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“Sometimes fate is like a small sandstorm that keeps changing direction. You 

change direction, but the sandstorm chases you. You turn again, but the storm 

adjusts. Over and over you play this out, like some ominous dance with death just 

before dawn. Why? Because this storm isn’t something that blew in from far away, 

something that has nothing to do with you. Something inside you. So all you can do 

is give in to it, step right inside the storm, closing your eyes and plugging up your 

ears so the sand doesn’t get in, and walk through it, step by step. There’s no sun 

there, no moon, no direction, no sense of time. Just fine white sand swirling up into 

the sky like pulverised bones. That’s the kind of sandstorm you need to imagine. 

 

And you really will have to make it through that violent, metaphysical, symbolic 

storm. No matter how metaphysical or symbolic it might be, make no mistake about 

it: it will cut through flesh like a thousand razor blades. People will bleed there, and 

you will bleed too. Hot, red blood. You’ll catch that blood in your hands, your own 

blood and the blood of others. 

 

And once the storm is over you won’t remember how you made it through, how you 

managed to survive. You won’t even be sure, in fact, whether the storm is really 

over. But one thing is certain. When you come out of the storm you won’t be the 

same person who walked in. That’s what this storm’s all about.” 

 

 

Haruki Murakami 
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Abstract 

The C9orf72 hexanucleotide repeat expansion [GGGGCC]
n
 is the most common 

cause of familial amyotrophic lateral sclerosis. The endogenous role of the C9orf72 

protein has not been fully characterised, nor how the presence of the repeat 

expansion affects downstream mechanisms. Numerous cellular and molecular 

pathologies have been characterised in patient-derived induced pluripotent stem 

cell (iPSC) motor neuron cultures. This includes the accumulation of nuclear RNA 

foci and cytoplasmic dipeptide repeat proteins, altered calcium homeostasis, 

accumulation of apoptotic factors, nucleocytoplasmic defects and reduced 

excitability. Targeted antisense oligonucleotide knockdown of mutant C9orf72 

mRNA transcripts mitigates some of these pathological phenotypes, though 

whether gene expression is restored to normal is unknown. Transcriptomic analysis 

of iPSC-motor neurons is challenging due to multiple sources of experimental 

variance, such as the presence of up to 30% of cells in culture being of unknown 

identity. The aim of this project is to establish a translating ribosome affinity 

purification (TRAP) method to isolate an enriched population of RNA from human 

iPSC-motor neurons. This will help achieve a more accurate analysis of the 

translatome profile of this model. Differential gene expression analysis between 

control and C9orf72 ALS motor neurons will be performed to identify patient motor 

neuron-specific changes in gene expression. 

  



  4 

Declaration 

Unless otherwise stated, all the work presented in this thesis is the work of the 

author and conducted at the Nuffield Department of Clinical Neuroscience, 

University of Oxford. This work has not been submitted for any other degrees at 

any other University or educational institute.  



  5 

Acknowledgements  

I would like to thank Prof Kevin Talbot and Dr Ruxandra Dafinca for their fantastic 

supervision over the 4-year course of this DPhil project. Without their guidance, the 

completion of this project would not have been possible. Prof Talbot’s experience 

and expertise in this field has been an indispensable source for learning. Dr 

Dafinca’s day-to-day supervision in the laboratory has taught me the crucial skills 

necessary for my future ambitions. Their patience, and in particular, choice in the 

freedom I have been given to direct the course of my project was one of the best 

aspects of my experience at Oxford. I would like to thank the Talbot and Turner 

research group members, who have provided an enriching and supportive 

environment for a young researcher to learn and grow. 

 

I would like to thank the members of the Computational Genome: Analysis and 

Training (CGAT) team, especially Dr David Sims and Dr Charlotte George, and Dr 

Jakub Scaber (Talbot group), for their invaluable expertise in providing instruction 

for me to perform the RNA sequencing analysis for this project. 

 

I would like to thank my family, who have been a crucial source of comfort 

throughout this experience, as well as the inspirations for my decision to lead a 

career in science. 

 

Finally, I would like to thank all the patients and participants from the motor neuron 

disease clinic, at the John Radcliffe Hospital, the Motor Neuron Disease Association 

(Barry Bastin Studentship) and All About Alie charitable organisations, without 

whom this research would not be possible.  



  6 

Publications arising from this work 

Sathyaprakash C, Scaber J, Candalija A, Barbagallo P, Dafinca R, Talbot K 

Translating ribosome affinity purification (TRAP) in human-derived induced 

pluripotent stem cell (iPSC) cultures as a tool for understanding the pathogenesis 

of motor neuron disorders. Manuscript in preparation. 

 

  



  7 

Table of Contents 

Abstract ............................................................................................................................. 3 

Declaration ........................................................................................................................ 4 

Acknowledgements .......................................................................................................... 5 

Publications arising from this work ................................................................................ 6 

List of Figures ................................................................................................................. 12 

List of Tables ................................................................................................................... 15 

List of Abbreviations ...................................................................................................... 16 

1 Introduction .............................................................................................................. 20 

1.1 Motor neurone diseases ........................................................................................ 20 

1.2 ALS: a heterogenous, motor neurodegenerative disease ..................................... 22 

1.2.1 There is no effective treatment for ALS ......................................................... 23 

1.3 The genetics of ALS .............................................................................................. 24 

1.3.1 Superoxide Dismutase 1 ................................................................................ 24 

1.3.2 TAR DNA binding protein ............................................................................... 27 

1.3.3 Fused-in-sarcoma .......................................................................................... 29 

1.4 The C9orf72 hexanucleotide repeat expansion is the most common gene mutation 

linked to familial cases of ALS and FTD ............................................................................ 29 

1.4.1 Identification and population genetics ............................................................ 29 

1.4.2 C9orf72 protein has been implicated in vesicular transport and autophagy 

pathways……………………………………………………………………………………….31 

1.5 The C9orf72 HRE is thought to cause toxic gain-of-function and loss-of-function 

pathways leading to motor neuron degeneration .............................................................. 34 

1.5.1 Nuclear RNA foci and sequestered RNA-binding proteins ............................ 34 



  8 

1.5.2 Repeat-associated non-AUG translation produces dipeptide repeat proteins 

from the C9orf72 HRE ................................................................................................... 40 

1.5.3 Nucleocytoplasmic transport dysfunction ....................................................... 47 

1.5.4 Aberrant calcium homeostasis and glutamate-induced toxicity ..................... 54 

1.5.5 TDP-43 mislocalisation .................................................................................. 55 

1.5.6 Loss-of-function and endosomal pathway defects ......................................... 57 

1.5.7 Spectrum with frontotemporal dementia (FTD) .............................................. 61 

1.6 C9orf72 ALS has been characterised in a number of versatile models ................. 62 

1.6.1 Mouse models of C9orf72 ALS ...................................................................... 63 

1.6.2 Patient post-mortem tissue as a validation tool ............................................. 65 

1.7 Induced pluripotent stem cell-derived motor neurons from patients recapitulate 

several pathological phenotypes of C9orf72 ALS .............................................................. 66 

1.8 RNA sequencing of motor neurons is crucial to understanding C9orf72 ALS ....... 69 

1.8.1 Methods for studying neurons in isolation ...................................................... 71 

1.8.2 Translating ribosome affinity purification ........................................................ 75 

1.9 Aims ....................................................................................................................... 79 

2 Materials and Methods ............................................................................................ 84 

2.1 Molecular cloning of translating ribosome affinity purification constructs and 

validation of expression ..................................................................................................... 84 

2.1.1 Plasmids and primers .................................................................................... 84 

2.1.2 Patient-derived fibroblast lines and induced pluripotent stem cell induction .. 87 

2.1.3 Molecular cloning ........................................................................................... 87 

2.1.4 HEK293-T cell culture .................................................................................... 89 

2.1.5 Sanger sequencing ........................................................................................ 90 

2.1.6 Immunocytochemistry .................................................................................... 90 

2.1.7 SDS-PAGE and Immunoblotting .................................................................... 91 

2.2 Optimisation of translating ribosome affinity purification from HEK293-T cells and 

iPSC-derived motor neurons ............................................................................................. 93 

2.2.1 Lentiviral particle generation, titration and transduction ................................. 93 

2.2.2 iPSC-motor neuron differentiation .................................................................. 94 

2.2.3 Reverse transcription, quantitative PCR (qRT-PCR) ..................................... 98 



  9 

2.2.4 Microscopy ..................................................................................................... 98 

2.2.5 Translating ribosome affinity purification ........................................................ 98 

2.2.6 Quality control using RNA Integrity Number (RIN) analysis ......................... 101 

2.2.7 Quant-iT RiboGreen Assay .......................................................................... 101 

2.3 RNA sequencing and data analysis ..................................................................... 101 

2.3.1 Addition of sequin spike-ins ......................................................................... 102 

2.3.2 RNA sequencing library preparation and platform ....................................... 102 

2.3.3 Bioinformatic analysis, processing and differential gene expression analysis of 

translatome data .......................................................................................................... 102 

3 Molecular cloning of a translating ribosome affinity purification (TRAP) lentiviral 

expression vector ......................................................................................................... 106 

3.1 Introduction .......................................................................................................... 106 

3.2 A lentiviral TRAP vector for targeted expression in human ChAT-expressing motor 

neurons in culture ............................................................................................................ 107 

3.2.1 TRAP vector starting commercial constructs and design conception .......... 107 

3.2.2 Starting commercial vectors produce expected band sizes following restriction 

digest reactions ........................................................................................................... 111 

3.2.3 Starting commercial vectors are expressed in HEK293-T cells and human 

iPSC-motor neurons .................................................................................................... 111 

3.3 Cloning Strategy .................................................................................................. 116 

3.4 TRAP vector efficiently co-expresses eGFP and tagged RPL22 in target cells .. 126 

3.5 Conclusion ........................................................................................................... 134 

4 Optimisation of translating ribosome affinity purification from an iPSC-derived 

motor neuron model of patient C9orf72 amyotrophic lateral sclerosis .................. 135 

4.1 Introduction .......................................................................................................... 135 

4.2 High co-expression of TRAP vector components and ChAT-expressing iPSC-

derived motor neurons was achieved .............................................................................. 137 



  10 

4.2.1 Optimal lentiviral transduction concentration varies across differentiated iPSC-

motor neuron lines ....................................................................................................... 139 

4.2.2 Optimisation of transduction conditions resulted in minimal cell death ........ 147 

4.3 Optimisation of translating ribosome affinity purification from transduced cell 

cultures ............................................................................................................................ 153 

4.3.1 Harvesting and handling techniques dramatically affect quality and yield of 

RNA……………………………………………………………………………………………157 

4.3.2 Varied TRAP vector transduction efficiency rate results in different yields of 

RNA……………………………………………………………………………………………158 

4.3.3 Dissociation and purification of mRNA from magnetic beads was optimised for 

maximum output .......................................................................................................... 169 

4.4 RNA sequencing of TRAP-RNA from C9orf72 ALS patient iPSC-motor neurons 170 

5 Bioinformatic analysis of RNA sequencing translatome data .......................... 177 

5.1 Introduction .......................................................................................................... 177 

5.2 TRAP and transcriptome input samples have distinctly different quality across all 

raw and mapped reads .................................................................................................... 177 

5.3 TRAP samples are enriched with mature mRNA species compared to controls . 185 

5.4 Differential expression analysis ........................................................................... 189 

5.4.1 Introduction .................................................................................................. 189 

5.4.2 Sequin normalisation for the TRAP and transcriptome datasets is 

challenging……………………………………………………………………………………189 

5.4.3 Pulldown of transcripts between individual samples are consistent ............ 194 

5.4.4 Exploratory data analysis shows distinct clustering of samples ................... 200 

5.4.5 TRAP-RNA is enriched for neuronal markers in the motor neuron 

translatome…………………………………………………………………………………...204 

5.4.6 C9orf72 patient motor neurons have several differentially expressed genes 

compared with age-matched controls .......................................................................... 210 

5.4.7 DNA-binding, transcriptional activity and intracellular vesicle-associated genes 

are significantly enriched in the C9orf72 iPSC-motor neuron translatome .................. 214 

5.5 Conclusions ......................................................................................................... 220 



  11 

6 Discussion .............................................................................................................. 221 

6.1 A TRAP vector for human translatome analysis: main conclusions .................... 221 

6.1.1 Mature mRNA was successfully purified from iPSC-motor neurons ............ 221 

6.1.2 Comparison of TRAP and transcriptome profiles is challenging .................. 224 

6.2 DE analysis between C9orf72 patient and control translatomes reveal disease-

relevant targets ................................................................................................................ 227 

6.2.1 Genes associated with synaptic transmission are misregulated .................. 227 

6.2.2 Discrepancies with other C9orf72 ALS research ......................................... 230 

6.3 iPSC-motor neurons are a challenging model for transcriptomic analysis .......... 232 

6.3.1 Increased sample sizes and better controls would improve power .............. 233 

6.3.2 Improvements to the protocol may improve RNA yields .............................. 234 

6.4 TRAP has wide potential for other human models and co-cultures ..................... 234 

6.4.1 TRAP as a tool in drug screening ................................................................ 235 

6.5 Future directions .................................................................................................. 236 

6.6 Closing statements .............................................................................................. 237 

7 References ............................................................................................................. 238 

8 Appendix ................................................................................................................ 259 

 

 

  



  12 

List of Figures 

Figure 1.1. Translating ribosome affinity purification. ........................................... 82 

Figure 2.1. Differentiation of iPSCs to motor neurons. ......................................... 97 

Figure 3.1. The lentiviral TRAP vector was cloned from commercially bought 

expression constructs containing the desired cDNA elements for TRAP vectors.

 ............................................................................................................................ 109 

Figure 3.2. Restriction digest reactions and immunofluorescence was used to 

confirm the sizes and expression of the primary constructs to be used for cloning of 

the TRAP vector. ................................................................................................. 113 

Figure 3.3. TRAP vector cloning strategy. .......................................................... 117 

Figure 3.4. Cloning of the TRAP construct (Figure 3.3, steps 1-4). ................... 120 

Figure 3.5. Continued cloning of the TRAP construct (Figure 3.3, steps 5-8). ... 123 

Figure 3.6. Immunostaining of HEK293-T cells and iPSC-motor neurons following 

lentiviral transduction TRAP constructs. ............................................................. 127 

Figure 3.7. Immunoblotting analysis of protein isolated from mature iPSC-motor 

neurons transduced with TRAP vectors. ............................................................. 132 

Figure 4.1. Lentiviral transduction efficiency of RChAT:TRAP and MChAT:TRAP 

are slightly different, as shown by expression of reporters. ................................ 136 

Figure 4.2. Workflow to generate lentiviral particles from cloned TRAP vectors 

using 3

rd

 generation lentiviral plasmids. .............................................................. 138 

Figure 4.3. Immunofluorescence confocal images of iPSC-motor neurons treated 

with various concentrations of RChAT:TRAP lentivirus to optimise transduction.

 ............................................................................................................................ 141 

Figure 4.4. Live fluorescence imaging of iPSC-motor neurons and HEK293-T cells 

following hUbC:TRAP or RChAT:TRAP lentivirus transduction. ......................... 149 



  13 

Figure 4.5. RNA integrity number (RIN) analysis of iPSC-motor neuron RNA 

samples pulled down using TRAP protocol from Lesiak et al., 2015. ................. 155 

Figure 4.6. Optimisation of washing buffer of beads interacting with antibody-

ribosomal complexes in HEK293-T cells. ............................................................ 159 

Figure 4.7. Antibody optimisation against molecular tag used for ribosomal 

pulldown in TRAP protocol. ................................................................................. 164 

Figure 4.8. The final optimised TRAP protocol was carried out on control, patient 

and edited iPSC-motor neurons. ......................................................................... 174 

Figure 5.1. Quality control of raw reads from TRAP and transcriptome input 

fractions following RNA sequencing using FastQC. ............................................ 179 

Figure 5.2. Assessment of reads mapping to hg38 annotated human genome 

shows an over-representation of reads in chromosome 21. ............................... 183 

Figure 5.3. Quality control of reads mapping to hg38 annotated human genome.

 ............................................................................................................................ 186 

Figure 5.4. Sample spike-in analysis to normalise RNA sequencing dataset. ... 192 

Figure 5.5. The normalised counts of all detected genes from individual TRAP 

samples demonstrates the reproducibility of counts obtained per gene. ............ 196 

Figure 5.6. Exploratory differential gene expression analysis of the translatome.

 ............................................................................................................................ 202 

Figure 5.7. Normalised gene expression transcripts per million (TPM) counts of 

marker genes from DE analysis. ......................................................................... 207 

Figure 5.8. Normalised gene expression in transcripts per million (TPM) counts of 

genes of interest from DE analysis, grouped by cellular function. ...................... 212 

Figure 5.9. Fast gene set enrichment analysis (FGSEA) and leading edge analysis 

of the top 500 most significant genes in the C9orf72 translatome. ..................... 216 



  14 

Figure S8.1. Alignment of predicted promoter regions, MChAT and RChAT for 

TRAP construct to the human ChAT locus. ........................................................ 259 

Figure S8.2. Overlap of total genes or transcripts detected in RNA sequencing 

experiment between TRAP and transcriptome input sample groups. ................. 261 

Figure S8.3. The top 250 most significant genes from differential expression 

analysis comparing C9orf72-TRAP and Control-TRAP samples were used to 

explore the gene ontology (GO) terms associated with them. ............................ 265 

  



  15 

List of Tables 

Table 2.1. Commercially bought plasmids used in the cloning of TRAP constructs.

 .............................................................................................................................. 84 

Table 2.2. List of all primers used in the cloning of the TRAP constructs and for 

screening colonies transformed with successful ligations. .................................... 85 

Table 2.3. List of all primers used in Sanger sequencing experiments of the TRAP 

constructs following molecular cloning of the regions of interest. ......................... 86 

Table 2.4. List of all antibodies used for either immunocytochemistry or western 

blotting, with the optimised dilutions used in all experiments, unless otherwise 

specified. Bolded c-myc antibody was used for TRAP of RNA in final protocol. ... 92 

Table 4.1. All TRAP experiments performed to obtain TRAP and corresponding 

transcriptome input samples for RNA sequencing, using the final optimised protocol. 

IF = input fraction. Samples submitted for sequencing are in bold. .................... 171 

Table S8.1. 50 genes with highest log2 fold change in expression, upregulated in 

differential expression analysis, comparing C9orf72-TRAP and Control-TRAP 

samples. .............................................................................................................. 263 

Table S8.2. 50 genes with lowest log2 fold change in expression, downregulated in 

differential expression analysis, comparing C9orf72-TRAP and Control-TRAP 

samples. .............................................................................................................. 264 

Table S8.3. List of genes associated with fast gene set enrichment analysis 

(FGSEA) gene ontology terms for molecular function. ........................................ 268 

Table S8.4. List of genes associated with fast gene set enrichment analysis 

(FGSEA) gene ontology terms for biological pathway. ....................................... 269 

Table S8.5. List of genes associated with fast gene set enrichment analysis 

(FGSEA) gene ontology terms for cellular components. ..................................... 272 



  16 

List of Abbreviations 

Central nervous system (CNS) 

Amyotrophic lateral sclerosis (ALS)  

Frontotemporal dementia (FTD) 

Neuromuscular junction (NMJ) 

Endoplasmic reticulum (ER) 

Superoxide dismutase 1 (SOD1) 

TAR DNA binding protein (TARDBP) 

Fused-in-sarcoma (FUS) 

Optineurin (OPTN) 

Hexanucleotide repeat expansion (HRE) 

Repeat-associated non-AUG (RAN) 

Dipeptide repeat (DPR) 

Differentially expressed in normal and neoplasia (DENN) 

Ribonucleic acid (RNA) 

Deoxyribonucleic acid (DNA)  

Messenger RNA (mRNA) 

Ribosomal RNA (rRNA) 

Transfer RNA (tRNA) 

Micro RNA (miRNA) 

Short interfering RNA (siRNA) 

Untranslated Region (UTR) 

Guanine Exchange Factor (GEF) 

Unc-51-like kinase 1 (ULK1) 

1A/1B-light chain 3-II (LC3-II) 



  17 

Translating ribosome affinity purification (TRAP)  

Laser-capture microdissection (LCM) 

Fluorescence-activated cell sorting (FACS) 

Magnetic-activated cell sorting (MACS) 

Polymerase chain reaction (PCR) 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

Fluorescence in situ hybridization (FISH) 

Genome-wide association study (GWAS) 

Induced pluripotent stem cell (iPSC) 

Smoothened agonist (SAG) 

Antisense oligonucleotide (ASO) 

Locked nucleic acid (LNA) 

Clustered regularly interspaced short palindromic repeats (CRISPR) 

Green fluorescent protein (GFP) 

Enhanced green fluorescent protein (eGFP) 

Red fluorescent protein (RFP) 

Adeno-associated virus (AAV) 

Multiplicity of infection (MOI) 

Bacterial artificial chromosome (BAC) 

Enzyme-linked immunosorbent assay (ELISA) 

RNA interference (RNAi) 

Phosphate buffered saline (PBS) 

Rho-associated, coiled-coil containing protein kinase inhibitor (ROCKi) 

Glutathione S-transferases (GST) 

Long terminal repeats (LTR) 



  18 

Liquid-liquid phase separation (LLPS) 

Unfolded protein response (UPR) 

RNA integrity number (RIN) 

Gene transfer format (GTF) 

Transcripts per million (TPM) 

Open reading frames (ORF) 

Principal component analysis (PCA) 

Differentially Expressed (DE) 

Fast gene set enrichment analysis (FGSEA) 

Choline acetyl transferase (ChAT) 

Islet 1 (ISL1) 

Neurofilament heavy (NEFH) 

Beta-III tubulin (TUBB3) 

Motor neuron and pancreas homeobox 1 (MNX1) 

Homeobox 9 (HB9) 

Oligodendrocyte transcription factor 2 (OLIG2) 

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) 

Beta actin (ACTB) 

Topoisomerase 1 (TOP1) 

ATP synthase subunit beta (ATP5B) 

Acetylcholine receptor (AChR) 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

N-methyl-D-aspartate (NMDA) 

Synaptotagmin-9 (SYT9) 

Synaptotagmin-11 (SYT11) 



  19 

Syntaxin-6 (STX6) 

Syntaxin-8 (STX8) 

Calretinin 2 (CALB2) 

Calmodulin 1 (CALM1) 

Calmodulin 3 (CALM3) 

Valosin-containing protein (VCP) 

Charged multivesicular body protein 2B (CHMP2B) 

Microtubule-associated protein tau (MAPT) 

Granulin (GRN) 

Glutamate Ionotropic Receptor AMPA Type Subunit 1 (GRIA1) 

Glutamate Ionotropic Receptor AMPA Type Subunit 4 (GRIA4) 

Glutamate Metabotropic Receptor 4 (GRM4) 

Calmodulin (CaM) 

Calmodulin-dependent kinase (CaMK) 

  



  20 

1 Introduction 

 

1.1 Motor neurone diseases 

The human central nervous system (CNS) is composed of billions of neurons of 

diverse types, each with potentially unique functions, forming trillions of synaptic 

connections (Kandel et al., 2000). The brain is a highly dense organ, mostly 

composed of neurons and their supporting cells, known as glia. Neurons are 

organised in highly dense tissue, forming nuclei of cell bodies, with axons projecting 

both locally, and to remote areas of the brain and toward peripheral junctions with 

muscle and skin (Kandel et al., 2000). Immune cells can also be recruited to the 

CNS upon injury, infection or other trauma via blood vessels, which form a complex 

vascular network. Collectively this organ monitors, responds and modulates every 

process occurring in the rest of our bodies, including triggers from our environment. 

It is also the centre of cognitive processing. Though still being studied to greater 

and greater detail, the role of the various parts of the CNS have been well 

characterised. For example, the cerebellum has a role in fine motor control, motor 

learning and cognition, the hypothalamus in hormonal regulation via the pituitary 

glands, the hippocampus in memory and the spinal cord in motor reflexes (Kandel 

et al., 2000). The complexity of this system is increased by the communication of 

these processes to other parts of the brain. The onset of an injury, trauma or 

neurodegenerative disease can therefore have massive detrimental effects. The 

loss of specific subtypes of neurons, via injury or disease, is often accompanied by 

specific and characteristic pathological phenotypes reflecting the underlying biology 

of the disease process. 
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Motor neurons are a neuronal subtype found in the spinal cord, brain stem motor 

nuclei, and the motor cortex, which communicate to coordinate our voluntary and 

reflexive movements (Kandel et al., 2000). Spinal motor neurons, amongst the 

largest cell type in mammals, develop from the mesodermal layer of an embryo, 

growing over long distances in utero to form synaptic connections with muscle fibres. 

Given that the cell bodies of spinal motor neurons begin at the spinal cord, and 

extend to the furthest muscle in the legs, it will be evident that they have axons 

which can extend up to a meter, and are thought to be maintained from birth to 

adulthood, without replacement (Kandel et al., 2000). The activation of muscle 

fibres is controlled by the release of neurotransmitters at neuromuscular junctions 

(NMJ). A motor neuron and its connection with muscles are together known as the 

motor unit. Voluntary movement is specifically controlled by motor neurons which 

synapse onto skeletal muscles, in contrast to cardiac or smooth muscle, which are 

involved in rhythmic heart beat control or gut movement, respectively (Kandel et al., 

2000). Diseases of the motor unit are therefore characterised by loss of neurons or 

muscle. Loss of muscle tissue due to a primary myopathic disease does not lead to 

atrophy of neuronal tissue. In contrast, neurogenic diseases affecting the motor 

neuron first, ultimately lead to muscle atrophy. Though easily classifiable through 

post-mortem tissue examination, both of these disease types are initially 

characterised by muscle weakness (Kandel et al., 2000; van Es et al., 2017). 

Historically this led to clinical uncertainty in distinguishing neurogenic and muscular 

disease, which has largely been resolved with a greater understanding of the 

taxonomy of neurological disease and modern diagnostic methods, principally 

electromyography (Kandel et al., 2000). Certain clinical features can imply the loss 
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of solely upper or lower motor neurons, or both, as is typically the case for the most 

common type of motor neuron disease, amyotrophic lateral sclerosis (ALS). 

 

1.2 ALS: a heterogenous, motor neurodegenerative disease 

ALS is a rapidly progressive neurodegenerative disease, where combined upper 

and lower motor neurons loss leads to a loss of function, increasing paralysis, and 

eventually death from loss of ability to breathe (Tandan and Bradley, 1985). The 

median age of symptom onset is 65 years, with some cases occurring as early as 

20 years of age. In over 90% of cases ALS occurs without a family history of a 

similar disorder (Kiernan et al., 2011). A significant proportion of the remaining 10% 

of cases can be linked to various autosomal dominant gene mutations. One of the 

largest challenges in this area of research is characterising the mechanisms 

whereby genetic mutations lead to motor neuron death through pathological cellular 

pathways. This is especially challenging as individuals with a mutation live with it 

from conception, though the disease does not manifest until much later in life. 

Collectively, over 60% of genetically determined ALS cases are accounted for by 

mutations in superoxide dismutase 1 (SOD1), TAR DNA binding protein (TARDBP), 

fused-in-sarcoma (FUS) and C9orf72 (Talbot and Ansorge, 2006; Scaber and 

Talbot, 2016; Talbot et al., 2018). An interesting aspect of this is that all of these 

mutations apparently cause the same range of clinical phenotypes. Although most 

ALS cases at autopsy show TDP-43 pathology, SOD1 and FUS cases are 

pathologically distinct. Understanding how each mutation leads to motor neuron 

degeneration, identifying any commonalities, either in specific pathology cellular 

pathways, or a particular age-related vulnerability specific to motor neurons in ALS 

is crucial to finding potential treatments. 
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1.2.1 There is no effective treatment for ALS 

Researchers have tried to find common pathological mechanisms, which may lead 

to a unified treatment. More recent studies have shown that though the mutated 

gene products may behave differently, they may have detrimental effects on the 

same kind of pathways, which become defective and lead to cell death in the same 

way by end stage of the disease. The first approved drug for ALS was riluzole, a 

glutamate receptor inhibitor, which is thought to inhibit receptors which cause 

glutamate-induced excitotoxicity in motor neurons (Lacomblez et al., 1996). This 

drug was approved before most genetic mutations linked to ALS were discovered, 

suggesting a universal underlying pathology was present. To investigate this, 

Bursch et al., 2019 used iPSC-motor neurons from patients with C9orf72, TDP-43, 

FUS or SOD1 mutations to examine responses to calcium modulation and 

glutamate receptor stimulation, following targeted agonist treatments. Each 

mutation showed a distinct difference in receptor subunit expression and calcium 

dynamics, suggesting that though there is a shared pathology, the specific pathway 

mechanics vary in subtle ways, which are unlikely to be sufficiently rescued with 

one kind of drug. Another study, looked at a cohort of iPSCs from sporadic ALS 

patients, using an automated system to culture and differentiate motor neurons from 

32 individuals (Fujimori et al., 2018). This study identified multiple phenotypes in 

their patient motor neurons and used an automated drug screen to find hits which 

corrected these cellular readouts. Ropinirole was identified as a potential treatment 

for sporadic cases of ALS, though strikingly not for SOD1 ALS, in whose iPSC-

motor neuron cultures, pathological phenotypes where not corrected. Further 

investigation of this drug in animal models or in clinical trials has not yet been 

published. 
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1.3 The genetics of ALS 

Despite only making up 10% of all ALS cases, inherited mutations that have been 

shown to cause ALS are numerous. Currently, over 20 genes have been implicated 

in familial ALS as reviewed in Volk et al., 2018. The majority of these are rare, 

making up less than 1% of all cases, worldwide. The most well characterised 

mutations are also the most common. 

 

1.3.1 Superoxide Dismutase 1 

Superoxide dismutase 1 (SOD1) is a metalloprotein, with a function in the 

conversion of toxic oxygen free radicals to oxygen and hydrogen peroxide (Rosen 

et al., 1993). It was originally found to be associated with familial ALS via autosomal 

inheritance in a linkage study (Siddique et al., 1991). 23 families’ DNA were 

extracted, digested using restriction endonucleases and run on a gel to identify 

common markers. These were narrowed down to 4 loci on the long arm of 

chromosome 21 (Siddique et al., 1991). These were further analysed in the families, 

narrowing down to the locus, D21S223. In a follow up study, polymerase chain 

reaction (PCR) was used to identify the latter as SOD1 and various mutations 

associated with 13 families, 2 of which were unrelated, but had the same mutation 

(Rosen et al., 1993). The number of known validated SOD1 mutations has now 

increased to above 180 (Maurel et al., 2018), with a mixture of point substitutions 

or deletions, and exon truncations (Turner and Talbot, 2008). In the following years, 

mouse models for SOD1 mutations were rapidly generated and used for 

pathological analysis of SOD1 and its potential role in causing neurodegeneration 

in spinal motor neurons. A potential mechanism through loss-of-function of SOD1 
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protein was deemed unlikely from several studies, as the knockout mouse model 

did not develop any fatal motor defects, though a number of other pathological 

phenotypes were noted, including a reduction in fertility of the females and 

increased rate of ageing, light sensitivity degeneration (resulting in the formation of 

cataracts and macular degeneration) and death at two years from tumours (Turner 

and Talbot, 2008). Further investigation of the knockout model found significant 

denervation and muscle atrophy by 18 months in these mice, though not directly 

causing death. It was hypothesised that SOD1 protein has a role in several cellular 

functions, thus mutations may be causing a partial loss-of-function, which in turn 

could confer motor neuron sensitivity. The original authors of the SOD1 discovery 

shortly after published a study where several mice with the identified familial SOD1 

mutations were generated, which displayed a fatal motor phenotype, strongly 

resembling ALS with lower motor neuron defects. This strongly suggested a toxic 

gain-of-function mechanism, though the model invited technical criticism due to the 

inconsistency of transgene copy numbers and gene expression across models, 

making it difficult to normalise and compare pathophysiological results. Furthermore, 

the onset of disease phenotype was at the 3-month stage, which is comparatively 

too early for an ageing neurodegeneration model. Nevertheless, more than a dozen 

ALS models of SOD1 mutations have been generated to date, and thoroughly 

characterised in terms of neuropathology, behavioural studies relating to motor 

coordination and cognitive impairment, molecular pathways and RNA sequencing 

studies (Gurney et al., 1994; Bruijn et al., 1997; Sun et al., 2015). Since the 

emergence of induced pluripotent stem cell (iPSC)-motor neuron differentiation 

models, some SOD1 mutation-linked pathologies have also been characterised in 

human cell cultures (Chen et al., 2014), and have opened up an avenue to study 
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the role of endogenous human SOD1 (Bursch et al., 2019; Wong and 

Venkatachalam, 2019). For instance, Chen et al., 2014 identified that the well-

known ALS pathology of the accumulation of neurofilament chains (Hirano et al., 

1984) and SOD1 protein, in affected tissue in ALS, can also be observed in iPSC-

motor neurons from a patient with the SOD1

D90D

 mutation, though not in non-motor 

neurons or wildtype controls. These iPSC-motor neurons also exhibited neurite 

swelling, neurite degradation and increased levels of the apoptotic marker, cleaved 

caspase-3. Homologous recombination was used to generate iPSCs which 

expressed neurofilament-light chains under a tetracycline-inducible CAG promoter, 

which reversed this phenotype. This pathology was further linked to the increased 

binding of neurofilament-light mRNA to mutant SOD1 via the 3’-untranslated region 

(3’UTR). The polymerization of neurofilament chains is known to be a controlled 

process, where the balance between neurofilament-light, -medium and -heavy 

proteins is crucial. The sequestration of one of these components’ mRNA results in 

a loss of this balance, as a consequence of fewer light chains being translated, thus 

causing the accumulation of the other chains (Chen et al., 2014). This study was 

crucial to linking a well-known neuropathology in SOD1 ALS patients and 

transgenic mouse models, to a human iPSC-motor neuron model, showing that a 

high copy number of mutant SOD1 is not required to trigger axonal degradation as 

in mouse models. It highlighted a potential point of therapeutic intervention, 

suggesting blocking the interaction between mutant SOD1 and neurofilament-light 

mRNA. Finally, while glia are thought to play a role in contributing to pathological 

mechanisms in ALS, Chen et al., 2014 showed that in this case the phenotype can 

manifest in their absence, implying a cell autonomous mechanism. However, the 

paper did not identify why neurofilament accumulation is specific to iPSC-motor 
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neurons, a factor that remains unknown. Several other toxic gain-of-function 

mechanisms have been linked to SOD1 ALS, likely triggered by the various 

mutations, which may induce codon shifts through their deletions, truncated 

peptides or altered sequence from base substitutions (Turner and Talbot, 2008). 

These mechanisms include defects in the endoplasmic reticulum and mitochondria 

(Higgins et al., 2003; Kikuchi et al., 2006; Magrané et al., 2014). It is thought that 

increased accumulation of mutant SOD1 protein over time leads to impairment of 

core cellular pathways, and subsequent atrophy of neuronal tissue. RNA 

sequencing of iPSC-motor neurons from patients with the SOD1A4V
 mutation 

showed perturbations in mitochondrial pathways, though not in SOD1A272C
 patients 

(Wong and Venkatachalam, 2019). The latter showed an upregulation of 

microtubule transport pathway, which does not correlate with the known pathology 

of axonal degradation, though this may be because the RNA was harvested at a 

stage of the motor neuron culture where this phenotype is absent. 

 

1.3.2 TAR DNA binding protein 

The TARDBP gene encodes a protein called TDP-43, which has a general function 

in RNA processing, with roles in DNA binding, messenger RNA (mRNA) splicing 

and RNA maturation. It was originally identified as relevant to ALS in 2006 as 

component of the cytoplasmic ubiquitin-positive granules associated with the vast 

majority of ALS cases (Neumann et al., 2006). TDP-43 has predominant nuclear 

localisation in healthy cells. Thus, this key pathological phenotype, seen in over 

90% of TDP-43 and C9orf72 mutation-associated, and sporadic cases of ALS, a 

cytoplasmic mislocalisation of TDP-43 implies a loss-of-function of the nuclear 

RNA-binding protein. Its increased recruitment to stress granules also suggests a 
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potential toxic gain-of-function mechanism. Interestingly, ALS cases with a SOD1 

or FUS mutation are negative for TDP-43-positive aggregates (Mackenzie et al., 

2007). 

 

TDP-43 is a component of stress granules, which recruit protein and RNA from the 

local environment in the cytoplasm, sequestering them, and thus preventing their 

endogenous functions in times of cellular stress (McDonald et al., 2011; Chou et al., 

2018; Mann et al., 2019). It has been speculated, but remains unproven, that these 

may seed TDP-43 aggregates in ALS. The components of stress granules have 

been widely studied to attempt to identify key cellular pathways that have been 

affected by this pathological process. Stress granules are dynamic non-membrane 

bound organelles with a role in buffering proteins in response to toxic signals 

triggering autophagy pathways to recycle and conserve proteins (Anderson and 

Kedersha, 2008). TDP-43 is 414 amino acids in length, containing two RNA 

recognition motifs from the N-terminal domain and one glycine-rich domain at the 

C-terminus, where the majority of the dozens of mutations implicated in TDP-43-

linked ALS lie (Kuo et al., 2009). This is also known as a low complexity domain, 

and is the part of the protein which forms non-specific interactions in stress granules. 

Rarer cases, where mutations exist in the RNA recognition motifs have also been 

found. It is thought that TDP-43 mutations disturb the local conformation of the 

protein, leading to nuclear mislocalisation and aggregation at ubiquitin-positive 

stress granules. Different proteins have been found to co-localise with these 

granules, including different patterns in different parts of the brain in ALS patient 

post-mortem tissue (Lagier-Tourenne et al., 2010). Strikingly, TDP-43 

mislocalisation is a characteristic pathology seen in sporadic ALS cases and 
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patients carrying a C9orf72 hexanucleotide repeat expansion. Initial studies showed 

that cytoplasmic granules in C9orf72 ALS patient tissue did not co-localise with 

TDP-43 (Al-Sarraj et al., 2011; Troakes et al., 2012). However, later studies showed 

a potential role for TDP-43 in C9orf72-related disease (Mackenzie et al., 2015; 

Davidson et al., 2016). Specific examples of these have been described below 

(section 1.5.5). 

 

1.3.3 Fused-in-sarcoma 

The FUS gene encodes an RNA-binding protein, originally found to be linked to a 

UK-based kindred, in a lower motor neuron predominant ALS subtype (Vance et al., 

2009). Similar to TDP-43, FUS was shown to accumulate in cytoplasmic granules. 

FUS is thought to have a role in transcription, processing and splicing of RNA, 

suggesting mechanistic similarities to TDP-43 in ALS. However, like SOD1 cases 

of ALS, patients with FUS mutations have not been found to contain TDP-43-

positive, ubiquitin-positive, tau-negative cytoplasmic inclusions, suggesting a 

distinct pathophysiology. 

 

1.4 The C9orf72 hexanucleotide repeat expansion is the most common gene 

mutation linked to familial cases of ALS and FTD 

 

1.4.1 Identification and population genetics 

The commonest mutation linked to ALS is a hexanucleotide ([GGGGCC]
n
) repeat 

expansion (HRE) in intron 1a of the C9orf72 gene. It was discovered through a 

combined positional cloning and genome-wide association (GWAS) strategy from 

different cohorts including a crucial Finnish population of ALS patients (DeJesus-
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Hernandez et al., 2011; Renton et al., 2011). The C9orf72 mutation makes up the 

most significant proportion of familial ALS cases (~40%) in European and North 

American populations, though it appears to be virtually non-existent in East Asian 

populations. These 6 nucleotides have been found to repeat hundreds to thousands 

of times in patients, though a threshold for disease manifestation has not been 

determined. Furthermore, studies observing age of onset, disease progression and 

disease severity to the number of hexanucleotide repeats have not found any 

significant correlations (van Blitterswijk et al., 2013; Nordin et al., 2014). 

