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Abstract  

Dysregulation of RNA metabolism constitutes a major determinant in most fatal 

neurodegenerative diseases including amyotrophic lateral sclerosis (ALS). Many 

research groups have characterised hundreds to thousands of abnormal transcript 

levels/isoforms in cell and animal models of ALS, as well as in post-mortem brains 

from patients. However, these studies did not (i) allow discrimination of 

pathophysiological alterations from those due to subsequent dysregulations and (ii) 

did not investigate whether altered mRNA production is reflected at the protein level. 

This study tested current translatome methodologies, and further developed a high-

throughput methodology, GRASPS (Genome-wide RNA Analysis of Stalled Protein 

Synthesis), to identify selectively enriched translating mRNA molecules based on 

stringent precipitation of ribosomes prior to next generation RNA sequencing. High 

purity of GRASPS-purified ribosomes was validated by mass spectrometry analysis. 

The nuclear loss and cytoplasmic mislocalisation of TDP-43 protein referred to, as 

TDP-43 proteinopathy, is a hallmark of ALS. TDP-43 is a DNA/RNA binding protein 

involved in multiple regulatory steps of gene expression. In disease, mutations in 

TARDBP, the gene encoding TDP-43, result in the production of thousands of 

abnormal levels/isoforms of transcripts however the functional consequences remain 

unknown. Therefore, GRASPS was applied to human TDP-43 ALS-inducible cell 

models. The first human TDP-43 ALS translatome was in parallel compared to 

whole-cell and cytoplasmic transcriptomes. Strikingly, in contrast to transcriptomes, 

the translatome findings highlighted novel altered biological processes that were 

highly enriched and directly relevant to neurodegeneration. These included altered 

nuclear export of mRNA and impaired neuronal differentiation. Functional validation 

showed that TDP-43 proteinopathy requires a neuronal context and is associated to 

the abnormal nuclear loss and cytoplasmic accumulation of bulk mRNA.  
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1. Introduction 

Motor neuron diseases are a spectrum of diseases causing the degeneration of 

motor neurons and the human motor system. The motor system is a group of cells 

that control voluntary muscle actions for general body movement. The spectrum of 

motor neuron diseases includes hereditary spastic paraplegias (HSP), spinal 

muscular atrophy (SMA) and motor neuron disease (MND).  MND can be further 

categorised into amyotrophic lateral sclerosis (ALS), primary lateral sclerosis (PLS) 

and progressive muscular atrophy (PMA).  

 

ALS is a fatal neurodegenerative disease of the human motor system caused by 

progressive injury and cell death of lower motor neurons in the spinal cord and 

brainstem, and upper motor neurons in the motor cortex. The annual incidence rate 

of ALS is 4-6 per 100,000, with an average age of onset between 50 and 60 years 

(Shaw, 2005). Rare juvenile variants of ALS, also exist, including ALS2 (Hadano et 

al., 2001; Y. Yang et al., 2001).  

 

ALS is a devastating disease generally resulting in death within 3-5 years from the 

onset of symptoms. The causes of motor neuron injury in ALS are still being 

elucidated.  Dysregulation of RNA synthesis, processing and axonal transport have 

more recently been reported to play an important pathophysiological component in 

disease and are a common feature of many neurodegenerative diseases (Walsh et 

al., 2015). However, the biological consequences of widespread dysregulation of 

mRNA metabolism on protein levels have not yet been investigated. For instance, it 

is unknown whether abnormally spliced transcripts get exported in the cytoplasm and 

how altered levels of transcripts impact upon the ALS translatome.   
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1.1 RNA and disease  

1.1.1 Eukaryotic expression of genes  

In eukaryotes, gene expression is the result of several processes starting with 

transcription in the nucleus and ending with translation in the cytoplasm.  Gene 

expression depends upon RNA (messenger RNA (mRNA), ribosomal RNA (rRNA), 

transfer RNA (tRNA), small nuclear RNA (snRNA), small nucleolar RNA (snoRNA) 

and microRNA (miRNA)) to allow the correct synthesis of proteins. Multiple other 

species of non-coding RNAs are also believed to play regulatory roles. This is 

essential for the healthy development and survival of an organism. By tightly 

regulating the production of RNA a cell can change the expression of its genes at 

any given time. Control of gene expression is achieved using a series of quality 

control pathways, RNA surveillance and regulated decay pathways (Luna et al., 

2008; Lebreton et al., 2008; Rodríguez-Navarro et al., 2011; Kervestin et al., 2012).  

 

Within a cell, RNA binding proteins (RBP) and RNA bind directly, to form 

ribonucleoprotein complexes (RNPs). The composition of RNPs reflect both the 

function and fate of the corresponding RNA (Dreyfuss et al., 1993; Glisovic et al., 

2008). The messenger RNP (mRNP) complex controls the multi-component 

processes involved in gene expression; these include the RNA polymerase II 

(RNAPII) transcription of pre-mRNA, pre-mRNA processing, mRNA nuclear export 

and translation of mRNA into proteins (Luna et al., 2008; M. Schmid et al., 2008).  

 

The biogenesis of mRNA occurs in the nucleus in a number of separate, extensively 

coupled steps (Maniatis et al., 2002). Transcription is the first step in the RNP 

complex lifecycle. Pre-mRNA are transcribed by RNAPII from genomic DNA (Hsin et 

al., 2012). As the pre-mRNA emerges from RNAPII it undergoes co-transcriptional 

RNA processing. The 5’ end is capped with a 7-methyl guanine nucleotide, by three 
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enzymes. This 5’ methyl guanosine cap at the 5’ end of the mRNA helps distinguish 

it from other RNA molecules and enables it to be properly processed and exported, 

as RNAPII processed RNA represent the major RNA type capped in this way (Hsin et 

al., 2012). Nascent pre-mRNA are also cleaved and polyadenylated at the 3’ end 

(Tian et al., 2013; Elkon et al., 2013).  

 

The vast majority of exons form the protein coding regions of genes. Exons are 

interrupted by long non-coding sequences termed introns.  Pre-mRNA is spliced into 

its mature form, mRNA, by the fusion of exons and excision of introns. Post-splicing, 

the spliceosome directs a set of proteins to bind at the position previously occupied 

by the intron, these proteins make up the exon junction complex (EJC) and mark a 

successful splicing event (Dreyfuss et al., 2002). This is a surveillance mechanism, 

which triggers the decay of incorrectly spliced RNA. When mutations occur in a 

sequence critical for splicing, a new pattern of splicing is followed in a process called 

exon skipping. The spliceosome picks out the next best pattern of splicing, and 

usually an exon is skipped. 

 

The spliceosome is a dynamic machine, containing many loosely associated proteins 

which may only be required in response to a given signal, enabling splicing of a wide 

variety of mRNA introns (Wahl et al., 2009). The majority of exons are constitutive 

and are always spliced into the mRNA product. However, some pre-mRNAs have 

multiple splicing positions giving rise to a family of related proteins from a single gene 

(Black, 2003). Alternative splicing adds to the diversity of gene expression, through 

the excision of different introns from the same transcript. On average one gene gives 

10 alternatively spliced isoforms. It is a complex genetic switch, used to affect the 

quantitative control of gene expression and enhance the functional diversity of 

proteins from a given gene (Lopez, 1998).   
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Correctly processed mRNAs are identified by the presence of the 5’ cap, the poly-A 

3’ tail and the EJC, this produces an export competent RNP, which can be exported 

into the cytoplasm via a nuclear pore complex (NPC) (Köhler et al., 2007; Carmody 

et al., 2009; Rodríguez-Navarro et al., 2011). The transcription-export (TREX) 

complex, which interacts with elongating RNAPII, couples the co-transcriptional 

processing of pre-mRNA with the nuclear export of mature mRNA acting as a binding 

platform for the remodelling of the export receptor NXF1 for the subsequent transport 

of mRNA through the NPC (Viphakone et al., 2012).   

 

The targeting of mRNAs to specific cellular compartments is particularly important for 

neurons and allows the transport of mRNA to dendrites. There are at least three 

types of RNA-containing granule in mature neurons. Transport granules maintain 

mRNA in a transitionally silent state until they are at the site of protein synthesis; 

stress granules capture mRNA until it is required to be translated, for instance in 

response to neuronal injury, and P-bodies, also known as degradative granules, 

which degrade mRNA. The kinesin superfamily of proteins (KIFs) enables the 

transport of granules along microtubules in neurons (Kanai et al., 2004; Hirokawa, 

2006).  

 

The translation of the genetic code carried by mRNA into a protein occurs at the 

ribosome. The ribosome is made up from ribosomal proteins and rRNA (Yonath, 

2009). tRNA translates the genetic code, bringing together the amino acids, to 

produce the correct amino acid sequence. Its cloverleaf shape enables it to do this 

with an amino acid attachment site at one end and the anticodon end at the other. 

The anticodon is able to recognise the codons on the mRNA. One molecule of 

mRNA is usually translated by multiple ribosomes.  
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Post-transcriptional controls regulate this process with tight surveillance and quality 

control pathways (Lebreton et al., 2008; M. Schmid et al., 2008; Kervestin et al., 

2012). The degradation of RNA in the nucleus and cytoplasm is carried out by the 

exosome (Luna et al., 2008; Lebreton et al., 2008) or in P-bodies. Three pathways 

operate during translation to prevent the accumulation of aberrant mRNA; nonsense-

mediated decay (NMD); non-stop decay (NSD) and no-go decay (NGD) (Kervestin et 

al., 2012). NMD is activated when mRNA reaches a premature termination codon 

(PTC), a stop codon located before the EJC. The resulting mRNA is then defective 

and is exported. NSD targets mRNAs, which lack a stop codon and NGD targets 

mRNA bound by ribosomes, which are stuck in elongation.  

 

miRNA and short interfering RNA (siRNA) regulate translation and mRNA 

degradation in a pathway referred to as RNA interference (RNAi). These RNA are 

assembled with proteins to form a RNA induced silencing complex (RISC), which 

interacts with mRNA targets via complementary nucleotide binding (Gregory et al., 

2005; Valencia-Sanchez et al., 2006). Once bound to targets endonucleolytic 

cleavage or translational repression of mRNA occurs.  

 

The proteasome is responsible for regulatory and quality control proteolytic, protein 

degradation. Proteins marked by ubiquitin or phosphates are degraded in specific-

mediated protein degradation to regulate the cell cycle. It also destroys potentially 

harmful proteins, which have not folded correctly or fold slowly, using ATP-

dependent protease enzymes, in the cytosol and nucleus.  

1.1.2 Alterations in RNA metabolism 

The various RNA metabolic processes driving and regulating the expression of 

genes do not happen in a simple cascade of events, but rather occur concurrently at 

least in the nucleoplasm. The complexity and number of molecules involved in each 
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step allow for the accurate production and translation of mRNA. This complexity, 

although essential, allows for mutations and the dysregulation of RNA processing. 

Mutations that affect either the RNA or RBPs within the RNP complex can cause 

diseases. Alterations of transcription and pre-mRNA splicing (Cooper et al., 2009; 

Singh, 2012) as well as dysregulation of protein synthesis (Le Quesne et al., 2010) 

have been associated with several neurodegenerative diseases including 

Huntington’s disease (HD), Alzheimer’s disease (AD), SMA and ALS. A summary of 

diseases associated with alterations in RNA and RNPs is shown in Table 1.1.  

1.1.3 RNA-mediated neurodegeneration  

Neurodegeneration is characterised by the progressive loss of neuronal function and 

neurons. Altered RNA metabolism is a key pathophysiological mechanism causing 

several neurodegenerative diseases including HD, spinocerebellar ataxias (SCAs), 

SMA and ALS (Walsh et al., 2015).  

 

Genetic mutations occur in both coding and non-coding regions of genes whose 

products do not always contribute to the gene expression process. Several 

pathogenic mechanisms causing RNA toxicity exist, these include the formation of 

RNA foci and sequestration of protein factors, altered production of coding and non-

coding transcripts or the accumulation of RNA/protein aggregates (Belzil et al., 

2013).  

1.1.3.1 RNA toxic gain of function: the protein sequestration hypothesis  
The expression of RNA from a mutated allele can be pathogenic and is observed in 

microsatellite expansion disorders. Microsatellite expansion disorders are caused by 

the expansion of a short, repeated trinucleotide sequence in transcribed DNA and 

are commonly associated with neurodegeneration (Ashley et al., 1995; Paulson et 

al., 1996; Renoux et al., 2012).  
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Table 1.1 Summary of diseases associated with RNA and RNPs 
Table of diseases with mutations in gene products involved in RNA processing or RNP 
formation and appropriate literature reference.  
Disease  Gene/mutation Function  Reference 

ALS TAR DNA Binding 
protein (TARDBP) 

Splicing, 
transcription 

(Sreedharan et al., 2008; 
Kabashi et al., 2008) 

 Fused in sarcoma 
(FUS) 

Splicing, 
transcription 

(Kwiatkowski et al., 2009; 
Vance et al., 2009) 

 C9ORF72 Unknown, non-
coding RNA 

(DeJesus-Hernandez et al., 
2011; Renton et al., 2011) 

Autism  7q22-q33 locus 
breakpoint 

Non-coding RNA (Muhle et al., 2004) 

Cancer Serine/arginine-rich 
splicing factor 1 
(SFRS1) 

Splicing, 
translation, export 

(Karni et al., 2007) 

 miRNA-372, miRNA-
373 

RNA interference (Voorhoeve et al., 2006) 

Charcot-Marie-
Tooth disease  

Glycl-tRNA 
synthetase (GRS) 

Translation (Antonellis et al., 2003) 

 Tyrosyl-tRNA 
synthetase (YRS) 

Translation (Jordanova et al., 2006) 

Fragile X 
syndrome 

Fragile X mental 
retardation 1 (FMR1) 

Translation/mRNA 
localisation 

(Hinds et al., 1993) 

Hereditary 
spastic 
paraplegia 
(HSP) 

Spastic paraplegia 7 
(SPG7) 

Ribosome 
biogenesis 

(Casari et al., 1998) 

Myotonic 
dystrophy type 
1 (DM1) 

DMPK Protein kinase (Brook et al., 1992) 

Myotonic 
dystrophy type 
2 (DM2) 

CCHC-type zinc 
finger, nucleic acid 
binding protein 
(CNBP) or zinc finger 
binding protein 9 
(ZNF9) 

Unclear, 
RNA/DNA binding  

(Liquori et al., 2001) 

Huntington 
disease-like 2 
(HDL2) 

Junctophilin-3 (JPH3) Ion channel 
function 

(Holmes et al., 2001) 

Spinal 
Muscular 
Atrophy (SMA) 

Survival of motor 
neuron 2 (SMN2) 

Splicing  (Lefebvre et al., 1995) 

Spinocerebellar 
ataxia type 8 
(SCA8) 

Ataxin 8/Ataxin 8 
opposite strand 
(ATXN8/ATXN8OS) 

Unknown, non-
coding RNA 

(Koob et al., 1999) 

 

Myotonic dystrophy type 1 (DM1) is an example of a non-coding repeat expansion 

disorder. Myotonic dystrophy is an autosomal dominant neuromuscular disease, 

characterised by specifically distributed and progressive muscle weakness and 

wasting. DM1 is the most common cause of adult muscular dystrophy and is caused 

by a CTG trinucleotide repeat in the 3’ UTR region of a gene encoding myotonic 

dystrophy protein kinase (DMPK) (Brook et al., 1992). Mutant DMPK mRNA contains 
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CUG repeats and is retained in nuclear foci, cellular hallmarks of DM1. CUG repeats 

form hairpin-like structures, which sequester several splicing factors, including 

muscle blind-like 1 (MBL1) and CUG-binding protein 1 (CUG-BP1) (Timchenko et al., 

1996; Miller et al., 2000). Sequestration of these splicing factors causes specific 

dysregulation of alternative splicing of other pre-mRNA, such as bridging integrator-1 

(BIN1), causing muscle weakness associated with DM1 (Fugier et al., 2011).  

 

Nuclear foci are molecular hallmarks of neurodegenerative disease and are formed 

by the aggregation of expanded repeat containing RNA and RBP. The effects of this 

include the inhibition of transcription, loss of function of protein products and toxicity 

(from both the mutant transcript and encoded protein) dysregulating cell processes 

and causing disease (Wojciechowska et al., 2011). It has been suggested that RNA 

foci cause disease via the sequestration of RBP. The sequestered RBP are then 

absent causing errors and the dysregulation of other RNA transcripts, altering mRNA 

splicing and protein isoform frequency; this is known as the ‘sequestration 

hypothesis’.  

 

1.1.3.2 RNA loss of function  
SMA is an autosomal recessive, neuromuscular disorder, characterised by the loss 

of lower motor neurons in the spinal cord, resulting in progressive paralysis with 

muscle atrophy. SMA is caused by mutations in the survival of motor neuron 1 

(SMN1) gene (Lefebvre et al., 1995).  The severity of SMA is determined by a nearly 

identical copy of the SMN1, the survival of motor neuron 2 (SMN2) gene that makes 

extra copies of SMN protein. The SMN protein is involved in the biogenesis of 

snRNP complexes, which make up the spliceosome (Neuenkirchen et al. 2008). 

SMN1 and SMN2 differ functionally due to a single nucleotide mutation in exon 7 of 

SMN2 which results in frequent exon 7 skipping, resulting in a truncated and 

unstable protein (Wirth et al., 2006). SMN1 produces the most functional SMN 
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protein, with only 10 % of SMN protein produced by SMN2 being full length and 

functional (Wirth et al., 2006). An increased number of copies of the SMN2 gene are 

associated with less severe symptoms. Mutations in SMN1 result in lower levels of 

SMN protein. Lower levels of SMN cause the death of motor neurons and a reduction 

in nerve impulses between the brain and muscles, resulting in the symptomatic 

weakness and impaired movement experienced by patients with SMA. The low levels 

of SMN protein alter the stoichiometry of snRNA, resulting in splicing defects over a 

wide range of gene transcripts (Zhenxi Zhang et al., 2008) and mutations in RBP.  

Mutations in vesicle associated membrane protein associated protein B (VAPB) have 

been associated with an adult onset form of SMA (Nishimura et al., 2004) but it is 

unclear how VAPB mutations cause SMA.  

 

The implication of aberrant RNA and mutations in RNA-binding proteins is recurrent 

when investigating neurodegeneration (Belzil et al., 2013; Walsh et al., 2015), 

showing the significance of RNA metabolism in normal development. Since the 

discovery of RNA-binding protein TDP-43 which is mislocalised as a pathological 

feature in most cases of ALS and a repeat expansion in C9ORF72 being identified as 

the most common known genetic cause of ALS (DeJesus-Hernandez et al., 2011; 

Renton et al., 2011) there is a growing focus on the role of dysregulated RNA 

metabolism in the pathogenesis of ALS.  

1.2 Amyotrophic lateral sclerosis (ALS) 

1.2.1 Clinical features  

ALS is a disorder defined by degeneration of both the upper and lower motor 

neurons (UMN and LMN). Slower progressing variants of the disease exist affecting 

only UMN and LMN (PLS and PMA respectively) (Kiernan et al., 2011). There is 

selective sparing of the motor neurons controlling eye movement and the pelvic floor 
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muscles, so a person suffering from ALS remains able to move their eyes and 

remains continent (Mannen et al., 1977; Brockington et al., 2013).  

 

ALS primarily affects the motor system, but is described as a multisystem 

neurodegenerative disease, as areas other than the motor area can be affected. It is 

estimated that 50 % of ALS patients also have frontotemporal-type cognitive deficits 

(Massman et al., 1996; Ringholz et al., 2005). Frontotemporal lobar degeneration 

(FTLD) is the atrophy of the frontal and/or temporal lobes that results in abnormalities 

in behaviour, language and personality. Approximately 15 % of patients with FTLD 

go on to develop ALS (Burrell et al., 2016; Mann et al., 2017).  

1.2.2 Epidemiology and genetics  

The lifetime risk of developing ALS is 1 in 400. Men are more commonly affected 

than women, with a male: female ratio of approximately 2:1. There are 6 in 100,000 

people suffering from ALS in most countries worldwide, making the prevalence of 

ALS globally uniform. However, geographic clusters of ALS have been observed on 

the island of Guam, the Kii peninsula of Japan and other areas in the West Pacific. 

These clusters have highlighted the environmental factors acting alongside genetics, 

with the implication that the neurotoxin, β-methylalimo-L-alanine (BMAA) from cycad 

seeds was involved in ALS after bioaccumulation in the food chain (Ince et al., 2005).  

 

Sporadic ALS (sALS) accounts for 90-95 % of ALS cases. There is no known genetic 

model for sALS. Familial ALS (fALS) accounts for the remaining 5-10 % of all ALS 

cases and is generally considered to classify those with a first or second degree 

relative with ALS (Byrne et al., 2011). There is a Mendelian pattern of inheritance, 

which is usually autosomal dominant, though autosomal recessive and X-linked 

cases have also been observed. fALS is genetically heterogeneous and there have 
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been 19 genes and loci of major effect that have been recorded. These are shown in 

in Table 1.2). 

 

The most common mutations observed in approximately 70 % fALS are mutations in 

SOD1 (20 %), TARDBP (4 %), FUS (4 %) and C9ORF72 (40-50 %).  Mutations in 

SOD1, TARDBP and FUS have also been observed at low levels in cases of sALS 

(M. D. Alexander et al., 2002; Kirby et al., 2010; Chiò et al., 2011). Mutations in 

C9ORF72 have been reported at much higher levels, accounting for approximately 

10 % of apparently sporadic cases of ALS (DeJesus-Hernandez et al., 2011; Renton 

et al., 2011; Al-Chalabi et al., 2012). These genes and their mutations in ALS will be 

discussed in further detail below.   

 

1.2.2.1 SOD1 
In 1993 the first ALS gene was described (Rosen et al., 1993).  Mutations in 

copper/zinc binding superoxide dismutase (SOD1) are found in 20 % of fALS cases 

and 5 % of sALS cases. More than 150 different mutations of SOD1 have been 

reported (“http://alsod.iop.kcl.ac.uk"). The SOD1 protein is made up from 154 amino 

acids; this means that mutations have been observed in almost all amino acid 

positions in the primary sequence, suggesting that unfolded, toxic, oligomeric 

conformations of the mutant proteins result from these mutations. The majority of 

mutations are missense, although there are some insertions and deletions.  SOD1 is 

located on chromosome 21q22.1 (Siddique et al., 1991). SOD1 is a soluble, 

cytoplasmic enzyme, which binds copper and zinc to destroy naturally occurring, 

harmful superoxide radicals. It converts superoxide radicals into molecular oxygen 

and hydrogen peroxide.  
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Table 1.2  Genetics of ALSGene locus, chromosomal locus and genes implicated in ALS. The inheritance and implicated disease mechanisms along with 
the appropriate literature references are shown. (AD = autosomal dominant, AR = autosomal recessive, XD = X-linked dominant) 
Gene 
locus  

Chromosomal 
locus 

Gene Inheritance Implicated disease 
mechanisms 

References 

ALS1 21q22.11 Superoxide dismutase 1 (SOD1) AD/AR Oxidative stress (Siddique et al., 1991; Rosen et al., 
1993) 

ALS2 2q33 Alsin (ALS2) AR  Endosomal trafficking (Hadano et al., 2001; Y. Yang et al., 
2001) 

ALS3 18q21 Unknown AD Unknown (Hand et al., 2002) 
ALS4 9q34 Senataxin (SETX) AD RNA metabolism  (Chen et al., 2004) 
ALS5 15q15-q22 Unknown AR DNA damage repair, axon 

growth 
(Hentati et al., 1994) 

ALS6 16p11.2 Fused in sarcoma/translated in 
liposarcoma (FUS/TLS) 

AD/AR RNA metabolism (Kwiatkowski et al., 2009; Vance et al., 
2009) 

ALS7 20ptel-p13 Unknown AD/AR Unknown (Parkinson et al., 2006) 
ALS8 20q13.3 Vesicle associated membrane protein 

(VAMP) – associated protein B (VAPB) 
AD ER stress (Nishimura et al., 2004) 

ALS9 14q11.2 Angiogenin (ANG) AD RNA metabolism  (Greenway et al., 2006) 
ALS10 1p36.2 TAR DNA binding protein (TARDBP) AD RNA metabolism (Sreedharan et al., 2008; Kabashi et 

al., 2008) 
ALS11 6q21 FIG4 (FIG4) AD Endosomal trafficking (Chow et al., 2009) 
ALS12 10p15-p14 Optineurin (OPTN) AD/AR Autophagy (Maruyama et al., 2010) 
ALS13 12q23-q24.1 Ataxin 2 (ATXN2) AD RNA metabolism (Elden et al., 2010) 
ALS14 9p13 Valosin-containing protein (VCP) AD Autophagy (Johnson et al., 2010) 
ALS15 Xp11.21 Ubiquilin 2 (UBQLN2) XD UPS, autophagy  (Deng et al., 2011) 
ALS16 9p13 Sigma non-opioid intracellular receptor 1 

(SIGMAR1) 
AD UPS, autophagy (Luty et al., 2010; Al-Saif et al., 2011) 

ALS17 3p12.1 Chromatin modifying protein 2B 
(CHMP2B) 

AD Endosomal trafficking (Parkinson et al., 2006) 

ALS18 17p13.3 Profilin 1 (PFN1) AD Cytoskeleton (C.-H. Wu et al., 2012) 
ALS19 2q33.3-q34 V-erb-b2 avian erythroblastic leukaemia 

viral oncogene homolog 4 (ERBB4) 
AD Neuronal development  (Takahashi et al., 2013) 

ALS20 12q13.1 Heterogeneous nuclear 
ribonucleoprotein A1 (HNRNPA1) 

AD RNA metabolism  (Hong Joo Kim et al., 2013) 

ALS21 5q31.2 Matrin 3 (MATR3) AD RNA metabolism (Johnson et al., 2014) 
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ALS22 2q35 Tubulin alpha-4A chain (TUBA4A) AD Cytoskeleton (Smith et al., 2014) 
ALS-
FTD1 

9q21-q22 Chromosome 9 open reading frame 72 
(C9ORF72) 

AD RNA metabolism, 
autophagy 

(DeJesus-Hernandez et al., 2011; 
Renton et al., 2011) 

ALS-
FTD2 

9p13.2-p21.3 Coiled-coil-helix-coiled-coil-helix domain 
containing 10 (CHCHD10) 

AD Mitochondrial 
maintenance  

(Bannwarth et al., 2014) 

ALS-
FTD3 

5q35 Sequestosome 1 (SQSTM1) AD Autophagy (Fecto et al., 2011) 

ALS-
FTD4 

12q14.2 TANK binding kinase 1 (TBK1) AD Autophagy, 
neuroinflammation 

(Cirulli et al., 2015; Freischmidt et al., 
2015) 
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Mice deficient in SOD1 do not develop motor degeneration, suggesting that it is not 

loss of function, but a toxic gain of function that contributes to ALS (Reaume et al., 

1996). The exact mechanism by which mutant SOD1 causes motor neuron damage 

has not yet been recognized, however, it is implicated in several different 

mechanisms including oxidative stress, mitochondrial dysfunction, excitotoxicity, 

protein aggregation and neuroinflammation (Shaw, 2005).  

 

1.2.2.2 TARDBP  
TAR DNA binding protein (TARDBP) encodes TAR DNA binding protein of 43 kDa 

(TDP-43). TDP-43 is an RNA and DNA binding protein and functions as a RNP in the 

regulation of transcription and alternative pre-mRNA splicing. In healthy neurons it is 

located predominantly in the nucleus, but shuttles continuously between the nucleus 

and the cytoplasm in a transcription-dependent manner (Ayala et al. 2008).      

 

There are 39 known mutations in TARDBP associated with ALS 

(“http://alsod.iop.kcl.ac.uk”). The majority are missense mutations in exon 6, which 

encodes the Gly rich and C-terminal of TDP-43, involved in protein interactions and 

nuclear translocation.  Mutations in TARDBP have been found in patients with fALS 

(3-4 %) and sALS (1 %) (Sreedharan et al., 2008; Kabashi et al., 2008; Kirby et al., 

2010).  

1.2.2.3 FUS 
Fused in sarcoma or translocation in liposarcoma (FUS/TLS) encodes another RBP 

called FUS and mutations in FUS/TLS have been found in both patients with fALS 

and sALS (Kwiatkowski et al., 2009; Vance et al., 2009; Corrado et al., 2010). FUS is 

both an RNA and DNA binding protein found predominantly in nucleus; but shuttles 

between the nucleus and cytoplasm (Zinszner et al., 1997).   
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FUS is a member of the TET family of proteins alongside Ewing’s sarcoma (EWS) 

and the TATA-binding protein-associated factor 15 (TAF15). This family of proteins 

all bind nucleic acids and have a function in RNAPII-mediated transcription (Uranishi 

et al., 2001), pre-mRNA splicing, repression of RNA polymerase III transcription, 

RNA transport in neurons (A. Y. Tan et al., 2009) and a role in the DNA repair 

pathway (Baechtold et al., 1999). FUS is involved in transcription, RNA splicing (L. 

Yang et al., 1998) and mRNA nucleocytoplasmic shuttling (Zinszner et al., 1997). 

 

FUS contains a RRM, N-terminal Ser, Gly, Gln and Tyr-rich region and a C-terminal 

RGG containing region (Morohoshi et al., 1998). Mutations in FUS occur in 5 % fALS 

(Kwiatkowski et al., 2009) and in less than 1 % of sALS.  The majority of mutations 

occur in the conserved C-terminus and nuclear localisation signal (NLS).  Mutations 

in the NLS disrupt transportin-dependent nuclear import, which results in the 

cytoplasmic redistribution of FUS and its incorporation into stress granules (Dormann 

et al., 2010). The majority of mutations in ALS are missense, but insertion/deletion of 

2 glycines in the glycine-rich region (of 10 glycines) have also been observed. 

Deletions in the C-terminus prevent interaction with SR splicing factors and may 

affect their role in RNA splicing (L. Yang et al., 1998). Progressive 

neurodegeneration in an age- and dose-dependent manner is observed in mice 

overexpressing human wild-type FUS (Mitchell et al., 2013).   

1.2.2.4 Other RNA binding proteins 
Mutations have also been found in genes encoding other RBP such as angiogenin 

(ANG) and the RNA/DNA helicase senataxin (SETX). ANG is a member of the 

pancreatic ribonuclease A superfamily and induces neovascularisation and the 

growth of tumours, evident from its elevated expression in several cancers. ANG is 

expressed in the nucleus and cytoplasm of motor neurons and is involved in neurite 

extension and survival of motor neurons.  ANG acts as a neuroprotective factor 

towards motor neurons that are under oxidative stress (Subramanian et al., 2008).  
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Loss of function mutations in ANG have been found in fALS and sALS (Greenway et 

al., 2006; D. Wu et al., 2007). This is supported with some variants of ALS mutant 

ANG causing reduction or loss of ribonucleolytic activity and some variants directly 

affecting the catalytic centre (Crabtree et al., 2007). Mutations in ANG prevent its 

neuroprotective function and are toxic to motor neurons (Subramanian et al., 2008).  

The exact mechanism by which ANG mutations induce motor neuron disease is not 

fully understood.   

 

Vascular endothelial growth factor (VEGF) encodes another angiogenic factor 

associated with ALS, which performs a similar function in the development of 

neurons (Lambrechts et al., 2003). VEGF is neuroprotective to motor neurons under 

hypoxia by stimulating angiogenesis after the binding of hypoxia response factors to 

a response element in VEGF. Deletion of the hypoxia response element in the VEGF 

promoter of mice, reduces hypoxic expression and causes progressive motor neuron 

degeneration, reminiscent of ALS (Oosthuyse et al., 2001).   

 

SETX encodes a protein of unknown function, however, it contains a DNA/RNA 

helicase domain, which has strong homology to two genes, which encode proteins 

involved in RNA processing.  This suggests that mutations in SETX may cause 

neurodegeneration by the dysfunction of helicases or RNA processing errors (Chen 

et al., 2004). Mutations in SETX are usually associated with an autosomal dominant 

juvenile form of ALS (ALS4). Autosomal recessive mutations in SETX cause an 

unrelated disorder, ataxia oculomotor apraxia type 2 (AOA2) (Chen et al., 2006). The 

mechanisms by which ALS4 or AOA2 mutations cause disease have not yet been 

elucidated.   
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hnRNPA1 is a ribonucleoprotein, which can bind to RNA. Mutations in hnRNPA1 

occur in prion-like domains and hnRNPA1 along with other RBP with prion-like 

domains, such as FUS and TDP-43, have been shown to accumulate in disease 

pathology (Hong Joo Kim et al., 2013). Similarly, RNA binding proteins MATR3 and 

Atatxin-2 has also been shown to interact in complexes with TDP-43 (Elden et al., 

2010; Johnson et al., 2014). Muatations in genes encoding RNA binding proteins and 

their accumulation in disease pathology heavily implicates RNA metabolism in 

disease pathogenesis.  

1.2.2.5 C9ORF72 
In 2011, a GGGGCC hexanucleotide repeat expansion in C9ORF72 was identified 

that is strongly associated with ALS and FTD (DeJesus-Hernandez et al., 2011; 

Renton et al., 2011). It has since been found to be the most common known genetic 

cause of ALS causing 40-50 % of familial (DeJesus-Hernandez et al., 2011; Renton 

et al., 2011; Cooper-Knock, Hewitt, et al., 2012) and 7-10 % of sporadic cases 

(Majounie et al., 2012).    

 

C9ORF72 encodes a protein of the DENN family and has recently been implicated in 

the initiation of autophagy (Webster et al., 2016), a process known to be altered in 

ALS and more generally in neurodegeneration. The DENN family of proteins are also 

regulators of membrane trafficking events (Dapeng Zhang et al., 2012). The 

hexanucleotide repeat is found in the intron of C9ORF72 so it is not present in the 

amino acid sequence of the protein, but in the pre-mRNA molecules. The mechanism 

by which the C9ORF72 expansion causes ALS has not yet been elucidated.   

1.2.3 Neuropathological features  

The accumulation of proteinaceous aggregates in the cytoplasm or nucleus of the 

central nervous system (CNS) is a hallmark of many neurodegenerative diseases 

including HD, AD and Parkinson’s disease (PD) (Forman et al., 2004).   
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In cells, ubiquitin covalently attaches to proteins, marking them for destruction by the 

proteasome. Ubiquitinated inclusions (UBIs) are most commonly observed inclusions 

in ALS, appearing in both familial and sporadic cases (Leigh et al. 1991).  The 

appearance of these inclusions takes either one or a combination of two forms; 

rounded and compact (Lewy-body like) or filamentous (skein-like).  

 

In 2006, TDP-43 was found to be the major component of cytoplasmic and 

ubiquitinated inclusions associated with ALS and frontotemporal lobar dementia with 

ubiquitinated inclusions (FTLD-U) (Neumann et al., 2006; Arai et al., 2006). TDP-43 

inclusions have been identified in 97 % of sporadic and familial ALS cases 

(Mackenzie et al., 2007; Maekawa et al., 2009). TDP-43 inclusions are not present in 

cases with SOD1 or FUS mutations (Mackenzie et al., 2007; C.-F. Tan et al., 2007; 

Vance et al., 2009). The mislocalisation of TDP-43 and the identification of mutations 

in TARDBP, provide a link between sporadic and inherited ALS, as cytoplasmic 

aggregates of TDP-43 are a prominent feature of sporadic ALS. TARDBP mutations 

have also been observed in patients with FTLD, both with and without motor neuron 

disease (Gitcho et al., 2009; Benajiba et al., 2009; Borroni et al., 2009; Ince et al., 

2011). The histopathological changes that occur to TDP-43 in neurodegenerative 

disease are referred to as ‘TDP-43 proteinopathies’ (Kwong et al., 2007).  

 

In ALS and FTD, TDP-43 is cleared from the nucleus and is mislocalised being 

deposited and aggregated in the cytoplasm (Neumann et al., 2006). Pathological 

TDP-43 is hyperphosphorylated (p-TDP-43), ubiquitinated and cleaved to generate 

C-terminal fragments; these are all major components of intranuclear and 

cytoplasmic inclusions (Neumann et al., 2006).  The cleavage of C-terminal 

fragments results in the mislocalisation to the cytoplasm and formation of toxic 

aggregates (Nonaka, Arai, et al., 2009; Yong-Jie Zhang et al., 2009; Nonaka, 
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Kametani, et al., 2009). It is unclear which features of TDP-43 proteinopathy are 

responsible for disease: is it the loss of normal function of TDP-43 with clearance 

from the nucleus or a toxic gain of function due to aggregation and transformation of 

TDP-43 in the cytoplasm? 

 

Neuronal cytoplasmic inclusions (NCIs) and neuronal intranuclear inclusions (NIIs) 

are hallmarks of ALS and FTLD.  Typically in ALS these are characterised by 

ubiquitin, p62 and p-TDP-43 positive staining (A. King et al., 2011; Al-Sarraj et al., 

2011; Al-Chalabi et al., 2012). TDP-43 positive inclusions are found in motor neurons 

of the motor cortex; brain stem and spinal cord in cases of sALS and 

TARDBP/C9ORF72 related ALS, but not in SOD1 or FUS subtypes of ALS.   

 

Aggregates of FUS are observed in the cytoplasm of patients with a FUS mutation 

(Kwiatkowski et al., 2009; Vance et al., 2009). In patients with a FUS mutation, TDP-

43-positive inclusions are not observed. This implies that the neurodegenerative 

mechanisms set in motion by FUS mutation are independent of TDP-43 (Vance et 

al., 2009). FUS is also the major component of nuclear protein aggregates in other 

neurodegenerative diseases such as FTLD (Dormann et al., 2010), however, FUS 

mutations do not cause FTLD.   

 

Bunina bodies (BBs) are not ubiquitinated, but also serve as a hallmark for ALS. BBs 

are small eosinophilic inclusions, first observed in patients with familial ALS (Bunina, 

1962). Since their discovery, cystatin C (Okamoto et al., 1993) and transferrin 

(Mizuno, Amari, Takatama, Aizawa, Mihara, and Okamoto, 2006a) have been 

identified as present in BBs, but TDP-43 is not present (C.-F. Tan et al., 2007). BBs 

appear both in normal looking and degenerating motor neurons, suggesting a role in 

the initial stages of motor neuron degeneration (Okamoto et al., 2008). The role of 

BBs in ALS has not yet been elucidated.  
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Hyaline conglomerate inclusions (HCIs) are large, phosphorylated and non-

phosphorylated neurofilament accumulations observed in spinal cord motor neurons 

(Hirano et al., 1967; Wood et al., 2003). HCIs have been identified in other diseases 

involving the lower motor neurons such as multiple system atrophy and also in 

healthy controls, suggesting a less specific role for HCIs in ALS (Sobue et al., 1990).  

 

C9ORF72 ALS cases exhibit additional pathologies due to the unconventional repeat 

associated translation of the C9ORF72 transcript. Firstly, nuclear RNA foci are 

observed in patient CNS tissue in the frontal cortex, hippocampus and cerebellum 

(DeJesus-Hernandez et al., 2011; Gendron et al., 2013). These foci are formed from 

the (G4C2)n repeat expansion being transcribed in both the sense and antisense 

directions. These foci are also observed in astrocytes, microglia and 

oligodendrocytes (Mizielinska et al., 2013) and fibroblast and induced pluripotent 

stem cell (iPSC) derived motor neurons from C9ORF72/FTD patients (Lagier-

Tourenne et al., 2013; Sareen et al., 2013). The majority of foci are nuclear in 

localisation, but rare cytoplasmic foci have also been observed (Mizielinska et al., 

2013; Cooper-Knock et al., 2014). These foci colocalise with various RNA binding 

proteins including SRSF2, AlyRef, heterogeneous ribonucleoprotein (hnRNP) A1 and 

A3, SC35 and Pur-α (Mori, Lammich, et al., 2013; Sareen et al., 2013; Y.-B. Lee et 

al., 2013; Haeusler et al., 2014; Cooper-Knock et al., 2014). In motor neurons from 

patients with C9ORF72-ALS, there is a correlation between TDP-43 nuclear loss and 

antisense RNA foci, which is not observed with sense foci (Cooper-Knock et al., 

2015). Sense and antisense (G4C2)n repeat transcripts also undergo unconventional 

repeat associated non-ATG (RAN) translation to form dipeptide repeat proteins (Ash 

et al., 2013; Mori, Weng, et al., 2013). DPR proteins are a major component of p62 

positive, TDP-43 negative aggregates in C9ORF72 ALS/FTD patients (Mann et al., 

2013).  
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1.2.4 Pathogenesis 

The underlying cause and selectivity for motor neuron death in ALS is unknown. The 

disease has no global or geographical pattern and no definite link to environmental 

toxins. There are complex interactions between genetic and molecular pathways 

implicated in ALS, suggesting that the pathophysiological mechanism underlying the 

development of ALS is multifactorial. There is also complex communication between 

neurons and surrounding cells such as microglia and astrocytes.   

1.2.4.1 Oxidative damage  
Cellular reactive oxygen species (ROS) are the by-product of aerobic respiration. 

The major source of oxygen consumption in cells occurs in mitochondria for ATP 

production. Mitochondria leak electrons, resulting in the incomplete reduction of 

molecular oxygen to give superoxide radicals and hydrogen peroxide. Superoxide 

radicals and hydrogen peroxide undergo further reactions to produce highly reactive 

peroxynitrite and hydroxyl radicals, which are damaging to the cell. Oxidative stress 

occurs due to an imbalance between the production of ROS and the ability to repair 

or remove the damage caused by them. Oxidative stress is capable of causing 

damage to proteins, lipids DNA and RNA, altering the protein conformation, cell 

membrane dynamics and causing alterations in DNA and RNA species (Barber et al., 

2010; Kong et al., 2010).    

 

Oxidative stress has been implicated in ALS, due to the identification of a mutation in 

SOD1, a free radical scavenger. SOD1 knockout mice models do not develop motor 

neuron degeneration, so the SOD1 mutation does not cause a loss of function, but a 

toxic gain of function, generating free radicals that eventually lead to cell injury and 

cell death (Joyce et al., 2011). Immunohistochemistry on the end products of lipid 

peroxidation and protein oxidation in spinal cord tissue of patients with sALS and 

fALS have confirmed enhanced levels, suggesting that spinal cord motor neuron and 

glial cells are exposed to oxidative stress in ALS (Shibata et al., 2001).   
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ROS production increases with age, primarily due to an increase in the leakage of 

electrons from mitochondria. This could partially explain the onset of ALS later in life, 

with the median age of onset being 47 years (Kiernan et al., 2011). This suggests the 

possibility of a ‘threshold effect’ that the mutations found in ALS do not cause the 

disease until a later age, due to the fact that later in life mitochondria become 

dysfunctional.  

 

Oxidative stress can also damage other cellular processes such as RNA molecules 

and therefore RNA metabolism.  Under the same oxidative conditions, RNA is more 

susceptible to damage than DNA (Li et al., 2006). RNA is more susceptible to 

damage due to its single stranded nature and the fact that no oxidation repair 

systems have been found for RNA (Li et al., 2006). The oxidation of mRNA has been 

identified in patients and transgenic mice expressing fALS SOD1 mutations (Chang 

et al., 2008). Oxidation of mRNA occurs at the presymptomatic stages, so is not a 

consequence of motor neurons dying. The most highly oxidised RNA species were 

those encoding proteins involved in protein biosynthesis, mitochondrial electron 

transport and ALS associated Dynactin 1, VAMP and neurofilament subunits.  Where 

Oxidised mRNAs are translated to form full length, non-functional proteins or full 

length, functional proteins with reduced activity (M. Tanaka et al., 2007). There is a 

direct correlation between the extent of mRNA oxidation and the frequency of errors 

in translation. Translation errors can result in the synthesis of defective proteins. 

1.2.4.2 Protein misfolding and aggregation  
Misfolding of mutant proteins and protein aggregation is a commonly occurring 

theme in neurodegenerative diseases (Forman et al., 2004). There is continued 

debate over the significance of intracellular aggregates and the role they play in 

disease pathogenesis. It is unclear whether aggregates directly cause toxicity or 

whether they are harmless by-products of neurodegeneration. The possibility that 
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aggregations are beneficial to the cell has also been considered, with the 

sequestration of abnormal proteins that could potentially harm the cell. 

 

Recently, it has been shown that cytoplasmic aggregates disrupt the 

nucleocytoplasmic transport of RNA and proteins (Woerner et al., 2016). The 

inclusions observed in ALS are ubiquitinated, suggesting impairment of the ubiquitin 

proteasome system (UPS) and autophagy degradation systems. Furthermore, there 

are ALS genes involved in endosomal trafficking (ALS2, VAPB, CHMP2B, FIG4), the 

UPS (UBQLN2, SQSTM1, SIGMAR1) and autophagy (OPTN, VCP, TBK1, 

C9ORF72), which have been identified (See Table 1.2). 

1.2.4.3 Neuronal excitotoxicity 
Excitotoxicity is the process by which neurons are damaged and killed by the 

excessive stimulation of glutamate receptors. Glutamate is a neurotransmitter in the 

vertebrate nervous system, which is stored in vesicles and released at synapses. 

Excess activation and binding to the postsynaptic receptor by glutamate causes 

activation of calcium dependent enzymatic pathways and excessive release of free 

radicals, which can damage intracellular organelles. Glutamate receptor expression 

is controlled by astrocytes, non-neuronal glial cells in the brain and spinal cord. 

