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Abstract 
 

Maintaining genomic integrity is essential for all organisms and for the transfer of genetic 

information from one generation to another. However, DNA undergoes continuous attack from 

many sources, which can lead to DNA damage and therefore genomic instability. The DNA 

damage response refers to signalling pathways that aim to detect and repair this damage. DNA 

damage increases significantly during ageing, which is the biggest risk factor for 

neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS). ALS is a fatal, rapidly 

progressing condition in which both the upper and lower motor neurons degenerate. There are 

few effective treatments for ALS, and whilst DNA damage has been increasingly described in 

pathophysiology, there are currently no effective ways to prevent damage or enhance DNA 

repair. Our group has previously shown that a novel protein chaperone, protein disulphide 

isomerase (PDI), is protective against multiple pathologies associated with ALS.  PDI is unique 

because unlike other chaperones it also possesses oxidoreductase activity, which modulates 

redox regulation.  However, whilst it has been established that PDI is protective against events 

associated with proteostasis in ALS, it has not been shown that PDI is protective against DNA 

damage.   

The studies from this thesis revealed that PDI is protective against DNA damage following 

etoposide or H2O2 treatment using an in vitro neuroblastoma cell line in which endogenous 

PDI was knocked down with siRNA. It was also shown that PDI is protective against apoptosis 

induced by DNA damage. Furthermore, PDI was found to translocate to the nucleus following 

DNA damage induced by etoposide, implying it has a direct rather than indirect role. Two ALS 

risk-causing mutants that display impaired redox activity, PDI-D292N and PDI-R300H, along 

with a PDI-Quad mutant lacking the redox active cystine sites, were also investigated. Whilst 

PDI-R300H displayed some residual protective activity against DNA damage, PDI-D292N and 

the Quad mutant were not protective. Hence these results indicate that the redox activity of PDI 

is protective against DNA damage, but this is perturbed in ALS. By defining these mechanisms 

further in future studies, these results can lead to design future therapeutics for ALS based on 

PDI that can prevent DNA damage.   
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1. Introduction 

1.1. Ageing and Neurodegenerative Disease 

 

According to the World Health Organization (WHO), the ageing population will almost      

double in the coming decades, and the number of individuals over 60 years is predicted to 

increase from 12% to 22% between 2015 to 2050 (Ageing and health, 2022;  Jaul & 

Barron, 2017). Several biological processes, including DNA repair and oxidative stress, are 

impaired during the normal ageing process. In addition, the risk of neurodegenerative diseases 

increases significantly during ageing (Niccoli et al., 2017), and limited treatments are available 

for these conditions.                   Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s 

disease (HD), and amyotrophic lateral sclerosis (ALS) are major neurodegenerative 

diseases (Figure 1.1). Moreover, DNA damage is increasingly recognized to be an 

important mechanism associated with pathogenesis in these disorders. However, there are 

currently no ways to prevent DNA damage or enhance DNA repair to prevent 

neurodegeneration. 
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Recently in our laboratory, the involvement of a novel redox-regulated chaperone, protein                        

disulphide isomerase (PDI), was found to be protective against protein homeostasis 

(proteostasis) related mechanisms in ALS. Proteostasis refers to the integrated mechanisms 

that regulate proteins within the cell, from their synthesis to degradation. Hoever, receent 

evidence has shown that the proteostasis and genomic networks are increasingly inter-

related, implying that PDI might also be protective against DNA damage. This thesis 

describes novel findings regarding the protective role of PDI against DNA damage, which 

are relevant to understanding the pathophysiology of ALS and other neurodegenerative 

diseases.  The following sections (sections 1.2 to 1.9) provide more details about DNA 

damage, PDI and ALS. 

1.2. Deoxyribonucleic Acid (DNA) and DNA damage 

Deoxyribonucleic acid (DNA) is the carrier of genetic material in all living beings. It is 

known as the blueprint of the human body because it transfers genomic information from one 

generation to another (Fishel et al., 2007).  If DNA damage is not repaired, genetic 

mutations, alteration of cellular functions, compromised cellular viability, and abnormal 

 

Figure 1.1: A summary of the most prevalent age-related 

neurodegenerative diseases.  
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biological activities can result (S. P. Jackson & Bartek, 2009).  Hence it is very important 

to protect DNA from endogenous and exogenous damage. However, unlike other biological 

molecules, DNA cannot be simply re-synthesized (Fishel et al., 2007) and even small 

amounts of damage to DNA can alter its functionality (Lindahl & Barnes, 2000). In fact, 

almost all cells of the human body are subject to thousands of DNA lesions each day 

(Lindahl & Barnes, 2000). Depending on the source of the damage, different types of DNA 

lesions can be defined.  Around 75% of these are single-stranded breaks (SSBs), whereby 

one DNA strand is damaged (Huang & Zhou, 2020). However, if left unrepaired, SSBs can 

be further converted to double-stranded breaks (DSBs), involving damage to both strands, 

and these are more deleterious (Tubbs & Nussenzweig, 2017).  

There are several mechanisms to repair DNA that are activated specifically in response to 

the type of damage. DNA repair processes are known to decline with ageing (Fishel et al., 

2007). As           neurons are post-mitotic cells, maintaining DNA integrity is essential for normal 

neuronal function and viability (Fishel et al., 2007). Different types of DNA damage are described 

in the sections 1.3 and 1.4 below. 

1.3. Endogenous DNA damage 

Errors in DNA Replication and Mismatches in Basepairs 

This type of DNA damage involves the incorrect incorporation of deoxynucleotide 

triphosphates (dNTPs) during DNA replication, defective replication fidelity due to wrong 

nucleotide insertion or deletion, or inaccurate base-pairing between two DNA strands 

(Chatterjee & Walker, 2017; S. P. Jackson & Bartek, 2009; Mertz et al., 2017).  

Deamination of DNA Bases 

This process involves the lack of exocyclic amination of adenine (A), guanine (G), 5-methyl 

cytosine (5mC), cytosine (C) to hypoxanthine, xanthine, thymine (T), and uracil (U), where 

C and 5mC deaminate most frequently (Chatterjee & Walker, 2017; Lindahl, 1979; Waters 

& Swann, 1998; Wiebauer & Jiricny, 1990). It is more common in single-stranded DNA 

(Chatterjee & Walker, 2017). Several environmental factors, such as UV light and 

intercalating reagents, can also trigger the deamination of DNA bases (Chatterjee & Walker, 

2017). Consequently, mutations are formed due to consecutive cycles of DNA replication, 

and the transition of GC to AT, which accounts for a large portion (1/3) of single-site 
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mutations (Lindahl, 1979; Waters & Swann, 1998; Wiebauer & Jiricny, 1990; Chatterjee & 

Walker, 2017). 

Methylation of DNA 

Every day DNA methylation results in the spontaneous production of 4,000 N7-

methylguanine, 600 N3-methyladenine and 10-30 O6-methylguanine residues by S-

adenosylmethionine (SAM), a reactive methyl group donor (Chatterjee & Walker, 2017; 

De Bont, 2004; Holliday & Ho, 1998; O’Driscoll et al., 1999; Rydberg & Lindahl, 1982; 

Zhao et al., 1999). Endogenous alkylating agents, choline and betaine, can also be 

responsible for DNA methylation (Chatterjee & Walker, 2017). These originate from 

endogenous cellular mechanisms, however,       they can be also formed from exogenous sources 

such as smoke, pollution or even diet (Zhao et al., 1999 ; Chatterjee & Walker, 2017). DNA 

methylation causes the transition of G:C to A:T                 and T:A to C:G in mammalian cells because 

O6-methylguanine, O4‐methylthymine and O4‐ ethylthymine are highly mutagenic (Rydberg 

& Lindahl, 1982; Holliday & Ho, 1998; De Bont, 2004; O’Driscoll et al., 1999; Zhao et al., 

1999; Chatterjee & Walker, 2017). N3-methyladenine  can also inhibit DNA synthesis (De 

Bont, 2004; Chatterjee & Walker, 2017).  

Reactive Oxygen Species (ROS) and DNA damage 

The formation of reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), 

superoxide (•O2-), singlet oxygen (1O2), and hydroxyl radicals (•OH) during cellular 

metabolism and respiration processes can also induce DNA damage (De Bont, 2004; 

Chatterjee & Walker, 2017).  Low levels of ROS facilitate redox signalling reactions and 

cellular defense mechanisms to protect cells, however, excessive ROS can oxidise DNA 

bases (De Bont, 2004; Chatterjee & Walker, 2017). Among ROS, •OH is the most dangerous 

and abundant species that damages DNA by its addition to hydrogen bonds, thus depleting 

hydrogen atoms from their  methyl groups, and disrupting the sugar backbone of DNA 

(Chatterjee & Walker, 2017; Cooke et al., 2003; De Bont, 2004; Friedberg, 2005; Segal, 2005). 

Excess ROS causes the formation of SSBs and DSBs and inhibits transcription processes 

(De Bont, 2004; Chatterjee & Walker, 2017). The oxidation of DNA also causes 

transversion of GC to TA after DNA replication (Cooke et al., 2003; De Bont, 2004; Segal, 

2005; Friedberg, 2005; Chatterjee & Walker, 2017). Lipid peroxidation, a process whereby 

free radicals attack caron-carbon double bonds containing lipids, also causes DNA damage 

(Ayala et al., 2014).  
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Formation of Abasic Sites 

Abasic or apurinic/apyrimidinic (AP) sites are formed by the loss of nucleobases in DNA 

(Burton E. Tropp, 2011; Chan et al., 2013; Chatterjee & Walker, 2017; Lindahl, 1993). This is produced 

by spontaneous hydrolyzation of the N-glycosyl bond between the nitrogenous ring and the 

sugar- phosphate backbone (Lindahl, 1993; Tropp BE. 2011; Chan et al., 2013; Chatterjee 

& Walker, 2017). The N-glycosyl bond can also become cleaved by DNA glycosylase (Chan 

et al., 2013; Chatterjee & Walker, 2017). Every day, around 10,000 abasic sites are created 

in mammalian cells by alterations in pH and/or temperature (Chatterjee & Walker, 2017). 

These  abasic sites form SSBs by β-elimination reactions targeting the 3’ phosphodiester 

bond, which  triggers the base excision repair (BER) pathway (Chan et al., 2013; Chatterjee 

& Walker, 2017). 

1.4. Exogenous DNA damage 

Exposure to Ultraviolet (UV) and Ionizing Radiation 

There are three types of UV radiation, UV-A, UV-B and UV-C based on wavelength 

(Chatterjee & Walker, 2017; Davies RJ, 1995; Kiefer, 2007; Rastogi et al., 2010) and 

mammalian cells become exposed to UV-C the most frequently (Davies RJ. 1995; Kiefer, 

2007; Rastogi et al., 2010; Chatterjee & Walker, 2017). UV-C radiation damages DNA by 

forming covalent bonds between two neighbouring pyrimidines (Rastogi et al., 2010; 

Chatterjee & Walker, 2017). These covalent linkages form two main photoproducts - 

cyclobutene pyrimidine dimers  (CPDs) and pyrimidine (6–4) pyrimidine photoproducts 

(Davies RJ. 1995; Kiefer, 2007;                                 Rastogi et al., 2010; Chatterjee & Walker, 2017). This 

results in distortion of the helix by the formation of bulky photoproducts in DNA, the 

formation of DNA protein crosslinks, photooxidation and the breakage of DNA strands 

(Davies RJ. 1995; Kiefer, 2007; Rastogi et al., 2010; Chatterjee & Walker, 2017). 

Along with UV, ionizing radiation (IR) consisting of X-rays,  ,, or -rays also cause DNA 

damage (Chatterjee & Walker, 2017; Mavragani et al., 2019). IR is present in many 

environmental factors such as soil, rock, water, and various medical devices used in disease 

treatment (Mavragani et al., 2019). IR damages DNA by interacting with biological 

materials from cells and tissues, forming highly reactive hydroxyl radicals (Chatterjee & 

Walker, 2017; Mavragani et al., 2019). IR also forms SSBs with 3′ phosphate or 3′-

phosphoglycolate ends, and DSBs (Chatterjee & Walker, 2017; Mavragani et al., 2019). 
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Chemical Reagents 

Many chemical reagents cause DNA damage, including aromatic amines from tobacco 

smoke, coal, car fuels, and dyes from industries, alkylating agents from cigarette smoke, 

chemotherapeutic agents, laboratories, biofuels, and industries, polycyclic aromatic 

hydrocarbons (PAH) from vehicle exhausts, and fossil fuels (Loechler, 1994; Luch, 2009; 

Wyatt & Pittman, 2006). Many toxins and electrophiles are also present in the environment, 

which damage DNA regularly (Wyatt & Pittman, 2006; Loechler, 1994; Luch, 2009). 

Benzo(a)pyrene, a prominent PAH, generates the carcinogen (+)-anti-BPDE, and the            

intermediates of ()-anti-BPDE (Wyatt & Pittman, 2006; Loechler, 1994; Luch, 2009). 

These  toxic chemical agents form AP sites and induce G:C to A:T mutations, and weaken 

glycosylic bonds (Wyatt & Pittman, 2006; Loechler, 1994; Luch, 2009).  

 

1.5. DNA Damage Response (DDR) 

 

The DNA damage response (DDR) refers to the complex signalling pathways by which a cell 

maintains the integrity of its genome after DNA damage. During the DDR, DNA damage is 

first sensed by various sensor proteins, and the signal is then amplified by transducer and 

effector proteins (Chatterjee & Walker, 2017). SSBs and DSBs are sensed by phosphorylated 

H2A histone family member X (ɣ-H2AX ) (Paull et al., 2000),  poly (ADP-ribose) polymerase  

1 (PARP1) (Schreiber et al., 2002), p53 binding protein (53-bp1) (Schultz et al., 2000), X-ray 

repair cross-complementing 1 (XRCC1) (Brem, 2005), Ku70/80 (Fell & Schild-Poulter, 2012), 

and the MRN complex consisting of  MRE11, RAD50, and  NBS1 (J. R. Walker et al., 2001). 

Once DNA damage signalling is activated, specific DNA repair pathways are initiated (S. P. 

Jackson & Bartek, 2009). In proliferating cells, if errors or DNA damage are detected, cell 

division is stalled at cell cycle checkpoints during the DNA replication step (G1/S  checkpoints) 

or before the division of cells (G2/M checkpoints) (Pellegata et al., 1996). However, neurons 

are post-mitotic cells, so they do not go through a normal cell cycle (Pan et al., 2014). 

 

Activated ataxia-telangiectasia mutated (ATM) mediates the formation of the phosphorylated 

form of H2AX (ɣ-H2AX) by the phosphorylation of Seine-139 residue in H2AX, which then 

activates the  repair of DSBs (Burma et al., 2001; S. P. Jackson & Bartek, 2009; Paull et al., 

2000). ɣ-H2AX is directly recruited to DSB sites of DNA damage, where it binds as small and 

round distinct ‘foci’ structures that can be visualized using microscopy (Löbrich et al., 2010). 
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Hence the formation of ɣ-H2AX  foci are widely used as an early DSB marker (Podhorecka et 

al., 2010). 53-bp1 also plays an important role in sensing DNA damage and activating DSB 

repair via the ATM pathway (Dahl & Aird, 2017). The Ku70/80 and MRN complex senses 

DSBs. Ku70/80 mediates DNA repair by forming a ring structure near the DNA damage site, 

which allows the binding of DNA-dependent serine/threonine protein kinase (DNA-PKcs) to 

activate downstream DNA repair nucleases (Gottlieb & Jackson, 1993; J. R. Walker et al., 

2001). The MRN complex senses two ends of DSBs and mediate DNA repair by the ATM and 

DNA-PKcs pathways (Moreno-Herrero et al., 2005).  In contrast, PARP1 senses SSBs and the 

accumulation of PARP1 activates SSB DDR pathways (Eustermann et al., 2015) . XRCC1 

protein is directly recruited to SSB sites and it accelerates DNA repair by acting as a scaffold 

protein, which is involved in DNA ligation and DNA end-processing (L. M. Polo et al., 2019).   

The DDR is linked functionally to multiple other signalling mechanisms, as illustrated in 

Figure 1.2. 

There are five main DDR pathways to repair SSBs and DSBs: base excision repair (BER), 

nucleotide        excision repair (NER) or mismatch repair (MMR) to repair SSBs, and 

homologous recombination (HR) or non-homologous end joining (NHEJ) to repair DSBs.  

However, in neurons, whilst SSBs are repaired by MMR, NER,  or BER, DSBs are thought 

to be repaired only by NHEJ because they lack HR, which requires an active cell cycle 

 
Figure 1.2: A schematic diagram showing the processes involved in DNA damage 

recognition, signal amplification and initiation of multiple cellular responses. This 

figure is adapted from (S. P. Jackson & Bartek, 2009). 
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(Boesch et al., 2011; Chang et al., 2017; Dip et al., 2004; Krokan & Bjoras, 2013; Li & Heyer, 

2008; Mason & Lightowlers, 2003). Table 1.1 summarises each DNA repair process. For a 

more detailed understanding, the reader is directed to several excellent detailed  reviews on 

this subject (Chatterjee & Walker, 2017; S. E. Polo & Jackson, 2011). 

 Table 1.1: The Major DNA Repair Mechanisms. 

