBS-T for 30 min then incubated with primary antibodies at 4uC
for 12–16 h. Primary antibodies used were: mouse anti-FLAG M2

(Sigma), mouse anti-b-actin AC-15 (Sigma), mouse anti-TDP-43

2E2-D3 (Abnova), rabbit anti-PDI SPA-890 (Stressgen), mouse

anti-V5 R960-25 (Invitrogen) and rabbit anti-red fluorescent

protein (RFP; Affinity Bioreagents). Membranes were incubated

with secondary antibodies for 1 h at room temperature. Secondary

antibodies used were: HRP-conjugated goat anti-rabbit AB132P

or goat anti-mouse AB326P at 1:10000 (both from Chemicon).

Signals were detected using ECL reagent (Roche) with Biomax

MR film (Kodak) or ChemiDoc imaging system (BioRad).

Densitometry of immunoblots was performed using ImageJ

software (NIH).

Immunoprecipitation
Cell lysates (1 mg protein) at 24 hr post-transfection were

incubated with anti-PDI or anti-RFP antibody or irrelevant,

isotype-matched control antibody (anti-HA, Sigma) and 100 ml

50% (wt/vol) protein A-Sepharose CL-4B (Amersham Biosciences)

in TN buffer with 0.5% NP40 and incubated on a rotating wheel

overnight at 4uC. Samples were centrifuged at 2000 g for 2 min,

and Sepharose pellets were washed twice in TN buffer + NP40.

For immunoblotting, immunoprecipitates were liberated by

boiling in 46 SDS sample buffer with 20% b-mercaptoethanol.

Statistical analyses
Data are presented as mean 6 standard error of the mean

(SEM) from at least three independent experiments and were

analysed by unpaired t-test or ANOVA followed by Bonferonni’s

post-test unless otherwise stated. p,0.05 was considered statisti-

cally significant.

Results

Sub-cellular location of wildtype and mutant TDP-43-
mCherry proteins

Six TDP-43 mutations previously linked to ALS were chosen for

investigation in this study: A315T, M337V, D169G, G294A,

Q331K and N390D [38,39,40,41,42,43]. The cellular distribution

of mCherry tagged proteins was analysed in Neuro2a cells using

confocal microscopy. In contrast to the diffuse cytoplasmic staining

of mCherry, transiently transfected TDP-43-mCherry constructs

resulted in punctate fluorescence confined to, but dispersed

throughout, the nucleus with exclusion from nucleoli (Fig. 1A)

This distribution is similar to previous observations for endoge-

nous TDP-43 [5,49,50] and confirms correct targeting of the

fusion proteins (Fig. 1A).

There was moderate cytoplasmic fluorescence in approximately

10–20% of cells expressing either wildtype or mutant TDP-43-

mCherry (Fig. 1C). The sub-cellular distribution of the wildtype

and mutant proteins were similar and inclusions were not

observed. Wildtype and mutant TDP-43-mCherry proteins

(,70 kDa) were detected at levels similar to the endogenous

protein with a transfection efficiency of approximate 50%,

suggesting an approximate two-fold expression level of the fusion

protein compared to endogenous in transfected cells (Fig. 1B).

ER stress causes redistribution of TDP-43 from the
nucleus to the cytoplasm

ER stress was chronically induced in Neuro2a cells expressing

TDP-43–mCherry by treating with 100 nM thapsigargin for 24 h.

The cells were fixed 48 h after transfection, and examined by

confocal fluorescence microscopy. Cytoplasmic TDP-43-mCherry

was detected in approximately 50% of wildtype and mutant TDP-

43 expressing cells treated with thapsigargin, compared with 10–

20% of untreated cells (Fig. 1D). In comparison, cytoplasmic

TDP-43-mCherry fluorescence was observed in almost all cells

(95%) treated for 24 h with 10 mM MG132, a proteasome

inhibitor [51] (Fig. 1E). Neither treatment caused cell death, and

TDP-43-mCherry-positive inclusions were not observed in any of

the conditions examined. Hence both ER stress and proteasome

TDP-43 Induces ER Stress
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Figure 1. ER stress and proteasome inhibition cause redistribution of wildtype and ALS-linked mutant TDP-43. (A) Neuro2a cells were
transfected with the construct indicated to the left of each series of panels (mCherry alone, wildtype TDP-43-mCherry, or mutant D169G, G294A,
A315T, Q331K, M337V or N390D TDP-43-mCherry), and fixed at 48 h post-transfection. mCherry fluorescence is shown in the left panels, and Hoechst
nuclei stain is shown in the merged right panels. Note the largely nuclear distribution of wildtype and mutant TDP-43-mCherry, but with low levels of
non-nuclear mCherry fluorescence in some cells, indicated by arrows. (B) Immunoblot of cell lysates expressing mCherry alone or wildtype or mutant
TDP-43-mCherry showing equal expression levels of all proteins, and levels of endogenous (End.) TDP-43. Approximate molecular weight markers are
shown on the right. (C) Quantification of the effect of thapsigargin or MG132 treatment on the percentage of Neuro2a cells with cytoplasmic
mCherry fluorescence. Results are expressed as mean 6 SEM, n = 3, *p,0.05 versus respective vehicle treated controls by two-way ANOVA with
Bonferroni’s post-test. (D) Neuro2a cells were transfected as in A and treated with 100 nM thapsigargin for 24 h prior to fixation. (E) Neuro2a cells
were transfected as in A and treated with 10 mM MG132 for 24 h prior to fixation. Note the increased non-nuclear distribution of wildtype and
mutant TDP-43-mCherry with both thapsigargin and MG132 treatment, indicated by arrows. All scale bars represent 10 mm.
doi:10.1371/journal.pone.0081170.g001
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inhibition result in accumulation of both wildtype and mutant

TDP-43 in the cytoplasm of cells without inclusion formation.

ER stress causes TDP-43-positive stress granule formation
which is enhanced by salubrinal pre-treatment

SG formation was identified by immunoreactivity to antibodies

against the SG component Hu-antigen R (HuR) [11] in HeLa

cells, in which SGs can be readily visualised due to cell

morphology. Cells were pre-treated with either salubrinal

(50 mM) or cycloheximide (50 mg/mL) and then either ER stress

(using thapsigargin) or oxidative stress (using arsenite) was acutely

induced, with appropriate vehicle-treated controls in both pre-

treatment and stress conditions. The purpose of salubrinal pre-

treatment was to potentiate induction of the PERK-mediated ER

stress pathway by inhibiting eIF2a dephosphorylation [52],

whereas cycloheximide, which prevents SG formation by inhib-

iting translation, was used as a negative control.

Both TDP-43 and HuR were located primarily in the nucleus

with no evident cytoplasmic puncta in the vast majority of vehicle

treated cells regardless of pre-treatment with either vehicle control,

50 mM salubrinal or 50 mg/mL cycloheximide (Fig. 2A). Treat-

ment with arsenite, which is a typical SG inducer, caused HuR-

positive SG formation in 95–100% of vehicle or salubrinal pre-

treated cells, which was completely inhibited by cycloheximide

pre-treatment (Fig. 2B). However, TDP-43-positive SGs were

rarely observed in arsenite-treated cells under these conditions

(Fig. 2B, D), similar to previous findings in HEK293 cells [9].

Cytoplasmic puncta positive for TDP-43 but negative for HuR

were rarely observed under any of the treatment conditions used.

Salubrinal pre-treatment did not alter the percentage of cells

bearing SGs or the percentage of TDP-43-positive SGs following

arsenite-induced oxidative stress.

Next, the role of ER stress in SG assembly was investigated by

acutely treating vehicle-, salubrinal- or cycloheximide-pre-treated

cells with 10 mM thapsigargin for 1 h, which is consistent with

conditions reported by others previously to induce SGs [53,54].

Approximately 20% of cells showed HuR-positive/TDP-43-

negative SGs in both vehicle- or salubrinal-pre-treated conditions

upon thapsigargin treatment, whereas SGs were not formed in

thapsigargin treated cells pre-treated with cycloheximide (Fig. 2C,

D). Additionally, thapsigargin treatment caused 20–30% of

vehicle-pre-treated cells to form SGs positive for both HuR and

TDP-43. Furthermore, salubrinal pre-treatment significantly

increased the percentage of cells with HuR-positive/TDP-43-

positive SGs to approximately 50%, but did not change the

percentage of cells bearing HuR-positive/TDP-43-negative SGs,

upon thapsigargin treatment (Fig. 2D). Overall, salubrinal pre-

treatment increased the percentage of thapsigargin treated cells

bearing HuR-positive SGs (with or without TDP-43) from ,40%

in controls to ,75% (Fig. 2D).

These results demonstrate that ER stress is a potent inducer of

TDP-43 recruitment to SGs, and that inhibiting eIF2a dephos-

phorylation with salubrinal specifically enhances the formation of

TDP-43-positive SGs. Recruitment of TDP-43 to cytoplasmic SGs

appeared to be specifically related to ER stress since treatment

with arsenite to induce oxidative stress did not cause TDP-43

redistribution to SGs under the conditions used in these

experiments.

C-terminal TDP-43 forms peri-nuclear inclusions that
associate with markers of the ER-Golgi compartments

The sub-cellular positioning, relative to ER-Golgi proteins, of

SGs formed by endogenous TDP-43 in thapsigargin-stressed was

examined in HeLa cells, because their flat extended morphology

lends itself to the examination of protein co-location using confocal

microscopy. The TDP-43-positive SGs did not co-locate with PDI

or markers of the ER or the Golgi apparatus (KDEL and ERGIC-

53), implying that they form in the cytoplasm and outside of the

ER-Golgi system (data not shown). We next produced a vector to

allow expression of mCherry-tagged TDP-43 residues 218-414

(Fig. 3), since full-length wildtype or mutant TDP-43-mCherry did

not form inclusions when expressed in several mouse or human

cell lines (Fig. 1, Fig. 4 and data not shown). TDP-43 residues 218-

414 correspond to the potentially pathogenic ,20 kDa caspase

cleavage product previously shown to be a highly aggregate-prone

species of TDP-43 [6,44,55].

Under basal conditions, the expression of 218–414 TDP-43-

mCherry could not be detected by immunoblotting up to 72 h

after transient transfection in Neuro2a cells, however diffuse

cytoplasmic mCherry fluorescence was evident under confocal

microscopy at very low levels in a small proportion of cells

(Fig. 3A). In contrast, approximately 70% of cells treated with the

proteasome inhibitor MG132 formed large juxta-nuclear inclu-

sions that partially displaced the nucleus and were reminiscent of

inclusions seen in human pathology (Fig. 3B). These data indicate

that in cell culture, 218–414 TDP-43-mCherry is degraded rapidly

by the proteasome, but that large inclusions form when the

proteasome is inhibited.

Neuro2a or HeLa cells were transiently transfected with 218–

414 TDP-43-mCherry, treated with MG132 and the sub-cellular

location of 218–414 TDP-43-mCherry inclusions, relative to PDI

and other proteins of the ER and Golgi apparatus was examined

by immunocytochemistry. Small peri-nuclear inclusions accom-

panied by one or two larger juxta-nuclear inclusions were

observed in most cells (Fig. 3C–E). These inclusions were

surrounded by PDI, which is predominately found in the ER,

consistent with a recent report describing the co-location of PDI

with TDP-43 in sporadic ALS tissues (Fig. 3C) [36]. The relative

locations of 218–414 TDP-43-mCherry inclusion and markers of

the Golgi apparatus and ER-Golgi intermediate compartment

(ERGIC, a distinct organelle which mediates trafficking between

the ER and Golgi apparatus) was then examined. The large juxta-

nuclear inclusions formed in close association with the cis-Golgi

marker GM130 (Fig. 3D), often surrounding regions of GM130

immunoreactivity (Video S1). The 218–414 TDP-43-mCherry

inclusions also showed partial co-location with the ERGIC

marker, ERGIC-53 (Fig. 3E). Overall, these results indicate that

218–414 TDP-43 inclusions form adjacent to the nucleus and in

close association with the Golgi and ERGIC when the proteasome

is inhibited. The association between inclusions and TDP-43

pathology thus indicates possible disturbance of ER-Golgi

transport function in ALS.

Over-expression of mutant TDP-43 induces ER stress to a
greater extent than wildtype TDP-43

In the well-studied model of ALS induced by mutant forms of

SOD1, ER stress and UPR induction precede inclusion formation

[27,32,56]. Hence we asked whether wildtype and mutant TDP-

43 can induce ER stress in cell culture. CHOP is a pro-apoptotic

protein induced predominately via the PERK and ATF6 UPR

pathways and its levels are a useful marker of UPR induction. We

observed that at 18–24 h post-transfection, a greater proportion of

Neuro2a cells demonstrated cytoplasmic rather than nuclear

TDP-43, whereas after 24 h TDP-43 localised predominately in

the nucleus. Hence we examined cells for induction of ER stress at

18 h post-transfection, CHOP levels in Neuro2a cells, measured

by immunocytochemistry, were slightly but significantly greater in

TDP-43 Induces ER Stress
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cells expressing wildtype TDP-43-mCherry compared to mCherry

alone. Furthermore, CHOP levels in cells expressing two ALS-

linked TDP-43 mutants, A315T or Q331K, were dramatically

increased compared to both mCherry alone or wildtype TDP-43-

mCherry (Fig. 4A). This was subsequently confirmed using EGFP-

tagged TDP-43 Q331K and another ALS mutant, Q343R,

showing increased CHOP activation in mutant expressing cells

compared to control cells expressing EGFP alone or wildtype

EGFP-TDP-43 (Fig. 4A–B).

Others have made the observation that CHOP, but no other

UPR marker, is up-regulated following viral overexpression of

wildtype TDP-43 in cell culture [31]. However, we examined

additional markers of ER stress in Neuro2a cells using single-cell

immunocytochemical analysis, which allows analysis of only

transfected cells rather than analysis of the entire population as

occurs using immunoblotting techniques [26,27,57,58]. IRE1

activation was measured by detection of nuclear XBP-1. Over-

expression of wildtype TDP-43-mCherry slightly but significantly

increased XBP-1 activation compared to mCherry expressing cells

(Fig. 4C–D). Furthermore, XBP-1 activation was dramatically

increased by expression of A315T or Q331K mutant TDP-43-

mCherry compared to both mCherry alone or wildtype TDP-43-

mCherry. Finally, over-expression of wildtype TDP-43-mCherry

slightly increased activation of ATF6 compared to mCherry

expressing cells, although this did not reach statistical significance.

However, over-expression of Q331K mutant TDP-43-mCherry

significantly increased activation of ATF6 (Fig. 4E–F). These data

indicate that ALS-linked mutant TDP-43 proteins activate the

major signalling pathways of ER stress. Furthermore, over-

expression of wildtype TDP-43 also induces ER stress, but to a

lesser extent than mutant TDP-43.

PDI co-immunoprecipitates with mutant TDP-43 and is
up-regulated in transgenic A315T mutant TDP-43 mouse
spinal cord

We showed that mutant TDP-43 induces ER stress and since

abnormal TDP-43 disulphide bonding occurs in FTLD [37], we

next examined the possibility that the ER disulphide-modulating

chaperone PDI, which was previously implicated in mutant

SOD1-linked and sporadic ALS [23,32], was also involved in

Figure 2. Formation of ER stress-induced TDP-43-positive stress granules is enhanced by salubrinal pre-treatment. HeLa cells were
pre-treated for 2 h with either vehicle control, 50 mM salubrinal or 50 mg/mL cycloheximide and then stressed for an additional 1 h by treatment with
vehicle control (A), 0.5 mM arsenite (B), or 10 mM thapsigargin (C) in the presence of the respective pre-treatment conditions. Cells were processed
for immunocytochemistry using antibodies against TDP-43 (left panels) and HuR (middle panels). Merged images are shown on the right. Boxed
regions in the main panels are shown magnified in the bottom left of each panel. (D) Quantification of the effect of aresenite or thapsigargin in the
presence of salubrinal or cycloheximide on the formation of HuR-positive or HuR/TDP-43-positive cytoplasmic SGs. Results are expressed as mean 6
SEM, n = 3, *p,0.05 versus respective vehicle-treated controls, #p,0.05 versus vehicle pre-treated/thapsigargin treated control, by two-way ANOVA
followed by Bonferroni’s post-test. All scale bars represent 20 mm.
doi:10.1371/journal.pone.0081170.g002
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TDP-43-linked disease. Immunoprecipitation was used to examine

interactions between PDI and TDP-43. Lysates from Neuro2a

cells transfected with TDP-43-mCherry constructs were immuno-

precipitated using an anti-PDI antibody, and immunoblot analysis

revealed that mutant Q331K TDP-43, and to a lesser extent

wildtype TDP-43, co-precipitated with PDI (Fig. 5A). Control

reactions containing buffer only, untransfected cells or precipita-

tion of Q331K TDP-43 cell lysates using an irrelevant, isotype-

matched control antibody were negative, demonstrating a specific

interaction between PDI and TDP-43. To confirm the interaction,

we also performed co-immunoprecipitaion experiments using

HEK293T cells co-transfected with TDP-43-mCherry and PDI-

V5 encoding constructs using an anti-RFP antibody to bind the

mCherry tag, followed by immunoblotting for V5, to detect over-

expressed PDI-V5, and TDP-43, to confirm immunoprecipitation

with the RFP antibody. PDI-V5 was markedly co-immunoprecip-

itated with mutant A315T and Q331K TDP-43-mCherry, and

with wildtype TDP-43-mCherry and mCherry alone to a lesser

extent (Fig. 5B). Control reactions containing buffer only,

untransfected cells or precipitation of Q331K TDP-43 and PDI-

V5 over-expressing cell lysates using an irrelevant, isotype-

matched control antibody were negative (Fig. 5B).

The involvement of PDI in an in vivo model of TDP-43

proteinopathy was then examined using spinal cord tissues from

transgenic A315T mutant TDP-43 mice [48]. By immunoblotting,

PDI levels were modestly but significantly higher in A315T TDP-

43 mouse spinal cords at disease onset (approximately p90–100)

than in age, gender and litter-matched non-transgenic controls

(Fig. 5C–D). When assessed by immunohistochemistry, PDI was

more widely distributed in the spinal cord of transgenic A315T

TDP-43 mice just prior to disease onset, compared to non-

transgenic controls (Fig. 5E). PDI and TDP-43 were co-localised in

a greater proportion of motor neurons in A315T TDP-43 mice

than in non-transgenic controls (Fig 5F).

Discussion

In this study, we demonstrate that ER stress leads to

accumulation of both wildtype and ALS-linked TDP-43 mutants

in the cytoplasm and to incorporation of TDP-43 into cytoplasmic

SGs, We also demonstrate that C-terminal TDP-43 inclusions,

induced by proteasome inhibition, are closely associated with PDI

and the ER-Golgi compartments, suggesting potential disturbanc-

es to these organelles in TDP-43-linked disease. Indeed, over-

expression of wildtype TDP-43, and to an even greater extent

ALS-linked mutant TDP-43, induced ER stress via multiple ER

stress signalling pathways. Also, PDI, a chaperone induced during

ER stress, interacted with TDP-43 and co-located with TDP-43 in

the spinal cords of transgenic mutant A315T TDP-43 mice,

consistent with the increasing evidence that alterations of PDI

location and function are common features in ALS. These results

suggest that ER stress is involved in modulating TDP-43 sub-

cellular distribution, with potential implications for triggering

pathology and neuronal death in TDP-43 proteinopathies (Fig. 6).

It is well established that ER stress is an upstream event in ALS

and this study confirms that ALS-associated mutant TDP-43 joins

the list of disease proteins that induce ER stress. ER stress is a

feature of sporadic human ALS [23,27], in familial forms of ALS

and FTLD, including those linked to FUS [26], vesicle-associated

membrane protein-associated protein B (VAPB) [59] and valosin

containing protein [60], and in mutant SOD1 animal and cell

models [23,24,25,61]. As TDP-43 is the major pathological

protein in most cases of ALS and FTLD, ER stress may be a

trigger for TDP-43 dysfunction. This is supported by studies

demonstrating fragmentation of TDP-43, another pathological

feature of disease, following induction of ER stress in cell culture

[15,29].

Figure 3. C-terminal 218–414 TDP-43 inclusions form in
association with the Golgi and ER. (A, B) Expression of wildtype
218–414 TDP-43-mCherry in Neuro2a cells, with mCherry fluorescence
(left images), Hoechst nuclei stain (middle images), and merged images
(right). Panel A shows untreated cells, and panel B shows cells treated
with 10 mM MG132 for 24 h. Arrows indicate nuclei showing distorted
morphology, due to the presence of inclusions. Note that the mCherry
fluorescence image shown in A was captured using increased gain and
offset settings compared to that shown in B in order to allow detection.
(C) MG132-treated HeLa cells expressing 218–414 TDP-43-mCherry (red,
left image), with immunocytochemistry for PDI (green, middle image).
(D) Neuro2a cells were transfected and treated as in B and processed
for immunocytochemistry against GM130 (green, middle image). In
MG132-treated HeLa cells expressing 218-414 TDP-43-mCherry (red, left
image), immunocytochemistry is shown for (E) ERGIC53 (green, middle
image). Merged images shown with Hoechst nuclei stain are on the
right. All scale bars represent 10 mm.
doi:10.1371/journal.pone.0081170.g003
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We found that transfection with ALS-linked mutant TDP-43,

and to a lesser extent wildtype TDP-43, increased ATF6 and

XBP-1 activation and induced CHOP as markers of ER stress, at

18–24 h post-transfection. However at later time points the

induction of ER stress was variable or not detected (data not

shown). The reason for this is unclear but may be linked to

accumulation of TDP-43 in the cytoplasm, which we found to vary

considerably depending on time after transfection. This may

explain the findings of a recent study which reported only up-

regulation of CHOP, but not other markers of ER stress, in NSC-

34 cells with viral over-expression of wildtype TDP-43 at 24–48 hr

post-infection [31]. We recently found that cytoplasmic localisa-

tion of mutant FUS was required for ER stress induction, whereas

cells with only nuclear FUS had undetectable levels of ER stress

[26]. Hence it is possible that similar to FUS, ER stress is closely

linked to, but precedes, accumulation of TDP-43 in the cytoplasm.

Abnormal activation of XBP-1 has also been described in a rat

model with over-expression of mutant TDP-43, in which neurons

display an unexpected decrease in XBP-1 levels while microglia

display increased XBP-1 [30]. Combined, these studies suggest a

non-classical ER stress response in TDP-43-linked disease.

Figure 4. Wildtype and ALS-linked mutant TDP-43 proteins induce ER stress. (A) Increase in nuclear CHOP immunoreactivity in Neuro2a
cells expressing wildtype and ALS mutant forms of TDP-43 linked with mCherry. (B) Increase in nuclear CHOP immunoreactivity in Neuro2a cells
expressing wildtype and ALS mutant forms of TDP-43 linked with EGFP. (C) XBP-1 is activated in mutant TDP-43 Q331K cells, indicating induction of
the IRE1 pathway of ER stress. Cells expressing TDP-43 mCherry (first column, red) are shown with XBP-1 (second column, green) and DAPI staining
(third column, blue). Merge (fourth column) indicates overlays of the fluorescent images of XBP-1 and DAPI. Arrow indicates cells with increased
nuclear XBP-1. Scale bars represent 5 mm. (D) Quantification of transfected cells with activation of XBP-1, as determined by an increase in nuclear
XBP-1 immunoreactivity. (E) ATF6 translocates to the Golgi in mutant Q331K cells, indicating activation of the ATF6 pathway of ER stress. Neuro2a
cells were co-transfected with mCherry constructs (first column, white) and ATF6-GFP (second column, green). Cells were fixed and immunostained
for Golgi marker GM130 (third column, red). Merge (fourth column) indicates overlays of the fluorescent images of ATF6 and GM130. Arrow indicates
co-localisation of ATF6 in the Golgi apparatus. Scale bars represent 10 mm. (F) Quantification of transfected cells with activation of ATF6, as
determined by co-localisation of ATF6 with GM130. Data are represented as mean 6 SEM; *p,0.05 versus mCherry or EGFP controls and #p,0.05
versus respective wildtype TDP-43 proteins, by one-way ANOVA with Tukey’s post hoc test.
doi:10.1371/journal.pone.0081170.g004
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Figure 5. PDI co-precipitates with TDP-43 and is increased in mutant TDP-43 transgenic mouse spinal cords. (A) Co-
immunoprecipitation of wildtype and mutant Q331K TDP-43-mCherry from Neuro2a cell lysates using an anti-PDI antibody followed by TDP-43
immunoblot. Control immunoprecipitations were performed using untransfected (Untrans) or mCherry expressing cell lysates, buffer only with
coprecipitating antibodies or TDP-43 Q331K cell lysates using an irrelevant, isotype-matched control antibody (IgG). Input control (2%) shows
expression of mCherry-TDP43 in wildtype and Q331K cell lysates. (B) Co-immunoprecipitation of PDI-V5 from wildype and mutant A315T and Q331K
TDP-43-mCherry from HEK293T cell lysates using an anti-RFP antibody to precipitate mCherry followed by TDP-43 and V5 immunoblot. Control
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We also interpret our findings as showing that ER stress is a key

pathway in the formation of eIF2a-mediated SGs and the

incorporation of TDP-43 into these SGs. Salubrinal, which

inhibits dephosphorylation of eIF2a and potentiates the PERK

pathway of ER stress, markedly increased TDP-43-positive SG

formation following thapsigargin treatment. This argues that ER

stress induces SGs via the eIF2a-mediated pathway. Indeed, ER

stress activates PERK to inhibit protein translation, which is also

the primary consequence of SG formation. The PERK arm of the

UPR may be a defence against ALS because salubrinal is

protective in a mutant SOD1G93A mouse model of ALS [61],

and disease was accelerated in SOD1G85R mice with hemizygous

deletion of PERK [25]. Interestingly, under basal conditions,

prevention of eIF2a dephosphorylation alone is not sufficient to

induce TDP-43 SG formation because the cellular stress of adding

thapsagargin was required for SG formation and TDP-43

incorporation into SGs (Fig. 2). These results also show that ER

stress is an important precursor to both SG formation and TDP-43

dysfunction in ALS. Previous findings showing ER stress-mediated

cell death in mutant SOD1 models of ALS [24,57] suggest that ER

stress could be similarly involved not only in SG formation and

TDP-43 redistribution but also in neuron death in TDP-43-linked

disease. Indeed, recent studies have shown a protective effect of

salubrinal treatment in a C. elegans model of TDP-43 proteino-

pathy [62].

It remains to be determined how different cellular stressors are

able to differentially modulate TDP-43 redistribution into SGs.

Previous studies have been conflicting in the effect of arsenite, a

typical SG trigger, to form TDP-43 SGs. Some studies have

indicated that arsenite does cause TDP-43 SG formation [8,63],

while others have shown a lesser effect [9,37]. Our findings suggest

that arsenite is not a strong inducer of TDP-43-positive SGs in

HeLa cells under the conditions used here. Additionally, we show

that salubrinal had no additive effect on the incorporation of TDP-

43 into SGs following arsenite treatment, in contrast to the

potentiation of TDP-43-positive SG formation with salubrinal

treatment of cells under thapsigargin-induced ER stress. These

results suggest differences in the mechanism of SG formation

under different stress conditions, indicating potential differences in

phosphorylation of eIF2a under different stress conditions, and

highlighting the important role for ER stress in TDP-43 SG

formation. Further investigation is warranted of the role of ER

stress in TDP-43 accumulation and SG formation in neurons and

in vivo.

We previously provided evidence that PDI can attenuate the

effects of mutant SOD1 in cell models of ALS [27] and that PDI is

up-regulated in sporadic human ALS spinal cord tissue [23]. Our

findings here support other studies showing that PDI co-

localisation with TDP-43-positive inclusions in sporadic ALS

motor neurons [36], although the lack of full-length TDP-43

inclusions in our models makes direct comparison with human

disease difficult. Thus TDP-43 can be added to the growing list of

proteins linked to ALS that associate with PDI, including mutant

SOD1 [32], FUS [26], and VAPB [64]. The co-immunoprecip-

itation of PDI with mutant TDP-43, and to a lesser extent wildtype

TDP-43, in cell lysates implies that TDP-43 and PDI physically

interact, suggesting that PDI is therefore in a position to protect

against TDP-43 misfolding and aggregation. PDI is responsible for

the isomerisation of protein disulphide bonds, forming native

structures, and it is also a general protein chaperone. Cysteine

oxidation and cross-linking of TDP-43 via disulphide bonds can

alter conformations and function [37] and might induce aggrega-

tion of TDP-43 by a mechanism similar to that proposed for

mutant SOD1 involving aberrant disulphide bonding [65]. Hence,

it is tempting to speculate that the up-regulation of PDI is a

cellular response to prevent further aggregation of abnormally

disulphide bonded and misfolded TDP-43. Indeed, single nucle-

otide polymorphisms in the gene encoding PDI have recently been

associated with risk of ALS, suggesting that PDI plays a role in

protection against disease [66]. These findings align with previous

results showing that enzymative inactivation of PDI in ALS patient

spinal cords likely contributes to disease development [27],

immunoprecipitations were performed using Untrans cell lysates or mCherry and PDI-V5 expressing cell lysates, buffer only with coprecipitating
antibody or Q331K TDP-43 and PDI-V5 co-transfected cell lysates using an irrelevant, isotype-matched control antibody (IgG). Input control shows
expression of PDI-V5, TDP-43-mCherry and endogenous (End.) TDP-43. Approximate molecular weight markers are shown on the right, and
representative images are shown. (C) Proteins were extracted from spinal cords of three mutant A315T TDP-43 transgenic mice and three litter-
matched non-transgenic controls, and immunoblotting was performed for PDI, FLAG-TDP-43 (detected using antibody against FLAG), and b-actin. (D)
Quantification of PDI levels from immunoblots normalised to b-actin by densitometry. Data represent mean normalised values from three
independent analyses and are shown as mean 6 SEM. *p,0.05 versus non-transgenic controls by unpaired two-tailed t-test. (E)
Immunohistochemistry for TDP-43 and PDI in non-transgenic and A315T mutant TDP-43 mouse spinal cords. Cells were immunostained for TDP-
43 (first column, green), PDI (second column, red), and were stained using To-Pro to identify nuclei (third column, blue). Merged images (fourth
column) are also shown. Increased co-localisation of PDI with TDP-43 is seen in A315T animals compared to non-transgenic controls (Non-trans). All
scale bars represent 10 mm. (F) Quantification of the percentage of motor neurons in which PDI and TDP-43 were co-localised. A total of 60 cells per
group were counted, and data represent mean values from two mice per group.
doi:10.1371/journal.pone.0081170.g005

Figure 6. A model for the involvement of ER stress in TDP-43
proteinopathies. ER stress activation causes accumulation of
cytoplasmic TDP-43, and induction of TDP-43-positive SGs, which could
lead to inclusion formation and neuron death in disease. ER stress may
also lead to cell death via apoptotic signalling involving the
transcription factor CHOP, independent of SGs and inclusion formation.
Additionally, TDP-43 shows increased association with the chaperone
PDI in disease. Pharmacological agents used in this study are shown
italicised in blue.
doi:10.1371/journal.pone.0081170.g006
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suggesting multiple mechanisms for the involvement of PDI in

ALS pathogenesis. However, further experiments are necessary to

determine the mode of PDI interaction with ALS-associated

proteins, including TDP-43, and the effect of PDI on TDP-43

misfolding. It should be noted that while typically regarded as

being ER-resident, PDI is also present within the cell in a variety

of additional locations, including in the cytoplasm and in the

extracellular space [67]. PDI is redistributed from the ER to ER-

derived cytoplasmic structures in a manner regulated by the

reticulon protein family, and this redistribution is protective in

mutant SOD1 mice [35] and modulates PDI function [68]. The

location of C-terminal TDP-43 inclusions in close association with

the ER, Golgi and ERGIC (Fig. 3) also suggests disturbance in the

function of these organelles, and indeed our results, and those of

others [69], suggest an increased cytoplasmic presence of PDI

following ER stress induction. Further investigation of changes in

the Golgi and ER components in animal models displaying TDP-

43 inclusions and in ALS and FTLD patient tissues is warranted.

In conclusion, this study demonstrates that ER stress can be

triggered by over-expression of wildtype TDP-43 and to an even

greater extent ALS-linked mutant TDP-43, and that ER stress

modulates TDP-43 sub-cellular distribution and SG formation,

reminiscent of disease features. These findings imply that TDP-43

mutation carriers may be more susceptible to ER stress induction

than other ALS patients. However, further experiments will be

required, possibly comparing the effects of wildytpe and mutant

TDP-43 in in vivo models, in order to conclusively identify

differences in dysfunction of wildtype versus mutant TDP-43 with

respect to ER stress in disease. Indeed, our results also indicate

that ER stress is able to drive cytoplasmic relocation of wildtype

TDP-43, suggesting that upstream cellular stress responses could

drive TDP-43 pathology in sporadic ALS patients. It remains

important to determine the upstream triggers of TDP-43-

dysfunction in ALS, and to determine if modulation of ER stress

responses can be used as a target for disease modifying therapies in

TDP-43 proteinopathies.

Supporting Information

Video S1 Association of 218–414 TDP-43-mCherry in-
clusions with the Golgi apparatus. Neuro2a cells were

transfected with the 218–414 TDP-43-mCherry construct, and

treated with 10 mM MG132 for 24 h starting at 24 h post-

transfection. Cells were processed for immunocytochemistry

against GM130 (green) and serial z-stack images were taken at

0.50 mm intervals using confocal microscopy and post-processed

using Olympus Fluoview v2.0 software. mCherry fluorescence is

shown in red and nuclei (Hoechst dye) are shown in blue. Scale

bar represents 10 mm.
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dependent ER–Golgi transport dysfunction is a common pathogenic mechanism 
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section of the manuscript on page 4 under the section of ‘ER-Golgi transport is 

inhibited in cells expressing proteins associated with ALS’. 
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Abstract Several diverse proteins are linked geneti-

cally/pathologically to neurodegeneration in amyotrophic

lateral sclerosis (ALS) including SOD1, TDP-43 and FUS.