Examination of post-mortem human tissue using Southern blot analysis showed 

that the number of repeats in intron 1a of C9orf72 varies across neuronal and non-

neuronal tissue between 18 different patients (Nordin et al., 2014). Variation in 

repeat length within groups of similar tissue, such as different brain regions, 

compared to kidney, or various muscles for example, were closer. However repeat 

lengths from individual patients in the same tissue were highly variable. An overall 

pattern appeared to suggest a greater number of repeats in neural tissue compared 

with non-neuronal, though blood appeared to be an anomaly to this rule, being 

generally more similar to neural tissue (Nordin et al., 2014). This may suggest a 

potential reason for neuronal-specificity in disease, though mechanisms of somatic 

instability in mature or developing motor neurons are unknown. Additionally, a study 

has also found that the C9orf72 HRE appears in a broader phenotypic spectrum of 

neurodegenerative conditions other than pure ALS or frontotemporal dementia 

(FTD), such as Huntington’s and Alzheimer’s like syndromes at a significantly 

higher rate than across the national average in a UK-based cohort (Beck et al., 

2013). This finding has prompted researchers in the field to wonder whether a true 

overarching mechanistic link between wider neurodegenerative disease may exist, 
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and if more studies to find common molecular pathways should be conducted. This 

topic remains controversial, and no evidence yet exists to suggest a stronger link 

between C9orf72 and other neurodegenerative diseases as strong as the evidence 

between ALS and FTD. 

 

1.4.2 C9orf72 protein has been implicated in vesicular transport and 

autophagy pathways 

Three spliced transcript isoforms arising from the C9orf72 locus have been 

identified. The total levels of C9orf72 mRNA are reduced in post-mortem patient 

neuronal tissue, including in the cerebellum, motor cortex, spinal cord and iPSC-

derived neurons (DeJesus-Hernandez et al., 2011; Donnelly et al., 2013). The most 

common isoform does not contain intron 1a in its immature RNA transcripts. The 

two that do are generally less abundant, but also downregulated in disease, 

compared with age-matched controls and non-C9orf72 forms of ALS. Distinctive 

protein functions of these isoforms are currently unclear. Motif scanning and 

sequence homology comparison of the exon regions of C9orf72 with known motifs 

suggest the presence of a differentially expressed in normal and neoplasia (DENN)-

like domain (Levine et al., 2013), which has a function as guanine exchange factors 

(GEF) in regulators of members of the Rab family of GTPases (Marat et al., 2011). 

With around 70 members, this protein family is involved in the trafficking of vesicles 

between membrane-bound organelles and the cell membrane (Zerial and McBride, 

2001). Through the exchange of GDP to GTP, switching from an inactive to active 

state, respectively, Rab proteins can recruit vesicles via SNARE proteins to mediate 

their fusion at various organelles. Through this pathway, the transport of cargo 

between the endoplasmic reticulum, various layers of the Golgi body, early and late 



  32 

endosomes, and lysosome is maintained (Zerial and McBride, 2001). Therefore, 

the role of GEFs as mediators of Rab protein function is crucial. The primary 

sequence of C9orf72 does not match significantly with any other known family of 

proteins, but the predicted secondary and tertiary conformation at the N-terminal 

region of its DENN-like domain, comprising of alternate beta sheets and alpha coils 

(known as a longin domain), is also found in SNARE proteins, which have a role in 

vesicle fusion at the synaptic membrane (Levine et al., 2013). C9orf72 has been 

well established as a binding partner of the Rab family of GTPases, involved in 

several processes, including exosome secretion and endosomal trafficking 

pathways (Farg et al., 2014; Aoki et al., 2017). A potential role for the C9orf72 and 

Rab proteins in ALS pathology is discussed in section 1.5.6. 

 

The first paper to show an endogenous function for C9orf72 protein in autophagy 

was Webster et al., 2016, where its interaction with Rab1a and a protein called Unc-

51-like kinase 1 (ULK1) was demonstrated. ULK1 is a known member of the 

initiation complex in autophagy, which is involved in the generation of 

autophagosomes. This study showed that the knockdown of C9orf72 mRNA 

transcripts in human immortalised cell lines and rat primary neurons via siRNA or 

miRNA, respectively, resulted in a depletion in autophagy marker, 1A/1B light chain 

3-II (LC3-II). Conversely, overexpression of C9orf72 protein increased levels of 

LC3-II, though not when the ULK1-initiation complex was inhibited, suggesting a 

link between the two. Overexpression of long or short isoform of C9orf72-c-myc or 

C9orf72-FLAG in HEK293 cells, followed by immunoprecipitation revealed that 

ULK1, and other initiation complex proteins were pulled down with both isoforms 

(Webster et al., 2016). This was further validated in a proximity ligation assay. It 
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was observed that ULK1 phosphorylation levels were not affected by the 

knockdown of C9orf72, though cellular localisation was, suggesting a potential role 

in trafficking of the autophagy initiation complex. Rab1a is a known regulator of 

autophagy in mammalian cells, and was further confirmed in this study through 

cellular knockdown, resulting in inhibition of initiation complex translocation to 

phagosomes. Confirmation of an interaction between C9orf72 and Rab1a 

suggested a role of the former as a GEF of this Rab protein and subsequent 

trafficking of the ULK1 autophagy initiation complex (Webster et al., 2016). 

Subsequent studies have replicated the finding that C9orf72 clearly has a role in 

autophagy (Amick et al., 2016; Sullivan et al., 2016; Yang et al., 2016). However, 

there is a discrepancy over whether C9orf72 activates or inhibits the process, and 

how this occurs. Yang et al., 2016 showed that a protein called SMCR8, which also 

contains a predicted DENN-like domain, interacts with C9orf72 and ULK1. When 

SMCR8 was knocked out in a mouse model, autophagy was compromised. This 

study also showed that C9orf72 can interact with several Rab proteins, including 

Rab39B, though not Rab1a. Further, it was shown that only the long isoform of 

C9orf72 interacted with Rab39B, though Rab1a also co-immunoprecipitated with 

the short isoform. Furthermore, Yang et al., 2016 showed that Rab39B did not pull 

down with SMCR8, though Sellier et al., 2016 showed the converse. It should be 

noted that these studies used different models to validate their results suggesting a 

reason for different results from immunoprecipitation experiments. Furthermore, 

other studies have shown that C9orf72 can potentially interact with many members 

of the Rab family of GTPases (Farg et al., 2014; Aoki et al., 2017; Corbier and 

Sellier, 2017), implying that it may have many roles as GEFs, and interactions with 

other proteins such as SMCR8, and the metabolic condition of a cell may affect this. 
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1.5 The C9orf72 HRE is thought to cause toxic gain-of-function and loss-of-function 

pathways leading to motor neuron degeneration 

 

An ongoing debate in this field is whether the C9orf72 HRE mutation causes motor 

neuron degeneration resulting from RNA or protein-related toxicity, or through loss-

of-function by downregulation of the C9orf72 protein, whose specific function is still 

unclear. A number of studies have strived to find a prevailing pathological pathway 

in ALS which causes motor neuron defects, and may be targeted by 

pharmacological means, or by altering gene expression using antisense 

oligonucleotides, as a potential means for therapy. Targeted knockdown of C9orf72 

HRE-containing mRNA is currently undergoing phase I of clinical trials. 

 

1.5.1 Nuclear RNA foci and sequestered RNA-binding proteins 

The first cellular pathology identified in the tissue of patients carrying the C9orf72 

HRE mutation was the accumulation of transcripts containing the mutant repeat in 

the nucleus. Fluorescence in situ hybridization (FISH) using molecular probes 

targeting the repeat showed small puncta in the nucleus of post-mortem ALS patient 

tissue. This pathology was evident in the spinal cord, frontal cortex and cerebellum 

(DeJesus-Hernandez et al., 2011; Gendron et al., 2013; Lagier-Tourenne et al., 

2013). A potential pathological mechanism associated with nuclear RNA 

accumulation in patients carrying the C9orf72 repeat expansion was originally 

hypothesised and demonstrated by Lagier-Tourenne et al., 2013. Patient fibroblasts, 

immortalized lymphocyte lines and CNS tissue from post-mortem patients with the 

C9orf72 repeat, were treated with repeat-targeted fluorescent DNA probes, 
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showing the presence of nuclear foci in these cells (Lagier-Tourenne et al., 2013). 

This study identified the presence of both sense and antisense RNA foci in neuronal 

and glial cells in patients. The presence of antisense transcripts have been further 

validated in other studies (Cooper-Knock et al., 2015b). Despite being a motor 

neuron disease, these foci were seen in cortical, hippocampal and cerebellar 

neurons (Lagier-Tourenne et al., 2013). The same pathology was soon after 

identified in iPSCs, and differentiated neurons, derived from a patient diagnosed 

with frontotemporal dementia, and a related pre-symptomatic carrier (Almeida et al., 

2013). RNA foci, comprising the C9orf72 intronic repeat mRNA, is the most 

common pathology in post-mortem brains of ALS patients, and has been robustly 

identified in cellular and animal models of C9orf72 ALS, using FISH (Almeida et al., 

2013; Lee et al., 2013; Sareen et al., 2013; Zu et al., 2013). The HRE was predicted 

to form known tertiary structures known as G-quadruplexes, due to the presence of 

four consecutive guanine residues interacting via Hoogsteen hydrogen bonds in a 

planar conformation, to form multiple stacks (Haeusler et al., 2014). Absorbance 

patterns using circular dichroism spectroscopy on repeat-containing DNA, and RNA 

transcripts containing short and longer repeat expansions, generated in vitro in 

physiological osmotic conditions supported this hypothesis (Haeusler et al., 2014). 

Pulldown of repeat transcripts overexpressed in HEK293-T cells via a streptavidin-

conjugated repeat oligonucleotide, and analysis of co-immunoprecipitated proteins 

via western blotting showed preferential binding of RNA-binding proteins hnRNPs 

U, F and, nucleolin and RPL7 (Haeusler et al., 2014). Specific pulldown of RNA via 

nucleolin following stable isotope labelling by amino acids in cell culture and 

analysis using mass spectroscopy suggested the presence of cytosine-rich hairpin 

loops, representing the presence of antisense repeat transcripts (Haeusler et al., 
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2014). Nuclear RNA foci may comprise of both sense or antisense mRNA forms of 

the transcript (Gendron et al., 2013), and preferentially interact with various RNA-

binding proteins (Haeusler et al., 2014). Further studies also identified proteins that 

interact with the immature C9orf72 transcript. Initial characterisation of RNA foci 

and RNA-binding protein colocalization was examined in Sareen et al., 2013 where 

a panel of common proteins were co-stained with FISH. RNA-binding proteins, 

hnRNPA1 and Pur-α showed positive colocalization in iPSC-derived motor neurons 

from four C9orf72 ALS patients. However, RNA sequencing analysis of these motor 

neurons compared with four control lines did not reveal these proteins to be 

dysregulated. This may imply that sequestered proteins are not being transcribed 

further following the protein is sequestered at nuclear foci. Three of the patient lines 

had around 800 intron 1a repeats; which were revealed to cluster closely in 

hierarchical clustering analysis, while the patient line with only 70 repeats was more 

distinctive, suggesting a repeat-length mechanistic link (Sareen et al., 2013). Larger 

studies looking at multiple patients with a wide range of repeat lengths have not 

been done, which could clarify this pattern. It may also be important to conduct 

studies by grouping patients from the same families to examine the potential 

importance of any shared inherited risk factors. Another study performed RNA 

immunoprecipitation by incubating the nuclear lysate of SH-SY5Y neuroblastoma 

line cells with biotin-labelled [GGGGCC]
72

 (Lee et al., 2013). Heterogenous nuclear 

ribonucleoprotein, hnRNPH1, was pulled down, and also found to colocalize with 

nuclear foci in cultures where [GGGGCC]
72

 was overexpressed using 

immunostaining (Lee et al., 2013). Immunostaining also showed that serine-

arginine-rich splicing factor proteins, SRSF1 and SC35 also colocalize with HRE 

foci, but do not directly coimmunoprecipitate with C9orf72 repeat RNA. Finally, a 
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study where tagged [GGGGCC]
5
 was incubated with the cell lysates of SH-SY5Y 

cultures, followed by coimmunoprecipitation, corroborated the findings from Lee et 

al., 2013 by identifying the pulldown and colocalization of hnRNPs, ALYREF and 

SRSF2 proteins with C9orf72 HRE RNA (Cooper-Knock et al., 2014). Arguably the 

latter study does not represent a pathological HRE, which are generally at least 100 

in patients, but does validate that specific proteins involved in nuclear transport bind 

to C9orf72 transcripts with different HRE lengths, which is valuable to understand 

the mechanism of transcript nuclear export (further discussed in section 1.5.3). 

 

The interaction of these disease-specific RNA foci with multiple nuclear proteins 

immediately suggests a mechanism of pathology, whereby sequestered RNA-

binding proteins are unable to carry out endogenous functions, potentially leading 

to defects in key cellular functions. The presence of the C9orf72 HRE in nuclear 

foci, and ALS pathology of mislocalised TDP-43 and FUS RNA-binding proteins 

suggests a mechanistic link in these clinically identical diseases, as well as other 

neurodegenerative diseases. Myotonic dystrophia and Fragile X-associated tremor 

ataxia syndrome also show accumulation of repeat-containing transcripts, and 

sequester RNA-binding proteins through non-specific binding (Polymenidou et al., 

2012). Non-specific binding to RNA in myotonic dystrophy causes the sequestration 

of muscleblind protein and global splicing misregulation in muscle tissue, which can 

be rescued through overexpression of muscleblind (Miller et al., 2000; Kanadia et 

al., 2011). The group of interactors that have emerged in other C9orf72 ALS studies 

(as given above) appear to be less clear and reproducible. Sequestration of these 

proteins is thought to prevent them from carrying out their endogenous function, 

and have effects further downstream, though there is little direct evidence for this. 
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Sequestered RNA-binding proteins implicated in multiple functions may have more 

diverse pathological effects which may be challenging to treat therapeutically. The 

specificity or reproducibility of such processes are unknown, especially in relation 

to C9orf72 mutant repeat length. The reliability of the sequestration of the same 

RNA-binding proteins to pathological foci is not clear, therefore, the pathways 

disrupted in all patient motor neurons cannot necessarily be predicted. This may be 

dependent on other factors, such as the number of repeats, local formation of 

secondary structures, and potentially subtle differences between patient gene 

isoforms. It would be interesting to pull down the repeat-containing RNA and 

potential protein interactors directly from patient-derived iPSC-motor neurons, 

however this would be extremely technically challenging. Furthermore, it has been 

shown that compensatory mechanisms are likely to be in place to increase 

transcription of genes, whose mRNA are sequestered. Cooper-Knock et al., 2015a 

performed RNA sequencing on motor neurons from post-mortem human C9orf72 

ALS patients and controls, using laser-capture microdissection. In contrast to 

Sareen et al., 2013, network analysis of the differentially expressed genes showed 

the enrichment of genes involved in splicing by more than 50%. Several of these 

also overlapped with proteins known to be sequestered at RNA foci. 

 

Together these studies do not suggest a converging pathway to target for 

therapeutic strategies, especially since each independent study appears to show a 

unique group of proteins affected by the repeat. The nuclear proteins implicated in 

non-specific sequestration have roles in mRNA transcription, processing, splicing 

and nuclear transport. Misregulation of RNAs may not only affect coding-transcripts, 

but also ribosomal RNAs (rRNA), micro RNA (miRNA) and other species involved 
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in RNA regulation. An overall change to C9orf72 ALS patient transcriptome is 

predicted. Furthermore, the proteome will also be affected as a result of defects in 

RNA processing and transport. Antisense oligonucleotide (ASO) intervention, 

targeting the C9orf72 repeat in many C9orf72 ALS models have shown that the 

RNA foci phenotype can be ameliorated (Donnelly et al., 2013; Lagier-Tourenne et 

al., 2013; Sareen et al., 2013; O’Rourke et al., 2015; Zhang et al., 2015; Jiang et 

al., 2016). Though a convenient readout and early target in the cellular pathway, 

this has not been shown to slow down or reverse motor phenotypes in a mammalian 

model. There are also several challenges associated in ASO delivery in patients, 

including crossing the human blood brain barrier, specific targeting to motor 

neurons and cortical neurons, and optimising stability of the ASO through various 

chemistries to allow delivery to the nucleus. It is therefore important to also look for 

other pharmacological targets. To better understand how the C9orf72 repeat may 

affect a motor neuron transcriptional profile, further pathological characteristics 

resulting from the mutation should be understood. 

 

1.5.1.1 The C9orf72 HRE affects RNA processing and alternative splicing 

Experiments investigating the structure of C9orf72 HRE DNA have suggested that 

complex tertiary structures may form at the chromosomal locus (Haeusler et al., 

2014). The transcriptional process of C9orf72 may be affected by a large repeat 

sequence due to changes in methylation at the gene locus compared with the 

wildtype loci (Gijselinck et al., 2015). Also, local secondary and tertiary structures 

of the chromosomal DNA may be altered causing unpredictable effects on the 

recruitment of transcription factors or other machinery to the site. The transcribed 

immature mRNA may alter splicing efficiency and other pre-processing 
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mechanisms. These immature transcripts are translocated to the cytoplasm via the 

nuclear pore complex (further discussion in section 1.5.3), finally producing 

disease-specific repeat-associated non-AUG (RAN) translated peptides. For a 

more detailed discussion of this please see section 1.5.2. 

 

In addition to the misprocessing and translocation of C9orf72 transcripts, it has also 

been found that transcripts of proteins found to co-localise at RNA foci are 

upregulated in expression in C9orf72 ALS patient motor neurons (Cooper-Knock et 

al., 2015a). Additionally, this correlated with an increased discrepancy in the 

splicing profile between C9orf72 ALS, and non-C9orf72 ALS and control motor 

neurons. There was no significant difference in the overall number of splicing events 

between the different genotypes in this study, but the levels of exon inclusion or 

exclusion varied considerably. The splicing profiles between slower and fast 

progressing C9orf72 ALS patient groups were also examined. This analysis was 

performed by independent comparison of random splicing events within groups to 

give an unbiased output, showing a potential conservation of splicing events 

depending on disease severity (Cooper-Knock et al., 2015a). The alleviation of RNA 

foci following antisense oligonucleotide-targeted knockdown of the C9orf72 HRE 

has been shown in several studies (Donnelly et al., 2013; Lagier-Tourenne et al., 

2013), but whether this restores altered splicing events is not clear. 

 

1.5.2 Repeat-associated non-AUG translation produces dipeptide repeat 

proteins from the C9orf72 HRE 

Repeat-associated non-AUG (RAN) translation is a disease-specific, non-canonical 

form of ribosomal translation that is initiated in the absence of a start codon (AUG) 
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and without the recognition of a 5’ cap (Kearse and Todd, 2014). Messenger RNA 

containing repeated nucleotide regions are translated to produce potentially toxic 

peptides. The absence of a start codon allows translation to begin at codons shifted 

along by one base on the mRNA, producing peptides from three reading frames. 

This can occur on both the sense and antisense mRNA molecule. The occurrence 

of RAN translation is thought to be dependent on repeat length, though the precise 

threshold is unclear (Wojciechowska et al., 2014). The presence of RAN translated 

dipeptides being part of the cellular pathology of C9orf72-related diseases was 

hypothesised due to a previous similar observation in microsatellite expansion-

causing diseases including Huntington’s disease (MacDonald et al., 1993) and 

various subtypes of spinocerebellar ataxia (Lindblad et al., 1996; Mann et al., 2013). 

In the latter, the presence of varying lengths of [CAG]
n
 repeats results in toxic poly-

glutamine chains being translated (Lindblad et al., 1996). However, an important 

distinction between the two diseases is that the number of repeats in 

spinocerebellar ataxia is positively correlated with disease severity (Lindblad et al., 

1996), though no correlation exists in C9orf72 ALS between size of repeat and 

disease progression, onset age or emergence of symptoms (Mann et al., 2013; van 

Blitterswijk et al., 2013). In the [GGGGCC]
n
 sense strand repeat, three dipeptide 

codon patterns emerge, if RAN translation takes place. These dipeptide repeat 

(DPR) proteins are poly-glycine-proline (poly-GP), poly-glycine-alanine (poly-GA) 

and poly-glycine-arginine (poly-GR) (Mann et al., 2013). From the [CCCCGG]
n
 

antisense strand, a further unique poly-alanine-proline (poly-AP) and poly-proline-

arginine (poly-PR) can occur, as well as reverse translated poly-GP. The presence 

of these dipeptides in human post-mortem tissue was detected in Mann et al., 2013 

using in-house antibodies raised against poly-GR, -PR, -GP and -AP dipeptides. 
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They stained positive at the cytoplasm of neurons in the cerebellum and 

hippocampus, in a granular-like pattern (Mann et al., 2013). This staining was found 

to have a similar pattern to p62 staining, a major player in autophagy, and potential 

neuroprotective response to DPR protein expression (Mann et al., 2013). Further 

studies of tissue from C9orf72 ALS and FTLD patients have corroborated these 

findings (Ash et al., 2013; Mori et al., 2013a; Davidson et al., 2014; Mackenzie et 

al., 2015). The role of DPRs as a trigger for disease, or simply as the result of the 

presence of the C9orf72 hexanucleotide expansion, is not yet fully established in 

human neuropathology. The discovery of these DPRs has led to a surge in the ALS 

community to find a link to pathological molecular pathways, which results in 

neurodegeneration. To this end, a number of animal models and human cell culture 

methods have been utilised, which each have their own advantages and drawbacks. 

Furthermore, in contrast to the C9orf72 RNA-related pathology of nuclear foci and 

sequestration of RNA-binding proteins, DPRs do not have a direct link to effects on 

gene expression in ALS. However, more recent research studies imply pathological 

effects for DPRs in several levels of cellular function, which may contribute to overall 

changes in gene expression through feedback loops. A comprehensive 

understanding of DPR expression, cellular localisation and linked pathways is 

necessary to understand how the peptides could alter gene expression. 

 

The first question asked in C9orf72 ALS was whether the mutation causes a loss-

of-function or toxic gain-of-function-driven pathology. Published work supports both 

hypotheses, however there has generally been a stronger argument for toxic gain-

of-function. As mentioned, knockout of the mouse C9orf72 orthologue gene does 

not result in any motor deficits (Sudria-Lopez et al., 2016), however overexpression 
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of poly-PR
n
 in Drosophila eyes, causes a severe toxic phenotype (Wen et al., 2014; 

Freibaum et al., 2015; Zhang et al., 2015). However, evidence from post-mortem 

tissue, showing positive immunostaining of cerebellum and hippocampus (Ash et 

al., 2013; Mann et al., 2013; Mori et al., 2013a) for certain DPRs suggests that even 

neurons unaffected in disease express the apparently toxic peptides. A transgenic 

mouse model was generated by inserting a bacterial artificial chromosome (BAC) 

(153.2 kb) containing the human C9orf72 locus into the target mouse genome by 

homologous recombination, through pronuclear injections into female mouse 

oocytes (Peters et al., 2015). The fragment was taken from a BAC library generated 

from a C9orf72 ALS patient with 500 HRE repeats. This mouse showed evidence 

of both RNA foci (FISH) and cytoplasmic DPRs (enzyme-linked immunosorbent 

assay, ELISA) (Peters et al., 2015). However, this mouse did not have any 

phenotypes affecting motor function, behaviour or memory (Peters et al., 2015). 

Assuming that C9orf72 has a similar role in mouse as in humans, this suggests that 

the presence of these molecular traits is insufficient to inducing targeted 

neurodegeneration in motor neurons by endogenous expression. This contrasts 

with a separate study where P0 mice injected with adeno-associated virus (AAV), 

packaging a vector encoding human [GGGGCC]
66

 (or [GGGGCC]
2
 as a control), 

under a constitutive promoter (Chew et al., 2015). In this case, in addition to foci 

and DPRs, phospho-TDP-43 inclusions were seen. The mice also displayed 

evidence of overall neuronal loss in the cortex and motor cortex, along with slight 

motor function loss by 6 months of age (Chew et al., 2015). While striking, this paper 

represents an unnatural overexpression model, also excluding the majority of the 

C9orf72 gene locus, whose regulation and local methylation may play a role in 

disease onset and progression. Similar studies choosing to make use of 
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overexpression models have an inherent problem in providing evidence or 

validation of their findings in a more disease-relevant model, making conclusions 

challenging to interpret. Importantly, these two mouse models have striking 

differences in DPR pathology. The BAC mouse begins to show evidence of poly-

GP staining at around 24 months (Peters et al., 2015), while the mouse injected 

with AAVs to overexpress [GGGGCC]
66

 already displays poly-GA, poly-GP and 

poly-GR by 6 months (Chew et al., 2015). This suggests a crucial role for DPRs in 

the onset of ALS pathology over an RNA toxic gain-of-function mechanism. 

 

The biochemical interactions between the different types of DPRs may be crucial 

to understanding their effect on other proteins or cellular machinery as a result of 

their prevailing charge or hydrophobicity. The more hydrophobic poly-GA, poly-GP 

and poly-AP should be more prone to aggregation, reducing the surface area of 

amino acids to the hydrophilic cellular environment. On the other hand, arginine-

containing peptides have often been associated with increased toxicity due to their 

negative charge, which can alter the interactions between other proteins, and can 

have downstream effects on pathways relying on protein-protein interactions. 

Investigation of protein aggregation in C9orf72 ALS may be crucial to understanding 

the disease mechanism, especially since other major neurodegenerative diseases, 

including Alzheimer’s and Parkinson’s disease have a robust protein aggregation 

pathological phenotype. This pathology has immediate implications for activity 

linked to the autophagy and unfolded protein response (UPR) pathways, in 

recycling and disposal of superfluous protein, as has been thoroughly investigated 

in these fields (Lynch-Day et al., 2012; Uddin et al., 2018). 
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The molecular characteristics of DPRs have been studied by examining the 

dynamics of the aggregates formed by the dipeptides by liquid droplet phase 

separation experiments, and examining the proteins interacting with these 

aggregates (Lee et al., 2016). This study was crucial in linking DPRs to several 

potential pathways that could be disrupted in C9orf72 ALS (Lee et al., 2016). Each 

of the five DPRs was overexpressed in HEK293-T cells ([DPR]
50

-GFP) to pulldown 

bound proteins and perform liquid chromatography tandem mass spectrometry, to 

obtain the independent interactomes. Green fluorescent protein (GFP)-only 

expression and pulldown was used as a control for background noise. Strikingly, 

the arginine-containing DPRs pulled down the most interactors, with no significant 

difference for poly-GP, poly-GA or poly-PA from the GFP-only pulldown (Lee et al., 

2016). A large number of proteins associated with RNA-binding protein complexes, 

spliceosome, nuclear pore complex and granules were identified. An RNA 

interference (RNAi) screen of these targets was performed on Drosophila 

expressing poly-GR
50

 under an eye-specific promoter, GMR-GAL4, which 

presented a severe rough eye phenotype. Several of the interactome hits were 

modifiers of the phenotype. In addition, the function of these interactors suggests 

specific cellular localisation of the DPRs. Immunostaining of cellular organelles, 

including the Golgi body, nucleus and nucleolus and visualisation of overexpressed 

DPRs with wither GFP or mCherry tag was done using super resolution microscopy 

(Lee et al., 2016). Poly-GA, poly-GR and poly-PR were shown to form cytoplasmic 

aggregates, with the latter two also showing nuclear immunostaining. Specific 

staining of the fibrillar centre, dense fibrillar centre and granular component of the 

nucleolus allowed the authors to see that poly-GR partially localised at the fibrillar 

centre and dense fibrillar centre (Lee et al., 2016). The nucleolus is a distinct 
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organelle involved in ribosome biogenesis, and crucial for downstream translation; 

also suggested in Kwon et al., 2014. It should be noted that these experiments were 

carried out in HeLa cells, and though highly conserved, certain pathways may have 

slight differences in regulation in neurons, which should be further examined. A 

time-lapse photobleaching experiment was conducted to examine the dynamics of 

each DPR species (Lee et al., 2016). The arginine-containing peptides showed 

slower, but eventual, reformation of aggregates following bleaching, compared to 

GFP. However, recovery of non-arginine-containing peptides was not observed and 

thus suggested to the less dynamic (Lee et al., 2016). This supports the theory that 

the more hydrophobic amino acids aggregate naturally, but charged compounds 

actively interact with other proteins. The titration of synthetically-produced poly-

DPRs was done to determine the effect of on the liquid-liquid phase separation 

(LLPS) of the granular component protein, NPM1 (Lee et al., 2016). NPM1 usually 

undergoes LLPS with other binding partners, such as SURF6. However, addition of 

increasing concentration of arginine-containing DPRs interfered with this process. 

The other DPRs did not have the effect of causing LLPS (Lee et al., 2016). Finally, 

the DPRs were examined for colocalization with stress granule markers (TDP-43 

and eIF4G), for which poly-GR was positive, and a puromycin incorporation assay 

was used to show decreased translation in poly-DPR-expressing HeLa cells (Lee 

et al., 2016). Poly-PR was implicated to have a role in stress granules in a separate 

study (Boeynaems et al., 2017). 

 

The majority of studies published to date show that arginine-containing DPRs are 

likely to play a crucial role in gain-of-function toxicity in C9orf72 ALS, implying that 

the remaining three are bystanders and functionally benign. Aggregates of poly-GA 
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have been seen in clinical samples (Mori et al., 2013a) and models of DPR 

overexpression (Lee et al., 2016). Some studies have found a role in ALS pathology 

for poly-GA in a mammalian animal model (Zhang et al., 2016) (section 1.5.3). 

 

Further roles of C9orf72-induced DPRs in ALS are discussed below, in a function-

specific context. 

 

1.5.3 Nucleocytoplasmic transport dysfunction 

The presence of apparently toxic DPRs clearly has distinct gain-of-function effects 

on affected cells in C9orf72 models of ALS. Their presence itself implies the 

translation of immature transcripts retaining the intron 1a, which must follow the 

transport of these transcripts from the nucleus to the cytoplasm. As previously 

mentioned, a mechanism of altered transcript transport has been proposed in 

(Cooper-Knock et al., 2014). Nuclear adaptor proteins ALYREF and SRSF1 have 

been identified as interactors of [GGGGCC]
n
 and antisense, [CCCCGG]

n
-

containing RNA foci (Lee et al., 2013; Cooper-Knock et al., 2014; Hautbergue et al., 

2017). ALYREF knockdown in fly and C. elegans models results in some defects in 

nuclear transport and development, respectively (Longman et al., 2003; Berson et 

al., 2019). However, knockdown in human cells is thought to be moderately 

redundant (Katahira et al., 2009). Similarly, the serine-arginine splicing factor family 

of proteins collectively moderate the transport of various mRNAs, and loss of one 

is thought to generally be balanced by another (Müller-McNicoll et al., 2016). 

Collectively with these data, Hautbergue et al., 2017 hypothesised that with the 

knockdown of ALYREF or SRSF1, which appears to be specific for HRE-transcript 

transcript nuclear export, the remaining proteins from the serine-arginine splicing 
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factor family will compensate for the transport of mature mRNA, but block mutant 

transcripts. A Drosophila model expressing [GGGGCC]
36

 was used in this study. 

Flies expressing the HRE in the eyes were crossed with RNAi strains for the two 

given genes (fly orthologues), to observe alterations to the rough eye phenotype 

induced by the HRE (Hautbergue et al., 2017). Targeted RNA interference of 

SRSF1 with two different strains partially rescues the phenotype. Targeted HRE 

expression in Drosophila motor neurons resulted in motor defects, but SRSF1 RNAi 

also partially rescued this phenotype (Hautbergue et al., 2017). Immunostaining of 

protein suspension from flies expressing [GGGGCC]
36

 by the dot-blot method 

showed the expression of poly-GP DPR, and depletion when RNAi of SRSF1 was 

performed, suggesting inhibition of transcript transport, resulting in reduced RAN 

translation to generate the toxic DPRs. To demonstrate that transport was specific 

to repeat-containing transcripts, flies expressing DPRs via alternative codons were 

cross with RNAi strains and did not show correction of the rough eye phenotype 

(Hautbergue et al., 2017). To assess the role of SRSF1 in a human context, mouse 

primary motor neuron and iAstrocyte co-culture (derived from C9orf72 patient 

fibroblasts) was used to knockdown the human transcript via lentiviral miRNA 

expression in the astrocytes. Quantification showed increased motor neuron 

survival showed with SRSRF1 knockdown (Hautbergue et al., 2017). Furthermore, 

while previously the iAstrocytes stained for both nuclear and cytoplasmic C9orf72 

HRE foci (done using FISH), after SRSF1 knockdown, the ratio of the number of 

nuclear to cytoplasmic foci increased. It should be noted that this study performed 

knockdown in astrocyte co-cultures as no motor neuron survival is present in 

iNeuron cultures alone. It is now clear how SRSF1 would affect survival in motor 

neurons that also have the C9orf72 mutation. 
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These authors previously performed a number of studies to understand the nature 

of families of proteins involved in nuclear export of RNA. From this, NXF1 is also 

required to form the protein complex with splice factors and mRNAs and promote 

nuclear export (Viphakone et al., 2012). NXF1 is also known to interact with SRSF1 

via a particular chain of amino acids (Tintaru et al., 2007). Investigation of the 

depletion of SRSF1 from mouse N2A neuroblastomas with HRE overexpression 

showed that DPRs could not form in the cytoplasm, then further overexpression 

with a SRSF1 mutant, not containing the crucial linker amino acids showed that 

DPR expression could still not be restored. This demonstrated a crucial interaction 

between SRSF1 and NXF1 for C9orf72 repeat transcript export, thus showing that 

sequestration of RNA binding proteins may trigger downstream toxic gain-of-

function processes (Hautbergue et al., 2017). The majority of the work 

demonstrating the role of SRSF1 and interacting proteins has been shown in non-

C9orf72 ALS patient models. Future experiments, including those of other groups, 

may wish to confirm the co-staining of SRSF1 in nuclear RNA foci of iPSC-derived 

motor neurons as well as post-mortem tissue. This pathway of C9orf72 transcripts 

containing the HRE is a crucial pathway to understand, as it could provide a point 

of therapeutic intervention as a means of therapy, preventing the RAN translation 

of potentially toxic DPRs, whose own pathological effects on nucleocytoplasmic 

transport is discussed further below. 

 

One of the first pathways shown to have a defect as a result of the [GGGGCC]
n
 

repeat and DPRs was nucleocytoplasmic transport. Three studies published within 

a year of each other, used either Drosophila or Saccharomyces cerevisiae (yeast) 
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to perform screening studies (Freibaum et al., 2015; Jovičić et al., 2015; Zhang et 

al., 2015), and examine this hypothesis in depth. The overexpression of the C9orf72 

repeat (8-58 repeats) in Drosophila studies, were used to test the effect on the 

rough eye phenotype following knockdowns via RNA interference or genetic 

crosses with flies with chromosomal deficiencies (Freibaum et al., 2015; Zhang et 

al., 2015). These studies used the GMR-GAL4 or OK371-GAL4 driver to 

overexpress [GGGGCC]
n
 in the eye or motor neurons, respectively. A number of 

enhancers of the rough eye phenotype were found to be associated with nuclear 

pore complex, specifically RNA export and protein import (Freibaum et al., 2015). 

Specifically, a number of Nup proteins involved in nuclear protein import were 

shown to enhance eye degradation. Evidence of nuclear RNA retention in C9orf72 

patient-derived iPSC-neurons, but not fibroblasts, suggested a role for RNA export 

proteins implicated as enhancers (Freibaum et al., 2015). The parallel Drosophila 

study used crosses with various RNAi homologues to screen for enhancers and 

suppressors of the fly eye phenotype (Zhang et al., 2015). The most significant hit 

was RanGAP (human orthologue, RanGAP1), which when knocked-out in the 

screen, worsened the phenotype. RanGAP is localised in the cytoplasm, with a role 

in active transport of protein import or export, via activation of Ran GTPase (GTP 

to GDP conversion). Knockdown also enhanced eye degeneration phenotype in an 

age-dependant manner (Zhang et al., 2015). Flies with motor neuron-specific 

knockdown (OK371-GAL4 driver) showed locomotor function defects and 

decreased neuromuscular junctions, including decreased neurotransmitter release 

potency, which could not be reversed with RanGAP overexpression (Zhang et al., 

2015). Furthermore, the localisation of Ran protein, which is normally nuclear 

(dependant on active transport), was shown to have increased cytoplasmic 
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retention in C9orf72 iPSC-neurons compared with controls (Zhang et al., 2015). 

Together, these papers suggested a novel role for defective nucleocytoplasmic 

transport, linked to the C9orf72 repeat. These studies have drawbacks in that they 

rely on over-expression of the C9orf72 repeat, as well as partial validation in non-

motor neuron lines. However, the evidence of the mislocalisation of TDP-43, along 

with Ran in cortical neurons from an FTD mouse model, and use of ASOs targeting 

the C9orf72 repeat to show rescue of Ran nuclear localisation in patient iPSC-

neurons, suggests an impairment of nucleocytoplasmic transport, which is likely to 

be important in overall pathology (Zhang et al., 2015). 

 

The standalone yeast screening paper published with these two Drosophila papers 

also performed an unbiased screen to look for targets altering toxicity induced by 

DPR expression (Jovičić et al., 2015). In contrast to the fly work, this study 

overexpressed variants of the DPRs under a galactose-inducible promoter using 

codons other than those contained in the repeat (100 amino acids in length each), 

in order to examine the specific effect of the apparently toxic peptides, omitting the 

effect of repeat-containing RNAs from the study (Jovičić et al., 2015). While, low 

levels of the DPRs could be detected in Freibaum et al., 2015 and Zhang et al., 

2015, it was not firmly established whether the repeat RNA or peptides were 

causing the transport defects. Yeast growth assays showed a stronger toxicity for 

the arginine-containing peptides, as consistent with previous studies (Kwon et al., 

2014; Mizielinska et al., 2014; Wen et al., 2014; Lee et al., 2016). Poly-PR showed 

the strongest toxicity, and was used for further assays. The first test to screen 

enhancing or suppressing yeast growth was done by transforming plasmids 

encoding 5,500 genes into yeast colonies, already expressing poly-PR. The second 
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yeast was done by transforming yeast strains with non-lethal gene knockouts with 

poly-PR. Instances improving yeast growth were investigated further. A number of 

proteins involved in nuclear protein import were identified, though these did not fall 

under similar gene families as in the Drosophila work. Importin-1 (karyopherin β2 

homologue in yeast), involved in nuclear import of ALS-linked protein, FUS, was 

identified as suppressor of toxicity when overexpressed. In addition, an number of 

proteins involved in ribosome biogenesis, RNA binding and transcription were 

selected as significant hits in the yeast growth phenotype (Jovičić et al., 2015). A 

protein involved in the import of serine-arginine domain-containing proteins into the 

nucleus, Mtr10p, was found to strongly increase yeast growth if overexpressed. 

Finally, in consistence with Freibaum et al., 2015, a protein involved in active 

nuclear protein transport, Ran guanine-nucleotide exchange factor, RCC1 (Jovičić 

et al., 2015). However, yeast growth rate was reduced in contrast to RanGAP, 

whose overexpression rescued the rough eye phenotype. Validation of RCC1 

expression in C9orf72 ALS patient iNeurons showed that the protein was depleted 

from the nucleus compared with age-matched controls (Jovičić et al., 2015). 

Although, RanGAP1 staining was not different between patients and controls, in 

contrast to Freibaum et al., 2015. These studies together point to a defect in 

nucleocytoplasmic transport due to pathological features seen in C9orf72 ALS, but 

the proteins directly causing toxicity is not clear. 

 

Poly-GA pathology has also been linked with the nuclear transport of TDP-43, 

whose pathology is seen in more than 90% of familial and sporadic ALS cases. One 

study co-transfected HeLa cells with a combination of the TDP-43 nuclear 

localisation signal sequence (with an RFP reporter), and various poly-DPR 
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reporters, combined with cellular fractionation to show that poly-GA disrupts the 

localisation of TDP-43 (Khosravi et al., 2017). Another study showed the 

sequestration of several crucial nucleocytoplasmic pore complex proteins at TDP-

43-positive granules, using proximity ligation assays and co-immunoprecipitation 

assays from N2A neuroblastomas (Chou et al., 2018). These results were further 

validated using immunohistological studies in the post-mortem tissue of patients 

with phoso-TDP-43 inclusions. This shows a potential link between two of the most 

abundant ALS mutations, showing how the toxic gain-of-function phenotype as a 

result of the C9orf72 HRE results in the mislocalisation of TDP-43, but leading to 

its accumulation in the cytoplasm and depletion from the nucleus, where its function 

is required. This would disrupt RNA editing events, some of which may be linked to 

the C9orf72 transcripts themselves, which accumulate into foci and themselves 

sequester other RNA binding proteins. Finally, Zhang et al., 2016 generated a 

mouse expressing poly-GA

50

 to demonstrate the presence of ubiquitin-positive 

aggregates, accompanied by significant neuronal loss and a defective motor 

phenotype. Cortex neuronal inclusions were positive for poly-GA, and overlapped 

with proteins involved in proteasomal degradation, HR23A and HR23B, as seen by 

immunohistological staining. These proteins are usually not sequestered, and this 

phenotype was accompanied by an increase in apoptotic markers in primary mouse 

neurons. This was subsequently rescued by the exogenous expression of the two 

proteins, suggesting that they contribute to the overall toxicity triggered by poly-GA 

(Zhang et al., 2016). 
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1.5.4 Aberrant calcium homeostasis and glutamate-induced toxicity 

Pathologies associated with C9orf72 ALS that have been less explored relate to 

aberrant calcium regulation and endoplasmic reticulum (ER) function. One of the 

first studies to examine the pathways of calcium dysregulation in human iPSC-

motor neurons, showed increased levels of free calcium ions in the cytoplasm of 

C9orf72 ALS patient neurons (Dafinca et al., 2016). Thapsigargin was used to block 

an ER calcium uptake protein, and the iPSC-motor neurons were treated with a dye 

to stain for calcium ions, and live imaging was used to analyse the dye intensity. 

