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Abstract 

 

Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD) are rapidly 

progressing fatal neurodegenerative diseases, characterised by loss of upper and 

lower motor neurons, or degeneration of the frontal and temporal lobes. A polymorphic 

GGGGCC hexanucleotide repeat expansion mutation in intron one of the C9ORF72 

gene has been identified as the most common genetic cause of the ALS/FTD disease 

spectrum. SRSF1-dependent nuclear export of repeat C9ORF72 transcripts from the 

nucleus enables Repeat Associated Non-AUG (RAN) translation of sense and 

antisense transcripts in all three frames, producing five neurotoxic dipeptide repeat 

proteins (DPRs). DPRs are the primary driver of pathogenesis in C9ORF72-ALS 

patient-derived neurons and animal models of disease. RNA helicases eIF4A1, 

eIF4A2, eIF4B, eIF4H and DHX36 resolve RNA secondary structures and are 

necessary for translation to initiate. 

 

We hypothesised that partial depletion of RAN-associated RNA helicases will confer 

neuroprotection in preclinical models of C9-ALS/FTD, through disruption of RAN 

translation and preventing production of neurotoxic DPRs. Tools to target RAN-

associated helicase expression were developed including shRNAs and dominant 

negative mutants. Partial depletion of individual RAN-associated RNA helicases 

reduced sense and antisense DPR production, alleviated DPR-induced toxicity and 

are non-toxic, while targeting multiple helicases is associated with toxicity. In post-

mortem human tissue, RAN-associated RNA helicases have a predominantly 

cytoplasmic location. eIF4A1 forms a novel pathology in sALS and C9-ALS/FTD spinal 

cord motor neurons that is generally positive for p62, and can be either positive or 

negative for TDP-43 pathology. These findings have advanced our knowledge on 

helicases involvement in RAN translation, and provided evidence to support targeting 

RAN-associated helicases as a potential therapeutic strategy in C9-ALS/FTD.  
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1 Introduction  

1.1 Epidemiology and Clinical Features of ALS 

 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease 

characterised by progressive degeneration of upper motor neurons of the motor cortex, 

and lower motor neurons of the brainstem and anterior horn of the spinal cord. 

Worldwide, the prevalence varies based on region and ranges between 4.1 and 8.4 

people per 100,000. In one meta-analysis of 13,146 cases from 45 geographical 

regions, the average prevalence was found to be 1.75 people per 100,000 (Marin et 

al., 2017). Patients are typically in their 50s or 60s when diagnosed, with a subsequent 

decline in onset frequency from age 75 onwards (Longinetti & Fang, 2019). As no 

definitive test currently exists, diagnosis of ALS is based on clinical symptoms, family 

history, and ruling out other conditions. Clinically, approximately two-thirds of patients 

present with a limb-onset phenotype. Of the remaining third of patients, most 

experience a bulbar onset and present with difficulties in speech and swallowing 

(Hardiman et al., 2011). Less than 5% present with respiratory-onset ALS, which is 

associated with the shortest duration between diagnosis and patient death of all 

clinical presentations (Orrell & Guiloff, 2020). ALS progressive muscle paralysis 

eventually effects respiratory muscle function, and the majority of patients will die of 

respiratory failure within five years of diagnosis; fewer than 10% of patients survive 

longer than 10 years (Hobson et al., 2016). Currently, licenced treatments for ALS 

include Riluzole, an anti-glutamate agent (Miller et al., 2002) and the newer Edaravone, 

a neuroprotective free radical scavenger (Hardiman & van den Berg, 2017). However, 

access to these drugs can be limited, with Edaravone only licensed for use to treat 

ALS in the USA, Japan, South Korea and Switzerland (Breiner et al., 2020). The 

European Medicines Agency withdrew their application for use of Edaravone in 2019, 

due to the publication of several studies indicating limited clinical benefit (Witzel et al., 

2022). It is currently not licenced for use for patients in the United Kingdom.  
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Overall, both these drugs have a very limited effect on disease progression, disability, 

and overall patient lifespan. Tofersen is a new antisense oligonucleotide that is 

currently undergoing trials in the USA, Canada and Europe for approval for treatment 

of SOD1-ALS (Miller et al., 2020) and while this is an encouraging step forward, SOD1-

ALS patients represent a minority of total ALS patients and this drug is not suitable for 

other genetic subtypes of the disease.  

 

1.2 Genetic causes of ALS 

 

The majority of ALS cases are classed as sporadic (sALS) with only 10% associated 

with a known genetic cause (Talbott et al., 2016) and classed as familial (fALS). While 

over 30 ALS-linked gene mutations have now been identified, only four account for 

half of fALS cases (Zou et al., 2017). These are in C9ORF72, which accounts for 40-

50% of fALS, equivalent to 4-5% of total cases; TARDBP, accounting for 4% of fALS 

cases and 1% sALS; SOD1, accounting for 20% of fALS and 2% sALS; and FUS, 

accounting for 5% fALS and <1% sALS (Chia et al., 2018). This thesis will focus on 

pathological G4C2 hexanucleotide repeat expansions in the C9ORF72 gene, which in 

a seminal discovery for the field was found to represent the most common genetic 

cause of ALS (Renton et al., 2011); (DeJesus-Hernandez et al., 2011). In 

neurologically healthy patients, the G4C2 repeat is generally under 30 repeats, with 

over 30 repeats traditionally seen as the threshold for disease onset. These are 

polymorphic repeat expansions, and there is substantial variability in repeat length 

among patients, with many having an unambiguously pathogenic expansion of many 

hundreds, or thousands, of G4C2 repeats. Similarly to other repeat expansion 

disorders it had been hypothesised that repeat length influenced age of disease onset, 

but a recent study has found no significant effect on this or disease phenotype 

(Fournier et al., 2019). A number of environmental factors have been linked to ALS 

onset (Zufiría et al., 2016) and these may have a more influential role.  
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1.3 C9ORF72 G4C2 repeat expansions and the ALS/FTD disease spectrum  

 

For many years prior to the discovery of the C9ORF72 G4C2 repeat expansion, ALS 

had been observed to exist on a single clinical spectrum with Frontotemporal 

Dementia (FTD). The discovery of the G4C2 repeat expansion explained the link 

between these two seemingly different forms of neurodegeneration, which have highly 

divergent sets of symptoms. FTD is characterised by progressive neurodegeneration 

of the frontal and temporal lobes. It has a prevalence of 15-22 people per 100,000 

(Onyike & Diehl-Schmid, 2013), making it the second most common form of dementia 

in patients aged under 65 years (Rosso et al., 2003). Clinically, patients with FTD 

present with one of two variants primarily affecting behaviour (bvFTD) or language; 

the former is more commonly associated with the C9ORF72 repeat expansion. 

Language variants are subdivided into semantic dementia (SD), also called primary 

progressive aphasia (PPA), or progressive non-fluent aphasia (PNFA) (Lashley et al., 

2015). FTD has a larger heritable component compared to ALS, with familial cases 

accounting for up to 50% in FTD (Rohrer et al., 2009). There is substantial clinical 

overlap between ALS and FTD. Approximately 50% of patients originally diagnosed 

with ALS develop some cognitive or behavioural component to their illness with half of 

these meeting the diagnostic criteria for FTD (Couratier et al., 2017; Swinnen & 

Robberecht, 2014). Those first diagnosed with FTD can also then develop motor 

impairments, with 15% going on to receive an ALS diagnosis (Cruts et al., 2013). This 

is now known as the C9ORF72 ALS/FTD disease spectrum, or C9-ALS/FTD.  

 

1.4 TDP-43 and C9ORF72 pathologies in ALS/FTD 

 

The predominant pathology in all subtypes of ALS is of TDP-43 aggregates. TDP-43 

is part of the heterogeneous nuclear RNA binding protein (hnRNP) family and has 

roles linked to RNA stability, regulation and processing (Buratti & Baralle, 2010). There 

is a mis-localisation of TDP-43 from the nucleus to the cytoplasm where it accumulates 
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into pathological aggregates, which are considered the hallmark pathology of ALS. 

Pathological forms of TDP-43 in ALS and FTD have a truncated N-terminal, and 

hyperphosphorylated, ubiquitylated C-terminal fragments (Feneberg et al., 2021). 

Cytoplasmic TDP-43 is prone to aggregation, with the 35kDa fragment acting as a 

seed and recruiting full-length TDP-43 to form further aggregates (Che et al., 2011). 

This hallmark pathology is seen in 97% of ALS patients and correlates well with 

neuronal loss (Neumann et al., 2006). A staging system for assessing burden of TDP-

43 pathology was developed by Brettschneider and colleagues (Brettschneider et al., 

2013). Mutations in TARDBP, the gene that codes for TDP-43, are associated with 

increased aggregation and formation of neurotoxic, insoluble TDP-43 species (Guo et 

al., 2011). C-terminal TARDBP mutations in particular are associated with increased 

TDP-43 cleavage (Sreedharan et al., 2008). Overall, both loss and gain of function 

mutations have been identified and linked to approximately 5% of fALS cases 

(Shatunov & Al-Chalabi, 2021).  

 

TDP-43 inclusions are classified based on localisation to the neuronal cytoplasm or 

nucleus as Neuronal Cytoplasmic Inclusions (NCIs) or Neuronal Intranuclear 

Inclusions (NIIs). Abnormal neuronal processes, including aberrant conformations, 

less complex morphology and shorter length, are classed pathologically as Dystrophic 

Neurites (DNs). Glial pathology in the form of Glial Cytoplasmic Inclusions (GCIs) are 

also seen (Arai et al., 2006; Brandmeir et al., 2008; Neumann et al., 2007). TDP-43-

positive pathology is subdivided into four pathological subtypes: A, B, C and D. Type 

A displays frequent NCIs and DNs with infrequent NIIs; type B displays frequent NCIs 

and infrequent DNs in all cortical layers; type C displays frequent long, corkscrew-

shaped DNs; type D displays frequent NIIs and DNs with infrequent NCIs. Type B is 

most commonly associated with the C9ORF72 repeat expansion, although in rare 

cases type A or C are also seen (Bigio et al., 2013; Lashley et al., 2015; Mahoney et 

al., 2012). C9-ALS/FTD has specific dipeptide repeat protein (DPR) pathology, 
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comprising star-shaped TDP-43 and tau-negative, ubiquitin and P62-positive 

inclusions in the cerebellar cortex, neocortex and hippocampus (Lashley et al., 2015). 

 

Frontal Temporal Lobar Degeneration (FTLD) is the pathological term for the set of 

symptoms that comprise the clinical syndrome of FTD. Approximately 50% of FTD 

patients have TDP-43 pathology; other key proteins found in pathological aggregates 

in FTLD include tau and FUS, reviewed in full by Lashley and colleagues (Lashley et 

al., 2015). FTLD is a challenge for researchers in that it has substantial clinical, genetic 

and pathological heterogeneity. The lack of clear relationship between the clinical 

presentation of the disease and its underlying genetics and pathology is summarised 

in Figure 1.1. This may reflect differing disease mechanisms that converge on similar 

sets of symptoms and thus require different treatment strategies.  
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Figure 1.1: Pathological, genetic and clinical correlations in FTLD. Most common clinical 

presentations of FTLD (shown on right) are Frontotemporal Dementia with Motor Neuron Disease 

(FTD/MND), Progressive Non-Fluent Aphasia (PNFA), Behavioural Variant FTD (bvFTD) and Semantic 

Dementia (SD). Arrows indicate lack of clear relationship with genetics and pathology associated with 

each clinical presentation. Most common gene mutations associated with FTLD (shown centre) are 

progranulin (GRN), C9ORF72, and Microtubule Associated Protein Tau (MAPT). Patients with GRN 

mutations present with PNFA or bvFTD and have TDP-43 type A pathology; patients with C9ORF72 

G4C2 repeat expansions present with FTD/MND, PNFA or bvFTD and have type B, and rarely type A 

or C pathology; patients with MAPT mutations present with bvFTD and have tau-positive TDP-43-

negative pathology. SD rarely associates with a genetic cause and has TDP-43 type C or tau pathology. 

TDP-43 type D pathology is associated with valosin-containing protein (VCP) mutations, not shown 

here. (Bigio et al., 2013; Lashley et al., 2015; Mahoney et al., 2012) 

 

1.5 C9ORF72 shares homology with DENN proteins and has functions relating 

to autophagy and energy homeostasis  

 

Since the identification of C9-ALS/FTD, considerable research attention has focused 

on the normal function of C9ORF72. The C9ORF72 gene is comprised of 11 exons, 

producing three transcript variants and two protein isoforms. These are summarised 

in Figure 1.2, including the location of the G4C2 expansion which varies depending on 

the transcript variant.  
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Figure 1.2: C9ORF72 RNA transcript variants and associated protein isoforms. (A) Shows variant 

1, where the transcript contains a shortened first exon and terminates at exon 5 with a premature stop 

codon. The final six exons are excluded to encode a 222 amino acid short-form (C9ORF72-S) (Shangxi 

Xiao et al., 2016). The G4C2 repeat expansion is located in intron 1. (B) and (C) produce the 481 amino 

acid long-form (C9ORF72-L). (B) Shows variant 2, comprised of 11 exons commencing with exon 1b. 

The G4C2 repeat expansion is located in the promoter region. (C) shows variant 3, comprised of 11 

exons and utilising full length exon 1a; the G4C2 repeat expansion is located in intro 1 (Douglas, 2018a) 

 

The G4C2 repeat expansion is located in intron-1 in variants one and three, and the 

promoter region of variant two. Splicing of intron-1 was found to be unaffected in 

C9ORF72 ALS post-mortem human tissue and in patient-derived neurons. C9ORF72 

pre-mRNAs retaining the intron-1 repeat expansion accumulate in the cytoplasm and 

are dependent on splicing factor SRSF1 for nuclear export (Hautbergue et al., 2017; 

Tran et al., 2015).  

 

Some variation has been reported between the two isoforms C9ORF72-L and 

C9ORF72-S, which has been reviewed in full by Xiao and colleagues. Quantification 

of isoform levels indicates differential expression in C9-ALS/FTD cases with increased 

expression of C9ORF72-S and decreased C9ORF72-L especially in frontal and 

temporal cortices (Xiao et al., 2015; S. Xiao et al., 2016). Both isoforms show similar 

staining patterns in immortalised cell lines such as HEK293T cells, but variability in 

human brain tissue, indicating a level of functional divergence. Here, C9ORF72-L 

shows diffused labelling of the neuronal cytoplasm while C9ORF72-S is restricted to 

the nuclear membrane in healthy neurons and is re-localised to the plasma membrane 
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in ALS/FTD motor neurons. This appears to be the case even in non-C9 ALS cases 

indicating isoform variability may contribute to different forms of ALS (Xiao et al., 2015). 

Loss of C9ORF72-S from the nuclear membrane correlates with TDP-43 

mislocalisation indicating this isoform may contribute to TDP-43 shuttling across the 

nuclear membrane (S. Xiao et al., 2016).  

 

Looking to other species can provide additional information on C9ORF72 function. It 

is a highly conserved gene, indicating its fundamental importance, and has orthologs 

in diverse species including C.elegans, zebrafish and mice. These show 23%, 76%, 

and 98% homology to the human counterpart, respectively (Therrien et al., 2013). The 

high homology between human and mouse C9ORF72 suggests this species may be 

a particularly appropriate disease model for C9-ALS/FTD. However, the normal 

function of C9ORF72 has not been fully defined. Functional divergence may exist 

between the two protein isoforms, C9ORF72-S and C9ORF72-L. In 2012, a 

bioinformatics analysis identified C9ORF72 as encoding a differentially expressed in 

normal neoplastic cells (DENN) protein (Zhang et al., 2012). DENN proteins act as 

GTP-GDP exchange factors that activate Rab GTPases (Levine et al., 2013). These 

function as a molecular switch to regulate membrane trafficking (Mizuno-Yamasaki et 

al., 2012). 

 

Protein interactions currently identified for C9ORF72 include those related to the 

initiation of autophagy, nucleocytoplasmic transport of protein cargo, endosomal 

trafficking and vesicle release (Aoki et al., 2017; Behrends et al., 2010; Farg et al., 

2014; Prpar Mihevc et al., 2017; Sellier et al., 2016; Webster et al., 2016). Further 

studies have made the link between C9ORF72 as a regulator of endosomal trafficking 

and lysosomal degradation (Farg et al., 2017). C9ORF72 regulates autophagy and 

membrane trafficking in a trimeric complex with SMCR8 and WDR41, which acts as a 

guanine exchange factor for RAB GTPases RAB8A and RAB39B. The complex 

interacts with ULK1 to regulate autophagy (Tang et al., 2020). A study looking at 
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several hundred missense mutations in C9ORF72 revealed that such mutations affect 

protein stability and binding affinity of protein complexes. Binding between C9ORF72 

and SMCR8 was destabilised which was critical for GTPase activity (Xue et al., 2022). 

In ALS/FTD patient-derived neurons carrying the C9ORF72 repeat expansion, 

autophagy was impaired (Webster et al., 2016). P62, a substrate of the autophagy 

pathway, is found aggregated in FTD patient derived neurons from patients carrying a 

C9ORF72 repeat expansion, but not a progranulin mutation (Almeida et al., 2013) 

further highlighting the link between C9ORF72 and autophagy function.  

 

C9ORF72 has also been functionally linked to ATP production and energy 

homeostasis through regulation of oxidative phosphorylation. This occurs via inhibition 

of protease-dependent degradation of essential component of electron transport chain 

complex 1, TIMMDC1. C9ORF72 is imported into the mitochondria in a highly 

conserved manner, highlighting the importance of this mechanism for energy 

homeostasis and stabilisation of the electron transport chain. Approximately 6% of 

C9ORF72 is imported into the mitochondrial inner membrane space where it assists 

with energy buffering capacity. Although a small proportion of overall C9ORF72, this 

is still highly concentrated in the inner membrane space (Wang et al., 2021). Mutations 

in C9ORF72 have also been linked to reduction in Ca2+ buffering capacity, leading to 

reduced mitochondrial uptake of Ca2+, thereby contributing to glutamate-induced 

excitotoxicity and eventually cell death (Dafinca et al., 2020). Additionally, C9ORF72 

has been linked to oxidative phosphorylation control through stabilisation of 

mitochondrial complex I. This is impaired in ALS/FTD patient-derived neurons, 

indicating not only that C9ORF72 has a novel mitochondrial function, but also 

highlighting energy metabolism dysfunction as a possible contributor to 

neurodegeneration in C9-ALS/FTD (Wang et al., 2021).   
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1.6 Proposed pathogenic mechanisms in C9-ALS/FTD 

 

Many investigations into the normal function of C9ORF72 have looked at the impact 

of its depletion on biological systems. This has helped inform the first of three proposed 

disease mechanisms for the pathological C9ORF72 G4C2 repeat expansion, that of 

haploinsufficiency. The other two proposed mechanisms are formation of RNA foci 

and translation of the repeat expansion to form toxic DPRs.  

 

1.6.1 Haploinsufficiency  

 

Several lines of evidence support C9ORF72 haploinsufficiency as a contributing 

pathogenic mechanism in C9-ALS/FTD. In ALS/FTD patient-derived neurons with the 

G4C2 repeat expansion, deficits in autophagy can be alleviated by C9ORF72 over 

expression, implicating haploinsufficiency of C9ORF72 as underpinning dysfunction 

seen in ALS/FTD (Webster et al., 2016). In post-mortem brain tissue from C9-

ALS/FTD patients, reduced levels of C9ORF72 transcripts and protein are found 

compared to neurologically normal controls (Y. Liu et al., 2022; Waite et al., 2014). 

The C9ORF72 repeat expansion is rich in CpG islands, increasing the likelihood of 

gene silencing via hypermethylation. Reduced C9ORF72 expression is linked to 

trimethylation of lysine residues in histones H3 and H4 (Belzil et al., 2013). C9ORF72-

L was found to be the predominant form expressed in the human brain, and levels 

were reduced by 80% in C9ORF72 repeat expansion carriers compared to controls, 

although this did not correlate with any particular clinical phenotype (Frick et al., 2018). 

 

In a study of 389 C9ORF72 mutation carriers, there was a failure to identify any coding-

region mutations that would lead to decreased production of functional C9ORF72 

protein (Harms et al., 2013). A significant piece of evidence that undermines the 

haploinsufficiency hypothesis is that homozygous and heterozygous C9ORF72 repeat 

expansion carriers do not show any differences in clinical or pathological features to 
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their illness (Fratta et al., 2013). This is inconsistent with the hypothesis in that if 

haploinsufficiency was the main driving force in C9-ALS/FTD it would be expected that 

double mutation carriers would show a much worse disease phenotype.  

 

Evidence from C9ORF72 knock-outs results is mixed. The reasons for these 

inconsistencies are unclear but may relate to species-specific differences in C9ORF72 

function, or reflect issues in reproducing the human disease in the various models 

studied. In knock-outs of C.elegans and zebrafish C9ORF72 orthologues, motor 

neuron degeneration occurs along with corresponding motor deficits (Therrien et al., 

2013). Motor deficits can be rescued by injection of human C9ORF72 mRNA thereby 

supporting a loss-of-function hypothesis for C9-ALS/FTD (Ciura et al., 2013). However, 

in mouse knock-outs of C9ORF72, behavioural and motor abnormalities, ALS/FTD 

pathology and neurodegeneration are absent (Koppers et al., 2015). Instead, a 

phenotype indicating immune dysfunction is seen (Atanasio et al., 2016). In other 

studies, mice expressing the G4C2 repeat expansion did show motor impairments, 

and these correlated with the extent of C9ORF72 loss (Shao et al., 2019). C9ORF72 

deficiency has been linked to alterations in microglia transcriptional profile, promoting 

their alteration to an inflammatory state. Normally functioning C9ORF72 appears 

crucial for maintaining microglia homeostasis (Hashimoto et al., 2022). Depletion in 

microglia leads to neuronal dysfunction and synapse loss. Crucially for the 

haploinsufficiency hypothesis, certain phenotypes such as synapse loss were only 

seen in homozygous C9ORF72 knock-out mice (Lall et al., 2021). Dysfunctions in 

microglia and links with increased neuroinflammation have recently become of 

particular interest in the field of ALS, and it may be that C9ORF72 haploinsufficiency 

is a contributor to this. If haploinsufficiency of C9ORF72 alters microglia 

transcriptomics, this may lead to altered inflammatory response (Lall et al., 2021). This 

is supported by increased CD68 in ALS patient motor cortex. CD68 is a commonly 

used microglial marker in the CNS (Spiteri et al., 2022) and this increase is therefore 

suggestive of an enhanced inflammatory response (Brettschneider et al., 2012).  
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C9ORF72 haploinsufficiency has also been linked to failures in energy homeostasis 

through its interactions with electron transport chain complex I. Reduced C9ORF72 

destabilised the electron transport chain and is associated with decreased complex I 

levels of up to 50% (Wang et al., 2021). C9ORF72 haploinsufficiency has been linked 

to deficits in autophagy, which C9ORF72 is responsible for regulating. This may in turn 

contribute to exacerbation of immune dysfunction and impaired proteostasis (Lai & 

Ichida, 2019). Haploinsufficiency of C9ORF72 in iPSCs led to reduced lysosomal 

expression and impaired vesicle trafficking (Shi et al., 2018). In turn this results in 

failure to clear DPR aggregates, therefore increasing neurodegeneration, while 

modulating vesicle trafficking rescued neurodegeneration. This suggests a co-

operation, or mechanistic convergence, between C9ORF72 haploinsufficiency and 

gain-of-function mechanisms in C9-ALS/FTD. 

 

Knocking out C9ORF72 in patient-derived motor neurons with the repeat expansion 

leads to deficits in axonal trafficking and eventually, apoptosis. Levels of HSP70 and 

HSP40 fell, further exacerbating the neurodegenerative phenotype. However, in 

healthy control cells knocking out C9ORF72 did not reproduce these deficits, 

suggesting a combination of loss-of-function and gain-of-function mechanism are in 

play in C9-ALS/FTD (Abo-Rady et al., 2020). Combined loss and gain of function 

models have been suggested by several groups (Shi et al., 2018) but lack of good 

disease models that incorporate both mechanisms holds back progress in this area. 

Failing to simultaneously consider loss and toxic gain-of-functions may be a reason 

why several animal models of C9-ALS/FTD have failed to show a disease phenotype. 

A recent study has shown that loss of C9ORF72 could enhance toxic gain-of-function 

effects resulting from the repeat expansion through autophagy suppression (Zhu et al., 

2020). Haploinsufficiency may not be the immediate driving force of C9-ALS/FTD, but 

it likely remains a contributing factor to disease onset and progression. 
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1.6.2 RNA toxic gain-of-function mechanisms in C9-ALS/FTD 

1.6.2.1 Sequestration of RNA binding proteins by C9ORF72 RNA foci leads to 

dysfunctional RNA metabolism  

 

C9ORF72 repeat expansion sense and antisense RNA foci accumulate in the brain 

and spinal cord of C9-ALS/FTD patients (Gendron et al., 2013). Foci are formed in the 

nucleus from single mutant intronic RNA molecules with atypical secondary structures; 

in rare occasions cytoplasmic foci have also been detected (Liu et al., 2017) 

(McEachin et al., 2020). Foci are predominantly found in neurons although they can 

also appear in glia although much less frequently. Sense foci are thought to form more 

frequently than antisense foci although this may simply reflect that antisense foci can 

be harder to detect. In some cell types, such as cerebellar Purkinje cells and spinal 

motor neurons, antisense foci are thought to form more frequently (McEachin et al., 

2020). Recently, foci formation was linked to paraspeckles, a type of ribonuclear body 

which are observed to form in the early stages of ALS (Bajc Česnik et al., 2019). RNA 

foci arising from the G4C2 repeat expansion share characteristics and co-localise with 

paraspeckles, and knockdown of essential paraspeckle protein SFPQ in fibroblasts 

harbouring the C4C2 repeat results in significant reductions in RNA foci formation 

(Bajc Česnik et al., 2019). There is some variation in frequency and size, but they are 

widespread and contribute to disease progression through sequestration of RNA 

binding proteins (RBPs). This alters their function in regulation of RNA metabolism, 

including transcription, processing, splicing and nuclear export of mRNA (Cooper-

Knock et al., 2014b). It is possible that differences in proteins sequestered by RNA 

foci produce varying types of dysfunction that contributes to the onset of different 

clinical and pathological subtypes in C9-ALS/FTD. 

 

A major family of RNA binding proteins sequestered by RNA foci in C9-ALS/FTD are 

the hnRNPs. These are a large, abundant and diverse family of RBPs including 

hallmark pathological proteins TDP-43 and FUS, with functions including DNA 
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replication and repair, transcriptional and splicing regulation, mRNA transcript export 

from the nucleus, and localization and initiation of protein synthesis (He & Smith, 2009). 

Depletion of TDP-43 from the nucleus results in its abnormal interactions with 

hnRNPA1, promoting inclusion of elongated prion-like exon 7B thereby producing the 

hnRNPA1B isoform. This increases the propensity for aggregation and is found co-

localised with TDP-43 pathology. TDP-43 and hnRNPA1 together modulate over 30% 

of the transcriptome, so this one example demonstrates how altered TDP-43 splicing 

and mis-localisation results in a neurotoxic phenotype that has the potential for a very 

widespread impact on many RNA transcripts (Deshaies et al., 2018). In C9-ALS/FTD, 

hnRNP A1 and hnRNP H/F bind to sense RNA foci (Cooper-Knock, Higginbottom, et 

al., 2015; Davidson et al., 2017); sequestration results in abnormal splicing and 

correlates with DNA damage, telomere instability and overall severity of the disease 

phenotype (Conlon et al., 2016; Douglas, 2018b; Mohagheghi et al., 2016).  

 

Pur-α, an RNA processing regulator, is also sequestered by RNA foci, along with some 

of its numerous binding partners including splicing factor SRSF1 (Reddy et al., 2013; 

Xu et al., 2013). Splicing abnormalities, accompanied by widespread transcriptome 

alterations, have been reported in the brains of patients with C9-ALS/FTD (Prudencio 

et al., 2015). RNA found in the brain undergoes more splicing than RNA found in other 

tissues (Yeo et al., 2004), and therefore the brain is very sensitive to this aspect of 

RNA metabolism and any associated dysfunctions therein. Almost all genes require 

splicing, and correct splicing is required to maintain proper neuronal function and relies 

on complex interactions between a number of RBPs and RNAs. Splicing is regulated 

by spliceosomes, which are large molecular complexes that include small nuclear 

RNAs and associated regulatory proteins (Rino & Carmo-Fonseca, 2009). Splicing 

deficits including splicing dysregulation and altered spliceosome dynamics are 

widespread in ALS motor neurons. RNA processing genes are preferentially affected 

by splicing errors, leading to altered expression of genes with splicing functions, 

thereby creating a toxic feedback loop (Highley et al., 2014).  
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Sequestration of SRSF1 and other nuclear export regulators such as ALYREF 

contribute to nuclear export of repeat-containing C9ORF72 mRNA transcripts to the 

cytoplasm for translation into neurotoxic DPRs (Cooper-Knock et al., 2014b; 

Hautbergue et al., 2017). SRSF1 is of particular interest as it has been shown to be 

required for the export of repeat-containing C9ORF72 mRNA transcripts to the 

cytoplasm, and inhibition of this function alleviates degeneration and associated motor 

deficits (Hautbergue et al., 2017). SRSF1 sequestration is also linked to increased 

formation of R-loops, thereby increasing genomic instability (Li & Manley, 2005). 

Nucleolin sequestration results in increased nucleolar stress and deficits in RNA 

processing and ribosome maturation. This causes downstream dysfunctions in 

proteostasis (Haeusler et al., 2014). This implicates sequestration of RBPs as an event 

starting a cascade of knock-on dysfunctions and linking this mechanism to the third 

proposed mechanism of DPR production as responsible for C9-ALS/FTD 

neurodegeneration.  

 

Abnormal intron retention, reflecting splicing abnormalities, is seen in familial and 

sporadic ALS subtypes, and could be considered a unifying feature of the disease 

(Luisier et al., 2018). However splicing errors do not correlate well with ALS pathology, 

but there is a strong correlation with protein solubility states. It may be the case that 

neuronal vulnerability to splicing errors depends on other factors, namely the ratio of 

soluble to aggregated RBPs (Conlon & Manley, 2017). Shifts in solubility may reflect 

a wide range of underlying biochemical changes affecting RBPs, and splicing errors 

are simply one of many responses to this.  

 

1.6.2.2 Promotion of abnormal phase separation through dysfunctional RNA 

metabolism  

 

In C9-ALS/FTD, longer G4C2 repeats are associated with increased recruitment of 

proteins and RNAs to RNP granules. Dysfunction in RNA metabolism has been 
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implicated as a key mechanism through which RNP granules convert to a more 

aggregate prone state, and the recruitment seen in C9-ALS/FTD results in further 

downstream detrimental effects on RNA metabolism (Fay et al., 2017). It has 

previously been believed that in any membrane-less compartment solutes are evenly 

distributed. In fact, phase separation is a crucial biological mechanism whereby 

biochemical reactions can be organized into separate cellular compartments not 

bound by a membrane. Abnormal phase transitions are linked to dysfunctional RNA 

metabolism and appear to play an important role in neurodegeneration (Alberti & 

Hyman, 2016). TDP-43 and other RBPs have low complexity prion-like domains which 

are highly interactive with a propensity for aggregation. They initiate liquid-liquid phase 

separation (LLPS), the first step of formation of insoluble aggregates of certain low-

complexity proteins (Harrison & Shorter, 2017). Failures in autophagy and protein 

degradation systems more broadly contribute to a shift towards aggregation and a 

failure to prevent these aberrant transitions. Aggregates that form are not cleared, and 

instead are able seed further inclusions. RNP granules recruiting further proteins 

overwhelm cellular degradation systems, exacerbating the abnormal conversions from 

liquid to solid states (Hyman et al., 2014). Other factors linked to the C9ORF72 repeat 

expansion that influence abnormal phase transition include altered gene expression 

profiles, genomic instability, and DNA damage. This has been hypothesized to further 

alter the balance that maintains normal RNP granule dynamics to push them towards 

an insoluble state (Jain & Vale, 2017). 

 

RNA transcripts act as a buffer to inhibit phase separation of nuclear RBPs. Depleted 

or dysfunctional RNA metabolism promotes aggregated, pathological TDP-43 which 

lacks an RNA recognition motif (RRM) (Kitamura et al., 2016; Maharana et al., 2018). 

This lack of an RRM alters the TDP-43 protein: transcript ratio, which is linked to 

increased aggregate formation. Without the ability to bind RNA, TDP-43 loses its 

dynamism, and is excluded from stress granules and transitions to an aggregate prone 

state (Mann et al., 2019). Therefore, correct RNA metabolism is of fundamental 
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importance for the cell to resist this aberrant transition: stress granule interactions 

between RBPs and their target RNAs helps maintain cellular liquidity. Under prolonged 

stress conditions, stress granules disintegrate resulting in release of pathological, 

aggregate prone TDP-43 (McGurk et al., 2018). While contrary to the original 

hypothesis that aggregation would be linked to increased stress granule recruitment 

(Portz et al., 2021), it is possible that stress granules play multiple roles. Some may 

prevent aggregate formation while others seed inclusions, possibly via a shift in 

composition and dynamics that promotes abnormal phase separation (Mann et al., 

2019). The role of stress granules in ALS has been explored by a number of groups 

and reviewed thoroughly (Baradaran-Heravi et al., 2020; Hu et al., 2022). Stress 

granule dynamics are mediated by a number of ALS/FTD-linked RBPs including TDP-

43. These have been shown to contribute to aberrant stress granule dynamics through 

their low-complexity domains thereby contributing to stress granule-mediated protein 

aggregation (Baradaran-Heravi et al., 2020). Stress granules undergo several 

assembly and disassembly stages throughout their lifecycles, with impairment in 

disassembly particularly linked to aberrant dynamics which lead to the accumulation 

of pathological stress granules in cells and contribute to ALS progression. Several 

groups have now begun to consider targeting the lifecycle of stress granules as a 

potential therapeutic approach in ALS (Hu et al., 2022). 

 

1.6.3 Dipeptide Repeat Protein toxic gain-of-function  

 

The third proposed mechanism for C9-ALS/FTD is the translation of the G4C2 repeat 

expansion into five dipeptide repeat proteins (DPRs). These are aggregate-prone 

proteins and form the hallmark pathology uniquely associated with the C9ORF72 

repeat expansion (Mori et al., 2013). Despite being located in an intron and lacking an 

AUG start codon, the G4C2 repeats are transcribed and translated in both sense and 

antisense direction through an unconventional mechanism called Repeat Associated 

Non-AUG (RAN) translation. This is seen in a number of microsatellite repeat 
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disorders in addition to C9-ALS/FTD (Zu et al., 2011). The DPRs produced are glycine-

alanine (GA) and glycine-arginine (GR) from sense transcripts, proline-arginine (PR) 

and proline-alanine (PA) from antisense transcripts, and glycine-proline (GP) from 

both directions (Ash et al., 2013). A summary of DPR production is seen in Figure 1.3.  

 

 

Figure 1.3: Summary of Dipeptide Repeat Proteins produced from sense and antisense 

C9ORF72 transcripts. Over 30 C9ORF72 repeats are associated with C9-ALS/FTD. The repeat 

undergoes bi-directional RAN translation, producing poly-GA and poly-GR from sense repeat-

containing mRNA transcripts, poly-PA and poly-PR from repeat-containing antisense mRNA transcripts, 

and poly-GP in both sense and antisense directions. Figure made with BioRender. 

 

DPRs vary in abundance and aberrant affects. There has been a lot of research 

interest surrounding DPRs and their respective toxicities; it is likely different species 

of DPRs exert different toxic effects. Poly-GP has been reported as showing minimal 

toxicity. Of alanine-containing DPRs, poly-GA was found to be less toxic than poly-PA 

(Jovičić et al., 2015). Arginine-containing DPRs have been reported to be the most 

toxic species, with consistent reports to support this from Drosophila, mouse studies, 

and post-mortem human tissue (Boeynaems et al., 2016; Kwon et al., 2014; S. 

Mizielinska et al., 2014; Wen et al., 2014). Toxicity of arginine-containing DPRs may 

be attributed to their localisation, aggregation state, size, or some organelle or cell-

specific vulnerability. There may be mechanisms specifically associated with arginine 

and its specific properties. It is likely some combination of these factors that produces 

such toxicity in these DPRs. 

 

In terms of abundance, poly-GA and poly-GP have been reported as the most frequent 

DPRs produced, while poly-PA and poly-PR are less common (Mackenzie et al., 2015). 

Poly-GP appears at stable levels with no alterations seen that are linked to clinical 
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progression (Gendron et al., 2017). Therefore, it appears there is an inverse 

relationship between the toxicity of a DPR and its abundance, although it may be that 

this simply reflects failures in detecting all species of DPRs to the same sensitivity. 

Specific antibodies have now been developed for DPRs, meaning they can be 

detected in immunoassays or through immunostaining techniques (Gendron et al., 

2015). However, as DPRs are inherently of low complexity there are still challenges in 

developing antibodies that are highly specific and do not show cross-reactivity with 

other DRP species. It is possible that poly-PR is still toxic at levels undetectable by 

these studies. It may also be the case that these studies are showing a survivorship 

bias favouring less toxic DPRs, whereby the most toxic DPRs quickly lead to the death 

of cells. This could lead to them appearing less abundant in subsequent post-mortem 

pathology studies. It has also been hypothesized that the low toxicity, but high 

abundance of poly-GP pathology is a response to upstream events rather than 

responsible for disease progression in and of itself. This is consistent with the 

observation that poly-GP inclusions do not correlate well with neurodegeneration 

indicating the neurotoxicity is not coming from these inclusions but from some other 

source (Mackenzie et al., 2015). It is only poly-GR that shows any correlation with 

brain regions relevant to C9-ALS/FTD (Saberi et al., 2018). 

 

Accumulating DPRs result in a number of toxic effects, including disruption of major 

cellular signalling pathways such as Notch. In Drosophila, poly-GR production leads 

to suppressed Notch signalling and corresponding wing degeneration, while in iPSCs 

Notch genes are downregulated (Yang et al., 2015). Interestingly in this study, poly-

GA recruited poly-GR into inclusions and this was accompanied by a restoration of 

Notch signalling. This suggest different DPRs likely have different roles and very 

different contributions to C9-ALS/FTD progression. While inclusion formation is a clear 

sign of failure of essential cellular processes, they may be a response to toxic events 

rather than the toxic species themselves. However, in the case of C9-ALS/FTD, there 
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are many examples of DPR inclusions incorporating other proteins, leading to toxic 

effects from their loss-of-function.  

 

1.6.3.1 DPR production leads to ribosome stalling, increases ER stress and 

impairs proteostasis in C9-ALS/FTD 

 

Poly-PR and poly-GR have been shown to be able to stall ribosomes, thereby blocking 

protein synthesis and impairing proteostasis. This is DPR species and length-

dependent, with only arginine-rich DPRs longer than 10 repeats (i.e., 20 amino acids) 

able to stall ribosomes. This contrasts with less toxic poly-GP and poly-GA which 

showed sparse binding in comparison. Arginine-rich DPR interactions with the 

proteome are related to translation, ribosome biogenesis, RNA splicing and 

mitochondrial function. (Radwan et al., 2020). The stalling of ribosomes by arginine-

rich DPRs may be an important pathogenic mechanism in C9-ALS/FTD. Poly-GR 

required at least 10 DPR repeats and poly-PR at least 40 DPR repeats for up to 25% 

stalling; over 40 poly-GR and 50 poly-PR repeats are required for severe translational 

arrest of more than 50% (Kriachkov et al., 2022). It has been hypothesised that long 

DPR lengths are needed to stall the ribosome through an electrostatic jamming 

mechanism by way of filling up the ribosome exit tunnel (Loveland et al., 2022; Radwan 

et al., 2020). Importantly, the presence of arginine-rich DPRs appears to alter the 

ribosome quality control mechanism, indicating limited ability to resolve stalled 

ribosomes induced by arginine rich DPRs and therefore contributing to increasing, 

unresolvable levels of cellular stress (Kriachkov et al., 2022).  

 

Arginine-containing DPRs have also been linked to proteostasis disruption through 

widespread hypomethylation of the proteome. The brains of individuals with the 

C9ORF72 repeat expansion show patterns of methylated inclusions (Boeynaems et 

al., 2016). It has been suggested that arginine-rich motifs lead to alterations in 

methylation patterns. Arginine methylases are recruited to induce hypomethylation of 
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ribosomal and splicing proteins. This could have widespread effects on many aspects 

of proteostasis, splicing, and ribosome function (Radwan et al., 2020). 

 

Using proteomics to identify partners of poly-PR shows co-localisation with RNA 

binding protein hnRNPA1. Both poly-PR and poly-GR form insoluble complexes with 

mRNAs and ribosomal proteins, restricting translation factor access thereby blocking 

translation. In this way, poly-PR and poly-GR induce toxicity and neurodegeneration 

through global impairment of proteostasis (Kanekura et al., 2016). The ability of the 

cell to maintain proteostasis is heavily dependent on cellular degradation systems. 

Failures in these systems leads to accumulations of damaged, misfolded proteins, 

increases in ER stress, and eventual cell death (Claessen et al., 2012). In C9-

ALS/FTD primary neuronal cultures, cells expressing poly-GA show increased levels 

of ER stress sensor PERK. This activates the PERK-CHOP pathway, reduces protein 

synthesis and eventually leads to cell death (Hetz, 2012). Administration of TUDCA, 

an inhibitor of ER stress and blocker of PERK-CHOP activation, is neuroprotective 

against poly-GA. Poly-GA itself is not reduced, indicating its toxic effects are not direct 

and are via proteasome inhibition increasing ER stress (Zhang et al., 2014). A vicious 

cycle commences, as increasing oxidative stress triggers phosphorylation of eIF2α via 

the integrated stress response, which promotes eIF2α-dependent RAN translation of 

poly-GA (Cheng et al., 2018). Therefore, in this way DPR toxicity leads to further 

aggregation and increased cellular stress, which induces further DPR production 

(Sonobe et al., 2018). Sonobe and colleagues have shown that the presence of G4C2 

repeat constructs induced the ISR, and ISR-mediated poly-GA translation is 

accompanied by decreased conventional translation and that poly-GA translation itself 

further triggers the ISR. This was shown both in vitro and in vivo and reveals a 

continuous pathogenic cycle where DPR translation triggers the ISR and the ISR 

triggers further DPR production  (Sonobe et al., 2018). 
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Further evidence supports DPR-induced translational repression as a mechanism of 

C9ORF72 neurodegeneration. Poly-GR and poly-PR directly interact with ribosomal 

proteins to inhibit translation in iPSC-derived motor neurons and Drosophila. 

Translational arrest could be restored through expression of eIF1A, a translation 

initiation factor (Moens et al., 2019). Moens and colleagues performed a purification 

of DPRs from the brain of Drosophila and identified their protein interaction partners 

through mass spectrometry, followed by a screen of 81 translation-associated proteins. 

This led to identification of ribosomal proteins that provide a mechanistic link between 

poly-GR, poly-PR, and toxicity induced by translational arrest in the context of the 

G4C2 repeat expansion. Additionally, eIF1A was identified as a novel modifier of this 

toxicity and a potential therapeutic target in C9-ALS/FTD, highlighting the important 

role of translational repression by arginine rich DPRs as a contributor to C9-ALS/FTD 

(Moens et al., 2019).  

 

Poly-GA inclusions have been shown to sequester proteins such as HR23 which are 

known to be involved in proteasomal degradation; this is consistent with links between 

poly-GA expression in primary neurons and their impaired proteasome activity and 

increased endoplasmic reticulum stress (Zhang et al., 2016). Poly-GA incorporates 

numerous proteins into aggregates, notably Unc119, a neuromuscular axonal protein 

(May et al., 2014). Aggregated Unc119 is associated with decreased dendritic 

complexity and is neurotoxic. This was rescued by Unc119 overexpression, 

suggesting it is poly-GA that drives this depletion-induced toxicity by recruiting the 

protein into inclusions. Unc119 does not co-aggregate with TDP-43 or any other DPR, 

suggestion DPR species have specific toxic effects based on their interactions 

inducing loss-of-function in other proteins. Among five DPRs, there are many 

opportunities for inducing toxicity via this mechanism, which may contribute to the 

clinical heterogeneity associated with the C9ORF72 repeat expansion.  
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1.6.3.2 DPRs induce dysfunction in nucleocytoplasmic transport and 

intracellular trafficking in C9-ALS/FTD  

 

Poly-GA has also been mechanistically linked to toxicity in ALS through dysfunctional 

nucleocytoplasmic transport. Cytoplasmic poly-GA aggregates induce mislocalisation 

of TDP-43 into cytoplasmic granules while nuclear poly-GA prevented this 

mislocalisation. It has been suggested that poly-GA impairs the importin-α/β 

dependent pathway thus providing a link between formation of the main pathologies 

seen in C9-ALS/FTD (Khosravi et al., 2017). Dysfunctional nucleocytoplasmic 

transport is central to C9-ALS/FTD toxicity.  

 

C9ORF72 directly interacts with Ran GTPase activating protein 1 (RanGAP1), a key 

regulator of nucleocytoplasmic transport that, along with HR23, is co-recruited into 

poly-GA aggregates (Zhang et al., 2016). Of gene knock-outs screened in yeast to 

identify those that could suppress or enhance DPR-induced toxicity, the strongest 

modifiers were found to be members of the karyopherin family of nuclear importers. 

Others included NDC1, a key component of the nuclear pore complex (Jovičić et al., 

2015). In a genetic screening of a Drosophila model expressing the G4C2 repeat 

expansion, components of the nuclear pore complex and regulators of RNA export 

and protein import were identified as key genetic disease modifiers. This corresponds 

to morphological abnormalities of the nuclear envelope and dysfunctional RNA export 

leading to retained nuclear RNA. This study makes a clear link between the C9ORF72 

repeat expansion, DPR production, and compromised nucleocytoplasmic transport 

leading to increased neurodegeneration (Freibaum et al., 2015).  
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1.6.3.3 DPRs cause widespread splicing abnormalities that contribute to toxicity 

in C9-ALS/FTD 

 

Poly-PR and poly-GR have been implicated as contributing to toxicity in C9-ALS/FTD 

through a mechanism of blocking spliceosome assembly through aberrant interactions 

with U2 snRNP. This may account for as many as 44% of the mis-spliced exons that 

are widespread in C9-ALS/FTD (Yin et al., 2017). Some 5000 splicing errors have 

been observed in astrocytes in culture with poly-PR providing strong evidence for the 

role of DPRs in mis-spliced RNA transcripts (Kwon et al., 2014). Formation of RNA 

foci also contribute to splicing errors through sequestration of essential RBPs; one key 

example is hnRNP-H which was found to co-localise with up to 70% of G4C2 RNA foci 

in the brains of C9-ALS/FTD patients (Lee et al., 2013). This is exacerbated by the 

additional mis-splicing attributed to DPRs. 

 

A major class of these mis-spliced genes dependent on U2 snRNP include those 

related to mitochondrial function (Lopez-Gonzalez et al., 2016). This is significant in 

that energy homeostasis failures have been identified as a key dysfunction in C9-

ALS/FTD, and this suggests a link between this and DPR production. Additionally, 

genes have been identified related to neurite growth, transcription and other splicing 

factors required for U2 snRNP recruitment to pre-mRNA. Deficits further exacerbate 

splicing errors in C9-ALS/FTD, showing once again how the interplay between disease 

mechanisms creates a snowball effect. A recent chemical screen aiming to identify 

compounds to reduce poly-PR toxicity found that compounds identified had nucleolus-

related functions. Specifically, BET Bromodomain inhibitors rescue poly-PR toxic and 

alleviate nucleolar stress and deficits relating to mRNA splicing (Corman et al., 2019). 
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1.6.3.4 DPRs induce mitochondrial damage and disrupt energy homeostasis in 

C9-ALS/FTD 

 

Oxidative phosphorylation deficits are common across ALS, but comparatively C9-

ALS/FTD cases only see a relatively small reduction in ATP production (Debska-

Vielhaber et al., 2021). Deficits in Ca2+ buffering capacity is seen, with C9-ALS/FTD 

patient-derived motor neurons vulnerable to excitotoxicity due to increased 

permeability of the Ca2+ AMPA receptor. This reduces expression of Ca2+ importers 

MICU1 and MICU2, decreasing the ability of mitochondria to take up Ca2+. Removing 

the repeat expansion using CRISPR/Cas9 rescues this phenotype indicating Ca2+ 

buffering abnormalities are specific to C9-ALS/FTD (Dafinca et al., 2020). Importantly, 

failures in Ca2+ buffering and corresponding Ca2+ influx is linked to triggering of the 

Integrated Stress Response (ISR) and increased RAN translation (Westergard et al., 

2019), thereby producing more DPRs that do further damage to mitochondrial function. 

This further highlights the crucial role that stress has in ALS onset and progression, 

and the existing literature indicates that there are multiple contributing factors and 

points of intersection between stress and ALS pathogenesis (Bozzo et al., 2017).  

 

DPRs provide C9-ALS/FTD specific routes to mitochondrial dysfunction. Poly-GR 

binds directly to mitochondrial proteins and this is linked to increased oxidative stress 

(Lopez-Gonzalez et al., 2016). In Drosophila, poly-GR causes MICOS dysfunction, 

causing structural changes and disrupting ion homeostasis and overall mitochondrial 

activity. MICOS, the mitochondrial contact site and cristae organising system, is a 

dynamic structure responsible for regulation of proteins associated with energy 

production, and may represent another route for DPR-specific degeneration in C9-

ALS/FTD (Li et al., 2020).  

 

In an inducible mouse model of C9-ALS/FTD, mitochondrial damage is a very early-

stage event, with dysfunction observed as early as 3 months. Deficits are observed in 
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the inner mitochondrial membrane, cristae are lost, and activity of both complex I and 

V decreases. Poly-GR also interacts with mitochondrial complex V component 

ATP5A1. Targeting poly-GR for reduction rescues this dysfunctional mitochondrial 

phenotype even after symptom onset, providing robust evidence for poly-GR induced 

disruption to energy homeostasis as one of the most important early-stage events in 

C9-ALS/FTD (Choi et al., 2019). 

 

Astrocyte dysfunction provides another link between C9-ALS/FTD and mitochondrial 

dysfunction, with C9ORF72 mutant astrocytes showing decreased delivery of anti-

oxidants to neurons with corresponding increases in oxidative stress (Birger et al., 

2019).  

 

1.6.3.5 DPRs contribute to abnormal phase separations  

 

Arginine-containing DPRs have been implicated in the process of abnormal phase 

separations that contribute to transitions from soluble to aggregate-prone states. 

Proteins with arginine-rich motifs can modulate LLPS (Aguzzi & Altmeyer, 2016). 

Arginine-rich DPRs therefore have a large impact on abnormal phase separations and 

most research thus far has therefore focused on these over other DPR species. 

However this does not rule out that all DPRs may contribute to abnormal phase 

separations and this is worthy of further investigation. Poly-PR and poly-GR accelerate 

transitions from liquid to solid reminiscent of the process of forming pathological 

aggregates; this represents a novel pathophysiological mechanism for DPRs in C9-

ALS/FTD (Boeynaems et al., 2017; Lee et al., 2016). Arginine-rich DPRs induce 

abnormal phase separations in proteins linked to RNA metabolism or 

nucleocytoplasmic transport, and can induce spontaneous assembly of stress 

granules (Boeynaems et al., 2017). 
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DPRs interact directly with RBPs, especially with those containing low-complexity 

domains (Lee et al., 2016), which are responsible for mediation of phase separations 

and the formation of membrane-less compartments. Many of the proteins that interact 

with arginine-rich DPRs are components of membrane less-organelles, and their 

aberrant DPR interactions impairs these dynamics and the function of such organelles 

(Lee et al., 2016). This provides a link between DPR-induced mechanisms, as these 

compartments such as nuclear speckle domains are the location of splicing events. 