Using a variety of cellular and biochemical techniques, we

demonstrate that ALS-associated mutant TDP-43, FUS and

SOD1 inhibit protein transport between the endoplasmic

reticulum (ER) and Golgi apparatus in neuronal cells. ER–

Golgi transport was also inhibited in embryonic cortical

and motor neurons obtained from a widely used animal

model (SOD1G93A mice), validating this mechanism as an

early event in disease. Each protein inhibited transport by

distinct mechanisms, but each process was dependent on

Rab1. Mutant TDP-43 and mutant FUS both inhibited the

incorporation of secretory protein cargo into COPII

vesicles as they bud from the ER, and inhibited transport

from ER to the ER–Golgi intermediate (ERGIC) com-

partment. TDP-43 was detected on the cytoplasmic face of

the ER membrane, whereas FUS was present within the

ER, suggesting that transport is inhibited from the cyto-

plasm by mutant TDP-43, and from the ER by mutant FUS.

In contrast, mutant SOD1 destabilised microtubules and

inhibited transport from the ERGIC compartment to Golgi,

but not from ER to ERGIC. Rab1 performs multiple roles

in ER–Golgi transport, and over-expression of Rab1

restored ER–Golgi transport, and prevented ER stress,

mSOD1 inclusion formation and induction of apoptosis, in

cells expressing mutant TDP-43, FUS or SOD1. Rab1 also

co-localised extensively with mutant TDP-43, FUS and

SOD1 in neuronal cells, and Rab1 formed inclusions in

motor neurons of spinal cords from sporadic ALS patients,

which were positive for ubiquitinated TDP-43, implying

that Rab1 is misfolded and dysfunctional in sporadic dis-

ease. These results demonstrate that ALS-mutant forms of

TDP-43, FUS, and SOD1 all perturb protein transport in

the early secretory pathway, between ER and Golgi com-

partments. These data also imply that restoring Rab1-

mediated ER–Golgi transport is a novel therapeutic target

in ALS.

Keywords TDP-43 � FUS � SOD1 � ER–Golgi transport �
Amyotrophic lateral sclerosis

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurode-

generative disorder characterised by degeneration and

death of motor neurons. Multiple proteins are linked

genetically to ALS, including superoxide dismutase 1
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(SOD1) [55], TAR DNA binding protein (TDP-43) [68],

and Fused in Sarcoma (FUS) [78]. TDP-43 and FUS are

also associated with frontotemporal dementia and mis-

folded wildtype (WT) SOD1 is present in small granular

aggregates in glia and motor neuron nuclei, although it has

not been detected in the typical ubiquitinated TDP-43

pathological inclusions [13, 19, 20, 35]. Transgenic mice

overexpressing mutant SOD1G93A develop features char-

acteristic of ALS and are a widely used disease model.

Many cellular defects have been implicated in the aetiology

of ALS, including protein aggregation, endoplasmic retic-

ulum (ER) stress, autophagy defects, RNA dysfunction and

inhibition of axonal transport [54].

Efficient intracellular vesicle trafficking is essential for

cellular survival. Proteins newly synthesised in the ER are

packed into vesicles and transported to the Golgi apparatus

via the ER–Golgi intermediate compartment (ERGIC) [37],

and finally redistributed to their final destinations [15].

Hence ER–Golgi transport is a vital gateway to the

endomembrane system. The ERGIC is a distinct organelle

from the ER and cis-Golgi that concentrates and sorts

protein cargo [1]. Functional ER–Golgi transport relies on

coat protein complexes (COPs), that recruit cargo proteins

[4], and deform the lipid bilayer of donor membranes into

vesicles [43, 67]. COPII is essential for export from ER

exit sites, and is composed of the GTPase Sar1 and two

hetero-dimeric complexes, Sec23/Sec24 and Sec13/Sec31

[4, 38]. COPII vesicles move from the ER to ERGIC, and

subsequently from ERGIC to Golgi. The latter, but not the

former, step requires microtubules, comprised of tubulin

[33]. Finally, COPII vesicles are docked via tethering

factor p115 to receptor GM130, on the Golgi membrane.

Rab GTPases are master regulators of all intracellular

vesicle trafficking events, and each Rab isoform has dis-

tinct target membranes [69]. Rab1 regulates ER–Golgi

transport, including COPII vesicle budding, delivery,

tethering, fusion to the Golgi [47, 56] and COPII function

[63]. In yeast, the Rab1 homologue Ypt1 also mediates

microtubule organisation and function, and loss of Ypt1

function results in microtubule defects [61]. Furthermore,

Rab1/Ypt1 plays a central role in regulating the unfolded

protein response (UPR), suggesting a regulatory mecha-

nism linking vesicle trafficking to the UPR and ER

homeostasis [75]. Inhibition of ER–Golgi transport also

induces ER stress [48], providing a further link to the UPR.

Previously, we demonstrated that mutant TDP-43

(mTDP-43) [79] and mutant FUS (mFUS) [16] induce ER

stress by an undefined mechanism. We also showed that

mutant SOD1 (mSOD1) and aggregated WTSOD1 inhibit

ER–Golgi transport, and consequently trigger ER stress

from the cytoplasm, in cellular models of ALS [3, 72],

although the molecular mechanisms involved remains

unclear. Here, we demonstrate that mTDP-43, and mFUS

also inhibit ER–Golgi transport. Furthermore, we also

show that mTDP-43 and mFUS inhibit transport from the

ER to ERGIC compartment, by preventing the incorpora-

tion of protein cargo into COPII vesicles. However, whilst

mFUS was present within the ER, mTDP-43 was attached

to the cytoplasmic face of the ER membrane, implying that

mTDP-43 and mFUS inhibit transport by discreet mecha-

nisms. In contrast, mSOD1 destabilised microtubules and

inhibited transport from the ERGIC compartment to Golgi.

Hence, these proteins each inhibit transport by different

mechanisms. However, these processes are all Rab1-de-

pendent, demonstrating that antagonism of Rab1 function

is a common target shared by ALS-associated forms of

SOD1, TDP-43 and FUS. Furthermore, overexpression of

Rab1 restored ER–Golgi transport and reduced ER stress,

mSOD1 inclusion formation and apoptosis in cells

expressing mSOD1, mTDP-43 or mFUS, thus linking ER–

Golgi transport inhibition to neurodegeneration. ER–Golgi

transport was also inhibited in embryonic cortical and

motor neurons obtained from SOD1G93A mice, thus vali-

dating this pathological mechanism in primary neurons and

as a very early event in disease pathology. Moreover, Rab1

was also recruited to inclusions in spinal motor neurons

displaying typical, ubiquitinated TDP-43 pathology in

sporadic ALS (sALS) patients, thus implying that Rab1

misfolding and dysfunction is present in sporadic disease.

Materials and methods

Additional materials and methods can be found in Sup-

plementary Materials.

VSVG assay to quantify ER–Golgi transport

Neuro2a cells were plated on 24-well plates with 13 mm

coverslips. The following day, cells were co-transfected

with TDP-43, FUS, or SOD1 and VSVG-tagged with flu-

orescent mCherry for indicated time points. Cells were

incubated at 40 �C directly after transfection except in the

case of the 72 h transfection experiments, where cells were

first incubated at 37 �C for 48 h. The temperature was then

shifted to 40 �C for a further 24 h after transfection to

accumulate VSVG in the ER. Cycloheximide (Sigma,

01810, 20 lg/ml) was added and cells were shifted to the

permissive temperature, 32 �C for 30 min. At each time

interval, cells were washed with ice-cold PBS and fixed for

immunocytochemistry as described. Twenty cells were

scored in each experiment and all experiments were per-

formed in triplicate. Image analysis was performed using

Image J (http://rsbweb.nih.gov/ij/index.html): only single

cells expressing both SOD1-EGFP/EGFP-TDP-43/HA-

FUS and VSVG-mCherry were selected for analysis.
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Plugins were used and the measuring areas were selected

above a threshold against background staining. After

analysis, the Mander’s coefficient [36] in the range from 0

to 1.0 (representing 0–100 % overlapping pixels) was

calculated to determine the degree of overlap between

images. For Fig. 1e, the x axis values; 80, 40–80 and 40;

refer to arbitrary units that represent the total pixel inten-

sity quantified in each cells by using Image J. In each

population, cells were separated into 3 categories, so a third

of cells with the lowest pixel intensity were categorised as

‘low’, the next third was categorised as ‘medium’ and the

remaining third were categorised as ‘high’ representing

those cells with the greatest pixel intensities.

In vitro ER-budding assay

A modified in vitro assay [81] was used to analyse ER

vesicle budding. Briefly, perforated Neuro2a cells co-

transfected with VSVG-mCherry and SOD1, TDP-43 or

FUS vectors were incubated with rat liver cytosol and an

energy regenerating system (40 mM creatine phosphate,

0.2 mg/ml creatine phosphokinase and 1 mM ATP) at

32 �C for 30 min. Identical samples were incubated at 4 �C
as a measure of non-specific ER fragmentation. The cells

were removed by low speed centrifugation at 4000g for

1 min, followed by 15,000g for 1 min, and budded vesicles

in the resulting supernatant were recovered by centrifuga-

tion at 100,000g for 1 h. The levels of VSVG cargo in the

budded vesicle fractions were quantified using western

blotting. The resulting quantities of budded vesicles were

normalised to the levels of ERGIC53 from each sample.

Fluorescence protease protection assay

The fluorescence protease protection assay was performed

as described previously [34]. Briefly, Neuro2a cells were

transfected with the indicated plasmids 18 h before analy-

sis. Cells were washed three times with KHM buffer

(110 mM potassium acetate, 20 mM Hepes, 2 mM MgCl2
in H2O) for 1 min each wash. Digitonin (Sigma), at 55 %

purity, was dissolved in H2O by heating to 95–98� for

10 mg/ml stock. KHM buffer was removed and 1 ml of

KHM buffer with 60 lM digitonin was added to cells.

Fluorescence images were captured at regular intervals with

� s exposure; fluorescence exposure outside of this capture

period was kept to a minimum to prevent photobleaching.

Buffer was removed at 110 s after digitonin addition, and

cells were washed briefly with KHM buffer. Proteinase-K

(Qiagen, Victoria, Australia, stock 20 mg/ml) at 50 lg/ml

in KHM buffer was added to cells. At 330 s, 1 % Triton-x-

100 with proteinase-K in KHM buffer was added to the

cells, and fluorescence images were captured at regular

intervals using identical settings between samples.

Statistical analysis

All data are expressed as the mean ± standard error (SEM)

and analysed for statistical significance by ANOVA fol-

lowed by Tukey’s post hoc test or 2-tailed student t test

(GraphPad Prism, La Jolla, CA). The differences were

considered significant at p\ 0.05.

Results

ER–Golgi transport is inhibited in cells expressing

proteins associated with ALS

Vesicular stomatitis virus glycoprotein-ts045 (VSVG) is a

widely used marker for ER–Golgi trafficking. At 40 �C,

VSVG reversibly misfolds and accumulates in the ER;

traffic to the Golgi is restored at 32 �C [25]. To examine

whether mTDP-43 and mFUS inhibit ER–Golgi transport,

Neuro2a cells were co-transfected with mCherry-tagged

VSVG and either EGFP-tagged WTTDP-43 or mTDP-43

(A315T/Q343R/Q331K) or HA-tagged WTFUS or mFUS

(P525L/R524S/R522G/R521G) constructs at 40 �C.

Localisation of VSVG with the ER (calnexin) or Golgi

(GM130) was detected immunocytochemically and quan-

tified using Mander’s coefficient as previous [3]. In cells

expressing WTTDP-43, EGFP, or untransfected cells,

VSVG was efficiently transported to the Golgi, in contrast

to mTDP-43 cells, where most VSVG remained in the ER

(66, 61 and 47 %, respectively, p\ 0.0001, Fig. 1a, b) and

less transported to the Golgi (35, 42 and 48 %, respec-

tively, p\ 0.0001, Fig. 1b). Thus, three mTDP-43 proteins

antagonise anterograde transport of VSVG from ER–Golgi.

Immunoblotting revealed similar transfection efficiencies

between EGFP, WTTDP-43 and mTDP-43 cells (Suppl.

Fig. 1a), demonstrating that transport inhibition is inde-

pendent of protein expression. Similarly, in cells

expressing WTFUS or untransfected cells, VSVG was

located predominantly in the Golgi (Suppl. Fig. 2a). In

contrast, in cells expressing all four mFUS proteins, sig-

nificantly less VSVG was transported from ER to Golgi

(60 %, p\ 0.0001 and p\ 0.05 in R521G; Fig. 1c and

Suppl. Fig. 2a). Again, similar transfection efficiencies

were evident between WTFUS and mFUS (Suppl. Fig. 1b).

Hence four ALS-associated mFUS proteins also inhibit

ER–Golgi transport. Similarly, consistent with our previous

studies in NSC-34 and SYSH5Y cells [3, 72], mSOD1 also

inhibited transport of VSVG from ER to Golgi in Neuro2a

cells (Fig. 1d), with similar transfection efficiencies

(Suppl. Fig. 1c). The inhibition of ER–Golgi transport was

not caused by non-specific over-expression of recombinant,

mutant protein, because expression of mutant R311K Nck2

(Nck adaptor protein 2), a cytoplasmic adaptor protein [70]
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Fig. 1 ER–Golgi transport is inhibited in cells expressing mTDP-43,

mFUS and mSOD1. a Representative fluorescence images and z-stack

orthogonal views of cells expressing EGFP-tagged TDP-43 and

VSVG-mCherry stained with markers of ER (calnexin) or cis-Golgi

(GM130). The degrees of co-localisation of VSVG with calnexin or

GM130 in cells expressing b TDP-43, c FUS, and d SOD1 were

quantified using Mander’s coefficient. e Cells expressing mSOD1

A4V or G85R (top), mTDP-43 Q343R (bottom left) or mFUS R522G

(bottom right) were separated into intensity bins as shown on the

x axis, and their Mander’s coefficients (VSVG and calnexin or

GM130) were plotted. Mean ± SEM, n = 3. ***p\ 0.001,

*p\ 0.05 difference with TDP-43 WT, EGFP vector alone or control

untransfected cells (Untr). One-way ANOVA with Tukey’s post hoc

test
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not previously linked to neurodegeneration, did not inhibit

ER–Golgi transport (Suppl Fig. 2b).

To further confirm that mSOD1, mTDP-43 and mFUS

specifically inhibit ER–Golgi transport, we purposefully

classified individual cells according to three categories of

fluorescence intensity and hence SOD1/TDP-43/FUS

expression. The arbitrary values of low (*20) to high

(*100) were calculated according to the pixel intensities,

representing the levels of expression of SOD1, TDP-43 or

FUS protein. Inhibition of transport correlated with protein

expression level: cells with the highest expression of

mSOD1 A4V, mSOD1 G85R, Q343R TDP-43 or R522G

FUS inhibited ER–Golgi transport the greatest according to

Mander’s coefficient, and transport inhibition decreased

with decreasing expression of mTDP-43 or mFUS

(Fig. 1e). Hence the degree of transport inhibition corre-

lates with protein expression level, confirming that ER–

Golgi transport is inhibited specifically by mTDP-43,

mFUS and mSOD1.

COPII vesicles are not transported to the Golgi

in cells expressing mTDP-43, mFUS and mSOD1

VSVG depends on an over-expressed, non-physiological

marker; hence we next sought to validate these findings

using alternative approaches. We first examined bulk pro-

tein secretion in Neuro2a cells by quantifying the levels of

total protein secreted into conditioned medium. Bulk pro-

tein secretion was less in cells expressing mTDP-43, mFUS

or mSOD1 compared to control cells expressing WT pro-

teins or EGFP alone (Suppl. Fig. 2c). Hence, consistent

with the VSVG assay results, bulk protein secretion was

inhibited in cells expressing mTDP-43, mFUS and

mSOD1. However, defects in bulk protein secretion could

also result from post-cis Golgi trafficking defects or dys-

function in other secretory processes. Thus, to provide

further evidence for inhibition of ER–Golgi transport, we

next examined COPII function in cells, which is easily

visualised by dense clustering of COPII subunits adjacent

to the perinuclear Golgi [23]. In untransfected cells, and

cells expressing EGFP, WTSOD1, WTTDP-43 or WTFUS,

COPII (Sec31) displayed the characteristic perinuclear

pattern (Suppl. Fig. 3). In cells expressing mTDP-43, this

pattern was lost, leaving a scattered peripheral pool of

COPII (Suppl. Fig. 3a). Similar results were obtained in

mFUS or mSOD1 cells (Suppl. Fig. 3b, c). Quantification

revealed that perinuclear Sec31 was significantly decreased

from 83–95 % in WTTDP-43, EGFP or untransfected cells,

to 60 % in cells expressing mTDP-43 (p\ 0.001, Suppl.

Fig. 3d); from 82–93 % in WTFUS expressing or

untransfected cells to 40–65 % in cells expressing mFUS

(p\ 0.05, Suppl. Fig. 3e); and from 75–95 % in

WTSOD1, EGFP or untransfected cells to 45–47 % in cells

expressing mSOD1 (p\ 0.01, Suppl. Fig. 3f). These

findings suggest that the organisation of COPII vesicles and

the Golgi complex are abnormal in cells expressing

mSOD1, mTDP-43 or mFUS, consistent with the presence

of a block in ER–Golgi transport.

Secretory cargo and COPII are depleted from ER-

derived vesicles in cells expressing mTDP-43

and mFUS

We next investigated possible mechanisms responsible for

inhibition of ER–Golgi transport in ALS. We examined the

first stage of transport, the incorporation of secretory cargo

into COPII vesicles and budding from the ER, using an

in vitro ER budding assay [49]. Sec23 is a marker of ER-

budded vesicles and ERGIC is a marker of the ERGIC

compartment that also localises on budded COPII vesicles.

Budded vesicles were recovered and the VSVG content

was analysed by quantitative western blotting (Fig. 2a, b,

c). In untransfected cells and cells expressing EGFP or

WTTDP-43, a similar proportion of VSVG was recovered

in the budded vesicle fraction, similar to COPII (Sec23)

(Fig. 2a, d). In contrast, in cells expressing Q343R TDP-

43, VSVG was almost depleted (9-fold decrease,

p\ 0.0001, Fig. 2a, d). Immunoblotting revealed similar

levels of ERGIC53 in all fractions, implying that vesicle

number was consistent in all populations. However

immunoblotting for COPII (Sec23), normalised to the

levels of ERGIC53, revealed that COPII was also signifi-

cantly depleted in Q343R TDP-43 vesicle fractions

compared to WTTDP-43 and controls (1.4-fold decrease,

p\ 0.001, Fig. 2a, d). Similar results were obtained in

cells expressing mFUS. A comparable proportion of VSVG

was present in budded vesicles obtained from untransfected

cells and cells expressing WTFUS. However, this propor-

tion was significantly reduced in cells expressing R522G

mFUS (2-fold, p\ 0.05, Fig. 2b, e). COPII levels on the

budded vesicles were also significantly decreased in cells

expressing R522G FUS (1.25-fold, p\ 0.05, Fig. 2b, e).

Immunoblotting of total cell lysates confirmed that there

were no differences in the overall expression of VSVG and

COPII between cell populations (Suppl. Fig. 1d). Hence

these data suggest that defects in incorporation of mem-

brane-associated cargo into budding ER vesicles inhibit

ER–Golgi transport in cells expressing mTDP-43 or mFUS.

In contrast, in cells expressing mSOD1, there were no

significant differences in the proportion of VSVG or COPII

associated with budded vesicles compared to untransfected

cells or cells expressing EGFP or WTSOD1 (Fig. 2c, f).

The expression levels of VSVG and COPII were also

similar between the cell populations (Suppl. Fig. 1d),

suggesting that secretory cargo incorporates normally into

ER-derived vesicles in mSOD1 cells.
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Fig. 2 mTDP-43 and mFUS have an inhibitory effect on ER vesicle

budding, but not mSOD1. VSVG-mCherry was trapped in the ER and

ER-vesicles budding was reconstituted in vitro in perforated cells

expressing a EGFP-TDP-43, b HA-FUS or c SOD1-EGFP. Budded

vesicles were collected and subjected to western blotting using anti-

VSVG and anti-COPII (Sec23) antibodies. ERGIC53 was used for

control of equivalent budded vesicles. Relative intensities of VSVG

and COPII (Sec23) were quantified in cells expressing d EGFP-TDP-

43, e HA-FUS or f SOD1-EGFP, first normalised to ERGIC53

intensity for the relevant lane, and then normalised again to the

control untransfected cells (Untr). Mean ± SEM (n = 3).

**p\ 0.01, *p\ 0.05 difference with untransfected cells. Cells

expressing g EGFP-TDP-43, h HA-FUS or i SOD1-EGFP were

treated as in Fig. 1 and immunostained with ERGIC53. The degrees

of co-localisation of VSVG with ERGIC53 in cells were quantified

using Mander’s coefficient. j Cells expressing SOD1-EGFP were

treated as in Fig. 1 and immunostained with ERGIC53 or cis-Golgi

marker, GM130. The degrees of co-localisation of VSVG with

ERGIC53 or GM130 in cells were quantified using Mander’s

coefficient. Mean ± SEM, n = 3. ***p\ 0.001, **p\ 0.01,

*p\ 0.05 difference with WT protein transfected cells. One-way

ANOVA with Tukey’s post hoc test
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To verify that less secretory cargo incorporates into

vesicles in cells expressing mTDP-43 or mFUS, we

examined incorporation of VSVG into COPII vesicles by

immunocytochemistry (Suppl. Fig. 4). Mander’s coeffi-

cient between VSVG and ERGIC53 was similar in

untransfected cells and cells expressing EGFP alone or

WTTDP-43. However, significantly less VSVG co-lo-

calised with ERGIC53 in cells expressing mTDP-43 or

mFUS compared to WTTDP-43, WTFUS or untransfected

cells (p\ 0.05, Fig. 2g, h and Suppl. Fig. 4a, b). Hence

vesicular cargo does not incorporate normally into COPII

vesicles in mTDP-43 or mFUS expressing cells. In con-

trast, there were no significant differences in Mander’s

coefficient between cells expressing mSOD1 and

WTSOD1, EGFP or untransfected cells (Fig. 2i and Suppl.

Fig. 4c); however, less VSVG co-localised with GM130 in

cells expressing mSOD1 compared to WTSOD1 or

untransfected cells (Fig. 2j). This provides further evidence

that incorporation of secretory cargo into COPII vesicles,

and their budding from the ER and transport to ERGIC, is

normal in cells expressing mSOD1. Hence this implies that

inhibition of ER–Golgi transport by mSOD1 is downstream

of the ERGIC compartment.

TDP-43 and FUS are associated with the ER

The depletion of cargo after budding from the ER suggests

dysfunction to the ER in mTDP-43 and mFUS expressing

cells. Hence we next examined whether TDP-43 and FUS

are present within the ER. Using immunocytochemistry and

z-stack series confocal imaging, we demonstrated that

mTDP-43 and mFUS partially co-localised with ER marker,

calnexin, suggesting that at least a proportion of mTDP-43

and mFUS are localised in the ER (Fig. 3a). Calculation of

Mander’s coefficient also revealed increased co-localiza-

tion between calnexin and mTDP-43 or mFUS, compared to

WTTDP-43 or WTFUS (Fig. 3b, c), implying that the

mutants associated more with the ER. Similarly, subcellular

fractionation experiments demonstrated that endogeneous

TDP-43 and FUS were present in the membrane fraction

(containing the ER), as well as nuclear and cytoplasmic

fractions, enriched in IRE1, Histone H3 and GAPDH,

respectively (Fig. 3d). Both WT and mutant forms of TDP-

43 and FUS were enriched in nuclear and membrane frac-

tions but only slightly in the cytoplasmic fraction (Fig. 3d).

To investigate this further, a fluorescence protease protec-

tion assay was performed, in which proteins contained

within cellular membranes are protected from proteinase K

after digitonin treatment [34] (Fig. 3e). In EGFP only

expressing cells, the fluorescence disappeared following

digitonin treatment, demonstrating that EGFP was expres-

sed in the cytoplasm. In contrast, in cells expressing Dsred-

tagged protein disulphide isomerase (PDI), a chaperone

located in the ER of unstressed cells [82], the fluorescence

was unchanged after extended proteinase K treatment

(Fig. 3e). In cells expressing EGFP-TDP-43 (WT or

Q343R), the fluorescence was retained after digitonin

treatment, demonstrating that TDP-43 is associated with

membranes, but it disappeared after addition of proteinase-

K. Hence together with the calnexin immunocytochemistry

results (Fig. 3a), these findings imply TDP-43 is present on

the cytoplasmic face of the ER membrane. In contrast, in

cells expressing GFP-FUS (WT or R521G), the fluores-

cence was retained after both digitonin and proteinase-K

treatment (Fig. 3e). To confirm these findings, and to

ascertain that the fluorescence was due to membrane bound

protein, rather than misfolded cytosolic protein, Triton-x-

100 was added as a final step. In cells expressing either WT

or mFUS the fluorescence signal disappeared completely,

similar to control cells expressing PDI-DsRed. Hence these

data imply that both WT and mFUS are present within the

ER lumen, similar to PDI (Fig. 3f).

mSOD1 inhibits COPII vesicular transport

to the Golgi

We next examined possible mechanisms whereby mSOD1

inhibits transport. ER-derived vesicles bud and transport

cargo normally to the ERGIC but not to the Golgi in mSOD1

expressing cells (Fig. 2j), suggesting that ERGIC–Golgi

transport, a microtubule dependent step, rather than ER–

ERGIC transport, a microtubule independent step, is inhib-

ited in these cells. mSOD1, unlike WTSOD1, also binds

aberrantly to tubulin [31, 83]. Together these data suggest

that mSOD1 may disrupt microtubule function, thus dis-

rupting ERGIC–Golgi transport. We, therefore, examined

the stability of microtubules in cells expressing mSOD1 by

quantitating the levels of acetylated tubulin: a post-transla-

tional modification that stabilises and regulates microtubule

function [45]. Whilst the levels of acetylated tubulin were

similar in untransfected cells and cells expressing EGFP or

WTSOD1, significantly decreased levels were detected in

cells expressing mSOD1 (Fig. 4a–c), revealing that fewer

stable microtubules are present in mSOD1 cells. Both tubulin

and acetylated tubulin also co-localised with mSOD1

inclusions (Fig. 4d, e). In control experiments, neither

mTDP-43 nor mFUS inhibited tubulin acetylation, and one

mutant mTDP-43, A315T, slightly increased the levels of

acetylated tubulin (Suppl. Fig. 5a), suggesting that inhibi-

tion of tubulin acetylation is specific for mSOD1.

We next examined whether microtubule stabilising

agents, Taxol or Epothilone D (EpoD), rescue ER–Golgi

transport in cells expressing mSOD1. As expected, the

levels of acetylated tubulin were increased in Taxol/EpoD

treated cells, confirming that both compounds stabilise

microtubules, and EpoD was more effective than Taxol
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(Fig. 4f). Both compounds significantly increased ER–

Golgi transport in cells expressing mSOD1 relative to

control DMSO-treated cells (Fig. 4g). EpoD fully restored

transport in both A4V and G85R cells, whereas Taxol fully

restored transport in A4V, but only partially in G85R,

expressing cells. In contrast, in control experiments, neither

Taxol nor EpoD had any effect on the inhibition of VSVG

transport from ER to Golgi, in cells expressing mTDP-43

or mFUS (Suppl. Fig. 5b). These findings reveal that sta-

bilising microtubules rescues transport inhibition

specifically in mSOD1 expressing cells. Furthermore, to

provide further evidence that mutant SOD1 perturbs

microtubule-based transport processes, we next examined

the fusion of the autophagosome with the lysosome by co-

expression with LC3 and LAMP1, as markers of each

compartment, respectively. In cells expressing mSOD1

(A4V or G85R), significantly less CFP-LC3 co-localised

with LAMP1-RFP, compared to in cells expressing WT or

untransfected cells (p\ 0.01, Suppl. Fig. 5c, d). Hence

mSOD1 also inhibits autophagy-related trafficking, which

is also microtubule-dependent. This was confirmed by

treatment of mSOD1 expressing cells with EpoD, which

restored the levels of autophagosome and lysosome fusion

in cells expressing G85R to the levels found in control

cells. For A4V, the levels were also increased but this was

not statistically significant (Supp. Fig. 5e). These data,

therefore, imply that unstable microtubules specifically

impede ER–Golgi transport in cells expressing mSOD1.

Fig. 3 TDP-43 is expressed on the ER membrane and FUS is located

inside the ER. a Neuro2a cells expressing EGFP-TDP-43 (WT or

Q343R, green) or HA-FUS (WT or P525L, green) were fixed and

immunostained with anti-calnexin antibody (red). Nuclei were stained

with Hoechst (blue). Z-series of merge images were shown. Scale bar

5 lm. White arrows indicate co-localization of calnexin with mTDP-

43 or mFUS. Mander’s coefficients of b TDP-43 or c FUS with

calnexin were analysed. Mean ± SEM, n = 3. ***p\ 0.001. One-

way ANOVA with Tukey’s post hoc test. d Subcellular fractionation

of untransfected cells, cells expressing WTTDP-43, Q343R, WTFUS

or P525L. Whole cell lysates (L), cytoplasmic (C), nuclear (N) and

membrane (Mem) fractions from each sample were prepared, and

western blotting for TDP-43, FUS, GAPDH, Histone H3 and IRE1

was performed. GADPH, Histone H3 and IRE1 were used as a marker

of cytoplasm, nuclear and membrane, respectively. e Fluorescence

protease protection assay demonstrated that TDP-43 is found on the

ER membrane but FUS is found on the ER membrane and in the ER

lumen. Neuro2a cells that expressed EGFP vector alone, PDI-dsred,

EGFP-TDP-43 (WT or mutant) or GFP-FUS (WT or mutant) were

subjected to the fluorescence protease protection assay. Individual

images were taken before and after treatment with 60 lM digitonin

and 50 lg/ml proteinase-K. f Fluorescence protease protection assay

with 1 % Triton-x-100 treatment demonstrated that PDI and FUS

(WT and mutant R521G) are present in the ER lumen. White arrows

indicate the presence of FUS-GFP. Scale bars 50 lm
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To confirm these findings, we also examined tethering

of COPII vesicles to the cis-Golgi using immunocyto-

chemistry for p115 and GM130, where co-localisation

indicated efficient vesicular tethering. In cells expressing

WTSOD1, EGFP or untransfected cells (Fig. 4h, i), p115

and GM130 were co-localised in 80–90 % of cells, sug-

gesting that COPII vesicles tether efficiently to the Golgi.

However, the proportion of cells with co-localised p115

and GM130 was significantly decreased (1.5-fold,

p\ 0.01) in mSOD1 expressing cells. Hence tethering of

COPII vesicles to the Golgi is antagonised by mSOD1,

consistent with the presence of less stable microtubules in

these cells.

Overexpression of Rab1 rescues inhibition of ER–

Golgi transport in cells expressing mTDP-43, mFUS

or mSOD1

We next looked for possible molecular targets of mSOD1,

mTDP-43 and mFUS. Most proteins involved in ER–Golgi

transport perform narrow, highly specific functions. Hence,

dysfunction in their activity would not explain the diverse

Fig. 4 COPII vesicles are unable to be transported to the Golgi

complex in cells expressing mSOD1. a Neuro2a cells expressing

SOD1-EGFP were fixed and immunostained with anti-acetylated

tubulin antibodies. Merge images were shown. Thick white arrows

indicate decreased fluorescence intensity of acetylated tubulin.

b Quantified data for the average fluorescence intensities of acetylated

tubulin in cells from a. c Immunoblotting of soluble cell lysates of

untransfected (Untr), EGFP alone, WT or mSOD1 expressing cells.

Blot was probed with anti-acetylated tubulin and anti-b-actin

antibody was used for loading control. Graph represents the relative

intensities of acetylated tubulin to b-actin. d Neuro2a cells co-

expressing SOD1-EGFP (green) and tubulin-RFP (red) were fixed

and visualised under confocal microscopy. Merge images were

shown. e mSOD1 A4V or G85R transfected cells bearing inclusions

were immunostained with anti-acetylated tubulin antibodies. Merge

images were shown. Thin white arrows indicate co-localisation of

mSOD1 inclusions and acetylated tubulin. f Immunoblotting of

soluble cell lysates of cells expressing WT or mSOD1 upon Taxol and

EpoD treatment. Blot was probed with anti-acetylated tubulin and

anti-b-actin antibody was used for loading control. g Taxol or Epo D

treated Neuro2a cells expressing WT or mSOD1 (A4V or G85R) were

treated as in Fig. 1. The degrees of co-localisation of VSVG with

calnexin or GM130 in cells were quantified using Mander’s

coefficient. h Neuro2a cells expressing SOD1-EGFP for fixed and

immunostained with anti-p115 and anti-GM130 antibodies. Merge

images of p115 and GM130 were shown. i Quantified data of SOD1-

EGFP transfected cells with co-localisation of p115 and GM130.

Mean ± SEM, n = 3. ***p\ 0.001, **p\ 0.01, *p\ 0.05 differ-

ence with control untransfected cells (Untr), ##p\ 0.001 difference

with WT transfected cells. One-way ANOVA with Tukey’s post hoc

test. Scale bars 10 lm
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mechanisms of inhibition observed by mSOD1, mTDP-43

and mFUS. However, in contrast, Rab1 plays multiple roles

in ER–Golgi transport, including vesicle budding, transport

to the Golgi and microtubule stability. We, therefore, next

investigated whether ALS-associated mutant proteins

antagonise Rab1 function, and hence whether Rab1 over-

expression could restore ER–Golgi trafficking. Rab1-

tagged with FLAG or empty vector pCMV-FLAG as a

control, was co-expressed in Neuro2a cells with EGFP-

TDP-43, HA-FUS or SOD1-EGFP, and VSVG-mCherry.