The study also examined a key protein involved in calcium regulation, Bcl-2, which 

was found to have reduced levels in patient neurons, using immunoblotting. As 

sustained, high cytoplasmic levels of calcium are crucial to triggering apoptosis, 

these changes to protein expression in patient motor neurons may be a crucial 

threshold for cell death in ALS. However, this phenotype is likely to occur in later 

stages of ALS, as it directly precedes the activation of factors which cause 

mitochondrial membrane permeability to release cytochrome C, in the final stages 

of apoptosis. The patient iPSC-motor neurons from this study also had elevated 

levels of cytochrome C, cleaved caspase-3 and p62-positive granules. 

 

A separate perspective on calcium regulation stems from a study examining the 

expression of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors in C9orf72 ALS patient iPSC-motor neurons compared with isogenic 

edited controls (Selvaraj et al., 2018). This study shows a difference in the 

expression of subunits of AMPA receptors in their neurons as the cultures age. RNA 

sequencing and qRT-PCR validation showed an increased expression of GluA1 

subunit in the mutant compared with edited and age-matched controls. This switch 
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leads to the expression of more calcium-permeable AMPA receptors, suggesting a 

mechanism for glutamate excitotoxicity. This is in agreement with Bursch et al., 

2019, which also saw that GluA1 levels were increased, compared with controls, 

though not as significantly. 

 

1.5.5 TDP-43 mislocalisation 

Although no cases of C9orf72 ALS that also have a TDP-43 mutation have been 

noted, the presence of TDP-43-positive stress granules in 90% of ALS and FTD 

patient brain histology studies, shows that this protein is likely to play a greater role 

outside of patients carrying a mutation. One mouse model for the C9orf72 mutation 

detected mislocalised TDP-43 in the mouse frontal cortex and hippocampus at 6 

months, in conjunction with NeuN-positive neuronal loss in the same regions (Chew 

et al., 2015). However, no significant loss of spinal motor neurons or motor deficits 

could be identified in this model. As previously described (section 1.5.3), proteomic 

analysis of cells with TDP-43 pathology showed a difference in expression of 

several proteins vital for nucleocytoplasmic transport via the nuclear pore complex, 

particular the Nup family of protein importers (Chou et al., 2018). A potential 

mechanism linking TDP-43 with C9orf72 repeat-containing transcripts was 

suggested by Cooper-Knock et al., 2015a, who found a correlation between the 

presence of nuclear antisense foci and depletion of TDP-43 from the nucleus. This 

study did not give evidence for a mechanism of action. A later study by a separate 

group, used a C9orf72 ALS mouse model containing [GGGGCC]
149

, with several 

typical pathological phenotypes, to show the presence of both sense and antisense 

RNA foci and an age-linked increasing accumulation of RAN translation DPRs 

(Chew et al., 2019). These mice also had phospho-TDP-43 inclusions and 
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mislocalised RanGAP1, which was previously been identified in a Drosophila 

screen as an enhancers of the rough eye phenotype when knocked down (Zhang 

et al., 2015). This, along with Khosravi et al., 2017, suggested a further link between 

the pathologies where the gain-of-function effect from the C9orf72 HRE resulted in 

the mislocalisation of TDP-43, which would have further consequences on its RNA 

binding functions. A clinical histological study of patients diagnosed with either ALS 

or FTLD from the same family, found that cases with the C9orf72 mutation had 

widespread DPR pathology in the hippocampus, cerebral cortex and cerebellum 

(regions unaffected in disease) (Baborie et al., 2015). They found that family 

members who died earlier from their disease did not have TDP-43 granules, while 

those who died later had sparse, but some evidence of this pathology. The authors 

hypothesise that toxic DPRs must form before a TDP-43 phenotype can be 

observed. Finally, a recent study used a Drosophila model to show a toxic 

phenotype with the expression of DPRs under non-canonical codons, and linked 

this to the emergence of a TDP-43 phenotype (TBPH; fly orthologue), as well as 

the mislocalisation of karyopherin-α, an importin-like protein (Solomon et al., 2018). 

Flies expressing poly-GA and poly-GP developed a motor phenotype later than 

those expressing poly-GR (early onset and fast progression). TBPH mislocalisation 

only occurred in flies which were expressing the DPRs for longer, suggesting 

mislocalisation was required before neurodegeneration occurred. This was further 

verified by expressing TBPH, with a mutation in the nuclear localisation sequence, 

in the flies, finding that they developed a motor phenotype in a dose-dependent 

manner. This model was also used to show karyopherin-α mislocalisation to the 

cytoplasm, which did not necessarily occur with only DPR expression, suggesting 

a trigger for the loss-of-function of multiple proteins as a direct result of TBPH in the 
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cytoplasm. A link between TDP-43 and karyopherin-α has been previously shown 

in (Freibaum et al., 2015). 

 

1.5.6 Loss-of-function and endosomal pathway defects 

A loss-of-function mechanism for disease has been a recurring argument for the 

cause of the C9orf72 ALS disease subtype, despite seemingly stronger evidence 

for a toxic gain-of-function mechanism. The mouse C9orf72 orthologue transcript is 

enriched in neurons known to degenerate in ALS and FTD (Suzuki et al., 2013), 

suggesting a tissue specificity in a mammalian system. However, knockout of the 

C9orf72 orthologue gene in a mouse model is not fatal, nor leads to a motor 

phenotype (Sudria-Lopez et al., 2016), though it does in a zebrafish model (Ciura 

et al., 2013). This suggests that loss-of-function is unlikely to be the sole mechanism 

of disease. 

 

Attempts to assess the function of C9orf72 by generating in-house antibodies and 

determining cellular localisation in C9orf72 ALS, ALS/ FTD and sporadic ALS post-

mortem tissue, have been done (Xiao et al., 2015). The protein functions of the 

known long and short isoform transcripts of C9orf72 are unknown, thus short 

synthetic peptides unique to each isoform were generated as the antigens to raise 

polyclonal antibodies against, in rabbit (Xiao et al., 2015). Although useful to 

distinguish between the protein isoforms, generating antibodies against a truncated 

peptide may prove to generate unreliable antibodies, which may not recognise full-

length, folded C9orf72 proteins. Immunoblotting of protein from post-mortem tissue 

was used to show that higher levels of the long isoform are present in the frontal 

cortex of non-C9orf72-related cases of ALS compared with C9orf72 ALS patients 
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(Xiao et al., 2015). In contrast, stronger bands for the short isoform were seen in 

the temporal and frontal cortex in C9orf72 ALS patients. No differences in band 

intensity were seen in either isoform in the motor cortex, lumbar spinal cord or 

cerebellum, despite being key regions where molecular pathology for C9orf72 ALS 

are seen. This study also examined C9orf72 isoform cellular localisation using 

immunostaining, and showed cytoplasmic staining of the long isoform and 

perinuclear for the short, suggesting different functions. There were distinct staining 

patterns for the long isoform in the cerebellum compared with spinal cord. The latter 

only had a diffuse staining pattern, while the cerebellum also contained granules. 

Interestingly, this staining was seen in both C9orf72 ALS and non-C9orf72 ALS 

tissue. Quantification of staining intensity in ALS tissue nuclei, compared with 

controls, was significantly reduced. Due to previous studies proposing C9orf72 as 

having a role in autophagy, various antibodies for endosomal and lysosomal 

markers were used to co-stain with the long isoform antibody, though no overlap 

was observed. Some correlation studies of TDP-43 staining with C9orf72 showed 

that the mislocalisation of the former in ALS tissue occurred when short C9orf72 

staining became stronger at the perinucleus and depleted from the nucleus (Xiao 

et al., 2015). Finally, this paper showed that both synthetic peptide isoforms of 

C9orf72 coimmunoprecipitated with nucleocytoplasmic transport proteins, Importin-

β1 and RanGTPase, from overexpression in mouse N2A neuroblastoma cells. 

These results have yet to be replicated in a human model, from the full length 

proteins. This study shows a clear difference in cellular localisation for the two 

protein variants of C9orf72 in ALS patient tissue, however their functions could not 

be confirmed. 
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The function of the C9orf72 protein product, if at all important, has remained elusive 

(Levine et al., 2013). A general decrease in C9orf72 transcripts has been noted in 

patient cells, but a linked loss-of-function mutation-driven phenotype has not been 

convincingly validated. The C9orf72 protein has been suggested to have a role in 

endosomal pathways, potentially interacting with the Rab family of GTPases 

(Levine et al., 2013; Aoki et al., 2017), to which C9orf72 has been predicted contain 

a related DENN-like domain (Levine et al., 2013). Proteins containing DENN-like 

domains have previously been suggested to be key regulators of Rab proteins 

(Marat et al., 2011). However, the lack of a robust antibody has made studying the 

function of C9orf72 protein challenging. The first study to provide evidence for this 

link to a pathway showed that C9orf72 colocalised with Rab5, 7 and 11 in murine 

Neuro2A cells, SH-SY5Y cells, mouse primary cortical neurons and in post-mortem 

human spinal cord (Farg et al., 2014). This was done using immunostaining of fixed 

cells or tissue. This study also performed short interfering RNA (siRNA) knockdown 

of C9orf72 to show the inhibition of Shiga toxin (conjugated to a dye) uptake from 

the cell membrane to the Golgi body using GM-130 staining. Various members of 

the Rab family are known to be involved in different molecular pathways associated 

with metabolism, autophagy and, vesicle transport and secretion, specifically as a 

tether molecule between these processes (Chua and Tang, 2015). For instance, 

Rab5 has been implicated in trafficking of early endosome components and 

recruitment of epidermal growth factor receptors (EGFRs) from the plasma 

membrane (Chen et al., 2009). Rab7 has a role in the degradation of EGFRs by 

transporting them from the late endosome to the lysosome (Ceresa and Bahr, 2006). 

Conversely, Rab11 has been previously shown to play a role in the transport of 

EGFRs back to the plasma membrane, via endosomes where proteins are repaired 
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and recycled (Cullis et al., 2002). Rab proteins have several modulating proteins 

involved in GTP/ GDP exchange, the alter their activation states. Many of these are 

known to contain DENN-like domains (Marat et al., 2011). These modulating 

proteins can be shared between different members of the Rab family (Chua and 

Tang, 2015). Under endogenous conditions in mammalian cells, more than 60 Rab 

family members are known to have unique cellular localisations, implying specific 

functions (Farg et al., 2014). The degree of redundancy between family members 

is not known, thus the effect of a mutation in a regulating protein such as C9orf72 

may not be as dramatic as being the sole cause of motor neuron degeneration. 

However, functional roles of C9orf72 should be understood in detail to provide more 

knowledge regarding the regulation of the gene, its regulatory effect on other 

proteins and pathways to target for drug intervention. 

 

Aoki et al., 2017 showed that C9orf72 preferentially co-immunoprecipitated with 

Rab7L1 (Rab29) by co-overexpressing various members of the human GST-tagged 

Rab family of GTPases and C9orf72-c-myc-FLAG, via plasmid transfection in the 

SH-SY5Y neuroblastoma cell line. The results were in contradiction with Farg et al., 

2014, despite using the same antibody in experiments, where Rab11, 5 and 7 

showed weak or no pulldown with C9orf72. Rab7L1 is known to have a role in late 

endosomal transport of exosomes, which were shown to have decreased in 

secretion from cells with either Rab7L1 or C9orf72 knockdown by siRNA (Aoki et 

al., 2017). This was measured by nanoparticle tracking analysis and 

immunoblotting analysis of common exosome membrane markers, Alix and Tsg101. 

This suggested a cooperative role for the two proteins in this pathway, as well as a 

loss-of-function pathology. This pathology was also seen in fibroblasts grown from 
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skin biopsies of ALS patients with a C9orf72 mutation (Aoki et al., 2017). ASO 

knockdown of repeat-containing transcripts using locked nucleic acid (LNA) 

gapmers rescued this secretion phenotype (Aoki et al., 2017). However, the cargo 

of Rab7L1-C9orf72-related exosomes, or how this decreased secretion may affect 

local molecular signalling with other cell types in the spinal cord is unknown. 

Proteomic analysis of exosomes purified from a human model, such as C9orf72 

ALS patient iPSC-derived motor neurons, may provide important clues to the loss-

of-function effect of the HRE mutation. 

 

1.5.7 Spectrum with frontotemporal dementia (FTD) 

It has been long known that FTD has a similar pathological phenotypes in diseased 

tissue, in the form of ubiquitinated aggregates and shared genetic mutations (Morita 

et al., 2006; Neumann et al., 2006). Many cases of patients are known, who develop 

both the motor defects characteristic of ALS, and the cognitive and behavioural 

traits seen in FTD, suggesting a shared mechanism of disease (Lomen-Hoerth et 

al., 2002). FTD is distinguished by atrophy of the frontal lobe of the cortex. When 

the C9orf72 HRE mutation was discovered, it was quickly established to be 

inherited by FTD patients as well (DeJesus-Hernandez et al., 2011). As with ALS, 

FTD is known to have gene mutations which only cause dementia-related 

symptoms, but some mutations have been identified in patients who develop both 

diseases. The most common of these is C9orf72, which occurs in around 10% of 

FTD patients, similar to ALS. This shared mutation has led to the hypothesis that 

similar cellular pathways are perturbed, which lead to a targeted degeneration of 

neurons (Ling et al., 2013). It is still not clear why this spectrum is seen in patients 

who carry the C9orf72 mutation, rather than causing one disease. It has been 
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hypothesised that additional genetic or environmental factors are required, such as 

a family history where other neurodegenerative diseases have been recorded. A 

common perturbed pathway seen in Alzheimer’s and Parkinson’s disease, along 

with ALS and FTD is defects in the autophagy pathway, though this is thought to be 

a late-stage phenotype. Potentially, patients with non-lethal gene variants which 

determine a certain disadvantage for coping with cellular stress have a reduced 

chance of coping with adult-onset diseases which become more challenging for 

ageing the nervous system to deal with. Nevertheless, this key link between ALS 

and FTD means that any key advances made in the respective fields are likely to 

be highly useful in progressing towards treatments in the other. 

 

1.6 C9orf72 ALS has been characterised in a number of versatile models 

A wide variety of models have been used to try and understand the molecular 

mechanisms and clinical features associated with C9orf72 ALS. Though not perfect, 

each in its own way can be highly useful in finding an answer for specific question, 

and results from models are usually strongest when validated by another. This is 

especially true when studying neurodegenerative diseases, where obtaining CNS 

tissue from patients while still alive is not possible due to inaccessibility and danger 

of exacerbating the disease. The familial component of C9orf72 ALS has led to 

several genetically modified animals and cell lines to serve as a model to investigate 

now the mutation in question causes neurodegeneration in the spinal cord and the 

occurrence of pathological cellular pathways, respectively. 

 

Common models, which are easy to manipulate genetically, and provide a platform 

for rapid data output include zebrafish (Danio rerio) (Swinnen et al., 2018), 
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Drosophila melanogaster (Tran et al., 2015; Boeynaems et al., 2016) and 

Caenorhabditis elegans (C. elegans). The majority of gene families, even in 

invertebrates, are functionally conserved up to higher mammals. This makes these 

models useful for the genetic modification of orthologue genes to the human 

counterpart, thought to be important in ALS. Specifically, hundreds to thousands of 

Drosophila and C. elegans strains can be generated by a relatively small number 

of people and analysed for different phenotypes. This includes motor phenotype 

screening, cellular pathology, survival assays, and treatments to test the rescue of 

pathological phenotypes. However, a major drawback of these models is their 

significantly diminished CNS complexity compared with higher mammals. 

Replicating the conditions which initiate a disease cascade as seemingly complex 

as C9orf72 ALS is highly challenging. This has increased the need for a mammalian 

model, which can corroborate the results found in experiments from invertebrates 

and zebrafish. 

 

1.6.1 Mouse models of C9orf72 ALS 

Historically, genetically modified mice have frequently been the model of choice 

while studying human gene mutations in disease and efficacy of potential 

treatments. This is due to the strong similarity of gene function, the presence of 

gene orthologues and around 85% protein coding gene homology between humans 

and rodents. Nearly all ALS-linked mutations have been modelled in rodents, 

usually replicating tissue pathology seen in patients and also exhibiting defective 

motor and behavioural phenotypes. Though rarer cases of younger adult onset are 

seen, a crucial aspect of ALS is that it is widely seen as an ageing disease, and 

several established mouse models represent extreme overexpression of certain 
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mutated genes resulting in mice that are days or weeks old displaying pathological 

phenotypes. The SOD1 and TDP-43 fields particularly have widely used rodent 

models of this kind to form conclusions about the disease. While powerful in 

understanding how the respective mutated proteins interact, localise and affect 

surrounding tissue, ALS is an insidious disease, manifesting in later life. This 

suggests that these overly toxic models are unlikely to represent cellular pathways 

which may serve as better pharmacological targets. 

 

Several mouse models for C9orf72 ALS have been published, generated by 

different techniques (Chew et al., 2015; O’Rourke et al., 2015; Peters et al., 2015; 

Jiang et al., 2016; Liu et al., 2016; Sudria-Lopez et al., 2016). The knockout of the 

mouse C9orf72 orthologue gene (Sudria-Lopez et al., 2016), generation of human 

C9orf72 BAC transgenic mice (O’Rourke et al., 2015; Peters et al., 2015; Liu et al., 

2016) and injection of AAVs with the C9orf72 HRE (Chew et al., 2015). Each were 

generated with specific questions in mind. The knockout mouse, which does not 

develop any typical ALS phenotypes, highlights that the C9orf72 HRE is unlikely to 

be a loss-of-function mutation. The models incorporating the HRE are trying to 

answer whether the mutation alone is enough to induce motor and pathological 

defects. While several show typical C9orf72 ALS neuropathology, including nuclear 

RNA foci and DPRs, only one displays any motor phenotype (Liu et al., 2016). 

Additionally, neuronal loss in brain regions unaffected in human patients, including 

cerebellar Purkinje neurons (Chew et al., 2015) and hippocampal neurons (Jiang 

et al., 2016) were seen in these models. The model published by Liu et al., 2016 

was most representative of the human disease, showing mice with severe and slow 

progressing disease. This study used pronuclear injection to create a stable mouse 
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line from an expression construct cloned from a patient BAC library, with the full 

human C9orf72 gene locus ([GGGGCC]
500

) including regulatory and promoter 

regions. This mouse developed gait abnormalities, anxiety, cerebellar neuron loss, 

significant spinal cord neuron degeneration and muscle denervation. It also 

displayed typical cellular pathologies, including mislocalised, TDP-43-positive 

granules. Interestingly, every mouse which inherited the HRE in a litter eventually 

presented motor deficit symptoms without exception. Though not fully investigated, 

it is not clear whether every human who carries a large C9orf72 HRE will develop 

ALS, thus making it likely for genetic background to play a role in manifestation of 

the disease. This cannot be easily studied in mice, which are generally thoroughly 

inbred, and often contain numerous genetic modifications in order to maintain a 

steady genetic background for a controlled experiment. This is highly useful for 

simplistic study of the effect of the C9orf72 mutation, but will likely lose its power 

when drug screens are performed on such mice. Patients often respond in very 

different ways to different therapeutic inventions, which is increasingly pushing the 

argument for clinical trials where drugs have been pre-screened on human cellular 

models first (personalised medicine). Distinctly, a model missing from this set is the 

overexpression of DPRs from alternative codons to test whether the presence of 

these peptides is enough for ALS-like symptoms to manifest, as it has been in other 

models (Hautbergue et al., 2017). This would be a crucial experiment to understand 

ALS disease progression in mammals. 

 

1.6.2 Patient post-mortem tissue as a validation tool 

The brains and spinal cord of patients who have donated their tissue to scientific 

research has been the most common tool for the analysis of neurons affected by 
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disease, particularly in identifying end-stage pathology (Baborie et al., 2015; 

Mackenzie et al., 2015). Analysis of post-mortem tissue can be highly instructive 

when grouping patients and performing analysis on their pathology in several ways, 

such as by disease progression, age of symptom emergence, genetics, and cellular 

pathology (van Blitterswijk et al., 2013, 2015). Analysis of patients according to what 

kind of treatments they were administered during their disease, and end stage 

analysis could also be beneficial to understanding drug efficacy. This medium is 

often used to validate novel protein or RNA expression changes identified from high 

throughput RNA sequencing, proteomics and other screens (Haeusler et al., 2014; 

Selvaraj et al., 2018; Shaw et al., 2018). Post-mortem tissue is also commonly used 

to perform many of these high throughput experiments, though this is often 

challenging due to the complexity of brain tissue, and difficulty in extracting the 

target cell type in question (Lobsiger et al., 2007). Furthermore, depending on the 

preservation technique used for the tissue, purification of RNA and protein in high 

yields and sufficient quality is often tough. At present, the characteristics of C9orf72 

ALS tissue has been studied at great depth, but one of the least understood aspects 

of the disease is the mechanism of disease progression at a cellular level. 

Particularly, the mechanisms occurring at a pre-symptomatic stage are missing 

from our knowledge, but post-mortem tissue analysis is not suitable for this.  

 

1.7 Induced pluripotent stem cell-derived motor neurons from patients recapitulate 

several pathological phenotypes of C9orf72 ALS 

An increasing number of studies in the C9orf72 ALS field have shifted to studying 

cells directly from patients, especially iPSC-derived motor neurons and iNeurons. 

These studies either perform induction of patient skin biopsy-derived fibroblasts to 
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pluripotency using lentiviral transduction of Yamanaka transcription factor plasmids 

(Takahashi and Yamanaka, 2006) followed by neuronal differentiation, or perform 

direct induction to neural progenitors (Meyer et al., 2014). There are many 

advantages of this technique. Firstly, motor neurons from the patient, with all their 

genetic background, may be studied. Motor neurons can be obtained from iPSCs 

or fibroblasts in a relatively short amount of time, compared with mouse models, 

and also comparatively more cheaply (though the cost rapidly increases with the 

number of lines used). Patient-derived iPSC-motor neurons have been shown to 

express the same molecular markers characteristic of human spinal motor neurons, 

including homeobox 9 (HB9), islet 1, choline acetyl transferase (ChAT) and heavy 

neuronal filaments, beta-III tubulin and SMI-32. As a cell culture platform, they can 

be easily used in a variety of drug treatments and manipulated using genetic editing 

strategies such as, clustered regularly interspaced short palindromic repeats 

(CRISPR)/ Cas9 cleavage, and transcript knockdowns, using siRNA or ASOs. Most 

importantly, iPSC-motor neurons recapitulate several pathological phenotypes 

relating to C9orf72 ALS (described in section 1.5), which have also been identified 

in patient post-mortem tissue. This includes the differentiation protocol optimised in 

this group (Dafinca et al., 2016). Specifically, nuclear RNA foci (sense and 

antisense), DPRs, defects in calcium homeostasis and increased apoptotic factors. 

Crucially, these neuronal cultures are also electrophysiologically active and can be 

stimulated with glutamate to fire action potentials, recorded using whole electrode 

voltage clamp (Dafinca et al., 2016). Patient-derived iPSC-motor neurons are be 

stimulated as well as the controls, though if the latter are exposed to glutamate for 

excessive amounts of time, they take longer to recover to resting membrane 

potential. 
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Despite the many benefits, some disadvantages also exist for this model. Firstly, 

though some differentiation protocols can generate up to 90% neurons expressing 

motor neurons markers, this process can be highly variable. Several protocols for 

the differentiation of motor neurons from iPSCs have been published, and often 

exclusively used by the group which performed the optimisation. This increases the 

variability of data in the field, and often novel results reported in one batch of iPSC-

motor neurons cannot be replicated in another group’s hands. Also, some iPSC 

cohorts use different cells to induce pluripotency. Blood and fibroblasts are most 

commonly used as the starting cell type. This could have unexpected effects on the 

condition of the derived iPSCs. For instance, the methylation state of iPSCs and 

subsequent differentiated motor neurons, compared with actual aged motor 

neurons in a human spinal cord is unknown. These epigenetic traits may be crucial 

to identifying the molecular mechanisms involved in a disease, like C9orf72 ALS, 

which has a strong RNA aspect to the pathology. Some studies have argued that 

differentiated cells bear strong molecular resemblance to stem cells, and are thus 

unaged. There is also uncertainty as to the somatic stability of the C9orf72 HRE, 

where one study showed that the same individual had repeats of different lengths 

in different tissue. Therefore, iPSCs derived from skin or blood may not represent 

the actual number of repeats in the motor neurons of the affected individual. Finally, 

motor neurons cultured in a dish are not truly representative of the complex network 

of cells present in the spinal cord, where oligodendrocytes, astrocytes and other 

glia are crucial for providing metabolic and structural support to motor neurons. 

However, in order to understand how a mutation like the C9orf72 HRE leads to 

neurodegeneration, it is vital to understand the earlier pathological cellular 
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pathways which slowly manifest into a late-onset disease. Differentiated human 

motor neurons are among the best models available today that allow this. 

 

1.8 RNA sequencing of motor neurons is crucial to understanding C9orf72 ALS 

Despite the many models and tools available to perform genetic manipulation of 

animal models recapitulating the motor phenotypes seen in C9orf72 ALS, a key fact 

remains that the prevailing molecular pathways and gene expression changes that 

occur to trigger symptoms in patients are largely unknown. Mutations known to be 

associated with ALS are present from conception, yet do not manifest until 

adulthood. We do not know if there are a series of environmental effects which 

cause a cellular vulnerability that cannot be dealt with by mutation carries, or if 

varying genetic backgrounds play a role in tolerance for the mutation until ageing 

leads to its breakdown. We do not know if one or multiple failings of cellular 

pathways must occur for motor neurons to start degenerating. Finally, the reason 

for motor neurons having a particular susceptibility to the mutations in question (or 

frontal lobe neurons in FTD) is largely unknown. An important step to understanding 

this process is to perform transcriptional and proteomic profiling of motor neurons, 

preferably from a model realistically representing the disease. Various methods for 

global or targeted gene sequencing have long been available, though as discussed 

ideal models are challenging to obtain. Several prior studies have used next 

generation sequencing methods on cells and tissue from ALS patients to 

characterise changes in molecular pathology, which result in the disease. A main 

drawback of these methods were often the lack of targeting to a specific cell type, 

or use of a cellular model which is arguably irrelevant to ALS. Prudencio et al., 2015 

extracted RNA from post-mortem patient cerebellum and frontal cortex, both of 
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which exhibit evidence of C9orf72-linked pathology in the form of TDP-43 and DPR-

positive granules, and nuclear C9orf72 transcript-positive foci in ALS, and 

degeneration in the case of ALS/ FTD patients. Extracting motor neuron RNA from 

ALS patients is highly challenging, as by end-stage atrophy of spinal cord tissue is 

very advanced. Therefore, the decision to harvest RNA from preserved tissue which 

display key pathologies is logical. On the other, this is unlikely to help answer the 

question of selective motor neuron vulnerability. It is unknown whether neurons 

from other regions of the brain would start to degenerate if the patient were to live 

longer, despite their early tolerance, but potential to present pathology, may 

suggest that they represent an early cellular state of ALS. This study compared the 

RNA profiles of 8 patients with the C9orf72 mutation, 10 sporadic patients and 8 

controls (individuals without neurodegeneration). It was recorded that patients from 

each group had similar disease progression, with both lower and upper spinal cord 

neurons affected. While a number of differentially expressed genes associated with 

the UPR, vesicular transport and intracellular transport were identified, no further 

validation in a motor neuron model was done (Prudencio et al., 2015).  

 

Understanding the global gene expression changes that occur directly due to the 

presence of the C9orf72 mutation is key to understanding why the HRE affects 

motor neurons uniquely. Furthermore, studying these cells from pre-symptomatic 

to symptomatic stage is crucial to understanding the molecular changes which 

occur as a result of the mutation, and are linked to the many pathological 

phenotypes seen in vitro and in vivo. However, the complexity of the mammalian 

brain makes it challenging to study these populations of neurons in isolation due to 

their inaccessibility and the complex nature of the CNS. Additionally, most motor 
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neuron differentiation culture protocols have a significant contamination of non-

motor neuronal neurons, glia and cells of unknown lineage which will cloud a 

technique as sensitive as RNA sequencing, where background transcripts affect 

the significance of gene changes occurring in the motor neuron population. In an 

age where RNA and protein profiling are increasingly a crucial point of validation in 

biological studies, methods need to be developed which can be employed to 

perform sequencing on neuronal subpopulations of interest, while improving the 

drawbacks to existing techniques. In order to get around this, a number of laboratory 

and analysis techniques have been developed. 

 

1.8.1 Methods for studying neurons in isolation 

The isolation of neuronal subtypes from frozen of fixed tissue from rodent, or human 

post-mortem samples would be highly useful for the purification of RNA to perform 

RNA sequencing and analyse the transcriptional profiles of cells at a particular 

stage of disease. As described, the density and complexity of brain matter make 

this process very challenging. 

 

1.8.1.1 Laser-capture microdissection 

A technique known as laser-capture microdissection (LCM), coupled with single cell 

RNA sequencing kits (LCM-seq) (Nichterwitz et al., 2016), has been developed to 

manually extract neurons from snap-frozen cubes of tissue, which have been 

treated with fast-penetrating stain. Neurons are identified by morphology under a 

microscope and cut from the tissue using a laser. The cell is immediately lysed and 

purified RNA is quantified for amplification using the SMARTer Seq2 kit (Picelli et 

al., 2014) for single cell library preparation. This technique has improved on 



  72 

previous LCM protocols, where hundreds to thousands of cells were required as 

enough material for a bulk RNA sequencing experiment (Lobsiger et al., 2007; 

Saxena et al., 2009). This increased the potential for contamination from 

surrounding cells in the tissue sample. The authors were able to show that a distinct 

transcriptional profile for motor neurons harvested using LCM-seq, from mouse 

pups. They compared the profiles of RNA from 1, 2, 5, 10, 30, 50 and 120 cells 

(Nichterwitz et al., 2016). The fewer the number of cells used, the fewer the number 

of glial markers that could be detected, and stronger signals for motor neuron 

markers including ChAT, HB9, Islet1 and 2 and SMI-32, were seen. While a crucial 

results in this field, LCM is still not the ideal technique for studying neurons as the 

technique can only chiefly isolate cell matter around the cell body, which is the large 

and most easily identifiable part of a neuron. The axon, branched dendrites and 

terminal synaptic regions will all be lost, though interesting populations of RNA are 

likely to be localised at these regions. It is known that translation of mRNA occurs 

locally at the synapse, which could be crucial for determining changes to neuronal 

function at the neuromuscular junction, or other synapses. 

 

1.8.1.2 Cell sorting by marker detection 

Cell types are commonly identified by the expression of a particular combination of 

genes, including cell surface proteins, proteins with a determining function of the 

cell and transcription factors. The expression of these markers is determined by the 

developmental lineage of a cell type. Mature motor neurons are distinguished by 

their expression of ChAT, which is crucial for the modulation of the neurotransmitter, 

acetyl choline release at the synapse, Islet 1 and 2 (transcription factors with a role 

in early patterning of motor neuron differentiation, by modulating the expression of 
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multiple genes) (Liang et al., 2011) and several neurofilament proteins such as 

Beta-III tubulin and SMI-32. Fluorescence-activated cell sorting (FACS) is a 

technique that takes advantage of this feature by using fluorescent antibodies to 

recognise a cell surface marker and sort the cells based on the wavelength of 

excitation, by the FACS instrument. Similarly, magnetic-activated cell sorting 

(MACS) (Welzel et al., 2015), uses antibodies conjugated to tiny magnetic particles 

to detect and sort cells based on magnetic attraction. FACS is a highly efficient, well 

characterised technique in many fields, especially haematology and immunology, 

where separating subpopulations of cells is of major interest. A previous study used 

FACS to sort and perform RNA sequencing on iPSC-motor neurons from ALS 

patients by, firstly overexpressing red fluorescent protein (RFP) under the HB9 

promoter, and sorting based on the co-expression of RFP and cell surface marker, 

p75

NTR

 (Toli et al., 2015). This study successfully obtained a pure population of 

motor neurons by pre-sorting early motor neurons which were expressing the early 

motor neuron marker, HB9, and replating the cells after the FACS experiment. 

Though a highly efficacious method for producing a cleaner differentiation, sorting 

maturing neurons and successfully re-establishing them in culture is very 

technically challenging. On the other hand, for well-established protocols, FACS 

could be optimised to obtain multiple cell subtypes, such as neurons and glia from 

a co-culture. Nevertheless, as in laser-capture microdissection, a physiological 

barrier is present in neurons. The dissociation of neurological tissue into individual 

cells, while trying to maintain their structural integrity, keeping dendrites, cell bodies, 

axons and synaptic junctions intact to obtain a whole cell, before sorting and 

purifying RNA from them, is highly challenging. Dissociation of the brain tissue or 

mature cell cultures often causes loss of neuronal architecture and vast amounts of 
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cell death, and also results in contamination in the case of tissue. Following this 

process, the neurons must be passed through the FACS instrument before being 

pelleted for RNA extraction. This is likely to induce stress that could potentially affect 

the transcriptome of the neurons, in addition to the stress of losing its processes. 

The development of techniques, which are relatively stress-free is consequently 

vital to the advancement of the field. 

 

1.8.1.3 Bioinformatic analysis of mixed species cell cultures 

The relevance of cell cultures to study complex niches where neurons, glia, muscle 

and immune cells cooperate to maintain the optimal conditions for function and 

metabolism has frequently been debated. As such, co-cultures are more commonly 

being sought as an improved model of neurodegenerative diseases where 

supporting astrocytes have been shown to potentially play a significant role in 

disease progression and manifestation. For example, a study using a co-culture of 

iNeurons and iAstrocytes, directly derived from ALS patient fibroblasts, showed that 

astrocytes with a mutant C9orf72 HRE, cultured with control motor neurons, 

resulted in reduced survival of the latter in a non-cell autonomous fashion (Meyer 

et al., 2014). While analysis using immunostaining and imaging of neuronal survival 

can be easily performed in such cultures, the more intriguing changes associated 

with gene expression changes in neurons, as a result of toxicity cannot be 

performed. Co-cultures have also been developed where the different cell types are 

separated by pores or a mesh, but this less representative of the endogenous niche 

as the cells are not in close contact. Recently, coding pipelines have published 

which are written to perform analysis of RNA sequencing data containing reads 

from more than one species (Qiu et al., 2018). Using this method a co-culture of 
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neurons and glia from different species can be maintained, but ultimately RNA is 

purified in bulk, and RNA sequencing is done under one library preparation. The 

output reads are then separated by species by mapping to the genomes of the 

respective species used. The tool, Sargasso, has been developed to be sensitive 

enough to distinguish between the mouse and rat genome (Qiu et al., 2018). 

Though this method completely eliminates the concern of stressing live cells during 

the process of sorting them as with FACS, the issue remains that any contaminating 

cells would still bias any high throughput sequencing data. 

 

1.8.2 Translating ribosome affinity purification 

Translating ribosome affinity purification (TRAP) was originally conceived in 2008 

as a technique to dissect the RNA profiles of specific cellular subtypes, followed by 

a detailed methods paper in 2014 (Heiman et al., 2008, 2014). The concept of the 

technique relies on the expression of a tagged large ribosomal subunit protein 

under the promoter of specific cellular marker. These exogenous tagged ribosomal 

proteins will incorporate into the translation pathway by incorporating into polysome 

complexes, and provide a point of pulldown of RNA, via the ribosomes that they are 

interacting with. Messenger RNA is purified by lysis of total tissue or cellular matter, 

and subsequent immunoprecipitation of ribosomes via the molecular tag. These 

mRNA represent the profile of genes being expressed at a particular moment in the 

target cell type, enriched for the neuronal marker of interest, referred to as the 

translatome. This translatome profile excludes quiescent RNA that is not being 

actively translated, including immature transcripts, microRNA and other non-protein 

coding region-derived RNA species. TRAP has most commonly been applied in 

mouse models to isolate mRNA from a subpopulation of cells, expressing a specific 
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maker from larger, complex brain tissue. High throughout sequencing of this RNA 

results in the generation of a translatome profile, which allows the analysis of the 

target cell type in disease conditions or in response to drug treatments. This 

technique is particularly powerful as a tool for investigating disease models often 

affecting a particular cell type, such as motor neurons in ALS (MacNair et al., 2015; 

Sun et al., 2015) or spinal muscular atrophy (Mattedi et al., 2017). Multiple cell types 

may also be examined in parallel on the same model using different back crosses 

with BAC:TRAP mice with different marker promoters (Heiman et al., 2008) to 

examine the profiles of astrocytes or oligodendrocytes compared to the gene 

expression of affected motor neurons in disease (Sun et al., 2015). In addition to 

the CNS, TRAP has also been applied to models in order to explore the altered 

translatome of cell types during embryonic or larval development (Tryon et al., 

2013; Hupe et al., 2014). 

At present TRAP has mostly been applied to transgenic animal models, including 

mice (Doyle et al., 2008; Heiman et al., 2008; Drane et al., 2014; Hupe et al., 2014; 

MacNair et al., 2015; Nectow et al., 2015), zebrafish (Tryon et al., 2013), Drosophila 

melanogaster (Bertin et al., 2015; Huang et al., 2015) and C. elegans (Gracida and 

Calarco, 2017). There are also some recent examples of TRAP being applied to 

plant species (Collum et al., 2019; Tian et al., 2019). The application of TRAP in 

animals has mostly been to isolate specific neuronal populations from the brain or 

subpopulations during embryonic development. A great benefit of TRAP is that the 

cells are effectively pre-sorted, expressing the tagged ribosomal protein in the 

desired target cell type. This causes relatively little stress to the cells as the targeted 

expression of the ribosomal protein can enter endogenous cellular pathways (Sanz 

et al., 2009). There is also evidence that ribosomal proteins regulate their own 
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expression and have significant redundancy with other family members (O’Leary et 

al., 2013). This would allow unhindered expression of the exogenous tagged protein 

without disturbing normal cellular function. The tissue must be harvested, 

transferred to a stabilising buffer and homogenized, before proceeding to ribosomal 

pulldown. Cell populations not expressing the ribosomal protein will be removed 

during a wash stage. An advantage is also the ability to target relatively low 

populations of neurons but achieve a better extraction of high integrity RNA than 

with traditional methods. TRAP has been applied in a number of ways to animal 

models, including BAC mice (readily expressing tagged ribosomal proteins under a 

target promoter) (Doyle et al., 2008; Heiman et al., 2008), tetracycline-inducible 

systems (Drane et al., 2014), adeno-associated virus (AAV) injections (Nectow et 

al., 2015) and in utero electroporation (Huang et al., 2018). One study also 

performed TRAP from primary mouse cortical neurons, following the transduction 

of an adenovirus with a packaged RiboTag (Lesiak et al., 2015). However, to date 

no studies have been published showing TRAP extraction of RNA from a human 

iPSC-motor neuron model, giving a translatome profile for human motor neurons in 

C9orf72 ALS. 