Astrocytes are therefore possibly also implicated in the modulation of excitotoxicity. 

There is evidence of altered glutamate levels in the tissues of ALS patients and 

impaired glutamate metabolism in motor neuronal models of fALS (D'Alessandro et 

al., 2011).   

 

Riluzole is the only disease modifying therapy for patients with ALS, extending 

survival by 3-6 months (Kiernan et al., 2011). It inhibits glutamate release possibly by 

blocking of sodium channels. It is approved in most countries, but not all due to its 

high cost for only a ‘modest’ effect. Riluzole has been proven to have a 

neuroprotective action upon motor neurons and glia when applied early after an 
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excitotoxic stimulus (Cifra et al., 2011), further supporting the role of excitotoxicity in 

the pathogenesis of ALS.  

1.2.4.4 Neuroinflammation and non-cell autonomous toxicity  
Neuroinflammation is characterised by microgliosis, the activation and proliferation of 

microglia, and the accumulation of T-lymphocytes. As well as occurring as a result of 

neuronal injury, the inflammatory pathway can also affect the survival of motor 

neurons, either having neuroprotective or deleterious effects (Lewis et al., 2012; 

Evans et al., 2013). Astrocytes and microglia may contribute to neurodegeneration 

via insufficient release of neurotrophic factors, responsible for the growth, survival 

and maintenance of neurons. Microglia also release neurotoxic mediators as part of 

their normal function, but the levels of these decrease once a task is complete.  

 

Astrocytes derived from SOD1, C9ORF72 and sporadic ALS fibroblasts have been 

shown to be toxic to neurons in co-culture (Meyer et al., 2014). Non-cell autonomous 

toxicity has also been described in SOD1 ALS mouse models (Nagai et al., 2007). 

During inflammation microglia remain active for extended periods and large amounts 

of mediators such as cytokines, chemokines, proteases and amyloid precursor 

protein are produced. Increased inflammatory mediators and activated astrocytes 

and microglia have been observed in the spinal cord of patients with ALS (Henkel et 

al., 2004) and SOD1 mouse models (Clement et al., 2003).  

 

Inflammation also generates oxidative stress with activated microglia providing a 

source of oxygen free radicals. This links neuroinflammation to the oxidative damage 

mechanism of neurodegeneration, and further highlights the overlap between the 

pathogenic mechanisms underlying ALS.  

1.2.4.5 Axonal transport defects 
Due to the large size and long axonal compartment of motor neurons, they have a 

high-energy demand and depend on a robust cytoskeleton for axonal transport. 
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Pathological hallmarks of ALS include the accumulation and abnormal assembly of 

neurofilaments, identified by the immunoreactivity of neurofilament epitopes within 

ubiquitinated inclusions of surviving motor neurons (De Vos et al., 2008). 

Neurofilaments are the major component of the neuronal cytoskeleton and their main 

functions are structural support of the axon and axonal transport. Neurofilaments 

transport proteins and neurotransmitters throughout the neuron via two types of 

transport proteins: dynein and kinesin.  

 

Dynein is involved in retrograde axonal transport (towards cell body) and requires a 

dynactin complex to transport vesicles along microtubules. Mutations in the P150 

subunit of dynactin (DCTN1) have been associated with motor neuron disease (Puls 

et al., 2003). This mutation distorts the folding of the microtubule-binding domain in 

dynactin. Kinesin is involved in anterograde axonal transport (away from the cell 

body).  Mutations in the gene encoding the kinesin-1 protein are associated with 

HSP, a neurodegenerative disorder characterised by progressive weakness and 

spasticity of the legs (E. Reid et al., 2002).  

 

VAPB is also mutated in a rare form of ALS and adult onset SMA (Nishimura et al., 

2004). VAPB is associated with vesicle trafficking within neurons and is thought to 

have a role in membrane transport particularly in the endoplasmic reticulum (ER) 

(Skehel et al., 2000). Membrane bound vacuoles in axons and dendrites of mutant 

SOD1 (G37R) transgenic have also been reported (Wong et al., 1995).  

 

Defective mitochondrial transportation along axons has been described as 

contributing to motor neuron degeneration in ALS models (De Vos et al., 2007; 

Mórotz et al., 2012). This links defective axonal transport to mitochondrial 

dysfunction.  
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1.2.4.6 Mitochondrial dysfunction  
Mitochondria are vital for cell survival due to their role in the production of cellular 

ATP and many other biosynthetic intermediates. They are also responsible for 

intracellular calcium buffering and contribute to cellular stress responses triggering 

apoptosis and autophagy. Mitochondrial dysfunction has also been implicated in 

ALS. Human patients with ALS and mice over expressing the mutant SOD1 and 

TDP-43 proteins, were both found to have morphological and functional defects in 

mitochondria (Shi et al., 2010; Magrané et al., 2014).  

 

Due to the high-energy demand of neurons, alteration to the production of ATP 

causes damage to motor neurons. Functional defects in mitochondria could result in 

an increase of ROS, linking mitochondrial dysfunction to oxidative stress in the 

pathogenesis of ALS.  

1.2.4.7 Dysregulated RNA metabolism  
As discussed previously, dysregulated RNA metabolism has been strongly implicated 

in ALS due to the number of ALS genes involved in RNA processing. Aggregates of 

RNA binding protein TDP-43 are a pathological hallmark in most cases of ALS. The 

repeat expansion in C9ORF72 has been implicated as a direct cause of RNA toxicity 

and the production of toxic dipeptide repeat (DPR) proteins. The potential areas 

where RNA metabolism is altered and where ALS gene mutations and disease 

processes occur are summarised in Figure 1.1.  

1.3 TDP-43 and ALS 

1.3.1 TDP-43 structure and localisation  

Encoded by TARDBP, TAR DNA binding protein of 43 kDa (TDP-43) is a 

ubiquitously expressed DNA/RNA-binding protein (Ou et al., 1995). TDP-43 contains 

2 RNA recognition motifs (RRMs) (Buratti and Baralle, 2001), a bipartite NLS, 



38 

nuclear export signal (NES) (Winton et al., 2008), a glycine-rich C-terminal domain 

(Buratti et al., 2005) and prion-like domain (PLD) (Fuentealba et al., 2010).  

 

In order to maintain protein homeostasis, many RBPs utilise alternative splicing-

mediated NMD and highly conserved intronic regions to auto-regulate their own 

expression levels (Buratti et al., 2011; Y. Zhou et al., 2013). FUS is able to auto-

regulate its expression by regulation of the alternative splicing of exon 7 (Y. Zhou et 

al., 2013). When FUS levels are high, there is an increase in binding to exon 7 and 

its flanking introns, promoting exon 7 skipping and NMD to reduce excess FUS 

protein. To increase FUS production when levels of FUS are lower, inclusion of exon 

7 would be favoured.  

 

TDP-43 uses a different mechanism to regulate the stability of its own mRNA and 

auto-regulate TDP-43 protein levels (Ayala et al., 2011; Polymenidou et al., 2011). 

TDP-43 is able to regulate its own expression by binding to a highly conserved 

region in the 3’ UTR of TARDBP pre-mRNA, the TDP-43 binding region (TDPBR) 

which is critical for auto-regulation (Sephton et al., 2011; Ayala et al., 2011; 

Polymenidou et al., 2011). The C-terminal is also required for self regulation (Ayala 

et al., 2011). When TDP-43 is over-expressed, increased binding to the TDPBR 

promotes mRNA instability, by transcriptional stalling of RNAPII and polyadenylation 

site switching, which results in the NMD of alternatively spliced and post-

transcriptionally modified transcripts (Avendaño-Vázquez et al., 2012; D'Alton et al., 

2015). 
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Figure 1.1 RNA metabolism and the potential areas where ALS gene mutations 
or disease processes can occur 
After transcription, pre-mRNA undergoes several modifications (5’ capping, addition of 3’ 
polyA tail and splicing). The mature mRNA is then incorporated into a RNP complex for 
export into the cytoplasm via NPC. Translation then occurs at the ribosome. In the cytoplasm 
further regulation of gene expression occurs involving siRNA and miRNA (NMD, NSD, NGD 
and RNAi).  mRNAs are either translated or held in stress granules until required. Aberrant 
mRNAs are degraded in processing bodies (P-bodies). Nuclear and cytoplasmic polypeptide 
aggregation and RNA foci can be observed. Potential sites of disease with implicated gene 
alterations have been identified in red.  
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Many RBPs also have other cellular factors, which cross-regulate their expression, 

binding to their RNA to modulate splicing and stability. It has been shown that Hu 

Antigen R (HuR) binds to the 3’ UTR of TDP-43 and regulates its expression by 

translation efficiency, not via RNA stability (Lu et al., 2014).  

 

Auto-regulation of TDP-43 and FUS protein levels to tightly control their function, 

suggests that unbalancing this regulation may underpin the mechanism of 

neurodegeneration in ALS. Indeed, animal models expressing TDP-43 which lacked 

the auto-regulation sequence have been shown to develop a more severe 

neurodegeneration than those expressing wild-type (WT) or mutant TDP-43 including 

the auto-regulation sequence (Ling et al., 2013).   

 

The majority of TDP-43 is located in the nucleus, but is capable of nucleocytoplasmic 

shuttling (I.-F. Wang et al., 2008; Winton et al., 2008; Ayala et al., 2008). 

Cytoplasmic TDP-43 has been identified associated with RNA granules (Elvira et al., 

2006), hnRNPs, mitochondria and stress granules. In healthy neurons it is located 

predominantly in the nucleus, but shuttles continuously between the nucleus and the 

cytoplasm during transcription (Ayala et al., 2008). The nucleocytoplasmic transport 

of TDP-43 is highly dependent upon transcription and any disruption to the 

interaction of TDP-43 to target mRNA or alterations to transcription, results in the 

cytoplasmic accumulation of TDP-43 (Ayala et al., 2008).  

1.3.2 TDP-43 proteinopathy and disease pathology  

TDP-43 proteinopathy is defined by the nuclear loss, cytoplasmic mislocalistion, 

fragmentation and aggregation of TDP-43. The cellular distribution of TDP-43 protein 

in post mortem motor neurons in health and disease are shown in Figure 1.2. A key 

question in ALS research is which part of the proteinopathies described is 

responsible for the development of disease. Is it a loss of function due to the 
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mislocalisation of protein preventing normal function of TDP-43 protein, gain of 

function due to the toxicity of TDP-43 aggregates, or due to a combination of both?  

 

Figure 1.2 TDP-43 proteinopathy  
(A) TDP-43 is localised to the nucleus in healthy motor neurons. In disease motor neurons 
TDP-43 forms aggregates. There are several types of aggregates (i) skein-like, (ii) Lewy body 
like and (iii) compact. (B) TDP-43 is mislocalised from the nucleus to the cytoplasm (C) 
Cytoplasmic TDP-43 aggregate in the cytoplasm of a motor neuron. Pictures kindly provided 
by Highley JR and Ince PG, Neuropathology group in SITraN.  

The redistribution of TDP-43 is an early event in ALS with hyperphosphorylation and 

ubiquitination of TDP-43 in the cytoplasm occurring later (Giordana et al., 2010). 

Acetylation of TDP-43 has also been identified as promoting the formation of 

insoluble, hyperphosphorylated inclusions in ALS (Cohen et al., 2015). The spread of 

transformed TDP-43 protein from cortical and spinal cord motor neurons to other 

cortical regions can be used to stage ALS pathological progression, highlighting the 

significance of TDP-43 protein to the pathogenesis of ALS (Brettschneider et al., 

2013).  

 

Pathological TDP-43 is ubiquitinated, hyperphosphorylated and N-terminally cleaved 

to generate toxic, insoluble C-terminal fragments (CTFs) (Neumann et al., 2006; 

Hasegawa et al., 2008; Yong-Jie Zhang et al., 2009). TDP-43 is cleaved by caspases 

to form 25 kDa and 35 kDa fragments referred to as TDP-25 and TDP-35 (Yong-Jie 

Zhang et al., 2007).  CTFs mislocalise to the cytoplasm due to the lack a NLS and 

aggregate due to the presence of the prion-like domain (Winton et al., 2008; Igaz et 
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al., 2009; Fuentealba et al., 2010). The cleavage of TDP-43 is enhanced by C-

terminal mutations (Rutherford et al., 2008; Sreedharan et al., 2008), cellular stress 

(Dormann et al., 2009; Suzuki et al., 2011) and proteasomal inhibition (C.-C. Huang 

et al., 2014).  

 

Both CTFs form inclusions that are able to sequester full-length TDP-43 (Nonaka, 

Arai, et al., 2009; C. Yang et al., 2010; Che et al., 2011). TDP-35 colocalises with 

stress granules (SGs) (Nishimoto et al., 2010; Liu-Yesucevitz et al., 2014) and when 

aggregated in inclusions causes alterations to RNA processing (Che et al., 2011). 

TDP-35 is able to bind to RNA and this is beneficial to the formation of inclusions and 

responsible for the sequestration of full length TDP-43 by TDP-35 (Che et al., 2015). 

TDP-25 mediated toxicity occurs by increasing formation of inclusions, impaired 

proteasomal degradation, ER-stress mediated apoptosis and impaired neurite 

outgrowth (C. Yang et al., 2010; Suzuki et al., 2011; Caccamo et al., 2015). 

 

The cleavage of TDP-43 is not required prior to aggregation of TDP-43 (Dormann et 

al., 2009). Furthermore, the nuclear loss of TDP-43 can be induced by fragmented 

TDP-43 without the formation of aggregates (C. Yang et al., 2010). Caspase 

cleavage of TDP-43 to TDP-35 and TDP-25 is an intermediate step in the 

degradation of TDP-43 under normal conditions (C.-C. Huang et al., 2014). This has 

led to the suggestion of a ‘two-hit’ hypothesis for inclusion formation where a second 

deleterious event, such as RNA depletion or disrupted microtubule transport, is 

required to form inclusions following the production of CTFs (Pesiridis et al., 2011; 

Arnold et al., 2013).  

 

It is interesting to note that TDP-43-mediated neuron loss does not require mutation, 

mislocalisation or fragmentation of TDP-43, but requires intact RNA binding capacity 

(Voigt et al., 2010). This suggests that TDP-43 aggregation does not directly exert 
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toxicity, but may be toxic due to a loss of function caused by altered RNA binding 

activity of TDP-43. 

 

The chaperone system, ubiquitin proteasome system (UPS) and autophagy work to 

remove aggregated TDP-43 (Urushitani et al., 2010; Brady et al., 2011). TDP-43 

stabilises the expression of HDAC6, a protein involved in cytoskeleton trafficking and 

autophagy-mediated degradation of misfolded proteins (Fiesel et al., 2010). 

Inefficient clearance of aggregates may result in the accumulation of TDP-43 in the 

cytoplasm in disease. 

 

TDP-43 proteinopathy is observed in all fALS, excluding SOD1 and FUS ALS (Keller 

et al., 2012), suggesting that these cases cause ALS via different disease 

mechanisms from those displaying TDP-43 proteinopathy. However, most reports of 

SOD1 fALS predate the discovery of TDP-43 inclusions in ALS, so the presence of 

TDP-43 inclusions may have been overlooked (Ince et al., 2011). It has also been 

shown that mtSOD1 protein, but not WT SOD1 protein, interacts with TDP-43 protein 

in the cytoplasm and can induce mild biochemical alteration of TDP-43 in cell culture 

and SOD1 mouse models (Higashi et al., 2010). Recent studies have also identified 

changes to TDP-43 metabolism in mtSOD1 patient fibroblasts (Sabatelli et al., 2015). 

This suggests there may be an interaction between mutant SOD1 and TDP-43 and 

that there are more similarities in the disease mechanisms than previously thought.  

1.3.3 TDP-43 and RNA processing  

TDP-43 functions as a ribonucleoprotein in the regulation of transcription and pre-

mRNA splicing and has over 4000 binding targets. TDP-43 within the nervous 

system binds to >6000 pre-mRNAs, affects the levels of approximately 600 mRNAs 

and alters the splicing patterns of around 950 mRNAs (Polymenidou et al., 2011). 
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Therefore TDP-43 is involved in a diverse range of cellular processes and all aspects 

of mRNA transcription, translation and post-translational processing. 

 

TDP-43 is involved in transcriptional repression and can prevent pre-mRNA 

transcription from DNA. This was first noted in the regulation of the HIV-1 gene 

expression (Ou et al., 1995). It has also been shown that mouse sperm acrosomal 

protein SP-10 is repressed by TDP-43 (Acharya et al., 2006; Abhyankar et al., 2007; 

Lalmansingh et al., 2011). 

 

Following transcription, TDP-43 is recruited to pre-mRNA binding to UG repeats at 3’ 

or 5’ splice sites to direct the spliceosome to targets for alternative splicing. It can 

mediate exon exclusion, inclusion, alternative exon usage and alternative splice sites 

(Arnold et al., 2013; De Conti et al., 2015; Colombrita et al., 2015). For example, 

TDP-43 silences splicing in cystic fibrosis transmembrane regulator (CFTR) exon 9 

(Buratti, Dork, et al., 2001), apolipoprotein AII (ApoAII) exon 3, eukaryotic termination 

factor 1 (ETF1) and retinoid X receptor gamma (RXRG) (Mercado et al., 2005) and 

enhances splicing in breast cancer 1 (BRCA1)-mutated substrate (Passoni et al., 

2012) and S6 kinase 1 Aly/REF-like target (SKAR) (Fiesel et al., 2012). Abnormal 

splicing of TDP-43 mRNA has been shown to generate a pathogenic low molecular 

weight species of TDP-43 which causes motor neuron death (Xiao et al., 2015).   

 

Abnormalities of TDP-43 in ALS are reflected by changes to RNA processing and in 

particular the aberrant splicing of mRNA (Xiao et al., 2011). Recently, it has been 

shown that aberrantly spliced mRNA species are translated. A mutant of the protein 

SKAR, a component of the exon junction complex (EJC), translated from an aberrant 

splice variant was also recently reported to increase global translation upon TDP-43 

knock-down (Fiesel et al., 2012). This further suggests that aberrantly spliced mRNA 

can be exported, translated and may acquire new biological functions.  
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TDP-43 is also involved in miRNA production and regulation. TDP-43 (and FUS also) 

associates with Drosha and Dicer in the microprocessor complex (Gregory et al., 

2004; Fukuda et al., 2007). Mature miRNAs are generated from primary miRNA (pri-

miRNA) complexes, which are cleaved by Drosha to produce pre-miRNA. These pre-

miRNA are transported to the cytoplasm by Exportin-5 where Dicer cleaves them into 

mature miRNA. Mature miRNA involved in silencing are incorporated into the RISC 

complex where they bind to a miRNA recognition element in the 3’ UTR of the target 

mRNA to repress or degrade these mRNA. TDP-43 facilitates the production of pre-

miRNA in the nucleus by its association with Drosha and binding to pri-miRNA. In the 

cytoplasm TDP-43 interacts with Dicer and binds to the terminal loop of pre-miRNA 

to promote their processing (Kawahara et al., 2012). TDP-43 facilitates the post-

transcriptional processing of a small subset of miRNAs including those required for 

neuronal outgrowth (Kawahara et al., 2012). TDP-43 can also negatively regulate 

certain miRNA by affecting their availability for incorporation into the RISC complex 

(I. N. King et al., 2014).  

1.3.3.1 TDP-43 in RNP complexes  
TDP-43 is a component of ribonucleoprotein (RNP) complexes (also referred to as 

RNA granules) that are required for the regulation of RNA metabolism. RNP 

complexes are made up of ribosomal subunits, translational factors, RBP, helicases 

and decay enzymes. They are bundled into RNP complexes in order to coordinate 

the expression of nascent mRNA and direct protein synthesis in response to cellular 

needs. There are three types of RNP complexes in neurons: transport granules, 

stress granules and processing bodies (P-bodies). Proteomic analysis has identified 

TDP-43 as having strong interactions with translation machinery and extensive 

interactions with proteins involved in the regulation of RNA metabolism (Freibaum et 

al., 2010).  
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Transport granules (tRNP) are thought to contain mRNA in a translationally silent 

state until it has been transported to the site of protein synthesis either along neurites 

or to synapse terminals (Hirokawa, 2006). TDP-43, along with other RNA binding 

proteins such as heterogeneous nuclear ribonucleoprotein A2 (hnRNPA2), Staufen 

proteins, Purine-Rich Element Binding Protein alpha (Purα), and motor proteins, such 

as kinesins, are components of RNP complexes and involved in the transport of 

mRNA to dendrites (Kanai et al., 2004; Kiebler et al., 2006; I.-F. Wang et al., 2008). 

In neurons, TDP-43 is a key component in dendritic RNA transport granules and the 

regulation of local protein synthesis in dendrites to maintain neuronal plasticity 

(Diaper et al., 2013; Alami et al., 2014; Liu-Yesucevitz et al., 2014). 

 

Stress granules (SG) are cytoplasmic complexes consisting of RBP, RNA and stalled 

translation initiation complexes (Anderson et al., 2008). They are formed upon 

cellular stress in a reversible manner and following stress mRNA is either exchanged 

with RNP, made translationally active or exported to P-bodies for degradation. P-

bodies contain factors involved in RNA degradation and RNA silencing. There is a 

dynamic exchange between SG and P-bodies and RNA transcripts held in P-bodies 

can either be returned for translation or degraded (R. Parker et al., 2007).  

 

In response to stress, TDP-43 (and TDP-35) associate with stalled ribosomes in SG, 

playing a role in mRNA stability and cell survival (Colombrita et al., 2009; Nishimoto 

et al., 2010; Dewey et al., 2011; Higashi et al., 2013). However, TDP-43 is not 

required for SG formation (Colombrita et al., 2009). Cells with mutant TDP-43 react 

differently in response to stress, compared to cells with WT TDP-43, suggesting that 

mutations in TDP-43 may affect SG dynamics, (Dewey et al., 2011). It has been 

shown in Drosophila that the remodelling of TDP-43 RNA granules can reduce the 

toxicity of TDP-43 by restoring translation (Coyne et al., 2015). TDP-43 recruited to 

SG in response to stress may be responsible for the formation of irreversible protein 
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aggregates as observed in TDP-43 proteinopathies (S. J. Parker et al., 2012; Hyung-

Jun Kim et al., 2014).  

 

As a member of the hnRNP family, TDP-43 is aided by and forms complexes with a 

variety of other hnRNPs (Buratti et al., 2005; 2010; M. Romano et al., 2014). TDP-43 

interacting with other hnRNPs affects a variety of the functions of TDP-43, including 

its binding to other hnRNPs, the aggregation of TDP-43 and regulation of the 

splicing/alternative splicing of other hnRNPs (Buratti et al., 2005; Highley et al., 2014; 

Lauranzano et al., 2015). hnRNP K binds to TDP-43, creating SG in response to 

cellular stress and loss of hnRNP K from SGs can prevent accumulation of TDP-43  

(Moujalled et al., 2015). This suggests that other hnRNPs may also be involved in 

TDP-43 proteinopathy.  

1.3.4 Other roles and functions of TDP-43  

1.3.4.1 TDP-43 in mitochondrial dynamics and function 
Altered mitochondrial morphology and function has been extensively studied in ALS, 

particularly in SOD1 ALS (Cozzolino et al., 2013). TDP-43 may also be directly 

involved in mitochondrial dysfunction. Mutant TDP-43 impairs mitochondrial 

dynamics and function in motor neurons via enhanced localisation in mitochondria 

(W. Wang et al., 2013). TDP-43 protein accumulated in the mitochondria of neurons 

has been observed in ALS/FTD patients (W. Wang et al., 2016). Mitochondrial 

phenotypes and alterations to mitochondrial distribution and morphology have been 

described in TDP-43 mouse models (Xu et al., 2010; Shan et al., 2010; Xu et al., 

2011). TDP-43 and its fragments can also enhance mitochondrial dysfunction and 

activate mitophagy, the clearance of damaged mitochondria (Hong et al., 2012).  

1.3.4.2 TDP-43 and development 
TDP-43 is developmentally regulated and is essential for early embryonic 

development (Sephton et al., 2010). Lack of TDP-43 leads to embryonic lethality and 
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motor dysfunction in homozygous and heterozygous knock out mice (L.-S. Wu et al., 

2010; Kraemer et al., 2010). Depletion of TDP-43 in Drosophila caused altered 

locomotive function and abnormal neuromuscular junctions (NMJ) (Feiguin et al., 

2009). Zebrafish models also show defective development of motor neurons and a 

motor dysfunction upon knock-down of TDP-43 (Kabashi et al., 2010). TDP-43 also 

has splicing activities in genes essential for neuronal development and CNS integrity 

(Rogelj et al., 2012; Lagier-Tourenne et al., 2012). This suggests that alterations to 

regulation and function of TDP-43 in development could also play a role in later 

pathogenic degeneration that occurs in disease.  

1.3.4.3 Axonal growth and synaptic transmission 
TDP-43 is specifically localised to motor neuron axons and regulates dendrite and 

axon outgrowth and cytoskeleton integrity (Fallini et al., 2012; Tripathi et al., 2014). 

Depletion of TDP-43 inhibits neurite growth and induces death by dysregulation of 

Rho GTPases (Iguchi et al., 2009). TDP-43 is also required by glia in the regulation 

of morphology and function of neuromuscular junctions (Estes et al., 2013; G. 

Romano et al., 2015). The fact that TDP-43 levels can affect the growth of axons and 

neurites suggests that TDP-43 plays a role in the processing and axonal fate of 

mRNAs.  

1.3.5 Modelling TDP-43 ALS  

In order to elucidate the physiological role of TDP-43 in the nervous system both in 

vitro cell models and in vivo animal models have been generated to try and 

understand the pathogenic mechanisms of mutant TDP-43 in ALS. To do this 

investigators have either taken a gain-of-function approach overexpressing TDP-43 

protein or a loss-of-function approach by knockdown or conditional knockdown of the 

TDP-43 protein. The recent advances in inducible systems allow for a more 

controlled expression of TDP-43.  
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Modelling TDP-43 proteinopathy has remained a challenge for over a decade since 

its discovery. There are therefore several considerations to take into account when 

designing a TDP-43 related disease model. The overall expression of TDP-43 wild 

type and ALS mutant protein needs to remain at comparable physiological 

expression levels, where total levels of wild type and pathogenic TDP-43 proteins 

appear similar to healthy controls. TDP-43 is able to auto-regulate its own levels 

(Ayala et al., 2011; Polymenidou et al., 2011), therefore chromosomal integration of a 

transgene into a model can result in the down-regulation of endogenous TDP-43 

levels (Igaz et al., 2009). Over-expression and knock-down of TDP-43 also produce 

a variety of differing side effects and have very different consequences with respect 

to gene expression and splicing (Hazelett et al., 2012). This can cause issues in the 

identification of disease related effects, which may be masked by over-expression 

effects. Although over-expression of TDP-43 is inherently toxic, there are differential 

differences between different models of WT TDP-43 and mutant TDP-43, suggesting 

that individual mutations themselves also need to be taken into account (Estes et al., 

2011). The time of the induction of TDP-43 WT or mutant TDP-43 in the development 

of an organism can also have an effect on the neuronal sensitivity and so is also 

worth consideration (Cannon et al., 2012).  

1.3.6 Cellular models of TDP-43 ALS  

Various components of TDP-43 pathology have been modelled by transient 

transfection into immortalised cell lines (Winton et al., 2008; Igaz et al., 2009). 

However, transient transfection of TDP-43 results in huge over expression of TDP-

43, which is not a true reflection of disease. Therefore inducible cell lines have been 

generated in other studies to overcome this problem where gene expression can be 

controlled to produce a more moderate expression of TDP-43. Cells derived from 

fibroblasts from patients with TDP-43 mutations have also been generated. A 

summary of cellular models of TDP-43 ALS is shown in Table 1.3. 
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Table 1.3 Cellular models of TDP-43 ALS 
Different cellular models of TDP-43 ALS are described. The type of model, TDP-43 localisation in model, main findings are shown, alongside the relevant 
literature reference.   
Model Type TDP-43 localisation  Main findings Reference  

Tetracycline inducible 
HEK Flp 
(Invitrogen) 

WT TDP-43, TDP-43 G298S, 
TDP-43 Q331K, TDP-43 M337V 

Predominantly nuclear  Mutations in TDP-43 increase stability and 
complex formation with FUS 

(Ling et al., 2010) 

HEK Flp 
(Invitrogen) 

FLAG TDP-43 WT, FLAG TDP-
43 A90V 

Not investigated   (Zhijun Zhang et al., 
2013)  

HEK Flp 
(Invitrogen) 

12 repeats of  Q/N region of 
TDP-43 339-369 linked to EGFP 
(EGFP-12xQ/N) 

Aggregates sequester 
endogenous TDP-43 
causing nuclear depletion  

N terminus sequence of TDP-43 enhances 
interaction of TDP-43 with aggregates and 
their insolubility  

(Budini et al., 2014) 

Doxycycline inducible 
M17 TDP-43 Q331K  Data not shown  Inhibition of Dbr1 suppresses TDP-43 toxicity 

in cell line 
(Armakola et al., 
2012) 

HEK, SH-SY5Y TDP-43, HA-tagged and EGFP 
tagged TDP-43 WT, TDP-43 
∆NLS, TDP-43 CTF 

TDP-43 WT predominantly 
nuclear, TDP-43 ∆NLS 
nuclear and cytoplasmic, 
TDP-43 CTF cytoplasmic 

Soluble TDP-43 degraded by UPS, TDP-43 
aggregate clearance requires autophagy 

(Scotter et al., 
2014) 

PC12 TDP-43 WT-GFP Diffuse nuclear Sodium arsenite induced aggregation 
response from cell lines, novel compounds 
found to inhibit this 

(Boyd et al., 2014) 

TDP-43 ALS patient derived  
iPSCs from 
fibroblasts  

TDP-43 M337V Predominantly nuclear  M337V specific susceptibility to antagonism of  
PI3K signalling  

(Bilican et al., 2012) 

iPSCs from 
fibroblasts 

TDP-43 Q343R, TDP-43 
M337V, TDP-43 G298S  

Nuclear and cytoplasmic, 
cytoplasmic aggregates 

Anacardic acid reverses ALS phenotype  (Egawa et al., 2012) 

iPSCs from 
fibroblasts 

TDP-43 M337V, TDP-43 A90V Nuclear, mislocalised in 
response to stress 
(staurosporine) 

Downregulation of MicroRNA-9 when derived 
from patients with TDP-43 mutations 

(Zhijun Zhang et al., 
2013) 

iPSCs from 
fibroblasts 

Fibroblasts from sALS and fALS Predominantly nuclear, 
nuclear aggregates  

iPSC MNs show TDP-43 aggregates and are 
suitable for use in drug screening 

(Burkhardt et al., 
2013) 

Co-cultures 
Muscle-MN 

Mouse embryonic stem cells 
stably expressing TDP-43 WT or 
TDP-43 A315T 

Predominantly nuclear  Non-cell autonomous effects on MNs caused 
by muscle cells expressing human TDP-43 
A315T 

 
(Wächter et al., 
2015) 
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The main limitation with current cellular models of TDP-43 is the inability to 

consistently reproduce the TDP-43 proteinopathy that is observed in disease. TDP-

43 mislocalisation can be achieved in neuronal cells with the addition of stressors. 

Issues with the toxic over-expression of TDP-43 are overcome by inducible cell 

model systems. However, currently the majority of these cell lines are in non-

neuronal cell types and the neuronal cell types available still do not reproduce TDP-

43 proteinopathy. Despite being derived from patient fibroblasts iPSC MN cultures 

also do not produce consistent TDP-43 pathology, with differences between cultures 

derived from the same patient (Egawa et al., 2012).  

1.3.7 Animal models of TDP-43 ALS  

A variety of in vivo TDP-43 models exist, these include rodent (Tsao et al., 2012; 

McGoldrick et al., 2013), Drosophila melanogaster (M. Romano et al., 2012; Casci et 

al., 2015), Zebrafish (Kabashi, Brustein, et al., 2011) and Caenorhabditis elegans  

(Therrien et al., 2014). Non-human primate models have also been described 

(Uchida et al., 2012; Jackson et al., 2015).  

1.3.7.1 Rodent models  
Knock out of Tardbp resulted in rodents which died early in embryogenesis, providing 

evidence for the essential role of TDP-43 in development (L.-S. Wu et al., 2010; 

Sephton et al., 2010; Kraemer et al., 2010). Therefore conditional knock out mice 

were generated which caused loss of body fat and rapid death (Chiang et al., 2010). 

This identified Tbc1d1, a protein linked with obesity, as being downregulated upon 

Tardbp knockout and established a role for TDP-43 in fat metabolism. Specific knock 

out of Tardbp Hb9-positive spinal cord motor neurons in mice, similarly, resulted in 

mice with lower bodyweight as well as progressive, male-dominant ALS phenotypes 

including motor neuron loss, muscle weakness/atrophy and motor dysfunction (L.-S. 

Wu et al., 2012) 
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Several groups have used the mouse prion protein promoter (mPrP) (Borchelt et al., 

1996) to drive protein expression of human TDP-43 WT, TDP-43 ALS mutations 

A315T/M337V/Q331K, in the CNS of mice (Wegorzewska et al., 2009; Xu et al., 

2010; Stallings et al., 2010; Xu et al., 2011; Y. Guo et al., 2012; Arnold et al., 2013). 

Mice expressing high levels of TDP-43 in the spinal cord and brain had motor deficits 

and early lethality. However, there was no TDP-43 proteinopathy observed and no 

difference in the phenotypes of mice expressing comparable levels or either TDP-43 

WT or mutant TDP-43.  

 

Modified murine Thy1 promoters (Thy1.2) have been used to drive the expression in 

TDP-43 mouse lines almost exclusively in neurons from one week of age in order to 

overcome any issues with over-expression during development (Wils et al., 2010; 

Shan et al., 2010). Other promoters have been used to target TDP-43 expression to 

particular areas, such Ca2+/calmodulin-dependent kinase II (CaMKII) promoter to 

target the forebrain (Tsai et al., 2010).  

 

In order to try and overcome toxicity due to high levels of TDP-43 protein, bacterial 

artificial chromosome (BAC) and endogenous size of promoters (Swarup et al., 2011; 

Mutihac et al., 2015), as well as inducible systems (Cannon et al., 2012; Stribl et al., 

2014; Alfieri et al., 2014; Walker et al., 2015) have been used to generate mice with 

more moderate expression of TDP-43. Again, these models displayed age-related 

development of motor and cognitive dysfunction, with some features of TDP-43 

pathology. In some of the models, partial reversal of motor and cognitive deficits was 

achieved by short term suppression expression in the later stages of disease (Alfieri 

et al., 2014; Walker et al., 2015).  

 

Several rat models of TDP-43 ALS have also been generated (H. Zhou et al., 2010; 

C. Huang et al., 2012). Constitutive expression of mutant TDP-43 M337V, but not 



53 

WT TDP-43, caused widespread neurodegeneration that predominantly affected the 

motor system and cytoplasmic phosphorylated/fragmented TDP-43 protein (H. Zhou 

et al., 2010). Tetracycline inducible expression of mutant human TDP-43 in rat 

models has been achieved using neurofilament heavy chain promoters and choline 

acetyltransferase (ChAT) promoters (C. Huang et al., 2012). Similarly, partially 

reversible motor neuron degeneration was observed with some ubiquitination 

aggregation and cytoplasmic mislocalisation of TDP-43.  

 

In summary, the onset of pathology and presentation of inclusions and aggregate 

formation is not uniform amongst the different rodent models. Despite replicating 

some aspects of the ALS pathology, TDP-43 proteinopathy defined by the nuclear 

loss and cytoplasmic mislocalisation is not observed in rodent models. High levels of 

TDP-43 expression are also produced, meaning these models are all over-

expression models. Phenotypes observed can depend upon the promoter, time of 

induction or region of expression. An additional side effect of gastrointestinal 

problems in some mouse models is also observed following TDP-43 expression 

(Wegorzewska et al., 2009; Y. Guo et al., 2012; Herdewyn et al., 2014; Hatzipetros 

et al., 2014).  

1.3.7.2 Drosophila melanogaster  
Drosophila are one of the most widely used model organisms due to their short life 

span and ease of genetic manipulation (M. Romano et al., 2012; Casci et al., 2015). 

Drosophila melanogaster is used as it has the highest species homology with 

humans and has been used thoroughly to model neurodegeneration. Drosophila 

have a TDP-43 ortholog TBPH which has the structure and in vitro functions, such as 

repression of splicing of specific exons, similar to the human protein (Ayala et al., 

2005; M. Romano et al., 2014). The loss of TBPH during development is also lethal 

(Feiguin et al., 2009).  
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Flies deficient in TBPH show reduced life span and anatomical defects at the NMJ 

(Feiguin et al., 2009; Diaper et al., 2013). These phenotypes can be rescued in some 

neurons, including motor neurons, by expression of human TDP-43 (Feiguin et al., 

2009). This suggests that a loss of function of TDP-43, rather than toxic aggregation 

may cause ALS and that impaired synaptic transmission and NMJ defects may be 

the early events in TDP-43 ALS pathogenesis.  

 

Overexpressed and mutated TBPH or human TDP-43 results in movement defects 

and paralysis, locomotive deficits and impaired NMJ function (Cragnaz et al., 2014; 

G. Romano et al., 2015; Cragnaz et al., 2015). Dose and age dependent eye 

degeneration specific to fly models is also observed in Drosophila overexpressing or 

expressing mutant TBPH/TDP-43 (Estes et al., 2013; Cragnaz et al., 2014). These 

eye phenotypes are also accompanied by axonal aggregation of TDP-43 providing 

further evidence of an association between proteinopathy and disease (Estes et al., 

2013).  

 

Loss and gain of TBPH alters the mRNA expression of NMJ glutamate transporters 

excitatory amino acid transporter (EAAT) 1 and EAAT2 (Diaper et al., 2013). TBPH 

expression in motor neurons and glial cells have opposing synaptic phenotypes but 

cause comparable locomotive defects (Estes et al., 2013). The effects on gene 

expression and splicing are very different following over-expression or depletion of 

TBPH in the CNS of Drosophila (Hazelett et al., 2012). However gene enrichment 

analysis again identified TDP-43 as having a role in the control of genes involved in 

synaptic release and synaptic transmission.  

 

TBPH and human TDP-43 aggregation in Drosophila has been modelled (Cragnaz et 

al., 2014; Budini et al., 2014; Cragnaz et al., 2015). These models use EGFP-12x 

Q/N constructs to express a Q/N repeat insertion in the CTD which promotes 
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inclusion formation, but is not observed in human pathology (Budini et al., 2012). 

Using this model system and expressing TBPH in the Drosophila eye has shown that 

neurotoxicty due to TBPH over-expression can be prevented by its incorporation into 

aggregates, suggesting a neuroprotective role of aggregation in modulating levels of 

TBPH (Cragnaz et al., 2014). Age-related reductions in TDP-43/TBPH mRNA levels 

which precede the onset of locomotor defects have also been observed using these 

models (Cragnaz et al., 2015).  

 

Other studies using Drosophila have shown that levels of HDAC6 mRNA and protein 

is decreased upon TDP-43 silencing and is accompanied by an increase in HDAC6 

substrate acetyl-tubulin (Fiesel et al., 2010). This is of interest in relation to TDP-43 

proteinopathy, as HDAC6 has also been linked to the pathogenesis of AD and is 

associated with two protein degradation pathways: the ubiquitin proteaosome system 

and autophagy (Pandey et al., 2007).  

 

TDP-43 has also been shown to suppress CGG repeat induced toxicity in a 

Drosophila model of FTXAS via interactions with hnRNP A2/B1 (He et al., 2014). 

These data suggest a convergence in the mechanisms behind repeat expansions 

and RNA binding proteins in neurodegeneration.   

1.3.7.3 Zebrafish 
Zebrafish have several key advantages as a vertebrate model organism such as their 

external development and optical transparency. Several neurodegenerative diseases 

have already been modelled in the zebrafish (Bandmann et al., 2010). Zebrafish 

contain tardbp, and a paralogue tardbpl (TAR DNA binding protein-like). Therefore, 

zebrafish do not represent the best system for modelling TDP-43 mediated 

neurodegeneration due to the presence of two tardbp-like genes. tardbp mutants do 

not show a phenotype due to compensation by a unique splice variant of tardbpl (B. 

Schmid et al., 2013). The loss of both results in locomotor swimming defects, 
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impaired axon growth and alterations to synaptic transmissions (Kabashi, Bercier, et 

al., 2011; B. Schmid et al., 2013; Hewamadduma et al., 2013). Similar behaviours 

were observed in zebrafish expressing mutant TDP-43 (G348C) or FUS (Armstrong 

and Drapeau, 2013a; 2013b).  

1.3.7.4 Caenorhabditis elegans  
Caenorhabditis elegans (C. elegans) are useful models to study neurodegenerative 

diseases owing to their small size, transparency and short life cycle of 3 days from 

egg to adult at 25 °C (A. G. Alexander et al., 2014). C. elegans also have a well 

characterised nervous system making them ideal to study neuronal toxicity (Therrien 

et al., 2014). Furthermore, the RNA toxicity produced by non-coding mutations in C. 

elegans reflects the toxicity observed in mammals (L.-C. Wang et al., 2011).  

 

Several groups have generated C. elegans TDP-43 models which have phenotypes 

that include motility defects (Ash et al., 2010; Liachko et al., 2010) accompanied by 

hyperphosphorylation, truncation and ubiquitination of TDP-43 accumulation (Liachko 

et al., 2010). Some of these models also showed phenotypes which became more 

severe with age (Liachko et al., 2010).  

 

C. elegans also has an ortholog of TDP-43, TDP-1, which is a primarily nuclear 

protein, which is expressed in most tissues including neurons (Ayala et al., 2005). 

Mutant TDP-1 animals show similar phenotypes including slow development and 

locomotor defects (Liachko et al., 2010; Tao Zhang et al., 2012).  

1.3.8 Alteration of gene expression in TDP-43 ALS 

Comprehensive transcriptomic studies of ALS have been carried out in human post 

mortem tissue, animal models and cell model systems (F. Tanaka et al., 2011; 

Cooper-Knock, Kirby, et al., 2012; Heath et al., 2013).  
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In TDP-43 transgenic mouse models, up to one third of the transcriptome is altered, 

with specific alteration due to the Q331K ALS mutation (Arnold et al., 2013). 

Transcriptomic analysis of TDP-43 has identified alteration of levels and/or the 

splicing of genes involved in RNA processing, neurotrophic factor synthesis and 

synaptic function (Arnold et al., 2013; C. Huang et al., 2014; Highley et al., 2014).  

 

TDP-43 has over 4000 RNA binding targets, many of which play a critical role in 

neuronal development and plasticity (Sephton et al., 2011; Tollervey et al., 2011). 

Individual-nucleotide crosslinking and immunoprecipitation (iCLIP) coupled with high 

throughput RNA sequencing (CLIP-seq), have allowed the mapping of TDP-43 

binding sites in RNA from both rodents (Sephton et al., 2011; Tollervey et al., 2011) 

and humans (Polymenidou et al., 2011; Tollervey et al., 2011; Lagier-Tourenne et al., 

2012).   Recent studies of TDP-43 RNA targets and TDP-43 transcriptomes are 

summarised in Table 1.4. 

1.4 Genome-wide expression profiling 

Gene expression and its tight regulation are vital to maintain homeostasis of cells. 

Genome-wide expression profiling has been a widely used tool to investigate the 

transcriptome of prokaryotes and eukaryotes in ALS either by microarray or more 

recently by mRNA sequencing (RNA-seq) (Cooper-Knock, Kirby, et al., 2012; Heath 

et al., 2013).  

 

The analysis of transcript abundance may not constitute the best method to study 

gene expression. This is because mRNA transcript levels are not necessarily linked 

to the levels of their corresponding proteins, due to cellular compensatory 

mechanisms. An increase in the steady state level of mRNA can be associated with 

a decrease in the protein level as the cell tries to counteract the down-regulation of a 
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protein by increasing the stability or amount of mRNA (Domínguez-Sánchez et al., 

2011).  

 

The direct analysis of translation would provide a more accurate measure of gene 

expression. The identification of mRNAs directly undergoing protein synthesis should 

better reflect protein expression changes and the directionality of altered biological 

processes in health and disease.  
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Table 1.4 Studies investigating TDP-43 RNA targets and TDP-43 transcriptomes  
Studies investigating RNA targets of TDP-43 and the TDP-43 transcriptomes. The samples, platform for the study, strategy and main findings of each study 
are listed beside the literature reference. (U2aF65: U2 small nuclear RNA auxiliary factor 2) 
Study Samples Platform  Strategy  

 
Main findings  

(Sephton et al., 2011) Rat cortical neurons  RIP and RNA 
sequencing (RIP-seq)  

RNA sequencing. Read density 
in exons and introns compared 
and classed targets as exonic, 
intronic or dual targets.  

TDP-43 RNA targets enriched for synaptic function, RNA 
metabolism and neuronal development  

(Tollervey et al., 2011) Human cortical tissue from post 
mortem samples from 3 healthy 
controls and 3 sporadic FTLD-
TDP patients; human embryonic 
stem cells; SH-SY5Y  

CLIP the RNA 
sequencing 
(CLIP-seq) 

RNA sequencing. Identify TDP-
43 targets. Knock down TDP-43 
in SH-SY5Y and characterise 
changes in alternative splicing 

Alternative mRNA isoforms regulated byTDP-43 encode proteins 
that regulate neuronal development or implicated in 
neurodegenerative disease. 