Therefore, abnormal phase separation could disrupt these thereby influencing splicing 

errors due to propensity for aggregation of RBPs due to DPR interactions (Yin et al., 

2017). 

 

Arginine-rich DPRs have been shown to alter the phase separation of NPM1, a 

nucleolar protein responsible for maintaining liquid-like constitution of the nucleolus. 

Poly-PR binds directly with acidic residues in NPM1’s intrinsically disordered region to 

alter phase separation dynamics, thereby disrupting organisation of ribosomal proteins 

and RNAs within the nucleus. This poly-PR induced disturbance of nucleolar 

organisation was found to be dependent on DPR repeat length (White et al., 2019). It 

has been hypothesised that effects are determined by DPR concentration, with 

moderate DPR concentrations linked to decreased nucleoli fluidity and only higher 

concentrations linked to sequestration of proteins into phase-separation inhibited 

complexes. Overall, the effect is to disrupt ribosome biogenesis induced by DPRs 

through abnormal phase separations (White et al., 2019).  

 

DPR repeat length plays an important role in DPR-induced toxicity through abnormal 

phase separation. Longer DPRs have a greater ability to influence abnormal phase 

separations, which is directly linked to previously reported thresholds for the G4C2 

repeat expansion length needed to induce toxicity in vitro (Jafarinia et al., 2020). This 

highlights not only the importance of abnormal phase separations as a key pathogenic 
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mechanism, but of the production of DPRs in particular as driving C9-ALS/FTD 

compared to other proposed disease mechanisms.  

 

1.6.4 Relative contributions of toxic gain-of-function mechanisms to C9-

ALS/FTD 

 

Several studies have helped unpick the relative contributions of gain-of-function 

mechanisms of RNA toxicity in C9-ALS/FTD. It is likely that both mechanisms, along 

with the loss-of-function hypothesis, contribute to the disease. The haploinsufficiency 

hypothesis is insufficient to cause the disease alone. However, it likely contributes to 

and exacerbates toxic gain-of-function mechanisms. It may be that haploinsufficiency 

mouse models without motor deficits are due to a lack of gain-of-function elements of 

the disease, and that it is the exacerbation between them that drives the disease 

phenotype. This lack of unity in loss and gain of function models may help explain why 

many gain of function animal models also fail to recreate many key clinical aspects of 

the disease.  

 

Understanding the driving force behind ALS onset and progression is essential if a 

viable treatment strategy is to be developed. Levels of DPRs do not correlate well with 

disease severity in post-mortem tissue (Mackenzie et al., 2015), perhaps suggesting 

an upstream mechanism such as the formation of RNA foci. Foci formation shows a 

better correlation with disease severity, however in one study, two transgenic 

Drosophila lines were developed containing the G4C2 repeat expansion and provided 

strong support for DPRs as the primary source of toxicity in C9-ALS/FTD. One line 

has the expanded repeat, therefore producing RNA foci and DPRs, and a 

neurodegenerative phenotype was seen. In the other line, regular stop codons were 

included so that RNA foci still formed, but DPRs could not be produced. Here, no 

degeneration was seen indicating it is the production of DPRs and not RNA foci that 

is the driver of degeneration (Sarah Mizielinska et al., 2014). This was supported by a 
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further study in Drosophila, which had no neurodegenerative phenotype with many 

RNA foci, and no DPR production. Foci were found at very high levels, but no signs of 

dysfunction related to RNA biogenesis, the transcriptome or nucleolar dynamics were 

seen (Tran et al., 2015). This again implicates DPRs, rather than foci, as the main 

driver of pathogenesis in C9-ALS/FTD. Drosophila has been commonly used as a 

model for ALS and the majority of ALS-related genes have Drosophila orthologues 

and exhibit a disease phenotype including locomotor and morphological deficits. So 

far, screens using Drosophila models have led to the identification of several important 

disease-related genes and pathways (Yamaguchi et al., 2021). While Drosophila 

studies could be criticised for lacking relevance to the human disease, many of the 

findings from these studies have been validated in other models. Arguably the 

strongest approach in C9-ALS/FTD would take a combined approach using both 

Drosophila and patient-derived cells or tissue to help reveal further disease 

mechanisms (Yuva-Aydemir et al., 2018).  

 

The central role of DPRs in C9-ALS/FTD is undermined by the lack of correlation with 

clinical severity and pathological burden in post-mortem tissue. Although, it is of 

course difficult to track progression of DPR pathology using post-mortem studies. 

Further, mechanisms are not mutually exclusive, with most cells suffering from the 

effects of both foci formation and DPR production. A summary of the key dysfunctions 

seen in C9-ALS/FTD associated with foci and DPRs are shown in Figure 1.4. As this 

chapter has explored, mechanisms do not exist in isolation and instead interact with 

each other to create disease cascades that continue to exacerbate one another until 

the point of cell death. However, there is clear and widespread evidence for the toxicity 

of DPRs and their many deleterious effects specific to C9-ALS/FTD. Therefore, this 

thesis will focus on the production of DPRs as a key driver of C9-ALS/FTD 

pathogenesis, although certainly not the only contributing factor, and focus on this 

process as a target for a potential therapeutic strategy. A strategy focused around 

DPR production should target mechanisms underlying their synthesis, to reduce their 
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abundance and associated toxic effects. Therefore, next this thesis will provide an 

overview of mechanisms underlying both canonical translation and the unconventional 

translation mechanism associated with production of DPRs. 

 

 

Figure 1.4: Summary of toxic gain-of-function mechanisms associated with RNA foci and DPR 

production in C9-ALS/FTD. Sequestration of RNA binding proteins by RNA foci causes widespread 

splicing abnormalities and SRSF1 enables inappropriate nuclear export of repeat-containing mRNA 

transcripts to the cytoplasm for translation into DPRs. DPRs form insoluble aggregates and are 

associated with increased ER stress, impaired proteostasis, widespread dysfunction in RNA 

metabolism, failure of protein degradation systems, suppressed notch signalling and abnormal phase 

separations that contribute to the further formation of insoluble pathological aggregates. Figure made 

with Biorender. 

 

1.7 Mechanisms of Canonical translation  

1.7.1 Key mechanisms in canonical translation initiation  

 

Three key mechanisms are used to initiate canonical translation in eukaryotes. 

Typically, AUG-driven cap dependent translation is used for most mRNAs, but 
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additionally cap-independent translation or canonical translation using near-cognate 

start codons as alternatives to AUG can be used. The large protein family of eIFs, or 

eukaryotic initiation factors, is responsible for regulating this process. eIFs have been 

identified as a rate-limiting step in translation (Hinnebusch, 2017). In canonical AUG-

driven translation, the 40S ribosomal subunit is recruited to mRNAs ahead of the 

translation start site, requiring multiple initiation factors. A closed-loop complex forms 

whereby eIF4G links poly(A) binding tail protein PABP with cap-binding protein eIF4E. 

PABP binds to RNA and forms the 48S pre-initiation complex with eIF2, eIF3, eIF5, 

the 40S ribosome and an attached eIF2α methionine tRNA. The 48S pre-initiation 

complex proceeds to scan the mRNA 5’UTR until an AUG start codon is reached. This 

requires a complex of eIF4A and co-factors eIF4B and eIF4H which are needed to 

resolve mRNA secondary structures such as G-quadruplexes (Castelli et al., 2021).  

 

G-quadruplexes are dynamic nucleic acid structures comprised of vertically stacked 

guanine-tetrads, joined by lateral loops and stabilised by hydrogen bonding and 

monovalent cations (Mendoza et al., 2016; Rhodes & Lipps, 2015). They are essential 

for fine control of gene expression, with over 700,000 G-quadruplex motifs found 

throughout the human genome, in particular in promoter regions and UTRs (Bedrat et 

al., 2016; Chambers et al., 2015; Huppert & Balasubramanian, 2005). 

 

When an AUG is reached, eIF5B recruits the 60S ribosomal subunit, initiating the 80S 

complex. Initiation factors are then displaced ready for the next mRNA to be translated. 

Regulation of this processes is therefore highly dependent on the activity of eIFs, and 

the identification of the AUG start codon, selection of which is dependent on the Kozak 

consensus element (Castelli et al., 2021).  
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Figure 1.5: Summary of key mechanisms of canonical AUG-dependent translation. Figure 

adapted from Castelli et al (Castelli et al., 2021). PABP binds to mRNA and the 43S complex, comprised 

of eIF5, eIF3, eIF2 and the 40S ribosome to form the 48S complex. eIF4A forms a complex with co-

factors eIF4B and eIF4H, using helicase activity to unwind 5’UTR secondary structures. This enables 

the 48S complex to scan mRNA for an AUG start codon followed by recruitment of the 60S ribosomal 

subunit through eIF5B. 

 

The second form of translation, IRES-mediated translation, is used predominantly by 

viral mRNAs, but also by eukaryotes especially in circumstances where cap-

dependent translation mechanisms are impaired, or under conditions of increased 

cellular stress (Komar & Hatzoglou, 2011). IRES initiates translation independent of 

the 5’ cap and does not require certain initiation factors or an AUG start codon 

(Sonenberg & Hinnebusch, 2009). IRES mediated translation mechanisms vary but in 

general require the formation of secondary or tertiary 5’UTR structures which initiate 

translation through binding to eIF4G or the 40S ribosome, which in turn recruit other 

necessary initiation factors (Castelli et al., 2021).  

 

Near cognate start codons vary from AUG start codons by one nucleotide, these are 

usually CUG, GUG and UUG. Methionine usually remains the initial amino acid, 

although there is also evidence of use of an elongator leucine tRNA as the initiator for 

CUG start codons (Starck et al., 2012). Start codon fidelity is dependent on the 

formation of secondary structures downstream of the initiator and expression levels of 
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initiation factors. Overall, use of a near-cognate start codon decreases translation 

efficiency compared to the standard AUG initiator (Castelli et al., 2021). 

 

1.7.2 eIF4A1 and eIF4A2 are DEAD-box helicases required for translation 

initiation  

 

While ribosomes have a limited capacity to resolve RNA secondary structures, efficient 

translation requires DEAD-box helicase eIF4A to resolve 5’UTR secondary structures 

and allow scanning of translational machinery (Svitkin et al., 2001; Takyar et al., 2005). 

DEAD-box helicases are proteins which catalyse the unwinding of RNA duplexes and 

structural rearrangement of RNA/protein complexes in an ATP-dependent manner. 

RNA helicases are grouped into superfamilies SF1 and SF2, with DEAD box helicases 

part of SF2. They contain a helicase core which is comprised of two RecA-like domains 

which are responsible for ATP or RNA binding and unwinding functions (Linder & 

Jankowsky, 2011). This helicase core can act as a kind of molecular switch, with the 

affinity for RNA altering in a nucleotide-dependent state (Lorsch & Herschlag, 1998). 

Structurally, the helicase core is comprised of at least 12 characteristic sequence 

motifs (Linder & Jankowsky, 2011). Some are conserved across the entire family of 

DEAD-box helicases while others show unique alterations in individual helicases. 

Sequence and structural organisation of these motifs are reviewed by Fairman-

Williams and colleagues (Fairman-Williams et al., 2010). Structure of eIF4A, showing 

the topology of the eIF4A complex and spatial arrangement of its RNA-binding sites is 

shown by Marintchev and colleagues (Marintchev et al., 2009).  

 

RNA helicases are linked with numerous aspects of RNA metabolism including 

splicing, nuclear export, ribosome biogenesis, translation, and transcript degradation. 

Many helicases contribute to multiple steps; details of RNA helicases and their role in 

gene expression is found reviewed in (Castelli et al., 2022) 

 



57 | P a g e  

 

RNA unwinding by DEAD-box helicases is achieved through a series of conformational 

changes, transitions between states are important regulatory checkpoints in the 

catalytic cycle of eIF4A (Andreou & Klostermeier, 2013). In the absence of RNA, the 

helicase core adopts an open conformation with separate RecA-like domains. RNA or 

ATP binding alters this towards a rigid, closed conformation (Theissen et al., 2008). A 

number of methods have been used to assess helicase activity and function, including 

single-molecule FRET experiments (Theissen et al., 2008), RNA-unwinding assays  

(Karow et al., 2007), RNAi assays and polysome profiling (Galicia-Vázquez et al., 

2012), use of systems such as CRISPR/Cas9 to generate cell lines lacking helicase 

expression (Galicia-Vázquez et al., 2015), and NMR spectroscopy to determine 

helicase binding sites (Oberer et al., 2005). 

 

eIF4A comprises a core region of 294-359 amino acids with conserved helicase motifs, 

and unusually has only a short N-terminal of 50 amino acids, with no C-terminal 

extension (Rogers et al., 2002). For this reason it is considered a minimal DEAD-box 

helicase, as most others contain N and C-terminal extensions that flank the helicase 

core and help mediate a number of functions relating to ATP and RNA interactions 

(Andreou & Klostermeier, 2013).  

 

The ATP hydrolysis activity of eIF4A and associated conformational changes are the 

rate limiting step in unwinding activity (Lorsch & Herschlag, 1998). It has been 

described as a bidirectional helicase in that it can unwind RNA/DNA duplexes of either 

orientation at the same rate, with unwinding rate dependent on duplex thermodynamic 

stability rather than length or sequence (Rogers et al., 1999). 

 

Human eIF4A shows strong sequence homology to mouse eIF4A (Schmid & Linder, 

1992). Eukaryotes express three isoforms of eIF4A: eIF4A1, eIF4A2 and eIF4A3. 

While eIF4A1 and eIF4A2 show up to 95% sequence homology with one another, 

eIF4A3 has only approximately 60% homology (Nielsen & Trachsel, 1988; Owttrim et 
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al., 1991). eIF4A3 is ten-fold less abundant than eIF4A1 and does not play a role in 

translation initiation and is instead part of the exon junction complex (Li et al., 1999). 

 

So far, the vast majority of structural-based studies have specifically focused on 

eIF4A1 (Andreou & Klostermeier, 2013). This was first determined in yeast (Caruthers 

et al., 2000). The conserved helicase core of eIF4A1 contains motifs I and II which are 

implicated in ATP binding and hydrolysis, motif III which is associated with coupling 

ATPases with duplex separation functions, motif IV with RNA binding, and a Q motif 

linked to ATP binding and specificity (Andreou & Klostermeier, 2013). While 

crystallography has been used to reveal the quaternary structure of human eIF4A1 

(Iwasaki et al., 2019) structural studies thus far have generally either focused only on 

eIF4A1, or on eIF4A with no distinction made between eIF4A1 and eIF4A2 isoforms. 

One study of comparative analysis has been carried out, showing crystal structures of 

domains from eIF4A1, eIF4A2 and nine other DEAD-box helicases. All showed Rec-

A domains, with some flexible regions and other regions of high sequence 

conservation between helicases. eIF4A2 in particular showed some unique 

confirmations, specifically a longer α-helix 4 structure and a P-loop described as 

unusually closed, resulting in an ATP binding site not visible on the surface of the 

protein’s structure (Schütz et al., 2010). Some further work investigating differences in 

domain organisation between eIF4A1, eIF4A2 and eIF4A3 is reviewed by Xue and 

colleagues (Xue et al., 2021).  

 

eIF4A1 and eIF4A2 are differentially expressed, with eIF4A1 associated with cells 

undergoing mitosis and eIF4A2 with quiescent cells. This clearly has some relevance 

in a post-mitotic neuronal cell population. The role of eIF4A1 in post-mitotic neurons 

in currently poorly characterised and will be explored further in this thesis. eIF4A 

isoforms have been described as functionally interchangeable (Andreou & 

Klostermeier, 2013). However, this is a premature judgement: as this thesis will 

explore, eIF4A1 and eIF4A2 have more divergence than has previously been 
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assumed in the context of C9-ALS/FTD RAN translation. Depletion of eIF4A1 

increased eIF4A2 mRNA and protein levels, while protein synthesis remains 

suppressed even though eIF4A2 protein levels rose high enough that they should be 

able to compensate. This suggests a link between eIF4A1 and eIF4A2 expression and 

indicates that there are functional differences between them (Galicia-Vázquez et al., 

2012).  

 

As there has traditionally been an assumption of interchangeability between eIF4A1 

and eIF4A2, many studies simply refer to eIF4A and make no distinction between the 

isoforms. There is very limited research into the differential roles of eIF4A1 and eIF4A2 

in relation to promotion or inhibition of translation. eIF4A1 has been shown to be 

essential for translation initiation, while eIF4A2 is not (Galicia-Vázquez et al., 2015) 

indicating they do have distinct functions related to translation. Some differential roles 

have been explored in relation to some other functions. For example, eIF4A2 but not 

eIF4A1 is essential for miRNA-mediated gene silencing and has been identified as a 

crucial modulator of miRNA-mediated repression of a number of gene targets. Its 

depletion leads to alleviation of gene silencing but has no impact on cell viability or 

global translation. This may be a function unique to eIF4A2 and not found in other 

members of the eIF4A family (Galicia-Vázquez et al., 2015). 

 

In addition to its role as a helicase, eIF4A has been linked to modulation of RNA 

condensation and stress granule formation (Tauber et al., 2020). eIF4A limits 

recruitment of RNAs into stress granules, and that ATP-dependent binding between 

eIF4A and its RNA targets can prevent stress granule formation and limit RNA 

condensation. This suggest an important function for eIF4A outside of translation 

initiation is to limit inappropriate interactions between RNAs (Tauber et al., 2020). 
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1.7.3 eIF4A1 and eIF4A2 helicase activity is stimulated by eIF4B and eIF4H 

 

eIF4A shows RNA unwinding functions that are regulated by other translation factors 

through stimulation of ATPase or mediation of interactions with RNA (Parsyan et al., 

2011; Rogers et al., 2001). eIF4A forms a complex with other closely related proteins 

such as eIF4G and eIF4H (Marintchev et al., 2009). Alone, eIF4A1 has only weak RNA 

helicase activity, but this is stimulated by co-factors eIF4B and eIF4H, which also act 

to stabilise single stranded regions of the 5’UTR and prevent reannealing, thereby 

promoting 5’ – 3’ unwinding activity (Lindqvist et al., 2008; Marintchev et al., 2009). It 

has also been hypothesised based on the structure of eIF4A1 with the large separation 

of the core helicase domains, that co-factors may exert their helicase activity through 

facilitating formation and stabilisation of the closed conformational structure 

(Caruthers et al., 2000). 

 

eIF4B is poorly conserved compared to other translation initiation factors, with only 

25-30% homology between different species (Metz et al., 1999). It comprises an N-

terminal region with an RNA recognition motif, although this is not necessary for its 

interaction with eIF4A1. It has a C-terminal region with another RNA binding domain, 

and a DRYG domain (rich in aspartic acid, arginine, tyrosine and glycine) to mediate 

its interactions with eIF3 (Methot et al., 1996; Méthot et al., 1996). The C-terminal 

domain RNA binding region has been linked to eIF4A1 dependent duplex unwinding 

in the presence of eIF4G (Özeş et al., 2011). 

 

eIF4H has a core region and RRM in common with eIF4B but lacks the N and C-

terminal domains. eIF4B and eIF4H expression levels vary, which has led to a 

hypothesis that they show transcript-specific or tissue-specific regulatory activity of 

translation initiation. As eIF4B and eIF4H enhance the function of eIF4A, this has 

potentially substantial implications for this work and for their role in translation initiation 

more broadly. There may be alterations in the support they provide which could differ 
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for eIF4A1 or eIF4A2, or depending on brain region or translational context in terms of 

initiating RAN or canonical translation. Interaction sites of eIF4B and eIF4H to eIF4A1 

overlap and show mutually exclusive binding patterns but no sequence similarity 

(Richter et al., 1999; Rozovsky et al., 2008). Functionally, the divergence between 

eIF4B and eIF4H is unclear, although it has been shown that eIF4H is unable to fully 

substitute for eIF4B to assembly the translation initiation complex in mRNAs with 

5’UTR secondary structures (Dmitriev et al., 2003). Both eIF4B and eIF4H increase 

affinity between eIF4A1 and its RNA targets to enhance unwinding activity and ATP 

hydrolysis although there is some evidence that the effect of eIF4H is smaller than that 

of eIF4B (Özeş et al., 2011). The complex between eIF4A1 and its co-factors requires 

mediation by eIF4G (Nielsen et al., 2011). eIF4G provides a dynamic scaffold for a 

number of interactions of proteins involved in translation initiation, and has binding 

sites for PABP, eIF4E, eIF3, as well as eIF4A1 (Prévôt et al., 2003).  

 

1.7.4 DHX36 is an RNA helicase that is a major resolver of G-quadruplexes 

 

DHX36 is a highly conserved member of the DEAH/RHA family of RNA helicases 

(Chen et al., 2015; Gueddouda et al., 2017) and is a major source of G-quadruplex 

resolving activity in vitro (Vaughn et al., 2005). It has robust DNA and RNA unwinding 

abilities (Creacy et al., 2008). It specifically unwinds G-quadruplexes with a 

conventional helicase mechanism with very high levels of efficiency (Yangyuoru et al., 

2018). Binding affinity between DHX36 and its DNA and RNA G-quadruplex targets is 

extremely high compared to other proteins known to target G-quadruplexes (Tseng et 

al., 2021b). 

 

The gene product of DHX36 is RHAU (RNA helicase associated with AU rich element), 

it has nuclear and cytoplasmic isoforms, with the nuclear form the more abundant of 

the two (Iwamoto et al., 2008). It comprises a helicase core, an N and C-terminal 

domain (Abdelhaleem et al., 2003; Chen & Ferré-D’Amaré, 2017). The core helicase 
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domain is responsible for ATP binding or hydrolysis, and unwinding activity, the 

flanking N-terminal domain is necessary for recognition of G-quadruplexes. The N-

terminal domain contains an RNA binding domain, providing DHX36’s high affinity for 

RNA over DNA and for parallel over antiparallel G-quadruplexes (Meier et al., 2013; 

Tippana et al., 2016). In addition, it contains a specific motif that can fold into a DNA-

binding induced α-helix. This shows selective binding to G-quadruplexes, resulting in 

ATP-independent helicase core opening which rotates the C-terminal domain and 

unwinds G-quadruplexes residue by residue. This is followed by ATP-dependent RNA 

refolding (Chen et al., 2018; Tippana et al., 2019). Processing of G-quadruplexes 

relies on both sequence and single stranded DNA accessibility (Yangyuoru et al., 

2018). DHX36 also exerts regulatory control through its interactions with long non-

coding RNAs which may stabilise G-quadruplexes unwound by DHX36 during re-

modelling of RNAs (Booy et al., 2016). 

 

1.8 Mechanisms of DPR production by RAN translation  

1.8.1 Introduction to RAN translation 

 

RAN translation involves the production of dipeptide repeat proteins (DPRs) from 

expanded repeat sequences without the need for a canonical AUG start codon. RAN 

translation has now been identified in several neurodegenerative diseases containing 

a repeat expansion, including ATXN8 CAG repeat transcripts in SCA8 (Zu et al., 2011), 

CGG repeats in FXTAS (Todd et al., 2013) and CAG repeats in Huntington’s Disease 

(Bañez-Coronel et al., 2015). The C9ORF72 G4C2 hexanucleotide repeat undergoes 

bi-directional RAN translation in all reading frames to produce five neurotoxic DPRs 

(Castelli et al., 2021). 
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1.8.2 Near-cognate start codons are used to initiate RAN translation and a 

frameshift produces DPRs in all three reading frames 

 

In the context of the C9ORF72 hexanucleotide repeat expansion, secondary 

structures such as G-quadruplexes influence initiation of RAN translation through 

altered ribosomal scanning, leading to recruitment of ribosomes to near-cognate start 

codons. Initiation occurs at a methionine tRNA at a Kozak-embedded CUG codon, 24 

nucleotides upstream of the G4C2 repeats (Castelli et al., 2021). 

 

In a C.elegans model expressing 75 G4C2 repeats, DPRs are produced with 

corresponding neurodegeneration, locomotor deficits and early death. A mutation in 

the near cognate start codon CUG, upstream of the repeat expansion, reduces poly-

GA production and rescues the phenotype (Sonobe et al., 2021). Here, CRISPR/Cas9 

genome editing was used to generate C.elegans with 75 repeats and a nanoluciferase 

reporter in the poly-GA reading frame, with either a CUG non-canonical translation 

initiation codon or a mutated AUG version. Similarly plasmids were constructed with 

or without a replacement of the CUG start codon with UAG to perform in vitro work in 

immortalised cell lines (Sonobe et al., 2021).  While these studies may be criticised for 

lacking relevance to RNA molecules in vivo, there is a good level of consistency seen 

in the literature. C9-RAN DPRs and associated proteins including translation initiation 

factors have also now been characterised using proteomics approaches and mass 

spectrometry (F. Liu et al., 2022; May et al., 2014; Moens et al., 2019).  

 

Different DPRs are produced from the CUG start codon by a frameshift mechanism. 

This is supported by mutations in the CUG or Kozak sequence, which abolishes 

production of all three sense DPRs (R. Tabet et al., 2018). RAN translation of the 

G4C2 transcripts are influenced by several factors including length of the repeat 

expansion, which confers different sensitivity to the three reading frames. It is not yet 

fully clear if there is a specific repeat length that enhances production of particular 
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DPRs, or if the abundance of particular DPRs can be predicted from the length of the 

repeat sequence. A thorough review exploring the current state of knowledge on 

translation mechanisms for DPR production has recently been published (van't Spijker 

& Almeida, 2023).  At shorter repeat lengths, RAN translation efficiency is reduced in 

the +1 poly-GA and +3 poly-GR reading frames, but completely abolished for poly-GP. 

This probably reflects secondary structure formation and the availability of RNA 

helicases to resolve them (R. Tabet et al., 2018),   with longer repeat lengths having 

greater propensity to form secondary structures and therefore requiring more helicase 

activity to resolve. Secondary structures such as G-quadruplexes can also induce 

frameshifting (Yu et al., 2014), (Kapur et al., 2017). Initiation of RAN translation at a 

non-cognate start codon and the subsequent frameshifting that occurs can also be 

influenced by factors such as ion concentrations or the interactions between RBPs 

and secondary structures (R. Tabet et al., 2018). The very large repeat length seen in 

some C9-ALS/FTD patients makes it likely that additional mutations could also occur. 

These additional mutations could influence ribosomal frameshifting, or lead to the 

production of interrupted repeat sequences (Viterbo et al., 2016). DPRs cause further 

exacerbation of this through DNA damage. Interrupted sequences lead to production 

of DPRs of different lengths or with unique N or C terminal sequences, chimeric 

proteins, or DPRs incorporating other amino acids (Gao et al., 2017).  

 

1.8.3 RAN translation depends on the resolution of RNA secondary structures 

 

The mechanisms of RAN translation in C9-ALS/FTD are dependent on the propensity 

of the repeat sequence to form RNA secondary structures such as G-quadruplexes 

and R-loops. The formation of secondary structures has also been shown to influence 

RAN translation in other disorders involving a repeat expansion (Bañez-Coronel et al., 

2015). G-quadruplexes are common due to the G-rich nature of the hexanucleotide 

repeat, and adopt an antiparallel conformation, comprised of four G-quartets with three 

lateral loops (Brčić & Plavec, 2017). G-quadruplexes play an important role in fine 
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control of gene expression and their formation impairs polymerase processing, 

physically blocking translational machinery thereby resulting in premature termination 

of RNA transcripts (Fratta et al., 2012; Reddy et al., 2013; Šket et al., 2015). R-loops 

are also found in C9ORF72 hexanucleotide repeat sense and antisense RNAs. 

Similarly to G-quadruplexes, they play an important role in regulation of gene 

expression under normal conditions, but in the context of the C9ORF72 repeat 

expansion they accumulate and cause translational arrest (Gan et al., 2011; Nishida 

et al., 2017; Sanz et al., 2016). In order for RAN translation to proceed and for DPRs 

to be produced, these secondary structures must be unwound by helicases. Therefore 

the formation of these secondary structures and the helicases able to unwind them 

underpin the production of DPRs from the C9ORF72 hexanucleotide repeat expansion. 

  

1.8.4 The role of eIF4A1 and eIF4A2 in RAN translation initiation  

 

The DEAD-box RNA helicases eIF4A1 and eIF4A2 have been identified as key 

initiators of canonical and RAN translation through their ability to unwind complex 

secondary structures in the 5’UTR during ribosomal scanning. Without the helicase 

activity of eIF4A1 and eIF4A2, translation is inhibited (Bordeleau et al., 2006; Cruz-

Migoni et al., 2012; Wolfe et al., 2014). eIF4A has been shown to be necessary for 

RAN translation of the C9ORF72 repeat expansion in a cap-dependent manner using 

CUG as a start codon (Green et al., 2017). Green and colleagues used a series of 

reporters containing the G4C2 repeat expansion, with a downstream NanoLuciferase 

reporter and a mutated AUG start codon. eIF4A involvement was assessed through 

use of the specific eIF4A inhibitor hippuristanol which led to substantial translation 

reduction of over 900-fold, making a clear link between eIF4A activity and C9-RAN 

translation (Green et al., 2017).  

 

For sense G4C2 transcripts, a 5’-3’ cap-dependent scanning mechanism and CUG 

start codon upstream of the repeat expansion is used, with methionine as the initiator 
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amino acid (Ricardos Tabet et al., 2018). There is evidence that RAN translation of 

C9ORF72 sense repeat expansion mRNA can be dependent or independent of the 5’ 

cap, although DPR production mostly arises from uncapped and spliced intronic RNAs, 

bypassing the need for an AUG start codon. It also does not require the cap-binding 

protein eIF4E, similarly to IRES mediated translation. The rate of RAN translation of 

sense transcripts are approximately 15-35% of a 5’ capped RNA of the same length 

(Cheng et al., 2018). 

 

For C4G2 antisense RAN translation, mechanisms are less clear at present, although 

investigations into the RNA crystal structure have revealed an α-form like double helix 

conformation (Dodd et al., 2016). eIF4A has two isoforms, eIF4A1 and eIF4A2, which 

share over 96% homology and differ by only approximately 10 amino acids (Andreou 

& Klostermeier, 2013) and the functional variations in which have been largely 

overlooked by the field of RAN translation thus far.  

 

1.8.5 eIF4A1 and eIF4A2 require co-factors eIF4B and eIF4H for initiation of 

RAN translation  

 

eIF4A1 and eIF4A2 form a complex with co-factors eIF4B and eIF4H to initiate RAN 

translation, shown below in Figure 1.6.  
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Figure 1.6: Known structures involved in RAN translation initiation of sense G4C2 transcripts. 

Adapted from (Castelli et al., 2021). RAN translation of the G4C2 repeat expansion in C9-ALS/FTD 

require the eIF4A complex, including co-factors eIF4B and eIF4H, to recruit the 40S ribosomal subunit 

and the met-tRNA to the near cognate CUG start codon. These are RNA helicases which unwind G-

quadruplexes to enable RAN translation initiation. The role of PABP, eIF4G, eIF4E, eIF1, eIF1A, eIF3 

and eIF5 remain unclear.  

 

Helicase activity of eIF4A1 and eIF4A2 is enhanced by eIF4B and eIF4H (Harms et 

al., 2014; Sun et al., 2012). In many types of cancer including breast and cervical, high 

expression of eIF4A1 has been shown to promote cell proliferation and a malignant 

phenotype while eIF4A1 silencing decreases proliferation and melanoma invasion 

(Xue et al., 2021). Similarly, eIF4A2 inhibition suppresses invasion and cell migration 

in colorectal cancer (Xue et al., 2021). eIF4B and eIF4H have also been shown to 

indirectly promote a cancer malignant phenotype through their ability to enhance 

translation, with reduction in eIF4B expression linked to decreases in proteins that 

enhance tumour cell survival in diffuse large B-cell lymphoma (Horvilleur et al., 2014). 

 

eIF4B and eIF4H contain RRM-domains and interact directly with G4C2 RNA 

transcripts (Cooper-Knock et al., 2014a). eIF4B and eIF4H strengthen the eIF4A 

mediated unwinding associated with long, complex 5’UTRs (Rozovsky et al., 2008; 

Sen et al., 2016). It is thought that in the context of G4C2 RAN translation, eIF4B and 

eIF4H activity mediates scanning of the 5’UTR and frameshifting from the near-
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cognate CUG start codon (Green et al., 2016; R. Tabet et al., 2018; Walker et al., 

2013).  

 

Both eIF4B and eIF4H have been shown to independently stimulate helicase activity 

of eIF4A during translation and directly interact with G4C2 RNA transcripts, providing 

clear evidence for their role in RAN translation (García-García et al., 2015);(Harms et 

al., 2014; Nielsen et al., 2011; Rogers et al., 2001). There are structural differences 

between the two, with eIF4B containing a regulatory carboxyl domain with multiple 

sites for phosphorylation (Raught et al., 2004) while eIF4H is always active and not 

regulated by phosphorylation state (Goodman et al., 2019). 

 

In Drosophila models of C9-ALS/FTD which express the hexanucleotide repeat 

expansion, eIF4B and eIF4H have been identified as key modulators of RAN 

translation. Down regulation reduces poly-GR production by RAN translation and 

rescues the neurodegenerative phenotype. In post-mortem tissue from C9-ALS/FTD 

patients, eIF4H was downregulated in patients with the C9ORF72 hexanucleotide 

repeat expansion (Goodman et al., 2019). This may be as a compensatory mechanism 

reflecting the cell’s attempts to prevent toxic poly-GR production. Reduced eIF4H RNA 

levels in C9-ALS/FTD may also be a result of RBP protein sequestration by G4C2 

RNA foci. Loss of eIF4B and eIF4H do not prevent global translation from occurring in 

numerous model systems including yeast and Drosophila (Coppolecchia et al., 1993; 

Hernández et al., 2004), although eIF4H knockout mice have growth and behavioural 

dysfunction (Capossela et al., 2012) while depletion in vitro has been linked to stress 

granule formation (Mokas et al., 2009). 

 

Other closely related proteins have also been shown to regulate DPR production, such 

as eIF2D in RAN translation of sense transcripts (Sonobe et al., 2021). eIF4E has also 

shown to be required for RAN translation initiation in some studies (Green et al., 2017), 

while in others eIF4E was depleted but RAN translation was maintained (Cheng et al., 
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2018). This suggests there may be some sequence specific differences that impact 

regulation of RAN translation.  

 

1.8.6 RAN translation is enhanced by the ISR  

 

Under normal cellular conditions RAN translation is inhibited by an upstream ORF 

located in intron 1 and flanked by an AUG start codon with two downstream stop 

codons. However, the activation of the ISR leads to phosphorylation of eIF2α, which 

results in down-regulation of canonical translation through poor 60S subunit 

recruitment to the ribosome and a decrease in ternary complex levels. There is 

widespread reduction in canonical translation with selective increases in translation of 

specific RNAs (Holcik & Sonenberg, 2005); this has been reported in a number of 

neurodegenerative diseases with a repeat expansion mutation, such as Huntington’s 

(Leitman et al., 2014).  

 

Normally, the ISR plays an important role in neuronal plasticity and memory 

consolidation (Bellato & Hajj, 2016). However, in the context of C9-ALS/FTD, RAN 

translation is initiated at the downstream CUG (Ricardos Tabet et al., 2018). RAN 

translation is enhanced by activation of the ISR via eIF2α phosphorylation, which alters 

the start codon fidelity. The activation of the ISR has also been shown to maintain 

translation of poly-GA while also decreasing canonical translation, and that poly-GA 

production triggers further activation of the ISR (Sonobe et al., 2018). This suggests 

that the C9ORF72 repeat expansion increases cellular stress through DPR production 

which in turn stimulates increased RAN translation of further DPRs (Green et al., 2017). 

Several studies have been suggestive of a positive feedback loop driving 

neurodegeneration whereby increased ISR down regulates canonical translation in 

favour of RAN translation.  
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This is significant in that RAN translation is generally inefficient, so this mechanism 

explains how it is able to make a meaningful contribution to neurodegeneration. Cap-

independent RAN translation is upregulated by stressful stimuli which triggers 

phosphorylation of eIF2α. Importantly pathological TDP-43 has been shown to elevate 

eIF2α phosphorylation thereby enhancing RAN translation, and this can be inhibited 

by blocking eIF2α phosphorylation (Cheng et al., 2018). It has been hypothesised that 

eIF2α phosphorylation enhances RAN translation through a reduction in global 

translation, some of the rate-limiting components may become more available for 

initiation of RAN translation (Cheng et al., 2018); this may include members of the 

eIF4 family. Targeting phosphorylation of eIF2α reduces DPR production, and 

excitotoxic stress promotes RAN translation of DPRs using a non-AUG start codon. 

Many of these stress pathways including oxidative stress or ER stress converge on 

the ISR, further linking DPR production with eIF2α phosphorylation. Cell specific 

tolerances to stress may further influence rates of DPR production (Westergard et al., 

2019). 

 

1.8.7 Depletion of helicase DHX36 suppresses RAN translation  

 

Studies of DHX36 binding to RNAs in human cell lines finds a pattern of preferential 

interactions with over 4500 mRNA G-rich sequences with high propensity for G-

quadruplex formation (Sauer et al., 2019). Only a small number of helicases have been 

identified as resolvers of G-quadruplex activity (Sauer & Paeschke, 2017). Knockout 

of DHX36 results in increased levels of target mRNAs, while ribosome occupancy and 

corresponding protein synthesis levels fall, suggesting a translational failure. 

Translationally incompetent mRNAs containing G-quadruplexes accumulate, and 

preferentially localise to stress granules, increasing stress granule formation. This 

links DHX36 activity with cellular stress, as resolving stress induced by G-

quadruplexes would normally prevent the accumulation of these translationally 

incompetent RNAs (Sauer et al., 2019).  
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Depletion of DHX36 suppresses RAN translation in all three reading frames, 

dependent on repeat-length while overexpression of wild-type DHX36 enhances RAN 

translation. A mutant form of DHX36, lacking helicase activity, fails to enhance RAN 

translation (Tseng et al., 2021a). Furthermore, DHX36 depletion suppresses RAN 

translation and additionally prevents increased rates of RAN translation that is usually 

triggered by the ISR (Tseng et al., 2021a). This provides strong evidence that DHX36 

regulates RAN translation of the C9ORF72 hexanucleotide repeat expansion in C9-

ALS/FTD, through binding and resolving RNA secondary structures and enhancing 

translation initiation from a non-AUG site. There were no changes in the levels of C9-

repeat RNA in response to either depletion or overexpression indicating the 

stimulatory effect of DHX36 is post-transcriptional. DHX36 was also found to have 

lower affinity for C9-repeat DNA that for pure G4 DNA, by up to 100 fold, which may 

account for the lack of effect on transcript levels (Tseng et al., 2021a). These findings 

were shown both in vitro and in human cells and mouse spinal cord lysates but is 

limited in that it mostly relies on reporter assays and transfected plasmids. Tseng’s 

work cannot rule out the existence of endogenous RNAs forming additional, dynamic 

secondary structures such as hairpins which could complicate the role of DHX36 and 

other helicases in the mechanisms of RAN translation. 

 

Through its role in stress granule dynamics, DHX36 can also influence G4C2 RNA 

stability, localisation as well as translation (Sauer et al., 2019; Tseng et al., 2021a). 

Modulation of G-quadruplex structures at the RNA level through helicases targeting 

G-quadruplexes has an ability to impact RAN translation of the G4C2 repeat 

expansion which has important implications for a therapeutic strategy focused on 

reducing DPR production. DHX36 binding to C9ORF72 G4C2 repeat RNA transcripts 

is specific to G-quadruplexes (Tseng et al., 2021a). 
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Knockdown of DHX36 is sufficient to trigger stress granule formation (Sauer et al., 

2019) although it is not clear exactly how. DHX36 plays an integral role in the activation 

of the ISR (Chalupníková et al., 2008). Activation of the ISR lowers initiation codon 

fidelity (Green et al., 2017), making RAN translation initiation easier to achieve. In 

addition, DHX36 depletion can trigger the formation of stress granules without 

requiring any endogenous stressor (Tseng et al., 2021a). DHX36 is thought to 

specifically influence elongation. Given the role of the ISR in lowering start codon 

fidelity for RAN translation (Green et al., 2017), DHX36 depletion may slow translation 

through ribosomal stalling, even though initiation remains enhanced (Tseng et al., 

2021a). An alternative hypothesis is that the G4C2 repeat expansion triggers an 

‘IRES-like’ mechanism of RAN translation, enhanced by the ISR, and that DHX36 

plays a role in generating the structure allowing for internal ribosome entry (Tseng et 

al., 2021a).  

 

Further studies have supported DHX36 as a positive regulator of RAN translation of 

the C9ORF72 G4C2 repeat expansion. The study is consistent in its findings that 

DHX36 binds directly to G4C2 repeat RNA G-quadruplex structures with high affinity, 

and unwinds them with high efficiency, making it therefore essential for RAN 

translation to proceed. In IPSCs and patient-derived motor neurons, DHX36 depletion 

reduces DPR production, indicating helicases facilitate DPR production by RAN 

translation via a mechanism of resolving G-quadruplexes (Liu et al., 2021).  

 

1.9 Treatment strategies for C9-ALS/FTD 

 

There are many therapeutic strategies for ALS/FTD that are currently in development; 

these are summarised in Figure 1.7. 
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Figure 1.7 Therapeutic Strategies currently in development for ALS/FTD. Some of the many 

strategies currently being used or tested to treat ALS/FTD are summarised here. These include gene-

expression or RNA-interference based strategies including viral mediated gene therapy, use of shRNAs 

or miRNAs, antisense oligonucleotides or CRISPR/Cas9 genome editing approaches. Other methods 

include drug-based strategies including development of novel small molecules, or repurposing of 

existing licenced medications. Finally, newer strategies for C9-ALS/FTD have focused on clearing 

DPRs directly, through use of antibodies that bind to specific DPR species, more efficient removal of 

DPRs through protein clearance mechanisms such as autophagy, or targeting proteins or mechanism 

responsible for initiating RAN translation. Figure made with Biorender.  

 

1.9.1 Viral mediated gene therapy for C9-ALS/FTD 

 

The aim of gene therapy is to silence, restore or otherwise modify genetic material that 

is causative for a disease. The main approach is the use viral vectors that can cross 

the blood-brain barrier to deliver the therapy, which could be for example a shRNA or 

a miRNA. Adenoviruses are typically used as they are capable of delivering small 

noncoding RNAs across the BBB, thus avoiding the repeated intrathecal delivery that 

is necessary for other approaches such as use of ASOs (Amado & Davidson, 2021; 

Corcia et al., 2022). Timing of the intervention and route of administration are some of 

the many considerations in viral mediated gene therapy, and significant effort is being 

made to optimise this treatment strategy (Camu et al., 2022). 
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1.9.1.1 Introduction to adeno-associated virus mediated gene therapy  

 

AAVs are small Parvoviridae viruses, comprised of a 4.7kb single stranded genome 

flanked by two specific palindromic inverted terminal repeats (ITRs). They are not 

associated with human disease (Colella et al., 2018). They are highly diverse, with 12 

serotypes and 108 serovars (Balakrishnan B Fau - Jayandharan & Jayandharan, 2014) 

AAVs are a suitable choice for gene therapy as they show a strong capability for 

transduction of neurons and are capable of producing long-lasting transgene 

expression (Schultz & Chamberlain, 2008; Weinberg et al., 2013). Use of self-

complementary AAVs (scAAVs) is associated with increased expression of a 

transgene without the need for second-strand synthesis, which is normally the rate-

limiting step associated with use of AAVs (Colella et al., 2018). Unlike wild type viruses, 

recombinant AAVs such as the scAAVs used in gene therapy do not integrate into host 

DNA. Random integration occurs only very rarely, meaning the risk of genotoxicity is 

low using this strategy (Smith, 2008). However, the minatory of integration events that 

occur do so in sites close to CpG sequences, which is relevant to the CpG rich 

C9ORF72 repeat expansion. 

 

Expression patterns of the transgene depend on factors such as viral structure, vector 

purity, or promoter selection and therefore must be carefully considered (Klein et al., 

2008; Weinberg et al., 2013). Gene therapy advances have led to the development of 

cell specific promoters and novel capsids (Lawlor et al., 2009; Weinmann & Grimm, 

2017) while high throughput screening methods have helped identify the most efficient 

choices for particular cell types (Kotterman & Schaffer, 2014). Use of an integrated 

AAV and CRISPR/Cas9 system is an innovative method enabling gene regulation with 

minimal off-target effects (Moreno et al., 2018; Yin et al., 2016). As advancements 

increase, more efficient methods for transgene delivery and expression will be 

identified.  
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1.9.1.2 Limitations associated with use of AAV in viral-mediated gene therapy  

 

AAVs are limited in that maximum cargo capacity of transgenes is 4.7kb in AAVs, and 

only 2.3kb in scAAVs (Daya & Berns, 2008; McCarty, 2008), although larger genes 

can be delivered through use of oversized or dual AAV vectors (Dong et al., 2010; 

Grieger & Samulski, 2005). CNS delivery is a significant challenge due to the blood-

brain barrier (BBB), and methods to enable transport across it can be invasive. 

Peripheral delivery may be more practical as a clinical strategy and intravenous (IV) 

delivery of scAAV9 can cross the BBB and transduce neurons (Foust et al., 2009; 

Klein et al., 2008). However, the virus is distributed widely in high doses to multiple 

peripheral organs. IV delivery can therefore lead to unintended peripheral effects 

although use of tissue specific microRNA target sites within the expression cassette 

can help prevent translation in non-target tissue (Xie et al., 2011). Generally, in 

neurodegenerative disease research, intrathecal injection into the CSF via lumbar 

puncture is preferred. Additional challenges include managing an immune response, 

achieving stable long-term transgene expression, and determining an appropriate 

dose to ensure efficacy with minimal off-target effects. There is a very narrow window 

in which humans are AAV-antibody naïve, as new-born babies acquire maternal AAV 

antibodies and wild type exposure typically occurs around the age of 2 years (Calcedo 

et al., 2011). Immune responses to AAVs vary and it is not yet clear why or when a 

patient has an immune response (Manno et al., 2006; Mingozzi et al., 2007). This is a 

key issue in gene therapy as immune responses may lead to loss of transgene 

expression, and it also must be considered that the transgene itself could provoke an 

immune response (Martino et al., 2011). Transgene expression can be controlled in 

various ways for example using a tetracycline-off promoter (Manfredsson et al., 2009). 

Careful design of the AAV vector and regulatory elements are essential for stable 

expression of the transgene (Choi et al., 2014; Papadakis et al., 2004), while use of 

drugs or mutations of the capsid residue can prevent degradation of the vector (Gabriel 

et al., 2013; Monahan et al., 2010; Zhong et al., 2008). Transgene expression can also 
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be improved by modifications to the genome, codon optimisation, and elimination of 

structures such as hairpins, alternative open reading frames, and splice sites (Gao et 

al., 2006; Presnyak et al., 2015).  

 

1.9.2 Other therapeutic strategies in C9-ALS/FTD include antisense 

oligonucleotides, small molecules, re-purposing of existing drugs, genome 

editing and anti-DPR antibodies among others  

 

Aside from viral mediated gene therapy, other therapeutic strategies currently being 

tested for C9-ALS/FTD include the use of antisense oligonucleotides (ASOs), small 

molecules aiming to alleviate the effects of RNA toxic gain-of-function by preventing 

sequestration of RNA binding proteins or decreasing RAN translation of DPRs, and 

CRISPR-mediated gene editing. Targeting downstream deficits associated with the 

C9ORF72 repeat expansion are also possible, for example several strategies have 

been designed to target NCT dysfunction, or developing neurotrophic factors to 

provide support and increase motor neuron survival (Hautbergue et al., 2021). 

 

ASOs are small single stranded sequences of <50 bases that target a specific mRNA. 

They do not cross the blood-brain barrier and therefore must be repeatedly given 

through intrathecal injection.  (Corcia et al., 2022). ASOs have been designed to target 

C9ORF72 RNA to reduce foci formation, glutamate excitotoxicity, NCT dysfunction 

and TDP-43 mislocalisation. ASOs for C9-ALS/FTD are currently in development and 

are reviewed in (Gagliardi et al., 2020); (Corcia et al., 2022). 

 

Small molecules have been developed that bind to and stabilise secondary structures 

in C9ORF72 hexanucleotide repeat expansion RNA. This has shown success at 

reducing RNA foci and DPR formation in patient-derived neurons and improves 

survival in Drosophila (Simone et al., 2018). Other small molecules selectively bind to 
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the G4C2 hairpin structure, and this was found to prevent RBP sequestration and to 

inhibit RAN translation of poly-GP (Wang et al., 2019b) although it is not clear what 

impact this might have on more toxic, arginine rich DPRs. Finally, high-throughput 

screening methods have been developed to attempt to find other small molecules that 

act as inhibitors of RAN translation (Green et al., 2019). Small molecule development 

is reviewed in (Gagliardi et al., 2020). 

 

In addition to development of new small molecules, some efforts have been made to 

repurpose existing drugs, which have the advantage of already passing licencing and 

safety requirements. Metformin is prescribed for diabetes, but in C9-ALS/FTD it 

inhibits protein kinase R, which reduces DPR production (Hautbergue et al., 2021). 

Other strategies have centred around reducing DPRs through stimulating their 

clearance. Heat shock protein family B member 8 (HSPB8) promotes DPR clearance 

by autophagy in motor neurons (Cristofani et al., 2018) and although this approach is 

encouraging, it does not tackle the underlying disease mechanisms that cause DPRs 

to be produced in the first place. Other repurposed drugs being trialled for ALS are 

reviewed by Corcia and colleagues (Corcia et al., 2021) and include Tauro-

ursodeoxycholic acid (TUDCA), Tamoxifen, Levosimendan among others. 

 

Base genome editing to treat ALS is achieved using CRISPR/Cas9. This allows for 

correction of disease-causing mutations such as the C9ORF72 repeat expansion, but 

can be limited by low efficiency or off-target effects (Miccio et al., 2022). Clinical 

application of CRISPR/Cas9 gene editing is still in its early days, but some promising 

attempts have been made to target G4C2 repeat DNA and have succeeded in 

decreasing foci and DPR production in vitro (Pinto et al., 2017). Other approaches 

have used RNA endonuclease fused to Cas9, enabling an RNA-specific CRISPR 

system to target expanded RNA repeats in C9-ALS/FTD and other microsatellite 

repeat expansions (Batra et al., 2017). Use of CRISPR/Cas9 systems are reviewed in 

(Camu et al., 2022; Gagliardi et al., 2020). Other gene editing approaches centre 
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around nuclease-based approaches using zinc-finger nucleases and transcription 

activator-like effector nucleases (Miccio et al., 2022).  