 

TRAP has been very successful when performed in mouse models. The existence 

of several BAC drivers with eGFP fused with ribosomal protein, RPL10a, has meant 

that a wide variety of neuronal and glial RNA populations have been isolated and 

sequenced (Doyle et al., 2008). Two studies have examined motor neuron and glial 

subpopulations using TRAP in ALS mouse models, confirming that the extracted 

RNA pools are enriched for specific markers, and have unique translatome profiles 

(MacNair et al., 2015; Sun et al., 2015). They identified novel gene expression 



  78 

changes previously unknown to occur in these mutations. Sun et al., 2015 

performed TRAP from motor neurons (ChAT-bacTRAP), astrocytes (Aldh1l1-

bacTRAP) and oligodendrocytes (Cnp1-bacTRAP) from the loxSOD1G37R

 mouse 

spinal cord. The RNA sequencing analysis, of significantly differentially expressed 

genes, of the TRAP RNA was compared with between the different samples, 

showing significant enrichment of the known respective markers from glia and 

motor neurons. Additionally, heat shock proteins, HSF1 and HSF2, associated with 

the UPR and CHOP (endoplasmic reticulum stress transcription factor) were shown 

to be uniquely upregulated in motor neurons. These results were confirmed by qRT-

PCR, in addition to the misregulation of other proteins known to be involved in the 

UPR pathway. MacNair et al., 2015 performed microarray analysis on RNA 

collected via TRAP from TDP-43

A315T

 (Swarup et al., 2011) mice at the age of 5 

months (pre-symptomatic) and 10 months (symptomatic), along with age-matched 

non-transgenic control littermates. This mouse relative early cognitive and motor 

defects, and is one of the more severe mouse models. The authors found no 

significant differences in differential gene expression analysis between TDP-43

A315T

 

and control mice at the pre-symptomatic time point, though by 10 months 28 genes 

were differentially misregulated. This is relatively few, especially considering the 

false discovery rate (FDR), q-value was reduced to 0.1, rather than the conventional 

0.05. These genes had cellular processes linked to RNA metabolic processes, 

immune response and cell cycle regulation (MacNair et al., 2015). 

Immunofluorescence was used to identify these changes in harvested tissue. In 

particular, two genes with more than a two-fold increase in expression were found 

to potentially be crucial to TDP-43 induced ALS. These genes, DDX58 and 

MTHFSD, are RNA binding proteins. MTHFSD appears to be particularly significant 
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as it was found to co-localise with TDP-43 and G3BP in cytoplasmic stress granules. 

This is another mislocalisation phenotype which has resulted in the loss of an RNA 

binding protein from the nucleus. In contrast to this study, Sun et al., 2015 found 

260 gene expression changes in motor neurons in a severe SOD1G37R

 mouse, 

though relatively few in oligodendrocytes (23) and astrocytes (108). This striking 

contrast in the number of differentially expression genes detected may be 

accounted for due to the amount of input (total whole tissue) RNA submitted for 

sequencing, representing the transcriptome. Sun et al., 2015 used up to 500 ng, 

while MacNair et al., 2015 used 40 ng. 

 

1.9 Aims 

The differentiation protocol used in this group can achieve up to 80% purity of 

mature motor neurons (Dafinca et al., 2016), though this varies from culture to 

culture. To gain deeper insight into the effect of the C9orf72 HRE has on motor 

neuron biology, this DPhil project aims to perform RNA sequencing on a line of 

C9orf72 ALS patient-derived iPSC-motor neurons. The presence of non-neuronal 

cells which do not differentiate is often seen, which continue to proliferate after 

mature motor neurons develop. The ratio of motor neurons to non-neuronal cells in 

culture varies between lines and passage number. This factor often restricts the 

amount of time that the motor neurons can be maintained in culture, and the 

possibility of ageing them further for later harvests is challenging. To consistently 

obtain mRNA from patient-derived iPSC-motor neurons, a TRAP method has been 

developed to apply to this iPSC-motor neuron model (Figure 1.1). 
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1. The first aim of this project was to design and use molecular cloning to generate 

a human lentiviral TRAP construct to use in mature, electrophysiologically active 

motor neurons in culture. This relies on a transgenic, ubiquitous, large ribosomal 

protein, RPL22, to pull down actively translating ribosomes via a c-myc-FLAG-

tag, from a select population of cells to isolate the mRNA bound to them (Figure 

1.1). The transgene is delivered via lentiviral particles to the motor neurons, and 

is under the control of a motor neuron-specific promoter. 

 

2. The second aim was to optimise lentiviral transduction of the construct into our 

cultures, and perform RNA extraction via ribosomal pulldown. This research 

group works with iPSC lines derived from a number of patients with ALS 

mutations, with particular focus on C9orf72 HRE carriers. Work from a former 

DPhil student project resulted in the generation of a CRISPR/Cas9-edited line 

where the majority of the HRE was removed, leaving an isogenic control line for 

one patient line. We also have access to age-matched control lines. Following 

optimisation of TRAP from these lines, RNA samples were planned to be 

collected from this patient line, its edited isogenic line and two age-matched 

controls, over three differentiations. An input fraction of each sample was also 

isolated, representing the total RNA from a culture, i.e. the transcriptome, when 

sequenced. These samples were then submitted for next generation RNA 

sequencing, following quality control steps.  

 

3. The third aim was to perform bioinformatic analysis of the raw reads from RNA 

sequencing to obtain a counts table, and perform differential expression analysis 

between TRAP and transcriptome input samples. The success of the TRAP 
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experiment was be assessed in this analysis. Furthermore, differential 

expression analysis between C9orf72 ALS patient and control samples was done 

to look for a pathological effect of the mutation. The overarching aim is to assess 

whether motor neurons from patients can be studied in isolation using this 

method, and if TRAP improves the transcriptional signal of C9orf72 ALS iPSC-

motor neurons.  
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Figure 1.1. Translating ribosome affinity purification. 
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transduced with ChAT:TRAP vector
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RNA quality control and addition of sequins
Ribodepletion and library preparation

RNA Sequencing: Sequencing_HiSeq4000_75 PE

Processing & analysis: readqc, trimming, mapping, 
counting, differential expression analysis

TRAP
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Figure 1.1. Schematic diagram of the TRAP method. A mixed culture of motor 

neurons and non-neuronal cells is transduced with a lentiviral construct, expressing 

a tagged-ribosomal protein, under a motor neuron-specific promoter. Using 

immunoprecipitation, the tagged ribosome complexes are harvested and purified, 

giving a motor neuron-enriched pool of RNA. This can be checked for quality, 

quantified and prepared for RNA sequencing analysis. Data from this experiment is 

then processed and analysed using differential expression analysis. 
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2 Materials and Methods 

 

2.1 Molecular cloning of translating ribosome affinity purification constructs and 

validation of expression 

 

2.1.1 Plasmids and primers 

Table 2.1 gives the names of the original commercial expression plasmids and the 

contained transgene components using in the molecular cloning of the TRAP 

vectors. 

 

Table 2.1. Commercially bought plasmids used in the cloning of TRAP constructs. 

Plasmid 
Backbone Transgene Company Schematic 

pCMV6-Entry RPL22:c-myc:FLAG Origene Figure 3.1b. 

pEZX-LvPF02 MChAT:GFP Genecopoeia Figure 3.1c. 

pEZX-LvPF02 RChAT:GFP Genecopoeia Figure 3.1c. 

pUltra hUbC:eGFP:P2A:T2A Addgene Figure 3.1d. 

 

 

Table 2.2 gives a complete list of primers, and their sequences, used in the for the 

molecular cloning of the TRAP vectors. These include the primer pair used to 

amplify the RPL22:c-myc:FLAG insert from the pCMV6-Entry plasmid, including 

XbaI and BamHI restriction digest sites to create sticky ends for ligation, primers for 

amplifying ChAT promoters from the pEZX-LvPF02 plasmid with PacI and AgeI 

restriction sites, junction primers for colony screening and primers targeting ChAT 
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and RPL22:c-myc:FLAG for qRT-PCR. Red highlights are restriction site 

sequences introduced into inserts for ligation into the pUltra lenti-backbone. The 

blue highlight in RPL22:c-myc: FLAG_XbaI_BamHI FWD is a KOSAK sequence, 

introduced to improve recruitment of ribosomes to RPL22:c-myc:FLAG transcripts. 

 

Table 2.2. List of all primers used in the cloning of the TRAP constructs and for screening 

colonies transformed with successful ligations. 

 

 

Table 2.3 gives the total list of primers used for Sanger sequencing of complete 

TRAP products to confirm the final insert orientation, promoter regions and plasmid 

backbone.  

Primer Direction Sequence (5' - 3')
RPL22:c-myc:FLAG 

XbaI_BamHI
FWD acgattctagagccaccatggctcctgtgaaaaagc
REV atagtaggatcccttatcgtcgtcatccttgt

5' Junction RPL22 
Insert-pUltra

FWD tcaaacaagcaggtgacgtgg 
REV tcggatgtcacggtgatcttg 

3' Junction RPL22 
Insert-pUltra

FWD ctggattacaaggatgacgacga 
REV gcattaaagcagcgtatccacat 

MChAT_PacI_AgeI
FWD cctccgttaattaataatacgactcactataggg 
REV ataataaccggtcccttccccagctccccgcc 

RChAT_PacI_AgeI
FWD cctccgttaattaataatacgactcactatagg
REV aatactaccggtgtgactgtggctggggtcct 

5' Junction MChAT-
TRAP Insert-pUltra

FWD cgccaattctgcagacaaat 
REV cacactcgcatctctccctt 

3' Junction MChAT-
TRAP Insert-pUltra

FWD gcagtgaatattgatcccag 
REV cggtggtgcagatgaactt 

5' Junction RChAT-
TRAP Insert-pUltra

FWD cgccaattctgcagacaaat 
REV gaccttgggcaagtcacagc 

3' Junction RChAT-
TRAP Insert-pUltra

FWD ccgtaatctcaacaacacaat 
REV cggtggtgcagatgaactt 

ChAT_qPCR
FWD cgtggacaacatcagatcg 
REV atggccatgactgtgtatgc 

RPL22:c-
myc:FLAG_qPCR

FWD tcttgattgcacccaccct 
REV atcgtcgtcatccttgtaatcc 
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Table 2.3. List of all primers used in Sanger sequencing experiments of the 

TRAP constructs following molecular cloning of the regions of interest. 

 

Sequencing 
Experiment Sequencing Primer Direction Sequence (5' - 3')

RPL22:c-myc:FLAG 
insert in pUltra 

backbone

SEQ_pUltra-RPL22_1 FWD ggggttgctctggaaaactc
SEQ_pUltra-RPL22_1 REV actccaactagcattccaagg
SEQ_pUltra-RPL22_2 FWD agataaatgggcaagtttgtgga
SEQ_pUltra-RPL22_2 REV tctttcccctgcactgtacc
SEQ_pUltra-RPL22_3 FWD cgtgtcggctccagatct
SEQ_pUltra-RPL22_3 REV atccacaaacaagaaccgcg
SEQ_pUltra-RPL22_4 FWD caagggctgtagtctgggtc
SEQ_pUltra-RPL22_4 REV gccccaccctgcattataag
SEQ_pUltra-RPL22_5 FWD tctggtgaggggagggataa
SEQ_pUltra-RPL22_5 REV gaacttcagggtcagcttgc
SEQ_pUltra-RPL22_6 FWD cacatgaagcagcacgactt
SEQ_pUltra-RPL22_6 REV gcttctcgttggggtctttg
SEQ_pUltra-RPL22_7 FWD tcaaacaagcaggtgacgtg
SEQ_pUltra-RPL22_7 REV caactacgcgcaaccagt
SEQ_pUltra-RPL22_8 FWD tgacgacgataagggatccg
SEQ_pUltra-RPL22_8 REV gcaatgccccaaccagtg
SEQ_pUltra-RPL22_9 FWD acaattccgtggtgttgtcg
SEQ_pUltra-RPL22_9 REV cagccatggaaaggacgtc

MChAT Promoter 
region sequencing 

primers

M-CHAT_SEQ1 FWD ttctgcagacaaatggcagt
M-CHAT_SEQ2 FWD cacaccagcctcagagct
M-CHAT_SEQ3 FWD gtcgcctgtgtgttagctg
M-CHAT_SEQ4 FWD gtgactgggaaatgctgagc
M-CHAT_SEQ5 FWD gaggtgaagttcgagggc
M-CHAT_SEQ1 REV ggaggtgggtctgaaacgat
M-CHAT_SEQ2 REV ggtctatcctgggctgagg
M-CHAT_SEQ3 REV gctgggactaaggatgggaa
M-CHAT_SEQ4 REV catccaggccagtctcaaac
M-CHAT_SEQ5 REV aagtcgtgctgcttcatgtg

RChAT Promoter 
region sequencing 

primers

R-CHAT_SEQ1 FWD gattagtgaacggatcggca
R-CHAT_SEQ2 FWD tctcacctcaacctgaacca
R-CHAT_SEQ3 FWD aaggaaggtgagtctccctg
R-CHAT_SEQ4 FWD aagggcatcgacttcaagga
R-CHAT_SEQ1 REV ggcctttcgtcagtacatgc
R-CHAT_SEQ2 REV ctagctggctgatccctctg
R-CHAT_SEQ3 REV cgttgaccctggatggca
R-CHAT_SEQ4 REV gcatggcggacttgaagaa
R-CHAT_SEQ5 REV cacgtcacctgcttgtttga

TRAP Lentiviral 
plasmid backbone 

sequencing primers 
(including hUbC 
promoter region)

TRAP_plasmid_SEQ1 FWD acaataaacgggtctctctggt
TRAP_plasmid_SEQ2 FWD ggacagctacaaccatccct
TRAP_plasmid_SEQ3 FWD cctggctgtggaaagatacc
TRAP_plasmid_SEQ4 FWD cttccgcatcttcgccttc
TRAP_plasmid_SEQ5 FWD cctgtagcggcgcattaag
TRAP_plasmid_SEQ6 FWD ccgctcatgagacaataaccc
TRAP_plasmid_SEQ7 FWD aagggagaaaggcggacag
TRAP_plasmid_SEQ8 FWD tcactcattaggcaccccag
TRAP_plasmid_SEQ1 REV tccaatccatgtcagacccg
TRAP_plasmid_SEQ2 REV ccctggccttaaccgaattt
TRAP_plasmid_SEQ3 REV aattgtctggcctgtaccgt
TRAP_plasmid_SEQ4 REV tggtgaatatccctgcctaact
TRAP_plasmid_SEQ5 REV ggaattgtcagtgcccaaca
TRAP_plasmid_SEQ6 REV tccacactgactaaaagggtc
TRAP_plasmid_SEQ7 REV tgcaaggcgattaagttggg
TRAP_plasmid_SEQ8 REV tgcttttctgtgactggtgag
TRAP_plasmid_SEQ9 REV tccatagttgcctgactccc
TRAP_plasmid_SEQ10 REV aacccggtaagacacgactt
TRAP_plasmid_SEQ11 REV ctcttccgcttcctcgct
TRAP_plasmid_SEQ12 REV tccagcttttgttccctttagtg
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2.1.2 Patient-derived fibroblast lines and induced pluripotent stem cell 

induction 

Skin biopsies were taken from control and C9orf72 ALS or ALS/ FTD patient donors 

in the Oxford Motor Neuron Disease Clinic run by Prof Kevin Talbot, University of 

Oxford. Collection and expansion of the fibroblasts were performed by qualified 

members of the clinic. Induction to pluripotency, via the Yamanaka method 

(Takahashi and Yamanaka, 2006) was performed at the Dunn School of Pathology, 

University of Oxford, by the group of Dr Sally Cowley at the Stem Bank facility (as 

described in Dafinca et al., 2016). CRISPR/Cas9 edited isogenic lines were 

generated via the double nickase strategy and positive colony picking by Dr Nidaa 

Ababneh, Talbot group, Nuffield Department of Clinical Neuroscience, University of 

Oxford. The lines used in this project were two healthy age-matched controls 

(SFC840 and SFC180), two clones from one patient with a C9orf72 HRE 

[GGGGCC]
1000

 (OXC90202 and OXC90203) and their edited isogenic lines (59_1, 

59_2 and 59_3), where the C9orf72 HRE was removed leaving [GGGGCC]
2
 in 

intron1a of the gene. 

 

2.1.3 Molecular cloning 

All expression vectors obtained from commercial companies were expanded by 

bacterial heat shock transfection into Stbl3® OneShot competent Escherichia coli 

(E. coli) (Life Technologies). All plasmids were purified from 4 mL LB broth + 34 μg/ 

mL chloramphenicol or 100 μg/ mL ampicillin, from overnight cultures (PureLink® 

Quick Plasmid DNA Miniprep Kits, Life Technologies). Plasmid sizes were 

confirmed by using restriction enzyme (RE) digests and checking expected band 

sizes by agarose gel (1%) electrophoresis. All restriction enzymes were obtained 
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from New England Biolabs (NEB). cDNA (<1 μg) was incubated in the appropriate 

enzyme(s) and buffer, at 37 °C, between 15 minutes and 1 hour. All reactions were 

inactivated at 65 °C, 20 minutes. Larger overnight cultures (250-300 mL LB broth) 

were used to purify higher concentrations of plasmid to use for cloning (Endotoxin-

free plasmid DNA purification Xtra Midi EF, Nucleobond®). 

 

Polymerase chain reaction (PCR) (Q5 Hot Start High-Fidelity DNA Polymerase, 

NEB) was used to generate copies of the gene or promoter of interest from their 

original constructs using primers with overhanging regions, containing new 

restriction sites and at least 4 random bases (Table 2.2), with 50-100 ng of template 

DNA. Master mixes were pipetted according to manufacturer’s instructions (primers 

10 μM) and PCR was performed over 35 cycles. Annealing temperature varied by 

primer pair. Cloned fragments were isolated by running a 2% agarose gel at 75 V, 

3 hours and performing gel extraction (Qiaquick Gel Extraction, QIAGEN) to purify 

the amplified DNA from the predicted band size. All cDNA species for cloning had 

unique restriction sites at the 5’ and 3’ ends with sticky ends to ensure correct 

orientation of all inserts into backbones and efficient ligation. Phosphatase 

reactions (Antarctic Phosphatase, NEB) were setup for cDNA templates extracted 

from bacteria to prevent re-ligation following a RE digest. Ligation reactions were 

set up at various ratios of insert: template (1:1, 3:1, 6:1 and 10:1) and incubated 

with T4 DNA Ligase (Promega) for either 1 hour, room temperature or overnight at 

16 °C. Inactivation of ligation reactions was done at 65 °C, 10 minutes. Ligation 

products were transformed into Stbl3® OneShot competent E. coli (2-5 μL), spread 

onto Agar + Ampicillin (100 μg/ mL) plates and incubated overnight at 37 °C. 
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Colony PCR was used to screen for colonies transformed with successful ligations. 

Colonies were picked and dissolved in 10 μL of distilled H
2
O in 96 well plates. cDNA 

was exposed by heating plate to 95 °C on a thermal cycler. This was used as the 

DNA template component of a PCR master mix (MegaMix-Blue, Microzone). 

Primers were designed to anneal at the junctions (Table 2.2) of the ligation site, and 

size of product depended on whether the ligation was successful or not. PCR was 

run according to manufacturer’s instructions. 

 

2.1.4 HEK293-T cell culture 

HEK293-T cells with a modified large T antigen was obtained from ATCC® CRL-

3216™. HEK293-T cells were cultured on T25, T75 or T175 flasks (Corning

®

) at 37 

°C. Cells were cultured in DMEM high glucose, sodium pyruvate (ThermoFisher 

Scientific; 11995065) enriched with fetal bovine serum (ThermoFisher Scientific; 

10270106) and Antibiotic-Antimycotic (10,000 units/ mL penicillin, 10,000 µg/ mL 

streptomycin, and 25 µg/ mL Amphotericin B) (ThermoFisher Scientific, 15240062). 

Cultures were passaged at approximately 80-90% confluency. Media was aspirated, 

and cells were briefly washed with phosphate buffered saline (PBS). 0.05% trypsin-

EDTA in PBS (0.5% Trypsin-EDTA 10X; ThermoFisher Scientific, 15400054) was 

added to the cells (T25-500 µL, T75-2 mL, T175-4 mL) and incubated at 37 °C for 

3-4 minutes. Media was added to the cells following trypsinization in a 2:1 ratio to 

inhibit further enzymatic reaction. The cell suspension was collected in a 50 mL 

falcon tube and centrifuged at 500 g, 3 minutes, room temperature. Supernatant 

was discarded, and cell pellet was resuspended in media and passaged as desired. 

General seeding density was 40%. Cells were counted using a manual 

haemocytometer for controlled experiments. 
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HEK293-T cells were used to generate 3

rd

 generation lentiviral particles by co-

transfection with VSV-G, Gag-Pol and Rev plasmids, and the lentiviral cDNA 

constructs; MChAT:TRAP, RChAT:TRAP or hUbC:TRAP. 

 

2.1.5 Sanger sequencing 

The Sanger sequencing facility at the Weatherall Institute of Molecular Medicine, 

Oxford, was used to sequence constructs. All sequencing primers were designed 

using the Primer3 tool and assessed using standard software to view .ad1 files, by 

aligning expected sequences with results. See primers in Table 2.3. 

 

2.1.6 Immunocytochemistry 

Fixation of cells seeded on coverslips was done by washing gently with warmed 

PBS and incubating with 4% PFA for 15 minutes, room temperature. Cells were 

blocked in 10% normal donkey serum in 0.2% Triton/ PBS for 1 hour, room 

temperature. Primary (Table 2.4) and secondary antibody (1:500) incubation was 

done in 1% normal donkey serum/ 0.1% Triton/ PBS, overnight at 4 °C for the former 

and 1 hour, room temperature, for the latter. All secondary antibodies were obtained 

from ThermoFisher Scientific. DAPI incubation (1:2000) in 0.1% Triton/ PBS was 

done at room temperature, 3-5 minutes. Coverslips were mounted onto slides using 

DAKO mounting medium (Agilent), and allowed to dry before viewing. A list of all 

antibodies used in this project have been given along with their working dilutions in 

Table 2.4. 
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2.1.7 SDS-PAGE and Immunoblotting 

iPSC-motor neurons were harvested for protein by washing cells cultured in 6-well 

plates in PBS once and scraping. The harvested cells were centrifuged (2000g, 10 

minutes, 4 °C), and the pellets were lysed with RIPA buffer (Sigma-Aldrich) enriched 

with a cOmplete protease inhibitor cocktail (Roche). The cell suspension was 

sonicated using a motor pestle with 10, 1 second bursts and incubated on ice for 30 

minutes. A bicinchoninic acid (BCA) assay (Sigma-Aldrich) was used to quantify the 

protein samples. 20 µg per sample was run on a NuPAGE Bis-Tris 4%-12% gel 

(Invitrogen), at 80 V for 10-15 minutes followed by 100-120 V for 1.5 – 2 hours. Protein 

was transferred to a PVDF membrane using an iBlot® 7-minute transfer system 

(Sigma-Aldrich). Membranes were blocked overnight, 4ºC in 4% milk/ TBS-T. Primary 

antibody incubation (Table 2.4) was done in 1% milk/ TBS-T, overnight at 4ºC. 

Horseradish peroxidase-conjugated secondary antibody incubation (1:10,000) was 

done in 1% milk/ TBS-T at room temperature, 1 hour. Membranes were incubated 

briefly with ECL reagent (Amersham Pharmacia Biotech) to visualise the protein bands 

via exposure to photographic film. Protein band quantification was done using the 

ImageJ software. 
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Table 2.4. List of all antibodies used for either immunocytochemistry or western blotting, 

with the optimised dilutions used in all experiments, unless otherwise specified. Bolded 

c-myc antibody was used for TRAP of RNA in final protocol. 

 

 

  

Dilution

Target Species Company Immunocytochemistry Western Blot

GFP Rabbit Life 
Technologies 1:500 -

RPL22 Goat Novus 
Biologicals - 1:500

RPL22 Rabbit ProteinTech - 1:500

ChAT Goat Millipore 1:100 -

SMI-32 Mouse Abcam 1:1000 -

c-myc Mouse Sigma-Aldrich 1:1000 -

DDK Rabbit Origene - 1:500

DDK Mouse Origene 1:1000 1:500

Actin Mouse Abcam - 1:10,000
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2.2 Optimisation of translating ribosome affinity purification from HEK293-T cells 

and iPSC-derived motor neurons 

 

2.2.1 Lentiviral particle generation, titration and transduction 

HEK293-T cells were transfected with plasmids encoding VSVG, Gag-Pol, REV and 

the packaging plasmid of choice, using PEImax reagent (Polyplus-Transfection), to 

produce 3

rd

 

generation lentiviruses. HEK293-T cells were grown in DMEM + high 

glucose + pyruvate media (ThermoFisher Scientific) with 10% foetal bovine serum 

(ThermoFisher Scientific) and 1% Penicillin-Streptomycin-Amphotericin B 

(ThermoFisher Scientific). 12 flasks of cells at 80-90% confluency were used to 

generate one lentiviral species. The media was replaced 24 hours following 

transfection. After a further 48 hours, the media of replicate transfections were 

pooled and filtered through a nitrocellulose-free 0.45 um filter (Millipore). LentiXTM 

concentrator reagent (Clontech) was mixed with pooled lentivirus media in a 1:3 

ratio and incubated overnight at 4 °C. The lentiviral pellet was isolated by 

centrifugation at 1500 g, 45 minutes, 4 °C. Pellet was resuspended in 1:100 PBS 

of total media pooled and stored at -80 °C. 5 μL of concentrated media was diluted 

in 495 μL of media for titration. 

Lentiviral RNA was purified and titrated using the Lenti-X™ qRT-PCR Titration Kit 

(Takara). RNA was extracted and a DNase I reaction was performed to remove 

contaminants. Quantitative-RT-PCR, with primers targeting the LTR regions of the 

viral RNA were used to amplify the RNA products and detected using ROX 

reference dye LSR. Serial dilutions of a known standard RNA mixture were used to 

construct a standard curve and used to estimate the concentrations of own lentiviral 
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RNA. These concentrations were used to estimate multiplicity of infection (MOI) due 

to variability of the iPSC-motor neuron differentiation. 

Cells to be transduced (HEK293-T cells or iPSC-motor neurons) were seeded in 6-

well plates, 24-well plates on coverslips or 10 cm petri dishes, following counting by 

haemocytometer or via an automated instrument. HEK293-T cells were seeded at 

30-40% confluency and neurons according to the differentiation protocol. Lentiviral 

transduction was performed by enriching nutrient media (enriched with ROCKi) with 

calculated volume of lentivirus and immediately adding cells by gentle pipetting 

using a stripette and returned to 37 °C. Incubation was done from 4 hours to 

overnight. The cells were washed once with PBS and media was replaced. ROCKi 

was kept in media for at least 24 hours following transduction. 

 

2.2.2 iPSC-motor neuron differentiation 

Differentiation of motor neurons from control and C9orf72 ALS/ FTD patient-derived 

induced pluripotent stem cells (iPSC) was followed as in Dafinca et al., 2016. See 

Figure 2.1 for a summary of this protocol. Induced pluripotent stem cells, generated 

by Prof Sally Cowley, Dunn School of Pathology, University of Oxford, were 

expanded as monolayer cultures in mTeSR growth media (STEMCELLä 

Technologies), supplemented with 1% Antibiotic-Antimycotic, and Rho-associated, 

coiled-coil containing protein kinase inhibitor (ROCKi) (Y-27632 dihydrochloride, 

Tocris Biosciences) on thawing from liquid nitrogen storage. 

 

All iPSC vials, stored at liquid nitrogen phase, were transferred to dry ice prior to 

rapid thawing. Vials were thawed in 37 °C water bath for maximum 1 minute before 

rapidly thawing via addition and gentle pipetting of warmed PBS. Thawed cells were 
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diluted in 7-10 mL of PBS and centrifuged at 200 g, 5 minutes, room temperature. 

Supernatant was discarded, and cells were resuspended in mTeSRä growth media, 

enriched with ROCKi and Antibiotic-Antimycotic. iPSCs from one vial were seeded 

onto 6-well plate wells coated with Geltrexä (ThermoFisher Scientific) in Knock-

outä DMEM (ThermoFisher Scientific). ROCKi was removed from media 24 hours 

post-thawing. iPSC cultures were passaged at no more than 80% confluency by 0.5 

mM EDTA in PBS. Cultures were washed and incubated with EDTA for 5 minutes, 

37 °C. EDTA was carefully aspirated and cells were detached by pipetting warmed 

mTeSR + Antibiotic-Antimycotic onto cells and replating onto Geltrex-coated wells. 

 

Differentiation protocol is initiated when iPSCs are 60-80% confluent, depending on 

the growth rate of cultures, such that small gaps will fill by proliferating cells early in 

the protocol. This monolayer motor neuron differentiation protocol lasts up to 30 

days. The protocol involves a series of enriched growth media changes and 

passages (see summary in Figure 2.1). Day 0-1: DMEM-F12, HEPES 

(ThermoFisher Scientific) and Neurobasal (ThermoFisher Scientific) (mixed 1:1) 

enriched with 2% B27 (ThermoFisher Scientific), 1% N2 (ThermoFisher Scientific), 

1% antibiotic-antimycotic (ThermoFisher Scientific), 1x 2-mercaptoethanol 

(ThermoFisher Scientific), 0.5 µM ascorbic acid (Sigma-Aldrich), 3 µM Chir99021 

(Tocris Biosciences), 1 µM Compound C (Merck-Millipore). Day 2-3: DMEM-F12 

HEPES and Neurobasal enriched with B27, N2, antibiotic-antimycotic, 1 µM retinoic 

acid, 2-mercaptoethanol, ascorbic acid, Chir99021, Compound C. Day 4-8: DMEM-

F12 HEPES and Neurobasal enriched with B27, N2, antibiotic-antimycotic, retinoic 

acid, 2-mercaptoethanol (ThermoFisher Scientific), 500 nM SAG (Tocris 

Biosciences), ascorbic acid. Day 9-17: DMEM-F12, HEPES and Neurobasal 
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enriched with B27, N2, antibiotic-antimycotic, retinoic acid, 2-mercaptoethanol, 

0.1% ROCKi, SAG, ascorbic acid. Day 18-30: DMEM-F12, HEPES and Neurobasal 

enriched with B27, N2, antibiotic-antimycotic, retinoic acid, 2-mercaptoethanol, 

ROCKi, SAG, ascorbic acid, 0.5 µg/ mL laminin (ThermoFisher Scientific), 10 ng/ 

mL BDNF (ThermoFisher Scientific), 10 ng/ mL GDNF (ThermoFisher Scientific), 

10 µM DAPT (Tocris Biosciences). The iPSCs are induced to the initial 

differentiation media on day 0 and cannot be passaged until day 9. On day 9, each 

well may be split up to 1:3 into Geltrex-coated wells and allowed to grow to full 

confluency. At this stage the cells are neural progenitors and may be indefinitely 

passaged and maintained in day 9 media for expansion. For final motor neuron 

induction, the cells are split at least 1:6 onto Geltrex-coated wells or coverslips in 

day 18 media. The cells are counted at this stage if needed for lentiviral transduction. 

Mature motor neurons are harvested from day 25-30. 
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Figure 2.1. Differentiation of iPSCs to motor neurons. 
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Figure 2.1. Schematic summarising the differentiation protocol to obtain motor
neurons expressing mature markers, from human induced pluripotent stem cells,
as published in Dafinca et al., 2016.

Figure 2.1. Schematic summarising the differentiation protocol to obtain motor neurons 

expressing mature markers, from human induced pluripotent stem cells, as published 

in Dafinca et al., 2016. 



  98 

2.2.3 Reverse transcription, quantitative PCR (qRT-PCR) 

List of primers used for qRT-PCR can be seen in Table 2.2. Reverse transcription, 

or cDNA synthesis was carried using SuperScript™ III First-Strand Synthesis 

SuperMix (Invitrogen) with 10-500 ng of total RNA. Messenger RNA were selected 

for using poly(A) tail enrichment (Oligo(dT) priming). Fast SYBR™ Green Master 

Mix (Applied Biosystemsä) and FastStart SYBR Green Master (Roche) reagents 

were used in reactions according to manufacturer’s instructions. 200-300 nM of 

primer pairs used in master mix. 1-2 µL of cDNA synthesis reaction was used in 

qRT-PCR reactions, depending on amount of starting RNA used. Generally, the 

annealing temperature of primers was optimised to 58-60 °C, 30 seconds and 40-

45 cycles were run. 

 

2.2.4 Microscopy 

Confocal microscopy was used to image fixed and fluorescent antibody-stained 

cells. Cells were imaged at x40 or x63 magnification. Exposures were adjusted to 

negative controls to minimise autofluorescence signals. Experimental slides and 

coverslips were blinded for imaging and analysis.  

 

2.2.5 Translating ribosome affinity purification 

This protocol was optimised for human iPSC-derived motor neuron differentiation 

cultures, using previously published TRAP protocols as a starting point (see 

Chapter 4). Control and C9orf72 ALS patient iPSC-motor neurons were transduced 

with lentiviral particles (concentration = 500-1000 particles/ cell), packaged with 

TRAP vector and incubated at 37 °C for 4 hours. ROCKi-enriched media was used 

to maintain culture viability during and after lentiviral transduction for up 48 hours. 
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Cultures were harvested 96 hours post-lentiviral transduction. Prior to harvesting 

cultures were incubated with Day 18+ motor neuron media enriched with 100 µg/ 

mL cycloheximide for 1 hour, 37 °C. The cultures were washed with PBS enriched 

with 100 μg/ mL cycloheximide and all liquid was completely aspirated. 300 μL of 

homogenization buffer (50 mM Tris-HCl, 100 mM KCl, 12 mM MgCl
2
, 1% NP-40, 1 

mM DTT, 1x Protease inhibitor cocktail (Roche), 200 U/ mL RNasin (Promega), 

100 µg/ mL cycloheximide, 1 mg/ ml heparin (Sigma); pH adjusted to 7.4) was 

pipetted per well to cover all cells. Buffers were made beforehand, with pH 

adjustments and stored at 4 °C. Bolded reagents should be added on the same day 

as experiment. Cells were immediately scraped and collected in 2 mL tubes (pre-

chilled, DNase/ RNase-free quality). 6 wells were pooled per tube (1.8 mL total). 

Cells were lysed by gently pipetting up and down 10-20 times. Tubes were 

immediately incubated on ice for the duration of harvesting all cultures. Tubes were 

centrifuged at 12,000 g, 4 °C, 10 minutes. The supernatant was transferred into a 

new, pre-chilled 2 mL tube; 180 μL (10%) of the supernatant was taken as a 

transcriptome input fraction and stored at 4 °C on ice until RNA extraction was 

completed. Antibody for the TRAP tag, c-myc or FLAG, was added to the remaining 

90% lysate fraction, thoroughly mixed by pipetting and incubated at 4 °C, rotating 

for 2 hours. Meanwhile, 20-40 µL Dynabeads™ Protein G beads were equilibrated 

by resuspension in the homogenization buffer, twice. Following the 2 hours of 

incubation with antibody, all the lysate was added to the equilibrated protein beads 

and mixed until no bead aggregates remained. This is crucial to avoid pulling down 

non-specific protein and RNA complexes. Beads and lysate were incubated, 

rotating at 4 °C for 1 hour. This suspension was then spun down at 100 g, 5 seconds 

to pulldown all liquid from the cap. A magnetic rack was used to attract the beads 
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from the suspension. Lysate was pipetted out and discarded. Beads were washed 

3 times, 5 minutes at 4 °C in wash buffer (50 mM Tris-HCl, 100 mM KCl, 12 mM 

MgCl
2
, 1% NP-40, 1x Protease inhibitor cocktail (Roche), 200 U/ mL RNasin, 

100 μg/ mL cycloheximide; pH adjusted to 7.4). Bolded reagents were added on 

the day of the experiment, while the wash buffer can be made up in advance and 

stored at 4 °C. After the final wash, all liquid should be aspirated, and beads were 

resuspended in 150-300 μL TRIzol™ reagent. Transcriptome input fractions were 

also made up to final resuspension volume of pulldown samples in TRIzol™. All 

samples were then mixed 1:1 with 100% molecular grade ethanol and standard 

RNA extraction protocol via Direct-zol™ Microprep RNA kit (Zymo Research). 

Samples were passed through Microprep columns and spun at 16,000 g, room 

temperature. To perform a DNase on-column digest, the column was washed with 

RNA Wash Buffer and, the enzyme and buffer master mix were made up and 

pipetted directly onto the filter membrane of the columns and incubated at room 

temperature for 15 minutes. Two further washes were performed using Direct-zol™ 

RNA Pre-wash Buffer. These are done at 16,000 g, room temperature, 30 seconds. 

A final wash with RNA Wash Buffer was done at 16,000 g, room temperature, 2 

minutes. RNA was eluted with 20 μL DNase/ RNase-free water and passed through 

the column twice to increase yield (16,000 g, room temperature, 1 minute). 2 μL of 

sample was aliquoted for quality control and concentration measurement and 

stored at -80 °C along with remaining sample. Samples at all steps are maintained 

in DNase/ RNase-free tubes and at 4 °C or on ice. 
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2.2.6 Quality control using RNA Integrity Number (RIN) analysis 

The Bioanalyzer method (Agilent 2100 Bioanalyzer) was used to calculate the RNA 

integrity numbers (RIN) of RNA obtained via the TRAP method and transcriptome 

input fractions. This was performed according to the manufacturer’s instructions 

using both the Pico and Nano kits (Agilent) due to differing stock concentrations of 

RNA from TRAP and transcriptome input samples. 

 

2.2.7 Quant-iT RiboGreen Assay 

The concentration of RNA samples to be sent for Illumina RNA sequencing 

obtained via TRAP and through standard RNA purification for transcriptome input 

fractions, were measured using the RiboGreen assay (Quant-iT™ RiboGreen®  

RNA Reagent, Invitrogen). Low input concentrations of TRAP RNA meant that 

spectrophotometry using a Nanodrop could not be used to accurately determine 

sample concentrations. Furthermore, bioanalyzer chips that were used to determine 

RIN values would not have been reliable to measure concentration as TRAP and 

transcriptome input RNA were measured on Pico and Nano chips respectively, due 

to different ranges of concentration. This assay allows accurate measurement of 

RNA species in the range 20 pg/ µL to 1 ng/ µL, comparing signals from a dye to a 

standard curve on one 96 well plate, whereas concentrations from bioanalyzer 

chips would vary between Pico and Nano chips and depend on gel quality. This 

could bias the RNA sequencing experiment. 

 

2.3 RNA sequencing and data analysis 
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2.3.1 Addition of sequin spike-ins 

Artificial spike-in RNA mixtures (sequins) were added to all RNA sequencing 

samples for downstream normalisation according to the manufacturer’s instructions 

(https://www.sequin.xyz). Mixture A was added to age-matched control-TRAP and 

the respective transcriptome input samples. Mixture B was added to patient 

C9orf72-TRAP and respective transcriptome input samples. 

 

2.3.2 RNA sequencing library preparation and platform 

Repeated quality control, library preparation of samples and running of sequencing 

experiment was carried out by the Wellcome Sanger Institute, Wellcome Genome 

Campus, University of Oxford. The ribodepletion method, using a Ribozero kit was 

employed, with stranded library preparation for all samples using the TruSeq 

Stranded mRNA kit. Paired-end (2x 75 bp) RNA sequencing was performed on the 

HiSeq4000 platform over 75 cycles for amplification and detection of barcoded 

fragments in samples, multiplexed over three lanes. 

 

2.3.3 Bioinformatic analysis, processing and differential gene expression 

analysis of translatome data 

Bioinformatic analysis of the all presented RNA sequencing data was done using 

Python pipelines (CGATPipelines) written and regulated by the Computational 

Genomics: Analysis and Training (CGAT) team, Weatherall Institute of Molecular 

Medicine, University of Oxford. Raw paired-end reads in fastq file format from TRAP 

RNA sequencing experiment were received from the Oxford Wellcome Centre for 

Human Genomics and copied to the remote CGAT server. The source code of these 

pipelines may be viewed at https://github.com/cgat-developers/cgat-apps.  
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2.3.3.1 Processing of raw reads using online tools 

CGATpipelines readqc was used to validate the quality of reads in FastQC 

(Babraham Institute), including phred scores across reads, per sample, duplication 

rates, % GC content and levels adaptor sequences. No trimming methods were 

applied to the dataset. 

 

2.3.3.2 Mapping and quality control 

All fastq files that passed quality control of raw reads were passed to 

CGATpipelines mapping. The STAR tool was used to map reads to an indexed 

human genome (fasta format) and annotated human genome, generated from 

Ensembl build 87 for the human genome in a gene transfer format (GTF) file. This 

GTF file was modified to include sequin information, as obtained from 

manufacturer’s website (https://www.sequin.xyz) (performed by Dr Jakub Scaber). 

Further manual modifications were made to the GTF file to include TRAP vector 

transcript read including eGFP:P2A:RPL22:c-myc:FLAG. The binary output of a 

sequence alignment map (SAM) file, known as BAM file, was passed to 

CGATpipelines bamstats to obtain detailed information regarding mapping quality 

of raw reads to the human genome. The pipeline allows the options to run Samtools 

(Li et al., 2009), Picard Tools (http://broadinstitute.github.io/picard/), a Java tool 

written by the Broad Institute of MIT and Harvard and BamStats, a script written by 

CGAT. Collectively these tools allow the extraction of mapping statistics to regions 

of a genome by RNA species, alignment and coverage statistics to annotated 

contigs, information on duplication and unmapped reads. The Integrated Genome 

Browser was used to upload BAM files and visualise individual genomic loci, 
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including housekeeping genes to confirm uniform coverage of mapped reads in 

each sample. 