SSB/DSB DNA Damage Repair Pathways and 

Mechanisms 

Relevant 

Organelles 

References 

SSB Base Excision Repair (BER): 

BER works by correcting small base lesions 

which are caused by methylation, oxidation, and 

deamination. These base lesions do not cause 

much damage to the DNA helix. 

Nucleus, 

Mitochondria 

(Krokan & 

Bjoras, 

2013); 

 

(Boesch et 

al., 2011); 

SSB Nucleotide Excision Repair (NER): 

The NER pathway removes and re-synthesizes 

damaged short DNA strand fragments. The 

damaged region is recognized by specific 

endonucleases that remove and restore the 

sequence. 

Nucleus (Dip et al., 

2004); 

 

(Boesch et 

al., 2011). 

SSB Mismatch Repair (MMR): 

MMR is involved in recognizing and cleaving 

G:T and G:G mismatches in the DNA helix. 

MMR mainly repairs nucleotide mismatches.  

However, it is also thought that MMR repairs 

short loops of DNA damage as well as 

mismatches. 

Nucleus, 

Mitochondria 

(Mason & 

Lightowlers 

, 2003); 

 

 

(Boesch et 

al., 2011). 

DSB Homologous Recombination (HR): 

HR process has a vital role in repairing DNA 

DSBs. However, HR is only limited to the S and 

G2 phases of the cell cycle because HR uses 

sister  chromatid templates to repair DSBs. Hence 

it is not thought to be a major mechanism in 

neurons. HR is also involved in DNA replication 

mechanisms by restoring defective 

replication forks. 

Nucleus, 

Mitochondria 

(Li & 

Heyer, 

2008); 

 

(Boesch et 

al., 2011). 

DSB Non-homologous End Joining (NHEJ): 

NHEJ is the most common pathway that repairs 

DNA DSBs in neurons. NHEJ is more error- 

prone but can occur in any part of the cell cycle. 

NHEJ pathway is mediated by proteins that first 

identify the DSB and then facilitate the ligation 

process for DSBs flexibly. 53-bp1 is specific to 

NHEJ. 

Nucleus, 

Mitochondria 

(Chang et 

al., 2017); 

 

(Boesch et 

al., 2011);  

 

(Gupta et 

al., 2014) 
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1.6. Amyotrophic Lateral Sclerosis (ALS) 

 

ALS was first described in the 19th century by a French neurologist, Jean-Martin Charcot 

(Turner & Swash, 2015), as a disease characterised by the degeneration of  motor neurons 

(Turner & Swash, 2015). ALS involves degeneration of both the upper and lower motor 

neurons of the brain, brainstem, and spinal cord (Turner & Swash, 2015). In the less 

common ‘primary lateral                       sclerosis’, only upper motor neurons are involved (Gordon et al., 

2006) whereas lower motor neurons are targeted in progressive muscular atrophy (Gordon 

et al., 2006).  

 

The progressive loss of motor neurons leads to wasting of voluntary muscles in ALS patients, 

leading to increasing paralysis (Turner & Swash, 2015) and impairment of breathing, 

walking, eating, and speaking (Kiernan et al., 2011).  Around 70% of ALS patients have 

limb-onset disease and 25% of patients have the bulbar-onset form of disease (Kiernan et al., 

2011).  ALS patients with limb-onset forms display  muscle weakness, fasciculations, muscle 

wasting, and muscle contraction (Duffy et al., 2007; Ferguson & Elman, 2007). However, 

patients with bulbar- onset ALS face distorted speech, weakness in facial expressions, and 

weakness in the tongue,             resulting in difficulties in swallowing (Kiernan et al., 2011). On 

average, ALS patients survive for 2 to 4  years after the initial diagnosis and death usually is 

due to respiratory failure (Chiò, Logroscino, et al., 2009). However, 3-5% of ALS patients  

suffer from the rarer respiratory form of ALS and die within 1.4 years (Swinnen & 

Robberecht, 2014). Among ALS cases, 5-10% are characterized as familial (fALS), which 

are caused by   specific genetic mutations. In contrast, 90-95% of ALS cases are sporadic 

(sALS) with no known hereditary  cause (Renton et al., 2014). The mean disease onset age 

for ALS patients is ~ 63 years (Chio et al., 2002), with 2.5 times more cases in men than in 

women (Manjaly et al., 2010). Along with motor neurons, non-neuronal cells such as 

astrocytes and microglia are also involved in neurodegeneration in ALS (Perkins et al., 

2021; Zhao et al., 2020). 

 

Only three drugs are approved by the Food and Drug Administration (FDA) for ALS; 

riluzole (Bensimon et al., 1994), edaravone (Abe et al., 2017), and relyvrio (Paganoni et al., 

2020). However, they are not effective in the prevention of neurodegeneration in patients, 

and only riluzole is available in Australia (Bensimon et al., 1994; Lacomblez et al., 1996; 



 10 

Miller et al., 2012; Mora, 2017). Hence there is an urgent need to develop new   

therapeutics. Understanding the molecular processes underlying the degeneration of motor 

neurons is essential in identifying better therapeutic approaches (Kiernan et al., 2011). 

 

There are more than 50 genetic mutations associated with ALS (Mejzini et al., 2019). 

Among these mutations, the most frequent cases in Europe/North America are caused by 

hexanucleotide repeat expansions (HRE) in chromosome 9 open reading frame 72 

(C9ORF72), followed by superoxide dismutase-1 (SOD1), fused in sarcoma (FUS), and 

TAR DNA-Binding Protein (TARDBP) genes (Corcia et al., 2017). Mutations in 

sequestosome 1 (SQSTM1), ubiquitin 2 (UBQLN2), TANK-binding kinase1 (TBK1), 

valosin-containing protein (VCP), CCNF and optineurin       (OPTN) genes amongst others are 

also present in the rarer cases of fALS (Renton et al., 2014).  ALS-linked mutations have also 

been detected in prolyl-4-hydroxylase subunit beta (P4HB), the gene encoding PDI 

(Gonzalez-Perez et al., 2015).  Two missense variants were described, p.D292N (PDI-

D292N) and p.R300H (PDI-R300H), (Gonzalez-Perez et al., 2015), although these are 

implicated as risk factors for ALS rather than fALS causing mutations (Gonzalez-Perez et 

al., 2015).  The etiology of   sALS cases remain unclear, however, many environmental risk 

factors and genetic mutations are thought to contribute (Oskarsson et al., 2015).  Like other 

neurodegenerative diseases, ALS is a protein misfolding disorder whereby the key 

pathological hallmark is the formation of misfolded proteins inclusions in affected tissues 

(Neumann et al., 2006). In almost 97% of ALS patients, these                         inclusions contain pathological 

forms of TDP-43, the protein encoded by TARDBP (Prasad et al., 2019).  

 

ALS-related mutations in SOD1 were first discovered in 1993 (Rosen et al., 1993), and since 

then SOD1-ALS disease models have been widely studied. SOD1  encodes an important 

cytoplasmic antioxidant enzyme, Cu/Zn superoxide dismutase (Rosen et al., 1993), which 

prevents oxidative stress by the detoxification of superoxide radicals, (O2-) (Valentine et al., 

2005). ALS-associated SOD1 mutations induce oxidative and endoplasmic reticulum (ER) 

stress,   neuronal toxicity, ER-Golgi network dysfunction, neuroinflammation, and 

hyperexcitability of ALS neurons (Bunton-Stasyshyn et al., 2015; Zhang et al., 2007). The 

formation of SOD1 protein aggregates (either mutant or wildtype) in neurons is detected  in 

both fALS and sALS (Benkler et al., 2018; Kato et al., 2001; Tak et al., 2020; Watanabe et 

al., 2001).  



 11 

 

In 2008, the link between mutations in the TARDBP gene and ALS was first established 

(Sreedharan et al., 2008). TDP-43 is a DNA/RNA binding protein that is ubiquitously 

expressed but predominantly present in the nucleus of healthy cells (Y.-F. Xu et al., 2011). 

In fALS, mislocalization of mutant TDP-43 from the nucleus to cytoplasm occurs whereas 

in sALS mislocalization of wildtype TDP-43 is present, and cytoplasmic aggregates form 

in both cases (Neumann et al., 2006; Suk & Rousseaux, 2020). Mislocalized cytosolic TDP-

43 loses its normal function in the nucleus, and gains toxic mechanisms in the cytoplasm, 

and both processes are implicated the progressive degeneration of ALS neurons (Suk & 

Rousseaux, 2020). The pathological forms of TDP-43 are also truncated and hyper-

phosphorylated (Y.-F. Xu et al., 2011). TDP-43 is normally involved in RNA processing 

(Y.-F. Xu et al., 2011)  and recent studies from our group and others have also established 

that TDP-43 functions in the repair of DNA          damage (Guerrero et al., 2019; Konopka et al., 

2020; Mitra et al., 2019). 

 

Like TDP-43, FUS is also  a DNA and RNA binding protein (Kwiatkowski et al., 2009) that 

plays a pivotal role in RNA metabolism including transcription and post-transcriptional 

processes such as mRNA splicing, trafficking and  transport (Ratti & Buratti, 2016).  

Moreover, similar to TDP-43, it also facilitates DNA repair (H. Wang et al., 2018). ALS- 

causing mutations in FUS are also thought to lead to both loss  and gain of toxic functions in 

pathogenesis (Dormann & Haass, 2013). Similar to TDP-43, FUS mainly exists in the 

nucleus, however, it also mislocalises to the cytoplasm in ALS (Vance et al., 2009). 

Aggregates of FUS are also found in both fALS and sALS patient neurons, implying that 

FUS inclusions are present in the most common forms of  ALS, similar to TDP-43 

(Kwiatkowski et al., 2009). Whilst this was previously controversial, two recent studies 

confirmed the presence of FUS inclusions in sALS patients (Ikenaka et al., 2020; Tyzack et 

al., 2019).  

 

The identification of the C9ORF72 mutation in ALS was  first demonstrated in 2011 (Renton 

et al., 2011).  The GGGGCC expansion within the first intron of the C9ORF72 gene contain 

less than 11 repeats in the normal population (Chio et al., 2012). However, in ALS patients 

these repeat expansions can range from hundreds to thousands (Rutherford et al., 2012). 

Almost 40% of fALS and 7% of sALS cases are caused by the C9ORF72 mutation, 
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respectively (Iacoangeli et al., 2019). The mechanisms by which C9ORF72 mutations impair 

biological processes in ALS are not fully known (Sellier et al., 2016), but three hypotheses 

are implicated.  Firstly, loss of function of the C9ORF72 protein, causing haploinsufficiency,   

secondly, a gain of toxic mechanism due to production of the repeat RNA and  lastly, 

production of dipeptide repeat proteins as a result of repeat associated non-ATG translation 

(RAN) (Balendra & Isaacs, 2018; Smeyers et al., 2021).  

 

1.7. Molecular mechanisms contributing to neurodegeneration in ALS 

 

It is important to understand the molecular pathways that are involved in inducing 

neurodegeneration in ALS.  It is well established that proteostasis, or protein homeostasis, 

is disrupted in ALS (Webster et al., 2017). Other molecular pathways involve disruption    in 

RNA metabolism and mitochondria, interruption in the autophagy process, 

hyperexcitability, excitoxicity, defects in nucleocytoplasmic transport, DNA damage, 

neuroinflammation, accumulation of aggregated neurofilaments, and dysfunctional axonal 

transport (Chen et al., 2022; Goutman et al., 2022). As a multifactorial disease, various 

environmental factors are thought to contribute to the development of sALS (Armon, 2009; 

Fang et al., 2010; Michaelson et al., 2017; Spencer et al., 2019; Sutedja et al., 2009), 

including cyanotoxicity (Michaelson et al., 2017), exposure to chemical reagents and heavy 

metals (Spencer et al., 2019; Sutedja et al., 2009), pesticides (Spencer et al., 2019), previous 

brain trauma (Pupillo et al., 2012), physical activities (Abel, 2007; Chiò, Calvo, et al., 

2009), tobacco smoking (Armon, 2009; Fang et al., 2010), and viral infections (Verma & 

Berger, 2006).  Interestingly, some of these factors are also implicated in causing DNA 

damage (H. Wang et al., 2021). Figure 1.3 illustrates the major molecular mechanisms 

thought to contribute to neurodegeneration in ALS.  
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As mentioned earlier, damage to neuronal DNA is increasingly implicated in ALS (Kim et al., 2020). 

The following section will  describe in detail our current understanding of the role of  DNA damage 

in ALS. 

 

1.8. DNA Damage and Repair in ALS 

 

Several studies have identified DNA damage as one of the contributing factors to neuronal 

death in ALS (Kim et al., 2020; Kok et al., 2021; Sun et al., 2020). A study using induced 

pluripotent stem cell (iPSC)-derived motor neurons from fALS SOD1G93A and SOD1A4V 

patients as well as human post-mortem tissue (Kim et al., 2020) revealed significant DNA 

damage, including the presence of abasic sites, SSBs, and 8-hydroxy-deoxyguanosine 

(OHdG, indicative of oxidative stress). This was also present in motor neurons                        of  human 

post-mortem tissues compared to controls (Kim et al., 2020) along with upregulation of DDR 

sensor proteins, such as activated c-Abl (a tyrosine kinase), ATM, and breast cancer gene 1 

 
Figure 1.3: A schematic diagram presenting the molecular processes contributing to 

neurodegeneration in ALS. This figure is adapted from (Bonafede & Mariotti, 2017). 
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(BRCA1) (Kim et al., 2020). Whilst post-mortem tissues represent disease end-stage, the 

iPSC findings imply DNA damage is involved earlier in disease (Kim et al., 2020), (Kim et 

al., 2020). This study therefore showed that DNA damage and activation of the DDR is 

present in SOD1-associated ALS (Kim et al., 2020). 

 

Another study investigated the consequences of loss of function of FUS in ALS (H. Wang 

et al., 2018) using human neuroblastoma and kidney cell lines, human post-mortem sporadic 

tissues with FUS pathology, and iPSC-derived motor neurons with fALS R521H and P525L 

mutations (Wang et al., 2018). FUS knockdown cells failed to repair endogenous DNA 

damage compared  to the control cell lines (Wang et al., 2018) and FUS was associated with 

SSB DNA damage sensor proteins PARP1, XRCC1 and LigIII using a co-

immunoprecipitation assay (co-IP). These findings indicate that FUS is recruited to DNA 

damage sites in ALS neurons where it repairs DNA damage (Wang et al., 2018). 

Furthermore, a 2-fold increase in DNA strand breaks was observed in FUS ALS human 

tissues compared to the control tissues, revealing that DNA damage is present in FUS-ALS 

patients. This study also showed that correction of the R521H                    and P525L mutations using 

CRISPR/Cas9 methods also retrieved the functionality of FUS protein in the iPSC-derived 

motor neurons (Wang et al., 2018). Hence, this study suggests that                    there FUS functions in 

the DDR, but this process is perturbed in ALS. 

 

A role for TDP-43 in the DDR has been established in a recent study from our laboratory 

(Konopka et al., 2020) using NSC-34 motor neuron-like cells and primary cortical neurons 

expressing familial TDP-43A315T and sporadic TDP-43Q331K ALS mutations (Konopka et al., 

2020). Wildtype (WT) TDP-43 was found to facilitate NHEJ during DSB repair. However, 

TDP-43 A315T or Q331K mutations lacked the protective nature of WT, causing DNA 

damage in both cell lines and primary cortical neurons, (Konopka et al., 2020). Furthermore, 

in tissues from a TDP-43 mouse model, DNA damage was present before disease onset, 

indicating DNA damage is actively involved in ALS progression. Similarly, two more 

studies also reported similar findings, showing the involvement of WT TDP-43 in NHEJ 

and the loss of function by ALS-mutant TDP-43 (Guerrero et al., 2019; Mitra et al., 2019).  

TDP-43 was found to co-localize with DSB sensor protein Ku70 by co-IP in cell lines (Mitra 

et al., 2019), and Ku70 was identified as part of the XRCC4-DNA ligase 4 complex 

involved in NHEJ in iPSC-derived motor neurons (Mitra et al., 2019). Subsequently, sALS 
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spinal-cord tissues showed the accumulation of TDP-43 aggregates and upregulation of 

DNA damage markers ɣ-H2AX and phospho-53BP1 compared to controls (Mitra et al., 

2019). Enhanced mislocalization of TDP-43 in the cytoplasm activated DDR factors ATM, 

ɣ-H2AX  and phospho-53BP1, and more neuronal death in fALS TDP-43Q331K expressing 

cells compared to controls cells (Guerrero et al., 2019). Similar to FUS, together these 

studies show that TDP-43 is an essential          protein that mediates NHEJ in neurons and thus 

maintains genomic integrity.    

 

Induction of DNA damage has also been associated with the C9ORF72 mutation (Konopka 

& Atkin, 2018). Abnormal secondary DNA structures such as G-quadruplex, hairpins, 

DNA- RNA hybrids R-loops can induce DNA damage (Mirkin, 2008). The G-rich 

GGGGCC repeat favours the formation of R-loops and thus the formation of these abnormal 

DNA structures. The presence of R- loops and DSBs was detected in human cell lines, rat 

neurons and human ALS spinal cord tissues with C9ORF72 mutations compared to controls 

(C. Walker et al., 2017). This was accompanied by impairment    of H2A ubiquitylation and 

hence, defective ATM signalling due to the accumulation of DNA damage (C. Walker et 

al., 2017). Similarly, another study from our laboratory demonstrated upregulation of DDR 

markers ɣ-H2AX,                             phospho-53BP1, activated ATM and PARP1, in motor neurons of human 

ALS spinal cord tissues compared to controls (Farg et al., 2017), as well as upregulation of 

ɣ-H2AX and phospho-ATM due to expression of dipeptide repeat proteins (DRPs) 

(poly(GR)100 and poly(PR)100) in neuronal cells compared to controls (Farg et al., 2017). 