(Xiao et al., 2011) SH-SY5Y  UV-CLIP UV-CLIP followed by 
conventional cloning to identify 
targets  

TDP-43 binds mainly to intronic regions. Alternative splicing of 
TDP-43 targets in ALS vs control lumbar spinal cord.  

(Polymenidou et al., 
2011) 

Adult mouse brain CLIP-seq Antisense oligonucleotide knock 
down of TDP-43 in mouse 
striatum. 

TDP-43 auto-regulates its synthesis. Knock down of TDP-43 
causes alternative splicing of targets. RNA that have depleted 
levels following TDP-43 knock down are involved in synaptic 
activity. 

(Lagier-Tourenne et al., 
2012) 

Mouse and human brain  CLIP-seq Antisense oligonucleotide knock 
down of FUS or FUS and TDP-
43  

Depletion of FUS and/TDP-43 affects levels or splicing of genes 
with long introns that encode genes essential for neuronal integrity.  

(Rogelj et al., 2012) E18 mouse brain  iCLIP of TDP-43, FUS 
and  control U2AF65 

Transcriptome-wide binding map TDP-43 (and FUS) bind distinct sites and regulate distinct 
alternative exons. TDP-43 (and FUS) regulate splicing of genes 
enriched in neuronal development and neurodegenerative 
diseases. 

(Arnold et al., 2013) Transgenic mice expressing TDP-
43 WT or TDP-43 Q331K in CNS. 
RNA extracted from cortex and 
spinal cord in 2 month-old 
transgenic and non-transgenic 
mice 

Splicing sensitive 
microarrays  

Compared with non-transgenic, 
absolute separation score < 0.3, 
p < 0.05 

Differentially spliced exons in Q331K but not WT enriched for 
known TDP-43 binding sites and synaptic function  

(C. Huang et al., 2014) Astrocytes from (GFAP)-tTa/TRE-
TDP-43 M337V double transgenic 
rats. RNA extracted after 3/4/6 
days of induction of mtTDP-43  

Microarray  Compared with baseline FC > 2 
at one or more time points and 
progressive change in FC over 
induction time points  

Induction of TDP-43 M337V expression altered expression of 
secreted factors, neurotrophic factor expression increased, 
neurotoxic factor expression decreased 

(Highley et al., 2014) RNA extracted from fibroblasts 
derived from ALS patients with 
TDP-43 and SOD1 patients, 
sporadic ALS patients and 
controls (n = 3-6 from each group) 

Microarray  Compared with controls, 
ANCOVA p < 0.01 

Functional enrichment in differentially expressed/spliced genes for 
categories related to RNA processing in mtTDP-43. Alternative 
splicing most abundant in mtTDP-43 ALS compared to other ALS 
cases 
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1.4.1 Current methodologies to investigate the translatome 

The term translatome has been used to define mRNAs that are directly undergoing 

protein synthesis. Current methodologies to investigate the translatome identify 

mRNAs that are associated with the ribosome and from this infer the translatome.  

 

A variety of methods using polysome separation, ribosome profiling and 

immunoprecipitation have been described to study translation (Kapeli et al., 2012; 

Ingolia, 2014).  

1.4.1.1 Polysome profiling 
Early, qualitative studies of global translation were carried out by comparing 

ribosome-bound mRNA with the total amount of mRNA within a cell. Polysome 

profiling later improved the quantification by separating mRNA on the basis of the 

number of ribosomes bound to them. Polysomes are complexes formed of single 

mRNA molecules associated with up to 5-10 ribosomes.  The first reported 

translatome was generated using polysome profiling, which involves the separation 

of polysomes through sedimentation in a sucrose gradient (Johannes et al., 1999; 

Arava et al., 2003). Extraction of mRNA from polysomes can then be identified using 

qRT-PCR, microarrays or more recently using next generation RNA sequencing.  

 

The use of polysome profiling as a high throughput method is hindered due to the 

technical difficulties associated with polysome fractionation, which requires delicate 

manipulation of the sucrose gradient, ultracentrifugation and the collection of many 

fractions per sample, which can cause issues with reproducibility and large numbers 

of samples to analyse. Moreover, high molecular weight RNP complexes, named 

pseudo-polysomes, were shown to contaminate polysomal fractions (Thermann et 

al., 2007). 
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1.4.1.2 Ribosome profiling  
The position of the ribosome on a transcript can be determined as ribosomes protect 

a discrete footprint of approximately 30 nucleotides on its mRNA template from 

nuclease digestion (Steitz, 1969). Cycloheximide treatment causes ribosomes to 

physically enclose 28-30 nucleotides of a transcript, shielding them from nuclease 

digestion (Wolin et al., 1988). This allows for the mapping of ribosomes on mRNA by 

foot printing. Before the advances with microarray and RNA sequencing, fragments 

would be analysed by direct internal radiolabelling of mRNA being translated or by 

primer extension or both. Despite the limitations of only being able to analyse 

footprints from single transcripts in vitro, this method enabled the first mapping of the 

locations of translation initiation sites and allowed the study of ribosome dynamics 

during translation, revealing the sites where translation is stalled before translocation 

(Steitz, 1969; Wolin et al., 1988).  

 

More recently, ribosome profiling or foot printing has allowed genome-wide mapping 

in vivo of ribosomes onto RNA molecules at a near nucleotide resolution (Ingolia et 

al., 2009). Ribosome profiling uses a limited RNAse digestion prior to sucrose 

gradient isolation of ribosome-protected RNA fragments (ribosome/monosome 

footprints) before identification of RNA fragments by next generation RNA 

sequencing.  

 

This method has been used to expand knowledge of ribosome biochemistry and 

cellular translational activity. Examples include the study of translation elongation 

rates (Ingolia et al., 2011), identification of novel translated sequences (Ingolia et al., 

2009; 2014), the role of miRNA in decreasing mRNA levels (H. Guo et al., 2010) and 

translational reprogramming (Liu et al., 2014). 
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An updated method of ribosome profiling has been described which does not require 

the purification of ribosomes (D. W. Reid et al., 2015). It instead extracts RNA after 

nuclease digestion, separating ribosome-protected fragments by size using gel 

electrophoresis. Ribosome protected fragments are then cut from the gel and the 

RNA extracted for RNA sequencing.  

 

The application of this method, as with polysome profiling, is hindered due to the 

technical difficulty of the protocol, which again includes the delicate manipulation of 

sucrose gradient sedimentation. Size exclusion chromatography has been used to 

replace ultracentrifugation in commercially available kits (Freeberg et al., 2013). 

However, this approach is much more costly than traditional ribosome profiling and 

does not reduce the amount of time required for the protocol. It has been used to 

delineate translational activities in a cell, but not quantification of translated 

transcripts between two cell lines (control/normaliser versus experimental/disease). A 

common issue comes from the fact that the particularly short sequences of ribosome-

protected RNA fragments (approximately 25-30 nucleotides) prevent paired-end 

sequencing and present added challenges for mapping reads to repeated sequences 

and alternatively spliced transcripts (Ingolia, 2014). Moreover, this technique will also 

generate RNA sequences that are not necessarily translated as it isolates 

monosomes after a limited RNAse digest (so includes both polysomes and 80S 

initiating complex).  

1.4.1.3 Ribosome affinity purification  
Ribosome affinity purification, does not rely on the sucrose gradient separation of 

ribosome species and further allows cell-type-specific purification of tagged ribosome 

subunits (Halbeisen et al., 2009). It was firstly applied to the tandem-affinity 

purification of PUMILIO under the control of an ovary-specific promoter in Drosophila 

(Gerber et al., 2006).   
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Translating ribosome affinity purification (TRAP) was further developed using 

restricted neuronal expression of the GFP-tagged ribosomal protein L10a (Heiman et 

al., 2008; Kulicke et al., 2014). Similarly, TRAP was used to delineate the 

translational activity of YFP-tagged RPL10a ribosomes in subcellular domains of 

Purkinje neurons (Kratz et al., 2014) and specific muscle cells in Drosophila embryos 

(Bertin et al., 2015).  

 

Ribosome affinity purification offers the best high-throughput prospects compared to 

polysome profiling and ribosome profiling. However, it involves the over-expression 

of tagged ribosomal subunits, which could potentially affect the assembly of 

ribosomes. It also requires the generation of transgenic cell lines or animal models 

for the investigation of each cell type of interest.   

 

Ribotag uses a very similar strategy to TRAP and involves inserting a tag onto a 

ribosomal subunit (Sanz et al., 2009). Expression of this tag requires Cre 

recombination and therefore Ribotag mice can be crossed with neuron-specific Cre-

recombinase expressing mice before immunoprecipitation to separate mRNA from 

neuronal cell populations expressing Cre recombinase for example. This method has 

an advantage over TRAP given that Ribotag mice can be crossed with any Cre 

recombinase expressing mouse line, rather than the generation of a new mouse line 

for each cell type of interest. However, it does still require the tagging of ribosomal 

proteins and generation of transgenic animals.  

 

Ribosome affinity purification using TRAP and Ribotag technologies offer the highest 

of the high-throughput prospects compared to polysome profiling and ribosome 

profiling.  
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1.4.2 Challenges facing translatome technologies 

The current technologies are limited due to the lack of discrimination between 

actively translating mRNA and non-translating, ribosome-associated mRNA (mRNA 

indirectly bound to ribosomes or bound to non-translating mRNA). This is reflected in 

the number of publications related to the identification of translatomes (<100 in 

PubMed) in comparison to the number of publications related to the interrogation of 

transcriptomes (>27,000 in PubMed).  

 

It is further hindered by the fact that some proteins such as TDP-43 can interact with 

stalled ribosomes, potentially contaminating ribosomes with non-translating mRNA 

which is being transported by TDP-43 (Higashi et al., 2013). Pseudopolysomes have 

also been shown to contaminate polysomes, highlighting the need for investigating 

multiple sucrose gradients (Thermann et al., 2007). Further development of these 

methodologies will allow for more accurate investigation of the translatome.  

1.5 Summary and overall aims of the project  

All sufferers of ALS experience the same symptoms and face the same bleak 

prognosis, despite differing genetic backgrounds. Mutations in the four major genes 

of interest in ALS can all be linked to the dysregulation of protein synthesis. The 

molecular mechanisms underlying ALS mutations are not well characterised. The 

nuclear export of aberrant pre-mRNA and translation of aberrant pre-mRNA at 

genome-wide level has not been investigated. Characterisation of pre-mRNA, which 

are exported into the cytoplasm and translated into proteins, may identify factors 

whose synthesis is dysregulated. This novel research would provide an insight into 

the molecular mechanisms involved in ALS and could reveal possible targets for 

therapeutic manipulation.   
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TDP-43 proteinopathy is observed in the majority of ALS cases. Transcriptomic 

studies in post mortem material and cell or animal models have identified thousands 

of altered events in TDP-43 related ALS. However, from these events it is not clear 

which events are casual and which may be the consequence of an earlier 

dysregulation. Therefore, analysis of the TDP-43 ALS translatome may elucidate 

early events in the pathogenesis of ALS and could identify new disease pathways 

and therapeutic targets.  

 

The overall aims of this project were to:    

• Test current translatome methodologies in order to develop a method to 

purify mRNAs preferentially undergoing active translation  

• Select and build an appropriate TDP-43 ALS cell model with Tetracycline 

inducible expression of TDP-43 WT and TDP-43 Q331K 

• Characterise the cell model for TDP-43 mediated toxicity and proteinopathy 

• Use this cell model to create a TDP-43 ALS translatome  

• Compare the TDP-43 ALS total transcriptome, cytoplasmic transcriptome and 

translatome  
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2. Materials and Methods  

All chemicals, reagents and primers were from Sigma unless otherwise stated.  

2.1 Molecular Cloning  

2.1.1 Strains, cell lines and plasmids 

2.1.1.1 Strains and cell lines 
Bacterial strain 

Escherichia coli (E. coli) DH5-alpha (DH5-α) (Genotype: fhuA2 lac(del)U169 phoA 

glnV44 Φ80' lacZ(del)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17) 

 

Mammalian cell lines  

HEK 293T: 293tsA1609neo 

Human embryonic kidney cells 293T is a highly transfectable derivative of the 293 

cell line into which the temperature sensitive gene for SV40 T-antigen was inserted.  

 

HEK293 FRT: HEK293 FRT cell line (commercially available from Invitrogen) was 

created by transfecting HEK 293 cells with pFRT⁄lacZeo. 

 

NSC-34: Mouse motor neuron-like hybrid cell line derived by (Cashman et al., 1992) 

by fusing the aminopterin-sensitive neuroblastoma N18TG2 with motor neuron-

enriched embryonic spinal cord cells.   

 

NSC-34 FRT: Constructed in SITraN by Dr Adrian Higginbottom by transfecting 

NSC-34 cells with pFRT⁄lacZeo.  

2.1.1.2 Plasmids  
All plasmids used in this study and their sources are shown in Table 2.1.  
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Table 2.1 Plasmid source and manipulations  
Plasmid name Description  Source  

pcDNA5/FRT/TO/His  6 x HIS Tag inserted into HindIII 
and BamHI restriction sites 

Addgene 

pcDNA5/FRT/TO-Empty  Negative control ‘Sham’ Invitrogen 
pPGKFLPobpA Expression of recombinase Addgene 
pcDNA5 FRT/TO/GFP AH pcDNA5/FTR/TO/GFP (Addgene 

19444) has been cut with BamHI  
and XhoI, end filled and ligated to 
create a stop codon at the 3’ end 
of GFP 

Dr Adrian Higginbottom, 
SITraN 

pcDNA5 FRT/TO/GFP  D37D M79V M89V directed 
mutagenesis of 
pcDNA5/FRT/TO/GFP AH 

This study  

pcDNA5 FRT/TO/M1V  M1V D37D M79V M89V M155V 
directed mutagenesis of 
pcDNA5/FRT/TO/GFP  

This study  

pcDNA5 FRT/3xFLAG 
RPL10a 

Expression of 3xFLAG tagged 
RPL10a 

This study 

pcDNA5/FRT/TO/TARDBP 
WT  

Expression of untagged wild type 
TDP-43 

Dr Adrian Higginbottom, 
SITraN 

pcDNA5/FRT/TO/TARDBP 
A315T 

Expression of untagged mutant 
TDP-43 A315T 

Dr Adrian Higginbottom, 
SITraN 

pcDNA5/FRT/TO/TARDBP 
M337V 

Expression of untagged mutant 
TDP-43 M337V 

Dr Adrian Higginbottom, 
SITraN 

pcDNA5/FRT/TO/TARDBP 
Q331K 

Expression of untagged mutant 
TDP-43 Q331K 

Dr Adrian Higginbottom, 
SITraN 

2.1.2 Molecular cloning 

DNA fragments were amplified by PCR, digested with restriction enzymes, gel-

purified and cloned into a dephosphorylated and restricted vector. Oligonucleotides 

were designed as outlined in Figure 2.1.  

 

Figure 2.1 Strategy for oligonucleotide design 
GC-rich sequence (outlined in blue) allows efficient binding and cleavage by restriction 
enzymes. Restriction sites BamH1 and XhoI are shown as examples (outlined in orange). 
START (outlined in green) and STOP (outlined in red) codons are shown. 21-24 nucleotides 
(nt) of sequence were selected to amplify (outlined in black).  

PCR samples contained 100 ng template DNA, 100 ng forward primer, 100 ng 

reverse primer, 2.5 mM 10 X dNTPs (Bioline), 5 µL 10 X Accuzyme buffer (Bioline), 

36 µL dH2O and 1 µL Accuzyme (Bioline). PCR mixtures were held at 94 °C for 2 

GGC GGG  

CCC GCC 

GGA TCC 

GAG CTC 

ATG 5’ 21-24 nt of sequence to amplify  3’ Sense/Forward primer 

Anti-sense/Reverse primer ATT 3’ 5’ 21-24 nt of sequence to amplify  

BamHI 

XhoI 

START 

STOP 
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min, followed by 25 amplification cycles of 30 sec at 94 °C, 30 sec at 54 °C and 1 

min at 72 °C, before a final step of 10 min at 72 °C.  

2.1.3 Quickchange site directed mutagenesis 

PCR samples contained 50 ng plasmid DNA, 125 ng forward primer, 125 ng reverse 

primer, 2.5 mM 10 X dNTPs (Bioline), 5 µL 10 X PfuTurbo buffer (Stratgene), 4 µL 

DMSO (Dimethyl sulfoxide), 1 µL PfuTurbo DNA polymerase 3U (Stratagene) and 

the volume made up to 50 µL with dH2O. Quickchange primers used are shown in 

Table 2.2. PCR mixtures were held at 95 °C for 30 sec, followed by 26 amplification 

cycles of 30 sec at 95 °C, 30 sec at 53 °C and 15 min at 68 °C, before a final step of 

10 minutes at 68 °C. PCR product was then digested by DpnI (10 U, Roche) for 1 

hour at 37 °C. The DNA was then transformed into E.coli DH5-α.   

Table 2.2 Quickchange primers used for site directed mutagenesis  
Blue indicates change to nucleotide sequence.  
 Primer F R 

GFP QC M1V  aaa ctt aag ctt gcc acc gtg  
gtg agc aag ggc gag g 
 

c ctc gcc ctt gct cac cac ggt 
ggc aag ctt aag ttt 

GFP QC D37D c ggc gag ggc gag ggc gac 
gcc acc tac ggc aag ctg 
 

cag ctt gcc gta ggt ggc gtc 
gcc ctc gcc ctc gcc g 

GFP QC M89V gac ttc ttc aag tcc gcc gtg ccc 
gaa ggc tac gtc c 
 

g gac gta gcc ttc ggg cac ggc 
gga ctt gaa gaa gtc 
 

GFP QC M155V agc cac aac gtc tat atc gtg 
gcc gac aag cag aag a 

t ctt ctg ctt gtc ggc cac gat 
ata gac gtt gtg gct 
 

GFP QC M79V  agc cgc tac ccc gac cac gtg 
aag cag cac gac ttc t 

a gaa gtc gtg ctg ctt cac gtg 
gtc ggg gta gcg gct 

TARDBP Q331K  gcc gcc cag gca gca cta aag 
agc agt tgg ggt atg a 

t cat acc cca act gct ctt tag 
tgc tgc ctg ggc ggc 

2.1.4 Agarose gel electrophoresis 

DNA fragments produced by PCR or restriction digest were resolved on agarose 

(Bioline) gels at 80 V for 40 min or 1 h, respectively, using a Generuler™ DNA ladder 

mix (Thermo Scientific). The percentage agarose in the gel was determined using the 

size of the DNA fragments. 1-2 % w/v agarose was chosen for for DNA products 

shorter than 1 kbp and 0.8 % w/v for DNA products greater than 1 kbp.   
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2.1.5 DNA gel extraction  

DNA fragments observed by preparative agarose gel electrophoresis were cut and 

the DNA extracted from the gel using the QIAquick® Gel Extraction Kit (Qiagen), 

following the manufacturer’s instructions.  

2.1.6 Restriction digests  

Restriction digests were carried out using fast digest restriction enzymes (Thermo 

Scientific) and 10 X fast digest green restriction buffer (Thermo Scientific) in dH2O at 

37 °C for 2 h.  

2.1.7 Ligation  

T4 DNA ligase (Roche) and 10 X ligase buffer (Roche) were used to ligate the DNA 

insert and plasmids. The ligation was left at 16 °C overnight.  

2.1.8 Competent cell preparation  

50 mL LB broth (10 g Bacto tryptone, 10 g NaCl, 5 g yeast extract fill to 1 L with 

dH2O, pH 7.0, autoclaved) was inoculated with E.coli DH5-α and left growing at 37 

°C overnight. 400 mL LB broth was inoculated with the culture grown overnight to 

optical density of 600 nm (OD600) =0.05 and grown at 37 °C until an OD600 = 0.48 was 

reached. The cells were centrifuged for 10 min at 17 000g, 4 °C. The pellet was then 

resuspended in TfbI buffer (15% v/v Glycerol, 30 mM KAc, 100 mM RbCl2, 10 mM 

CaCl2, 50 mM MnCl2; pH 5.8) and left on ice for 10 min. The cells were centrifuged 

for 10 min at 17 000g, 4 °C. The pellet was resuspended in TfbII buffer (10 mM 

MOPS, 75 mM CaCl2, 100 mM RbCl2, 15% v/v Glycerol; pH 6.5) and left on ice for 10 

min. The cells were then transferred into pre-chilled microcentrifuge tubes and frozen 

in liquid nitrogen. The competency of the cells to take up plasmids was tested before 

use using a known amount of plasmid.   
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2.1.9 Plasmid transformation 

Plasmids were transformed into competent E.coli DH5-α (RbCl2). 10 µL of ligation or 

100 ng of plasmid DNA were chilled on ice with 100 µL competent E.coli DH5-α 

(RbCl2) before heat shocking the mixture for 1 min at 37 °C, before returning to ice. 

900 µL LB was added to the E.coli and left for a recovery period of 45 min at 37 °C. 

The E.coli was then spread onto LB agar plate (1.5% agar in LB broth) containing the 

appropriate antibiotic(s) and incubated at 37 °C overnight.  

2.1.10 Plasmid purification  

Plasmids isolated from transformed bacterial colonies were checked for successful 

integration of the DNA fragment/insert by performing a miniprep.  

 

Bacterial colonies from transformation were inoculated in 5 mL LB broth and grown 

overnight at 37 °C overnight. Cultures were centrifuged for 1 min at 17 000g and the 

pellet resuspended in 200 µL Solution A (50 mM Glucose, 25 mM Tris at pH 8.0, 10 

mM EDTA, 0.1 mg/ml RNase A) before adding 200 µL Solution B (0.2 M NaOH, 1% 

SDS) and inverting to mix. The solution was incubated for 5 min at RT before adding 

300 µL Solution C (3 M KAc, 11.5 % v/v Glacial Acetic Acid) and inverting ten times. 

The lysate was centrifuge for 10 min at 17 000g and the supernatant transferred to 

fresh microcentrifuge tube before adding 700 µL isopropanol. Tubes were incubated 

for 10 min at RT before centrifugation for 10 min at 17 000g. The pellet was air dried 

before resuspending in 50 µL dH2O. Restriction digests using 5 µL of each sample 

were carried out and analysed on an agarose gel to check for the correct size of both 

vector and DNA insert.   

 

After establishing which colonies contained inserts plasmids were purified. E.coli 

colonies were picked and grown in 5 mL or 100 mL of LB broth containing the 

appropriate antibiotic(s) at 37 °C on a shaker overnight before purification using the 
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QIAprep Spin Miniprep and QIAGEN Plasmid Plus Midi Kit according to the 

manufacturer’s instructions. A NanoDrop-1000 spectrophotometer (Thermo 

Scientific) was used to record the DNA concentration of the plasmids. A double 

digest of 1 µg of DNA was carried out and analysed on an agarose gel to confirm the 

presence of the plasmid.   

2.1.11 Sequencing 

1 µg of DNA was sequenced using the Sanger method using BigDye Terminator v3.1 

(Applied Biosystems) according to the manufacturer’s instructions. Sequencing 

primers used are shown in Table 2.3. A sequencing PCR program of 45 cycles of 30 

s at 95 °C, 15 s at 50 °C and 4 min at 60 °C was used. The PCR product was 

precipitated and sent to Source Bioscience for analysis. The DNA chromatogram 

was returned in abi format and was analysed using Finch TV software (Geospiza).  

Table 2.3 Sequencing primers used 
Primer Sequence 

BGH reverse TAGAAGGCACAGTCGAGG 
 

CMV forward (pcDNA5) CGCAAATGGGCGGTAGGCGTG 
GFP seq forward  CGAGAAGCGCGATCACATGGTC 

2.2 Tissue culture 

HEK FRT and Flp cell models generated (Invitrogen) and NSC-34 (Neil Cashman) 

and NSC-34 FRT and Flp cell models generated (Adrian Higginbottom) were cultured 

in Dulbecco’s modified eagle medium (DMEM, Sigma) containing 10% Tetracycline-

free FBS (Biosera) and 50 U/mL penicillin/streptomycin (Lonza) with the appropriate 

antibiotic selection and induction conditions. Cells were cultured in the presence of 

Blasticidin S (Calbiochem) and either Zeocin (Invitrogen) or Hygromycin B 

(Invitrogen) and induced with Tetracycline (Invitrogen). See Table 2.4 for antibiotic 

selection and Tetracycline induction conditions.  

 

HEK FRT and Flp cell models were trypsinised using 1 mL trypsin (Lonza) per 10 

cm2 and quenched using DMEM containing 10 % Tetracycline-free FBS.  
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NSC-34 FRT and Flp cell models were removed from the plate by resuspending 

them in fresh media using a stripette.  

Table 2.4 Antibiotic selection and induction conditions for inducible Flp cell 
models  

 

2.3 Construction of cell models 

2.3.1 Construction of HEK inducible cell models 

The Flp In T-REx kit (Invitrogen) was used to build HEK Flp inducible cell models. Dr 

Adrian Higginbottom at SITraN had already constructed HEK Flp TDP-43 WT and 

TDP-43 Q331K cell lines.  

 

10 cm plates of HEK FRT cells were cotransfected with a 6:4 ratio of pPGKFLPobpA 

:pcDNA5FRT/TO plasmid DNA using 1 mL Opti-MEM® Reduced Serum Medium (Life 

Technologies) and 50 µg PEI (poly(ethyleneimine); Sigma). The transfection mixture 

was added to a 10 cm plate containing 10 mL of culture medium containing 

Blasticidin, but without Zeocin. 24 hours after transfection the medium was removed 

and replaced with fresh medium containing Blasticidin. 48 hours after transfection the 

Conditions Stock concentration Working concentration  

HEK FRT (before transfection)   
Blasticidin 10 mg/mL 15 µg/mL 
Zeocin 100 mg/mL 100 µg/mL 
HEK Flp GOI (after transfection)   

Blasticidin 10 mg/mL 15 µg/mL 
Hygromycin 50 mg/mL 100µg/mL 
HEK Flp Induction   
Tetracycline 10 mg/mL 10 µg/mL 
NSC-34 FRT (before transfection)   
Blasticidin 10 mg/mL 2.5 µg/mL 
Zeocin 100 mg/mL 20 µg/mL 
NSC-34 Flp GOI (after transfection)    

Blasticidin 10 mg/mL 2.5 µg/mL 
Hygromycin 50 mg/mL 100 µg/mL 
NSC-34 Flp Induction   
Tetracycline 10 mg/mL 1 µg/mL 
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10 cm plate was trypsinised. The trypsinised cells were plated into three 10 cm 

plates in the presence of Blasticidin and Hygromycin (selection medium). The 

medium was changed every 3 days with selection medium until foci were identified.  

Hygromycin resistant foci were expanded before verifying that the pcDNA5/FRT/TO 

construct had integrated into the FRT site by testing each clone for Zeocin sensitivity.  

2.3.2 Construction of NSC-34 inducible cell model 

The FRT cassette was integrated into NSC-34 cells (Neil Cashman) by Dr Adrian 

Higginbottom (SITraN).  

 

10 cm plates of NSC-34 FRT cells were cotransfected with a 6:4 ratio of 

pPGKFLPobpA :pcDNA5FRT/TO plasmid DNA using 3 mL Opti-MEM (Opti-MEM® 

Reduced Serum Medium (Life Technologies) and 15 µL Lipofectamine® 2000 

(Invitrogen). The medium was removed and the transfection reagent added directly 

onto the cells for a period of 6 h. The plates were rocked every hour to ensure 

hydration. After 6 h, medium containing Blasticidin was added to the transfection 

mixture. 48 h after transfection the cells were split onto three 10 cm plates in the 

presence of Blasticidin and Hygromycin (selection medium). The medium was 

changed every 2 days with selection medium until foci were identified.  Hygromycin 

resistant foci were expanded before verifying that the pcDNA5/FRT/TO construct had 

integrated into the FRT site by testing each clone for Zeocin sensitivity.  

2.3.3 Verification of FRT recombination 

Hygromycin resistant cells were used to seed a 24 well plate. Cells were then grown 

in medium containing either Zeocin and Blasticidin (pre-transfection FRT medium) or 

Hygromycin and Blasticidin (selection medium) and the effect on their growth 

observed. Cells successfully grown in Hygromycin and Blasticidin were expanded 

and western blots carried out in order to confirm expression of the integrated 

transgene.  
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2.4 Standard molecular biology techniques 

All primary antibodies used in this study and their sources are shown in Table 2.5. 

Table 2.5 Primary antibodies used  
Antibody Purification Dilution  Source 

eIF4a Rabbit, 
polyclonal 

WB: 1:1000 Cell Signalling 2490  

eEF2 Rabbit, 
polyclonal 

WB: 
1:10,000 

Merck Millipore 2199716 

FLAG Mouse, 
monoclonal  

WB: 1:2000 Sigma F1804 clone M2 

GFP Rabbit, 
polyclonal 

WB: 1:1000 
IF: 1:1000 

Thermo Fisher Scientific 
A11122 

p62 Rabbit, 
polyclonal 

IF: 1:500 MBL Life Science PM045 

Ribosomal protein 10a 
(RPL10a) 

Mouse, 
monoclonal 

WB: 1:500 Santa Cruz JK-16 

Ribosomal protein L26 
(RPL26) 

Rabbit, 
polyclonal 

WB: 1:500 Sigma R0655 

Ribosomal protein L29 
(RPL29) 

Rabbit WB: 1:2000 Stuart Wilson 

TDP-43  Rabbit, 
polyclonal 

WB: 1:1000 
IF: 1:1000 

Proteintech 12892-1-AP 

TDP-43 (human) Mouse, 
monoclonal 

WB: 1:3000 
IF: 1:2000 

Abnova H00023435-M01 
clone 2E2-D3 

TDP-43 (phospho) Mouse, 
monoclonal 

IF: 1:1000 Cosmo pS409/410 

Tubulin (α) Mouse, 
monoclonal 

WB: 
1:10,000 
IF: 1:2000 

Sigma T9026 clone DM1A 

Tubulin (α) Rabbit, 
monoclonal  

IF: 1:2000 Cell Signalling 11H10 

 

2.4.1 Western blotting  

Cells were washed in PBS (Phosphate Buffered Saline; 137 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and lysed in lysis buffer (50 mM HEPES 

pH 7.5, 150 mM NaCl, 1 mM DTT, 0.5 % Triton X-100, 1 mM EDTA) containing 2 

mM phenylmethanesulfonyl fluoride (PMSF) (Sigma) and SIGMAFAST™ Protease 

Inhibitor Cocktail tablets, EDTA free (Sigma) according to manufacturer’s 

instructions. Protein concentration was determined using Bradford reagent (Biorad) 

and the OD595nm read using S1200 Diode array spectrophotometer.  

 

SDS-polyacrylamide gels were prepared by pouring 4.5 mL of the desired 

percentage resolving gel and allowing it to set before pouring a 5 % stacking gel 
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above it and inserting a 1.0 mm 15-well comb. Gels were made according to the 

compositions shown in Table 2.6. Gels were made using the Mini-PROTEAN Tetra 

Cell Casting Stand and clamp system (Biorad).  

 

Lysates were mixed with 4 X SDS gel loading buffer (240 mM Tris-HCl pH 6.8, 277 

mM SDS, 0.04 % w/v bromophenol blue, 40 % v/v glycerol, 5 % v/v β-

mercaptoethanol) and boiled at 95 °C for 5 min to denature the proteins prior to 

loading the samples onto the gel. Gels were set up in the Mini-PROTEAN Tetra 

Vertical Electrophoresis cell (Biorad) and samples loaded next to 2 µL BLUeye 

Prestained Protein Ladder (Geneflow). The gels were run at 150 V for 1.5 h or until 

the dye front had reached the bottom of the gel. Gels were transferred to reinforced 

nitrocellulose membranes (GE Healthcare Life Sciences) using a semi-dry transfer 

apparatus (Biometra) and transfer buffer (47.9 mM Tris, 38.6 mM glycine, 1.38 mM 

SDS, 20 % v/v Methanol) soaked Whatman paper. The membranes were blocked in 

5 % w/v milk (Marvel) in Tris Buffered Saline with Tween-20 (TBST) (137 mM NaCl, 

20 mM Tris, 0.2 % v/v Tween-20, pH 7.6) for 1 h on a roller. The membranes were 

incubated with primary antibody in 5 % milk in TBST for 1 h on a roller. The 

membranes were then washed five times in TBST at RT for 25 min. The membranes 

were then incubated in secondary antibody conjugated to horseradish peroxidase 

(HRP). Anti-mouse-HRP and anti-rabbit HRP (Promega) were used at a dilution of 

1:10,000 in 5% w/v milk in TBST at RT for 1 h on a roller. The membranes were then 

washed five times in TBST at RT for 25 min. The membrane was then incubated with 

enhanced chemiluminescence (ECL) solution 1 (100 mM Tris-HCl pH 8.5, 2.5 mM 

Luminol, 400 µM p-Coumaric acid in dH2O) and solution 2 (100 mM Tris-HCl pH 8.5, 

6.1 µL H2O2 in dH2O) in a 1:1 ratio for 1 min before imaging using a G:BOX 

(Syngene).  
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Table 2.6 Composition of stacking and resolving SDS polyacrylamide gels  
 5 % stacking 12 % resolving 15 % resolving  

dH2O    
30 % w/v bis-acrylamide 
(Geneflow) 

1.7 mL  4 mL  5 mL  

Resolving buffer (1.5 M 
Trizma

®
, 13.9 mM SDS, pH 

8.8, filtered) 

N/A 2.5 mL 2.5 mL 

Stacking buffer (0.5 M 
Trizma

®
, 13.9 mM SDS, pH 

6.8, filtered) 

2.5 mL N/A N/A 

10 % Ammonium 
persulfate (APS) 

50 µL 50 µL 50 µL 

N, N, N’, N’-Tetramethyl-
ethylenediamine (TEMED) 

20 µL 20 µL 10 µL 

 

2.4.2 Immunofluorescence 

Coverslips were coated in 0.5 mg/mL gelatine (BDH Biochemical) in dH2O for 30 min 

at 37 °C or overnight at 4 °C for the immunofluorescence of NSC-34 Flp cell models.  

 

For cells induced with Tetracycline for over 48 h, the media was changed refreshing 

the Tetracycline every 48 h and the cells were grown in 10 cm dishes until 5 days 

prior to experiment date, when they were placed onto coverslips.  

 

Cells grown on coverslips were washed in PBS and fixed with 4 % paraformaldehyde 

(PFA) containing 0.2 % Triton-X for permeablisation for 20-30 min. Cells were 

blocked in 2 % BSA (Sigma) in PBS for 20 min at room temperature. Cells were 

incubated in primary antibody diluted with 2 % w/v bovine serum albumin (BSA) in 

PBS for 1 h at RT. The cells were then washed with PBS and incubated with 

secondary antibody diluted with 2 % w/v BSA in PBS for 30 min at RT.  The following 

fluorophore-labelled secondary antibodies were used at a concentration of 1:10, 000: 

Alexa Fluor 488 nm (green) anti-rabbit (Abcam, ab150077) and anti-mouse (Abcam, 

ab150113), Alexa Fluor 594 nm (red) anti-rabbit (Abcam, ab150080) and anti-mouse 

(Abcam, ab150116). The cells were then incubated with Hoechst bizBenzimide H 

(Sigma 33258) (blue) diluted with 2 % w/v BSA in PBS for 10 min at RT to visualise 

nuclei.  The coverslips were then mounted onto glass slides using Dako Fluorescent 
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mounting medium (Dako).  The slides were observed using fluorescence microscopy 

(Nikon).   

2.4.3 RNA Fluorescent In Situ Hybridiation (FISH) 

Coverslips were coated in 0.5 mg/mL gelatine (BDH Biochemical) in dH2O for 30 min 

at 37 °C or overnight at 4 °C for the immunofluorescence of NSC-34 Flp cell models.  

 

For cells induced with Tetracycline for over 48 h, the media was changed refreshing 

the Tetracycline every 48 h and the cells were grown in 10 cm dishes until 5 days 

prior to experiment date, when they were placed onto coverslips.  

 

Cells were treated by adding 5 µg/mL Actinomycin D directly to the media for 1.5 h 

prior to fixing cells. Cells were washed 0.1 % Diethylpyrocarbonate (DEPC) 

(Applichem) PBS to inhibit RNase activity. Cells were fixed with 4 % PFA containing 

0.2 % Triton-X for permeablisation for 20-30 min. Cells were then washed with DEPC 

PBS. Coverslips were incubated in hybridisation buffer (20 % formamide, 2 X sodium 

saline citrate (SSC), 10 % dextran sulphate, 1 % BSA) containing 50 µL/mL single 

stranded DNA and 1 µg/µL Cy3 Oligo(dT) for 2-3 h at 37 °C in a sealed container 

containing hybridisation buffer soaked filter paper. Coverslips were washed with 

DEPC PBS before immunofluorescence staining and mounting as described in 

section 2.4.2.   

2.4.4 Growth curve  

For HEK Flp cell models 1 x 106 cells were plated in 10 cm dishes in the presence or 

absence of Tetracycline. At three day intervals the cells were trypsinised and 

resuspended in 5 mL of media. The cells were then counted using a 

haemocytometer and the total number of cells in each plate calculated. After 

counting, 1 x 106 cells were returned to the 10 cm plate and given fresh media 
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containing Tetracycline where required. This was repeated for the duration of the 

growth curve.   

 

For NSC-34 Flp cell models 2 x 106 cells were plated in 10 cm dishes in the presence 

or absence of Tetracycline. At three-day intervals the media was removed and the 

cells resuspended in 5 mL of media. The cells were then counted using a 

haemocytometer and the total number of cells in each plate calculated. After 

counting, 2 x 106 cells were returned to the 10 cm plate and given fresh media 

containing Tetracycline where required. This was repeated for the duration of the 

growth curve.   

2.4.5 Cell proliferation/metabolic assay MTT  

Cells were grown in a 24 well tissue culture plate (Greiner) for 24 h before induction 

with Tetracycline. 4-6 wells per cell line per independent experiment were used. For 

cells induced with Tetracycline for over 48 h, the media was changed refreshing the 

Tetracycline every 48 h and the cells were grown in 10 cm dishes until 5 days prior to 

experiment date, when they were placed into 24 well plates. Thiazolyl Blue 

Tetrazolium Bromide (MTT) was added to each well to a final concentration of 0.5 

mg/mL and the plate was returned to the incubator for 30 min for HEK cells and 1 h 

for NSC-34 cells. The cells were then lysed in a 1:1 volume of MTT lysis buffer (20 % 

w/v SDS, 50 % v/v DMF, pH 7.4) and left for 1 h at RT on an orbital shaker. The 

absorbance at 595 nm of each well was recorded using a PHERAstar FS plate 

reader (BMG labtech).  

2.5 RNA preparation  

All solutions for RNA work were made up with water treated with 0.1 % DEPC and 

PBS for RNA work was also treated with 0.1 % DEPC to inactivate any RNase 

enzymes in water. Water and PBS were treated with 0.1 % DEPC and then 

autoclaved before use to inactivate the DEPC.  
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2.5.1 RNA extractions for sequencing  

Cells were harvested from 10 cm plates.  Cells were grown for 24 hours before 

induction with Tetracycline. Cells were lysed 24 h (HEK Flp GFP and M1V) or 48 h 

(HEK Flp Sham, TDP-43 WT and TDP-43 Q331K) post Tetracycline induction when 

an approximate confluency of 70-80 % had been achieved.   

2.5.1.1 Whole cell RNA extraction  
Total fractions were collected directly in 400 µL of Reporter lysis buffer (Promega) 

containing 0.16 U/µL Ribosafe RNase inhibitors (Bioline), 2 mM PMSF and 

SIGMAFAST™ Protease Inhibitor Cocktail tablets, EDTA free according to 

manufacturer’s instructions and lysed for 10 min on ice before centrifugation at 17 

000g, 5 min, 4 °C.  The supernatant was then added to Trizol (Thermo Fischer) and 

RNA was extracted using Direct Zol RNA Miniprep Plus (Zymo Research).   

2.5.1.2 Cytoplasmic RNA extraction 
HEK Flp cell models were typsinised and quenched before centrifugation at 400g for 

5 min to give a cell pellet for cytoplasmic fractionation. Cell pellets were quickly 

washed with hypotonic lysis buffer (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM DTT). Cell pellets were then lysed in 400 µL hypotonic lysis buffer 

containing 0.16 U/µL Ribosafe RNase inhibitors (Bioline), 2 mM PMSF (Sigma) and 

SIGMAFAST™ Protease Inhibitor Cocktail tablets, EDTA free (Sigma) according to 

manufacturer’s instructions. Cells were lysed gently using a cut P1000 tip ensuring 

that no physical force was exerted on the cell pellet.  The lysate then underwent 

differential centrifugation (3 min at 1500g, 4 °C then 8 min at 3500g, 4 °C and then 1 

min at 17 000g, 4 °C) transferring the supernatant to a fresh tube after each 

centrifugation. The resulting supernatant is the cytoplasmic fraction.  The 

supernatant was then added to Trizol (Thermo Fischer) and RNA was extracted 

using Direct Zol RNA Miniprep Plus (Zymo Research).  Anti-SSRP1 western blotting 

was done on cytoplasmic lysates to confirm the absence of nuclear leakage.  
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2.5.2 Trizol RNA extraction  

RNA was extracted by adding Trizol (Thermo Fisher) directly to the cells and 

scraping cells from tissue culture dish or by adding three volumes Trizol to one 

volume of cell lysate. Cells were left at RT for 10 min before adding chloroform (one-

fifth of volume of lysate and Trizol). Samples were shaken vigorously for 20 sec 

before being left at RT for 5 min. Extractions then underwent centrifugation for 10 

min at 11 600g, 4 °C. The aqueous layer was taken and added to 1 µL 5 mg/mL 

Glycogen (Ambion) and 300 mM NaAc before adding an equal volume of isopropanol 

and storing at - 20 °C overnight. The precipitating RNA then underwent centrifugation 

for 20 min at 17 000g, 4 °C before carefully removing the supernatant from the RNA 

pellet. The RNA pellet was dried at RT for 20 min.  This method of RNA extraction 

was used for the extraction of total RNA for qRT-PCR.   

2.5.3 DNase treatment  

RNA pellets were fully resuspended in DEPC H2O before DNase I treatment (Roche) 

incubating RNA at 37 °C for 30 min before heat inactivation at 70 °C for 10 min.  

2.5.4 Reverse transcription  

2 µg of RNA was used for cDNA synthesis using poly(dN)6 random priming described 

by the manufacturer (Bioscript, Bioline). Samples were incubated at 25 °C for 10 min 

followed by 42 °C for 60 min before terminating the reaction by incubating at 85 °C 

for 10 min and chilling at 10 °C before storage.  

2.5.5 mRNA purification  

NEB Next® Poly(A)+ mRNA Magnetic Isolation Module (New England BioLabs Inc.) 

was used to purify mRNA based upon on the coupling of oligo d(T)25 to 1 µm 

paramagnetic beads which were then used as the solid support for the direct binding 

of poly(A)+ RNA. Beads were separated from the supernatant using a magnetic rack.   
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15 µL of Oligo d(T)25 beads were placed in 0.2 mL PCR tube and washed twice with 

100 µL of 2 X RNA binding buffer to remove the supernatant. A 50 µL volume of 2 X 

RNA binding buffer was then added to the beads. Total RNA was diluted with DEPC 

water to a final volume of 50 µL and added to the magnetic beads in RNA binding 

buffer. Samples were incubated at 65 °C for 5 min and placed on ice for 2 min to 

denature RNA and facilitate the binding of poly(A)+ RNA to the beads. Samples were 

incubated at RT for 5 min to allow RNA to bind to the beads. The tubes were then 

placed on the magnetic rack for 2 min to separate poly(A) + RNA bound to the beads 

from the solution. The supernatant was taken and kept. At this point the protocol was 

optimised and an additional binding step carried out in order to increase the yield of 

ribosomal poly(A) + RNA. The beads were washed twice with 200 µL wash buffer, 

pipetting the volume up and down 6 times to ensure mixed thoroughly and placing on 

the rack for 2 min to ensure proper separation of unbound RNA. The beads were 

then stored on ice. The saved supernatant (from the initial binding) was then 

incubated at 65 °C for 5 min and placing on ice for 2 min. The binding of poly(A) + 

RNA was then repeated as above with the beads stored on ice. The beads were then 

washed twice with 200 µL wash buffer, pipetting the volume up and down 6 times to 

ensure mixed thoroughly and placing on the rack for 2 min to ensure proper 

separation of unbound RNA. After ensuring total removal of wash buffer, 50 µL 

elution buffer was added to the beads and mixed well by pipetting. Tubes were 

placed at 80 °C for 2 min then placed at RT immediately to elute the poly(A) + RNA 

from the beads. 50 µL of 2 X RNA binding buffer was added to each sample pipetting 

the volume up and down 6 times to ensure mixed thoroughly to allow RNA to bind to 

the beads again. Samples were incubated at RT for 5 min with agitation every few 

min during the incubation. The tubes were allowed to stand the magnetic rack for 2 

min before removing the supernatant and washing the beads twice with 200 µL wash 

buffer, pipetting the volume up and down 6 times to ensure mixed thoroughly and 

placing on the rack for 2 min to ensure proper separation of unbound RNA. The 
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mRNA was eluted for the final time by adding 20 µL of elution buffer to the beads and 

incubating at 80 °C for 2 min before immediately putting the samples onto the 

magnetic rack for 2 min. Purified mRNA was transferred to a clean nuclease-free 

PCR tube before the yield and size distribution was assessed using a RNA Pico Chip 

(Agilent Technlogies, Inc.).  