 

In C9-ALS/FTD, DPRs have been targeted directly with antibodies (Camu et al., 2022), 

for example anti poly-GA antibodies have been developed which reduce spinal cord 

poly-GA inclusion formation, TDP-43 mislocalisation and microglia activation, and 

rescue mice motor deficits (Zhou et al., 2020). However, there are questions around 

which DPRs are most appropriate to target, the timing of the intervention, and how to 

manage any potential off-target effects or autoimmune responses. There is a 

possibility that depletion of one DPR species may promote increased expression of 

another and therefore researchers must take a strategic approach to targeting DPR 

production. Alternatively, a therapeutic approach that targets all DPR species may be 

too challenging to realistically achieve, or require a higher dose of a newly developed 

drug which could be associated with more side effects. Therefore careful consideration 

should be given to which DPRs are targeted, with arginine-rich species a clear initial 

target given they are most associated with toxic effects (Radwan et al., 2020). Another 

approach targeting DPRs directly with antibodies used the C9ORF72 BAC transgenic 

mouse model with 500 G4C2 repeats and found that antibodies delivered peripherally 

can cross the BBB and reduce DPR production with corresponding decreases 

neurodegeneration, alleviation of behavioural dysfunction and increased survival time. 

Interestingly, the anti poly-GA antibody also reduced poly-GP and poly-GR, 

suggesting a passive immunotherapy strategy could be an effective way to target 

DPRs, possibly through improved proteasome function (Nguyen, Montrasio, et al., 

2020). 

 

Finally, RNA interference strategies have been developed to target RNA gain-of-

function toxicity in C9-ALS/FTD. These include siRNAs, shRNAs and miRNAs 

(Gagliardi et al., 2020). Several strategies have been developed to target RAN 

translation and DPR production directly (S. Guo et al., 2022). Transcriptional 
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machinery has been identified as a therapeutic target, with an aim to prevent 

production of toxic G4C2 repeat expansion RNA and therefore prevent downstream 

impacts of the repeat expansion (Gagliardi et al., 2020). Some groups are starting to 

look at targeting RAN-associated RNA helicases, for example in the case of DDX3X, 

which binds directly to sense but not antisense C9ORF72 repeats. DDX3X reduction 

is associated with increased DPR production and associated toxicity in Drosophila, 

while elevating DDX3X expression decreased DPR production (Cheng et al., 2019). 

This thesis will build on this work on RAN-associated RNA helicases as central to a 

therapeutic strategy to alter RAN translation of DPRs in C9-ALS/FTD.  

 

1.10  Introduction to the PhD project 

 

As detailed above, substantial research efforts have focused on reducing RAN 

translation in C9-ALS/FTD, reflecting the key role DPR production plays in disease 

onset and progression. DPR production is unlikely to be the sole mechanism driving 

C9-ALS/FTD, but the current evidence strongly implicates it as a key contributor, with 

neurotoxic effects of DPR accumulation associated with almost every major cellular 

function, notably RNA metabolism, energy homeostasis and mitochondrial function, 

proteostasis and protein degradation systems. This PhD project has both a discovery 

and translational focus, and this introduction has set out the case for focusing on DPR 

production as a potential therapeutic strategy in C9-ALS/FTD. 

 

Emerging advances in our understanding of mechanisms of RAN translation have 

highlighted RNA helicases as a clear choice for focusing a therapeutic strategy around. 

The rationale behind this is that RNA helicases are necessary for resolving mRNA 

secondary structures such as G-quadruplexes, which must be unwound before RAN 

translation of DPRs can initiate. Therefore, without helicase activity secondary 

structures will remain unwound and RAN translation of DPRs will not be able to 

proceed.   
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This project will focus on members of the eIF4A family that are some of the key 

helicases involved in RAN translation initiation. Some research in the field of C9-

ALS/FTD has already commenced focusing on inhibition of these helicases, with 

promising results. For eIF4A, the inhibitor hippuristanol reduces RAN translation of 

G4C2 repeat expansions (Green et al., 2017), and use of FL3, an eIF4A specific 

inhibitor, reduced DPR production in HEK293T cells without impacting transcript levels 

(R. Tabet et al., 2018). This provides clear evidence that eIF4A is required for RNA 

translation initiation and DPR production. However, unlike this project, these studies 

do not differentiate between eIF4A1 and eIF4A2 and instead treat them as the 

interchangeable eIF4A, which may overlook important differences in the function of 

these proteins in the context of RAN translation. Depletion of co-factors eIF4B and 

eIF4H suppress the neurodegenerative phenotype in Drosophila (Goodman & Bonini, 

2019). There is also a clear link between DHX36 depletion and reduction of RAN 

translation of DPRs, as previously discussed.  

 

This project will therefore focus on the key initiator of RAN translation, eIF4A. To build 

on previous work in this field, we will not assume eIF4A isoforms are interchangeable 

and will instead investigate eIF4A1 and eIF4A2 separately. This will be the first work 

considering the activity of these isoforms separately in the context of RAN translation. 

In addition, we will investigate co-factors eIF4B and eIF4H, as well as DHX36, due to 

it being the major resolver of RNA secondary structures. 

 

1.10.1  Aims and Hypothesis  

 

The overall hypothesis for this project is that targeting RAN-associated RNA helicases 

for depletion will reduce RAN translation of neurotoxic DPRs, thereby providing 

neuroprotection in pre-clinical models of C9-ALS/FTD. C9ORF72 repeat expansions 

are particularly prone to forming G-quadruplexes due to their G-rich nature, so we 
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hypothesise that it will be highly reliant on potential RNA helicase activities to resolve 

these structures and initiate RAN translation.  

 

The first aim for this project is to develop tools to deplete RAN-associated RNA 

helicase expression and to test their ability to target specific helicases at both protein 

and mRNA level through western blot and RT-qPCR, respectively. This specificity is 

crucial as we aim to investigate potential functional differences in RAN translation 

initiation associated with eIF4A isoforms eIF4A1 and eIF4A2, which differ by only ten 

amino acids. Tools developed to target RAN-associated RNA helicases will be 

shRNAs cloned into a variety of vectors, to deplete helicase expression. Secondly, 

RAN-associated RNA helicase mutants, where protein expression will remain at 

normal levels, but helicase activity will be non-functional.  

 

Next, we aim to measure the effects of these tools targeting RAN-associated RNA 

helicases on RAN translation of DPRs using in vitro models of C9-ALS/FTD. HEK293T 

cells and patient-derived motor neurons will be used for transfection with shRNAs or 

RNA helicase dominant negative mutants. As studies so far have focused almost 

entirely on sense DPR production, we will also include investigations into antisense 

DPRs as mechanisms underlying their synthesis are currently poorly understood.  

 

We aim to measure impact on toxicity through in vitro cell proliferation assays. We 

hypothesise that targeting one RAN-associated RNA helicase individually will be non-

toxic, while targeting multiple helicases will confer toxicity due to the impact on global 

translation. Further, we hypothesise that RAN-associated RNA helicase depletion will 

rescue toxicity associated with DPR production. We aim to reduce DPR production 

without conferring toxicity resulting from depletion of essential helicases. We 

hypothesise that RAN translation occurs at a much slower rate than canonical 

translation, so it would be possible to reduce the former without causing widespread 

translational arrest. We aim to deplete RAN-associated RNA helicases by 
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approximately 50% as we hypothesise that this will reduce RAN translation sufficient 

to alleviate DPR-induced toxicity without causing toxic effects through reductions in 

canonical translation.  

 

Finally, we aim to investigate RAN-associated RNA helicase localisation, expression, 

and CNS distribution in post-mortem human tissue. We hypothesise that the key 

helicases involved in RAN translation that are the focus on this project may show 

alterations between control and ALS patient groups that inform their suitability as 

therapeutic targets, or advance our understanding of their role in RAN translation.  

 

Overall, we aim to investigate relative contributions of eIF4A1, eIF4A2, co-factors 

eIF4B and eIF4H, and DHX36 on RAN translation of DPRs, and to investigate the 

effects of their depletion on DPR production in pre-clinical in vitro models of C9-

ALS/FTD. We intend to establish which RAN-associated RNA helicase, or combination 

of helicases, are most suitable as therapeutic targets in C9-ALS/FTD. This work 

advances our knowledge of RAN translation initiation by RNA helicases in the context 

of C9-ALS/FTD. We explore the possible viability of targeting RAN-associated RNA 

helicases as a therapeutic strategy and show novel post-mortem data revealing 

insights into the role of helicases in ALS. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Cell Lines 

 

Human embryonic kidney cells (HEK293T) were used for all transfections shown in 

this report. DH5α E.coli cells were used during transformation of plasmids. Details of 

patient-derived neuronal cell lines used for immunofluorescence staining are shown in 

Table 2.1.  

 

Table 2.1: Details of patient-derived neuronal cell lines used for immunofluorescence staining. 

 

2.1.2 Design of oligonucleotides for eIF4A1, eIF4A2, eIF4B and DHX36 

 

Initial input sequences were taken from the NCBI GenBank® genetic sequence 

database. The best miRNA targets for human eIF4A1, eIF4A2, eIF4B and DHX36 

were identified based on the target sequence, see Tables 2.2, 2.4, 2.6 and 2.8. 

Sequences were selected based on the fewest number of mismatches between the 

human and mouse gene, as this will allow for future in vivo studies without requiring 

re-design of the shRNAs. Once sequences were identified, oligonucleotides were 

designed with the following features: a linker, mature miR RNAi sequence, a loop 

sequence, and the 1-8, 11-21 of 21mer target. See Figure 2.1 below for a schematic 

diagram of the miR RNAi.  

 

Sample 
Genetic 
remarks 

Sex 
Age at biopsy 

collection 
(years) 

Source 
Tissue 

Type of 
reprogrammed 

cells 
Ethnicity 

Disease 
Duration 
(months) 

161 
Non-ALS 
Control M 31 

Fibroblasts iNPCs 
Caucasian N/A 

17 sALS M 47 Fibroblasts iNPCs Caucasian 72 

183 C9orf72 ALS M 50 Fibroblasts iNPCs, iPSCs Caucasian 27 
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Figure 2.1 schematic diagram of major features in oligonucleotides designed to target RAN-

associated RNA helicases 

 

Table 2.2 Best miRNA targets for human eIF4A1. Sequences from ten potential targets are shown 

and two selected sequences are highlighted 

No. Start Sequence GC content % 

1 86 CGCTCTATAAGTTGTCGATAG 42.86 

2 111 GCACTCCGCCCTAGTTTCTAA 52.39 

3 951 TCACCCAGGCAGTCATCTTCA 52.39 

4 957 AGGCAGTCATCTTCATCAACA 42.86 

5 1001 ACCGAGAAGATGCATGCTCGA 52.39 

6 1025 TTCACTGTATCCGCCATGCAT 47.62 

7 1026 TCACTGTATCCGCCATGCATG 52.39 

8 1041 TGCATGGAGATATGGACCAAA 42.86 

9 1072 CGTGATTATGAGGGAGTTTCG 47.62 

10 1375 GCCAAGGGATGGACATCTTGT 52.39 

 

From these targets, two sequences were selected, highlighted in the above Table. 

Oligonucleotides for eIF4A1 designed based on the miRNA targets can be seen in 

Table 2.2. In addition to eIF4A1, miR 1 and 2 also target eIF4A2 due to the high degree 

of similarity between their base sequences.  
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Table 2.3 Oligonucleotide design to target eIF4A1 and eIF4A1 + 2  

Name No. Start Oligonucleotide 
Type 

Oligonucleotide Sequence 

 
 
 
 
 
 

miR1 1 
957 
(CDS) 

Top Strand 
5'-
TGCTGTGTTGATGAAGATGACTGCCTGTTTTGGCCACTGACTGACAGGC
AGTCCTTCATCAACA -3' 

Bottom Strand 
5'- 
CCTGTGTTGATGAAGGACTGCCTGTCAGTCAGTGGCCAAAACAGGCAG
TCATCTTCATCAACAC -3' 

ds Oligo 

5'- 
TGCTGTGTTGATGAAGATGACTGCCTGTTTTGGCCACTGACTGACAGGC
AGTCCTTCATCAACA -3' 

         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

3'- 
CACAACTACTTCTACTGACGGACAAAACCGGTGACTGACTGTCCGTCAG
GAAGTAGTTGTGTCC -5' 

 
 
 
 
 
 

miR2 10 
1375 
(3’UTR) 

Top Strand 
5'-
TGCTGACAAGATGTCCATCCCTTGGCGTTTTGGCCACTGACTGACGCC
AAGGGGGACATCTTGT -3' 

Bottom Strand 
5'- 
CCTGACAAGATGTCCCCCTTGGCGTCAGTCAGTGGCCAAAACGCCAAG
GGATGGACATCTTGTC -3' 

ds Oligo 

5'- 
TGCTGACAAGATGTCCATCCCTTGGCGTTTTGGCCACTGACTGACGCC
AAGGGGGACATCTTGT -3' 

         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

3'- 
CTGTTCTACAGGTAGGGAACCGCAAAACCGGTGACTGACTGCGGTTCC
CCCTGTAGAACAGTCC -5' 

 
 
 
 
 
 
miR3: designed by Meijer 
et al.  

Top Strand 
5'-
CACCGTGGAACGAGAGGAGTGGAAGCGAACTTCCACTCCTCTCGTTCC
AC-3' 

Bottom Strand 
5'-
AAAAGTGGAACGAGAGGAGTGGAAGTTCGCTTCCACTCCTCTCGTTCC
AC-3' 

ds Oligo 

5'-
CACCGTGGAACGAGAGGAGTGGAAGCGAACTTCCACTCCTCTCGTTCC
AC-3' 

                |||||||||||||||||||||||||||||||||||||||||||||| 

3'-
CACCTTGCTCTCCTCACCTTCGCTTGAAGGTGAGGAGAGCAAGGTGAA
AA-5' 

 

Although we were able to design oligonucleotides to target both eIF4A1 and eIF4A2, 

this project aims to investigate the individual impact of each helicase’s activity on RAN 

translation and the production of DPRs in C9-ALS/FTD, to assess which will be the 

most effective therapeutic target. Therefore, it was necessary to target each helicase 

in a highly specific manner. As such a third target was also selected, which is exclusive 

to eIF4A1. miR 3 was hand designed to target eIF4A1 and has shown to result in 

efficient silencing in a paper published by Meijer and colleagues (Meijer et al., 2013). 

Following oligonucleotide design to target eIF4A1 alone, we next looked for sequences 

that would specifically target eIF4A2.  
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Table 2.4 Best miRNA targets for human eIF4A2. Sequences from ten potential targets are shown 

and the selected sequence is highlighted 

No. Start Sequence GC content % 

1 115 AGCAACTGGAATGAGATTGTT 38.1 

2 167 CTCTCCTTCGTGGCATCTATG 52.39 

3 221 AGAGAGCTATTATTCCCTGTA 38.1 

4 427 GCCACTTGTCATGCCTGCATT 52.39 

5 484 CAGGCTGAAGCACCACATATT 47.62 

6 519 CGGGAGAGTGTTTGATATGTT 47.86 

7 520 GGGAGAGTGTTTGATATGTTA 38.1 

8 597 TGAAATGTTGAGCCGTGGTTT 42.86 

9 1002 AGGGTCAAGTCGTGTTCTGAT 47.62 

10 1055 TGCAACAAGTGTCTTTGGTTA 38.1 

 

From these targets, No. 7 was selected as the best and oligonucleotides designed 

based on that sequence, seen in Table 2.5 below as miR 1. miR 1 shows significant 

overlap with an oligonucleotide designed by Meijer and colleagues. This 

oligonucleotide works effectively and specifically targets eFI4A2 and not eIF4A1. 

Given the overlap between this and miR 1, we would expect similarly efficiency and 

specificity. In addition, the new miR 2 has been designed to exclusive target eIF4A2 

and not 4A1.   
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Table 2.5 miR 1 and miR 2 to target eIF4A2  

Name No. Start Oligonucleotide 
type 

Oligonucleotide Sequence 

 
 
 
 
 
 
miR1 7 520 

Top Strand 
5'- 
TGCTGTAACATATCAAACACTCTCCCGTTTTGGCCACTGACTGACG
GGAGAGTTTGATATGTTA -3' 

Bottom Strand 
5'- 
CCTGTAACATATCAAACTCTCCCGTCAGTCAGTGGCCAAAACGGGA
GAGTGTTTGATATGTTAC -3' 

ds Oligo 

5'- 
TGCTGTAACATATCAAACACTCTCCCGTTTTGGCCACTGACTGACG
GGAGAGTTTGATATGTTA -3' 

         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

3'- 
CATTGTATAGTTTGTGAGAGGGCAAAACCGGTGACTGACTGCCCT
CTCAAACTATACAATGTCC -5' 

 
 
 
 
 
miR2 

New 
1796 
(3’UT
R) 

Top Strand 
5'- 
TGCTGATTAAACCCTACCTAGGATTGGTTTTGGCCACTGACTGACC
AATCCTATAGGGTTTAAT -3' 

Bottom Strand 
5'- 
CCTGATTAAACCCTATAGGATTGGTCAGTCAGTGGCCAAAACCAAT
CCTAGGTAGGGTTTAATC -3' 

ds Oligo 

5'- 
TGCTGATTAAACCCTACCTAGGATTGGTTTTGGCCACTGACTGACC
AATCCTATAGGGTTTAAT -3' 

         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

3'- 
CTAATTTGGGATGGATCCTAACCAAAACCGGTGACTGACTGGTTAG
GATATCCCAAATTAGTCC -5' 

miR3 Designed by 
Meijer et al 

Top Strand 5'-
CACCG*TTTGATATGTTAAACAGAAGACGAATCTTCTGTTTAACATAT
CAAA-3' 

Bottom Strand 5'-
AAAATTTGATATGTTAAACAGAAGATTCGTCTTCTGTTTAACATATC
AAAC*-3' 

Ds Oligo 5'-
CACCGTTTGATATGTTAAACAGAAGACGAATCTTCTGTTTAACATAT
CAAA-3' 

                ||||||||||||||||||||||||||||||||||||||||||||||| 

3'-
CAAACTATACAATTTGTCTTCTGCTTAGAAGACAAATTGTATAGTTT
AAAA-5' 

 

As with eIF4A1, Meijer and colleagues (Meijer et al., 2013) have designed 

oligonucleotides specifically targeting eIF4A2 (see miR 3 in Table 2.5), which have 

demonstrated efficient gene knockdown. Next, we moved on to designing 

oligonucleotides for eIF4B.  

 

Table 2.6 Best miRNA targets for eIF4B Sequences from three potential targets are shown and the 

selected sequence is highlighted 

No. Start Sequence Region GC Content % 

1 1529 AGAAGTAAGTCAGACCAGGAT ORF 42.86 

2 1532 AGTAAGTCAGACCAGGATGCA ORF 47.62 

3 1534 TAAGTCAGACCAGGATGCACG ORF 52.39 

 

No. 1 was selected, with Table 2.7 showing the miR 1 oligonucleotide that was 

designed based on this sequence.  
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Table 2.7 Oligonucleotide to target eIF4B  

Name No. Start Oligonucleotide 
type 

Oligonucleotide Sequence  

 
 
 
 
 
 
miR 1 1 1529 

Top Strand 
5'- 
TGCTGATCCTGGTCTGACTTACTTCTGTTTTGGCCACTGACTGACAG
AAGTAACAGACCAGGAT -3' 

Bottom Strand 
5'- 
CCTGATCCTGGTCTGTTACTTCTGTCAGTCAGTGGCCAAAACAGAAG
TAAGTCAGACCAGGATC -3' 

ds Oligo 

5'- 
TGCTGATCCTGGTCTGACTTACTTCTGTTTTGGCCACTGACTGACAG
AAGTAACAGACCAGGAT -3' 

         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

    3'- 
CTAGGACCAGACTGAATGAAGACAAAACCGGTGACTGACTGTCTTCA
TTGTCTGGTCCTAGTCC -5' 

 
 
miR 2 

Designed by 
Meijer et al 

Top Strand 
5'-
CACCACGATGACGATGTGTATAGGGCGAACCCTATACACATCGTCAT
CG-3' 

Bottom Strand 
5'-
AAAACGATGACGATGTGTATAGGGTTCGCCCTATACACATCGTCATC
GT-3' 

ds Oligo 

5'-
CACCACGATGACGATGTGTATAGGGCGAACCCTATACACATCGTCAT
CG-3' 

                ||||||||||||||||||||||||||||||||||||||||||||| 

           3'-
TGCTACTGCTACACATATCCCGCTTGGGATATGTGTAGCAGTAGCAA
AA-5' 

 

As before, Meijer and colleagues (Meijer et al., 2013) have designed an 

oligonucleotide targeting eIF4B with high efficiency (see miR 2). Finally, we designed 

oligonucleotides to target DHX36. 

 

Table 2.8 Best miRNA targets for human DHX36 Sequences from ten potential targets are shown 

and the selected sequences are highlighted 

No. Start Sequence GC Content % 

1 829 GCTGCAGAAAGGGCAGAATCT 52.39 

2 832 GCAGAAAGGGCAGAATCTTGT 47.62 

3 954 GCTCCAGTCAGACCCGTATTT 52.39 

4 1329 GCCAGATTATGTAAGGGAACT 42.86 

5 1505 GCACTTTACATGATCTCTTGA 38.1 

6 1996 GCAGTGTTACTCTCCATAAGA 42.86 

7 2025 GGAGCTGAACGCTTTGGATAA 47.62 

8 2028 GCTGAACGCTTTGGATAAACA 42.86 

9 2068 GGAGTCCACTTGGCACGATTA 52.39 

10 2932 GCAGTACTGTCAGCTATTATA 38.1 

 

Oligonucleotide design based on these sequences is shown in Table 2.9. 
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Table 2.9 Oligonucleotide design to target DHX36  

Name No. Start Oligonucleotide 
type 

Oligonucleotide Sequence  

 
 
 
 
 
 
miR 1 2 832 

Top Strand 
5'- 
CACCGCAGAAAGGGCAGAATCTTGTCGAAACAAGATTCTGCCCTTTCTGC 
-3' 

Bottom Strand 
5'- 
AAAAGCAGAAAGGGCAGAATCTTGTTTCGACAAGATTCTGCCCTTTCTGC -
3' 

ds Oligo 

5'- 
CACCGCAGAAAGGGCAGAATCTTGTCGAAACAAGATTCTGCCCTTTCTGC 
-3' 

        |||||||||||||||||||||||||||||||||||||||||||||| 

    3'- 
CGTCTTTCCCGTCTTAGAACAGCTTTGTTCTAAGACGGGAAAGACGAAAA -
5' 

 
 
 
 
 
 
miR 2 4 1329 

Top Strand 
5'- 
CACCGCCAGATTATGTAAGGGAACTCGAAAGTTCCCTTACATAATCTGGC -
3' 

Bottom Strand 
5'- 
AAAAGCCAGATTATGTAAGGGAACTTTCGAGTTCCCTTACATAATCTGGC -
3' 

ds Oligo 

5'- 
CACCGCCAGATTATGTAAGGGAACTCGAAAGTTCCCTTACATAATCTGGC -
3' 

        |||||||||||||||||||||||||||||||||||||||||||||| 

    3'- 
CGGTCTAATACATTCCCTTGAGCTTTCAAGGGAATGTATTAGACCGAAAA -
5' 

 
 
 
 
 
miR 3 

8 2028 

Top Strand 
5'- 
CACCGCTGAACGCTTTGGATAAACACGAATGTTTATCCAAAGCGTTCAGC -
3' 

Bottom Strand 
5'- 
AAAAGCTGAACGCTTTGGATAAACATTCGTGTTTATCCAAAGCGTTCAGC -
3' 

ds Oligo 

5'- 
CACCGCTGAACGCTTTGGATAAACACGAATGTTTATCCAAAGCGTTCAGC -
3' 

         |||||||||||||||||||||||||||||||||||||||||||||| 

    3'- 
CGACTTGCGAAACCTATTTGTGCTTACAAATAGGTTTCGCAAGTCGAAAA -
5' 

 

2.1.3 shRNA design for insertion into pENTR/H1-TO-MCS, scAAV-KAS/H1 and 

LV-H1-TO vectors  

 

The shRNAs were designed in order to silence endogenous expression of RAN-

associated RNA helicases eIF4A1, eIF4A2, eIF4B and DHX36, thereby preventing 

initiation of RAN translation and the synthesis of toxic DPRs. Following selection of 

miRNAs, Thermo Fisher Scientific’s BLOCK-iTTM RNAi designer was used to establish 

the shRNA design, using the miRNA to shRNA feature. The design tool can be found 

at http://rnaidesigner.thermofisher.com/rnaiexpress/. Following preliminary testing, we 

http://rnaidesigner.thermofisher.com/rnaiexpress/
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selected eIF4A1 miR3, eIF4A2 miR1 and miR2, eIF4A1+2 miR1, eIF4B miR1, and 

DHX36 miR2.  

 

The orientation of the sequence strand was set to sense stem – loop – antisense stem. 

GC content ranged from 38.1 – 52.39 %. Key shRNA features are shown in Figure 2.2.  

 

 

Figure 2.2 schematic diagram of major features in shRNAs designed to target RNA helicases  

 

Oligonucleotides top and bottom strands were annealed to produce a double stranded 

oligonucleotide with 4-nucleotide overhanging ends. This can be directly cloned into 

the chosen vectors pENTR/H1-TO-MCS and scAAV-KAS/H1. pENTR clones were 

subsequently sub-cloned into LV-H1/TO vectors. 

 

Design of shRNA oligonucleotides for eIF4A1 insertion into pENTR/H1-TO-

MCS 

Table 2.10 pENTR/H1-TO-MCS/ eIF4A1 shRNA3 (design against human - 1 mismatch with 

mouse) 

4A1_29m-

shR3_fwd 

 

Restriction Enzyme Site cut XhoI TCGA 

sense/target shRNA G CCTTCTGATGTGCTTGAGGTGACCAAGA 

Linker TTCAAGAGA 

antisense shRNA TCTTGGTCACCTCAAGCACATCAGAAGGC 

RNAPIII term TTTTTT 

Restriction Enzyme Site cut HindIII A 

4A1_29m-

shR3_rev 

 

Restriction Enzyme Site cut XhoI C 

sense/target shRNA GCCTTCTGATGTGCTTGAGGTGACCAAGA 

Linker TCTCTTGAA 

antisense shRNA TCTTGGTCACCTCAAGCACATCAGAAGG 

RNAPIII term AAAAAA 

Restriction Enzyme Site cut HindIII AGCTT 
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Design of shRNA oligonucleotides for eIF4A1 insertion into scAAV-KAS/H1 

Table 2.11 scAAV-KAS/ H1-eIF4A1 shRNA_EF-1 -eGFP (design against human - 1 mismatch 

with mouse) 

4A1-

shR_scAAV_fwd 

 

Restriction Enzyme Site  cut BamHI GATCC 

sense/target shRNA GCCTTCTGATGTGCTTGAGGTGACCAAGA 

Linker TTCAAGAGA 

antisense shRNA TCTTGGTCACCTCAAGCACATCAGAAGGC 

RNAPIII term TTTTTT 

Restriction Enzyme Site  cut HindIII A 

4A1-

shR_scAAV_rev 

 

Restriction Enzyme Site  cut BamHI G 

sense/target shRNA GCCTTCTGATGTGCTTGAGGTGACCAAGA 

Linker TCTCTTGAA 

antisense shRNA TCTTGGTCACCTCAAGCACATCAGAAGGC 

RNAPIII term AAAAAA 

Restriction Enzyme Site  cut HindIII AGCTT 

 

Design of shRNA oligonucleotides for eIF4A2 insertion into pENTR/H1-TO-

MCS 

Table 2.12 pENTR/H1-TO-MCS/ eIF4A2 shRNA1 (fully conserved between human and mouse) 

4A2_29m-

shR1_fwd 

 

Restriction Enzyme Site cut XhoI TCGAG 

sense/target shRNA CGATGGTGTCATCGAGAGCAACTGGAATG 

Linker TTCAAGAGA 

antisense shRNA CATTCCAGTTGCTCTCGATGACACCATCG 

     RNAPIII term TTTTTT 

Restriction Enzyme Site cut HindIII A 

4A2_29m-

shR1_rev 

 

Restriction Enzyme Site cut XhoI C 

 

sense/target shRNA CGATGGTGTCATCGAGAGCAACTGGAATG 

Linker TCTCTTGAA 

antisense shRNA CATTCCAGTTGCTCTCGATGACACCATCG 

     RNAPIII term AAAAAA 

Restriction Enzyme Site cut HindIII AGCTT 
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Table 2.13 pENTR/H1-TO-MCS/ eIF4A2 shRNA2 (fully conserved between human and mouse) 

4A2_29m-

shR2_fwd 

 

Restriction Enzyme Site cut XhoI TCGAG 

sense/target shRNA CAGTCAGGTACTGGCAAGACAGCCACATT 

Linker TTCAAGAGA 

antisense shRNA AATGTGGCTGTCTTGCCAGTACCTGACTG 

     RNAPIII term TTTTTT 

Restriction Enzyme Site cut HindIII A 

4A2_29m-

shR2_rev 

Restriction Enzyme Site cut XhoI C 

sense/target shRNA CAGTCAGGTACTGGCAAGACAGCCACATT 

Linker TCTCTTGAA 

antisense shRNA AATGTGGCTGTCTTGCCAGTACCTGACTG 

     RNAPIII term AAAAAA 

Restriction Enzyme Site cut HindIII AGCTT 

 

Design of shRNA oligonucleotides for eIF4A2 insertion into scAAV-KAS/H1 

Table 2.14 scAAV-KAS/ H1-eIF4A2 shRNA_EF-1 -eGFP (29mer-shRNA2, design against 

human - 1 mismatch with mouse) 

4A2-

shR_scAAV_fwd 

 

Restriction Enzyme Site  cut BamHI GATCC G 

sense/target shRNA CAGTCAGGTACTGGCAAGACAGCCACATT 

Linker TTCAAGAGA 

antisense shRNA AATGTGGCTGTCTTGCCAGTACCTGACTG 

RNAPIII term C TTTTTT 

Restriction Enzyme Site  cut HindIII A 

4A2-

shR_scAAV_rev 

 

Restriction Enzyme Site  cut BamHI C G 

sense/target shRNA CAGTCAGGTACTGGCAAGACAGCCACATT 

Linker TCTCTTGAA 

antisense shRNA AATGTGGCTGTCTTGCCAGTACCTGACTG 

RNAPIII term AAAAAA G 

Restriction Enzyme Site  cut HindIII AGCTT 
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Design of shRNA oligonucleotides for eIF4B insertion into pENTR/H1-TO-MCS 

Table 2.15 pENTR/H1-TO-MCS/ eIF4AB 29mer-shRNA (fully conserved between human and 

mouse) 

4B-shR_pENTR_fwd 

 

Restriction Enzyme Site cut XhoI TCGAG 

sense/target shRNA AATTGACCGTTCCATCCTTCCCACTGCTC 

Linker TTCAAGAGA 

antisense shRNA GAGCAGTGGGAAGGATGGAACGGTCAATT 

     RNAPIII term TTTTTT 

Restriction Enzyme Site cut HindIII A 

4B-shR_pENTR_rev 

 

Restriction Enzyme Site cut XhoI C 

sense/target shRNA AATTGACCGTTCCATCCTTCCCACTGCTC 

Linker TCTCTTGAA 

antisense shRNA GAGCAGTGGGAAGGATGGAACGGTCAATT 

     RNAPIII term AAAAAA 

Restriction Enzyme Site cut HindIII AGCTT 

 

Design of shRNA oligonucleotides for eIF4B insertion into scAAV-KAS/H1 

Table 2.16 scAAV-KAS/ H1-eIF4B 29mer-shRNA_EF-1 -eGFP 

4B-shR_scAAV_fwd 

 

Restriction Enzyme Site  cut BamHI GATCC 

sense/target shRNA AATTGACCGTTCCATCCTTCCCACTGCTC 

Linker TTCAAGAGA 

antisense shRNA GAGCAGTGGGAAGGATGGAACGGTCAATT 

RNAPIII term TTTTTT 

Restriction Enzyme Site  cut HindIII A 

4B-shR_scAAV_rev 

 

Restriction Enzyme Site  cut BamHI G 

sense/target shRNA AATTGACCGTTCCATCCTTCCCACTGCTC 

Linker TCTCTTGAA 

antisense shRNA GAGCAGTGGGAAGGATGGAACGGTCAATT 

RNAPIII term AAAAAA 

Restriction Enzyme Site  cut HindIII AGCTT 
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Design of shRNA oligonucleotides for DHX36 insertion into scAAV-KAS/ H1 

Table 2.17 scAAV-KAS/ H1-DHX36 shRNA1_EF-1 -eGFP (1 mismatch with mouse, 24nt mouse 

eIF4B shRNA , 25nt human eIF4B shRNA) 

DHX36-

shR1_scAAV_fwd 

 

Restriction Enzyme Site  cut BamHI GATCC 

sense/target shRNA GCAGAAAGGGCAGAATCTTGTGGCA 

Linker TTCAAGAGA 

antisense shRNA TGCCACAAGATTCTGCCCTTTCTGC 

RNAPIII term TTTTTT 

Restriction Enzyme Site  cut HindIII A 

DHX36-

shR1_scAAV_rev 

 

Restriction Enzyme Site  cut BamHI G 

sense/target shRNA GCAGAAAGGGCAGAATCTTGTGGCA 

Linker TCTCTTGAA 

antisense shRNA TGCCACAAGATTCTGCCCTTTCTGC 

RNAPIII term AAAAAA 

Restriction Enzyme Site  cut HindIII AGCTT 

 

2.1.4 Vectors 

 

First, we generated pENTR/H1-TO-MCS plasmid maps for eIF4A1 shRNA3, eIF4A2 

shRNA2, eIF4A1+2 shRNA 2, eIF4B 29mer shRNA and DHX36 shRNA 1, including 

major features and restriction sites. In total, three sets of plasmids were used: pENTR, 

scAAV and LV, all of which allow for mammalian expression of shRNAs, although only 

LV vectors would be required for translation in pre-clinical neuronal models.  
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Figure 2.3 Plasmid map for pENTR eIF4A1 shRNA-3 
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Figure 2.4 Plasmid map for pENTR eIF4A2 shRNA-2 
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Figure 2.5 plasmid map for pENTR eIF4A1+2 shRNA-1 
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Figure 2.6 Plasmid map for pENTR eIF4B 29m shRNA 
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Figure 2.7 Plasmid map for pENTR DHX36 shRNA-1 

 

Next, we generated scAAV-KAS/H1 plasmid maps for scAAV-KAS/H1-eIF4A1 shR 3, 

eIF4A2 shR 2 and DHX36 shR 1, including major features and restriction sites, shown 

in Figure 2.8 – 2.10.   
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Figure 2.8 Plasmid map for scAAV eIF4A1 shR-3 
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Figure 2.9 Plasmid map for scAAV eIF4A2 shR2 
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Figure 2.10 Plasmid map for scAAV DHX36 shR1 

 

The final set of plasmid maps include LV-H1-TO plasmid maps for eIF4A1 shR3, 

eIF4A2 shR 2, eIF4A1 + 2 shR 1 and DHX36 shR 1, including major features and 

restriction sites.  

 



103 | P a g e  

 

 

Figure 2.11 Plasmid map for LV-eIF4A1 shRNA3 
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Figure 2.12 Plasmid Map for LV-eIF4A2 shRNA2 
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Figure 2.13 : Plasmid Map for LV-eIF4A1+2 shRNA1 
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Figure 2.14 Plasmid Map for LV-DHX36 shRNA1 

 

2.1.5 Antibiotics 

 

Table 2.18 Antibiotics use for inoculations 

Vector Antibiotic Dilution 

pENTR/H1-TO-MCS Kanamycin 1:1000 

scAAV-KAS/H1 Ampicillin 1:1000 

LV-H1-TO Ampicillin 1:1000 

 

2.1.6 Buffers and Solutions 

 

Cloning and Restriction Digest 

QIAquick Gel Extraction Kit 

T4 DNA Ligase buffer: BioLabs 10 X buffer for T4 DNA ligase with 10 mM ATP 

#B0202S 
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Fast Digest Green Buffer: Thermo Fisher Scientific Lot 00638694 

T4 Polynucleotides Kinase Reaction Buffer: BioLabs 10 X buffer #B0201S 

Mini and Midi Preparations of plasmid DNA 

QIAprep Spin Mini Prep Kit  

QIAgen Plasmid Plus Midi Kit  

Transfections 

Optimem 1 x Reduced Serum Medium + L-Glutamine Gibco Ref 11058-21 

Polyethylenimine (PEI) 1mg/ml 

Western Blot 

Running Buffer 1 x: 30 g Tris, 144 g Glycine, 10 g SDS up to 10 L dH20 

Transfer Buffer 5 x: 150 g Tris, 720 g Glycine up to 10 L dH20 

TBS-T: Tris-buffered saline (21.6 g Tris, 79.2 g NaCl up to 10L dH20 pH 7.6) with 

2 ml/litre 0.1 % Tween-20 

Lysis buffer: 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.5% Triton x 100, 50 mM 

HEPES, 10 % Glycerol, pH 7.5 

Stacking gel buffer: 30.3 g Trizma/Tris, 2 g SDS, up to 500 ml dH20, pH 6.8 

Resolving gel buffer: 90.85 g Trizma/Tris, 2 g SDS, up to 500 ml dH20, pH 8.8 

Tetramethylethylenediamine (TEMED): N,N,N',N'-tetramethylethane-1,2-diamine, 

C6H16N2 

Ammonium Persulfate (APS): (NH4)2S2O8 

Protease Inhibitor Cocktail (PIC) complete Tablets EDTA free, 1 tablet/2ml dH20 

Phenylmethanesulfonyl fluoride (PMSF) 100 mM 

1 x working reporter buffer: diluted from Promega 5 x reported buffer in dH2O + 

20 μl per ml PMSF + PIC 

Enhanced Chemiluminescence (ECL): ECL1: 1 ml 1 M Tris-HCl, 100 μl 250 mM 

luminol in DMSO, 44 μl 90 mM p-coumaric acid in DMSO, up to 10 ml dH20 

Immunohistochemistry 

Hydrogen Peroxide: 3 % H2O2 + Methanol; Fisher Chemicals H/1750/15 

TBS: Tris-buffered saline (21.6 g Tris, 79.2 g NaCl up to 10 L dH20 pH 7.6) 
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Harris Haematoxylin 

Scott’s Tap Water (8.75 g Sodium Bicarbonate, 50 g Magnesium Sulphate, 2.5 l 

tap H2O) 

DPX Cell Path mounting medium 

VectaMount Aqueous mounting medium 

Immunofluorescence  

PBS: Phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 

and 2 mM KH2PO4) 

Triton-X 100 

Paraformaldehyde 4% 

Hoechst 33342 (2'-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bi-1H-

benzimidazole trihydrochloride trihydrate): Thermo Fisher 62249, 1:5000 

Vectorshield mounting medium with DAPI 

MTT assays 

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MTT buffer: 50 % DMF, 20 % SDS 

RT-qPCR 

RNAse-free lysis buffer 50 ml: 7.5 ml NaCl, 2.5 ml 10% Triton, 50 μl DTT, 100 μl 

EDTA 0.5M , 5 ml HEPES, 5 ml 10% Glycerol 

Phenylmethanesulfonyl fluoride (PMSF) 100 mM 

PureZol RNA isolation reagent BioRad Cat.7326890 

ETOH (RNAse free) 

DNAse I recombinant Incubation Buffer: Roche Diagnostics 04716728001 

dNTP 10 mM mix: Bioline DM1-717106 

dN6 oligo: Sigma HA05153767-010 

5 x First Strand buffer: Invitrogen Y02321 

DTT 0.1 M: Invitrogen Y00147 

2 x brilliant III SYBR Green QPCR master mix: Agilent Technology Cat #600882 
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2.1.7 Enzymes 

 

T4 DNA ligase: Thermo Scientific #EL0011 Lot 00429450 

Alkaline Phosphatase Calf Intestinal (CIP): BioLabs #M0290S 

T4 Polynucleotides Kinase: BioLabs #M0201S 

DNAse I recombinant enzyme: Roche Diagnostics 04716728001 

M-MLV RT enzyme: Invitrogen 28025-021 

 

Table 2.19 Restriction Enzymes  

Plamsid Restrictio
n Enzyme 

Company Product 
Code 

Restriction Site 

ENTR/H1
-TO-MCS 

HindIII Thermo 
Scientific 

FD0504 5'     A  A   G   C   T      T     3'     

3'     T   T   C   G   A  A     5'   

 

 Xhol Thermo 
Scientific 

FD0694 5' 
 

  C  T   C   G   A   G     3'   

3'     G   A   G   C   T  C     5'  
 

 Dral Thermo 
Scientific 

FD0224 5'   T T T A A A  3'  

3'   A A A T T T  5'  
 

 EcoRV Thermo 
Scientific 

FD0303    

5'     G   A   T  A   T   C     3'   

3'     C   T   A  T   A   G     5'  
 

 Xbal Thermo 
Scientific 

FD0684 5'     T  C   T   A   G   A     3'   

3'     A   G   A   T   C  T     5'   

 

scAAV-
KAS/H1 

BamHI Thermo 
Scientific 

FD0054 5'                       G     G      A      T      C      C              3'  
3'                       C     C      T       A     G      G              5'  

 HindIII Thermo 
Scientific 

FD0504 5'     A  A   G   C   T   T     3'   

3'     T   T   C   G   A  A     5'   

 

 KpnI Thermo 
Scientific 

FD0524 5'     G   G   T   A   C  C     3'   

3'     C  C   A   T   G   G     5'   

 

LV-H1-TO BcuI Thermo 
Scientific 

FD1254 5'     A  C   T   A   G   T     3'   

3'     T   G   A   T   C  A     5'  
 

 SalI Thermo 
Scientific 

FD0644 5'     G  T   C   G   A   C     3'   

3'     C   A   G   C   T  G     5'   
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2.1.8 Antibodies 

 

Table 2.20: Primary Antibodies 

Target 
Protein 

Company 
Name 

Product 
Code 

Species Dilution Concentration 
mg/ml 

eIF4A1 Cell Signalling #2490 Rabbit 1:1000 0.088 

eIF4A1 Abcam Ab31217 Rabbit 1:1000 0.9 

eIF4A2 AbCam Ab31218 Rabbit 1:1000 1.0 

eIF4B AbCam Ab68474 Rabbit 1:2000 0.219 

eIF4B Invitrogen MA5-17071 Rabbit 1:1000 1 

eIF4H Cell Signalling #3469 Rabbit 1:1000 western 
blot, 1:1500 IHC 

 

DHX36 Santa Cruz Sc377485 Mouse 1:1000 0.2 

DHX36 AbCam Ab226813 Rabbit 1:1000 0.6 

SRSF1 AbCam Ab38017 Rabbit 1:1000 western 
blot; 1:2000 IHC 

0.9 

SRSF1 Cell Signalling #14902 Rabbit 1:1000 0.114 

TDP-43 C 
Terminal 

Proteintech 12892-1-AP Rabbit 1：500 0.65 

TDP-43 
Phospho 

Biolegend SIG-39852 
 

Rat 1：1000 1 

TDP-43 
Phospho 

Affinity 
Biosciences 

AF365 Rabbit 1:1000 1 

p62 BD 
Biosciences 

BD610833 Mouse 1:200 0.25 

FLAG Sigma F1804 Mouse 1:2000 1 

V5 AbCam Ab27671 Mouse 1:2000 1 

ɑ-tubulin Santa Cruz Sc32293 Mouse 1:2000 0.2 

β-Actin   Mouse 1:1000  

TUJ1 (Anti-
beta III 
Tubulin) 

Millipore Ab9354 Chicken 1:1000 
 

0.3 

 

Table 2.21 Secondary Antibodies 

 Company Name Product Code Dilution Concentration mg/ml 

Anti-Mouse Promega W402B 1:5000 1 

Anti-Rabbit Promega W401B 1:5000 1 

Anti-Rat 488  Alexa Fluor Ab150157 1:1000 2 

Anti-Rabbit 594 Alexa Fluor Ab150080 1:1000 2 

Anti- Chicken 488 Alexa Fluor Ab150169 1:1000 2 

 

Biotinylated secondary antibodies used for immunohistochemistry were included in 

IHC kits, detailed in section 2.1.9.  
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2.1.9  Kits for Immunohistochemistry 

 

DAB staining 

Vecastain Elite ABC Kit Rabbit IgG Peroxidase PK-6101 

Vecastain Elite ABC Kit Mouse IgG Peroxidase PK-6102 

Vecastain Elite ABC Kit Rat IgG Peroxidase PK-4004 

DAB Substrate Kit (Peroxidase) SK-4100 

Alkaline Phosphatase Staining 

Vectastain ABC-AP Rabbit IgG AK-5001 

Vector Red Substrate Kit (AP) SK-5100 

ImmPact AMEC Red Substrate Kit, Vector Laboratories SK-4285 

Avidin/Biotin Blocking Kit, Vector Laboratories SP-2001 

 

2.1.10  Post-Mortem Human Tissue Donor Information 

 

All post-mortem tissue came from Sheffield Brain Tissue Bank (SBTB). Tissue was 

released under SBTB REC number 19/SS/0029 with ethical approval for the project 

confirmed either by an external REC or by the SBTB Management Board, in 

compliance with current Codes of Practice from the Human Tissue Authority.  
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Table 2.22 Details of Post-Mortem Human Tissue Donors  

Blinded 
Case No. 

Case ID Clinical 
Diagnosis 

Genetics Age 
years 

Sex Disease 
Duration 
(months) 

Post 
Mortem 
Delay  
(hours) 

1 LP043/2005 sALS  31 M 66 33 

2 LP085/2007 Control  59 F N/A 5 

3 LP098/2007 Control  68 M N/A 63 

4 LP048/2012 sALS  42 M 34 48 

5 LP020/2013 sALS  78 M 80 36 

6 PA135/2018 Control  85 F N/A 72 

7 LP040/2011 fALS/FTD C9ORF72 
HRE 

66 F 56 10 

8 LP046/2010 FTLD-MND C9ORF72 
HRE 

67 F 43 24 

9 LP041/2004 sALS C9ORF72 
HRE 

62 M 20 48 

10 LP039/2011 fALS/FTD C9ORF72 
HRE 

71 M 26 96 

11 NA019/1991 Control  54 M N/A 8 

12 LP005/2011 sALS  76 F 52 40 

13 NA014/1999 Control  84 F N/A 52 

14 LP005/2010 sALS  40 M 17 48 

15 LP066/2008 fALS/FTD  59 F 43 28 

16 LP042/2009 fALS  53 F 28 22 
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In some cases, insufficient tissue was available, so the following substitutes were 

included:  

 

Table 2.23 Details of additional post-mortem human tissue used when main cohort was 

unavailable 

Case ID Clinical 
Diagnosis 

Genetics Age Sex Disease 
Duration/ 
months 

Post 
Mortem 
Delay / 
hours 

Notes 

PA224/2016 Control  82 F N/A Unknown Case 11 only 
had spinal cord 
available; motor 
cortex from 
PA224/2016 was 
used as an 
alternative 

LP005/2007 Control  63 M N/A Unknown Case 12 only 
had spinal cord 
available; motor 
cortex from 
LP005/2007 was 
used as an 
alternative 

LP81/2009 FTLD-MND C9ORF72 
HRE 

59 M 27 60 Case 16 only 
had spinal cord 
available; motor 
cortex from 
LP81/2009 was 
used as an 
alternative 

PA125/1994 Control  75 F N/A 31 Frozen tissue 
was not available 
from other 
controls used in 
IHC; 
PA125/1994 was 
used as an 
alternative 

 

2.1.11  Mouse Spinal Cord  

 

Mice used in this study were C9-500 BAC Transgenic mice (N=3) and non-transgenic 

counterparts (N=3). Details of the mouse model are described by Liu and colleagues 

(Liu et al., 2016) 

 

2.1.12  Imaging and Software 

 

Immunohistochemistry images were taken on a Nikon Eclipse DS-Ri1 Microscope 

and/or scanned using the Hamamatsu Nano Zoomer XR. Immunohistochemistry 
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analysis was performed using Hamamatsu NDP.view2 Image viewing software. 

Immunofluorescence images were captured using the Olympus B53 microscope with 

20x or 40x objectives, edited and merged using Image J.  

 

2.2 Methods 

2.2.1 Cloning for pENTR/H1-TO-MCS and scAAV-KAS/H1 plasmids 

2.2.1.1 Restriction Digest 

 

In a 1.5 ml conical microcentrifuge tube, 5 µg vector DNA (i.e. scAAV-KAS/H1 or 

pENTR/H1-TO-MCS), was mixed with 5 µl 10 X Fast Digest Green buffer and 36 μl 

ultra-pure water. Finally, 2 μl of each restriction enzyme was added last. See Table 

2.19 for restriction enzymes used. Samples were mixed thoroughly gentle inversion, 

and pulsed in the Thermo Micro CL-17 centrifuge to remove any bubbles. Samples 

were placed in a 37°C Flowgen Bioscience Digital Dry Bath heating block for two hours 

to ensure the plasmids were fully digested.  

 

2.2.1.2 Vector dephosphorylation 

 

1 μl CIP was added to the vectors to prevent self-ligation. They were returned to the 

37°C heating block for a further 15 minutes followed by 2 minutes at 90°C in order to 

deactivate the CIP. 

 

2.2.1.3 Annealing of Oligonucleotides  

 

First, 38 μl of annealing buffer was added to a 500 μl PCR tube with 6 μl of forward 

and reverse oligonucleotides. Samples were vortexed to mix thoroughly.  To facilitate 

hybridisation, samples underwent a programme of heating and cooling using a GS1 



115 | P a g e  

 

Thermo Cycler. Samples underwent an initial 4 minute heating step at 94°C, followed 

by 10 minutes at 70°C and a slow cooling period back to room temperature of 40 

minutes.  

 

2.2.1.4 PNK Phosphorylation  

 

Following annealing, 7 μl oligonucleotides were added to a 1.5 ml conical 

microcentrifuge tube with 1 μl forward PNK buffer, 1 μl 10 mM ice-cold ATP, and 1μl 

PNK enzyme. Samples were placed in a 37°C heating block for 45 minutes, to enable 

addition of a phosphate group to the 5’ end of oligonucleotides in order to make 

subsequent ligations more efficient. Samples were moved to a 90°C heating block for 

5 minutes and left to cool to room temperature for 15 minutes.   

 

2.2.1.5 Ligation 

 

In order to fuse the phosphorylated oligonucleotide to the digested vector, 1 μl of 

vector was placed in a 1.5 ml conical microcentrifuge tube with 10 μl oligonucleotide, 

6 μl ultra-pure H2O, 2 μl T4 DNA ligase buffer, and 1μl T4 DNA ligase. Samples were 

placed in a 37°C heating block for one hour.  

 

2.2.1.6 Transformation and Plating 

 

The ligated reaction samples were transformed into competent DH5-ɑ E.coli. Ligated 

samples were put on ice for 15 minutes and 10 μl was mixed with 90 μl DH5-ɑ cells. 

Samples were mixed by gentle inversion and put on ice for 10 minutes. Samples were 

then quickly moved to a 37°C heating block for 5 minutes, to ensure a sudden enough 

change in temperature to form pores in DH5-ɑ cell walls. Next, 1 ml LB broth was 

added and samples were returned to the 37°C heating block for one hour. Cells were 

plated on kanamycin or ampicillin Agar plates. See Table 2.18 for the antibiotic 
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required for each plasmid. Samples were placed in a Thermo Scientific MicroCL 17 

Centrifuge at 6,000 rpm for 5 minutes. Subsequently, 1 ml of supernatant was 

removed and discarded, and the pellet resuspended in the remaining supernatant. 

Cells were spread on Agar plates using a sterilised spreader and left at 37°C overnight 

to allow colonies to grow.  