Another study showed the link between oxidative stress and the C9ORF72 mutation 

(Lopez-Gonzalez et al., 2016). C9ORF72 motor neurons derived from iPSCs of ALS-

patients showed more oxidative stress and DNA damage compared to control motor 

neurons. Moreover, pharmacological or genetic reduction of oxidative stress improved 

DNA damage in iPSC-derived C9ORF72 motor neurons (Lopez-Gonzalez et al., 2016). 

Hence, these findings reveal that the C9ORF72 mutation induces DNA damage by the 

formation of abnormal DNA structures, which can inhibit DNA replication and 

transcription (Konopka & Atkin, 2018).  

 

In several previous studies, the involvement of oxidative DNA damage in ALS was shown 

in post-mortem tissues (Calingasan et al., 2005; Shaw et al., 1995), and in cerebrospinal 

fluid (CSF) (Simpson et al., 2004; Tohgi et al., 1999). A recent study showed that ROS 
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mechanisms are involved in DNA damage in wobbler mice (Junghans et al., 2022). This 

mouse model contains a point mutation in the Vps54 gene leading to progressive 

degeneration of upper and lower motor neurons (Moser et al., 2013) . The phenotype of the 

wobbler mouse is similar to ALS as the mouse develops progressive degeneration of upper 

and lower motor neurons, hence it is used as a disease model (Moser et al., 2013). However, 

the Vps54 mutation has not been detected in ALS patients (Meisler et al., 2008). DNA 

damage associated markers ɣ-H2AX  and 53BP1 were significantly upregulated in the 

spinal motor neurons of wobbler mice compared to controls due to an elevated  level of 

ROS, implying that impedance of redox homeostasis could play a key role in DNA damage 

in ALS (Junghans et al., 2022). Another study showed that during oxidative stress, 

phosphorylation of SOD1 by checkpoint kinase 2 (Chk2) leads its translocation to nucleus 

to protect DNA from oxidative damage in ALS (Bordoni et al., 2019). Figure 1.4 illustrates 

the processes linking DNA damage to neurodegeneration in ALS. 

 

The involvement of key proteins associated with ALS, particularly FUS and TDP-43, in the 

DDR is an important finding because it implies that DNA damage is a central mechanism in 

ALS. Hence novel therapeutics for ALS based on enhancing DNA repair or preventing DNA 

damage could be designed in future studies. However, there are currently no effective 

mechanisms to do this in ALS or other neurodegenerative diseases. Our laboratory has 

previously identified PDI as a possible new therapeutic target for ALS. However, it has not 

been previously established whether PDI is protective against DNA damage in ALS. The 

next section will provide more information about the structure of PDI and its roles. 

 

 

 

 

 

 

 

 

 

 

1.9. Protein Disulphide Isomerase (PDI)  
 

Figure 1.4: The processes by DNA damage is implicated in the progressive 

death of motor neurons in ALS.  
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PDI is a chaperone first identified as a folding catalyst from rat liver, that is primarily 

located in the ER (Goldberger et al., 1963). PDI accounts for almost 0.8% of the total 

cellular protein, so it is highly abundant (Freedman et al., 1994). As a general chaperone, it 

aids in the folding of other proteins to form their native confirmations (Freedman et al., 

1994; Parakh & Atkin, 2015). However, it also has an oxidoreductase (redox) function 

whereby  it mediates disulphide bond formation in proteins and rearranges incorrect 

disulphide bonds (Laboissière et al., 1995). PDI is encoded by the P4HB gene which 

encodes a 55-kDa sized protein with 508 amino acids (Kemmink et al., 1997). It has two 

redox active domains, a and a’, which contain the cysteine-glycine- histidine-cysteine 

(CGHC) motif responsible for disulphide bond formation and hence redox regulation 

(Parakh et al., 2013; Tian et al., 2006). PDI also has two more domains, b and b’, responsible 

for substrate binding and protein folding (Parakh et al., 2013; Tian et al., 2006). The x and 

c domains of PDI facilitate either the flexibility between other domains or the chaperone 

activity,          respectively (Parakh et al., 2013; Tian et al., 2006). The domain structure of PDI is 

illustrated                       schematically in Figure 1.5. 

 

Figure 1.5: Schematic diagram illustrating the domains of PDI. The a and a’ domains 

are involved in disulphide bond formation and the b and b’ domains mediate the chaperone 

activity. The x domain is associated with mediating flexibility among the domains and the 

c domain also facilitates the chaperone activity. The CGHC motifs of the a and a’ domains 

mediate  disulphide formation and the KDEL at the C-terminus is the ER retrieval signal. 

This figure is adapted from Parakh et al., 2013.  

 

PDI is upregulated by ER stress in cells (Wilkinson & Gilbert, 2004) and it mitigates this 

stress by the chaperone activity and by translocating misfolded proteins from the ER to 

cytoplasm for degradation (Parakh et al., 2013). Although PDI is an ER dominant protein, 
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it is also found in other locations such as the cytoplasm and nucleus (Lambert & Freedman, 

1985; VanderWaal et al., 2002). PDI is the prototype of the PDI family (containing 21 

members) and Erp57 is its closest homologue (Appenzeller-Herzog & Ellgaard, 2008). 

Similar to PDI, ERp57 is found in non-ER locations, including the nucleus where it is 

observed in the nuclear matrix (Turano et al., 2002). An active role for PDI is implicated in 

multiple diseases, including cancer (S. Xu et al., 2014), cardiovascular diseases (Ali Khan 

& Mutus, 2014), infectious disease (Benham, 2012),                        diabetes (Grek & Townsend, 2014), and 

neurodegenerative diseases (Andreu et al., 2012). 

 

1.10. The protective role of PDI in ALS 

 

This thesis focusses on the relationship between PDI and DNA damage, and its relevance to 

ALS. Previously our group showed that  PDI is protective against the formation of misfolded 

mutant SOD1 inclusions and toxicity in neuronal cells (A. K. Walker et al., 2010). Honjo 

and colleagues subsequently found that PDI was associated and co-localised with SOD1 

and TDP-43 inclusions in ALS post-mortem tissues (Honjo et al., 2011), also implying that 

PDI prevents the formation of misfolded protein aggregates in ALS (Honjo et al., 2011). Our 

group also showed that PDI co-localises with FUS in human tissues (Farg et al., 2012) and that     

ERp57 also has a protective role against the formation of misfolded SOD1 inclusions in 

neuronal cells and primary neurons, (Parakh et al., 2018). Furthermore, TDP-43 and ERp57 

partially co-localised in sALS patient tissues indicating a role for ERp57 in sALS (Parakh 

et al., 2018). Hence, these studies demonstrated that there is a connection between PDI and 

Erp57 to ALS (Honjo et al., 2011; Parakh et al., 2018). 

 

The mechanism by which PDI performs its protective role was not initially clear. However, a 

more recent study by our group showed that the oxidoreductase activity, rather than the 

chaperone activity, of PDI was protective against many cellular pathologies linked to 

proteostasis that were induced by SOD1, TDP-43 and FUS mutations in ALS (Parakh et al., 

2020, 2021). These include mutant SOD1, FUS or TDP-43 misfolding, mislocalization of 

TDP-43 to cytoplasm, disrupted ER-Golgi and nucleocytoplasmic transport, ER stress, and  

apoptotic cell death in  neuronal cells expressing mutant forms of SOD1, TDP-43, or FUS (Parakh 

et al., 2020, 2021).  PDI and ERp57  were also protective against motor impairment in zebrafish 

expressing mutant SOD1 and neuromuscular junction (NMJ) connectivity in SOD1 mice, 
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respectively (Parakh et al., 2020; Rozas et al., 2021). However, a PDI mutant, PDI-Quad (Figure 

1.6), lacking the two active site cystine residues that mediate oxidoreductase activity, showed 

no protectiveness against ALS phenotypes, unlike PDI-WT (Parakh et al., 2020). This mutant 

was previously shown to retain the chaperone function of PDI but lack all redox activity 

(Hashimoto et al., 2008; LaMantia & Lennarz, 1993; Whiteley et al., 1997). Furthermore, the 

previously described PDI mutants detected in ALS patients, PDI-D292N and PDI-R300H 

(Gonzalez-Perez et al., 2015), were found to lack this redox activity and failed to protect ALS 

pathologies related to SOD1 and TDP-43 mutations (Parakh et al., 2020). Hence these findings 

reveal that the redox activity of PDI is protective in ALS. They also imply that PDI has 

potential as a novel  therapeutic target in ALS, including against SOD1, TDP-43 and FUS 

associated fALS cases. 

 

 

Figure 1.6: Schematic diagram illustrating the mutations present in PDI-Quad. In the 

PDI-Quad mutant, all four active cystine sites are replaced by serine (SGHS instead of CGHC). 

This mutant only contains b and b’ domains, which mediate the chaperone   activity.  

However, PDI can become aberrantly modified by S-nitrosylation, involving the attachment of 

nitrogen monoxide (NO) to the thiol side chain of its active site cysteine residues, which 

inhibits its normal oxidoreductase enzymatic activity (Hess et al., 2005). Our group also 

showed that despite of the upregulation of PDI, it was inactivated by S- nitrosylation in 

SOD1G93A ALS mice and sALS tissues (A. K. Walker et al., 2010). Another study showed that 

S-nitrosylation of PDI, which is redox dependent, inhibited both the chaperone  and redox 

activities of PDI in mutant SOD1 expressing cell lines, ALS patients and rat primary neurons, 

compared to controls (Jeon et al., 2014). Hence together these studies show that S-nitrosylation of 

PDI can inhibit its normally protective activities in ALS.  

Figure 1.7 summarizes the protective roles of PDI in ALS.  
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Figure 1.7: A summary diagram showing the protective effect of PDI against ALS 

phenotypes.   The cellular phenotypes involve mechanisms associated with proteostasis.  It 

has not been previously established whether PDI is protective against DNA damage.  

Whilst these previous studies show that PDI is protective against proteostasis mechanisms, it 

remains unclear whether PDI is protective against DNA damage in ALS,   which is increasingly 

implicated as an important pathogenic mechanism. However, there are several lines of indirect 

evidence that PDI may function in DNA damage. Several previous studies have shown that 

inhibition or knockdown of PDI proteins downregulates many DNA repair genes (Liu et al., 

2019; S. Xu et al., 2019). Similarly, Erp57 binds to DNA (Chichiarelli et al., 2007) and 

PDI/Erp57 immunoprecipitate with DNA repair proteins, including apurinic/apyrimidinic 

endonuclease 1 (APE1), an important redox-regulated DNA repair  enzyme that mediates BER 

(Grillo et al., 2006).  However, preliminary studies from our group have indicated that 

overexpression of PDI may inhibit DNA damage induced by etoposide or hydrogen peroxide, 

as assessed by the formation of ɣ-H2AX foci.  
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1.11. Aims of this thesis 

In summary, PDI has shown to be protective against many cellular pathologies present           in 

ALS. Whilst our preliminary studies indicated that overexpression of PDI may inhibit DNA 

damage, this has not been previously examined in the absence of artificial   protein 

overexpression. Furthermore, it remains unclear whether PDI acts directly, at sites of DNA 

repair, or indirectly by modulating redox conditions in the nucleus. Furthermore, it remains 

unclear whether the ALS-associated PDI mutations are also protective against DNA 

damage.  

 

Hypothesis 

In this thesis it was hypothesized that (i) PDI has a direct protective function against DNA 

damage, and (ii) that the ALS-associated PDI mutants lack this protective activity, resulting in 

DNA damage. 

 

Aims 

To address this hypothesis, the studies described in this thesis aimed to: 

1. Investigate the protective role of endogenous PDI in DNA damage by knocking down 

PDI with siRNA. 

2. Investigate whether PDI has a direct function in the DDR by examining its cellular 

location following DNA damage and whether it interacts with ɣ-H2AX. 

3. Investigate whether the redox activity of PDI is protective against DNA damage using 

redox-inactive ALS-associated, PDI-D292N, PDI-R300H and Quad mutants. 
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2. Methods and Materials 

 

2.1. Molecular biology techniques 

2.1.1. Preparation of Luria-Bertani (LB) medium  

Firstly, 20 g of LB broth was dissolved in 1 L of milli-Q water and autoclaved. This liquid 

mixture was used as a culture media for Escherichia coli (E. coli). Then a final concentration 

of 50 μg/ml of the antibiotic ampicillin was added to nuclease-free H2O (Milli-Q) water, from 

a stock concentration of 100 mg/ml. 

2.1.2. Isolation of small and large-scale plasmids 

From previously prepared glycerol stocks stored at -80oC, 1 μl of bacterial strain previously 

transformed with the desired plasmid was inoculated into ~ 30 ml LB medium to prepare a 

culture for midipreparations of plasmid. Then 50 μg/ml ampicillin was added and incubated at 

37oC for 16-18 h at ~ 250 rpm. After centrifuging (Heraeus X3R Centrifuge) at 4500 rpm (4528 

g) at 4oC for 25 min, following the manufacturer’s protocol, plasmid DNA (Table 1) was then 

isolated using QIAGEN PLASMID PLUS midi kits (Qiagen, Hilden, Germany). Plasmid DNA 

was eluted with 80 μl nuclease-free H2O (Milli-Q) and stored at -20°C.   

2.1.3. Preparation of glycerol stocks 

Glycerol stocks were prepared for long-term storage of plasmids using sterile (autoclaved) 80% 

glycerol (Sigma-Aldrich, Australia). Bacterial culture was mixed with 80% glycerol in a 1:1 

(v/v) ratio in nuclease free water and the stocks were stored at -80°C.  

 

2.1.4. DNA quantification 

 

For quantifying DNA concentrations, a nanodrop 2000 spectrophotometer (ThermoScientific) 

using a conversion of 1.0 optical density (O.D.) at 260 nm for double-stranded DNA = 50 

ng/μL was used. This is based on the principle that nucleic acids absorb ultraviolet (UV) light 

at precise wavelengths, and for pure DNA, the maximum absorbance is approximately 260 nm. 

The A260/A280 ratio was used to examine the purity of DNA, where A260 < 1.75/A280 < 

1.85 was considered satisfactory. The DNA concentration was analysed using Nanodrop-2000 
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software (ThermoScientific).  

 

2.1.5. Constructs 

 

The constructs used in this project are described in Table 2.1 below. A map of backbone vector 

pcDNA3.1(+) is attached in Appendix 1. 

 

Table 2.1: Plasmids used in this study. 

 

Plasmid Vector Tag Antibiotics Source 

Empty 

vector 

pcDNA3.1(+)  NA Ampicillin Professor Casanova, Rockefeller 

University, New York 

 

PDI-WT pcDNA3.1(+) V5 Ampicillin Professor Neil Bulleid, University of 

Glasgow, UK 

PDI-Quad pcDNA3.1(+) V5 Ampicillin Generated by former master’s student 

PDI-

D292N 

pcDNA3.1(+) V5 Ampicillin Professor Claudio Hetz, University of 

Chile, Chile 

PDI-

R300H 

pcDNA3.1(+) V5 Ampicillin Professor Claudio Hetz, University of 

Chile, Chile 

 

2.2. Cell culture techniques 

 

2.2.1. Fetal bovine serum (FBS) 

 

FBS (Bovogen Biologicals, Victoria, Australia) was stored at -20°C until required. It was firstly 

thawed to room temperature (RT) and then heated in water bath at 60°C for 30 min by repeated 

inversion to heat inactivate the complement system, antibodies, and enzymes present in the 

serum. Finally, the heat-inactivated FBS was distributed into 50 ml aliquots and kept frozen at 

-20°C for future usage.  

 

2.2.2. Maintenance of mammalian cell culture 

 

The mouse neuroblastoma cell line, Neuro2a, purchased from Cellbank Australia (cat. 

89121404), was used throughout this study. Cells were cultured in a T75 flask (Corning, NY, 

USA) and maintained in Dulbecco’s Modified Eagle’s Medium-high in glucose (DMEM) (cat. 
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11995, Gibco, Waltham, MA, USA) containing 10% (v/v) heat-inactivated FBS. Mammalian 

cells were kept in a CO2 incubator at 37oC (Heracell 150i CO2 Incubator, ThermoFisher 

Scientific, Waltham, MA, USA). Cell growth was monitored daily using a brightfield 

microscope (Olympus CKX41). Fresh DMEM containing FBS was applied to the cell culture 

every 2-3 days depending on cell growth. 

 

When the Neuro2a cells were ~ 80-90% confluent, they were passaged. Firstly, cells were 

washed with phosphate-buffered saline (PBS, 3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM 

KCl, 135 mM NaCl, pH 7.4) (cat. 20012, Gibco, Waltham, MA, USA) and then treated with 

1x Trypsin-EDTA (Gibco, Waltham, MA, USA) to detach cells from the flask. They were then 

incubated in a CO2 incubator for ~ 2 min at 37oC, and the dissociated cells were washed with 

1x DMEM containing 10% FBS and collected in a 15 ml falcon. Subsequently, cells were 

centrifuged at 1000 g for 5 min at room temperature. The cell pellet was then resuspended in 

1x DMEM with 10% FBS. The total number of cells present was counted using a Countess II 

Automated Cell Counter (cat. AMQAX1000, ThermoFisher Scientific, Waltham, MA, USA). 