As expected, in cells co-expressing mTDP-43, mFUS or

mSOD1 (with empty vector), more VSVG was retained

within the ER and less was transported to the Golgi com-

pared to controls (Fig. 5a–c). However, in cells co-

expressing FLAG-Rab1, similar levels of VSVG were

present in the Golgi in cells expressing mTDP-43, mFUS

or mSOD1, as in controls expressing WT proteins,

untransfected cells or EGFP alone (Fig. 5a–c).

Immunoblotting using an anti-FLAG antibody confirmed

that the expression levels of Rab1 were equivalent in cells

expressing the ALS-mutants compared to controls (Suppl.

Fig. 1e). Hence Rab1 rescues inhibition of ER–Golgi

transport induced by mTDP-43, mFUS or mSOD1.

Overexpression of Rab1 rescues ER stress induced

by mTDP-43, mFUS or mSOD1

We next examined whether overexpression of Rab1 can

rescue ER stress in these cells, using activation of XBP1 as a

marker of UPR induction [79]. XBP1 activation was sig-

nificantly reduced in cells overexpressing Rab1 and mTDP-

43, mFUS or mSOD1, compared to controls expressing

empty vector (2-fold, p\ 0.05), and it was restored to levels

observed in cells expressing WT proteins, EGFP or

untransfected cells (Fig. 5d). To rule out the possibility that

the reduction of ER stress was due to restoration of Rab1

activity and not non-specific protein over-expression, two

Rab1 mutants were examined; dominant negative

Rab1S25N and constitutively active Rab1Q70L. Rab1S25N

is maintained in an inactive GDP-bound state that cannot

convert to its active GTP-bound form [42], whereas

Rab1Q70L is constitutively active by remaining GTP-bound

[18]. In contrast to WT Rab1, co-expression of Rab1S25N

did not rescue ER stress in cells expressing mTDP-43,

mFUS or mSOD1 (Fig. 5e). Furthermore, expression of

GTP-bound Rab1Q70L decreased ER stress, indicated by

XBP1 activation, induced by mTDP-43, mFUS or mSOD1

(2-fold, p\ 0.05, Fig. 5f). To confirm the findings using

XBP1, another marker of ER stress, nuclear immunoreac-

tivity to CHOP [65], was examined in these cells, with

similar findings (Suppl. Fig. 6). Hence the functional

activity of Rab1 is protective against ER stress induced by

mTDP-43, mFUS and mSOD1.

mSOD1 normally forms prominent inclusions in

15–18 % of cells and apoptosis in 10–15 % of cells [66].

Rab1 overexpression also significantly reduced the for-

mation of inclusions (7–9 %, p\ 0.001) and apoptosis

(p\ 0.05, 3-fold) in mSOD1 expressing cells (Fig. 5g). In

control experiments, Rab1S25N did not affect mSOD1

inclusion formation and apoptosis (Fig. 5h), whereas

Rab1Q70L further reduced mSOD1 inclusions (5–7 %,

p\ 0.05) and restored apoptosis to control levels (2.5 to

3-fold, p\ 0.0001, Fig. 5i). These data thus link Rab1

functional activity to neurodegeneration and apoptosis in

cells expressing mSOD1.

Rab1 is recruited to spinal motor neuron inclusions

in patients with sALS and mis-localises in cells

expressing ALS-associated SOD1, TDP-43 and FUS

We next examined the distribution of Rab1 in Neuro2a

cells expressing TDP-43, FUS and SOD1 using immuno-

cytochemistry. Rab1 was expressed diffusely in control

cells and there was little co-localisation with WT TDP-43,

FUS or SOD1. However, Rab1 co-localised extensively

with mTDP-43 and mFUS (Fig. 6a, b). Analysis of Man-

der’s coefficient revealed significantly increased co-

localization of Rab1 with mTDP-43 and mFUS, compared

to WT TDP-43 or FUS (Fig. 6c, d). Furthermore, Rab1 co-

located with mSOD1 inclusions in approximately 20 % of

cells (Fig. 6e) implying that mSOD1, mTDP-43 and mFUS

alter the cellular distribution of Rab1. In contrast, other

proteins involved in ER–Golgi transport, including COPII

subunit Sec23 did not bind to mTDP-43 or mFUS (Suppl.

Fig. 7). Hence together these data suggest that Rab1 is

associated with pathogenic mechanisms involving mTDP-

cFig. 5 Over-expression of Rab1 rescues ER–Golgi transport inhibi-

tion, ER stress, apoptosis and inclusion formation induced by mTDP-

43, mFUS and mSOD1. Neuro2a cells co-expressing a EGFP-TDP-

43, b HA-FUS or c SOD1-EGFP and empty pCMV-FLAG vector

(CMV) (top panels) or FLAG-Rab1 (bottom panels) were also co-

expressed VSVG, Mander’s coefficients were quantified for transport

of VSVG from ER to Golgi in transfected cells with/without Rab1

using calnexin and GM130. All other indications as in Fig. 1. Cells

co-expressing TDP-43, FUS or SOD1 with d WTRab1, mutant Rab1

e S25N or f Q70L were fixed and immunostained with anti-XBP1

antibodies. Percentages of cells with XBP1 activation were quantified.

Both inclusion formation and apoptotic nuclei were quantified for

cells co-expressing SOD1 and g WT Rab1, mutant Rab1, h S25N or

i Q70L. Mean ± SEM, n = 3. ***p\ 0.001, **p\ 0.01, *p\ 0.05

difference with control untransfected cells (Untr). Unpaired student

t test. Total 100 cells were scored from each group in each

experiment. EGFP represents cells expressing EGFP vector alone
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43, mFUS and mSOD1. This was examined further in

motor neurons of human spinal cord tissues from patients

with sALS. For this analysis, large neurons located in the

ventral horn region of spinal cord sections were identified

as motor neurons (Suppl. Fig. 8a). Using immunohisto-

chemistry, 80 % of motor neurons from sALS patients bore

TDP-43 inclusions, all of which co-localised extensively

with ubiquitin. Hence these motor neurons bear the typical

ubiquitinated TDP-43 inclusions present in most cases of

human ALS. Rab1 was expressed diffusely in control

patients without neurological disease (Fig. 6f). However,

in contrast, in an average of 50 % of sALS motor neurons,

Rab1 formed prominent, inclusion-like structures (Fig. 6f,

g). The presence of Rab1-positive inclusions in motor

neurons was confirmed by performing immunohistochem-

istry using anti-Rab1 and anti-SMI32 antibodies (Suppl.

Fig. 8b). Furthermore, approximately 40 % of the Rab1

inclusion-positive motor neurons co-localised with TDP-43

(Fig. 6f, h and Suppl. Fig. 8c). The Rab1-positive inclu-

sions in sALS patients were intracytoplasmic punctate

structures, some of which resembled Lewy-body-like or

small Bunina body-like inclusions characteristic of ALS

(Supp. Fig. 8d). In contrast, Rab1 was expressed diffusely

in control motor neurons (Suppl. Fig. 8d). Hence, Rab1 is

mis-localised and recruited into abnormal inclusions in

motor neurons from sALS patients, thus implicating loss of

Rab1 function in both sALS and familial ALS (fALS).

Using immunoprecipitation, Rab1 also precipitated with

phosphorylated TDP-43 in human sALS patient spinal

cords (Suppl. Fig. 8e) and Rab1 and TDP-43 also co-pre-

cipitated more in cells expressing mTDP-43 (Suppl.

Fig. 8f). Hence, Rab1 is mis-localised, recruited into

abnormal inclusions and co-precipitates with pathological

forms of TDP-43. This implies that a physical interaction

exists between TDP-43 and Rab1, thus implicating loss of

Rab1 function in both sALS and fALS.

ER–Golgi transport is inhibited in embryonic

primary cortical and motor neurons from SOD1G93A

transgenic mice

Finally, we examined transgenic mice overexpressing

SOD1G93A for evidence of ER–Golgi transport inhibition in

primary neurons. Primary embryonic cortical neurons and

motor neurons isolated from SOD1G93A and non-transgenic

controls were transfected with VSVG-mCherry and ER–

Golgi transport was quantified as above. In both cortical

neurons (Fig. 7a, c) and motor neurons (Fig. 7b, d), ER–

Golgi transport was inhibited in SOD1G93A mice compared

to controls (*2-fold, p\ 0.001); more VSVG was

retained in the ER and less transported to the Golgi. Hence

these data provide further evidence that ER–Golgi trans-

port is a pathogenic and early disease mechanism in ALS.

Discussion

Extensive evidence now implicates the failure of pro-

teostasis as a trigger for neurodegeneration in ALS, and

regulation of membrane trafficking is a key component of

proteostasis. One third of all proteins transit through the

ER–Golgi compartments destined for extracellular, trans-

membrane or other cellular locations [22]. ER–Golgi

transport is, therefore, the most fundamental intracellular

membrane trafficking system and it is a vital gateway to the

endomembrane system. Disruption to ER–Golgi transport

would therefore significantly impact on cellular function

and viability. Here, we demonstrate that ALS-associated

mSOD1, mTDP-43 and mFUS all inhibit ER–Golgi

transport. We also detected inhibition of ER–Golgi trans-

port in embryonic motor and cortical neurons obtained

from SOD1G93A mice, validating this process in primary

neurons and as an early disease mechanism. Moreover, the

presence of Rab1-positive inclusions in sALS patients

implies that secretory protein transport may also be

inhibited in sporadic disease. Furthermore, restoration of

ER–Golgi transport by Rab1 in our study prevented

inclusion formation and apoptosis, thus linking this

mechanism to neuronal cell death and degeneration. Inhi-

bition of cellular trafficking may therefore be an important

component of proteostasis in ALS.

We found that each protein inhibited ER–Golgi trans-

port by distinct processes, but each mechanism was

dependent on Rab1 function. In cells expressing mTDP-43,

COPII vesicles budded normally, but they were almost

completely depleted of cargo. Similarly in mFUS

expressing cells, the vesicles were also depleted of cargo,

but to a lesser extent than mTDP-43. Previous studies have

suggested that the eventual size of COPII vesicles depends

on the cargo loaded into these vesicles [29]. In preliminary

studies, we found that COPII vesicles were reduced in size

in cells expressing mTDP-43 or mFUS, consistent with this

property. However, further experiments are required to

confirm these findings. The level of COPII but not

ERGIC53 on these vesicles was also reduced compared to

control cells, suggesting that smaller vesicle diameter

correlates with less vesicular COPII, which would result in

atypical vesicles. Both mTDP-43 and mFUS inhibited ER–

ERGIC rather than ERGIC-Golgi transport, and we

detected TDP-43 on the cytoplasmic face of the ER,

whereas FUS was present within the ER lumen. Using

Mander’s coefficient, more mTDP-43 and mFUS co-
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localised with calnexin compared to WTTDP-43 or

WTFUS. Hence, these data imply that mTDP-43 and

mFUS inhibit ER–Golgi transport from either the cyto-

plasmic face of the ER or from within the ER lumen,

respectively.

In contrast, in cells expressing mSOD1, COPII vesicles

budded normally, were almost fully loaded with cargo, and

were transported normally from ER to ERGIC. However,

transport was inhibited between ERGIC and Golgi, and

fewer acetylated microtubules were detected in mSOD1

expressing cells. Tubulin acetylation stabilises micro-

tubules and promotes the recruitment of molecular motors

kinesin-1 and cytoplasmic dynein [14, 53]. ERGIC–Golgi

transport is a long-range, microtubule and dynein–

dynactin-dependent step [1], in contrast to ER–ERGIC

transport, which is short-range and microtubule indepen-

dent. Our detection of inhibition of ERGIC–Golgi—but not

ER–ERGIC—transport, and the loss of tethering of COPII

vesicles to the Golgi in mSOD1 cells, is consistent with a

microtubule-mediated defect. Previously, we could not

detect SOD1 in the ER [3], similar to other groups [8, 41],

suggesting that mSOD1 inhibits ER–Golgi transport from

the cytoplasm. Dysfunction to microtubules would explain

both inhibition of ER–Golgi transport and triggering of ER

stress by cytoplasmic mSOD1. Consistent with our find-

ings, previous studies have shown that tubulin and dynein

both interact with mSOD1, and that mSOD1 modulates

tubulin polymerisation [31, 83]. A recent study also

Fig. 6 Rab1 is mislocalised in cells expressing mTDP-43, mFUS and

mSOD1 and forms inclusion-like structure in motor neurons from

patients with sALS. Neuro2a cells expressing a EGFP-TDP-43 (WT

or mutants) or EGFP vector alone; b HA-FUS (WT or mutants) were

fixed and immunostained with anti-Rab1 antibodies. Representative

images from each transfected cells were shown here. Nuclei were

counter-stained with TOPRO-3 and merge images were shown.

Mander’s coefficients of co-localisation of Rab1 with c TDP-43 and

d FUS were analysed. Mean ± SEM, n = 3. ***p\ 0.001 difference

with WT transfected cells. One-way ANOVA with Tukey’s post hoc

test. e SOD1-EGFP (WT or mutants) transfected cells were fixed and

immunostained with anti-Rab1 antibodies. Representative images

from each transfected cells were shown here. Nuclei were counter-

stained with TOPRO-3 and merge images were shown. Graph

represents percentage of inclusion-positive cells with co-localisation

of Rab1 and mSOD1 inclusions. f Representative images of paraffin-

fixed spinal cord sections from control individual and patients with

sALS were dewaxed and immunostained with anti-Rab1, anti-TDP-43

and anti-ubiquitin antibodies. Images were fully reflective of the cells

examined. g Graph represents percentage of motor neurons displayed

Rab1 inclusions. h Graph represents percentage of Rab1-positive

inclusion motor neurons with Rab1 and TDP-43 colocalization.

Twenty to thirty motor neurons from each patient were scored. Merge

images were shown. Scale bars 10 lm
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reported that mutations in the gene encoding tubulin Alpha

4A, a component of microtubules, (TUBA4A) cause 1 % of

fALS cases [64]. Furthermore, these TUBA4A mutants

destabilised the microtubule network, diminishing its re-

polymerization capability [64]. Taken together, these data

implicate microtubule dysfunction in ALS pathology.

Fig. 7 ER–Golgi transport is inhibited in primary cortical neurons

and motor neurons isolated from SOD1G93A transgenic mice. Both

a primary cortical neurons and b motor neurons are isolated from

SOD1G93A transgenic (SOD) or non-transgenic (control) mice at

E13.5. Primary neurons were then transfected with VSVG-mCherry

for 24 h and then fixed and immunostained with calnexin for ER

(green) and GM130 for cis-Golgi (blue). Merge images were shown.

Scale bar 10 lm. The degree of co-localisation of VSVG with

calnexin or GM130 in primary c cortical neurons and d motor neurons

was quantified using Mander’s coefficient. Mean ± SEM, n = 40

cells. Total 4 mice were used in each group and 10 cells were scored

from each mice. ***p\ 0.001, **p\ 0.01. Unpaired student t test.

e Schematic diagram summarising how mTDP-43, mFUS and

mSOD1 inhibit ER–Golgi transport. The primary response that ER–

Golgi transport inhibited by mTDP-43 and mFUS is thought to be

elicited by the depletion of Rab1 activity. One consequence is the

cargo is unable to be sorted to COPII vesicles. In parallel, recruitment

of COPII subunits to formation of vesicles could be antagonised.

mSOD1 inhibits ER–Golgi transport could be resulting from a defect

in the tethering process. This may be due to the interaction of mSOD1

with COPII vesicles or tubulin and dynein and thus leading to COPII

vesicles are unable to be transported along microtubules to Golgi

complex and thus decreasing the interaction of p115 with cis-Golgi

marker, GM130
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Destabilisation of microtubules would impact on all

microtubule-based processes, including axonal transport

and autophagy-related trafficking, other mechanisms which

are implicated in ALS [5, 32]. Indeed, we detected inhi-

bition of autophagosome–lysosome fusion in cells

expressing mSOD1, consistent with this notion. Rab1 is

multi-tasking protein in ER–Golgi transport, mediating

recruitment of cargo into COPII vesicles, regulation of

COPII dynamics and function, transport between ER and

ERGIC, and ERGIC and Golgi, recruitment of kinesin and

dynein to microtubules, and microtubule organisation and

function [27, 61, 63]. Previous studies have demonstrated

that loss of Rab1 function prevents incorporation of

secretory cargo into COPII vesicles [21] and leads to

abnormal microtubules [61]. We observed that Rab1

overexpression rescued inhibition of ER–Golgi transport

and ER stress triggered by mSOD1, mTDP-43 and mFUS,

and apoptosis and inclusion formation triggered by

mSOD1. However, the inactive mutant Rab1S25N did not

rescue ER stress, and the constitutively active Rab1Q70L

was more protective relative to WTRab1. This implies that

the protective effects of Rab1 are driven specifically by its

GTPase function, indicating that loss of Rab1 GTPase

activity is associated with ER stress and neurodegeneration

in ALS. These data, therefore, provide new evidence

implying that restoring Rab1 function may be a novel

therapeutic target in mSOD1, mTDP-43 and mFUS-asso-

ciated ALS.

It should be noted that the studies using mSOD1 are less

informative for the majority of ALS, because the TDP-43

pathology characteristic of most human ALS cases is not

present in SOD1-associated ALS [20, 35]. FUS inclusions

co-localise with TDP-43, p62 and ubiquitin and they are

found in both FUS-associated fALS and also in some cases

of sALS, but they are not associated with SOD1-fALS [13].

FUS also appears in TDP-43 inclusions in patients with

TDP-43 mutations [13]. Since mSOD1 inclusions are dis-

tinct from both mTDP-43 and mFUS inclusions, in this

study we focussed on recruitment of Rab1 to human motor

neurons displaying the typical ubiquitinated TDP-43

inclusions found in most (97 %) ALS cases. Whilst Rab1

was distributed diffusely or punctate in control patients, it

was recruited to these abnormal intracellular inclusions in

sALS motor neurons. This implies that Rab1 is misfolded

and loses its normal vesicular distribution in sALS, and

hence is probably misfolded and non-functional in these

patients. This suggests that similar pathological mecha-

nisms are underway in sALS and fALS. In addition,

previous studies have demonstrated that expression of

Rab1 is upregulated in either lumbar spinal cords or blood

from sALS patients [51, 57], providing further evidence

that Rab1 is dysregulated in sALS. However, although glial

pathology is implicated in both sALS and fALS [26, 46], in

preliminary studies, Rab1 was not recruited to inclusions in

either human astrocytes or microglial in sALS (data not

shown). These data, therefore, imply that dysfunction to

Rab1 is specific to motor neurons.

Inhibition of ER–Golgi transport is not specific to ALS.

It has already been described in a-synuclein-associated

Parkinson’s disease [11]. However, whilst disease-associ-

ated A53T mutant a-synuclein delays ER–Golgi transport,

WT a-synuclein also impairs transport [11], so trafficking

inhibition is not specific for mutant a-synuclein. Further-

more, distinct mechanisms are involved: a-synuclein

appears to antagonise SNARE function and inhibit SNARE

complex assembly [73], thus inhibiting tethering and

docking of transport vesicles with the Golgi [11]. Fur-

thermore, a-synuclein was not observed in association with

the ER in previous studies [11].

Similarly, in Huntington’s disease post-Golgi cellular

trafficking, rather than ER–Golgi trafficking, is inhibited

by mutant huntingtin protein. This leads to less vesicular

cargo leaving the trans-Golgi network, resulting in accu-

mulation of protein in the Golgi, rather than the ER [12].

Whilst inhibition of post-Golgi transport in Huntington’s

disease could eventually perturb ER–Golgi transport [12],

ER–Golgi trafficking defects are not the primary event and

have not been previously demonstrated directly. Disrup-

tions in ER and Golgi homeostasis are also associated with

Alzheimer’s and Prion diseases, but again involve distinct

processes to ALS. Amyloid precursor protein has a signal

peptide and hence it normally transits through the secretory

pathway. However, whilst ER stress and Golgi fragmen-

tation have been described previously in Alzheimer’s

disease, surprisingly a recent report described an increase

in ER–Golgi transport, rather than decreased ER–Golgi

transport, in cells in which b-amyloid accumulates [30],

implying that different processes are underway in ALS and

in Alzheimer’s disease. Similarly, in prion-infected cells,

VSVG is transported normally from ER to Golgi, but post-

Golgi trafficking is significantly delayed. It is thought that

prions may disturb post-Golgi trafficking of membrane

proteins via accumulation in recycling endosomes [76].

Furthermore, Rab1 misfolding and recruitment to intra-

cellular inclusions has not been described in patients with

other neurodegenerative diseases. However, in our study,

we found Rab1 recruitment to inclusions in sporadic

patient motor neurons as well as in cells expressing mutant

TDP-43, FUS or SOD1. Rab1 misfolding may, therefore,

be a common process in ALS in contrast to other disorders.

Hence whilst maintaining cellular proteostasis is funda-

mental in neurodegenerative conditions [24], there are

clearly mechanisms specific to each disorder.

Maintaining proteostasis for post-mitotic cells presents

specific challenges, and hence regulation of trafficking may

be more critical for neurons than other cell types.
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Furthermore, the ER in neurons is poorly characterised but

it is much more extensive than in other cells [52],

extending throughout the neuritic processes, where its

functions are largely uncharacterised. The reason why

motor neurons are selectively targeted in ALS remains to

be clarified. However, motor neurons are characterised by

very long axons, up to 1 m in length in an adult human, and

efficient anterograde (and retrograde) transport is essential

to transport essential proteins to and from the synapse from

the soma, along the axon. In other types of neurons, this

distance is much shorter than in motor neurons where the

axons are extremely long relative to the size of the cell

body. The relationship between transport between the ER–

Golgi and along the axon is poorly understood but these

two processes are closely linked [2, 52]. In preliminary

studies we have observed that after VSVG traffics from ER

to Golgi, it subsequently is transported along the axon.

Hence if transport between ER and Golgi is inhibited, it is

likely that axonal transport is also inhibited. Thus, pertur-

bations in ER–Golgi transport in motor neurons with long

axons may present serious challenges to cellular function.

Hence the long axons may, therefore, impose much stricter

trafficking requirements and confer selective vulnerability

on the motor neuron.

Consistent with this notion, previous studies have

demonstrated that the fast-fatigable (FF) and fast-resistant

(FR) motor neuron axons are already affected at before

clinical symptoms (p48–p50) and late presymptomatic

(p80–p90) SOD1 mice, respectively, whereas axons of slow

(S) motor neurons are much more resistant to neurodegen-

eration [50, 58]. Compared to S motor neurons, FF motor

neuron are larger cells, with larger axonal diameters, and

the velocity of axonal transport is greater [6], which may

impart selective vulnerability to axonal transport dysfunc-

tion on FF cells. Interestingly, the FF motor neurons also are

the first to develop ER stress [58], thus linking ER–Golgi

transport, ER stress and axonal transport to specific vul-

nerability of motor neuron subtypes to neurodegeneration in

ALS. FF motor neurons also fire at higher rates than S motor

neurons [6], consistent with the greater requirement for

proteins necessary for synaptic function, supplied from the

cell body via efficient axonal transport [62]. A recent study

also demonstrated that the molecular motor dynein, which

mediates both ER–Golgi transport and retrograde axonal

transport, is upregulated in more vulnerable motor neurons,

such as hypoglossal and spinal motor neurons, compared to

oculomotor neurons, which are less vulnerable in ALS [10].

Hence these studies, together with our findings, link inhi-

bition of ER–Golgi transport, ER stress and axonal

transport, to specific vulnerability of motor neuron subtypes

to neurodegeneration in ALS.

Mutations in other genes causing ALS, including alsin,

vesicle-associated protein, dynactin, CHMP2B, optineurin,

and valosin-containing protein, encode other proteins

implicated in intracellular trafficking. Furthermore, we

demonstrated recently that the normal function of

C9ORF72, which contains a non-coding repeat expansion

mutation in fALS, is to regulate endocytosis and autop-

hagy, but this is dysregulated in ALS patient tissues [17].

Several ER–Golgi transport proteins are implicated in other

motor neuron disorders, including atlastin [7] and seipin

[28]. Disruption in ER–Golgi trafficking has also been

described in spontaneous mouse mutants with motor phe-

notypes, pmn [59] and wobbler [60]. In addition, mice with

a deletion of Scy1, implicated in COPI-mediated Golgi–ER

transport, display a motor neuron degenerative phenotype

[44]. We also recently showed that ALS mutations in

optineurin disrupt its normal association to myosin VI,

which inhibits intracellular trafficking [71]. The opti-

neurin–myosin VI association was also disrupted in sALS

patients, linking these defects to sporadic disease [71].

These findings suggest that disturbances to intracellular

trafficking may be fundamental in neuronal degeneration

and maintenance of proteostasis.

ER–Golgi transport is functionally related to other cel-

lular processes implicated in ALS; hence, transport

inhibition would impact on other closely related events. ER

stress and Golgi fragmentation result from dysfunction to

ER–Golgi transport [40] and we previously demonstrated

that inhibition of ER–Golgi transport preceded both events

in cells expressing mSOD1, implying that ER stress and

Golgi fragmentation are consequences not causes of ER–

Golgi transport inhibition [3]. Previous reports described

ER stress and Golgi fragmentation in early, preclinical

disease stages (p30) in SOD1G93A mice [39, 58], prior to

neuromuscular denervation and axon retraction [77]. Our

finding that ER–Golgi transport is inhibited in embryonic

motor neurons in SOD1G93A mice implies that this mech-

anism precedes ER stress and Golgi fragmentation in vivo,

as in vitro [3]. Similarly, ER–Golgi transport and autop-

hagy, a major degradation pathway for intracytosolic

aggregate-prone protein, are also functionally linked. Rab1

regulates autophagy and ER/Golgi membranes are required

for autophagosome formation [80]. Autophagy dysfunction

is implicated in ALS and in degradation of mSOD1 and

mTDP-43 [9], but the underlying mechanisms remain

unclear. RNA dysfunction is now widely implicated in

ALS and ER-derived vesicles are involved in RNA traf-

ficking [74]. Furthermore, Ypt1 binds to HAC1 RNA and

modulates the UPR [75]. This indicates that ER–Golgi

trafficking and the UPR communicate via RNA interaction

with Rab1. Whilst both ER–Golgi transport and axonal

transport are also functionally linked and COPII is impli-

cated in both processes [4, 38], we could not detect an

interaction between mTDP-43 and mFUS and COPII

(Suppl. Fig. 7). Hence despite our previous finding that
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mSOD1 but not WTSOD1 interacts with COPII [3], COPII

is not a common target of these proteins.

A schematic outlining possible mechanisms that inhibit

ER–Golgi transport in ALS is presented in Fig. 7e. mTDP-

43, mFUS and mSOD1 inhibit transport of ER-budded

vesicles from ER to Golgi through antagonising Rab1

function, either via microtubule stability or COPII func-

tion. Modulation of disease processes common to multiple

misfolded proteins in ALS has potential as a novel and

effective therapeutic target: our data implicates Rab1 as a

possible target. Description of the relationship between ER

and Golgi transport to other pathogenic mechanisms is now

warranted.
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demonstrated that administration of PNA1, 6-PNA1 and 7-PNA1 reduce mutant 

SOD1A4V inclusion formation and PNA1 and 6-PNA1 reduced ER stress in            

neuronal cells expressing mutant SOD1A4V.   



Bioorganic & Medicinal Chemistry 24 (2016) 1520–1527
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier .com/locate /bmc
Efficacy of peptide nucleic acid and selected conjugates against
specific cellular pathologies of amyotrophic lateral sclerosis
http://dx.doi.org/10.1016/j.bmc.2016.02.022
0968-0896/Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: b.abbott@latrobe.edu.au (B.M. Abbott).
Elisse C. Browne a, Sonam Parakh b,d, Luke F. Duncan a, Steven J. Langford c, Julie D. Atkin b,d,
Belinda M. Abbott a,⇑
aDepartment of Chemistry and Physics, La Trobe Institute for Molecular Science, La Trobe University, Melbourne 3086, Australia
bDepartment of Biochemistry and Genetics, La Trobe Institute for Molecular Science, La Trobe University, Melbourne 3086, Australia
c School of Chemistry, Monash University, Clayton 3800, Australia
dDepartment of Biomedical Sciences, Faculty of Medicine and Health Science, Macquarie University, Sydney 2109, Australia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 14 December 2015
Revised 9 February 2016
Accepted 17 February 2016
Available online 18 February 2016

Keywords:
Peptide nucleic acid
Amyotrophic lateral sclerosis
Vitamin conjugation
Cellular studies have been undertaken on a nonamer peptide nucleic acid (PNA) sequence, which binds to
mRNA encoding superoxide dismutase 1, and a series of peptide nucleic acids conjugated to synthetic
lipophilic vitamin analogs including a recently prepared menadione (vitamin K) analog. Reduction of both
mutant superoxide dismutase 1 inclusion formation and endoplasmic reticulum stress, two of the key
cellular pathological hallmarks in amyotrophic lateral sclerosis, by two of the prepared PNA oligomers
is reported for the first time.

Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disorder which affects the upper and lower motor neurons of the
brain, brain stem and spinal cord.1 It causes progressive muscle
weakness, paralysis and death within 3–5 years of diagnosis and
there is currently no effective treatment. Around 10% of ALS cases
are familial (fALS), caused by genetic mutations. However, the
majority of ALS (90%) is sporadic, with no previous family history.2

Mutations in the superoxide dismutase 1 (SOD1) gene account for
approximately 20% of familial ALS cases and the most common
mutation in North America is A4V (alanine to valine).3,4 SOD1 is
a major cytosolic protein which catalyzes the reduction of harmful,
free superoxide radicals into molecular oxygen and hydrogen
peroxide.

The etiology of ALS remains unclear but the formation of intra-
cellular ubiquitin-positive inclusions containing misfolded pro-
teins is a characteristic pathological hallmark.5 Misfolded SOD1
inclusions are present in both sporadic human6 and familial ALS
patients, as well as transgenic SOD1G93A mice,7 the most widely
used animal disease model in preclinical studies. Stress in the
endoplasmic reticulum (ER) is also recognized to be an important
pathway to motor neuron death in ALS. ER stress is triggered when
misfolded proteins accumulate within the ER. This triggers the
unfolded protein response (UPR), a signaling pathway that aims
to relieve the stress and thus restore homeostasis. However if ER
stress is prolonged, apoptosis is triggered. The transition of UPR
from cell survival to cell death is mediated by CCAAT-enhancer
binding protein homologous protein (CHOP),8 a transcription factor
which translocates to the nucleus when activated. We and others
previously demonstrated that ER stress is present in sporadic ALS
patient tissues9 as well as in cells expressing mutant SOD1 and
transgenic SOD1G93A mice.10–14 Novel pharmacological agents that
prevent the formation of misfolded mutant SOD1 inclusions and
inhibit the activation of CHOP in cells expressing mutant SOD1,
and hence the pro-apoptotic phase of UPR, would therefore have
therapeutic application in ALS.

Antisense agents such as peptide nucleic acids (PNA) are short
single stranded nucleic acid analogs designed to specifically bind
to complementary messenger ribonucleic acid (mRNA) targets
through Watson and Crick hydrogen bonding. As a result, these
antisense agents can silence a particular gene of interest. PNA is
a third generation oligonucleotide, which replaces the traditional
phosphate backbone of RNA/DNA with a peptide backbone made
up of repeating N-(2-aminoethyl)glycine units and the sugar moi-
ety replaced with a methylene carbonyl linker where the nucleic
bases are attached (Fig. 1).

The modified backbone of PNA gives rise to resistance to enzy-
matic degradation and leads to higher affinity binding, rates of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2016.02.022&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2016.02.022
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Figure 1. General structure of peptide nucleic acid (PNA) containing the four
nucleobases of adenine (A), thymine (T), guanine (G) and cytosine (C).
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association and subsequently an increase in duplex stability as
there are no repulsive electrostatic interactions.15 Additionally,
the neutrality of the backbone significantly reduces the chance of
undesired nonspecific interactions such as binding to cellular pro-
teins.16 PNA exhibits low toxicity in cells and is stable of a wide pH
range, particularly toward the acidic end of the scale where DNA
can be denatured.

The major limitation of PNA as an efficient antisense drug is its
low phospholipid solubility due to the hydrophilic nature of the
molecule, PNA does not readily cross cell membranes. Hydrophobic
vitamins such as vitamin K and vitamin E are hypothesized as good
candidates for conjugation to PNA. The main function of vitamin K
is post-translational modification during the biosynthesis of vita-
min K dependent proteins.17 The synthetic form of this vitamin,
vitamin K3 (menadione) has been found to readily cross the blood
brain barrier as it is a small lipophilic molecule.18 Despite its larger
size, highly lipophilic vitamin E (tocopherol) has also been found to
cross the blood brain barrier.19 While the main task of this vitamin
is as an antioxidant, vitamin E has also been shown to alleviate
oxidative stress by promoting normal cell function.20

We have previously described the synthesis and conjugation of
tocopherol (vitamin E) analogs to PNA for the investigation of
effects on hybridization.21 In this further study, we present the
synthesis of a menadione (vitamin K) analog, its conjugation to
the same nine nucleobase PNA oligomer and the subsequent
hybridization results. In addition, this novel vitamin K conjugated
oligomer, along with the previously synthesized three vitamin E
derived conjugated PNA oligomers and the unconjugated PNA oli-
gomer, were studied using cellular assays to determine their
effects on the formation of mutant SOD1 inclusions and induction
of on ER stress.