 

2.2.1.7 Inoculation of Colonies 

 

First, 3 ml of LB broth was added to a 15 ml universal sample tube with the appropriate 

antibiotic in a 1:1000 dilution. See Table 2.18 for antibiotics used. A single colony was 

collected from the Agar plates using a pipette tip, and dropped into the universal 

sample tube containing the LB broth and antibiotic. Colonies were left to grow 

overnight on a 37°C SciQuip Midi Incu-shaker.  

 

2.2.2 Isolation of Plasmid DNA 

2.2.2.1 Rapid Mini Prep 

 

First, 1 ml of the overnight culture was placed in a 1.5 ml conical microcentrifuge tube 

and placed in the Thermo Scientific MicroCL 17 Centrifuge for 3 minutes at 13,000 

rpm. The supernatant was discarded and the pellet resuspended in 200 μl buffer P1 

from the QIAprep Spin Mini Prep Kit. The bacterial cells were lysed with 200 μl buffer 

P2 and gently mixed by inversion. The samples were incubated for 3 minutes, and the 

lysis was stopped by the addition of 300 μl buffer S3. The samples were gently inverted 

until a colour change from blue to white was observed, and then centrifuged for 10 

minutes at 13,000 rpm. Supernatant was transferred to a fresh conical microcentrifuge 

tube and the pellet discarded. 700 μl isopropanol was added and samples were 

incubated for 10 minutes at room temperature. Samples were then centrifuged at 
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13,000 rpm for a further ten minutes. The supernatant was discarded and the pellet 

left to air-dry before being re-suspended in 50 μl EB buffer.  

 

2.2.2.2 Restriction Digest and Agarose Gel Electrophoresis  

 

Following rapid mini preps, 5 μl of each sample was added to a conical microcentrifuge 

tube with 1 μl restriction buffer, 3 μl H2O, and 0.5 μl each restriction enzyme. See 

Table 2.19 for details of restriction enzymes used. Samples were placed in a 37°C 

heating block for one hour.  A 3 % agarose gel was used (6 g Agarose + 200 ml 1 x 

Tris-Acetate EDTA TAE buffer + 4 μl ethidium bromide) with a 30-well comb. Next, 5 

μl Gene ruler DNA Ladder Mix was loaded into the first lane. The 10 μl sample 

following restriction digest was loaded and run using a BioRad PowerPac Basic Power 

Supply at 80 V for 50 minutes. 

 

2.2.2.3 Inoculation of colonies for Midi Prep 

 

First, 100 ml LB broth was placed in a 500 ml flask with the appropriate antibiotic in a 

1:1000 dilution. Next, 200 μl of overnight culture was added to the flask, which was 

left on a 37°C shaker overnight. 

 

2.2.2.4 Midi Prep 

 

Of the 100 ml overnight culture, half was poured into a 50 ml universal sample tube, 

and placed in a Sigma 3-16PK Centrifuge for 4,500 rpm for 10 minutes. The 

supernatant was discarded in disinfectant and the other half of the overnight culture 

was poured over the pellet, and centrifuged for a further ten minutes at 4,500 rpm. The 

supernatant was discarded in disinfectant and the DNA extracted from the pellet using 

the QIAGEN Plasmid Plus Midi Kit. The pellet was re-suspended in 4 ml Buffer P1 and 
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vortexed to mix. 4 ml of buffer P2 was added and the samples were inverted gently 

until a colour change to blue was observed. Samples were incubated for 3 minutes 

and 4 ml buffer S3 was added. Samples were inverted until a colour change to white 

was observed. Samples were transferred to a QIAGEN filter cartridge and incubated 

for 10 minutes at room temperature before being passed through the filter. 2 ml of 

binding buffer was added to each sample, which were placed in the -20°C freezer for 

10 minutes. The lysate was transferred 700 μl at a time to a QIAGEN plasmid plus 

spin column, which was centrifuged for 30 seconds at 10,000 rpm. The flow-through 

was discarded and a further 700 μl lysate added until the sample was finished. 

Samples were washed with 700 μl buffer ETR and centrifuged for 1 minute at 10,000 

rpm, followed by a further wash with 700 μl buffer PE + ethanol, and a further 1 minute 

centrifuge at 10,000 rpm. The flow through was discarded and the tube centrifuged for 

a further 3 minutes at 10,000 rpm to remove excess wash solution. Samples were then 

placed in a 37°C heating block for 3 minutes. Finally, 200 μl buffer EB was added to 

the centre of the tube and incubated for 5 minutes. To elute the plasmid, samples were 

centrifuged for 3 minutes at 10,000 rpm and the flow-through collected.  

 

2.2.2.5 Measurement of nucleic acid concentrations by spectrophotometry  

 

Nucleic acid concentration in each sample was analysed using a ND-1000 Nanodrop 

Spectrophotometer according to manufacturer’s instructions. 

 

2.2.2.6 Sequencing 

 

Plasmids were sent for sequencing at the University of Sheffield Medical School, using 

an Applied Biosystems' 3730 DNA Analyser. We supplied 10 µl of plasmid DNA in 

water >100 ng/µl and M13 Fwd/Rev primers.  
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2.2.3 Sub-Cloning 

2.2.3.1 Restriction Digest 

 

As previously described in section 2.2.1.1.  

 

2.2.3.2 Agarose Gel Electrophoresis 

 

A 1 % agarose gel was used for vector LV-H1-TO (2 g agarose + 200 ml TAE buffer 

+ 4 μl ethidium bromide). A 2 % gel was used for RNA helicase inserts eIF4A1, eIF4A2 

and DHX36 (4 g Agarose + 200 ml TAE buffer + 4 μl ethidium bromide). A 10 well 

comb was used and 5 μl Gene ruler DNA Ladder Mix was loaded into the first lane. 

The 50 μl sample following restriction digest is loaded and run using a BioRad 

PowerPac Basic Power Supply at 80 V for 50 minutes. The band was removed using 

a scalpel blade and UV-transilluminator to visualise the band.  

 

2.2.3.3 Gel Extraction 

 

The Qiagen gel extraction kit was used to extract the DNA from the gel bands.   First, 

600 μl buffer QG was added and each sample was placed in a heating block at 37°C 

for 10 minutes, or until the gel had melted completely. Next, 200 μl of isopropanol was 

added and the samples mixed by inversion. A QIAquick column was placed in a 

collection tube and 700 μl of the sample was added and centrifuged at 4,000 rpm for 

1 minute. The flow through was discarded and 700 μl more of the sample was added, 

until no more sample remained. Next, 500 μl buffer QG was added to wash, and 

centrifuged at 10,000 rpm for one minute. Flow through was discarded and 750 μl 

buffer PE with added ethanol was added to the column and centrifuged at 10,000 rpm 

for 1 minute. Flow through was discarded and the column was centrifuged for an 

additional minute at 10,000 rpm. The column was placed in a 1.5 ml conical 
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microcentrifuge tube and 30 μl buffer EB was added to the centre of the column, in 

order to elute the DNA. The sample was incubated at room temperature for 4 minutes 

and centrifuged for a final minute at 10,000 rpm.  

 

2.2.3.4 Ligation 

 

In a 500 μl PCR tube: 1 μl LV-H1-TO vector is mixed with 16 μl insert. 2 μl 10 x LB 

ligation buffer was vortexed and added with 1 μl T4 DNA ligase. The vector and insert 

were left to ligate overnight and kept at a constant 16°C using GS1 Thermo Cycler.  

 

2.2.3.5 Transformation and Plating 

 

As previously described in section 2.2.1.6.   

  

2.2.4 Western Blots 

2.2.4.1 Transfection of shRNAs into HEK293T cells 

 

HEK293T cells were maintained following the manufacturer’s recommendations. Cells 

were plated on 6-well or 24-well plates at a density of 200,000 or 50,000 cells per well, 

respectively. For 24-well plates, 2 – 3 wells were used per experimental condition. 

Approximately 24 hours after plating, cells were co-transfected with the shRNA 

plasmid and either sense or antisense V5-tagged DPRs. For 6-well plates 1 μg of each 

plasmid was transfected, for 24-well plates 350 ng of each plasmid was transfected. 

PEI was used as a transfection reagent, at 7 μg/well for 6-well plates and 1.75 μg/well 

for 24 well plates. Opti-MEM was used at 200 μl per well for 6-well plates and 50 μl 

per well for 24-well plates. This helped ensure transfection efficiency by maintaining 

the cells in reduced serum conditions. Plasmids, PEI and Opti-MEM were mixed 
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thoroughly by pulse vortexing 15 times, and left to incubate for ten minutes at room 

temperature before adding dropwise to cells. Plates were returned to a 37°C incubator, 

and after 72 hours, cells were harvested, and protein extracted. 

 

2.2.4.2 Protein Extraction from 6-well plates 

 

Media was removed from each well and discarded in disinfectant. Each well was 

washed with 1 ml sterile PBS. Cells are lysed with 200 μl lysis buffer, with 20 μl 

Protease Inhibitor Cocktail and PMSF added per ml Lysis buffer. Cells were dislodged 

from each well by scraping with a Fisherbrand disposable cell scraper, and the lysates 

were transferred into a 1.5 ml conical microcentrifuge tube. Samples were incubated 

for 5 minutes to ensure lysis was complete. Each lysate was passed through a 1 ml 

syringe with 25G x5/8 needle ten times to ensure cells were fully detached. Samples 

were placed in a Thermo Scientific MicroCL 17R Centrifuge at 13,000 rpm at 4°C for 

5 minutes. The pellet was discarded while the supernatant containing the extracted 

protein is transferred to a fresh conical microcentrifuge tube. 2 μl of each sample was 

added to 1 ml of 1 x Bradford’s reagent. Absorbance was recorded using the S1200 

Diode Array Spectrophotometer and used to calculate total protein concentration for 

each sample.  

 

2.2.4.3 Protein Extraction from 24-well plates 

 

Media was removed from each well and discarded in disinfectant. Each well was 

washed with 200 μl sterile PBS. Cells were lysed with 50 μl lysis buffer with 20 μl 

Protease Inhibitor Cocktail and PMSF added per ml lysis buffer. Cells were dislodged 

from each well by scraping with a P-200 pipette tip. Lysate from wells of the same 

experimental condition were mixed in one well, and then transferred into a 1.5 ml 

conical microcentrifuge tube. Samples were incubated for 5 minutes to ensure lysis 
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was complete. Each lysate was passed through 1ml syringe with 25G x5/8 needle ten 

times to ensure cells were fully detached. Samples were placed in a Thermo Scientific 

MicroCL 17R Centrifuge at 13,000 rpm at 4°C for 5 minutes. The pellet was discarded 

while the supernatant containing the extracted protein was transferred to a fresh 

conical microcentrifuge tube. Next, 2 μl of each sample was added to 1 ml of 1 x 

Bradford’s reagent. Absorbance was recorded using the S1200 Diode Array 

Spectrophotometer and used to calculate total protein concentration for each sample.  

 

2.2.4.4 Protein Extraction from frozen post-mortem tissue 

 

Frozen tissue was placed in a 1.5 ml screw-close tube with approximately 10 

homogeniser beads. First, 600 μl working reporter lysis buffer was added to samples 

and homogenised at 5500 rpm for 20 seconds x2. Samples were left on ice for 10 

minutes then homogenised at again at 5500 rpm for 20 seconds x2. Samples were 

then centrifuged at 4°C for 10 minutes at 17,000 g. The cell lysates were moved to 

new tubes and stored at -20°C; beads and remaining tissue was stored at -80°C.  

 

2.2.4.5 SDS Page 

 

SDS Page was run using a Bio-Rad Mini-PROTEAN Tetra Cell System. Glass plates 

were cleaned thoroughly with 70 % IMS and water before use. Plates were clamped 

in the cassette and gels were prepared. Throughout, 12 % gels were used as standard 

resolving gels, with 15 % gels used for V5-tagged DPRs. All 12 % gels were prepared 

as follows: 3.5 ml distilled H2O, 4 ml of 30 % acrylamide, 2.5 ml resolving lower buffer, 

50 μl 10 % APS, 20 μl of TEMED. All 15 % gels were prepared as follows: 2.5 ml 

distilled H20, 5 ml 30 % acrylamide, 2.5 ml resolving lower buffer, 50 μl 10 % APS, 10 

μl of TEMED. Approximately 4.5 ml of the gel was added to each cassette, with 100 

μl of isopropanol to remove any bubbles, and left for 30 minutes to fully polymerise. 
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Isopropanol was then removed from the surface of the gel with filter paper.  The 5 % 

stacking gel was prepared with 2.9 ml distilled H20, 0.85 ml 30 % acrylamide, 1.25 ml 

stacking upper buffer, 25 μl 10% APS, 10 μl TEMED. The stacking gel was added 

above the resolving gel until it reached the top of the glass plates. Before 

polymerisation was complete a 15-well comb was added to create sample wells. 

Samples were prepared by adding 5 μl of 4x Laemmli buffer and denatured for 5 

minutes at 90°C. Samples were then centrifuged for approximately 10 seconds in the 

MicroCL 17 Centrifuge. Finally, 20 μl of sample was added to each well with 4 μl of 

pre-stained PM in lane one. Samples were run at 150 V for approximately 1 hour.  

 

2.2.4.6 Transfer of Western Blots 

 

Proteins were transferred from the gel to a nitrocellulose membrane using a Biometra 

Fastblot analytic jena transfer machine, according to manufacturer’s protocol. Gels 

were transferred for 1 hour at 0.15 A per gel. Membranes were then blocked for one 

hour in 5 % dried skimmed milk TBS-T at room temperature on the roller mixer. 

Membranes were incubated overnight in primary antibody at 4°C on the roller mixer. 

Membranes were washed three times for 10 minutes in TBS-T. Membranes were 

incubated in secondary antibody for one hour at room temperature on the roller mixer. 

Three ten-minute washes were repeated.  

 

2.2.4.7 Imaging of Western Blots 

 

Membranes were exposed to equal quantities of ECL 1 and ECL 2 (enhanced chemi 

luminescence) for one minute and imaged using a Syngene G-Box with GeneSys G-

Box Chemi XT software.   
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2.2.5 MTT Cell Proliferation Assays 

 

Cells were transfected on a 6-well plate for 72 hours as previously described. For a 

24-well plate, 50 μl per well MTT was added to cells, which were then incubated at 

37°C for one hour. At room temperature, 550 μl MTT buffer was added to each well 

and mixed thoroughly with cells until purple formazan speckles were no longer visible. 

Cells were placed in the dark on a shaker for one hour at room temperature. Samples 

were then analysed using the PHERAstar microplate reader (programme: MTT toxicity; 

plate ： Greiner 24; wavelength set at 595). All readings were averaged per 

experimental condition and calculated as a % of the control. 

 

2.2.6 Reverse Transcriptase qPCR 

2.2.6.1 RNA Extraction 

 

First, 40 μl DEPC-PIC, 40 μl PMSF and 2 μl RNase inhibitor was added to 2 ml lysis 

buffer. HEK293T cells were lysed as previously described, using the RNase free lysis 

buffer. Next, 600 μl trizol was then added and incubated with cells at room temperature 

for 10 minutes. Following addition of trizol, 160 μl chloroform was added, samples 

shaken for 20 seconds and incubated at room temperature for a further 5 minutes. 

Samples were centrifuged at 4°C at 10,000 g for 10 minutes. The upper layer from 

each sample was removed without disturbing the phenol/chloroform lower layer. An 

equal volume of isopropanol was added to each sample with 1 μl glycogen, followed 

by sodium acetate equal to 10 % of the total volume. Samples were inverted to mix 

and incubated for 30 minutes at room temperature, then centrifuged at 4°C at 

maximum speed for 30 minutes. The supernatant was removed and discarded and 

200 μl 70% RNase free ETOH was added to each sample. Samples were centrifuged 

for 5 minutes at maximum speed followed by pulses in the centrifuge to totally remove 

all supernatant. The pellet was left to air-dry at room temperature for 15 minutes, then 
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22 μl DEPC-treated water was added to each sample to re-suspend the pellets. Next, 

2.5 μl 10 x DNAse I recombinant incubation buffer and 0.5 μl DNAse I recombinant 

enzyme was added to each sample. Samples were then incubated at 37°C for 30 

minutes and 75°C for 10 minutes, then RNA was analysed using a Nanodrop 

spectrophotometer as previously described in section 2.2.2.5. Samples were stored at 

-80°C until ready to use. 

 

2.2.6.2 cDNA Synthesis  

 

In a PCR tube 2000 ng RNA, 1 μl dNTP mM mix, 1 μl dN6 40 μM primer was added 

and samples made up to 13 μl in DEPC-treated water. Samples were incubated in a 

PCR machine at 70°C for 5 minutes then placed on ice. Samples were made up in 

duplicate with each having a +RT and a -RT. To +RT samples 4 μl 5 x FS buffer, 2 μl 

0.1 M DTT and 1 μl M-MLV RT enzyme was added, the -RT samples received the 

same apart from RT enzyme was replaced by 1 μl DEPC-treated water. Samples were 

placed in the PCR machine and the RT programme was run at 25ºC for 10 minutes, 

42ºC for 1 hour and 85ºC for 5 minutes, before being held at a constant 10ºC. Finally, 

40 μl DEPC-treated water was added to each sample. 

 

2.2.6.3 PCR 

 

A master mix was made up comprising 5 µl per well of 2 x brilliant III SYBR Green 

QPCR master mix, 3 µl per well DEPC-treated water, 1 µl per well of primer mix made 

up of forward + reverse primers. A primer was used for each RNA of interest with U1 

snRNP as a control. Each primer was assigned 2 wells of the 96-well plate per cDNA 

+RT sample. -RT samples were included as a control row. Each well contained 1μl 

cDNA + 9μl master mix. Each plate was centrifuged for one minute and run in a BioRad 

CFX96 Thermal Cycler overnight (denaturation: 95ºc for 30 seconds, annealing 50ºC 

for 30 seconds, elongation 72ºC for 2 minutes, 30 cycles). CQ values were used to 
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calculate Delta CT, normalised to U1 controls and calculated as a % of the control 

value.  

 

2.2.7 Immunohistochemistry 

2.2.7.1 3,3’-diaminobenzidine (DAB) staining 

 

FFPE tissue was sectioned on a microtome to 5 μm. Sections were dewaxed by 

immersion in xylene for 2 x 5 minutes, then rehydrated in absolute alcohol then 95 % 

alcohol for 2 x 5 minutes each. Endogenous peroxidase activity was blocked by 

immersing sections in 3 % H2O2 + methanol for 20 minutes at room temperature. 

Antigen retrieval was carried out in a pressure cooker in pH 6 citrate buffer at 120°C 

at 20 psi for 30 minutes. Sections were washed in tap water for one minute followed 

by TBS for 5 minutes. Sections were then blocked in normal serum, made up 

according to manufacturer’s instructions. Primary antibodies were diluted 

appropriately according to previous optimisation, shown in Table 2.20, and sections 

were incubated overnight at 4°C. Sections were washed in TBS for 2 x 5 minutes and 

incubated for 30 minutes at room temperature in secondary antibody made up 

according to manufacturer’s instructions. At the same time, ABC reagent was made 

up according to manufacturer’s instructions and avidin: biotin complexes were allowed 

to form during secondary antibody incubation. Sections were washed in TBS 2 x 5 

minutes and incubated in ABC for a further 30 minutes at room temperature. Sections 

were washed in TBS 2 x 5 minutes. The reaction was visualised with diaminobenzidine 

(DAB) made up according to manufacturer’s instructions. Sections were incubated 

from 6 – 10 minutes, depending on primary antibody used, until a colour change was 

visible. Sections were rinsed with distilled water and washed in tap water for 5 minutes. 

Nuclei were counterstained for 30 – 60 seconds in Harris haematoxylin, washed in tap 

water for 1 minutes, immersed in Scott’s tap water for 10 seconds then returned to tap 

water for a final 1-minute wash. Finally, sections were dehydrated through 70%, 95% 
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and absolute alcohols for 1 minute each, before being transferred to the fume hood 

for covering with a coverslip using DPX.  

 

2.2.7.2 Double Staining DAB + Alkaline Phosphatase  

 

DAB staining was performed as previously described in section 2.2.7.1, but final 

counterstaining and all subsequent steps were not carried out. Instead, sections were 

incubated in avidin and biotin blocks for 15 minutes each, using an ABC kit detailed in 

section 2.1.10. Normal serum was made up corresponding to the species of the 2nd 

primary antibody and sections were blocked in this for 30 minutes at room temperature. 

Next, sections were incubated in the 2nd primary antibody overnight at 4°C. Final 

staining steps including secondary antibody incubation and ABC blocking were then 

carried out as described in section 2.2.7.1, using the alkaline phosphatase kit 

according to manufacturer’s instructions. Sections were then counterstained, 

dehydrated and covered with coverslips as previously described in section 2.2.7.1. 

 

2.2.7.3 Double Staining DAB + ImmPact AMEC Red 

 

Sections were stained used the alkaline phosphatase kit according to manufacturer’s 

instructions and as previously described in section 2.2.7.1. Sections were 

counterstained and washed as normal but not immersed in alcohol or xylene and 

instead covered with a coverslip using aqueous mounting medium. Slides were 

scanned and then the coverslip was removed by immersion overnight in water at 40°C. 

Red pigment was dissolved using 100 % ethanol for 10 minutes then rehydrated in 

95 % and 70 % alcohol. Sections were washed in TBS for 5 minutes then DAB staining 

was carried out as described previously in section 2.2.7.1.  

 



128 | P a g e  

 

2.2.8 Immunofluorescence Staining of patient-derived neurons 

 

Patient-derived neurons were generated from control, sALS and C9-ALS/FTD patient 

fibroblasts. They were cultured and differentiated over a 2-week period by Dr. Ya-Hui 

Lin. In a 24-well plate containing coverslips, two wells were used per experimental 

condition. All steps were carried out at room temperature unless otherwise noted. Cells 

were washed in 500 μl PBS and fixed for 20 minutes with 100 μl 4% paraformaldehyde. 

Paraformaldehyde was removed and cells were washed in PBS, then permeabilised 

for 10 minutes using 0.2 % Triton X-100 in PBS. The permeabilisation solution was 

removed, cells were washed in PBS, and then blocked for 1 hour in 3 % horse serum 

and 0.05 % Triton X-100 in PBS. Primary antibodies were prepared to the appropriate 

dilution in blocking solution, and a 50 μl drop was added to parafilm. Coverslips were 

removed from the 24-well plate and placed cell-side down onto the primary antibody 

solution. Cells were incubated in their primary antibody overnight at 4°C. Coverslips 

were replaced in the 24-well plate, and washed 3x in PBS. Subsequent steps were 

performed under low light conditions. Coverslips were incubated in secondary 

antibody for one hour at room temperature, then washed 3x in PBS. Next, 500 μl 

Hoechst 33342 Fluorescent Stain was added to coverslips for 10 minutes, followed by 

2 x PBS washes. Finally, coverslips were mounted onto slides cell-side down using 

Vectashield fluorescence mounting medium with DAPI.  

 

2.2.9 Statistical Analysis  

 

Syngene Gene Tools software was used to quantify Western Blot images. GraphPad 

Prism was used to analyse quantification and create graphs. A one-way or two-way 

ANOVA was used throughout cell work to analyse statistical significance of normally-

distributed data which involved more than two experimental groups and results were 

plotted on a bar chart (NS = Non significant, p>0.05; *=p<0.05; **=p<0.01; ***=p<0.001; 

****=p<0.0001).  
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3 Identification and manipulation of RAN translation factors 

in human cell models of C9-ALS/FTD  

3.1 Background, aims and rationale 

 

This chapter explores the hypothesis that RAN-associated RNA helicases involved in 

general translation initiation may also be involved in RAN translation of pathological 

C9ORF72 repeat expansions, due to their high level of secondary structure formation. 

Previous literature had shown that in cancer, eIF4A contributes to unwinding of highly 

structured mRNAs encoding oncogenes, thus promoting their translation (Wolfe et al., 

2014). This role linking eIF4A to unwinding activities and translation led to the 

hypothesis that targeting eIF4A could reduce RAN translation.  

 

The aim for the first stages of this project was to further investigate the relationship 

between helicases and RAN translation of DPRs; the hypothesis was that reducing 

helicase expression or activity will prevent initiation of RAN translation and therefore 

provide neuroprotection through decreased production of DPRs. To achieve this, a 

series of tools were developed to test in cell models of C9-ALS/FTD, allowing for 

investigation of the therapeutic potential of targeting RAN-associated RNA helicases 

in the context of the C9ORF72 repeat expansion. These comprise shRNAs cloned into 

various vectors enabling mammalian and lentiviral expression of shRNAs. This 

chapter shows work exclusively in a HEK293T cell model, with data from additional 

cell models shown in chapter 5 of this thesis. Initially work started with pENTR vectors 

with shRNAs targeting eIF4A1, eIF4A2 and eIF4B, then an eIF4A1+4A2 shRNA, 

allowing for investigation into the impact on RAN translation of targeting both helicases 

simultaneously. With scAAV vectors, a shRNA targeting DHX36 was introduced, as 

DHX36 has been identified as a major resolver of mRNA secondary structures in vitro. 

Finally for LV vectors, the study was expanded to include eIF4H shRNA as along with 

eIF4B this is another key co-factor of eIF4A1/eIF4A2. The efficiency and specificity of 
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shRNAs was tested through assessing their ability to knock down their target protein 

through western blot, and at the mRNA level through RT-qPCR. 

 

Following cloning and testing of shRNA constructs, a second strategy was used to 

investigate RAN-associated RNA helicase involvement in RAN translation. Two 

eIF4A1 and eIF4A2 helicase dominant negative mutants were used to test the effect 

of preventing helicase activity without reducing helicase levels.  Overall, in this chapter 

we show two methods to reduce DPR production, through either an expression or 

depletion-based strategy targeting eIF4A1, eIF4A2 and their co-factors. Through 

these experiments, the data in this chapter provides evidence that eIF4A1, eIF4A2, 

eIF4B and eIF4H are necessary for DPR production, and that disrupting their 

expression or helicases activity is a viable strategy to reduce RAN translation of DPRs.  

 

3.2 Cloning of shRNAs into mammalian and viral vectors 

 

This project was started with cloning shRNAs targeting RAN-associated RNA 

helicases into three vectors: pENTR, scAAV and LV. Primers for eIF4A1, eIF4A2, 

eIF4B, eIF4H and DHX36 have been designed to produce plasmids capable of 

mediating down-regulation of helicase expression. Additionally, a shRNA targeting 

eIF4A1+2 was used, so that the option was available to knock down eIF4A1 and 

eIF4A2 individually or in tandem. Figure 3.1 provides and overview of the cloning 

methodology and strategy used in this chapter.  
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Figure 3.1 An overview of the cloning method and strategy. shRNAs targeting eIF4A1, eIF4A2, 

eIF4A1+eIF4A2, eIF4B and DHX36 were cloned into pENTR/H1, followed by sub-cloning into LV-

GDNF/H1. shRNAs targeting eIF4A1, eIF4A2, eIF4B and DHX36 were cloned into scAAV-Kas/H1. 

Vectors underwent restriction digest, oligonucleotides were annealed and ligated into each vector, then 

transformed into competent DH5-ɑ E.coli. Cells were plated, colonies inoculated and grown before 

finally isolation and purification of plasmid DNA is carried out. Figure made with Biorender.  

 

3.2.1 pENRT/H1-T0-MCS-eIF4B shRNA 

 

shRNAs to target eIF4B were cloned into pENRT/H1-TO-MCS between Xhol and Hind 

III restriction sites. Details of their design are shown in materials section 2.1.3. pENTR 

shRNAs targeting eIF4A1, eIF4A2 and eIF4A1+2 were established tools being used 

by the group, and had been cloned prior to this project starting, so only pENTR eIF4B 

shRNA was cloned for this work. Relevant restrictions sites are highlighted on the 

plasmid map shown in materials section 2.1.4. This vector allows expression of 

shRNAs under a H1 promoter using an RNAPIII terminator. H1 is a commonly used 

promoter for type 3 RNA polymerases, which was crucial when considering these 

small sequences of nucleotides which will be unlikely to express in a standard RNAPII 
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system. H1 promoters are frequently used in research for expression of small 

noncoding RNAs in the context of RNAi. They provide robust levels of transcription in 

a wide variety of cell types, and have critical elements located upstream of 

transcriptional initiation sites meaning almost any small RNA sequence can be 

expressed (Gao et al., 2021). 

 

Plasmids were transformed into competent DH5-α E.coli cells, which were grown on 

agar plates selective against kanamycin. Six colonies were picked and inoculated in 

medium containing kanamycin. Plasmid DNA was isolated by mini prep, and plasmid 

DNA was digested using Dral and Xbal restriction enzymes. Next, samples were 

loaded onto an agarose gel to determine if the shRNA had successfully ligated into 

the pENRT/H1-TO-MCS backbone, with a band expected for the pENTR-shRNA at 

406 bp. An empty pENTR vector with only the H1 promoter and no shRNA insert was 

used as a control and a band for this was expected at 352 bp.  

 

Figure 3.2 Agarose Gel Electrophoresis for cloning of eIF4B shRNA into a pENTR backbone. (A) 

shows agarose gel following mini prep digest to determine in which of the inoculated colonies the eIF4B 

shRNA has successfully incorporated into the pENTR backbone. An empty pENTR was loaded as a 

control followed by 6 colonies loaded sequentially, where 5 and 6 have successfully incorporated the 

plasmid. A band was expected at 406 bp for pENTR-shRNA and at 352 bp for the pENTR-Control. (B) 

confirms successful integration of colony 6 eIF4B shRNA into the pENTR backbone. Plasmids were 

digested with Dral and Xbal and run on a 3% agarose gel at 80 V for 50 minutes. 
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Figure 3.2A shows that of the six colonies, clone 5 and clone 6 were successful in 

incorporating the eIF4B shRNA into the pENTR backbone. Colony 6 was selected to 

prepare mini-preps of plasmid DNA due to its more prominent band.  

 

Following mini prep, pENTR eIF4B shRNA was digested once again with restriction 

enzymes Dral and Xbal and samples were loaded to a further agarose gel. This 

confirmed the successful integration of the shRNA into the pENTR/H1-TO-MCS vector 

and is shown in Figure 3.2B. As expected, a band was observed at approximately 

400bp confirming the successful integration of the shRNA into the pENTR/H1-TO-

MCS vector; plasmids were later sequenced to confirm successful cloning. Next, the 

efficiency of these shRNAs in knocking down their target proteins was tested, shown 

in Figure 3.3 

 

 
Figure 3.3 Testing pENTR-eIF4A1, eIF4A2 and eIF4B shRNAs. (A) shows a representative western 

blot from HEK293T cells transfected for 72 hours with pENTR eIF4A1, eIF4A2 or eIF4B shRNA. Blots 

were probed for eIF4A1, eIF4A2, eIF4B and α-tubulin as a loading control. eIF4A1 and eIF4A2 were 

predicted to be 46 kDa and eIF4B 80 kDa. (B) shows results quantified in independent biological 

triplicates, mean + SEM analysed by one-way ANOVA with Tukey’s multiple comparisons. eIF4A1 is 

shown in blue, eIF4A2 in purple and eIF4B in red. Untransfected cells are shown in grey and control 

shRNA in black. NS: not significant, ****:p<0.0001.  

 

Each shRNA was specific in that only knockdown of the target RAN-associated RNA 

helicase was detected. pENTR eIF4A1, eIF4A2, and eIF4B shRNA reduced protein 

levels by 55% for eIF4A1 and eIF4A2, and 65% for eIF4B. In this and all other 
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experiments in this chapter, chemiluminescence was used over fluorescence due to 

its greater sensitivity, and to avoid autofluorescence (Alegria-Schaffer et al., 2009).  

 

3.2.2 scAAV-KAS/H1 eIF4A1, eIF4A2, eIF4B and DHX36 

 

Next, shRNAs targeting eIF4A1, eIF4A2, eIF4B and additionally DHX36 were cloned 

into the scAAV-KAS/H1 vector between BamHI and HindIII restriction sites. Plasmid 

maps with relevant restriction sites highlighted can be seen in materials section 2.1.4. 

Plasmids were transformed into competent DH5-α E.coli cells and grown on agar 

plates containing ampicillin. For eIF4A1, eight colonies were selected and inoculated 

against ampicillin, while for eIF4A2 and DHX36 two colonies were picked due to low 

rates of overnight colony growth. Plasmid DNA was isolated using mini prep. BamHI 

and HindIII restriction enzymes were used to digest plasmid DNA, and samples were 

run on an agarose gel to determine if the shRNAs had successfully incorporated into 

the scAAV-KAS/H1 vector. scAAV-KAS/GFP-SRSF1 shRNA was used as a control 

plasmid. A band at 174bp was expected for all scAAV plasmids including the control. 

 

For eIF4A1, only one colony showed successful integration of the shRNA into the 

vector, so it was automatically selected. For scAAV-KAS/H1-eIF4A2 and DHX36, 

multiple colonies showed bands indicating successful integration. In this case the more 

visible band on the agarose gel indicated the colony selected while colonies with 

fainter bands were not selected. Following colony selection, an Inverted Terminal 

Repeat test was carried out. ITRs are sequences of 145 base pairs, forming stable 

hairpin structures, which are located flanking the insert in each AAV vector. While 

these are crucial for the shRNA expression, they also are associated with problems in 

cloning due to their high instability. Bacterial cells do not easily tolerate plasmids with 

ITRs and they can easily be mutated or deleted (Bao & Cagan, 2006), leading to 

reduced efficiency of the cloned plasmids. Therefore, it was essential to test for 

integrity of ITRs during cloning. Next, samples were once again digested with BamHI 
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and HindIII restriction enzymes and run on an agarose gel to confirm successful 

incorporation of shRNAs into scAAV-KAS/H1 vectors. Figure 3.4 shows a band was 

observed at 174 bp confirming the successful integration of the shRNA into the scAAV-

KAS/H1. Samples were sequenced to confirm cloning was successful.  

 

Figure 3.4 Agarose gel electrophoresis to confirm cloning of eIF4A1, eIF4A2 and DHX36 shRNAs 

into an scAAV vector. Plasmids were digested with BamHI and HindIII and run on a 3% agarose gel 

at 80 V for 50 minutes. A band was expected at 174 bp.  

 

3.2.3 Cloning of shRNAs targeting RAN-associated RNA helicases into a 

lentiviral plasmid 

 

Following their design, pENTR-H1-eIF4A1, eIF4A2, eIF4A1+2 and DHX36 shRNAs 

were sub-cloned into the LV-GDNF-H1 vector. Again, a H1 promoter was chosen for 

expression of short transcripts like shRNAs. The vector and shRNA inserts were 

digested using BcuI and SalI restriction enzymes. shRNA inserts were run on an 

agarose gel and LV-GDNF-H1, bands were cut out for DNA extraction and overnight 

ligation. The vector and inserts are shown prior to gel extraction in Figure 3.5. 
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Figure 3.5 Gel extraction of LV-GDNF vector and eIF4A1, eIF4A2, eIF4A1+2 and DHX36 shRNAs. 

The vector was run on a 1% agarose gel and shRNA inserts on a 2% gel, both for 50 minutes at 80 V. 

For LV-GDNF the larger, top band was removed and for eIF4A1, eIF4A2, eIF4A1+2 and DHX36 shRNA 

inserts the smaller, lower band was removed. 

 

Plasmids were transformed into DH5-α competent E.coli cells, and grown on agar 

plates selective against ampicillin. Six colonies were picked and inoculated against 

ampicillin, and a mini prep was used to isolate plasmid DNA. Plasmid DNA was 

digested with BcuI and SalI restriction enzymes, and samples were run on an agarose 

gel to determine if the shRNAs had successfully integrated into the LV-GDNF 

backbone. This is shown in Figure 3.6.  

 

 

Figure 3.6 Agarose gel electrophoresis for cloning of eIF4A1, eIF4A2, eIF4A1+2 and DHX36 

shRNA into an LV-GDNF vector. Plasmids were digested with BcuI and SalI restriction enzymes and 

run on a 3% agarose gel at 80 V for 50 minutes to determine which of the inoculated colonies had 

successfully incorporated the LV backbone. Visible bands indicate colonies with successful integration 

of the shRNA into the LV vector.  
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Figure 3.6 shows that for eIF4A1 shRNA, colonies 1-3 have successfully integrated 

into the LV-GDNF vector. For eIF4A2 shRNA, successful clones are seen in colonies 

1, 2 and 5; for eIF4A1+2 shRNA only colony 1 is successful; for DHX36 shRNA 

colonies 5 and 6 have faint bands indicating successful clones. In cases where 

multiple colonies were successful, clones were selected with the most prominent band. 

For eIF4A1 shRNA this was colony 3, for eIF4A2 shRNA colony 1, and for DHX36 

shRNA colony 6. For eIF4A1+2 shRNA colony 1 was chosen by default. Mini prep was 

used to isolate the plasmid DNA for each of these clones. Samples were then digested 

once again with BcuI and SalI and run on an agarose gel, to confirm the successful 

integration; shown in Figure 3.7 with the presence of bands in the expected location. 

Samples were sent for sequencing to confirm successful cloning.   

 

Figure 3.7 Agarose gel electrophoresis to confirm cloning of eIF4A1, eIF4A2, eIF4A1+2 and DHX36 shRNAs into 

LV-GDNF. Plasmids were digested with Bcu1 and Sal1 and run on a 3% agarose gel at 80 V for 50 minutes.  

 

LV-shRNAs described in this section did not produce a specific and consistent 

knockdown of target RAN-associated RNA helicases when tested by western blot. The 

reasons for this are unclear; it is possible that this may be attributed to technical errors 

as the LV-shRNAs worked effectively in some cases but were hampered by 

inconsistencies. Overall, they were considered too unreliable for experimental use and 

therefore LV-shRNAs were purchased from Origene. In addition to increased 
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efficiency and a guarantee of reliability, these shRNAs also come with a GFP tag 

allowing for easy checking of transfection efficiency.  

 

3.2.4 Testing Origene eIF4A1, eIF4A2, eIF4B and eIF4H shRNAs 

 

shRNAs targeting eIF4A1, eIF4A2, eIF4B and eIF4H were purchased from Origene. 

While a shRNA targeting eIF4H had yet to be included for this project, the increased 

efficiency of using purchased shRNAs led to the decision to broaden the scope of the 

project to now include eIF4H. The shRNA’s ability to successfully and specifically 

knockdown their target proteins was tested with an initial western blot of HEK293T 

cells transfected with each shRNA. A representative blot is shown in Figure 3.8 and 

demonstrates that a substantial shRNA induced knockdown of eIF4A1, eIF4A2, eIF4B 

and eIF4H successfully occurred. 
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Figure 3.8 Western Blot to show knockdown of eIF4A1, eIF4A2, eIF4B or eIF4H by shRNA. 

HEK293T cells were transfected with each shRNA and probed for eIF4A1, eIF4A2, eIF4B and eIF4H. 

α-tubulin was used a loading control. The bands indicating the knockdown of each protein are 

highlighted in red. Molecular weight was expected to be 46 kDa for eIF4A1 and eIF4A2, 80 kDa for 

eIF4B, 27 kDa for eIF4H and 55 kDa for α-tubulin.  

 

Next, the shRNAs were tested through RT-qPCR in HEK293T cells to see if RAN-

associated helicase mRNA expression had decreased consistent with the protein 

expression. Results of this are shown in Figure 3.9. Each shRNA was able to 

specifically reduce the target helicase mRNA, leading to a statistically significant 

decrease in expression without impacting any other helicase. Some variability was 

seen: each shRNA achieved a decrease in the mRNA expression of their target 

helicase of between 54 and 70%. Each RAN-associated RNA helicase had two shRNA 

options with the exception of eIF4A1, which had only one option available; the helicase 

shRNA achieving the most substantial knockdown was selected to take forward to 
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future experiments. These included investigating the impact on DPR production, 

shown later in this chapter, and MTT assays investigating the impact of shRNAs on 

cell viability, shown in chapter 5.  

 

Figure 3.9 A shows results for eIF4A1 shRNA, where eIF4A1 shRNA 1 was selected 

by default with a mean knockdown of 65%. Figure 3.9 B shows eIF4A2 shRNAs, where 

shRNA 2 was selected as it achieved a better knockdown of eIF4A2, of 71% compared 

to 61% from shRNA 1. Figure 3.9 C shows eIF4B shRNAs where shRNA 2 was chosen, 

resulting in a 69% knockdown compared to 55% from shRNA 3. Figure 3.9 D shows 

eIF4H shRNA, here shRNA 1 was chosen with a 68% decrease while shRNA 3 

resulted in a 61% reduction.  
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Figure 3.9 RT qPCR data showing the strength and specificity of eIF4A1, eIF4A2, eIF4B and 

eIF4H shRNA knockdown in HEK293T cells. (A) shows eIF4A1 shRNA; (B) shows eIF4A2 shRNA; 

(C) shows eIF4B shRNA; (D) shows eIF4H shRNA. N=3, Mean + SEM; analysed by one-way ANOVA 

with Tukey’s correction for multiple comparisons; NS: not significant, *:p<0.05, **:p<0.01, ***:p<0.001, 

****p<0.0001. 

 

Following shRNA selection, western blot testing was repeated, shown in Figure 3.10 

This confirms the chosen shRNAs were consistently producing a specific decrease in 

protein expression of their target RAN-associated RNA helicase.  
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Figure 3.10 Western Blot to confirm consistent RAN-associated helicase knockdown using 

Origene LV-shRNAs (A) shows a representative western blot from HEK293T cells transfected for 96 

hours with either Ctrl shRNA, eIF4A1 shRNA (V3LHS_410768), eIF4A2 shRNA (V3LHS_376084), 

eIF4B shRNA (V2LHS_227515) or eIF4H shRNA (V3LHS_404933). Blots are probed for eIF4A1, 

eIF4A2, eIF4B, eIF4H and α-tubulin as a loading control. Molecular weight was expected to be 46 kDa 

for eIF4A1 and eIF4A2, 80 kDa for eIF4B, 27 kDa for eIF4H and 55 kDa for α-tubulin. (B) shows (A) 

quantified in independent biological triplicates, Mean ± SEM; one-way ANOVA with Tukey’s correction 

for multiple comparisons; NS: not significant; *: p<0.05; **: p<0.01; ***: p<0.001 

 

3.3 Strategies to target RAN-associated RNA helicases and reduced DPR 

reduction in HEK293 cell models of C9-ALS/FTD 

 

After all necessary tools to target RAN-associated RNA helicases had been developed, 

they were next tested in HEK293T cell models of C9-ALS/FTD. The first strategy 

comprised using shRNAs to reduce helicase expression and determine if this results 

in a decrease in DPR production. Secondly, two sets of dominant negative helicase 

mutants were used. Details of these can be found in section 3.3.2. The principle of this 

strategy was not to knock-down helicases, but instead to render their helicase activity 

non-functional and test if this leads to a corresponding decrease in DPR production.  
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3.3.1 Transfection with RAN-associated RNA helicase shRNAs leads to a 

decrease in DPR production in HEK293T cell models of C9-ALS/FTD 

 

Initially, pENTR eIF4A1, eIF4A2 and eIF4B shRNAs were tested by western blot to 

determine if they had an impact on RAN translation of DPRs in HEK293T cells co-

transfected with helicase shRNAs and either 45 G4C2 (Sense) or C4G2 (antisense) 

C9ORF72 repeats tagged with V5. The use of the V5 tag allows for detection of DPRs 

in all three reading frames. For a control, un-transfected cells with no DPRs and a 

pENTR plasmid expressing a scrambled shRNA sequence and H1 promoter were 

used.  

 

 

Figure 3.11 Western Blots for HEK293T cells co-transfected with pENTR shRNAs and Sense 

DPRs. (A) shows a representative western blot of HEK293T cells co-transfected with control, eIF4A1, 

eIF4A2, eIF4A1+4A2, eIF4B shRNA, and 45 G4C2 V5 tagged repeats. Blots were probed for V5 which 

detects sense DPRs in all three reading frames and α-tubulin as a loading control. A band was expected 

at 20 – 25 kDa for V5-tagged DPRs and at 55 kDa for α-tubulin. (B) shows results from (A) quantified 

in independent biological triplicates, mean ± SEM, one-way ANOVA with Tukey’s multiple comparisons, 

****:p<0.0001. 

  

Figure 3.11 shows HEK293T cells co-transfected with pENTR shRNAs and sense 

DPRs, while pENTR shRNAS and antisense DPRs are shown in figure 3.12. For both 
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sense and antisense DPRs, shRNAs targeting all RAN-associated helicases resulted 

in a highly significant decrease in DPR production. For both sense and antisense 

DPRs the trend was broadly similar, with eIF4A2 shRNA producing the smallest 

decrease in DPR production of 50%. eIF4A1 showed a similar reduction of both sense 

and antisense DPRs by 70%. eIF4B was slightly more effective at reducing antisense 

DPRs than sense, with decreases of 75% and 60% respectively. Despite targeting two 

RAN-associated helicases, eIF4A1+4A2 shRNA did not produce a larger reduction in 

DPR production than targeting each helicase individually. No other combination of 

helicases was used for these experiments. For both sense and antisense DPRs, 

knockdown of eIF4A1+4A2 reduced DPR production by 65%. 

 

 

Figure 3.12 Western Blots for HEK293T cells co-transfected with pENTR shRNAs and antisense 

DPRs. (A) shows a representative western blot of HEK293T cells co-transfected with control, eIF4A1, 

eIF4A2, eIF4A1+4A2, eIF4B shRNA, and 45 C4G2 V5 tagged repeats. Blots were probed for V5 which 

detects antisense DPRs in all three reading frames and α-tubulin as a loading control. A band was 

expected at 20 – 25 kDa for V5-tagged DPRs and at 55 kDa for α-tubulin (B) shows results from (A) 

quantified in independent biological triplicates, mean ± SEM, one-way ANOVA with Tukey’s multiple 

comparisons, ****:p<0.0001. 

 

pENTR / scAAV eIF4A1, eIF4A2, and DHX36 shRNAs were co-transfected into 

HEK293T cells with V5-tagged sense or antisense DPRs. The use of the V5 tag allows 
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for detection of DPRs in all three reading frames. Representative western blots and 

quantification of results in triplicate is shown in Figure 3.13 for sense DPRs and Figure 

3.14 for antisense. For a control, a pENTR plasmid expressing a scrambled shRNA 

sequence from an H1 promoter was used. Additionally, scAAV-SOD1 shRNA and 

scAAV-SRSF1 shRNA were used as negative and positive controls. SOD1 is a gene 

with a known ALS-causing mutation, but is not associated with C9ORF72, RAN 

translation or the production of DPRs. Therefore, SOD1 shRNA was not predicted to 

be associated with any decrease in DPR production. However, in Figure 3.13 

quantification of western blots indicates sense DRP reduction is associated with SOD1 

knockdown. This is not seen for antisense DPRs in Figure 3.14 which follows the 

expected pattern of results. The reason for the reduction of sense DPRs associated 

with SOD1 knockdown is unclear, but it is most likely due to a technical error. 

Alternatively, SOD1 transfection may have been particularly toxic in this case, 

undermining crucial cell function and therefore indirectly limiting its ability to carry out 

RAN translation. In contrast, SRSF1 shRNA should lead to a decrease in DPR 

production; this was found to be consistently the case with both sense and antisense 

DPRs. This is because SRSF1 is required for the export of repeat-containing 

C9ORF72 mRNA transcripts to the cytoplasm for RAN translation into DPRs 

(Hautbergue et al., 2017).  
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Figure 3.13 Western Blot and quantified results for HEK293T cells co-transfected with RAN-

associated RNA helicase shRNAs and Sense DPRs. (A) shows a representative western blot which 

has been probed for eIF4A1, eIF4A2, DHX36 and V5 which detects sense DPRs in all three reading 

frames, and α-tubulin as a loading control. A band was expected for eIF4A1 and eIF4A2 at 46 kDa, for 

DHX36 at 115 kDa, for V5-tagged DPRs at 20 – 25 kDa and for α-tubulin at 55 kDa. (B) shows 

quantified results, mean + SEM analysed by one-way ANOVA with Dunnett’s corrections for multiple 

comparisons. N=3, *:p<0.05, **:p<0.01, ***:p<0.001.  

 

 

Figure 3.14 Western Blot and quantified results for HEK293T cells co-transfected with RAN-

associated RNA helicase shRNAs and Antisense DPRs. (A) shows a representative western blot 

which has been probed for eIF4A1, eIF4A2, DHX36 and V5 which detects antisense DPRs in all three 

reading frames, and α-tubulin as a loading control. A band was expected for eIF4A1 and eIF4A2 at 46 

kDa, for DHX36 at 115 kDa, for V5-tagged DPRs at 20 – 25 kDa and for α-tubulin at 55 kDa. (B) shows 

quantified results, mean + SEM analysed by one-way ANOVA with Dunnett’s corrections for multiple 

comparisons. N=3, NS: not significant, *:p<0.05, **:p<0.01, ***:p<0.001.  
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First, we established that shRNAs were functioning as expected and that both pENTR 

and scAAV shRNAs led to the knock-down of their target helicase eIF4A1, eIF4A2, or 

DHX36. Both pENTR and scAAV shRNAs appear more effective at reduction of 

antisense DPRs compared to sense DRPs, although in all cases V5 levels fell by at 

least 50%. Next, we examined the impact of RAN-associated RNA helicase 

knockdown on DPR production. Both pENTR and scAAV shRNAs were successfully 

able to reduce relative V5 protein expression levels. This was the case for both sense 

and antisense DPRs.  

 

In antisense DPRs, for scAAV eIF4A1, eIF4A2 and DHX36 shRNA there was a 

statistically significant fall in DPR production of between 55-60% Decreases in 

antisense DPRs were broadly consistent regardless of which RAN-associated 

helicase was targeted for scAAV plasmids. pENTR vectors performed less well with 

only pENTR-eIF4A2 and DHX36 shRNA reaching a statistically significant fall in DPRs. 

Antisense DPRs decreased in expression by between 40% for eIF4A1 shRNA and 60% 

for DHX36 shRNA. Despite not reaching statistical significance pENTR-eIF4A1 

shRNA still shows a clear downward trend in antisense DPR production.  

 

3.3.2 Transfection with RAN-associated RNA helicase mutants leads to a 

decrease in DPR production in HEK293T cells models of C9-ALS/FTD 

 

In conjunction with our collaborators Professor Martin Bushell and colleagues, two sets 

of RAN-associated RNA helicase mutants were designed, with their key features 

shown in a schematic diagram in Figure 3.15. eIF4A1 Q339E and eIF4A2 Q340E have 

a mutation in their helicase C-terminal domain, rendering their helicase activity non-

functional and have been previously described by Cruz and colleagues (Cruz-Migoni 

et al. 2012). Q339E and Q340E mutants have a substitution of Glutamine 339 or 340 

into glutamic acid. The glutamine moiety is part of the catalytic triad of the active site 

conferring RNA helicase activity (Cruz-Migoni et al., 2012). eIF4A1 and 4A2 PRRVAA 
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were a kind gift from Professor Bushell, and are enhanced RNA binding mutants. First, 

eIF4A1 Q339E and eIF4A2 Q340E, and secondly eIF4A1 PRRVAA and eIF4A2 

PRRVAA were used to test the impact of these mutants on synthesis of both sense 

and antisense DPRs. In each experiment, only one set of mutants was used: either 

Q339E/Q340E or PRRVAA. In no instances were cells transfected with helicases 

carrying double mutations of both Q339E/Q340E and PRRVAA at the same time.  