 

2.3.3.3 Quantification of counts 

CGATpipelines rnaseqdiffexpression was used to run featureCounts (Liao et al., 

2014) (Subreads package) with BAM file inputs for quantification of reads mapped 

to protein-coding regions using annotated human genome GTF file. Salmon (Patro 

et al., 2017) tool was run to obtain transcripts per million (TPM) counts, with 

untrimmed, paired-end fastq file inputs. An indexed genome for Salmon was 

generated by the pipeline and modified to include sequins artificial chromosome 

features and TRAP vector transcript. 

 

2.3.3.4 Exploratory and differential expression analysis 

Counts tables and quant file outputs from gene and transcript quantification tools, 

respectively were imported into R for differential expression analysis. Tximport 

(Soneson et al., 2019) was used to import TPM counts from the Salmon output. 

DESeq2 (Love et al., 2014) and dependant packages were used to plot and perform 

exploratory and differential analysis of translatome data. Translatome data was 

normalised across dataset after excluding outlier and transcriptome input samples. 

Group-wise comparisons with appropriate thresholds were applied to obtain log2 

fold changes with adjusted p-values (padj), contrasting control-TRAP and C9orf72 

ALS-TRAP samples. Normalisation of the gene set was done by fitting a 

generalised linear model (GLM) to the data taking into account, batch effects 

occurring from RNA sequencing lane, sequin calibration and condition group. 
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2.3.3.5 Spike-in Analysis 

Raw TPM counts of sequin transcript isoforms were imported into the ANAQUIN 

package for grouped sample analysis. Correlation of differentially expressed 

sequins and normalised translatome data was performed using DESeq2 to 

calculate log2 fold changes, and plotting against the expected log2 fold change 

values for sequins between groups with spike-ins from mixture A and B. 

 

2.3.3.6 Batch correction using sequins 

Variation captured by sequin counts across samples was corrected using the 

RUVseq package (Risso et al., 2014). 

 

2.3.3.7 Gene ontology analysis 

Online tools such as Gorilla and REVIGO were used to input genes from statistically 

significant gene lists after differentially expression analysis and post-hoc filtering. 

Total detected genes from the appropriate gene list were used as a background for 

analysis. Gene ontology databases of annotated human biological pathways, gene 

molecular function and cellular components were used to explore the data and 

search for enriched genes in own data set. Fast gene set enrichment analysis 

(FGSEA) was then used to look for enriched pathways and gene networks with the 

added component of log2 fold change and adjusted p-value in the enrichment 

analysis.  
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3 Molecular cloning of a translating ribosome affinity purification 

(TRAP) lentiviral expression vector 

 

3.1 Introduction 

The TRAP method used in this project is currently the only known example of the 

system being implemented in a human iPSC-derived culture. As such, a construct 

from human cDNA elements needed to be cloned to generate a human expression 

vector within a lentiviral backbone. TRAP was originally applied in a mouse model 

to harvest RNA from neurons with a specific molecular marker in brain tissue (Doyle 

et al., 2008; Heiman et al., 2008). It is generally challenging to obtain RNA of 

acceptable quality for RNA sequencing analysis from specific neuronal cell types in 

tissue without significant degradation of both tissue and RNA. The mouse was 

genetically modified by means of integrating a BAC at the mouse ChAT locus. 

Subsequently, harvested tissue already contained target neurons expressing 

tagged ribosomal proteins, which could be immediately extracted without the need 

to dissect, or homogenize and sort the neurons. Our research group uses an ALS 

patient-derived iPSC-motor neuron model, comprising of potentially unlimited lines 

originating from different patients with their various ALS-linked mutations, including 

C9orf72. These patients will have a host of differential background genes which 

may influence the onset of disease. In future this lab aims to generate isogenic 

CRISPR/Cas9 lines for as many of these lines as possible. These will provide a 

control giving a representation of the sole effect of the mutation. The generation of 

a TRAP construct, which could be applied broadly across this model without the 

need to generate a stable clone for each new line was sought. This chapter 

describes the design of the lentiviral, human TRAP construct used to pulldown 
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mature RNA from C9orf72 ALS patient-derived iPSC-motor neurons for next 

generation RNA sequencing. 

 

3.2 A lentiviral TRAP vector for targeted expression in human ChAT-expressing 

motor neurons in culture 

 

3.2.1 TRAP vector starting commercial constructs and design conception 

The TRAP construct was designed based on the RiboTag used in Lesiak et al., 

2015 to isolate mRNA from mouse primary neurons. The large ribosomal subunit 

protein, RPL22 to be used for mRNA pulldown is fused to a c-myc-FLAG tag (Figure 

3.1a). RPL22:c-myc:FLAG is bicistronically expressed with enhanced green 

fluorescent protein (eGFP) (Figure 3.1a). The two open reading frames (ORF) are 

separated by a P2A, cis-acting hydrolase element (CHYSEL) peptide cleavage 

sequence (GDVEENPGP)

 

(Figure 3.1a). This sequence can be cleaved between 

the N-terminal glycine and proline amino acids by ubiquitous proteases in the target 

cells (Figure 3.1a). Consequently, a separate eGFP reporter is simultaneously 

produced with RPL22:c-myc:FLAG, facilitating the identification of cells which are 

successfully expressing the lentiviral construct. Previous TRAP techniques have 

used systems where the reporter is fused with the ribosomal proteins. This serves 

to report the expression and localisation of the exogenous protein, but also used as 

the tag to pull down RNA. As a large protein, eGFP could potentially interfere with 

the cellular localisation of RPL22, which is thought to have a crucial role in early 

ribosomal synthesis in the nucleolus, as well as the efficiency of its incorporation 

into polysomal complexes. Thus, the given design of bicistronic gene expression 

was used, with a smaller c-myc:FLAG tag fused to RPL22. The ChAT promoter was 
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chosen to drive expression of the TRAP vector, as it is robustly expressed in the 

motor neurons of our iPSC-derived cultures. The human ChAT locus is known to 

contain several promoter and regulatory regions, interspaced across the gene 

(Figure S8.1), which collectively would be too large to clone into a lentiviral vector 

backbone, which has a maximum size of 10 kb, for efficient uptake and integration 

into a host’s genome. These different regulatory regions are known to modulate the 

expression of various ChAT transcript isoforms, all of which code for the same 

choline acetyltransferase protein (Naciff et al., 1999). The efficiency of the various 

promoter regions has not been characterised in human iPSC-motor neurons, 

however a former study has identified the M and R isoforms as the most active 

promoters in human spinal cord and motor cortex (Trifonov et al., 2009), hence 

these were chosen as the promoters of the TRAP constructs. The commercial 

supplier used bioinformatic analysis to predict the sequences of these promoters, 

and the regions they map to in the human ChAT locus. This has been given in 

Figure S8.1. In total, three TRAP constructs were cloned (Figure 3.1a), one control 

vector containing a ubiquitous mammalian promoter, hUbC, and two with ChAT 

promoters, M and R, which will be used to pulldown mRNA species only from ChAT-

positive motor neurons in differentiated cultures. The ChAT promoter with the best 

efficiency will be used to pulldown mRNA for the final RNA sequencing experiment. 

More than one ChAT:TRAP vector was cloned in case one did not work, or was 

inefficient. The vector containing the hUbC promoter was used for optimisation of 

the TRAP method in HEK293-T cells. 
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Figure 3.1. The lentiviral TRAP vector was cloned from commercially bought expression 

constructs containing the desired cDNA elements for TRAP vectors. 
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Figure 3.1. Commercially bought expression constructs containing the TRAP elements 

were used to clone lentiviral ChAT:TRAP vectors. 

(a) The final constructs are designed to contain a predicted isoform of human 

choline acetyl transferase (ChAT) promoter, R or M. One open reading frame 

(ORF) contains cDNA encoding enhanced green fluorescent protein and 

RPL22 fused to c-myc and FLAG (FLAG) tags. These two regions are 

separated by a cis-acting hydrolase elements (CHYSEL), which contains an 

endogenous protease cleavage site. 

(b) pCMV6-Entry contains RPL22-myc-FLAG under a constitutive promoter, CMV. 

(c) pEZX-LvPF02 contains a ChAT promoter with an eGFP reporter. The ChAT 

promoter sequences are estimated through bioinformatic analysis. The human 

isoforms RChAT and MChAT have previously been found to have specific 

expression in human motor cortex and spinal cord, through post-mortem tissue 

staining.  

(d) pUltra is a lenti-vector which was used as the backbone of the TRAP construct, 

with all the elements required to be packed into lentiviral particles (LTR 

domains). It contains a ubiquitous, mammalian promoter, hUbC, eGFP reporter 

and two CHYSEL sequences for bicistronic expression of multiple genes in the 

same ORF. Restriction sites labelled were used to clone in elements for TRAP 

construct. 
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3.2.2 Starting commercial vectors produce expected band sizes following 

restriction digest reactions 

The constructs used to clone the TRAP vector were: pCMV6-Entry containing 

RPL22:c-myc:FLAG, under the ubiquitous human cytomegalovirus (CMV) promoter, 

pUltra, the final lentiviral backbone, readily containing eGFP and CHYSEL 

sequences, under the ubiquitous human ubiquitin C (hUbC) promoter, and pEZX-

LvPF02, containing either the M- or RChAT promoter isoforms expressing an eGFP 

reporter (Figure 3.1b-d). Prior to beginning the cloning, preliminary experiments 

confirmed that all the commercial constructs produced DNA fragments of expected 

sizes following double and single restriction digest reactions (Figure 3.2a-c). These 

were estimated using the plasmid + insert sequences provided by the companies, 

and using online virtual digest tools. 

 

3.2.3 Starting commercial vectors are expressed in HEK293-T cells and 

human iPSC-motor neurons 

Next, it was important to confirm that each construct contained expressible genes, 

promoters and tags, as desired in the final product. HEK293-T cells were 

transfected with pUltra and pCMV6-Entry starting plasmids, and CMV:GFP as a 

positive control (Figure 3.2d-e). The pUltra plasmid was confirmed to express eGFP 

under the hUbC promoter (Figure 3.2e). This was also true for live GFP expression 

(Figure 3.2d). Cells transfected with pCMV6-Entry (RPL22:c-myc:FLAG) were 

confirmed to express the FLAG (FLAG) tag (Figure 3.2e). ChAT:pEZX-LvPF02 

vectors were packaged into lentiviruses (with CMV:GFP as a positive control), due 

to low efficiency of plasmid uptake into motor neurons by lipofection. Control 

(SFC840) and patient (C90202) iPSC-derived motor neurons (Day 28) were 
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transduced with these lentiviruses (Figure 3.2f-g). GFP-positive cells were seen to 

co-express with ChAT-positive and SMI-32-positive cells, though not with non-

neuronal, undifferentiated cells. GFP in CMV:GFP-transduced cells expressed in 

both motor neurons and cells of unknown identity.  

 

With confirmation that these plasmids efficiently express their transgenes and that 

the pEZX-LvPF02 vectors have active ChAT promoters in mature ChAT-positive 

iPSC-motor neurons, cloning of the TRAP construct could proceed. 
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Figure 3.2. Restriction digest reactions and immunofluorescence was used to confirm the 

sizes and expression of the primary constructs to be used for cloning of the TRAP vector. 
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Figure 3.2. Confirmation of correct band sizes run on agarose gels following restriction 

digests of primary construct to be used for cloning of the TRAP vector, and expression 

in HEK293-T cells and iPSC-motor neurons via lipofection and lentiviral transduction, 

respectively, to confirm they can all actively express their elements. 

(a) RPL22:c-myc:FLAG:pCMV6-Entry produced bands of size 4353 and 2406 bp 

from a double digest (DD; SpeI) and 6759 bp via a single digest (Bsu361) and 

undigested samples. 

(b) pUltra produced bands of size 7380 and 947 bp from a double digest (DD; 

SpeI/NheI) and 8327 bp via a single digest (SD; NotI) and undigested (UD) 

samples. 

(c) MChAT and RChAT:GFP (pEZX-LvPF02) constructs confirmed to digest into 

expected sizes: MChAT – 6044/ 3323 bp – MluI (DD), EcoRI (SD) and UD were 

9367 bp. RChAT – 6694/ 2566 bp – MluI (DD), EcoRI (SD) and UD were 9260 

bp. 

(d) Transfection of the starter construct, pUltra:GFP, into HEK293-T cells showed 

expression of live GFP, with CMV:GFP as a known positive control. Scale bar 

= 100 µm 

(e) Transfection of the starter constructs in HEK293-T cells and staining of fixed 

cells with anti-GFP and anti-c-myc confirmed expression of pUltra and 

RPL22:c-myc:FLAG under the hUbC reporter (pLentiC), respectively. Scale 

bar = 100 µm 

(f) Lentiviral transduction of control (SFC840) iPSC-motor neurons (day 28) with 

fixed volume of ChAT:GFP and immunostaining of fixed motor neurons with 

GFP, ChAT and SMI-32. 

(g) Lentiviral transduction of patient (C90202) iPSC-motor neurons (day 28) with 

fixed volume of ChAT:GFP and immunostaining of fixed motor neurons with 

GFP, ChAT and SMI-32. Scale bar = 20 µm 
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3.3 Cloning Strategy 

A schematic of the cloning strategy for the TRAP construct has been outlined in 

Figure 3.3. Primers were designed (Table 2.2) to amplify RPL22:c-myc:FLAG from 

pCMV6-Entry via PCR (RPL22:c-myc:FLAG XbaI_BamHI) and introduce new 

restriction enzyme sites at the 5’ and 3’ ends of the PCR product, to be used as the 

insert in a ligation reaction with the lentiviral backbone, pUltra. The forward primer 

for this reaction contained a Kozak consensus sequence (GCCACC), as highlighted 

in blue, to increase ribosome binding to the RPL22:c-myc:FLAG ORF, hence 

enhancing translation of the transgene (Table 2.2). These primers anneal to the two 

ends of the RPL22:c-myc:FLAG ORF, with overhanging ends for the first two cycles 

of PCR, producing an insert of 503 bp (Figure 3.4a), which was purified via gel 

extraction. The RPL22:c-myc:FLAG insert and pUltra backbone were digested with 

XbaI/ BamHI restriction enzymes and mixed in 3:1 and 6:1 ratios for ligation. The 

reactions were transformed into competent E. coli and grown overnight on agar. 

Colony whole insert PCR (Table 2.2; 5’ Junction RPL22 Insert-pUltra, 3’ Junction 

RPL22 Insert-pUltra) was performed on the transformed colonies to screen for 

successful ligation reactions (Figure 3.4b). Successful ligations produced PCR 

products 730 bp in length, while pUltra templates resulted in 250 bp bands (Figure 

3.4b). Plasmid DNA was isolated from successful colonies and restriction digests 

were performed to confirm that predicted band sizes would occur for double and 

single digests (Figure 3.4c). Sanger sequencing performed on the regions covering 

the hUbC promoter, eGFP, P2A and RPL22:c-myc:FLAG elements, confirmed that 

no unexpected mutations had been introduced (Figure 3.4d). The completion of this 

step refers to step 4 of the cloning strategy (Figure 3.3), producing the mammalian 
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Figure 3.3. TRAP vector cloning strategy. 
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Figure 3.3. Schematic of TRAP vector cloning strategy. 
Cloning strategy aimed to subclone RPL22:c-myc:FLAG from its original expression 

vector, while simultaneously introducing new restriction sites and ligating it into pUltra, 

lentiviral backbone. This results in hUbC:TRAP, the control TRAP construct. The hUbC 

promoter would be cut from this construct allowing the subcloned ChAT promoter to 

ligate in its place. 
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TRAP construct, hUbC:TRAP. This construct could still express eGFP and 

RPL22:c-myc:FLAG, as seen through transfection into HEK293-T cells via 

lipofection (Figure 3.4e). 
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Figure 3.4. Cloning of the TRAP construct (Figure 3.3, steps 1-4). 
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Figure 3.4. Agarose gel runs of restriction digests and PCR reactions confirming the 

successful intermediate steps of the TRAP vector cloning (steps 1-4, Figure 1d). 

(a) A temperature gradient PCR reaction was run (annealing temperatures between 

53 and 64°C) to amplify RPL22:c-myc:FLAG (503 bp) from its original construct 

(6739 bp). 

(b) Transformed colonies of RPL22:c-myc:FLAG and pUltra ligation reactions were 

picked and run in colony PCR reactions using junction primers (Table 1) to screen 

for successful (730 bp) and unsuccessful (250 bp) ligations. 

(c) Successful ligations were purified and digested with restriction enzymes to 

confirm expected band sizes are produced for control TRAP vector, 

hUbC:eGFP:RPL22:c-myc:FLAG (hUbC:TRAP): 5272/ 3535 bp (NotI, DD) and 

8807 bp for SD and UD. 

(d) Sanger sequencing of hUbC:TRAP at the regions of 5’ and 3’ inserted RPL22:c-

myc:FLAG showed successful introduction of new restriction sites XbaI and 

BamHI (remaining insert regions was also sequenced and confirmed not to 

contain any mutations – data not shown). 

(e) Transfection of hUbC:TRAP into HEK293-T cells confirmed that the FLAG tag 

and eGFP reporter are expressed. Scale bar = 25 µm 
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The second goal of the cloning was to remove the hUbC promoter from hUbC:TRAP 

and replace it with two ChAT promoter isoforms, M and R (Figure 3.3; step 5 

onwards) in parallel. As before, overhanging primers (Table 2.2; 

MChAT_PacI_AgeI, RChAT_PacI_AgeI) containing restriction site sequences were 

used to subclone each ChAT promoter from its original construct via temperature 

gradient PCR (Figure 3.5a). Each PCR product was extracted from reactions 

without any non-specific bands. Simultaneously, a PacI/ AgeI double restriction 

digest was performed on hUbC:TRAP to remove the hUbC promoter from the 

lentiviral backbone and extracted after running it on an agarose gel (not shown). 

Following quantification, the ChAT promoters and extracted backbone were mixed 

in 3:1 and 6:1 ratios for ligation reactions. The reactions were transformed into 

competent bacteria, and spread onto agar plates. Junction PCR, whole insert PCR, 

and restriction digests were performed on the plasmids extracted from 4 mL 

overnight cultures to confirm expected band sizes (Figure 3.5b). Finally, a restriction 

digest was carried out on the final constructs extracted from 300 mL cultures, which 

was used for all future experiments (Figure 3.5c).  

Sanger sequencing was performed covering the whole MChAT- and RChAT:TRAP 

constructs (Figure 3.5d) (Table 2.3). No mutations were found at the cloning 

restriction sites or transgenes. With the completion of this sequencing, the TRAP 

vector cloning was complete, and ready to be tested in iPSC-motor neuron cultures. 
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Figure 3.5. Continued cloning of the TRAP construct (Figure 3.3, steps 5-8). 
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Figure 3.5. Continued cloning of the TRAP construct (Figure 3.3, steps 5-8), intermediate 

products from each step is identified used agarose gel electrophoresis. 
(a) MChAT (1479 bp) and RChAT (1372 bp) promoters were amplified from their 

constructs via temperature gradient PCR (annealing temperatures of 58.8 to 

68.8 °C and 55.4 to 66.4 °C, respectively), clean runs were pooled to purify via 

gel extraction. 

(b) Confirmation of successful ligation of MChAT and RChAT promoter into control 

TRAP vector, after cutting out hUbC promoter was done using restriction enzyme 

digests, junction PCR of the 3’ and 5’ ends of the insert, and also the whole insert. 

Expected band sizes: MChAT:TRAP: 3’Junction = 513 bp, 5’Junction = 796 bp, 

whole insert junction (1820 bp (successful), 367 bp (unsuccessful)). 

RChAT:TRAP: 3’Junction = 493 bp, 5’Junction = 494 bp, whole insert junction 

(1713 bp (successful), 367 bp (unsuccessful)). Restriction digests were also 

performed (see (c) for sizes) 

(c) Restriction digest of purified ChAT:TRAP vectors: MChAT = 5272/ 3631 bp (NotI, 

DD) and 8903 bp for SD (BamHI) and UD. RChAT = 5272/ 3524 bp (NotI, DD) 

and 8796 bp for SD (BamHI) and UD. 

(d) Sequencing data shown is the 5’ and 3’ boundaries of the ligation sites. No 

mutations were seen here. Sanger sequencing of the whole plasmid, including all 

major regions, such as the LTR domains was done (data not shown).  
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3.4 TRAP vector efficiently co-expresses eGFP and tagged RPL22 in target cells 

A control (SFC840) and C9orf72 ALS/ FTD patient-derived (C90202) iPSC-motor 

neuron line were transduced on day 27 of differentiation with MChAT:TRAP, 

RChAT:TRAP and hUbC:TRAP lentivirus, with a concentration of 200 or 500 

particles/ cells, and analysed 72 hours later (Day 30) (Figure 3.6a). GFP-positive 

cells are present in both ChAT:TRAP-transduced cells and overlap with FLAG-

expressing cells, in only ChAT-positive neurons. The proportion of cells expressing 

GFP and FLAG appears to have increased in cells transduced at 500 particles/ cell 

compared with 200 particles/ cell. Cultures transduced with hUbC:TRAP, 

expressing GFP also co-express with FLAG in all cell types, including non-ChAT-

positive cells. Notably, the pattern of FLAG staining shows localisation in the 

nucleus and cytoplasm. This is consistent with studies implicating RPL22 in early 

ribosome synthesis in the nucleolus, and a role in translation. This suggests that 

the transgenic RPL22:c-myc:FLAG is entering endogenous pathways, and more 

likely to form complexes with ribosomes, which is crucial for TRAP. Furthermore, 

the pattern of GFP staining is distinct from FLAG, showing that the two proteins are 

differentially localised. This signifies that the P2A CHYSEL sites have successfully 

been cleaved by endogenous proteases. There were no obvious signs of cellular 

toxicity, such as mass cell death, by increasing the lentiviral concentration. 

Lentiviral transduction optimisation and assessment of associated toxicity in iPSC-

motor neurons is explored further in chapter 4. 
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Figure 3.6. Immunostaining of HEK293-T cells and iPSC-motor neurons following lentiviral 

transduction TRAP constructs. 
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Figure 3.6. Immunostaining of HEK293-T cells and iPSC-motor neurons following 

lentiviral transduction of hUbC-, MChAT- or RChAT:TRAP constructs. Particles 

packaged with hUbC:TRAP, and non-transduced samples were used as controls.  

(a) Concentrations of 200 and 500 particles/ cell were used to transduce iPSC-

motor neuron. Cells were stained with anti-GFP and anti-FLAG (FLAG) to show 

co-expression of these transgenes in ChAT-positive motor neurons. Scale bar 

= 50 µm 

(b) Co-fluorescence of live GFP in HEK293-T cells transduced with hUbC:TRAP 

and anti-GFP staining reveals co-expression, and no false signals. Scale bar = 

25 µm 

(c) Immunostaining of HEK293-T cells transduced with hUbC:TRAP lentivirus 

showed that FLAG tag expression overlapped with live GFP. Anti-RPL22 was 

expected to stain ubiquitously, but FLAG staining pattern in transduced cells 

matched that of non-transduced cells. This suggests that RPL22:c-myc:FLAG 

is localising to cellular compartments with the endogenous protein. Scale bar = 

25 µm 
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Several steps of the TRAP protocol were optimised using HEK293-T cells, therefore 

these cultures were transduced with hUbC:TRAP lentivirus to assess expression of 

the vector under the mammalian promoter (Figure 3.6b-c). Live eGFP co-

expression with anti-GFP staining was clear with no visible artefacts, confirming the 

specificity of the antibody used for this model (Figure 3.6b). The expression of c-

myc tag overlapped with cells also expressing live GFP, though they did not 

colocalise, similar to expression in iPSC-motor neurons, confirming the success of 

the peptide cleavage sequence (Figure 3.6c). Staining pattern of overexpressed c-

myc also matches that of endogenous RPL22. 

Immunoblotting of protein extracted from lentivirus-transduced iPSC-motor neurons 

on day 25 and day 30 of differentiation, showed a number of significant bands for 

RPL22 staining. RPL22 protein is approximately 15 kDa in size, and has been 

observed to be detected between 17-18 kDa by immunoblotting (as reported by the 

antibody supplier). Bands of similar intensity were seen in all samples for RPL22 

antibody staining at ~18 kDa, which was estimated to be the native RPL22 protein 

(Figure 3.7a). This is quantified in Figure 3.7b. RPL22:c-myc:FLAG is estimated to 

be ~18 kDa. This is not much larger than the endogenous protein, and thus 

expected to run at a similar rate to the native protein. However, staining of the 

membrane with FLAG showed a set of bands for hUbC:TRAP-transduced cultures. 

These bands were at approximately 30 kDa on the membrane, but overlapped with 

the “RPL22:c-myc:FLAG 30 kDa” bands, seen with RPL22 staining. The strongest 

band for RPL22:c-myc:FLAG occurs for hUbC:TRAP-transduced cells, and to a 

lesser intensity in M-, RChAT:TRAP- transduced cells and non-transduced cells 

(Figure 3.7a-b). FLAG staining also showed a number of larger bands, none of 

which overlapped with native RPL22 staining. This implies that the 30 kDa RPL22 
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band is likely to be the tagged protein, although no bands could be detected in the 

lanes for M- and RChAT:TRAP-treated cells (Figure 3.7a-b). GFP staining was not 

performed in here, though GFP:P2A:RPL22:c-myc:FLAG is estimated to be 48 kDa. 

This analysis would reveal the ratio of exogenous protein which has been cleaved 

at the P2A bicistronic cleavage site, to non-cleaved protein. 
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Figure 3.7. Immunoblotting analysis of protein isolated from mature iPSC-motor neurons 

transduced with TRAP vectors. 
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Figure 3.7. Western blot analysis of protein isolated from mature iPSC-motor

neurons transduced with MChAT:TRAP and RChAT:TRAP.

(a) The membrane was probed with rabbit anti-RPL22 to show the existence of

two species of RPL22; endogenous and FLAG-tagged protein. The same

membrane was stripped and probed mouse anti-FLAG (FLAG). In this case

only one significant band is expected, representing the FLAG-tagged

RPL22 transgenic protein, though not the endogenous protein.

(b) Quantification of the bands shown in (a). Actin was used as a

housekeeping gene for all normalisations.

Day 25 Day 30

Control Patient Control Patient

Figure 3.7. Western blot analysis of protein isolated from mature iPSC-motor neurons 

transduced with MChAT:TRAP and RChAT:TRAP. 

(a) The membrane was probed with rabbit anti-RPL22 to show the existence of two 

species of RPL22; endogenous and FLAG-tagged protein. The same membrane 

was stripped and probed mouse anti-FLAG (FLAG). In this case only one 

significant band is expected, representing the FLAG-tagged RPL22 transgenic 

protein, though not the endogenous protein. 

(b) Quantification of the bands shown in (a). Actin was used as a housekeeping gene 

for all normalisations. 
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3.5 Conclusion 

With the evidence that the cloned human TRAP vector expresses in the models of 

interest we wish to investigate, in an expected way, the implementation and 

optimisation of the TRAP protocol for purifying mRNA-associated with translating 

ribosomes was proceeded to.  
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4 Optimisation of translating ribosome affinity purification from 

an iPSC-derived motor neuron model of patient C9orf72 

amyotrophic lateral sclerosis 

 

4.1 Introduction 

Following cloning of the TRAP vectors, and confirmation that they are able to 

express their encoded proteins in both a mammalian, HEK293-T immortalised line, 

and iPSC-derived motor neurons, focus was shifted to optimising lentiviral 

transduction and mRNA-pulldown via ChAT promoter-induced expression of 

RPL22:c-myc:FLAG. Several challenges needed to be overcome to produce a 

significant transduction yield, and subsequently an optimal protocol to purify enough 

high quality, ChAT-enriched mRNA for RNA sequencing. It should be noted that 

little difference in expression of TRAP vectors under MChAT and RChAT promoters 

was observed from preliminary data (Figure 4.1). RChAT promoter-containing 

vector expressed eGFP slightly more efficiently in iPSC-motor neurons, than 

MChAT, when transduced at 1000 particles/ cell (Figure 4.1b), though there was no 

difference with 3000 particles/ cell (Figure 4.1b). Only the RChAT-containing vector 

was used in all further experiments to optimise the TRAP protocol and to pulldown 

mRNA for RNA sequencing. Henceforth, the full TRAP constructs will be described 

as hUbC:TRAP and RChAT:TRAP. 
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Figure 4.1. Lentiviral transduction efficiency of RChAT:TRAP and MChAT:TRAP are 

slightly different, as shown by expression of reporters. 
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Figure 4.1. Comparison of the expression of RChAT:TRAP and MChAT:TRAP following 

transduction of lentivirus. 

(a)  Immunostaining of iPSC-motor neurons on day 28 of the protocol, transduced with 

1000 or 3000 particles/ cell of ChAT:TRAP vector lentivirus with either the RChAT 

or MChAT promoter isoform. Scale bar = 50 µm 

(b)  Quantification and comparison of transduction efficiencies at two concentrations 

between the two ChAT:TRAP vectors shows that RChAT:TRAP vector is more 

significantly expressed at 1000 particles/ cell (i), though no difference is seen at 

3000 particles/ cell (ii). For every condition, at least 500 cells were counted, in >5 

fields across 1-2 coverslips (technical replicates). Biological replicate n = 1; 

Student’s T-test, unpaired. 
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4.2 High co-expression of TRAP vector components and ChAT-expressing iPSC-

derived motor neurons was achieved 

Third generation lentivirus particles were generated in-house via transfection of 3 

plasmids (Gag/ pol, REV and VSV-G) with a TRAP vector into HEK293-T cells, and 

purified from conditioned media (Figure 4.2). Titration was performed by extracting 

lentiviral RNA and performing qRT-PCR by targeting the 5’ and 3’ long terminal 

repeats (LTR). Further titration by performing transduction of various concentrations 

of lentivirus and determining expression efficiency could not be performed reliably 

for each new production of lentivirus as each batch would need to be titrated on a 

new differentiation of iPSC-motor neurons. This step would be highly time 

consuming, with each motor neuron differentiation taking over 30 days, and unlikely 

to produce consistent motor neuron yields. Consequently, the qRT-PCR-

determined concentration of lentivirus was kept consistent, with cultures treated the 

same to reduce experimental variation. Thus, lentiviral particle transductions will be 

referred to in terms of concentration (particles/ cell) used to treat cultures, rather 

than multiplicity of infection (MOI). 
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Figure 4.2. Workflow to generate lentiviral particles from cloned TRAP vectors using 3

rd

 

generation lentiviral plasmids. 
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Figure 4.2. Schematic of the workflow to generate lentiviral particles from previously 

cloned TRAP vectors using 3rd generation lentiviral plasmids encoding proteins Gag/ Pol, 

VSV-G and Rev, by co-transfecting HEK293-T cells. Collection of conditioned media is 

done 72 hours post-transfection followed by purification and titration of the particles. 

Motor neurons derived from human iPSCs can then be transduced for several 

downstream applications, including TRAP. 
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4.2.1 Optimal lentiviral transduction concentration varies across differentiated 

iPSC-motor neuron lines 

Concentrations from 100 to 10,000 particles/ cell were tested on patient, age-

matched control and CRISPR/Cas9-edited isogenic lines (Figure 4.3). 

Concentrations above 2000 particles/ cell were not tolerated in most cases by all 

cultures, leading to cell death in less than 48 hours of treatment. In these cultures, 

neurons were found to have lifted off the plate surface. Concentrations below 2000 

particles/ cell were further examined for live eGFP expression using live microscopy 

at regular timepoints of 24, 48, 72 and 96 hours, and subsequently analysed by 

confocal microscopy imaging, following fixation and immunostaining. At least 72 

hours were required for expression of transduced TRAP vectors in iPSC-motor 

neuron cultures. Live eGFP fluorescence was not visible in all cultures transduced 

with RChAT:TRAP (even 96 hours post-transduction), though fixation and 

immunostaining revealed successful transductions. This is suspected to be 

because the ChAT promoter is not as strong as a ubiquitous mammalian promoter 

to result in strong overexpression. Transduction of the hUbC:TRAP construct into 

HEK293-T cell and iPSC-motor neuron cultures gave stronger expression and 

allowed better assessment of expression via live expression imaging (Figure 4.4). 

This can also be attributed to the non-ChAT-positive cells, including non-neuronal 

cells, also taking up and expressing the vector. Rare successful live imaging of 

motor neuron cultures transduced with 1000 particles/ cell and 8000 particles/ cell 

using hUbC:TRAP lentivirus are given here (Figure 4.4). 500-1000 particles/ cell 

were found to be the most efficient and reliable concentrations in obtaining up to 

100% co-expression with ChAT marker in mature age-matched control and patient 

motor neurons on day 28 of the differentiation protocol, transduction on day 24, 96 



  140 

hours previously (Figure 4.3a-b). Staining of cleaved caspase 3 in cultures treated 

with 1000 particles/ cell for 4 hours, and fixed after 96 hours showed that there was 

no difference in this apoptotic marker compared to non-transduced iPSC-motor 

neurons (Figure 4.3f). This suggests that any initial toxicity that may have been 

induced by lentiviral transduction is returned to basal levels by the time of harvest. 

This should control for any significant RNA sequencing hits which could have 

potentially been attributed to experimental variance from transduction. Given that 

this is the highest concentration of lentivirus that can be tolerated by the cultures, it 

was decided to proceed with these transduction conditions in the final TRAP 

protocol. 
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Figure 4.3. Immunofluorescence confocal images of iPSC-motor neurons treated with 

various concentrations of RChAT:TRAP lentivirus to optimise transduction. 
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Figure 4.3. Immunofluorescence confocal images of iPSC-motor neurons treated with 

various concentrations of RChAT:TRAP lentivirus. This was done in order to optimise 

the conditions to obtain cultures co-expressing ChAT and RChAT:TRAP vector eGFP 

reporter. Representative images give cultures treated for 4 hours (day 24) with lentivirus 

and harvested 96 hours later (day 28) for analysis. 

(a) Age-matched control treated with lentivirus concentrations up to 3000 particles/ 

cell. Concentrations up to 10,000 particles/ cell were tried, though no surviving 

cultures were found above the highest given here. Biological replicate n = 3. 

Scale bar = 50 µm 

(b) C9orf72 patient-derived line, using two clones from the same patient (C90202 

and C90203). Biological replicate n = 2. Scale bar = 50 µm 

(c) Edited line, 59_1. Biological replicate n = 1. Scale bar = 50 µm 

(d) Edited line, 59_2. Biological replicate n = 1. Scale bar = 50 µm 

(e) Edited line, 59_3. Biological replicate n = 1. Scale bar = 50 µm 

(f) Cleaved caspase-3 staining and quantification of age-matched control iPSC-

motor neurons treated with RChAT:TRAP and hUbC:TRAP lentivirus. Biological 

replicate n = 1. Scale bar = 20 µm 

(g) For every biological replicate, at least 500 cells were counted, in >5 fields across 

1-2 coverslips (technical replicates). 
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Lentiviral transductions were found to be less well tolerated by the edited lines. A 

gradient of RChAT:TRAP lentivirus treatments for the edited isogenic lines are 

given (Figure 4.3c-e). Quantification of motor neuron markers showed that ChAT-

positive cells were generally fewer in these lines, as seen in the non-transduced 

(NT) controls. Furthermore, optimal eGFP expression could be seen at transduction 

concentrations as little as 100 particles/ cell (Figure 4.3d). Between 100-200 

particles/ cell were used to transduce edited iPSC-motor neuron cultures, which 

were subsequently used to pull down RNA via TRAP. Further discussion on RNA 

purification from these cultures is given later.  

 

4.2.2 Optimisation of transduction conditions resulted in minimal cell death 

Polybrene reagent is commonly used while transducing neuronal cultures with 

lentivirus due to their limited propensity to bind the exogenous protein sheaths and 

take up the packaged RNA. However, this was omitted from the final protocol as 

control non-transduced cultures, enriched only with polybrene had increased cell 

death compared with those also containing lentivirus. An explanation for this could 

not be found. In addition, to minimise cell death, cell culture media was enriched 

with ROCKi during lentivirus transduction, and for at least 24 hours after. 

 

The optimal days for lentiviral transduction and harvest were carefully considered 

to maximise motor neuron yield, TRAP vector transduction efficiency, motor neuron 

culture maturity and reproducibility. Lentiviral transduction results in permanent 

integration of the packaged construct into the host cell’s genome via the LTR 

regions, thus consideration was given to performing transduction at a stage of the 

differentiation when cells are likely to be more likely to take up lentiviral constructs, 
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for example at the iPSC stage, prior to introducing any growth factors for 

differentiation. This method was ultimately unjustified as the best course for 

optimisation of transduction, as the percentage of transduced cells expressed the 

TRAP vector could not be validated until the cultures matured, more than three 

weeks following transduction. Preliminary experiments suggested that the overall 

quality of the cultures was reduced with such early transductions, with an increased 

proportion of non-neuronal cells at early time points in the differentiation, compared 

with non-transduced cultures. Quantifiable evidence of this growth cannot be shown 

as no molecular marker for these cells is known. Non-neuronal cells are generally 

identified by their morphology (Figure 4.4a). The possibility of performing multiple 

transductions on the same cells throughout the differentiation was excluded 

because of similar observations. 
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Figure 4.4. Live fluorescence imaging of iPSC-motor neurons and HEK293-T cells following 

hUbC:TRAP or RChAT:TRAP lentivirus transduction. 
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Figure 4.4. Differences in eGFP reporter expression following hUbC:TRAP or 

RChAT:TRAP lentivirus transduction can be visualised via live fluorescence imaging 

of iPSC-motor neurons and HEK293-T cells. Regions of increased lentiviral-induced 

toxicity results in the proliferation of non-neuronal cells. Relative magnification of 

eGFP live images are given in each case. 
(a) Optimised transduction of RChAT:TRAP-packaged lentivirus (1000 

particles/ cell) into patient iPSC-motor neurons is challenging to visualise 

using live fluorescence microscopy, though TRAP vector under the 

ubiquitous hUbC promoter gives a stronger signal, 120 hours post-

transduction. Non-neuronal cells are highlighted here with white arrows. 

(b) Higher concentrations of lentiviral transduction (8000 particles/ cell) into 

control iPSC-motor neurons gives a higher reporter signal, though 

significantly increased cell death, as can be seen by cellular debris. Toxicity 

and transduction efficiency may vary depending on the lentivirus used as 

seen by treatment with hUbC:TRAP and MChAT:TRAP lentivirus under 

identical conditions. 
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(c) HEK293-T cells can be transduced with hUbC:TRAP lentivirus at relatively low 

concentrations giving good transduction efficiency, and low visible toxicity from 

higher concentrations up to 120 H post-transduction, until over-confluence of the 

cell culture dish. 
(d) HEK293-T cells transduced at 500 particles/ cell, harvested 96 H post-

transduction, were used in TRAP pulldown protocol optimisation experiments. 
(e) Immunostaining of fixed day 25 control SFC840 iPSC-motor neurons, 

transduced with hUbC:TRAP lentivirus (200 particles/ cell; 72 H) shows that 

regions of increased neuronal death have cells of unknown identity. These cells 

increase proliferation as differentiations mature, and motor neurons exit cell cycle 

and stop dividing. Scale bar = 50 μm. 
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As previously mentioned, this iPSC-motor neuron differentiation protocol can 

robustly produce cultures between 60-80% positive for specific markers, including 

ChAT, beta-III tubulin and Islet 1. However, a successful lentiviral transduction is 

dependent on a number of factors, which increases the challenge of consistently 

obtaining a high yield of ChAT-positive motor neurons expressing the TRAP vector 

transgenes. Fully differentiated motor neurons have a limited tropism for 3

rd

 

generation lentiviral particles, due to the down regulation of the glycoproteins 

necessary to interact with VSV-G envelope protein, making up the sheath of the 

lentivirus particles, enabling delivery of a packaged plasmid into a host cell. Also, 

as the motor neurons mature, their cell bodies cluster into bundles, with axons 

extending to other bundles of cell bodies. This tight conformation limits available 

surface area, and thus significantly decreases transduction efficiency. Therefore, 

transduction of the cultures needs to be done while the cells are still spread out. An 

increase in non-neuronal cell proliferation rate after lentiviral transduction was also 

observed. As the motor neurons mature and exit the cell cycle, competition with 

non-neuronal cells for growth factors and nutrients increases. This increases the 

rate of motor neuron cell death and causes them to lift from cell culture dishes. To 

optimise the balance between expression of TRAP vector, with enough time for 

transgenes to express and tagged-RPL22 to enter the translation pathway, and to 

prevent increased mitotic cell growth, cultures were transduced on day 24 and 

harvested after 96 hours. In this group’s motor neuron differentiation protocol, final 

passaging of the cultures and introduction of DAPT, BDNF and GDNF is done 

between day 18-20. Following this step, the cells are passaged harshly to allow 

space for axonal growth and to form cell body bundles. Generally, by day 26-30 

these bundles are too tightly packed for lentiviral transduction to be efficient (Figure 
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2.1). Transductions were performed on day 24 when the neurons are still wide 

spread enough to allow for the best transduction (Figure 2.1). 