Using the calculated seeding density, cells were then plated into 6-well (cat. 3516, Corning, 

NY, USA) or 24-well (cat. 3524, Corning, NY, USA) plates, or T25 flasks (cat. 353014, 

Corning, NY, USA) when required for specific experiments.  For maintaining the cell line, they 

were sub-cultured into T75 flasks (Corning, NY, USA) using a 1:10 dilution factor.  

 

2.2.3. Transfection 

 

At ~ 75% confluency, Neuro2a cells were transiently transfected with the appropriate plasmids 

using the manufacturer’s protocol with lipofectamine 2000 (1 mg/ml) (Invitrogen, Waltham, 

MA, USA) and 1x Opti-MEM medium (cat. 31985, Gibco, Waltham, MA, USA). For 24-well 

and 6-well plates, cells were plated at densities of 2.5 x 104 and 25 x 104, respectively. Firstly, 

the appropriate DNA or siRNA was added to opti-MEM in one Eppendorf 1.5 ml tube and 

lipofectamine 2000 was mixed with opti-MEM in another tube. After 5 min incubation at room 

temperature, the appropriate volume of lipofectamine 2000 and opti-MEM mix was transferred 

to the other tube with DNA or siRNA mixture in opti-MEM to produce a transfection master 

mix. This was incubated for 20 min at room temperature before adding to cells. Transfected 

cells were stored for 5 h in an incubator at 37oC (Heracell VIOS 160i CO2 Incubator, 

ThermoFisher Scientific, Waltham, MA, USA). The media containing DNA was replaced with 

fresh DMEM with 10% FBS, and cells were placed back in the incubator with 5% CO2 for 72 
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hours. 

 

For siRNA experiments, using the manufacturer’s protocol, PDI targeting siRNA (cat. DHA-

L-HUMAN-XX-0010, Dharmacon, Lafayette, CO, USA), and scrambled siRNA (cat. DHA-

D-001810-10-05, cat. DHA-D-001810-10-05) were resuspended in 1x siRNA buffer. The 

siRNA buffer was prepared from 5x siRNA buffer (Dharmacon, Lafayette, CO, USA) by 

performing a 1:5 (v/v) dilution in RNase-free water (Dharmacon, Lafayette, CO, USA). Several 

different concentrations of PDI siRNA (0 nM, 20 nM, 40 nM, 60 nM, 80 nM, 100 nM, and 120 

nM) were examined in Neuro2a cells to detect the most effective concentration to silence PDI 

protein. The optimum concentration for PDI was determined to be 100 nM (see section 3.1) 

was used in all subsequent experiments. For plasmid transfection, 1 μg of plasmid DNA was 

used in all experiments.  

 

2.2.4. Treatment with DNA damage inducers 

 

After 72 h transfection, cells were treated with pharmacological agents to induce DNA damage, 

either etoposide (Sigma-Aldrich, Burlington, MA, USA) or H2O2 (cat. AJA260, Ajax 

Finechem, NSW, Australia). Cells were treated with 100 μM H2O2 for 1 h in the dark.  

Alternatively, cells were treated with 13.5 μM Etoposide for 30 min. During both treatments, 

cells were incubated at an incubator at 37oC (Heracell VIOS 160i CO2 Incubator, ThermoFisher 

Scientific, Waltham, MA, USA).  

 

2.3. Protein chemistry methods 

 

2.3.1. Preparation of cell lysates for western blotting (WB) and immunoprecipitation (IP) 

 

Cell lysates were prepared for western blotting following transfection or DNA damage 

treatment. Firstly, ~ 30 x 104 cells were washed with ice-cold PBS (Gibco) and then incubated 

with ice-cold radio-immunoprecipitation assay (RIPA) buffer (50 mM Tris pH 7.5,150 mM 

NaCl, 1% NP-40, 5 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 1mM PMSF) with 

protease inhibitor cocktail (cat. 04693159001, ‘cOmplete’ tablets mini, Roche, Basel, 

Switzerland) and 1% (w/v) phosphatase inhibitor (cat. 04906837001, PhosStop, Roche, Basel, 

Switzerland). After 15 min, cells were scraped and collected in 1.5 ml Eppendorf tubes. The 

cell lysates were kept on ice and vortexed every 5 min for 30 min before centrifugation at 4oC 
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for 25 min at 13,000 rpm (12,298 g).  

 

For immunoprecipitation, Neuro2a cells were seeded at a density of 4x106 on T150 flasks 

(Corning, NY, USA). The following day, cells were trypsinized and collected in a 15 ml falcon 

and centrifuged for 5 min at 1000 rpm (~ 200 g). After discarding the supernatant, cell pellet 

was resuspended in 1 ml PBS (Gibco). After counting the cells, the volume of non-denaturing 

NP-40 lysis buffer, pH 7.4 (20 mM Tris-HCL pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% (v/v) 

NP-40) with PP (protease inhibitor cocktail (Roche) and 1% (w/v) phosphatase inhibitor 

(Roche) was calculated. Cells were centrifuged one more time at 1000 rpm (~ 200 g) at 5 min 

and resuspended in lysis buffer. After incubating for 30 min on ice, the cell lysates were 

centrifuged at 4oC for 20 min at 13,000 rpm (~12,298 g).  Finally, the supernatants were gently 

collected in new 1.5 ml Eppendorf tubes. Then total protein concentration was determined 

performing a Bicinchoninic acid (BCA) assay by following the manufacturer’s guide.  

2.3.2. Bicinchoninic acid (BCA) protein assay  

A BCA assay was used to determine the protein concentration of cell lysates, where 0-2 mg/ml 

of bovine serum albumin (BSA) (Thermo Scientific) were used as protein concentration 

reference standards to determine the concentration of protein in each lysate. Both the BSA 

standards and the experimental samples were added to a 96-well plate (cat. 3599, Corning, NY, 

USA) in duplicates to a volume of 10 μl and 200 μl BCA reagent was added to each well, 

followed by incubation for 30 min at 37oC. The absorbance of each well was then measured 

with a PHERstar FS microplate reader at a wavelength of 562 nm. Protein concentrations were 

determined for western blotting experiments by comparison to the reference standards. 

2.3.3. Immunoprecipitation 

 

Immunoprecipitation of 1 mg/ml (w/v) of specifically prepared cell lysates was performed 

using either an anti-PDI or an isotype control antibody. For immunoprecipitations, 1 μg of PDI 

(cat. ab2792, Abcam, Cambridge, UK) or IgG (cat. sc-2025, Santa Cruz Biotechnology, Dallas, 

Texas, USA) antibodies were added to either untreated or etoposide-treated cell lysates and 

incubated on a rotating wheel for overnight at 4oC.  Normal mouse IgG was used as an isotype 

control for this study. The next day, samples were then collected incubated on ice until 

required. Protein A/G PLUS-Agarose beads (cat. sc-2003, Santa Cruz Biotechnology, Dallas, 

Texas, USA), containing both protein A and protein G conjugated to agarose beads, were used 
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to pull down the antibodies. The beads were first centrifuged for 1 min at 2000 rpm (~ 420 g) 

and resuspended in 1% (v/v) NP-40 lysis buffer before being added to each lysate (30 μl). 

Following a 2 h incubation at 4oC on a rotating wheel, the samples were centrifuged for 1 min 

at 2000 rpm (~ 420 g) at 4oC to pellet the beads. The supernatant was discarded, and pellets 

were resuspended in 0.1% NP-40 lysis buffer, followed by another 2 min incubation at 4oC on 

a rotating wheel, and then centrifuged for 1 min at 2000 rpm (~ 420 g) at 4oC. This washing 

step was then repeated three times. After that IP samples were run immediately on a gel 

following the steps mentioned below. 

2.3.4. SDS polyacrylamide gel electrophoresis (PAGE) and western blotting  

Equal amount (20 μg) of protein samples was prepared using SDS loading buffer from 4x 

Laemmli sample buffer (cat. 1610747, Bio-Rad, Hercules, California, USA) and 10X NuPAGE 

Sample Reducing Agent (cat. NP009, Invitrogen, Waltham, MA, USA). The proteins were 

denatured by boiling in a heat block for 6 min at 95oC and analysed using 4-15% gradient SDS-

PAGE gels (Bio-Rad). To estimate the molecular weights (MW) of proteins resolved by SDS-

PAGE, 6 μl of Precision Plus Protein Dual Colour Standards (Bio-Rad) were also loaded onto 

the gel. Electrophoresis was performed at 80 V to 110 V for 1 h at RT with 1x running buffer 

(25 mM Tris, 192 mM Glycine and 0.1% (w/v) SDS, pH 8.3). Proteins were then transferred 

to 0.45 mm nitrocellulose membranes (cat. 162-0115, Bio-Rad) using a Trans-Blot Turbo semi-

dry Transfer System (Bio-Rad) for 30 min using 1x semi-dry transfer buffer (48 mM Tris, 39 

mM Glycine, 0.037% (w/v) SDS, 20% Methanol, pH 8.5) for low to medium MW proteins 

(low MW: < 30 kDa and medium MW: 37-74 kDa).  Alternatively, the wet transfer method 

was performed for higher molecular weight proteins (high MW : > 74 kDa) (Kuna et al., 2018), 

using 1x neutral wet transfer buffer (3 g Tris, 14.8 g Glycine, 20% Methanol). For performing 

wet transfer, a wet electroblotting system from Bio-Rad was used for 2 h in the 4oC cold room.   

After transferring, the membrane was washed three times with milli-Q water. The membrane 

was then incubated with 0.1% (w/v) Ponceau S solution in 5% acetic acid (cat. SLCF9006, 

Sigma-Aldrich) to stain all protein on the blot, followed by three more washes with milli-Q 

water. Subsequently, the membrane was blocked for 1.5 h with 5% (w/v) BSA (cat. A7906-

500G, Sigma-Aldrich, Burlington, MA, USA) or 5 % (w/v) skim milk in 1x Tris Buffered 

Saline with Tween 20 (TBST) (20 mM tris-HCl, pH 7.4, 0.5 M NaCl, 0.1% Tween 20) at room 

temperature. Meanwhile the gel was incubated with Coomassie stain (cat. 1610786, Bio-Rad) 

to identify any remaining bands on gel and thus determine if the transfer had been successful. 
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Once the blocking step was complete, the membrane was washed three times with 1x TBST 

and incubated overnight at 4oC with the appropriate primary antibodies (Table 2), which were 

diluted in the appropriate blocking buffer (5% (w/v) BSA or skim milk). Then the membrane 

was washed 3x with TBST and incubated with specific secondary antibodies (Table 2) for 1 h 

at room temperature with shaking. The membrane was then washed in TBST three times and 

proteins were detected by adding 800 µl of ECL chemiluminescent reagents from Bio-Rad: 

Clarity Western ECL Substrates, Luminol/enhancer solution, and Peroxide solution. 

Subsequently, imaging was performed using a ChemiDoc MP imaging system from Bio-Rad. 

Western blotting images were then used to quantify the protein bands using densitometry with 

ImageJ software (v. 1.53) (National Institutes of Health (NIH).  

Table 2.2: Antibodies used in Western blotting experiments.  

Serial 

No. 

Name Host 

Species 

Class Antibody 

Type 

Company Catalogue 

Number 

Dilution 

1 PH4B/PDI 

 

Mouse Monoclonal Primary Abcam 

 

ab2792 

 

1:1000 

2 GAPDH 

 

Rabbit Polyclonal Primary Sigma-

Aldrich 

 

G954 

 

1:1000 

3  ɣ-H2AX Rabbit Polyclonal Primary Novus 

Biologicals 

NB-100- 

384 

 

1:2000 

4 Goat anti-

mouse 

IgG/IgM 

HRP 

Mouse Polyclonal Secondary Merck 

Millipore 

AP130P 1:3000 

5 Goat Anti-

Rabbit IgG 

HRP, 

Peroxidase 

Conjugated 

 

Rabbit Polyclonal Secondary Merck 

Millipore 

AP132P 1:3000 
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2.4. Microscopy 

 

2.4.1. Immunocytochemistry (ICC) 

After Neuro2a cells were transfected with siRNA or plasmids and treated etoposide or H2O2, 

DMEM was removed from the 24-well plate and cells were washed with PBS for two times. 

Then Neuro2a cells were fixed with 4% paraformaldehyde (PFA) for 20 min at room 

temperature in the dark. After that, cells were permeabilized with 0.1% (v/v) Triton-X in PBS 

(Gibco) for 15 min at room temperature, followed by blocking with 3% (w/v) BSA in PBS 

(Gibco) for 1.5 h at room temperature. Cells were then incubated with the appropriate primary 

antibodies diluted in 1% BSA (Table 3) overnight at 4oC. The subsequent day, cells were 

washed with PBS (Gibco) and then incubated with the appropriate secondary antibodies (Table 

3) for 1 h at room temperature. These steps were performed in darkness to avoid 

photobleaching. The cells were then washed with PBS (Gibco) and the nuclei were stained 

with Hoechst (cat. no. 33342, Sigma-Aldrich) at a 1:3000 dilution for 7 min at room 

temperature. Cells were washed again with PBS (Gibco) and mounted on slides (cat. no. 

SF41296SP, ThermoFisher Scientific), facing down in 3 μl Dako mounting medium (cat. no. 

S3023, Dako).  

Table 2.3: Antibodies used in ICC experiments. 

 

Serial 

No. 

Name Host 

Species 

Class Antibody 

Type 

Company Catalogue 

Number 

Dilution 

1 ɣ-H2AX  Rabbit Polyclonal Primary Novus 

Biologicals 

 

NB-100- 

384 

 

1:500 

2 PH4B/PDI 

 

Mouse Monoclonal Primary Abcam 

 

ab2792 

 

1:500 

3 Anti-V5  Mouse  Monoclonal Primary Invitrogen  P/N 46-

0705 

1:500 

4 Goat anti-Rabbit 

IgG (H+L) 

Cross-Adsorbed, 

Alexa Fluor 488 

 

Rabbit Polyclonal Secondary Invitrogen 

 

A11008 

 

1:500 

5 Donkey anti-

Mouse IgG 

(H+L) Highly 

Cross-Adsorbed, 

Alexa Fluor 594 

Mouse Polyclonal Secondary Invitrogen 

 

A21203 

 

1:500 
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2.4.2. Image Acquisition  

Fluorescently labelled Neuro2a cells were captured using a Zeiss LSM 880 confocal 

microscope or a Zeiss Axioimager epifluorescence microscope. 40X and 63X magnifications 

were used to capture images. For channels, DAPI, Alexa Fluor 488 and Alexa Fluor 568 were 

chosen to visualize cells for nuclei (blue), ɣ-H2AX (green) and PDI (red), respectively. All 

images were taken with epifluorescence microscope unless stated otherwise.  

2.4.3. Analysis of ɣ-H2AX foci 

 

DNA damage was identified by the presence of ɣ-H2AX foci in Neuro2a cells. The number of 

foci per cell (Mah et al., 2010) was calculated using Zen blue software (edition 3.4) 

(Oberkochen, Germany). A total of 50 cells per replicate were examined. 

2.4.4. Analysis of apoptotic nuclei 

Abnormal cellular morphology with condensed ( 5 μm in diameter) or fragmented nuclei 

(numerous condensed Hoechst-positive formations in a single cell) were counted as cells 

undergoing apoptosis (Elmore, 2007). Using ImageJ software (v. 1.53) (NIH), the percentage 

of apoptotic nuclei were counted. Apoptotic nuclei were quantified as a percentage of non-

apoptotic cells, from at least 100 cells expressing the desired plasmid.  

2.4.5. Analysis of PDI intensity inside nucleus relative to whole cell 

Using ImageJ, the ‘corrected total cell fluorescence (CTCF)’ was measured to determine the 

endogenous fluorescence of PDI inside nucleus relative to whole cell (Parakh et al., 2018). 

Briefly, 50 cells were selected using the freeform selection tool from ImageJ, and then from 

‘Analyze’ menu, ‘Set measurements’ was selected by ticking ‘Area’, ‘Integrated Density’ and 

‘Mean Gray Value’. Subsequently, cell fluorescence was measured inside nucleus and a region 

next to each cell without fluorescence was selected as background. Then cell fluorescence was 

measured for the whole cell. The formula used for CTCF was: CTCF = Integrated Density – 

(Area of Selected Cell x Mean Fluorescence of Background Readings). Once CTCF was 

calculated, the CTCF for PDI inside nucleus was divided by the CTCF for PDI in whole cell 

to achieve this data. 
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2.5. Preparation of the figures 

All the figures in this thesis were prepared with biorender.com unless states otherwise. 