 

 

Figure 3.15 Schematic diagram of RAN-associated helicase mutants eIF4A1 Q339E/PRRVAA and 

eIF4A2 Q340E/PRRVAA indicating the relevant regions with the location of the mutations shown in red 

 

3.3.2.1 RNA Helicase mutants eIF4A1 Q339E and eIF4A2 Q340E are associated 

with decreased production of sense and antisense DPRs 

 

FLAG eIF4A1 or eIF4A2 and mutant FLAG eIF4A1 Q339E or eIF4A2 Q340E were co-

transfected in HEK293T cells with V5-tagged sense or antisense DPRs. V5 tags detect 

DPRs in all three reading frames. For controls, un-transfected cells and a 3X-FLAG 

plasmid with no helicase insert were used. Representative western blots with 
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quantified results showing decreased DPR production is shown in Figure 3.16 for 

sense DPRs and Figure 3.17 for antisense DPRs.  

 

 

Figure 3.16 Expression of RAN-associated RNA Helicase mutants eIF4A1-Q339E and eIF4A2-

Q340E leads to decreased production of sense DPRs in HEK293T cells. (A) shows a representative 

western blot of HEK293T cells co-transfected with sense DPRs and either normal eIF4A1 and eIF4A2 

or helicase mutants eIF4A1 Q339E and eIF4A2 Q340E. Blots were probed for FLAG detecting 

eIF4A1/eIF4A2 and V5 which detects sense DPRs in all three reading frames. α-tubulin was used as a 

loading control. A band was expected for eIF4A1 and eIF4A2 at 46 kDa, for V5-tagged DPRs at 25 kDa 

and for α-tubulin at 55 kDa. (B) shows results of (A) quantified in independent biological triplicates, 

with mean + SEM analysed by one-way ANOVA with Tukey’s corrections for multiple comparisons. NS: 

not significant, ***:p<0.001, ****: p<0.0001.  

 

HEK293T cells transfected with mutant helicases eIF4A1 Q339E or eIF4A2 Q340E 

result in a highly significant decrease in production of sense DPRs. DPR production 

shows a slightly greater fall associated with eIF4A1 Q339E than eIF4A2 Q340E, of 

60% compared to 45%. As expected, over expression of wild-type eIF4A1 and eIF4A2 

is not associated with any change in sense DPR production. Despite HEK293T 

transfection with normally functioning helicases acting as an overexpression model, 

there is no increase in sense DPR production associated with transfection of normal 

eIF4A1 or eIF4A2. 
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Figure 3.17 RAN-associated RNA Helicase mutants eIF4A1-Q339E and eIF4A2-Q340E result in 

decreased production of antisense DPRs in HEK293T cells. (A) shows a representative western 

blot of HEK293T cells co-transfected with antisense DPRs and either normal eIF4A1 and eIF4A2 or 

helicase mutants eIF4A1 Q339E and eIF4A2 Q340E. Blots were probed for FLAG detecting 

eIF4A1/eIF4A2 and V5 which detects antisense DPRs in all three reading frames. α-tubulin was used 

as a loading control. A band was expected for eIF4A1 and eIF4A2 at 46 kDa, for V5-tagged DPRs at 

25 kDa and for α-tubulin at 55 kDa. (B) shows results of (A) quantified in independent biological 

triplicates, with mean + SEM analysed by one-way ANOVA with Tukey’s corrections for multiple 

comparisons. NS: not significant, *:p<0.05.  

 

HEK293T cells transfected with mutant helicases eIF4A1 Q339E or eIF4A2 Q340E 

result in a significant decrease in production of antisense DPRs. As with sense DPRs, 

non-mutated, normally functioning eIF4A1 and eIF4A2 are not associated with any 

decrease or increase in antisense DPR production.  
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3.3.2.2 RAN-associated RNA Helicase mutants eIF4A1 PRRVAA and eIF4A2 

PRRVAA are associated with decreased production of sense and 

antisense DPRs 

 

Next, the same set of experiments was conducted with RNA binding mutants eIF4A1 

PRRVAA and eIF4A2 PRRVAA, which were a kind gift from Professor Martin Bushell, 

Beatson Institute. FLAG eIF4A1 or eIF4A2 and mutant FLAG eIF4A1 PRRVAA or 

eIF4A2 PRRVAA were co-transfected in HEK293T cells with V5-tagged sense or 

antisense DPRs. V5 tags detect DPRs in all three reading frames. As before, for 

controls un-transfected cells and a 3X-FLAG plasmid with no helicase insert were used. 

Representative western blots with quantified results showing decreased DPR 

production is shown in Figure 3.18 for sense DPRs and Figure 3.19 for antisense 

DPRs.  

 

Figure 3.18 RAN-associated RNA Helicase mutants eIF4A1 PRRVAA and eIF4A2 PRRVAA result 

in decreased production of sense DPRs in HEK293T cells. (A) shows a representative western blot 

of HEK293T cells co-transfected with sense DPRs and either normal eIF4A1 and eIF4A2 or helicase 

mutants eIF4A1 PRRVAA and eIF4A2 PRRVAA. Blots were probed for FLAG detecting eIF4A1/eIF4A2 

and V5 which detects sense DPRs in all three reading frames. α-tubulin was used as a loading control. 

A band was expected for eIF4A1 and eIF4A2 at 46 kDa, for V5-tagged DPRs at 25 kDa and for α-

tubulin at 55 kDa. (B) shows results of (A) quantified in independent biological triplicates, with mean + 

SEM analysed by one-way ANOVA with Tukey’s corrections for multiple comparisons. NS: not 

significant, **:p<0.01, ****: p<0.0001.  
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HEK293T cells transfected with mutant helicases eIF4A1 PRRVAA or eIF4A2 

PRRVAA result in a highly significant decrease in production of sense DPRs. This 

appears to affect the different sense DPRs consistently with no evidence of selective 

expression of DPRs shown in these experiments. DPR production shows a slightly 

greater fall associated with eIF4A1 PRRVAA than eIF4A2 PRRVAA, of 55% compared 

to 40%. As shown above, wild-type eIF4A1 and eIF4A2 is not associated with any 

decrease in sense DPR production. Over expression of normal eIF4A1 or eIF4A2 is 

not associated with any increase in DPR production and there is no evidence from 

these experiments that over expression of helicases leads to selective DRP 

expression.  

 

 

Figure 3.19 RAN-associated RNA Helicase mutants eIF4A1 PRRVAA and eIF4A2 PRRVAA result 

in decreased production of antisense DPRs in HEK293T cells. (A) shows a representative western 

blot of HEK293T cells co-transfected with antisense DPRs and either normal eIF4A1 and eIF4A2 or 

helicase mutants eIF4A1 PRRVAA and eIF4A2 PRRVAA. Blots were probed for FLAG detecting 

eIF4A1/eIF4A2 and V5 which detects antisense DPRs in all three reading frames. α-tubulin was used 

as a loading control. A band was expected for eIF4A1 and eIF4A2 at 46 kDa, for V5-tagged DPRs at 

25 kDa and for α-tubulin at 55 kDa. (B) shows results of (A) quantified in independent biological 

triplicates, with mean + SEM analysed by one-way ANOVA with Tukey’s corrections for multiple 

comparisons. NS: not significant, *:p<0.05, **:p<0.01, ****: p<0.0001.  
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HEK293T cells transfected with mutant helicases eIF4A1 PRRVAA or eIF4A2 

PRRVAA result in a significant decrease in production of antisense DPRs. Figure 3.19 

shows a number of bands detected by the anti-V5 antibody indicating antisense DPRs, 

in contrast to sense DPRs shown in Figure 3.18, which produce only one band. It is 

not clear why multiple bands are seen for antisense DPRs. They may be attributed to 

non-specific binding indicating insufficient blocking steps during this experimental 

protocol, or excess loaded protein combined with an over-sensitive detection system. 

Alternatively, sample degradation may have occurred in this case, or the DPRs may 

have undergone post-translational modifications or cleavages giving rise to additional 

unexpected bands. In this case, all bands were quantified. As with sense DPRs, non-

mutated, normally functioning eIF4A1 and eIF4A2 are not associated with any 

decrease or increase in antisense DPR production. 

 

3.4 Chapter Summary and Discussion 

 

The aim of this project was to explore the role of RNA helicases in RAN translation 

initiation as a potential therapeutic target in C9-ALS/FTD. RAN translation leads to the 

production of neurotoxic DPRs, through a poorly understood mechanism which 

urgently requires more research attention. Despite DPR production being identified as 

a key pathogenic mechanism driving C9-ALS/FTD, currently no therapeutic strategies 

have been developed that focus on targeting RAN translation to prevent DPR 

production. In this project, we focus on RNA helicases as important regulators of RAN 

translation, investigating mechanisms of RAN initiation with a long-term aim of 

developing a robust treatment strategy centring on these proteins.  

 

3.4.1 Development of tools to target RAN-associated RNA helicases  

 

To start this project, we initially developed tools required to target RAN-associated 

RNA helicases in cell models of C9-ALS/FTD. We have shown successful cloning of 
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shRNAs targeting RAN-associated RNA helicases into three different vectors, allowing 

plasmid-based mammalian but also viral expression for potential downstream 

therapeutic approaches: pENTR, scAAV and LV.  shRNAs were chosen over miRNA 

as they are generally more specific, and with only 10 amino acid differences between 

eIF4A1 and eIF4A2 this was an important consideration. This project has been 

undertaken with a view to future experiments and clinical translation potential. shRNAs 

are beneficial for future therapies in that they have fewer off-target effects than 

miRNAs, and generally benefit from a more favourable regulatory environment.  

 

Prior to starting this project, the Hautbergue laboratory had used RNA 

immunoprecipitation to confirm direct binding of eIF4A1 and eIF4A2 to expanded 

C9ORF72 repeats. Then, they established pENTR shRNAs targeting eIF4A2, eIF4A2, 

eIF4A1+2. At the early stage of the project this was expanded to include pENTR-eIF4B 

shRNA, as there was established data in the literature reporting that eIF4B was linked 

to DPR production in Drosophila. eIF4B was identified following a genomic screen for 

modifiers of poly GR-induced toxicity in Drosophila expressing the G4C2 repeat 

expansion mutation. Downregulation of eIF4B significantly reduced levels of poly-GR 

(Goodman et al., 2019). eIF4H was also identified by Goodman and colleagues as a 

modifier of poly-GR production and was also included at a later stage of the project.  

We aimed to see if this result was also consistently found in mammalian cell models 

of C9-ALS/FTD. scAAV shRNAs were produced as a direct clone from pENTR 

shRNAs. While scAAV plasmids are generally seen as less efficient at transfection in 

in vitro models, they are good vectors for animal studies. Again, looking to future 

translation to clinical gene therapy trials, scAAV vectors show good transgene 

expression, low toxicity and an ability to cross the blood-brain barrier. In the more 

immediate future, developing scAAV shRNAs plasmids will allow for trials in in vivo 

mouse models of C9-ALS/FTD, without requiring any redesign of shRNAs.  
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During cloning experiments, it does appear from the agarose gel in Figure 3.2 that the 

control vector produced a slightly larger band, which was unexpected. The exact 

location of bands for the control vector and the shRNA-containing vector differ by only 

approximately 50 base pairs and are therefore hard to differentiate between; use of a 

different gel concentration may have aided in this.  As the plasmids were sequenced, 

confirming correct incorporation of the shRNA in all cases, it is most likely these band 

locations reflect technical anomalies in running the agarose gel. This could occur in 

sample preparation, incomplete digestion by restriction enzymes, contamination of 

some samples or dye, poor gel or buffer preparation, or faulty equipment with 

fluctuations in voltage resulting in failure to run an even current across all sample wells 

of the gel. Alternatively, the bands may have run to the expected location but issues 

with visualisation may have occurred.  For this reason, all samples were sent for 

sequencing to validate the cloning carried out in this thesis. Sequencing results 

confirming correct incorporation of shRNAs provide increased confidence in the 

plasmids produced for future experiments.  

 

At this stage, scAAV-DHX36 shRNA was also introduced to the project. DHX36 has 

been identified in the literature as the most important resolver of G-quadruplexes in 

vitro (Vaughn et al., 2005). This role makes it highly relevant to this project, as the G-

rich nature of the C9ORF72 repeat expansion mutation is particularly prone to 

formation of G-quadruplexes. We therefore decided to investigate the relationship 

between DHX36 and DPR production in the context of C9-ALS/FTD. Results were 

promising, with shRNAs targeting DHX36 associated with a substantial decrease in 

DPR production. However, we are yet to ascertain if this effect will also be observed 

in an in vivo disease model.  

 

shRNAs were next subcloned into lentiviral vectors, which were eventually purchased 

from Origene due to a lack of consistency in target helicase knockdowns from 

previously cloned LV-shRNAs. Both pENTR and scAAV as well as LV vectors 
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containing shRNAs showed some inconsistency and variation in terms of their ability 

to knock down their target proteins. However, when RAN-associated helicase 

knockdown was achieved there was a corresponding decrease in DPR production. At 

this point, we extended the scope of the project to include eIF4H shRNA. eIF4H is a 

known co-factor for RAN-associated helicases we were already investigating, eIF4A1, 

eIFA2 and eIF4B and has also been linked to DPR production in Drosophila (Goodman 

et al., 2019). We therefore considered it important to include to thoroughly understand 

the role these helicases play in RAN translation initiation. The extra convenience 

offered by commercially sourced shRNAs allowed expansion of our proteins of interest 

to include eIF4H along with eIF4A1, eIF4A2 and eIF4B. For future experiments, knock-

down of additional translation factors could be used as a control to determine the 

extent to which helicases are necessary for DPR production, but the resources 

required for these experiments were not available for this project. Purchased LV-

shRNAs also offered the advantage of a GFP tag, allowing for easy detection of 

transfection efficiency. While we had previously achieved good results with DHX36 

shRNA, leading to efficient reduction of DPRs, it is not part of the eIF4 complex. 

Although certainly worthy of further investigation, the scope of this project focuses on 

the role of eIF4A1/4A2 and their co-factors in RAN translation initiation. 

 

3.4.2 Limitations associated with HEK293T cell models of C9-ALS/FTD 

 

Lentiviral vectors were selected for their ability to transduce neurons, allowing for 

future experiments in patient-derived neuronal cell models. This is a necessary step 

before moving forward with in vivo C9-ALS/FTD models. The work shown in this 

chapter was carried out exclusively in HEK293T cells. This is an immortalised cell line, 

relying on transfection of overexpressed proteins, and therefore is associated with 

some limitations. It was selected for initial experiments as it is robust, easy to maintain 

and quick to grow, and relatively easy to transfect. However, while it shows proof-of-

principle, it lacks disease relevance. It is possible that RAN-associated RNA helicase 
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activity and expression may differ in non-proliferative motor neurons. Therefore, we 

next aimed to repeat these experiments in a more sophisticated cell model of patient-

derived neurons, which better reflects the true conditions of these helicases in C9-

ALS/FTD. 

 

3.4.3 Strategy surrounding partial depletion of RAN-associated RNA helicases 

to reduce DPR production in vitro 

 

After cloning or purchasing shRNAs in the pENTR, scAAV and LV vectors, we first 

tested their ability to knockdown their target RAN-associated helicase before moving 

on to investigate the impact on DPR production. It was crucial that we established any 

drop in DPRs produced was due to the specific helicase targeted. This is particularly 

important given the high levels of homology between them. For pENTR and scAAV 

we used western blot on HEK293T cells transfected with shRNAs and quantified falls 

in the target protein. For LV shRNAs, we investigated both at the protein level and the 

mRNA level, using RT-qPCR. Our project strategy did not involve a total knockdown 

of any helicase. Given their crucial roles in canonical as well as RAN translation, this 

would undoubtedly be highly toxic and not viable as a therapeutic strategy. Instead, 

we intended to achieve a knockdown that reduced RAN translation of DPRs to a non-

toxic level, while preserving essential canonical translation. The exact level at which 

this can be achieved remains to be fully determined, and crucially next steps of the 

project will involve investigations into toxicity associated with RAN-associated helicase 

knockdown. Additional future experiments should also investigate helicase levels and 

the relationship with DPR production and cell survival over a set time. Cells were 

transfected with shRNAs targeting helicase levels for 72 hours, but it is not known how 

helicase levels fell over that time or what impact a longer period would have on cell 

viability.  

 



158 | P a g e  

 

Although some variability was seen across biological repeats, shRNAs in all vectors 

were able to produce a knockdown of their target helicases of between 50-65% at the 

protein level and 65 – 70% at the mRNA level, which is in line with our intentions for 

this work. For pENTR and scAAV vectors, eIF4A1 and eIF4A2 protein levels were 

reduced by 55%, for eIF4B it was 60%. For Origene LV-shRNAs, protein levels 

decreased by 50% for eIF4A1 and eIF4H, 60% for eIF4A2 and 65% for eIF4B. When 

decreases in mRNA was investigated, the decrease of transcripts produced was 

detected at slightly greater than at the protein level, at 65% for eIF4A1, 70% for eIF4A2, 

69% for eIF4B and 68% for eIF4H. This is likely reflective of the fact that helicases are 

highly abundant, stable proteins, and the transfection period was only 72 hours. 

Therefore, some of the proteins detected by western blot were already produced prior 

to shRNA transfection and simply hadn’t yet degraded, hence why the knockdown at 

the protein level appears slightly less effective. There is also the possibility that post-

translational compensatory mechanisms could contribute.  

 

After establishing the shRNAs were working as intended, we investigated their effects 

on sense and antisense DPR production. HEK293T cells were co-transfected with the 

(Emma et al., 2021) shRNAs and V5-tagged G4C2 or C4G2 C9ORF72 repeats. Some 

variety of repeat lengths were used, ranging from 38 to 45 repeats. These differences 

are small enough to be unlikely to be biologically relevant, given that in patient 

populations repeats can vary by hundreds or thousands of repeats, and yet converge 

on the same set of symptoms. The repeats used in these experiments are crucially all 

considered a pathogenic repeat length, given that the ‘tipping point’ for repeat length 

toxicity is generally accepted in the field to be around 30 repeats (Emma et al., 2021). 

The use of the V5 tag allows for detection of DPRs in all three reading frames, 

important given it can be technically challenging to produce specific antibodies for 

DPRs. This is due to their low complexity, meaning poor specificity and cross-reactivity 

with other DPR species are common issues to contend with. Additionally, the compact 
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structure of aggregated DPRs can result in the epitope being obscured (Jambeau et 

al., 2022). 

 

For pENTR shRNAs, eIF4A1, eIF4A2 and eIF4B were all effective at reducing V5 

levels, producing a statistically significant decrease for both sense and antisense 

DPRs. Comparing each RAN-associated helicase, the trend is generally consistent 

between sense and antisense DPRs. It was not known whether any differences 

between sense and antisense DPR production would be likely, as most published 

research studies so far generally only consider sense DPRs and do not include 

antisense DPRs in their work. A general trend across vectors and sense and antisense 

DPRs was that eIF4A1 shRNA produces a larger fall in DPR levels than eIF4A2 

shRNA. For sense DPRs, eIF4A1 shRNA achieves a 68% decrease, while it was 70% 

for antisense DPRs, while for eIF4A2 the decrease is 55% and 50% respectively. 

eIF4B shRNA resulted in a 60% decrease in sense DPRs, but was the best performer 

for antisense DPRs, leading to a 75% reduction in V5 levels. That eIF4A1 shRNA 

produced the more substantial reduction of both sense and antisense DPRs than 

eIF4A2 suggests it has the more central role in RAN translation initiation. It may not 

follow that eIF4A1 is the most suitable helicase to target for a therapeutic strategy. 

There may be too large an impact on canonical translation, and a co-factor may be a 

more viable target. The data presented here confirms that eIF4B has an essential role 

in RAN translation initiation. It is unknown to what extent eIF4B can function 

independently of eIF4A1 or eIF4A2 to initiate RAN translation. eIF4B led to the 

greatest overall knockdown of antisense DPRs. This may simply be because eIF4B is 

a less abundant protein to start with, so any decrease has a more severe impact. 

Alternatively, it has been suggested that eIF4A1 and eIF4A2 activity can compensate 

for each other, which is a mechanism that may not be available for eIF4B, leaving the 

cell more vulnerable to the effects of decreasing levels. It may also be possible for 

cells to take a flexible approach and use one of several helicases as a co-factor to 

help initiate RAN translation, which would represent a challenge for this therapeutic 
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strategy. It may also be the case that RAN translation initiation mechanisms differ in 

proliferative and non-proliferative cell types, hence why this work will be expanded to 

a more disease relevant neuronal model. Interestingly, the use of eIF4A1+4A2 shRNA 

did not result in a greater decrease in DPRs than targeting eIF4A1 and eIF4A2 

independently. This was the only combination of helicase tested and future 

experiments should also consider other combinations, such as eIF4A1 + eIF4B 

shRNAs, which could provide further useful insight into helicase function in the context 

of DPR production, but were beyond the scope of this thesis. The result from eIF4A1 

+ eIF4A2 shRNA suggests a high level of flexibility from the cell, with helicases acting 

as co-factors, possibly eIF4B, able to compensate for the loss of either or both eIF4A1 

and eIF4A2. If no compensatory mechanism was in place, we would expect targeting 

both eIF4A1 and eIF4A2 together to lead to close to double the DPR reduction of 

targeting them alone. This highlights the importance of understanding the full range of 

regulators of RAN translation initiation and how they interact when designing an 

effective therapeutic strategy. For scAAV vectors, the reduction in antisense DPRs 

was generally more consistent and to a greater extent than shRNAs in pENTR vectors.  

 

3.4.4 Use of RAN-associated RNA helicase dominant negative mutants to 

reduce DPR production in vitro 

 

Our next strategy involved the use of RAN-associated RNA helicase mutants, to test 

if non-functional helicases would reduce DPR production similarly to knocking down 

helicases with shRNAs. Two sets of mutants were used, Q339E/ Q340E had 

mutations in their helicase domain, and PRRVAA in their RNA binding domain. The 

former have been used in published work, although the impact on global protein 

translation resulting from these mutants was not investigated (Cruz-Migoni et al., 

2012). However, in a study investigating a different set of eIF4A dominant negative 

mutants in a rabbit reticulocyte translation system, use of the mutants was found to be 

associated with strong inhibition of translation. This repression could be rescued by 
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addition of functional eIF4A, although not by its co-factor eIF4B. All mRNAs 

investigated were repressed and the effect was described as dramatic, with a 30-fold 

inhibition of translation associated with some eIF4A mutants (Pause et al., 1994). 

These findings indicate that any repression of activity of the key helicases involved in 

translation initiation is likely to have widespread effects on global translation. However, 

this study did not account for the eIF4A1 and eIF4A2 isoforms and it is possible that 

this dramatic effect only arises from targeting both helicase simultaneously, which is 

supported by the work presented in this thesis.  

 

The mechanism of the PRRVAA mutation is not fully characterised, but it is thought to 

involve excessively high affinity between RNA and the RNA-binding domain effectively 

stalling the helicase’s unwinding of secondary structures. This strategy has shown 

promising results and confirmed the necessity of functional helicase activity in RAN 

translation. HEK293T cells were co-transfected with normally functioning or mutant 

helicases, and either 38/39 G4C2 / C4G2 sense or antisense V5-tagged DPRs. 

Overall cells transfected with mutant helicases showed a consistent and significant 

decrease in V5 levels, indicating a reduction in RAN translation of DPRs.  

 

For Q339E/ Q340E mutants, sense DPRs showed a greater reduction with eIF4A1 

mutants than eIF4A2 mutants, with V5 reductions of 60% and 45% respectively. For 

antisense DPRs results are more consistent between eIF4A1 and eIF4A2, with a 45% 

decrease associated with eIF4A1 mutants and 50% for eIF4A2 mutants. Consistent 

with previous results, this indicates eIF4A1 helicase activity has the more important 

role in initiating RAN translation. The larger decrease in sense DPR production than 

antisense suggests differences in underlying RAN translation mechanisms. For 

example, sense G4C2 transcripts may be more prone to forming secondary structures 

such as G-quadruplexes than antisense C4G2 transcripts. Therefore, they would be 

more reliant on helicase activity to resolve these and initiate RAN translation. This 

would mean cells were more sensitive to loss of helicase activity when it came to 
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producing DPRs from sense transcripts than antisense, leading to a bigger fall in DPR 

levels.  

 

For the PRRVAA mutation, again both sense and antisense DPRs showed a 

statistically significant fall in response to transfection with mutant helicases. For sense 

DPRs, mutant eIF4A1 led to a 55% reduction, while mutant eIF4A2 led to a 40% 

reduction. For antisense DPRs, levels fell by 60% for mutant eIF4A1 and 55% for 

mutant eIF4A2. This contrasts with Q339E/ Q340E mutants, where sense transcripts 

showed a greater DPR decrease than antisense transcripts. Overall, these 

experiments have not provided clear insight into whether sense DPR transcripts are 

easier to reduce than antisense, or if there is any meaningful difference. However, the 

observed difference in results does suggest some mechanistic differences in 

production of sense and antisense DPRs, otherwise it would be expected that a more 

similar decrease would be seen. The result is not consistent with the Q mutants in that 

eIF4A1 Q339E resulted in a greater decrease in sense DPRs than antisense; the 

opposite is true for eIF4A1 PRRVAA, where antisense DPRs showed a greater 

decrease than sense. Interestingly eIF4A2 did show consistency across mutations, 

with both mutations resulting in a larger decrease in antisense DPRs than sense. It 

could be that the actions of different RAN-associated RNA helicases impact sense 

and antisense DPR production differently in addition to there being mechanistic 

differences in how sense and antisense transcripts are translated.  

 

As well as mutant helicases, cells were also transfected with normally functioning 

helicases. This therefore represented an over expression model, but no increase in 

DPR production was seen associated with these helicases. This data shows that 

although helicases are required for RAN translation, they are not the rate limiting step, 

as increasing their levels does not produce a corresponding increase in DPRs the way 

decreasing helicase activity decreases DPR production. This highlights the complex 

picture of RAN translation initiation, with its multiple key helicases and co-factors, 
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possible alterations in different cell types, and possible mechanistic alterations when 

processing sense and antisense repeat mRNA transcripts.  

 

3.4.5 Limitations associated with protein detection by Western Blotting 

 

Throughout this and subsequent chapters of this thesis, Western Blotting has been 

used to detect alterations in helicase protein levels resulting from shRNA-mediated 

partial knockdown. This technique has a number of potential technical pitfalls and 

limitations associated with it, which are outlined in several publications (Alegria-

Schaffer et al., 2009) (Mahmood & Yang, 2012) (Ghosh et al., 2014) (Bass et al., 2017). 

Several of these limitations may be relevant to the work presented in this thesis. In 

figure 3.3, the knockdown of eIF4A2 appears smaller in magnitude than knockdown 

of other helicases. The band seen for eIF4A2 on the Western Blot is visibly larger than 

other helicases, however upon analysis the knockdown appears equivalent. Similarly 

in figure 3.11, the graph produced from quantifying the bands appears not to represent 

the original blot itself very well. In other blots, the band is slightly shifted from its 

expected location, despite a validated antibody showing specific detection of the 

protein. This raises questions about the method of signal detection and its reliability. 

A chemiluminescence signal has been used for detection in all blots shown in this 

thesis. Here, luminol is oxidised in the presence of an HRP enzyme, emitting light as 

a result (Alegria-Schaffer et al., 2009). Chemiluminescent signals strength and 

duration depends on various factors such as the ratio between enzyme and substrate, 

with over-application of the enzyme conjugate linked to signal variability or poor 

sensitivity. This can be a result of excessive enzyme causing a rapid signal peak and 

consequently the substrate is used up too quickly. Alternatively, HRP could become 

inactive due to prolonged exposure to the substrate, as an abundance of free radicals 

are produced during oxidation. These bind to HRP preventing its interaction with the 

substrate, also leading to poor signal quality (Alegria-Schaffer et al., 2009). Other 

researchers have highlighted the challenges and possible limitations of detecting high 
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and low protein concentrations on the same blot, which is likely to be highly relevant 

to this work (Pillai-Kastoori et al., 2020). Other issues associated with Western Blotting 

may include membrane saturation, where laying of abundant proteins causes 

underestimation of band strength, as the antibody may only be able to access and 

bind the top layer (Pillai-Kastoori et al., 2020). This may be a particularly relevant to 

this work as helicases are highly abundant. Chemiluminescent detection systems are 

also prone to inaccuracies through signal saturation, where band intensity exceeds 

the upper limits of the detection system. Expansion of this work should also consider 

alternatives to chemiluminescence, such as fluorescence, which may offer better 

reliability and overcome several problems associated with quantification of 

chemiluminescence (Bass et al., 2017; Janes, 2015; Pillai-Kastoori et al., 2020).  

 

Even if the detection of Western Blot bands is optimal, methods to quantify the results 

may be responsible for the inconsistencies seen in some of the figures in this chapter. 

Several publications highlight potential problems with quantification (Bass et al., 2017), 

for example software detecting different amounts of protein producing the same signal 

intensity measurements (Bell, 2016). Methods suggested to overcome this include 

automated, systematic quantification systems, more intricate optimisation of other 

potential sources of variability during the Western Blot protocol, and use of alternative 

controls to housekeeping proteins, such as total cellular protein stains (Bass et al., 

2017; Bell, 2016) (Pillai-Kastoori et al., 2020). Other researchers have suggested the 

use of dot blots or alternative figures to bar graphs to better present data showing 

quantification of Western Blots (Kroon et al., 2022). Other issues surrounding 

quantification of Western Blot data include normalisation of the target protein to 

loading controls. Here, the loading control may fail to produce signal intensity in 

proportion to protein abundance, therefore leading to inaccurate assessment of protein 

levels upon quantification (Pillai-Kastoori et al., 2020). Quantification methods may 

also fail to properly account for background signal, and newer analysis software and 

methods are currently in development to improve this (Bass et al., 2017) (Pillai-
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Kastoori et al., 2020). It is essential that these strategies should be used for future 

work carried out beyond this thesis, to resolve the inconsistencies seen between 

Western Blots and their corresponding analysis. Further validation methods should 

also be used, such as the qPCR data shown in Figure 3.9, to confirm protein 

knockdown at the mRNA level and to support Western Blotting data. Alternatives to 

Western Blots should also be considered for future work on helicase knockdowns, with 

ELISAs, protein arrays or mass spectrometry suggested as a common method to 

quantify protein abundance (Bass et al., 2017) 
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4 Characterising the expression pattern of RAN translation 

factors at tissue and cellular levels in human post-mortem 

CNS 

4.1 Introduction 

4.1.1 Background, aims and rationale 

 

The aim of this chapter was to use immunohistochemistry to characterise the 

distribution and localisation of RAN translation factors identified in the previous chapter 

in post-mortem human brain and spinal cord. The focus was on RAN-associated RNA 

helicases previously discussed: eIF4A1, eIF4A2, eIF4B and eIF4H. Additionally, 

SRSF1 was included due to its established role in the pathogenesis of the C9ORF72 

repeat expansion mutation. SRSF1 is required for export of repeat-containing mRNA 

transcripts from the nucleus to the cytoplasm (Hautbergue et al., 2017). Therefore, 

despite not being a helicase or other initiator of RAN translation, it is essential for RAN 

translation to occur, justifying its investigation as part of this thesis.  

 

A key aim for this work was to identify any alterations in staining patterns of these 

proteins between ALS patient and neurologically normal control groups that may 

provide insight into their role in RAN translation in the context of C9-ALS/FTD, or to 

the pathogenesis of ALS more broadly. Further, this work aims to identify any 

alterations that may influence their suitability as therapeutic targets in C9-ALS/FTD. 

The majority of the existing research on members of the eIF4 family has come from 

the field of cancer biology, with little attention from neurodegenerative disease 

researchers. Several groups have published immunohistochemistry patterns of 

eIF4A1 in various types of cancer including oral squamous cell carcinoma (OSCC) 

(Zhao et al., 2019), colorectal cancer (Li et al., 2017) and breast cancer (Modelska et 

al., 2015). Here, eIF4A1 shows strong cytoplasmic staining with expression 

upregulated in tumours. eIF4A2 immunohistochemistry has been reported in lung 
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(Shaoyan et al., 2013) and breast (Yan et al., 2011) cancer as also highly expressed 

in the cytoplasm. In oesophageal cancer, eIF4A2 is also cytoplasmic with expression 

levels associated with clinical prognosis (Lyu et al., 2020). eIF4B also shows moderate 

cytoplasmic staining in breast cancer (Modelska et al., 2015). In lung tumours, eIF4H 

was highly expressed in contrast to low expression in healthy lung tissue, and had a 

cytoplasmic localisation (Vaysse et al., 2015).  

 

Overall, the cancer literature points to eIF4 helicases as highly expressed in a wide 

range of tissue types, with a generally strong cytoplasmic staining pattern. SRSF1 

immunohistochemistry has also been performed outside the field of 

neurodegeneration, for example in bronchi in asthma (Y.-l. Guo et al., 2022). Here, 

SRSF1 was highly expressed and localised predominantly to the nucleus. Although 

this study was carried out in a mouse model, and given the homology between mouse 

and human, one would anticipate this localisation pattern to be applicable to other 

human tissues. It is currently unknown to what extent eIF4A1, eIF4A2, eIF4B and 

eIF4H helicases are expressed in the brain, and if this is consistent across different 

brain regions, highlighting the need for further investigations. Importantly for this study, 

no work has yet been published exploring any alterations in relation to ALS. Several 

factors should be considered that could rule out targeting a particular RAN-associated 

RNA helicase as a viable therapeutic approach. For example, poor expression in a 

relevant brain area for ALS such as the motor cortex, or a mis-localisation associated 

with disease onset which may impact the function of the helicase. Overall, this work 

aims to address the lack of characterisation of these helicases in the brains of 

individuals who have died from ALS/FTD. 

 

4.1.2 Post-mortem human tissue strategy  

 

This work assessed three main features of eIF4A1, eIF4A2, eIF4B, eIF4H and SRSF1 

in post-mortem human brain. First, the protein expression levels through western 
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blotting and immunohistochemistry across different brain regions. Second, 

immunohistochemistry to show protein distribution comparing ALS patient and control 

groups. Finally, protein localisation within neurons and glia in these brain regions 

comparing patient and control groups.  

 

Although this work focused on the C9ORF72 mutation, tissue from sporadic ALS and 

neurologically normal controls was also included to establish if any differences were 

specific to the C9ORF72 mutation or applicable to ALS more broadly. The total cohort 

for immunohistochemistry included 16 cases: Five neurologically normal controls, five 

sporadic ALS and six C9-ALS/FTD. For western blotting, 12 cases were used, with 

four per diagnostic group. Wherever possible, tissue from the same individuals were 

used for both immunohistochemistry and western blotting. This cohort size was 

considered to be the smallest number of cases that were likely to show a true 

representation of staining patterns in the different diagnostic groups; a larger cohort 

would have been preferable but was not possible due to the precious nature and 

limited availability of this post-mortem tissue. For quantitative work, researchers were 

blinded to case diagnosis until analysis of this work was complete, to avoid introducing 

bias.  

 

Brain regions were selected as most relevant in ALS/FTD: prefrontal and temporal 

lobes, hippocampus, and motor cortex in addition to the spinal cord. The cerebellum 

was also included as although this region has functions relating to fine motor control 

and motor co-ordination, it has generally been considered to be well preserved with 

minimal involvement in ALS (Prell & Grosskreutz, 2013). In the context of C9-ALS/FTD 

it contains DPR inclusions (Al-Sarraj et al., 2011) meaning any alterations to RAN-

associated RNA helicase immunohistochemistry associated with this unique 

pathology can be identified. A summary of the brain regions used for 

immunohistochemistry is summarised in Figure 4.1.  
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Figure 4.1 Summary of brain regions examined in post-mortem control, sporadic ALS and C9-

ALS/FTD patients. Schematic diagrams showing the regions included in immunohistochemical 

staining for eIF4A1, eIF4A2, eIF4B, eIF4H and SRSF1. Numbers indicate the order in which 

staining was carried out. First, (1) Lumbar spinal cord; (2) Motor cortex; (3) Frontal Lobe; (4) 

Temporal Lobe; (5) Hippocampus; (6) Cerebellum.  

 

Not all brain regions were examined in all cases. Spinal cord and motor cortex was 

examined in all 16 cases. However, the other regions (prefrontal cortex, temporal 

lobes, hippocampus and cerebellum) were limited to six cases in total. This comprised 

two controls, one sALS and three C9-ALS/FTD. Throughout immunohistochemistry 

experiments, a negative control was included where one case underwent the same 

protocol, but the primary antibody was not added.  

 

4.2 Antibody Optimisation 

 

All antibodies were optimised to find the most suitable conditions for 

immunohistochemistry. All antibodies were optimised using sporadic ALS parietal lobe, 

as such tissue is in relatively low demand from the brain bank. Antibody dilutions were 

initially selected based on manufacturer recommendations or published research. 
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Antigen retrieval was carried out in a pressure cooker at 120°C at 20 psi for 30 minutes 

in pH 6 buffer for all antibodies; pH 9 buffer and no antigen retrieval were also tested 

but deemed less suitable. Samples that did not undergo antigen retrieval had weaker 

staining patterns with poor contrast between the positive labelling and background 

than those that had received pressure cooker treatment. Appropriate conditions were 

selected with the help of a qualified neuropathologist; these are indicated in bold with 

an asterisk in Figures 4.2 to 4.6. Selection was based on which conditions gave the 

greatest contrast between the stained protein of interest and the background, where 

the positive labelling was strong enough to consistently detect without over-saturation 

that would have prevented identification of differences across cases and diagnostic 

groups.  

 

 



171 | P a g e  

 

 

Figure 4.2 eIF4A1 antibody optimisation for IHC. FFPE sALS parietal lobe stained with Abcam eIF4A1 with antigen retrieval at pH 6; dilutions left - right 

1:500, 1:750, 1:1000, 1:3000, 1:5000. Final selected dilution 1:1000. Magnification is 20x, scale bar = 100μm.  

 

 

Figure 4.3 eIF4A2 antibody optimisation for IHC. FFPE sALS parietal lobe stained with Abcam eIF4A2 with antigen retrieval at pH 6; dilutions left - right 

1:500, 1:1000, 1:2000, 1:4000, 1:8000. Final selected dilution 1:2000. Magnification is 20x, scale bar = 100μm. 
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Figure 4.4 eIF4B antibody optimisation for IHC. FFPE sALS parietal lobe stained with Abcam eIF4B with antigen retrieval at pH 6; dilutions left - right 

1:200, 1:500, 1:1000, 1:2000, 1:5000. Final selected dilution 1:1000. Magnification is 20x, scale bar = 100μm. 

 

 

Figure 4.5 eIF4H antibody optimisation for IHC. FFPE sALS parietal lobe stained with Abcam eIF4H with antigen retrieval at pH 6; dilutions left - right 1:500, 

1:750, 1:1500, 1:3000, 1:5000. Final selected dilution 1:1500. Magnification is 20x, scale bar = 100μm. 
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Figure 4.6 SRSF1 antibody optimisation for IHC. FFPE sALS parietal lobe stained with Abcam SRSF1 with antigen retrieval at pH 6; dilutions left - right 

1:500, 1:1000, 1:2000, 1:4000, 1:8000. Final selected dilution 1:2000. Magnification is 20x, scale bar = 100μm
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4.3 eIF4A1, eIF4A2, eIF4B, eIF4H, DHX36 and SRSF1 protein levels in 

human post-mortem tissue 

 

Prior to immunohistochemistry, western blotting was used to establish protein 

expression levels in frozen spinal cord and motor cortex tissue. Blots were probed for 

the key helicases used in this study, eIF4A1, eIF4A2, eIF4B, eIF4H, DHX36, and 

splicing factor SRSF1. For eIF4B and SRSF1 two alternatives for primary antibodies 

were tested. For eIF4A1, eIF4A2, eIF4H and DHX36 only one antibody was available 

and/or no further testing was required as this antibody was found to work well. Probing 

for eIF4B and SRSF1 resulted in blank blots with no protein detectable by these 

antibodies; DHX36 was detectable in the motor cortex but not spinal cord.  

 

Initial optimisation showed that unlike previous work on HEK293T cells, α-tubulin was 

not a suitable loading control and instead showed substantial variation between cases. 

Two alternatives were tried: TUJ1, and β-actin; both were deemed more appropriate 

loading controls for post-mortem tissue (Figure 4.7) as they produced less variation in 

protein expression between cases. 
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Figure 4.7 Trials of alternative loading controls in frozen post-mortem human spinal cord. 30μg 

protein loaded; blots were probed for α-tubulin, TUJ1 or β-actin and revealed consistent results with 

TUJ1 and β-actin but not α-tubulin. The expected molecular weight for α-tubulin and TUJ1 was 50-55 

kDa, and for β-actin 42 kDa. 

 

4.3.1 Western blots in frozen human sporadic and C9-ALS/FTD spinal cord 

tissue 

 

After establishing appropriate loading controls, western blots were first carried out on 

spinal cord tissue from control, sALS and C9-ALS/FTD patients. Spinal cord was 

chosen as it is considered one of the most biologically relevant areas in ALS, with the 

most pathology. Therefore, any alternations in RAN-associated RNA helicase 

expression between control and ALS cases was predicted to be most likely observable 

in this area. First, western blots were probed for eIF4A1 and eIF4A2 (Figure 4.8) with 

levels normalised to controls.  
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Figure 4.8 Western Blot from frozen post-mortem human spinal cord probed for eIF4A1 and 

eIF4A2. (A) shows eIF4A1 expression and (B) shows eIF4A2 expression, as a % relative to the control. 

Blots were quantified in independent biological triplicates, mean ± SEM, one-way ANOVA with Tukey’s 

correction for multiple comparisons. NS = not significant, * = p<0.05. (C) shows representative western 

blot, frozen post-mortem spinal cord, blots were probed for eIF4A1 and eIF4A2 with TUJ1 as a loading 

control. The expected molecular weight is 48 kDa for eIF4A1 and eIF4A2 and 50-55 kDa for TUJ1. 

 

In spinal cord there was no difference in eIF4A2 expression between controls and ALS 

patient cases. For eIF4A1 greater expression was seen in both ALS groups compared 

to controls; this was statistically significant for C9-ALS/FTD but not for sALS.  

 

Next, spinal cord western blots were probed for eIF4H (Figure 4.9). The same cases 

were used as in Figure 4.8, detailed in Table 2.22 and 2.23. Significantly less eIF4H 

was seen in ALS compared to controls with sALS and C9-ALS/FTD cases showing a 

50% and 75% reduction respectively.  
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Figure 4.9 Western Blot from frozen post-mortem human spinal cord probed for eIF4H. (A) shows 

representative western blot from frozen post-mortem spinal cord, blots were probed for eIF4H with TUJ1 

as a loading control. The expected molecular weight was 27kDa for eIF4H and 50-55 kDa for TUJ1. (B) 

shows eIF4H results quantified in triplicate expressed as % relative to control;  Mean ± SEM, one-way 

ANOVA with Tukey’s correction for multiple comparisons, * = p<0.05, ** = P<0.01.  

 

4.3.2 Western Blots of helicases in frozen human sporadic and C9-ALS motor 

cortex 

 

Detection of some proteins from spinal cord western blots proved challenging: eIF4B, 

DHX36, and SRSF1 were undetectable in this region with the available antibodies. 

Spinal cord is also precious and in high demand by ALS researchers. Therefore, motor 

cortex was next assessed to establish if results were consistent with spinal cord. eIF4B, 

SRSF1 and DHX36 detection in spinal cord may have failed due to lack of protein 

expression in this region, or it may be attributed to the antibodies tested which may 

not be able to detect their target proteins through western blot. A good antibody should 

recognise the target protein without displaying additional bands as a result of non-

specific interactions. Some additional bands may also appear as a result of post-

translational modifications so their appearance should not discount the use of an 

antibody. Many proteins show somewhat unexpected migration patterns on western 

blots, including in this thesis, so antibodies should also be able to detect these 
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adequately (Ghosh et al., 2014). A good antibody should also be able to detect low-

expression proteins with high sensitivity. In post-mortem human tissue, there is an 

added complication of epitopes being masked by the structure of the tissue, which can 

hinder antibody performance, although antigen retrieval methods can help overcome 

this issue. 

 

Blots were probed for helicases eIF4A1, eIF4A2, eIF4B, eIF4H and DHX36, as well 

as splicing factor SRSF1. eIF4B and SRSF1 remained undetectable by any of the 

antibodies available. Initially all blots were loaded with 30μg of total protein. To rule 

out very low protein expression preventing detection by western blot, a repeat was 

attempted with 100μg total protein loaded. eIF4B and SRSF1 blots remained blank 

with no signal detected with any available antibody. Blots were carried out in triplicate 

for eIF4A1, eIF4A2, eIF4H and DHX36 (Figure 4.10). For each diagnostic group, four 

cases were included, detailed in Table 2.22 and 2.23. In cases where multiple bands 

were seen, all were included during quantification of these blots. 
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Figure 4.10 Western Blot from frozen post-mortem human motor cortex (A) shows eIF4A1, (B) 

shows eIF4A2, (C) shows eIF4H, (D) shows DHX36, quantified in triplicate expressed as % relative to 

control; Mean ± SEM, one-way ANOVA with Tukey’s correction for multiple comparisons. NS = not 

significant, ** = p<0.01, *** = p<0.001. (E) shows representative western blot, frozen post-mortem motor 

cortex, blots were probed for eIF4A1, eIF4A2, eIF4H and DHX36 with TUJ1 as a loading control. The 

expected molecular weight was 48 kDa for eIF4A1 and eIF4A2, 27 kDa for eIF4H, 110kDa for DHX36 

and 42kDa for β-actin.   

 

Western blots from the motor cortex showed no statistically significant difference in 

eIF4A1 or eIF4A2 expression or banding pattern between control and ALS groups. 

Consistent with spinal cord, eIF4H motor cortex shows a significantly lower expression 

in both sALS and C9-ALS/FTD, with the latter showing the greatest deficit. For DHX36, 

while greater mean levels were seen in ALS groups compared to controls, neither was 

significant.  
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4.4 eIF4A1 and eIF4A2 immunohistochemistry in human brain and spinal cord 

 

Immunohistochemistry was first performed for eIF4A1 and eIF4A2 as these have 

previously been identified as the key helicases involved in RAN translation initiation. 

First, spinal cord was stained before moving onto other brain regions: motor cortex, 

prefrontal and temporal lobes, hippocampus, and cerebellum. eIF4A1 and eIF4A2 

staining was carried out side-by-side to detect any changes specific to either isoform, 

as they only differ by 10 amino acids.  

 

4.4.1 eIF4A1 but not eIF4A2 forms neuronal cytoplasmic inclusions in spinal 

cord motor neurons of C9-ALS/FTD and sALS but not in control cases 

 

In controls, eIF4A1 showed strong cytoplasmic staining in spinal cord motor neurons, 

while the nucleus and nucleolus remained unstained. eIF4A1-positive cytoplasmic 

inclusions were found in motor neurons throughout the spinal cord in every ALS case 

of both subgroups (Figure 4.11). Five sALS and six C9-ALS/FTD cases were 

examined in addition to five controls. No eIF4A1-positive cytoplasmic inclusions or 

other eIF4A1-positive pathology was detected in any of the control cases. eIF4A1 

immunohistochemistry appeared to show a loss of cytoplasmic staining in inclusion-

positive cells compared to those that were inclusion-negative, or in control cases. 

However, this was not quantified so cannot be definitively determined and was not 

shown in western blots from this region. 

 

Spinal cord eIF4A2 immunohistochemistry showed very strong cytoplasmic motor 

neuron labelling; nuclei were negative for eIF4A2. Controls and ALS groups showed 

similar staining. No eIF4A2-positive inclusions were seen in any case (Figure 4.12).  
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Figure 4.11 eIF4A1 immunohistochemistry in control and ALS Spinal Cord. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4A1 

showed positive cytoplasmic staining of varying intensity, and negative nuclear staining in spinal cord motor neurons. sALS and C9-ALS/FTD cases showed 

eIF4A1-positive neuronal cytoplasmic inclusions (black arrows) that were absent from controls. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 4.12 eIF4A2 immunohistochemistry in control and ALS Spinal Cord. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4A2 

showed strong staining of the cytoplasm and neuronal processes and negative nuclear staining in spinal cord motor neurons. No eIF4A2-positive inclusions 

were seen in any case. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Inclusions that were positive for eIF4A1 were generally observed to be neuronal 

cytoplasmic inclusions with no evidence of nuclear or glial pathology observed in the 

cases included in this cohort. Inclusions consistently displayed a filamentous 

morphology, ranging from small, thin thread-like structures to very large, thick 

inclusions engulfing almost the entire stained cytoplasm of the neuron. While showing 

substantial variation in size was seen both within and between cases, there was no 

clear difference between sALS and C9-ALS/FTD groups overall in terms of inclusion 

burden, abundance, or morphology. Examples of sALS eIF4A1 positive inclusions are 

shown in Figure 4.13. 

 

Figure 4.13 Immunohistochemistry showing eIF4A1-positive inclusions in sALS Spinal Cord. 

Images taken from each of the five sporadic ALS cases included in this study showing different eIF4A1-

positive pathology. eIF4A1-positive inclusions in sALS are cytoplasmic, skein-like structures which vary 

from relatively small, thin threads to large aggregates filling the cytoplasm. Scale bar = 25μm. 
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Consistent with the variation seen in inclusion size, eIF4A1-inclusion positive neurons 

also varied in abundance between individuals. In the C9-ALS/FTD subgroup, one case 

in particular was noted to have very frequent eIF4A1 positive inclusions compared to 

others (LP041/2004). All eIF4A1-positive inclusions across the cohort were 

photographed and counted, and this case was an outlier in terms of raw numbers of 

inclusions identified. Figure 4.16 shows that an average of 7.81% of spinal cord motor 

neurons were inclusion-positive in C9-ALS/FTD cases, but in case LP041/2004 this 

was 17.58%. Interestingly，this case was observed to have very strong SRSF1-

positive glial staining in the motor cortex compared to other cases, and one of the 

shortest disease durations of all cases in this study, at only 20 months. Examples of 

C9-ALS/FTD eIF4A1 positive inclusions are shown in Figure 4.14. 
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Figure 4.14 Immunohistochemistry showing eIF4A1-positive inclusions in C9-ALS/FTD Spinal 

Cord. Images taken from each of the six C9-ALS/FTD cases included in this study showing different 

eIF4A1-positive pathology. eIF4A1-positive inclusions in C9-ALS/FTD are cytoplasmic, skein-like 

structures which vary from relatively small, thin threads to large aggregates filling the cytoplasm. Scale 

bar = 25μm. 

 

Next, the eIF4A1 pathology burden in C9-ALS/FTD and sporadic ALS spinal cord was 

assessed by counting the number of eIF4A1 inclusion-positive motor neurons and 

calculating this as a percentage of total motor neurons. Following eIF4A1 DAB 

immunostaining, each motor neuron was photographed and assessed as inclusion 

positive, negative, or ambiguous. Examples of ambiguous cells are shown in Figure 

4.15. 
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Figure 4.15 Immunohistochemistry in ALS Spinal Cord showing eIF4A1-positive ambiguous 

inclusions. Top row: sporadic ALS; bottom row: C9-ALS/FTD. Images from four cases showing 

examples of a subset of eIF4A1-positive inclusions that were identified as ambiguous in that they 

appeared as possibly pathological, but their morphology was not sufficient to class them as a full 

inclusion. Scale bar = 25μm. 