 

Due to the lengthy time required to complete the differentiation protocol of motor 

neurons from the iPSC stage (30 days), the HEK293-T cell line was used to 

optimise much of the TRAP protocol. The high turnover of results from an 

immortalised cell line were essential to validate the many steps of the protocol, 

particularly in terms of RNA quality control. Live eGFP fluorescence was reliably 

observed in HEK293-T cells, transduced with the mammalian TRAP vector from 48 

hours onwards, and up to 8 days post-transduction (Figure 4.4c-d). 

 

4.3 Optimisation of translating ribosome affinity purification from transduced cell 

cultures 

 

The TRAP protocol has been widely applied and published in the context of mouse 

models, with only one study to date using primary rat cortical neurons (Lesiak et al., 

2015). The protocol from the latter was initially used to obtain RNA via tagged-

ribosome pulldowns. RIN analysis of these samples (Figure 4.5) showed a high 

degree of RNA degradation, with RIN values ranging from 1 to 8. Measurement of 

sample concentrations of pulldowns from approximately two million cells gave 

yields around 100 pg/ µL, which is too low for bulk RNA sequencing, without 

introducing an additional PCR amplification step during library preparation. RIN 

analysis and concentration measurement of negative control samples, non-

transduced motor neurons, in the same pulldown experiment showed similar results 

(Figure 4.5). This suggested that the pulldown from transduced samples were likely 
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to have been non-specific background from magnetic beads, in addition to 

increased degradation, potentially from excess overnight incubation or poor 

handling of samples (Lesiak et al., 2015). Consequently, a number of steps of the 

TRAP protocol needed to be optimised in order to improve the overall yield and 

RNA quality. These steps have been described in detail below. 
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Figure 4.5. RNA integrity number (RIN) analysis of iPSC-motor neuron RNA samples pulled 

down using TRAP protocol from Lesiak et al., 2015. 
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Figure 4.5. RNA integrity number (RIN) analysis of iPSC-motor neuron RNA samples 

pulled down using TRAP protocol from Lesiak et al., 2015. 
(a) The Agilent bioanalyzer kit was used to assess the separation of RNA fragments 

in each sample using electrophoretic separation followed by laser fluorescence 

for band visualisation. 

(b) Electropherograms, generated by the Bioanalyzer software, are given for each 

sample. Low yields and severe RNA degradation can be seen in samples 

obtained using the original protocol, including in non-transduced negative 

controls. 
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4.3.1 Harvesting and handling techniques dramatically affect quality and yield 

of RNA 

Cell cultures were incubated with growth media enriched with cycloheximide to 

inhibit translation and prevent the degradation of polysomal complexes during 

harvesting of iPSC-motor neuron lysates. Incubations of up to 1 hour could be 

tolerated by the cultures without inducing visible cell death. All buffers (adapted 

from Lesiak et al., 2015) used throughout the TRAP protocol were supplemented 

with cycloheximide to maintain ribosome-mRNA complexes. It was found that this 

step is crucial to obtaining decent yields of TRAP-RNA. As previously 

recommended in most published TRAP protocols (Heiman et al., 2014; Lesiak et 

al., 2015), all buffers were freshly supplemented with RNase/ DNase-inhibitors and 

protease inhibitors to reduce degradation of ribosomes, mRNA and RPL22:c-

myc:FLAG protein. 

 

The nature of TRAP requires lysate from tissue or cells to remain in suspension for 

extended periods of time, exposed to endogenous ribonucleases and potential 

contaminants from the environment. To prevent RNA degradation from these 

sources, the samples must be handled very carefully from start to finish, in addition 

to avoiding disruption of the precarious polysome complexes. Following translation 

inhibition, cells were harvested by scraping from cell culture dishes and transferred 

immediately to pre-chilled RNase/ DNase-free 2 mL centrifuge tubes. These cell 

suspensions were lysed by gentle pipetting and incubating on ice to allow chemical 

degradation of cell matter by the detergents enriched in the homogenization buffer. 

This was in contrast to the recommended step (Lesiak et al., 2015) of lysing the 

cells via mechanical perturbation with motorised pestles. It was found that any 
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harsh treatment of suspensions containing tagged-ribosome-mRNA complexes 

could lead to decreased yields of RNA. Tubes containing samples were always kept 

on ice or at 4 °C to prevent heat-induced RNA degradation. The use of pre-chilled 

tubes and buffers at all stages of the protocol is recommended. If possible, working 

in a 4 °C environment (cold room) is suggested if frequently handling the samples 

for transferring and washing, and especially if working with several samples at once. 

Following lysis, samples were centrifuged at 12,000 g for 10 minutes at 4 °C to 

pellet out dead cell matter. The supernatants were transferred to fresh tubes, ready 

for ribosomal pulldown. It should be noted that samples with a large number of 

starting cells may find it beneficial to include an extra centrifugation step of 2000 g 

to remove the largest cell matter, prior to the 12,000 g spin to avoid dislodging the 

pellets and contaminating the sample. This is usually done by eye. 

 

4.3.2 Varied TRAP vector transduction efficiency rate results in different yields 

of RNA  

The pulldown of ribosomal complexes via RPL22:c-myc:FLAG to obtain mRNA 

requires optimisation of the conjugating antibody, incubation with magnetic beads, 

as well as incubation times, washing steps and handling of the samples. The 

original TRAP protocol (Heiman et al., 2014) and subsequent uses of the technique 

have employed overnight incubation of the tissue or cell lysate with antibody-

conjugated beads. The Lesiak et al., 2015 protocol incubates antibody with the cell 

lysate for 4 hours at 4 °C prior to overnight incubation with magnetic beads, followed 

by washing with a high salt buffer to reduce non-specific interactions. Repeated 

attempts using this method did not precipitate good quality RNA, or a high yield 
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(Figure 4.6). Subsequently, a number of parameters were optimised as described 

below. 

 

Figure 4.6. Optimisation of washing buffer of beads interacting with antibody-ribosomal 

complexes in HEK293-T cells. 
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Figure 4.6. Optimisation of washing buffer of beads interacting with antibody-ribosomal 

complexes in HEK293-T cells. 

(a) Repeated RNA pulldown experiments following the TRAP protocol from Lesiak 

et al., 2015, using different antibodies including anti-c-myc, pre-conjugated to 

magnetic beads (c-myc-TRAP), and polyclonal and monoclonal antibodies 

against FLAG antigen TRAP protocol was performed on HEK293-T cells 

transduced with hUbC:TRAP lentivirus. Neither high quality or yield of RNA could 

be obtained, as seen from RIN analysis. NT = non-transduced, AB = antibody. 

(b) Validation of the pulldown of any specific or non-specific RNA was done by 

omitting the use of high salt wash buffer (HSB) (300 mM KCl) to determine 

whether any RNA, could be obtained from lysates. Beads were washed with non-

supplemented homogenization buffer (HB), and samples validated via RIN 

analysis. This TRAP experiment used mouse c-myc antibody at 1:200 dilution. 
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4.3.2.1 Modification of washing steps lead to purification of high quality RNA 

Repeated use of the Lesiak et al., 2015 protocol, using various antibodies against 

FLAG and c-myc tags, including commercial magnetic beads pre-conjugated to c-

myc antibody (c-myc-TRAP) was done, but failed to produced good results (Figure 

4.6a). In order to investigate whether any material, specific or non-specific could be 

obtained from the antibodies or Protein G magnetic beads, a combination of 

reducing incubation times (section 4.3.2.3) and washing beads with non-

supplemented homogenization buffer was done to investigate this (Figure 4.6b). 

Following TRAP from human cell cultures, prior to performing RIN analysis, the 

concentration of each sample was measured using spectrophotometry using a 

Nanodrop (not given here). It was found that washing with high salt buffer only 

precipitated ~10 pg/ µL of RNA, showing less RNA pulldown than a negative control 

omitting antibody from the cell lysate (Figure 4.6b). On the other hand, washing with 

homogenization buffer and RNA dissociation pulled down 34.7 ng/ µL of RNA 

(Figure 4.6b). The equivalent negative control without antibody incubation with the 

lysate, showed relatively low non-specific binding at 4.3 ng/ µL, comparable with 

that of the high salt buffer negative control, which measured at 3.7 ng/ µL using 

spectrophotometry. This protocol also showed a marked increase in RIN quality 

with that of the Lesiak et al., 2015 protocol, suggesting that reduced incubation 

times reduced RNA degradation (described in section 4.3.2.3). Minimal background 

RNA was seen from pulldowns using homogenization buffer to wash beads, 

however the amount of this background was highly variable across experiments 

and was increased in TRAP RNA from iPSC-motor neurons. The enrichment of 

motor neuron-specific pools of RNA, compared with non-specific RNA, was further 

validated following antibody optimisation (section 4.3.2.2). 
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4.3.2.2 Monoclonal c-myc antibody immunoprecipitated the highest yields of 

ChAT-enriched RNA pools 

The TRAP construct encodes a large ribosomal protein, RPL22, fused to c-myc and 

FLAG (FLAG) tags. Previous TRAP systems have often used GFP as a tag (Heiman 

et al., 2008; Tryon et al., 2013; MacNair et al., 2015) and reporter for successful 

TRAP vector expression. The potential cellular mislocalisation of tagged-RPL22 

and its ability to integrate into early large ribosome complexes was a concern, so a 

TRAP construct with a smaller fused tag was designed. The two tags, c-myc and 

FLAG also increase the potential antibodies to test for optimal pulldown. To reduce 

immunoprecipitation of non-specific binding partners, visual analysis of the 

background seen from immunostaining using a variety of commercial antibodies 

against c-myc or FLAG/ FLAG were tested in HEK293-T cells transduced with 

hUbC:TRAP lentivirus (Figure 4.7a). Specific staining was examined in cells co-

expressed live eGFP reporter. As expected, the monoclonal mouse antibodies 

showed far less background staining than the polyclonal rabbit antibodies (Figure 

4.7a). All antibodies were tested in a TRAP pulldown experiment using 

hUbC:TRAP-transduced HEK293-T cells. Significantly less RNA was obtained from 

anti-FLAG rabbit antibody compared with mouse anti-FLAG and anti-c-myc 

antibodies (Figure 4.7b). Notably, mouse c-myc antibody gave the greatest yield 

from the same number of cells compared with anti-FLAG antibodies (Figure 4.7b). 

As previously mentioned, background RNA was often measured from pulldowns 

using these antibodies with non-transduced HEK293-T cell lysates. To elucidate 

whether this higher yield was due to additional background or truly being enriched 

with actively translating mRNA, qRT-PCR was performed to quantify RPL22:c-

myc:FLAG transcripts (Figure 4.7c-d). TRAP samples using mouse FLAG and c-
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myc antibodies were both significantly enriched with the TRAP transcript compared 

with non-specific RNA from non-transduced cells (Figure 4.7c). However, only 

TRAP experiments using monoclonal mouse antibody consistently gave high 

quality RNA that was enriched compared with its corresponding transcriptome input 

fraction (Figure 4.7d). Together with the observation that this antibody was found 

to bind to a target in hUbC:TRAP-transduced HEK293-T cells that overlaps with 

cells also expressing live eGFP reporter (Figure 4.7a), and high yields of RPL22:c-

myc:FLAG-enriched pools of RNA (Figure 4.7b-d), mouse anti-c-myc (Sigma-

Aldrich) was chosen as the optimised antibody for the final TRAP protocol.  
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Figure 4.7. Antibody optimisation against molecular tag used for ribosomal pulldown in 

TRAP protocol. 
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Figure 4.7. Optimisation of antibody against molecular tag used for ribosomal pulldown 

in TRAP protocol, using HEK293-T cells, transduced with hUbC:TRAP lentivirus, and 

patient C90203 iPSC-motor neurons. 

(a)  Immunostaining of fixed HEK293-T cells to assess the differences in non-

specific background protein binding of various antibodies. Commercially 

available polyclonal and monoclonal antibodies, against FLAG/ FLAG and c-myc 

were tested. 

(b)  Antibodies with the least visible non-specific staining were used in TRAP of RNA 

from HEK293-T cell cultures transduced with hUbC:TRAP lentivirus. RIN 

analysis shows that decent yields are produced compared with samples where 

antibody has not been added, showing that minimal background RNA is being 

pulled down. 

(c)  Quantitative RT-PCR was performed to examine the levels of RPL22:c-

myc:FLAG transcript in the TRAP-RNA pools from HEK293-T cells transduced 

with hUbC:TRAP, compared with non-specific RNA from non-transduced (NT) 

controls or transcriptome (input, IF) fractions. Biological replicate n = 1, technical 

replicates n = 3; unpaired students t-test, SD < 0.05* or 0.005**. 

(d)  Quantitative RT-PCR was performed to examine the levels of RPL22:c-

myc:FLAG transcript in the TRAP-RNA pools from iPSC-motor neurons 

transduced with RChAT:TRAP and hUbC:TRAP, compared with non-specific 

RNA from non-transduced (NT) controls or transcriptome (input, IF) fractions. 

Biological replicate n = 1, technical replicates n = 3; unpaired students t-test, SD 

< 0.0005****. 
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4.3.2.3 Incubation times were optimised to obtain high quality RNA with the least 

background 

The protocol in Lesiak et al., 2015 performed pulldowns by incubating anti-tag 

antibody with harvested cell lysate, followed by incubation with Protein G magnetic 

beads. This method was investigated, as well as the conjugation of magnetic beads 

with antibodies prior to incubation with cell lysate. Commercially bought magnetic 

beads readily conjugated to c-myc antibodies were also used (Figure 4.7b). The 

latter was done in order to reduce the time of cell lysate exposure. The former 

method was ultimately employed, with which the best RNA purification yields were 

achieved. Incubation times of antibody with cell lysate, from 30 minutes to four 

hours at 4 °C was attempted (not shown). Differences in pulldown between two and 

four hours were not seen, thus the former was adapted for the final protocol. 

Incubation of lysate and antibody with magnetic beads was tested at 30 minutes, 1 

hour, 2 hours, 4 hours, 6 hours and overnight (not shown). Reasonable RNA 

pulldown was seen at 1 hour, and used in the final protocol. The volume of magnetic 

beads used per sample was further optimised. Lesiak et al., 2015 suggests using 

200 µL of Protein G beads per 450,000 cells. This ratio was initially employed, using 

approximately 2 million cells/ sample, from iPSC-motor neuron cultures. It was 

found that increased amounts of non-specific RNA pulled down using this method. 

Commercial Protein G beads are designed to preferentially bind antibodies and are 

suggested by the manufacturer (ThermoFisher) to be highly efficient at binding all 

IgG interactors in a sample in 10 to 40 minutes, using 20-100 µL of beads. 

Examining the overall yield of motor neurons from iPSC differentiations by eye, the 

magnetic bead volume was adjusted between 20-50 µL. For HEK293-T 

optimisations, 40 µL of beads were used with ~8.8 million cells input. RNA yields 
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from iPSC-motor neurons were increased by pooling ~12 million cells per sample 

(one 6-well plate). 

 

A number of optimisation steps were taken in the immunoprecipitation of tagged 

ribosomes from human cells transduced with lentiviral TRAP vector. Incubation time 

of antibody with harvested cellular lysate was optimised to 2 hours at 4 °C. Along 

with antibody species (Figure 4.7a), the incubation time of the antibody-lysate 

suspension with Protein G magnetic beads was optimised to 1 hour at 4 °C. Bead 

suspension volumes were altered to prevent non-specific binding based on 

observations of the number of iPSC-motor neurons between differentiations and 

cell lines. The beads were found to have very highly specific immunoprecipitated 

RNA, such that overnight incubation with beads and high salt buffer were not 

required to dissociate non-specific interactions (Figure 4.6b; Figure 4.7c-d). 

Collectively these alternations to the Lesiak et al., 2015 protocol were done to obtain 

the best possible pulldown of actively translating mRNA from human iPSC-motor 

neurons. 

 

4.3.3 Dissociation and purification of mRNA from magnetic beads was 

optimised for maximum output 

A brief comparison of the reagent to dissociate mRNA bound to immunoprecipitated 

ribosomes was done. Lesiak et al., 2015 suggests supplementing the RNA lysis 

buffer from a standard RNA purification kit with 1% betamercaptoethanol. This was 

compared with phenol reagent (TRIzol) extraction and found that the latter to be 

more effective at overall RNA extraction. Thus, TRIzol was mixed with the magnetic 

beads after washing steps, followed by ethanol RNA precipitation. A compatible 
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RNA column extraction kit was used to load the eluate and on-column DNase 

digestion was performed to remove any potential contaminants. Manufacturer’s 

instructions were followed, and RNA was eluted in RNase/ DNase-free water. 

 

Collectively these alterations to published TRAP protocols have been adapted to 

human-derived iPSC-motor neurons (fully detailed in chapter 2, section 2.2.5), and 

final RNA extractions for an RNA sequencing experiment could be carried out.  

 

4.4 RNA sequencing of TRAP-RNA from C9orf72 ALS patient iPSC-motor neurons 

The original aim was to extract TRAP-RNA from iPSC-motor neurons, from C9orf72 

ALS patients, age-matched controls and isogenic CRISPR/Cas9-lines where the 

C9orf72 repeat had been edited out. Multiple differentiations were carried out to 

achieve this (Table 4.1). Due to a variability in the cell lines which were successfully 

carried through to the end of the differentiation and the failure of several of the latter 

experiments to extract enough RNA to submit for sequencing, only five RNA 

samples from 2 clone lines of a patient over 3 differentiations, and 2 age-matched 

controls over 3 differentiations (Table 4.1), were obtained to submit for RNA 

sequencing. The edited lines especially posed a challenge due to the overall low 

quality and yield of differentiation cultures, despite optimising their lentiviral 

transductions (Figure 4.3c-e). 
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Table 4.1. All TRAP experiments performed to obtain TRAP and corresponding 

transcriptome input samples for RNA sequencing, using the final optimised protocol. IF = 

input fraction. Samples submitted for sequencing are in bold. 

  

Sample 
Number Line Phenotype Treatment Date Replicate Differentiation RIN Conc

(ng/ µL)
1 SFC180 Control RChAT 23_04_18 1 1 N/A 48.43
2 SFC180_IF Control RChAT 23_04_18 1 1 9 47.04
3 SFC840 Control RChAT 23_04_18 1 1 N/A 71.1
4 SFC840_IF Control RChAT 23_04_18 1 1 7.7 43.61
5 SFC180 Control RChAT 27_04_18 1 2 9.5 5.39
6 SFC180_IF Control RChAT 27_04_18 1 2 N/A 37.02
7 SFC840 Control RChAT 27_04_18 1 2 2.9 0.36
8 SFC840_IF Control RChAT 27_04_18 1 2 8.9 33.53
9 C902_02 Patient RChAT 04_08_18 1 3 10 4.83
10 C902_02 Patient RChAT 04_08_18 2 3 9.7 8.35
11 C902_03 Patient RChAT 04_08_18 1 3 9.8 10.03
12 C902_03 Patient RChAT 04_08_18 2 3 9.7 8.34
13 C902_03 Patient RChAT 04_08_18 3 3 9.9 5.21
14 C902_02_IF Patient RChAT 04_08_18 1 3 10 189.35
15 C902_02_IF Patient RChAT 04_08_18 2 3 10 147.65
16 C902_03_IF Patient RChAT 04_08_18 1 3 10 197.21
17 C902_03_IF Patient RChAT 04_08_18 2 3 10 205.54
18 C902_03_IF Patient RChAT 04_08_18 3 3 10 285.38
19 C902_03 Patient RChAT 06_08_18 1 3 9.6 12.11
20 C902_03 Patient RChAT 06_08_18 2 4 9.6 13.81
21 C902_03 Patient RChAT 06_08_18 3 4 9.7 10.51
22 SFC840 Control RChAT 06_08_18 1 4 9.7 11.27
23 SFC840 Control RChAT 06_08_18 2 4 10 6.91
24 SFC840 Control RChAT 06_08_18 3 4 9.4 7.64
25 C902_03_IF Patient RChAT 06_08_18 1 4 10 120.10
26 C902_03_IF Patient RChAT 06_08_18 2 4 10 191.14
27 C902_03_IF Patient RChAT 06_08_18 3 4 10 136.62
28 SFC840_IF Control RChAT 06_08_18 1 4 10 171.11
29 SFC840_IF Control RChAT 06_08_18 2 4 10 162.11
30 SFC840_IF Control RChAT 06_08_18 3 4 10 207.27
31 59_2 CRISPR RChAT 17_08_18 1 5 9.5 4.80
32 C902_02 Patient RChAT 17_08_18 1 5 9.8 6.16
33 C902_03 Patient RChAT 17_08_18 1 5 9.7 6.75
34 59_2_IF CRISPR RChAT 17_08_18 1 5 10 174.89
35 C902_02_IF Patient RChAT 17_08_18 1 5 10 144.20
36 C902_03_IF Patient RChAT 17_08_18 1 5 10 201.59
37 SFC840 Control RChAT 18_08_18 1 6 10 0.05
38 59_1 CRISPR RChAT 18_08_18 1 6 9.8 0.07
39 59_1 CRISPR RChAT 18_08_18 2 6 1 0.04
40 59_2 CRISPR RChAT 18_08_18 1 6 9 0.09
41 SFC840_IF Control RChAT 18_08_18 1 6 8.3 10.99
42 59_1_IF CRISPR RChAT 18_08_18 1 6 5 20.56
43 59_1_IF CRISPR RChAT 18_08_18 2 6 9.9 31.62
44 59_2_IF CRISPR RChAT 18_08_18 1 6 10 16.85
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Table 4.1. continued. 

 

  

Sample 
Number Line Phenotype Treatment Date Replicate Differentiation RIN Conc

(ng/ µL)
45 SFC180 CRISPR RChAT 19_08_18 1 7 8.6 0.08
46 SFC180_IF CRISPR RChAT 19_08_18 1 7 N/A 5.64
47 59_1 CRISPR RChAT 12_10_18 1 8 7.4 0.05
48 59_1 CRISPR RChAT 12_10_18 2 8 5 0.04
49 59_1 CRISPR RChAT 12_10_18 3 8 1 0.10
50 59_1 CRISPR RChAT 12_10_18 1 8 1.2 0.07
51 59_1_IF CRISPR RChAT 12_10_18 1 8 9.8 150.47
52 59_1_IF CRISPR RChAT 12_10_18 2 8 N/A 104.32
53 59_1_IF CRISPR RChAT 12_10_18 3 8 9.9 126.64
54 59_1_IF CRISPR RChAT 12_10_18 3 8 10 62.62
55 C902_02 Patient RChAT 14_10_18 1 9 9.8 0.03
56 C902_02 Patient RChAT 14_10_18 2 9 5.3 0.25
57 C902_02 Patient RChAT 14_10_18 3 9 1 0.02
58 C902_02_IF Patient RChAT 14_10_18 1 9 N/A 166.52
59 C902_02_IF Patient RChAT 14_10_18 2 9 10 110.67
60 C902_02_IF Patient RChAT 14_10_18 3 9 1 97.58
61 SFC180 Control RChAT 14_10_18 1 9 8 0.06
62 SFC180 Control RChAT 14_10_18 2 9 9 0.06
63 SFC180_IF Control RChAT 14_10_18 1 9 N/A 125.44
64 SFC180_IF Control RChAT 14_10_18 2 9 10 164.28
65 59_1 CRISPR RChAT 14_10_18 1 9 6.6 0.11
66 59_2 CRISPR RChAT 14_10_18 1 9 7.7 0.02
67 59_1_IF CRISPR RChAT 14_10_18 1 9 10 154.72
68 59_2_IF CRISPR RChAT 14_10_18 1 9 10 222.11
69 59_1 CRISPR RChAT 22_10_18 1 10 1 0.02
70 59_1 CRISPR RChAT 22_10_18 2 10 1.1 0.01
71 59_1 CRISPR RChAT 22_10_18 3 10 1 0.03
72 59_2 CRISPR RChAT 22_10_18 1 10 9.6 0.02
73 59_2 CRISPR RChAT 22_10_18 2 10 8.1 0.02
74 59_2 CRISPR RChAT 22_10_18 3 10 1.1 3.15
75 59_1_IF CRISPR RChAT 22_10_18 1 10 10 50.04
76 59_1_IF CRISPR RChAT 22_10_18 2 10 10 50.08
77 59_1_IF CRISPR RChAT 22_10_18 3 10 10 54.43
78 59_2_IF CRISPR RChAT 22_10_18 1 10 10 45.05
79 59_2_IF CRISPR RChAT 22_10_18 2 10 10 45.96
80 59_2_IF CRISPR RChAT 22_10_18 3 10 10 60.57
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Quality control via RIN analysis was performed on of all the samples (Figure 4.8a). 

A brief examination of the enrichment of RPL22:c-myc:FLAG (Figure 4.8b) and 

ChAT (Figure 4.8c) transcripts, compared with their transcriptome input fractions in 

control lines was done. Interestingly, various magnitudes of enrichment were seen 

in the different samples, potentially highlighting the extent of variation and yield of 

motor neurons in separate cultures. However, this may be explained by a source 

variation presented by the TRAP experiment itself, originating from the lentiviral 

transduction of the TRAP vector or pulldown efficiency. TRAP samples and their 

respective transcriptome input fractions were submitted for stranded, paired-end 

Illumina next generation RNA sequencing, with ribodepletion during library 

preparation, at the Wellcome Oxford Genomics Centre for Human Genetics. 
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Figure 4.8. The final optimised TRAP protocol was carried out on control, patient and edited 

iPSC-motor neurons. 
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Figure 4.8. The final optimised TRAP protocol was carried out on control, patient and 

edited iPSC-motor neurons. 

(a)  RNA quality was validated using a Bioanalyzer instrument. Increased 

background was seen to be pulled down from these cultures 

(b)  qRT-PCR was used to assess the relative number of RPL22:c-myc:FLAG 

transcripts in TRAP-RNA and respective transcriptome (input, IF) fractions, in 

control iPSC-motor neurons cultures from 3 differentiations. 

(c)  qRT-PCR was used to assess the relative number of ChAT transcripts in TRAP-

RNA and respective transcriptome (input, IF) fractions, in control iPSC-motor 

neurons cultures from 3 differentiations. 
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5 Bioinformatic analysis of RNA sequencing translatome data 

 

5.1 Introduction 

Following RNA sequencing the raw, paired-end (2x 75 bp) reads from each 

submitted sample were returned to us for processing and analysis. All RNA 

sequencing analysis was done by the author of this thesis, with use of tools from 

various sources, coded into pipelines, written by the Computational Genomics: 

Analysis and Training (CGAT) group, University of Oxford. 

 

5.2 TRAP and transcriptome input samples have distinctly different quality across 

all raw and mapped reads 

Raw reads were passed to FastQC, a tool to visualise read quality and content 

across all samples, by plotting their associated phred scores and extracting base 

per sequence content data. Parameters that can be visualised include per 

sequence guanine-cytosine (GC) nucleotide content, overall base content, adaptor 

content and sequence duplication rate estimates. Most of the samples were 

observed to satisfy the quality control thresholds; passing for read quality and 

adaptor content, negating the need to trim any reads, thus increasing overall 

mapping quality. However, an unusual pattern in % GC content (Figure 5.1a-b) and 

duplication rate (Figure 5.1b) was seen, where these parameters were higher than 

expected in the transcriptome input samples, and the paired-end reads from two 

TRAP samples, SFC180 and SFC840 from the first differentiation performed (see 

Table 4.1). These parameters were also closely correlated (Figure 5.1b). 

Investigation into this feature of the data was further examined following the 

mapping of raw fasta file reads to an annotated human genome database, modified 
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to include an artificial sequin contig and the over-expressed RChAT:TRAP vector 

sequences. It should also be noted that the TRAP samples had the highest 

percentage of uniquely mapped reads to the human genome (~85%), excluding two 

samples from the SFC180 and SFC840 control lines, which are more similar to their 

transcriptome input fractions (Figure 5.1c). The transcriptome input samples 

contained far more duplicate reads. All of the samples had minimal artefactual 

reads, and less than 5% unmapped reads for most samples. 
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Figure 5.1. Quality control of raw reads from TRAP and transcriptome input fractions 

following RNA sequencing using FastQC. 
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Figure 5.1. Quality control of raw reads from TRAP and transcriptome input
fractions following RNA sequencing using FastQC tool.
(a) Distribution of % GC content of raw reads from TRAP and transcriptome
(Input) samples submitted for RNA sequencing. A batch of samples were
passably evenly contained an even % GC content across all reads, but

another significant group of samples were found have a significant number
of reads with up to 90 % GC content.

(b) The % guanine-cytosine (GC) content (i) in raw paired reads and %
duplication rate (ii) from RNA sequencing experiment is unevenly distributed
between samples, as calculated by FastQC software. These two features

were plotted against each other and found to be closely correlated (iii).
(c) Picard tools were used to plot the proportion of unique reads, non-optical
duplicates, optical duplicates and unmapped reads that were mapped to the
human genome, in each sample group. The transcriptome input and TRAP
samples have only ~50% unique reads in inputs and two Control-TRAP

outlier samples, compared with >80% in all other TRAP samples.

c

Figure 5.1. Quality control of raw reads from TRAP and transcriptome input fractions 

following RNA sequencing using FastQC tool. 

(a) Distribution of % GC content of raw reads from TRAP and transcriptome (Input) 

samples submitted for RNA sequencing. A batch of samples were passably 

evenly contained an even % GC content across all reads, but another significant 

group of samples were found have a significant number of reads with up to 90 % 

GC content. 

(b) The % guanine-cytosine (GC) content (i) in raw paired reads and % duplication 

rate (ii) from RNA sequencing experiment is unevenly distributed between 

samples, as calculated by FastQC software. These two features were plotted 

against each other and found to be closely correlated (iii). 

(c) Picard tools were used to plot the proportion of unique reads, non-optical 

duplicates, optical duplicates and unmapped reads that were mapped to the 

human genome, in each sample group. The transcriptome input and TRAP 

samples have only ~50% unique reads in inputs and two Control-TRAP outlier 

samples, compared with >80% in all other TRAP samples. 



  181 

Mapping analysis revealed differences in read depth between transcriptome input 

and TRAP samples. Most of the TRAP samples had between 26.8 million to 34.4 

million uniquely mapped reads. Transcriptome input fractions, and two TRAP 

samples, OX-SFC180-trap-L1-D1 and OX-SFC840-trap-L1-D1, had between 17 

million to 22.4 million uniquely mapped reads. Examination of read coverage across 

annotated human contigs showed that transcriptome input samples, and the 

previously seen control-TRAP outliers, contained a high proportion of reads which 

mapped to chromosomes 14 and 21 (Figure 5.2a). The latter accounts for ~40% of 

total reads in transcriptome input samples, effectively decreasing the read depth of 

other contigs, compared with TRAP samples (Figure 5.2a-b). This has potential 

implications for downstream analysis, making it challenging to normalise 

transcriptome and TRAP data together. To understand where this difference in 

mapping originated from, the genome features accounting for the most mapped 

reads on chromosome 21 for transcriptome input samples where plotted, 

normalised against the total reads (Figure 5.2b). The two control transcriptome 

input fractions previously seen as outliers, OX-SFC180-trap-L1-D1 and OX-

SFC840-trap-L1-D1, were consistently seen to have similar overall characteristics 

to transcriptome samples (Figure 5.2). Though the reason for this is not clear, due 

to their ambiguity, they were removed from downstream differential expression 

analysis. Generalisations made to TRAP samples henceforth will not include these 

two samples, unless otherwise stated. The highest proportion of reads found to map 

to chromosome 21 can be attributed to intergenic reads, which are significantly 

depleted in TRAP samples (Figure 5.2b). The next most enriched RNA species in 

transcriptome input samples were short non-coding RNAs and ribosomal RNA 

(rRNA), which were also depleted in TRAP samples (Figure 5.2b). This depletion is 
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expected of successful TRAP samples, which should be highly enriched with 

mature mRNA, with some rRNA contamination due to pulldown of polysome 

complexes. Particularly high numbers of rRNA reads are expected to map to 

chromosome 14 and 21 as there are known to encode for a high proportion of 

ribosomal DNA regions, though does not account for the intergenic reads 

(Henderson et al., 1972). Subsequent examination of reads mapping to protein 

coding regions on chromosome 21 show that TRAP samples are significantly 

enriched for these (Figure 5.2b). These high intergenic reads may be particularly 

enriched in transcriptome input samples due to the chosen library preparation 

method to enrich for mRNA by using the ribodepletion protocol. Although it can be 

decisively shown that TRAP samples are far more enriched with mRNA or protein-

coding RNA, the resulting decreased coverage in transcriptome input samples 

presents a challenge for downstream analysis. Furthermore, the increased library 

complexity of the transcriptome input samples also presents a potential source of 

variation during RNA sequencing experiment. The traditional method of Poly A tail 

selection was not chosen as a previous bulk RNA sequencing experiment 

conducted in this lab group had a distinct bias for three prime reads (Scaber et al., 

unpublished). A study comparing these two protocols in identical bulk samples for 

RNA sequencing experiments showed similar results and overall coverage, though 

ribodepletion was slightly more varied (Kumar et al., 2017). With this in mind, future 

TRAP experiments may benefit from Poly A tail-selection, however the impact on 

samples which are prepared differently such as, TRAP and transcriptome input 

samples is not easily predictable.  
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Figure 5.2. Assessment of reads mapping to hg38 annotated human genome shows an 

over-representation of reads in chromosome 21. 
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Figure 5.2. Assessment of reads mapping to hg38 annotated human genome shows 

an over-representation of reads in chromosome 21. 

(a) Percentage of mapped reads to annotated contigs (chromosomes) across 

TRAP and transcriptome input samples from patients and controls show a 

significant increased number of reads for transcriptome input samples, and 

two control TRAP outliers, to chromosome 21 and chromosome 14. Other 

contigs are relatively more closely matched in coverage, though transcriptome 

input samples, and two control TRAP outliers have moderately lower reads in 

other chromosomes.  

(b) An increased proportion of reads have been mapped to chromosome 21 in all 

transcriptome input samples compared to most TRAP samples (i), calculated 

against the total number of reads detected from each sample. The greatest 

proportion of reads on chromosome 21 map to intergenic (ii), short-noncoding 

(iii) and rRNA (iv)-coding regions. Reads from TRAP samples (except two 

control samples) that mapped to protein coding regions on chromosome 21 

are significantly increased compared with transcriptome (Input) samples (v). 

Unpaired, two-tailed Student’s T-test, assuming unequal standard deviations 

(Welch’s correction). P-value < 0.05*, 0.001**, 0.005***, 0.0001**** 
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5.3 TRAP samples are enriched with mature mRNA species compared to controls 

To confirm overall enrichment of mature mRNA in TRAP samples, the mapping of 

reads across the whole genome was investigated between sample groups (Figure 

5.3). The percentage of mapped reads to the artificial RChAT:TRAP transcript in 

TRAP samples showed that these transcripts are significantly enriched compared 

to the transcriptomes, apart from OX-SFC840-trap-L1-D1 control sample (Figure 

5.3a). There was also no significant difference in % mapped reads to the TRAP 

vector between control and C9orf72 TRAP groups (Figure 5.3a), suggesting similar 

level of expression following lentiviral transduction. Percentage of reads mapping 

to RNA species, which should be depleted in TRAP samples were plotted, including 

ribozyme sequences, intergenic reads, general rRNA and short non-coding RNA 

species (Figure 5.3b). In all cases TRAP samples were depleted of such reads 

compared with transcriptome input samples, aside from the same aforementioned 

outliers. Conversely, reads mapping to three-prime untranslated and protein-coding 

regions were significantly enriched in successful TRAP samples (Figure 5.3c). Venn 

diagrams to summarise the average proportion of various RNA species across the 

sample groups are given in Figure 5.3d. Brief examination of the coverage of 

standard housekeeping genes across sample was done using an interactive 

genome browser (not shown here). Similar coverage of exons was seen within 

sample groups for these genes. 
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Figure 5.3. Quality control of reads mapping to hg38 annotated human genome. 
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Figure 5.3. Quality control of reads mapping to hg38 annotated human genome. 

(a) The percentage of mapped reads to artificial RChAT:TRAP vector contig 

between TRAP and transcriptome (Input) (i) samples and across internal 

groups of patient and controls (ii).Unpaired, two-tailed Student’s T-test, 

assuming unequal standard deviations (Welch’s correction). P-value < 

0.001**, 0.0001**** 

(b) The percentage of reads mapping to non-coding regions of the annotated 

human genome. Reads mapping to ribozyme (i), intergenic (ii), rRNA (iii) and 

short non-coding RNAs (iv) were depleted in TRAP samples compared to 

transcriptome (Input) samples. Unpaired, non-parametric two-tailed 

Student’s T-test, assuming equal standard deviations where relevant. P-

value < 0.05*, 0.005***, 0.0001**** 

(c) The percentage of reads mapping to 3’ untranslated regions (UTR) regions 

of transcripts and protein-coding regions are significantly enriched in TRAP 

samples. Unpaired, non-parametric two-tailed Student’s T-test, assuming 

equal standard deviations where relevant. P-value < 0.05*, 0.005***, 

0.0001**** 

(d) Proportion of significant RNA species detected within samples groups. 

Outliers, OX-SFC840-trap-L1-D1 and OX-SFC180-trap-L1-D1 in Control-

TRAP were excluded from plots. 
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With the confirmation of good mapping quality within TRAP and transcriptome input 

groups, and the enrichment of mature mRNA in TRAP samples, differential 

expression analysis could be explored, following quantification of mapped reads to 

gene loci. 

 

5.4 Differential expression analysis 

 

5.4.1 Introduction 

Following the initial steps to establish the quality of raw and mapped reads of the 

RNA sequencing samples, the aforementioned outlier samples from the control-

TRAP group were removed. A raw counts table (output from Salmon) was imported 

into R to perform differential expression analysis via the DESeq2 package (Love et 

al., 2014). A generalised linear model (GLM) was built for the dataset, including 

information regarding sample differentiation date, experimental lane and phenotype 

condition. DESeq2 can hypothetically correct for library size internally, allowing for 

the differences in genome coverage seen for transcriptome input samples to be 

accounted for, as protein-coding genes were filtered for in quantification process. 

This was further investigated by using spike-in controls to normalise the RNA 

sequencing dataset. Normalised counts obtained using this method were used in 

further analysis, as described below. 

 

5.4.2 Sequin normalisation for the TRAP and transcriptome datasets is 

challenging 

Synthetic RNA isoforms, known as sequins, were spiked into all TRAP and 

transcriptome input samples prior to library preparation, to act as an internal control 
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while correcting for technical biases within the RNA sequencing dataset. 

Quantification of these spike-ins was possible due to the presence of an annotated 

artificial genome added to the human genome file during the mapping and counting 

of reads from the experiment. The averaged raw counts (transcripts per million, 

TPM) per isoform detected within each sample group correlated well with the input 

concentration of sequins (Figure 5.4a). One of two mixtures of sequins can be used 

to spike a given sample. Each mixture contains a set of artificial RNA isoforms at 

different concentrations. Two groups of samples spiked with different mixtures of 

sequins can theoretically be used to calibrate differentially expressed genes. 

Differential expression analysis was done using sample groups, C9orf72-TRAP, 

control-TRAP, C9orf72-input and Control-input, differentiation date and RNA 

sequencing lane to construct a generalised linear model to normalise the data. 

From this the observed log2 fold change values (p-adjusted < 0.05) for sequins 

between C9orf72-TRAP and control-TRAP groups were obtained and plotted 

against the expected log2 fold change values (Figure 5.4bi). A poor correlation was 

seen (R

2

 = 0.401), suggesting an amount of technical variability between samples. 