2.6. Generation of PDI CRISPR-Cas9 cell lines 

This experiment was performed with the assistance of another member of the laboratory (Ms 

Julie Hunter). Neuro2a cells were transfected with 3 μg of PDI-CRISPR plasmid when there 

was ~ 70% cell confluency in a 6-well plate using lipofectamine following the method above 

(section 2.2.3). PDI-CRISPR plasmid was designed using CRISPR/Cas9 method, which does 

not have the PDI gene by Dr Sina Shadfar and Dr Cyril Jones Jagaraj. The guide RNA (gRNA) 

was designed with GeneArt CRISPR Nuclease Vector with OFP Reporter Kit by 

ThermoFisher. Vector plasmid is attached in Appendix 2. Following 48 h transfection, cells 

were transferred into 96-well plates by serial limiting dilution so that only one cell per well 

was present. After one week incubation at 37oC in 5% CO2 incubator, wells were examined 

every 2 days and wells with only single cell colonies were identified. Two-three weeks later, 

single cell colonies from the 96-well plate were transferred into a 24-well plate until confluent, 

before being transferred to a 12-well plate. Once the 12-well plate was confluent, cells were 

transferred to a 6-well plate and T25 flasks. Cell lysates were prepared from 6-well plates and 

western blotting was performed on cell lysates to detect a PDI knock-out clone. Membrane was 

imaged using ChemiDoc from Bio-Rad.  

2.7. Statistical Analysis 

All data were statistically analyzed using GraphPad Prism (v. 9.3.1) (San Diego, CA, USA). 

One-way ANOVA followed by post-hoc Tukey test or t-test with Welch’s correction was used 

to analyze all data. Welch’s correction is used when it is assumed that two samples do not have 

same standard deviation. All data are represented as mean ± standard deviation (SD). P-values 

of 0.05 or less were considered significant for all data, * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. Total 150 cells were counted for each experiment from n = 3 biological 

replicates unless stated otherwise.  
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3. Results 

 

Given previous preliminary studies from our had established that overexpression of PDI 

inhibited DNA damage, we first aimed to examine the role of endogenous PDI, representing a 

different paradigm and arguably more physiological conditions. For this purpose, we aimed to 

both knockdown PDI using siRNA and knockout PDI using CRISPR/Cas9 methods. 

 

3.1. Optimization of the PDI siRNA concentration to knockdown endogenous PDI in 

Neuro2A cells 

 

siRNA targeted against PDI was previously designed and used successfully to knockdown its 

expression in another neuronal  cell line (NSC-34) by our group (A. K. Walker et al., 2010). 

Hence the same siRNA was used here, with a control scrambled (non-targeting) siRNA as a 

negative control. Scrambled siRNAs have the same nucleotide composition, but not the same 

sequence, as the target siRNA. Hence they should not target the gene of interest, and they 

provide a baseline to evaluate the specificity of targeted siRNA-treated samples (Buehler et al., 

2012). In this study, the mouse neuroblastoma cell line, Neuro2a, was used because it displays 

neuronal morphology and was originally isolated from brain tissue (Ferrari et al., 2018).  

 

First, to determine the siRNA concentration required for the most efficient knockdown of PDI, 

Neuro2a cells were transfected with 0 nM, 20 nM, 40 nM, 60 nM, 80 nM, 100 nM and 120 nM 

of PDI siRNA or 80 nM control scrambled (non-targeting) siRNA or untransfected cells. At 72 

h post-transfection, cell lysates were collected to perform western blotting using a PDI antibody 

and GAPDH as a loading control (Figure 3.1 (A)). Quantification of the band intensity using 

densitometry revealed that using the lowest (0-20 nM) or highest (120 nM) concentrations of 

PDI siRNA there was little effective knockdown for PDI because the PDI band was still 

present. However, using 100 nM PDI siRNA reduced levels of PDI effectively: 17-fold 

decrease compared to control (untransfected or UT, without lipofectamine) group and 18.4-

fold increase compared to scrambled or non-targeting siRNA (Figure 3.1 (B)). To further 

confirm this result, this experiment was then repeated using four separate cell lysates prepared 

with 100 nM PDI siRNA along with two other controls, scrambled siRNA and UT.  Western 

blotting was performed using a PDI antibody and GAPDH as a loading control (Figure 3.1 (C), 

Top panel). Quantification revealed that there was a significant 4.6-fold decrease in PDI 

expression compared to scrambled siRNA (* p < 0.05) and a significant 4.5-fold decrease 

compared to the UT group (Figure 3.1 (C), Bottom panel), confirming the knockdown of PDI 
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using this siRNA. 

 

Given that the experiments investigating DNA damage need to be performed in the presence 

of the pharmacological agent, etoposide, the knockdown of PDI was then investigated further 

in etoposide treated cells.  We also decided to confirm knockdown using another technique, 

immunocytochemistry (ICC), to validate the western blotting results. UT cells, scrambled 

siRNA and PDI siRNA transfected cells were treated with previously optimized 13.5 μM 

etoposide to induce DNA damage for 30 mins. The concentration and duration of etoposide 

treatment to induce DNA damage without cell death induction in Neuro2a cells was previously 

optimized in our laboratory (Konopka et al., 2020). The cells were then fixed and 

immunocytochemistry using an anti-PDI (red) antibody was performed (Figure 3.1 (D), Top 

panel).  After fluorescence imaging, PDI expression in individual cells was then measured with 

ImageJ. It was observed that there was a significant decrease in PDI expression in PDI siRNA 

transfected cells compared to scrambled siRNA (**** p < 0.0001) and UT (**** p < 0.0001) 

cells following etoposide treatment (Figure 3.1 (D), Bottom panel).  Hence this result shows 

that in the presence of etoposide, there is a significant knockdown of PDI using the specific 

siRNA.  We aimed to then confirm this result using western blotting with lysates from cells 

treated with etoposide.  Cell lysates were prepared from cells transfected with either PDI 

siRNA or controls, scrambled siRNA and UT, and western blotting performed using antibodies 

against PDI antibody and GAPDH as a loading control (Figure 3.1 (E), Top panel). A 

decreasing trend for reduced PDI expression was detected in PDI siRNA transfected lysates 

compared to scrambled siRNA and UT samples (Figure 3.1 (E), Bottom panel). However, due 

to time constraints, it was only possible to perform two replicates for this experiment and the 

result did not reach statistical significance. Hence, in the future, this experiment needs to be 

repeated.  

 

Hence overall these results indicate that 100 nM is an effective concentration to knockdown 

endogenous PDI in Neuro2a cells via siRNA transfection, both in the absence and the presence 

of etoposide. 
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Figure 3.1: Determination of siRNA concentrations required to knockdown PDI. (A) 

Western blotting for endogenous PDI and GAPDH as a loading control in Neuro2a cells, 

transfected with 80 nM non-targeting (scrambled) siRNA, and 0 nM, 20 nM, 40 nM, 60 nM, 

80 nM, 100 nM and 120 nM PDI siRNA, lipofectamine only (UT+Lipo) or untransfected cells 

(UT), n = 1. (B) Densitometry quantification of endogenous PDI levels in the blot in (A). PDI 

expression was reduced in 100 nM PDI siRNA transfected cells, compared to untransfected 

(UT) and scrambled siRNA transfected cells. (C) Top panel: Western blotting for PDI and 

GAPDH as a loading control in Neuro2a cells, transfected with 80 nM non-targeting 

(scrambled) siRNA, 100nM PDI siRNA or UT cells; bottom panel: Densitometry 

quantification of PDI levels in the blots in the top panel. PDI expression was significantly 

reduced in PDI siRNA transfected cells, compared to untransfected (UT) (* p < 0.05) and 

(A) 
(B) 

(C) 

(D) (E) 
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scrambled siRNA transfecetd cells (* p < 0.05). One-way ANOVA followed by Tukey’s 

multiple comparison post-hoc test, * p < 0.05. Values are presented as mean ± SD from n = 4 

experiments. (D) Top panel: Neuro2a cells were either untransfected (UT) or transfected with either 

80 nM scrambled siRNA, or 100 nM PDI siRNA. At 72 h post-transfection, cells were treated with 13.5 

μM etoposide for 30 min. After fixing the cells with 4% PFA, ICC was performed with anti-PDI (red) 

antibody. Scale bar represents 50 μm. Bottom panel: PDI expression quantification by ICC revealed 

that following transfection, PDI level significantly decreased in 100 nM PDI siRNA transfected 

cells compared to scrambled siRNA and UT cells following etoposide treatment (13.5 μM for 

30 min). One-way ANOVA followed by Tukey’s multiple comparison post-hoc test, **** p < 

0.0001. 50 cells were counted from each group for n = 3 biological replicates. Values are 

presented as mean ± SD. (E) Top panel: Western blotting for PDI and GAPDH as a loading 

control in Neuro2a cells, transfected with 80 nM non-targeting (scrambled) siRNA, PDI siRNA 

or UT cells, which were either untreated or etoposide-treated (13.5 μM for 30 min); bottom 

panel: Densitometry quantification of PDI levels in the blots in the top panel. A trend for 

reduced PDI expression in 100 nM PDI siRNA transfected cells, compared to untransfected 

(UT) and scrambled siRNA transfected cells was observed. One-way ANOVA followed by 

Tukey’s multiple comparison post-hoc test was performed. Values are presented as mean ± SD 

from n = 2 experiments. 

3.2. PDI knockdown increases the formation of ɣ-H2AX DNA damage foci following 

etoposide treatment in Neuro2a cells 

To investigate the role of endogenous PDI against DNA damage, Neuro2a cells were then 

transfected with the optimised concentration of PDI siRNA (100 nM) to knockdown its 

expression with the same batch of cells. As controls, untransfected (UT) cells and cells were 

transfected with 80 nM scrambled siRNA were used. At 72 h post-transfection, cells were 

treated with 13.5 μM etoposide to induce DNA damage for 30 min. Cells were then fixed, and 

immunocytochemistry was performed using ɣ-H2AX (green) and anti-PDI (red) antibodies 

(Figure 3.2 (A)).  An antibody specific for phosphorylated, rather than total, H2AX was used, 

because phosphorylation of Seine-139 residue in H2AX is recognised to be an early event in 

the DDR (Farg et al., 2017; Mah et al., 2010). The formation of distinct nuclear ɣ-H2AX foci, 

a widely used marker for DSBs, was therefore examined and quantified using fluorescence 

microscopy to detect DSBs and hence DNA damage (Mah et al., 2010).  

The number of ɣ-H2AX foci was significantly increased in etoposide treated cells in each group 

(untransfected, scrambled siRNA transfected and PDI siRNA transfected cells) compared to 

their respective control groups, indicating that damage was successfully induced by this 

treatment (Tukey’s multiple comparison post-hoc test, **** p < 0.0001) (Figure 3.2 (B)). 

Interestingly, significantly more ɣ-H2AX foci were detected in etoposide treated cells with 

endogenous PDI knockdown, compared to both untransfected and scrambled siRNA 

transfected groups (Tukey’s multiple comparison post-hoc test, **** p < 0.0001) (Figure 3.2 
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(B)). Hence, this data implies that knockdown of endogenous PDI increases DNA damage 

followed by etoposide treatment in Neuro2a cells. 

 

 

(A) 

(B) 
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Figure 3.2: PDI knockdown increases DNA damage induced by etoposide, indicated by 

the formation of ɣ-H2AX foci. (A) Neuro2a cells were either untransfected (UT, first two 

columns) or transfected with either scrambled siRNA (second two columns), or PDI siRNA 

(third two columns). At 72 h post-transfection, cells were treated with 13.5 μM etoposide for 

30 min. After fixing the cells with 4% PFA, ICC was performed with ɣ-H2AX (green) and 

anti-PDI (red) antibodies and nuclei were stained with Hoechst (blue). Scale bar represents 50 

μm. Arrows indicate ɣ-H2AX foci. (B) Quantification of the average number of ɣ-H2AX foci, 

indicating DNA damage, per 50 cells. Significantly more ɣ-H2AX foci were detected in 

Neuro2a cells transfected with PDI siRNA, compared to UT (**** p < 0.0001), and scrambled 

siRNA transfected cells (**** p < 0.0001). Induction of DNA damage in cells treated with 13.5 

μM etoposide treatment, compared to untreated cells for all groups, was also confirmed by the 

presence of significantly more ɣ-H2AX foci (**** p < 0.0001). One-way ANOVA followed 

by Tukey’s multiple comparison post-hoc test, **** p < 0.0001 was performed. 50 cells were 

counted from each group for n = 3 replicates. Values are presented as mean ± SD. 

3.3. PDI knockdown increases the formation of ɣ-H2AX DNA damage foci following H2O2 

treatment in Neuro2a cells 

As PDI knockdown increased DNA damage induced by etoposide, further experiments were 

performed with another DNA damage inducing agent. Hydrogen peroxide (H2O2) induces 

oxidative DNA damage in Neuro2a cell lines and oxidative stress and oxidative DNA damage 

are implicated in the pathophysiology of ALS (Bordoni et al., 2019). The concentration and 

duration of H2O2 treatment required to induce DNA damage in Neuro2A cells was previously 

optimized in our laboratory (Konopka et al., 2020), so the same conditions were used here.  

Neuro2a cells were transfected with PDI siRNA or scrambled siRNA and after 72 h, cells were 

treated with 100 μM H2O2 for 1 h. Then cells were fixed, and ICC was performed with 

phosphorylated H2AX specific (green) and anti-PDI (red) antibodies (Figure 3.3 (A)). 

Fluorescence microscopy and quantification of the number of ɣ-H2AX foci revealed a 

significant increase following H2O2 treatment for all groups compared to the equivalent 

untreated group, confirming induction of DNA damage (Tukey’s multiple comparison post-

hoc test, **** p < 0.0001) (Figure 3.3 (B)). Moreover, similar to the etoposide results, 

significantly more ɣ-H2AX foci were detected in H2O2 treated cells with PDI knockdown, 

compared to both untransfected and scrambled siRNA transfected cells (Tukey’s multiple 

comparison post-hoc test, **** p < 0.0001) (Figure 3.3 (B)). Thus, these results indicate that 

knockdown of endogenous PDI leads to more oxidative DNA damage induced by H2O2 in 

Neuro2a cells, providing further evidence that PDI is protective against DNA damage. 
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Figure 3.3: PDI knockdown increases DNA damage induced by H2O2, indicated by the 

formation of ɣ-H2AX foci. (A) Neuro2a cells were transfected with either PDI siRNA (second 

two columns), or scrambled siRNA (third two columns). At 72 h post-transfection, these cells 

and untransfected (first two columns) controls were treated with 100 μM H2O2 for 1 h. 

Immunocytochemistry was performed with ɣ-H2AX (green) and anti-PDI (red) antibodies and 

the nuclei were stained with Hoechst (blue). Scale bar represents 50 μm. Arrows indicate ɣ-

H2AX foci. (B) Quantification of the average number of ɣ-H2AX foci per 50 cells. A 

significant increase in ɣ-H2AX foci was detected in Neuro2a cells transfected with PDI siRNA 

(**** p < 0.0001), compared to untransfected and scrambled siRNA transfected control cells. 

Significantly more ɣ-H2AX foci were also detected in cells treated with 100 μM H2O2, 

compared to untreated groups (**** p < 0.0001), confirming induction of DNA damage with 

One-way ANOVA followed by Tukey’s multiple comparison post-hoc test, **** p < 0.0001.  

50 cells were counted from each group for n = 3 replicates. Values are presented as mean ± 

SD. 

3.4. Generation of PDI knockout cell lines 

To confirm the results obtained by knocking down PDI using siRNA, the next aim was to 

generate a PDI knockout cell line using CRISPR-Cas9 methods and then examine DNA 

damage in this line. A sgRNA sequence (GGCGTCGGCGCGCACCAGGGCGG) targeting 

PDI was previously designed in our laboratory and cloned into the plasmid GeneArt CRISPR 

Nuclease Vector.  Neuro2a cells were then transfected with the PDI-CRISPR plasmid in a 6-

well plate. At 48 h post-transfection, cells were plated into four 96-well plates and left to 

expand in medium. From the 96-well plate, cells were cloned by limiting dilution and left to 

grow for at least 2 weeks.  Possible positive clones were identified by the presence of orange 

fluorescence using fluorescence microscopy because the CRISPR/Cas9 vector contains 

an orange fluorescent protein (OFP) reporter (See Appendix, Figure 7.2). Wells with single 

cells were identified and expanded following the growth of the single cell colony. A total of 30 

single cell colonies were screened from four 96-well plates. These colonies were then expanded 

into 6-well plates, lysates were collected, and western blotting was performed using a PDI 

antibody. However, unfortunately, all clones examined were found to express PDI (Figure 3.4). 

A total of 30 clones were examined by western blotting. Due to time constraints, it was not 

possible to examine any further clones, and thus it was not possible to examine whether more 

DNA damage was present in CRISPR/Cas9 PDI knockout cells.  
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Figure 3.4: All CRISPR/Cas9 clones examined displayed expression of PDI. The black box 

represents the PDI bands for 11 PDI-CRISPR clones. From left, first lane indicates protein 

MW ladder, and the last lane indicates a untransfected Neuro2a cell lysate (positive control).  

3.5. PDI knockdown enhances DNA damage induced apoptosis following etoposide 

treatment 

DNA fragmentation is one of the last stages of apoptosis, which can be visualized by the 

presence of condensed or fragmented nuclei following Hoechst staining (Elmore, 2007).  Next 

it was examined whether PDI knockdown enhances DNA damage induced apoptosis.  Neuro2a 

cells were firstly transfected with PDI siRNA and scrambled siRNA. At 72 h post-transfection, 

these cells and untransfected cells were treated with 13.5 μM etoposide for 30 min. The cells 

were then fixed, and immunocytochemistry was performed using ɣ-H2AX (green) and anti-

PDI (red) antibodies (Figure 3.5 (A)). Using fluorescence microscopy, the proportion of cells 

undergoing apoptosis was investigated by quantifying the presence of apoptotic nuclei, 

identified by Hoechst staining. 