2.5.6 RNA yield and quality assessment 

RNA yield and purity was determined using the NanoDropTM 1000 (Thermo Fisher). 

The absorbance ratio at 260 nm and 280 nm was used as a measure of purity in 

nucleic acid extractions. For RNA a ratio of approximately 2 is considered ‘pure’ for 

RNA. The absorbance ratio at 260 nm and 230 nm is used as a secondary measure 

of nucleic acid purity and is usually higher between 2.0 and 2.2.  

 

Yield and size distribution of RNA and mRNA was determined using Nanochip or 

Picochip respectively and an Agilent 2100 Bioanalyser (Agilent Technologies, Inc.). 

This assesses the size distribution of the 18S and 28S rRNA peaks, producing an 

electropherogram and assigning a RIN number where 1 is the most degraded profile 

and 10 is the most intact.  

2.5.7 Quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) 

Extracted RNA was treated with DNAse I (Roche) at 37 °C and heat inactivated at 70 

°C for 5 min. cDNA was obtained after reverse transcription polymerase chain 

reactions (RT-PCR) using approximately 2 µg RNA with random primers and the 

Bioscript Reverse Transcription kit (Bioline), according to manufacturer’s instructions. 

Resulting cDNA was diluted before use - ribosomal RNA was diluted 1:1000, all other 

RNA diluted 1:3 before qPCR.  
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Primer standard curves were generated by performing a 4-fold serial dilution of HEK 

and/or NSC-34 cDNA using DEPC H2O. Reaction mixtures were prepared using 1 µL 

of 5 µM primer mix, 5 µL 2 X Brilliant III Ultra Fast SYBR master mix (Agilent), and 3 

µL nuclease-free water.  9 µL of reaction mixture and 1 µL of diluted cDNA added to 

each well of a 96 well PCR plate, which was then sealed using plastic caps. Target 

DNA amplification was performed by thermal cycling: initial denaturation at 95 °C for 

10 min, followed by 45 cycles of 95 °C for 30 s and 60 °C for 30 s, then 72 °C for 1 

min in a PCR detection system (Stratagene Mx3000p).  

 

Cycle threshold (Ct) values were plotted on the y-axis against cDNA concentration 

on the x-axis. Using the equation for the line  [y = m*log(x) + b] (where m is the slope 

of the line) the efficiency can be calculated using the equation PCR efficiency = 10(-

1/slope) – 1. The efficiency corresponds to the proportion of template molecules that 

are doubled every cycle. A 100 % efficient reaction will have a slope of -3.322. The R 

squared (R2) value is an indicator of the quality of the fit of the standard curve to the 

standard data points plotted. The value will always be between 0 and 1. The closer 

the R2 value is to 1 the better the fit of the line. qRT-PCR primer sequences, the R2 

value and efficiencies are shown in Table 2.7. Multiple TARDBP primers were tested 

and those shown in Table 2.7 were found to be best, despite the efficiency being 

greater than 100 % when tested with both mouse and human cDNA.  

 
 
Reaction mixtures were prepared using 1 µL of 5 µM primer mix, 5 µL 2 X Brilliant III 

Ultra Fast SYBR master mix (Agilent), and 3 µL nuclease-free water.  9 µL of 

reaction mixture and 1 µL of diluted cDNA added to each well of a 96 well PCR plate, 

which was then sealed using plastic caps. Target DNA amplification was performed 

by thermal cycling: initial denaturation at 95 °C for 10 min, followed by 45 cycles of 

95 °C for 30 s and 60 °C for 30 s, then 72 °C for 1 min in a PCR detection system 
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(Stratagene Mx3000p).  Relative quantification was determined using the ∆Ct 

method and normalized to U1 snRNA/β-actin mRNA/18S rRNA.  
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Table 2.7 qRT-PCT primer sequences and optimisation 
Primers Primer sequence 5’ > 3’ Tm % GC Human Mouse 
    R2 Slope Efficiency 

% 
R2 Slope Efficiency 

% 
GFP F’ AAGCAGCACGACTTCTTCAAG 

R’ TTCAGCTCGATGCGGTTCA 
60.27 
59.71 

47.62 
52.63 

0.999 -3.407 96.6 Not tested 

Human 
TARDBP 

F’ TGGGATGAACTTTGGTGCGT 
R’ TTTGGCTCCCTCTGCATG 

60.18 
59.89 

50.00 
50.00 

0.986 -2.549 146.8 0.976 -2.257 177.4 

U1 snRNA F’ CCATGATCACGAAGGTGGTT 
R’ ATGCAGTCGAGTTTCCCACA 

59.21 
60.10 

50.00 
50.00 

0.999 -3.23 104 0.996 -3.189 105.9 

18S F’ CGGACATCTAAGGGCATCAC 
R’ GTGGAGCGATTTGTCTGGTT 

59.00 
58.60 

55.00 
50.00 

0.999 -3.223 104.3 0.998 -3.281 101.7 

β-actin F’ TCCCCCAACTTGAGATGTATGAAG 
R’ AACTGGTCTCAAGTCAGTGTACAGG 

62.10 
59.60 

46.00 
48.00 

0.997 -3.457 94.7 0.992 -3.374 97.9 
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2.6 Translating ribosome affinity purification (TRAP)  

The protocol was followed from (Kulicke et al., 2014) using a FLAG-tagged RPL10a 

instead of the GFP-tagged RPL10a described.  

 

Anti-FLAG M2 affinity gel beads were incubated in TRAP lysis buffer (20 mM HEPES 

KOH pH 7.4, 150 mM KCl, 10 mM MgCl2, 1 % v/v NP-40 in DEPC H2O) containing 1 

% BSA and 5 µL 10 mg/mL ssDNA at 4 °C on a wheel at 10 rpm overnight.   

 

For each TRAP experiment two T175 flasks of cells were grown for 24 h before 

transfection with 30 µg of plasmid DNA and 105 µg PEI in 1 mL Opti-MEM Reduced 

Serum Medium (Life Technologies) per T175 flask. Approximately 6-8 h post 

transfection the cells were induced with Tetracycline. 24 h post transfection and 

approximately 12 h post Tetracycline induction the cells were incubated with 100 

µg/mL cycloheximide (CHX) for 15 min on ice.  The cells were then washed with 

DEPC PBS containing 100 µg/mL CHX. Each flask was lysed in 1 mL of ice cold 

TRAP lysis buffer (20 mM HEPES KOH pH 7.4, 150 mM KCl, 10 mM MgCl2, 1 % v/v 

NP-40 in DEPC H2O) containing 5 µL 10 mg/mL ssDNA, 100 µg/mL CHX, 0.16 U/µL 

Ribosafe RNase inhibitors (Bioline), 0.5 mM DTT, 2 mM PMSF and SIGMAFAST™ 

Protease Inhibitor Cocktail tablets, EDTA free according to manufacturer’s 

instructions.  Cells were incubated for 10 min on ice before removing cells using a 

cell scraper and transferring to ice-cold tubes.  The lysate was drawn through a 25G 

needle five times before differential centrifugation (5 min at 2400g rpm then 5 min at 

9600g, 4 °C) transferring the supernatant to a fresh tube after each centrifugation. 

The protein concentration was measured using Bradford reagent (Biorad) and the 

OD595nm read using S1200 Diode array spectrophotometer. The samples were diluted 

to a maximum protein concentration of 2 mg/mL with the TRAP lysis buffer. The 



87 

same volume of lysate was loaded on to the pre-blocked FLAG beads and left to bind 

at 4 °C on a wheel at 10 rpm overnight.   

 

The beads were collected by centrifugation for 1 min at 400g, 4 °C and the unbound 

supernatant stored on ice for western blot. The beads were washed four times in 900 

µL high salt buffer (20 mM HEPES KOH pH 7.4, 350 mM KCl, 10 mM MgCl2, 1 % v/v 

NP-40 in DEPC H2O) containing 0.5 mM DTT and 100 µg/mL CHX. The high salt 

buffer was removed and the beads stored at room temperature. The beads were 

resuspended in 125 µL of EZ-RNA Total extraction buffer (Biological Industries) and 

incubated at room temperature for 1 h on a wheel at 10 rpm. The supernatant was 

removed from the beads and 100 µL taken for RNA extraction using the EZ-RNA 

Total extraction kit (Biological Industries) according to manufacturer’s instructions.  

The remaining sample was used for western blot analysis.   

2.7 RNA Immunoprecipitation (RIP)  

40 µL Protein G SepharoseTM 4 Fast Flow beads (GE Healthcare) or Anti-FLAG M2 

affinity gel beads were washed with RIP lysis buffer (20 mM Tris, 140 mM KCl, 5 mM 

MgCl2, 0.5 M DTT, pH 8.0). Beads were pelleted by centrifugation for 1 min at 400 g. 

Protein G Sepharose beads were then blocked overnight at 4 °C on a wheel at 10 

rpm with RIP lysis buffer containing 5 µg antibody, 1 % Triton X-100, 1 % BSA and 5 

µL/mL ssDNA. Anti-FLAG M2 affinity gel beads were then blocked overnight at 4 °C 

on a wheel at 10 rpm with RIP lysis buffer containing 1 % Triton X-100, 1 % BSA and 

5 µL/mL ssDNA.  

 

Cells were plated for 24 hours before induction with Tetracyline and RIP was carried 

out 24 h post-induction. Cells were treated with 100 µg/mL CHX for 1 h prior to lysis. 

Four 10 cm plates of cells were used for each RIP. 10 cm plates of cells were 

washed in DEPC PBS and lysed in 500 µL RIP lysis buffer containing 0.16 U/µL 
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Ribosafe RNase inhibitors (Bioline), 2 mM PMSF and SIGMAFAST™ Protease 

Inhibitor Cocktail tablets, EDTA free according to manufacturer’s instructions and 100 

µg/mL CHX. The lysates were combined and drawn through a 25G needle five times 

and left for 10 min on ice before centrifugation for 10 min at 17 000g, 4 °C. The 

supernatant was removed and 250 µL taken for RNA extraction using Trizol and 50 

µL for western blot (input). The resulting supernatant was taken and the protein 

concentration determined by Bradford assay. No more than 2 mg/mL protein in equal 

volumes were loaded onto the beads and incubated at 4 °C on a wheel at 10 rpm for 

3 h. The beads were washed five times with 500 µL RIP lysis buffer before removing 

all the buffer using a gel loading tip. 125 µL RIP elution buffer (20 mM Tris, 140 mM 

KCl, 5 mM MgCl2, 0.5 M DTT, 10 mM EDTA, 10 mM DTT, 1 % SDS pH 8.0) 

containing 0.16 U/µL Ribosafe RNase inhibitors (Bioline) was added to the beads 

and left to elute for 2 h on a wheel at 10 rpm at RT. The eluate was then divided into 

100 µL for Trizol RNA extraction and 25 µL for western blot. Equal amounts of input 

and eluted were loaded onto SDS PAGE gels for western blot analysis.  

2.8 Purification of translating ribosomes using the GRASPSTM 

methodology developed in this study 

Cells were harvested from 10 cm plates.  Cells were grown for 24 h before induction 

with Tetracycline. Cells were lysed 24 h (HEK Flp GFP and M1V) or 48 h (HEK Flp 

Sham, TDP-43 WT and TDP-43 Q331K) post Tetracycline induction when an 

approximate confluency of 70-80 % had been achieved.   

 

All GRASPS buffers were treated with 0.1 % DEPC. Cells were removed from the 

plate in culture media using a cell scraper before centrifugation for 5 min at 400g to 

pellet cells. Cell pellets were quickly washed with GRASPS buffer A1 pre-

optimisation (250 mM sucrose, 250 mM KCl, 5mM MgCl2, 50 mM Tris-HCl pH 7.4) or 

GRASPS buffer A post-optimisation (250 mM sucrose, 5 mM KCl, 50 mM Tris-HCl 
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pH 7.4).  The cell pellet size was measured and resuspended sequentially in three 

volumes equivalent to the size of the pellet of of GRASPS buffer A1 pre-optimisation 

(250 mM sucrose, 250 mM KCl, 5mM MgCl2, 50 mM Tris-HCl pH 7.4) or GRASPS 

buffer A post-optimisation (250 mM sucrose, 5 mM KCl, 50 mM Tris-HCl pH 7.4) 

containing 0.16 U/µL Ribosafe RNase inhibitor (Bioline), 2 mM PMSF 

(Phenylmethanesulfonyl fluoride) and SIGMAFAST Protease Inhibitor Cocktail 

tablets, EDTA free according to manufacturer’s instructions. NP-40 was added to a 

final concentration of 0.7 % v/v from a cold 10 % NP-40 in DEPC dH2O stock 

solution. The lysate was left on ice for 5 min then pipetted up and down twice before 

leaving for a further 5-10 min on ice. The lysate was transferred to one well of a 6 

well plated and UV irradiated at 0.3 J/cm2.  The nuclear pellet was discarded after 

centrifugation for 10 min at 750g, 4 °C and the supernatant carefully transferred to a 

prechilled tube before centrifugation for 10 min at 12 500g, 4 °C to pellet the 

mitochondrial fraction. The supernatant, the post-mitochondrial fraction, was 

transferred to a fresh prechilled tube and 4 M KCl was added to give a final 

concentration of 0.5 M KCl. The post-mitochondrial fraction was then stored on ice.  

 

1 mL sucrose cushion solution (1 M sucrose, 5 mM MgCl2, 50 mM Tris-HCl pH 7.4) 

was added to a clean, cold TLA100 centrifuge tube. The 0.5 M KCl post-

mitochondrial fraction was made up to a volume of 1 mL using GRASPS buffer B 

(250 mM sucrose, 500 mM KCl, 50 mM Tris-HCl pH 7.4, 5 mM MgCl2). 900 µL of the 

0.5 M post-mitochondrial fraction was loaded onto the sucrose cushion carefully 

before centrifugation for 2 h at 250 000g, 4 °C.  

 

Post-centrifugation the supernatant was removed carefully. The translucent 

ribosomal pellet was washed carefully by adding 150 µL of cold dH2O and removing 

immediately. The pellet was then resuspended in 250 µL of ribosomal resuspension 

buffer on ice (50 mM HEPES pH 7.9, 150 mM NaCl, 1 mM DTT, 1 mM EDTA) and 
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transferred to a clean tube. Proteinase K was added to a final concentration of 100 

µg/mL and 0.16 U/µL Ribosafe RNase inhibitor (Bioline) was added. The mixture was 

then pulse vortexed and incubated at 37 °C for 30 min. 10 mM EDTA and 50 mM 

NaAc were added and the mixture vortexed. 750 µL of Trizol-LS (Invitrogen) was 

added before RNA was extracted using Direct Zol RNA Miniprep Plus (Zymo 

Research).   

2.9 Next Generation RNA sequencing and Bioinformatics analysis  

Total RNA extracted from whole-cell or cytoplasmic fractions and poly-adenylated 

RNA isolated from GRASPS-purified ribosomes were sequenced on Illumina HiSeq 

2500 by the Centre for Genomic Research at the University of Liverpool.  

 

Briefly, RNASeq libraries were prepared using the ScriptSeq™ Complete Gold Kit 

protocol to deplete the total RNA for rRNA (for whole-cell and cytoplasmic 

transcriptomes) and prepare strand-specific libraries from rRNA-depleted RNA 

samples. For GRASPS samples, the same library kit was used, but no rRNA 

depletion was performed. Indexed libraries were subjected to paired-end sequencing 

(approximately 2x 100 bp) multiplexed as three libraries per lane of the Illumina 

HiSeq platform to generate data of in excess of 120 millions clusters/lane. Trimming 

of sequencing reads and initial quality check prior to the generation of fastq files were 

performed.  

 

The raw Fastq files are trimmed for the presence of Illumina adapter sequences 

using Cutadapt version 1.2.1 (Martin, 2011). The option -O 3 was used, so the 3' end 

of any reads, which match the adapter sequence for 3 bp or more are trimmed. The 

reads are further trimmed using Sickle version 1.200 

(https://github.com/najoshi/sickle) with a minimum window quality score of 20. Reads 

shorter than 10 bp after trimming were removed. If only one of a read pair passed 



91 

this filter, it is included in the R0 file. The output files from Cutadapt and Sickle are 

available on link on attached CD-ROM (See C1. Cutadapt and Sickle output files). 

Statistics were generated using fastq-stats from EAUtils 

(https://expressionanalysis.github.io/ea-utils/).  

 

Dr Marta Milo, at the University of Sheffield, carried out the bioinformatics analysis. 

An overview of the analysis is outlined in Figure 2.2.  

 

Figure 2.2 Outline of the Bioinformatics analysis performed on RNA seq data 
sets 
Trimmed reads were mapped to the genome using Bowtie software, before being filtered. 
Bitseq was used to quantify transcript abundance before identification of differentially 
expressed transcripts. Annotation, function analysis and correlation studies were then 
performed. Gene enrichment analysis was then carried out. TDP-43 Q331K transcriptome 
and translatome changes were normalised to the Sham control.  

Reads per sample were mapped to the human genome (~60x coverage) using 

Bowtie (Langmead et al., 2009) and transcripts quantified using Bitseq (Glaus et al., 

2012) and Limma (Ritchie et al., 2015). BioMart was used to convert transcripts into 

Ensembl transcript identities (Kasprzyk, 2011).  

 

Enrichment analysis was performed using the Database for Annotation, Visualization 

and Integrated Discovery (DAVID) (D. W. Huang et al., 2008; 2009) and the  
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PANTHER overrepresentation test (Mi et al., 2013). TDP-43 Q331K transcriptome 

and translatome changes were normalised to the isogenic induced Sham control line. 

 

The differentially expressed gene (DEG) lists and lists generated from the functional 

enrichment analysis using DAVID, PANTHER and targets of TDP-43 are in an excel 

spread sheet on the CD-ROM attached (see C2. DEG lists).  

 

2.10 Statistical analysis methods  

T-tests were used to assess whether the means of two groups were significantly 

different from each other. The means of three or more samples were compared with 

one-way analysis of variance (One-way ANOVA) with Tukey’s multiple comparison 

tests. The influence of two different indendepent variables on the means of three or 

more samples were compared using two-way analysis of variance (Two-way 

ANOVA) with Tukey’s multiple comparison tests. All statistical analyses were carried 

out using GraphPad Prism 6.0.  
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3. Development of a novel high throughput 

methodology to identify selectively enriched 

translating mRNA: Genome-wide RNA analysis of 

stalled protein synthesis (GRASPS) 

3.1 Introduction  

Dysregulation of gene expression is common feature in ALS with alterations to the 

transcriptome in cell models, animal models and in CNS tissue from MND cases (F. 

Tanaka et al., 2011; Cooper-Knock, Hewitt, et al., 2012; Heath et al., 2013). 

However, these studies did not (i) allow discrimination of pathophysiological 

alterations from those due to downstream dysregulations and (ii) did not investigate 

whether altered mRNA production is reflected at the protein level. Recent studies 

have also identified that transcript levels are not necessarily linked to the levels of 

corresponding proteins, due to cell compensatory mechanisms (Domínguez-Sánchez 

et al., 2011).  

 

Therefore identification of mRNA actively being translated in the ribosomes should 

reflect protein expression changes and the directionality of altered biological 

processes. Current translatome technologies, such as ribosome affinity purification, 

allow the study of mRNA that is associated with the ribosome. However, no study 

has specifically tested whether or not the mRNA isolated using these methods is 

actively undergoing translation. This is of consideration for this work, as TDP-43 has 

been shown to interact with stalled ribosomes (Higashi et al., 2013) and therefore 

could potentially contaminate ribosomes with indirectly bound mRNA, which is not 

being translated but being transported by TDP-43. 
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A novel high throughput translatome technology named GRASPS (Genome-wide 

RNA Analysis of Stalled Protein Synthesis) was developed to try and address some 

of the limitations of affinity-based methods. The GRASPS strategy aimed to 

reproducibly purify ribosomes without the need for chemical inihibitors or 

density/size/affinity purification steps. The GRASPS method involves the biochemical 

precipitation of UV-crosslinked ribosome-bound RNAs by ultracentrifugation. The 

steps and timeline for the TRAP and GRASPS technologies are summarised in 

Figure 3.1.  

 

Figure 3.1 Summary of the steps and timeline for the TRAP and GRASPS 
technologies. The genetic engineering, cell lysis, ribosome purification and subsequent 
analysis are outlined alongside the timelines for the steps involved in each technlology.  

The aim of the work described in this chapter is to explore current translatome 

technologies in order to identify a method that would allow the identification of mRNA 

actively undergoing protein synthesis. In order to do this, a cell model would need to 

be built which would allow the distinction between mRNAs that are being actively 

translated into protein and mRNAs that are not being translated into protein. This cell 

model would then be used to explore current translatome technologies in order to 

TRAP GRASPS 

Genetic engineering: 2-4  & 12-18 months None 

mRNA extraction (5h) and sequencing 

Ribosome 
purification: 

Cell lysis including: 

2h 

"Freezing" chemicals UV light pulse 
2h 1h 

24-30h 
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develop a reliable method to identify mRNAs being actively translated into protein at 

the ribosome.  

 

 

3.2 Results  

3.2.1 Generating inducible GFP reporter cell models 

In order to test methodologies used to specifically isolate mRNAs that are 

undergoing translation, two GFP reporter cell models expressing either translated or 

non-AUG translated transcripts were built. Site-directed mutagenesis of the pcDNA5 

FRT/TO GFP AH plasmid was used to generate constructs to build the cell models. 

ATG triplet sequences were first mutated, in all frames, in over two thirds of the GFP 

nucleotide sequence (465 nucleotides). These included a silent D37D mutation and 

in-frame methionine to valine mutations M79V and M89V. This construct is functional 

and will be referred to as GFP. It contains the original start codon and Kozak 

sequence (Kozak, 1987), but mutations of the next three ATG triplet sequences. The 

mutations in the ATG triplet sequence would ensure that truncated versions of GFP 

could not be produced from a start codon later in the nucleotide sequence. The start 

codon of the pcDNA5 FRT/TO/GFP construct was mutated in order to generate a 

second construct. This GFP M1V construct does not encode a protein and will be 

referred to as M1V. This transcript lacks all potential start codons in all frames within 

655 out of 739 nucleotides of the GFP coding sequence (M1V, D37D, M79V, M89V). 

The pcDNA5 FRT/TO GFP and M1V constructs generated are shown in Figure 3.2. 

The constructs were sequenced and an example of the sequencing trace from the 

M1V plasmid is shown in Appendix 1.  
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Figure 3.2 pcDNA5 FRT/TO GFP plasmids constructed for GFP reporter cell 
model 
Site-directed mutagenesis of pcDNA5 FRT/TO/GFP AH was used to insert a silent D37D 
mutation and in-frame methionine to valine mutations M79V and M89V in the GFP plasmid. 
The GFP plasmid was then used to generate the M1V plasmid by further mutating the start 
codon M1V. Both constructs contain the Kozak sequence.  

The cell model generated using the GFP construct (HEK Flp GFP) would be used as 

an inducible control for a translating mRNA reporter as it would produce GFP and 

should be enriched in the mRNA fraction isolated from actively translating ribosomes. 

The second model generated using the M1V construct will have no start codon and 

therefore will not produce GFP. The unique difference between the two isogenic cell 

models is the presence or absence of a start codon. The Kozak sequence has been 

preserved in both reporter transcripts. The M1V cell line (HEK Flp M1V) would be 

used to generate mRNA, which are not expected to be conventionally translated by 

the ribosome since they lack AUG start codons. This model could therefore be used 

as a test to whether AUG-translating mRNAs could selectively be isolated.  

 

The expression of GFP from the plasmids was tested by transfection into HEK cells 

(Figure 3.3). Transfection of the pcDNA5 FRT/TO/GFP plasmid produces GFP, 

whereas no GFP is observed after transfection of the pcDNA5 FRT/TO/M1V plasmid. 
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Figure 3.3 GFP expression from pcDNA5 FRT/TO/GFP and pcDNA5 
FRT/TO/M1V constructs 
GFP and M1V plasmids were transfected into HEK cells. Cells were stained with GFP (green) 
and Hoechst (blue). GFP is produced following transfection of pcDNA5 FRT/TO/GFP, but no 
GFP protein is produced in the untransfected HEK cells or following transfection of pcDNA5 
FRT/TO/M1V.  
 
To construct inducible GFP cell models the Invitrogen Flp-In T-REx kit was used 

(Figure 3.4). This system generates isogenic, stable cell lines with Tetracycline-

inducible expression of the gene of interest (GOI).  

 

 

Figure 3.4 Strategy for building stable cell line using the Flp In T-REx system 
pcDNA5/FRT/TO vector is cotransfected with a recombinase plasmid and host cell line. 
Homologous recombination occurs at the FRT site, inserting the gene of interest into the host 
cell line. This changes the antibiotic resistance of the cells from Zeocin to Hygromycin. 
Expression of the inserted gene is controlled by the addition of Tetracycline.  

Antibiotic resistance was used to identify which cells had undergone homologous 

recombination at the Flp recombinase target (FRT) site. HEK FRT cells grow in 

medium containing Blasticidin and Zeocin. Cells are resistant to Zeocin due to the 

expression of the lacZ-Zeocin resistance gene under the control of the SV40 

U
nt

ra
ns

fe
ct

ed
 

GFP  Merge  

pc
D

N
A

5 
F

R
T

/T
O

/G
F

P
 

Hoechst 33258  

pc
D

N
A

5 
F

R
T

/T
O

/M
1
V

 



98 

promoter and due to the presence of the ATG initiation codon. The pcDNA5/FRT/TO 

vectors contain a Hygromycin resistance gene, which lacks a promoter and ATG 

initiation codon. After transfection and recombination at the FRT site, the SV40 

promoter and ATG initiation codon are brought into frame with the Hygromycin 

resistance gene. The Flp recombinase mediated recombination at the FRT site is the 

only way by which Hygromycin resistance can be acquired. Therefore, cells, which 

are sensitive to Zeocin and resistant to Hygromycin, can be selected as cells that 

have undergone homologous recombination at the FRT site. 

 

The FRT cells contain the Tetracycline resistance repressor elements (TetR) and a 

Blasticidin resistance gene. The Blasticidin selects for cells, which will express the 

Tetracycline repressor protein. Maintaining cells in Blasticidin in culture ensures that 

the cells will be under the control of the Tetracycline operator (TO).  

 

The pcDNA5/FRT/TO vectors contain the GOI under the control of Tetracycline-

regulated hybrid human cytomegalovirus (CMV)/TetO2 promoter. Tetracycline 

resistance repressor elements (TetR) express a Tetracycline repressor protein, 

which binds the TO, inhibiting expression from the CMV promoter. Tetracycline 

induces transcription by binding to Tetracycline repressor protein, causing it to 

undergo a conformational change. This change makes the repressor protein unable 

to bind the TO, resulting in expression of the GOI.  

 

In order to ensure a totally isogenic population was achieved transfected cells were 

left to grow until visible colonies of cells were formed from a single transfected cell. 

Single transfected cells were allowed to grow until a colony of cells visible without the 

use of microscope was observed. Twelve individual colonies were screened from 

each cell model. Each colony, grown from a single transfected cell, was picked and 

grown in a 24 well plate. To confirm homologous recombination colonies were 
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divided in two and grown in medium containing either Hygromycin and Blasticidin or 

Zeocin and Blasticidin (Figure 3.5 A). Cells that had undergone homologous 

recombination grew quickly in the medium containing Hygromycin and Blasticidin, 

and a change in the colour (from red to orange/yellow) of the media can be 

observed. These cells did not grow in medium containing Zeocin and Blasticidin and 

no colour change of the media is observed. Additional confirmation of successful  

 

Figure 3.5 Selection of Hygromycin resistant and Tetracycline inducible 
clones(A) 12 colonies were grown until confluent in a 24 well before dividing into two wells of 
a 24 well plate, one containing Blasticidin/Hygromycin media and one containing 
Blasticidin/Zeocin media. A change in the colour of the media was observed for cells that 
were Hygromycin resistant and continued to grow. (B) Hygromycin resistant clones from HEK 
Flp GFP were grown for 48h with and without 10 µg/mL Tetracycline before lysis and western 
blot probing for GFP. Clone number 9 was selected. (C) Hygromycin resistant clones from 
HEK Flp M1V were grown for 48h with and without 10 µg/mL Tetracycline before lysis and 
western blot probing for GFP. Clone number 4 was selected. 
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model building was carried out by testing the expression of the gene of interest 

following induction with Tetracycline (Figure 3.5 B and C). Clones were selected 

based upon the expression of the GFP and ‘leakiness’ of the cell model i.e. how 

much GFP is observed in the non-induced sample. HEK Flp GFP clone number 9 

was selected for use based upon these principles. No GFP protein is observed in the 

HEK Flp M1V clones in the presence or absence of Tetracycline. Therefore clone 

number 4 was selected, as no GFP was present in either the presence or absence of 

Tetracycline. 

 

Immunofluorescence studies were carried out in order to confirm the production of 

GFP from the cell models (Figure 3.6). The HEK Flp GFP cell model produced visible 

GFP protein when grown in the presence of Tetracycline, but not in the absence of 

Tetracycline. In contrast, no GFP protein was produced in the HEK Flp M1V cell 

model either in the presence or absence of Tetracycline. This is expected as the 

M1V transcripts lack AUG start codons within most of the GFP sequence in the HEK 

Flp M1V cell model.   
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Figure 3.6 Immunofluorescence of GFP protein in HEK Flp GFP and M1VCells 
were grown on coverslips for 24 h before the addition of 10 µg/mL Tetracycline for 24 h. Cells 
were stained with GFP (green) and Hoechst (blue). GFP is observed in the HEK Flp GFP 
cells grown in the presence of Tetracycline for 24 h. No GFP is detected in the HEK Flp M1V 
cells grown in the presence of Tetracycline for 24 h. Scale bar = 20 µm.  

The expression of GFP from the cell model was quantified by western blot (Figure 

3.7). In the absence of Tetracycline approximately 7 % expression of GFP is 

observed compared to HEK Flp GFP cells grown in the presence of GFP. Again, no 

GFP protein is produced by the HEK Flp M1V cell model either in the presence or 

absence of Tetracycline. This is in agreement with the immunofluorescence shown in 

Figure 3.6. Some weaker expression level of the GFP protein was detected in HEK 

Flp GFP cells grown in the absence of Tetracycline. This is probably due to the 

leakiness of the promoter. This does not cause a problem for these studies, as the 
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amount produced upon on the addition of Tetracycline is significantly greater than 

that produced in the absence of Tetracycline. 

 

 

Figure 3.7 GFP protein levels in HEK Flp GFP and M1V cell models 
Cells were plated for 24 h before a 48 h induction in the presence or absence of 10 µg/mL 
Tetracycline prior to western blot analysis. Quantification was normalised to HEK Flp GFP + 
Tet. In the absence of Tetracycline approximately 7 % GFP expression is observed in the 
HEK Flp GFP cell model. In the presence and absence of Tetracycline no GFP protein is 
observed in the HEK Flp M1V cell model. (Mean ± SEM; One-way ANOVA with Tukey’s 
multiple comparison, ****: p < 0.0001; N = 3).  

qRT-PCR primers were designed to recognise the GFP transcripts from both the 

HEK Flp GFP and M1V cell model. It was very important that the primers were able 

to detect transcripts from the HEK Flp GFP and M1V cell models equally. This was to 

compare the GFP transcript levels in the cell models and to distinguish in future 

experiments between GFP translated transcripts and M1V transcripts. The primers 

were designed against regions in which the transcripts were identical and the primers 

were tested with cDNA from both cell models (Figure 3.8). The primers were able to 

detect GFP transcripts from both cell models equally with efficiencies of close to 100 
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% and R2 values of 0.99. Due to the design of the qPCR primers and mutation of 

AUG start codons in the first 655 nucleotides of the GFP M1V sequence, any qPCR 

products or transcripts detected in purified ribosomes from the HEK Flp M1V cell 

model will not correspond to AUG-driven initiation of translation.  

 

Figure 3.8 GFP qRT-PCR primer design and standard curves 
Standard curves were generated using serial dilutions of cDNA from both the HEK Flp GFP 
and HEK Flp M1V cell models grown in the presence of 10 µg/mL Tetracycline for 24 h. The 
primers were able to detect GFP transcripts from both the HEK Flp GFP and HEK Flp M1V 
cell models with efficiencies close to 100 % and R2 values of 0.99. Primers were designed 
against regions that were common to both the HEK Flp GFP and HEK Flp M1V cell lines. 
Mutations are indicated. (ATG: start codon; TAG: stop codon.) 
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GFP and M1V transcript levels were determined in HEK Flp GFP cells grown in the 

presence and absence of Tetracycline and in HEK Flp M1V cells grown in the 

presence of Tetracycline (Figure 3.9). Upon the addition of Tetracycline there is a 20-

fold increase in the GFP mRNA in the HEK Flp GFP cell model. Over multiple 

experiments, there was no statistically significant difference in the GFP mRNA levels 

between HEK Flp GFP and HEK Flp M1V cells grown in the presence of Tetracycline 

indicating that both GFP and M1V reporter transcripts are similarly expressed and 

that substituting AUG start codons does not significantly affect RNA biogenesis and 

stability. This was important as it showed that the lack of GFP protein produced from 

the HEK Flp M1V cell model was not due to a difference in the steady state level 

expression of the M1V transcripts produced.   

 
Figure 3.9 GFP transcript levels in HEK Flp GFP and M1V cell linesCells were 
plated for 24 h before the addition of 10 µg/mL Tetracycline for 24 h. Quantification was 
normalised to HEK Flp GFP + Tet. A 20-fold increase in GFP mRNA was observed in the 
HEK Flp GFP cell line upon the addition of Tetracycline. No significant difference in GFP 
mRNA levels was observed between HEK Flp GFP + Tet and HEK Flp GFP M1V + Tet. 
(Mean ± SEM; 2way ANOVA, Tukey’s Test, **: p < 0.01, NS: non-significant; N = 3)  

The HEK Flp GFP cell model produces GFP transcripts containing a start codon that 

are translated into GFP protein. The HEK Flp M1V cell models produces similar 

levels of M1V transcripts, but does not produce GFP protein. This made these cell 

models suitable tools to discriminate between translating and non-AUG translating 

mRNAs. 
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3.2.2 Testing current translatome technologies  

It has been observed that translation can occur at other non-conventional start 

codons in genome-wide translatome experiments involving ribosome profiling using 

specific inhibitors (S. Lee, Liu, Lee, Huang, Shen, and Qian, 2012b). The aim of 

these experiments was to use the GFP reporter cell models to test whether the 

current translatome technologies based upon affinity purification were able to 

discriminate between translating and unconventional non-AUG translating trancripts.  

 

RIP was performed using antibodies against ribosomal proteins (L10a and L26). This 

was using the principle that immunoprecipitation could be used to isolate mRNA 

associated with ribosomal proteins and that these mRNAs would be undergoing 

active protein synthesis. The feasibility of using ribosomal protein L10a and L26 

antibodies in RNA immimmunoprecipitation (RIP) was explored using HEK cell 

lysates (Figure 3.10). Both antibodies bound non-specifically to control beads and 

therefore were not suitable for use in RIP. 
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Figure 3.10 RIP using RPL10a and RPL26 
RIP using HEK cell lysates. (A) RIP using uncoated Protein G beads (IgG control) or RPL10a 
coated Protein G beads (RPL10a). RPL10a bound non-specifically to control IgG. (RPL10a 
molecular weight = 25 kDa) (B) RIP using FLAG coated (FLAG) or RPL26 coated Protein G 
beads (RPL26). RPL26 bound non-specifically to FLAG control beads. (RPL26 molecular 
weight = 17 kDa). (FT = flow through – supernatant removed from beads post binding) 

 

Another methodology for purifying ribosomes was therefore used. The TRAP 

protocol described by (Kulicke et al., 2014) was used to purify mRNA bound to FLAG 

tagged RPL10a from HEK Flp GFP and HEK Flp M1V cells induced with Tetracycline 

(Figure 3.11). Cells were transfected with either FLAG or FLAG RPL10a and the 

TRAP carried out.  

 

RPL10a protein is enriched in the eluted fraction of FLAG RPL10a but not in the 

FLAG control. This shows that FLAG RPL10a binds specifically to the FLAG beads. 
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RNA was extracted from eluted fractions; these RNA are bound to FLAG RPL10a 

and therefore it is assumed that these RNA that are being translated. There was no 

significant difference between the numbers of GFP or M1V transcripts in the eluted 

fractions of the HEK Flp GFP cells compared to the HEK Flp M1V cells. This 

unexpected result indicates that TRAP does not discriminate between cognate GFP-

translating mRNAs and potentially non-AUG translating M1V transcripts.  

 

 

Figure 3.11 TRAP of HEK Flp GFP and M1V cell lines using FLAG RPL10a  
Cells were induced for 12-15 h with 10 µg/mL Tetracycline before TRAP purification. (A) 
Western blot shows presence of RPL10a in input and flow through (FT) in both HEK Flp GFP 
and HEK Flp M1V cell lines in FLAG RPL10a but not in FLAG controls. RPL10a is enriched in 
eluted fractions from both cell lines in FLAG RPL10a but not in FLAG controls. (B) qRT-PCR 
of eluted fractions. Values were normalised to HEK Flp GFP and no significant difference in 
the GFP transcript level between the cell lines was observed. (Mean ±SEM; t-test, NS = non-
significant; N = 3 RT reactions) 
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3.2.3 Optimising a new purification protocol for selective enrichment of 

actively AUG-driven translating ribosomes 

Instead of tagging ribosomes or use RIP assays, an alternative strategy for the 

selective enrichment of actively translating ribosomes was designed and developed. 

This involved precipitating endogenous ribosomes using differential centrifugation in 

stringent buffer conditions that would allow for selective enrichment of actively driven 

AUG-translating ribosomes. Differential centrifugation allowed the removal of 

different cellular components such as the nuclei and mitochondria. The stringent 

buffer conditions would allow dissociation of accessory ribosome-associated RNA 

binding proteins, such as initiation and other regulatory factors, that would 

contaminate isolated ribosomal mRNA with other non-AUG translating RNA.  

 

Several approaches were tested based upon the biochemical precipitation of 

ribosomes and use of UV-irradiation and inhibitors. UV-irradiation was used to 

covalently crosslink RNA:protein interactions, preventing their dissociation to ensure 

RNA could subsequently be extracted from ribosomal fractions. The use of 

cycloheximide (CHX), an inhibitor of translation elongation, was also used, to 

investigate whether inhibiting translation before purifying ribosomes would enhance 

the specific purification of actively translating mRNA.  

 

Live cells were lysed before UV-irradiation prior to NP-40 lysis. Ribosomes were 

biochemically purified using differential centrifugation and ultra centrifugation. 

Proteinase K treatment was carried out to remove ribosomal proteins before Trizol 

RNA extraction. Extracted RNA was converted to cDNA using reverse transcription. 

Semi-quantitative RT-PCR was then carried out and the PCR products run on 

agarose gels to determine any differences in ribosomal GFP transcripts between 

samples.  
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In the development of this method extracted RNA was DNase treated and used for 

semi-quantitative RT-PCR. The first experiment was carried out on induced and non-

induced HEK Flp GFP cells and the GFP transcript levels were compared (Figure 

3.12). A 5-cycle difference is observed in the presence of Tetracycline, this 

corresponds to an approximate 32-fold enrichment upon on the addition of 

Tetracycline. This showed that the biochemical purification of ribosomes and 

subsequent RNA extraction from ribosomes precipitated could be used to detect 

changes in ribosome-associated RNA.  

 

A 32-fold enrichment on the addition of Tetracycline means approximately 3 % 

expression in the non-induced cells due to leakiness of the promoter. This correlates 

well with the previous experiments where 5 % expression was observed in the non-

induced cells by qRT-PCR and 7 % expression observed in the non-induced cells 

quantified from western blots. It also showed that this method could be used to 

detect the difference in GFP transcript level between induced and non-induced cells. 

 

Figure 3.12 Biochemical purification of ribosomes in HEK Flp GFP cells 
HEK Flp GFP cells were UV-irradiated prior to lysis in GRASPS lysis buffer A1. Semi-
quantitative RT-PCR was performed on samples from HEK Flp GFP cells grown for a total of 
48 h, in the presence or absence of 10 µg/mL Tetracycline for 24 h. There is a difference of at 
least 5 cycles between induced and non-induced cells. This corresponds to approximately 32-
fold enrichment upon the addition of Tetracycline. pcDNA5/FRT/GFP plasmid was used as a 
control for semi-quantitative RT-PCR.  
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This method was then used on both HEK Flp GFP and HEK Flp M1V cells to 

determine if a difference between the detection of GFP and M1V mRNAs was 

possible (Figure 3.13).  

 

In the ribosomal fractions, a 5-cycle difference was observed upon the addition of 

Tetracycline in the HEK Flp GFP cell line and HEK Flp M1V cell line. GFP transcripts 

are detected 5 cycles later in the HEK Flp M1V compared to the HEK Flp GFP cells 

when cells are grown in the presence of Tetracycline. This indicates a 32-fold 

difference in the amount of GFP reporter mRNAs detected in the purified ribosomes 

between the two cell lines. The post-ribosomal fraction corresponds to RNA 

extracted from the supernatant, which is removed after the ribosomes have been 

pelleted by ultra-centrifugation. In the post-ribosomal fraction there are less GFP 

transcripts than in the ribosomal fraction, indicating enrichment of ribosomes with 

GFP reporter transcripts in the GRASPS purified fractions from both cell models. 

This indicates successful purification of ribosomes has been achieved using this 

method. The no RT controls for both fractions appear over 10 cycles later.  
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Figure 3.13 Biochemical purification of ribosomes in HEK Flp GFP and M1V 
cells 
Cells were UV-irradiated prior to lysis in GRASPS lysis buffer A1. Semi-quantitative RT-PCR 
was performed on samples from HEK Flp GFP and HEK Flp M1V cells grown for a total of 48 
h, in the presence or absence of 10 µg/mL Tetracycline for 24 h. pcDNA5/FRT/GFP plasmid 
was used as a control for semi-quantitative RT-PCR. (A) RNA extracted from ribosome. 
There is a 5-cycle difference in the point at which GFP transcripts are observed between 
induced HEK Flp GFP and M1V cells. (B) RNA extracted from post-ribosomal fraction 
(supernatant post ultra-centrifugation). There is a visible reduction in the amount of GFP 
present in the post-ribosomal fraction in both HEK Flp GFP and M1V cell lines.  
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In order to confirm purification of ribosomes, protein extracts from different stages of 

the GRASPS purification were analysed on Coomassie gels and by western blotting 

(Figure 3.13). The Coomassie gels showed a distribution of higher molecular weight 

proteins (45 kDa and above) in the post-mitochondrial and post-ribosomal fractions 

with an enrichment of low and medium molecular weight proteins (less than 50 kDa) 

in the ribosomal fraction. Lower molecular weight, ribosomal proteins were enriched 

in the ribosomal fraction and lost from the post-ribosomal fraction, showing that 

GRASPS had successfully purified ribosomal proteins. The distribution of proteins 

between the different fractions is the same for both HEK and NSC-34 lysates, 

showing it is applicable to different cell types. 

 

Western blot analysis showed the ribosomal protein L26 (RPL26) and ribosomal 

protein L29 (RPL29) were present in the cytoplasmic, post-mitochondrial fractions 

and ribosomal fractions, but lost from the post-ribosomal fraction. Ribosome-

associated accessory factors eIF4a and eEF2 were lost from the ribosomal fraction. 

This shows the clean purification of ribosomes, with the removal of RNA-binding 

accessory factors eIF4a and eEF2. This is important as it shows that GRASPS is 

able to purify ribosomes with the removal of accessory factors. These accessory 

factors are able to bind RNA alone, meaning that if they were purified with ribosomes 

in the GRASPS purification they could contaminate the purified sample with non-

translating mRNA. These data show successful purification of ribosomes without 

accessory factors using the GRASPS method. 
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Figure 3.14 Confirming purification of ribosomes 
Different fractions from the ribosomal purification of HEK Flp and NSC-34 Flp cell models 
were run on Coomassie gels. In the post-mitochondrial and post-ribosomal fraction there are 
proteins of high and low molecular weights. In the ribosomal fraction there is an enrichment of 
low and medium molecular weight proteins, which would include low molecular weight 
ribosomal proteins. HEK Flp cell fractions were analysed by western blot. In the cytoplasmic 
and post-mitochondrial fractions ribosomal proteins (RPL26 and RPL29) and accessory 
factors (eEF2 and eIF4a) can be identified. In the post-ribosomal fraction only accessory 
factors are present, as the ribosomal proteins have been pelleted in the ribosomal fraction.  