In order to correct for this, the sequin raw counts predicted to give a log fold change 

of zero, were used as a control against the raw counts table comprising all detected 

human genes within sample groups. However, this did not appear to solve the 

inherent variability present in the dataset (Figure 5.4bii). A poorer correlation 

between the expected and observed log2 fold changes (R

2

 = 0.114) was seen. 

Various attempts to efficiently correct the variation in the data were made (not 

shown here). Models incorporating only differentiation dates and sequin correction, 

lane and sequin correction, including several others were run. An issue while trying 

to correlate expected and observed values of log2 fold change for sequins, was 
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obtaining enough significant differentially expressed values to correlate. This can 

be seen in Figure 5.4bi, where very few data points were obtained. Generally, this 

improved when sequin normalisation was used, though perfect expected log fold 

change were not obtained. In the final analysis, sequins were used to normalise the 

data, and only the most crucial factors to the experiment (lane and condition) were 

included in the GLM. Differentiation was omitted from the model because there is 

likely to be more biological significance in this batch effect, which may be lost if 

used to correct the data. 
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Figure 5.4. Sample spike-in analysis to normalise RNA sequencing dataset. 
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Figure 5.4. Sample spike-in analysis to normalise RNA sequencing dataset. 
(a) The unnormalised counts (transcripts per million, TPM) of synthetic sequin 

transcript isoforms from each sample submitted for sequencing were plotted 

against the known concentrations from their respective spike-in mixtures. This 

allows estimation of the quality and reliability of library preparation and 

experiment across flow cell lanes. Strong R

2

 values were seen for all samples. 

(b) The statistically significant log2 fold change values derived from differential 

expression analysis between C9orf72-TRAP and Control-TRAP samples, were 

plotted against the expected log2 fold changes between two different sequin 

mixtures. The values calculated from a generalised linear model, taking into 

account lane and experimental condition (phenotype and sample type) did not 

give a strong correlation R

2

 = 0.401 (i). Counts table was imported to RUVSeq 

in R to attempt to correct for this variation by using sequin counts with a 

predicted zero log fold change as a control in the data (ii). This did not improve 

the correlation (R

2

 = 0.114). 
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5.4.3 Pulldown of transcripts between individual samples are consistent 

A potential challenge of using translatome data to interpret gene expression 

changes in a complex model such as human-derived iPSC-differentiated neuronal 

cultures, is the variability that is likely to arise from experimental conditions. To 

examine the consistency of transcript pulldown, the normalised gene counts 

between individual samples were plotted against each other (Figure 5.5). A strong 

positive correlation is seen between C9orf72 patient TRAP samples (Figure 5.5a), 

especially with greater measured counts, with greater variability at lower counts. 

This is likely due to the high incidence of false positives and variation for lower 

counts, most of which at filtered for the final differential expression analysis 

(threshold > 10 counts). Encouragingly, there are generally a proportionally low 

number of outliers. Similar correlations were plotted for control lines from two 

individuals, SFC180 and SFC840. Positive correlations were seen for all samples 

(Figure 5.5c), with most reliable pulldowns seen from cultures originating from the 

same control line (Figure 5.5ciii). Transcript counts between SFC180 and SFC840 

are less reliable than plots between patient lines, which were all from the same 

individual. Red points highlight housekeeping genes GAPDH, ACTB, 

topoisomerase-1 (TOP1) and ATP synthase subunit beta (ATP5B) (Rydbirk et al., 

2016), and motor neuron markers ChAT, Islet-1 (ISL1), beta-III tubulin (TUBB3) and 

neurofilament heavy marker (NEFH). Green points highlight C9orf72 and TARDBP 

normalised transcript counts. These transcripts pulldown consistently between 

samples, demonstrating the reliability of the technique. The relationships between 

TRAP samples and their corresponding transcriptome input fractions were also 

examined (Figure 5.5b, d) to demonstrate the shift in RNA expression profiles 

between the entire transcript pool and actively translated mRNA from ChAT-
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enriched motor neurons. Here, the red points are highlighting motor neuron 

markers: ChAT, ISL1, TUBB3 and NEFH. The green points represent neural 

progenitor markers MNX1 and OLIG2, which would be expected to represent a 

higher proportion in transcriptome input fractions. Plots which do not show this shift 

in markers between TRAP and transcriptome input samples, such as in Figure 5.5b, 

potentially suggest cultures with a high proportion of motor neurons to begin with. 

Finally, the total detected mRNA species both at gene and transcript level was 

examined in all samples, and analysed for overlap to determine if the population 

genes being detected are similar (Figure S8.2). Across all the samples, almost 

20,000 genes and 145,000 transcripts were detected. Significant overlap in genes 

between the C9orf72-TRAP and Control-TRAP samples were detected, with only 

1.5-2.5% unique genes. This was slightly increased at transcript level, with ~10% 

unique genes in each group, but 90% overlap. Notably, TRAP samples from 

C9orf72 ALS or control iPSC-motor neurons overlapped with each other more 

strongly than with the transcriptome input fractions (Figure S8.2). 
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Figure 5.5. The normalised counts of all detected genes from individual TRAP samples 

demonstrates the reproducibility of counts obtained per gene. 
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Figure 5.5. The normalised counts of all detected genes from individual TRAP samples, 

from the same group, were plotted against each other (log2 scale) to examine the 

potential reproducibility of counts obtained per gene, as a measure of the reliability of 

this TRAP method. 
(a) Patient TRAP sample normalised counts were extracted and plotted to look for 

reproducibility between samples (log2 scale). C9orf72 TRAP1 = OXC90202; 

C9orf72 TRAP2 = OXC90202; C9orf72 TRAP3 = OXC90203; C9orf72 TRAP4 

= OXC90203; C9orf72 TRAP5 = OXC90203. Red = GAPDH, ACTB, TOP1, 

ATP5B, ChAT, ISL1, TUBB3, NEFH; green = C9orf72, TARDBP 

(b) Normalised counts from individual patient samples were plotted against their 

respective input fractions, to highlight the difference in transcriptome input and 

translatome profiles for individual genes (log2 scale). Red = ChAT, ISL1, 

TUBB3, NEFH; green = MNX1, OLIG2 

(c) Age-matched control TRAP sample normalised counts were extracted and 

plotted to look for reproducibility between samples (log2 scale). Control TRAP1 

= SFC180; Control TRAP2 = SFC840; Control TRAP3 = SFC840. Red = 

GAPDH, ACTB, TOP1, ATP5B, ChAT, ISL1, TUBB3, NEFH; green = C9orf72, 

TARDBP 

(d) Normalised counts from individual control samples were plotted against their 

respective input fractions, to highlight the difference in transcriptome input and 

translatome profiles for individual genes (log2 scale). Red = ChAT, ISL1, 

TUBB3, NEFH; green = MNX1, OLIG2 
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5.4.4 Exploratory data analysis shows distinct clustering of samples 

Variance stabilising transformation was used to condense the variance of the 

dataset for principal component analysis (PCA). The PCA plot shows the clustering 

of samples along the first principal component (PC1) by transcriptome input and 

TRAP samples, and then further by phenotype, C9orf72 mutation and controls, in 

PC2 (Figure 5.6a). This suggests the potential impact of the TRAP method in pulling 

out distinct translatome profiles to the degree of diminishing the effect of the 

mutation itself compared with age-matched controls. It should also be noted that 

control-TRAP samples from the SFC840 line cluster closer to patient-TRAP 

samples (Figure 5.6a). Specific analysis to obtain statistically significant (adjusted 

p-value < 0.05) differentially expressed genes between C9orf72 and control TRAP 

samples showed that 478 genes were upregulated, and 285 genes were 

downregulated (Figure 5.6b). Differential gene expression between TRAP and 

transcriptome input samples (Figure 5.6b) had several overlapping genes (Figure 

5.6c), suggesting a strong reproducibility of genes expressed at basal level, 

enriched in motor neurons. However, many unique genes were also detected from 

C9orf72 and control iPSC-motor neurons. 645 genes are unique to the C9orf72-

TRAP and control-TRAP comparison. Differential expression analysis between the 

C9orf72-Input and Control-Input transcriptome samples was also performed, but 

yielded very few genes (not shown here). Specifically, only 25 genes were 

upregulated, and 52 genes were downregulated (p-value < 0.05), with no log2 fold 

change thresholds. No targets of interest stood out from this list of significant genes, 

and the list was also too small to perform further downstream analysis, such as 

pathway or network analysis. This is likely due to both a poor read depth in these 
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samples and a lower sample size. As a result, no further in depth analysis of the 

transcriptome is discussed here. 
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Figure 5.6. Exploratory differential gene expression analysis of the translatome. 
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Control-TRAP
vs. Control-Input
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vs. C9orf72-Input
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c

Figure 5.6. Exploratory differential gene expression analysis of the translatome. 
(a) Principal component analysis of normalised translatome dataset, 

following variance stabilising transformation was plotted, resolving 

samples by TRAP experiment and phenotype (C9orf72 vs. control) by the 

first and second principal components, respectively. 

(b) MA plots of normalised gene expression versus the log2 fold change of 

C9orf72-TRAP vs. Control-TRAP (i), C9orf72-TRAP vs. C9orf72-Input (ii) 

and Control-TRAP vs. Control-Input. 

(c) All significant (padj < 0.05) differentially expressed genes were used to 

examine the similarity of three interesting group-wise comparisons. TRAP 

vs. input sample comparisons have a significant gene enrichment 

crossover (i). C9orf72-TRAP and Control-TRAP differential expression 

contrast shows a large number of unique differentially expressed genes 

(ii). 
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5.4.5 TRAP-RNA is enriched for neuronal markers in the motor neuron 

translatome 

With the result that a large number of genes are differentially expressed between 

motor neurons with the C9orf72 mutation and age-matched controls, further 

analysis to examine the expression of genes of interest in motor neurons (Figure 

5.7a-b) and ALS was done (Figure 5.7c). ChAT transcripts are significantly (padj < 

0.032) enriched in C9orf72-TRAP samples compared with transcriptome input 

fractions (Figure 5.7a). Control-TRAP sample enrichment for ChAT were not 

statistically significant, though the overall pattern suggests enrichment compared 

with transcriptome inputs (Figure 5.7a). There was no difference in expression for 

ChAT between the TRAP sample groups. Another marker for mature neurons, 

NEFH (SMI-32) had increased expression in TRAP samples compared with 

transcriptome input samples as well (Figure 5.7a). Islet 1 expression was generally 

the same across all sample types. Unexpectedly, TUBB3 was significantly 

upregulated in transcriptome input samples compared to TRAP samples, 

suggesting a culture-wide expression, rather than being specific to motor neurons 

(Figure 5.7a). OLIG2, a crucial marker during motor neuron differentiation is 

expected to be enriched in progenitors and downregulated in mature motor neurons. 

In this dataset, there is no difference in OLIG2 expression between TRAP and 

transcriptome input samples overall, but a sample pairwise pattern is suggested 

(Figure 5.7b). However, the marker is upregulated in C9orf72-TRAP samples 

compared with age-matched controls (padj < 0.048). Finally, the motor neuron 

marker MNX1 has been shown to express transiently in the iPSC-motor neuron 

cultures grown in this lab, downregulating towards the final days of the 

differentiation. Thus, a downregulation of MNX1 was expected in TRAP samples. 
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Although this result is not statistically significant, the pattern of TPM counts in the 

sample groups does suggest this (Figure 5.7b). Examination of genes found to be 

strongly linked to ALS, though not with C9orf72 pathology, such as FUS and OPTN, 

were not statistically significant, though appeared to be enriched in the motor 

neuron population (Figure 5.7c.). The number of total C9orf72 transcripts appeared 

to be slightly decreased in C9orf72-TRAP samples compared with the other groups. 

RNA-binding protein, TDP-43 protein has been implicated in over 90% of ALS 

cases, familial or sporadic. Transcript levels in iPSC-motor neurons from this patient 

do not appear to differ in TRAP-enriched or total pools of RNA. There is also no 

difference between the patient or control (Figure 5.7c). This is consistent with 

previous results found for TDP-43 expression using immunoblotting for this patient 

line. FUS and OPTN proteins appeared to be somewhat enriched in TRAP samples, 

suggesting mature motor neuron-specific activity, though did not have any 

significant difference between C9orf72 and controls. The patient who donated the 

C9orf72-cell line used in this experiment was diagnosed with both ALS and FTD. 

Therefore, genes linked to FTD were also examined. Ubiquilin 2 (UBQLN2) which, 

along with C9orf72, has been implicated as a gene involved in both ALS and FTD, 

was found to be downregulated overall in TRAP samples (padj < 0.009), though no 

difference between the C9orf72- and control-TRAP samples could be seen (Figure 

5.7c). A striking feature of this result was the consistency of normalised TPM counts 

within the samples. The translatome is predictably more stable than a transcriptome 

profile as it has fewer points of regulation. This was thought to cause fewer issues 

with reproducibility, especially in an iPSC differentiation model, which is prone to 

wide experimental variation. However, a wide range of expression was seen within 

sample groups despite this. Expression of genes thought to be solely involved in 
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the manifestation of FTD: Valosin-containing protein (VCP), charged multivesicular 

body protein 2B (CHMP2B), microtubule-associated protein tau (MAPT) and 

granulin (GRN) were examined. None showed any differential expression between 

C9orf72 and control TRAP samples. 
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Figure 5.7. Normalised gene expression transcripts per million (TPM) counts of marker 

genes from DE analysis. 
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Figure 5.7. Normalised gene expression transcripts per million (TPM) counts of marker 

genes from DE analysis. 
(a) Key mature motor neuron markers. ChAT is enriched in C9orf72-TRAP, 

compared with C9ORF72 (padj < 0.032). TUBB3 (beta-III tubulin) is significantly 

enriched in input samples (padj < 2.37E-05). 

(b) Differentiation markers. OLIG2 was differentially expressed (padj < 0.048) in 

C9orf72-TRAP compared to Control-TRAP samples. 

(c) ALS-linked genes across sample groups. Ubiquilin 2 (UBQLN2) is depleted in 

TRAP samples (padj < 0.009). Other comparisons are not statistically significant, 

but are shown to visualise the patterns of gene expression within the data. 

 

The Wald Test was used to test for significant differences in expression in a normalised 

counts table from DESeq2. 
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5.4.6 C9orf72 patient motor neurons have several differentially expressed 

genes compared with age-matched controls 

With minimal thresholds, 722 genes were significantly (padj < 0.05) differentially 

expressed between C9orf72-TRAP and control-TRAP samples. With a log2 fold 

threshold of < -1.5 or > 1.5 included in the Wald test, 71 (38 upregulated and 33 

downregulated) genes were significantly differentially expressed. Close 

examination of the total misregulated gene families showed several interesting 

gene families to consider in further investigations. 30 members of the zinc finger 

family of proteins were misregulated. 7 members of the TBC1 domain family of 

proteins were upregulated. Genes associated with synaptic activity, syntaxin-6 

(STX6), syntaxin-8 (STX8), synaptotagmin-11 (SYT11) and synaptotagmin-9 

(SYT9) were upregulated. Several solute carrier genes, including SLC17A6 and 

SLC17A7, which are involved the trafficking of glutamate-loaded vesicles, were 

downregulated. A significant misregulation of ribosomal and mitochondrial 

ribosomal genes was seen. Whether this is linked to a translation defect or to the 

exogenous expression of RPL22:c-myc:FLAG is not clear. Several different 

members of this family of genes exist, and it is well known that ribosomal proteins 

regulate the expression of other members. The Rab family of GTPases have 

previously been implicated in neurodegenerative diseases, including the 

downregulation of Rab7L1 leading to defects in exosome release from patients with 

the C9orf72 mutation (Aoki et al., 2017). While expression of this gene was not 

altered, 6 members of the family were misregulated. A gene with the most 

significant increased expression, appearing in all versions of the analysis was 

NPIPA8, a nuclear pore complex-interacting protein. Various genes for ion channel 

subunits were altered, including calcium and potassium (CACNA1E, CACNA1I, 
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KCNA2, KCNG1, KCNJ5) and glutamate receptor (GRIA1, GRIA4 and GRM4). 

Genes linked to calcium homeostasis were seen, including calretinin 2 (CALB2), 

calmodulin 1 and 3 (CALM1, CALM3). Finally, a large number of transcription 

factors and RNA processing genes were differentially expressed in C9orf72-TRAP 

samples compared to controls. A list of the 50 most upregulated and 50 most 

downregulated DE genes can be found in the appendix (Table S8.1, S8.2.). With 

more stringent thresholds applied to the DE analysis (log2 fold change < -1.5 or > 

1.5), genes that persist in DE include SLC17A6, NPIPA8, ZNF558 and a number of 

transcription factors. The normalised expression of some of these genes of interest 

have been given in Figure 5.8. With these gene groups in mind, significant 

differentially expressed genes were used to search for enriched cellular pathways 

and specific molecular functions. 
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Figure 5.8. Normalised gene expression in transcripts per million (TPM) counts of genes of 

interest from DE analysis, grouped by cellular function. 
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Transcription factors and RNA processing

Nuclear pore

Figure 5.8. Normalised gene expression in transcripts per million (TPM) counts of 

significant genes of interest from DE analysis, grouped by cellular function. Padj < 0.05. 
Wald Test was used to test for significant differences in expression in a normalised 

counts table from DESeq2. 
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5.4.7 DNA-binding, transcriptional activity and intracellular vesicle-associated 

genes are significantly enriched in the C9orf72 iPSC-motor neuron translatome 

In order to extract more information about the most significant cellular pathways 

perturbed in motor neurons with the C9orf72 mutation, the most significant genes 

from differential expression analysis were used in pathway analysis. The top 250 

most significant DE genes were used to search for annotated pathways from gene 

ontology (GO) (Figure S8.3). Significant terms (FDR < 0.25) for molecular function 

(MF) obtained, mostly associated with transcription activity, comprising the various 

transcription factors found in analysis (Figure S8.3a). To get a clearer perspective 

on how the differential expression of the genes linked to these pathways are 

affecting cellular activity, fast gene set enrichment analysis (FGSEA) was 

performed. This analysis not only links genes to known pathways, but also 

considers its normalised expression and statistical significance (log2 fold change * 

padj). From this we can also retrieve information regarding the up- or 

downregulation of a particular pathway from subsequent leading edge analysis 

(Figure 5.9). MF GO terms suggest an increase in RNA and chromatin binding gene 

activity (Figure 5.9a). Pathway analysis for biological pathways (BP) suggested an 

accumulation of misregulated genes in pathways linked mitochondrial electron 

transport chain and unusually, forebrain brain development (Figure S8.3b). The 

latter is estimated to have arisen due to the upregulation of transcription factors 

such as VAX1, SIX3 and SOX1, which have been implicated in the differentiation 

of retinal and forebrain neurons. FGSEA eliminated these terms and instead 

showed a significant increase in regulation of pathways for cell cycle and mitosis 

(Figure 5.9b). This is unexpected since the TRAP-RNA from iPSC-motor neurons 

was targeting mature neurons, which should have exited the cell cycle. This may 
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have implications for the true nature of our C9orf72-ChAT-expressing motor 

neurons in culture, though conclusions cannot be made without in-depth validation 

of these gene expression changes via immunostaining, qRT-PCR and 

immunoblotting. Inspection of genes enriched in specific cellular components (CC) 

(Figure S8.3c) suggested the misregulation of GO pathways localised at the 

mitochondrial membrane and other organelle membranes. There was also an 

enrichment for synaptic vesicle membrane, suggesting a role for genes SLC17A6, 

SYT9 and SYT11 (Figure S8.3c). FGSEA did not include any terms linked with 

synaptic activity, instead giving a number of terms linked to cytoskeleton and 

intracellular vesicles, the latter of which was downregulated (Figure 5.9c). A full list 

of genes associated with the GO terms derived from FGSEA can be found in Tables 

S8.3, S8.4 and S8.5. 
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Figure 5.9. Fast gene set enrichment analysis (FGSEA) and leading edge analysis of 

the top 500 most significant genes in the C9orf72 translatome. 

  

Molecular Function
GO Terms

# 
members

# members
in signal

FDR
q-value

FWER
p-value

1 Poly A RNA binding 47 43 0 0.007

2 RNA binding 63 52 0 0.005

3 Chromatin binding 25 22 0.013 0.052

a
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Biological Processes
GO Terms 

# 
members

# 
members 
in signal

FDR
q-value

FWER 
p-value

1 RNA processing 38 31 0.168 0.862

2 Organelle assembly 30 28 0.064 0.475

3
Cellular macromolecular
complex assembly 29 26 0.195 0.938

4 DNA metabolic process 22 18 0.208 0.935

5 Cytoskeleton organization 36 23 0.069 0.139

6 Microtubule based process 25 24 0.063 0.272

7
Microtubule cytoskeleton
organization

23 22 0.073 0.408

8 Cell division 28 22 0.073 0.073

9 Mitotic cell cycle 36 33 0.101 0.266

10 Cell cycle process 44 39 0.076 0.267

11 Cell cycle 52 45 0.066 0.334

12 Mitotic nuclear division 23 22 0.066 0.454

13 Chromosome organization 41 37 0.068 0.422

14 Peptidyl lysine modification 15 14 0.167 0.836

15 Peptidyl amino acid modification 23 23 0.242 0.978

b
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Cellular Components
GO Terms

# 
members

# members 
in signal

FDR
q-value

FWER
p-value

1 Ribonucleoprotein complex 40 33 0.159 0.938

2 Nucleolus 29 20 0 0

3 Transferase complex 15 10 0.023 0.207

4 Catalytic complex 26 15 0.025 0.175

5 Nucleoplasm part 25 21 0.079 0.641

6 Chromosome 36 27 0.092 0.727

7 Membrane region 32 25 0.094 0.141

8 Intracellular vesicle 29 23 0.145 0.111

9 Spindle 22 20 0.027 0.155

10 Cytoskeleton 71 46 0.005 0.019

11 Microtubule cytoskeleton 50 45 0.005 0.012

12 Cytoskeletal part 55 44 0.022 0.106

13 Microtubule organizing centre 35 31 0.022 0.179

14 Centrosome 31 27 0.059 0.49

15 Cilium 18 11 0.091 0.75

16 Microtubule 21 17 0.146 0.911

17 Cell projection part 32 26 0.189 0.973

c
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Figure 5.9. The top 500 most significant genes in the C9orf72 translatome (padj < 0.05) 

were used to explore the gene ontology (GO) terms using fast gene set enrichment 

analysis (FGSEA) and leading edge analysis. The enrichment of specific genes GO 

terms (FDR < 0.25) are given as enrichment plots. See Tables S8.3, S8.4 and S8.5 for 

full genes lists of associated genes. The colouring refers to how the expression of a 

gene has an effect on a particular pathway that it is involved in. Red = positive 

phenotype, blue = negative phenotype. 
(a) Genes enriched to annotated known molecular functions (MF). 

(b) Genes enriched to annotated known biological pathways (BP). 

(c) Genes enriched to annotated known cellular components (CC). 



  220 

5.5 Conclusions 

Next generation sequencing of TRAP-RNA obtained from human iPSC-neuronal 

cultures has previously never been done, and thus is a unique approach to studying 

the perturbed cellular pathways in ALS. The analysis of this RNA sequencing data 

was expected to be challenging due to several potential sources of experimental 

variation which could result in biases in the data. In order to help remove some of 

this bias, the use of synthetic spike-in RNA was employed, and proved highly useful 

in data normalisation (Figure 5.4). Examination of the data at different points in the 

analysis showed that TRAP samples were enriched with mature RNA species 

(Figure 5.3), and ChAT (Figure 5.7). It was possible to estimate the relative 

consistency of RNA pulldown between samples (Figure 5.5), which was shown to 

be reasonable. However, the need to discard two age-matched controls due to 

questionable sample quality made this analysis more difficult to verify. Furthermore, 

despite the separate clustering of sample groups from principal component analysis 

(Figure 5.6a), some doubt may be cast on the close proximity of clustering of 

SFC840 controls to C9orf72 patient-TRAP samples. Only the use of further controls, 

including CRISPR/Cas9-edited lines, can solve whether this is due to a lack of 

sample number, which considerably reduces the power of this experiment, or if at 

translatome level these iPSC-motor neurons are not very different without additional 

perturbation. Despite these observations, there are several differentially expressed 

genes between the C9orf72-TRAP and control-TRAP translatomes. A number of 

genes have been isolated, along with enriched functions from pathway analysis for 

future validation.  
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6 Discussion 

ALS is late-onset neurodegenerative disease with a complex pathology and a 

diverse genetic and sporadic aetiology (Kiernan et al., 2011). Clinical diagnosis 

does not allow a simple stratification by genetics. No effective treatments have yet 

been approved, largely due to a lack of basic mechanistic understanding of the 

molecular pathways which drive disease. The most common mutation linked to ALS, 

the C9orf72 HRE (DeJesus-Hernandez et al., 2011; Renton et al., 2011; Gijselinck 

et al., 2012), overlaps with the clinical syndrome of FTD (Ling et al., 2013). In order 

to understand how early global gene changes in the affected cell type triggers these 

phenotypes, RNA sequencing must be performed in a human model. The 

increasing use of patient-derived iPSC-neuronal models to illustrate robust 

molecular phenotypes that have also been validated in mouse and human post-

mortem tissue, makes this one of the best tools for research of a human disease 

available. However, significant experimental variance has led to the need for 

improved techniques for RNA isolation for sensitive high throughput techniques. 

This DPhil project aimed to generate and optimise a lentiviral TRAP vector to 

harvest mature motor neuron-enriched RNA to characterise translatome profiles 

from our C9orf72 ALS human cultures. 

 

6.1 A TRAP vector for human translatome analysis: main conclusions 

 

6.1.1 Mature mRNA was successfully purified from iPSC-motor neurons 

The aim to use molecular cloning to generate a TRAP vector, containing a 

ubiquitous large ribosomal protein, RPL22 (Bortoluzzi et al., 2001; Sanz et al., 2009; 

Lesiak et al., 2015), fused with a molecular tag and a bicistronic eGFP reporter 
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under a ChAT promoter was successfully achieved (Figure 3.1, 3.5, 3.6). Restriction 

digest reactions and Sanger sequencing of the vector showed that the expected 

insertion of the functional cDNA components into a lentiviral backbone was 

successful. Immunostaining of transduced iPSC-motor neurons with the TRAP 

vector showed the expected localisation of RPL22:c-myc:FLAG in the nucleolus 

and cytoplasm, with ubiquitous cellular expression of the eGFP reporter. This 

showed both the successful expression and targeting of the ribosomal protein to 

endogenous pathways for ribosome manufacture (Shu-Nu et al., 2000), and the 

cleavage of the CHYSEL site to separate eGFP from RPL22:c-myc:FLAG. 

Subsequently, the vector was used to optimise lentiviral transduction into iPSC-

motor neurons, at a later stage of the differentiation protocol. Up to 100% co-

expression of the eGFP reporter and ChAT-expressing motor neurons was 

achieved in age-matched control and patient motor neurons at day 28 of the 

protocol, with no significant cell death (Figure 4.3). However, the isogenic lines were 

more sensitive to transduction, and better expression of the TRAP vector was 

achieved at lower concentrations of lentivirus (Figure 4.3). Multiple steps of the 

protocol, originally adapted from Heiman et al., 2014 and Lesiak et al., 2015, were 

optimised to obtain RNA with a RIN value over 9, and with enough yields (40 ng) to 

perform bulk RNA sequencing, without any PCR amplification steps. This final 

protocol could not obtain enough RNA from the isogenic lines, forcing them to be 

omitted from the experiment. The final RNA sequencing experiment consisted of 

control and patient samples from five differentiations (Table 4.1). Future repetitions 

of this experiment should include these CRISPR/Cas9 controls, by increasing the 

total number of cells used for RNA extraction. 
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Along with the TRAP RNA samples, the same amount of the respective 

transcriptome input samples were submitted for library preparation and sequencing. 

The sequencing facility performed a ribodepletion protocol on the samples followed 

by another step of quality control and RNA quantification. The facility reported back 

that the TRAP samples appeared not to have been depleted of any significant 

amounts of rRNA, while transcriptome input samples were depleted (data not 

shown). Total bulk RNA preparations from cells consists of a mixture of rRNA, 

transfer RNA (tRNA), non-coding RNA species with regulatory roles and a small 

percentage of protein-coding mRNA. Of this pool, rRNA comprises around 80% of 

total RNA. Ribodepletion or polyA tail selection is performed to exclude rRNA which 

would otherwise reduce the sequencing depth of protein coding mRNA, which is of 

greater interest for a transcriptomics experiment. The lack of depletion in the TRAP 

samples showed that selection as a result of ribosomal pulldown had occurred, 

giving proof of the success of the experiment. Furthermore, examination of the 

various species of RNA detected in the total raw reads showed a significant 

depletion of rRNA and intergenic reads in TRAP samples, while enriched for protein 

coding, 3’-UTR sequences and reads mapping to exogenous TRAP vector 

transcripts (Figure 5.3). The two control TRAP samples which appeared to 

resemble their transcriptome inputs were excluded from differential expression 

analysis; no reason could be found for this occurrence. The reproducibility of TRAP 

from a neuronal differentiation model, was confirmed using correlation plots of 

normalised gene counts between individual samples (Figure 5.5). The consistency 

between housekeeping genes and C9orf72 transcript pulldown shows the 

specificity of the pulldown with each experiment. This was particularly striking with 

control samples where pulldown was most consistent between samples from the 
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same control line, compared with a line from a different individual. This stresses the 

importance of using CRISPR/Cas9 edited lines as a true control of identifying 

mutation-specific changes in the translatome. Similar plots between TRAP and 

transcriptome input samples were done to examine enrichment of markers, though 

this was only partially seen. 

 

Collectively these data gave strong evidence to support the success of purifying 

mature mRNA from iPSC-motor neuron cultures with mixed background cells 

compared with total transcriptome input RNA from the same cultures.  

 

6.1.2 Comparison of TRAP and transcriptome profiles is challenging 

Differential expression analysis, comparing TRAP and transcriptome input samples 

was performed to investigate the enrichment of specific motor neuron markers. The 

accuracy of the RNA sequencing experiment was assessed by the use of internal 

synthetic spike-ins (Hardwick et al., 2016). The apparent bias, as demonstrated by 

a lack of correlation between the expected and observed gene fold change in for 

the sequins, was somewhat corrected for (Figure 5.4) (Wong et al., 2017). Overall, 

the generalised linear model (GLM) constructed using DESeq2 (Love et al., 2014), 

accounted for the sequins correction, lane distribution of the samples and samples 

type (i.e. C9orf72-TRAP, control-TRAP, C9orf72-input or control-input). A GLM is 

modelled on a binomial distribution, which is thought to best represent the 

distribution of gene counts and gene-level variants which may be detected in a 

given RNA sequencing experiment (Love et al., 2014). This model takes an average 

of the number of gene counts per sample in a group and adjusts the fit of the model 

based on variance or dispersion factors. This was an imperfect model due to the 
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missing criteria of differentiation date, as being a potential source of experimental 

variation. This was chosen to be omitted from the final analysis to avoid over-

correcting the data, where lane and sequins correction were already crucial. 

Altering the fit of a GLM with too many factors is often likely to adjust the normalised 

count estimates for genes, which may not give a true result, and alter the 

significance of a comparative test. Arguably, the differentiation factor, as a source 

of variance is being corrected for by the TRAP method itself, and thus is less 

consequential than sequins, which can be visibly seen to have disparity within the 

data. Further, the arrangement of samples within the lanes was not ideal, as some 

samples from the same group were not well distributed between different 

experimental lanes. This may cause a bias in the data where the comparison of 

sample groups which were processed in separate flow cell reactions directly causes 

differential expression, which cannot be detected unless varied. This should be 

altered in all future RNA sequencing plans. However, the correction of lanes was 

crucial to account for the differences in sequencing depth seen between TRAP and 

transcriptome input samples. As described, due to different results from the 

ribodepletion library preparation, the RNA pools sequenced for each sample type 

were distinctly different. The sequencing of the transcriptome input fractions was 

crucial for this experiment. As a novel technique, TRAP of RNA from iPSC-motor 

neurons needed to establish that mature mRNA were enriched from total RNA. 

Using differential expression analysis, it could be shown that ChAT and SMI-32 

markers were enriched in patient and control TRAP samples (Figure 5.7). However, 

the enrichment of other markers, TUBB3, MNX1 and ISL1 were not seen. A 

comprehensive study of the markers expressed in this model, using 

immunocytochemistry, shows that Islet 1 expression does not always co-express 
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with ChAT-positive neurons (Dafinca et al., 2016). This suggests a reason for the 

broad range of counts detected for Islet 1 in different samples, including the 

equivalent transcriptome inputs (Figure 5.7). Though MNX1 (HB9) is a robust 

marker for motor neurons, our cultures seem to downregulate the gene by day 28 

of the differentiation, peaking at around day 24 (unpublished). TUBB3 is depleted 

in the TRAP samples, suggesting a high expression of neurons in our culture 

without motor neuron identity, as a pan-neuronal marker. Additionally, OLIG2 is 

expected to be downregulated in mature motor neurons, and this is not significant 

on average, but potentially is significant if compared pairwise across samples 

(Figure 5.7). Finally, differences seen from the analysis of the percentage of reads 

mapping to various transcriptomic RNAs (Figure 5.2, 5.3), % GC content and 

duplication rate, suggest an increased library complexity of the transcriptome input 

samples. These patterns in the data may also support the hypothesis that 

transcriptome input samples are not the ideal control for quantifying enrichment. A 

better comparison may be obtained by purifying TRAP RNA following transduction 

with the hUbC:TRAP vector. This would allow sequencing of the translatome of all 

the cells in culture, giving a control at the point of library preparation and negating 

the need for immense sequencing depth correction during analysis. Transcriptome 

input RNA from total brain homogenate tissue in mouse TRAP experiments have 

previously been performed, though how these studies corrected for these 

differences was not described (Doyle et al., 2008). The enrichment of ChAT and 

RPL22:c-myc:FLAG transcripts were validated prior to sequencing (Figure 4.8). 

Further validation of significant hits has not been done in the course of this DPhil 

project, but should be carried out for future studies to confirm the accuracy of this 

analysis. Quantitative-RT-PCR should be used for this. 
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6.2 DE analysis between C9orf72 patient and control translatomes reveal disease-

relevant targets 

6.2.1 Genes associated with synaptic transmission are misregulated 

Examination of the 722 differentially expressed genes between the C9orf72-TRAP 

and control-TRAP samples revealed a number of hits with potential links to 

pathways which have been linked to C9orf72 ALS, and should be validated in vitro. 

In particular, misregulated genes associated with calcium modulation and 

homeostasis, expression of glutamate receptor subunits and synaptic transmission 

were recognised as points for further examination (Figure 5.8). Calcium 

concentration between intra- and extracellular regions has a ratio of around 1:1000 

to 1:10,000. This gradient must be cautiously maintained to ensure the ability of a 

cell to respond to transient calcium ion signals (Kirberger et al., 2017), regulated by 

several proteins, including the calmodulin and calretinin family of calcium binding 

proteins (Kirberger et al., 2017). In neurons these influxes of calcium from the 

extracellular space are often triggered by action potentials or ion channel receptor 

agonists. The influx of calcium activates signal transduction pathways, where the 

binding of free calcium ions to proteins, such as calmodulin causes this protein to 

alter its conformation and allow its binding to protein kinases, like calmodulin-

dependant protein kinases (CaMK) (Kirberger et al., 2017). CaMKs are then 

activated, and via phosphorylation reactions alters the activity of further 

downstream proteins, eventually resulting in modulatory effects on transcription 

factors, which may alter gene expression in response to the original trigger 

(Corcoran and Means, 2001). Therefore, the maintenance of the required levels of 

calmodulin is crucial to maintaining this balance in a highly optimised transduction 
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pathway (Kool et al., 2019). CALM1 and CALM3 have increased expression in 

C9orf72-TRAP samples. This may suggest that during the receipt of a Ca

2+

 signal, 

an increased amount of CaMK proteins are activated, potentially triggering an 

exaggerated inhibition or activation of downstream pathways, such as 

neurotransmitter release at the synapse (Colbran and Brown, 2004). Calmodulin 

and calretinin (CALB2) (also upregulated in translatome data) are well known to 

localise at the synapse, with roles in modulating NMDA receptors and calcium-

gated voltage channels, respectively (Camp and Wijesinghe, 2009; Iacobucci and 

Popescu, 2017). A study has shown that calretinin is downregulated in a SOD1G93A

 

model of ALS, opposing this result (Clark et al., 2017). However, a recent paper 

has also shown that although similar pathways may be misregulated due to different 

ALS mutations (Bursch et al., 2019), the specific targets affected vary considerably, 

potentially making this finding significant as C9orf72-specific defect. Finally, the 

downregulation of MICU3, a mitochondrial calcium buffering uniporter was 

decreased in expression, suggesting a deficit in removal of free calcium from the 

cytoplasm, consistent with calcium imaging studies in C9orf72 ALS patient iPSC-

motor neurons, by this group (Dafinca et al., 2016). Furthermore, differential 

expression of other MICU proteins were not seen. MICU3 is known to be a neuronal 

tissue-specific protein, substantiating the motor neuron specificity using TRAP 

(Patron et al., 2019). 

 

The expression of glutamate receptor subunit transcript, GRIA4, coding for a 

glutamate receptor AMPA (GluA4) receptor subunit was significantly reduced along 

with glutamate metabotropic receptor 4 (GRM4) (Figure 5.8). These genes play a 

role in synaptic transmission, suggesting that these neurons may present a reduced 
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capacity for signal transduction via these receptors. This was also accompanied by 

a downregulation of glutamate vesicle transporters. Expression of various 

glutamate receptor subunits in C9orf72 ALS iPSC-motor neurons has previously 

been characterised (Selvaraj et al., 2018). This study found different glutamate 

subunit transcripts to be upregulated in their cultures, hypothesising a mechanism 

for glutamate excitotoxicity. Though contradictory, it is not straightforward to 

compare these studies as they use different protocols for differentiation and harvest 

RNA at different stages. These results may represent the RNA profile of motor 

neurons at different relative ages, potentially suggesting a significant shift in 

receptor expression during disease progression. This requires further 

characterisation of alterations in glutamate receptor expression in our model. 

Increased expression of genes, SYT9 and SYT11, STX8 and dupαt (CHRFAM7A), 

with direct roles at the synapse is seen (Figure 5.8) (Shin et al., 2004; Wang et al., 

2015). CHRFAM7A encodes an acetylcholine receptor (AChR) subunit, which 

interacts with the receptor at the synaptic membrane, causing inhibition of function, 

as a mechanism for functional regulation (Sinkus et al., 2016). This increase in 

dupαt could be construed as a mechanism for reduced synaptic transmission of 

these motor neurons. 

 

The synaptotagmin family of proteins have a role in synaptic vesicular trafficking, 

co-localising to the SNARE complex (Adolfsen and Littleton, 2001). They can be 

grouped as being modulated by calcium or not. Syt-11 is thought to have a link to 

Parkinson’s disease, as an interactor of parkin (Wang et al., 2018). It has also been 

found as an inhibitor of endocytosis in neurons, by interacting with clathrin-mediated 

vesicles (Wang et al., 2015). This increase in SYT11 was also seen in other RNA 
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sequencing data from this lab; from bulk and FACS-sorted C9orf72 ALS iPSC-

motor neurons and from bulk spinal muscular atrophy data (unpublished). Unlike 

Syt-11, Syt-9 is mediated by Ca

2+

 (Shin et al., 2004), suggesting its differential 

expression may be linked to the calcium phenotypes already seen for this model 

(Dafinca et al., 2016). Finally, STX8, another player in SNARE complex dynamics 

was upregulated in C9orf72-TRAP samples. A role for this protein has been 

implicated in cystic fibrosis, though not neurodegeneration, with a function in early 

endosomal trafficking (Sabirzhanova et al., 2018). 

 

As some of the most significant hits found from the differential expression analysis 

between C9orf72-TRAP and control-TRAP translatomes, the above genes are 

suggested as targets for in vitro validation by qRT-PCR in TRAP samples from the 

C90202 and C90203 patient lines that were used in this project. Examination in 

other C9orf72 ALS iPSC lines used by this group is also suggested, prior to 

performing further high throughput analysis. Further discussion of biological 

validation studies for this project are given in section 6.5. 

 

6.2.2 Discrepancies with other C9orf72 ALS research  

The existence of a vast amount of prior research in the C9orf72 field provided a 

good starting point for looking for significant hits within the final translatome data. 