Few (5.4%) untreated untransfected cells displayed fragmented nuclei, and following etoposide 

treatment, whilst there was no significant increase in the proportion of cells undergoing 

apoptosis (Figure 3.5 (B)). Hence, this shows untransfected cells did not go through significant 

apoptosis following etoposide treatment. Similarly, 9% scrambled siRNA transfected cells 

displayed fragmented nuclei whereas this proportion increased to 12.8% when treated with 

etoposide (Figure 3.5 (B)), although this was not statistically significant. Hence, cells 

transfected with scrambled siRNA did not go through significant apoptosis after etoposide 
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treatment.  In contrast, 11% PDI siRNA transfected cells showed fragmented nuclei but 

significantly more (2.3-fold, **** p < 0.0001) were detected following etoposide treatment 

(Figure 3.5 (B)). There was also a significant increase in apoptotic nuclei in untreated PDI 

siRNA cells compared to untreated untransfected cells (2.1-fold, * p < 0.05) (Figure 3.5 (B)).  

Hence, knockdown of endogenous PDI induces apoptosis in both etoposide treated and 

untreated cells. Thus, this suggests that other pathways lead to apoptosis in the absence of DNA 

damage when PDI is knocked down.  Moreover, a significant increase in the percentage of 

fragmented nuclei, and hence apoptosis, was detected in etoposide treated PDI siRNA 

transfected cells compared to both untransfected and scrambled siRNA transfected cells (**** 

p < 0.0001) (Figure 3.5 (B)). These data reveal that endogenous PDI protects Neuro2a cells 

from apoptosis following etoposide treatment.  

 

(A) 

(B) 
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Figure 3.5: Knockdown of PDI enhances apoptosis following DNA damage by etoposide 

in Neuro2a cells. (A) Neuro2a cells transfected with either scrambled siRNA (second two 

columns) or PDI siRNA (third two columns), or untransfected (first two columns) cells were 

treated with 13.5 μM etoposide for 30 min after 72 h transfection. Immunocytochemistry was 

performed with ɣ-H2AX (green) and anti-PDI (red) antibodies and the nuclei were stained with 

Hoechst (blue). Scale bar represents 50 μm. Arrows indicate Hoechst-stained fragmented 

nuclei. (B) Quantification of Neuro2a cells in (A) bearing apoptotic nuclei, either untreated or 

treated with 13.5 μM etoposide. There was a significant increase in the percentage of apoptotic 

nuclei in PDI siRNA transfected cells following etoposide treatment compared to the 

equivalent untreated group, confirming induction of apoptosis by DNA damage (**** p < 

0.0001). Also, significantly more apoptotic nuclei in PDI siRNA transfected cells compared to 

untransfected and scrambled siRNA transfected cells were detected, confirming that PDI plays 

a role in apoptosis following DNA damage (**** p < 0.0001). There was significant difference 

in apoptotic nuclei between untreated PDI siRNA cells and the untreated UT group (* p < 0.05) 

showing that independent of DNA damage, other mechanisms might lead to apoptosis 

following knockdown of endogenous PDI. One-way ANOVA was performed followed by 

Tukey’s multiple comparison post-hoc test, **** p < 0.0001, * p < 0.05. Apoptotic nuclei were 

quantified as a percentage of non-apoptotic cells from 100 cells from each group for n = 3 

replicates. Values are presented as mean ± SD. 

3.6. PDI knockdown enhances DNA damage induced apoptosis following H2O2 treatment 

Apoptosis induced by DNA damage was further examined by using another pharmacological 

treatment, H2O2, in Neuro2a cells. Following 72 h transfection with PDI and scrambled siRNA, 

these cells and untransfected cells were treated with 100 μM H2O2 for 1 h. The cells were then 

fixed, and immunocytochemistry was performed using ɣ-H2AX (green) and anti-PDI (red) 

(B) 
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antibodies (Figure 3.6 (A)). Using fluorescence microscopy, the proportion of cells undergoing 

apoptosis was investigated by quantifying the presence of apoptotic nuclei, identified by 

Hoechst staining. 

Few (2.5%) untreated untransfected cells displayed fragmented nuclei, and following H2O2 

treatment, whilst there was no significant increase in the proportion of cells undergoing 

apoptosis (Figure 3.6 (B)). Hence, this shows untransfected cells did not go through significant 

apoptosis following H2O2 treatment. Similarly, 2.5% scrambled siRNA transfected cells 

displayed fragmented nuclei whereas this proportion increased to 2.1-fold when treated with 

H2O2, (Figure 3.6 (B)), although this was not statistically significant. Hence, cells transfected 

with scrambled siRNA did not go through significant apoptosis after H2O2 treatment. In 

contrast, 6.1% PDI siRNA untreated transfected cells showed fragmented nuclei but 

significantly more (1.7-fold, * p < 0.05) were detected following H2O2 treatment (Figure 3.6 

(B)). Hence, depletion of endogenous PDI induces apoptosis in both H2O2 treated or untreated 

cells, also implying that other mechanisms besides DNA damage induce apoptosis in PDI 

siRNA cells. Moreover, a significant increase in the percentage of fragmented nuclei, and 

hence apoptosis, was detected in H2O2 treated PDI siRNA transfected cells compared to both 

untransfected (* p < 0.05) and scrambled siRNA transfected cells (** p < 0.01) (Figure 3.6 

(B)). These data reveal that endogenous PDI protects Neuro2a cells from apoptosis following 

H2O2 treatment.  
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Figure 3.6: Knockdown of PDI increases apoptosis following DNA damage by H2O2 in 

Neuro2a cells. (A) Neuro2a cells transfected with either scrambled siRNA (second two 

columns), or PDI siRNA (third two columns) or untransfected (first two columns) cells were 

treated with 100 μM H2O2 for 1 h after 72 h. Immunocytochemistry was performed with ɣ-

H2AX (green) and anti-PDI (red) antibodies and the nuclei were stained with Hoechst (blue). 

(A) 

(B) 

(B) 



 45 

Scale bar represents 50 μm. Arrows indicate Hoechst-stained fragmented nuclei. (B) 

Quantification of apoptotic nuclei cells in Neuro2a cells in (A) bearing apoptotic nuclei, either 

untreated or treated with 100 μM H2O2. There was a significant increase in the percentage of 

apoptotic nuclei in PDI siRNA transfected cells following H2O2 treatment compared to the 

equivalent untreated group (* p < 0.05). Also, significantly more apoptotic nuclei in PDI 

siRNA transfected cells compared to untransfected (* p < 0.05) and scrambled siRNA 

transfected cells (** p < 0.01) were detected, confirming that PDI plays a role in apoptosis 

following DNA damage by H2O2. One-way ANOVA was performed followed by Tukey’s 

multiple comparison post-hoc test, ** p < 0.01, * p < 0.05. Apoptotic nuclei were measured as 

a percentage of non-apoptotic cells from 100 cells from each group for n = 3 replicates. Values 

are presented as mean ± SD. 

3.7. Overexpression of PDI prevents DNA damage induced apoptosis in Neuro2a cells 

following etoposide treatment 

Whilst previous studies in the laboratory had shown that overexpression of PDI inhibits DNA 

damage in Neuro2a cells, it had not been previously established that overexpression of PDI 

prevents apoptosis induced by DNA damage.  Given that knockdown of endogenous PDI using 

siRNA enhanced the formation of apoptotic nuclei, next it was examined whether 

overexpression of PDI could inhibit apoptosis, to further validate the siRNA results. 

Overexpression of PDI was performed by another member of the laboratory: Neuro2a cells 

were transfected with pcDNA3.1 empty vector (EV, expressing V5 tag only), and V5-tagged 

PDI-WT plasmids. EV and PDI-WT transfected cells, and untransfected cells were used as 

controls. At 24 h post-transfection, DNA damage was induced using 13.5 μM etoposide for 30 

min. Then cells were fixed, and immunocytochemistry was performed using ɣ-H2AX (green) 

and anti-V5 (red) antibodies (Figure 3.7 (A)). Images were taken using fluorescence 

microscopy. 

Quantification of these images revealed that the percentage of cells bearing apoptotic nuclei 

was higher in etoposide treated groups compared to control groups for EV and PDI-WT 

transfected cells, confirming the induction of DNA damage; EV (2.3-fold increase, ** p < 

0.01); PDI-WT (5.7-fold, * p < 0.05) (Figure 3.7 (B)). Significantly more EV transfected cells 

treated with etoposide displayed apoptotic nuclei compared to PDI-WT, and untransfected 

cells, both treated with etoposide (* p < 0.05) (Figure 3.7 (B)). Interestingly, only 1.1% PDI-

WT cells showed apoptotic nuclei, which was the lowest percentage amongst all other groups 

for this experiment (Figure 3.7 (B)). These results therefore suggest that overexpression of PDI 

protects cells from apoptosis induced by DNA damage.  
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Figure 3.7: Expression of PDI-WT is protective against apoptosis in Neuro2a cells 

following etoposide treatment. (A) Neuro2a cells transfected with pcDNA3.1 empty vector 

(EV) (second two columns), V5-tagged PDI-WT (third two columns), or untransfected cells 

(first two columns) were treated with 13.5 μM etoposide for 30 min at 24 h post-transfection. 

Immunocytochemistry was performed with ɣ-H2AX (green) and anti-v5 (red) antibodies and 

the nuclei were stained with Hoechst (blue). Scale bar represents 50 μm. Arrows indicate 

Hoechst-stained fragmented nuclei. (B) Quantification of apoptotic nuclei cells in Neuro2a 

cells in (A). A significant increase in the percentage of cells with apoptotic nuclei in EV 

expressing cells treated with etoposide compared to its untreated group (** p < 0.01) was 

detected, confirming that apoptosis is increased following etoposide treatment in EV 

(A) 

(B) 
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transfected cells. A significant increase in apoptotic nuclei was observed between PDI-WT 

expressing cells treated with etoposide compared to its untreated group (* p < 0.05). Also, 

significantly more apoptotic nuclei in EV transfected cells compared to untransfected (* p < 

0.05) and PDI-WT transfected cells (* p < 0.05) were detected, revealing that overexpression 

of PDI is protective against DNA damage induced apoptosis. One-way ANOVA was 

performed followed by Tukey’s multiple comparison post-hoc test, ** p < 0.01, * p < 0.05. 

Apoptotic nuclei were measured as a percentage of non-apoptotic cells from 100 cells from 

each group for n = 3 replicates. Values are presented as mean ± SD. 

3.8. Examining whether PDI has a direct or indirect role in DNA damage  

Whilst the results described above reveal that endogenous PDI is protective against DNA 

damage, it remains unclear how this is mediated.  It is possible that PDI has a direct function 

in the DDR at sites of DNA damage.  Alternatively, PDI may have a more indirect role, such 

as by modulating the cellular redox environment. Finally, it is possible that PDI performs both 

direct and indirect roles in the DDR. 

3.8.1. Etoposide treatment of Neuro2a cells leads to recruitment of endogenous PDI into the 

nucleus 

PDI is predominantly present in the ER, although it is known to translocate from the ER to 

both the cell surface and cytoplasm in some circumstances (Terada et al., 1995). If PDI has a 

direct role in the DDR, we hypothesised that following DNA damage it would relocate from 

the ER into the nucleus. Hence, we next examined the localisation of endogenous PDI before 

and after DNA damage treatment using immunocytochemistry. Neuro2a cells were plated on 

coverslips and 24 h later, they were treated with 13.5 μM etoposide for 30 min. 

Immunocytochemistry was then performed using ɣ-H2AX (green) and anti-PDI (red) 

antibodies, followed by confocal microscopy (Figure 3.8.1 (A)). The intensity of PDI 

expression in the nucleus relative to the whole cell was then quantified using Image J.  These 

analyses revealed that there was a significant increase in the ratio of endogenous PDI 

expression inside nucleus relative to the total cellular PDI in etoposide treated cells compared 

to control cells (*** p < 0.001) (Figure 3.8.1 (B)). This finding suggests that following DNA 

damage, endogenous PDI translocates into the nucleus, implying that it has a direct role in the 

DDR.  However further experiments are required to confirm this. 
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Figure 3.8.1: PDI is recruited to the nucleus following etoposide treatment. (A) 

Untransfected Neuro2a cells were either untreated (first column) or treated with 13.5 μM 

etoposide for 30 mins (second column). Immunocytochemistry was performed with ɣ-H2AX 

(green) and anti-PDI (red) antibodies and the nuclei were stained with Hoechst (blue). Scale 

bar represents 50 μm. Insert shows 3.5 times enlarged image of endogenous PDI intensity 

inside nucleus. Dashes indicate PDI intensity inside nucleus. (B) Quantification of mean 

fluorescence of endogenous PDI inside the nucleus (relative to total cellular PDI expression) 

before and after etoposide treatment. A significant increase was observed in endogenous PDI 

intensity inside the nucleus following etoposide treatment (*** p < 0.001), compared to the 

untreated group with unpaired t-test with Welch’s correction. Mean fluorescence of PDI 

(A) 

(B) 
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intensity inside nucleus compared to total cellular PDI for each group from n = 3 replicates. 

Values are presented as mean ± SD. 

3.8.2. Immunoprecipitation (IP) to examine whether there is an association between PDI and 

ɣ-H2AX following DNA damage treatment with etoposide 

To further examine whether PDI has a direct role in the DDR, we next examined whether there 

is an association between PDI and ɣ-H2AX.  We hypothesised that this would imply that PDI 

has a direct role in the DDR as ɣ-H2AX is recruited directly to DNA damage sites (Mah et al., 

2010).  Immunoprecipitation was performed using a PDI antibody, of untreated and etoposide-

treated cell lysates, to determine whether an association exists between PDI and ɣ-H2AX 

following DNA damage induction with 13.5 μM etoposide for 30 min. To detect this 

association, western blotting using an ɣ-H2AX antibody was used. Input samples were loaded 

as positive controls for PDI and ɣ-H2AX protein bands on the membrane. A mouse IgG isotype 

control antibody was also used to IP the same lysates as a negative control to examine whether 

any signals detected are specific for PDI. Hence, using the isotype control in an IP, there should 

be no band present for either PDI or ɣ-H2AX. However, it can be observed from the result that 

there were positive bands for both PDI and ɣ-H2AX using both the isotype control and the PDI 

antibodies (Figure 3.8.2). Hence, this experiment could not provide any specific conclusion 

because non-specific bands were obtained for the isotype control antibody. Hence, the result is 

not conclusive, and these experiments need further optimization.  However, due to time 

limitations in this study, this was not possible. 
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Figure 3.8.2: Immunoprecipitation of Neuro2A cell lysates to examine whether there is 

an association between PDI and ɣ-H2AX following DNA damage. Western blotting image 

of IP using ɣ-H2AX and IgG isotype control antibodies.  Top panel: blot was probed for PDI 

to detect whether the IP of PDI was successful, and bottom panel: blot was probed for ɣ-H2AX 

antibody to detect any association between PDI and ɣ-H2AX following DNA damage. Red 

boxes (top panel) and sky blue boxes (bottom panel) indicate PDI and ɣ-H2AX bands, 

respectively. MW markers (lanes 1 and 4), input samples (lanes 2 and 3), untreated lysates 

precipitated with PDI or IgG antibodies (lanes 5 and 6 respectively), lysates from etoposide 

treated cells precipitated using with PDI or IgG antibodies (lanes 7 and 8 respectively). If there 

is an association between PDI and ɣ-H2AX, a signal should appear with PDI and ɣ-H2AX 

antibodies for samples precipitated with the PDI antibody. As the IgG isotype antibody was 

used as a negative control, there should not be any protein band present using PDI and ɣ-H2AX 

antibodies on the blot.  Hence, due to the positive bands in the IgG lanes with both PDI and ɣ-

H2AX antibodies, this result is inconclusive.   
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3.9. Etoposide treated Neuro2a cells increase DNA damage foci in ALS-associated PDI 

mutants 

 

Given the increasingly described role of DNA damage in the pathogenesis of ALS, we next 

examined whether the mutations in PDI identified in ALS patients, PDI-D292N and PDI-

R300H, were protective or not against DNA damage. For this purpose, previously generated 

constructs encoding V5-tagged PDI-D292N and PDI-R300H were used to overexpress PDI. 

The PDI-Quad mutant was also examined used in this study, which possesses only chaperone 

activity (Figure 1.6) so that it can be ascertained whether the redox or chaperone activity is 

protective against DNA damage. Neuro2A cells were transfected with pcDNA3.1 empty vector 

(EV), or V5-tagged PDI-WT, PDI-Quad, PDI-D292N or PDI-R300H plasmids. Untransfected 

cells were also included as a control group. At 72 h post-transfection, DNA damage was 

induced using 13.5 μM etoposide for 30 min. Immunocytochemistry was then performed using 

ɣ-H2AX (green) and anti-V5 (red) antibodies (Figure 3.9 (A)).  