 

Inclusions were counted by four independent, blinded operators. Motor neurons were 

identified with the help of a qualified neuropathologist and only included if they were 

longer than 25μm and/or had a visible nucleus. Inclusions were categorized as positive 

or ambiguous depending on the discretion of the operator, with operators agreeing 

prior to classification that inclusions would be classed as ambiguous if they were 

judged to be substantially smaller and lacked the defined structure of ‘certain’ 

inclusions. While this introduced a level of subjectivity into ratings, the use of four 

rather than only two operators and the level of consistency in ratings between them 

increased confidence in the scoring system. All blinded operators were in agreement 

that no eIF4A1-positive pathology was seen in any control case. 
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The total inclusion burden was broadly similar in both sALS and C9-ALS/FTD groups, 

with eIF4A1-positive pathology seen in an average of 8.04% of sporadic ALS, and 

7.81% in C9-ALS/FTD spinal cord motor neurons. For sporadic ALS cases, this was 

subdivided into 5.15% for ‘certain’ and 2.89% for ‘ambiguous’ inclusions; for C9-

ALS/FTD cases this was 5.65% and 2.16% respectively. There was a large range in 

inclusion burden within diagnostic groups for both sporadic ALS and C9-ALS/FTD 

cases, as shown in Figure 4.16. 

 

 

Figure 4.16 Summary of eIF4A1-positive inclusion burden in spinal cord motor neurons. Showing 

average inclusion burden for five sporadic ALS and six C9-ALS/FTD cases. Inclusion burden expressed 

as % of total spinal cord motor neurons with eIF4A1-positive pathology; inclusions scored ‘certain’ 

shown in purple, ‘ambiguous’ in blue. 

 

4.4.2 Relationship between eIF4A1, phosphorylated TDP-43 and p62 pathology 

 

It was observed that eIF4A1-positive inclusions resembled the hallmark pathology in 

ALS, that of phosphorylated TDP-43. It has been widely reported in the literature that 

TDP-43 inclusions are able to sequester other proteins. The next aim was to determine 
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if this was the case for eIF4A1 inclusions, or if they were formed independently of TDP-

43 pathology. An initial way to provide evidence to answer this question is to establish 

the extent of co-localisation between the two pathologies.  

 

First, two TDP-43 antibodies were tested. Appropriate dilutions and antigen retrieval 

conditions had previously been optimised by other laboratory members (Figure 4.17). 

Both had manufacturer’s guidelines stating they detect phosphorylated TDP-43 as 

opposed to C-terminal or pan-TDP-43. The first was a rabbit polyclonal IgG antibody 

from Affinity Biosciences, which binds to phosphorylated serine residue 409. The 

second was a rat monoclonal IgG2a antibody, from Biolegend, which also binds to a 

region including phosphorylated serine residues 409 and 410. It was determined that 

the rat antibody, shown in the bottom panel of Figure 4.17, was more suitable: Staining 

with this antibody was more specific while the rabbit antibody, shown in the top panel, 

more closely resembled a pan-TDP-43 antibody with higher background staining 

rather than detecting only the phosphorylated form of TDP-43. 

 

 

Figure 4.17 Immunohistochemistry for alternative phosphorylated TDP-43 antibodies: Spinal 

cord tissue confirmed positive for TDP-43 pathology was incubated with rabbit (top panels) or rat 

(bottom panels) phosphorylated TDP-43 primary antibodies. Scale bar = 50μm.  
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An additional aim was to determine if the pathological eIF4A1 inclusions were positive 

for p62. Therefore, a p62 antibody was also tested that had previously been optimised 

by other laboratory members. Both dilution and specificity of the p62 antibody was 

suitable for double staining with eIF4A1 (Figure 4.18). P62 immunohistochemistry 

have previously been performed in the ALS spinal cord, and was found to form a 

number of inclusion types in motor neurons including skein, basophilic and Lewy body-

like inclusions (Mizuno et al., 2006). 

 

 

Figure 4.18 Immunohistochemistry to test p62 antibody specificity and dilution staining was 

carried out on spinal cord tissue confirmed positive for ALS pathology. Scale bar = 200μm (left) and 

100μm (right). 

 

Double staining of eIF4A1 and phosphorylated TDP-43 was carried out first using DAB 

(brown) and the enzyme alkaline phosphatase (pink) respectively on sporadic and C9-

ALS/FTD cases (Figure 4.19).  
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Figure 4.19 Double Immunohistochemistry of eIF4A1 and phosphorylated TDP-43. Extent of co-

localisation of eIF4A1 (DAB, brown) and phosphorylated TDP-43 (alkaline phosphatase, pink) 

pathology is shown here in C9-ALS/FTD spinal cord. Black arrows show eIF4A1-positive pathology 

which could not be confirmed as TDP-43 positive or negative; white arrows show TDP-43-positive 

eIF4A1-negative pathology. Magnification = 40x. 

 

Initial double staining revealed neurons with TDP-43-positive and eIF4A1-negative 

inclusion pathology. With this combination of antibody and chromogen, it could not be 

determined if eIF4A1-positive inclusions are also TDP-43 positive, indicating co-

localisation between the pathologies, or negative. Therefore, the next strategy chosen 

was to switch the HRP and alkaline phosphatase staining, to see if pathology could be 

detected that was eIF4A1-positive and TDP-43 negative (Figure 4.20). 
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Figure 4.20 Double Immunohistochemistry of eIF4A1 and phosphorylated TDP-43. Extent of co-

localisation of eIF4A1 (alkaline phosphatase, pink) and phosphorylated TDP-43 (DAB, brown) 

pathology is shown here in C9-ALS/FTD spinal cord. This revealed eIF4A1-positive, TDP-43 negative 

pathology (white arrows) and phosphorylated TDP-43 inclusions (black arrows) which could not be 

determined as eIF4A1-positive or negative. Magnification = 20x (left) 40x (right). 

 

Figure 4.20 revealed inclusions that were positive for eIF4A1 (alkaline phosphatase) 

but negative for TDP-43 (DAB). TDP-43 inclusion-positive cells cannot be determined 

as eIF4A1-positive or negative with this combination of chromogens and antibodies. 

Inclusions can be seen with pink alkaline phosphatase staining positive for TDP-43 or 

eIF4A1, as shown in Figure 4.19 and 4.20. These results indicate that eIF4A1 

pathology may be able to form independently of TDP-43. However, because brown 

DAB staining is always stronger and obscures the pink, co-existing pathology can’t be 

determined using this combination of TDP-43/eIF4A1 and DAB/alkaline phosphatase. 

In order to further understand the relationship between eIF4A1 and TDP-43 inclusions, 

both pathologies were next assessed in the same cell.  

 

Spinal cord tissue was stained with ImmPact for the first primary antibody, resulting in 

a red stain, and then slides were scanned using the Hammatsu Slide Scanner. The 

coverslip was then removed, the stain dissolved, and DAB staining was used for the 

second primary antibody, resulting in a brown stain. The slides were then scanned for 

a second time. Scanned images were examined side-by-side, to show the presence 

or absence of both pathologies in an individual cell.  
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Figure 4.21 Double immunohistochemistry of eIF4A1 and phosphorylated TDP-43 positive 

pathologies in the same cell. Top panels: ALS spinal cord, bottom panels: C9-ALS/FTD spinal cord. 

eIF4A1 (ImmPact, red) and phosphorylated TDP-43 (DAB, brown) show instances of separate neurons 

with eIF4A1-positive, TDP-43 negative pathology or vice versa (black arrows, top panel). Some neurons 

show both pathologies in the same cell with no apparent co-localisation (black arrows, panels 2 and 3). 

In other examples co-localisation occurs between eIF4A1 and TDP-43 positive pathology (black arrows, 

bottom panel). Scale bar = 25μm.  

 

ImmPact staining of eIF4A1 produced a red cytoplasmic stain of varying intensity 

equivalent to what was previously seen with DAB immunostaining for this helicase. 

DAB staining of phosphorylated TDP-43 produced weak diffuse cytoplasmic staining 

with clear pathological inclusions. However, it was observed that eIF4A1 pathology 
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was not detected to the same extent with ImmPact as with DAB staining; while present, 

it was generally weaker than shown initially with DAB staining. 

 

While some instances of co-localisation between eIF4A1 and TDP-43 positive 

inclusions was seen (Figure 4.21, bottom panel), many neurons were positive for TDP-

43 pathology with no evidence of eIF4A1 pathology, or vice versa i.e. eIF4A1-positive, 

TDP-43 negative pathology. Often, inclusions appeared to form in separate cells 

(Figure 4.21, top panel), although it can’t be ruled out that they may be out of the plane 

of this section and therefore undetectable. In some neurons, both inclusion types 

occurred in the same cell, but there was no apparent co-localisation. The inclusions 

were in different areas of the cytoplasm (Figure 4.21, middle panels). There were no 

differences in patterns of eIF4A1 and TDP-43 co-localisation in sALS and C9-

ALS/FTD groups. Overall, this demonstrated variation in co-localisation patterns 

between eIF4A1 and TDP-43 pathologies, but importantly it showed the eIF4A1 

inclusions were able to form independently of TDP-43 inclusions.  

 

Following eIF4A1 and phosphorylated TDP-43 double staining, eIF4A1 and p62 

double staining were performed. For this, ImmPact / DAB were used as opposed to 

alkaline phosphatase / DAB so pathology could be assessed in the same cell. As 

eIF4A1 pathology was much more easily detectable using DAB, all spinal cord 

sections were stained first using ImmPact to detect p62 then used DAB to detect 

eIF4A1 (Figure 4.22).  
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Figure 4.22 Double immunohistochemistry of eIF4A1 and p62-positive pathologies in the same 

cell. Top panels: ALS spinal cord, bottom panels: C9-ALS/FTD spinal cord. eIF4A1 (DAB, brown) and 

p62 (ImmPact) show generally good co-localisation between pathology types (black arrows, panels 1-

3). However some rare examples were seen of non-overlapping pathology formed in different cells with 

no evidence of co-localisation (black arrows, bottom panel). Scale bar = 25μm.  

 

In sALS and C9-ALS/FTD, there is strong co-localisation between p62 and eIF4A1 

inclusions. Although the majority of eIF4A1 inclusions in sALS and C9-ALS/FTD spinal 

cord were found to be p62-positive, some irregular examples were also seen in 

particular in C9-ALS/FTD cases. These included neurons that had eIF4A1-positive, 

p62-negative inclusions and vice versa (Figure 4.22, bottom panel).  
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4.5 Helicase immunohistochemistry in control and ALS brains 

 

Following investigations into eIF4A1 in spinal cord, immunohistochemistry was 

performed in other brain regions: the motor cortex, prefrontal and temporal lobes, 

hippocampus, and cerebellum. Helicases included in these studies were eIF4A1, 

eIF4A2, eIF4B, and eIF4H. For eIF4A1 and eIF4A2 immunohistochemistry, the spinal 

cord and motor cortex, five controls, five sALS and six C9-ALS/FTD cases were 

examined; for all other regions two controls, one sALS and three C9-ALS/FTD cases 

were examined. For eIF4B and eIF4H immunohistochemistry, two controls, one sALS 

and three C9-ALS/FTD cases were examined for all regions. 

 

In brief, eIF4A1 positive inclusions were not observed in any other brain regions than 

the spinal cord in any ALS or control case examined. No inclusions positive for eIF4A2, 

eIF4B or eIF4H were found in any region. Helicase staining patterns vary in intensity, 

but generally were found to show positive labelling in the cytoplasm with variable 

nuclear labelling. Overall, few differences were observed between control and ALS 

groups, those that were are noted in Table 4.1, which summarises 

immunohistochemistry results for each helicase across the six regions. 

Immunohistochemistry images for eIF4A1, eIF4A2, eIF4B and eIF4H can be found in 

the appendix section A in Figures 8.1 – 8.26. 
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Table 4.1 Summary of helicase immunohistochemistry across the spinal cord and CNS regions 

 Spinal Cord  Motor Cortex Frontal Lobe Temporal 
Lobe 

Hippocampus Cerebellum 

eIF4A1 Cytoplasmic 
and nuclear 
labelling of 
neurons, with 
eIF4A1 
positive 
cytoplasmic 
inclusions in 
sALS and C9-
ALS/FTD but 
not controls 

Cytoplasmic 
and variable 
nuclear 
neuronal 
staining with 
some 
extension into 
processes; 
variable glial 
labelling 

Weak 
cytoplasmic 
labelling with 
negative nuclear 
labelling in all 
cortical layers 

Weak 
cytoplasmic 
labelling with 
negative 
nuclear 
labelling in all 
cortical layers 

Positive labelling 
throughout CA1 – 
CA3 and the dentate 
gyrus. Clear 
cytoplasmic  and 
negative nuclear 
labelling of CA4 
hippocampal 
neurons 

Weak 
cytoplasmic 
staining in 
Purkinje cells 
with some 
extension into 
processes and 
generally 
negative nuclei 

eIF4A2 Strong labelling 
of neuronal 
cytoplasm and 
processes  

Cytoplasmic 
and axonal 
neuronal 
labelling 
throughout all 
cortical layers; 
positive glial 
nuclei labelling  

Cytoplasmic 
labelling of 
neurons in all 
cortical layers. 
Processes and 
blood vessel 
endothelial cells 
also show 
positive staining.  

Cytoplasmic 
labelling of 
neurons in all 
cortical layers. 
Processes 
and blood 
vessel 
endothelial 
cells also 
show positive 
staining. 

strong eIF4A2 
staining was seen in 
CA1, CA2, CA3 
pyramidal neurons 
and the dentate 
gyrus. CA4 
hippocampal 
neurons showed 
strong cytoplasmic 
staining and 
negative nuclear 
staining with some 
labelling of 
processes. Strong 
labelling was also 
seen throughout the 
granule cell layer of 
the hippocampus 

cytoplasmic 
eIF4A2 
labelling was 
seen in 
Purkinje 
neuron cell 
bodies and 
processes 

eIF4B Very weak 
staining in the 
neuronal 
cytoplasm with 
generally no 
labelling of the 
nucleus 

Weak staining 
of neuronal 
cytoplasm in 
all cortical 
layers. 
Negative 
neuronal 
nuclear 
labelling, with 
weak axonal 
staining and 
some positive 
glial cell nuclei 

Neurons in all 
cortical layers 
showed weak 
cytoplasmic 
labelling and 
variable nuclear 
staining. 
Observation of 
slightly stronger 
neuronal 
labelling in sALS 
and C9-
ALS/FTD cases 
compared to 
controls, where 
nuclear labelling 
was generally 
absent 

Positive 
cytoplasmic 
labelling, 
which 
appeared to 
be stronger in 
intensity than 
staining in the 
prefrontal 
lobe, and 
variable 
nuclear 
labelling 

Staining was 
minimal in CA1, 
CA3 and CA4 
regions; staining 
intensity was slightly 
greater in the CA2 
region. CA4 
hippocampal 
neurons showed a 
weak cytoplasmic 
staining pattern, with 
no labelling of the 
nucleus, neuronal 
processes, or glia. 
There was very 
weak labelling of 
cells of the dentate 
gyrus granule cell 
layer. 

Positive 
labelling was 
seen to a 
moderate 
strength in the 
Purkinje cell 
cytoplasm with 
limited 
extension into 
processes; 
staining was 
negative in the 
nucleus and 
weak in the 
granular layer.  

eIF4H Neurons of the 
dorsal and 
ventral horns 
were positive, 
with variable 
labelling of the 
nucleus. 
Positive 
labelling of 
neuronal 
processes, 
axons and glial 
cell nuclei were 
also seen. 

Cytoplasmic 
labelling and 
variable 
nuclear 
labelling was 
seen in 
neurons 
throughout all 
cortical layers, 
with variable 
glial cell 
labelling 

strong 
cytoplasmic and 
weak or absent 
nuclear labelling 
is seen in 
neurons in all 
cortical layers 

strong 
cytoplasmic 
and weak or 
absent 
nuclear 
labelling is 
seen in 
neurons in all 
cortical layers 

Positive labelling of 
cells throughout 
Ammon’s horn and 
the dentate fascia. 
CA4 hippocampal 
neurons showed 
strong cytoplasmic 
and nuclear labelling  

Weak-
moderate 
cytoplasmic 
and nuclear 
staining was 
seen in 
Purkinje cells, 
with variable 
staining of the 
granular layer  
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4.6 SRSF1 immunohistochemistry in control, sporadic ALS and C9-ALS/FTD 

post-mortem brain and spinal cord regions 

 

Next, brain and spinal cord regions were stained for SRSF1. In the spinal cord and 

motor cortex, five controls, five sALS and six C9-ALS/FTD cases were examined; for 

all other regions two controls, one sALS and three C9-ALS/FTD cases were examined. 

SRSF1 generally showed strong neuronal nuclear labelling with negative cytoplasmic 

labelling. Figures summarising SRSF1 immunohistochemistry in the motor cortex, 

prefrontal cortex, temporal lobe, hippocampus and cerebellum are shown in the 

appendix section A in Figure 8.27 – 8.31.  

 

In sALS and C9-ALS/FTD groups, SRSF1-positive glial labelling was seen in grey and 

white matter regions of the spinal cord, indicated by blue arrows in Figure 4.23. This 

labelling was seen in three of five sALS cases and four of six C9-ALS/FTD cases 

examined, but in none of the five control cases. The glial cell morphology suggests 

staining was seen in astrocytes and possibly microglia. Extensive staining of the 

neuropil was also seen, while controls showed no neuropil or glial labelling.  

 

This pattern of SRSF1 glial labelling continued in other brain regions examined. In C9-

ALS/FTD cases, strong SRSF1-positive cytoplasmic glial labelling was seen in large 

patches in all layers of the motor cortex, with a morphology suggestive of astrocytes 

(Figure 4.24). In total, motor cortex from five out of six C9-ALS/FTD cases showed 

evidence of SRSF1 glial cell labelling. Motor cortex from five controls and five sALS 

cases was also examined and no evidence of glial cell staining by SRSF1 was seen 

in any of them. 

 

In the white matter underlying the motor cortex, some similar glial cell labelling was 

seen, this time in both sALS and C9-ALS/FTD cases (Figure 4.25). No equivalent 
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staining was seen in any of the five controls. The glial cell morphology suggests 

SRSF1-positive staining was again seen in astrocytes. While there was some glial 

staining in sALS white matter (in contrast to the motor cortex, where there was none) 

the glial expression was greater in extent in C9-ALS/FTD than in sALS. For sALS white 

matter, two out of five cases showed strong evidence of SRSF1-positive glial staining, 

two had limited weak labelling, and one had none. In C9-ALS/FTD, six cases were 

examined and five showed SRSF1-positive glial cell labelling.  

 

Similar to the motor cortex, underlying white matter regions of the prefrontal cortex 

(Figure 4.26) showed SRSF1-positive glial cell staining in sALS and C9-ALS/FTD 

cases, albeit more subtle than in the motor cortex. The glial cell morphology again 

suggests the staining was seen in astrocytes. In controls, one case of the two 

examined showed similar glial staining in white matter, but the intensity was weaker 

and more restricted in the area affected. In C9-ALS/FTD, prefrontal lobe SRSF1 white 

matter staining was greater than sALS cases. 

 

In white matter underlying the temporal lobe (Figure 4.27) both sALS and C9-ALS/FTD 

showed SRSF1-positive glial cell labelling that was absent in controls. The morphology 

suggested SRSF1 labels astrocytes. Only two controls, one sALS and three C9-

ALS/FTD cases were examined in these regions, limiting any conclusions that can be 

drawn. The sALS case showed consistent SRSF1-positive glial cell staining in 

underlying white matter of the prefrontal cortex and temporal lobes. In the three C9-

ALS/FTD cases, two cases showed similar glial labelling across both areas, while one 

case showed no evidence of positive SRSF1 glial cell labelling in any area.  

 

In the CA4 subfield, hippocampal neurons showed a strong nuclear and negative 

cytoplasmic SRSF1 staining pattern. SRSF1 also shows very subtle labelling of glial 

cells in this region in controls and ALS cases (Figure 4.28). The glial cell morphology 

again suggested astrocyte labelling. In the cerebellum, control and ALS cases of both 
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groups showed strong nuclear labelling of SRSF1 in Purkinje cells and some granule 

cells while the cytoplasm and cell processes were negative.
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Figure 4.23 SRSF1 immunohistochemistry in control and ALS spinal cord. Top row: control; middle two rows: sporadic ALS; bottom two rows: C9-ALS/FTD. 

SRSF1 showed negative labelling of the neuronal cytoplasm and positive labelling of neuronal nuclei (black arrows) and glia (blue arrows) which have a 

morphology suggestive of astrocytes and possibly microglia. Scale bars left-right are 250μm, 100μm, 50μm, 25μm.  
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Figure 4.24 SRSF1-positive glial cell labelling in C9-ALS/FTD Motor Cortex. Images from two individuals with the C9ORF72 repeat expansion. C9-ALS/FTD 

cases showed strong glial labelling throughout all layers in large patches of the motor cortex; positive labelling of neuronal nuclei is also seen. Glial cell 

morphology appeared astrocytic. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 4.25 SRSF1-positive glial cell labelling in motor cortex underlying white matter Top row: control; middle rows: sporadic ALS; bottom rows: C9-

ALS/FTD. In sALS and C9-ALS/FTD cases, SRSF1 showed positive glial cell labelling (blue arrows) with a morphology suggestive of astrocytes. No similar 

glial cell SRSF1 staining was seen in controls. Scale bars left-right are 250μm, 100μm, 50μm, 25μm.  
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Figure 4.26 SRSF1-positive glial labelling in Prefrontal Cortex underlying white matter Top rows: control; middle rows: sporadic ALS; bottom rows: C9-

ALS/FTD. In sALS and C9-ALS/FTD cases, SRSF1 showed positive glial cell labelling (blue arrows) with a morphology suggestive of astrocytes. One control 

case showed similar glial cell SRSF1 staining. Scale bars left-right are 250μm, 100μm, 50μm, 25μm 
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Figure 4.27 SRSF1-positive glial labelling in Temporal Lobe underlying white matter Top row: control; middle rows: sporadic ALS; bottom rows: C9-

ALS/FTD. In sALS and C9-ALS/FTD cases, SRSF1 showed positive glial cell labelling (blue arrows) with a morphology suggestive of astrocytes and possibly 

micoglia. No similar glial cell SRSF1 staining was seen in controls. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 4.28 SRSF1 immunohistochemistry in control and ALS Hippocampal neurons. Top row: control; middle rows: sporadic ALS; bottom rows: C9-

ALS/FTD. SRSF1 showed positive CA4 hippocampal neuron nuclear labelling with negative cytoplasmic staining in all cases. Some very subtle glial cell SRSF1 

staining was also seen (blue arrows) with a morphology suggesting astrocytes. Scale bars left-right are 250μm, 100μm, 50μm, 25μm.
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4.7 eIF4A1 and eIF4A2 immunohistochemistry in C9-transgenic 

mouse spinal cord 

 

Following immunohistochemistry revealing the presence of eIF4A1-positive inclusions 

in human ALS spinal cord, the next aim was to investigate eIF4A1-positive 

pathological inclusions in FFPE spinal cord of transgenic C9ORF72 mutant mice. The 

aim of this work was to determine if the inclusions seen in the human brain were also 

present in a mouse model of the disease. Non-transgenic mice without the C9ORF72 

repeat expansion mutation were used as a control. eIF4A2 immunohistochemistry was 

also performed to establish the specificity of any eIF4A1-positive inclusions detected, 

and to be consistent with the work in human tissue. The same antibodies were used 

as previously shown for the staining in human tissue. However, immunostaining 

required re-optimisation as it was observed that staining intensity was dramatically 

higher in mouse than in human tissue under the same conditions. 

 

 

Figure 4.29 eIF4A1 immunohistochemistry in mouse spinal cord. Top row: non-transgenic; bottom 

row: C9-transgenic mouse; N=3 per group. eIF4A1 showed strong cytoplasmic and nuclear labelling of 

mouse motor neurons, with positive axonal and glial cell nuclei labelling also seen throughout the spinal 

cord. No evidence of eIF4A1-positive pathology was seen in any case. Magnification left-right: 10x, 20x, 

40x.  
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Figure 4.30 eIF4A2 immunohistochemistry in mouse spinal cord. Top row: non-transgenic; bottom 

row: C9-transgenic mouse; N=3 per group. eIF4A2 showed strong cytoplasmic and nuclear labelling of 

mouse motor neurons throughout the spinal cord. Neuronal processes and axons were also positive for 

eIF4A2. Variable labelling of glial cell nuclei was seen. There was no evidence of eIF4A2-positive 

pathology in any case. Magnification left-right: 10x, 20x, 40x.  

 

eIF4A1 and eIF4A2 immunohistochemistry showed strong cytoplasmic and nuclear 

staining throughout the spinal cord dorsal and ventral horn neurons. Labelling of 

neuronal processes, axons and glia was seen for both eIF4A1 and eIF4A2. No 

evidence of eIF4A1-positive neuronal cytoplasmic inclusions, or any other eIF4A1 or 

eIF4A2-positive pathology was seen, in any of the six mice used, including three C9-

transgenic and three non-transgenic mice.  

 

4.8  Chapter Summary and Discussion 

 

The purpose of this chapter was to characterise RAN-associated RNA helicases in 

post-mortem human tissue from ALS patients. Although immunohistochemistry had 

previously been reported in the literature in a number of tissue types across the field 

of cancer biology, investigations involving neurodegenerative disease, or the CNS 

were notably absent. The aim of this work was to establish the staining pattern, 
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distribution, and localisation of RAN-associated RNA helicases across the most 

disease-relevant areas in ALS and FTD. These comprise the spinal cord, motor cortex, 

prefrontal and temporal lobes, hippocampus, and cerebellum. ALS and ALS/FTD 

cases were compared to neurologically normal controls. Both C9-ALS/FTD and sALS 

cases were included to determine if any variations in staining pattern seen were 

specific to the C9ORF72 repeat expansion or to ALS more broadly. Although this 

thesis is focused on the C9ORF72 repeat expansion, establishing if any observed 

pathology is specific to the mutation or more generally applicable can provide useful 

insight into mechanisms underlying ALS.  

 

This chapter showed western blotting from frozen tissue and immunohistochemistry 

from FFPE tissue. The helicases examined were eIF4A1, eIF4A2, and co-factors 

eIF4B and eIF4H. DHX36 was included for western blotting only. SRSF1 was also 

included as it is of particular interest for our research group due to it being identified 

as necessary for repeat-containing C9ORF72 mRNA transcripts to exit the nucleus for 

RAN translation (Hautbergue et al., 2017) Therefore despite not being a helicase itself, 

SRSF1 is required for RAN translation to be able to take place. 

 

4.8.1 Investigations into novel eIF4A1-positive pathology in the ALS spinal cord 

 

The main finding was the existence of eIF4A1-positive inclusions in the cytoplasm of 

spinal cord motor neurons. These were found in every ALS case examined, but no 

controls, and no other regions apart from the spinal cord. Inclusions were not specific 

to the C9ORF72 repeat expansion and were also found in sALS cases. This has 

important implications for our understanding of the mechanisms underlying RAN 

translation, and the role of helicases in ALS generally. Not only is the first report of 

eIF4A1-positive pathology in ALS, but no other helicase has also been found to form 

pathological inclusions in any subtype of ALS or any other neurodegenerative 

condition.  
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This project is novel in its approach to eIF4A1 and eIF4A2: the literature thus far refers 

to eIF4A, treating the two isoforms interchangeably (Andreou & Klostermeier, 2013). 

The data in this chapter provide evidence for their divergence in that no eIF4A2-

positive inclusions were found in the spinal cord or any other brain regions, despite 

only differing from eIF4A1 by approximately 10 amino acids. This implies a level of 

functional difference between eIF4A1 and eIF4A2, which could be cell or tissue-

specific, or related to another factor entirely. Co-factors eIF4B and eIF4H also did not 

show any evidence of inclusion formation in any region.  

 

eIF4A1-positive inclusions were detected by an Abcam anti-eIF4A1 antibody which 

has been shown in the previous chapter to be highly reliable and specific at detecting 

eIF4A1. When eIF4A1 was depleted with shRNAs a specific partial knockdown of 

eIF4A1 only was shown at the1 protein level through western blotting. A less intense 

band of the expected size was seen showing a specific depletion for eIF4A1 only with 

no evidence of non-specific binding with eIF4A2. If eIF4A1 pathology was simply a 

non-specific interaction it might be expected that eIF4A2, being so structurally similar, 

would show similar pathology. The lack of eIF4A2 or control pathology provides 

confidence to support our identification of eIF4A1 as forming novel pathology in ALS 

spinal cord.  

 

Both sALS and C9-ALS/FTD groups were found to have eIF4A1-positive pathology in 

approximately 8% of lower motor neurons. No differences were found between 

diagnostic groups, suggesting eIF4A1-positive pathology may be applicable to ALS 

generally rather than specific to a subtype of the disease. An interesting further study 

would be to see if eIF4A1-positive inclusions could be detected in patients with other 

key ALS mutations such as in SOD1, FUS or TARDBP. There was no evidence of 

eIF4A1-positive staining in the DPR pathology of the hippocampus and cerebellum 
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that forms the unique hallmark of C9-ALS/FTD (Freibaum & Taylor, 2017), as no 

eIF4A1-positive inclusions were observed in these areas.   

 

4.8.2  eIF4A1 double staining with phosphorylated TDP-43 and p62 in the ALS 

spinal cord 

 

All eIF4A1-positive inclusions showed cytoplasmic localisation with a consistent 

morphology of thick thread or skein-like inclusions that resembled some ALS TDP-43 

inclusions. Compact inclusions, such as those that may be seen with TDP-43 

immunohistochemistry, were absent. Therefore, double staining was carried out to 

detect the extent of co-localisation between phosphorylated TDP-43 and eIF4A1-

positive pathology. Consistent co-localisation would suggest TDP-43 inclusions are 

sequestering cytoplasmic eIF4A1, rather than eIF4A1 forming an independent 

proteinopathy.  

 

Double staining results revealed that eIF4A1 pathology can form independently of 

TDP-43 pathology. This was evidenced by the existence of neurons showing either 

eIF4A1-positive, TDP-43-negative pathology and vice versa. In some cases, neurons 

were identified that contained both inclusion types that were not co-localised and 

instead were at opposite ends of the cytoplasm. In other cases, co-localisation was 

seen between eIF4A1 and TDP-43 pathology.  

 

Further double staining studies were performed between eIF4A1 and p62. Here, co-

localisation was observed in the clear majority of cases, but rare examples could be 

found where no co-localisation was seen. While eIF4A1-positive inclusions were 

generally p62-positive, eIF4A1 pathology was also able to form independently of p62.  

 

This work has focused primarily on the identification of eIF4A1-positive inclusions, first 

establishing that they are indeed specific to ALS and then attempting to determine if 
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they form independently or other key pathologies related to ALS, specifically TDP-43 

and P62. These key questions have been successfully answered by this work, with 

evidence that eIF4A1-positive inclusions are indeed able to form independently of 

TDP-43 and p62. However, it is not clear from this data how frequently this co-

localisation happens and to what extend eIF4A1-positive, TDP-43 or p62-negative 

inclusions are a rare occurrence. An important future step for this work will be to 

quantify frequency of co-localisation. Here, cases should be double stained for eIF4A1 

and TDP-43 or p62. Inclusions positive for eIF4A1, TDP-43 and p62 should be 

identified and counted individually. Next, numbers of eIF4A1 inclusions also positive 

for TDP-43 or p62 should be counted and calculated as a percentage of total eIF4A1-

positive inclusions. At least two blinded observers should perform this work with an 

inter-rater reliability calculation used to increase confidence in the data. However, due 

to the substantial variation within diagnostic groups observed thus far, it is essential to 

perform this analysis in a larger cohort that was available. As the aim of this double 

staining was to establish proof-of-principle that eIF4A1-positive, TDP-43 and p62-

negative inclusions were able to form, only two cases were used that had previously 

been identified as having a large burden of eIF4A1-positive inclusions. Therefore 

quantification of these results is beyond the scope of this thesis.  

 

4.8.3  eIF4A1 and eIF4A2 immunohistochemistry in C9-transgenic mouse spinal 

cord 

 

Following identification of eIF4A1-positive pathology in human post-mortem tissue, 

immunohistochemistry was carried out on the spinal cord of three C9-transgenic and 

three control mice. Mice used in this study were C9-500 BAC Transgenic mice as 

described by Liu and colleagues (Liu et al., 2016). The aim was to attempt to identify 

eIF4A1-positive pathology in this model, but none was seen in any of the six mice 

included in this study. The lack of identification raises several issues regarding this 

novel pathology. First, it suggests that development of eIF4A1-positive inclusions 
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could be a late-stage event in ALS. This is consistent with current literature on TDP-

43, where mis-localistion is thought to be a driver of early pathology (Suk & Rousseaux, 

2020). In mouse model of ALS, TARDBP mutant mice show early motor neuron 

pathology, indicating TDP-43 dose-dependent neurotoxicity (Ebstein et al., 2019). This 

suggests that TDP-43 may precede other types of pathology including these novel 

eIF4A1-inclusions. The mice in this study were sacrificed at only 7 months, which is 

considered the very earliest point at which the mice could be considered ‘aged’. The 

lack of mouse pathology may also reflect broader problems associated with this model 

or interspecies differences relating to eIF4A1, which are yet to be fully clarified. Mouse 

models are frequently used in ALS, but have been criticised for their lack of success 

in translation to the human disease and the development of effective therapies, which 

is discussed in depth by Morrice and colleagues (Morrice et al., 2018). In this study, 

antibodies that had been optimised in human tissue showed hugely over-saturated 

staining in mouse tissue under the same conditions, indicating higher relative 

expression of the protein possibly indicating functional differences between the 

species. Alternatively, there may have been differences in tissue processing that could 

account for the differences in staining intensity. This could include better preservation 

of the antigen in mouse tissue, due to the lack of post-mortem delay, better fixation 

techniques and more efficient perfusion of tissue with less proteolysis (Ramos-Vara & 

Miller, 2014). It is likely that these sources of variation contributed to the differences 

seen in mouse and human staining with the same antibody (Fritschy, 2008; Goodman, 

2018; Ivell et al., 2014). 

 

4.8.4  SRSF1 and RAN-associated RNA helicase immunohistochemistry in ALS 

spinal cord and CNS 

 

Aside from the spinal cord and motor cortex, immunohistochemistry was performed 

for eIF4A1, eIF4A2, eIF4B, eIF4H and SRSF1 on the prefrontal and temporal lobes, 

hippocampus and cerebellum. This has provided new insight into the previously 
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uncharacterised patterns of localisation and distribution across the CNS. RAN-

associated RNA helicases show a generally cytoplasmic localisation with variable 

nuclear staining which is consistent with their role as RAN translation initiation factors. 

Minimal differences in helicase staining patterns were observed between control and 

ALS groups in the regions examined. The current literature predominantly focused on 

helicase function rather than a comparison of expression of different helicases, so it is 

unclear if differential expression occurs in different organs or tissues. This would be 

an informative study to better understand different helicase staining patterns in the 

context of different tissues. 

 

Some additional further investigations could be made, for example looking at greater 

nuclear localisation of eIF4B in the ALS prefrontal cortex compared to controls. 

However, this would require blinded analysis, with a large case cohort than was 

available for this study to draw any conclusions.  

 

SRSF1, as a splicing factor, has a nuclear localisation with negative cytoplasmic 

staining pattern seen in neurons. In all regions examined this staining pattern is highly 

consistent. SRSF1 immunohistochemistry has also revealed particularly interesting 

patterns of glial staining, with extensive positive labelling seen in large patches of the 

motor cortex which is specific to C9-ALS/FTD. Although, similar glial labelling is seen 

in underlying white matter in both sALS and C9-ALS/FTD cases but not controls. There 

appeared to be more SRSF1 glial staining in C9-ALS/FTD than in controls; the next 

step for this study would be to perform blinded quantification of these regions and to 

use a glial marker to confirm the identity in a large number of cases. Further glial 

labelling, although much more subtle, was also seen in prefrontal cortex and temporal 

lobes in sALS and C9-ALS/FTD cases but not controls. Very weak glial SRSF1 

labelling was also seen in the hippocampus although there was also some evidence 

of positive staining in one of two control cases examined. No glial marker was used to 

confirm glial identity in any region, but staining patterns indicate an astrocytic 
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morphology. This staining was only seen in a very small number of cases, limiting the 

reliability of these results, so future studies should focus initially on expanding this 

cohort. 

 

SRSF1 labelling was expected to be restricted to the nucleus based on previous 

studies using SRSF1 immunohistochemistry in the field of cancer biology, where 

generally strong nuclear expression of SRSF1 was seen (G. Broggi et al., 2021; G. A.-

O. Broggi et al., 2021). In addition SRSF1 was found to mediate the assembly of 

nuclear speckles and other transcription-related activities in the nucleus (Tripathi et al., 

2012). Therefore, this pattern of glial cytoplasmic staining was unexpected. The 

antibody used for immunohistochemistry has previously been used for western blotting 

of cultured cells, providing confidence on the quality and specificity of the antibody 

(Kurien & Scofield, 2017). It is possible that the labelling is not specific and instead the 

antibody is detecting another protein upregulated by reactive astrocytes that is more 

abundant in ALS cases than controls. However, the most prominent areas of SRSF1-

positive glial labelling were in large patches of the motor cortex in C9-ALS/FTD cases 

only. This exclusivity provides additional confidence in the results, as if the labelling 

was not specific it would be expected to occur in a range of cases across diagnostic 

groups. An additional western blot on cultured astrocytes would be an important next 

step to help validate the results of these studies.  It is possible that SRSF1 is 

upregulated in ALS cases compared to controls. If this is the case it has important 

mechanistic implications for ALS, which are further explored in chapter six of this 

thesis.  

 

4.8.5  Western blots of eIF4A1, eIF4A2 and eIF4H in frozen ALS spinal cord and 

motor cortex 

 

Western blotting was carried out on frozen spinal cord and motor cortex tissue to 

detect any changes in protein expression between control and ALS groups. 
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Investigations were carried out into use of α-tubulin as a loading control, which was 

found to show too much variability between individuals to be reliably used Figure 4.7. 

Instead, TUJ1 or β-actin were found to be more consistent. In the literature, standard 

loading controls such as α-tubulin have been highlighted as having several serious 

drawbacks, and that in future total protein should be used as an alternative control in 

these studies (Moritz, 2017). 

 

In frozen spinal cord, blots probed for eIF4A1 showed significantly greater levels in 

C9-ALS/FTD groups compared to controls. sALS cases had intermediate levels 

between C9-ALS/FTD and controls but did not differ from them significantly. In the 

motor cortex, no difference in eIF4A1 or eIF4A2 expression in controls and ALS 

groups was seen.  

 

Antibodies against eIF4B, DHX36 and SRSF1 did not detect any western blot signal 

in spinal cord. It is possible that other commercially available antibodies may have 

been successful in detecting these proteins, but no exhaustive list was screened due 

to limited resources of this project in terms of costs and time available. Therefore, only 

one or two antibodies previously used by the Hautbergue lab in molecular biology 

applications were tested. The anti-DHX36 antibody was viable for use in motor cortex 

but eIF4B and SRSF1 western blotting was not possible in either region. These 

antibodies were used successfully to detect these proteins for immunohistochemistry 

from FFPE tissue, albeit with a very weak staining intensity for eIF4B. The failure to 

detect SRSF1 or eIF4B using these antibodies in western blots from frozen human 

post-mortem tissue may reflect the conditions in which these frozen samples have 

been collected and stored. Samples from FFPE tissue may have been better 

preserved whereas degradation may have occurred in frozen tissue samples. Antigens 

for immunohistochemistry are more likely to remain in their tertiary 3-dimensional 

structure than in western blots, which may explain why the antibody is effective for one 

application and not the other (Fritschy, 2008; Goodman, 2018; Ivell et al., 2014; Kurien 
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& Scofield, 2017). Antibodies had also been previously successfully used for western 

blots from HEK293 cells. Cultured cells benefit from a high level of consistency in 

terms of preparation and storage compared to frozen human tissue samples. Cultured 

cell samples are unlikely to be stored long-term and in different circumstances, 

therefore benefiting from consistency and less likelihood of degradation, unlike post-

mortem samples for immunohistochemistry, where substantial variability can arise 

from tissue processing methods (Ramos-Vara & Miller, 2014). 

 

Alternative antibodies were tested, but no working antibody was found. It was 

considered that these proteins may be expressed at such a low level as to be 

undetectable when 30μg protein was loaded, but even when 100μg was loaded no 

signal was detected through western blotting. As these proteins were successfully 

detected with immunohistochemistry, it is likely that the lack of signal with western 

blotting was due to the antibodies available rather than very low expression of the 

target protein. In the motor cortex, DHX36 expression shows no significant difference 

between controls and ALS groups.  

 

eIF4H was successfully detected on western blots from both spinal cord and motor 

cortex. eIF4H showed significantly lower levels in both regions in both ALS groups 

compared to controls (45 to 50 % in sALS and 60 to 75% in C9-ALS/FTD). This was 

not reflected in eIF4H immunohistochemistry, which showed strong staining 

throughout many regions. It is unclear why this discrepancy has arisen and may reflect 

technical errors during immunohistochemistry such as over-saturation of the eIF4H 

primary antibody that may have required further optimisation. The eIF4H antibody had 

previously been validated for molecular biology techniques shown earlier in this thesis 

and had shown no evidence of non-specific binding. eIF4H staining was not quantified 

and although the staining intensity did not appear to differ from control cases, analysis 

of DAB staining intensity as described in several publications may reveal more subtle 

differences that are hard to distinguish by eye (Crowe & Yue, 2019; Rizzardi et al., 
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2012). Although the same cases were used during western blotting and 

immunohistochemistry, the former used frozen tissue while the latter used FFPE tissue, 

which may also contribute to observed differences. In a recent paper, eIF4H was also 

found to be down-regulated in both post-mortem human tissue and patient-derived cell 

lines in patients with the G4C2 repeat expansion mutation compared to healthy 

controls (Goodman et al., 2019), adding confidence to the western blot results shown 

in this thesis. Immunohistochemistry was not used in these investigations. Instead, 

western blotting was used in patient-derived cell lines and showed a 47.5% reduction 

in eIF4H levels in four independent cell lines from C9-ALS/FTD patients compared to 

controls.  This was confirmed by qPCR in cerebellar tissue from 66 C9-ALS/FTD 

patients and 22 controls, which also showed a drop in eIF4H levels in C9-ALS/FTD 

patients. Next, semi-quantitative analysis of eIF4H immunohistochemistry from these 

regions should be performed, ideally on a larger cohort, to determine if staining results 

and western blotting results are consistent in showing lower levels of eIF4H associated 

with ALS, and if this also applies to other brain regions.  

 

In both spinal cord and motor cortex, substantial differences were seen in different 

cases, both within and between diagnostic groups. There are several factors which 

could contribute to this, for example the post-mortem delay which varies from 5 to 96 

hours, full details of which can be found in Table 2.22. Other factors that can influence 

staining results include the fixation and storage of tissue, and variability in preservation 

of the antigen and proteolysis (Boenisch, 2004; Ramos-Vara & Miller, 2014; Werner 

et al., 2000).    

 

4.8.6  Limitations associated with the use of post-mortem tissue 

 

Like all research methods, the use of post-mortem human tissue has several 

limitations. Although it provides the unique opportunity to examine the brains of 

individuals who have died of ALS or ALS/FTD, it is, by definition, the end-stage of the 
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disease. Therefore, it does not provide the chance to track development of pathologies 

such as the eIF4A1-positive inclusions detected here, or the increased SRSF1 glial 

expression. It also has a large survivorship bias, as any neurons remaining at the point 

of the patient’s death will be those with the lowest pathological burden. Neurons with 

the most toxic components or pathologies will likely die early in the course of the 

disease and this could lead to a misinterpretation of the actual pathologies driving 

disease when researchers examine post-mortem tissue. It also highlights the debate 

that has continued for many years in the field of neurodegenerative disease research, 

regarding the nature of protein aggregates and if they are inherently toxic or reflect an 

attempt at a protective mechanism by the cell (Baloh, 2011). Therefore, the 

assessment of eIF4A1 pathology burden may not accurately reflect the true 

progression of the disease. The small numbers of cases used in this study present 

problems with meaningful quantitative analysis, especially given the high 

heterogeneity between individuals both within and between diagnostic groups. Large-

scale population level cohorts should be established to enable collections of post-

mortem tissue on a greater scale, for statistical analysis to establish differences 

between RAN-associated RNA helicase immunohistochemistry.  
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5 Manipulating RAN translation factors as potential gene 

therapeutic targets in C9-ALS/FTD 

5.1 Background, aims and rationale 

 

In chapter 3, tools were developed to target key helicases involved in the initiation of 

RAN translation: eIF4A1, eIF4A2, eIF4B and eIF4H. This has enabled specific 

reduction of their expression or helicase activity, and this resulted in a corresponding 

decrease in DPR production by RAN translation. This chapter will explore the 

therapeutic potential of targeting RNA helicases known to be involved in the initiation 

of general translation, in the context of the C9ORF72 repeat expansion in ALS/FTD. 

The aim was to test the toxicity of helicase partial knock down in a HEK293T cell model: 

if helicases are viable as a therapeutic target, it is essential to rule out any off-target 

effects or any potential harm associated with targeting them in this way. Toxicity was 

tested associated with mammalian and lentiviral expression of shRNAs targeting these 

helicases as shown in the first results chapter. We hypothesised that knocking down 

individual helicases is non-toxic in HEK293T cell models, while targeting multiple 

helicases simultaneously is likely be toxic due to the impact on canonical translation. 

We hypothesised that because RAN translation happens at a lower rate than canonical 

translation, the level at which our shRNAs reduce helicase expression means RAN 

translation of DPRs can be effectively reduced, thus alleviating DPR induced toxicity 

while preserving essential canonical translation.  

 

Next, further experiments were performed with shRNAs and eIF4A1/eIF4A2 helicase 

mutants described in chapter 3. We have previously shown that both the use of 

shRNAs and helicase mutants is effective at reducing DPR production, next we aimed 

to determine if this is associated with rescuing a cytotoxic phenotype caused by DPRs 

in HEK293T cell models of C9-ALS/FTD. We hypothesised that both shRNAs and 

helicase mutants could alleviate toxicity induced by the C9ORF72 repeat expansion, 
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through preventing RAN translation of DPRs. The next aim was to replicate these 

results in a more disease-relevant models. First, patient derived astrocytes in co-

culture with healthy mouse motor neurons; this model is well-established to show a 

neurodegenerative phenotype associated with mixing healthy motor neurons with 

diseased astrocytes. This model system is outlined in full by Varcianna and colleagues    

(Varcianna et al., 2019). Second, data is shown from an in vivo Drosophila model of 

C9-ALS/FTD. We hypothesised that knock down of helicases in both these models 

would reduce RAN translation of DPRs thereby rescuing the neurotoxic phenotype.  

 

Chapter 4 showed characterisation of RNA helicases in post-mortem human brain and 

spinal cord tissue from control, sALS and C9-ALS/FTD patients. This chapter showed 

for the first time the existence of a novel eIF4A1 positive proteinopathy in the spinal 

cords of ALS patients, but not controls. Double staining of post-mortem spinal cord 

tissue provided evidence that showed that eIF4A1 pathology can be TDP-43 positive. 

However, some exceptions exist of eIF4A1-positive, TDP-43-negative inclusions, 

suggesting TDP-43 pathology is not necessary for the formation of eIF4A1-positive 

inclusions. Here, the relationship between eIF4A1 and TDP-43 pathology was 

explored further in a patient-derived neuronal model. Through immunofluorescence 

staining of control, sALS and C9-ALS/FTD cell lines, we investigated cellular 

localisation of eIF4A1 and TDP-43 pathology.  

 

5.2 Exploring cytotoxicity associated with shRNA helicase depletion in 

HEK293T cell models of C9-ALS/FTD 

5.2.1 shRNAs specifically targeting eIF4A1, eIF4A2, eIF4B and eIF4H are not 

associated with cytotoxicity in HEK293T cells 

 

First, we explored the impact of the LV-shRNAs targeting helicases eIF4A1, eIF4A2, 

eIF4B and eIF4H on HEK293T cytotoxicity. LV-shRNAs were purchased from Origene 
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as described in chapter 3. Cytotoxicity was measured using MTT assays, which use 

cell proliferation and viability as an indirect measure of toxicity. MTT assays have been 

used in research for many years and are based on the reduction of the MTT reagent, 

a tetrazolium salt, by the metabolic activity of proliferating cells. This leads to the 

production of the dark blue formazan which is then measured by spectrophotometry 

(Mosmann, 1983) (Berridge & Tan, 1993). MTT reduction is carried out in the 

mitochondria and therefore this assay provides a measure of cell viability through 

mitochondrial function (Lobner, 2000). Cell proliferation was normalised to that of a 

control shRNA with a scrambled sequence. Additionally, we used non-transfected cells 

as an additional control. Use of this control allowed us to establish to what extent the 

process of transfection caused a fall in cellular proliferation, compared to what could 

be attributed to the impact of shRNAs themselves. 

 

 

Figure 5.1 MTT assay for LV-shRNAs targeting eIF4A1, eIF4A2, eIF4B or eIF4H. Cell proliferation 

assay of HEK293T cells transfected for 72 hours with control or helicase shRNAs. Performed with three 

biological replicates; Mean ± SEM; one-way ANOVA with Tukey’s corrections for multiple comparisons; 

NS: not significant. 
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Figure 5.1 shows that in HEK293T cells transfected with Origene LV-shRNAs, 

compared to control shRNA there was no significant toxicity as measured by 

decreases in cell proliferation. Each helicase has two shRNA options which were 

tested, with the exception of eIF4A1 shRNA, where only one option was available. No 

significant change in cell proliferation was associated with either option. For eIF4A1, 

a downwards trend in cell proliferation was observed which was distinct from other 

helicases, indicating a fall of 25%; however, this was not a statistically significant fall.  

 

5.2.2 pENTR-shRNAs are associated with cytotoxicity in HEK293T cells only 

when multiple helicases are targeted simultaneously. 

 

After establishing that there is no cytotoxicity associated with LV-shRNAs, which target 

eIF4A1, eIF4A2, eIF4B and eIF4H, we next tested pENTR-shRNAs for eIF4A1, 

eIF4A2 and eIF4B. Additionally pENTR-eIF4A1 + 4A2 shRNA, which enabled testing 

the impact of knocking down multiple helicases simultaneously. MTT assays were 

carried out, using cell proliferation decreases as a measure of cytotoxicity. As 

previously described, controls were untransfected cells and a scrambled shRNA 

without a protein target. 
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Figure 5.2 MTT assay for pENTR-shRNAs targeting eIF4A1, eIF4A2, eIF4A1+4A2 and eIF4B. Cell 

proliferation assay of HEK293T cells transfected with control or helicase shRNAs. Performed with three 

biological replicates. Mean ± SEM; one-way ANOVA with Tukey’s correction for multiple comparisons; 

NS: not significant; ****: p<0.0001.  

 

Figure 5.2 shows that in HEK293T cells, pENTR-shRNAs knocking down eIF4A1, 

eIF4A2, or eIF4B were non-toxic compared to control shRNA, as measured by cell 

proliferation. However, when a shRNA was used targeting both eIF4A1 and eIF4A2 

simultaneously, there was a highly significant reduction in cell proliferation. 

Knockdown of both helicases resulted in a fall in cell proliferation of 50% compared to 

control shRNA.  