2. Results and discussion

2.1. Synthesis and thermodynamic studies of the menadione-
PNA conjugate

The menadione analog was synthesized by the adaptation of the
methods of Abell et al.22 Commercially available menadione was
directly brominated using molecular bromine in the presence of
sodium acetate and glacial acetic acid to yield the brominated
adduct 1,23 followed by reduction of the dione using potassium
hydroxide and in situ methylation with dimethyl sulfate to give
2 in 45% yield over the two steps (Scheme 1). Alkylation of 2 using
ethyl bromoacetate was achieved via a copper transmetalation
reaction through a diaryl cuprate intermediate from treatment
with n-butyllithium and copper bromide dimethyl sulfide. Increas-
ing the number of equivalents of ethyl bromoacetate from 1.1 to
1.5 and extending the reaction time from 5 to 18 h resulted in an
optimized yield of 55%, a considerable improvement over the pre-
viously reported 34% yield for this step.22 Reduction of the ethyl
ester 3 using lithium aluminum hydride proceeded in high yield
to give the corresponding alcohol 4 which was succinylated using
the anhydride to afford 5. Ceric ammonium nitrate (CAN) was uti-
lized to oxidatively deprotect the methoxy groups and restore the
quinone functionality that is characteristic of the vitamin K family
affording 6 in 84% yield.
Automated PNA synthesis was performed on PAL resin using
standard protocols24 and two PNA sequences were prepared as
previously described: H-GCACGACTT-NH2 (PNA1) and the comple-
mentary sequence H-AAGTCGTGC-NH2 (PNA2).21 Coupling of the
menadione analog 6 to the growing oligomer of PNA1 was then
undertaken using the same automated synthetic protocols. Purifi-
cation by reverse-phase high performance liquid chromatography
(RP-HPLC) gave the desired menadione-PNA conjugated oligomer
of 6-PNA1 (Fig. 2). Characterization was undertaken using
MALDI-TOF mass spectrometry where m/z calculated for
C119H150N55O33 requires [M+H]+ 2734.069 and m/z of [M+H]+

2734.375 was found.
In order to determine the suitability of the conjugated mena-

dione-PNA oligomer 6-PNA1, the thermodynamics of hybridization
to both the complementary PNA (PNA2) and DNA oligomers was
undertaken to ensure conjugation did not impair hybridization
(Tables 1 and 2). Two complementary methods were chosen for
thermodynamic analysis of the duplexes, UV monitored melting
curves (UVM)25,26 and isothermal titration calorimetry (ITC).27

Data for the control duplexes of PNA1/PNA2 and PNA1/DNA was
previously recorded21 and is provided here to facilitate the com-
parison of the data obtained with the conjugated duplexes. The
change in the thermodynamic differences between the two meth-
ods agree well with each other.

In the case for both conjugated duplexes, conjugation of the
menadione analog does not appear to significantly affect the stabil-
ity of the duplexes as reflected in the recorded thermal melting
temperature (Tm). As expected, lower thermal stability and thus
affinity was observed for the mixed duplexes of PNA and DNA
oligomers.28,29 However, the duplex binding affinity, which is
related to the enthalpy change (DH�) is reduced in both of the con-
jugated duplexes to the same extent (approximately 73 kJ mol�1

on average). As a result of this, the free energy (DG�) is also
reduced leading to less favorable duplex formation at 37 �C with
the conjugated duplex despite no change in Tm. The reduction in
DH� indicates that there is a weaker interaction between the two
oligomers, most likely a result of steric bulk minimizing the inter-
action of the base pairs adjacent to the conjugate. However, the
conformations of the base pairs or stacking patterns may also have
an effect along with counter ion uptake and release and hydration
factors may also have an effect. Despite the change in the enthalpy
and free energy change for this duplex, the thermal melting tem-
perature remains relatively unaffected overall.

2.2. PNA1, 6-PNA1 and 7-PNA1 inhibit the formation of mutant
SOD1 inclusions in neuronal cell lines

We next examined the effect of the PNA compounds in cells
expressing mutant SOD1 A4V. Mouse neuronal Neuro2a cells were
transfected with a previously generated construct encoding SOD1
A4V,30 tagged with Enhanced Green Fluorescent protein (EGFP)
to aid in visualizing the expressed protein. We previously demon-
strated that the presence of the EGFP tag does not affect the activ-
ity of the protein.30 Cells were also treated 4 h post transfection
either with dimethyl sulfoxide (DMSO) vehicle as a negative con-
trol, unconjugated PNA (PNA1 or its complementary sequence
PNA2), menadione-conjugate 6-PNA1 (Fig. 2), previously prepared
vitamin E derived-conjugates 7- PNA1, 8-PNA1 and 9-PNA1
(Fig. 3),21 or (+/�)-trans-1,2-bis(2-mercaptoacetamido)cyclohex-
ane (BMC), which we previously demonstrated significantly
reduces the formation of mutant SOD1 A4V inclusions and reduced
ER stress.13

Cells were transfected for 72 h and then examined by fluores-
cent microscopy with the percentage of cells bearing fluorescent
green mutant SOD1 inclusions quantified. Untransfected cells
(UTR) were included as a negative control to specifically determine



Scheme 1. Synthesis of a menadione analog. Reactions and conditions: (a) Br2, sodium acetate, glacial acetic acid, 3 days; (b) tetrabutylammonium iodide, tetrahydrofuran/
H2O (3:1), 2.2 M Na2S2O4(aq), 20 min then KOH, (CH3O)2SO2, 12 h; (c) n-butyllithium in hexanes, diethyl ether, 0 �C, 30 min then CuBr�MeS, 2.5 h then BrCH2COOCH2CH3, 0 �C,
2 h; (d) LiAlH4, diethyl ether, 35 min; (e) triethylamine, succinic anhydride, 4-(dimethylamino)pyridine, CH2Cl2, 12 h; (f) CAN, CH3CN/H2O (3:2), 0 �C, 30 min then room
temperature, 20 min.

Figure 2. Conjugated menadione-PNA oligomer of 6-PNA1.
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the effects of transfection with mutant SOD1 and, as expected,
rarely formed inclusions. However, in control DMSO only treated
populations, 19% of transfected cells formed inclusions
(Fig. 4A and B, additional low magnification images provided as
Supplementary material) similar to our previous observations.30

As in an earlier study, treatment with BMC significantly reduced
the percentage of cells bearing inclusions to 14% compared to
DMSO treated cells (p <0.05). Moreover, treatment of SOD1 A4V
expressing cells with 6-PNA1 significantly decreased the percent-
age of cells bearing inclusions to 15% (p <0.05). Furthermore, treat-
ment of cells with PNA1 and 7-PNA1 significantly reduced the
percentage of transfected cells bearing inclusions from 21% in
DMSO treated cells to 11% (p <0.01) and 14% (p <0.05) respectively
(Fig. 4A and C). There was a slight decrease in inclusion formation
in cells treated with compounds 8-PNA1 (17%) and 9-PNA1 (16%),
but this was not statistically significant. In contrast, treatment with
the negative control PNA, PNA2, did not alter the percentage of
cells bearing inclusions (20%) as expected. Hence this data indi-
cates that compounds PNA1, 6-PNA1 and 7-PNA1 were all equally
effective as BMC in preventing the formation of mutant SOD1
inclusions in neuronal cells, the characteristic pathological hall-
mark of ALS.
Table 1
Thermodynamic data of duplex formation by UVMa,b

Duplex Tm (�C) DH�VH
(kJ mol�1)

dDH DG�VH
(kJ mol�1)c

dDGc

PNA1/PNA2 64 (±1) �202 (±6) �14.1 (±1.7)
6-PNA1/PNA2 66 (±1) �123 (±5) +79 �7.8 (±1.9) +6.3
PNA1/DNAd 57 (±1) �183 (±13) �9.6 (±2.4)
6-PNA1/DNAd 55 (±1) �106 (±1) +77 �6.6 (±0.5) +3.0

a Values obtained are an average of a minimum of 3 experiments.
b Error corresponds to ±1 standard deviation.
c T = 310 K,
d DNA sequence used is 50-AAGTCGTGC-30 .
2.3. PNA1 and 6-PNA1 reduces ER stress in neuronal cells
expressing mutant SOD1 A4V

Since PNA1, 6-PNA1 and 7-PNA1 reduced inclusion formation,
we proceeded to investigate whether the PNA oligomers could
inhibit ER stress induced by mutant SOD1 A4V. We examined the
pro-apoptotic phase of UPR using nuclear immunoreactivity to
CHOP, as previously described.13 Neuro2a cells were transfected
with the SOD1 A4V-EGFP construct and at 72 h post transfection,
cells were fixed and immunocytochemistry for CHOP was per-
formed. Activation of CHOP, indicated by immunoreactivity in
the nucleus, was observed in 35% of transfected control cells that
were treated with DMSO only (Fig. 5A and B, additional low mag-
nification images provided as Supplementary material). However,
in cells treated with 6-PNA1, there was a significant reduction in
the percentage of cells with nuclear immunoreactivity to CHOP
compared to DMSO-treated cells (25%, p <0.001), demonstrating
that 6-PNA1 is protective against ER stress induced by mutant
SOD1 A4V. Similarly, BMC treatment was also protective against
induction of UPR: the percentage of transfected cells with CHOP
activation was significantly decreased in this cell population
(30%, p <0.05).

PNA1 also significantly reduced CHOP activation, to only 26%
transfected cells (p <0.05) compared to DMSO-treated cells (37%)
(Fig. 5A and C). In contrast, treatment with the negative control
PNA, PNA2, did not alter the percentage of cells with CHOP activa-
tion (40%) and hence ER stress. Treatment of cells with the remain-
ing PNA oligomers (7-PNA1, 8-PNA1 and 9-PNA1) significantly
reduced the percentage of transfected cells with ER stress when
compared with cells treated with PNA2 (31%, all p <0.05). However
this was not statistically significant when compared with cells
treated with DMSO only. As expected, very few untransfected cells
(UTR) displayed CHOP up-regulation. Hence these results reveal
Table 2
Thermodynamic data of duplex formation by ITCa,b

Duplex DH�b (kJ mol�1) dDH DG�b (kJ mol�1)c dDGc

PNA1/PNA2 �216 (±4) �48.9 (±0.7)
6-PNA1/PNA2 �143 (±3) +73 �42.7 (±2.8) +6.2
PNA1/DNAd �169 (±1) �48.4 (±3.2)
6-PNA1/DNAd �107 (±1) +62 �41.8 (±0.5) +6.6

a Values obtained are an average of a minimum of 3 experiments.
b Error corresponds to ±1 standard deviation.
c T = 310 K.
d DNA sequence used is 50-AAGTCGTGC-30 .



Figure 3. Conjugated vitamin E derived-PNA oligomers.21

Figure 4. PNA1, 6-PNA1 and 7-PNA1 reduce mutant SOD1 A4V inclusion formation. Fewer mutant SOD1 A4V inclusions are formed in Neuro2a cells treated with PNA
compared to cells only treated with DMSO. (A) Fluorescent microscopy images of mutant SOD1 A4V-EGFP expressing in Neuro2a cells at 72 h post transfection. White arrow
indicates fluorescent green SOD1 inclusions, shown in first column. Nuclei are shown by Hoechst staining (blue, second column). Merge (third column) represents the
combined images from first and second columns. Top panel indicates cells treated with DMSO alone, second panel, BMC treated cells and third panel, 6-PNA1 treated cells.
The fourth and the fifth panels represent cells administered with PNA1 and 7-PNA1. Scale bar represents 10 lm. (B) Quantification of the percentage of cells bearing SOD1
A4V inclusions in BMC (positive control) and 6-PNA1 treated cells compared to DMSO-only treated cells. (C) Quantification of percentage of cells bearing SOD1 A4V inclusions
in PNA treated cells compared to DMSO-only treated cells. In each cell population, 100 transfected cells were examined for the presence of fluorescent green inclusions. UTR
represent control, untransfected cells. Data represented as Mean ± SD, n = 3, *p <.05 **p <.01 versus respective controls by one way ANOVA with Tukey’s post hoc test.
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Figure 5. PNA1 and 6-PNA1 reduce activation of CHOP, and hence pro-apoptotic phases of UPR, in cells expressing mutant SOD1. Immunocytochemistry for CHOP was
performed in Neuro2a cells expressing mutant SOD1 A4V at 72 h post transfection (A) Fluorescent microscopy images of mutant SOD1 A4V-EGFP transfected Neuro2a cells.
White arrow indicates nuclear immunoreactivity to CHOP, indicating its activation, and hence induction of pro-apoptotic phases of UPR in these cells. Fluorescent mutant
SOD1 A4V (green) is shown in the first column, immunofluorescence detection of CHOP (red) in the second column, nuclei are shown by Hoechst staining (blue) in the third
column, and the fourth column represents merge image of all three. Top panel indicates cells treated with DMSO alone, second panel, BMC treated cells, third panel, 6-PNA1
treated cells, and the fourth panel represents cells administered with PNA1. Scale bar represents 10 lm. (B) Quantification of the percentage of cells with nuclear
immunoreactivity to CHOP in BMC (positive control) and 6-PNA1 treated cells compared to DMSO-only treated cells. (C) Quantification of the percentage of cells with nuclear
immunoreactivity to CHOP in PNA1, 7-PNA1, and 9-PNA1 treated cells compared to either DMSO-only treated cells or negative control PNA (PNA2) treated cells. In each cell
population, 100 transfected cells were examined for the presence of nuclear CHOP immunoreactivity. UTR represents control, untransfected cells. Data represented as
Mean ± SD, n = 3, *p <.05, **p <.01, ***p <.001 versus respective controls by one way ANOVA with Tukey’s post hoc test.
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that the PNA compounds PNA1 and 6-PNA1 were protective
against the activation of CHOP, and hence induction of the pro-
apoptotic phases of the UPR, in neuronal cells expressing mutant
SOD1.

3. Conclusions

The synthesis of a menadione-PNA conjugate was carried out to
facilitate thermodynamic studies by both UVM and ITC, which
resulted in the formation of the expected duplex indicating ther-
modynamic stability. Cellular studies were then carried out on
both unconjugated and conjugated PNA. We have shown for the
first time that compounds containing the peptide nucleic acid
sequence of H-GCACGACTT-NH2 are effective against specific cellu-
lar signaling pathways, which complements earlier studies investi-
gating the disease parameters in SOD1 mice but which did not look
any further at the specific mechanisms involved. The synthesized
PNA oligomers have demonstrated efficacy in reducing mutant
SOD1 inclusion formation and ER stress, which are two key cellular
pathological hallmarks in ALS, with the unconjugated PNA1 and
the menadione-conjugate 6-PNA1 found to be equally effective.
While the conjugation of vitamin K did not strengthen the cellular
effects over those observed by the unconjugated PNA, this work
has shown that conjugation which is not detrimental to activity
is possible and provides an important proof of concept in develop-
ing other conjugates. Further studies will be necessary to investi-
gate any benefits vitamin K conjugation may have on the
delivery of PNA in an animal model.

4. Experimental

4.1. Synthesis

NMR spectra were recorded on a Bruker Avance-300 Spec-
trophotometer (1H at 300.13 MHz and 13C at 75.47 MHz) or a Bru-
ker Avance-400 spectrometer (1H at 400.13 MHz and 13C at
100.62 MHz). All PNA and PNA conjugates were analyzed byMatrix
Assisted Desorption Ionization Time of Flight mass spectrometry
(MALDI-TOF-MS) using an Ultraflex III instrument (Bruker Dalton-
ics, Germany) and a-cyano-4-hydroxy cinnamic acid as the matrix.
Electrospray ionization (ESI) mass spectrometry was carried out
using an Esquire6000 ion trap mass spectrometer (Bruker Daltonics,
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Germany). The samples were introduced at a flow rate of 4 lL/min
and a mass range of 50 – 3000 m/z was recorded. A scan rate of
5500 m/z/second was used with the temperature set at 300 �C.
The molecular ion peaks (m/z) were denoted [M+H]+. TLC was per-
formed using Merck Kieselgel 60 F254 plates. Drying and purifica-
tion methods for solvents and reagents were followed by
directions from Armarego and Chai.31 Melting points were col-
lected on hot stage Reichert ‘Thermopan’ apparatus. The DNA
sequence used in the thermodynamic experiments was purchased
from Sigma Aldrich.

4.1.1. 2-Methyl-3-bromo-1,4-napthoquinone 1
The synthesis of this compound was based on the method of

Teeter et al.23 Menadione (5.5 g, 31.94 mmol), glacial acetic acid
(50 mL) and sodium acetate (11 g, 134.09 mmol) were heated in
a conical flask until the suspension dissolved. To this, bromine
(2 mL) was added and the flask was stoppered and placed in dark-
ness for 3 days. Water (300 mL) was added and the resulting solid
filtered, followed by recrystallisation from methanol to afford the
brominated product 1 as bright yellow crystals (5.86 g, 73%), mp
150–152 �C (lit.23 151–152 �C). dH (300 MHz, CDCl3): 8.15–8.09
(2H, m, ArH), 7.76–7.69 (2H, m, ArH), 2.38 (3H, s, ArCH3). dC
(75 MHz, CDCl3): 181.9, 171.5, 148.5, 139.0, 134.1, 133.9, 131.6,
131.2, 127.5, 127.1, 17.9.

4.1.2. 2-Bromo-3-methyl-1,4-dimethoxynapthelene 2
The synthesis of this compound was adapted from the method

of Abell et al.22 To a stirred solution of 1 (1 g, 3.97 mmol), TBAI
(176 mg, 0.48 mmol) in water (3.6 mL) and tetrahydrofuran
(10.9 mL), a solution of sodium dithionite (4.16 g, 23.9 mmol) in
water (10.9 mL) was added and the reaction stirred for 20 min.
To this, a solution of potassium hydroxide (15.8 M, 5.8 mL) was
added drop-wise and stirred for a further 5 min, at which time
dimethylsulfate (4.5 mL, 47.8 mmol) was then added drop-wise
and the reaction was stirred overnight. The product was extracted
with CH2Cl2 (4 � 50 mL), dried with MgSO4 and solvent removed in
vacuo. The orange mass was recrystallized frommethanol to afford
2 in 62% yield (2.78 g) as light orange crystals, mp 83–84 �C (lit.22

82–84 �C). dH (300 MHz, CDCl3): 8.09–8.03 (2H, m, ArH), 7.55–7.45
(2H, m, ArH), 3.96 (3H, s, OCH3), 3.87 (3H, s, OCH3), 2.52 (3H, s,
ArCH3). dC (75 MHz, CDCl3): 150.5, 149.8, 127.8, 127.6, 127.3,
126.5, 126.2, 122.4, 122.4, 117.2, 61.6, 61.3, 16.7.

4.1.3. Ethyl 2-(3-methyl-1,4-dimethoxynapthalen-2-yl)acetate 3
To a cooled solution of 2 (1.96 g, 6.97 mmol) in anhydrous ether

(12 mL) under an atmosphere of argon, n-butyllithium (1.6 M in
hexane, 5.0 mL, 8.02 mmol) was added drop-wise and stirred at
0 �C for 30 min. Copper bromide dimethyl sulfide complex
(1.00 g, 4.88 mmol) was added and the solution stirred for 2.5 h.
A chilled solution of ethyl bromoacetate (1.16 mL, 10.5 mmol) in
ether (8 mL) was then added slowly and the reaction stirred at
0 �C for 2 h, at which time the reaction was warmed to room tem-
perature and stirred for an additional 16 h. The reaction was
quenched with 3 M HCl (15 mL) and the two layers were separated.
The aqueous layer was extracted with ether (2 � 15 mL) and the
combined organic extracts were washed with H2O (30 mL), satu-
rated aqueous NaHCO3 (30 mL) and once more with H2O (30 mL).
The organic layer was dried with MgSO4 and evaporated in vacuo.
The crude orange oil was purified on silica by flash column chro-
matography, eluting with EtOAc/hexane (1:19) to yield 3 (1.10 g,
55%) as an orange oil. dH (300 MHz, CDCl3): 8.06–8.04 (2H, m,
ArH), 7.49–7.46 (2H, m, ArH), 4.19 (2H, q, J 7.2, OCH2CH3), 3.93
(2H, s, ArCH2), 3.91 (3H, s, OCH3), 3.86 (3H, s, OCH3), 2.37 (3H, s,
ArCH3), 1.27 (3H, t, J 7.2, OCH2CH3). dC (75 MHz, CDCl3): 171.7,
150.8, 150.1, 128.3, 127.1, 126.7, 126.0, 125.5, 124.1, 122.5,
122.3, 62.2, 61.4, 60.9, 33.1, 14.3, 12.7.
4.1.4. 2-(3-Methyl-1,4-dimethoxynapthelen-2-yl) ethanol 4
The synthesis of this compound was adapted from the method

of Abell et al.22 The ester 3 (873 mg, 3.03 mmol) was vigorously
stirred in a solution of anhydrous ether (30 mL) under a bed of
argon. To this, LiAlH4 (288 mg, 7.57 mmol) was added and the
reaction stirred for 35 min. The reaction was quenched using a sat-
urated solution of aqueous NH4Cl (10 mL), the two layers were sep-
arated and the aqueous layer was extracted with EtOAc (30 mL).
The combined organic layers were washed with H2O (15 mL) fol-
lowed by brine (15 mL), dried with MgSO4 and the solvent
removed in vacuo. The resulting solid was purified on silica by
flash column chromatography eluting with EtOAc/hexane (1:4) to
afford 4 as an off white solid (692 mg, 93%), mp 68–70 �C (lit.22

66–69 �C). dH (300 MHz, CDCl3): 8.01–7.99 (2H, m, ArH), 7.46–
7.43 (2H, m, ArH), 3.89 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.83
(2H, t, J 7.2, CH2CH2OH), 3.11 (2H, t, J 6.9, ArCH2CH2), 2.78 (1H, s
(b), OH), 2.41 (3H, s, ArCH3). dC (75 MHz, CDCl3): 150.6, 150.3,
127.9, 127.4, 127.0, 126.5, 125.8, 125.5, 122.2, 62.6, 62.0, 61.4,
18.5, 12.6.

4.1.5. 2-(3-Methyl-1,4-dimethoxynaphthalen-2-yl)ethyl
hydrogen succinate 5

The synthesis of this compound was adapted from the method
of Abell et al.22 To a stirred solution of alcohol 4 (490 mg,
1.99 mmol) in CH2Cl2 (25 mL), a solution of TEA (400 lL,
2.88 mmol), succinic anhydride (420 mg, 4.18 mmol) and DMAP
(22 mg, 0.18 mmol) in CH2Cl2 (15 mL) was added drop-wise and
the reaction stirred overnight. The solvent was removed in vacuo
and the resulting residue was dissolved in CH2Cl2 (30 mL) and
washed with 10% HCl (20 mL) followed by H2O (2 � 20 mL), dried
with MgSO4 and the solvent removed in vacuo to give 5 (680 mg,
98%) as a yellow oil. dH (300 MHz, CDCl3): 8.06–7.99 (2H, m,
ArH), 7.46–7.44 (2H, m, ArH), 4.28 (2H, t, J 7.5, OCH2CH2), 3.90
(3H, s, OCH3), 3.85 (3H, s, OCH3), 3.16 (2H, t, J 7.2, ArCH2), 2.93
(1H, s, OH), 2.67–2.64 (4H, m, CH2CH2), 2.44 (3H, s, ArCH3). dC
(75 MHz, CDCl3): 178.0, 172.2, 151.0, 150.2, 128.0, 127.1, 126.6,
126.2, 125.9, 125.5, 122.3, 122.2, 64.0, 62.2, 61.3, 28.9, 28.3, 26.7,
12.5.

4.1.6. 2-(3-Methyl-1,4-naphthoquinon-2-yl)ethyl hydrogen
succinate 6

The synthesis of this compound was adapted from the method
of Abell et al.22 To a cooled solution of 5 (990 mg, 2.85 mmol), in a
2:1 solution of CH3CN:H2O (11 mL), a solution of ceric ammonium
nitrate (3.92 g, 7.14 mmol) in 1:1 CH3CN:H2O (13 mL) was added
drop-wise and the reaction stirred at 0 �C for 30 min, followed by
20 min at room temperature. The solution was diluted with H2O
(50 mL) and the bright yellow solution was extracted with CH2Cl2
(6 � 40 mL). The combined organic solution was washed with H2O
(50 mL), dried with MgSO4 and the solvent removed in vacuo to
afford 6 as a yellow-orange oil (762 mg, 84%). dH (400 MHz, CDCl3):
8.08–8.04 (2H, m, ArH), 7.71–7.67 (2H, m, ArH), 4.28 (2H, t, J 6.6,
OCH2), 3.00 (2H, t, J 6.6, ArCH2), 2.65–2.55 (4H, m, CH2CH2), 2.22
(3H, s, ArCH3). dC (100 MHz, CDCl3): 184.9, 184.3, 177.7, 172.0,
145.5, 142.6, 133.5, 133.5, 132.0, 131.9, 126.3, 63.0, 28.7, 26.7,
13.0.

4.2. PNA synthesis and characterization by UVM and ITC

4.2.1. Synthesis
Bhoc- and Fmoc-protected PNAmonomers (A, C, G and T) and 2-

aminoethoxy-2-ethoxyacetic acid (AEEA) were purchased from
ASM Research Chemicals and were used without further purifica-
tion. Automated synthesis was performed on an Expedite 8909
nucleic acid synthesizer, on a 2 lmol scale using Fmoc-PAL-PEG-
PS resin (0.19 mmol/g) from Applied Biosystems, following the
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standard protocols.24 The synthetic procedure follows a deprotec-
tion and coupling strategy using solutions of 0.2 M PNA monomers
in N-methylpyrrolidone for all monomers except for the C mono-
mer (0.1 M) which was double coupled, deblocking solution (20%
piperidine in DMF) then activation using a base solution (0.18 M
HATU, 0.2 M DIPEA and 0.3 M 2,6-lutidine in DMF). Capping with
5% v/v acetic anhydride and 6% v/v 2,6-lutidine in DMF terminates
incomplete sequences. Conjugates (0.2 M in DMF) were coupled to
the PNA oligomer on resin following the same protocol. The PNA
was cleaved from the resin using TFA/m-cresol (4:1) then precipi-
tated and washed with ice cold ether and dried. The crude PNA was
purified using a Phenomenex Jupiter C18 10 lm, 250 mm � 10 mm
column, with gradient elution using water (Eluent A) and acetoni-
trile (Eluent B) with 0.1% TFA. The pure PNA fractions were col-
lected, lyophilized and characterized by MALDI-TOF and ESI mass
spectroscopy as appropriate.

4.2.2. Determination of solution concentration
All experiments were carried out in 10 mM sodium phosphate

buffer (pH 7.0). The concentrations of both PNA and DNA strands
were determined by UV absorption at a wavelength of 260 nm at
80 �C, using quartz cells with a 1 cm path length. The following
extinction coefficients were used; eDNA:A = 15300 M�1 cm�1,
eDNA:G = 12220 M�1 cm�1, eDNA:C = 7600 M�1 cm�1, eDNA:
T = 8700 M�1 cm�1, ePNA:A = 13700 M�1 cm�1, ePNA:G = 11700
M�1 cm�1, ePNA:C = 6600 M�1 cm�1, ePNAT = 8600 M�1 cm�1.24

4.2.3. UV melting experiments
Melting curves were performed on a Varian Cary 100 Bio UV–

Vis spectrophotometer with a Cary temperature controller. The
duplexes formed during the ITC experiments were used directly
to obtain the melting curves, as previously undertaken in the liter-
ature.28 Samples were prepared by heating to 80 �C for 5 min, cool-
ing to 20 �C over 20 min and holding at 20 �C for a further 20 min.
The melting curves were measured at 260 nm, with the tempera-
ture increasing from 20 �C to 80 �C at a rate of 0.5 �C/min, with data
collection occurring every 0.2 �C. Each duplex melting curve was
performed in triplicate, at a minimum.

4.2.4. Determination of thermodynamic parameters via UVM
The melting temperature (Tm) is dependent upon a, which is the

fraction of the single strand in a duplex state, as described by
Marky and Breslaur25 is shown by Eq. A below:

a ¼ As � A
ðAs � AÞ þ ðA� AdÞ ðAÞ

where A is absorbance at a given T, and As and Ad are the absorbance
from the single strand and the duplex respectively. The Tm of the
duplex is determined where a = 0.5.

In order to calculate the van’t Hoff enthalpy, the equilibrium
constant (K) must be determined and expressed in terms of a for
a non-complementary association, as shown in Eq. B, where CT is
the total strand concentration and n is the number of strands asso-
ciated with the complex.

K ¼ a
ðCT=nÞn�1ð1� aÞn

ðBÞ

Thus, the Gibbs free energy change can be determined (Eq. C)
where a plot of ln (K) versus 1/T will determine both the enthalpy
and entropy of the system (Eqs. D and E, respectively).

DGvH� ¼ �RT lnðKÞ ¼ DH� � TDS� ðCÞ

DHvH� ¼ slope ðlnðKÞ vs 1=TÞR ðDÞ

DSvH� ¼ intercept ðlnðKÞ vs 1=TÞR ðEÞ
4.2.5. Isothermal titration calorimetry
Calorimetric experiments were performed on a CSC 5300 Nano-

ITC 111 instrument at 25 �C, where one of the oligomer strands
(�0.1 mM, 100 lL) was titrated into 1.4 mL of the complementary
strand (�5 lM). Each injection was 4 or 5 lL at 5 min intervals for
a total of 25 injections. Stirrer speed was set to 250 rpm. Solutions
were thoroughly degassed by sonification and absolute concentra-
tions determined as outlined above. The reference cell was filled
with degassed and deionized water. Isotherms were examined
using the software NanoAnalyze v2.0, whereby the binding con-
stant (Kb), intrinsic molar enthalpy change (DHb�) and stoichiome-
try of binding (n) were determined by means of best fit
(independent model) of the calorimetric data. The data was cor-
rected by subtracting the heat of dilution from the experiment.
Each duplex was titrated in triplicate, at a minimum.

4.3. Cellular biology

4.3.1. Constructs and cell lines
The mouse neuroblastoma Neuro-2a cell line (ATCC cell line

CCL-131) was used for all transient transfections. The SOD1A4V-
EGFP construct was as described previously.30

4.3.2. Cell culture and transfection
Neuro2a cells were maintained in Dulbecco modified Eagle’s

medium with 10% fetal calf serum, 100 mg/ml penicillin and
100 mg/ml streptomycin. Transfections were performed using
Lipofectamine reagent 2000 (Invitrogen) according to the manu-
facturer’s protocol. Cells transfected with SOD1A4V-EGFP were
examined 72 h post-transfection by fluorescence microscopy and
cells with prominent EGFP-positive inclusions were counted as a
percentage of the total EGFP-positive, and hence transfected, cells.
Treatment with PNA derivatives were added from a stock dissolved
at 25 lM in DMSO. (+/�)-trans-1,2-bis(2-mercaptoacetamido)cy-
clohexane (BMC) (25 lM in DMSO) was also added to the trans-
fected cell expressing SOD1 as a positive control, 4 h post
transfection cells were analyzed for inclusion positive cells and
ER stress as previously described.13

4.3.3. Immunofluorescence and microscopy
Cells were fixed with freshly prepared 4% (w/v) paraformalde-

hyde and incubated in the dark for 15 min. The cells were perme-
abilized with 0.2% (v/v) Triton-X in PBS for 5 min and blocked with
3% BSA in PBS for 30 min. After washing with 0.1% (v/v) Tween-20
in PBS, incubation with mouse anti-CHOP (1:50) (Abcam) antibody
was performed in PBS at 4 �C overnight. The secondary antibody,
AlexaFluor 568 conjugated rabbit anti-mouse IgG (1:250), was
added for 1 h and incubated in the dark at room temperature. After
washing, staining of nuclei was performed with Hoechst stain
33342 (Invitrogen) and mounted using fluorescent mounting
media. The slides were observed under 100� magnification on an
Olympus epifluorescent microscope. DAPI (nuclei), FITC (GFP fluo-
rescence) filters were used for viewing and images taken using
NIS-Elements BR 3.2 software.

4.3.4. Statistics
Cells transfected with SOD1-EGFP were counted (100 total) and

the data was represented as Mean ± SD. Analyses were made using
ANOVA followed by Tukey’s post hoc test. (GraphPad Prism, San
Diego, CA, USA). p-Values of 0.05 or less were considered signifi-
cant. p <0.05⁄, p <0.01⁄⁄, p <0.001⁄⁄⁄.
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7.2.7 Supplementary Figure 6 

The manuscript “ERp57 protects against toxicity induced by mutant SOD1 in 

ALS” is ready to be submitted in the Journal “Neurobiology of Aging”. The author          

performed all the experiments described in the manuscript except:  

Result Section 4: Dr Vinod Sundaramoorthy kindly performed                                      

immunohistochemistry of human lumbar spinal cord sections of sporadic ALS       

patients and controls. 
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Abstract  

 

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing neurodegenerative disorder and 

mutations in superoxide dismutase 1 (SOD1) account for 20% of familial ALS cases. A 

characteristic pathological hallmark of ALS is the formation of intracellular misfolded 

protein inclusions, which in almost all ALS patients contain misfolded Tar-DNA binding 

protein 43 (TDP-43). Mutations in SOD1 also result in aggregation and the formation of 

misfolded SOD1 inclusions. The etiology of ALS remains unclear but endoplasmic reticulum 

(ER) stress and neuronal apoptosis are implicated. Protein disulphide isomerase (PDI) is an 

ER chaperone induced during ER stress which also possesses disulphide interchange activity, 

thus facilitating the formation of protein disulphide bonds misfolded proteins. PDI is the 

prototype of a family of more than 21 members, including ERp57, which is a related 

homologue of PDI that has been previously associated with glycosylated disulphide-bonded 

proteins. We previously demonstrated that over-expression of PDI is protective against 

mutant SOD1 inclusion formation, ER stress, and cell death in neuronal cell lines. However, 

PDI has also been associated with detrimental effects in some cases.  In this study we 

demonstrate that over-expression of ERp57 is protective against mutant SOD1-induced 

aggregation, inclusion formation, ER stress and cell death in neuronal cells. ERp57 also co-

localised with TDP-43-positive inclusions in lumbar spinal cords from sporadic ALS patients, 

suggesting it may also be protective against TDP-43 misfolding. These results reveal that 

tel:%2B61%202%209850%202772
mailto:julie.atkin@mq.edu.au
http://www.mq.edu.au/about_us/faculties_and_departments/faculty_of_human_sciences/asam/


despite its preference for glycoproteins, ERp57 is protective against mutant SOD1 in ALS.  