 

Fluorescence microscopy and quantification revealed a significant increase in the number of 

ɣ-H2AX foci following etoposide treatment for all groups compared to their untreated controls 

(**** p < 0.0001), confirming induction of DNA damage (Figure 3.9 (B)). In addition, a 

significant difference in ɣ-H2AX foci was detected between PDI-WT and EV transfected cells 

following etoposide treatment (**** p < 0.0001) (Figure 3.9 (C)), confirming the previously 

observed finding that PDI is protective against DNA damage. PDI-Quad transfected cells 

displayed significantly higher ɣ-H2AX foci compared to untransfected cells (**** p < 0.0001), 

but not EV cells, following etoposide treatment (Figure 3.9 (C)), implying that the redox 

activity of PDI is required for its protective activity. Moreover, a significant decrease in ɣ-

H2AX foci was observed in etoposide treated PDI-WT cells compared to PDI-Quad (**** p < 

0.0001), PDI-D292N (**** p < 0.0001) and PDI-R300H (*** p < 0.001) transfected cells 

(Figure 3.9 (C)). Hence these results suggest that the ALS-associated mutants and Quad-mutant 

lack the normal protective activity of PDI against DNA damage. Also, a significant difference 

was observed in the number of ɣ-H2AX foci between untransfected cells and EV transfected 

cells following etoposide treatment (**** p< 0.0001), implying that transfection with the 

empty vector induces a low level of DNA damage (Figure 3.9 (C)). Furthermore, a significant 

difference was detected between PDI-Quad, and both PDI-D292N and PDI-R300H cells (*** 

p < 0.001) following etoposide treatment (Figure 3.9 (C)), implying that PDI-D292N and PDI-

R300H have more protective activity than the PDI-Quad mutant. There was also a significant 

increase in ɣ-H2AX foci in etoposide treated PDI-R300H cells compared to the etoposide 
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treated EV group (* p < 0.05) (Figure 3.9 (C)), indicating that the PDI-R300H retains some of 

the protective activity of PDI against DNA damage, although this was significantly reduced 

compared to WT PDI.  However, no statistically significant difference was detected between 

ɣ-H2AX foci in either the PDI-D292N or PDI-Quad cells and EV cells following etoposide 

treatment (Figure 3.9 (C)), indicating that the PDI-D292N and PDI-Quad mutants display little 

protective activity against etoposide induced DNA damage. However, the significant 

difference between PDI-Quad and PDI-D292N implies that the Quad mutant lacks the most 

protective activity. 

 

 
 

 

Figure 3.9: ALS-associated PDI mutants and Quad mutant display reduced protective 

activity against DNA damage compared to WT PDI.  (A) Neuro2a cells were either 

untransfected (UT, first two columns) or transfected with pcDNA3.1 empty vector (EV) 

(second two columns), V5-tagged PDI-WT (third two columns), V5-tagged PDI-Quad 

(B) 

(A) 

(C) 
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plasmids (fourth two columns), V5-tagged PDI-D292N plasmids (fifth two columns) and V5-

tagged PDI-R300H (sixth two columns). At 72 h post-transfection, cells were treated with 13.5 

μM etoposide for 30 min. Immunocytochemistry was performed with ɣ-H2AX (green) and 

anti-V5 (red) antibodies and the nuclei were stained with Hoechst (blue). Scale bar represents 

50 μm. Arrows indicate ɣ-H2AX foci. Data presented in (B) and (C) are from same graph, but 

the statistical comparisons are shown on two separate graphs for better visualization. Both 

show quantification of the average number of ɣ-H2AX foci, indicating DNA damage, per 50 

cells, in (A). (B) Induction of DNA damage in cells treated with 13.5 μM etoposide treatment, 

compared to untreated cells for all groups, was confirmed by the presence of significantly more 

ɣ-H2AX foci (**** p < 0.0001). (C) Significantly less ɣ-H2AX foci were present in PDI-WT 

cells compared to PDI-Quad (**** p < 0.0001), PDI-D292N (**** p < 0.0001) and PDI-

R300H (*** p < 0.001) populations following etoposide treatment. Interestingly, both ALS-

linked PDI mutants, PDI-D292N (*** p < 0.001) and PDI-R300H (*** p < 0.001) showed a 

significant difference in DNA damage foci compared to the PDI-Quad group following 13.5 

μM etoposide treatment, indicating that these mutants are more protective against DNA 

damage than the Quad mutant.  A significant (* p < 0.05) difference was also present between 

PDI-R300H and EV groups following etoposide treatment, indicating PDI-R300H has some 

residual protective activity. Also, significantly more ɣ-H2AX foci were present in the PDI-

Quad group compared to untransfected cells (**** p < 0.0001) following etoposide treatment. 

One-way ANOVA was performed followed by Tukey’s multiple comparison post-hoc test, 

**** p < 0.0001, *** p < 0.0002, ** p < 0.0021, * p < 0.0332. 50 cells were counted from each 

group for n = 3 replicates. Values are presented as mean ± SD. 
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4. Discussion 

 

This study provides evidence that PDI functions in the DDR, and that this is relevant to ALS. 

Endogenous PDI was successfully knocked down using siRNA and following etoposide or 

H2O2 treatment, more DNA damage was detected in neuroblastoma cell lines, implying that 

PDI is protective against DNA damage.  These results are consistent with previous studies in 

the laboratory showing that overexpression of PDI prevented DNA damage. Antibodies used 

for this study were previously examined as negative staining controls to determine immuno-

staining specificity (data now shown).  To confirm the siRNA results, we aimed to generate a 

PDI knockout cell line using CRISPR-Cas9 methods. However, in the restricted timeframe of 

this study, the generation of this cell line was not successful. It was unclear why no PDI-KO 

was found. One of the confounding factors could be cell division. As PDI is hard to knockout, 

cells could be viable. It will be interesting to follow this up in future studies. This study also 

identified a new relationship between PDI and induction of apoptosis by DNA damage. 

Significantly more cells with apoptotic nuclei were detected in PDI-targeting siRNA 

transfected populations compared to controls, implying that endogenous PDI prevents DNA 

damage induced apoptosis.  Consistent with these findings, significantly less apoptotic nuclei 

were present when PDI was overexpressed compared to controls following DNA damage. This 

study also showed that after treating cells with etoposide, PDI translocates into the nucleus, 

implying a direct role for PDI at DNA damage sites. An IP was performed to investigate 

whether PDI interacts with ɣ-H2AX, which would provide further evidence for this possibility. 

However, nothing conclusive could be drawn from the IP result. Thus, the question remains 

open whether PDI and ɣ-H2AX directly interact following DNA damage treatment. Finally, to 

investigate whether these results are applicable to ALS, two ALS-linked redox-inactive PDI 

mutants and the Quad mutant were also examined to determine if they are protective against 

DNA damage. After treating with etoposide, these mutants were significantly less protective 

against DNA damage compared to WT PDI.  Hence the redox activity of PDI is necessary for 

its protective activity against DNA damage. 

 

The involvement of DNA damage in ALS is increasingly recognised (Kim et al., 2020; Wang 

et al., 2018; Konopka et al., 2020; Mitra et al., 2019; C. Walker et al., 2017; Farg et al., 2017) 

and has been detected in in vitro iPSC-models, neuronal cell lines, and human tissues (Junghans 

et al., 2022; Kim et al., 2020; Konopka et al., 2020; Mitra et al., 2019; C. Walker et al., 2017; 
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Wang et al., 2018). Previous studies using cell models based on fALS mutations and studies 

with human sALS tissues have provided evidence for DNA damage in both forms of ALS. 

These findings have detected an elevated level of DSB sensor proteins, DNA damage markers 

and a significant increase in DNA damage factors, which are implicated in contributing to 

neuronal death in ALS patients (Kim et al., 2020; Wang et al., 2018; Konopka et al., 2020; 

Mitra et al., 2019; C. Walker et al., 2017; Farg et al., 2017).  Hence the accumulation of DNA 

damage may contribute to neurodegeneration in ALS. 

 

A growing body of evidence, from our group and others, has shown that PDI is protective 

against multiple ALS phenotypes associated with proteostasis, using both in vitro and in vivo 

models (Walker et al., 2010, Honjo et al., 2011, Parakh et al., 2018, Parakh et al., 2018, Parakh 

et al., 2020, Farg et al., 2012, Parakh et al., 2021, Jeon et al., 2014). PDI was found to inhibit 

the mislocalization of TDP-43 from the nucleus to cytoplasm, apoptosis, ER stress, and protein 

misfolding, and it restored ER-Golgi transport, and improved motor impairment in zebrafish 

and NMJ connectivity in SOD1G93A mice (Walker et al., 2010, Honjo et al., 2011, Parakh et 

al., 2018, Parakh et al., 2018, Parakh et al., 2020, Farg et al., 2012, Parakh et al., 2021, Jeon et 

al., 2014; Rozas et al., 2021). Previous results from our laboratory had suggested a possible 

protective capacity of PDI against DNA damage. However, these results were only preliminary 

and involved overexpression of PDI which is non-physiological.  Thus, the current study has 

extended these findings by confirming the role of PDI against DNA damage using an 

alternative paradigm (knockdown of endogenous PDI).  Moreover, they have shown for the 

first time that PDI protects against DNA damage-induced apoptosis and that the ALS mutants 

display impairment in this protective function. 

 

PDI is a chaperone that distinguishes between misfolded and properly folded protein substrates 

(Klappa et al., 1997). As PDI is a highly effective chaperone, it binds to misfolded proteins via 

hydrophobic interactions (Klappa et al., 1997), and facilitates degradation of these misfolded 

proteins during ER stress (Molinari et al., 2002). This study shows that a mutant possessing 

only the chaperone activity of PDI (Quad) lacks the protective activity of WT PDI. This is in 

contrast to previous studies that have identified roles of other chaperones, cytoplasmic heat 

shock proteins (Hsp) in DNA damage repair (DDR). Hsp70 and Hsp90 were involved in DNA 

repair of DSBs (Knighton & Truman, 2019) and inhibition of Hsp90 by 17-(allylamino)-17-

demethoxygeldanamycin (17-AAG) led to the loss of ATM, which is activated during DSB. 

Although ATM is part of the homologous recombination DNA repair pathway, which is 
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thought to be absent in neurons, it indicates that other chaperone functions in the DDR 

(Knighton & Truman, 2019).  Similarly, Hsp70 and Hsp27 were shown to function in another 

DNA repair pathway, base excision repair (BER). These chaperones removed oxidized 

nucleobases formed by ROS with human AP endonuclease (HAP1) and DNA glycosylase 

(UDG) in HeLa cells (Mendez et al., 2000). Another study demonstrated that Hsp70 and Hsp90 

relocated from their original cytoplasmic location to the nucleus following DNA damage 

induced by H2O2 or 8-hydroxyguanosine (8-OH-dG), also indicating that chaperones can also 

relocate during DNA damage, similar to the results of this study (Sottile & Nadin, 2018).  

 

Along with its chaperone function, PDI also possesses redox activity, which was found to be 

essential for its protective activity in this study. This activity mediates the formation of 

disulphide bridges or isomerization of protein complexes with distinct oxidative folding 

pathways (Irvine et al., 2014; Schwaller et al., 2003). Interestingly, PDI’s chaperone activity is 

modulated by its redox activity (C. Wang et al., 2013).  The present study aimed to address the 

direct involvement of PDI against DNA damage given its success in mitigating other ALS 

phenotypes (Walker et al., 2010, Honjo et al., 2011, Parakh et al., 2018, Parakh et al., 2020, 

Farg et al., 2012, Parakh et al., 2021). 

 

4.1. Knockdown of endogenous PDI 

 

RNA interference (RNAi) is responsible for regulating genetic expression in many organisms 

(Sharp, 2001; Tuschl, 2001). Small interfering RNAs (siRNAs) have been used to knockdown 

specific endogenous gene expression by destroying the complementary mRNA in mammalian 

cells (Makimura et al., 2002; Whitehead et al., 2009). Neuroblastoma cell lines are commonly 

used to examine pathogenesis in ALS (Pasinelli et al., 1998) and in this study, we used the 

mouse Neuro2a cell line. It was first important to find the optimum PDI siRNA concentration 

to downregulate PDI in Neuro2a cells. Previously 100 nM PDI siRNA was needed to silence 

endogenous PDI in a mouse motor neuron like NSC-34 cell line (A. K. Walker et al., 2010). 

Similarly, for silencing endogenous PDI expression in Neuro2A cells, the current study showed 

that 100 nM concentration of siRNA led to the lowest expression levels of PDI. Knockdown 

in neuronal cell lines to investigate different ALS phenotypes is a widely used method, 

including by our group (Konopka et al., 2020; A. K. Walker et al., 2010; H. Wang et al., 2018). 

We previously showed that knockdown of TDP-43 increased DNA damage, identifying TDP-

43 as  a DNA repair protein (Konopka et al., 2020). Similarly, another study showed that FUS 
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knockdown also leads to more DNA damage (H. Wang et al., 2018). Hence, siRNA knockdown 

can be used to identify the normal physiological roles of proteins involved in the DDR and 

repair of DNA damage. 

 

It was observed that with increasing concentrations of PDI siRNA in this study, there was a 

decreasing trend of PDI expression levels, except for 120 nM, when there was an increase.  

Whilst it is not possible to draw firm conclusions from this without additional experiments, 

one possible reason for this observation could be that higher concentration of siRNA could 

cause off-target activity in cells (Caffrey et al., 2011). Off-target effects of siRNA were first 

observed in studies with microarray profiling where specific gene expressions, CYLD and 

SOAT were used to evaluate the effects (Scacheri et al., 2004; Semizarov et al., 2003; Tschuch 

et al., 2008). These off-target effects were described as RNAi machinery saturation (Khan et 

al., 2009), stimulation of immunity such as interferon activation (Sledz et al., 2003), and cross-

reaction of siRNAs with non-targeted genes with a limited sequence match (A. L. Jackson et 

al., 2003). These off-target effects could cause non-specific targeting, which could explain the 

higher expression level of PDI in cells with 120 nM PDI siRNA (Ki et al., 2010). Hence, it is 

important to evaluate the off-target effects of the siRNA to further improve the siRNA 

technique in future studies of DNA damage.  

 

4.2. DNA damage is significantly increased with etoposide or H2O2 treatment in Neuro2a 

cells following endogenous PDI knockdown 

 

As neurons cannot be resynthesized like other cellular molecules, DNA damage can 

significantly affect neuronal functions. Also, neurons do not go through the cell cycle, hence, 

neurons lack the time advantage of the cell cycle to repair DNA breaks (Branzei & Foiani, 

2008). Hence they become more susceptible to DNA damage compared to other cells (Pan et 

al., 2014). Given that DNA damage is involved in neurodegenerative diseases, including ALS 

(Kim et al., 2020), understanding the mechanisms by which neurons are susceptible to DNA 

damage, or by which DNA repair could be enhanced, could potentially aid in designing more 

effective therapeutics that target DNA damage. This study used two common pharmacological 

agents, etoposide and  H2O2, to induce DNA damage (Olson, 1988; Tamamori-Adachi et al., 

2018; Valverde et al., 2018). Etoposide is a strong DNA damage inducer which interacts with 

nuclear enzyme topoisomerase II (Walles et al., 1996). H2O2 induces oxidative stress and 

ionizing radiation, which damage DNA (Dahm-Daphi, 2000). The results obtained in this study 
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imply that PDI is protective against both types of DNA damage. 

 

To detect DNA damage, using immunocytochemistry the formation of ɣ-H2AX foci as a 

specific marker was examined (Mah et al., 2010). Histone H2AX is phosphorylated in the 

presence of DNA damage and the resulting phosphorylated protein functions in DNA repair 

processes by binding to sites of DNA damage (Siddiqui et al., 2015). Previous studies have 

investigated ɣ-H2AX as a DNA damage marker using both in vitro and ex vivo experiments 

(Celeste et al., 2003; Madigan, 2002; Olive & Banáth, 2004; Rogakou et al., 1998; Sedelnikova 

et al., 2004; Siddiqui et al., 2015).  

 

When ɣ-H2AX locates to DSB sites, it initiates the recruitment of DNA repair enzymes to the 

damage sites (Olive & Banáth, 2004). Previous studies from our group and others have also 

used ɣ-H2AX as a DNA damage marker in ALS, both with C9ORF72 (Farg et al., 2017) and 

TARDBP mutations (Konopka et al., 2020). In an ALS wobbler mice model (Junghans et al., 

2022), in an in vivo thyroid cancer study (Lassmann et al., 2010), and in a study including 

human patients (Sánchez-Flores et al., 2015), ɣ-H2AX was used as a marker for DNA damage. 

Hence, ɣ-H2AX is widely used and a reliable marker of damage, including in ALS. The 

formation of ɣ-H2AX from H2A is one of the earliest responses to DSB formation, the most 

lethal form of DNA damage (Madigan, 2002). In this study, more ɣ-H2AX foci were present 

in cells transfected with PDI siRNA following treatment with either etoposide or H2O2.  This 

implies that PDI is protective against the formation of DSB, although further experiments are 

required to validate this, using other markers of DSBs such as 53BP1.  Furthermore, SSBs can 

also readily convert to DSBs, so it cannot be determined that PDI is protective only against 

DSBs (Cannan & Pederson, 2016). 

 

4.3. PDI is protective against apoptosis following etoposide or H2O2 DNA damage 

treatment 

 

When DNA damage is present, cells either engage DNA repair mechanisms or they die to 

protect the organism from deleterious genomes (Chatterjee & Walker, 2017). According to the 

Nomenclature Committee on Cell Death (NCDD), apoptosis is a regulated cell death pathway, 

which is involved in cell death induced by DNA damage in neurons (Galluzzi et al., 2018). 