 

5.2.3 Partial depletion of helicases is associated with mild cellular stress 

 

Following MTT assays we used examination of stress granules as an additional 

measure of cellular stress. Stress granules are a type of transient ribonucleoprotein 

body that assembly through LLPS in response to cellular stress. Under chronic stress 

they can become persistent and are thought to act as a site of aggregation for various 
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ALS-related proteins (Dudman & Qi, 2020). HEK293T cells were treated with toxins 

sodium arsenate, or BLF1. BLF1 is a bacterial toxin which functions to inactivate eIF4A 

via deamidation of glutamine 339, thereby leading to widespread cellular translational 

arrest (Rust et al., 2018). Cruz and colleagues describe the discovery and role of BLF1, 

called Bpsl1549 (Cruz-Migoni et al., 2012). This was therefore used as an 

accompaniment to our strategy, as an alternative method to investigate the effects of 

helicase depletion. For this study, siRNAs were used as opposed to shRNAs. Cells 

were treated with siRNAs targeting eIF4A1, eIF4A2, and eIF4B individually, and then 

simultaneously as eIF4A1 + eIF4A2, eIF4A1 + eIF4B, or eIF4A2 + eIF4B siRNAs; or 

they were treated with toxins sodium arsenate or BLF1. Stress granules were 

measured and calculated as a percentage of total cells, with cells classed as having 

1-2 stress granules, or more than 2. Two controls were used, first a control siRNA with 

a scrambled, non-targeting sequence. Secondly untransfected cells were used as a 

control to establish the baseline stress level associated with transfection or treatment 

of any kind. Immunofluorescence was also carried out to visualise stress granule 

formation in cells treated with the toxins or siRNAs targeting eIF4A1 and eIF4A1 + 

eIF4A2. TIAR1 was used as a stress granule marker. This experiment enabled 

exploration of the link between stress granule formation and translational stalling.  
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Figure 5.3 Partial depletion of eIF4A1, eIF4A2 and eIF4B causes only mild stress granule 

formation. (A) shows immunofluorescence of HEK293T cells either untreated or transfected with toxins 

sodium arsenate or BLF1, eIF4A1 siRNA, or eIF4A1 + eIF4A2 siRNA. The left column shows the 

nucleus stained by DAPI, the middle column shows stress granule marker TIAR1, the right column 

shows the merged image. (B) shows breakdown of stress granules as a % of total in cells either 

untreated, or treated with sodium arsenate, BLF1, or helicase siRNAs. Blue represents % of cells with 

1-2 stress granules, orange represents % of cells with greater than two stress granules. This experiment 

was carried out by Dr. Lydia Castelli.  
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Figure 5.3 B shows that as expected, cells treated with sodium arsenate or BLF1 

showed a large increase in the percentage of cells with more than two stress granules. 

This can also be seen using immunofluorescence staining for TIAR1 in Figure 5.3 A. 

For sodium arsenate, 50% of total cells were stress granule positive, while for BLF1 it 

was 45%. Furthermore, these cells showed an increase in proportion of number of 

stress granules, with over 80% of positive cells treated with sodium arsenate showing 

more than 2 stress granules. For BLF1 treated cells, over 50% of the stress granule 

positive cells were found to have more than 2 stress granules. In contrast in untreated 

cells, fewer than 10% of cells contained any stress granules, and of those that did 

more than half contained 1-2 stress granules only. A modest increase in stress granule 

formation was seen associated with all siRNA transfections, including control siRNA 

which did not deplete helicases or any other target protein. Control and helicase 

siRNAs all led to an increase in total stress granule positive cells to be between 10 

and 20%. The large majority of these cells were classed as only having one stress 

granule, with a much smaller proportion classed as having more than 2 stress granules, 

indicating mild stress only. This was the case regardless of whether helicases were 

targeted individually or simultaneously. eIF4A2 siRNA was associated with the largest 

formation of stress granules, with 20% of total cells stress granule positive. Of this, 

approximately 60% were classed as having 1-2 stress granules.  

 

5.3 Investigating the effects of partial depletion of helicases on alleviation of 

DPR-induced toxicity 

5.3.1 Partial depletion of helicases with shRNAs rescues cytotoxic effects of 

sense and antisense C9ORF72 repeat expansion 

 

Following investigations into toxicity associated with knockdown of helicases 

themselves, we moved on to investigate the ability of helicase depletion to rescue 

C9ORF72 induced toxicity in HEK293T cell models of C9-ALS/FTD. Cells were co-
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transfected with sense or antisense G4C2/C4G2 repeats and pENTR-shRNAs 

targeting eIF4A1, eIF4A2, eIF4B or eIF4A1 + eIF4A2. A scrambled sequence shRNA 

was used as a control. Cells not treated with DPRs were used as an additional control, 

to ensure any observed toxicity was due to the repeat expansion itself and subsequent 

DPR production. Toxicity was measured using an MTT assay of cell proliferation.  

 

 

Figure 5.4 MTT assays of HEK293T cells co-transfected with helicase shRNAs and sense or 

antisense DPRs. HEK293T cells were transfected for 72 hours with V5-tagged sense G4C2x45 (A) or 

antisense C4G2x45 (B) repeat transcripts and either control-shRNA or shRNAs targeting eIF4A1, 

eIF4A2, eIF4A1 + eIF4A2, or eIF4B. Performed with three biological replicates; results were quantified 

in triplicate; mean ± SEM; one-way ANOVA with Tukey’s correction for multiple comparisons. **: p<0.01, 

***:p<0.001, ****: p<0.0001.  

 

Figure 5.4 shows that in HEK293T cells co-transfected with control shRNA and either 

sense or antisense DPRs, there is a significant fall in cell proliferation of 50% 

compared to cells without DPRs. In cells where helicases have been partially depleted 

by shRNAs, this toxicity is rescued, with cell proliferation returned back to the level of 

the no DPR control. This is seen only when targeting individual helicases, i.e. eIF4A1, 

eIF4A2 or eIF4B shRNAs. When a shRNA is used targeting eIF4A1 and eIF4A2 

simultaneously, the alleviation of toxicity as measured by cell proliferation is not seen. 
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Instead, cell proliferation remains decreased by 50%, equivalent to the control shRNA. 

Results are highly consistent between cells transfected with sense and antisense 

DPRs.  

 

5.3.2 Non-functional helicase mutants rescue cytotoxic effects of sense and 

antisense C9ORF72 repeat expansion 

5.3.2.1 Q340E / Q339E Mutants 

 

Next, helicase mutants eIF4A1 Q339E and eIF4A2 Q340E were used, to test if these 

were also associated with rescue of the cytotoxic phenotype associated with sense 

and antisense DPRs. As described in chapter 3, these have a mutation in their helicase 

domain rendering their RNA helicase activity non-functional. HEK293T cells were co-

transfected with V5-tagged sense or antisense DPR repeats, and either normal or 

mutant eIF4A1 or eIF4A2. Cell proliferation was used as a measure of toxicity, and 

results were normalised to those of a control which was untreated with DPRs. 

Additionally, a FLAG plasmid control was used to determine baseline toxicity 

associated with co-transfection with DPRs without any alterations to helicases.  
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Figure 5.5 MTT Assays of HEK293T cells co-transfected with helicase mutants and sense or 

antisense DPRs. HEK293T cells were transfected for 72 hours with V5-tagged sense G4C2x39 (A) or 

antisense C4G2x39 (B) repeat transcripts and either a FLAG control, normally functioning eIF4A1 or 

eIF4A2, or mutant eIF4A1 Q339E or eIF4A2 Q340E. Performed with three biological replicates. Results 

were quantified in triplicate; mean ± SEM; one-way ANOVA with Tukey’s correction for multiple 

comparisons. NS: not significant, *:p<0.05,***:p<0.001 

 

Figure 5.5 shows results from HEK293T cells co-transfected with sense or antisense 

DPRs and functional or mutant eIF4A1 and eIF4A2. Cells co-transfected with a FLAG 

control plasmid and sense or antisense DPRs showed a large decrease in cell 

proliferation, of approximately 40%. In cells co-transfected with DPRs and normally 

functioning helicases, this fall in cell proliferation is also seen, of between 40-50%. 

Results are largely consistent between sense and antisense DPRs, although the cell 

proliferation decrease for antisense DPRs reaches a higher level of statistical 

significance. For cells co-transfected with sense or antisense DPRs and eIF4A1 or 

eIF4A2 mutants, toxicity is rescued with cell proliferation increasing to the point where 

there is no statistically significant difference between these cells and that of the control 

which lacks DPRs. There is a clear trend towards a greater alleviation of toxicity 
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associated with antisense DPRs than sense, for both eIF4A1 Q339E and eIF4A2 

Q340E. 

 

5.3.2.2 PRRVAA mutants 

 

Next, similar experiments were conducted using PRRVAA mutants, which have a 

mutation in their ATP-binding domain. As before, HEK293T cells were co-transfected 

with V5-tagged sense or antisense DPR repeats, and either normal or mutant eIF4A1 

or eIF4A2. Cell proliferation was used as a measure of toxicity, and results were 

normalised to those of a control which was untreated with DPRs. Again, a FLAG 

plasmid control was used to determine baseline toxicity associated with co-

transfection with DPRs without any alterations to helicases. 

 

 

Figure 5.6 MTT Assays of HEK293T cells co-transfected with RNA binding mutants and sense 

or antisense DPRs. HEK293T cells were transfected for 72 hours with V5-tagged sense G4C2x39 (A) 

or antisense C4G2x39 (B) repeat transcripts and either a FLAG control, normally functioning eIF4A1 or 

eIF4A2, or mutant eIF4A1 PRRVAA or eIF4A2 PRRVAA. Performed with three biological replicates.  

Results were quantified in triplicate; mean ± SEM; one-way ANOVA with Tukey’s correction for multiple 

comparisons. NS: not significant, *:p<0.05, **: p<0.01, ***:p<0.001 
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Figure 5.6 shows results from HEK293T cells co-transfected with sense or antisense 

DPRs and functional or mutant eIF4A1 and eIF4A2. Cells co-transfected with a FLAG 

control plasmid and sense or antisense DPRs showed a large decrease in cell 

proliferation, of approximately 50%. In cells co-transfected with DPRs and normally 

functioning helicases, this fall in cell proliferation is also seen of approximately 50%. 

The exception to this was associated with normally functioning eIF4A2 and sense 

DPRs, where only a small fall in cell proliferation was seen which was not statistically 

significant. For cells co-transfected with sense or antisense DPRs and eIF4A1 or 

eIF4A2 PRRVAA mutants, toxicity is rescued with cell proliferation increasing to the 

point where there is no statistically significant difference between these cells and that 

of the control which lacks DPRs. There is no difference in alleviation of toxicity 

associated with antisense DPRs than sense, for both eIF4A1 and eIF4A2 PRRVAA 

mutants.  

 

5.3.3 Effects of partial depletion of helicases in mouse motor neurons and 

patient-derived astrocyte co-cultures  

 

Following investigations in HEK293T cell models of C9-ALS/FTD, healthy mouse 

motor neurons in co-culture with patient-derived astrocytes were used. This model 

allowed for investigations of motor neuron survival and ALS astrocyte-mediated 

neurotoxicity (Meyer et al., 2014); (Hautbergue et al., 2017) (Varcianna et al., 2019). 

Cells were transfected with shRNAs targeting eIF4A1, eIF4A2, eIF4B and eIF4H for 

72 hours. Next, iAstrocytes were added to the motor neuron cultures and cells were 

imaged and motor neuron count assessed. After 48 hours of growth, cells were re-

imaged. The use of this live-cell imaging allowed for differences in motor neuron 

counts to be analyzed, to determine the effects of adding astrocytes on motor neuron 

survival.  
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In addition to transfection with helicase shRNAs, SRSF1 miRNA was used as SRSF1 

has been of particular interest in this study, and results presented in the previous 

chapter indicate it may have an upregulation or activation in astrocytes that is relevant 

in ALS. As a control, a miRNA that did not target any helicases for depletion was used. 

Motor neuron survival for cells with partial helicase depletion was normalized to that 

of the control. Initially, only one control patient and one C9-ALS patient line was used, 

with preliminary results shown in Figure 5.7, below.  

 

Figure 5.7 Partial depletion of eIF4A1, eIF4A2, eIF4B and eIF4H on healthy mouse motor neurons 

and patient-derived astrocyte co-cultures. Preliminary data showing one control patient line and one 

C9-ALS patient line. Cells were transfected with helicase shRNAs and motor neuron survival normalised 

to that of a control miRNA. This experiment was performed by Dr. Ya-Hui Lin and additional replicates 

are currently being undertaken.  

 

In these initial experiments shown in Figure 5.7, results are generally consistent with 

previous HEK293T cell work, with one notable exception of eIF4A1. In the control 

patient line, SRSF1 miRNA and eIF4A2, eIF4B, and eIF4H shRNA have a very modest 
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impact on motor neuron survival, or no effect at all compared to control miRNA. 

Whereas eIF4A1 shRNA leads to a 50% decrease in motor neuron survival. In the C9-

ALS patient line, SRSF1 miRNA and eIF4A2, eIF4B and eIF4H shRNAs are 

associated with a substantial increase in motor neuron survival compared to the 

control miRNA. eIF4B shRNA is associated with the largest increase, of nearly 300%. 

This indicates that following addition of iAstrocytes, motor neuron cultures were able 

to continue growing to a great extent and when treated with eIF4B shRNA in particular 

their survival was enhanced. This was determined by analysis of motor neuron counts 

immediately upon addition of iAstrocytes and comparing this to motor neuron counts 

following 48 hours of growth. In contrast eIF4A1 shRNA leads to a 50% fall in motor 

neuron survival compared to control miRNA. 

 

5.3.4 Effects of partial depletion of eIF4A1 and eIF4A2 in a Drosophila model of 

C9-ALS/FTD 

 

The final investigations around the effects of partial helicase depletion were carried 

out in a Drosophila model of C9-ALS/FTD. Here, eIF4A was targeted for partial 

depletion with no differentiation made between eIF4A1 and eIF4A2.  
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Figure 5.8 Effects of partial depletion of eIF4A in Drosophila. (A) shows larvae where peristatic 

waves/ 2 minutes are used as a measure of a neurodegenerative phenotype; (B) shows adult flies 

where climbing index is used as a measure of a neurodegenerative phenotype. NS: not significant, ***: 

p<0.001, ****: p<0.0001. This experiment was performed by Dr Alvaro Sanchez-Martinez in Dr 

Alexander Whitworth’s lab (University of Cambridge).  

 

Figure 5.8 results from a Drosophila model with a C9ORF72 G4C2 repeat expansion 

of 36 repeats, resulting in locomotor deficits in both larvae and adults, indicating a 

neurodegenerative phenotype. In larvae this is measured through peristatic waves / 2 

minutes, in adults it is measured by climbing index. Control Drosophila were used with 

only 3 G4C2 repeats, and these did not show the neurodegenerative phenotype 

associated with the repeat expansion. Depletion of eIF4A by 50% rescued these motor 

deficits in both larvae and adults indicating that in ALS in vivo and in vitro models, 

helicase depletion alleviates C9ORF72 linked neurodegeneration.  

 

5.4 Detection of eIF4A1 positive pathology in patient-derived neuronal lines 

 

For the final set of experiments, three patient-derived neuronal lines were used: one 

control, one sALS and one C9-ALS/FTD. Details of cell lines used can be found in 

materials section 2.1.1. We used immunofluorescence staining first to detect TDP-43. 
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Our aim was to ensure the antibodies we intended to use were specific to C-terminus 

TDP-43 or the phosphorylated TDP-43 associated with ALS pathology. TUJ1 was 

used as a neuronal marker. For all cases, results from only one biological replicate 

were given, as the intention was primarily to demonstrate proof-of-principle regarding 

cellular localization and presence of pathology for eIF4A1.  

 

 
Figure 5.9 Cellular distribution of TDP-43 in healthy controls, sALS and C9-ALS/FTD patient-

derived neurons. Representative immunofluorescence images are shown for each neuronal line using 

antibodies against an epitope in the C-terminal domain of TDP-43 (red), or the pan-neuronal marker 

TUJ1 (green). DAPI stained the nucleus in blue. Cells were grown by Dr. Ya-Hui Lin and all 

immunofluorescence staining by Bridget Benson. 
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Figure 5.10 Enlarged merged images of cellular distribution of C-terminal TDP-43 in healthy 

controls, sALS and C9-ALS/FTD patient-derived neurons. Close-up of Figure 5.9 merged 

immunofluorescence images, shown for controls (top panel) sALS (middle) and C9-ALS/FTD (bottom) 

neuronal lines using antibodies against C-terminal TDP-43 (red) and pan neuronal marker TUJ1 (green). 

DAPI stained the nucleus in blue.  
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As expected, Figure 5.9 shows C-terminus TDP-43 with a nuclear localisation; this can 

be seen in the merge image co-localised with DAPI. In control neurons, we would 

anticipate the majority of TDP-43 to be detected by this C-terminus antibody rather 

than the pathologically, phosphorylated form. This is reflected in Figure 5.9 which 

shows substantial staining in control neurons of C-terminus TDP-43. This is retained 

in sALS, but predominantly lost in C9-ALS/FTD neurons, seen in the bottom panel of 

Figure 5.9. Here, we see minimal C-terminus TDP-43 signal and only a few cells 

showing co-localisation with DAPI staining indicating the presence of nuclear C-

terminal TDP-43.  

 

 

Figure 5.11 Cellular distribution of phosphorylated TDP-43 in healthy controls, sALS and C9-

ALS/FTD patient-derived neurons. Representative immunofluorescence images are shown for each 

neuronal line using antibodies against phosphorylated TDP-43 (red), or the pan-neuronal marker TUJ1 

(green). DAPI stained the nucleus in blue. White arrows indicated phosphorylated TDP-43 inclusions. 

Cells were grown by Dr. Ya-Hui Lin and all immunofluorescence staining by Bridget Benson.  
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Figure 5.12 Enlarged merged images of cellular distribution of phosphorylated TDP-43 in 

healthy controls, sALS and C9-ALS/FTD patient-derived neurons. Close-up of Figure 5.11 merged 

immunofluorescence images, shown for controls (top panel) sALS (middle) and C9-ALS/FTD (bottom) 

neuronal lines using antibodies against phosphorylated TDP-43 (red) and pan neuronal marker TUJ1 

(green). DAPI stained the nucleus in blue. White arrows indicate TDP-43 pathology.  
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Figure 5.11 shows immunofluorescence staining of pathological, phosphorylated TDP-

43. Together with Figure 5.9 we show our antibodies are detecting distinct forms of 

TDP-43, as here we see the cytoplasmic localization of phosphorylated TDP-43, in 

contrast to the nuclear localization of C-terminus TDP-43. In sALS and C9-ALS/FTD 

neurons, but not controls, phosphorylated TDP-43 forms cytoplasmic inclusions which 

appear as small spherical structures. These are indicated by white arrows in Figure 

5.11. Next, we used immunofluorescence to determine if eIF4A1-positive pathology 

can be detected in these neuronal lines, consistent with results from post-mortem 

human tissue. TUJ1 was again used as a neuronal marker. We also stained for eIF4A2, 

expecting to see no inclusions consistent with post-mortem immunostaining. 

 

 

Figure 5.13 Cellular distribution of eIF4A1 in healthy controls, sALS and C9-ALS/FTD patient-

derived neurons. Representative immunofluorescence images are shown for each neuronal line using 

antibodies against eIF4A1 (red), or the pan-neuronal marker TUJ1 (green). DAPI stained the nucleus 

in blue. White arrows indicate eIF4A1 inclusions. Cells were grown by Dr. Ya-Hui Lin and all 

immunofluorescence staining by Bridget Benson.  
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Figure 5.14 Inclusion formation eIF4A1 in sALS and C9-ALS/FTD patient-derived neurons. Close-

up of Figure 5.13 merged immunofluorescence images, shown for sALS (left) and C9-ALS/FTD (right) 

neuronal lines using antibodies against eIF4A1 (red) and pan neuronal marker TUJ1 (green). DAPI 

stained the nucleus in blue. White arrows indicate eIF4A1-positve pathology. Cells were grown by Dr. 

Ya-Hui Lin and all immunofluorescence staining by Bridget Benson. 

 

Figure 5.13 confirms that eIF4A1 positive inclusions are detectable in patient-derived 

sALS and C9-ALS/FTD neurons, but not controls. A larger version of eIF4A1-positive 

inclusions from Figure 5.13 is shown in Figure 5.14. Similarly to TDP-43 pathology, 

eIF4A1 inclusions are cytoplasmic and appear as brightly stained spherical structures. 

White arrows in Figure 5.13 and 5.14 show the location of eIF4A1 positive pathology. 

It was observed they tended to be larger in the sALS line, but more numerous in the 

C9-ALS/FTD line.  

 

Figure 5.15 shows that eIF4A2 immunofluorescence staining revealed a cytoplasmic 

localisation, with no pathological inclusions observed in the control, sALS or C9-

ALS/FTD case.  
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Figure 5.15 Cellular distribution of eIF4A2 in healthy controls, sALS and C9-ALS/FTD patient-

derived neurons. Representative immunofluorescence images are shown for each neuronal line using 

antibodies against eIF4A2 (red), or the pan-neuronal marker TUJ1 (green). DAPI stained the nucleus 

in blue. Cells were grown by Dr. Ya-Hui Lin and all immunofluorescence staining by Bridget Benson.  
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Figure 5.16 Enlarged Merged images showing cellular distribution of eIF4A2 in healthy 

controls, sALS and C9-ALS/FTD patient-derived neurons. Close-up of Figure 5.15 merged 

immunofluorescence images, shown for sALS (left) and C9-ALS/FTD (right) neuronal lines using 

antibodies against eIF4A2 (red) and pan neuronal marker TUJ1 (green). DAPI stained the nucleus in 

blue.  

 

Following single immunofluorescence staining, which established the specificity of our 

TDP-43 antibodies and the expected staining pattern of helicases eIF4A1 and eIF4A2, 

we carried out double staining. This was between phosphorylated TDP-43 and eIF4A1, 

to determine if pathological inclusions co-localize in these neuronal lines. Double 

staining between phosphorylated TDP-43 and eIF4A2 was carried out as a control to 

confirm novel pathology is specific to eIF4A1 in these cell lines.  
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Figure 5.17  Cellular distribution of phosphorylated TDP-43 and eIF4A1 in healthy controls, sALS 

and C9-ALS/FTD patient-derived neurons. Representative immunofluorescence images are shown 

for each neuronal line using antibodies against eIF4A1 (red) and phosphorylated TDP-43 (green). DAPI 

stained the nucleus in blue. White arrows indicate inclusions. Cells were grown by Dr. Ya-Hui Lin and 

all immunofluorescence staining by Bridget Benson.  
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Figure 5.18 Inclusion formation eIF4A1 in sALS and C9-ALS/FTD patient-derived neurons. Close-

up of Figure 5.17 merged immunofluorescence images, shown for sALS (left) and C9-ALS/FTD (right) 

neuronal lines using antibodies against eIF4A1 (red) and phosphorylated TDP-43 (green). DAPI stained 

the nucleus in blue. White arrows indicate TDP-43 or eIF4A1-positve pathology. Cells were grown by 

Dr. Ya-Hui Lin and all immunofluorescence staining by Bridget Benson. 

 

Figure 5.17 shows the extent of co-localisation between phosphorylated TDP-43 and 

eIF4A1. Both TDP-43 and eIF4A1 pathology is visible in sALS and C9-ALS/FTD 

neurons but not controls, with a close-up image shown in Figure 5.18. Generally, 

pathology positive for TDP-43 or eIF4A1 is not present in the same neuron. However, 

on rare occasions both inclusion types are found in the same neuron, we see evidence 

that the pathology is not co-localized. Inclusions are visualized as small, bright 

spherical cytoplasmic structures, indicated by the white arrows in Figure 5.17 and 5.18. 

In sALS neurons, shown on the left panel of Figure 5.18, there is a rare example of a 

neuron with both inclusion types. Here, the center neuron has two distinct inclusions 

within the cytoplasm positive for phosphorylated TDP-43 and eIF4A1. These are 

clearly distinct and non-overlapping.  TUJ1, a commonly used neuronal marker, also 

appears to show inclusions. As a key component on the microtubule network (Mariani 

et al., 2019) it is likely that these are staining artifacts arising from pathological 
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disruption to the complex cytoskeleton network. However, further investigation is 

required to rule out any additional implications. 

 

 

Figure 5.19 Cellular distribution of phosphorylated TDP-43 and eIF4A2 in healthy controls, sALS 

and C9-ALS/FTD patient-derived neurons. Representative immunofluorescence images are shown 

for each neuronal line using antibodies against eIF4A2 (red) and phosphorylated TDP-43 (green). DAPI 

stained the nucleus in blue. White arrows indicate TDP-43 inclusions. Cells were grown by Dr. Ya-Hui 

Lin and all immunofluorescence staining by Bridget Benson.  
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Figure 5.20 Cellular distribution of phosphorylated TDP-43 and eIF4A2 in healthy 

controls, sALS and C9-ALS/FTD patient-derived neurons. Close-up of Figure 5.19 merged 

immunofluorescence images, shown for sALS (left) and C9-ALS/FTD (right) neuronal lines using 

antibodies against eIF4A2 (red) and phosphorylated TDP-43 (green). DAPI stained the nucleus in blue. 

White arrows indicate TDP-43-positve pathology.  

 

Finally, Figure 5.19 shows results of co-staining between phosphorylated TDP-43 and 

eIF4A2. Consistent with results seen in post-mortem human tissue, eIF4A2 does not 

form any cytoplasmic inclusions in any patient neuronal line. TDP-43 pathology is 

indicated with white arrows.  

 

5.5 Chapter Summary and Discussion 

5.5.1 Investigating cytotoxic effects linked to partial depletion of RAN-

associated RNA helicases  

 

In this final results chapter, we completed our experiments on RNA helicases through 

exploration of their associated toxicity and ability to alleviate a neurodegenerative 

phenotype in in vitro and in vivo models of C9-ALS/FTD. This work is with a view 

towards use of these helicases as therapeutic targets. First, we used MTT assays, 
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which use cell proliferation as a measure of cytotoxicity. We showed that shRNA 

designed to partially deplete helicases are non-toxic in that they do not significantly 

decrease cell proliferation compared to control shRNA in a transfected HEK293T cell 

model of C9-ALS/FTD. As well as initiation of RAN translation, eIF4A1, eIF4A2, eIF4B 

and eIF4H are responsible for initiation of canonical translation. A potential pitfall in 

targeting helicases with shRNAs was that if the depletion was too large, the cell’s 

ability to carry out canonical translation of essential proteins would be blocked which 

would certainly result in cell death. Therefore, as an initial step in designing a 

therapeutic strategy, it was crucial to rule out the inherent toxicity associated with any 

depletion of helicases. First, we showed that targeting individual helicases through 

either LV- or pENTR- shRNAs did not induced cytotoxicity as measured via a cell 

proliferation assay. As shown in Figure 5.1 LV- eIF4A1 shRNA results in a fall in cell 

proliferation of approximately 25% compared to control shRNA but this was not 

statistically significant. This may reflect the central role of eIF4A1 in initiation of both 

canonical and RAN translation. If eIF4A1 is the key helicase required to initiate 

translation, the cell is likely to be particularly sensitive to its depletion. This is consistent 

with work investigating the effects of BLF1, which abolishes the helicase activity of 

eIF4A and was found to be cytotoxic in cell culture and lethal when given to mice 

(Cruz-Migoni et al., 2012). However, this paper does not differentiate between eIF4A 

isoforms which may account for the toxicity seen. There are fewer studies looking at 

knockdown of eIF4A1 but not eIF4A2, although some from the field of cancer biology 

reveal that eIF4A1 knockdown is associated with decreased cell proliferation, cell 

cycle arrest and apoptosis (Liang et al., 2017; Zhang et al., 2022). Further studies are 

needed to establish the effect of eIF4A1 knockdown in the context of 

neurodegeneration, but these findings are consistent with eIF4A1’s status as a key 

initiator where depletion will have profound effects on the cell’s translational abilities. 

It remains to be seen if this is a more profound effect than knockdown of eIF4A2 and 

not eIF4A1.  
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Alternatively, there may be increased off-target effects and subsequent toxicity 

associated with the LV-eIF4A1 shRNA in particular, as the pENTR-eIF4A1 shRNA 

does not show the same trend towards toxicity, as shown in Figure 5.2.  

 

5.5.1.1 Cytotoxicity associated with partial depletion of multiple RAN-associated 

RNA helicases  

 

Figure 5.2 also reveals that if two helicases, eIF4A1 and eIF4A2, are targeted 

simultaneously for partial depletion, a significant level of toxicity as measured by cell 

proliferation is seen. Again, this is likely to be reflective of the importance of these 

helicases in initiating RAN translation, with depletion of two helicases representing too 

large of a deficit for the cell to overcome to maintain canonical translation, thereby 

leading to cell death. This is an interesting and potentially challenging aspect of this 

therapeutic strategy, in that a balance must be found between depletion of helicases 

to a great enough extent to halt RAN translation, while maintain canonical translation 

to a sufficient level for the cell to function properly with no associated cytotoxicity. A 

better understanding of the exact roles of each helicase in RAN and canonical 

translation initiation is required for this to be possible, as is a greater understanding of 

the cells ability to take a flexible approach to translation and compensate 

mechanistically for the loss of any one helicase. It may be the case that eIF4A1-shRNA 

has the greatest associated toxicity simply because the cell is less able to compensate 

for the loss of eIF4A1 function than it is for any other helicase. For this set of 

experiments, we used shRNA targeting eIF4A1 and eIF4A2 together. Further 

experiments that could be carried out could target more combinations of helicase. For 

example, to see the relative effects on cell proliferation of eIF4A1 + eIF4A2 shRNA 

compared to eIF4A1 + eIF4B shRNA. This would provide evidence about the relative 

importance of each helicase in translation initiation and suggest any possible 

compensatory mechanisms that may exist.  
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5.5.1.2 Stress granule formation as a measure of toxicity associated with partial 

depletion of RAN-associated RNA helicases  

 

Throughout these studies, MTT cell proliferation assays were used as a measure of 

toxicity. Future studies could include a translatome analysis that would provide a 

clearer picture of the impact on canonical translation in cells with depleted helicases. 

Some examples of methods for translatome analysis and other related techniques are 

reviewed in full (King & Gerber, 2016; Stark et al., 2019). We have added a further 

investigation into cellular stress through investigating TIAR1 stress granule formation 

associated with helicase depletion. As shown in Figure 5.3, cells treated with sodium 

arsenate show frequent stress granules indicative of severe cellular stress. This is also 

the case for cells treated with eIF4A inhibitor BLF1, showing total arrest of the eIF4A 

initiation complex results in severely stressed cells. This is in contrast to partial 

depletion of helicases, which results in only small increases in stress granule formation 

indicating mild stress associated with this strategy. Interestingly, unlike MTT assay 

results, targeting multiple helicases simultaneously did not result in an increase in 

stress granule formation compared to targeting individual helicases for depletion. 

siRNAs targeting multiple combinations of helicases were used, including eIF4A1 + 

eIF4A2, eIF4A1 + eIF4B, and eIF4A2 + eIF4B. No substantial differences in stress 

granule formation were associated with any combination.  

 

The depletion most associated with stress granule formation was eIF4A2 siRNA. While 

this has not been reported before in the literature, another paper has made a link 

between eIF4A2 and stress granule formation through sumoylation (Jongjitwimol et al., 

2016). Here, sumoylation of eIF4A2 occurs on a single residue and increased 

recruitment to stress granules occurs in response to aresnite treatment, but decreases 

in response to hippuristanol, an inhibitor of eIF4A1 and eIF4A2. Interestingly, the 

opposite effect was found for eIF4A1 highlighting the functional divergence between 

these two proteins in the context of stress granule dynamics. Blocking sumoylation of 
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eIF4A2 impairs stress granule formation indicating this process plays a key role in the 

stress response. 

 

5.5.1.3 Partial depletion of RAN-associated RNA helicases rescues DPR-induced 

deficits in vitro and in vivo 

 

The final set of MTT assays were used to determine the ability of partial helicase 

depletion to rescue a neurodegenerative phenotype associated with the C9ORF72 

repeat expansion. Two strategies were used as described in chapter 3: pENTR-

eIF4A1, eIF4A2, or eIF4A1 + 4A2 shRNAs, and eIF4A1 Q339E / eIF4A2 Q340E 

mutants. HEK293T cells were co-transfected with shRNAs and either sense or 

antisense DPRs. A control shRNA was used to establish the level of cell proliferation 

deficits associated with the DPR production; this was approximately 50%. A further 

control was included with no transfected DPRs. When helicases were depleted 

individually with shRNAs, these cell proliferation deficits rose to the equivalent level of 

the control cells which were not transfected with DPRs. The exception to this was 

eIF4A1 + eIF4A2 shRNA, where no rescue of cell proliferation deficits was seen. For 

helicase mutants, similar results were observed. In cells co-transfected with mutant 

helicases and DPRs, cell proliferation deficits were alleviated to the level equivalent to 

control. Over-expressed normally functioning helicases were not associated with any 

increases in cell proliferation. Overall, these results provide strong evidence to support 

helicases as a necessary component of DPR production by RAN translation. When 

helicase levels are reduced, either through shRNA depletion, or because a mutation 

has rendered them non-functional, cells have reduced ability to initiate RAN translation 

and produce cytotoxic DPRs. Therefore, with reduced levels of helicases the 

degenerative phenotype associated with the C9ORF72 repeat expansion is alleviated. 

When using shRNAs, results are highly consistent between cells transfected with 

sense and antisense DPRs. This consistency was not seen with the helicases mutants. 

Instead, cells co-transfected with helicase mutants and sense DPRs showed a modest 
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rescue of toxicity compared to those transfected with antisense DPRs. This may reflect 

the specific mechanism of the mutation, or it may suggest there could be some 

alterations in RAN translation associated with sense and antisense transcripts that is 

worthy of further investigation. If antisense transcripts are more prone to forming 

secondary structures, they may be more reliant on helicases for RAN translation 

initiation, and therefore lack of functional helicases will cause a greater alleviation of 

toxicity. This may not have implications for development of a treatment strategy in that 

several groups have identified arginine rich DPRs as the most toxic species in C9-

ALS/FTD (Radwan et al., 2020). Arginine rich DPRs are produced from both sense 

and antisense transcripts, so any viable treatment strategy would likely require 

targeting of both sense and antisense DPR production.  

 

In this chapter, we wanted to introduce a more disease-relevant disease model in 

addition to previous work carried out in HEK293T cells. Therefore, we next carried out 

in vitro studies of patient-derived astrocytes in co-culture with healthy mouse motor 

neurons. It is well established that mixing these cell types induces neurodegeneration 

in the originally healthy motor neurons. We carried out a preliminary motor neuron 

survival assay on one control and one C9-ALS/FTD patient cell line, investigating the 

impact of helicase depletion in these cells. While this work requires further 

experimental evidence, initial results indicate that helicase depletion with shRNAs is 

neuroprotective in this model, in particular eIF4B depletion. However, only one control 

and patient line were used so definitive conclusions cannot yet be drawn from this 

work. Interestingly, the exception to this is eIF4A1 depletion, which showed no 

associated neuroprotection. This is inconsistent with earlier data provided from 

HEK239T cell models which showed that partial depletion of eIF4A1 was able to 

rescue the toxic phenotype associated with the C9ORF72 repeat expansion. The lack 

of neuroprotection associated with eIF4A1 depletion in this model suggests it is 

unlikely to be a suitable target for a therapeutic strategy in C9-ALS/FTD. The reason 

for this is not clear yet, as the roles for eIF4A1 and eIF4A2 remains largely unexplored 
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in neurons. However, it is likely that it affects the neuron’s ability to undertake 

canonical translation, possibly indicating a lesser role for eIF4A2 or eIF4B compared 

to eIF4A1. As previously discussed, whole-translatome studies are required to 

establish the exact nature of the impact on translation ability (King & Gerber, 2016; 

Stark et al., 2019).  

 

Alternatively, differences in neuroprotection conferred by eIF4A1 depletion may simply 

reflect alterations in its role in HEK293T cells compared to cells of the CNS. These 

data could suggest that there are alterations in helicase function associated with 

different cell types, and that this should be considered when choosing appropriate 

disease models for these studies. Better understanding of these mechanistic 

differences in RAN translation initiation in different cell types is crucial to establish for 

future work in this area. It is not yet clear if all types of RAN translation rely on the 

same helicases, or if different helicases are required to initiate RAN translation in 

different contexts. This may be due to differences in mitotic capability in each cell 

population: post-mitotic neurons may show some alterations in the helicases that 

initiate RAN translation compared to HEK293T cells.  

 

The final set of experiments centering around the ability of helicase depletion to rescue 

a neurodegenerative phenotype came from in vivo studies using a C9-ALS/FTD 

Drosophila model. Here, neurodegeneration in larvae was measured through 

peristaltic waves and adults through climbing ability. In both cases, depletion was of 

eIF4A1 and eIF4A2. No toxicity was observed associated with only 3 G4C2 repeats, 

but a degenerative phenotype was associated with 36 G4C2 repeats. This was 

alleviated through partial depletion of eIF4A in both larvae and adults. This is just an 

initial set of experiments that does not differentiate between eIF4A1 and eIF4A2, so it 

is limited in what it can suggest about any functional divergence between these 

helicases, or which one may be a more viable treatment strategy. However, in 
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combination with in vitro data it provides clear evidence that partial depletion of some 

helicases rescues neurodegeneration consistently, in multiple models of C9-ALS/FTD.  

 

5.5.2 Characterization of eIF4A1-positive inclusions in control and ALS patient-

derived neuronal lines  

 

Finally, this chapter shows immunofluorescence staining of control, sALS and C9-

ALS/FTD patient derived neuronal lines. The purpose of these studies was to provide 

additional evidence to support post-mortem data, following the discovery of novel 

eIF4A1 pathology in ALS spinal cord. With immunohistochemistry, we showed that 

eIF4A1 positive inclusions frequently co-localised with TDP-43 pathology, but that 

formation of eIF4A1 pathology was not dependent on TDP-43, evidenced by examples 

where pathology did not co-localise. These examples were infrequent, and 

immunofluorescence staining was used to provide additional evidence exploring the 

co-localization of eIF4A1 and TDP-43 inclusions. First, we performed single 

immunofluorescence staining for both C-terminal and phosphorylated TDP-43. C-

terminal TDP-43 was found to a large extent in controls as expected. It appeared that 

more C-terminal TDP-43 was found in sALS cases compared to C9-ALS/FTD, where 

very little C-terminal TDP-43 staining was seen in the nucleus. It was expected that 

both sALS and C9-ALS/FTD cases would have little C-terminal TDP-43 staining, and 

that most TDP-43 would be in its phosphorylated mislocalised form as this is 

considered the classic pathological hallmark of ALS (Neumann et al., 2006). It is 

unclear if this variation in cell distribution between sALS and C9-ALS/FTD is a 

meaningful result or simply a reflection of technical variation in how the cells were 

cultured and stained. Further biological replicates would be required to establish this 

as these experiments included only one patient cell line per diagnostic group.  
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Next, we were able to establish that eIF4A1 inclusions are detectable in both sALS 

and C9-ALS/FTD cell lines. This is promising for future experiments into this novel 

pathology in in vitro models. We observed that in the majority of cases, TDP-43 and 

eIF4A1 pathology did not appear within the same cell. In the rare occasions that they 

did appear together, some examples could be found indicative of co-localization 

between the different inclusions. However, co-localization is not always seen, as in 

Figure 5.18, where an example is shown of a single cell with distinct, non-overlapping 

inclusions positive for TDP-43 and eIF4A1. This is consistent with post-mortem data 

and provides strong evidence that although inclusions can co-localize TDP-43 is not 

required for formation of eIF4A1 pathology. As this immunofluorescence work was 

carried out with the intention of demonstrating proof-of-principle that eIF4A1 pathology 

could be observed in vitro, and independently of TDP-43 pathology, only one biological 

replicate was used. As such, no quantification has been carried out regarding the 

percentage of eIF4A1-positive inclusions that form independently of TDP-43. An 

important next step for this project will be to introduce quantitative analysis. With a 

minimum of three biological replicates, numbers of TDP-43 and eIF4A1-postive 

inclusions should be counted in these cell lines, and the percentage of co-localisation 

calculated between the two inclusion types. 

 

5.5.3 Conclusions 

 

Overall, in this chapter we have shown data providing some insight into mechanisms 

of RAN translation initiation by helicases in multiple models of C9-ALS/FTD. We have 

shown evidence to support use of helicases as a viable therapeutic strategy, including 

that depletion of individual helicases is non-toxic and only induces mild cellular stress. 

We show that depleting helicases or use of non-functional helicase mutants is able to 

rescue the toxic phenotype associated with C9-ALS/FTD both in vitro and in vivo. This 

supports our initial hypothesis that helicases are necessary for initiation of RAN 

translation and that targeting them is a viable way to reduce DPR production and their 
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associated toxicity. In the final chapter of this thesis, we will review all evidence 

presented thus far and explore in more depth its implications for a therapeutic strategy 

surrounding targeting of helicases.  
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6 Discussion and Conclusions  

6.1 Overview of project aims and hypothesis  

 

The main hypothesis for this project was that targeting helicases involved in translation 

initiation would confer potential novel therapeutic strategies of neuroprotection in C9-

ALS/FTD through preventing RAN translation of neurotoxic DPRs. This final 

discussion and conclusions chapter will review the main findings of this project, 

discuss to what extent the work presented supports the original hypothesis adding key 

findings to the scientific literature, and explore next steps for this research. The 

helicases included in this project were eIF4A1, eIF4A2, their co-factors eIF4B and 

eIF4H, and DHX36 although the latter was restricted to initial cell work only. 

Additionally, the section of the project characterising RAN translation factors in post-

mortem human brain and spinal cord was expanded to include splicing factor SRSF1 

due to its crucial role in the production of DPRs. 

 

This work contributes new knowledge to the field in a number of ways: although other 

groups have successfully targeted proteins involved in translation initiation as a way 

to prevent RAN translation of DPRs in C9-ALS/FTD (Cheng et al., 2019; Goodman & 

Bonini, 2019), this is the first time such an approach has been explored for the 

selective targeting of eIF4A1 and eIF4A2 isoforms as well as their co-factors. The 

project takes a novel approach through including both sense and antisense DPRs, as 

the majority of work into RAN translation in C9-ALS/FTD has focused on DPRs derived 

from sense transcripts only. Additionally, eIF4A1 and eIF4A2 were investigated as 

separate isoforms, in contrast to other groups working on these helicases. This 

approach came to fruition especially during the post-mortem tissue section of the work 

where eIF4A1, but not eIF4A2-positive inclusions were found in ALS spinal cord motor 

neurons. This is the first time this novel pathology has been reported, and the first time 

any member of the eIF protein family of eukaryotic translation initiation factors has 

been reported as able to aggregate in any neurodegenerative disease.  
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This work was carried out with clinical translation in mind. The project hypothesis was 

formulated with a view to making targeting helicases the core of a future therapeutic 

strategy in C9-ALS/FTD, and this translational approach has informed the direction of 

the work. Overall, the goals for this project have been achieved in that this work has 

demonstrated that targeting these helicases can successfully reduce DPR production 

without conferring toxicity. This work could form the basis for future studies continuing 

to explore the viability of this approach for treating C9-ALS/FTD.  

 

6.2 Targeting RNA helicases reduces DPR production in cell models of C9-

ALS/FTD 

 

The initial aim for the project to develop tools to target helicases. A series of shRNAs 

were cloned into various vectors for testing on pre-clinical cell models of C9-ALS/FTD. 

First a simple HEK293T cell model was used followed by a more disease-relevant 

model of healthy mouse motor neurons in co-culture with patient-derived astrocytes. 

shRNAs were tested for their ability to deplete their target protein at both protein and 

mRNA level through western blotting and RT-qPCR. In addition, helicase dead 

mutants for eIF4A1 and eIF4A2 were used as a way to test the impact of non-functional 

helicase activity without reducing overall helicase expression. Targeting helicases 

through shRNAs or use of RNA helicase dominant negative mutants was associated 

with reductions in both sense and antisense DPRs.  

 

For helicase mutants and shRNAs, there was no substantial difference in the relative 

decrease in levels of sense vs antisense DPRs. This may indicate shared mechanisms 

in their production, at least relating to helicase activity. Loss of RNA helicase activities 

of eIF4A1 and eIF4A2 mutants is associated with loss of DPR production, indicating 

that unwinding the secondary structures of C9ORF72-repeat transcripts is critical to 

RAN translation as postulated in the hypothesis.  
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Use of shRNAs has also provided clear evidence for eIF4B’s role in RAN translation, 

as depleting this helicase consistently led to falls in DPR production. In initial 

experiments using mammalian expression of shRNAs designed in the lab, DPR levels 

decreased by approximately 50% - 70%. There was no single helicase that stood out 

as leading to a greater fall in DPR production when depleted with shRNAs, instead 

they all resulted in similar levels of DPR production decreases. Unexpectedly, 

eIF4A1+eIF4A2 shRNA did not cause a greater decrease in DPR production than 

eIF4A1 or eIF4A2 shRNA alone. Unfortunately, there is a lack of published data 

looking at other combinations of double helicase knock-downs, although this would be 

a very informative future study to carry out. This intriguing result suggests a high level 

of flexibility associated with RAN translation initiation, functional redundancy or some 

tissue or cell-specific differences between eIF4A1 and eIF4A2 helicase activity. 

Alternatively, poor efficacy of shRNAs or poor transfection efficiency. This informed 

the purchases of commercial LV plasmids, as they had a guaranteed efficacy.  

 

Over expression of wild-type RNA helicases showed no increase in RAN translation 

of DPRs, demonstrating that although they are necessary for RAN translation initiation, 

they are not the rate-limiting step. Work on other helicases shows contrasting results, 

for example that increasing expression of helicase DDX3X reduces DPR production 

(Cheng et al., 2019). Cells were treated with the small molecular RK-33 which inhibits 

DDX3X’s helicase activity and RAN translation products showed a dose-dependent 

increase despite no change in overall DDX3X levels. Similarly to the eIF4A1 and 

eIF4A2 helicase mutant work shown in this thesis, this provides strong support to the 

hypothesis that it is the helicase activity specifically that modulates RAN translation. 

Therefore, it is this helicase activity in particular that should be targeted for any future 

therapeutic approach, rather than some other activity or feature of this class of proteins. 

That helicase activity is necessary also informs a therapeutic approach as it shows 

that RNA secondary structures are an essential factor influencing RAN translation 
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initiation. Cheng and colleagues performed genome-wide CRISPR/Cas9 screens in 

human cells to identify DDX3X as a modifier of RAN translation without effecting global 

protein synthesis.  This has important implications for this project as it demonstrates 

a proof-of-principle that interventions targeting helicases can impact RAN translation 

while preserving canonical translation. The contrary action to eIF4A and its co-factors 

also highlights the crucial need to better understand the action of helicases and their 

multiple roles and modes of action in the context of RAN translation as a crucial step 

in designing an effective therapeutic strategy.  

 

Unlike the data presented in this thesis, whereby depletion of eIF4A, eIF4B, eIF4H 

and DHX36 activity reduced RAN translation of DPRs, in the case of DDX3X its activity 

is required for repression of RAN translation. Instead of reducing DPR production, 

reducing DDX3X increases DPR production and associated toxicity. Elevating DDX3X 

levels reduces DPRs, alleviates associated toxic effects and improves survival in C9-

ALS/FTD patient cells (Cheng et al., 2019). Interestingly, changes to DDX3X levels 

did not lead to changes in cell proliferation, apoptosis, increased stress granule 

formation or elevated phospho-eIF2α in a reporter HeLa cell model. This suggests 

DDX3X’s effects on RAN translation are not linked to the ISR (Cheng et al., 2018). 

Cheng and colleagues have suggested that DDX3X alters repeat RNA structures to 

prevent RAN translation occurring (Cheng et al., 2019). This is contrary to a previously 

proposed mechanism that DDX3X destabilises secondary structures to promote 

translation (Soto-Rifo et al., 2012). Interestingly, this was found to not be mediated 

through G-quadruplexes and may instead be through other structures such as hairpins. 

A recent study reported that hairpin structures are involved in RAN translation of C9-

G4C2 repeat RNA (Wang et al., 2019a). This is unlike other closely related helicases 

such as DHX36. DHX36 was found to act as a strong positive regulator of RAN 

translation and shows preferential binding to G4C2 repeat RNA G-quadruplexes. 

DHX36 promotes RAN translation through resolving these G-quadruplexes (Liu et al., 

2021) which is consistent with the findings in this thesis that show DHX36 depletion 
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reduces DPR production. Liu and colleagues also found DHX36 was elevated in 

patient tissues. Western blots from frozen human motor cortex in this thesis showed 

a slight increase in DHX36 levels in ALS compared to control samples but cannot be 

said to support Liu’s findings as this did not reach statistical significance. This may be 

attributable to significant variation in samples arising from lack of consistency in tissue 

collection, processing and storage, and should be repeated with a larger cohort to 

provide a more definitive result.  

 

DDX3X was found to bind directly to G4C2 sense repeats, but not C4G2 antisense 

repeats (Cheng et al., 2019). This is of particular relevance to this work, as most of the 

published literature only considers sense DPRs and neglects antisense. Cheng’s work 

demonstrates that production of sense and antisense DPRs do have different 

underlying mechanisms. Additionally, another study looking at DHX36 found that 

C4G2 antisense RNA does not form G-quadruplexes and does not interact with 

DHX36 (Liu et al., 2021). While the sense and antisense results were more consistent 

in this thesis, some subtle differences were seen that should be investigated further in 

light of these findings. Liu’s work is in contrast to some of the results relating to DHX36 

in chapter 3, for example shRNA-induced depletion of DHX36 led to statistically 

significant decreases in both sense and antisense DPR production. If Liu’s findings 

are correct DHX36 must have an additional mechanism through which it reduced 

antisense DPRs, for example through resolution of another secondary structure other 

than G-quadruplexes. It may be the case that the helicases involved in this project, or 

other RAN-associated helicases, have different modes of action on sense and 

antisense transcripts. This adds an extra layer of complexity in understanding RAN 

translation as helicases may show differential activity either promoting or inhibiting 

RAN translation as well as differences associated with sense or antisense transcripts. 

It may also be the case that eIF helicases, DDX3X, and others may modulate DPR 

levels in a manner that varies depending on region or cell type. This may have 

important implications for use of targeting helicases in a therapeutic strategy. This is 
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especially relevant if only certain DPR species, for example arginine-rich DPRs, are 

targeted. Overall, this work on eIF4A1, eIF4A2 and their co-factors helps begin to 

advance our understanding of the complex interaction of multiple RNA helicases in 

initiating RAN translation.  

 

6.3 Selective depletion of RNA helicase isoforms is non-toxic and rescues DPR-

induced defects in cell proliferation and motor neuron survival  

 

The next aim of the project was to establish if targeting helicases was associated with 

cytotoxicity. This was crucial to establish as the project takes a translational approach 

with a view to developing the basis for a therapeutic strategy for C9-ALS/FTD. The 

concern was that any helicases initiating RAN translation were also responsible for 

initiating canonical translation and impacting the cell’s ability to synthesis the proteins 

it needs for regular function would certainly be highly toxic. Therefore, the strategy 

was to deplete helicases by approximately 50% rather than a full knock-down, as well 

as depleting only one isoform (eIF4A1 or eIF4A2). The hypothesis was that this 

strategy would be adequate to reduce RAN translation of DPRs while preserving 

canonical translation and would therefore alleviate DPR-induced toxicity without being 

toxic itself. The impact on canonical translation was not directly investigated in this 

work and instead measurements of cytotoxicity were used as an indirect measurement, 

as if canonical translation was blocked this would undoubtedly cause arrest of cell 

proliferation. The measure of cytotoxicity used in these studies was MTT assays of 

cell proliferation. The data presented here supports these hypotheses. Targeting 

individual helicases both reduced DPR production and was non-toxic suggesting that 

it is possible to find the balance between reducing RAN translation while leaving 

canonical translation uninhibited. This is a promising result for use of this strategy as 

a therapy for C9-ALS/FTD. It also provides additional insights into underlying 

mechanisms as this work demonstrates helicases are not the rate-limiting factor in 

RAN translation, given that over-expression of helicase did not increase DPR 
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production. However, it is possible different helicases show differential activity on 

different mRNA transcripts. They may alter translation in specific ways driven by 

specific RNA interactions, or dependent on sense or antisense transcripts of various 

lengths or concentrations. Further work is needed to establish RNA-specific 

differences in helicase action to better inform the most effective therapeutic approach.  