Hence we conclude that other members of the PDI family are protective in ALS, thus 

implying that the PDI family has a broader therapeutic role in ALS than previously 

considered. 

 

  



Introduction  

 

Amyotrophic lateral sclerosis (ALS) is an adult-onset aggressive, neurodegenerative disorder 

characterised by degeneration of both upper motor neurons in the primary motor cortex and 

lower motor neurons in the brainstem and spinal cord [1]. Due to progressive denervation, in 

most cases death results within 3-5 years of diagnosis. Although 90% of cases lack an 

obvious genetic component (sporadic ALS, sALS), 10% of cases are inherited, and termed 

familial ALS (fALS) [2]. Amongst fALS cases, 20%  are caused by mutations in the 

Superoxide dismutase1 (SOD1) gene [3].  

 

SOD1 is a cytosolic, homodimeric protein which is responsible for catalysing free superoxide 

radicals [4]. The structure of SOD1 is stabilized by four cysteine residues present in each 

monomer, linked by disulphide bonds [5]. Mutant SOD1 has a highly destabilized structure, 

and it misfolds and forms reduced monomers, which are prone to aggregate [6]. Mutant 

SOD1 also induces endoplasmic reticulum (ER) stress in vitro [8] and cells forming mutant 

SOD1 inclusions develop ER stress and readily undergo apoptosis [8, 9]. ER stress is 

observed in early stages of disease in transgenic SOD1
G93A

 mice, in cells expressing other 

mutant proteins linked to ALS, including the C9ORF72 repeat expansion that causes most 

cases of fALS [10], and is present in human sporadic lumbar spinal cords [11], indicating an 

important role in disease pathogenesis [12]. ER stress is induced when the load of misfolded 

protein within the ER increases, triggering a homeostatic mechanism called the unfolded 

protein response (UPR). This leads to the activation of protein-kinase-like endoplasmic 

reticulum kinase (PERK), inositol requiring kinase-1 (IRE-1) and transcription factor 6 

(ATF6) [13]. Activation of IRE-1 results in the splicing of the transcription factor X-box 

binding protein 1 (XBP-1) messenger RNA to remove a stop codon and produce a functional 

transcriptional factor. If prolonged, the UPR leads to apoptosis, triggered by activation of 

CHOP which regulates the cellular transition from pro-survival to pro-apoptotic signalling 

during ER stress [12]. Activation of the UPR  results in a decrease in general protein 

translation and induction of ER chaperones, including Protein disulphide isomerase (PDI) and 

Endoplasmic reticulum protein 57 (ERp57), which mediate the formation and rearrangement 

of protein disulphide bonds [14].  

 

More than 21 members have been identified in the PDI family, which share an ER targeting 

sequence, a di-cysteine CXXC active site motif within a thioredoxin-like domain, which 



responsible for the disulphide isomerase activity [15]. ERp57 is the second most abundant 

family member after PDI, which differs in its substrate specificity, as it acts preferentially on 

glycosylated proteins by associating non-covalently with chaperones calnexin and calreticulin 

[16]. ERp57 shares similar domain structure and sequence homology with PDI [17], 

consisting of two thioredoxin-like domains (a and a’) with active site sequences CGHC, and 

substrate binding, non-thioredoxin like domains b and b’ [18].  However, PDI family 

members appear to have specific substrate binding activities, indicating there is some 

specificity in their activities. 

 

ERp57 was previously found to be upregulated in spinal cords of transgenic SOD1
G93A

 mice 

and of sporadic ALS patients, similar to PDI [12], indicating it may have a protective role in 

ALS. Consistent with this notion, proteomic screening in peripheral mononuclear cells from 

ALS patients, identified PDI and ERp57 as being possible ALS biomarkers due their 

significant up-regulation, and  ERp57 was also implicated as a biomarker to monitor disease 

progression in clinical trials [19]. 

 

We previously established that over-expression of PDI is protective against inclusion 

formation, ER stress and apoptosis, in neuronal cells expressing mutant SOD1 A4V and 

G85R. However, it remains unclear if ERp57, or any other PDI family members, are also 

protective in cells expressing mutant SOD1, and also whether the chaperone or disulphide 

interchange activity is necessary for protection. We predicted that other family members 

would also be protective against mutant SOD1-induced neurodegeneration in neuronal cells.  

We examined whether ERp57 inhibit the formation of inclusions, induction ER stress, and 

toxicity, in neuronal cells expressing mutant SOD1. Catalytically inactive mutant protein was 

also examined to determine whether any protective effect was mediated by the chaperone or 

disulphide interchange activity of the PDI family members. Here, we demonstrate that ERp57 

can abrogate the toxicity and misfolding induced by mutant SOD1, and this protection 

depended on the disulphide interchange activity. Hence the PDI family has a broader 

therapeutic role in ALS. 

 

  



Results 

 

i) ERp57 reduces mutant SOD1 inclusions in neuronal cell lines 

 

Mutant SOD1 misfolds and forms cytoplasmic inclusions in neuronal cell lines, which are 

defined here as large protein aggregates visible under a light microscope [8]. NSC-34 cell 

lines were transfected with SOD1-EGFP and ERp57-V5 constructs. At 72 hr post 

transfection, cells were imaged using confocal fluorescence microscopy and the percentage of 

transfected cells (visualised by the presence of EGFP fluorescence) bearing mutant SOD1 

inclusions was quantified (Figure 1A). Cells expressing GFP alone or wild-type SOD1 

formed very few inclusions (<1%). Similar to previous observations, 17% of cells expressing 

mutant SOD1
A4V 

formed inclusions [8]. However, when wild-type ERp57 was co-expressed 

with mutant SOD1
A4V, 

this was significantly reduced to 10% (***p<.001). In contrast, co-

expression of cysteine mutant ERp57 did not significantly alter the proportion of mutant 

SOD1
A4V 

expressing cells bearing inclusions (14%, Figure 2B).  

 

Furthermore, these observations were confirmed using mutant SOD1
G85R 

in Neuro2a cells 

Supplementary figure 5A).
 
Untransfected cells, cells expressing GFP alone or wild-type 

SOD1 formed very few inclusions (>1%), 16% of cells expressing mutant SOD1
G85R 

formed 

inclusions. However, when wild-type ERp57 was co-expressed with mutant SOD1
A4V

,
 
this 

was significantly reduced to 10% (***p<.001). In contrast, co-expression of C24A_ERp57 

did not significantly alter the proportion of mutant SOD1
G85R 

expressing cells bearing 

inclusions (Supplementary figure 5B).
 

 

 

ii) ERp57 reduces ER stress induced by mutant SOD1 in neuronal cell lines 

 

We previously demonstrated that mutant SOD1
A4V 

induces ER stress which is associated with 

inclusion formation [8].  Next, we investigated whether ERp57 is also protective against ER 

stress induced by mutant SOD1
A4V

 in neuronal cells. Using immunocytochemistry, two 

markers of ER stress were used to specifically examine only transfected cells. Nuclear 

immunoreactivity for XBP-1 was used to detect activation of the IRE-1 pathway, which is a 

marker of the early, prosurvival phase of UPR, and secondly, CHOP is a marker used to 



examine ER stress induced via the PERK and ATF-6 pathway, during the pro-apoptotic phase 

of UPR. 

 

NSC-34 cells co-expressing SOD1-EGFP and ERp57-V5 were immunostained using anti-

XBP-1 antibodies, and at 72 hr post transfection, cells were examined individually for 

nuclear immunoreactivity to XBP-1, indicating UPR induction, using confocal microscopy 

(Figure 2A). Whereas few control cells demonstrated nuclear XBP-1 immunoreactivity (4% 

of untransfected cells and only 6% of EGFP only or wild-type SOD1 expressing cells), a 

significantly greater proportion of cells expressing mutant SOD1
A4V

 35% of cells expressed 

nuclear XBP-1. However, when mutant SOD1
A4V

 expressing cells were co-transfected with 

wild-type ERp57, this proportion was significantly reduced to only 19% of transfected cells 

with nuclear XBP-1 immunoreactivity (**p<.01). Cysteine mutant ERp57 did not 

significantly reduce ER stress in cells expressing mutant SOD1
A4V

 29% of transfected cells 

displayed nuclear immunoreactivity to XBP-1 (Figure 2B).   

 

Similarly in cells expressing mutant SOD1
G85R

,  few control cells demonstrated nuclear XBP-

1 immunoreactivity (4% of untransfected cells, only 5% of cells expressing GFP and 7% of 

wild-type SOD1 expressing cells), a significantly greater proportion of cells expressing 

mutant SOD1
G85R

 25% of cells expressed nuclear XBP-1. However, when mutant SOD1
G85R

 

expressing cells were co-transfected with wild-type ERp57, this proportion was significantly 

reduced to only 9% of transfected cells with nuclear XBP-1 immunoreactivity (**p<.01). 

C24A_ERp57 did not significantly reduce ER stress in cells expressing mutant SOD1
G85R

 

19% of transfected cells displayed nuclear immunoreactivity to XBP-1 (Supplementary 

Figure 6A, 6B).   

 

 

Next, nuclear immunoreactivity to CHOP, indicating activation of pro-apoptotic UPR, was 

examined using confocal microscopy in NSC-34 cells expressing SOD1 and ERp57 at 72 hr 

post transfection (Figure 2C). Similar to the results obtained using XBP-1, only 2% of 

untransfected cells and cells expressing EGFP, and only 4% of cells expressing wild-type 

SOD1, displayed nuclear CHOP immunoreactivity. As expected, a much greater proportion 

of cells 56% expressing SOD1
A4V 

displayed nuclear immunoreactivity to CHOP (Figure 2D), 

indicating activation of pro-apoptotic UPR. However, co-expression of wild-type ERp57 with 

mutant SOD1
A4V 

led to a significant reduction in the proportion of cells with nuclear CHOP 



immunoreactivity 40%, (**p<.01).In contrast, co-expression of cysteine mutant ERp57 with 

SOD1
A4V

, did not significantly decrease the proportion of cells with nuclear 

immunoreactivity to CHOP 51%. Hence, as wild-type ERp57, but not cysteine mutant 

ERp57, reduced the proportion of cells with ER stress, as detected using two UPR markers, 

CHOP and XBP-1, these results imply that the disulphide interchange activity of ERp57 is 

protective against ER stress induced by mutant SOD1
A4V

. 

 

Similarly in cells expressing mutant SOD1
G85R

, few control cells demonstrated nuclear 

CHOP immunoreactivity (2% of untransfected cells or GFP cells and 7% of wild-type SOD1 

expressing cells), a significantly greater proportion of cells expressing mutant SOD1
G85R

 53% 

of cells expressed nuclear CHOP. However, when mutant SOD1
G85R

 expressing cells were 

co-transfected with wild-type ERp57, this proportion was significantly reduced to only 35% 

of transfected cells with nuclear CHOP immunoreactivity (**p<.01). C24A_ERp57 did not 

significantly reduce ER stress in cells expressing mutant SOD1
G85R

 48% of transfected cells 

displayed nuclear immunoreactivity to CHOP (Supplementary Figure 6C, 6D).   

 

 

iii) ERp57 reduces cell death in cells expressing SOD1
A4V 

in neuronal cell lines 

 

Mutant SOD1 triggers apoptosis of NSC-34 cells when expressed in cell culture [8]. Hence, 

we next investigated the effect of ERp57 on mutant SOD1 induced apoptosis in NSC-34 cells 

co-expressing SOD1-EGFP and ERp57-V5. Analysis of apoptosis was performed by 

quantification of apoptotic nuclei and caspase-3 activation, as in previous studies [8, 9]. 

Immunocytochemistry for cleaved caspase-3 and counter-staining for DAPI was performed at 

72 hr post transfection (Figure 3A, 4A). Similar to previous findings, cells expressing diffuse 

SOD1 (i.e. no inclusions), either wild-type or mutant-A4V, displayed normal nuclear 

morphologies and little caspase-3 activation, indicating negligible levels of apoptotic cell 

death. In contrast, 28% of SOD1
A4V

 expressing cells that bore inclusions contained 

fragmented nuclei, (Figure 3B), suggesting that apoptosis was underway. Similar results were 

obtained using caspase-3 immunocytochemistry: caspase-3 activation was observed in 24% 

of cells bearing mutant SOD1
A4V

 inclusions. However, when wild-type ERp57 was co-

expressed with mutant SOD1
A4V

, significantly fewer cells were found to be undergoing 

apoptosis compared to cells expressing SOD1
A4V

 alone. Quantification revealed that only 

13% of these cells displayed condensed nuclei and only 18% demonstrated caspase-3 



activation (***p<.001, Figure 3B). Hence, ERp57 is protective against apoptosis triggered by 

mutant SOD1.  In contrast, co-expression of cysteine mutant ERp57 with SOD1
A4V

 did not 

significantly decrease the proportion of cells with condensed nuclei or activated caspase-3.  

These results imply that the disulphide interchange activity of ERp57 is protective against 

apoptosis triggered by mutantSOD1
A4V

. 

 

Fragmented nuclei and nuclei without detectable DAPI were significantly more common 

(21%) in cells expressing SOD1
G85R

 than in those expressing wild-type SOD1 (p<.001), 

consistent with previous observations. Co-expressing wild-type ERp57 with mutant 

SOD1
G85R

 resulted in significantly fewer cells with apoptotic nuclei (15%, p<.001). Co-

expressing C24A_ERp57 with mutant SOD1
G85R

 did not reduce the proportion of cells with 

apoptotic nuclei 19% (Supplementary figure 7A, 7B). 

 

 

iv) Endogenous ERp57 co-localises with mutant TDP-43 inclusions in sporadic ALS 

patients 

 

Since ERp57 was protective in neuronal cells expressing mutant SOD1, we next investigated 

whether ERp57 was associated with intracellular inclusions in sporadic ALS patient tissues, 

which would imply that it is linked to protein misfolding in human ALS. Hence, we 

performed immunohistochemistry of human lumbar spinal cord sections of sporadic ALS 

patients and controls using anti-ERp57 and anti-TDP-43 antibodies. These experiments 

demonstrated that endogenous ERp57 co-localized strongly with TDP-43 inclusions in 

sporadic ALS spinal cord tissues, in contrast to control tissues, where the staining was diffuse 

(Figure 4A). Quantitative analysis of six ALS patient motor neurons revealed that 100% of 

TDP-43-immunopositive inclusions were also ERp57 immunoreactive. These data suggest 

that ERp57 is associated with TDP-43 misfolding, thus implying that ERp57 may have a 

broad protective role n ALS pathology. 

  



Discussion  

ERp57 is a multifunctional oxidoreductase and the closest known homologue of PDI. We 

previously demonstrated that PDI was protective against inclusion formation, ER stress, and 

apoptosis in cells expressing mutant SOD1.  In this study we demonstrate that ERp57is also 

protective against mutant SOD1 aggregation, inclusion formation, ER stress and toxicity in 

neuronal cells. Previous studies have shown that the cells forming inclusions are selectively 

prone to apoptosis in contrast to cells that don’t form  inclusions [20].  Hence our study 

demonstrates that ERp57 is protective in ALS. Hence, there is clearly specificity in PDI 

family members in their protective activities in relation to ALS. 

 

We also demonstrated that the disulphide interchange activity of ERp57 is essential for its 

protective function, thus providing some insight into the mechanism of protection in cells 

expressing mutant SOD1. Cysteine mutant ERp57 was not protective against mutant SOD1 

inclusion formation, ER stress or apoptosis, suggesting that the protection is most likely 

modulated by disulphide bonding. Previous studies have demonstrated that mutations in 

SOD1 lead to conformational changes due to the formation of aberrant intermolecular 

disulphide bonds, thus inducing SOD1 aggregation and toxicity [21]. Since ERp57 facilitates 

the formation of the native disulphide bonds in proteins, its function could be further 

elucidated in ALS pathology. It could be hypothesized that ERp57 is refolding misfolded 

mutant SOD1 directly or alternatively that it reduces the misfolding of other target proteins 

via disulphide modulation, thus inhibiting ER stress and toxicity this way. It remains unclear 

how PDI itself is protective, whether this involves the disulphide interchange or chaperone 

activity. However, there is evidence that ERp57 is nitrated on tyrosine residues in 

SOD1
G93A

 mice, thus implying a possible loss of the protective function during disease [22]. 

It could be speculated that although being protective ERp57 is non-functional due to post 

translational modifications. Hence, in ALS, the normal anti-aggregation properties of ERp57 

could be inactivated, which may contribute to disease pathology. Similarly, aberrant cysteine 

residue modification by S-nitrosylation of PDI is present in ALS patient tissues suggesting 

that dysfunction of ER protein chaperones is linked to ALS [8]. Hence, replenishing ERp57 

could be another way of protecting motor neurons against cellular stressors.  

 

We did not directly demonstrate in this study that ERp57 and mutant SOD1 interact, but their 

co-localisation in neuronal cells and patient tissues, and the protective effect of ERp57 



against mutant SOD1 misfolding, implies that they do. It remains to be determined in which 

subcellular compartment ERp57 and SOD1 would physically interact. ERp57localises in the 

nucleus, mitochondria and the cytosol as well as the ER?[23]. Previous studies have also 

speculated that mutant SOD1 is present in the ER [24], although this has been disputed in 

others [25, 26].  

 

Further detailed investigation of the role of other PDI family members in ALS is warranted 

following the outcomes of this study. It is possible that different PDI family members prevent 

misfolding of specific substrates and that each misfolded protein engages specific family 

members. Alternatively, PDI family members may interact with their substrates in a cell-type 

specific manner. It is possible that PDI family members could compensate for each other’s 

function. This would be another approach to understand the mechanism of protection of 

ERp57.  

 

In summary, in this study we demonstrate that a novel PDI-like protein ERp57, is specifically 

protective against mutant SOD1 misfolding, ER stress, and toxicity. This study also suggests 

that other members of the PDI family may have specific protective roles against protein 

misfolding in ALS. Furthermore, we demonstrate that the disulphide activity of ERp57 is 

necessary for its protective function, hence this study sheds some light on possible ways to 

develop therapeutic targets against protein misfolding, the key pathology in ALS, and also 

the common pathology in neurodegenerative disorders. These findings will assist in further 

elucidating the role of ERp57 in protection against neurotoxicity and the mechanism by 

which PDI and ERp57 reduces SOD1 inclusions. Since death of motor neurons is the primary 

pathological event in ALS, the protective effect of ERp57 on neuronal apoptosis, suggests 

that it has potential as a novel therapeutic target. 

 

 

  



Materials and Methods  

 

Cell lines 

Mouse motor neuron like NSC-34 cells were kindly provided by Professor Neil Cashman, 

University of Toronto.  Mouse neuroblastoma Neuro-2a cell lines (ATCC cell line CCL-131) 

were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal calf serum, 

100 ug/mL penicillin and 100 ug/mL streptomycin. 

Constructs  

Expression constructs for wild-type ERp57 and mutant ERp57in pcDNA3.1(+) were a 

generous gift from Dr Neil Bulleid, University of Glasgow, UK. Cysteine mutant ERp57 

contained a replacement of cysteine residues at positions 60 and 490 with alanine, so that 

both CGHC active sites were mutated to CGHA. The SOD1-EGFP constructs were as 

described earlier [27].  

Cell Culture and Transfection  

NSC-34 cells and Neuro2a cells were maintained in Dulbecco's modified eagle medium 

(DMEM) with 10% fetal calf serum (FCS), incubated at 37°C with 5% CO2. Transfections 

were performed using Lipofectamine reagent 2000 (Invitrogen) according to the 

manufacture’s protocol. Cells were co-transfected with SOD1-EGFP constructs and ERp57-

V5 constructs, and observed 72 hr post transfection using fluorescence microscopy. 

Immunofluorescence and Microscopy  

Cells were fixed with freshly prepared 4% (w/v) paraformaldehyde and incubated in the dark 

for 30 min. The cells were permeabilized with 0.1% (v/v) Triton-X in PBS for 5 min and 

blocked with 3% BSA in PBS for 30 min, followed by incubation with mouse anti-CHOP 

(1:50) (Santa Cruz), rabbit anti-XBP-1 (Santa Cruz) (1: 20), or cleaved anti-caspase-3 (1:100) 

(Cell signalling) antibodies in PBS at 4°C overnight. The secondary antibodies, AlexaFluor 

568 conjugated rabbit anti-mouse IgG (1:250) or goat-anti-rabbit IgG AlexaFluor 568, were 

added for 1 hr and incubated in the dark at room temperature. After washing with PBS, 

staining of nuclei was performed using Hoechst stain 33342 (Invitrogen), and cells were 

mounted using fluorescent mounting media. DAPI (nuclei), FITC (GFP fluorescence) and 

TRITC (red fluorescence) filters were used for viewing the cells and images were taken using 



an Olympus Fluoview 1000 laser scanning microscope. In dual-channel imaging, 

photomultiplier sensitivities and off sets were set to a level at which bleed through effects 

from one channel to another were negligible. Each experiment was performed four separate 

times. For detection of XBP-1 and CHOP activation, cells were co-transfected with SOD1-

EGFP and ERp57-V5 constructs and immunocytochemistry using XBP-1 or CHOP 

antibodies respectively was performed. Cells in which immunoreactivity was detected in the 

nucleus compared to the cytoplasm were scored as positive, indicating induction of the UPR, 

as performed previously. 

 

ERp57 and TDP-43 immunohistochemistry 

 

Paraffin-embedded human lumbar spinal cord sections (14 µm) from non-neurological 

controls and ALS patients were obtained from the MND Research Tissue Bank of Victoria 

(details give in Table 1). The tissue sections were pre-heated at 65˚C for 15 minand then 

paraffin was removed by washing with xylene twice for 5 min and 2 min respectively, 

followed by washing with 100 % ethanol and 50 % ethanol for 5 min each. The sections were 

then washed with distilled water and soaked in PBS. Antigen retrieval was performed by 

boiling the sections in 10 mM sodium citrate buffer (pH 6) for 1 min. The sections were then 

incubated with blocking serum (3% goat serum, 0.3% triton x-100 in phosphate buffered 

saline (PBS)) for 30 min, followed by primary antibodies; rabbit anti-TDP43, 10782-2-AP-

proteintech (1:50), mouse anti-ERp57, ab13506-abcam (1:100) prepared in blocking serum, 

overnight at 4˚C. The sections were then washed thrice with 0.1 % Tween 20 in PBS for 10 

min each. Secondary AlexaFluor-488 or 594 conjugated anti-mouse or anti-rabbit antibodies 

(1:250, Molecular Probes) were added and incubated for 1 hr at room temperature. Finally, 

the sections were washed with 0.1 % Tween 20 in PBS and a coverslip was mounted with 

DAKO fluorescent mounting medium. 

 

 

 

 

 



Table 1 Details of ALS patients and controls 

 

Case Gender Age (years) PMI (h) Diagnosis 

1 Female 88.6 6 Control 

2 Male 84.6 68 Control 

3 Male 84.8 59 ALS 

4 Male 86.4 11 ALS 

 

Human lumbar spinal cord segments (L3–L5) from 2 patients who died of respiratory failure 

caused by ALS were provided by the MND Research Tissue Bank of Victoria. Age = age at 

death, PMI = post-mortem interval. 

 Statistics  

Cells co-expressing SOD1-EGFP  and ERp57-V5 were examined (200 total) and the data was 

represented as Mean ± SD. Statistical analyses were made using ANOVA followed by 

Tukey’s post hoc test (GraphPad Prism, San Diego, CA, USA). P-values of 0.05 or less were 

considered significant *p<0.05 ,**p < 0.01, ***p<0.001. 

 

  



Figure legends 

 

Figure 1 ERp57 is protective against inclusion formation induced by mutant SOD1
A4V

 A) 

Immunofluorescence detection of EGFP positive inclusions present in NSC-34 cells 

expressing wild-type SOD1 (SOD1-WT) or SOD1A4V (green),when co-expressed with wild-

type ERp57 (ERp57 wt) or C24A_ERp57 (red), examined by confocal microscopy. Nuclei 

are visualised by Hoechst staining (blue). Cells expressing wild-type SOD1 did not form 

inclusions (panel 1). Inclusion positive cells were present in cells expressing SOD1
A4V

alone 

(panel 2) or co-expressing C24A_ERp57 (panel 4), represented by white arrows. In contrast, 

fewer cells formed inclusions in cells Over-expressing wild-type ERp57 with SOD1
A4V 

(panel 3). Scale = 10 µm. B) Quantification of the percentage of transfected cells bearing 

inclusions in NSC-34 cells as represented in (A). Fewer cells formed inclusions when wild-

type ERp57 was co-expressed with SOD1
A4V

 (***p<.001) compared to cells co-expressing 

C24A_ERp57 or vector only. Data is shown as the mean + SD, n =4. C) Quantification of the 

percentage of Neuro2a cells bearing inclusions.  Fewer cells formed inclusions when wild-

type ERp57 was co-expressed with SOD1
A4V

 (***p<.001) as compared to the C24A_ERp57 

or vector only. Data is shown as the mean + SD, n =4. 

 

Figure 2 ERp57 reduces ER stress in mutant SOD1
A4V

 in neuronal cell lines.  

A) Immunofluorescence detection of nuclear immunoreactivity to XBP-1 (centre) in SOD1
WT

 

and SOD1
A4V 

cells co-expressing wild-type ERp57 or C24A_ERp57 transfected in cells 

determined by confocal microscopy, 72 hr post transfection. Untransfected cells (UTR) 

(panel 1) or cells expressing wild-type SOD1 (panel 2) showed few cells with XBP-1 

activation. Cells transfected with SOD1
A4V

 (panel 3) had nuclear XBP-1 induction as 

indicated with white arrows. Cells cotransfected with SOD1
A4V

and wild-type ERp57 had few 

cells with nuclear XBP-1 (panel 4). Cells co-transfected with SOD1
A4V

and C24A_ERp57 

showed nuclear XBP-1 because of ER stress as indicated with white arrows (panel 5). Scale 

bar = 10 µm. B) Quantification of nuclear XBP-1 induction in NSC-34 cells when co-

transfected with wild-type SOD1 and SOD1
A4V

 with wild-type ERp57 or C24A_ERp57. 100 

cells expressing XBP-1 in the nucleus were counted. The number of cells expressing XBP-1 

decreased when wild-type ERp57 was transfected with SOD1
A4V 

(**p<.01). Data represented 

as mean ±SD, n=4. 

 

 



C) Immunofluorescence detection of nuclear CHOP immunoreactivity in wild-type SOD1 or 

SOD1
A4V 

NSC-34 cells co-expressing wild-type ERp57 or C24A_ERp57, visualised by 

confocal microscopy. Few ells expressing GFP alone (pEGFP) (panel 1) or wild-type SOD1 

(panel 2) displayed nuclear immunoreactivity to CHOP, indicating activation of the UPR. In 

contrast, nuclear reactivity to CHOP was more frequent in cells expressing SOD1
A4V

 (panel 

3), indicated by white arrows (middle and bottom panel).  However, fewer cells co-

expressing SOD1
A4V

and wild-type ERp57 (panel 4) displayed nuclear CHOP 

immunoreactivity. Cells co-expressing SOD1
A4V 

and C24A_ERp57 displayed more frequent 

nuclear immunoreactivity to CHOP, indicating the presence of ER stress (panel 5). Scale bar 

= 10 µm. D) Quantification of nuclear CHOP immunoreactivity in NSC-34 cells visualised in 

(A), co-expressing wild-type SOD1 or SOD1
A4V

 with wild-type ERp57 or C24A_ERp57. For 

each population, 100 transfected cells expressing CHOP in the nucleus were counted. The 

percentage of SOD1
A4V

cells expressing nuclear CHOP was significantly lower in cells co-

expressing wild-type ERp57 compared to empty vector alone (**p<.01). There were also 

significantly fewer cells with CHOP activation when C24A_ERp57 wt was co-expressed 

with wild-type ERp57 and SOD1
A4V

 (*p<.05).Data represented as mean ±SD, n=4. 

 

 

Figure 3 ERp57 inhibits apoptotic cell death induced by mutant SOD1
A4V

. A) NSC-34 cells 

were co-transfected with wild-type SOD1-WT or SOD1
A4V

 (green panel) and wild-type 

ERp57 or C24A_ERp57 (red panel) for 72 hr. Nuclei are shown by Hoechst stain (blue). 

Arrow represents condensed or fragmented nuclei, indicating apoptosis is underway. Few 

cells expressing wild-type SOD1 (panel 1). However, cells expressing SOD1
A4V

 (panel 2) 

displayed DAPI-stained condensed nuclei, indicating apoptosis, shown by white arrows 

(middle panel).  Fewer cells co-expressing SOD1
A4V

and wild-type ERp57 (panel 3) were 

undergoing apoptosis, whereas condensed or fragmented nuclei, indicated with white arrows, 

were much more common in cells expressing C24A_ERp57 (panel 4). Scale bar = 10 µm.   

Merge images in column 4 are overlays of the images of GFP fluorescence immunostained 

with cleaved caspase-3 (red), indicating activation of the enzyme DAPI (third column).  

B) Quantification of apoptotic nuclei in cells in (A) expressing SOD1 and ERp57. Over-

expression of wild-type ERp57 inhibits apoptotic cell death triggered by mutant SOD1. The 

number of transfected cells with apoptotic nuclei (condensed or fragmented) was counted 

(100 total cells). Over-expression of wild-type ERp57 with SOD1
A4V

resulted in significantly 

fewer cells undergoing apoptosis, (***p<.001), n=4. 



 

C) Caspase-3 activation, indicating apoptosis, in cells expressing SOD1
A4V 

and ERp57. NSC-

34 cells were co-transfected with wild-type SOD1 or SOD1
A4V

 (green panel) and wild-type 

ERp57 or C24A_ERp57 (red panel) for 72 hr, followed by immunocytochemistry using anti-

activated caspase-3 antibodies using confocal microscopy. Nuclei are shown by Hoechst stain 

(blue). Arrow represents caspase-3 activation, indicating apoptosis is underway. Merge 

images in column 4 are overlays of the images of GFP fluorescence immunostained with 

cleaved caspase-3 (red), Yellow arrows indicate presumed location of nuclei undetectable by 

DAPI staining, due to active apoptosis, under conditions used. Fewer cells expressing SOD1-

WT (panel 1) displayed caspase-3 activation compared to cells expressing SOD1
A4V

. 

Expression of SOD1
A4V

 (panel 2) resulted in caspase-3 activation in 20% of cells, as 

indicated by white arrows (middle panel).  Fewer cells co-transfected with SOD1
A4V

and wild-

type ERp57 (panel 3) displayed caspase-3 activation but apoptosis was more frequent in cells 

co-expressing with SOD1
A4V

and ERp57, as indicated with white arrows (panel 4). Scale bar 

= 10 µm. D) Quantification of cells visualised in (C), immunostained for activated caspase-3. 

Results are expressed as mean ± SD, n=3. Over-expression of wild-type ERp57 with 

SOD1
A4V 

significantly reduces apoptotic cell death compared to cells expressing empty 

vector only (***p<.001).  However, there is no significant different in the percentage of 

SOD1
A4V

cells with activated caspase-3 co-expressing C24A_ERp57 compared to 

SOD1
A4V

with empty vector only. 

 

 

Figure 4 ERp57 co-localises with TDP-43-positive inclusions in sporadic ALS patient lumbar 

spinal cords  

A) Double immunohistochemistry of lumbar spinal cord sections of two patients with SALS 

and two control patients using antibodies against ERp57 and TDP-43. ERp57 was expressed 

diffusely in control patients (column 1) whereas ERp57 colocalizedwith 100% of TDP-43 

inclusions in SALS motor neurons. Anti-ERp57 antibody immunostaining (green, first 

column), anti-TDP-43 antibody immunostaining (red, second column), merged of ERp57 and 

TDP-43 images shown in third column (yellow). ERp57 colocalises with TDP-43 inclusions 

in patient’s sample (panel 2). Scale bar = 20 μm.  

 

 

 



Supplementary Figures 

 

Figure 5 ERp57 is protective against inclusion formation induced by mutant SOD1
G85R

 

A) Immunofluorescence detection of EGFP positive inclusions present in NSC-34 cells 

expressing wild-type SOD1 (SOD1-WT) or SOD1
G85R

 (green), when co-expressed with wild-

type ERp57 (ERp57 wt) or C24A_ERp57 (red), examined by confocal microscopy. Nuclei 

are visualised by Hoechst staining (blue). Cells expressing wild-type SOD1 did not form 

inclusions (panel 1). Inclusion positive cells were present in cells expressing SOD1
G85R 

alone 

(panel 2) or co-expressing C24A_ERp57 (panel 4), represented by white arrows. In contrast, 

fewer cells formed inclusions in cells over-expressing wild-type ERp57 with SOD1
G85R 

(panel 3). Scale = 10 µm. Quantification of the percentage of transfected cells bearing 

inclusions in NSC-34 cells as represented in (A). Fewer cells formed inclusions when wild-

type ERp57 was co-expressed with SOD1
G85R

 (***p<.001) compared to cells co-expressing 

C24A_ERp57 with vector only. Data is shown as the mean + SD, n =3. 