Motor neurons are thought to die at least partially by apoptosis in ALS (Coppedè, 2011; Martin 

et al., 2007; Murakami et al., 2007). Apoptosis in neurons needs to be highly regulated as once 
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apoptosis begins, death is inevitable (Jiang & Wang, 2004; Martin et al., 2007; Susin et al., 

1999). Regulating apoptosis mechanisms in neurons is therefore centrally important. The 

findings of the current study suggested a role for both endogenous and overexpressed PDI in 

apoptotic cell death in Neuro2a cell lines following DNA damage treatment with etoposide or 

H2O2.  In this study it was observed that the percentage of cells with apoptotic nuclei 

significantly increased following PDI siRNA transfection, indicating the importance of PDI in 

preventing apoptosis in Neuro2a cells after DNA damage treatment. Similarly, significantly 

fewer cells with overexpressed PDI displayed apoptotic nuclei, again implying that PDI is 

involved in protecting cells from apoptosis after DNA damage.  

 

The apoptotic pathway is mediated via mitochondria where its initiation triggers mitochondrial 

outer membrane permeabilization (MOMP), leading the release of proteins from the 

mitochondrial intermembrane, which are responsible for activating caspases (Jiang & Wang, 

2004). B-cell lymphoma-2 or Bcl-2 proteins are major regulators of apoptosis in mitochondria, 

and Bax and Bak are two proapoptotic Bcl-2 members, which are released in the cytosol 

following ER stress (X. Wang et al., 2011; Youle & Strasser, 2008). Several other in vitro and 

in vivo studies have shown that PDI and its family members prevent apoptosis in cells 

associated with ER stress and protein misfolding (Corazzari et al., 2007; Hetz, 2005; Lovat et 

al., 2008; Muller et al., 2013; Tanaka et al., 2000; Uehara et al., 2006; S.-B. Wang et al., 2012). 

PDI is also protective against apoptosis induced by hypoxia or brain ischemia in astrocytes 

(Tanaka et al., 2000), and inhibiting PDI resulted in apoptosis due to nitrosative stress 

following increases in ROS (Uehara et al., 2006), oxidized low-density lipoprotein (Muller et 

al., 2013), and chemotherapeutics (Lovat et al., 2008). Interestingly, inhibition of PDI activities 

in rat brains suppresses apoptosis induced by misfolded proteins (Hoffstrom et al., 2010). 

Hence, these authors proposed that PDI plays a protective role in repairing misfolded proteins 

and balancing cellular homeostasis at an early stage of ER stress. Hence whilst previous studies 

focused on the role of PDI in apoptosis following ER stress, the current study implies that PDI 

also has a protective role against apoptosis induced by etoposide or H2O2 DNA damage. This 

implies the necessity of PDI for maintaining cellular viability, although the mechanism 

involved remains unclear. However, PDI can also initiate apoptosis when it accumulates in the 

ER at threshold levels following misfolded proteins (Hoffstrom et al., 2010).    Hence together 

these results imply that PDI finely controls induction of apoptosis. 

 

4.4. Translocation of PDI from ER to the nucleus  
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PDI is predominantly present in the ER (Freedman et al., 1994), although in some 

circumstances, it can also locate to other cellular locations, particularly the cellular surface and 

cytoplasm (Terada et al., 1995). This reflects its wide variety of normal cellular functions 

(Terada et al., 1995). It has been previously proposed that saturation of the ER-retention 

machinery or removal of the PDI KDEL sequence may result in PDI escape from the ER 

(Turano et al., 2002).  In a previous study, it was shown that following ER stress, PDI levels 

were increased in the cytosol, implying that PDI is a protein reflux substrate (Igbaria et al., 

2019). Protein reflux is a process whereby proteins are directed from the ER to the cytosol 

following ER stress (Igbaria et al., 2019), hence PDI alters its cellular localization in response 

to specific types of stress. Although the mechanisms by which PDI enters the nucleus are not 

still clear, this study reveals that PDI displays more localization in the nucleus following 

etoposide treatment. This finding suggests that PDI enters the nucleus following DNA damage, 

implying it has a direct role in the DDR. However further studies are required to confirm this 

possibility.  Similarly, in previous in vitro studies, two proteins of the PDI family, PDI and 

ERp57, were detected in the nucleus in the nuclear matrix (Altieri et al., 1993; Clive & Greene, 

1996; Coppari et al., 2002; Johnson et al., 1992; Ohtani et al., 1993). ERp57 was also found in 

the nuclear matrix isolated from chicken liver cells (Altieri et al., 1993) and both ERp57 and 

PDI were detected in the nuclear matrix of nuclei from human lymphocyte and monocytes 

(Gerner et al., 1999). The nuclear matrix is basically a meshwork of nuclear proteins, which 

provides dynamic structural and functional supports to DNA (Nickerson et al., 1997). Using 

immunohistochemistry, ERp57 was detected in the nuclei of rat gametes (Ohtani et al., 1993), 

fibroblasts of chicken embryos (Altieri et al., 1993), and HeLa cells (Coppari et al., 2002). It 

has been previously suggested that the presence of ERp57 and PDI in the nucleus indicates that 

these two proteins are involved in transcriptional mechanisms via their redox activity (Stein et 

al., 1996). Also, due to their redox activity, ERp57 and PDI might also play a role in forming 

disulphide bridges in the nuclear matrix, although this is unlikely given the redox conditions 

of the nucleus. PDI also the facilitates the binding of two important transcription factors, 

nuclear factor-kappaB (NF-κB) and AP-1 to DNA (Clive & Greene, 1996). NF-κB is a 

regulatory factor which modulates transactivations of multiple DDR genes (W. Wang et al., 

2017).  Hence this might may explain the involvement of PDI in the DDR, although further 

studies are required to identify this mechanism. Previously in our lab we have shown with 

confocal microscopy that PDI translocates to nucleus following DNA damage by taking Z-

stack images (Shadfar et al., bioRxiv). Other than immunocytochemistry, we have also shown 
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with western blotting of nuclear and cytoplasmic fractions that PDI translocates to nucleus 

following DNA damage treatment (Shadfar et al., bioRxiv). Hence, together these studies 

suggest that PDI translocates from the ER to the nucleus under multiple circumstances, 

including DNA damage.  

 

4.5. Interaction between PDI and ɣ-H2AX: Still an open question 

 

To further examine whether PDI has a direct role in the DDR, an immunoprecipitation between 

PDI and ɣ-H2AX was performed. As suggested by the immunocytochemistry results, PDI may 

translocate to nucleus following DNA damage, thus an association between PDI and ɣ-H2AX 

would suggest it has a specific role at sites of DNA repair. Immunoprecipitation is a powerful 

method to detect protein-protein associations (Lin & Lai, 2017), although it cannot directly 

determine whether two proteins physically interact. It uses the specificity of antibodies to 

identify target proteins from complex combinations (Kaboord & Perr, 2008). However, the 

results obtained for the PDI and ɣ-H2AX immunoprecipitation was not conclusive because 

positive bands for PDI were observed in the mouse IgG isotype control IP sample. This 

demonstrates that further optimization is needed for these experiments because the IgG control 

antibody is a negative control. Hence, no band should be visible for samples precipitated with 

this antibody. Hence, whilst it is possible that PDI and ɣ-H2AX may indeed interact, this would 

be masked by the non-specific binding of the isotype control antibody. Further studies are 

therefore needed, such as by using another IgG isotype control antibody to determine whether 

there is an interaction between PDI and ɣ-H2AX.  However, this was not possible due to time 

constraints in this study. It is important in the future to identify antibodies with less cross-

reactivity and higher specificity. Only after further antibody optimization has been performed 

can it be investigated whether there is a direct association between PDI and ɣ-H2AX.  It is also 

possible that PDI and ɣ-H2AX may interact with another protein following DNA damage, and 

thus they may interact indirectly. Hence, whether there is a direct interaction between PDI and 

ɣ-H2AX remains an open question.  

 

4.6. ALS-associated PDI mutants PDI-D292N and PDI-R300H display impaired 

protective activity against DNA damage 

 

Previously described PDI mutants, PDI-D292N and PDI-R300H, which are implicated as risk 
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factors for ALS, were used in this study (Gonzalez-Perez et al., 2015; Woehlbier et al., 2016). 

We previously showed that the PDI-D292N and PDI-R300H mutants lack the physiological 

oxidoreductase activity of PDI (Parakh et al., 2020) and the protective activity against SOD1 

and TDP-43 ALS phenotypes in vitro and in vivo using cellular and zebrafish models (Parakh 

et al., 2020). Similarly, another group showed that PDI-D292N and PDI-R300H mutants inhibit 

neuronal functions by disrupting motor neuron connectivity in an ALS zebrafish model 

(Woehlbier et al., 2016).   In addition, another PDI mutant, PDI-Quad was also examined in 

this study, which lacks the redox activity of PDI, and thus possesses only the chaperone activity 

(Parakh et al., 2020).  Similarly, previously the Quad mutant lacked most of the protective 

activity of PDI-WT against proteostasis mechanisms, showing that the redox activity of PDI 

mediates its protective function against multiple ALS phenotypes (Parakh et al., 2020). The 

role of any of these mutants was not investigated previously against DNA damage in ALS.  

In this study, the formation of ɣ-H2AX foci was examined as a marker of DNA damage. 

Interestingly, all three mutants displayed significantly more DNA damage compared to PDI-

WT following etoposide treatment. Hence, this result shows that the ALS-associated PDI 

mutants are not protective against DNA damage and that the redox activity of PDI mediates 

this protective activity. Interestingly, both PDI-D292N and PDI-R300H showed significant 

difference in DNA damage compared to PDI-Quad, indicating that PDI-D292N and PDI-

R300H have minimal protectivity against DNA damage. As there is no significant difference 

between PDI-Quad and EV populations following etoposide treatment, it can be determined 

that the PDI-Quad mutant has no protective activity against DNA damage. Furthermore, whilst 

PDI-WT cells displayed significantly less DNA damage than EV, only PDI-R300H cells 

treated with etoposide showed a significant difference to etoposide treated EV cells.  This 

implies that this PDI-R300H mutant has more of the protective activity of PDI WT than PDI-

D292N because PDI-D292N is not significantly different from etoposide treated EV group.   

 

Previously our laboratory investigated the intracellular redox environment of Neuro2a cells 

transfected with PDI-Quad, PDI-D292N and PDI-R300H plasmids (Parakh et al., 2020), in 

both untreated cells and those treated with BMC ((±)-trans-1,2-Bis (2-mercaptoacetamido) 

cyclohexane), a synthetic dithiol that mimics the redox activity of PDI (Woycechowsky et al., 

1999). Although PDI-D292N and PDI-Quad significantly modulated the redox environment 

induced by BMC compared to PDI-WT, PDI-R300H showed similar intracellular oxidation in 
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Neuro2a cells to PDI-WT (Parakh et al., 2020). Hence, whilst all these PDI-mutants lacked 

redox activity, however, only PDI-R300H showed a significant difference in redox activity in 

the BMC experiment (Parakh et al., 2020). This might indicate that PDI-R300H might retain 

some redox activity. Interestingly, given the current study also identified that PDI-R300H gave 

different results to the other two mutants compared to EV, together this implies that this mutant 

might still retain some residual redox activity, thus protecting the cells from DNA damage.  

However, this part of the study did not use any other DNA damage inducing agent except 

etoposide. Future studies should use other pharmacological agents, including H2O2 to induce 

oxidative DNA damage, which is particularly relevant to ALS. Future studies should also 

examine whether these ALS-associated PDI-mutants protect against DNA damage induced by 

ALS mutant FUS, TDP-43 or SOD-1.  

 

In summary, this study identifies novel aspects of the protective role of PDI against DNA 

damage in ALS. Figure 8 summarizes the overall findings of this thesis. 

 

  

 

(A) 
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Figure 4: Schematic diagram presenting the findings of this thesis. (A) Knockdown of 

endogenous PDI induces both DNA damage and apoptosis in neuronal cell lines in response to 

(B) 

(C) 
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both etoposide and H2O2; (B) Endogenous PDI translocates into the nucleus following DNA 

damage induced by etoposide; (C) The redox activity of PDI mediates its protective role against 

DNA damage (D) The ALS-associated mutants lack the protective activity of PDI. 

 

4.7. Future studies/Limitations of the current study 

 

Although the present study implies that PDI plays a role against DNA damage, the results 

obtained should be further validated by future studies. Hence, some future directions arise from 

these findings. In this study, to confirm the findings of the siRNA experiments, we aimed to 

completely knockout the endogenous PDI gene by generating a PDI-knockout cell line using 

CRISPR/Cas9 methods. CRISPR/Cas9 is a popular technique to edit targeted genes to 

understand different biological mechanisms (Ran et al., 2013). CRISPR/Cas is a naturally 

occurring microbial immune system that uses RNA-guided nucleases to slice genetic elements 

which are foreign to the system (Deveau et al., 2010; Horvath & Barrangou, 2010). The main 

element of CRISPR/Cas9 is the guide RNA with 20-nt sequences to direct the Cas9 nuclease 

to cleave the desired gene (Ran et al., 2013). We did not identify a PDI CRISPR/Cas9 knockout 

line in this study and due to time limitations, it was not possible to repeat this experiment. 

Future studies should therefore aim to further screen for additional PDI-CRISPR clones and 

identify a clonal PDI knockout line, and then investigate whether more DNA damage is present 

in this line. This would have the advantage of examining DNA damage in a clonal population 

which would not be dependent on transfection efficiency, unlike the siRNA experiments. 

 

Another future direction is to examine additional cellular models rather than using cell lines. 

The findings obtained here with etoposide and H2O2 could be further validated using iPSC-

derived motor neurons or primary neurons. The advantages of iPSC models are that they can 

be directly prepared from human patients, including the most common sporadic form of ALS, 

and they do not display artificial protein overexpression (Singh et al., 2015).  They also display 

key features of motor neurons (Singh et al., 2015). Similarly, primary neurons retain more in 

vivo functions and markers of neurons than neuronal cell lines (Sahu et al., 2019).  

 

The location of PDI following DNA damage also requires further investigation. Subcellular 

fractionation should be performed to validate the result obtained using immunocytochemistry.  

Also, future studies can also examine the cellular localisation of PDI following DNA damage 

induced with other reagent such as H2O2, or more importantly, induction by ALS-associated 
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mutant forms of TDP-43, C9ORF72 or FUS. Future studies should also investigate the 

molecular mechanisms by which PDI specifically functions in the DDR.  

 

Cells with fragmented nuclei or condensed nuclei, visualised by Hoechst or DAPI, were 

identified as undergoing apoptosis in this study (A. K. Walker et al., 2010).  In future studies, 

additional markers of apoptosis could be examined, such as activated capase-3 by ICC or the 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Duan et al., 2003). 

This assay detects the fragmentation of DNA to quantify DNA damage induced apoptotic cell 

death (Mirzayans & Murray, 2020).  Future studies should also investigate the molecular 

mechanism by which PDI alleviates apoptosis in neuronal cell lines.  

 

Future studies should further investigate the roles of PDI-D292N, PDI-R300H and PDI-Quad 

against DNA damage using another marker such as 53-bp1 and another DNA damage inducer 

such as H2O2. Also, it would also be interesting in future studies to examine if these mutants 

also relocate to the nucleus or if they are also protective against apoptosis upon DNA damage 

induction. 

 

DNA damage is implicated in other neurodegenerative disease (Coppedè & Migliore, 2015), 

and PDI is also implicated in these diseases (Parakh & Atkin, 2015). Hence it is possible that 

PDI may also be protective against DNA damage in other NDs. Future studies should further 

look at the role of PDI in other NDs. 

 

5. Conclusions 

 

ALS is a multifactorial disease where DNA damage is now implicated as an important 

mechanism contributing to pathogenesis. Preliminary results from our laboratory previously 

showed that overexpressed PDI was protective against DNA damage. However, this thesis 

provided first evidence that endogenous PDI also prevents DNA damage, induced by either 

etoposide or H2O2 treatment using in vitro cellular models.  This represents a more 

physiological paradigm that artificial protein overexpression. This thesis also provided 

evidence for the first time that PDI is protective against apoptosis induced by DNA damage, 

and that PDI translocates to the nucleus followed by DNA damage treatment with etoposide. 

Furthermore, the findings described here show the important redox-based protective of PDI 

against DNA damage in ALS. Lastly, ALS-associated PDI-mutants displayed less protective 
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activity against DNA damage compared to PDI-WT indicating in ALS, this may contribute to 

DNA damage. Therefore, together these results broaden our understanding of DNA damage, 

both the basic mechanisms and in ALS. Hence, in future it will be interesting to further 

investigate the molecular mechanisms by which PDI is involved against DNA damage, both in 

normal physiology and in ALS. A proper understating of these mechanisms may eventually 

aid in the design and development of novel therapeutics for ALS based on preventing DNA 

damage. 
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7. Appendix 

 

7.1. 

 

 
 

 

 

Figure 7.1: Schematic of pcDNA3.1(+) expression vector. This expression vector has 

Ampicillin resistance with Cytomegalovirus (CMV) promoter for high-level expression and no 

tag. For enhanced mRNA stability, it has got Bovine Growth Hormone (BGH) polyadenylation 

signal and transcription termination sequence. It also has SV40 origin for episomal replication.  
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7.2. 
 

 

 

 
 

Figure 7.2: Schematic of CRISPR nuclease expression vector. This vector has Ampicillin 

resistance with U6 or Cytomegalovirus (CMV) promoter for high-level expression and OFP (red 

(orange) fluorescence) fusion protein tag.  
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