 

When helicases are targeted simultaneously, a significant reduction in cell proliferation 

is seen. Only eIF4A1+eIF4A2 shRNA was tested, so the impact of depleting other 

combinations of helicases is unknown. Additional investigations were carried out into 

stress granule formation, and here targeting individual or multiple helicases is not 

associated with any significant increase in stress granule formation. MTT assays could 

be argued to lack some relevance to a non-proliferative cell population such as 

neurons, so this is an important result providing further support for helicase depletion 

as a non-toxic method to reduce DPR production. MTT assays measure mitochondrial 

activity, so as an alternative the activity of individual mitochondrial respiratory 

complexes could be assayed to use alterations in metabolic activity as a measure of 

toxicity (Li et al., 2020). Neuronal survival assays could also be used, which simply 

calculate the number of viable motor neurons three days post-treatment as a 

percentage of the pre-treatment viable cells (Varcianna et al., 2019). Longitudinal live-

cell imaging using GFP-tagged constructs is an effective and commonly used 

technique to evaluate in vitro toxicity (Wen et al., 2014). Other measures of in vitro 

and in vivo toxicity commonly used in C9ORF72 research are reviewed in depth by St. 

Martin and colleagues (St. Martin et al., 2020). 

 

Data from patient-derived astrocytes in co-culture with healthy mouse motor neurons 

is not fully consistent with these HEK293T cell results. In co-culture, eIF4A1 depletion 

reduced motor neuron survival whereas depletion of eIF4A2, eIF4B, eIF4H or SRSF1 

was neuroprotective. This indicates there are cell-specific differences in eIF4A1 

activity and/or requirement, and that in motor neurons the role of eIF4A1 appears too 
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crucial for the cell to tolerate any depletion. It also supports previous work in the 

scientific literature indicating that there are functionally divergent roles between 

eIF4A1 and eIF4A2. eIF4A1 promotes proliferative and oncogenic functions while 

eIF4A2 is involved in miRNA-dependent repression of translation and control of 

pluripotency (Li et al., 2022; Lu et al., 2014; Meijer et al., 2013; Meijer et al., 2019; 

Modelska et al., 2015). Henceforth researchers should build this into their study design 

when conducting work in this area. It has been suggested that in addition to the role 

in translation initiation, eIF4A1 has an RNA chaperone function relating to limiting 

inappropriate RNA interactions, modulating RNA condensation and limiting 

recruitment of RNAs to stress granules, thereby preventing stress granule formation 

(Tauber et al., 2020). It is possible that it is this role that underpins the toxicity 

associated with eIF4A1 depletion in preliminary co-culture experiments. Although, 

these co-culture experiments require further biological repeats and validation to 

confirm that this toxicity associated with eIF4A1 depletion is a true and consistent 

result.  

 

Further evidence to support use of helicases in treating C9-ALS/FTD is through 

experiments showing depleting helicases rescues DPR-induced toxicity, measured 

through the MTT cell proliferation assay. Antisense DPRs show a larger, more 

significant rescue than is associated with sense DPRs, indicating some differences in 

RAN translation of sense and antisense transcripts. Importantly, this work was 

supported in the third results chapter with in vivo work using a Drosophila model of 

C9-ALS/FTD. Consistent with results from cell models, depleting helicases in both 

larvae and adult flies rescued a neurodegenerative phenotype associated with DPR 

production. Despite lacking a C9ORF72 homolog, Drosophila are considered a good 

model for C9-ALS/FTD due to their low cost, short lifespan, a genome that is easy to 

manipulate and track, and the ability to detect and measure a range of complex 

behaviours (Sharpe et al., 2021). In terms of helicases, eIF4A has a Drosophila 

orthologue (Li & Li, 2006) as do eIF4B and eIF4H (Goodman et al., 2019). Arguably, 
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Drosophila are as good or better an animal model for studying helicases in C9-

ALS/FTD as any other. The Drosophila genome has been extensively sequenced and 

approximately 75% of human genes have an orthologue. Combined with the well-

established protocols to perform genetic manipulation or large-scale genetic screens 

(Sharpe et al., 2021), it is likely that in the future this model could be used to identify 

more modifiers of RAN translation.  

 

6.4 eIF4A1 forms cytoplasmic inclusions in sALS and C9-ALS/FTD spinal cord 

motor neurons  

 

This thesis has two main elements: in vitro cell models of C9-ALS/FTD exploring 

helicases in RAN translation, and characterisation of these helicases through 

immunohistochemistry in post-mortem human brain and spinal cord. This led to the 

interesting and previously unreported discovery of eIF4A1-positive inclusions in the 

cytoplasm of sporadic and C9-ALS/FTD spinal cord motor neurons. This was an 

unexpected finding, as immunohistochemistry studies were initially commenced with 

the aim of characterising the distribution and localisation of key helicases involved in 

RAN translation initiation across spinal cord and CNS areas most relevant to ALS and 

FTD.  

 

No evidence of eIF4A1-positive pathology was found in any other brain region, in any 

control case, and no other helicase showed positive inclusion staining. It is not clear 

at this stage why eIF4A2, which shares 96% homology with eIF4A1 and mainly differs 

by approximately 10 amino acids in the N-terminal region, does not form pathological 

inclusions in the ALS spinal cord. The answer to this is unclear from this work, but at 

the core is a fundamental question of why some proteins aggregate and others do not. 

The factors that influence protein aggregation are being explored by multiple groups. 

These may be related to protein structure and how this confers properties that make 

proteins more prone to aggregation, contributions such as chaperones, post-
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translation modifications, and external factors such as stress that can influence protein 

misfolding and aggregation dynamics, and the ability of aggregates to accumulate and 

avoid degradation pathways. It may also depend on eIF4A1 interactions with different 

protein factors or RNAs with diverse biological functions (Bäuerlein et al., 2020; 

Chandel et al., 2018; De & Klenerman, 2019; Koopman et al., 2022). Recent studies 

have investigated crystal structure of eIF4A1: RNA complexes (Naineni et al., 2021 

 ), or used structure-seq2 and polysome profiling to better understand eIF4A 

translational mechanisms (Waldron et al., 2019). This has provided important insights 

into eIF4A activity, for example revealing that eIF4A remodels local 5’UTR structures, 

and these act as the major limiting factor in translation. eIF4A1 activity is not equal 

across all mRNAs, and increased propensity for secondary structure formation drives 

the dependence of eIF4A1 activity for unwinding (Waldron et al., 2019). While these 

studies are mechanistically informative, they have not yet provided any insight into 

why this helicase in particular forms aggregates while other similar helicases do not. 

Further structural based studies should be carried out to consider the features of the 

eIF4A1 protein that promote increased propensity for aggregation, and other factors 

that lower the threshold for aggregation to occur. It is crucial to provide an answer 

explaining the unique mechanisms, structure, and regulators that causes eIF4A1 to 

aggregate but not eIF4A2 or other helicases. 

 

The data in this thesis provides strong evidence that eIF4A1 pathology is specific to 

ALS spinal cord, but also raises questions as to why this pathology is not seen 

elsewhere. This is in contrast to TDP-43 and DPR pathology, which is found across 

many cortical regions in addition to the spinal cord (Freibaum & Taylor, 2017). The 

other hallmark ALS pathology other than TDP-43 is the presence of Bunina Bodies 

(Okamoto et al., 1993), these have a cytoplasmic localisation in motor neurons of the 

spinal cord but were not investigated for co-localisation with eIF4A1-positive inclusions 

in this study. In C9-ALS/FTD specifically, the presence of DPR-containing inclusions 

are seen in the hippocampus, cerebellum and neocortex (Mackenzie et al., 2015). No 
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evidence of co-localisation with eIF4A1-positive inclusions was observed, nor did they 

appear to even form in the same brain region. This is expected as the eIF4A1-positive 

inclusions were not specific to the C9ORF72 repeat expansion and also appeared in 

sporadic cases. There is some inconsistency in views regarding which area is most 

important in ALS and which brain or spinal cord region is the origin of motor neuron 

degeneration (Ragagnin et al., 2019). Traditionally the spinal cord was seen as the 

most biologically relevant area, which would be consistent with this as the only site of 

eIF4A1 pathology, while others in the field consider the motor cortex the disease point 

of origin. eIF4A1 pathology formation could be linked to other ALS-related 

dysfunctions known to occur predominately in the spinal cord. For example, 

neuroinflammation has been linked to various brain regions in ALS (Masrori et al., 

2022) but region-specific differences have been found in the spinal cord (Clarke et al., 

2019). It could be the case that formation of eIF4A1-positive pathology in the ALS 

spinal cord was a downstream effect resulting from other dysfunctions that are more 

responsible for driving disease progression. This would be consistent with the mouse 

work shown in this thesis, which showed eIF4A1-positive pathology was not present 

at the age of 7 months, therefore indicating formation of these inclusions is a late-

stage event in ALS. Alternative suggestions for the lack of eIF4A1 pathology in the 

mouse spinal cords is that there are interspecies differences in eIF4A1 between mice 

and humans. Alternatively, that there are fundamental problems with the phenotype of 

this mouse model, which has already been reported and responded to (Mordes et al., 

2020), (Nguyen, Laboissonniere, et al., 2020). 

 

eIF4A1-positive inclusions were found in approximately 8% of spinal cord motor 

neurons, with no difference between sALS and C9-ALS/FTD. The identification of 

eIF4A1 pathology raises the question of functional consequences given that any 

eIF4A1 bound up in insoluble aggregates will be unable to fulfil its function as a 

helicase in initiating either RAN or canonical translation. RAN translation is clearly still 

able to occur, given that DPRs are still produced in C9-ALS/FTD brains. However, 
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DPRs are rarely formed in the spinal cord (Balendra & Isaacs, 2018), the only location 

in which eIF4A1-positive pathology is seen. Therefore, it is not obvious that eIF4A1 

inclusion formation has no impact on the normal function of eIF4A1. Although eIF4A1 

is a highly abundant protein, inclusion formation may leave the neuron vulnerable, with 

minimal ability to cope with any further loss without impacting translational efficiency. 

Western blots from ALS frozen spinal cord but not motor cortex showed higher eIF4A1 

levels compared to controls, although only results from C9-ALS/FTD spinal cord 

reached statistical significance. This increase could reflect a compensatory effort by 

the cell to respond to loss of eIF4A1 bound up in insoluble aggregates, to maintain 

translation efficiency. The lack of consistency seen within diagnostic groups also 

raises questions about the reliability of western blot results. In particular, Figure 4.8 

and 4.9 show that controls show substantial variability, with a band almost or entirely 

absent in two of the cases. This may in fact reflect differences in post-mortem sample 

collection, post-mortem delay, fixation and storage which vary extensively as Table 

2.22 shows. It is therefore possible that the variation seen is a result of these technical 

variabilities rather than a genuine biological phenomenon. A larger cohort of post-

mortem cases that were collected and processed under the same conditions would 

help establish if this is the case. This is unfortunately difficult to achieve with brain 

banking of human tissue, but more feasible when considering mouse or other animal 

models. Overall, the links between eIF4A1-positive inclusions and the impact on 

canonical or RAN translation needs further clarification.  

 

Co-staining was performed to establish the extent of co-localisation between eIF4A1 

and TDP-43 pathology, and between eIF4A1 pathology and p62. It was hypothesised 

that due to the morphology of eIF4A1-positive inclusions, they were likely sequestered 

by TDP-43 and would therefore be TDP-43 positive. Results of co-staining showed a 

complex picture in which eIF4A1-positive inclusions are sometimes TDP-43 positive. 

Interestingly, there were also instances where TDP-43 pathology did not co-localise 

with eIF4A1 pathology, and instead separate non-overlapping inclusions were seen at 
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different sides of the cytoplasm. Data from post-mortem tissue was supported by 

consistent results from immunofluorescence staining of patient-derived neurons 

showing non-overlapping TDP-43 and eIF4A1-positive inclusions. This indicates 

eIF4A1 is a novel form of proteinopathy in ALS and is not simply sequestered by 

existing pathological inclusions.  

 

Although rare exceptions were seen, eIF4A1-positive pathology was almost always 

also positive for p62. p62 may provide the link between TDP-43 and eIF4A1-positive 

inclusions and has been suggested to be the point of convergence between molecular 

mechanisms in C9-ALS/FTD (Davidson et al., 2022). It has been suggested that 

reduced C9ORF72 results in deficits in autophagy, and therefore increased p62 levels 

(Sellier et al., 2016). The p62-positive nature of eIF4A1 pathology indicates these 

inclusions are a toxic species that the cell is trying and failing to remove, as 

degradation systems become increasingly overwhelmed. As previously discussed, 

increased cellular stress and the activation of the ISR leads to increased DPR 

production in C9-ALS/FTD (Westergard et al., 2019). p62 promotes autophagy 

induction, and furthermore eIF2α regulates levels of p62 transcripts (Bhardwaj et al., 

2020). Production of DPRs has been linked to impairment of protein clearance 

mechanisms and increases stress (S. Guo et al., 2022). p62 has been described as a 

‘hub’ that modulates many factors involved in aging including resistance to oxidative 

stress, regulation of protein clearance systems including autophagy and the UPS, 

apoptosis and cell survival (Fan et al., 2022). When substrates of autophagy or the 

UPS are not cleared, they accumulate which adds to stress in the cell and can develop 

into severe disruption of protein clearance systems, leading to a vicious cycle creating 

additional stress and negatively impacting cell survival (Davidson et al., 2022). p62 

homeostasis is essential for neuronal health, with both over expression and depletion 

of p62 linked with impairment of protein clearance mechanisms (Davidson et al., 2022). 

Overexpression of p62 enhances TDP-43 aggregation formation in ALS, as well as 

inducing TDP-43 mis-localisation, altering RNA splicing dynamics, and increasing cell 
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death (Foster et al., 2021). p62 has been found to frequently co-localise with protein 

inclusions in ALS/FTD (Foster & Rea, 2020), and in C9-ALS/FTD a distinct set of p62-

positive, TDP-43 negative inclusions have been identified in several brain regions 

including the cortex and hippocampus (Al-Sarraj et al., 2011). Inclusions positive for 

DPRs have also been found to contain p62 as well as co-localising with an excision 

repair protein (Riemslagh et al., 2019) which repairs DNA damage, further highlighting 

the link between p62 and various measures of cellular stress and dysfunction. The 

discovery of eIF4A1 and p62 positive inclusions in the ALS spinal cord reveals another 

pathway through which p62 activity becomes deficient, as p62 incorporated into 

inclusions will be unable to function adequately, and therefore highlights a novel 

pathway for p62 contributions to ALS. 

 

It has been suggested that p62 may differentially affect disease progression 

depending on the stage of the disease. While in early stages of ALS p62 may be 

effectively used to rapidly form autophagosomes as a kind of emergency response, in 

later stages p62 is lost to aggregates, exacerbating neuronal dysfunction, protein 

accumulation and therefore leading to increased stress (Davidson et al., 2022). This 

work has identified a novel type of p62 positive aggregate. Furthermore, stress 

granules that form under chronic oxidative stress also are p62 aggregate positive in 

ALS patient fibroblasts (Ratti et al., 2020). It has been hypothesised that TDP-43 

aggregates occur as a result of failures in stress granule dynamics linked directly to 

autophagy deficits (Monahan et al., 2016). This places p62, along with C9ORF72, as 

of central importance to several processes that are essential for resolving cellular 

stress, including eliminating stress granules and maintaining proteostasis, which have 

been shown to become defective in ALS/FTD. From this work, eIF4A1 also appears 

to play a role in these dysfunctions. C9ORF72 forms a complex with p62 to clear stress 

granules for degradation (Chitiprolu et al., 2018). However under chronic stress p62 

levels increase, suggesting an impairment in autophagy and stress granule dynamics 

(Ratti et al., 2020). Aggregates cannot be properly cleared as p62 itself forms 
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inclusions. Interestingly p62 is also shown to be elevated following traumatic brain 

injury in a Drosophila model of C9-ALS/FTD (Anderson et al., 2018) further 

emphasising the link between p62 and the ability to respond to stress, which is likely 

undermined by its incorporation into eIF4A1-positive inclusions.  

 

6.5 Immunohistochemistry of eIF4A1, eIF4A2, eIF4B and eIF4H shows 

predominantly cytoplasmic localisation  

 

Immunohistochemistry in post-mortem control and ALS tissue has revealed staining 

patterns for eIF4A1, eIF4A2, eIF4B, eIF4H in spinal cord, motor cortex, prefrontal and 

temporal lobes, the hippocampus and cerebellum.  In the motor cortex, eIF4A1, 

eIF4A2 and eIF4H showed moderate-strong cytoplasmic staining in neurons 

throughout all cortical layers, with variable labelling of the nucleus, while eIF4B 

showed weak cytoplasmic staining and negative nuclear staining. Spinal cord eIF4B 

was also very weak in staining intensity, localised to the cytoplasm of motor neurons 

with negative nuclear staining. eIF4H in the spinal cord showed positive cytoplasmic 

labelling with variable nuclear labelling. In the frontal lobe and temporal lobes eIF4A1 

showed a cytoplasm localisation with negative nuclear labelling and was noticeably 

weaker in intensity here than some other regions, although no quantitative analysis of 

staining intensity was performed to confirm this observation. eIF4A2, eIF4B and eIF4H 

showed positive cytoplasmic labelling with variable nuclear labelling throughout all 

cortical layers. In the hippocampus eIF4A1, eIF4A2 and eIF4H showed positive 

labelling through Ammon’s Horn and the dentate gyrus, while eIF4B labelling in the 

hippocampal region was minimal. In CA4 hippocampal neurons eIF4A1 and eIF4A2 

showed positive labelling of the cytoplasm and variable nuclear labelling. eIF4B 

showed weak cytoplasmic staining and absent nuclear staining, while eIF4H showed 

strong labelling of both the cytoplasmic nucleus. In the cerebellum eIF4A1, eIF4A2 

and eIF4B and eIF4H labelling is seen in Purkinje cell cytoplasm and processes with 

generally negative nuclear labelling. No substantial differences in helicase staining 
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patterns were observed between control and ALS groups in these regions. Overall, 

the conclusions from this immunohistochemistry data are that there are clear and 

consistent patterns of generally strong staining of eIF4A1, eIF4A2, eIF4B and eIF4H 

across all brain and spinal cord regions, with some notable examples such as eIF4B 

showing weak staining intensity in most regions. Importantly, there appear to be 

minimal differences in staining patterns between control and ALS patient groups and 

no features observed that would rule out these helicases as a potential therapeutic 

target. The notable exception to this is of course the presence of eIF4A1-positive 

inclusions in ALS spinal cord motor neurons.  

 

6.6 SRSF1 immunohistochemistry reveal positive glial cell staining in the C9-

ALS/FTD motor cortex  

 

The link between SRSF1 and astrocytes is intriguing. Although not a helicase, SRSF1 

was considered crucial to include in this study as it is necessary for export of repeat-

containing transcripts from the nucleus (Hautbergue et al., 2017) and is therefore 

indirectly required for RAN translation to occur, and has also been identified as a 

potential therapeutic target in C9-ALS/FTD which complements the overall aims of this 

project. Immunohistochemistry showed a nuclear localisation for SRSF1 in neurons in 

all spinal cord and brain regions, which is consistent with its expected location as a 

splicing factor. No difference in neuronal nuclear expression is seen between control, 

sALS and C9-ALS/FTD groups. However, these experiments also revealed strong 

SRSF1-positive cytoplasmic staining resembling immune activated glial cells of the 

motor cortex of five out of six C9-ALS/FTD cases examined. Although no glial cell 

marker was used to confirm, the morphology suggested reactive astrocyte labelling.  

 

Astrocytes play a key role in maintaining neuronal function. Their roles include but are 

not limited to synapse maintenance, regulation of neurotransmitter and ion 

concentrations, pH and metabolic homeostasis, supply or removal of glucose and 
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ROS, regulation of neuronal excitability, oxidative stress and excitotoxicity (Halpern et 

al., 2019). In ALS, astrocytes lose their protective role and shift to a neurotoxic-

inducing state (Jiwaji & Hardingham, 2022). This cytoplasmic glial staining was an 

unexpected result for SRSF1, and no similar results have been reported showing 

SRSF1 immunohistochemistry in post-mortem ALS/FTD patient brain. There is little in 

the current literature around SRSF1 in the context of glial expression in ALS/FTD, 

although one study identified SRSF1 as able to supress glial TDP-43 toxicity (Azpurua 

et al., 2021). In a very recent preprint, SRSF1 levels were found to be decreased in 

perineural glia and astrocytes in a Drosophila model of ALS (Krupp S Fau - Tam et al., 

2023). This is in contrast to the staining results shown in this thesis, which appear to 

show an increase in SRSF1 glial expression, or at least a re-localisation from the 

nucleus to the glial cytoplasm and processes. Further investigation is required to 

establish the extent of SRSF1 expression in human astrocytes. Krupp and colleagues 

found that further SRSF1 depletion in astrocytes extends their survival and decreases 

deficits associated with TDP-43 pathology (Krupp S Fau - Tam et al., 2023).  The 

results shown in this thesis suggest SRSF1 has increased expression in C9-ALS/FTD 

compared to control astrocytes in regions central to the disease such as the motor 

cortex. Further studies are needed to confirm, but it is possible that increased SRSF1 

in astrocytes contributes to the neurotoxicity in ALS/FTD, which complements Krupp’s 

findings that depletion has protective effects.   

 

The antibody used for this immunohistochemistry has been previously validated 

through western blots, shown both in this thesis in and in published work (Hautbergue 

et al., 2017). The demonstration of specific SRSF1 detection in these applications 

adds confidence to these immunohistochemistry results. In future, western blots from 

resting and activated astrocyte cultures would be informative.  

 

SRSF1 staining in glial cells was also seen, albeit to a lesser extent, in white matter 

underlying the motor cortex in both sALS and C9-ALS/FTD cases. Again, one case 
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each out of the five sALS and six C9-ALS/FTD cases included did not show SRSF1-

positive glial cell staining. Subtle staining of SRSF1 in glial cells was also seen in ALS 

prefrontal and temporal lobes although the staining was relatively weak and only a 

very small number of cases were examined. With such a small number of cases this 

limits conclusions that can be drawn regarding SRSF1-positive glial labelling; the 

cohort would have to be expanded by a large extent with blinded quantification of 

staining patterns between control and ALS groups to establish if this is a meaningful 

result. In the motor cortex, the stark difference in staining patterns between C9-

ALS/FTD cases and controls is a more robust result indicating a previously unexplored 

role for SRSF1 in C9-ALS/FTD. 

 

SRSF1 has various roles of fundamental importance to healthy cell function, including 

relating to transcription activation, alternative splicing, immune regulation, 

maintenance of mRNA transcript stability, mRNA export from the nucleus, translational 

control, and miRNA processing (Paz et al., 2021). Splicing of pre-mRNAs by SRSF1 

is a crucial element of gene expression control, which also associates with non-coding 

RNAs to regulate gene expression and maintain RNA stability (Änkö, 2014). SRSF1 

also contributes to assembly and activation of the spliceosome (Gordon et al., 2021); 

(Gehring & Roignant, 2021). Alternative splicing by SRSF1 is linked with regulation of 

subcellular RNA localisation, (Titus et al., 2021) which have in turn been linked to 

altered stress granule dynamics and inclusion formation. SRSF1 relies on negative 

feedback loops to autoregulate its own splicing dynamics which has been identified as 

critical for maintaining gene regulation. Negative autoregulation should create upper 

limits for SRSF1 protein concentration, reducing heterogeneity in SRSF1 levels 

between cells to buffer resulting variations in splicing activity (Ding et al., 2022). The 

staining results seen in the C9-ALS/FTD motor cortex shows a substantial increase in 

SRSF1 staining in glial cells that may reflect a failure of this fundamental mechanism. 

Increased astrogliosis and enhanced astrocyte reactivity has been reported in the 

brain and spinal cord of ALS patients, as well as in animal and in vitro disease models 
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(Philips & Rothstein, 2014). It is possible that the SRSF1 antibody could be cross-

reacting with a protein expressed by activated glia, although as previously shown the 

specificity of the antibody is well established. Overall, this staining may indicate 

increased expression that may in turn lead to abnormal activity of SRSF1 in C9-

ALS/FTD motor cortex glia. This is likely to have many far-reaching consequences for 

these cells and the neurons they support. SRSF1 interacts with a vast array of mRNA 

transcripts (Sanford et al., 2009) so any impact is likely to be substantial. 

 

Several studies have looked at SRSF1 depletion and linked it to increased R-loop 

formation and genomic instability (Zhong et al., 2009) and RNA binding alterations. 

The consequences of increased SRSF1 expression is linked to altered exon inclusions 

(Pandit et al., 2013) and to oncogenesis (Anczuków et al., 2015; Das et al., 2012). In 

cancer, high levels of splicing factors were linked to energy homeostasis and DNA 

damage alterations, and importantly distinct patterns of splicing activity (Koedoot et al., 

2019). Increased SRSF1 expression has been linked to formation of various isoforms 

and other abnormal splicing events (Ding et al., 2022). Alterations to splicing patterns 

have been identified as having adverse effects on cell function and suggested as 

underlying reduction cellular plasticity during aging (Holly et al., 2013). It is possibly 

that increased expression of SRSF1 in C9-ALS/FTD motor cortex glial cells could 

induce aberrant splicing events in these cells that contributed to neuronal dysfunction. 

Increased SRSF1 could lead to aberrant splicing events in C9-ALS/FTD motor cortex 

glia such as abnormal alternative splicing, intron retention or exon skipping.  

 

Splicing dysfunction has been linked to several neurodegenerative diseases including 

ALS (Highley et al., 2014; Nik & Bowman, 2019; Perrone et al., 2020; Titus et al., 

2021), and C9-ALS/FTD specifically, where splicing errors correlate with disease 

severity (Cooper-Knock, Bury, et al., 2015; Prudencio et al., 2015). If the SRSF1 

positive staining identified in the C9-ALS/FTD is indeed staining astrocytes, this is an 

important finding as astrocytes have been linked to ALS/FTD neurodegeneration. 
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Astrocytes carrying the C9ORF72 repeat expansion are toxic to motor neurons in 

culture. Media condition by C9-astrocytes increases oxidative stress in wild-type motor 

neurons without the C9ORF72 repeat expansion (Birger et al., 2019). It has been 

hypothesised that astrocyte toxicity to motor neurons could be attributed to lack of 

support function, non-cell autonomous mechanisms and secretion of neurotoxic 

factors, or defective glutamate uptake leading to excitotoxicity (Rostalski et al., 2019), 

(Van Harten et al., 2021), (Murray et al., 2022). SRSF1 may play a contributing role in 

astrocyte induced toxicity to motor neurons, through increased levels leading to 

aberrant splicing events which undermine normal astrocyte function. Consistent with 

the SRSF1-positive glia staining limited mainly to the motor cortex, ALS astrocytes 

have region specific diversity in miRNA expression, inflammatory profile, and reactive 

markers (Gomes et al., 2020). It is possible that alterations in SRSF1 expression and 

activity could contribute to this.  

 

In neurons, SRSF1 enables pathological C9ORF72 repeat-expanded pre-mRNA 

transcripts to exit the nucleus for cytoplasmic RAN translation into DPRs (Hautbergue 

et al., 2017). The increased SRSF1 positive staining in the C9-ALS/FTD motor cortex 

raises questions regarding the role of SRSF1 on RAN translation in C9 glia. There is 

some inconsistency in the literature, with some studies reporting no DPRs are found 

in microglia or astrocytes in C9-ALS/FTD post-mortem brains (Ash et al., 2013; 

Gendron et al., 2013; Mackenzie et al., 2013), (Saberi et al., 2018), while in others 

rare examples of DPRs in glia have been shown (Rostalski et al., 2019). These studies 

do not include all DPR species, and it is possible that some DPRs may be present but 

at lower levels. Alternatively in glia RAN translation may occur at a much lower 

efficiency, or DPR degradation may be more effective, preventing DPR accumulation. 

The link between SRSF1 and DPR production in glia and neurons is complex, with 

recent studies demonstrating the possibility of astrocyte-to-neuron DPR propagation 

and arguing astrocytes act as a hub for spreading DPRs (Marchi et al., 2022).  
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Overall, SRSF1-positive staining in glia in the C9-ALS/FTD motor cortex is an 

interesting finding that may be a contributing factor to astrocyte-induced 

neurodegeneration. It is intriguing to explore ways in which this finding might 

complement the existing body of research in this area. However, the findings shown 

here are preliminary and several factors must be established in the immediate future. 

Namely, use of glial cell markers in immunohistochemistry to confirm glial cell identity. 

Secondly, to determine exactly what the SRSF1 antibody is binding to in glia. Finally, 

to expand the cohort and include more cases with semi-quantitative analysis of glial 

staining to define the extent of differences between C9-ALS/FTD and controls, which 

will help provide more confidence in these results to form the basis of further 

investigations into the link between SRSF1 and glial in C9-ALS/FTD. 

 

6.7 Overall assessment of RAN-associated RNA helicases the most suitable to 

form a therapeutic strategy for C9-ALS/FTD 

 

One of the broad aims for this work was to identify helicases suitable for taking forward 

to further studies investigating their potential as therapeutic targets. Results obtained 

through cell models show that shRNAs targeting eIF4A1 and eIF4A2 together do not 

lead to a greater reduction in DPR levels but are associated with significant toxicity. 

This provides evidence that any therapeutic strategy should focus on only one helicase. 

 

A new paper investigating eIF4A1 multimerisation has revealed new insights into the 

activity of eIF4A1 and its co-factors, with important implications for the work presented 

in this thesis (Schmidt et al., 2023). It appears that the RNA eIF4A1 interacts with has 

a strong influence on the function of eIF4A1. Co-factors form a complex with eIF4A1 

to modulate its conformational cycle and thereby stimulate its unwinding activity. It is 

hypothesised that each co-factor operates at a different stage of each catalytic cycle, 

which has implications for the most effective helicase to target and crucially, at what 

point. It is also currently unknown how different RNA sequences influence eIF4A1 
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activity and that of its co-factors, and what consequences this has on mechanisms 

underlying translation initiation. Understanding these subtleties in the context of G4C2 

repeat RNA and RAN translation is of great importance to this area of research. It may 

be the case that different co-factors have different effects on the unwinding activity of 

different RNAs by eIF4A1, and that this is likely to influence DPR production. eIF4H in 

particular shows RNA-sequence specific stimulation of multimeric eIF4A1 complexes 

thereby facilitating distinct modes of activity.  

 

mRNAs dependent on eIF4A1 unwinding for translation have been found to contain 

AG-rich motifs in the 5’UTR which specifically activate eIF4A1 helicase functions. This 

triggers the unwinding of the local RNAs to enable translation to occur and renders 

these specific mRNAs particularly sensitive to inhibition of eIF4A1 (Schmidt et al., 

2023). It is unknown to what extent this mechanism is used in RAN translation or if 

G4C2/ C4G2 transcripts also show increased sensitivity to eIF4A1-inhibition. This 

occurs through a process of eIF4A1 multimerisation, with distinct enzymatic activities 

attributed to different eIF4A1 subunits. Binding of specific RNAs to multimeric eIF4A1 

leads to conformational changes in RNA that triggers multimeric complexes to move 

into an optimal position to achieve efficient ribosomal scanning and unwinding 

(Schmidt et al., 2023). The length of an mRNA transcript effects eIF4A1 activity which 

may reveal an important new mechanism to explain why DPRs are produced in such 

large amounts despite RAN translation occurring less efficiently than canonical 

translation.  

 

Specific RNA sequence motifs have been identified that are able to trigger eIF4A1 

multimerisation, activate eIF4A1-depedent strand separation of RNA structures 

thereby enabling translation to occur. This is ATP-dependent, and it has been 

hypothesised that ATPase activity of eIF4A1-complexes controls kinetic stability and 

thereby unwinding activities rather than strand separation itself. Importantly, eIF4A1-

dependent mRNAs are able to use localised RNA structures to overcome translational 
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repression (Schmidt et al., 2023). This may influence preferential translation of G4C2 

repeat containing transcripts in favour of other mRNA transcripts. eIF4A1 appears to 

operate differently on RNAs depending on their concentration and sequence 

composition and is preferentially resolves those where multimerisation is able to occur. 

It is currently unknown to what extent this applies to G4C2 repeat transcripts. This 

indicates a number of factors influence helicase function including co-factor activity, 

RNA sequence, length and concentration, and recruitment and assemble of distinct 

multimeric eIF4A1 complexes, which may also show tissue or cell-type dependent 

variation (Schmidt et al., 2023). Overall, complex helicase and mRNA-specific 

networks form to regulate both canonical and RAN translation, and the exact details 

of these must be determined in order to design an effective therapeutic strategy. 

Targeting regulation of eIF4A1 multimeric complexes is likely to have a substantial 

impact on translation, including of repeat-containing transcripts. It may be the case 

that RNA-specific activation is also seen associated with other helicases such as 

eIF4A2 or DHX36 although this remains to be elucidated.  

 

eIF4A1, eIF4A2, eIF4B and eIF4H have supporting evidence from shRNA-based 

depletion showing they are able to disrupt the RAN translation of DPRs in vitro. eIF4A1 

and eIF4A2 also have results from helicase mutants providing more robust evidence 

to show the necessity of their helicase activity in DPR production. Depletion of eIF4A2, 

eIF4B and eIF4H confers neuroprotection in co-culture experiments, however 

depletion of eIF4A1 was associated with reduced motor neuron survival, indicating it 

may be unlikely to be suitable as a therapeutic target. While these are preliminary 

results that need further confirmation, the use of eIF4A1 as a therapeutic target was 

complicated by the existence of eIF4A1-positive pathology in the ALS spinal cord. This 

suggests eIF4A1 may have a greater role in ALS progression beyond its role in RAN 

translation. Before eIF4A1 can be considered as a therapeutic target, it must be 

clarified what impact eIF4A1 pathology has on protein expression levels, RAN 

translation efficiency, and normal eIF4A1 function. 
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eIF4B immunohistochemistry showed weak expression throughout the brain and 

spinal cord in both ALS and control cases. Confirmation of poor tissue-specific 

expression is necessary as eIF4B was not detectable through western blot. It is 

unclear what the implications are for its viability as a therapeutic target. Initial 

HEK293T and co-culture experiments have suggested eIF4B depletion confers 

neuroprotective and is sufficient to reduce DPR production. However, potentially poor 

expression raises questions as to whether this is the primary driver of RAN translation 

in the human brain. Further, it is possible that depleting a protein already low in 

abundance may be more likely to have some associated toxicity, as cells may have a 

lower tolerance for loss compared to more abundant proteins. eIF4B should not be 

excluded while these factors have yet to be confirmed, but it may not be the best 

choice for a therapeutic strategy.  

 

eIF4H was able to be successfully detected through western blot in frozen human 

brain tissue, although with high levels of variation seen both within and between 

diagnostic groups. This may reflect variability in sample collection, processing and 

storage as previously discussed. Western blots revealed that in both the spinal cord 

and motor cortex there was a significant fall in eIF4H levels associated with both sALS 

and C9-ALS/FTD. The levels were lowest in C9-ALS/FTD, with a 75% reduction 

compared to controls seen in the spinal cord. However, RAN translation is still able to 

occur because DPRs have been identified in both regions, albeit rarely in the case of 

the spinal cord (Freibaum & Taylor, 2017). This suggests that eIF4H has a less 

important role in DPR production here, although it is not clear if there are region-

specific differences in brain helicase activity. eIF4H depletion was neuroprotective in 

preliminary co-culture experiments, but the western blot results undermine its 

suitability as a therapeutic target. However, western blot results are not consistent with 

immunohistochemistry results, where strong staining for eIF4H was seen throughout 

the brain. Further work is needed to establish eIF4H expression levels in both post-
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mortem human brain tissue and cultured cells. That DPRs are produced when eIF4H 

levels have fallen by such a large extent is good evidence that other helicases are 

more responsible for driving RAN translation and therefore it would be inadvisable to 

form a therapeutic strategy around eIF4H, although its role in C9-ALS/FTD should 

continue to be investigated.  

 

Through a process of elimination, these studies indicate that eIF4A2 may be the best 

option for future testing as a therapeutic strategy to reduce RAN translation. eIF4A2 

has good evidence to support it in this thesis. Depletion of eIF4A2 in HEK293T cells 

reduces sense and antisense DPR production and rescues DPR induced decreases 

in cell proliferation. eIF4A2 mutants are also able to rescue DPR-induced toxicity in 

vitro, while in vivo eIF4A depletion rescues a neurodegenerative phenotype in 

Drosophila. Co-culture data supports eIF4A2 as neuroprotective in motor neurons.  

Immunohistochemistry studies show that unlike eIF4A1, eIF4A2 does not form any 

pathology in ALS brains. Unlike eIF4B, it showed strong staining indicating it is well 

expressed in the human brain, and unlike eIF4H there is no loss of eIF4A2 associated 

with ALS in either the spinal cord or motor cortex. Together, these studies highlight 

eIF4A2 as a suitable candidate for testing in C9-transgenic mouse models with a future 

hypothesis that depletion will alleviate a neurodegenerative phenotype through 

reduced RAN translation and DPR production.  

 

6.8 Future studies investigating SRSF1 and RAN-associated RNA helicases in 

C9-ALS/FTD 

 

The work in this thesis has opened several potential paths for future research studies. 

First, to include a more in-depth analysis of the impact of helicase depletion on 

canonical translation, as this is likely to be the source of many of the potential toxicities 

associated with this therapeutic strategy. Several methods exist for translatome-wide 

profiling which would enable analysis of all ribosome-associated mRNAs in a cell (King 
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& Gerber, 2016). Further information about the relative contribution of each helicase 

could be provided by investigating the effects of depletion of different combinations, 

rather than just eIF4A1 with eIF4A2. Investigations into the neuroprotective potential 

of helicase depletion should be continued in co-culture experiments. Further, the ability 

of helicase depletion to rescue a neurodegenerative phenotype should be tested in 

vivo in C9-transgenic mice. As previously outlined, eIF4A2 has been identified as the 

most promising helicase for initial testing.  

 

Finally, the pathology section of this research has many interesting aspects for further 

exploration. A quantitative approach to immunohistochemistry should be applied to 

investigate observed differences between control and ALS cases. The obvious areas 

of focus are eIF4A1-positive inclusions in the spinal cord and SRSF1-positive glial 

staining in the motor cortex, the first step of which would be to greatly expand the 

current case cohort. A variety of methods for quantitative and semi-quantitative 

immunohistochemical analysis exist, including the development of new methods for 

digital analysis (Bencze et al., 2021; Jensen et al., 2017; Muraleedharan et al., 2021; 

Nolan et al., 2020; Rizzardi et al., 2012).  

 

Further investigation into eIF4A1 pathology is one of the most important future studies 

to conduct. Further investigations could be carried out using C9-transgenic mice but 

allowing them to age further to determine at what point in the disease process, if any, 

eIF4A1-positive inclusions appear. This would help establish if eIF4A1 inclusion 

formation is an earlier or late-stage event, suggesting the degree to which it may be 

driving ALS progression. eIF4A1 pathology could be studied in cell models of ALS, to 

see if aggregates could be induced in controls under various cellular conditions such 

as stress. As eIF4A1 inclusions have been demonstrated as TDP-43 negative, the 

constitutes of the inclusion are important to identify. Mass spectrometry can be used 

to identify composition of protein aggregates (Adiutori et al., 2021). Mass spectrometry 

has also been used in the context of Alzheimer’s Disease to investigate conformational 
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changes in protein complex and the process of self-aggregation, and to identify small 

molecule inhibitors (Young et al., 2016). A similar approach could be used to 

characterise eIF4A1-positive pathology. In vitro characterisation of the eIF4A1 

inclusions will also be investigated in reporter cell models and patient-derived neurons 

using mass spectrometry approaches.  

 

6.9 Summary and Conclusions  

 

Overall, this project has provided support for the hypothesis that depletion of eIF4A1, 

eIF4A2, eIF4B and eIF4H can confer neuroprotection in C9-ALS/FTD by preventing 

RAN translation of sense and antisense neurotoxic DPRs. This thesis has 

demonstrated the development of shRNAs to successfully deplete helicase protein 

levels by approximately 50%, in order to disrupt RAN translation while preserving 

canonical translation. shRNA-induced depletion reduces translation of sense and 

antisense DPRs, which is non-toxic when individual helicases are targeted but toxic 

when multiple helicases are depleted simultaneously. eIF4A1 and eIF4A2 dead 

mutants with non-functional helicase activity also decrease DPR production in vitro. In 

HEK293T cell models of C9-ALS/FTD, helicase depletion with shRNAs and helicase 

mutants is able to rescue DPR-induced toxicity through preventing RAN translation 

initiation.  

 

Characterisation of helicases in post-mortem human brain and spinal cord revealed a 

cytoplasmic localisation with variable nuclear labelling. SRSF1 was found to show 

positive glial labelling with a morphology suggestive of astrocytes in the C9-ALS/FTD 

motor cortex. eIF4A1 formed cytoplasmic inclusions in approximately 8% of spinal 

cord motor neurons in sALS and C9-ALS/FTD but not controls. Double staining 

revealed that eIF4A1-positive pathology could form independent of the hallmark 

pathology in ALS, that of phosphorylated TDP-43. eIF4A1 inclusions were generally 

found to be p62 positive.  
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Together, this study has identified a novel eIF4A1-positive pathology in sALS and C9-

ALS/FTD, provided insight into the role of eIF4 helicases in RAN translation initiation, 

and provided data indicating that helicase depletion has potential as a therapeutic 

strategy in C9-ALS/FTD. 
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8 Appendix 

Appendix A: Immunohistochemistry Supplementary Images 

 

 

Figure 8.1 eIF4A1 immunohistochemistry in control and ALS Motor Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-

ALS/FTD. eIF4A1 showed positive cytoplasmic and variable nuclear labelling throughout all layers of the Motor Cortex. Labelling of neuronal 

processes and glial cell nuclei was also seen. Scale bars left-right are 250μm, 100μm, 50μm, 25μm 
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Figure 8.2 eIF4A1 immunohistochemistry in control and ALS Prefrontal Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

eIF4A1 showed weak cytoplasmic staining of neurons in all layers of the Prefrontal Cortex, with variable labelling of neuronal and glial cell nuclei. Scale bars 

left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.3eIF4A1 immunohistochemistry in control and ALS Temporal Lobe. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4A1 

showed negative nuclear staining and weak cytoplasmic staining of neurons in all layers of the temporal lobe, with some limited extension into neuronal 

processes and variable labelling of glial cell nuclei. Scale bars left-right are 250μm, 100μm, 50μm, 25μm 
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Figure 8.4 eIF4A1 immunohistochemistry in control and ALS Hippocampus. Top row: control; middle rows: sporadic ALS; bottom rows: Positive eIF4A1 

staining is seen throughout the hippocampal region, including Ammon’s horn and the dentate gyrus. Scale bars left-right: 2.5mm, 1mm, 500μm. 
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Figure 8.5 eIF4A1 immunohistochemistry in control and ALS Hippocampal neurons. Top row: control; middle rows: sporadic ALS; bottom rows: C9-

ALS/FTD. eIF4A1 showed positive CA4 hippocampal cytoplasmic staining with some extension into neuronal processes. eIF4A1 staining was negative in the 

nucleus. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.6 eIF4A1 immunohistochemistry in control and ALS Cerebellum. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4A1 

showed weak staining of Purkinje cell cytoplasm and processes, with negative staining of the nucleus. Scale bars left-right are 250μm, 100μm, 50μm, 25μm.  
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Figure 8.7 eIF4A2 immunohistochemistry in control and ALS Motor Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

eIF4A2 stained glial cell nuclei and the neuronal cytoplasm and processes throughout all layers of the Motor Cortex. eIF4A2 labelling was generally weaker or 

absent in the nucleus of motor cortex neurons. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 

 

 



321 | P a g e  

 

 

 

 

Figure 8.8 eIF4A2 immunohistochemistry in control and ALS Prefrontal Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

eIF4A2 showed strong staining of neuronal cytoplasm and processes with variable nuclear labelling throughout all cortical layers. Scale bars left-right are 

250μm, 100μm, 50μm, 25μm. 
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Figure 8.9 eIF4A2 immunohistochemistry in control and ALS Temporal Lobe. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

eIF4A2 showed strong staining of the neuronal cytoplasm and processes with variable nuclear labelling throughout all cortical layers. Scale bars left-right are 

250μm, 100μm, 50μm, 25μm. 
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Figure 8.10 eIF4A2 immunohistochemistry in control and ALS Hippocampus. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

Positive eIF4A2 staining is seen throughout the hippocampal region, including Ammon’s horn and the dentate gyrus. Scale bars left-right: 2.5mm, 1mm, 500μm. 
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Figure 8.11 eIF4A2 immunohistochemistry in control and ALS Hippocampal neurons. Top row: control; middle rows: sporadic ALS; bottom rows: C9-

ALS/FTD. eIF4A2 showed positive CA4 hippocampal cytoplasmic staining extending into neuronal processes. eIF4A2 staining was negative in the nucleus. 

Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.12 eIF4A2 immunohistochemistry in control and ALS Cerebellum. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4A2 

showed strong staining of Purkinje cells cytoplasm and processes, with negative staining of the nucleus. Variable eIF4A2 labelling was seen in the granular 

layer. Scale bars left-right are 250μm, 100μm, 50μm, 25μm.  
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Figure 8.13 eIF4B immunohistochemistry in control and ALS Spinal Cord. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4B 

shows very weak cytoplasmic staining with negative labelling of the nucleus in spinal cord motor neurons. Axons and glial cell nuclei were generally negative 

for eIF4B staining. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.14 eIF4B immunohistochemistry in control and ALS Motor Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4B 

shows weak neuronal cytoplasmic staining with negative labelling of the nucleus in all layers of the motor cortex. Some weak eIF4B labelling of axons and glia 

cell nuclei are seen. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.15 eIF4B immunohistochemistry in control and ALS Prefrontal Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

eIF4B showed weak staining of the neuronal cytoplasm and processes throughout all cortical layers. It appears that in controls, eIF4B labelling of the nucleus 

was generally negative or only weakly labelled while some stronger positive labelling was seen in sALS and C9-ALS/FTD cases. Scale bars left-right are 250μm, 

100μm, 50μm, 25μm. 
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Figure 8.16 eIF4B immunohistochemistry in control and ALS Temporal Lobe. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4B 

shows positive neuronal cytoplasmic labelling with variable nuclear labelling in all cortical layers. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 

 

 

 

 



330 | P a g e  

 

 

 



331 | P a g e  

 

 

Figure 8.17 eIF4B immunohistochemistry in control and ALS Hippocampus. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. Minimal 

eIF4B labelling is seen throughout much of the hippocampal region including CA1, CA3, CA4 and the dentate gyrus. CA2 shows sl ightly more eIF4B-positive 

staining. Scale bars left-right: 2.5mm, 1mm, 500μm. 
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Figure 8.18 eIF4B immunohistochemistry in control and ALS Hippocampal neurons. Top row: control; middle rows: sporadic ALS; bottom rows: C9-

ALS/FTD. eIF4B showed weak staining of the cytoplasm in CA4 hippocampal neurons; the nucleus, processes and glial cell nuclei were all negative for eIF4B. 

The granule cell layer showed very weak positive labelling for eIF4B. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.19 eIF4B immunohistochemistry in control and ALS Cerebellum. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4B 

showed positive labelling of Purkinje cell cytoplasm and some limited staining of processes, with negative staining of the nucleus. Some weak eIF4B staining 

was seen in the granular layer. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 

 

 

 

 

 



334 | P a g e  

 

 

Figure 8.20 eIF4H immunohistochemistry in control and ALS Spinal Cord. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4H 

showed strong cytoplasmic staining with variable labelling of the nucleus in spinal cord motor neurons. Positive staining was seen in axons and glial cell nuclei. 

Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.21 eIF4H immunohistochemistry in control and ALS Motor Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4H 

showed positive labelling of neuronal cytoplasmic and processes with variable labelling of the nucleus in all layers of the motor cortex. Some eIF4H-positive 

labelling of axons and glia cell nuclei were also seen. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.22 eIF4H immunohistochemistry in control and ALS Prefrontal Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

eIF4H showed strong staining of the neuronal cytoplasm and processes throughout all cortical layers. eIF4H-positive labelling of the nucleus was weak or 

absent. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.23 eIF4H immunohistochemistry in control and ALS Temporal Lobe. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4H 

showed strong staining of the neuronal cytoplasm and processes with variable nuclear labelling, throughout all cortical layers. Scale bars left-right are 250μm, 

100μm, 50μm, 25μm. 
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Figure 8.24 eIF4H immunohistochemistry in control and ALS Hippocampus. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4H-

positive labelling was seen through Ammon’s horn and the dentate fascia. Scale bars left-right: 2.5mm, 1mm, 500μm. 
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Figure 8.25 eIF4H immunohistochemistry in control and ALS Hippocampal neurons. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

eIF4H showed positive CA4 hippocampal cytoplasm staining, with negative labelling in the nucleus. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.26 eIF4H immunohistochemistry in control and ALS Cerebellum. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. eIF4H 

showed positive labelling of Purkinje cell nucleus, cytoplasm, and some limited staining of processes. eIF4H-positive staining was also seen in the granular 

layer. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.27 SRSF1 immunohistochemistry in control and ALS Motor Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. SRSF1 

showed negative labelling of the neuronal cytoplasm and strong staining in the nucleus throughout all layers of the motor cortex, consistent between control 

and ALS cases. SRSF1-positive labelling of glial cell nuclei is also seen. Scale bars left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.28 SRSF1 immunohistochemistry in control and ALS Prefrontal Cortex. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

SRSF1 showed negative labelling of the neuronal cytoplasm and strong staining in the nucleus throughout all cortical layers. Scale bars left-right are 250μm, 

100μm, 50μm, 25μm 
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Figure 8.29 SRSF1 immunohistochemistry in control and ALS Temporal Lobe. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. 

SRSF1 showed negative labelling of the neuronal cytoplasm with strong staining in the nucleus and glial cell nuclei throughout all cortical layers. Scale bars 

left-right are 250μm, 100μm, 50μm, 25μm. 
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Figure 8.30 SRSF1 immunohistochemistry in control and ALS Hippocampus. Top row: control; middle rows: sporadic ALS; bottom rows: Positive SRSF1 

staining is seen throughout the hippocampal region, including Ammon’s horn and the dentate gyrus. Scale bars left-right: 2.5mm, 1mm, 500μm.  
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Figure 8.31 SRSF1 immunohistochemistry in control and ALS Cerebellum. Top row: control; middle row: sporadic ALS; bottom row: C9-ALS/FTD. SRSF1 

showed positive staining in the granular layer, strong nuclear labelling of Purkinje cells with negative cytoplasmic labelling. Scale bars left-right are 250μm, 

100μm, 50μm, 25μm. 
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