 

Figure 6 ERp57 reduces ER stress induced by mutant SOD1
G85R

 in neuronal cell lines  

A) Immunofluorescence detection of nuclear immunoreactivity to XBP-1 (centre) in SOD1
WT

 

and SOD1
G85R 

cells co-expressing  wild-type ERp57 or C24A_ERp57 transfected in cells 

determined by confocal microscopy, 72 hr post transfection. Untransfected cells (UTR) 

(panel 1) or cells expressing wild-typeSOD1 (panel 2) showed few cells with XBP-1 

activation. Cells transfected with SOD1
G85R 

(panel 3) had nuclear XBP-1 induction as 

indicated with white arrows. Cells co-transfected with SOD1
G85R 

and wild-type ERp57 had 

few cells with nuclear XBP-1 (panel 4). Cells co-transfected with SOD1
G85R 

and 

C24A_ERp57 showed nuclear XBP-1 because of ER stress as indicated with white arrows 

(panel 5). Scale bar = 10 µm. B) Quantification of nuclear XBP-1 induction in NSC-34 cells 

when co-transfected with wild-type SOD1 and SOD1
G85R

 with wild-type ERp57 or 

C24A_ERp57. 100 cells expressing XBP-1 in the nucleus were counted. The number of cells 

expressing XBP-1 decreased when wild-type ERp57 was transfected with SOD1
G85R 

(**p<.01). Data represented as mean ±SD, n=3. 

 

 

C) Immunofluorescence detection of nuclear CHOP immunoreactivity in wild-type SOD1 or 

SOD1
G85R 

NSC-34 cells co-expressing wild-type ERp57 or C24A_ERp57, visualised by 

confocal microscopy. Few ells expressing GFP alone (pEGFP) (panel 1) or wild-type SOD1 



(panel 2) displayed nuclear immunoreactivity to CHOP, indicating activation of the UPR. In 

contrast, nuclear reactivity to CHOP was more frequent in cells expressing SOD1
G85R

 (panel 

3), indicated by white arrows (middle and bottom panel).  However, fewer cells co-

expressing SOD1
G85R 

and wild-type ERp57 (panel 4) displayed nuclear CHOP 

immunoreactivity. Cells co-expressing SOD1
G85R 

and C24A_ERp57 displayed more frequent 

nuclear immunoreactivity to CHOP, indicating the presence of ER stress (panel 5). Scale bar 

= 10 µm.  

D) Quantification of nuclear CHOP immunoreactivity in NSC-34 cells visualised in (A), co-

expressing wild-type SOD1 or SOD1
G85R

 with wild-type ERp57 or C24A_ERp57. For each 

population, 100 transfected cells expressing CHOP in the nucleus were counted. The 

percentage of SOD1
G85R 

cells expressing nuclear CHOP was significantly lower in cells co-

expressing wild-type ERp57 compared to empty vector alone (p<.01). There were also 

significantly fewer cells with CHOP activation between C24A_ERp57 co-expressed with 

SOD1
A4V

 and wild-type ERp57 and SOD1
A4V

 (**p<.01).Data represented as mean ±SD, n=4. 

 

 

Figure 7 ERp57 inhibits apoptotic cell death induced by mutant SOD1
G85R

 A) NSC-34 cells 

were co-transfected with wild-type SOD1 or SOD1
G85R

 (green panel) and wild-type ERp57 or 

C24A_ERp57 (red panel) for 72 hr. Nuclei are shown by Hoechst stain (blue). Arrow 

represents condensed nuclei, indicating apoptosis is underway. Few cells expressing wild-

type SOD1 (panel 1) were apoptotic. However, of cells expressing SOD1
G85R 

(panel 2) 

displayed DAPI-stained condensed nuclei, indicating apoptosis, shown by white arrows 

(middle panel).  Fewer cells co-expressing SOD1
G85R 

and wild-type ERp57 (panel 3) were 

undergoing apoptosis, whereas condensed or fragmented nuclei, indicated with white arrows, 

were much more common in cells expressing C24A_ERp57 (panel 4). Scale bar = 10 µm.  B) 

Quantification of apoptotic nuclei in cells in (A) expressing SOD1 and ERp57. Over-

expression of wild-type ERp57 inhibits apoptotic cell death triggered by mutant SOD1
G85R

. 

The number of transfected cells with apoptotic nuclei (condensed or fragmented) was counted 

(100 total cells). Over-expression of wild-type ERp57 with SOD1
G85R 

resulted in significantly 

fewer cells undergoing apoptosis, (***p<.001), n=3. 
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Neurodegenerative diseases involve the progressive loss of neurons, and a pathological hallmark is the presence of abnormal
inclusions containing misfolded proteins. Although the precise molecular mechanisms triggering neurodegeneration remain
unclear, endoplasmic reticulum (ER) stress, elevated oxidative and nitrosative stress, and protein misfolding are important features
in pathogenesis. Protein disulphide isomerase (PDI) is the prototype of a family of molecular chaperones and foldases upregulated
during ER stress that are increasingly implicated in neurodegenerative diseases. PDI catalyzes the rearrangement and formation
of disulphide bonds, thus facilitating protein folding, and in neurodegeneration may act to ameliorate the burden of protein
misfolding. However, an aberrant posttranslational modification of PDI, S-nitrosylation, inhibits its protective function in these
conditions. S-nitrosylation is a redox-mediated modification that regulates protein function by covalent addition of nitric oxide-
(NO-) containing groups to cysteine residues. Here, we discuss the evidence for abnormal S-nitrosylation of PDI (SNO-PDI) in
neurodegeneration and how this may be linked to another aberrant modification of PDI, S-glutathionylation. Understanding the
role of aberrant S-nitrosylation/S-glutathionylation of PDI in the pathogenesis of neurodegenerative diseases may provide insights
into novel therapeutic interventions in the future.

1. Introduction

Neurodegenerative diseases share several common patho-
logical characteristics, including the aberrant aggregation of
misfolded proteins, leading to the formation of abnormal pro-
tein inclusions [1].These diseases are also frequently classified
as protein conformational disorders in which protein aggre-
gation occurs due to the exposure of hydrophobic regions
[2]. The most common neurodegenerative diseases include
Alzheimer’s disease (AD), Parkinson’s disease (PD), amy-
otrophic lateral sclerosis (ALS), Creutzfeldt-Jakob disease
(CJD), and Huntington’s disease (HD). These diseases differ
according to the specific group of neurons targeted and the
type ofmisfolded proteins that aggregate. InAD, the accumu-
lation of aggregated proteins occurs in cortical regions and
involves both 𝛽-amyloid (𝛽A), which forms extracellular
amyloid plaques, and tau, which is hyperphosphorylated and

forms intracellular neurofibrillary tangles (NFT) [3, 4]. PD
involves the formation of Lewy bodies (LB) containing
misfolded 𝛼-synuclein [5], and in HD aggregated Hunt-
ington protein with expanded polyglutamine repeats forms
inclusions in the nucleus [6]. Similarly, in ALS, cytoplasmic
inclusions contain copper/zinc (CuZn) superoxide dismutase
1 (SOD1) [7–9], TAR DNA binding protein 43 (TDP-43) [10–
13], or fused in sarcoma/translated in liposarcoma (FUS/TLS)
[14]. Recently, a hexanucleotide repeat expansion in an
intronic region of the chromosome 9 open reading frame 72
(C9orf72) gene, encoding a gene of unknown function, was
linked to the greatest proportion of familial ALS cases [15, 16].
For AD, PD, and ALS, 90–95% of cases arise sporadically,
while the remainder are familial in nature. Genetic mutations
in Amyloid Precursor Protein (APP), leads to increased accu-
mulation of A-𝛽 and fibril formation [17–20], and Presenilin
1, 2 (PS 1, 2), which regulates APP processing via gamma
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secretase [21–23], causes rare familial cases of AD [24].
Similarly, some forms of autosomal dominant familial PD is
caused by 𝛼-synuclein mutations [25] leading to the aggre-
gation of 𝛼-synuclein into insoluble fibrils, which are the
primary components of LB [26], while mutations in PINK1,
Parkin, and DJ-1 cause autosomal recessive PD cases [27].
However, in contrast to these conditions, HD is early onset
and entirely genetic in nature.

The causal factors underlying the pathogenesis of spo-
radic neurodegenerative diseases remain poorly understood.
However, due to the typical late onset of these disorders,
neurodegeneration can be conceptualized as pathology that
arises during the normal aging process, involving increases
in oxidative stress and the production of free radicals which
damage cells by decreasing antioxidant defenses. In AD,
increased free radical accumulation and elevated levels of
oxidative and nitrosative stress are associated with alterations
in A-𝛽 metabolism [28, 29]. Meanwhile, in PD, nitrosative
stress is associated with impairment of the mitochondrial
respiratory chain, leading to energy deficiency and cell death
[30]. In addition, oxidative and nitrosative stress are asso-
ciated with endoplasmic reticulum (ER) stress, through the
accumulation of misfolded proteins in the ER, and upreg-
ulation of molecular chaperones in the protein disulphide
isomerase (PDI) family [31]. PDI possesses both general
protein chaperone and disulphide interchange activity, thus
facilitating the formation of native disulphide bonds in pro-
teins. It also facilitates the degradation of these proteins via
ER-associated degradation (ERAD), whereby irreparably
misfolded proteins are targeted for retrotranslocation to the
cytoplasm, where they undergo polyubiquitination and sub-
sequent degradation by the proteasome [32–35].There is now
sufficient evidence that in conditions of elevated nitrosative
stress, PDI undergoes an aberrant posttranslational modifi-
cation known as S-nitrosylation, which inhibits its enzymatic
activity [36]. Hence, in late onset neurodegenerative disease,
there is a decrease in cellular defences and a corresponding
increase in oxidative and nitrosative damage to lipids, pro-
teins, DNA, and RNA [37, 38].

In this review, we will begin by examining the role of
nitrosative stress, redox potential, and S-nitrosylation/S-
glutathionylation of proteins linked to neurodegeneration.
The structure and function of PDI family members will be
discussed, and the importance of PDI in neurodegenerative
disease will be highlighted.Wewill examine the evidence that
PDI is aberrantly S-nitrosylated and discuss the functional
significance of thismodification in neurodegeneration. Final-
ly, we speculate that PDI may also be S-glutathionylated in
neurodegenerative disease.

2. Nitrosative Stress

Reactive nitrogen and oxygen species (RNS and ROS), pri-
marily superoxide anion (O

2

−), hydrogen peroxide (H
2
O
2
),

or nitric oxide (NO), are highly reactive molecules that nor-
mally function at low levels as mediators of intracellular sig-
nalling processes in mammalian cells [36, 39]. However, RNS
and ROS can accumulate in cells under pathological condi-
tions, triggering nitrosative or oxidative stress. This leads to

numerous detrimental effects on cellular function including
posttranslational modifications of proteins, lipid peroxida-
tion, DNA, damage, and dysregulation of redox signalling
[28, 37, 38, 40]. Nitrosative or oxidative stress results when
there is an imbalance between the production of RNS/ROS
and cellular antioxidant defence mechanisms such ascorbic
acid, glutathione (GSH), or enzymes including superoxide
dismutases, catalases, and glutathione peroxidases. GSH is a
particularly important antioxidant as it is the most abundant
cellular thiol-containing molecule; the ratio of reduced GSH
to its oxidized form (GSSG) makes a major contribution to
cellular redox potential and homeostasis [28, 29, 41]. How-
ever, the thiol/disulfide systems, which include GSH/GSSG,
and plasma cysteine/cystine (Cys/CySS) pools are not nec-
essarily in equilibrium and may respond differentially to
specific stressors [42]. Nitrosative or oxidative stress may be
induced by familial mutations, exogenous toxins (xenobi-
otics, pesticides), or via normal aging processes such as
alterations in mitochondrial respiration [31, 43]. Neurons
are particularly vulnerable to the effects of RNS/ROS due
to a relative deficiency in antioxidant enzymes glutathione
peroxidase (GPx) and catalase (Cat), compared to other cell
types, and their higher metabolic demands which generate
RNS/ROS from mitochondrial metabolism [38, 39, 43, 44].

RNS are derived primarily fromO
2

− andNO, a small, dif-
fusible inter- and intracellularmessenger that normallymedi-
ates many intracellular signalling pathways [29, 31, 45, 46].
NO is generated byNO synthases (NOS) that use oxygen (O

2
)

and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase to convert L-arginine to L-citrulline [47]. NOS is
constitutively expressed in several isoforms in the central ner-
vous system (CNS): endothelial NOS (eNOS), inducible NOS
(iNOS), neuronal NOS (nNOS), and an isoform expressed in
the inner mitochondrial membrane (mtNOS) [48–50]. The
covalent addition of NO to a cysteine thiol or thiolate anion
on specific proteins, to form an S-nitrosothiol (SNO) group,
is a process termed “S-nitrosylation” [36, 51–56].

3. S-Nitrosylation

In recent years, S-nitrosylation has been increasingly impli-
cated inmany physiological and pathological conditions [36].
Under normal conditions, S-nitrosylation is a reversible post-
translationalmodification analogous to acetylation and phos-
phorylation that regulates protein activity [55, 57]. The SNO-
group can be removed in these situations by denitrosylation
enzymes, primarily S-glutathione reductase (GSNOR; alco-
hol dehydrogenase III) in conjunction with GSH and NADH
as an electron donor [58, 59]. However, reduced oxidore-
ductase thioredoxin (TRX) [60, 61] can oxidize S-nitrosoglu-
tathione (GSNO) to release GSH and NO [62, 63]. Recom-
binant human PDI can denitrosylate GSNO [64] and in vitro
SOD1 canmodify the stability of S-nitrosothiols by enhancing
the decomposition of GSNO, resulting in production of NO
[65], possibly by its reduced metal ions [66].

S-nitrosylation is both a reversible and irreversible pro-
cess [67]. Under pathological conditions, S-nitrosylation of
specific proteins is an abnormal, irreversible process and
is linked to protein misfolding, ER stress, mitochondrial
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dysfunction, synaptic degeneration, and cell death [36]. A
well-recognized mechanism for NO production in neurode-
generative diseases is activation of N-methyl-D-Aspartate
receptors (NMDAr) [68, 69]. Activation of NMDArs gen-
erates ROS and results in calcium (Ca2+) influx into the
cell [31, 70–72], which in turn activates nNOS to produce
NO [50]. S-nitrosylation may also lead to NO-independent
oxidation of proteins via ROS, producing reversiblemodifica-
tions in the form of intramolecular/mixed disulphide bonds.
One of the proposed pathways for the further oxidation of
cysteines is through the hydrolysis of sulfenic acid (SOH),
which then may be susceptible to irreversible oxidation from
accumulating ROS leading to stable sulfinic (–SO

2
H) or

sulfonic (–SO
3
H) acid formation [73–75]. However, –SO

2
H

can be reduced back to the free thiol group if the enzyme
sulfiredoxin is induced and this can occur in neurons due
to activation of NMDAr by increased synaptic activity [76].
In addition, S-nitrosylation can reversibly influence further
posttranslation modifications of cysteine residues. When
there are two proximal cysteine residues, S-nitrosylation
of one of these can facilitate disulphide bond formation
[77–79]. Under conditions of excessive nitrosative stress,
however, S-nitrosylation inhibits the formation of disulphide
bonds [67, 75]. Another pathological mechanism linked to
S-nitrosylation has also been implicated in ALS. Cells exp-
ressing familial ALS mutants, SODA4V and SODG37R, have
increased denitrosylation activity of GSNO in comparison to
wild type (WT) SOD1 [80].This deficiency in S-nitrosylation
is especially elevated in mitochondria of mutant SOD1 cells
[81].

Whilst most proteins contain multiple cysteine residues,
the features underlying the specificity for S-nitrosylation are
not fully defined, but appear to rely on tertiary rather than
primary structure. Previous studies have suggested that the
formation of S-nitrosylated proteins (SNO proteins) requires
a cysteine flanked by a proximal acid-basemotif, hydrophobic
content, low pKa, and high exposure of sulfur atoms [67, 82].
However, a recent bioinformatics study predicted that the
known SNO-Cys sites in proteins are more heterogenous
than this, although the presence of a charged residue in
close proximity to NO-Cys and another oppositely charged
residue within a larger region was a common feature [82].
The stability of the resulting SNO-group depends upon the
local environment of the cysteine residues, but studies of the
dissociation energies of the S–N bond suggest that there is a
wide variation, with this bond remaining stable theoretically
from seconds to years [83, 84].

Up to one thousand SNO proteins have now been iden-
tified [85] including many proteins linked to neurodegenera-
tive diseases [36, 77, 86–89]. For instance, S-nitrosylation of
dynamin-related protein (Drp1) (SNO-Drp), found in post-
mortem brains of AD cases, is associated with 𝛽-A for-
mation and subsequent activation of mitochondrial fission
[77, 87]. In sporadic and familial PD, S-nitrosylated Parkin
(SNO-Parkin) has reduced E3 ligase function, leading to
proteasomal dysfunction [90]. Similarly, proteins involved
in apoptosis (XIAP/Caspase 3, GAPDH-Siah), antioxi-
dant activity (Prx2), the phosphatase pathway (PTEN),

neuroinflammation (COX2), and autophagy (JNK1 and
IKK𝛽) are also S-nitrosylated (for comprehensive review see
[36]). Furthermore, SNO-proteins may alter cellular redox
homeostasis through an interaction with GSH and therefore
may influence other post-translational modifications, such as
S-glutathionylation [36, 41]. Some proteins, such as NMDAr,
are S-nitrosylated under both normal and pathological con-
ditions [36]. S-nitrosylation/denitrosylation of NMDAr is
important in physiological cellular signalling processes [52,
53, 91], but overactivation is associated with an increased
production of SNO-proteins and neurodegeneration [31].
However, it should be noted that S-nitrosylation of NMDAr
at Cys399 is protective by deactivation of the receptor, thus
preventing glutamate excitotoxicity [53, 67, 78, 91].

4. S-Glutathionylation

S-glutathionylation is another posttranslational modification
that has been implicated in the regulation of diverse pro-
teins involved in energy metabolism, signalling pathways,
Ca2+ homeostasis, antioxidant enzymatic activity, and pro-
tein folding [92] (for a comprehensive review see [41]). S-
glutathionylation is induced by RNS/ROS and involves the
formation of a disulfide between GSH and a cysteine residue
[41]. As reduced GSH is the most abundant cellular thiol, it
plays an important role in S-glutathionylation [41], although
protein thiols represent a similar redox pool, and therefore
may also be critical in providing antioxidant protection
against oxidative stress [93]. S-nitrosylated cysteines can be
converted to S-glutathionylated cysteines, supporting the
premise that products of nitrosative stress induce S-gluta-
thionylation [41]. However, the exact identity of the metabo-
lites that act as proximal donors in this reaction remain to
be elucidated [41] and it is unclear whether SNO proteins
are intermediates for S-glutathionylation in vivo. Under
oxidizing conditions, S-glutathionylation is reversible via the
release of GSH from cysteine residues by thiol-disulphide
oxidoreductase enzymes (TDOR). TDOR enzymes include
TRX, which reduces intra- and intermolecular disulphide
bonds, and glutaredoxin (GRX) which reduces protein-GSH
bonds [94–96]. TRX and GRX catalyze the reduction of
disulphide bonds and reactivate proteins that have under-
gone oxidation from sulfhydryl groups [95, 96]. Alterations
in the ratio of GSH/GSSG and conditions that promote
RNS/ROS production result in cysteine modifications that
are precursors to the formation of mixed disulphides with
GSH [95, 97, 98]. However, the role of S-glutathionylation
during nitrosative and oxidative stress has not been com-
pletely defined. Glutathionylation at physiological levels may
therefore represent a mechanism whereby cysteine residues
faced with oxidation are protected from irreversible damage.
The reduction of GSH-protein disulphide by GRX is essential
in this process as it maintains the cellular availability of GSH
and acts in concert with TRX to maintain the cellular thiol
status [95].

S-glutathionylation has been implicated in neurodegen-
eration [95, 99–101]. The ratio of GSH/GSSG decreases in
brains of aged rats [102], and accumulation of S-glutathi-
onylated p53 in the inferior parietal lobule of AD patients
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has also been reported [101]. In PDmodels, administration of
the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), which causes damage to dopaminergic neurons,
caused an early decrease in the levels of GSH, inhibition of
mitochondrial complex 1, and dopaminergic cell loss [103].
Furthermore, increases in GSH, GRX, and GSH reductase
were detected in the brains of transgenic HD mice models
(R6) [104, 105]. S-glutathionylation of SOD1 isolated from
human erythrocytes at Cys111 promoted SOD1monomer for-
mation and subsequent aggregation [106]. Hence, alterations
in S-glutathionylation and redox potential are important
mediators of protein misfolding, and aberrant disulphide
bond formation is implicated in this process.

5. ER Stress and Neurodegeneration

The major cellular location for protein disulphide bond
formation is the ER. The highly oxidizing environment of
this compartment (GSH :GSSG ratio∼3 : 1) is necessary for
formation of disulphide bonds and is in stark contrast to
the reducing environment of the cytosol (GSH :GSSG ratio∼
100 : 1) [41, 92, 107]. The ER environment, therefore, is highly
sensitive to changes in nitrosative and oxidative stress [31, 36].

ER stress is increasingly implicated as a pathogenicmech-
anism in neurodegenerative diseases [108–114]. ER stress
occurs when misfolded proteins accumulate within the ER
lumen, triggering the unfolded protein response (UPR) [115].
The UPR is a set of signalling pathways that initially aim to
restore homeostasis by: (1) reducing protein synthesis and
translocation, attenuating further accumulation of unfolded
proteins in the ER, (2) activation of ER-resident chaperones
including PDI to increase the protein folding capacity of
the ER, and (3) induction of ERAD. The UPR activates
three ER stress sensor proteins: inositol requiring kinase 1
(IRE1 𝛼/𝛽), double-stranded RNA-activated protein kinase-
(PKR-) like ER kinase (PERK), and activating transcription
factor 6 (ATF6), which transduce signals to the nucleus and
cytosol [115, 116]. However, if homeostasis cannot be restored,
apoptosis is triggered [115, 117]. Prolonged UPR activation
linked to RNS or ROS triggers apoptosis through C/EBP
homologous protein (CHOP), caspase 4, c-Jun, and c-Jun N-
terminal kinase (JNK) [41, 118, 119].

PDI family members fulfil crucial roles in regulating
ER stress by maintaining native protein conformation and
facilitating protein degradation [120]. The remainder of this
review will focus on the PDI family and the effect of S-
nitrosylation/S-glutathionylation on PDI and its functional
role in neurodegeneration.

6. PDI Family Members

There are currently 21 identified members of the PDI family
[32, 120–125], which share several features in common; at
least one domain with a TRX fold, the presence of a signal
sequence, and ER localization due to the presence of an
KDEL or other ER retention signal [32, 120, 126]. Whilst
PDI family members contain a TRX domain, they essen-
tially differ from TRX due to their higher redox potentials,

a b b ax C

CXXC CXXC KDEL

Figure 1: Domains of PDIA1. TRX-like domains representing
catalytic active domains a a. The b domain and b are catalytically
inactive.The linker region is responsible for binding to the substrate.
The C terminal is followed by an ER retrieval signal KDEL.

substrate binding domains, and their ability to display both
isomerase and chaperone activities, which renders themmore
efficient than TRX at forming/reforming disulphide bonds
[127, 128]. Whilst PDI family members primarily mediate
protein folding, other functions have also been ascribed to
them, including regulation of Ca2+ homeostasis [129, 130] and
ERAD, thus ameliorating protein misfolding within the ER
[33–35].

PDI disulphide-isomerase activity catalyzes the rear-
rangement of nonnative (incorrectly formed) disulphide
bonds on nascent proteins, which would otherwise result
in the formation of a misfolded structure. This activity
is mediated through catalysis of thiol disulphide exchange
(isomerization), whereby non-native disulphide bonds are
initially reduced, and then oxidized to form the native
structure [131–133]. Disulphide formation and stability are
facilitated by the redox conditions of the ER [31].Thus, active-
site cysteines shift between two redox states: oxidation and
the formation of disulphide bonds and reduction leading
to the formation of thiols with free sulfhydryls [134]. In
addition, PDI also has general chaperone activity which is
independent of its disulphide interchange function [135–137].
This chaperone activity does not require its catalytic domains
or active sites [138, 139].

PDI (PDIA1), the prototype of the PDI family, is a 55 kDa
protein with two catalytically inactive TRX domains (b and
b), inserted between two TRX-like catalytic domains (a and
a), and an acidic C terminal domain with an ER-retention
motif (KDEL). PDIA1 contains a CXXC catalytically active
motif (Figure 1). All domains of PDI are required for efficient
catalysis of disulphide bond formation and rearrangement
[32, 120, 140].The structure of yeast PDI has revealed that the
binding of PDI tomisfolded protein substrates is facilitated by
two of the active cysteines positioned on opposite sides of the
molecule [140, 141].The noncatalytic b domain is situated on
the base and is the major site for binding of substrates [141],
although other domains also contribute to this process. The
b-b combination of noncatalytic domains is present only in
PDIA1, PDIA2 (PDIp), PDIA3 (ERp57), and PDIA4 (ERp72)
family members [142–146]. PDIA1 has the broadest substrate
specificity of the PDI familymembers examined to date [144].

PDIA2 is primarily expressed in pancreatic cells and
dopaminergic neurons [146–148]. The domain structure of
PDIA2 is similar to PDIA1, with a CXXCmotif in the homol-
ogous a, a domains, intervening b, b domains, a x-linker
region, and an N-terminal ER sequence [149]. PDIA2 also
contains a KEEL motif at the C-terminus, an ER retention
signal analogous to KDEL [150]. Similar to PDI, PDIA2 can
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interact with protein substrates with and without cysteine
residues [148, 151], suggesting that PDIA2 may act as a chap-
erone independent of catalyzing disulphide bond formation
[147]. However, although its domain organization is similar
to PDI, its physiological role remains unclear.

PDIA3 is the second most abundant soluble protein
after PDIA1 found in the ER [120]. It contains a protein
sequence homologous to PDIA1, with similarities in domain
architecture but differences in substrate binding [152]. Whilst
PDIA3 is an oxidoreductase with thiol-dependent reductase
activity [153], it is different to the other PDI family members
in that it acts primarily on glycosylated proteins by asso-
ciating noncovalently with the lectin chaperones calnexin
and calreticulin [154]. The catalytic properties differ from
PDIA1 and the redox potential of PDIA3 is also lower than
PDIA1 [155, 156]. PDIA3, like PDIA1, has two CXXC motifs
at the conserved active sites and four similar TRX-like
domains (a-b-b-a) [153, 156]. The C-terminus of PDIA3
has an ER retention signal with a sequence similar to that
of PDIA1 [153] and a nuclear localisation signal near the C
terminal with a high affinity for importin [128, 157, 158].
In addition, PDIA3 and PDIA1 differ in terms of substrate
binding specificity due to differences in homology in their
b domains. The binding domain of PDIA3 is enriched in
lysine and arginine residues, so that PDIA3 binds to proteins
containing negatively chargedPdomains, such as those found
in calreticulin [142, 158].The oxidative and catalytic property
of PDIA3 and PDIA1 both rely on a charged glutamic acid
and a pair of lysine residues found behind the active CXXC
site [120].

Some PDI family members possess more than two CXXC
active sites. PDIr, Erp46, and PDIA4, also known as Ca2+
binding protein (CaBP2) [159], all have three active sites
[121, 160–163], and ERdJ5 contains four active sites [164].
PDIA4 is similar to PDIA1 in its catalytic domains but has
lower sequence similarity in the other domains. It can also
act as a substitute for PDIA3 in folding specific proteins, but
it does not bind to glycoproteins [165]. Other PDI gene family
members include DNAJC10, ERP27, ERP29 (ERP28), ERP44,
PDIA5, PDIA6, PDILT, and TXNDC5 (for comprehensive
review please refer to [125]). However, this review will focus
on PDIA1, PDIA2, PDIA3, and PDIA4 as these are the only
PDI family members to date that are reported to undergo S-
nitrosylation.

7. The Presence of PDI in
Non-ER Compartments

Whilst PDI family members are primarily considered to be
ER-localized, they are also present in other cellular locations,
including the nucleus, cytoplasm, cell surface, and extracellu-
lar space [128]. Few proteins linked to neurodegeneration are
present in the ER, so it is possible that PDI plays an important
role in these locations. In the ER, PDI must be maintained in
a balance between its oxidized and reduced states to facilitate
disulphide bond formation [166, 167]. However, in non-ER
compartments, PDI familymembers have an increased ability
to catalyze the reduction of disulphide bonds compared to

the ER [168]. The mechanism of transit of PDI from the ER
remains unknown, and because of the presence of the KDEL
retention signal, observations of non-ER localized PDI have
previously been questioned [128]. However, other primarily
ER-localized proteins that possess a KDEL motif, such as
calreticulin and binding immunoglobulin protein (BiP), are
also secreted and located in the nucleus, cytoplasm and cell
surface [169–176].

PDI in the cytosol has been postulated to act as a
cofactor with insulin-degrading enzyme (IDE) during insulin
metabolism, while acting in concert with reduced GSH
to catalyze disulphide bond cleavage [177]. There is also
evidence that PDI redistributes away from its ER location into
the cytoplasm in pathological conditions. ER stress causes
the redistribution of PDIA1 and PDIA3 from the ER to the
cytosol [178], consistent with the notion that PDI in locations
other than the ER is neuroprotective. Furthermore, one study
demonstrated that overexpression of reticulon-4A (NOGO
A) triggered the redistribution of PDI from the ER into
vesicular-type structures localized in an undefined cellular
compartment, both in vitro and in vivo, which occurred in
the absence of the UPR [179]. Deletion of NOGO A, B from
ALS mouse models, involving transgenic overexpression of
mutant SOD1G93A, led to earlier onset and increased disease
progression, indicating that reticulons mediate PDI func-
tion and redistribution in neurodegeneration [179]. A more
recent study, using human neuroblastoma SH-SY5Y cells
overexpressing reticulon protein 1C (RTN-1C), demonstrated
that redistribution of PDI away from the ER into vesicular
structures led to a consequent increase in the enzymatic
activity of PDI and a decrease in S-nitrosylation [180].

PDI has also been detected at the cell membrane, where
a role in NO signalling has been described. S-nitrosylated
extracellular proteins transfer NO to the cytosol via the
reducing activity of cell surface PDI [181, 182]. During this
process, cell-surface PDI also undergoes thiol modification
[183]. Furthermore, PDIA3 interacts with prion proteins
(PrP) at the cell surface and may play a key role in PrP
accumulation [184]. In addition, PDIA1 and PDIA3 have been
detected in the nucleus, where they are posited to anchor
DNA loops to the nuclear matrix [128, 185, 186]. PDI-like
activity has also been detected in mitochondria, although
PDIA1 has not been identified in this compartment [187], and
it is possible thatMia 40 contributes to this activity [188, 189].

PDIA1 and PDIA3 have also been detected at mitochon-
drial-associated ER membranes, where, remarkably, they
may regulate apoptosis signalling [190]. The expression of
polyglutamine expanded Huntington protein led to PDIA1
and PDIA3 accumulation in this location, where it triggered
mitochondrial outer membrane permeabilization through
activation of proapoptotic BCL-2 family members, triggering
apoptosis [190]. Hence, whilst PDI functions protectively
through its chaperone and isomerase activities [191], it can
also trigger pro-apoptotic mechanisms [190]. While this
process has not yet been fully defined, the novel proapoptotic
function of PDI may represent a new link between protein
misfolding and cell death.
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8. Role of PDI in Neurodegeneration

There is now substantial evidence linking PDI family mem-
bers to protein misfolding in neurodegeneration. PDIA1 is
upregulated in AD brain tissues [192], PDIA3 forms a
complex with calreticulin and A-𝛽 peptides in patients’ CSF
[193], and NFTs are immunopositive for PDI [194, 195]. Sim-
ilarly, in cellular models of PD, treatment of dopaminergic
neurons with 6-hydroxydopamine (6-OHDA) induces ER
stress, oxidation, and aggregation of PDIA3 [196]. PDIA2 is
upregulated in SH-SY5Y human neuroblastoma treated with
either 1-methy-4-phenyl-pyridinium (MPP+) or proteasome
inhibitor lactacystin while immunoreactivity to PDIA2 has
also been detected in LB in postmortem brains of PD patients
[146]. Furthermore, the a domain of PDIA1 inhibits 𝛼-
synuclein fibril formation [197], and coexpression of PDIA1
decreased synphilin-1 positive LB formation in the cytoplasm
[75]. PDIA1 was upregulated in the brains of Creutzfeldt-
Jakob disease (CJD) patients [198], while PDIA1 and PDIA3
were upregulated in prion disease in scrapie infected rodents
[199]. Pharmacological inhibition of PDIA3 using bacitracin
increased the accumulation of aggregated PrP, also suggesting
that PDI is not functional in prion disease [184]. Further-
more, upregulation of PDIA1 and PDIA3 was associated with
mitochondrial dysfunction in cells expressing misfolded PrP
[199]. The detection of mitochondrial apoptosis triggered by
PDIA1 and PDIA3 in HD models [190] also highlights the
intrinsic link between PDI upregulation and mitochondrial
dysregulation in neurodegeneration [199].

There is also increasing evidence for an important role
for PDI in ALS. PDIA1 is upregulated and is a component
of TDP-43 and FUS-positive cytoplasmic inclusions inmotor
neurons of sporadic ALS patients [200, 201]. Additionally,
PDIA1 is a risk factor for the development of ALS [202].
PDIA1 also colocalizes with mutant SOD1-positive inclusions
in cell culture and transgenic SOD1 rodents [89, 203, 204].
Overexpression of PDIA1 decreases the formation of mutant
SOD1 inclusions whereas knockdown of PDI using siRNA
increases the proportion of inclusions [89]. Furthermore,
a synthetic mimic of the PDIA1 active site; (±)-trans-1,2-
bis (mercaptoacetamido)cyclohexane (BMC), is protective
against mutant SOD1 aggregation in cell culture [89]. SOD1
contains four cysteine residues, and non-native disulphide
bonds between Cys6 and Cys111 have been implicated in
mutant SOD1 aggregation [205]. Conversely, upregulation of
PDIA1 in microglia in SOD1G93A mice was associated with
increased levels of NADPH oxidase (NOX), superoxide, and
tumour necrosis factor-𝛼. Pharmacological inhibition and
knockdown of PDIA1 using siRNA decreased superoxide
andNOX activation inmicroglia, therefore providing further
evidence for a potential neurotoxic role of PDIA1 [206].