Ribosomal proteins purified were separated by SDS-PAGE and identified by mass 

spectrometry. The mass spectrometry was performed by Prof Mark Dickman 

(Department of Chemical Engineering at the Life Science Interface, University of 

Sheffield). The Mascot algorithm was used to compare the molecular weights from 

peptides obtained from the digestion of proteins purified in the GRASPS sample to 

the known protein database (PDB) using the Mascot program and give hits a 

probabilistic score for protein identification by counting the number of peptides that 

match with known proteins in the database. The higher the score, the more peptides 

that are matched to the database, and therefore the higher the confidence in the 

protein identification. Proteins were positively identified if the Mascot score >25 and if 
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at least two different peptides were characterised for each protein. The score given 

and location on the ribosome subunit is shown in Figure 3.15.  

 

 

Figure 3.15 Mass spectrometry on purified ribosomesMass spectrometry of purified 
ribosomal proteins separated by SDS-PAGE. Subunits shown in red have been identified with 
high confidence with a Mascot score of >50 and at least two different peptides used for 
identification. Subunits shown in orange have been identified with lower confidence with a 
Mascot score of 25<50 and using one or two peptides for identification. Subunits shown in 
blue were missing from Mascot analysis due to a score of less than 25, but were identified by 
manually looking for these proteins in the list of those with a Mascot score of less than 25. 
Purified proteins were mapped onto the 80S ribosome structure. (RPS: ribosomal protein 
small subunit; RPL: ribosomal protein large subunit.)  

From the filtered hits and only considering those with Mascot scores greater than 50, 

92 human proteins were identified. Of these 84 % were identified as ribosome-

associated proteins. Of the 81 ribosome protein subunits in the high resolution Cryo-

EM structure of the human 80S ribosome (Anger et al., 2013), 69 ribosome protein 

subunits were identified in the GRASPS purified proteins. In addition to these 69 

ribosome protein subunits, 8 other ribosome-associated proteins were also identified 

in the GRASPS sample (PABP1, PABP4, SYMC, SYRC, LARP4, eIF4A3, IF6, 

MCA3). From these ribosome-associated proteins, 7 are also published in the 
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structure of the human 80S ribosome (Anger et al., 2013). This shows that GRASPS 

is able to purify fully associated ribosomes with high coverage of the published 80S 

ribosome subunit. 

 

mRNA-associated proteins hnRNP C, hnRNP F, hnRNP H1, hnRNP M and hnRNP 

R were identified and accounted for 5 % of GRASPS purified protein. False positives 

or DNA-binding proteins such as ACTB, YBOX1, YBOX3, H2A1B, H12, NUCL, TBA-

1B (tubulin), TCPB (Chaperone), TIF-1B (DNA-binding), VIME were identified and 

these accounted for 11 % of the GRASPS purified proteins. Contamination by known 

false positives and DNA-binding proteins or mRNA associated proteins accounted for 

only 16 % of the proteins identified in the GRASPS purified proteins. This shows that 

GRASPS is stringent, with low levels of contaminating proteins. 

 

The proteins identified by mass spectrometry did not include eEF2, despite its 

association with the ribosome. These data show successful purification of ribosomes 

without accessory factors (at least eIF4A which binds mRNA directly or eEF2) using 

the GRASPS method. 

 

In order to try and remove non-AUG translated transcripts from GRASPS purified 

samples the use of inhibitors, composition of lysis buffers and timing of UV irradiation 

were explored.  

 

CHX is a protein synthesis inhibitor, which works by interfering with the translocation 

step blocking translational elongation. CHX was added to the growth media of cells 

for 2 h prior to GRASPS purification, with the idea that this may stall ribosomes on 

translating mRNA and allow the detection of actively translating mRNA specifically. 

CHX was added to the culture media for 2 h prior to ribosome purification (Figure 

3.16). The addition of CHX did not have any affect upon the GFP transcript level at 
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the ribosome in either the HEK Flp GFP or HEK Flp M1V cell line and non-AUG 

translated M1V transcripts were still detected in the HEK Flp M1V GRASPS purified 

samples. 

 

Figure 3.16 Biochemical purification of ribosomes with CHX 
Cells were treated with 100 µg/mL CHX in the growth media for 2 h prior to experiment. Cells 
were UV-irradiated prior to lysis in GRASPS buffer A1. Treatment with CHX did not affect the 
GFP transcript level at the ribosome in either cell line.   
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The point in which cells were UV-irradiated was moved to after the NP-40 lysis 

before the cellular fractionation, in order to see whether crosslinking after lysis in 

stringent buffer condition (250 mM sucrose, 250 mM KCl, 5 mM MgCl2, 50 mM Tris-

HCl pH 7.4) would allow for dissociation of non-AUG translating M1V transcripts from 

the ribosomes (Figure 3.17). The timing modification in the UV-irradiation did not 

change the overall result as association of non-AUG transcripts to ribosomes were 

still detected in the HEK Flp M1V GRASPS purified samples. However, the 

appearance of both GFP and M1V transcripts from the GRASPS purified samples 

from HEK Flp GFP and M1V cells appeared 5 cycles later, indicating an improved 

signal to noise reduction compared to UV-irradiating prior to NP-40 lysis. 

 

 
Figure 3.17 Biochemical purification of ribosomes with modified UV-irradiation 
Cells were lysed in GRASPS buffer A1 and UV-irradiated as usual and following NP-40 lysis 
(Mod UV). The delay in crosslinking shifted the appearance of the GFP transcripts by 5 cycles 
in both the HEK Flp GFP and HEK Flp M1V cell lines.   
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In addition to modification in applying the UV-irradiation step, changes to the 

composition of lysis buffer were also explored (Figure 3.18). This strategy was to 

change the ionic environment of the ribosomes and destabilise interactions between 

weakly associated or non-AUG translated mRNAs and the ribosomes. The removal 

of MgCl2 and addition of EDTA had no effect on the number of GFP transcripts in the 

ribosome. 

 

However, when GRASPS was performed using the hypotonic GRASPS lysis buffer A 

(5 mM KCl and without MgCl2) and with UV-irradiation after cell lysis, a difference 

between the number of GFP and M1V transcripts in HEK Flp GFP compared to M1V 

was observed. This reduction in salt concentration may disrupt the weaker 

hydrophobic interactions of the large and small ribosome subunits to non-AUG 

translating M1V mRNAs in the HEK Flp M1V cell model, causing a reduction in the 

amount of M1V transcripts detected in the ribosomes. The other buffer compositions 

had no effect upon the detection of GFP between the two cell models. GRASPS will 

therefore be performed using GRASPS lysis buffer A and UV-irradiation post NP-40 

lysis.  
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Figure 3.18 Biochemical purification of ribosomes with different lysis buffer 
compositions 
The composition of GRASPS lysis buffer A1 was changed. Cells were lysed in a buffer 
without MgCl2 with various KCl concentrations and with/without the addition of EDTA. Cells 
were UV-irradiated following lysis with NP-40. When cells were lysed in buffer without MgCl2, 
with 5 mM KCl and without EDTA the amount of GFP transcripts in the ribosome in the HEK 
Flp M1V cell model is reduced compared to the number of GFP transcripts in the ribosome in 
the HEK Flp GFP cell model. The removal of MgCl2 and addition of EDTA into the lysis buffer 
had no effect on the GFP transcripts in the ribosome in either cell model.  
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3.2.4 Comparison of the proportion of actively translating reporter 

mRNAs isolated from various translatome methodologies 

The GRASPS methodology both using GRASPS buffer A1 (250 mM KCl and 5 mM 

MgCl2) and GRASPS buffer A (5 mM KCl and without MgCl2) was compared to the 

current TRAP methodology using the HEK Flp GFP and M1V cell models (Figure 

3.19). For each method, the percentage of GFP transcripts was normalised to the 

input and 18S rRNA and is shown in the graph as a percentage of GFP transcripts 

compared the GFP transcripts from the HEK Flp GFP + Tet.  

 

Figure 3.19 Comparison of TRAP and GRASPS 
qRT-PCR analysis of Anti-FLAG-RPL10a TRAP and GRASPS purified RNA in HEK Flp GFP 
and M1V cell lines grown in the presence and absence of 10 µg/mL Tetracycline. GFP levels 
are normalised to 18S rRNA and shown as relative percentage of GFP for each method. 
There is a marked reduction (~80%) of non-AUG translating M1V mRNA in GRASPS- purified 
ribosomes lysed in GRASPS buffer A in contrast to TRAP. (Mean ±SEM; Two-way ANOVA 
with Tukey’s multiple comparison, **: p < 0.01, ***: p < 0.001, NS = non-significant; N = 
GRASPS: 3, TRAP: 3 RT reactions) 

When cells were lysed using GRASPS buffer A1 (250 mM KCl and 5 mM MgCl2) and 

the ribosomes purified, 47% of M1V non-AUG translated mRNA was identified 

compared to AUG translated GFP mRNA. When GRASPS buffer A (5 mM KCl and 

no MgCl2) was used to purify ribosomes 23 % of M1V mRNA was identified 

compared to AUG translated GFP mRNA. Therefore, the lysis of cells in GRASPS 

buffer A is the best method to selectively enrich for AUG-translated mRNAs in this 
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reporter system. There was a significant difference in the amount of GFP AUG-driven 

translation of mRNAs identified compared to non-AUG M1V translating mRNAs using 

GRASPS when the cells were lysed in GRASPS buffer A1 and GRASPS buffer A.  

 

When TRAP was used to purify RPL10a associated transcripts 90 % of M1V 

transcripts remained identified compared to the AUG-translating GFP mRNA. TRAP 

therefore does not appear to discrimate between active translation of the cognate 

GFP-encoding mRNAs and non-AUG translated M1V reporter transcripts.  

 

3.3 Discussion  

The word ‘translatome’ is widely used to define ribosome associated mRNA, with the 

general assumption that this mRNA is undergoing translation. Methodologies have 

been described as identifying the translatome, without checking that mRNA purified 

is in fact undergoing translation. In order to monitor actively translating mRNA 

molecules HEK GFP reporter cell lines were built.  

 

The translating ribosome affinity purification (TRAP) method (Heiman et al., 2008; 

Kulicke et al., 2014) was used to purify translating mRNA from the HEK Flp GFP and 

M1V cell lines. A FLAG-tagged RPL10a, rather than a GFP-tagged RPL10a, was 

used in these experiments. This modification was designed with the idea that as the 

FLAG tag is smaller than GFP, it would therefore provide less steric hindrance to the 

ribosome subunits. RPL10a is a good subunit to tag as it is on the outside of the 

ribosomal subunit and is therefore accessible to tag and has been widely used in 

TRAP purifications (Heiman et al., 2008; Kulicke et al., 2014; Kratz et al., 2014; 

Bertin et al., 2015). 

 

RPL10a was enriched in eluted fractions from both the GFP and the M1V cell line 

showing successful immunoprecipitation using the FLAG tag. There was no 
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significant difference between the eluted GFP and M1V mRNA transcript levels from 

the HEK Flp GFP and M1V cell lines (Figure 3.11). Surprisingly, this showed that 

TRAP allowed for the purification of non-conventionally M1V translating mRNAs and 

did not specifically enrich for AUG-translating mRNA.  

 

Non-AUG translating M1V mRNAs asssociated to ribosomes were also detected in 

GRASPS purified samples from the HEK Flp M1V cell model. The amount purified in 

GRASPS was approximately 75 % less than in TRAP purified samples. This showed 

that the GRASP purification of ribosomes was, to a lesser extent, also purifying both 

translating and non-AUG translating mRNA. This mRNA did not correspond to 

translation initiated from AUG start codons from most of the sequence of GFP (655 

of 730 nucleotides of the coding GFP sequence did not contain any conventional 

AUG start codons), as the primers were designed to recognise an identical region in 

both GFP and M1V in the first two thirds of the sequence.  

 

A method to purify ribosomes from human cell lines using a simple fractionation cell 

lysis and ultracentrifugation to pellet ribosomes has been described (Belin et al., 

2010). Using the steps from this methodology and adding additional steps, a new 

method referred to as GRASPS for the Genome-wide RNA analysis of stalled protein 

synthesis was developed in this study. This method uses UV-irradiation to crosslink 

RNA to ribosomes preventing the need to use inhibitors of translation. Cell 

fractionation using stringent buffer conditions to remove mitochondria and nuclei is 

performed before loading the post-mitochondrial fraction (the cytoplasm) onto a 

sucrose cushion. Ultracentrifugation was used to pellet ribosomes preventing the 

need to use affinity-based purifications. Pelleted ribosomes were then washed and 

Proteinase K treated to remove ribosomal protein before RNA extraction DNase 

treatment and subsequent mRNA purification using magnetic beads.  
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In summary, the Flp In system has been used to build GFP reporter cell models to 

allow the study of translating and non-AUG translating mRNA. The GRASPS method 

has been developed to selectively enrich for actively AUG-driven GFP translating 

mRNA. The GRASPS method removes significantly more non-AUG translating 

mRNAs compared to the TRAP methodology and selectively enriches for actively 

translating mRNA, making it a more appropriate method to use to study the 

translatome.  
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4. Identification of TDP-43 Q331K ALS transcriptomes 

and translatome 

4.1 Introduction  

Alteration of mRNA processing has been highlighted as a major dysregulated 

pathway in ALS. TDP-43 proteinopathy characterised by the nuclear loss and 

cytoplasmic accumulation of TDP-43 in motor neurons occurs in approximately 95 % 

of ALS, both familial and sporadic cases. TDP-43 is implicated in multiple aspects of 

RNA metabolism including transcriptional regulation, alternative splicing, miRNA 

processing, axonal transport of mRNA and potential regulation of translation by 

association with stalled ribosomes in stress conditions. TDP-43 has been reported to 

bind 4,352 coding transcripts primarily involved in neuronal functions in rat cortical 

neurons (Sephton et al., 2011) and hundreds of aberrant RNA binding and splicing 

events have been identified in TDP-43 related ALS (Tollervey et al., 2011; Xiao et al., 

2011; Rogelj et al., 2012; Lagier-Tourenne et al., 2012; Highley et al., 2014; D'Alton 

et al., 2015). A third of transcriptomes are altered in TDP-43 WT and ALS mutation 

Q331K transgenic mouse models of ALS, with specific alterations due to the Q331K 

mutation (Arnold et al., 2013). These observations suggest that cellular protein 

synthesis is dysregulated in TDP-43 ALS and that aberrantly processed mRNAs may 

be translated into uncharacterised mutant proteins.  

 

However, the majority of these studies highlighted the widespread RNA 

dysregulation mediated by TDP-43 mutations in ALS in transcriptomes, thereby 

investigating the entire RNA population within a cell. Investigation of individual 

cellular compartments or RNA that is being actively translated may better represent 

protein expression changes and also the directionality of altered biological 
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processes. Identification of actively translating mRNA in TDP-43 ALS could identify 

novel proteins and pathways involved in the pathogenesis of ALS. For these reasons 

TDP-43 ALS provides an interesting background in which to apply the GRASPS 

methodology.  

 

Furthermore, thousands of RNA alterations have been described in TDP-43 ALS and 

from these it is hard to identify which alterations are causal and which may be the 

result of an upstream dysregulation. Inducible cell models allow the expression of 

TDP-43 to be turned ‘on’ and ‘off’ with the addition of Tetracycline. Studies can 

therefore be done immediately following induction with Tetracycline in order to study 

the early events in the pathogenesis of TDP-43 ALS.  

 

The Invitrogen Flp In system had been previously used to generate Tetracycline-

inducible HEK Flp TDP-43 WT and TDP-43 Q331K cell models in SITraN (Dr Adrian 

Higginbottom, unpublished data), but these models had not yet been characterised. 

Characterisation of these models was undertaken prior to identification of 

transcriptomes and GRASPS-translatomes. The specific ALS mutation Q331K was 

selected for this study, as within SITraN, research has already been carried out using 

TDP-43 WT and TDP-43 Q331K transgenic mouse models (Arnold et al., 2013). Also 

there are post-mortem samples from a variety of both sporadic and familial ALS 

cases which exhibit TDP-43 proteinopathy. These would provide useful tools to 

validate any findings from cell models.  

 

The aims of the work described in this chapter were to characterise the behaviour of 

HEK Flp TDP-43 WT and TDP-43 Q331K cell lines before using cell fractionation and 

the GRASPS methodology to compare whole cell transcriptomes, cytoplasmic 

transcriptomes and GRASPS purified translatomes from HEK Flp Sham and TDP-43 

Q331K ALS cell models.  
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4.2 Results  

4.2.1 Building and characterisation of non-neuronal TDP-43 ALS 

inducible cell models  

Dr Adrian Higginbottom had already constructed HEK Flp In Sham, TDP-43 WT and 

TDP-43 Q331K cell models in SITraN. The Sham cell line is a model constructed by 

transfecting pcDNA5FRT/TO-Empty plasmid into the cell model to serve as an 

isogenic negative control for experiments. This model has undergone the same 

construction as the TDP-43 cell models, but does not contain a GOI.  

 

TDP-43 has been shown to bind the 3’ UTR of its own mRNA to repress its 

expression levels and tightly maintain its expression level (Ayala et al., 2011). The 

integrated transgene does not contain a 3’ UTR so that the transgene protein can be 

expressed and hopefully bind endogenous TDP-43 mRNA in the regulatory feedback 

loop, in order to avoid over-expression, thus creating a model which is not an over-

expression model and allowing for the control of TDP-43 expression using 

Tetracycline.  

 

The tetracyline inducible expression of TDP-43 protein in the HEK Flp Sham, TDP-43 

WT and TDP-43 Q331K was compared over a 48 h period (Figure 4.1). Upon the 

addition of Tetracycline there is an increase in the amount of total TDP-43 protein in 

the HEK Flp TDP-43 WT cell model by 6.2 times and an increase in the HEK Flp 

TDP-43 Q331K cell model of 3.6 times, compared to endogenous TDP-43 levels in 

the HEK Flp Sham cell model. This showed that TDP-43 expression could be 

induced by Tetracycline in the HEK cell model system. Endogenous TDP-43 levels 

are shown in the HEK Flp Sham. There is approximately twice as much TDP-43 is 

produced in the HEK Flp TDP-43 WT compared to in the HEK Flp TDP-43 Q331K. 
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Figure 4.1 Tetracycline induction of TDP-43 protein in HEK Flp cell models 
Western blot analysis of HEK Flp Sham, TDP-43 WT and TDP-43 Q331K. Cells were plated 
for 24 h before a 48 h induction with 10 µg/mL Tetracycline. Graph represents western blot 
quantification when normalised to α-Tubulin and then to HEK Flp Sham. (Mean ± SEM; One-
way ANOVA with Tukey’s multiple comparison, *: p < 0.1, **: p < 0.01, NS = non-significant; N 
= 4).  

TDP-43 transcript levels were then investigated by qRT-PCR (Figure 4.2). Two 

independent normalisers were used, due to the widespread dysregulation of RNA 

metabolism in TDP-43 mediated neurodegeneration and the results were very 

similar.  When normalised to U1 snRNA there was a 3.9-fold increase in the amount 

of TDP-43 mRNA in the HEK Flp TDP-43 WT and a 2.2-fold increase in the amount 

of TDP-43 mRNA in the HEK Flp TDP-43 Q331K, when compared to HEK Flp Sham. 

When normalised to β-actin there was a 4.9-fold increase in the amount of TDP-43 

mRNA in the HEK Flp TDP-43 WT and a 2.5-fold increase in the amount of TDP-43 

mRNA in the HEK Flp TDP-43 Q331K, when compared to HEK Flp Sham. The 
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difference in the transcript level of TDP-43 WT compared to TDP-43 Q331K is 

consistent with the differences observed at protein level (Figure 4.1).  

 

Figure 4.2 TDP-43 transcript levels in HEK Flp cell models  
qRT-PCR analysis of HEK Flp Sham, TDP-43 WT and TDP-43 Q331K. Cells were plated for 
24 h before a 48 h induction with 10 µg/mL Tetracycline. Quantification was performed using 
the ∆Ct method before normalisation to HEK Flp Sham. (Mean ± SEM; 1way ANOVA with 
Tukey’s multiple comparison, ***: p < 0.001, ****: p < 0.0001; N = 4).  

The growth of HEK Flp Sham, TDP-43 WT and TDP-43 Q331K cells in the presence 

or absence of Tetracycline was recorded over a fifteen-day period (Figure 4.3). In the 

absence of Tetracycline the cells increased in number over the fifteen-day period and 

there were no significant differences in the growth of cells between the different cell 

lines. In the presence of Tetracycline there was a significant reduction in the growth 

of HEK Flp TDP-43 WT and HEK Flp TDP-43 Q331K compared to HEK Flp Sham. 

This reduction was significant by day 9 for the HEK Flp TDP-43 WT and day 12 for 

the HEK Flp TDP-43 Q331K. This shows that an increase in TDP-43 WT or mutant 

has a toxic effect. In the presence of Tetracycline the HEK Flp Sham showed no 

reduction in growth and the cells continued to increase in number over the fifteen-day 

period.   
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Figure 4.3 Growth curve of HEK Flp cell modelsGrowth of HEK Flp Sham, TDP-43 
WT and TDP-43 Q331K cell lines over a fifteen-day period (A) Growth in the absence of 
Tetracycline (B) Growth in the presence of 10 µg/mL Tetracycline. Each cell line is compared 
to the HEK Flp Sham cell line and only significant differences are labelled. (Mean ± SEM; 
2way ANOVA with Tukey’s multiple comparison, ***: p < 0.001, ****: p < 0.0001; N = 3).  

MTT cell proliferation assays were carried out in the absence and presence of 

Tetracycline for 48 h, 7 days and 14 days (Figure 4.4). As expected, there is no 

significant difference in proliferation of all cell lines grown in the absence of 

Tetracycline. The proliferation of all cells decreases over time when grown in 

Tetracycline. There is a significant reduction in the HEK Flp TDP-43 WT compared to 

HEK Flp Sham after 48 h in the presence of Tetracycline, which continues at 7 days 

and 14 days. There is no significant reduction in the proliferation of HEK Flp TDP-43 

Q331K compared to HEK Flp Sham when grown in the presence of Tetracycline.  
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Figure 4.4 Cell proliferation of HEK Flp cell models  
MTT assays on HEK Flp Sham, TDP-43 WT and TDP-43 Q331K cell lines grown in the 
presence (+ Tet) or absence (-Tet) of 10 µg/mL Tetracycline for 48 h, 7 days (7d) and 14 
days (14d). Each bar of TDP-43 WT and TDP-43 Q331K is compared to corresponding bar 
from Sham cell line. (Mean ± SEM; 2way ANOVA with Tukey’s multiple comparison, ***: p < 
0.001, ****: p < 0.0001, NS: non-signifcant; N (independent experiments, 6 wells per 
experiment) = 3).  

HEK Flp TDP-43 cell models were successfully characterised. Upon the addition of 

Tetracycline the cell models exhibit an increase in the amount of TDP-43 protein 

produced, which causes a reduction in the cell growth and cell proliferation.  

4.2.2 Cell fractionation and sample preparation for Next Generation 

Sequencing  

As described in Chapter 3, the GRASPS method allows for the selectively enriched 

purification of AUG translating mRNA. In order to compare the translatome to the 

cytoplasmic transcriptome, cellular fractionation was optimised in order to obtain 

cytoplasmic lysates for RNA extraction.  

 

Cellular fractionation was performed on HEK Flp Sham and TDP-43 Q331K cells and 

cytoplasmic RNA was extracted. Successful cytoplasmic fractionation was confirmed 

by comparing total and cytoplasmic lysates for the presence of the nuclear protein 

SSRP1 (Figure 4.5). Nuclear SSRP1 is present in total fractions, but minimal in 
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cytoplasmic fractions indicating successful cytoplasmic fractionation without 

significant nuclear contamination.   

 

Figure 4.5 Cytoplasmic fractionation of HEK Flp Sham and TDP-43 Q331K  
Western blot to assess nuclear contamination with nuclear protein SSRP1 in cytoplasmic 
fractions obtained from HEK Flp Sham and TDP-43 Q331K cells grown in the presence of 10 
µg/mL tetracyline for 48 h. SSRP1 protein bands can be observed in total fractions (Total) but 
are minimal in cytoplasmic (Cyto) fractions indicating a clean cytoplasmic fractionation.  

In order to study TDP-43 Q331K transcriptomes and the translatome Next 

Generation RNA sequencing experiments were designed in order to compare the 

whole cell transcriptome, cytoplasmic transcriptome and translatome from HEK Flp 

Sham and HEK Flp TDP-43 Q331K cells following a 48 h induction with Tetracycline. 

The experimental design is shown in Table 4.1.  

 

Induced HEK Flp Sham cells would be used as a control, as these cells had 

undergone the same recombination events in construction of the cell line and the 

same treatment with Tetracycline, thus removing any changes, which may be the 

result of cell line manipulation or due to induction with Tetracycline. A 48 h timepoint 

was selected to analyse the early events in RNA metabolism dysregulation following 

induction with Tetracycline.  
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Table 4.1 RNA sequencing experimental designTotal RNA, cytoplasmic RNA and 
GRASPS purified mRNA were extracted from HEK Flp Sham and TDP-43 Q331K cells 
following a 48 h induction with Tetracycline. (rep = replicates).
Whole cell transcriptome 
(WCT) 

Cytoplasmic transcriptome 
(CyT) 

GRASPS translatome 
(GRASPS) 

Sham control (3 rep) Sham control (3 rep) Sham control (3 rep) 
TDP-43 Q331K (3 rep) TDP-43 Q331K (3 rep) TDP-43 Q331K (3 rep) 
Total = 6 total RNA 
samples 

Total = 6 total RNA samples Total = 6 poly(A)+ RNA 
samples  

 

RNA was extracted in independent triplicates from: whole cell extracts to generate 

the whole cell transcriptomes, cytoplasmic lysates to generate the cytoplasmic 

transcriptomes and using the GRASPS methodology to generate the translatomes. 

 

The yield and quality of RNA extracted was assessed before sending the samples for 

RNA sequencing. The Agilent 2100 Bioanalyser and RNA 6000 Nano and Pico kits 

assess RNA quality using electrophoretic separation on microfabricated chips to 

separate and detect RNA samples using laser induced fluorescence detection. There 

is a decrease in the 18S to 28S ribosomal RNA (rRNA) band ratio as degradation 

proceeds. The RNA integrity number standardises whole-cell RNA quality 

assessment by taking into account the whole electropherogram trace and calculating 

an RNA integrity number (RIN). RIN allows for the classification of eukaryotic total 

RNA using a scale from 1-10, where 1 indicates complete degradation and 10 

indicates completely intact RNA. Sample electropherograms from both intact and 

varying degrees of degradation are shown in Figure 4.6. Intact RNA samples show 

three distinct peaks from the ladder, 18S and 28S ribosomal peaks. There is clear 

separation between the 18S and 28S ribosomal peaks. More degraded RNA 

samples show additional peaks and less clear separation of the 18S and 28S 

ribosomal peaks.   
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Figure 4.6 Sample electropherograms from Agilent 2100 Bioanalyser manual 
The molecular weight marker (ladder) and peaks corresponding to the 18S and 28S 
ribosomal RNA have been labelled on the example electropherograms, which show intact, 
partially degraded and strongly degraded RNA samples. Time in seconds is plotted along the 
x-axis with RNA concentrations as defined by arbitrary units of fluorescence [FU] plotted 
along the y-axis. 

Nucleic acids have absorbance maxima at 260 nm and proteins at 280 nm. The ratio 

of absorbance at these wavelengths (A260/280) is used as an indication of RNA purity. 

A ratio of approximately 2.0 is considered for ‘pure’ RNA. An absorbance at 230 nm 

is considered to be the result of contamination and therefore the ratio between 

absorbance at 260 nm and 230 nm (A260/230) are also calculated. This value is often 

higher than the A260/280 and between 2.0 and 2.2.  

  

The yield and quality of RNA for whole cell and cytoplasmic RNA extracted are 

shown in Table 4.1. All extracted RNA has a RIN value of over 8, showing that RNA 

samples are intact and not degraded. The absorbance ratios A260/280 are all 

approximately 2.0 and the A260/230 are also approximately 2.0. This shows high 

nucleic acid purity and low level of protein contamination within the samples. 

 

Table 4.2 Quality and yield of total and cytoplasmic RNA 

Ladder 

18S 

28S 

18S 

28S 
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RNA was extracted from HEK Flp In Sham and TDP-43 Q331K cells following induction with 
10 µg/mL Tetracycline for 48 h. The RNA concentration was calculated using a Nanodrop 
1000 spectrophotometer. The yield was calculated by multiplying the total volume extracted 
with the concentration. The quality was assessed using an Agilent 2100 Bioanalyser to 
measure RNA integrity. RNA integrity numbers (RIN) were scored based upon a scale from 1-
10, where 0 corresponds to completely degraded RNA and 10 corresponds to completely 
intact RNA.  
Sample RNA 

concentration 
ng/µL 

RNA yield   
µg 

A260/280 A260/230 RIN 

Sham Total 1 1503.60 30.07 2.06 2.12 8.80 
Sham Total 2 1733.10 34.66 2.05 2.12 9.40 
Sham Total 3 1734.10 34.68 2.06 2.10 9.40 
Q331K Total 1  524.20 10.48 2.04 1.99 9.70 
Q331K Total 2 1074.50 21.49 2.05 2.08 9.40 
Q331K Total 3 783.60 15.67 2.07 2.12 9.20 
Sham Cyto 1 121.9  2.68 2.12 2.09 8.00 
Sham Cyto 2 145.4 2.12 1.91 1.91 9.20 
Sham Cyto 3 168.5 3.03 2.00 2.00 9.10 
Q331K Cyto 1 99.3 1.79 1.96 1.96 9.00 
Q331K Cyto 2 92.3 1.66 1.99 1.99 9.30 
Q331K Cyto 3  106.3 1.91 1.96 1.96 9.10 
 

A visual assessment of RNA integrity is shown in electropherograms produced by the 

Agilent 2100 Bioanalyser electropherograms. Electropherograms for total RNA, 

cytoplasmic RNA and GRASPS purified mRNA are shown in Figure 4.7. Total and 

cytoplasmic RNA are all very similar and show distinct separation of the 18S and 28S 

rRNA peaks. There is small peak following the ladder that corresponds to small 

RNAs. There are very few peaks due to degradation products between the small 

RNA, 18S and 28S rRNA peaks. This indicates the samples contain intact RNA with 

very little degradation. The electropherogram for GRASPS purified mRNA, show a 

different profile to the total and cytoplasmic RNA. This is likely to be because the 

GRASPS purified samples consist of purified poly-adenylated mRNA, whereas total 

and cytoplasmic samples contained total RNA. The electropherograms produced by 

the GRASPS purified mRNA show a ladder at the start followed by a wide bell 

shaped curve and no distinct 18S and 28S rRNA peaks. This curve is likely due to 

the enrichment of mRNA and depletion of rRNA. The height of the curve is much 

lower in fluorescence units for the third replicate of HEK Flp TDP-43 Q331K 
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GRASPS purified mRNA as the sample was loaded onto a nanochip, rather than a 

picochip like the other GRASPS mRNA samples.  

 

The yield and quality of GRASPS purified total RNA and mRNA is shown in Table 

4.3. Only GRASPS purified mRNA was analysed using the Agilent 2100 Bioanalyser. 

No RIN values can be calculated for mRNA as the RIN values are generated using 

the entire electropherogram and the ratio of 18S and 28S rRNA peaks. The 

absorbance ratios A260/280 are all approximately 2.0 and the A260/230 are also 

approximately 2.0. This shows high nucleic acid purity and does not indicate 

contamination within the samples. 

Table 4.3 Quality and yield of GRASPS total RNA and purified mRNA 
RNA was extracted from HEK Flp In Sham and TDP-43 Q331K cells following induction with 
10 µg/mL Tetracycline for 48 h. The RNA concentration was calculated using a Nanodrop 
1000 spectrophotometer before (Total RNA conc) and after mRNA purification (mRNA conc). 
The yield was calculated by multiplying the total volume extracted with the concentration.  
 Total RNA 

conc ng/µL 
Total 
RNA 
yield 
µg 

Total 
RNA 
A260/280 

Total 
RNA 
A260/230 

mRNA 
conc 
ng/µL 

mRNA 
yield 
ng 

Sham 1 3638.8 109.2 2.00 2.10 8.9 151.3 
Sham 2 3952.8 118.6 2.00 2.10 10.8 183.6 
Sham 3 3767.6 112.1 2.00 2.10 13.9 236.3 
Q331K 1  3363.9 100.9 2.00 2.10 11.1 188.7 
Q331K 2 3499.2 105.0 2.00 2.10 13.1 222.7 
Q331K 3 2588.7 57.0 2.02 1.61 45.2 768.4 
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Figure 4.7 RNA Integrity of HEK Flp Sham and TDP-43 Q331K for RNA 
NGSElectropherograms produced by Agilent 2100 Bioanalyser of RNA extracted from HEK 
Flp Sham or TDP-43 Q331K after induction with 10 µg/mL tetracyline for 48 h. Time in 
seconds is plotted along the x-axis with RNA concentrations as defined by arbitrary units of 
fluorescence [FU] plotted along the y-axis. Total and cytoplasmic RNA samples were 
analysed using a nanochip, whereas GRASPS purified mRNA samples were analysed using 
a picochip. Scale and distribution is different for GRASPS purified mRNA sample 3, this is 
due to sample being analysed using a nanochip rather than a picochip. 

4.2.3 Next Generation RNA sequencing 

Total RNA extracted from whole-cell or cytoplasmic fractions and poly-adenylated 

RNA isolated from GRASPS-purified ribosomes were sequenced on Illumina HiSeq 

2500 at the Centre for Genomic Research at the University of Liverpool. Briefly, 

RNASeq libraries were prepared using the ScriptSeq™ Complete Gold Kit protocol to 

deplete RNA for rRNA (for whole-cell and cytoplasmic transcriptomes) and prepare 
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strand-specific libraries from rRNA-depleted RNA samples. For GRASPS samples, 

the same library kit was used, but no rRNA depletion was performed. Indexed 

libraries were subjected to paired-end sequencing (approximately 2x 100 bp) 

multiplexed as three libraries per lane of the Illumina HiSeq platform to generate data 

of in excess of 120 millions clusters/lane. Trimming of sequencing reads and initial 

quality check prior to the generation of fastq files were performed by the Centre for 

Genomic Research.  

 

The raw Fastq files are trimmed for the presence of Illumina adapter sequences 

using Cutadapt version 1.2.1 (Martin, 2011). The option -O 3 was used, so the 3' end 

of any reads, which match the adapter sequence for 3 bp or more are trimmed. The 

reads are further trimmed using Sickle version 1.200 

(https://github.com/najoshi/sickle) with a minimum window quality score of 20. Reads 

shorter than 10 bp after trimming were removed. If only one of a read pair passed 

this filter, it is included in the R0 file. The output files from Cutadapt and Sickle are 

available on link on attached CD-ROM (See C1. Cutadapt and Sickle output files). 

Statistics were generated using fastq-stats from EAUtils 

(https://expressionanalysis.github.io/ea-utils/).  

 

The initial report from the Centre is attached below (Figure 4.8). The bar chart in 

Figure 4.8 A shows the number of paired reads at 60 million reads per sample or 

above. There is a very small number of singlet reads and the number of reads 

discarded due to adapter contamination or poor quality is also very small. This shows 

that the RNA samples were high quality and the majority of reads could be read. It is 

common for a small read to consist mostly of adapter-derived sequence. The reads 

range between 60-100 nucleotide reads, showing that more than adapter-derived 

sequence is being read.   The boxplots in Figure 4.8 B show the distribution of 

trimmed reads for forward, reverse and singlet reads.  
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Figure 4.8 RNA sequencing report from Centre for Genomic Research at the 
University of Liverpool 
(A) Diagram shows the total number of reads obtained per sample. (B) Box plot shows the 
distribution of trimmed read lengths for the forward (R1), reverse (R2) and singlet (R0) reads. 
Red line indicates median length. Box indicates interquartile range. Whiskers indicate 
minimum and maximum read lengths. All read lengths are over 60 nucleotide reads indicating 
that more than the adaptor sequence is being read. (WCT = whole cell transcriptome; CyT = 
cytoplasmic transcriptome; GRASPS = GRASPS translatome) [Figure courtesy of the Centre 
for Genomic Research, University of Liverpool] 

4.2.4 Bioinformatics analysis overview of RNA seq data sets 

Typically, 60-70 millions reads per sample were mapped to the human genome 

(~60x coverage) using Bowtie (Langmead et al., 2009) and transcripts quantified 

using Bitseq (Glaus et al., 2012) and Limma (Ritchie et al., 2015). BioMart was used 
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to convert transcripts into Ensembl transcript identities (Kasprzyk, 2011). The 

percentage of sequence mapped to the genome is shown in Table 4.4. On average 

for the samples, 88 % of sequence reads could be aligned to the human genome. 

These results show successful and excellent quality mapping at genome wide level 

for the transcriptomes and translatome.  

 
Table 4.4 Table to show the percentage of the mapping of sequence reads to 
the genome 
(WCT = whole cell transcriptome; CyT = cytoplasmic transcriptome; GRASPS = GRASPS 
translatome) [Figure courtesy of Dr Marta Milo, University of Sheffield] 
Sample Replicate Mapping of 

sequence reads to 
the genome 
% 

Average 
alignment  
 
% 

WCT Sham 1 92.69 92.88 
Sham 2 92.93  
Sham 3 93.01  
Q331K 1  90.06 91.90 
Q331K 2 92.96  
Q331K 3 92.69  

CyT Sham 1 90.58 92.17 
Sham 2 93.05  
Sham 3 92.88  
Q331K 1  92.77 92.96 
Q331K 2 92.97  
Q331K 3 93.15  

GRASPS Sham 1 80.35  77.79 
Sham 2 79.11  
Sham 3 73.92  
Q331K 1  81.78 81.85 
Q331K 2 78.95  

 Q331K 3 84.81  

4.2.5 Differential gene expression into HEK TDP-43 ALS inducible cell 

models  

The size of the transcriptome and translatome before looking at gene differential 

expression was compared. All transcripts were mapped to the genome and coding 

genes were identified and counted only once, regardless of number of transcripts 

identified. Coding genes identified from the whole cell transcriptome (WCT), 

cytoplasmic transcriptome (CyT) and GRASPS translatome (GRASPS) were plotted 

in a Venn diagram (Figure 4.9). There were 11,280 genes found to be common 

between the whole cell transcriptome, cytoplasmic transcriptome and translatome. 
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This analysis includes all transcripts before any filtering and shows that at the start of 

the analysis all three categories contain the same genes. There is no bias on the 

genome, with all three groups containing on average the same number of identified 

genes indicating the uniform transcript coverage across data sets. 

  

 

Figure 4.9 Coding genes identified from WCT, CyT and GRASPS translatome 
All transcripts mapped to the genome were included in the analysis and each coding gene 
identified was only counted once. Blue indicates genes identified from whole cell 
transcriptome (WCT), green indicates genes identified from cytoplasmic transcriptome (CyT) 
and red indicates genes identified from the GRASPS translatome (GRASPS).   

An overview of the bioinformatics analysis carried out is shown in Figure 2.2. 

Bayesian inference of transcripts from sequencing data (BitSeq) is used to estimate 

the transcript expression levels (Glaus et al., 2012). Transcript expression levels are 

quantified, taking into account the biological variance between replicates for each 

condition, to generate a mean expression level for each transcript per condition. This 

is very important for RNA sequencing and differential expression analysis. During 

eukaryotic transcription genes can be spliced into different transcripts, which share 

parts of their sequence. RNA sequencing is sequencing the transcripts of genes and 

can distinguish between individual transcripts of genes. Therefore to estimate 

transcript expression levels, probabilistic methods have to be used to estimate 

transcript levels for reads aligning to a shared subsequence. BitSeq uses a 

probabilistic model to generate transcript expression in order to analyse expression 

11,280 genes 

Common 

GRASPS (12,663) 
CyT (11,816) 

WCT (11,917) 

Size of transcriptomes and 
translatome (coding genes): 
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changes between conditions. Following BitSeq, the transcript list has been filtered to 

only include those read in more than two replicates and each transcript has been 

quantified to give a whole count. The whole count is an absolute count estimated by 

BitSeq using variational Bayes Methods and probability distribution. It is an absolute 

count as it reflects the amount of expression, rather than a saturated value from 

fluorescence intensities, as in a microarray.  

 

LIMMA and edgeR analyses were performed to convert the read counts into log2 

counts per million (logCPM) (Ritchie et al., 2015). LIMMA converts the number of 

counts to the log scale and estimates the mean variance. This is done by normalising 

the number of counts to the total number of counts. Transcripts were filtered using 

three criteria: p value of less than 0.05, a false discovery rate (FDR) of less than 0.2 

and a fold change of 2 or more. The p value of 0.05 was chosen so that it is relevant 

to all samples (WCT, CyT and GRASPS). For GRASPS a lower p value could be 

selected, however, this lower p value would not also be applicable to WCT and CyT. 

The FDR chosen means there is less than 20 % likelihood of a false discovery. The p 

value and FDR value were selected, as these are the generally accepted values in 

RNA sequencing analysis. These criteria make this a stringent and robust analysis.  

 

In order to determine which genes were differentially expressed, genes were filtered 

using three criteria: p value of less than 0.05, a false discovery rate (FDR) of less 

than 0.2 and a fold change of 2 or more. TDP-43 Q331K transcriptome and 

translatome changes were normalised to the isogenic induced Sham control line.  

 

MA-plots were generated to compare differentially expressed transcripts from WCT, 

CyT and GRASPS in TDP-43 Q331K ALS  (Figure 4.10). The number log2 fold 

change of a transcript is plotted against the average log2 counts per million. The 

scatter plot is bigger for GRASPS translatome compared to the WCT and CyT, 
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showing that the GRASPS translatome reads more differentially expressed 

transcripts than the WCT and CyT. The log2 FC range is greater for the GRASPS 

translatome, showing that differentially expressed transcripts have greater fold 

changes in the GRASPS translatome compared to WCT and CyT. The average log2 

CPM is also greater in the GRASPS translatome compared to the WCT and CyT, 

indicating that the transcripts identified in the GRASPS translatome have a higher 

count number. 

 

Venn diagrams of DEG within each category (WCT, CyT and GRASPS) were 

produced to depict the number of genes up- and down-regulated that are unique or 

common to each category at different fold changes (Figure 4.12 A). The GRASPS 

translatome was able to identify the most DEG at FC of 2, 3 and 8.  

 

 

Figure 4.10 MA plots to show differentially expressed transcripts from WCT, 
CyT and GRASPS in TDP-43 Q331K ALS 
The log2 fold change (FC) of a transcript is plotted against the average log2 counts per million 
(CPM). Transcripts with a FC less than 2 are shown in black and are considered non-
significant. Differentially expressed transcripts are shown in red and have a fold change 
greater than 2. (p < 0.05, log2FC ≥ 1) (WCT = whole cell transcriptome; CyT = cytoplasmic 
transcriptome; GRASPS = GRASPS translatome) [Figure courtesy of Dr Marta Milo, 
University of Sheffield] 

DAVID looks at the gene ontology enrichment by assessing the number of genes 

involved in a biological process. The more enriched a process, the greater number of 

alterations to genes in that pathway and subsequently the greater the enrichment 
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score. The result of greater enrichment suggests that this process plays a role in 

disease.  

 

Gene ontology analysis was carried out using the functional annotation chart module 

DAVID to assess the significance of biological process enrichment scores. This 

groups genes associated with a given functional category and counts the number of 

differentially expressed genes in the WCT, CyT and GRASPS translatome within that 

category assigning them a fold enrichment score. The gene ontology analysis of 

differentially expressed genes using DAVID in the TDP-43 Q331K WCT, CyT and 

GRASPS translatome are listed in Appendix 2 Tables A1-A3. The list generated from 

the GRASPS translatome is greater (at least 3-fold) than the WCT and CyT, showing 

that GRASPS method provides more information.  

 

Enriched biological processes identified by DAVID were further grouped into broader 

categories based upon biological processes. The gene ontology terms from the 

DAVID analysis and genes involved in each pathway are listed in Appendix 2 Tables 

A4-A6. In total 16 broader categories were identified for the WCT, 18 for the CyT and 

42 for the GRASPS translatome. 

 

These broader categories and the enrichment score from the gene ontology term 

with the highest enrichment score were put into a table, listing the enrichment scores 

and categories identified at a fold change of 2 (log2 FC >1), approximately 3 (log2 FC 

> 1.5) and 8 (log2 FC > 3) (Figure 4.12 B). At a fold change of 2, the same functional 

pathways (protein transport/localisation, protein degradation/ubiquitin, RNA 

splicing/processing, DNA damage/repair and cell cycle) are enriched in WCT, CyT 

and GRASPS. The CyT identifies 3 pathways that are not enriched in WCT (cell 

death/apoptosis, phosphorylation and RNAPII transcription). These pathways are 

also enriched in the GRASPS translatome. An additional five pathways are enriched 
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in the GRASPS translatome (nucleocytoplasmic transport, hexose metabolic 

process, aeriobic respiration, tRNA aminoacylation and neuron differentiation).  

 

At a fold change of 3, only one category is identified in the WCT (protein 

transport/localisation). At a fold change of 3 the RNA splicing/processing category is 

no longer enriched in the CyT, but all other categories previously enriched at a fold 

change of 2 remain. The GRASPS translatome is the only method used which is able 

to identify functionally enriched pathways at a fold change of 8.  