However, differentially expressed targets matching patterns seen in the literature 

for C9orf72 RNA sequencing data were mostly lacking. No differentially expressed 

targets consistent with nucleocytoplasmic transport defects, such as RanGAP1, or 

other nuclear pore complex members from other studies were found. The only 

protein with a link was NPIPA8, but no literature regarding the function of this gene 
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exists. A slight decrease in the expression of total C9orf72 transcripts was observed, 

consistent with prior work, though this was not significant (DeJesus-Hernandez et 

al., 2011). Examination of the Rab family of GTPases showed a misregulation for 6 

transcripts, though none were the subtypes previously implicated in ALS (Chua and 

Tang, 2015; Aoki et al., 2017). 

 

One of the most significant GO terms revealed through fast gene set enrichment 

analysis was RNA binding (Figure 5.9). This is correlated with the large number of 

transcription factors that were differentially expressed (Table S8.3). A subset are 

given in Figure 5.8. This is expected in C9orf72 ALS, where the non-specific 

sequestration of RNA-binding proteins, such as hnRNPA, are likely to have 

downstream effects on the expression their various targets (D’Ambrogio et al., 

2009; Mori et al., 2013b; Cooper-Knock et al., 2014; Romano et al., 2014). Two 

unusual transcription factors seen were, SOX1 and VAX1, which have roles in early 

development of cortical neurons and specification of forebrain neurons, respectively 

(Hallonet et al., 1999; Elkouris et al., 2012). The presence of this factor in our patient 

cultures should be examined. The expression of lineage-determining transcription 

factors in differentiating cellular cultures may not be as strictly regulated as in 

developing tissue, but their higher expression in patient neurons may suggest a 

slight difference in age or rate of differentiation compared with control motor 

neurons. 

 

Some GO terms, like Spindle and Mitotic cell cycle suggest that these patient ChAT-

positive motor neurons are not fully developed. Further optimisation of our motor 

neuron differentiation protocol to obtain longer-living neurons may improve this 
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feature. The presence of these GO terms may also suggest an inherent stress in 

the patient cultures, such as re-entry into cell cycle for apoptosis, which stimulates 

the expression of genes involved in such processes. This is a cell culture-specific 

issue, but it is overwhelmingly significant compared with other GO terms, which still 

appear to be too subtle, but may be more crucial for elucidating the underlying 

C9orf72 ALS cellular translatome. 

 

6.3 iPSC-motor neurons are a challenging model for transcriptomic analysis 

The differentiation protocol optimised by the Oxford group, relies on monolayer 

expansion of neuronal progenitors, induced to this lineage from iPSCs and finally 

passaged with the addition of retinoic acid, SAG and DAPT-enriched growth media 

to induce the emergence of mature motor neurons by 25-30 days of culture. The 

iPSCs are derived from different individuals including, ALS patients, age-matched 

control donors and CRISPR/Cas9-edited lines with the C9orf72 HRE removed. 

Each of these lines have been observed to differentiate with modest variation 

resulting in different rates of proliferation at iPSC and early neuronal progenitor 

stages. This includes the quality between passages and potential somatic 

mutations arising from overuse of a batch. The TRAP vector method was developed 

as a means of removing this variation and to control for differences in transient gene 

expression, which is negated by a translatome profile, rather than total gene 

expression, which is likely to be more unstable. The translatome only captures 

actively translating ribosomes, with some contamination from inactive ribosomes, 

which may sequestered at stress granules or P-bodies. On the other hand, the 

transcriptome has several more points for variation, including active transcription, 

similarly sequestered RNAs, small non-coding RNAs and rRNAs. This hypothetical 
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reduced complexity is somewhat captured in our translatome, as can be seen from 

the PCA plot showing clear distinctions between sample groups, but still shows 

variation between samples harvest on different dates and cultures. 

 

6.3.1 Increased sample sizes and better controls would improve power 

This translatome data is unlikely be strong enough to use for comprehensive 

analysis of the C9orf72 ALS RNA profile. The lack of CRISPR/Cas9 controls and 

more patient lines reduces the power of a group-wise comparison in DE analysis. 

Repetition with more patient lines and isogenic controls is necessary. The use of 

age-matched controls is no longer justified as genetic background is likely to play a 

significant role in affecting the culture and translatome. This is immediately seen 

from principal component analysis of our data where the control sample from 

SFC180 is closer in overall profile to the transcriptome input fractions than the 

SFC840-TRAP samples (Figure 5.6). This is especially striking as there is a clear 

grouping of the samples based on the effect of the TRAP experiment itself in PC1, 

followed by genotype in PC2. The power of this RNA sequencing experiment was 

also reduced by the need to discard two control samples. Far less variability is seen 

in TRAP experiments performed in mice, where littermates are almost clones of 

each other, controlling for variability in CNS development, and later experimental 

variance (Doyle et al., 2008; Sun et al., 2015). An overall low success rate was 

achieved in obtaining enough, high quality RNA from the final TRAP protocol in this 

project (Table 4.1). Additional optimisation can be performed to improve this. 
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6.3.2 Improvements to the protocol may improve RNA yields 

In accordance with results observed from this project, the following to the alterations 

to the TRAP protocol are suggested. Firstly, doubling the total number of cells for 

TRAP pulldown is recommended, in addition to improving the rate of successful 

lentiviral transduction. Generating stable iPSC lines with the TRAP construct 

genetically engineered into the host genome would improve consistently, but greatly 

reduces the versatility of the technique. Secondly, optimising the ribosomal protein 

best suited for TRAP harvests from human motor neurons could be done. Screens 

examining the expression of RPL22 as the ideal pulldown tether from polysomes 

have not been confirmed, rather estimated as a good candidate based on previous 

studies (Lesiak et al., 2015). Here, the localisation of RPL22 in expected cellular 

compartments is seen, though polysome isolation via sucrose gradient 

centrifugation and subsequent staining of RPL22:c-myc:FLAG was not done due to 

insufficient yields from cultures, giving no absorbance signals for polysomes (data 

not shown) (Sanz et al., 2009; Faye et al., 2014). Repetition of experiment, possibly 

in HEK293-T cells, using hUbC:TRAP lentivirus, could be done to confirm 

incorporation of tagged ribosomal protein into polysomes. 

 

6.4 TRAP has wide potential for other human models and co-cultures  

The motor neurons grown in this lab do not show any differences in ability to 

differentiate between genotype (Dafinca et al., 2016). Without additional stress 

applied, they do not show denervation or branching defect phenotypes, however 

they can only be kept in culture for up to 30 days. Improving the longevity of the 

cultures may allow us to characterise such phenotypes better. Human iPSC 

differentiation models exist where authors have successfully shown that it is 
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possible to age a culture over time with differences in control and patients (Fujimori 

et al., 2018). Time course experiments using TRAP at pre- and post-defect stages 

may provide clearer insight into the translatome changes. Furthermore, evidence of 

glia being an important contributing factor in ALS is becoming more apparent 

(Meyer et al., 2014; Lall and Baloh, 2017; Varcianna et al., 2019). Using co-cultures 

with glia and motor neurons containing an ALS mutation, and performing TRAP in 

parallel could be a powerful way of determining the order of molecular pathway 

changes which leads to specific cellular phenotypes. 

 

6.4.1 TRAP as a tool in drug screening 

Determining the subtle differences between patient and control motor neurons in 

culture is quite challenging, especially due to similarities in basal translatome 

profiles. Treatment of cultures with drugs could be highly useful in validating short 

term perturbations to patient iPSC-motor neurons. Cell culture treatments are much 

more likely to have a dramatic effect on the translatome, which responds 

immediately to environmental stimuli. Using ASOs, targeting the C9orf72 transcript, 

would be a highly useful tool in combination with TRAP, to validate whether the 

knockdown of HRE-containing transcripts would be a viable method for C9orf72 

ALS treatment. TRAP could be used to examine how quickly the translatome is 

altered by downstream effects of C9orf72-knockdown, and whether this is mirrored 

in the translatome profile of isogenic controls. This can be done over a time course 

following treatment to examine how long drug effects are sustained. In such studies, 

keeping the consistency of experimental conditions is crucial to validation with RNA 

sequencing.  
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6.5 Future directions 

Future work stemming from this project should initially focus on replicating the RNA 

sequencing experiment, with the suggested modifications and validation to 

generate a more powerful dataset. More in depth analysis of translatome data 

should include examination of alternatively spliced transcript variants in C9orf72 

patients. This will provide a better platform for comparison with other publicly 

available data concerning motor neuron gene expression. It is also of strong interest 

to perform proteomic data analysis of iPSC-motor neurons in order to correlate 

differences with bulk RNA sequencing data readily available in our group, and with 

TRAP translatome data. These datasets together will provide a strong method of 

observing differences in gene expression from immature to mature RNA transcripts 

and at protein level, allowing us to make estimates about regulatory pathways that 

are crucial in C9orf72 ALS. This may also provide clues about the best kind of 

pathways to target in a potential therapy, with our human motor neurons as a 

powerful tool for validation. Further biological validation of the hits found in the 

translatome dataset may be performed in our iPSC-motor neurons. Several of the 

targets have known functions in calcium regulation. For example, overexpression 

of the calcium modulator, MICU3, in patient lines could be done to examine potential 

correction of calcium homeostasis defects previously found in this group (Dafinca 

et al., 2016). In addition, corrections of glutamate receptor subunit expression in 

mature iPSC-motor neurons could be done to look at the effect of responses to 

glutamate using electrophysiology techniques. These overexpression or 

knockdown studies may be validated by qRT-PCR and western blotting. The 

available C9orf72 mouse models may also be utilised to examine potential 

similaries in gene expression changes using a combination of histological staining 
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and western blotting. This may give us an idea of whether the targets determined 

from the human translatome correlate with a model with a controlled genetic 

background. It may also signify the importance of varied genetic backgrounds in 

causing the disease. This may be more clearly investigated from more powerful 

RNA sequencing experiments using larger sample sizes of patient lines with the 

C9orf72 HRE. Finally, the validation of targets in post-mortem human spinal cord 

and motor cortex tissue would crucial to determining altered gene expression in 

affected individuals. Immunoblotting and immunohistochemistry in brain regions 

unaffected in ALS could also be performed to examine whether these changes are 

disease-specific, or an artefact of ageing. 

 

6.6 Closing statements 

This DPhil project has generated a versatile TRAP vector to purify RNA from human 

ChAT-enriched iPSC-motor neurons, a C9orf72 ALS model recapitulating many 

molecular and cellular pathological phenotypes observed through numerous 

studies. The optimisation of this technique and validation via an RNA sequencing 

experiment has shown its potential as a powerful tool in several areas of 

neurodegeneration research. 
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Figure S8.1. Alignment of predicted promoter regions, MChAT and RChAT for TRAP 

construct to the human ChAT locus. 
The sequences of MChAT and RChAT promoter isoforms, as given by Genecopoeia, 

were submitted to a Basic Local Alignment Search Tool (BLAST) search on 

www.ensembl.org. The alignment was done on the GRCh38 human genome build. 

The sequences were identified as aligning to the human ChAT locus, as given above 

in an automatically generated annotated diagram. Both isoforms overlap with the 

regulatory/ promoter regions at the human ChAT locus. 
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Figure S8.2. Overlap of total genes or transcripts detected in RNA sequencing experiment 

between TRAP and transcriptome input sample groups. 
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Figure S8.2. Venn diagrams showing the overlap of total genes or transcripts 

detected in RNA sequencing experiment between TRAP and transcriptome input 

sample groups. Count tables of total detected genes (a) or transcripts (b) with TRAP 

and transcriptome input sample groups were filtered for rows with at least 10 or more 

counts, and sequins were redacted. 
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Table S8.1. 50 genes with highest log2 fold change in expression, upregulated in 

differential expression analysis, comparing C9orf72-TRAP and Control-TRAP samples. 

 

C9orf72-TRAP vs. Control-TRAP Top log2 Fold Change Genes
Gene Name Ensembl base Mean log2 Fold Change p-adj
TBC1D3E ENSG00000278599 264.53 10.33 1.40E-18
TBC1D3K ENSG00000273513 48.65 9.63 2.60E-10

VAX1 ENSG00000148704 170.15 8.50 1.22E-04
FEZF1 ENSG00000128610 41.35 8.44 4.84E-03
NR2E1 ENSG00000112333 312.47 7.27 9.75E-05
LHX2 ENSG00000106689 45.80 7.19 1.13E-04

FOXG1 ENSG00000176165 111.71 7.16 1.26E-02
SIX3 ENSG00000138083 58.56 7.15 6.59E-05
RAX ENSG00000134438 52.26 7.12 3.74E-02

FEZF2 ENSG00000153266 168.78 6.79 5.70E-09
TPTE ENSG00000274391 141.15 6.62 4.30E-02
SIX6 ENSG00000184302 34.79 6.00 2.22E-05

ZNF248 ENSG00000198105 265.80 5.64 1.59E-12
TBC1D3C ENSG00000278299 79.59 5.25 9.62E-13
NPIPA8 ENSG00000214940 298.74 5.20 2.59E-27
CHST9 ENSG00000154080 659.25 4.42 1.91E-09
FERD3L ENSG00000146618 19.29 4.23 9.18E-03
OLIG2 ENSG00000205927 790.98 4.20 4.79E-02

PTPRN2 ENSG00000155093 399.73 4.03 7.09E-06
F8A3 ENSG00000277150 15.82 4.03 3.74E-02

ANKRD63 ENSG00000230778 38.20 3.94 1.35E-03
TEK ENSG00000120156 43.29 3.91 1.29E-02

WNT7B ENSG00000188064 51.66 3.82 2.97E-02
SOX14 ENSG00000168875 25.19 3.59 2.43E-02
ITPR3 ENSG00000096433 844.61 3.53 3.73E-02

NKX2-2 ENSG00000125820 80.69 3.40 3.03E-04
EIF2S3L ENSG00000180574 12.59 3.36 8.80E-03
CTXN3 ENSG00000205279 108.77 3.33 5.92E-03
AJAP1 ENSG00000196581 342.76 3.30 1.01E-21
CBS ENSG00000274276 1074.82 3.26 6.12E-04

GOLGA8K ENSG00000249931 98.90 3.12 2.48E-03
TUBB8 ENSG00000261456 80.47 3.10 2.83E-03

FAM50B ENSG00000145945 30.97 3.07 2.08E-04
CALB2 ENSG00000172137 17.11 3.01 3.52E-02

GOLGA8T ENSG00000261247 77.42 2.92 4.86E-02
STEAP1B ENSG00000105889 13.47 2.86 3.92E-02

RSPH10B2 ENSG00000169402 134.38 2.83 1.96E-02
ATP1A2 ENSG00000018625 56.08 2.80 9.03E-03
SOX1 ENSG00000182968 565.80 2.79 4.11E-10

EFCC1 ENSG00000114654 284.06 2.66 7.50E-05
CCDC37 ENSG00000163885 58.77 2.66 3.66E-02

ELF4 ENSG00000102034 413.52 2.62 3.53E-03
TCERG1L ENSG00000176769 224.00 2.60 1.72E-02
PCDH18 ENSG00000189184 1772.11 2.50 3.25E-05

STON1-GTF2A1L ENSG00000068781 122.13 2.49 3.19E-03
MMRN1 ENSG00000138722 86.12 2.49 3.25E-05

CCDC169-SOHLH2 ENSG00000250709 102.63 2.48 2.15E-02
NUTM2E ENSG00000228570 27.50 2.45 3.86E-02

DNAI1 ENSG00000122735 222.05 2.38 2.72E-02
TCF7L2 ENSG00000148737 644.81 2.33 3.71E-04
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Table S8.2. 50 genes with lowest log2 fold change in expression, downregulated in 

differential expression analysis, comparing C9orf72-TRAP and Control-TRAP samples. 

  

C9orf72-TRAP vs. Control-TRAP Bottom log2 Fold Change Genes
Gene Name Ensembl base Mean log2 Fold Change p-adj
HIST1H3D ENSG00000197409 34.09 -14.96 2.37E-03

NA ENSG00000283299 25.18 -12.57 4.79E-02
VIP ENSG00000146469 18.71 -6.49 1.44E-02

CYP24A1 ENSG00000019186 59.27 -6.03 9.29E-03
HAND2 ENSG00000164107 128.06 -5.75 1.29E-02

KIAA0226L ENSG00000102445 95.12 -4.46 1.22E-04
MINOS1-NBL1 ENSG00000270136 37.62 -4.44 3.52E-02

PAX7 ENSG00000009709 87.92 -4.39 1.80E-03
FOXD3 ENSG00000187140 31.85 -4.30 1.13E-02
POU4F1 ENSG00000152192 84.05 -4.13 7.24E-06
SLC17A6 ENSG00000091664 16.41 -3.86 5.14E-04

TLX2 ENSG00000115297 201.43 -3.72 5.82E-04
TLR7 ENSG00000196664 37.68 -3.69 1.17E-04
INSC ENSG00000188487 48.74 -3.57 1.13E-02

TSPYL5 ENSG00000180543 84.09 -3.54 3.91E-04
POSTN ENSG00000133110 289.40 -3.52 1.08E-03
MT-ND1 ENSG00000198888 20.04 -3.47 1.77E-03
SHOX2 ENSG00000168779 162.94 -3.43 2.56E-03
MT-CO3 ENSG00000198938 92.95 -3.39 6.26E-04

HR ENSG00000168453 24.84 -3.32 9.32E-03
TBX18 ENSG00000112837 16.07 -3.26 7.76E-03

MT-ND5 ENSG00000198786 49.73 -3.25 2.27E-04
TAC3 ENSG00000166863 35.41 -3.14 8.73E-03
HMX1 ENSG00000215612 92.03 -3.13 9.41E-04

MT-ND4 ENSG00000198886 37.47 -3.13 2.52E-04
ANKRD20A4 ENSG00000172014 234.41 -3.11 6.15E-05

DRGX ENSG00000165606 114.11 -3.10 5.65E-04
TFAP2A ENSG00000137203 36.59 -3.02 1.36E-02
CDH19 ENSG00000071991 25.59 -3.01 2.30E-02
MT-CYB ENSG00000198727 42.37 -3.00 2.04E-03
MT-ND2 ENSG00000198763 23.16 -2.94 4.93E-03
HTR3A ENSG00000166736 39.77 -2.87 1.73E-02
ZNF559 ENSG00000188321 260.52 -2.83 6.72E-04
UNCX ENSG00000164853 51.16 -2.77 1.06E-02
HEYL ENSG00000163909 151.33 -2.73 1.08E-02

MT-ATP6 ENSG00000198899 19.58 -2.72 1.79E-02
MTRNR2L12 ENSG00000269028 112.87 -2.70 3.49E-02

MPZ ENSG00000158887 41.97 -2.69 1.65E-02
ADGRF4 ENSG00000153294 42.81 -2.64 2.80E-02
PPEF2 ENSG00000156194 92204.16 -2.59 9.13E-07

MT-CO2 ENSG00000198712 40.25 -2.59 4.14E-03
MYO7B ENSG00000169994 14.39 -2.58 1.55E-02
MT-CO1 ENSG00000198804 266.31 -2.57 5.38E-03
ERBB3 ENSG00000065361 66.89 -2.55 9.06E-05

CAT ENSG00000121691 169.51 -2.54 1.53E-02
SEMA3G ENSG00000010319 37.94 -2.50 2.12E-02
PAMR1 ENSG00000149090 164.15 -2.48 4.05E-02
DQX1 ENSG00000144045 112.91 -2.47 8.35E-03
TBX1 ENSG00000184058 25.29 -2.46 2.76E-02

ZNF558 ENSG00000167785 282.40 -2.44 8.91E-09
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Figure S8.3. The top 250 most significant genes from differential expression analysis 

comparing C9orf72-TRAP and Control-TRAP samples were used to explore the 

gene ontology (GO) terms associated with them. 

 

  

GO term MF; description – 250 most significant genes (padj < 0.05) p-value FDR q-value

GO:0001228; DNA-binding transcription activator activity, RNA polymerase II-
specific 2.05E-06 9.29E-03

GO:0001222; transcription corepressor binding 3.37E-05 7.65E-02

GO:0000976; transcription regulatory region sequence-specific DNA binding 7.90E-05 1.19E-01

GO:0043565; sequence-specific DNA binding 9.89E-05 1.12E-01

GO:0003690; double-stranded DNA binding 1.27E-04 1.16E-01

GO:1990837; sequence-specific double-stranded DNA binding 1.89E-04 1.43E-01

GO:0044212; transcription regulatory region DNA binding 2.16E-04 1.40E-01

GO:0001067; regulatory region nucleic acid binding 2.20E-04 1.25E-01

GO:0000977; RNA polymerase II regulatory region sequence-specific DNA binding 2.43E-04 1.22E-01

GO:0001012; RNA polymerase II regulatory region DNA binding 2.72E-04 1.23E-01

GO:0000981; DNA-binding transcription factor activity, RNA polymerase II-specific 4.21E-04 1.74E-01

GO:0003676; nucleic acid binding 5.06E-04 1.91E-01

GO:0051020; GTPase binding 6.31E-04 2.20E-01

a
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GO term BP; description – 250 most significant genes
(padj < 0.05) P-value FDR q-value

GO:0015988; energy coupled proton transmembrane transport, 
against electrochemical gradient 8.55E-06 1.31E-01

GO:0015990; electron transport coupled proton transport 8.55E-06 6.53E-02

GO:0021797; forebrain anterior/posterior pattern specification 8.55E-06 4.35E-02

GO:0022904; respiratory electron transport chain 2.81E-05 1.07E-01

GO:0030182; neuron differentiation 7.31E-05 2.23E-01

b
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GO term CC; description – 250 most significant
genes (padj < 0.05) P-value FDR q-value

GO:0044424; intracellular part 3.40E-06 6.62E-03

GO:0098803; respiratory chain complex 6.27E-06 6.12E-03

GO:0005743; mitochondrial inner membrane 9.67E-05 6.29E-02

GO:0019866; organelle inner membrane 2.89E-04 1.41E-01

GO:0070069; cytochrome complex 5.09E-04 1.98E-01

GO:0030285; integral component of synaptic vesicle
membrane 6.60E-04 2.15E-01

GO:0098800; inner mitochondrial membrane protein
complex 9.72E-04 2.71E-01

c

Figure S8.3. The top 250 most significant genes (padj < 0.05) from differential 

expression analysis comparing C9orf72-TRAP and Control-TRAP samples were 

used to explore the gene ontology (GO) terms associated with them. GO terms 

for molecular function are listed with the likelihood of enrichment and false 

discovery rate (FDR). False discovery rates (FDR) of 0.25 were kept as threshold 

for positive results, where at least a 3 in 4 probability of a term being correct is 

estimated, rather than occurring by chance, as calculated by the Benjamini-

Hochberg procedure. The relationship between these terms are given in terms of 

a network for genes associated with a molecular function (MF) (a), biological 

pathway (BP) (b) or cellular component (CC) (c). 
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Table S8.3. List of genes associated with fast gene set enrichment analysis (FGSEA) 

gene ontology terms for molecular function. 

 

FGSEA: Gene Ontology Molecular Function

Chromatin binding Poly A RNA binding RNA binding
CENPF HDGF HDGF
HMGN2 HMGB3 HMGB3
JARID2 HMGN2 HMGN2
NKX2-2 HNRNPAB HNRNPAB
NKX6-1 RPL3 POLR2D
SMARCB1 RPL19 PPP5C
SP3 RPL23A QARS

WHSC1 RPS8 RPL3
PCGF2 RPS25 RPL19
NELFE RPS27 RPL23A
SOX14 SNRPD2 RPL38
LHX2 CCT3 RPL41
SETDB1 NELFE RPS8
RUVBL2 EIF3G RPS25
VAX1 H1FX SNRPD2
MBD3 QKI CCT3
PHF12 RBM8A NELFE
NCOA5 HNRNPDL EIF3G
PYGO2 DDX39A H1FX
PHF21B RPL35 LRRFIP1
RNF168 PDAP1 QKI
APITD1 RALY RBM8A

ZC3H7B HNRNPDL
ZNF346 DDX39A
LSM3 RPL35
RRP7A PDAP1
RBM15B RALY
MRPS7 ZC3H7B
NUSAP1 ZNF346
SF3B6 LSM3
ALKBH5 RRP7A
MRPL20 RBM15B
NCOA5 MRPS7
NUCKS1 NUSAP1
MRPS15 SF3B6
RBM42 LSM7
ISG20L2 ALKBH5
ZCCHC7 MRPL20
C7orf50 RBM23
CCDC124 RNPC3
C1orf131 NCOA5
RC3H1 NUCKS1
MEX3D MRPS15

RBM42
ISG20L2
ZCCHC7
C7orf50
CCDC124
C1orf131
DIS3L2
RC3H1
KHDRBS2
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Table S8.4. List of genes associated with fast gene set enrichment analysis (FGSEA) 

gene ontology terms for biological pathway. 

  

FGSEA: Gene Ontology Biological Pathway

Cell cycle 
process Cell cycle Cell division

Cellular 
macromolecular 

complex 
assembly

Chromosome 
organization

Cytoskeleton 
organization

DNA 
metabolic 
process

BIRC5 BIRC5 CENPF CENPF BIRC5 CETN3 CBS
CALM1 CALM1 CETN3 HIP1 CENPF EML1 CENPF
CALM3 CALM3 GNAI2 POLR2D HMGB3 RANBP1 HMGB3
CENPF CENPF NEK4 RPL3 JARID2 ZNF135 POLR2D
CETN3 CETN3 TIMELESS RPL23A MYB NCK2 POLR2F
EML1 EML1 RAB11FIP3 RPL38 PHF2 TRIP10 POLR2I
ENSA ENSA CKAP5 RPS27 PPP5C CKAP5 PPP5C
RAB8A GNAI2 ARHGEF11 SNRPD2 RPS27 ARHGEF11 PTMS
MYBL2 RAB8A MAEA SOX12 SMARCB1 IQSEC1 SMARCB1
PPP5C MYBL2 SPG20 HIST2H2BE SOX1 MAEA TCF7L2
PRCC PPP5C ANAPC15 NCK2 TCF7L2 TTLL5 WHSC1
PSMC5 PRCC VPS4A EIF3G VPS72 DNAH1 TIMELESS
PSMD3 PSMC5 NUSAP1 H1FX WHSC1 DNAI1 HERC2
RANBP1 PSMD3 SPDL1 DNAH1 PCGF2 VPS4A RUVBL2
RPS27 RANBP1 CDCA8 DNAI1 HIST2H2BE SH3KBP1 COPS6
NEK4 RPS27 CENPJ LSM3 PER2 NUSAP1 EHMT1
TCF7L2 SMARCB1 CEP63 RRP7A H1FX SPDL1 RNF168
TFDP1 NEK4 PSRC1 MRPS7 CDYL MAP7D1 APITD1

TIMELESS TCF7L2 KNSTRN NDE1 CKAP5 CENPJ
MAPKAPK2 TFDP1 CCDC124 MRPL20 SETDB1 PSRC1
RAB11FIP3 TIMELESS HAUS1 CENPJ RUVBL2 HAUS1
CKAP5 MAPKAPK2 APITD1 PREX1 COPS6 FGD4

ARHGEF11 RAB11FIP3 NDUFAF6 VPS4A SRGAP2C
NEK6 RASSF2 RC3H1 NUSAP1

ANAPC15 CKAP5 APITD1 MBD3
VPS4A ARHGEF11 HIST2H2BF NDE1
NUSAP1 MAEA SPDL1
NDE1 NEK6 CDCA8
SPDL1 ANAPC15 EHMT1
CDCA8 VPS4A KAT8
CENPJ GMNN PSRC1
INTS3 NUSAP1 KNSTRN
CEP63 NDE1 DIS3L2
PSRC1 SPDL1 RNF168
KNSTRN CDCA8 KANSL1

GADD45GIP1 CENPJ APITD1
HAUS1 INTS3 HIST2H2BF
DIS3L2 CEP63
APITD1 PSRC1

KNSTRN
GADD45GIP1
CCDC124
HAUS1
DIS3L2
APITD1
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Table S8.4. continued. 

 

FGSEA: Gene Ontology Biological Pathway

Microtubule 
based 

process

Microtubule 
cytoskeleton 
organization

Mitotic 
cell cycle

Mitotic 
nuclear 
division

Organelle 
assembly

Peptidyl 
amino acid 

modification

Peptidyl 
lysine 

modification
RNA 

processing

BIRC5 BIRC5 BIRC5 BIRC5 BIRC5 BIRC5 BIRC5 POLR2D

CETN3 CETN3 CALM1 CENPF CENPF DHPS DHPS POLR2F

EML1 EML1 CALM3 CETN3 RAB8A ERBB3 SP3 POLR2I

MYBL2 MYBL2 CENPF ENSA MYBL2 RELN WHSC1 RPL3

RANBP1 RANBP1 CETN3 MYBL2 RPL3 SP3 PCGF2 RPL19

CKAP5 CKAP5 EML1 PPP5C RPL23A TEK HERC2 RPL23A

NEK6 NEK6 ENSA NEK4 RPL38 WHSC1 CDYL RPL38

TTLL5 TTLL5 RAB8A TIMELESS RPS27 PCGF2 SETDB1 RPL41

SRGAP2 SRGAP2 MYBL2 CKAP5 NEK6 HERC2 RUVBL2 RPS8

DNAH1 DNAH1 PPP5C NEK6 CEP162 MAPKAPK2 MBD3 RPS25

DNAI1 DNAI1 PRCC ANAPC15 DZIP1 CDYL CDCA8 SNRPD2

VPS4A VPS4A PSMC5 VPS4A CLUAP1 SETDB1 EHMT1 BUD31

NUSAP1 NUSAP1 PSMD3 NUSAP1 TTLL5 NEK6 KAT8 QKI

SPA17 NDE1 RANBP1 NDE1 DNAH1 RUVBL2 RNF168 RBM8A

NDE1 SPDL1 NEK4 SPDL1 DNAI1 TTLL5 HNRNPDL

SPDL1 MAP7D1 TFDP1 CDCA8 INTU MBD3 DDX39A

MAP7D1 CENPJ TIMELESS CEP63 VPS4A CDCA8 RPP38

CENPJ CEP63 CKAP5 PSRC1 LSM3 AGBL5 RPL35

CEP63 PSRC1 NEK6 KNSTRN RRP7A EHMT1 RALY

PSRC1 KNSTRN ANAPC15 HAUS1 MRPS7 KAT8 LSM3

KNSTRN HAUS1 VPS4A DIS3L2 AHI1 RNF168 RRP7A

HAUS1 SRGAP2C NUSAP1 APITD1 MRPL20 KANSL1 SSU72

TUBB8 NDE1 CENPJ ZDHHC21 RBM15B

SRGAP2C SPDL1 CEP63 SF3B6

CDCA8 FAM161A LSM7

CENPJ CEP89 ALKBH5

INTS3 HAUS1 RBM23

CEP63 RC3H1 RNPC3

PSRC1 INTS3

KNSTRN ISG20L2

HAUS1 DIS3L2

DIS3L2

APITD1
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Table S8.4. continued 2. 

 

  

FGSEA: Gene Ontology Biological Pathway

Microtubule 
based 

process

Microtubule 
cytoskeleton 
organization

Mitotic 
cell cycle

Mitotic 
nuclear 
division

Organelle 
assembly

Peptidyl 
amino acid 

modification

Peptidyl 
lysine 

modification
RNA 

processing

BIRC5 BIRC5 BIRC5 BIRC5 BIRC5 BIRC5 BIRC5 POLR2D

CETN3 CETN3 CALM1 CENPF CENPF DHPS DHPS POLR2F

EML1 EML1 CALM3 CETN3 RAB8A ERBB3 SP3 POLR2I

MYBL2 MYBL2 CENPF ENSA MYBL2 RELN WHSC1 RPL3

RANBP1 RANBP1 CETN3 MYBL2 RPL3 SP3 PCGF2 RPL19

CKAP5 CKAP5 EML1 PPP5C RPL23A TEK HERC2 RPL23A

NEK6 NEK6 ENSA NEK4 RPL38 WHSC1 CDYL RPL38

TTLL5 TTLL5 RAB8A TIMELESS RPS27 PCGF2 SETDB1 RPL41

SRGAP2 SRGAP2 MYBL2 CKAP5 NEK6 HERC2 RUVBL2 RPS8

DNAH1 DNAH1 PPP5C NEK6 CEP162 MAPKAPK2 MBD3 RPS25

DNAI1 DNAI1 PRCC ANAPC15 DZIP1 CDYL CDCA8 SNRPD2

VPS4A VPS4A PSMC5 VPS4A CLUAP1 SETDB1 EHMT1 BUD31

NUSAP1 NUSAP1 PSMD3 NUSAP1 TTLL5 NEK6 KAT8 QKI

SPA17 NDE1 RANBP1 NDE1 DNAH1 RUVBL2 RNF168 RBM8A

NDE1 SPDL1 NEK4 SPDL1 DNAI1 TTLL5 HNRNPDL

SPDL1 MAP7D1 TFDP1 CDCA8 INTU MBD3 DDX39A

MAP7D1 CENPJ TIMELESS CEP63 VPS4A CDCA8 RPP38

CENPJ CEP63 CKAP5 PSRC1 LSM3 AGBL5 RPL35

CEP63 PSRC1 NEK6 KNSTRN RRP7A EHMT1 RALY

PSRC1 KNSTRN ANAPC15 HAUS1 MRPS7 KAT8 LSM3

KNSTRN HAUS1 VPS4A DIS3L2 AHI1 RNF168 RRP7A

HAUS1 SRGAP2C NUSAP1 APITD1 MRPL20 KANSL1 SSU72

TUBB8 NDE1 CENPJ ZDHHC21 RBM15B

SRGAP2C SPDL1 CEP63 SF3B6

CDCA8 FAM161A LSM7

CENPJ CEP89 ALKBH5

INTS3 HAUS1 RBM23

CEP63 RC3H1 RNPC3

PSRC1 INTS3

KNSTRN ISG20L2

HAUS1 DIS3L2

DIS3L2

APITD1
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Table S8.5. List of genes associated with fast gene set enrichment analysis (FGSEA) 

gene ontology terms for cellular components.omponents. 

 

  

FGSEA: Gene Ontology Cellular Components

Catalytic 
complex

Cell projection 
part Centrosome Chromosome Cilium

ATP1A2 ATP1A2 BIRC5 BIRC5 CENPF
JARID2 ATP2B4 CALM1 CENPF RAB8A
POLR2D CALM1 CALM3 HMGB3 NEK4
POLR2I CALM3 CENPF HMGN2 CEP162
SALL2 CENPF CETN3 MYBL2 DZIP1
SNRPD2 GRIA1 GNAI2 PHF2 CLUAP1
PCGF2 RAB8A RAB8A SMARCB1 TTLL5
DCAF5 PDE9A NUBP1 TCF7L2 IQCE
RPP38 PPP5C RANBP1 WHSC1 DNAH1
RUVBL2 PTPRN2 HERC2 PCGF2 DNAI1
ANAPC15 PEX19 MAPKAPK2 HIST2H2BE CEP89
DNAH1 NCK2 RAB11FIP3 BUD31
DNAI1 CEP162 CKAP5 TIMELESS
KAT8 DZIP1 CEP162 H1FX
RNF168 CLUAP1 DZIP1 SETDB1

SRGAP2 CLUAP1 RUVBL2
DNAH1 TTLL5 NUSAP1
DNAI1 VPS4A MBD3

ARHGEF4 CCHCR1 SPDL1
PLEKHO1 AHI1 CDCA8
SPA17 NDE1 PHF12
AHI1 CENPJ EHMT1
PREX1 RFWD2 KAT8
FAM161A CEP63 KNSTRN
CEP89 FAM161A RNF168
SPATA13 CEP89 APITD1

HAUS1 HIST2H2BF
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Table S8.5. continued. 

 

  

FGSEA: Gene Ontology Cellular Components

Cytoskeletal 
part Cytoskeleton Intracellular 

vesicle
Membrane 

region
Microtubule 
cytoskeleton

BIRC5 ARHGDIA CD59 ARF4 BIRC5
CALM1 CALM1 COPB1 ATP2B4 CALM1
CALM3 CENPF GCH1 CASP3 CALM3
CENPF CETN3 GRIA1 ERBB3 CENPF
CETN3 EML1 GRM4 GRIA1 CETN3
EML1 GNAI2 MME GRM4 EML1
GNAI2 HIP1 PTPRN2 HTR3A GNAI2
RAB8A MCF2 TIMP3 MPZ RAB8A
NUBP1 RAB8A ZP3 PDE9A NUBP1
RANBP1 RANBP1 DYSF PEX19 RANBP1
SH3GL1 SH3GL1 HAX1 ZP3 CCT3
TEK TEK MMRN1 LAMTOR3 LRP8
CCT3 LRP8 SYT11 ADGRG2 TIMELESS
LRP8 TIMELESS SRGAP2 SRGAP2 HERC2
HERC2 HERC2 RHOQ RHOQ MAPKAPK2

MAPKAPK2 LRRFIP1 LAMP5 LAMP5 RAB11FIP3
RAB11FIP3 TRIP10 NPC1L1 NPC1L1 CKAP5
CKAP5 RAB11FIP3 TLR7 ARHGEF4 MAEA
MAEA CKAP5 PI4K2A PLLP NEK6
NEK6 MAEA SLC17A6 PLEKHO1 CEP162
CEP162 CEP162 CRISPLD2 PI4K2A DZIP1
DZIP1 DZIP1 ARRDC4 AJAP1 CLUAP1
CLUAP1 CLUAP1 SYT9 CPEB1 TTLL5
TTLL5 TTLL5 SLC29A4 DNAH1
DNAH1 MPRIP RGMB DNAI1
DNAI1 SEPT8 VPS4A
VPS4A DNAH1 NUSAP1
NUSAP1 DNAI1 CCHCR1
CCHCR1 VPS4A AHI1
SPDL1 SH3KBP1 NDE1
CDCA8 NUSAP1 SPDL1
MAP7D1 CCHCR1 CDCA8
CENPJ SPDL1 MAP7D1
AGBL5 CDCA8 CENPJ
RFWD2 MAP7D1 AGBL5
CEP63 CENPJ RFWD2
FAM161A NCOA5 CEP63
PSRC1 CEP63 FAM161A
CEP89 PSRC1 PSRC1
KNSTRN CEP89 CEP89
CCDC124 KNSTRN KNSTRN
HAUS1 CCDC124 CCDC124
CCDC96 HAUS1 HAUS1
TUBB8 FGD4 CCDC96

CCDC96 TUBB8
TUBB8
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Table S8.5. continued 2. 

 

FGSEA: Gene Ontology Cellular Components

Microtubule 
organizing 

center
Microtubule Nucleolus Nucleoplasm 

part
Ribonucleoprotein 

complex Spindle Transferase 
complex

BIRC5 BIRC5 CETN3 CDK8 HNRNPAB BIRC5 JARID2

CALM1 CALM1 RAB8A ELF4 POLR2D CALM1 POLR2D

CALM3 CALM3 MXI1 JARID2 RPL3 CALM3 POLR2I

CENPF EML1 PHF2 POLR2D RPL19 CENPF SNRPD2

CETN3 CCT3 POLR2I POLR2F RPL23A EML1 PCGF2

GNAI2 CKAP5 RPL3 POLR2I RPL38 CKAP5 DCAF5

RAB8A NEK6 RPL19 SALL2 RPL41 MAEA RUVBL2

NUBP1 CEP162 RPL23A SP3 RPS8 NEK6 ANAPC15

RANBP1 TTLL5 RPS25 TCF7L2 RPS25 CEP162 KAT8

HERC2 DNAH1 SMARCB1 PCGF2 RPS27 VPS4A RNF168

MAPKAPK2 DNAI1 PER2 NELFE SNRPD2 NUSAP1

RAB11FIP3 NUSAP1 TIMELESS RBM8A EIF3G SPDL1

CKAP5 CENPJ RPP38 NEK6 BUD31 CDCA8

NEK6 PSRC1 RBM15B RUVBL2 RBM8A MAP7D1

CEP162 KNSTRN NUSAP1 MBD3 HNRNPDL AGBL5

DZIP1 HAUS1 CDCA8 ALKBH5 DDX39A CEP63

CLUAP1 TUBB8 RNF213 PHF12 RPP38 PSRC1

TTLL5 ISG20L2 RFWD2 RUVBL2 CEP89

VPS4A ZCCHC7 INTS3 RPL35 KNSTRN

CCHCR1 CRACR2A KAT8 RALY HAUS1

AHI1 APITD1 LSM3

NDE1 RRP7A

SPDL1 MRPS7

CENPJ SF3B6

RFWD2 LSM7

CEP63 MRPL20

FAM161A RNPC3

CEP89 MRPS15

CCDC124 MRPS34

HAUS1 SNRNP25

CCDC96 GADD45GIP1

DIS3L2

RC3H1