PDI is therefore upregulated during UPR activation and
is part of a cellular protective mechanism that prevents pro-
tein misfolding and aggregation in neurodegeneration. PDI
family members are especially vulnerable to oxidative and
nitrosative-linked posttranslational modifications due to the
highly oxidizing environment of the ER and the presence of
cysteine residues in the PDI catalytic regions. Irreversible S-
nitrosylation of PDI (SNO-PDI) may therefore ameliorate its

protective function in neurodegenerative disorders and thus
contribute to disease.

9. SNO-PDI and Neurodegeneration

PDI is S-nitrosylated by endogenous nNOS in both its TRX
domains leading to a significant reduction in isomerase and
chaperone activity [75]. Also, induction of SNO-PDI using
NO donor S-nitrosocysteine (SNOC) completely abrogates
the catalytic activity of PDI, resulting in neuronal cell death
[207].

SNO-PDI has been detected in postmortem brain tissue
of sporadic PD and AD patients [75] and lumbar spinal cord
tissues of ALS patients and SOD1G93A mice [89]. This was
linked to excessive production of NO or exposure to exoge-
nous agents such as rotenone [75]. PDI was shown to be
modified in the cysteine thiol groups in the C-terminal
CXXC motif, leading to the accumulation of polyubiquiti-
nated proteins and activation of the UPR [75]. SNO-PDI
formation is associated with synphilin misfolding in PD [31]
and mitochondrial mediated apoptosis in prion infection
[199]. SNO-PDI is also found in cultured astrocytes after
ischemia/reperfusion-induced iNOS production, leading to
increases in ubiquitinated aggregates that colocalize with
SOD1 [7].

One potential physiological mechanism of SNO-PDI
production involves pathological hyperactivation of NMDAr
[31] and inhibition of mitochondria leading to the generation
of ROS, nNOS, and NO [31, 70, 71]. Exposure of cortical
neurons toNMDAproduces SNO-PDI, leading to an increase
in polyubiquitinated proteins and apoptosis after 24 hrs of
treatment. Furthermore, overexpression of WT PDI leads to
a decrease in polyubiquitination and apoptosis, suggesting
that PDI may provide protection against excitotoxicity from
excessive stimulation of NMDA receptors [75]. Additionally,
treatment with Rotenone, amitochondrial complex inhibitor,
produces elevated levels of SNO-PDI [75], suggesting that
mitochondria are another source of NO or cytosolic nNOS
[31]. NO disrupts Ca2+ homeostasis, potentially via S-nitro-
sylation of the ER Ca2+ channel ryanodine receptor, and
induction of ER stress [57, 208]. ER-resident proteins are
particularly vulnerable to S-nitrosylation and as such a pos-
itive feedback mechanism would create a scenario whereby
excessive RNS/ROS increasingly deactivates protective ER-
resident chaperones such as PDI, prolonging UPR activa-
tion, leading to increases in ROS/RNS generation even-
tually resulting in cell death [31]. ER dysfunction due to
excessive oxidative/nitrosative stress may, thus, lead to the
S-nitrosylation of PDI in neurodegenerative disease [31].
However, PDI family members PDIA1, PDIA3, and PDIA4
can be S-nitrosylated independently of UPR induction [209].
Alternatively, PDI located at the cell surfacemay also promote
production of SNO proteins. It has been previously suggested
that extracellular SNO proteins may transfer NO to the cyto-
plasm via the reducing activity of cell surface PDI [181, 182].
According to this theory, reduced NO may readily penetrate
the plasma membrane, leading to SNO production [128]
(Figure 2). Hence, the formation of SNO-PDI results in the
abrogation of the normally protective isomerase/chaperone
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Figure 2: Cell surface PDI, NO, and SNO-PDI. (A) Cell surface PDI reduces NO from extracellular SNO proteins (SNO-P) and in the process
undergoes thiol modification. (B) Hyperactivation of the NMDAr leads to an intracellular influx of Ca2+ ions (NMDAr may also undergo
reversible S-nitrosylation to ameliorate excessive activity). (C) Inhibition ofmitochondria contributes to an increase in intracellularNOwhich
is potentially oxidized byO

2
leading to an increase in NO, nNOS, ROS, and RNS. (D) Increases in RNS/ROS alters the ER redox environment,

and NO S-nitrosylates Ca2+ ryanodine (Ryn) receptor leading to a disruption in Ca2+ homeostasis. (E) ER-resident proteins such as PDI are
vulnerable to S-nitrosylation, deactivating its isomerase and chaperone activity, leading to accumulation of misfolded proteins, ER stress, and
UPR induction.

activity of PDI, which may contribute to protein misfolding
and production of SNOproteins.This suggests that SNO-PDI
may be a common pathological mechanism contributing to
neurodegenerative diseases.

10. S-Glutathionylation and PDI

A link between S-glutathionylated PDI and neurodegener-
ative disease has not yet been established [210]. However,
cysteine residues in the a and a domains of PDI make it a
potential target for S-glutathionylation [211].

PDI has been shown to be S-glutathionylated at two
of its four active cysteine sites (Cys53, Cys56 or Cys397,
Cys400) [92]. S-glutathionylation was induced in these cells
by treatment with anticancer agent O

2
–[2,4-dinitro-5-(N-

methyl-N-4-carboxyphenylamino) phenyl]1–(N,N dimethyl-
amino)diazen-1-ium-1,2-diolate (PABA/NO), which led to a
dose-dependent increase in intracellular NO [210], triggering
UPR induction and cell death [92]. S-glutathionylation of
PDI has been demonstrated in human leukemia (HL60) and
ovarian cancer cells (SKOV3) inhibiting its isomerase func-
tion [205]. In addition, S-glutathionylation of PDI abrogates
its chaperone activity and prevents binding to oestrogen
receptor alpha (ER𝛼) [212]. The PDI-ER𝛼 interaction may
protect ER𝛼 from oxidation and ensure its native protein
conformation [213].However, aberrant S-glutathionylation of
PDI leads to destabilisation of the receptor and dysregulata-
tion of ER𝛼 signaling. This may subsequently mediate cell
death via activation of the UPR and reduced ER𝛼 stability
[212]. However, although PABA/NO treatment increased
levels of intracellular NO, it did not lead to S-nitrosylation

of PDI [210]. There are two pools of S-nitrosylated proteins,
GSH stable and GSH labile proteins, with the latter pool
being readily subject to conversion to S-glutathionylated
products [41]. Therefore, the lack of SNO proteins after
PABA/NO treatment may be due to conversion of SNO
proteins to S-glutathionylated proteins [210] (Figure 3). This
notion therefore provides a link between S-nitrosylation and
S-glutathionylation, although the exact relationship between
these modifications remains unknown [41].

S-glutathionylation of PDI was proposed to be an up-
stream signalling event triggeringmisfolded protein accumu-
lation and UPR induction [210, 211]. As PDI may regulate
redox potential at the cell surface [182, 214], it therefore
may facilitate cell adhesion [215], antigen processing [216],
and glioma cell invasion [217]. S-glutathionylation of cell
surface proteins alters extracellular and intracellular redox
homeostasis [210]. Hence, irreversible S-glutathionylation/S-
nitrosylation of cell surface PDI could alter redox poten-
tial, leading to amelioration of the protective chaper-
one/isomerase functions of PDI.This mechanismmay there-
fore contribute to the excessive production of SNO and
S-glutathionylated proteins observed in neurodegenerative
disease.

11. Conclusion

PDIs are a large family of chaperones and foldases which
have complex yet still inadequately described functions
with emerging roles in neurodegenerative diseases. Whilst
S-nitrosylation plays a normal physiological role in sig-
nalling pathways, aberrant modification is triggered during
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Figure 3: S-glutathionylation of PDI. Nitrosative stress from an exogenous agent (PABA/NO) increases intracellular NO and leads to the
production of SNO-PDI. However, this may result in a decrease in GSSG/GSH ratio and increases in the free cellular pool of GSH. GSH then
binds to the catalytic (a, a) domains of PDI, resulting in S-glutathionylation (P-SSG) of its cysteine residues and attenuation of its protective
isomerase and chaperone activity.

conditions of elevated nitrosative and oxidative stress. Accu-
mulating evidence suggests that SNO-PDI plays a role in
the pathogenesis of neurodegenerative diseases such as AD,
PD, and ALS, and this may exacerbate neurodegeneration
via a number of mechanisms. However, most of the available
reports are correlative in nature and therefore more direct
approaches examining the contribution of S-nitrosylation of
PDI family members to neurodegeneration are warranted. S-
nitrosylation is also linked to another previously described
modification of PDI, S-glutathionylation, although the S-
glutathionylation of PDI and its role in neurodegenerative
diseases have not been elucidated. Whilst PDI family mem-
bers are conventionally regarded as being ER localized, they
are also present and catalytically active in several other
cellular locations, which is likely to be particularly important
in disease as few proteins associated with neurodegeneration
are found in the ER. Finally, cell surface PDI, which reduces
NO allowing it to pass through the plasma membrane, may
lead to the production of SNO proteins and therefore also
contribute to the pathogenesis of neurodegenerative diseases.
The broad involvement of PDIs in human neurodegenerative
diseases highlights the need for a better understanding of how
they become inactivated by posttranslational modification,
which is crucial to evaluate their use as possible targets for
disease intervention.
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The maintenance and regulation of proteostasis is a critical function for post-mitotic

neurons and its dysregulation is increasingly implicated in neurodegenerative diseases.

Despite having different clinical manifestations, these disorders share similar pathology;

an accumulation of misfolded proteins in neurons and subsequent disruption to cellular

proteostasis. The endoplasmic reticulum (ER) is an important component of proteostasis,

and when the accumulation of misfolded proteins occurs within the ER, this disturbs ER

homeostasis, giving rise to ER stress. This triggers the unfolded protein response (UPR),

distinct signaling pathways that whilst initially protective, are pro-apoptotic if ER stress

is prolonged. ER stress is increasingly implicated in neurodegenerative diseases, and

emerging evidence highlights the complexity of the UPR in these disorders, with both

protective and detrimental components being described. Protein Disulfide Isomerase

(PDI) is an ER chaperone induced during ER stress that is responsible for the formation

of disulfide bonds in proteins. Whilst initially considered to be protective, recent studies

have revealed unconventional roles for PDI in neurodegenerative diseases, distinct from

its normal function in the UPR and the ER, although these mechanisms remain poorly

defined. However, specific aspects of PDI function may offer the potential to be exploited

therapeutically in the future. This review will focus on the evidence linking ER stress

and the UPR to neurodegenerative diseases, with particular emphasis on the emerging

functions ascribed to PDI in these conditions.

Keywords: endoplasmic reticulum stress (ER stress), unfolded protein response (UPR), protein disulfide isomerase

(PDI), neurodegeneration, Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS),

Huntington’s disease (HD)

INTRODUCTION

The endoplasmic reticulum (ER) is a fundamental cellular organelle responsible for the folding,
post-translational modification, transportation, and quality control of newly synthesized proteins.
The ER is therefore a key component of cellular protein homeostasis, or proteostasis, integrated
mechanisms that control the regulation of protein trafficking, synthesis, folding, and degradation.
The maintenance and regulation of proteostasis is a critical function for post-mitotic cells such as
neurons and dysregulation of proteostasis is increasingly implicated in diseases that target neurons,
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including neurodegenerative diseases. A pathological hallmark
of these diseases is the accumulation of misfolded protein
aggregates within affected neurons. Whilst neurodegenerative
diseases differ in the proteins which misfold, and the sub-groups
of neurons affected, abnormal protein misfolding is a common
feature.

When the accumulation of misfolded or unfolded proteins
occurs within the ER, this disturbs ER homeostasis, giving rise
to ER stress. ER stress results in activation of the unfolded
protein response (UPR) which aims to alleviate the stress. The
UPR involves up-regulation of protein chaperones to promote
protein folding, translational attenuation to reduce the load
of proteins within the ER to prevent further accumulation of
misfolded proteins, and up-regulation of ER-associated protein
degradation (ERAD) and autophagy to promote degradation of
misfolded proteins. Therefore, ER stress plays a pivotal role in
cell survival by maintaining proteostasis. In circumstances of
chronic or prolonged ER stress, however, the UPR becomes pro-
apoptotic, therefore triggering cell death. ER stress is increasingly
implicated as a key mechanism relevant to pathogenesis in
neurodegenerative diseases, although differential effects are
evident in different neurodegenerative conditions.

Chaperones promote the correct folding of proteins into their
native conformations and hence are an important mechanism
in proteostasis. One chaperone upregulated during the UPR is
Protein Disulfide Isomerase (PDI), which is found primarily
within the ER, but is also found in other cellular locations. PDI is
the prototype of a family of proteins that possess two alternative
functions; general chaperone activity and disulfide interchange
activity; in which protein disulfide bonds are oxidized, reduced,
or isomerized. As chaperones prevent protein misfolding, novel
therapeutic strategies mimicking the functional activity of PDI
may therefore be beneficial in disorders involving protein
misfolding. Consistent with this notion, there is increasing
evidence linking PDI to neurodegenerative diseases. Recent
studies have revealed unconventional roles for PDI in these
disorders, distinct from its normal function in the UPR and
the ER, although these mechanisms remain poorly defined. This
review will focus on the evidence linking ER stress and the UPR
to neurodegenerative diseases, with particular emphasis on the
role of PDI in these conditions.

NEURODEGENERATION

Neurodegenerative diseases have long been regarded as
intangible mysteries of biomedical research and targeting
these conditions therapeutically remains a major obstacle in
medicine. Whilst these disorders are distinct in their clinical
manifestations, they share a common pathological hallmark: the
abnormal aggregation of misfolded proteins (Lindholm et al.,
2006). Aggregation occurs when misfolded proteins expose
hydrophobic regions that are normally hidden within the protein
interior when folded in their native conformation. This exposure
of normally buried regions promotes hydrophobic interactions
with other proteins. Protein misfolding is triggered by genetic
mutations in familial forms of disease, or by cellular conditions
which cause wildtype proteins to misfold in sporadic forms of

disease, although the latter processes remain poorly defined.
The aggregation of misfolded proteins leads to the formation of
prominent protein inclusions (Wolozin, 2012; Figure 1). The
most prevalent neurodegenerative diseases include Alzheimer’s
disease (AD), Parkinson’s disease (PD), amyotrophic lateral
sclerosis (ALS), Huntington’s disease (HD), and transmissible
prion encephalopathies, such as Creutzfeldt-Jakob disease (CJD).
These disorders differ in the proteins that misfold and the group
of neurons which are affected (Soto, 2003;Table 1). An intriguing
puzzle is why specific groups of neurons are selectively targeted
in these conditions when the proteins that misfold are usually

FIGURE 1 | Schematic representation of the protein pathology

contribution to neurodegenerative disease via chronic Endoplasmic

Reticulum (ER) stress. Misfolded proteins aggregate and form prominent

inclusions as the characteristic pathological hallmark of these disorders. ER

stress results from the accumulation of misfolded proteins within the ER, thus

activating the Unfolded Protein Response (UPR), which if prolonged or

unresolved, can result in neuronal cell death, and hence neurodegenerative

disorders.
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TABLE 1 | Genes and proteins implicated in common neurodegenerative diseases.

Neurodegenerative disease Genes implicated in disease Proteins encoded References

Alzheimer’s disease APP Amyloid precursor protein Haass and Selkoe, 2007; Karran et al., 2011;

Matus et al., 2011PSEN1 Presenilin-1

PSEN2 Presenilin-2

MAPT Tau

Parkinson’s disease SNCA

PARK2

PINK1

PARK7

UCH-L1

PARK8

α-Synuclein

Parkin

PTEN-induced putative kinase 1

DJ-1

Ubiquitin carboxyl-terminal esterase L1

LRRK2

Chartier-Harlin et al., 2004; Schlehe et al., 2008;

Volpicelli-Daley et al., 2011

Amyotrophic lateral sclerosis SOD1 Cu/Zn superoxide dismutase 1 Ferraiuolo et al., 2011; Turner et al., 2013;

Leblond et al., 2014; Renton et al., 2014TARDBP TAR DNA binding protein 43 (TDP-43)

FUS Fused in sarcoma

C9orf72 Chromosome 9 open reading frame 72

ALS2 Alsin

SETX Senataxin

VAPB Vesicle-associated membrane

protein-associated B

OPTN Optineurin

VCP Valosin-containing protein

UBQLN2 Ubiquilin 2

PFN1 Profilin 1

SQSTM1 Sequestosome 1

HnRNPA2B1/A1 Heterogenous nuclear ribonucleoprotein

TAF15 TATA box binding protein-associated factor

Huntington’s disease HTT Huntingtin Carnemolla et al., 2009; Ross and Tabrizi, 2011

Creutzfeldt-Jakob disease PRNP PrP protein Head and Ironside, 2012; Porter and Leemans,

2013

expressed ubiquitously in all cell types. At the biochemical level,
however, these disorders share a commonmechanism; formation
of abnormal misfolded protein aggregates which lead to the
protein inclusions characteristic of pathology in these disorders.

Alzheimer’s Disease
AD is characterized by a progressive decline in memory,
language, behavior, and cognitive function (Salminen et al.,
2009). Neuronal degeneration in AD occurs in the cerebral cortex
(in particular the frontal, temporal, and parietal lobes) and the
hippocampus (Brundin et al., 2010; Fjell et al., 2014). Two types
of misfolded protein inclusions are present in these tissues.
Amyloid plaques are formed extracellularly by the aggregation
of β-amyloid, which is produced by abnormal cleavage of
amyloid precursor protein (APP), and neurofibrillary tangles,
which are formed intracellularly in the cytoplasm by hyper-
phosphorylation of themicrotubule associated protein tau (Haass
and Selkoe, 2007; Matus et al., 2011). Mutations that cause
familial cases of AD occur in genes encoding APP, or the
presenilin genes (PS1 and PS2) which encode proteins that

comprise the secretase complex that regulates APP processing.
These mutations alter the metabolism of β-amyloid, which either
increase the total production of β-amyloid or reduce its rate
of degradation. The increased levels of β-amyloid then lead
to its oligomerization (Haass and Selkoe, 2007; Karran et al.,
2011).

Parkinson’s Disease
PD results from the degeneration of dopaminergic neurons
primarily in the substantia nigra pars compacta in the midbrain
(Matus et al., 2011). As a consequence, PD patients experience
symptoms of motor dysfunction; tremors, bradykinesia (slowed
movement), rigidity, loss of autonomicmovement, and abnormal
gait (Jankovic, 2008). The most widely studied gene linked to
PD encodes α-synuclein, which causes rare autosomal dominant
familial forms of disease (Chartier-Harlin et al., 2004). α-
synuclein is found in both Lewy bodies and Lewy neurites, which
are protein inclusion bodies found in the neuronal cytoplasm and
processes, respectively (Volpicelli-Daley et al., 2011). Mutations
in the genes encoding Parkin, PINK1, and DJ-1, LRRK2 and
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UCH-L1 cause familial forms of PD, which arise through
autosomal recessive inheritance (Schlehe et al., 2008).

Amyotrophic Lateral Sclerosis
ALS is characterized by the degeneration of upper motor neurons
of the motor cortex and lower motor neurons of the brainstem
and spinal cord (Kent-Braun et al., 1998). Patients typically
experience symptoms of fatigue, muscle weakness and atrophy,
followed by paralysis (Rothstein, 2009; Robberecht and Philips,
2013). There are numerous genes linked to ALS both genetically
and/or pathologically (Leblond et al., 2014; Renton et al., 2014;
Table 1). Protein inclusions in ALS form in the cytoplasm of
degenerating motor neurons and depending on the patient,
contain primarily [Cu/Zn] superoxide dismutase 1 (SOD1), TAR
DNA binding protein 43 (TDP-43), fused in sarcoma (FUS), or by
dipeptide repeat proteins produced by non-conventional repeat
associated non-ATG translation, encoded by the Chromosome 9
open reading frame 72 repeat expansion (C9orf72) (Ferraiuolo
et al., 2011; Turner et al., 2013; Leblond et al., 2014; Renton et al.,
2014). Recent evidence has demonstrated that ALS is linked to
closely to frontotemporal dementia (FTD) (Ling et al., 2013).

Huntington’s Disease
Characterized by involuntary movements such as twitching and
chorea (jerky movements of limbs), personality changes and
dementia, HD is an autosomal dominant disease (Brundin et al.,
2010). Mutations in the huntingtin (Htt) gene result from
the expansion of a CAG repeat, which leads to an aberrantly
long polyglutamine sequence in the huntingtin protein (Ross
and Tabrizi, 2011). Huntingtin proteins with less than 35
polyglutamine repeats do not aggregate readily, however proteins
with more than 40 repeats result in aggregation into inclusion
bodies (Brundin et al., 2010). In general, longer lengths of
polyglutamine repeats result in more rapid neurodegeneration
and earlier disease onset than shorter repeats (Ross and Tabrizi,
2011). In contrast to the other neurodegenerative diseases in
which most cases (85–90%) are sporadic, HD is entirely genetic
in nature (Carnemolla et al., 2009).

Creutzfeldt-Jakob Disease and Other Prion
Encephalopathies
Transmissible prion encephalopathies are neurodegenerative
disorders in which proteins become infectious and protein
misfolding propagates from one cell to another. These infectious
proteins are termed prions (Makarava et al., 2012). The most
common transmissible prion encephalopathy is CJD, in which
patients experience memory loss, cognitive decline, personality
changes, and psychosis (Porter and Leemans, 2013). The
prion gene PRNP encodes cellular prion protein (PrPc), which
occurs naturally in both humans and animals. However, in
CJD, the accumulation of abnormal prion protein, the scrapie
isoform PrPSc, results, which is the major component of the
purified infectious agent (Head and Ironside, 2012). PrPSc

promotes refolding of natively folded PrPc proteins into disease-
associated misfolded PrPSc prions, resulting in insoluble protein
inclusions in the brain and lympho-reticular tissues (Porter and

Leemans, 2013). Not surprisingly, familial forms of CJD are
caused by mutations in the PRNP gene (Head and Ironside,
2012).

Proteins misfold as part of normal cellular physiology,
however normally, cells do not accumulate protein aggregates.
Hence, what causes the formation of protein inclusions in
neurodegeneration? A striking feature of neurodegenerative
diseases is that they are late onset, and the probability of
disease onset rises significantly with age. Therefore, pathology
can be hypothesized to arise as a consequence of the
normal aging process, whereby proteostasis becomes increasingly
more difficult for cells to maintain as misfolded proteins
continuously accumulate within the neuron. These mechanisms
are not well understood, although decreases in chaperone
activity or the efficiency of protein degradation processes
over time may accelerate the accumulation of misfolded
proteins (Nakamura and Lipton, 2011). Similarly, a decrease in
antioxidant defenses during normal aging results in increases in
the production of free radicals, therefore promoting oxidative
stress (Halloran et al., 2013). Oxidative stress ultimately damages
cells and is closely associated with ER stress (Lindholm
et al., 2006; Kanekura et al., 2009). We describe below the
increasingly complex relationship between the ER and protein
misfolding in the context of age-related neurodegenerative
disorders.

ER STRESS

The Endoplasmic Reticulum (ER) in
Neurons
The ER is the largest membrane-bound organelle in the cell,
and it possesses a diverse range of signaling and homeostatic
functions. As well as the synthesis, folding/maturation, and
trafficking of all secretory/transmembrane proteins, it also
synthesizes lipids, plays a critical role in Ca2+ homeostasis, and
is essential for compartmentalization of the nucleus and the
structure of chromatin. Recently, novel ER functions have been
described, including the regulation of mitochondrial function
and the formation of autophagosomes, thus highlighting the
importance of this organelle in cellular organization and
proteostasis. The ER is well characterized in yeast and specialized
secretory cells, but the ER in neurons is poorly studied
in comparison. It is clear, however that the ER is much
more extensive in neurons than in other cells, extending
throughout the entire dendritic arbor and axon (Ramirez et al.,
2011). There is evidence that multiple proteins are synthesized
locally in both dendrites and axons (Lin and Holt, 2008;
Yudin et al., 2008; Merianda et al., 2009). However, in these
compartments, in particular within the axon, the ER remains
largely uncharacterized.

Equipped with a variety of chaperones and folding enzymes,
the ER maintains tight quality control measures to sustain its
environment (Halperin et al., 2014). When nascent proteins
enter the ER, the formation of disulfide bonds and other
post-translational modifications facilitate correct protein folding.
Disulfide bond formation is catalyzed by the PDI family of
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proteins and is possible due to the oxidizing environment of
the ER (E◦′ = −0.18V ; Woycechowsky and Raines, 2000;
Wilkinson and Gilbert, 2004). These disulfide bonds ensure
protein structural stability and promote assembly of multi-
protein complexes (Woycechowsky and Raines, 2000). Correctly
folded proteins are transported to the Golgi apparatus, where
they are further sorted, modified and then packaged for secretion.
The ER-Golgi route is an important cellular pathway; one third of
all proteins transit the ER and Golgi compartments destined for
transmembrane, ER or extracellular locations (Ghaemmaghami
et al., 2003). Proteins which are unable to be correctly folded
are directed to Endoplasmic Reticulum-Associated Degradation
(ERAD), where misfolded proteins are transported to the cytosol
for degradation by the proteasome, or by autophagy (Hetz and
Mollereau, 2014).

The Unfolded Protein Response
The UPR is an adaptive mechanism designed to cope with
protein folding alterations in the ER, and thus restore
proteostasis (Walker, 2010). Under moderate misfolded protein
accumulation, the UPR transduces information from the ER to
the nucleus and cytosol and thereby inhibits protein translation,
expands the ER membrane, recruits ER chaperones to aid in
the correct folding of misfolded proteins, and promotes protein
degradation in order to reduce the load of unfolded or misfolded
proteins (Hetz, 2012). However, under conditions of chronic or
irreversible ER stress, such as in disease states, the UPR shifts
from being protective to pro-apoptotic, and multiple integrated
apoptotic pathways can trigger cell death (Figure 2).

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 (ATF6). These
ER stress sensors are bound to the ER chaperone, BiP, under
basal conditions, keeping them in an inactivated state. When ER
stress arises, for example, there is an accumulation of misfolded
proteins in the ER lumen, BiP dissociates from the ER stress
sensors to preferentially bind the hydrophobic regions of the
misfolded proteins, thus resulting in their activation (Rutkowski
et al., 2006).

In one pathway, upon activation, PERK directly
phosphorylates, and thus inhibits, the ubiquitous eukaryotic
translation initiation factor 2α (eIF2α). As a consequence, there
is a reduction in the entrance of newly synthesized proteins into
the ER lumen, therefore reducing the load of ER protein-folding
(Boyce et al., 2005). Phosphorylation of eIF2α also favors the
selective translation of the mRNA encoding the transcription
factor ATF4. ATF4 translocates to the nucleus where it induces
the expression of ER chaperones, such as PDI, which increases
refolding of misfolded proteins (Halperin et al., 2014). ATF4 also
induces the expression of various genes involved in autophagy,
antioxidant response, and amino acid biosynthesis and transport
(Cao and Kaufman, 2012; Hetz and Mollereau, 2014).

A second pathway of the UPR is initiated by IRE1 which is
activated upon its dimerization and auto-phosphorylation (Hetz,
2012). IRE1 degrades a subset of mRNAs which encode for
ER-localized proteins by means of regulated IRE1 dependent
decay (RIDD), thereby reducing protein synthesis in the ER
(Cao and Kaufman, 2012). IRE1 also catalyses the splicing of
the 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 of its mRNA (Hetz and
Mollereau, 2014). Spliced XBP-1 is a stable transcription factor

FIGURE 2 | The Unfolded Protein Response. Adapted from Hetz and Mollereau (2014). A schematic demonstrating the action of the three ER stress sensors on

the Unfolded Protein Response.
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which translocates to the nucleus to induce the upregulation
of ER chaperones and proteins involved in the ER-associated
degradation (ERAD) pathway. XBP-1 also controls phospholipid
synthesis which is important for ER membrane expansion when
the ER is under stress (Lee et al., 2003).

In a third pathway, upon UPR activation, ATF6 translocates
from the ER membrane to the Golgi apparatus where it is
cleaved by site-1 and site-2 proteases. The resulting cytosolic
ATF6 fragment (ATF6f) translocates to the nucleus to induce
gene expression of ER chaperones, ERAD components and XBP-
1 (Schröder and Kaufman, 2005). Together, the ER stress sensors
regulate the expression of a number of overlapping target genes,
encoding for proteins which modulate adaptation to stress, thus
promoting the survival of the cell.

Chronic Activation of the UPR
Under conditions of chronic or irreversible ER stress, such as
those that occur in disease, there is a shift in the paradigm
of the UPR from being pro-protective to pro-apoptotic. The
UPR therefore induces apoptosis mediated by overlapping
apoptotic signaling mechanisms (Ma and Hendershot, 2004).
Sustained activation of the ER stress sensor PERK elicits a
chain of transcriptional responses mediated by ATF4. ATF4
induces the upregulation of the transcription factor C/EBP-
homologous protein (CHOP) and its target growth arrest
and DNA damage-inducible 34 (GADD34). The promoter
of CHOP contains the binding sites for several players of
the UPR, including ATF4 and ATF6, and is a key mediator
of ER stress induced apoptosis (Cao and Kaufman, 2012).
CHOP can inhibit the expression of survival protein BCL-
2 and simultaneously engage pro-apoptotic proteins such
as Bcl2-interacting mediator of cell death (BIM) and p53
upregulated modulator of apoptosis (PUMA). The outcome
is the activation of BAX- and BAK- dependent apoptosis at
the mitochondria and the caspase cascade, which result in
apoptosis of the cell (Soo et al., 2009; Hetz and Mollereau,
2014). Furthermore, CHOP induces ERO1α which causes
oxidative stress by transferring electrons from PDI to O2 to
produce hydrogen peroxide. The activation of GADD34 results
in the dephosphorylation of eIF2α, thus increasing protein
synthesis and accentuating the ER and oxidative stress (Cao and
Kaufman, 2012). IRE1 also plays a role in apoptosis of a cell
through the recruitment of apoptosis signaling kinase (ASK1)
which activates the c-Jun N-terminal kinase (JNK) pathway,
which stimulates proinflammatory responses apoptotic pathways
(Nishitoh et al., 2002), and also by direct interaction with BAX
and BAK (Hetz et al., 2006). It is this apoptosis of cells which
results in the degeneration of motor neurons characteristic of
neurodegenerative diseases.

The UPR therefore constitutes a complex mechanism of
integrated signaling pathways that responds to ER stress by either
cellular adaptation, thus promoting the survival of the cell, or
by triggering apoptosis. Similar to other aspects of neuronal
ER biology, whilst the UPR is well-characterized in many cell
types, its function in neurons is poorly understood (Wang and
Kaufman, 2012) and the response of the UPR in the axonal
and dendritic compartments remains uncharacterized. Similarly,

it is unknown if the expression of UPR proteins is induced
locally or somally in response to neuronal activity. Whilst
mechanisms underlying the selective vulnerability of neurons
to degeneration remain unknown, an interesting possibility
is that the unique properties of the ER may contribute and
render neurons particularly sensitive to ER stress. However, this
possibility remains largely unexplored.

Protein Disulfide Isomerase
Structure and Expression of PDI
PDI is a 55kDa ER chaperone primarily localized in the ER
(Ellgaard and Ruddock, 2005), however it has also been detected
in the cytoplasm, nucleus and extracellularly in a biologically
active state (Turano et al., 2002). PDI has four distinct domains
within its structure; a, a’, b, and b’, with a highly acidic C-terminal
extension and an x linker region (Figure 3). An ER-retention
signal sequence (KDEL) lies at the C terminus (Hatahet and
Ruddock, 2007). The a and a’ domains are catalytic domains,
similar to thioredoxin, which are separated by the two non-
catalytic domains (b and b’) (Hatahet and Ruddock, 2007), that
only share 16.5% sequence identity (Xu et al., 2014). The catalytic
domains contain an active site motif comprising two cysteine
residues separated by glycine and histidine (Cys-Gly-His-Cys).
The oxidoreductase activity of PDI relies on the thiol groups of
these active site cysteines (Jessop et al., 2009). Each CGHC active
site has a high disulfide reduction potential (E◦′ = −0.18V) and
a low pKa value (pKa = 6.7) making it a competent oxidizing
agent in the ER (Woycechowsky and Raines, 2000; Liu et al., 2013;
Figure 3).

Functions of PDI
PDI has two major functions. Firstly, it is responsible
for the oxidation (formation), reduction (break down) and
isomerization (rearrangement) of protein disulfide bonds via
disulfide interchange activity (illustrated in Figure 4). Secondly,
PDI has general chaperone activity (Ferrari and Söling, 1999).