 

Venn diagrams for some of of the DEG in the pathways identified using DAVID at a 

fold change of greater than 2 were constructed (Figure 4.12 C). These diagrams 

show in all of the pathways displayed that GRASPS identifies more DEG than the 

WCT and CyT. This shows that the GRASPS translatome is not biased to a single 

pathway, as the GRASPS method provides more data in all of the pathways. 
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Figure 4.11 Differential gene expression and functional clustering using DAVID  
(A) Venn diagrams to depict the total number of up- and down-regulated DEG that are unique 
or common to each category at fold change (FC) of 2, FC 3 and FC 8. (p < 0.005) (B) 
Functional clustering using DAVID. Gene ontology terms were further categorised into 
broader groups and awarded a gene enrichment score based upon the gene ontology term 
with the highest enrichment score within that group at FC 2 (log2 FC > 1), FC 3 (log2 FC > 1.5) 
and FC 8 (log2 FC > 3). (p < 0.005) (C) Venn diagrams displaying some of the DEG grouped 
by the pathways identified by DAVID. (FDR < 0.2, FC >2, p< 0.05). Throughout the figure 
whole cell transcriptome (WCT) is shown in blue; cytoplasmic transcriptome (CyT) is shown in 
green; GRASPS translatome (GRASPS) is shown in red. The broader grouping and complete 
gene lists for all categories are shown in Appendix 2 Table A4, A5 and A6 for WCT, CyT and 
GRASPS translatome respectively.  
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FC > 2 FC > 3 FC > 8 A 

B 
Protein transport/ localisation  4.1  5.9  4.9   1.8  1.5  5.3   -  -  - 
Protein degradation/ ubiquitin  3.3  4.0  14.4   -  4.7  12.9   -  -  2.6 
RNA splicing/ processing  3.2  1.4  4.2   -  -  3.5   -  -  4.7 
DNA damage/ repair   3.8  5.6  10.0   -  1.6  4.6   -  -  2.8 
Cell cycle    1.5  6.0  8.9   -  8.3  9.3   -  -  3.1 
Cell death/ apoptosis   -  3.1  6.1   -  2.7  4.8   -  -  3.6 
Phosphorylation   -  2.4  3.8   -  2.1  4.5   -  -  3.3 
RNAPII transcription   -  1.8  2.4   -  2.6  2.4   -  -  1.6 
Nucleocytoplasmic transport  -  -  1.9   -  -  1.6   -  -  1.6 
Hexose metabolic process  -  -  2.5   -  -  1.9   -  -  - 
Aerobic respiration   -  -  2.0   -  -  2.6   -  -  - 
tRNA aminocylation   -  -  1.7   -  -  3.5   -  -  - 
Neuron differentiation   -  -  1.9   -  -  -   -  -  - 

FC > 2 FC > 3 FC > 8 Enrichment scores for: 

C 
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All the genes involved in the nuclear export of mRNA based on the literature and 

their relative fold change from WCT, CyT and GRASPS translatome were illustrated 

in a Pheatmap (Figure 4.13). This pathway was selected as altered 

nucleocytoplasmic transport has been reported with cytoplasmic protein aggregation 

like that observed in TDP-43 proteinopathy (Woerner et al., 2016) and also linked to 

C9ORF72-ALS (Jovičić et al., 2015; Freibaum et al., 2015; Ke Zhang et al., 2015).  

 

The majority of the transcripts in the WCT and CyT are shown in yellow indicating no 

change was detected in the WCT or CyT. However, the GRASPS translatome was 

able to identify both up and down regulated genes with much larger fold changes 

between -16 and 16. Moreover, any few detected changes identified in the WCT and 

CyT are much smaller fold changes compared to the GRASPS translatome. The fold 

change for WCT, CyT and GRASPS rarely correlates. The most upregulated 

transcript in the GRASPS translatome in this pathway is karyopherin (importin) beta 

subunit 1 (KPNB1) with a fold change of over 16 and exportin 1 (XPO1) is the most 

downregulated gene with a fold change of -16. 
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Figure 4.12 Pheatmap of DEG identified by functional clustering using DAVID 
involved in nuclear and cytoplasmic transport from WCT, CyT and GRASPS  
Functional clustering of GRASPS translatome using DAVID identified the nuclear and 
cytoplasmic transport pathway as being significantly enriched. The DEG from this identified 
pathway and their relative fold change from the WCT, CyT and GRASPS translatome are 
shown in the Pheatmap. The colour indicates the fold change, which is shown on the scale 
bar. (WCT = whole cell transcriptome; CyT = cytoplasmic transcriptome; GRASPS = 
GRASPS translatome) [Figure courtesy of Dr Marta Milo, University of Sheffield] 

A similar Pheatmap was also generated using the DEG list for genes involved in 

neuronal differentiation and their fold changes from WCT, CyT and GRASPS (Figure 

4.13). This pathway was selected as ALS is a disease of motor neurons and so it is 

likely that induction of TDP-43 could have an effect on neuronal differentiation.  

 

The majority of the transcripts in the WCT and CyT are shown in yellow indicating no 

change is detected. The GRASPS translatome is able to identify both up and 

downregulated genes with much larger fold changes between - 256 and 64. The 

most up regulated transcript in the GRASPS translatome is actin-related protein 3 
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(ACTR3) with a fold change greater than 16 and cellular retinoic acid-binding protein 

1 (CRABP1) is the most downregulated transcript with a fold change of - 256. 

 

Figure 4.13 Pheatmap of DEG involved in neuronal differentiation from WCT, 
CyT and GRASPS 
The DEG from this identified pathway and their relative fold change from the WCT, CyT and 
GRASPS translatome are shown in the Pheatmap. The colour indicates the fold change, 
which is shown on the scale bar. (WCT = whole cell transcriptome; CyT = cytoplasmic 
transcriptome; GRASPS = GRASPS translatome) [Figure courtesy of Dr Marta Milo, 
University of Sheffield] 

The PANTHER overrepresentation test (version 10.0 released 2015-05-15) from the 

Gene Ontology (GO) database (http://www.pantherdb.org/) was also used to 

statistically assess significant enrichment of biological processes (PANTHER GO-

Slim Biological Process) and validate the DAVID analysis.  

 

PANTHER is an overrepresentation test so compares the biological process under 

investigation to an ‘expected’ number of genes which you would expect to be present 
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at random on the basis of a reference list. The reference is the human genome and 

the expected value is based upon the number of genes involved in a particular 

process compared to the number of genes in the human genome. If the number of 

genes involved in a process under investigation is higher than this expected number, 

it is overrepresented and if lower underrepresented. The p value is then used to 

determine whether it is significant. 

 

The gene ontology analysis of differentially expressed genes using PANTHER in the 

TDP-43 Q331K WCT, CyT and GRASPS translatome are listed in Appendix 2 Tables 

A7-A9. From the DEG list, PANTHER identified 34 biological processes in the WCT, 

49 in CyT and 69 in the GRASPS translatome that showed statistically significant 

enrichment. The GRASPS translatome identifies a greater number of biological 

processes compared to WCT and CyT.  

 

The directionality of differentially expressed genes, which were common between the 

WCT, CyT and GRASPS translatome were compared in a heat map (Figure 4.14). 

Strikingly, few changes correlate between the transcriptome and translatome. 
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Figure 4.14 Heat map to show differentially expressed transcripts that are 
common between WCT, CyT and GRASPS translatome  
Differentially expressed genes which are common between WCT, CyT and GRASPS 
translatome with log2 FC >1. (p < 0.005). Each row corresponds to a gene. Green indicates 
up regulation of a gene. Red indicates down regulation of a gene. (WCT = whole cell 
transcriptome; CyT = cytoplasmic transcriptome; GRASPS = GRASPS translatome) [Figure 
courtesy of Dr Marta Milo, University of Sheffield] 

Since TDP-43 binds directly several thousands transcripts, we were interested in 

identifying the differentially expressed targets. Biomart was used to identify human 

analogues from the targets of TDP-43 identified in rat (Sephton et al., 2011). The list 

of human orthologue targets of TDP-43 from Biomart is shown in a spreadsheet on 

attached CD-ROM (see C3. Human orthologue targets of TDP-43 targets). TDP-43 

targets found in the broad categories made of gene ontologies identified with the 

DAVID are shown in red in Appendix 2 Tables A4-A6.  
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The DEG that are targets of TDP-43 found in the WCT, CyT and GRASPS 

translatome were illustrated in a Venn diagram (Figure 4.16). Approximately 30 % of 

all differentially expressed genes identified in the WCT, CyT and GRASPS 

translatome are targets of TDP-43 despite the fact that the total number of DEG in 

each of these groups is different: 384 targets out of 1233 DEG for WCT, 662 targets 

out of 2001 DEG for CyT and 1377 targets out of 4264 DEG for the GRASPS 

translatome. 

 

 

Figure 4.15 Targets of TDP-43 from WCT, CyT and GRASPS translatome 
DEG that are targets of TDP-43 from the WCT, CyT and GRASPS translatome with a FC > 2. 
The whole cell transcriptome (WCT) is shown in blue; cytoplasmic transcriptome (CyT) is 
shown in green; GRASPS translatome (GRASPS) is shown in red. The number of targets and 
the percentage of TDP-43 targets found from the total number of DEG is shown in brackets. 
There were 384 targets out of 1233 DEG for WCT, 662 targets out of 2001 DEG for CyT and 
1377 targets out of 4264 DEG for the GRASPS translatome.  

Differentially expressed transcripts that are targets of TDP-43, which were common 

between the WCT, CyT and GRASPS are shown in Appendix 2 table A10 and 

illustrated in a heat map in Figure 4.16. The directionality of expression is not always 

the same for the WCT, CyT and GRASPS translatome. 
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Figure 4.16 Heat map to show differentially expressed genes that are targets of 
TDP-43 that are common between WCT, CyT and GRASPS translatome  
Differentially expressed genes that are target of TDP-43, which are common between WCT, 
CyT and GRASPS translatome with log2 FC >1. (p < 0.005) (WCT = whole cell transcriptome; 
CyT = cytoplasmic transcriptome; GRASPS = GRASPS translatome) [Figure courtesy of Dr 
Marta Milo, University of Sheffield] 

4.2.6 Correlation studies (WCT vs GRASPS and CyT vs. GRASPS) 

For genome-wide investigation, correlation matrices were generated using the 

differentially expressed transcripts comparing WCT with GRASPS translatome 

(Figure 4.18 A) and comparing CyT with GRASPS translatome (Figure 4.18 B).  
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Figure 4.17 Correlation matrices comparing differentially expressed transcripts 
Yellow indicates correlation in directionality of expression (up/downregulation of transcript in 
both data sets). Blue indicates anti-correlation in directionality of expression (upregulation of 
transcript in one data set and down regulation in the other data set). (A) Comparison of 
differentially expressed transcripts in WCT with GRASPS translatome. (B) Comparison of 
differentially expressed transcripts in CyT with GRASPS translatome. (WCT = whole cell 
transcriptome; CyT = cytoplasmic transcriptome; GRASPS = GRASPS translatome). [Figure 
courtesy of Dr Marta Milo, University of Sheffield] 

When comparing the correlation between whole cell transcriptome and GRASPS 

translatome there are large areas of blue and grey and approximately one third of the 

matrix is blue showing they are not correlated (Figure 4.18 A). When comparing the 

correlation between the cytoplasmic transcriptome and translatome there is less blue 

and more yellow, indicating more correlation between the directionality of 

differentially expressed transcripts in each group (Figure 4.18 B). 

 

4.2.7 Isoforms analysis  

An additional analysis was performed by other bioinformatician collaborators, Ilaria 

Granata and Mario Guarracino, who have specific expertise in the reconstruction of 

transcript isoforms for the analysis of alternative splicing. This was an independent 

analysis where a different pipeline was used to generate a DEG list before splicing 

analysis was carried out.   
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The splicing analysis identified abnormal splicing isoforms, which appeared in the 

HEK Flp TDP-43 Q331K, but not the HEK Flp Sham transcriptomes and 

translatomes. The type and numbers of abnormal splicing events are shown in Table 

4.5. There are approximately 28 times more abnormal splicing events in the WCT 

and CyT compared to the GRASPS translatome, suggesting that most abnormally 

spliced transcripts do not get translated into proteins. 

Table 4.5 Abnormal splicing events in TDP-43 Q331K  
Abnormal splicing events identified from the transcriptomes (WCT, CyT) and GRASPS 
translatome which are present in the HEK Flp TDP-43 Q331K, but not in HEK Flp Sham. Both 
gene level and isoform levels are differentially expressed (WCT = whole cell transcriptome; 
CyT = cytoplasmic transcriptome; GRASPS = GRASPS translatome) 

 

The 33 abnormal splicing events identified in the GRASPS translatome were further 

investigated, as they would potentially be translated into abnormal proteins (25 listed 

in Table 4.5 and 8 further events where the gene level was not differentially 

expressed but the isoform was). The abnormal isoforms identified, their gene names 

and links to neurodegeneration are outlined in Table 4.6. There were 33 abnormal 

splicing events reported in the translatome. IFRD1, TBK1 and PADI2 have already 

been linked to neurodegeneration and all have altered splicing events identified in 

the GRASPS translatome.  

Event type WCT CyT GRASPS 

Exon skipping/inclusion (ESI) 180 223 6 

Multiple exon skipping/inclusion 
(MESI) 

0 1 1 

Intron skipping/inclusion (ISI) 41 59 0 

Alternative 5’ splice site (A5) 34 50 5 

Alternative 3’ splice site (A3) 186 197 6 

Alternative transcription start site 
(ATSS) 

147 150 4 

Alternative transcription termination 
site (ATTS) 

129 169 3 

Mutually exclusive exons (MEE) 106 145 0 
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Table 4.6 Abnormal splicing events in the TDP-43 Q331K translatome 
Abnormal splicing events and the type of splicing event is described for each gene. The function of the gene product is outlined. Any links to 
neurodegeneation and corresponding references are listed. (ATSS= alternative transcription start site; ATTS = alternative transcription termination site; A3 = 
alternative 3’ splice site; A5 = alternative 5’ splice site; ESI = exon skipping/inclusion; MESI = multiple exon skipping/inclusion; ISI = intron skipping/inclusion; 
MEE = mutually exclusive exons)  

Gene Number 
of 
splicing 
events   

Type of 
splicing events 

Gene product function Link to neurodegeneration References  

Peptidyl arginine 
deiminase 2 (PADI2) 

1 ATSS Peptidyl arginine 
deiminase, post 
translational 
deamination of proteins 

Enzyme may play a role in the onset 
and progression of 
neurodegenerative diseases such as 
Alzheimer’s disease, multiple 
sclerosis (MS) and is a possible 
biomarker of inflammatory diseases. 
 

(Nicholas et al., 2004; 
Ishigami et al., 2005; Jang et 
al., 2008; 2010) 

Zinc finger and BTB 
domain containing 33 
(ZBTB33) 

1 Generation Transcriptional regulator 
with DNA binding 
specificity 

  

Heparan sulfate 6-O-
sulfotransferase 2 
(HS6ST2) 

2 A3, MESI,  Heparan sulphate 
proteoglycan – 
component of cell 
surface, extracellular 
matric and basement 
membranes 

  

Fibulin 1 (FBLN1) 3 ATSS, A5, 
Generation 

Glycoprotein 
incorporated into fibrillar 
extracellular matrix  

  

TANK binding kinase 1 
(TBK1) 

2 A5, A3 Kinase with role in 
regulating inflammatory 
response, can mediate 
NF-kappa-B  

Associated with frontotemporal  
dementia and ALS4  

(Freischmidt et al., 2015) 

C-Maf inducing protein 
(CMIP) 

1 ATSS Role in T-cell signalling 
pathway  
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Transmembrane 
protein 123 (TMEM123) 

1 ATSS Cell surface receptor 
that mediates cell death  

  

Zinc finger protein 558 
(ZNF558) 

1 A5 Transcriptional 
regulation, nucleic acid 
binding  

  

Glia maturation factor 
beta (GMFB) 

3 ATTS, A3, A5,  Inducing differentiation 
of brain cells, neural 
regeneration and 
inhibition or proliferation 
of tumour cells  

  

Fatty acyl-CoA 
reductase 1 (FAR1) 

3 Generation, A5, 
A3,  

Reduction of fatty acids    

DLG associated 
protein 5 (DLGAP5) 

2 ATTS, 
Generation 

Mitotoic phosphoprotein 
regulated by ubiquitin-
proteasome pathway 

  

Solute carrier family 25 
member 1 (SLC25A1) 

1 Generation Mitochondrial carrier 
protein  

  

Nuclear protein 1, 
transcriptional 
regulator (NUPR1) 

1 A3 Chromatin binding 
protein, transcriptional 
regulator 

  

High mobility group 
AT-hook 2 (HMGA2) 

1 Generation  Cell cycle regulation    

Zinc finger protein 614 
(ZNF614) 

1 Generation Transcriptional 
regulation, nucleic acid 
binding  

  

Sorting Nexin 4 (SNX4) 1 Generation Intracellular trafficking   
Spindle apparatus 
coiled-coil protein 1 
(SPDL1)  

4 Generation, 
MESI, A3, A5 

Mitotic spindle formation 
and chromosome 
segregation 

  

Interferon related 
developmental 
regulator 1 (IFRD1) 

4 Generation, A3, 
ATSS, ATTS 

Transcriptional co-
activator/repressor, 
differentiation in 
development  

Mutations associated with 
sensory/motor neuropathy with ataxia 

(Brkanac et al., 2009) 
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4.3 Discussion 

Growth curve and cell proliferation assays on HEK Flp TDP-43 cell lines showed 

that an increase in TDP-43 WT or mutant has a toxic effect (Figure 4.3, Figure 

4.4). This is consistent with studies in mice that have shown over-expression of 

human WT or mutant TDP-43 is toxic (Barmada et al., 2010; Stallings et al., 

2010). The reduction in growth occurs three days earlier in HEK Flp TDP-43 WT 

compared to TDP-43 Q331K. This may be because there is more TDP-43 

produced in the HEK Flp TDP-43 WT model (Figure 4.1, Figure 4.2), so the toxic 

result of this is observed earlier.  The difference in the protein produced from the 

two cell models may due to a difference in stability of the TDP-43 WT and TDP-

43 Q331K transcripts.  

 

The percentage of mapped reads for the transcriptome and translatome is high. 

This shows a good depth of reads and that the RNA was of a good quality. The 

similarity in the mapping between the two cell lines is due to the cell lines being 

isogenic. The percentage of mapping of sequence reads to the genome is lower 

for the GRASPS translatome compared the WCT and CyT. This is likely due to 

the fact that the GRASPS translatome identifies more data than transcriptomic 

studies and therefore may be enriched for unknown isoforms, which cannot be 

mapped fully. The mapping is also based upon previous transcriptomic 

mapping.    

 

The GRASPS translatome identifies a greater number of differentially expressed 

transcripts and those differentially expressed transcripts have a higher fold 

changes compared to WCT and CyT (Figure 4.10). The average log2 CPM is 

much higher for GRASPS compared to WCT and CyT. This is likely because the 

GRASPS translatome is enriched for mRNA and more mRNAs of the same 
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sequence will give an increased number of single sequencing reads. RNA 

isolated for WCT and CyT are generated from much more diverse RNA 

populations giving rise to increase signal to noise ratio in the predicted 

identification of differentially expressed transcripts which would not be detected 

as significantly and statistically enriched compared to the control samples. The 

WCT and CyT contain a bigger, more diverse population of RNA, which will 

include pre-mRNA, non-coding RNA and RNA that is being held in stress 

granules. The bigger population of RNAs means that there is more noise and 

therefore it is harder to find signal.  

 

The DAVID analysis of the GRASPS translatome has identified enriched 

biological pathways with a fold change greater than 8 (Figure 4.11). Biological 

processes containing DEG with a fold change greater than 8 are likely to be 

more physiologically relevant than those with smaller fold changes such as 1.5-2 

more commonly found in transcriptome profiling, but this would need further 

investigation. The higher enrichment provided by GRASPS is also due to the 

fact that there are subtantially more DEGs identified in each of the cellular 

pathways. 

 

There is not much correlation between the directional changes of DEGs and 

DEGs in WCT and CyT. This is likely due to the fact that the WCT contains both 

nuclear and cytoplasmic fractions and that some of the nuclear mRNAs 

identified as DEGs are still retained in the nucleus and have not been yet 

exported as mature mRNAs in the cytoplasm. In agreement with this idea, the 

CyT and GRASPS translatome show a better correlation in the direction of 

predicted changes. This is expected as the cytoplasm contains mature mRNAs 

and a fraction of which will become direct substrates for translation into proteins. 

The correlation is yet far from 1:1 as many cytoplasmic mRNAs might be 
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trapped in stress granules for example. The GRASPS translatome is enriched 

for mRNA, so there is less noise and this gives the GRASPS translatome a 

greater statistical power.  

 

Nucleocytoplasmic transport was a novel pathway significantly enriched by the 

functional clustering annotation DAVID in GRASPS. The differentially expressed 

genes involved in this pathway are listed in Appendix 2 Table A6. This list 

includes several components of the TREX complex including DDX39B, THO 

subunits and NXF1, several nucleoporins and cytoplasmic RNA helicase 

DDX19b/DBP5. There are also four nuclear export adaptors included in this list: 

SRSF1, SRSF3, SRSF7 and CHTOP. The genes involved in this pathway and 

their relative fold change in WCT, CyT and GRASPS were illustrated in a 

Pheatmap (Figure 4.13). The majority of genes in the WCT and CyT are shown 

in yellow, indicating no change in differential expression. This also explains why 

the pathway had not been detected for the WCT and CyT in the DAVID analysis, 

as there are only a small number of changes identified. However, in the 

GRASPS translatome many changes are identified and the fold changes are 

much greater than those observed in the transcriptomes. Again the lack of 

correlation between fold changes observed in the transcriptomes compared to 

the translatome can be seen.  

 

The list of enriched biological processes generated using PANTHER (Appendix 

2 Tables A7-A9) identifies the same processes as generated independently 

using DAVID. This shows that the analyses are reliable, as two independent 

measures produce the same set of enriched biological processes from the lists 

of DEG. The GRASPS translatome, again, generated more biological processes 

compared to the transcriptomes. 
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The main difference in the two different approaches is that DAVID identifies 

enriched processes based upon the number of differentially expressed genes 

identified for a specific process, whereas PANTHER identifies processes that 

are enriched significantly by comparing the number of differentially expressed 

genes involved in the pathway compared to the number of genes in a pathway 

that would be expected at random. The similarity in the results using two 

different methods of analysis, gives increased confidence in the results of the 

analyses.   

 

The TDP-43 target transcripts with a FC greater than 2 and which were common 

between the whole cell transcriptome, cytoplasmic transcriptome and 

translatome were compared (Figure 4.16, Appendix 2 Table A10) and illustrated 

in a heat map (Figure 4.17). The GRASPS translatome identifies 1377 

differentially expressed genes that are targets of TDP-43 compared to 662 and 

384 genes for the cytoplasmic transcriptome and whole cell transcriptome 

respectively. The GRASPS translatome therefore provides more detail than the 

transcriptomes. It also identifies targets of TDP-43, which are being translated; 

these could be the early dysregulation events as they are direct targets of TDP-

43. 

 

The directionality of expression in DEG common between the WCT, CyT and 

GRASPS translatome (Figure 4.14) and of DEG, which are TDP-43 targets, 

common between the WCT, CyT and GRASPS translatome (Figure 4.17) was 

compared. The directionality of expression is not always the same for the WCT, 

CyT and GRASPS translatome. For example, pumilio RNA Binding family 

member 1 (PUM1) is a target of TDP-43, which is downregulated in the WCT, 

but upregulated in the CyT and GRASPS translatome. This is evidence that the 

changes observed in the transcriptome do not correlate with what is being 
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translated at the ribosome, further emphasising the need to investigate the 

translatome in order to decipher disease pathways.  

 

Similarly, Filamin A (FLNA) is a TDP-43 target, which is up regulated in the 

WCT and CyT, but downregulated in the GRASPS translatome. These 

differences are consistent with cell compensatory mechanisms. An up regulation 

of a transcript in the whole cell transcriptome and cytoplasmic transcriptome 

may be due to a decrease in protein levels, therefore a downregulation is 

observed in the GRASPS translatome, or vice versa.  

 

The correlation in directionality of differentially expressed transcripts between 

the transcriptome and translatome was compared in covariance matrices 

(Figure 4.18). The WCT and GRASPS translatome are are not correlated 

(Figure 4.18 A). This is due to the total RNA in the whole cell sample containing 

many RNAs, which will not be translated. The transcriptome and translatome 

are not correlated.  As shown in the heat maps, the anticorrelation between the 

transcriptome and translatome, is evidence of cell compensatory mechanisms in 

action.  

 

When comparing the CyT and translatome there is more correlation between the 

directionality of differentially expressed transcripts in each group (Figure 4.18 

B). This is because the cytoplasmic transcriptome will not contain pre-mRNA or 

mRNA stalled in nuclear speckles but will contain mRNA exported for 

translation. However, it will not fully correlate, as it will also contain non-

translated mRNA in stress granules or mRNA that will be degraded. As 

expected, there is some correlation between the cytoplasmic transcriptome and 

the GRASPS translatome.   
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The splicing analysis of the WCT, CyT and GRASPS translatome revealed a 

higher proportion of abnormal splicing events in the WCT and CyT compared to 

the GRASPS translatome (Table 4.5). These data show that abnormally spliced 

transcripts are exported into the cytoplasm but the majority are not associated 

with ribosomes and are unlikely to be translated. The large decrease in the 

number of abnormal splicing events in the translatome suggests an unknown 

mechanism may occur in the cytoplasm, which prevents abnormally spliced 

transcripts in the cytoplasm from reaching the ribosome to be translated.  

 

The 33 abnormal splicing events in the translatome were further investigated 

and the potential role of the gene products in neurodegeneration was explored 

(Table 4.6). Of the 33 abnormal splicing events, 7 of these corresponded to 

gene products, which have already been reported in neurodegeneration (PADI2, 

TBK1, IFRD1). Notable from these is TBK1 as mutations in TBK1 have already 

been reported as causing familial ALS and frontotemporal dementia 

(Freischmidt et al., 2015).  

 

The HEK Flp TDP-43 Q331K ALS translatome identified cellular retinoic acid 

binding protein 1 (CRABP1) as the most downregulated transcript. CRABP1 is a 

specific binding protein involved in retinoic acid differentiation and proliferation 

processes. Neuron differentiation is also an enriched dysregulated pathway 

identified from the ALS translatome. In order to investigate the retinoic acid 

differentiation HEK Flp In Sham and TDP-43 Q331K cells were converted into 

iNPCs before inducing neuronal differentiation with retinoic acid. This work is 

currently being carried out by Mr Simeon Mihaylov. A modified protocol based 

upon (Janghwan Kim et al., 2011) and (Meyer et al., 2014) was used to convert 

HEK Flp In cells into iNPCs, omitting the lentiviral transduction due to HEK cells 

already being immortalised. The cells were then subjected to a 10-day retinoic 



163 

acid differentiation in the absence of Tetracycline and 48 h into the 

differentiation iNPCs derived from the HEK Flp TDP-43 Q331K cells show 

fewer, shorter projections compared to iNPCs derived from HEK Flp Sham cells. 

Later in the protocol, more projections occur in the iNPCs derived from HEK Flp 

TDP-43 Q331K, showing delayed neuronal differentiation. This difference in 

response to the retinoic acid differentiation is observed in iNPCs grown in the 

absence of Tetracycline. As shown and discussed previously, some inserted 

transgene expression is observed in the absence of Tetracycline due to the 

leakiness of the promoter. This change is the result of a small amount of TDP-

43 Q331K expression. When the iNPCs are grown in the presence of 

Tetracycline and subjected to differentiation, the iNPCs from the HEK Flp TDP-

43 Q331K again make few projections throughout the entire protocol. This 

shows that the production of TDP-43 Q331K has a negative effect on neuronal 

differentiation due to the downregulation of CRABP1 and represents functional 

validation of the GRASPS finding.  

 

Furthermore, CRABP1 levels in HEK Flp Sham and TDP-43 Q331K are being 

compared by qRT-PCR following a 48 h induction with Tetracycline by Dr Ya-

Hui Lin. There is a significant difference in the expression levels of CRABP1 in 

HEK Flp Sham cells compared to HEK Flp TDP-43 Q331K cells. Approximately 

one hundred times less CRABP1 transcripts are observed in the HEK Flp TDP-

43 Q331K cells compared to Sham.  

 

Preliminary data investigating gene expressions in whole cell, cytoplasmic and 

nuclear fractions from HEK Flp In cell lines has been obtained Dr Ya-Hui Lin. 

These data shows a nuclear reduction and cytoplasmic accumulation of TDP-43 

targets in the HEK Flp TDP-43 Q331K cell lines. This is consistent with the 
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disruption of nuclear export and the GRASPS translatome analysis reporting 

altered mRNA transport/export transcripts.  
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5. Investigating TDP-43 proteinopathy and 

potential dysregulation of mRNA nuclear export 

in TDP-43 ALS 

5.1 Introduction  

This study and others, have shown that HEK Flp TDP-43 cell models do not 

display the characteristic TDP-43 proteinopathy that is observed in diseased 

motor neurons (Ling et al., 2010). This could be due to the fact that HEK cells 

are not neuronal and TDP-43 proteinopathy is only observed in motor neurons. 

Therefore the Flp In system was integrated into motor neuron-like NSC-34 cell 

line within SITraN. This cell line could be used to generate neuronal motor 

neuron-like cell models with Tetracycline-inducible TDP-43 WT and TDP-43 

Q331K. The future advantages of having both a non-neuronal and a neuronal-

like cell model of TDP-43 ALS would be from comparing the two, as this could 

reveal what makes motor neurons (unlike other cell types) susceptible to 

disease.  

 

The aim of the work described in this chapter was to construct a motor neuron-

like TDP-43 ALS cell model in which to potentially investigate TDP-43 

proteinopathy. This cell model could then be used to investigate and validate 

any dysregulated pathways highlighted from the HEK Flp TDP-43 Q331K 

translatome such as potential alteration of the mRNA nuclear export pathway.  
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5.2 Results 

5.2.1 Investigating the cellular distribution of TDP-43 in HEK Flp In 

cell models 

In order to validate the data from Ling et al. (Ling et al., 2010), 

immunofluorescence studies were carried out in order to determine the cellular 

localisation of TDP-43 protein within the previously described HEK Flp cell 

models (Figure 5.1). Cells grown in the absence of Tetracycline all show similar 

amounts of TDP-43 protein, which is located predominantly in the nucleus as 

expected for TDP-43. Upon the addition of Tetracycline, there is an increase in 

the amount of TDP-43 protein in the HEK Flp TDP-43 WT and HEK Flp TDP-43 

Q331K cell lines compared to HEK Flp Sham due to expression of TDP-43 from 

the integrated transgene. The addition of Tetracycline induction and length of 

induction did not change the localisation of TDP-43, with TDP-43 remaining 

predominantly nuclear in all cell lines at both 48 h and 14 days. 
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Figure 5.1 TDP-43 localisation in HEK Flp cell models 
Immunofluorescence of HEK Flp Sham, TDP-43 WT and TDP-43 Q331K cells to 
investigate TDP-43 localisaton. Cells were plated and left 24 h before the addition of 10 
µg/mL Tetracycline. Cells were stained with TDP-43 (green), α-Tubulin (red) and 
Hoechst (blue). (A) HEK Flp cells grown in the absence of Tetracycline. TDP-43 staining 
shows endogenous TDP-43. (B) HEK Flp cells grown in the presence of Tetracycline for 
48 hours. All cell lines show predominantly nuclear localisation of TDP-43. (C) HEK Flp 
In cells in the presence of Tetracycline for 14 days. All cell lines show predominantly 
nuclear localisation of TDP-43. Scale bar = 20 µm.  
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5.2.2 Building and characterisation of neuronal TDP-43 ALS 

inducible cell models  

The Flp In system was integrated into motor neuron-like NSC-34 cells by Dr 

Adrian Higginbottom in SITraN (Figure 5.2). NSC-34 cells were generated by 

fusion of motor neuron enriched from embryonic mouse spinal cord with mouse 

neuroblastoma cells and resemble developing motor neurons (Cashman et al., 

1992). 

 

The FRT cassette was first transfected into the NSC-34 cell line. Successful 

integration would give NSC-34 cells resistance to Zeocin. Zeocin resistant 

clones were collected and stored. Southern blotting was used to confirm 

integration of a single FRT site. This is important, as only one FRT site is 

required so that integration will occur at the same, single site in every model 

built. Therefore only clones with one FRT site were taken forward. Integration of 

the FRT site could have occurred in a transcriptionally silent part of the genome 

and in order to test this, a GFP plasmid was transfected into the NSC-34 cells 

with a single FRT site. Successful integration of GFP would give cells resistance 

to Hygromycin and the addition of Tetracycline to these Hygromycin-resistant 

cells would result in expression of GFP, indicating integration of the FRT into a 

transcriptionally active site. Cells with a single FRT site, which had been shown 

to be transcriptionally active, were therefore taken forward as the parental FRT 

cell lines.  

 

To construct a Tetracycline-inducible cell model, the Tetracycline repressor 

needed to be added. Parental FRT lines were transfected with the Tetracycline 

repressor. Successful integration of the repressor element gives cells resistance 

to Blasticidin. Zeocin and Blasticidin resistant clones were therefore collected 
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and stored. The Tetracycline repression of these cells was then tested. Again, 

this was done by transfection of a GFP plasmid into Zeocin and Blasticidin 

resistant clones. Integration of GFP at the FRT site changes the antibiotic 

resistance from zeocin resistant to Hygromycin resistant. Hygromycin resistant 

clones were then grown in the presence and absence of Tetracycline. Cells that 

expressed GFP in the presence of Tetracycline and showed repression of GFP 

expression in the absence of Tetracycline were deemed suitable clones. A 

Zeocin and Blasticidin resistant clone, that had been shown to be Tetracycline 

inducible and repressable was then selected as the NSC-34 parent FRT TREx 

cell line (Dr Adrian Higginbottom). This cell line would be used to generate all 

NSC-34 Flp In cell models from hereon.  

 

NSC-34 Flp Sham, NSC-34 Flp TDP-43 WT and NSC-34 Flp TDP-43 Q331K 

cell lines were generated, selecting Hygromycin resistant clones and testing the 

induction with Tetracyline in the same way as previously described for the 

construction of the HEK Flp GFP cell models (Chapter 3).  

 

NSC-34 Flp TDP-43 models were built containing either human TDP-43 WT or 

ALS mutations (A315T, M337V and Q331K) (Figure 5.3). As previously 

mentioned, TDP-43 is able to control its expression level by binding the 3’ UTR 

of its own mRNA. Therefore the integrated transgene does not contain a 3’ UTR, 

so that the human protein can be expressed and hopefully bind endogenous 

mouse TDP-43 mRNA in the regulatory feedback loop, in order to avoid over-

expression. Upon the addition of Tetracycline, there is an increase in the 

amount of total TDP-43 protein in all NSC-34 Flp TDP-43 cell lines. This is due 

to the addition of human TDP-43 from the transgene to the 
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Figure 5.2 Strategy for building inducible NSC-34 cell line using the Flp In 
T-REx system 
The FRT site was integrated into the NSC-34 cell line and southern blotting used to 
confirm integration of a single FRT site. The transcriptional activity of the FRT site was 
then tested by transfection of a GFP plasmid. Cells with single FRT sites, which were 
transcriptionally active, were taken and the Tetracycline repressor inserted. Tetracycline 
repression and induction were tested by transfection of a GFP plasmid. A clone with a 
single FRT in a transcriptionally active site, that also had Tetracycline repression, was 
selected as the parental FRT T-REx NSC-34 cell line.  

endogeneous levels of mouse TDP-43 protein. For total TDP-43, TDP-43 is 

present in the cells grown in the absence of Tetracycline. This is due to the 

antibody recognising the endogenous mouse TDP-43. When using a human 

specific TDP-43 antibody, no TDP-43 is observed in the cells grown in the 
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absence of Tetracycline, due to repression of the human transgene. However, 

upon the addition of Tetracycline, human TDP-43 WT and mutants are 

expressed from the transgene. 

 

Figure 5.3 NSC-34 Flp TDP-43 cell models 
Cells were grown for 24 h before the addition of 10 µg/mL Tetracycline for 24 h and 72 
h. Western blot analysis probing for total TDP-43 (left) and human TDP-43 (right). 
(hTDP-43 = human TDP-43) 

Human TDP-43 transcript levels were measured in the presence and absence of 

Tetracycline in the NSC-34 Flp Sham, NSC-34 Flp TDP-43 WT and NSC-34 Flp 

TDP-43 Q331K cell lines (Figure 5.4). No human TDP-43 mRNA is present in 

the NSC-34 Flp Sham cell lines. Upon the addition of Tetracycline there is an 

increase in human TDP-43 mRNA in the NSC-34 Flp TDP-43 WT and TDP-43 

Q331K cell lines. When cells are grown in Tetracycline there is 2.6 times more 

human TDP-43 mRNA produced in the NSC-34 Flp TDP-43 WT compared to 

NSC-34 Flp TDP-43 Q331K. 
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Figure 5.4 Human TDP-43 transcript levels in NSC-34 Flp cell models  
qRT-PCR analysis of NSC Flp Sham, TDP-43 WT and TDP-43 Q331K. Cells were 
plated for 24 h before a 48 h induction with 10 µg/mL Tetracycline (+ Tet) or without 
Tetracycline (- Tet). Quantification was performed using the ∆Ct method before 
normalisation to NSC-34 Flp TDP-43 WT + Tet. There was 2.6 times more human TDP-
43 mRNA in the NSC-34 TDP-43 WT cells compared to TDP-43 Q331K. (Mean ± SEM; 
2way ANOVA with Tukey’s multiple comparison, ***: p < 0.001; N = 3)  

The cell proliferation in the presence of Tetracycline was recorded at 48 h and 

16 days post induction (Figure 5.5). After a 48 h induction with Tetracycline 

there was a significant reduction in the proliferation of NSC-34 Flp TDP-43 WT 

and TDP-43 Q331K compared to NSC-34 Flp Sham, by approximately 25 %. 

There was no significant difference in the proliferation of NSC-34 Flp TDP-43 

WT compared to NSC-34 Flp TDP-43 Q331K. After a 16 day induction with 

Tetracycline there was a significant reduction in the proliferation of NSC-34 Flp 

TDP-43 WT compared to NSC-34 Flp Sham, by approximately 80 % and a 

significant reduction in the proliferation of NSC-34 Flp TDP-43 Q331K compared 

to NSC-34 Flp Sham, by approximately 70 %. There was a significant but small 

reduction in the proliferation of NSC-34 Flp TDP-43 WT compared to NSC-34 

Flp TDP-43 Q331K.   
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Figure 5.5 Cell proliferation of NSC-34 Flp cell models 
MTT assays on NSC-34 Flp cell lines grown in the presence of 10 µg/mL Tetracycline 
for 48 h and 16 days. Each bar is normalised to Sham for each timepoint. Each bar of 
TDP-43 WT and TDP-43 Q331K is compared to corresponding bar from Sham cell line 
for each timepoint separately. (Mean ± SEM; 1way ANOVA with Tukey’s multiple 
comparison, ****: p < 0.0001, NS: non-significant; N (independent experiments, 6 wells 
per experiment): 48 h=3; 16 days=2).  

Immunofluorescence studies were carried out in order to determine the cellular 

localisation of human TDP-43 protein within the NSC-34 Flp cell models 

following induction of Tetracycline for different lengths of time (Figure 5.6). No 

human TDP-43 was observed in the NSC-34 Flp Sham cell line following 

induction with Tetracycline. Human TDP-43 has a predominantly nuclear 

localisation in NSC-34 Flp TDP-43 WT and TDP-43 Q331K. The length of 

induction does not affect the localisation of human TDP-43 in the NSC-34 Flp 

TDP-43 cell lines. There was more human TDP-43 in the NSC-34 Flp TDP-43 

WT compared the NSC-34 Flp TDP-43 Q331K, following induction with 

Tetracycline at all three time points.  

 

In order to try and reduce the difference in expression of human TDP-43 

between the NSC-34 Flp TDP-43 WT and TDP-43 Q331K cell models, the 

protein levels were quantified following induction with different concentrations of 

Tetracycline (Figure 5.7). The amount of total (human and mouse) TDP-43 

50

100

150

0 

50 

100 

150 

%
 c

el
l p

ro
lif

er
at

io
n 

**** NS 

**** 

**** **** 

**** 

S
ha

m
 

S
ha

m
 

T
D

P
-4

3 
W

T 

T
D

P
-4

3 
W

T 

T
D

P
-4

3 
Q

33
1K

 

T
D

P
-4

3 
Q

33
1K

 

48 h + Tet 16 days + Tet 



174 

remained the same at all Tetracycline concentrations indicating that TDP-43 

was not overexpressed following induction with Tetracycline (Figure 5.7 A). 

There was approximately three times more human TDP-43 protein, produced 

from the transgene, in the NSC-34 TDP-43 WT compared to NSC-34 Flp TDP-

43 Q331K at all Tetracycline concentrations (Figure 5.7 B).  
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Figure 5.6 Human TDP-43 localisation in NSC-34 Flp cell models 
Human TDP-43 localisation in NSC Flp Sham, TDP-43 WT and TDP-43 Q331K grown in 
the presence of 10 µg/mL Tetracycline for different periods of time. Cells were stained 
with human TDP-43 (green), α-Tubulin (red) and Hoechst (blue). No human TDP-43 was 
observed in the NSC-34 Flp Sham cell lines. Human TDP-43 was predominantly nuclear 
in NSC-34 Flp In TDP-43 WT and NSC-34 Flp In TDP-43 Q331K cell lines grown in 
Tetracycline for 48 h, 7 days and 14 days. Scale bar = 20 µm.  
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Figure 5.7 Tetracycline concentration on TDP-43 protein levels in NSC-34 
Flp cell models 
Western blot of NSC-34 Flp cell lines grown in the absence or presence of various 
concentrations of Tetracycline for 48 h. Graph shows quantification from western blot 
image. Each bar is normalised to NSC-34 Flp TDP-43 WT at 10 µg/mL Tetracycline. The 
amount of total TDP-43 remained the same at all concentrations, showing that the cell 
model is not an over-expression model. There was approximately 3 times more human 
TDP-43 expressed in the NSC-34 Flp In TDP-43 WT cells compared to the NSC-34 Flp 
In TDP-43 Q331K cells at all Tetracycline concentrations. The amount of Tetracycline 
used does not increase the amount of human TDP-43 protein produced. (Mean ± SEM; 
N (Total TDP-43): Sham = 3 TDP-43 WT and Q331K = 6; N (Human TDP-43) = at least 
4)  
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The cell proliferation following induction with various concentrations of 

Tetracycline was investigated (Figure 5.8). There was no significant difference in 

cell proliferation at any of the Tetracycline concentrations tested, although a 

trend towards slightly reduced cell proliferation was observed for the TDP-43 

Q331K cell line at all Tetracycline concentrations. 

 

Figure 5.8 The effects of Tetracycline concentration on cell proliferation in 
NSC-34 Flp cell models  
MTT assays were carried out on NSC-34 Flp cell lines grown in the absence (-Tet) or 
presence (+ Tet) of Tetracycline for 48 h. Each concentration was normalized to –Tet. 
Each bar of TDP-43 WT and TDP-43 Q331K was compared to corresponding bar from 
Sham cell line. No significant differences in cell proliferation were observed. (Mean ± 
SEM; Two-way ANOVA with Tukey’s multiple comparison; N (independent experiments, 
4 wells per experiment)= 4).  

Inducing NSC-34 Flp TDP-43 WT cells with 10 ng/mL Tetracycline and NSC-34 

TDP-43 Q331K cells with 100 ng/mL would give a more similar level of human 

TDP-43 protein expression (Figure 5.7 B). A growth curve was carried out using 

these Tetracycline concentrations, to see what effect expressing similar levels of 

human TDP-43 had upon the growth of the WT and mutant cell lines (Figure 

5.9). The growth of NSC-34 Flp Sham, TDP-43 WT and TDP-43 Q331K cells in 

the presence and absence of Tetracycline was recorded over a twenty one-day 

period. There was no significant difference in the growth of cells grown in the 

absence or presence of Tetracycline until day 18. At day 18, whether grown in 

the absence or presence of Tetracycline, there was a significant reduction in the 

growth of NSC-34 Flp TDP-43 WT compared to Sham. At day 21, whether 

grown in the absence or presence of Tetracycline, there was a significant 
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reduction in the growth of both NSC-34 Flp TDP-43 WT and Q331K compared 

to NSC-34 Flp Sham.  

 

Figure 5.9 Growth curve of NSC-34 Flp cell models when expressing 
similar levels of human TDP-43 proteinGrowth of NSC-34 Flp cell lines over a 
twenty one-day period (A) Growth in the absence of Tetracycline (B) Growth in the 
prescence of 100 ng/mL Tetracycline for NSC-34 Flp In Sham and TDP-43 Q331K cell 
lines and 10 ng/mL Tetracycline for NSC-34 Flp TDP-43 WT cell line. Each cell line is 
compared to the NSC-34 Flp Sham. - Tet: Day 18 Sham vs WT* Day 21 Sham vs 
WT**** Day 21 Sham vs Q331K****. +Tet: Day 18 Sham vs WT* Day 21 Sham vs 
WT**** Sham vs Q331K****. (Mean ± SEM; 2way ANOVA with Tukey’s multiple 
comparison, *: p < 0.1, ****: p < 0.0001 ; N = 3).  