Disulfide interchange activity
The a and a’ domains of PDI operate independently of one
another, as disruption to one domain abolishes 50% of catalytic
activity. However, disruption to the active site of both domains
results in complete elimination of oxidoreductase activity (Xu
et al., 2014). The redox state of the active site cysteine residues
and the properties of its substrate determine whether PDI
acts as an oxidase, reductase, or isomerase (Xu et al., 2014).
In an oxidation reaction, whereby PDI mediates oxidative

FIGURE 3 | The structure of Protein Disulfide Isomerase (PDI). PDI has

four distinct domains, a, a’, b, and b’, as well as a linker region, “x”, and its

C-terminal extension with KDEL sequence. The catalytic domains, a and a’,

possess active sites containing the motif cysteine-glycine-histidine-cysteine

(CGHC). KDEL, the ER retention signal sequence.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 January 2016 | Volume 3 | Article 80

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Perri et al. The UPR and PDI

FIGURE 4 | Schematic representation of the disulfide interchange

activity of Protein Disulfide Isomerase (PDI). PDI can form, break down,

and rearrange disulfide bonds. This aids in promoting the formation of the

native conformation in a misfolded or unfolded protein. Adapted from Forrester

et al. (2006).

protein folding to form disulfide bonds in a nascent protein,
the substrate dithiol is oxidized to a disulfide. The substrate’s
reduced cysteine thiols bind with the CGHC motif disulfide
on PDI to form a PDI-protein complex. A second reduced
thiol from the protein substrate interacts with the complex
to produce an oxidized protein which is correctly folded and
stabilized. Simultaneously, the active site disulfide in PDI is then
reduced to the dithiol state (Forrester et al., 2006). When PDI
is reduced after donating a disulfide bond to nascent proteins,
it is subsequently reoxidized in the oxidizing environment of
the ER. Alternatively, cellular regulators, such as endoplasmic
reticulum oxidoreductin 1 (Ero1) interacts with, and reoxidises,
the reduced PDI (Mezghrani et al., 2001; Medraño-Fernandez
et al., 2014). Oxidative protein folding, however, is prone to
error and incorrectly folded proteins can arise as part of
normal physiology. Hence, non-native disulfide bonds need to
be corrected via isomerization, or reduced to produce the native
conformation (Wilkinson and Gilbert, 2004). In a reduction
reaction, whereby PDI breaks down disulfide bonds in protein
substrates, a substrate disulfide is reduced to the dithiol state,
while an active site disulfide is formed in PDI. Reductants such
as glutathione (GSH) and NADPH donate electrons to reduce
the disulfide in PDI back to its dithiol state (Xu et al., 2014).
When misfolded proteins form, isomerization of disulfide bonds
is required to convert the disulfides to their native conformation.
To facilitate isomerization, one of PDI’s active sites must be in a

reduced state (Medraño-Fernandez et al., 2014). Isomerization,
or the rearrangement of disulfide bonds in a substrate protein,
is initiated by the cysteine nearest the N-terminus at each
PDI active site (CGHC). This cysteine binds a substrate
disulfide which results in an intramolecular rearrangement
within the substrate itself. Conversely, isomerization can be
seen as repeated cycles of reduction and oxidation (Wilkinson
and Gilbert, 2004). Ultimately, the impairment of PDI’s activity
can lead to the accumulation of misfolded proteins, resulting
in ER stress and activation of the UPR (Forrester et al.,
2006).

Chaperone function
Chaperone binding keeps proteins soluble and competent to fold
in order to acquire their native structure (Kojer and Riemer,
2014). As a chaperone, PDI binds to misfolded proteins to
prevent them from aggregating and targets misfolded proteins
for degradation (Ma and Hendershot, 2004). Although all of the
domains of PDI contribute to the binding of misfolded proteins,
the b’ domain comprises the principal substrate-binding site,
utilizing hydrophobic interactions to exhibit high affinity and
broad specificity (Xu et al., 2014).

S-Nitrosylation of PDI
Cellular redox states normally regulate cellular function and
maintain homeostasis, but when redox homeostasis is disturbed,
neurodegeneration can result. The ER is able to withstand mild
insults of stress, however a build-up of reactive oxidative species
(ROS) and reactive nitrogen species can result in oxidative and
nitrosative stress in the ER (Halloran et al., 2013). Neurons
are particularly vulnerable to redox dysregulation due to their
large size and high oxygen consumption (Parakh et al., 2013).
In addition, normal antioxidant defenses usually decline during
the normal aging process and hence nitrosative and oxidative
stress increases, thus rendering neurons susceptible to age-
related degenerative conditions (Halloran et al., 2013). The
excessive generation of nitric oxide (NO) has been implicated
in AD, PD, and ALS (Forrester et al., 2006). In AD, elevated
levels of oxidative and nitrosative stress are associated with
alterations in amyloid-β metabolism (Mangialasche et al.,
2009).

In conditions of elevated nitrosative stress, the active sites
of PDI undergo an aberrant post-translational modification—
S-nitrosylation—which prevents its normal enzymatic function
(Forrester et al., 2006). Specifically, s-nitrosylation is the covalent
addition of a nitric monoxide group to a cysteine thiol on PDI’s
active site, hence inhibiting its normal protective function, and
resulting in the accumulation of misfolded proteins (Forrester
et al., 2006). Uehara et al. (2006) demonstrated that PDI is
s-nitrosylated in AD and PD patient brains, but not in that
of healthy controls. Similarly, s-nitrosylated PDI levels in the
lumbar spinal cords of ALS patients were approximately 5-
fold greater compared to those of controls (Walker et al.,
2010). S-nitrosylated PDI was also reported both in the brains
of PrPSc infected rodents and in cell models of CJD bearing
PrPSc misfolded proteins (Wang et al., 2012). Wu et al.
(2014) investigated the effects of methamphetamine in cellular
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models of PD on the basis that methamphetamine users
pose a higher risk of developing neurodegenerative disorders.
A significant increase in the levels of nitric oxide synthase
(NOS), NO and α-synuclein 24 h after methamphetamine
treatment was reported in these cells (Wu et al., 2014). These
changes to the nitrosative state of the cells resulted in the
augmented aggregation of α-synuclein and the s-nitrosylation
of PDI, suggesting that PDI could be a potential target
to prevent methamphetamine-induced neurodegeneration (Wu
et al., 2014). Furthermore, S-nitrosylated PDI was detected
following ischemia/reperfusion injury and the levels increased
with the formation of mutant SOD1 aggregates in primary
astrocytes (Chen et al., 2012). Similarly, S-NO PDI correlates
with synphilin misfolding in Parkinson disease (Forrester et al.,
2006). S-nitrosylation is also involved in the re-distribution
of PDI away from the ER by reticulons which maintain the
curvature of the ER (Bernardoni et al., 2013). The deletion of
reticulon 4A is protective in mouse models of ALS (Yang et al.,
2009).

PDI Family Members
The PDI family contains over 21 structurally-related members
that constitutes a network of proteins which promote the
oxidative folding of multi-disulfide proteins (Kojima et al., 2014;
selected members are highlighted in Figure 5). All members
contain two ormore thioredoxin-like active sites and themajority
of members in this family also act as chaperones (Turano et al.,
2002). The most common active site motif amongst PDI family
members is CGHC, which is present in PDI, ERp57, and ERp72
(Figure 4). ERp57 is the closest known homolog of PDI. It has the
same domain structure as PDI, but it lacks the C-terminal acidic
region (Frickel et al., 2004).

EVIDENCE FOR INDUCTION OF THE UPR
IN NEURODEGENERATIVE DISEASES

There is increasing evidence that activation of the UPR is a
feature of most neurodegenerative disorders. The most obvious

association between ER stress and neurodegeneration is via
chronic UPR activation during disease, thus triggering apoptosis
and neuronal cell death. The up-regulation of UPR markers in
disease-affected neurons has now been described in cellular and
animal models of disease, as well as in post-mortem human
tissues, for most of these disorders. The initial participation of
the UPR in pathogenesis might be neuroprotective as has been
proposed in recent studies, but sustained activation of the UPR
may subsequently initiate or accelerate neurodegeneration. In
some instances the misfolded proteins are present within the
cytoplasm rather than the ER, and can trigger ER stress by
indirect mechanisms, that nevertheless disrupt ER homeostasis
(Nishitoh et al., 2008; Atkin et al., 2014). Together, these studies
suggest that the UPR pathway may be a potential therapeutic
target for neurodegenerative diseases. Recent developments in
the use of human neurons derived from reprogrammed induced
pluripotent stem cells (iPSCs) provide a useful tool to unravel
pathological mechanisms in these disorders, and ER stress and
activation of the UPR are increasingly implicated in these studies
(Table 2).

Alzheimer’s Disease
Whilst initial reports were contradictory, there is now convincing
evidence for ER stress and UPR activation in AD, with
recent studies suggesting that ER stress has a fundamental
role in AD etiology. Hoozemans et al. (2005) demonstrated
that the expression of ER chaperone, BiP, and the activated,
phosphorylated form of UPR sensor PERK, were significantly
increased in the temporal cortex and hippocampus in AD
patients compared to controls. Furthermore, in a later study the
same group reported upregulation of PERK, IRE1 and eIF2α in
neurons of the hippocampus in AD patients; in particular, in
neurons with granulovacuolar degeneration (Hoozemans et al.,
2009). Evidence for pro-apoptotic UPR in AD was reported by
Ghribi et al. (2004), when CHOP and JNK were up-regulated
in animal disease models. Similarly, CHOP activation was
detected in neuronal cells treated with Aβ (Chafekar et al.,
2008). Lee and colleagues (2010a) detected increased levels of

FIGURE 5 | Selected members of the Protein Disulfide Isomerase (PDI) family of chaperones and representation of their different domains. Most PDI

family members possess disulfide interchange activity and many contain the CGHC motif similar to that of PDI.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 January 2016 | Volume 3 | Article 80

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Perri et al. The UPR and PDI

TABLE 2 | Evidence for ER stress and the role of PDI in neurodegenerative diseases.

Neurodegenerative disease Protein inclusions Evidence for ER stress Evidence for a role of PDI

Alzheimer’s disease (AD) β-Amyloid Tau BiP, PERK, IRE1, and eIF2α upregulated in AD

patients (Hoozemans et al., 2005, 2009).

Cleaved caspases and JNK upregulated in AD

patients (Ghribi et al., 2004; Lee et al., 2010a).

CHOP upregulated in AD animal models and cell

models treated with β-amyloid, and in AD patients

(Ghribi et al., 2004; Chafekar et al., 2008; Lee et al.,

2010a).

IPSC-derived neurons and astrocytes from AD

patients accumulate Aβ oligomers (Kondo et al.,

2013).

PDI co-localizes with tau protein (Honjo

et al., 2010).

PDI levels increase 9.49 fold in

tangle-bearing neurons in AD patients (Lee

et al., 2010a).

β-amyloid co-localizes with ERp57

(Erickson et al., 2005).

Pharmacological activation of ERp57

reduces amyloid plaques and

neurofibrillary tangles in brains, and

improved object recognition memory in AD

mouse models (Tohda et al., 2012).

Parkinson’s disease (PD) α-Synuclein Upregulation of IRE1, PERK, eIF2α, and ATF4 in PD

cell models (Ryu et al., 2002).

Phosphorylated PERK and phosphorylated eIF2α

detected in dopaminergic neurons of PD patients

(Hoozemans et al., 2007).

Co-localization of phosphorylated PERK and

α-synuclein in dopaminergic neurons (Hoozemans

et al., 2007).

CHOP upregulation in dopaminergic neurons of

mouse models and in cell models (Ryu et al., 2002;

Holtz and O’Malley, 2003; Silva et al., 2005).

Upregulation of PDIA2 in PD cell models

and post-mortem brain tissues of PD

patients (Conn et al., 2004).

PDIA2 immunoreactivity evident in Lewy

Bodies (Conn et al., 2004).

PDI upregulated in PD cell models (Ryu

et al., 2002).

Amyotrophic lateral sclerosis (ALS) SOD1 TDP-43 FUS C9orf72 UPR and CHOP induced prior to symptom onset in

SOD1G93A mouse models (Atkin et al., 2006;

Kikuchi et al., 2006; Saxena et al., 2009).

PERK, IRE1 and ATF6 upregulated in post-mortem

human spinal cord tissues (Atkin et al., 2008).

Deletion of BIM, XBP-1, ASK1, Puma or ATF4 delays

disease onset or extends survival in ALS mouse

models (Kieran et al., 2007; Nishitoh et al., 2008;

Hetz et al., 2009; Matus et al., 2013a,b).

Pharmacological inhibition of eIF2α

dephosphorylation extends survival of ALS mouse

models (Boyce et al., 2005; Saxena et al., 2009).

PDI upregulated in SOD1G93A mouse

models at presymptomatic, symptomatic

and end stages of disease (Atkin et al.,

2006, 2008).

PDI co-localizes with inclusions in ALS

mouse models, cell models and ALS

patients (Atkin et al., 2006, 2008; Tsuda

et al., 2008; Honjo et al., 2011; Farg et al.,

2012; Walker et al., 2013).

PDI and ERp57 upregulated in ALS patient

and mouse model spinal cord tissues and

patient CSF (Atkin et al., 2006, 2008).

PDI over expression decreases mutant

SOD1 inclusion formation, BiP and CHOP

expression and PERK phosphorylation in

ALS cell models (Walker et al., 2010).

PDI knock down increases mutant SOD1

inclusion formation in ALS cell models

(Walker et al., 2010).

Huntington’s disease (HD) Huntingtin BiP and CHOP upregulated in post-mortem brains

from HD patients and in HD cell models (Duennwald

and Lindquist, 2008; Carnemolla et al., 2009).

BIM upregulated in HD animal and cells models

(García-Martínez et al., 2007; Kong et al., 2009; Leon

et al., 2010).

XBP-1 upregulated in striatum of HD patients (Vidal

et al., 2012).

XBP-1 knock down reduced neuron loss and mHtt

levels, and improved motor performance in HD

mouse models (Vidal et al., 2012).

Increased basal expression of PDI in HD

cell models (Duennwald and Lindquist,

2008).

PDI elevated in hippocampus of HD

mouse models (Safren et al., 2014).

Creutzfeldt-Jakob disease (CJD) Prion protein Upregulation of caspase-12 in CJD cell models and

post-mortem patient cortex tissues (Hetz et al.,

2003).

Upregulation of ERp57, Grp94 and BiP in HD cell

models and patient cortex tissues (Hetz et al., 2003).

Increased intracellular calcium release from the ER

(Torres et al., 2010).

PDI overexpression in brains of CJD

patients (Yoo et al., 2002).

Increased expression of ERp57 (Hetz

et al., 2005).

ERp57 overexpression protects cells from

PrPsc toxicity and decreases rate of

caspase-12 activation (Hetz et al., 2005).
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cleaved caspase-12, cleaved caspase-3, cleaved caspase-4, and
CHOP in the temporal cortex of AD patients. In vitro studies
involving neuronal cells in culture exposed to Aβ oligomers,
suggested that the ensuing activation of ER stress correlates
with the induction of Tau phosphorylation, thus providing an
interesting link between ER stress, Aβ-mediated neurotoxicity
and Tau hyperphosphorylation (Resende et al., 2008; Ferreiro
and Pereira, 2012). However, whilst UPR activation can induce
Tau phosphorylation, Tau phosphorylation may not activate
ER stress (Sakagami et al., 2013). Modulation of the UPR can
also be protective in AD cellular and animal models. PERK
knockdown in neuronal cells enhanced Aβ toxicity through
reduced activation of eIF2α (Lee et al., 2010b). Furthermore,
activating the eIF2α pathway with Salubrinal significantly
reduced caspase-4 dependent apoptosis in Aβ treated neurons
(Lee et al., 2010b). These results suggest that the PERK-eIF2α
pathway may play a role in cell survival, rather than apoptosis
during ER stress. Interestingly, pathological events described in
AD, such as neurofibrillary tangles, neuroinflammation, altered
calcium signaling, and excitotoxicity, were also recently linked
to the occurrence of pathological ER stress (Cornejo and Hetz,
2013). Similarly, IPSC-derived neurons and astrocytes from
APP-linked familial and sporadic AD patients accumulated Aβ

oligomers, leading to ER and oxidative stress (Kondo et al.,
2013). ER stress was recently shown to promote cholesterol
synthesis and mitochondrial cholesterol trafficking in AD mouse
models (Barbero-Camps et al., 2014). It has also been proposed
that ER stress may interfere with the normal trafficking of
APP through the normal secretory pathway, leading to the
production of Aβ, and subsequent toxicity (Plácido et al.,
2014).

Parkinson’s Disease
There is compelling evidence that ER stress is linked to
death of dopamine neurons in PD, although most of this
has been obtained from cell culture studies. However, in the
substantia nigra of PD patients, Hoozemans et al. (2007)
demonstrated immunoreactivity for PERK and eIF2α in
their phosphorylated, active forms in dopaminergic neurons.
Moreover, phosphorylated PERK was co-localized with increased
α-synuclein immunoreactivity in dopaminergic neurons,
suggesting a close association between UPR activation and the
aggregation of α-synuclein (Hoozemans et al., 2007). Ryu et al.
(2002) demonstrated that IRE1 and PERK were up-regulated
in cell culture models that mimic the selective dopaminergic
neuron degeneration that occurs in PD, as well as downstream
targets, eIF2α, ATF4 and CHOP. Holtz and O’Malley (2003)
screened dopaminergic neuroblastoma MN9D cells exposed
to either 6-OHDA or MPP+ and noted that the most highly
expressed transcript in both cases encodes for CHOP. Supporting
this finding, Silva et al. (2005) demonstrated induction of CHOP
in dopamine neurons of the substantia nigra in mouse models
following intrastriatal injection of 6-OHDA (Silva et al.,
2005). Similarly, overexpression of BiP or pharmacological
modulation of the UPR in α-synuclein transgenic mice was
protective (Colla et al., 2012; Gorbatyuk et al., 2012). More
recently, cortical neurons generated from iPS cells of patients

with α-synuclein mutations, identified ER stress as an early
pathogenic phenotype (Chung et al., 2013). Interestingly,
another recent study detected aberrant modification of ER stress
sensors IRE1α and PERK by NO-mediated S-nitrosylation,
in cell based models of PD. This resulted in loss of normal
enzymatic function, leading to dysfunctional ER stress signaling
and neuronal cell death Nakato et al. (2015). In contrast,
other studies have demonstrated that some aspects of the
UPR may be protective in PD. Overexpression of XBP-1 in
MPP+-induced cell models was protective by suppressing
apoptosis in cells exposed to proteasome inhibitors (Sado
et al., 2009). Similarly, transplanting neural stem cells into the
right lateral ventricles of rodents with rotenone-induced PD
resulted in higher rates of survival in XBP-1 transfected neural
stem cells compared to non-transfected cells (Si et al., 2012).
Additionally, dopamine levels in the substantia nigra were
significantly increased, α-synuclein expression was decreased,
and neurological symptoms were significantly improved,
following the transplantation of XBP-1 transfected neural
stem cells (Si et al., 2012). The results of these studies suggest
that XBP-1 enhancement is a possible therapeutic strategy for
PD.

Amyotrophic Lateral Sclerosis
Activation of the UPR is now well documented in cellular and
animal models of ALS and in human patient tissues. Studies
of transgenic mice expressing mutant SOD1G93A, a widely
used disease model, revealed that UPR sensors, chaperones
and apoptotic effectors were up-regulated in lumbar spinal
cords during disease (Atkin et al., 2006; Kikuchi et al., 2006).
Furthermore, the UPR was induced 60 days prior to symptom
onset, and was present initially in those subtypes of motor
neurons that degenerate first in ALS, indicating an active role
for ER stress in pathogenesis (Saxena et al., 2009). Whilst
SOD1 mutations represent only 2% of all ALS, and may not
accurately represent pathology in the more common forms of
disease, similar findings were obtained in post-mortem human
spinal cord tissues of sporadic ALS patients (Ilieva et al., 2007;
Atkin et al., 2008; Ito et al., 2009), thus placing ER stress on
a more generic pathophysiology for ALS. For example, PERK,
IRE1, and ATF6 are all upregulated in post-mortem human
spinal cord tissues (Atkin et al., 2008). More recently, ER stress
has been detected in neuronal cells expressing ALS-associated
mutants of FUS and TDP-43 (Farg et al., 2012; Walker et al.,
2013) and in animal models based on TDP-43 (Walker et al.,
2013). Similarly, the UPR is induced in cell culture by ALS-
associated mutant VAPB (Suzuki et al., 2009) and hexanucleotide
repeat expansions in C9ORF72 (Zhang et al., 2014). Several
mechanisms have been proposed for induction of ER stress in
ALS, including impairment of ERAD by binding to Derlin-
1 (Nishitoh et al., 2008) or impairment of protein transport
between the ER and Golgi apparatus (Sundaramoorthy et al.,
2013; Atkin et al., 2014). These studies implicate triggering of ER
stress from the cytoplasm rather than the ER, although mutant
TDP-43 and mutant FUS were recently shown to be associated
with the ER (Soo et al., 2015) The same study also demonstrated
that overexpression of Rab1, an intracellular vesicle trafficking
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regulator which plays a central role in UPR homeostasis,
prevented ER stress in cells expressing mutant SOD1, TDP-43
and FUS. Furthermore, the presence of Rab1-positive inclusions
in the motor neurons of human spinal cord tissues from sALS
patients implies that Rab1 is misfolded and loses its normal
vesicular distribution in sALS (Soo et al., 2015). Interestingly,
Rab1 dysfunction has also been linked to PD (Cooper et al., 2006).
In more recent studies, using reprogrammed IPS cells, ER stress
was closely associated with the electrical excitability of motor
neurons (Kiskinis et al., 2014), and that hyperexcitability may
trigger ER stress (Wainger et al., 2014).

Several studies have demonstrated that modulation of the
UPR genetically is protective in animal models of ALS. Deletion
of BIM, XBP-1, ASK1, Puma or ATF4 either delays disease
onset (Kieran et al., 2007; Matus et al., 2013a,b) or extends
survival in transgenic mutant SOD1 mice (Nishitoh et al., 2008;
Hetz et al., 2009). Similarly, pharmacological modulation of
the UPR is protective in SOD1G93A mice (Saxena et al., 2009),
and either C.elegans and zebrafish expressing mutant TDP-43
(Vaccaro et al., 2013). However, SOD1G85R mice with hemizygous
deletion of PERK had a substantially accelerated disease
onset and shortened lifespan compared to SOD1G85R/PERK+/+

controls (Wang et al., 2011), indicating that some aspects
of UPR induction are protective against disease. Similarly,
pharmacological inhibition of eIF2α dephosphorylation using
salubrinal delays disease and extends survival of SOD1G93A mice
(Boyce et al., 2005; Saxena et al., 2009) and decreased GADD34
slows disease progression and extends survival in this animal
model (Wang et al., 2013). Together, these findings imply that
PERK is a mediator of motor neuron survival in ALS, possibly
by decreasing protein misfolding (Wang et al., 2011, 2013) or by
inducing autophagy (Hetz et al., 2009). These results therefore
highlight the opposing protective and pro-apoptotic properties
of the UPR and suggest that selective targeting of specific
components of the UPR could be beneficial in ALS.

Huntington’s Disease
Evidence of induction of ER stress in human HD patients was
provided by Carnemolla et al., where BiP and CHOP were up-
regulated in post-mortem brains from HD patients (Carnemolla
et al., 2009). Similarly, increased expression of XBP-1 was
detected in the striatum of HD cases, although other markers
(CHOP, ATF4, and GRP78) were not elevated (Vidal et al.,
2012). ER stress is also detected early in HD mouse models
and persists throughout the lifespan of these animals, similar to
ALS rodent models (García-Martínez et al., 2007; Duennwald
and Lindquist, 2008; Carnemolla et al., 2009). Duennwald and
Lindquist (2008) demonstrated that in a striatal cell line derived
from Htt knock-in mice, increased basal expression of UPR
proteins BiP, CHOP and PDI was observed compared with
control cells (Duennwald and Lindquist, 2008). The same study
showed that toxic polyglutamine expansion repeats impaired
ERAD and degradation pathways (Duennwald and Lindquist,
2008). This suggests that the polyglutamine repeat expansion of
mutant Huntingtin compromises the proteasomal degradation
of misfolded proteins in the ER, thus giving rise to ER stress.
The induction of the pro-apoptotic protein BIM has also been

linked to HD in both animal (García-Martínez et al., 2007) and
cellular disease models (Kong et al., 2009; Leon et al., 2010).
Additionally, caspase-12 and the JNK pathway were activated in
cells expressing expanded polyglutamine aggregates. These data
together suggest ER stress is linked to cell death in HD (Kouroku
et al., 2002). ER stress has also been linked to motor phenotypes
in HD. Silencing XBP-1 expression in mutant Htt (mHtt)
transgenic mouse strain YAC128 reduced the loss of neurons
in the striatum, decreased mHtt levels, and improved motor
performance (Vidal et al., 2012). Conversely, ATF4 deficiency did
not alter mHtt levels, highlighting the involvement of XBP-1 in
HD pathogenesis (Vidal et al., 2012). Hence, whilst the XBP-1
pathway of the UPR is protective in PD, the opposite appears to
be true in HD.

Creutzfeldt-Jakob Disease
Upregulation of caspase-12, ERp57, Grp94, and BiP was
described by Hetz and colleagues in the cortex of post-mortem
sporadic CJD and variant CJD patients compared to controls
(Hetz et al., 2003). However, whether caspase-12 plays a role
in neurodegeneration is controversial. Nevertheless, in neuronal
cell cultures, PrPSc toxicity in CJD is associated with an increase
in the release of intracellular calcium from the ER and the
upregulation of ER chaperones, indicating a role for ER stress in
prion diseases (Hetz et al., 2003; Torres et al., 2010). Similarly,
prion replication and the expression of mutant PrP dysregulated
ER calcium homeostasis, giving rise to ER stress in cell culture
(Torres et al., 2010). Finally, another study showed that treatment
of Neuro-2A cells with PrPSc resulted in the activation and
upregulation of caspase-12 and significant upregulation of ER
chaperones, ERp57, Grp94, and BiP (Hetz et al., 2003).

PDI IN NEURODEGENERATIVE DISEASES

As PDI can facilitate protein folding, it is not surprising that
PDI is increasingly implicated in neurodegenerative diseases
where protein misfolding is a key component (summarized in
Table 2). PDI is often found co-localized with misfolded proteins
in disease-affected tissues, implying a possible role for PDI in
preventing protein misfolding (Atkin et al., 2006; Honjo et al.,
2010, 2011; Farg et al., 2012; Walker et al., 2013). In some
diseases, there is direct evidence that PDI prevents aggregation
and associated-toxicity, thus raising the likelihood that PDI is a
possible therapeutic target in neurodegeneration. Interestingly,
a recent study provided evidence that PDI family member
Erp57 can also mediate neurite outgrowth in neurons, thus
adding further complexity to the functions of PDI in relation
to neurodegeneration (Castillo et al., 2015). However, PDI is
often S-nitrosylated in these disorders, which would prevent its
normally protective function (Uehara et al., 2006).

PDI in Alzheimer’s Disease
Honjo et al. (2010) identified neurofibrillary tangles in the brains
of patients with AD in which PDI was co-localized with tau. The
levels of PDI were also markedly increased (up to 9.5 fold) in
neurofibrillary tangle-bearing neurons in AD brains compared
with those of age-matched controls and immunohistochemistry
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showed that PDI was primarily expressed in temporal cortex
neurons in AD patients (Lee et al., 2010a). Immunoblotting
studies of cerebrospinal fluid (CSF) from control patients
indicated that a vast concentration of β-amyloid is normally
bound to ERp57, forming a ERp57-β-amyloid complex (Erickson
et al., 2005). This finding therefore implies that PDI family
members normally prevent the aggregation of β-amyloid.
Consistent with this notion, pharmacological activation of ERp57
using Disogenin significantly reduced amyloid plaques and
neurofibrillary tangles in the cerebral cortex and hippocampus
of a mouse model of AD, in which five familial AD human
APPmutations were co-expressed (Tohda et al., 2012).Moreover,
performance of object recognition memory was significantly
improved in this mouse model, providing further evidence for
a protective role for ERp57 (Tohda et al., 2012).

PDI in Parkinson’s Disease
Conn et al. (2004) demonstrated an upregulation of PDI family
member PDIA2 in SH-SY5Y human neuroblastoma cells exposed
to MPP+, but not other family members PDI, ERp57 and
ERp72. Similarly, PDIA2 was upregulated in post-mortem brain
tissues from PD patients and immunohistochemical studies
demonstrated that PDIA2 immunoreactivity was evident in Lewy
bodies of these patients (Conn et al., 2004). Unlike in SH-
SY5Y cells, PDI is upregulated in PC12 cells exposed to MPP+,
rotenone and 6-Hydroxydopamine (Ryu et al., 2002).

PDI in Amyotrophic Lateral Sclerosis
PDI is upregulated in the spinal cords of SOD1G93A mouse
models of ALS at presymptomatic (p60), symptomatic (p90),
and end stages (p120) of disease, and in human patient spinal
cords (Atkin et al., 2006, 2008). Similarly, ERp57 is upregulated
in SOD1G93A mouse models at similar time points and in
human patient tissues (Atkin et al., 2006). Furthermore, PDI
associates with abnormal inclusions in SOD1G93A mouse models
and neuronal cells in culture (Atkin et al., 2006), as well as in ALS
patients (Atkin et al., 2008). PDI also co-localizes with inclusions
formed by other ALS-linked proteins, TDP-43 (Honjo et al., 2011;
Walker et al., 2013), FUS (Farg et al., 2012) and vesicle associated
membrane protein (VAPB) (Tsuda et al., 2008), implying that
PDI is linked to general protein misfolding in ALS. PDI over-
expression decreased mutant SOD1 aggregation and inclusion
formation in neuronal cells and decreased BiP and CHOP
expression as well as PERK phosphorylation, in comparison
to controls, indicating that PDI is also protective against ER
stress (Walker et al., 2010). Furthermore, knock down of PDI
increased the formation of mutant SOD1 inclusions (Walker
et al., 2010). These data together suggest a protective role for
PDI against abnormal protein aggregation and ER stress in ALS.
This neuroprotection is further supported by the deletion of a
PDI regulator, Reticulon-4A, which accelerates the degeneration
of motor neurons in SOD1 mice models (Yang et al., 2009).
Quantitative western blotting also revealed an upregulation of
PDI in the CSF of ALS patients in comparison to controls (Atkin
et al., 2008). This finding may explain why PDI is subsequently
found in numerous cellular locations and secreted by various cell

types, instead of being localized exclusively to the ER (Turano
et al., 2002).

The profile of PDI in ALS has increased recently by the
identification of PDI variants as a genetic risk factor for the
disease. Kwok et al. (2013) reported that single nucleotide
polymorphisms (SNPs) in the P4HB gene encoding PDI were
associated with fALS and sALS. They reported significant
genotypic associations for two SNPS, rs876016, and rs2070872,
in fALS and significant allelic associations for rs876016 with
both sporadic and familial forms, suggesting that these SNPs
are risk factors for ALS (Kwok et al., 2013). Additionally, a
more recent study by Yang and Guo (2015) examined these
same two SNPs in sALS patients in the Chinese Han population.
They demonstrated a significant association of these SNPs with
sALS, implying that genetic variants in the P4HB gene may
be a contributing factor for sporadic forms of ALS in the
Chinese Han population. A further study by Gonzalez-Perez
et al. (2015) identified 16 variants in PDI and ERp57, with
1-2% present in all fALS and 1% present in all sALS cases
analyzed. This frequency is similar to that of other ALS-linked
gene variants (Turner et al., 2013). Structural analysis of PDI
variants predicted a change in the catalytic functioning of these
proteins, and changes in the structure of ERp57 variants are
thought to affect the calnexin-calreticulin cycle (Gonzalez-Perez
et al., 2015).

PDI in Other Neurodegenerative Diseases
Upregulation of PDI is also implicated in HD and prion
encephalopathies. Cells expressing polyglutamine expansion Htt
repeats exhibited elevated PDI levels when compared to control
cells expressing Htt with 25 repeats (Duennwald and Lindquist,
2008). Similarly, PDI was elevated in the hippocampus of
transgenic mouse models of HD when compared to wildtype
mice (Safren et al., 2014).

Yoo et al. (2002) observed an overexpression of PDI in
the brains of CJD patients. Hetz et al. (2005) observed an
upregulation of ERp57 in PrPsc toxicity and also reported that
ERp57 overexpression protected cells against PrPsc toxicity and
decreased the rate of caspase-12 activation (Hetz et al., 2005).
Similarly, inhibition of ERp57 expression led to a significant
increase in PrPsc toxicity (Hetz et al., 2005). A study by Wang
et al. (2012) evaluated the levels of some PDI family members
in brain tissues of rodents infected with scrapie strain 263K.
Western blot analysis revealed a significant upregulation in the
expression of PDI, ERp57 and BiP, and a significant decrease
in the levels of caspase-3. Increases in PDI and BiP were also
observed in cells expressing PrP mutants, and furthermore,
overexpression of PDI reduced ER stress and cytotoxicity in these
cell models (Wang et al., 2012).

Recent Developments in PDI Function
Associated with Neurodegeneration
Although PDI is generally associated with a protective effect in
maintaining proteostasis, recent studies have suggested that in
some circumstances, PDI activity can be detrimental and can
even trigger apoptosis. This pro-apoptotic function of PDI is
specifically associated with the presence of misfolded proteins:
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expression of mutant huntingtin resulted in accumulation of
PDI at ER-mitochondrial junctions and apoptotic cell death
(Hoffstrom et al., 2010). Furthermore, inhibitors specifically
targeting PDI reduced cellular toxicity induced by mutant
Huntington (Hoffstrom et al., 2010). These data therefore point
to a novel mechanism linking protein misfolding to apoptotic
cell death induced by PDI. Other recent studies suggest that PDI
can induce oxidative stress. PDI interacts with NADPH oxidase
and overexpression of PDI leads to increased levels of ROS and
apoptosis (Paes et al., 2011). Over-expression of PDI also appears
to induce oxidative stress in microglial cells in SOD1G93A mice
(Jaronen et al., 2013). The S-nitrosylation of PDI is also associated
with potentially damaging consequences. Wang et al. (2012)
found that S-NO PDI plays an essential role in the cytotoxicity
induced by PDI. The opposing effects of PDI, both protective and
harmful, were recently reviewed, and the reader is directed to this
for further information (Parakh and Atkin, 2015).

CONCLUSION

ER stress has been widely studied in neurodegenerative diseases,
and emerging evidence highlights the complexity of the UPR
in these disorders, with both protective and detrimental
components being described. Despite having different clinical

manifestations, neurodegenerative diseases are similar in
pathology; that is, an accumulation of misfolded proteins in
neurons and subsequent disruption to cellular proteostasis. The
PDI proteins are a large family of chaperones with complex
functions which offer the potential to be exploited therapeutically
in the future. However, the great complexity of the ER within
neurons, particularly in the dendrite and axonal compartments,
is only just becoming realized. Further studies in this area are
warranted before the true contribution of the UPR and ER
homeostasis to pathology can be appreciated.
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