From hereon the concentration of Tetracycline used to induce all cell lines was 

changed from 10 µg/mL Tetracycline to 1 µg/mL Tetracycline.  

 

Immunofluorescence studies were carried out in order to determine the cellular 

localisation of human TDP-43 protein within the NSC-34 Flp cell models 

following induction with 1 µg/mL Tetracycline for 48 h and 14 days (Figure 5.10). 

No human TDP-43 was observed in the NSC-34 Flp Sham. Human TDP-43 was 

predominantly nuclear in NSC-34 Flp TDP-43 WT and TDP-43 Q331K cells. The 

length of Tetracycline induction did not have an effect on the localisation of 

human TDP-43.  
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Figure 5.10 Human TDP-43 localisation in NSC-34 Flp models following 
induction with 1 µg/mL Tetracycline 
Human TDP-43 localisation in NSC Flp Sham, TDP-43 WT and TDP-43 Q331K grown in 
the presence of 1 µg/mL Tetracycline for 48 h (A) and 14 days (B). Cells were stained 
with human TDP-43 (green), α-Tubulin (red) and Hoechst (blue). No human TDP-43 was 
observed in the NSC-34 Flp Sham cell lines. Human TDP-43 was predominantly nuclear 
in NSC-34 Flp TDP-43 WT and NSC-34 Flp In TDP-43 Q331K cell lines. Scale bar = 20 
µm.  

Previous studies have reported TDP-43 mislocalisation following cellular stress 

(Barmada et al., 2010). The serum in growth media was reduced to 2.5 % in 

order to cause cellular stress and the total TDP-43 protein localisation was 

investigated (Figure 5.11). TDP-43 was predominantly nuclear in all cell lines. 

There was an increase in the amount of cytoplasmic TDP-43 observed in the 

NSC-34 Flp TDP-43 Q331K cell line compared to the NSC-34 Flp TDP-43 WT 

and Sham. Following a 9-day induction with Tetracycline, there was an increase 

in the amount of cytoplasmic TDP-43, but the TDP-43 protein remained 
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predominantly nuclear in the NSC-34 Flp TDP-43 Q331K cell line. This does not 

fully recapitulate the TDP-43 proteinopathy in patient motor neurons where 

nuclear loss is also observed.  

 

Figure 5.11 Reduction of serum on total TDP-43 localisation in NSC-34 Flp 
cell models 
Total TDP-43 localisation in NSC Flp Sham, TDP-43 WT and TDP-43 Q331K. Cell were 
grown in the presence of 1 µg/mL Tetracycline and 2.5 % serum media for 48 h and 9 
days. Cells were stained with total TDP-43 (green), α-Tubulin (red) and Hoechst (blue). 
TDP-43 was predominantly nuclear in all cell lines. There was an increase in 
cytoplasmic TDP-43 observed in the NSC-34 Flp In TDP-43 Q331K cell line. Scale bar = 
20 µm.  

A previous study indicated that TDP-43 WT shuttles continuously between the 

nucleus and the cytoplasm in a transcription dependent manner (Ayala et al., 

2008). Moreover, previous experiments in RNA Biology, SITraN, showed that 

TDP-43 ALS mutant proteins (A315T, Q331K, M337V and Y374X) are less 

efficiently recruited to poly(A)+ mRNA, suggesting potential impairment in the co-

transcriptional processing of transcripts. In agreement with this, the GRASPS 

analysis highlighted that the mRNA nuclear export pathway which functions 

through the TREX complex is altered in the TDP-43 ALS mutant Q331K. 

Therefore, a transcription inhibitor, such as Actinomycin D, may exacerbate the 
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TDP-43 proteinopathy. Human TDP-43 protein localisation and poly(A)+ mRNA 

localisation were  investigated following Actinomycin D treatment with cells 

induced with Tetracycline for 48 h and 7 days (Figure 5.12). No human TDP-43 

was observed in the NSC-34 Flp Sham cell line in the presence or absence of 

Actinomycin D. In the absence and presence of Actinomycin D following a 48 h 

induction with Tetracycline, human TDP-43 and poly(A)+ mRNA were 

predominantly nuclear in both the NSC-34 Flp TDP-43 WT and TDP-43 Q331K. 

After treatment with Actinomycin D following a 7 day induction with Tetracycline 

human TDP-43 and poly(A)+ mRNA are predominantly nuclear in the NSC-34 

Flp TDP-43 WT, but were both lost from the nucleus and accumulated in the 

cytoplasm in NSC-34 Flp TDP-43 Q331K cell line.  
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Figure 5.12 Human TDP-43 and poly(A)+ mRNA localisation in NSC-34 Flp 
cell models following treatment with Actinomycin D 
Human TDP-43 localisation in NSC Flp Sham, TDP-43 WT and TDP-43 Q331K. Cells 
were plated and left 24 h before the addition of 1 µg/mL Tetracycline. Cells were stained 
with total TDP-43 (green), poly(A)+ mRNA (red) and Hoechst (blue). (A) NSC-34 Flp In 
cells grown in the prescence of Tetracycline for 48 h and the absence of Actinomycin D. 
Human TDP-43 was absent in the Sham cell line and was predominantly nuclear in the 
TDP-43 WT and TDP-43 Q331K cell line. (B) NSC-34 Flp In cells in the presence of 
Tetracycline for 48 h and treated with 5 µg/mL Actinomycin D for 1.5 h prior to fixing. 
TDP-43 WT and TDP-43 Q331K cell lines have predominantly nuclear TDP-43 and 

poly(A) + RNA (C) NSC-34 Flp In cells in the presence of Tetracycline for 7 days and 
treated with 5 µg/mL Actinomycin D for 1.5 h prior to fixing. TDP-43 WT cells have 
predominantly nuclear human TDP-43 protein. Nuclear loss of human TDP-43 can be 
seen in TDP-43 Q331K cells. Scale bar = 20 µm.  
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This was repeated using the antibody recognising total TDP-43 (Figure 5.13). In 

the presence and absence of Actinomycin D, cells induced for 48 h with 

Tetracycline showed predominantly nuclear TDP-43 protein and poly(A)+ mRNA. 

NSC-34 Flp Sham and TDP-43 WT cells induced for 7 days and treated with 

Actinomycin D, again showed predominantly nuclear TDP-43 and poly(A)+ 

mRNA. NSC-34 Flp TDP-43 Q331K cells induced for 7 days and treated with 

Actinomycin D showed nuclear loss and cytoplasmic accumulation of TDP-43 

and poly(A)+ mRNA.  
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Figure 5.13 TDP-43 and poly(A)+ mRNA localisation in NSC-34 Flp cell 
models following treatment with Actinomycin D 
Total TDP-43 localisation in NSC Flp Sham, TDP-43 WT and TDP-43 Q331K. Cells 
were plated and left 24 h before the addition of 1 µg/mL Tetracycline. Cells were stained 
with total TDP-43 (green), poly(A)+ mRNA (red) and Hoechst (blue). (A) NSC-34 Flp In 
cells grown in the prescence of Tetracycline and the absence of Actinomycin D. TDP-43 
was predominantly nuclear. (B) NSC-34 Flp In cells in the presence of Tetracycline for 
48 hours and treated with 5 µg/mL Actinomycin D for 1.5 h prior to fixing. All cells had 

predominantly nuclear TDP-43 and poly(A)+ RNA (C) NSC-34 Flp In cells in the 
presence of Tetracycline for 7 days and treated with 5 µg/mL Actinomycin D for 1.5 h 
prior to fixing. NSC-34 Flp In Sham and TDP-43 WT cells had predominantly nuclear 

TDP-43 and poly(A)+ RNA. NSC-34 Flp In TDP-43 Q331K cells had nuclear loss and 

cytoplasmic accumulation of TDP-43 and poly(A)+ RNA. Scale bar = 20 µm.  
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The nuclear loss of TDP-43 protein, nuclear loss of poly(A)+ mRNA and nuclear 

loss of both TDP-43 protein and poly(A)+ mRNA following treatment with 

Actinomycin D was quantified for cells that had been induced with Tetracycline 

for 48 h (Figure 5.14). There was no significant difference between the number 

of cells with both loss of TDP-43 and poly(A)+ mRNA in the NSC-34 Flp TDP-43 

Q331K compared to NSC-34 Flp Sham and TDP-43 WT.  

 

Figure 5.14 Nuclear loss of TDP-43 and poly(A)+ mRNA in NSC-34 Flp cell 
models induced for 48 h following Actinomycin D treatment Cells were plated 
onto coverslips for 24 h before induction with 1 µg/mL Tetracycline for 48 h. Cells were 
untreated/treated with 5 µg/mL Actinomycin D for 1.5 h prior to fixing. 20 fields of view 
were taken for each condition and the cells with nuclear loss of total TDP-43, poly(A)+ 
mRNA and both TDP-43 and poly(A)+ mRNA were counted. The number of cells with 
loss of TDP-43, poly(A)+ mRNA and both TDP-43 and poly(A)+ mRNA were expressed 
as a percentage of the total number of cells per field of view. (Mean ± SEM, Two-way 
ANOVA with Tukey’s multiple comparison test, NS: non-significant; N (cells Sham/TDP-
43 WT/TDP-43 Q331K) = -ActinomycinD: 282/285/296, + 5 µg/mL Actinomycin D: 
248/274/296) 
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concentrations of Actinomycin D was quantified for cells that had been induced 

with Tetracycline for 7 days (Figure 5.15). Following treatment with 5 µg/mL 

Actinomycin D 27.8 % of NSC-34 Flp TDP-43 Q331K showed nuclear loss of 

both TDP-43 and poly(A)+ mRNA. There was no significant difference in the 

number of cells in NSC-34 Flp TDP-43 Q331K with nuclear loss of TDP-43 

compared to cells with nuclear loss of both TDP-43 and poly(A)+ mRNA, 

suggesting that loss of TDP-43 is accompanied by nuclear loss of poly(A)+ 

mRNA.  This was significantly greater than in the NSC-34 Flp Sham and TDP-

43 WT cells, where less than 2 % of cells showed nuclear loss of both TDP-43 

and poly(A)+ mRNA.  

 

Following treatment with 2 µg/mL Actinomycin D only 4 % of NSC-34 Flp TDP-

43 Q331K showed nuclear loss of both TDP-43 and poly(A)+ mRNA. There was 

no significant difference compared to NSC-34 Flp Sham and TDP-43 WT cells, 

where less than 2 % of cells showed nuclear loss of both TDP-43 and poly(A)+ 

mRNA. Again, there was no significant difference in the number of cells with 

nuclear loss of TDP-43 compared to cells with nuclear loss of both TDP-43 and 

poly(A)+ mRNA, suggesting that loss of TDP-43 is accompanied by nuclear loss 

of poly(A)+ mRNA.   
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Figure 5.15 Nuclear loss of TDP-43 and poly(A)+ mRNA in NSC-34 Flp cell 
models induced for 7 days following Actinomycin D treatment  
Cells were plated for 24 h before induction with 1 µg/mL Tetracycline. Cells were 
induced for 48 h before plating onto coverslips. The media was changed every 48 h to 
refresh Tetracycline. Cells were untreated/treated with 2 µg/mL Actinomycin D or 5 
µg/mL Actinomycin D for 1.5 h prior to fixing. 20 fields of view were taken for each 
condition and the cells with nuclear loss of total TDP-43, poly(A)+ mRNA and both TDP-
43 and poly(A)+ mRNA were counted. The number of cells with loss of TDP-43, poly(A)+ 
mRNA and both TDP-43 and poly(A)+ mRNA were expressed as a percentage of the 
total number of cells per field of view. (Mean ± SEM, Two-way ANOVA with Tukey’s 
multiple comparison test, ****: p < 0.0001, NS: non-significant; N (cells Sham/TDP-43 
WT/TDP-43 Q331K) = -ActinomycinD: 281/292/345, + 2 µg/mL Actinomycin D: 
203/213/341, + 5 µg/mL Actinomycin D: 294/341/356) 

The effect of Actinomycin D treatment on total TDP-43 and human TDP-43 

protein levels was investigated (Figure 5.16). The total TDP-43 protein levels 

remained unchanged, with no significant difference in TDP-43 levels between 

the cell lines. There was a significant increase in the amount of human TDP-43 

in the NSC-34 Flp TDP-43 WT compared to the NSC-34 Flp TDP-43 Q331K, by 

5.5 times.  
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Figure 5.16 The effect of Actinomycin D treatment on total TDP-43 and 
human TDP-43 protein levels in NSC-34 Flp cell models 
Western blot analysis of NSC-34 Flp cell lines grown in the presence 1 µg/mL of 
Tetracycline for 7 days and treated with 5 µg/mL Actinomycin D for 1.5 h prior to lysis. 
Graph shows quantification from western blot image. Total TDP-43 - each bar was 
normalised to NSC-34 Flp Sham (Mean ± SEM; One-way ANOVA with Tukey’s multiple 
comparison, NS: non-significant; N = 3). Human TDP-43 - each bar was normalised to 
NSC-34 Flp TDP-43 WT (Mean ± SEM; One-way ANOVA with Tukey’s multiple 
comparison, ****: p < 0.0001; N = 5)  

Cell proliferation was investigated following treatment with Actinomycin D 

(Figure 5.17). There was no significant difference in the proliferation of NSC-34 

Flp Sham and NSC-34 Flp TDP-43 WT cells which had been treated with 

Actinomycin D following induction with Tetracycline for 48 h. There was a 

significant but very small reduction in the proliferation of NSC-34 Flp TDP-43 

Q331K treated with Actinomycin D following induction with Tetracycline for 48. 

There was no significant difference in the cell proliferation of any of the cell lines 

following treatment with Actinomycin D following a 7-day induction with 

Tetracycline.  
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Figure 5.17 The effect of Actinomycin D on cell proliferation in NSC-34 Flp 
cell models 
MTT assays on NSC-34 Flp cell lines grown in the presence of 1 µg/mL Tetracycline for 
48 h (A) and 7 days (B). Cells were treated with DMSO (-Actinomycin D) or with 5 µg/mL 
Actinomycin D (+ Actinomycin D) for 1.5 h before lysis. Each bar was normalised to –
Actinomycin D within each cell line for each time point (48 h or 7 days) separately. No 
significant differences were observed between NSC-34 Flp Sham and TDP-43 WT cells 
treated with or without Actinomycin D at 48 h. There was a significant difference 
between NSC-34 Flp TDP-43 Q331K cells treated with or without Actinomycin D at 48 h. 
No significant differences were observed between cells treated with or without 
Actinomycin D at 7 days. (Mean ± SEM; 2way ANOVA with Tukey’s multiple 
comparison, *: p < 0.1; N (independent experiments, 6 wells per experiment) = 3).   

TDP-43 inclusions have been shown to contain phosphorylated and 

ubiquitinated fragments of TDP-43 and co-localise with the inhibited-autophagy 

marker p62 (Neumann et al., 2006; Arai et al., 2006). Phosphorylated TDP-43 

and p62 co-localisation was investigated in cells that had been treated with 

Actinomycin D following induction with Tetracycline for 48 h (P) and 7 days 

(Figure 5.19). After a 48 h induction with Tetracycline, pTDP-43 is predominantly 

nuclear, with some co-localisation with p62 in the cytoplasm, in both untreated 

and treated cells.  
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Figure 5.18 Phosphorlyated TDP-43 and p62 co-localisation after treatment 
with Actionmycin D in NSC-34 Flp cell models induced for 48 h 
Phosphorylated TDP-43 (pTDP-43) and p62 co-localisation in NSC Flp Sham, TDP-43 
WT and TDP-43 Q331K. Cells were plated and left 24 h before the addition of 1 µg/mL 
Tetracycline. Cells were stained with pTDP-43 (green), p62 (red) and Hoechst (blue). 
(A) NSC-34 Flp In cells grown in the prescence of Tetracycline for 48 h and the absence 
of Actinomycin D. (B) NSC-34 Flp In cells in the presence of Tetracycline for 48 h and 
treated with 5 µg/mL Actinomycin D for 1.5 h prior to fixing. pTDP-43 was predominantly 
nuclear with some co-localisation with p62 in the cytoplasm in untreated and treated 
cells. Scale bar = 20 µm.  

After a 7-day induction with Tetracycline, pTDP-43 is predominantly nuclear with 

some co-localisation with p62 in the cytoplasm in cells not treated with 

Actinomycin D. When treated with Actinomycin D the pTDP-43 is predominantly 

nuclear with some co-localisation with p62 in the cytoplasm in NSC-34 Flp 

Sham and TDP-43 WT. However, in NSC-34 Flp TDP-43 Q331K, pTDP-43 is 

lost from the nucleus and accumulates in the cytoplasm. This accumulation of 

pTDP-43 in the cytoplasm correlates with an increased co-localisation with p62.  
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Figure 5.19 Phosphorylated TDP-43 and p62 co-localisation after treatment 
with Actionmycin D in NSC-34 Flp cell models induced for 7 days  
Phosphorylated TDP-43 (pTDP-43) and p62 co-localisation in NSC Flp Sham, TDP-43 
WT and TDP-43 Q331K. Cells were plated and left 24 h before the addition of 1 µg/mL 
Tetracycline. Cells were stained with pTDP-43 (green), p62 (red) and Hoechst (blue). 
(A) NSC-34 Flp In cells grown in the prescence of Tetracycline for 7 days and the 
absence of Actinomycin D. (B) NSC-34 Flp In cells in the presence of Tetracycline for 7 
days and treated with 5 µg/mL Actinomycin D for 1.5 h prior to fixing. pTDP-43 was 
predominantly nuclear with some co-localisation with p62 in the cytoplasm in untreated 
and treated cells. Scale bar = 20 µm.  

TDP-43 proteinopathy was not previously detected in the HEK Flp cells and so 

the effect of Actinomycin D on the HEK Flp TDP-43 cell lines was studied. HEK 

Flp Sham, TDP-43 WT and TDP-43 Q331K cells were treated with Actinomycin 

D to investigate the TDP-43 and poly(A)+ mRNA localisation (Figure 5.20). In the 

absence and presence of Tetracycline, the TDP-43 protein and poly(A)+ mRNA 

is predominantly nuclear when treated with Actinomycin D. The length of 
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Tetracycline induction has no effect upon the TDP-43 and poly(A)+ mRNA 

localisation when treated with Actinomycin D.  
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Figure 5.20 TDP-43 and poly(A)+ mRNA localisation in HEK Flp cell models 
following treatment with Actinomycin D 
TDP-43 localisation in HEK Flp Sham, TDP-43 WT and TDP-43 Q331K. Cells were 
plated and left 24 h before the addition of 10 µg/mL Tetracycline. Cells were stained with 
total TDP-43 (green), poly(A)+ mRNA (red) and Hoechst (blue). (A) HEK Flp In cells 
grown in the absence of Tetracycline for 48 h and treated with 5 µg/mL Actinomycin D 
for 1.5 h prior to fixing. (B) HEK Flp In cells in the presence of Tetracycline for 48 h and 
treated with 5 µg/mL Actinomycin D for 1.5 h prior to fixing. (C) HEK Flp In cells in the 
presence of Tetracycline for 7 days and treated with 5 µg/mL Actinomycin D for 1.5 h 
prior to fixing. In the absence or presence of Tetracycline for 48 h and 7 day, HEK Flp 
cells show predominantly nuclear TDP-43 protein and predominantly nuclear poly(A)+ 
mRNA when treated with Actinomycin D. Scale bar = 20 µm.  
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5.3 Discussion 

TDP-43 was predominantly nuclear in all HEK cell lines following induction with 

Tetracycline (Figure 5.1). Increasing the length of induction from 48 h to 14 days 

had no effect upon the localisation of TDP-43. These results are consistent with 

other HEK Flp TDP-43 ALS cell models which do not exhibit TDP-43 

proteinopathy (Ling et al., 2010).  

 

However, this is in contrast to motor neurons from patients and the TDP-43 

A315T mouse model of ALS, which show a mislocalisation of TDP-43 from the 

nucleus, which accumulates and forms aggregates in the cytoplasm (Neumann 

et al., 2006; Stallings et al., 2010). The fact that the HEK Flp TDP-43 Q331K cell 

model does not produce proteinopathy could be due to a number of reasons. 

TDP-43 proteinopathy is only observed in the CNS of ALS patients and not in 

other disease cell types. HEK cells are not neuronal and are human embryonic 

kidney cells, so simply may not exhibit proteinopathy because of a cell-specific 

resistance to this pathological change. Another difference between HEK cells 

and motor neurons, is cell division. Motor neurons do not divide, whereas HEK 

cells are actively dividing cells. Immunofluorescence studies were carried out 

following 48 h and 14-day induction with Tetracycline and ALS is an age of 

onset disease, perhaps by 14 days the cells are not aged sufficiently to see 

proteinopathy or cell division prevents the cells from ageing sufficiently to 

observe proteinopathy. Another explanation could come from the 

immunofluorescence studies being carried out under basal conditions. In ALS it 

has been shown that motor neurons are under oxidative stress and the chemical 

environment in ALS will be very different from the cell culture conditions 

deployed in this study. The addition of a cellular insult such as hydrogen 

peroxide (Richardson et al., 2013) or cumene hydroperoxide exposure 

(Argüelles et al., 2013) to induce oxidative stress may provide a more similar 
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chemical environment to that seen in ALS and this could cause the TDP-43 

proteinopathy in cells to occur.  

 

No neuronal Flp In system is commercially available. Therefore, the Flp In 

system was integrated into motor neuron-like NSC-34 cells (Figure 5.2) and 

these cells were used to generate NSC-34 Sham, TDP-43 WT and TDP-43 

Q331K cell lines. Other TDP-43 mutation cell lines were generated but not used 

in this study.  

 

NSC-34 cells are murine, hybrid cell line generated by the fusion of 

neuroblastoma with motor neuron enriched spinal cord cells. The advantage of 

these cells is that they exhibit properties of primary motor neurons such as 

extending processes, synthesising and storing acetylcholine, expressing 

neurofilament proteins and supporting action potentials (Cashman et al., 1992). 

However, unlike motor neurons, due to the fusion with neuroblastoma cells, they 

divide and grow in culture. The advantage of this is that it enables the large 

amounts of material required for biochemical studies to be produced in a short 

time. Integration of the FRT into the NSC-34 cells took approximately 12 months 

to achieve. Generation of subsequent cell models from the NSC-34 FRT (or 

HEK FRT) cells took approximately 2-3 months. This is relatively quick 

compared the length of time it would take to create transgenic mouse models.   

 

NSC-34 Flp TDP-43 WT and TDP-43 ALS mutations showed induction of 

human TDP-43 on the addition of Tetracycline, showing successful integration 

of the Tetracycline-inducible system into NSC-34 cells (Figure 5.3). There was 

very little or no human TDP-43 present in the absence of Tetracycline. This is 

because NSC-34 cells are murine and the integrated transgenes are human. 
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Any human TDP-43 present in the non-induced cell lines is due to the leakiness 

of the promoter.  

 

The total TDP-43 shows the amount of both endogenous mouse TDP-43 and 

human TDP-43 expressed from the transgene. Upon the addition of Tetracycline 

the total level of TDP-43 remains constant. This is due to the auto-regulation by 

TDP-43. TDP-43 auto-regulates its own production to maintain stable cellular 

protein levels by binding to the 3’ UTR of its mRNA before exosome-mediated 

mRNA degradation (Ayala et al., 2011). The inserted transgene does not 

contain the 3’ UTR, in order to fully control expression from the transgene via 

the use of Tetracycline. Endogenous TDP-43 transcripts do contain the 3’ UTR 

and can auto-regulate TDP-43 levels. This autoregulation of TDP-43 is likely to 

be the reason that no increase in total TDP-43 was observed. However, an 

increase in unregulated inserted human TDP-43 levels can be seen upon the 

addition of Tetracycline as the integrated human transgene lacks the 3’ UTR. 

 

The increase in TDP-43 upon the addition of Tetracycline in both the HEK and 

NSC-34 cell models is only moderate. This is important, as it shows that the 

models are not over-expression models and therefore much better reflect the 

levels of autosomal dominant inheritance of TDP-43 observed in autosomal 

dominant TDP-43-related ALS. Over-expression or transient transfection of 

TDP-43 would not be as useful, as such high levels are not observed in disease 

and the observed effects of this are most likely to be due to the high levels of 

TDP-43 and not due to expression of mutant TDP-43.   

 

Human TDP-43 transcript levels were calculated in the NSC-34 cell models in 

the absence and presence of Tetracycline (Figure 5.4). No human TDP-43 

transcripts were observed in the NSC-34 Flp Sham cell model. This is because 
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the NSC-34 model is a murine model without any human transgene integrated. 

Human TDP-43 transcripts are however observed in the non-induced NSC-34 

Flp TDP-43 WT and TDP-43 Q331K, this is likely due to the leakiness of the 

promoter. There are 2.6 times the number of TDP-43 transcripts in the NSC-34 

Flp TDP-43 WT compared to the TDP-43 Q331K. This difference in expression 

was also observed in the HEK Flp In cell lines. This difference in transcript level 

may be due to differences in the stability of the TDP-43 WT transcripts 

compared to those encoding TDP-43 Q331K. 

 

Higher expression levels in the HEK Flp TDP-43 WT cell model caused a 

decrease in cell proliferation compared the HEK Flp TDP-43 Q331K (Figure 

4.4). This decrease in cell proliferation due to higher expression of TDP-43 WT 

compared to TDP-43 Q331K was also observed in NSC-34 cells at 16 days post 

Tetracycline induction (Figure 5.5). At 48 h post induction with Tetracycline, 

there was a significant difference in cell proliferation between the NSC-34 Sham 

and NSC-34 Flp TDP-43 cell models. However, no significant difference was 

observed in between the NSC-34 Flp TDP-43 WT and TDP-43 Q331K, despite 

the difference in expression levels of human TDP-43. 

 

In different concentrations of Tetracycline, the total TDP-43 levels remained 

unchanged (Figure 5.7). This could be due to TDP-43 auto-regulating its levels, 

as discussed previously. This is also further evidence that the models are not 

over-expression models. At all Tetracycline concentrations recorded there was 

approximately 3 times more human TDP-43 protein produced in the NSC-34 Flp 

TDP-43 WT compared to TDP-43 Q331K. However, when using 10 ng/mL 

Tetracycline in the NSC-34 Flp TDP-43 WT and 100 ng/mL Tetracycline in the 

NSC-34 Flp TDP-43 Q331K similar levels of human TDP-43 were observed. 
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Therefore, using different concentrations of Tetracycline to induce cells, may 

give more similar human TDP-43 protein levels.  

 

MTT assays using the range of Tetracycline showed that the concentration of 

Tetracycline used had no effect upon the cell proliferation of NSC-34 Flp Sham 

compared to NSC-34 Flp TDP-43 cell models (Figure 5.8). This was important to 

check, as perhaps higher concentrations of Tetracycline may have had an effect 

on the cell proliferation compared to lower Tetracycline concentrations. This 

showed that the Tetracycline did not have an effect upon cell proliferation at the 

concentrations explored and that any differences observed using that 

concentration would be due to the production of human TDP-43 and not due to 

the addition of Tetracycline. (Figure 5.5). This result is in contrast to the previous 

cell proliferation assays carried out at 10 µg/mL where a significant reduction in 

cell proliferation (by 30 %) was observed in NSC-34 Flp TDP-43 WT and TDP-

43 Q331K compared to NSC-34 Flp Sham following induction with Tetracycline 

for 48 h (Figure 5.5) were normalised to the NSC-34 Flp Sham cell line. This 

heavily relies upon exactly the same the number of cells being plated for each 

cell line. The Tetracycline concentration MTT assay (Figure 5.8) normalised to 

cells without Tetracycline induction and the proliferation at each concentration 

compared. Normalisation to non-induced cells accounts for any differences in 

cell number, as the same number of cells would be plated for induced and non-

induced at the start of the experiment.  

 

This highlights the some of the weaknesses with MTT assays. MTT assays are 

dependent upon many different factors. They require the same number of cells 

to be seeded in each well in order to compare different time points or 

Tetracycline concentrations. External environmental factors can also influence 

the MTT assays. Any fluctuations in temperature and carbon dioxide levels due 



199 

to the frequent opening of incubators can affect the cell proliferation. The MTT 

assay is a good quick screen in order to determine any differences in the 

proliferation of cells by measuring the activity of mitochondria. However, they 

may not represent the best choice of assay for a disease where mitochondrial 

alteration has been reported, such as ALS (Ferraiuolo et al., 2011). For these 

reasons the growth curve, albeit more time consuming and laborious, is a more 

accurate assay to assess cell growth over a time period following the induction 

of cells with Tetracycline. However, the external environment as discussed for 

the MTT assay needs to be well controlled for a growth curve also, as these 

factors could affect the growth of cells, regardless of induction with Tetracycline.  

 

Growth curves were carried out using 10 ng/mL Tetracycline in the NSC-34 Flp 

TDP-43 WT and 100 ng/mL Tetracycline in the NSC-34 Flp TDP-43 Q331K so 

upon on the addition of Tetracycline similar amounts of human TDP-43 was 

produced (Figure 5.9). The NSC-34 Flp Sham growth curve was carried out 

using the highest Tetracycline concentration. No significant difference in the 

growth of NSC-34 Flp TDP-43 WT compared to Sham was observed until day 

18; this difference was also significant at day 21. No significant difference in the 

growth of NSC-34 Flp TDP-43 Q331K compared to Sham was observed until 

day 21. There was no difference in the growth of NSC-34 Flp TDP-43 WT 

compared to TDP-43 Q331K. These results suggest that the expression of 

human TDP-43, WT or mutant, needs to be for a longer period of time before 

any difference in cell growth is observed. This is not unexpected, as ALS is a 

late age of onset disease. The reduction in growth observed in the NSC-34 Flp 

TDP-43 WT cell model could be due to the higher levels of TDP-43 expression, 

as regulation of TDP-43 levels is important and perhaps higher levels (even 

though they are much lower than over-expression levels) may still have an effect 

upon cell growth.  
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The normalisation of human TDP-43 expression did not show any ALS-specific 

difference in cell growth. For these reasons it was decided that the 

concentration of Tetracycline to be used on all cell lines from hereon would be 1 

µg/mL rather than 10 µg/mL. This was because experiments had shown that at 

both concentrations almost identical amounts of human TDP-43 were 

expressed. The use of a lower concentration would be beneficial in reducing any 

effects the Tetracycline may have upon the experiments performed.  

 

The nuclear loss and cytoplasmic accumulation and aggregation of TDP-43, 

referred to as TDP-43 proteinopathy, are characteristic hallmarks of ALS. 

Transient transfection or over-expression of TDP-43 have been widely use to 

cause the cytoplasmic aggregation of TDP-43 in cells, but these involve much 

higher levels of TDP-43 than what would be involved in the human disease. A 

Tetracycline-inducible model with lower levels of TDP-43, which reproduced 

TDP-43 proteinopathy, would be a much more disease relevant model.  

 

No nuclear loss of human TDP-43 was observed following induction with 

Tetracycline for 7 and 14 days with 1 µg/mL or 10 µg/mL Tetracycline (Figure 

5.6, Figure 5.10 respectively). Not all cells are expressing human TDP-43 at the 

point the cells are fixed; so looking specifically at the human TDP-43 expression 

may not be the best way to identify TDP-43 proteinopathy. Therefore an 

antibody recognising both human and mouse TDP-43 was used to investigate 

total TDP-43 proteinopathy.  

 

Serum depletion of NSC-34 cells has been shown to promote expression of 

functional glutamate receptors as cells mature into a form, which bear 

phenotypic resemblance to motor neurones (Eggett et al., 2000; C. Yang et al., 
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2010; Maier et al., 2013; Kanjilal et al., 2014). Serum withdrawal from the NSC-

34 cell models may induce differentiation resulting in more phenotypic 

resemblance to motor neurons, which may in turn result in TDP-43 

proteinopathy when human mutant TDP-43 is expressed. The serum in the 

culture media was reduced to a quarter of its normal concentration and total 

TDP-43 proteinopathy was investigated after 48 h and 9-day induction (Figure 

5.11). After 48 h no differences in TDP-43 localisation were observed, the TDP-

43 was predominantly nuclear in all cell lines. Serum withdrawal caused an 

increase in the number of processes, but was also quite toxic to the cells. After 9 

days withdrawal and induction with Tetracycline, an increase in cytoplasmic 

TDP-43 was observed, but no nuclear loss of TDP-43 was seen. Serum 

withdrawal was toxic and the cells were less viable after serum withdrawal. In 

order to study RNA dysregulation in a TDP-43 model of ALS we would not want 

to induce proteinopathy and extract RNA from cells which are not growing well 

in culture, as these cells would show large alterations to RNA metabolism due to 

the high stress levels the cells are under in addition to any ALS specific 

alterations. This would not be ideal to study RNA dysregulation following such a 

toxic insult to the cells. Therefore, differentiation of the NSC-34 cell models was 

not continued.  

 

As discussed previously, the environment may have an effect upon TDP-43 

proteinopathy. The culture of NSC-34 cells is slightly different to that of HEK 

cells, with their neuronal properties making them more sensitive to sudden 

environmental changes. Hence the changes to culture and immunofluorescence 

protocols for NSC-34 cells, with lower concentrations of selection antibiotics for 

the culture of cells and gelatine coating of coverslips prior to 

immunofluorescence studies. The NSC-34 cell models were exposed to different 

stresses such as low seeding density, and being removed from the incubator 
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and kept at room temperature for periods of time each day (Data not shown). 

This was with the idea that if the cells were stressed, they may be more likely to 

show TDP-43 proteinopathy. However, these additional ‘stresses’ had no effect 

upon the localisation of TDP-43 within the cell models.  

 

It is also worth noting that the NSC-34 Flp TDP-43 Q331K cell line when 

cultured had a different morphology to the NSC-34 Flp Sham and TDP-43 WT 

cell lines. The cell line grows less uniformly with small clusters of cells with very 

defined projections. This difference could be observed in the absence of 

Tetracycline also. There is ‘leakiness’ from the promoter, as previously 

discussed, therefore slight induction of mutant TDP-43 could have an effect 

upon the cell morphology. This would be worth further investigation.  

 

Analysis of the TDP-43 ALS translatome highlighted mRNA transport/export as 

an enriched dysregulated pathway. Other work within the laboratory has 

demonstrated that TDP-43 is part of the TREX complex and interacts with the 

export adaptor NXF1 (Data not shown). Furthermore, mRNP capture assays 

also showed TDP-43 ALS mutant proteins have reduced binding to poly-

adenylated RNA (Data not shown). Altered recruitment of TDP-43 proteins to 

mRNPs would likely slow the rate of co-transcriptional processing of mRNA, 

which over a long duration of disease could lead to additional alterations such 

as R-loops and DNA damage which have been reported in ALS (Haeusler et al., 

2014). The DNA damage/response pathways were significantly enriched in the 

RNA sequencing analysis (Chapter 5). In ALS there is a long disease 

progression. Slowing transcription using Actinomycin D, an inhibitor of 

transcription, dramatically enhanced the TDP-43 proteinopathy.  
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Fluorescence in-situ hybridisation of poly (A)+ mRNA was carried out on the 

NSC-34 cell models following induction with Tetracycline. Cells were treated 

with Actinomycin D, an antibiotic that inhibits transcription by binding to DNA at 

the transcription initiation complex and inhibiting elongation of the RNA chain by 

RNA polymerase.  Human TDP-43 was lost from the nucleus and accumulated 

in the cytoplasm in NSC-34 Flp TDP-43 Q331K cells following a 7-day induction, 

but remained predominantly nuclear in NSC-34 Flp Sham and TDP-43 WT 

(Figure 5.12). No nuclear loss of human TDP-43 was observed at 48 h in any of 

the cell lines. The number of cells with nuclear loss of poly (A)+ mRNA and TDP-

43 was not quantified for either timepoint when using the human specific 

antibody, due to the lower protein levels when compared to total TDP-43. 

However, it is clear from the images that when there is nuclear loss of human 

TDP-43 there is also nuclear loss of poly(A)+ mRNA, as observed when looking 

at total TDP-43.  

 

Fluorescence in-situ hybridisation of poly(A)+ mRNA was repeated using the 

total TDP-43 antibody on the NSC-34 cell models following induction with 

Tetracycline (Figure 5.13). NSC-34 Flp TDP-43 Q331K cells that had been 

induced for 7 days and treated with Actinomycin D showed nuclear loss of total 

TDP-43 and poly(A)+ mRNA, which accumulated in the cytoplasm. This was not 

observed in NSC-34 Flp Sham or TDP-43 WT cells which had been induced for 

7 days or in any cells which had been induced for 48 h and treated with 

Actinomycin D or induced for 48 h without Actinomycin D treatment. This shows 

that it is both endogenous TDP-43 and human TDP-43 expressed from the 

transgene, which is mislocalised from the nucleus to the cytoplasm after 

treatment with Actinomycin D.  
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The number of cells with nuclear loss of poly(A)+ mRNA, TDP-43 and both 

poly(A)+ mRNA and TDP-43 was quantified for cells, which had been treated 

with Actinomycin D after a 48 h and 7-day induction with Tetracycline (Figure 

5.15, Figure 5.15). After a 48 h induction there was no nuclear loss of TDP-43 

and poly(A)+ mRNA in the NSC-34 Flp TDP-43 Q331K compared to the NSC-34 

Flp Sham and TDP-43 WT. Approximately 30 % of NSC-34 Flp TDP-43 Q331K 

cells showed nuclear loss of poly(A)+ mRNA and TDP-43 after a 7-day induction 

with Tetracycline. There was no significant difference between the number of 

cells with nuclear loss of poly(A)+ mRNA and nuclear loss of TDP-43, indicating 

that the nuclear loss of TDP-43 was accompanied by nuclear loss of poly(A)+ 

mRNA, or vice-versa. As previously discussed, TDP-43 binds RNA and has 

many roles in the regulation of gene expression. A possible explanation for the 

cytoplasmic accumulation of poly(A)+ mRNA when TDP-43 is lost from the 

nucleus could be that RNA bound to TDP-43 is also mislocalised upon the 

mislocalisation of TDP-43.  

 

As Actinomycin D inhibits transcription, the protein levels of TDP-43 may be 

affected and this could be the reason for the nuclear loss of TDP-43 protein. 

Following treatment with Actinomycin D after a 7-day induction with 

Tetracycline, the total levels of TDP-43 and levels of human TDP-43 were not 

changed (Figure 5.16). This showed the difference in TDP-43 localisation in 

NSC-34 Flp TDP-43 Q331K cells was not due to any change in the protein 

levels following treatment with Actinomycin D.  

 

Treatment with Actinomycin D following a 7-day induction with Tetracycline did 

not change the cell proliferation of the NSC-34 Flp cell lines (Figure 5.17). This 

showed that Actinomycin D treatment was not having any toxic effects upon cell 

proliferation. This, along with unchanged protein levels, showed that inhibition of 
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transcription caused a Q331K specific nuclear loss of poly(A)+ mRNA and TDP-

43 protein in the NSC-34 Flp cell lines.  

 

After treatment with Actinomycin D following a 48 h induction with Tetracycline, 

there was a significant reduction in the proliferation of the NSC-34 Flp TDP-43 

Q331K compared to Sham. This is surprising as after a 48 h induction no 

nuclear loss of TDP-43 was observed and following a longer induction with 

Tetracycline no reduction in proliferation is seen. There was a reduction in 

proliferation in all cell lines after treatment with Actinomycin D compared to 

untreated cells at 48 h. This was a small reduction of approximately 12 % in 

NSC-34 Flp Sham and TDP-43 WT compared to 19 % in NSC-34 Flp TDP-43 

Q331K.  

 

Observations from NSC-34 Flp cells which have been treated with Actinomycin 

D is that when the level of TDP-43 is similar in the nucleus and the cytoplasm, 

the poly(A)+ mRNA is also evenly distributed between the two cellular 

compartments. Some cells with some nuclear poly(A)+ mRNA and TDP-43 

staining also have a cytoplasmic accumulation of poly(A)+ mRNA and TDP-43. 

This suggests that the cytoplasmic accumulation of TDP-43 occurs prior to the 

nuclear loss of TDP-43. Similar levels of TDP-43 and poly(A)+ mRNA staining 

are also seen in NSC-34 Flp Sham and TDP-43 WT cells, and proteinopathy 

does not occur as frequently as observed in the NSC-34 Flp TDP-43 Q331K, 

suggesting there is some Q331K specific alteration which prevents normal 

protein localisation returning in the NSC-34 Flp TDP-43 Q331K cell line. This 

suggests that the cytoplasmic mislocalisation of TDP-43 occurs prior to the 

nuclear loss of TDP-43. Understanding the order of these events is important in 

understanding the precise molecular mechanisms underpinning TDP-43 

proteinopathy in disease.  
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In disease, mislocalised TDP-43 forms aggregates which are 

hyperphosphorylated, ubiquitinated and cleaved to generate C-terminal 

fragments (Neumann et al., 2006; Arai et al., 2006). These aggregates are also 

positive for p62 (Mizuno, Amari, Takatama, Aizawa, Mihara, and Okamoto, 

2006b). p62 plays a role in protein degradation via the UPS and autophagy 

pathway (Seibenhener et al., 2004) and aberrant protein degradation has been 

implicated in the pathogenesis of ALS. p62 has been implicated as having a 

protective role in pathological conditions due to its upregulation in cultured 

neuronal cells during initiation of apoptosis and proteasomal inhibition (Kuusisto 

et al., 2001). Therefore the accumulation of pTDP-43 and p62 in the NSC-34 Flp 

cell models was investigated to see whether there was an increase in 

phosphorylation of TDP-43 and whether p62 was upregulated, when TDP-43 

was lost from the nucleus.  

 

After a 48 h induction with Tetracycline and no Actinomycin D treatment, pTDP-

43 was predominantly nuclear and similar cytoplasmic p62 levels are observed 

(Figure 5.18 A). After treatment with Actinomycin D there is no change in pTDP-

43 and p62 localisation and expression levels (Figure 5.18 B). From previous 

experiments after a 48 h induction with Tetracycline and treatment with 

Actinomycin D no significant nuclear loss and cytoplasmic accumulation of TDP-

43 was observed. Therefore without the nuclear loss and cytoplasmic 

accumulation of TDP-43, it is not expected that cytoplasmic aggregates of 

pTDP-43 and p62 would be observed.  

 

After a 7-day induction with Tetracycline and no treatment with Actinomycin D, 

pTDP-43 was predominantly nuclear and similar cytoplasmic p62 levels were 

observed (Figure 5.19 A). However following treatment with Actinomycin D, 
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pTDP-43 is lost from the nucleus and accumulates in the cytoplasm in NSC-34 

Flp TDP-43 Q331K cells (Figure 5.19 B).  

 

At both time points following induction with Tetracycline, there was a co-

localisation of cytoplasmic pTDP-43 and p62. However, no clear aggregates are 

observed. This may be because the cells are dividing and therefore aggregates 

do not have time to build up before the cell divides. ALS is a late age of onset 

disease and these aggregates are observed in post-mortem tissue. Therefore 

aggregates will have had a long period to build up in diseased motor neurons, 

whereas cells are dividing in the cell model.   

 

Having established a method of producing TDP-43 proteinopathy in the NSC-34 

Flp cell model, Actinomycin D treatment was performed on the HEK Flp cell 

models (Figure 5.20). Following treatment with Actinomycin D after a 48 h and 

7-day induction with Tetracycline, TDP-43 remained predominantly nuclear. This 

indicates that a neuronal context is also likely to be important for TDP-43 

proteinopathy to occur. This result is consistent with disease, as TDP-43 

proteinopathy is only observed in the CNS of ALS patients and not in other cell 

types.   

 

The nuclear loss of poly(A)+ mRNA also occurs when TDP-43 proteinopathy is 

observed. This suggests an alteration to mRNA transport and export in TDP-43 

ALS, a pathway that was also identified from the ALS translatome as potentially 

playing a role in disease (Chapter 4).  
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6. Discussion and Conclusions 

ALS is a devastating neurodegenerative disease characterised by the loss of 

both upper and lower motor neurons (Kiernan et al., 2011). The pathogenesis of 

ALS is multifactorial and in the past decade altered RNA metabolism has been 

recognised as an important component of pathophysiology (Walsh et al., 2015). 

TDP-43 proteinopathy is a hallmark of ALS and is observed in 95 % of ALS 

cases both familial and sporadic (Keller et al., 2012). TDP-43 

neurodegeneration involves widespread RNA dysregulation affecting up to a 

third of the transcriptome (Arnold et al., 2013). However, the key functional 

consequences of this dysregulation are unknown at protein level.  

 

This project aimed to identify the functional consequences of RNA dysregulation 

in ALS by developing a new technology that would allow identification of mRNA 

molecules undergoing active translation at genome wide level, therefore 

producing a TDP-43 ALS translatome. This was to be done by generating GFP 

reporter cell lines in which to test different translatome methodologies, in order 

to develop a method that would preferentially isolate actively translating mRNA. 

This technology would then be applied to a specifically engineered human TDP-

43 ALS-inducible model.  

6.1 Advantages and limitations of inducible cell models  

Cell models have been used to study disease mechanisms in ALS for many 

years (Veyrat-Durebex et al., 2013). Cell models are valuable tools in ALS 

research due to the nature of the disease. This is for a number of reasons. The 

ideal way to investigate the molecular events in ALS would be to obtain samples 

whilst a patient is alive, to better understand the spread of pathogenic events 

over time. However, pathological samples of brain and spinal cord cannot be 
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taken whilst the patient is alive and therefore any pathological samples used are 

post-mortem. RNA obtained from post-mortem samples is of low quality due to 

degradation. In addition, the study of surviving neurons from ALS patients may 

also not be the best choice when trying to establish the molecular events that 

have caused the death of other motor neurons. Particularly when surviving 

neurons will have accumulated hundreds if not thousands of gene expression 

dysregulations as a cause(s) and consequence of ALS. Motor neurons from 

animal models are also difficult to separate from other neuronal cells and grow 

for long periods in culture. This makes it difficult to obtain the quantities required 

for biochemical studies.  

 

Inducible cell models are therefore powerful tools to investigate the molecular 

events in the pathogenesis of ALS and have several advantages over using 

post-mortem material and animal models. Cell models can be grown for long 

periods in culture and therefore it is easy to produce the large quantities 

required for biochemical studies. The ability to turn on and off expression of a 

particular gene of interest allows the study of disease progression. This may be 

useful when trying to distinguish between causal and downstream events. It is 

also a useful tool if over-expression of the gene of interest is toxic or detrimental 

to the cell’s growth and survival.  

 

The Invitrogen Tetracycline-inducible Flp In system allows stable, isogenic 

integration at a single FRT site. This isogenic integration enables cell models to 

be built with genetically identical backgrounds, where the only difference will be 

the inserted transgene. The Tetracycline-inducible control of the gene of interest 

enables the construction of cell models with possible knock down/mutations of 

essential genes and/or production of toxic proteins at convenience.   
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The Invitrogen Flp In system has been successfully used to generate HEK Flp 

GFP reporter cell models and non-neuronal HEK Flp cellular models of TDP-43 

ALS. The FRT cassette has also been successfully integrated into NSC-34 cells 

and has been used to generate cellular models of TDP-43 ALS which exhibit 

Q331K specific TDP-43 proteinopathy.  

 

One of the limitations of using HEK Flp In and NSC-34 Flp In cell models is that 

these cells are dividing, whereas motor neurons do not divide. Cells that are 

continuously dividing in culture will be able to clear protein aggregation and 

accumulation. Converting Tetracycline inducible cells into iNPCs, which can be 

differentiated into motor neurons or astrocytes, may provide a more disease 

relevant inducible model of disease. These cells could be converted into 

neurons or astrocytes before the induction of cells with Tetraycycline. This 

would still allow for the study of early events following induction with 

Tetracycline, but the cells would be in a more disease relevant context.  

6.2 Challenges and importance of identifying cellular translatomes  

Transcriptomic studies have been used over the last twenty years to interrogate 

the transcriptomes of prokaryotes and eukaryotes in development, immunity, 

ageing and disease. The challenges of investigating the translatome are 

illustrated by the small number of publications investigating the translatome 

(<100 in PubMed) compared to those investigating the transcriptome (>25,000 

in PubMed). 

 

Due to cell compensatory mechanisms, several studies highlighted that 

proteomes and transcriptomes do not correlate well (Vogel et al., 2010; 

Schwanhäusser et al., 2011). An up regulation in mRNA level does not 

necessarily correlate with an increase in protein level, but rather a down 



211 

regulation as a cell tries to counteract the down regulation of protein by 

increasing synthesis/stability of the mRNA (Domínguez-Sánchez et al., 2011). 

The abundance of mammalian proteins is mostly regulated by their translation 

rate (Schwanhäusser et al., 2011). Less than one third of human protein 

abundance can be attributed to global mRNA concentration (Vogel et al., 2010).  

 

Cellular translatomes should provide a more accurate and complete measure of 

gene expression than by analysing total mRNA levels alone. This is because the 

identification of mRNA molecules actively being translated at the ribosome (the 

translatome) directly reflects protein expression changes and the directionality of 

altered biological processes in health and disease.  

 

The biggest challenge in the identification of the translatome is ensuring that 

isolated mRNA is in fact undergoing active translation and is not merely 

associated with the ribosome. There is an oversight in the literature where 

methods such as TRAP (translating ribosome affinity purification) were 

developed without checking that at least some of the identified translated 

mRNAs were actually actively being translated by ribosomes.  

 

In order to test this, inducible GFP reporter cell models were built in order to test 

whether current methodologies were identifying translating mRNA. HEK Flp 

GFP cells produced GFP protein, whereas HEK Flp M1V cells did not produce 

GFP protein due to lack of an AUG start codon (Figure 3.5). Both models 

produced comparable levels of GFP transcripts (Figure 3.8).  

 

TRAP methodology was carried out using these cells models and it was 

surprising to see that there was no significant difference between the number of 
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GFP reporter mRNA identified using TRAP (Figure 3.10). This showed that 

TRAP recognised translating and non-AUG translating mRNAs equally.  

 

This was interesting as it indicates that mRNAs lacking AUG start codons and 

failing to be translated into their cognate protein can still remain stably 

associated with ribosomes. This signal cannot be due to scanning ribosomes, as 

only the 43S small subunit (40S subunit and initiation factors) is involved in 

scanning before the recruitment of the 60S subunit and identification of the start 

codon (Kozak, 1978; Hinnebusch, 2011; Paek et al., 2015) and we tagged the 

large RPL10a ribosome subunits as in other TRAP studies. This indicates that 

the 60S subunit could still be recruited in absence of start codon. It is 

noteworthy that the Kozak sequence is still present in both GFP cell lines. 

Mutating the Kozak sequence could determine if this were the case, as if there 

was a decrease in the GFP detected in the HEK Flp M1V cells with a mutation in 

the Kozak sequence, this would very interestingly imply that the Kozak 

sequence could also recruit the 60S subunit in absence of AUG start codon. 

 

This signal is not due to a later AUG start codon, as the transcripts lack all 

potential AUG start codons in all frames within the first two thirds of the GFP 

sequence. The qPCR primers were designed against a region in those two 

thirds, so any transcripts detected correspond to non-AUG driven initiation of 

translation. This suggests initiation from non-conventional codons might occur 

(S. Lee, Liu, Lee, Huang, Shen, and Qian, 2012a).  

 

The GFP reporter cell models were used to develop the GRASPS method, to try 

and reduce contamination of non-AUG translating transcripts. A direct 

comparison of TRAP to GRASPS showed that the optimised GRASPS method 
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identified approximately 75 % less non-AUG translated GFP reporter mRNA 

compared to TRAP (Figure 3.19).  

6.3 Comparison of GRASPS to other methods that identify 

ribosome-associated RNA  

Polysome profiling, the first method developed to study translatome, allows the 

qualitative separation of polysomes using ultracentrifugation of sucrose 

gradients before the identification of polysomal mRNA by qRT-PCR, microarray 

or next generation RNA sequencing. These experiments are useful for 

measuring ribosome density and occupancy on mRNA, for screening 

translational changes and tracking the translational status of known mRNAs 

(Chassé et al., 2017).  

 

However, the use of polysome profiling to study the translatome is hindered by 

the delicate manipulation needed for accurate fractionation using sucrose 

gradients. High molecular weight ribonucleoprotein complexes named pseudo-

polysomes have been shown to contaminate polysomal fractions, further 

highlighting the need to investigate multiple sucrose gradient fractions 

(Thermann et al., 2007). These affect the reproducibility of polysome profiling 

and seriously limit its use in high throughput studies. Sucrose gradient 

fractionation involves typically two-three days of work and involves the collection 

and further analysis of many samples. 

 

Ribosome profiling allows the mapping of ribosomes onto RNA molecules at a 

near nucleotide resolution (Ingolia et al., 2009). This method involves RNase 

digestion prior to sucrose gradient separation of ribosome-protected fragments 

(ribosome/monosome footprints) before identification of RNA by next generation 

sequencing. This method can identify the ribosomal positional information in 
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order to dissect initiation and elongation events, as well as identifying 

mechanisms of translational control (Ingolia, 2014).  

 

The accuracy of ribosome profiling can be improved by PAGE size separation of 

ribosome protected fragments (D. W. Reid et al., 2015). However, the biggest 

limitation in analysing ribosome-protected fragments comes with the analysis 

and limited bioinformatics tools currently available. Ribosome profiling data 

differs from traditional RNA deep sequencing, the template is the position of one 

ribosome and therefore it measures the number of ribosomes translating a 

transcript, rather than the abundance of a transcript. Ribosome-protected 

fragments are short (approximately 25-30 nucleotides) preventing paired-end 

sequencing and making it challenging to accurately align repetitive sequences 

and alternative transcripts in these data (Ingolia, 2014). Ribosome profiling also 

degrades the 3’ and 5’ UTRs of transcripts, which may contain regulatory 

information.  

 

Ribosome affinity purification does not rely on the use of sucrose gradients to 

purify ribosome-associated RNA (Gerber et al., 2006; Halbeisen et al., 2009). 

This method allows cell-specific purification of tagged ribosomal subunits. TRAP 

has been further developed using restricted neural expression of GFP tagged 

RPL10a in the molecular characterisation of CNS cell types (Heiman et al., 

2008) and YFP-tagged RPL10a in subcellular domains in Purkinje neurons 

(Kratz et al., 2014). More recently it has also been used to investigate axonal 

translation in visual circuits (Shigeoka et al., 2016) and neuronal differentiation 

in Drosophila (Kelvin Xi Zhang et al., 2016). The use of tagging allows cell-type 

specific translatomes to be obtained. However, the tagging and over-expression 

of ribosomal subunits in TRAP may affect the assembly and/or structure of 

ribosomes, potentially disrupting regulatory mechanisms. The generation of 
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transgenic cell lines or animal models and the tagging of ribosomal subunits is 

also a lengthy and costly process. The TRAP method itself is also complicated 

by the need to tag ribosomal proteins. This tagging may cause steric hindrance 

to the ribosomes, which could affect the assembly of the ribosome and binding 

to the ribosome. Transfection of tagged ribosomal proteins also causes issues 

with reproducibility with differences in transfection efficiencies between 

experiments. Transfection also causes cellular stress, which can have an effect 

upon global translation within a cell, so also needs to be controlled for.  

 

Unlike polysome profiling, GRASPS does not require the delicate manipulation 

of sucrose gradients. It also does not require the tagging of ribosomal subunits 

or generation of transgenic cell lines or animal models. The GRASPS protocol 

from the point of cell lysis to purified mRNA takes less than 48 h, making the 

length of time required for performing the experiment much shorter.  

 

The GRASPS protocol allows for the purification of full length RNAs that are 

subsequently fragmented into approximately 100 nucleotide fragments for next 

generation RNA sequencing. However, these cover full length mRNA and the 

larger length considerably improves mapping to the genome up to 80-90% in 

this study (Table 4.4).  

 

Moreover, GRASPS does not require the use of any translational inhibitors. 

Recently, ribosome profiling experiments using cycloheximide have revealed 

that translation inhibitors can induce artefactual ribosome occupancy in 

response to stress (Gerashchenko et al., 2014).  

 

However, similarly to the analysis of ribosome-protected footprints, the 

bioinformatics tools to analyse translatome data from GRASPS are currently 
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being developed and the application of GRASPS will become more accessible 

once these methods have been established.  

 

In summary, the simple biochemical precipitation of ribosomes in GRASPS 

provides a quick and simple, biochemical precipitation of ribosomes, without the 

need for transfection or the generation of transgenic cell or animal models, as it 

can be apply to any cells or tissue. Sufficient mRNA has been obtained when 

applying the GRASPS methodology to mouse brain (Data not shown).  

6.4 Discovery of novel disease pathways and potential therapeutic 

strategies in TDP-43 ALS  

Analysis of the TDP-43 Q331K translatome revealed novel pathways implicated 

in disease. The most down regulated transcript in the DEG list involved in 

neurodegeneration was CRABP1 (Figure 4.14). Since completion of this work, 

conversion of the HEK Flp Sham and TDP-43 Q331K cell models into iNPCs 

before retinoic differentiation has shown a Q331K specific delay in neuronal 

differentiation. Validation using qRT-PCR has shown approximately 100 times 

less CRABP1 transcripts in the HEK Flp TDP-43 Q331K cell line compared to 

the Sham. These data show that induction of TDP-43 Q331K has a negative 

effect on neuronal differentiation due to the down regulation of CRABP1. This is 

consistent with iPSC motor neurons derived from patients with M337V 

producing neurites which were half the length of healthy iPSC motor neurons 

(Egawa et al., 2012). Altered splicing and expression of profilin 1 (PFN1), 

granulin (GRN) and (ELP3), all of which are involved in neurite outgrowth, have 

been identified in motor neurons of patients with sporadic ALS with TDP-43 

pathology (Highley et al., 2014).  

 



217 

Another enriched dysregulated pathway highlighted in the TDP-43 Q331K ALS 

translatome was mRNA transport/export (Figure 4.13). DEG involved with this 

pathway included several components of the TREX complex including DDX39B, 

THO subunits and NXF1, several nucleoporins and the cytoplasmic RNA 

helicase DDX19b/DBP5. There are also four nuclear export adaptors included in 

this list: SRSF1, SRSF3, SRSF7 and CHTOP. 

 

Since, other works carried out in the RNA Biology group indicate that TDP-43 

effectively binds the nuclear export receptor NXF1 and is part of the TREX 

complex, both in vitro using recombinant proteins and in vivo by co-

immunoprecipitation in cell extracts. Since alterations in the TREX complex are 

likely to affect the co-transcriptional processing and the nuclear export of 

transcripts, Actinomycin D was used to artificially slow the nuclear biogenesis 

and processing of transcripts. When NSC-34 Flp TDP-43 Q331K were induced 

with Tetracycline for 7 days and treated with Actinomycin D, nuclear loss and 

cytoplasmic accumulation of TDP-43 was significantly exacerbated. This 

occurred in approximately 30% of TDP-43 Q331K cells and was significantly 

higher than the number of cells displaying proteinopathy in NSC-34 Flp Sham 

and TDP-43 WT cells (only 2-3%) (Figure 5.15).  

 

Interestingly, this also indicates that the WT protein has a propensity to form 

TDP-43 proteinopathy under compromised co-transcriptional processing. Both 

cell models expressing TDP-43 and TDP-43 Q331K show impaired growth. 

TDP-43 protein levels are tightly regulated and over-expression of wild type 

protein can cause cytotoxic effects (Wils et al., 2010; Tsai et al., 2010; Xu et al., 

2010; Shan et al., 2010) in full agreement with the data presented here. 

Interestingly, the Q331K mutation found in ALS is less toxic to the cells. This 

may be because in disease neurodegeneration takes several decades and it 
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might be that the mechanisms of toxicity are different affecting or promoting 

binding to other cellular proteins for example. Also the Flp In cell models 

express less TDP-43 Q331K protein compared to TDP-43 WT in both HEK and 

NSC-34 cells (Figure 4.1, Figure 5.7).  

 

The HEK Flp TDP-43 cell models did not display TDP-43 proteinopathy, as is 

also reported by other groups (Ling et al., 2010). TDP-43 proteinopathy was 

only observed in a small proportion of NSC-34 Flp TDP-43 Q331K cells under 

normal culture conditions. Actinomycin D exacerbated this phenotype. When the 

HEK Flp cell models were treated with Actinomycin D, no TDP-43 proteinopathy 

was observed (Figure 5.20). This highlights the need for a neuronal context for 

proteinopathy to occur.  

 

Ongoing, preliminary data from the RNA Biology lab has also shown differences 

in the levels of TDP-43 targets in whole cell, cytoplasmic and nuclear fractions 

from the HEK Flp In cell models. The nuclear reduction and accumulation of 

TDP-43 targets in the HEK Flp TDP-43 Q331K cell model is consistent with the 

disruption of nuclear export reported in the GRASPS translatome and 

cytoplasmic accumulation of poly(A)+ RNA with TDP-43 proteinopathy. The 

nuclear accumulation and cytoplasmic decrease of TDP-43 targets in the HEK 

Flp TDP-43 WT cell model is consistent with the effects of over-expression of a 

nuclear export adaptor. This would be consistent with the new role of TDP-43 as 

a nuclear export adaptor and would only occur in the TDP-43 WT model, as this 

model shows greater expression of TDP-43 than the TDP-43 Q331K cell model.  

 

Transcription inhibition has been used to decrease nuclear import and visualise 

the presence of proteins in the cytoplasm. The distribution of other shuttling 

proteins, such as hnRNPs, has been shown to be affected by Actinomycin D, 
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but the mechanism by which transcription is required in the nuclear localisation 

of shuttling proteins is unknown (Piñol-Roma et al., 1992; 1993). Transcription is 

highly dependent on the tightly regulated TDP-43 protein levels and it has been 

shown that Actinomycin D can affect the distribution of TDP-43 WT by a yet 

unknown mechanism (Ayala et al., 2008). Interestingly, we observed that TDP-

43 proteinopathy is associated with the nuclear loss and cytoplasmic 

accumulation of poly-A+ mRNA. We suggest that altered TREX functioning and 

impairments in the co-transcriptional processing and nuclear export of 

transcripts is associated with the TDP-43 proteinopathy. This is the first time that 

the loss of bulk mRNA has been linked to TDP-43 proteinopathy. TDP-43 has 

over 4000 identified binding targets (Sephton et al., 2011) and if TDP-43 was 

mislocalised from the nucleus it is perhaps not surprising that the transcripts it 

binds may also be mislocalised. Further investigations into the mechanisms that 

cause this to occur are required.  

 

Nucleocytoplasmic transport has recently been implicated in C9ORF72-ALS 

using loss of function screen in Drosophila and yeast (Jovičić et al., 2015; 

Freibaum et al., 2015; Ke Zhang et al., 2015). Polypeptides produced from the 

C9ORF72 repeat expansion can aggregate and sequester proteins involved in 

nucleocytoplasmic transport (Yong-Jie Zhang et al., 2016). Cytoplasmic 

aggregation of disease proteins such as fragments of huntingtin and TDP-43 

have been shown to interfere with the nucleocytoplasmic transport of RNA and 

proteins (Woerner et al., 2016). These studies using different methodologies 

have shown the involvement of this pathway in disease, supporting its 

identification from the GRASPS translatome.  

 

Impaired recruitment of TDP-43 ALS mutant to mRNP complexes and altered 

TREX functioning is likely to slow down the rate of co-transcriptional processing, 
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which may result in the formation of R-loops and DNA damage. Several omics 

data, including ours, indicate that the DNA damage/repair pathways are altered 

in ALS and this might be linked to potential contribution from the TDP-43 

proteinopathy. Recently another group has shown that TDP-43 (and FUS) are 

involved in the repair of R-loop formation due to DNA damage and that DNA 

damage due to loss of TDP-43 function leads to R-loop formation (Hill et al., 

2016). The work described in this thesis supports this model. Furthermore, 

ongoing work in the RNA Biology group and by Dr Robin Highley has also 

shown that motor neurons exhibiting TDP-43 proteinopathy always show R-

loops in post mortem CNS tissue from patients with ALS, while approximately 

one third of motor neurons show R-loops in the CNS of control individuals 

(unpublished data).  

 

6.5 Transcriptome and translatome in health and disease: are all 

processed mRNAs translated into proteins?  

Our study clearly highlights that the transcriptome and translatome are very 

poorly correlated (Figure 4.18). The Pheatmaps of DEG involved in 

neurodegeneration and nuclear export (Figure 4.13, Figure 4.14) again 

highlights this lack of correlation, with the majority of the DEGs in the WCT and 

CyT showing no difference compared to large up/down regulation in the 

GRASPS translatome. Also, there are striking differences between the CyT and 

WCT. There is no overall correlation between the three omics data sets. There 

is a small amount of correlation between the CyT and GRASPS translatome, 

which is perhaps not surprising given that translation occurs in the cytoplasm. 

These data really highlight the need to investigate the translatome rather than 

the transcriptome in order to investigate the functional consequences of RNA 

metabolism dysregulation/ modification, as not all mRNAs are translated into 
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proteins and each WCT or CyT transcriptomes and translatomes give rise to 

various DEG profiles. The CyT contains mRNAs that are held in stress granules 

for example, as well as non-coding RNAs. The WCT contains numerous non-

coding RNA species held in various nuclear and cytoplasmic bodies or under 

co-transcriptional processing/quality control mechanisms. Investigating mRNA 

molecules which are preferentially translated into proteins is likely to allow 

reduction in the signal to noise ratio in GRASPS experiments and statistically 

improve the detection of DEGs – hence greater fold changes and the discovery 

of novel cellular processes.  

 

Correctly spliced transcripts are marked with the EJC as part of an mRNA 

surveillance mechanism (Dreyfuss et al., 2002). mRNA decay pathways operate 

during translation to remove abnormally spliced mRNA with premature 

termination codons, no termination codon and those bound to ribosomes stuck 

in elongation (Kervestin et al., 2012). Splicing analysis showed that were 

approximately 28 times more abnormal splicing events in the transcriptome 

(WCT or CyT) than observed in the GRASPS translatome, approximately 900 in 

the transcriptome compared to 33 in the translatome (Table 4.5). This suggests, 

for the first time, that very few abnormally spliced mRNA isoforms are 

associated with selectively enriched translating ribosomes and are translated 

into protein. This is consistent with previous transcriptomic studies reporting 

large numbers of abnormal splicing events (Table 1.4). However, again, these 

results highlight the weaknesses of transcriptomic analysis, as not all 

abnormally spliced transcripts are translated into protein. These results suggest 

that abnormally spliced mRNA can be exported into the cytoplasm, but a yet 

unknown control mechanism seems to prevent the translation of the majority of 

abnormally spliced mRNA. This is very interesting but needs much more 

investigation.  
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There were 33 abnormally spliced events in 14 different transcripts, which did 

reach the ribosome for translation (Table 4.6). Of these, seven had gene 

products, which had already been implicated in neurodegeneration (TBK1, 

PADI2, IFRD1). Notably, TBK1 mutations have already been implicated in sALS, 

fALS and FTD (Freischmidt et al., 2015; 2016). TBK1 is a kinase involved in the 

autophagosome-mediated degradation of ubiquitinated cargoes (Weidberg et 

al., 2011). ALS-associated proteins optineurin and p62 are both substrates of 

TBK1 (Domínguez-Escobar et al., 2011; Pilli et al., 2012; Komatsu et al., 2012). 

Mutations in TBK1 have been shown to cause ALS and it is of great interest to 

find that in TDP-43 Q331K ALS, a mutant TBK1 is potentially produced.  

 

The majority of gene products reported as not involved in neurodegeneration 

are still applicable for a neurodegenerative disease or associated with pathways 

that have already been implicated in ALS. For example, GMFB encodes the glia 

maturation factor beta protein responsible for glia maturation (Kato et al., 1987; 

Lim et al., 1989).  

 

Kaiso (encoded by ZBTB33) is a transcriptional repressor which interacts with 

importins (Kelly et al., 2004; Klose et al., 2006). Importins are responsible for the 

transport of proteins into the nucleus and in ALS TDP-43 is depleted from the 

nucleus. Altered import of TDP-43 into the nucleus is a potential reason for the 

nuclear depletion of TDP-43 in TDP-43 proteinopathy.  

 

Other abnormally spliced products in the translatome are involved in the 

regulation of transcription: IFRD1, ZNF558, NUPR1, ZNF614. Altered regulation 

of transcription could also affect the rate of transcription/processing resulting in 

altered mRNA transport/export in TDP-43 ALS.  
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6.6 Transcriptome and translatome in TDP-43 ALS 

The transcriptomic analysis in this study, identified processes which have also 

been reported in other TDP-43 ALS using transcriptomic studies such as protein 

transport/localisation, RNA splicing/processing, protein degradation/ubiquitin 

and cell death apoptosis (Table 1.4). This shows that the processes identified 

from the transcriptomes using the HEK Flp cell models in this study are reliable 

and consistent with already published transcriptomic studies.  

 

The ALS translatome also identifies biological processes that have already been 

implicated in ALS, but not using genome wide -omics studies. For example, 

aerobic respiration and metabolism have already been implicated in ALS from 

measuring mitochondrial respiration and glycolytic flux in living cells (Allen et al., 

2014).  

 

Some pathways have already been implicated in disease, but in addition to 

these pathways the translatome study gives a list of the genes that are altered 

and this list contains genes that have not yet been implicated in disease before.  

 

Comparisons of the transcriptomes (WCT and CyT) and translatome have 

shown that GRASPS is more sensitive and more robust. However, it is also 

interesting to compare the GRASPS analysis in this study with a recent paper 

which performed TRAP on TDP-43 Q331K mice (MacNair et al., 2015). This 

paper reports the identification of 28 DEGs with FC up to 16, compared to the 

4264 DEGs with FC up to approximately 250 fold in the GRASPS translatome. 

The huge increase in the amount of data obtained, further highlights the 

increased sensitivity of the GRASPS methodology.  
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Interestingly, tRNA aminoacylation alterations have not previously been 

implicated in ALS. tRNA aminoacylation is carried out by tRNA aminoacylation 

synthetases and matches the correct amino acid to the anticodon of the tRNA 

during protein synthesis. Protein synthesis is vital to maintain cell homeostasis 

and function. tRNA aminoacylation has been implicated in disease with 

mutations in mitochondrial tRNA causing diseases related to cellular energy 

metabolism (Abbott et al., 2014). All known disease mutations in tRNA 

synthetases are associated with Charcot-Marie-Tooth and related neuropathies, 

which are characterised by the progressive degeneration of distal motor and 

sensory neuron function (Yao et al., 2013).  

6.7 Future work  

Future experiments from this work, will be to perform pulse SILAC (pSILCAC) 

proteomics analysis to measure the protein synthesis rate of candidate proteins 

to validate the finding from GRASPS and determine whether GRASPS 

translatomes would better correlate with pSILAC proteomes. It has already been 

reported that WCT transcriptomes poorly correlate with proteomes in agreement 

to the GRASP translatome findings presented in this thesis. 

 

Further validation of these findings is to be performed using polysome profiling 

(Lui et al., 2014; Costello et al., 2015). Although not a high throughput 

technique, qRT-PCR on polysome fractions could validate the translatome 

analysis, such as the down regulation of CRABP1 for example.  

 

The limitations of the GRASPS methodology are the lack of cell type specificity. 

GRASPS experiments have only so far been performed on cultured cells. In 

future work the combination of cell-type specific purificiation prior to GRASPS 

purifications could be explored. The limit of detection for the GRASPS method is 
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not currently known. Future experiments exploring the type and amount of 

material upon which to perform GRASPS would enable more specific targeting 

of GRASPS and identify its limit of detection. These are important 

considerations in the long-term application of GRASPS.  

 

Although successful purification of ribosomes has been shown by the GRASPS 

method, approximately 25% of GFP M1V mRNA is still co-purified with the 

ribosomes in induced HEK Flp M1V, even though no GFP protein is produced 

(Figure 3.19). In the future, some improvements could be brought in by trying to 

add inhibitory peptides that prevent the recruitment of the 60S large subunit to 

the 43S pre-initiation complex. 

 

No significant differences in cell proliferation or growth of NSC-34 Flp TDP-43 

Q331K cell lines compared to NSC-34 Flp Sham or TDP-43 WT under normal 

culture conditions were observed. Now a method to cause the nuclear loss and 

cytoplasmic accumulation of TDP-43 has been established, it would be 

interesting to repeat the MTT assays at later time points following Actinomycin D 

treatment. The loss of TDP-43 from the nucleus may have an effect upon the 

cell growth and proliferation, which is not visible immediately after treatment. 

After Actinomycin D treatment cells were fixed and stained immediately to 

identify mRNA and TDP-43 localisation. Changing the media and continuing to 

grow cells following the nuclear loss would determine whether or not the nuclear 

loss of TDP-43 was reversible if TDP-43 was relocalised and whether the 

nuclear loss had a toxic affect upon the cell’s growth and survival.  

 

Nuclear loss of TDP-43 is present in approximately 30 % of NSC-34 Flp TDP-43 

Q331K following treatment with Actinomycin D. This quantifiable measure of 
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nuclear loss could make the cell models suitable for use in drug screening of 

therapeutic compounds, which may relocalise TDP-43.  

 

NSC-34 Flp In TDP-43 A315T and M337V models were also constructed. 

Identifying whether or not Actinomycin D can induce the nuclear loss and 

cytoplasmic accumulation of TDP-43 in these models and if so, the 

quantification of the nuclear loss in these models would be interesting to see 

whether a particular mutation has a more severe phenotype and whether they 

all exhibit proteinopathy. For example, TDP-43 M337V ALS displays a more 

aggressive disease progression in patients and it would be interesting to see 

whether the TDP-43 proteinopathy was also more pronounced in these cells.  

 

Greater understanding of the nuclear loss could be used to identify therapeutic 

strategies. What is preventing the relocalisation of TDP-43 into the nucleus? Is 

there an import/export problem preventing the shuttling of TDP-43 protein 

between the nucleus and cytoplasm. Several importins were included in the 

DEG involved in dysregulated mRNA export/transport.  If importins were 

knocked down it would be interesting to see whether TDP-43 could get back into 

the nucleus in NSC-34 Flp TDP-43 Q331K cells and whether it would have the 

same effect upon the other cell lines.  

 

The splicing analysis suggests that abnormally spliced mRNA is exported into 

the cytoplasm but is prevented from reaching the ribosome for translation.  

These abnormally spliced variants identified will need to be validated by RT-

PCR analysis. Future bioinformatics experiments would also aim at determining 

whether specific sequence elements exist between the two different groups of 

abnormally spliced transcripts. Also, synthetic abnormally spliced mRNA could 

be produced and used in vitro pull down assays with cellular assays for 
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identification of potentially different mRNA binding proteins by mass 

spectrometry. 

6.8 Conclusions 

The use of GRASPS to study the translatome is a powerful method to study at 

genome wide level mRNAs that are undergoing active protein synthesis. It can 

be applied to any cell type for the investigation of any disease.  

 

This methodology has been used on HEK Flp TDP-43 cell lines to identify new 

disease relevant pathways and the genes involved in these pathways. In 

combination with the characterisation of motor neuron-like TDP-43 ALS cell 

models, which replicate TDP-43 proteinopathy, a new role for TDP-43 in mRNA 

nuclear export has been identified, together with an association between the 

concomitant nuclear loss and cytoplasmic mislocalisation of TDP-43 and bulk 

mRNA in proteinopathy.  

 

The comparison of the GRASPS translatome with whole cell transcriptome and 

cytoplasmic transcriptomes, has demonstrated the importance of using a 

different approach and translatome technologies in the analysis of gene 

expression. It has also identified potential new mechanisms in gene expression 

with the discovery that only a small fraction of abnormally spliced transcripts that 

are exported into the cytoplasm, reach the ribosome to be translated.  



228 

 

Figure 6.1 The functional consequences of widespread RNA dysregulation 
in TDP-43 Q331K ALS cell models 
In healthy cells TDP-43 is located predominantly in the nucleus, but continuously 
shuttles between the nucleus and cytoplasm. Alterations to nucleocytoplasmic transport 
in TDP-43 Q331K ALS cause the nuclear loss and cytoplasmic mislocation of TDP-43 
and bulk poly(A)+ mRNA. Down regulation of CRABP1 contributes to impaired neuronal 
function in TDP-43 Q331K ALS.  
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Dodd JE et al. Molecular mechanisms of nuclear loss in TDP-43 related 
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Appendix 1  
Example sequencing trace from sequencing of pcDNA5 FRT/TO/M1V plasmid 
The plasmid was generated by site directed mutagenesis of start codon (M1V) of pcDNA5 FRT/TO/GFP plasmid.  The 
pcDNA5 FRT/TO/GFP plasmid was generated by mutation of ATG triplet sequences in all frames in the first two thirds 
of the GFP sequence (D37D M79V M89V) of pcDNA5 FRT/TO/GFP AH. Restriction sites, the Kozak sequence and 
mutations are annotated. 
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Appendix 2 
Appendix Table A1. Gene ontology analysis of the differentially expressed TDP-43 Q331K whole-cell 
transcriptome at gene level 
The functional annotation chart module of DAVID was used to statistically assess the significance of biological 
process enrichment scores. GO: gene ontology. N: total number of human genes associated with the given functional 
category. WCT: number of human genes differentially expressed in the Q331K whole-cell transcriptome (WCT) for the 
given functional category. FE: fold enrichment. GO terms (52) are ranked by ascending P-Values (p < 0.005) for the 
differentially expressed gene list with log2FC > 1. 
 

Biological process GO term N WCT FE P-Value 

RNA processing GO:0006396 547 67 1.9 3.6E-07 

Cell cycle GO:0007049 776 86 1.7 5.1E-07 

Golgi vesicle transport GO:0048193 131 25 3.0 2.4E-06 

Cell cycle process GO:0022402 565 65 1.8 4.8E-06 

mRNA metabolic process GO:0016071 370 46 2.0 2.2E-05 

Intracellular transport GO:0046907 657 70 1.7 2.6E-05 

Establishment of protein localization GO:0045184 769 79 1.6 2.7E-05 

Ubiquitin-dependent protein catabolic process GO:0006511 242 34 2.2 2.8E-05 

Response to DNA damage stimulus GO:0006974 373 45 1.9 5.6E-05 

Cellular macromolecular complex assembly GO:0034622 318 40 2.0 6.4E-05 

Macromolecular complex assembly GO:0065003 665 69 1.6 6.8E-05 

Ribonucleoprotein complex biogenesis GO:0022613 180 27 2.4 7.5E-05 

mRNA processing GO:0006397 321 40 2.0 7.9E-05 

Cellular macromolecular complex subunit organization GO:0034621 357 43 1.9 8.8E-05 

Ribonucleoprotein complex assembly GO:0022618 69 15 3.4 9.5E-05 

Mitotic cell cycle GO:0000278 370 44 1.9 9.7E-05 

Macromolecular complex subunit organization GO:0043933 710 72 1.6 9.8E-05 

Protein transport GO:0015031 762 76 1.6 1.0E-04 

Vesicle-mediated transport GO:0016192 576 61 1.7 1.1E-04 

Macromolecule catabolic process GO:0009057 781 77 1.54 1.3E-04 

DNA metabolic process GO:0006259 506 55 1.70 1.3E-04 

Transcription GO:0006350 2101 174 1.30 1.5E-04 

Modification-dependent macromolecule catabolic process GO:0043632 574 60 1.64 1.8E-04 

Modification-dependent protein catabolic process GO:0019941 574 60 1.64 1.8E-04 

Protein localization GO:0008104 882 84 1.49 2.0E-04 

Intracellular protein transport GO:0006886 374 43 1.80 2.5E-04 

DNA repair GO:0006281 284 35 1.93 2.9E-04 

Cellular macromolecule catabolic process GO:0044265 725 71 1.53 3.0E-04 

Proteolysis involved in cellular protein catabolic process GO:0051603 600 61 1.59 3.3E-04 

Cellular protein catabolic process GO:0044257 603 61 1.58 3.8E-04 

Cellular response to stress GO:0033554 566 58 1.60 3.9E-04 

DNA damage response, signal transduction GO:0042770 80 15 2.94 4.8E-04 

Protein catabolic process GO:0030163 622 62 1.56 4.9E-04 

Cellular protein localization GO:0034613 411 45 1.71 5.0E-04 

Cellular macromolecule localization GO:0070727 414 45 1.70 5.8E-04 

RNA splicing GO:0008380 284 34 1.87 6.1E-04 

Spliceosome assembly GO:0000245 32 9 4.40 7.1E-04 

Nuclear mRNA splicing, via spliceosome GO:0000398 153 22 2.25 7.1E-04 

RNA splicing, via transesterification reactions GO:0000375 153 22 2.25 7.1E-04 

RNA splicing, via transesterification reactions with bulged adenosine as 

nucleophile 

GO:0000377 153 22 2.25 7.1E-04 

Post-Golgi vesicle-mediated transport GO:0006892 58 12 3.24 9.6E-04 

Cell cycle phase GO:0022403 414 44 1.66 1.1E-03 

Cell cycle arrest GO:0007050 103 16 2.43 2.2E-03 

Translation GO:0006412 331 36 1.70 2.2E-03 

Cellular amide metabolic process GO:0043603 56 11 3.08 2.6E-03 

DNA recombination GO:0006310 105 16 2.39 2.7E-03 
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Chromosome organization GO:0051276 485 48 1.55 2.7E-03 

DNA damage checkpoint GO:0000077 48 10 3.26 3.0E-03 

ncRNA metabolic process GO:0034660 230 27 1.84 3.2E-03 

Regulation of transcription GO:0045449 2601 198 1.19 3.8E-03 

Posttranscriptional regulation of gene expression GO:0010608 211 25 1.86 4.2E-03 

Cellular amino acid biosynthetic process GO:0008652 51 10 3.07 4.5E-03 
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Appendix Table A2. Gene ontology analysis of the TDP-43 Q331K differentially expressed 
cytoplasmic transcriptome at gene level  
The functional annotation chart module of DAVID () was used to statistically assess the significance of biological 
process enrichment scores. GO: gene ontology. N: total number of human genes associated with the given functional 
category. CyT: number of human genes differentially expressed in the Q331K cytoplasmic transcriptome (CyT) for the 
given functional category. FE: fold enrichment. GO terms (95) are ranked by ascending P-Values (p < 0.005) for the 
differentially expressed gene list with log2FC >1. 

Biological process GO term N CyT FE P-Value 

Cell cycle GO:0007049 776 160.0 2.0 1.0E-17 

Cell cycle process GO:0022402 565 124.0 2.1 1.0E-15 

Mitotic cell cycle GO:0000278 370 87.0 2.2 5.8E-13 

Cell cycle phase GO:0022403 414 91.0 2.1 9.0E-12 

Cell division GO:0051301 295 65.0 2.1 1.0E-08 

Intracellular transport GO:0046907 657 116.0 1.7 1.6E-08 

Cellular response to stress GO:0033554 566 103.0 1.7 2.4E-08 

M phase GO:0000279 329 69.0 2.0 2.8E-08 

Transcription GO:0006350 2101 293.0 1.3 5.2E-08 

M phase of mitotic cell cycle GO:0000087 224 52.0 2.2 6.5E-08 

Protein localization GO:0008104 882 141.0 1.5 2.4E-07 

Mitosis GO:0007067 220 50.0 2.2 2.4E-07 

Nuclear division GO:0000280 220 50.0 2.2 2.4E-07 

Microtubule-based process GO:0007017 253 55.0 2.1 2.6E-07 

Golgi vesicle transport GO:0048193 131 35.0 2.5 4.1E-07 

Organelle fission GO:0048285 229 50.0 2.1 8.5E-07 

Regulation of transcription GO:0045449 2601 343.0 1.3 9.8E-07 

Establishment of protein localization GO:0045184 769 123.0 1.5 1.5E-06 

Interphase of mitotic cell cycle GO:0051329 103 29.0 2.7 1.6E-06 

Protein transport GO:0015031 762 121.0 1.5 2.7E-06 

Interphase GO:0051325 106 29.0 2.6 2.9E-06 

Response to DNA damage stimulus GO:0006974 373 69.0 1.8 3.6E-06 

DNA metabolic process GO:0006259 506 87.0 1.6 3.9E-06 

Vesicle-mediated transport GO:0016192 576 96.0 1.6 4.5E-06 

Cytoskeleton organization GO:0007010 436 77.0 1.7 5.5E-06 

Microtubule cytoskeleton organization GO:0000226 147 34.0 2.2 1.8E-05 

Modification-dependent macromolecule catabolic process GO:0043632 574 93.0 1.5 2.0E-05 

Modification-dependent protein catabolic process GO:0019941 574 93.0 1.5 2.0E-05 

DNA repair GO:0006281 284 54.0 1.8 2.2E-05 

Protein catabolic process GO:0030163 622 99.0 1.5 2.2E-05 

Spindle organization GO:0007051 45 16.0 3.4 3.1E-05 

Macromolecule catabolic process GO:0009057 781 118.0 1.4 3.8E-05 

Protein modification by small protein conjugation or removal GO:0070647 160 35.0 2.1 4.5E-05 

Post-Golgi vesicle-mediated transport GO:0006892 58 18.0 3.0 6.2E-05 

Macromolecular complex subunit organization GO:0043933 710 108.0 1.4 6.4E-05 

Proteolysis involved in cellular protein catabolic process GO:0051603 600 94.0 1.5 6.8E-05 

Chromosome organization GO:0051276 485 79.0 1.6 7.7E-05 

Cellular protein catabolic process GO:0044257 603 94.0 1.5 8.2E-05 

Cellular macromolecular complex subunit organization GO:0034621 357 62.0 1.7 8.3E-05 

Protein modification by small protein conjugation GO:0032446 132 30.0 2.2 8.6E-05 

Translational elongation GO:0006414 101 25.0 2.4 9.4E-05 

Cellular macromolecule catabolic process GO:0044265 725 109.0 1.4 9.5E-05 

Regulation of microtubule-based process GO:0032886 49 16.0 3.1 9.6E-05 

Regulation of RNA metabolic process GO:0051252 1813 238.0 1.2 1.1E-04 

Translation GO:0006412 331 58.0 1.7 1.1E-04 

Chromatin modification GO:0016568 274 50.0 1.7 1.3E-04 

Translational initiation GO:0006413 45 15.0 3.2 1.3E-04 

Protein complex biogenesis GO:0070271 505 80.0 1.5 1.8E-04 

Protein complex assembly GO:0006461 505 80.0 1.5 1.8E-04 

Macromolecular complex assembly GO:0065003 665 100.0 1.4 1.9E-04 

Regulation of transcription, DNA-dependent GO:0006355 1773 231.0 1.2 2.2E-04 

Negative regulation of macromolecule metabolic process GO:0010605 734 108.0 1.4 2.3E-04 
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Regulation of microtubule cytoskeleton organization GO:0070507 42 14.0 3.2 2.4E-04 

Regulation of cell cycle GO:0051726 331 56.0 1.6 3.8E-04 

Apoptosis GO:0006915 602 90.0 1.4 5.0E-04 

Programmed cell death GO:0012501 611 91.0 1.4 5.2E-04 

Protein ubiquitination GO:0016567 119 26.0 2.1 5.3E-04 

Regulation of cell cycle process GO:0010564 114 25.0 2.1 6.5E-04 

ER to Golgi vesicle-mediated transport GO:0006888 42 13.0 2.9 9.4E-04 

Cellular macromolecule localization GO:0070727 414 65.0 1.5 9.6E-04 

Negative regulation of protein metabolic process GO:0051248 187 35.0 1.8 9.9E-04 

Positive regulation of apoptosis GO:0043065 430 67.0 1.5 9.9E-04 

Spindle assembly GO:0051225 17 8.0 4.5 1.0E-03 

Protein amino acid phosphorylation GO:0006468 667 96.0 1.4 1.1E-03 

Positive regulation of programmed cell death GO:0043068 433 67.0 1.5 1.2E-03 

Chromatin organization GO:0006325 378 60.0 1.5 1.2E-03 

Posttranscriptional regulation of gene expression GO:0010608 211 38.0 1.7 1.2E-03 

Cell death GO:0008219 719 102.0 1.4 1.3E-03 

Cellular protein localization GO:0034613 411 64.0 1.5 1.3E-03 

Positive regulation of cell death GO:0010942 435 67.0 1.5 1.3E-03 

Cellular macromolecular complex assembly GO:0034622 318 52.0 1.6 1.4E-03 

Death GO:0016265 724 102.0 1.3 1.6E-03 

Negative regulation of macromolecule biosynthetic process GO:0010558 547 80.0 1.4 2.0E-03 

Negative regulation of cellular protein metabolic process GO:0032269 180 33.0 1.7 2.0E-03 

Regulation of organelle organization GO:0033043 217 38.0 1.7 2.0E-03 

Regulation of mitotic cell cycle GO:0007346 152 29.0 1.8 2.2E-03 

Regulation of protein catabolic process GO:0042176 52 14.0 2.6 2.3E-03 

Induction of apoptosis GO:0006917 320 51.0 1.5 2.6E-03 

Cytokinesis GO:0000910 41 12.0 2.8 2.6E-03 

Maintenance of protein location in cell GO:0032507 41 12.0 2.8 2.6E-03 

Covalent chromatin modification GO:0016569 126 25.0 1.9 2.8E-03 

Anti-apoptosis GO:0006916 206 36.0 1.7 2.8E-03 

Induction of programmed cell death GO:0012502 321 51.0 1.5 2.8E-03 

Organelle localization GO:0051640 92 20.0 2.1 2.9E-03 

Regulation of cellular protein metabolic process GO:0032268 474 70.0 1.4 3.0E-03 

Maintenance of protein location GO:0045185 48 13.0 2.6 3.3E-03 

Phosphorylation GO:0016310 800 109.0 1.3 3.4E-03 

Regulation of microtubule polymerization or depolymerization GO:0031110 31 10.0 3.1 3.6E-03 

Negative regulation of molecular function GO:0044092 334 52.0 1.5 3.9E-03 

Regulation of apoptosis GO:0042981 804 109.0 1.3 4.0E-03 

Intracellular protein transport GO:0006886 374 57.0 1.5 4.0E-03 

Regulation of translation GO:0006417 137 26.0 1.8 4.1E-03 

Ubiquitin-dependent protein catabolic process GO:0006511 242 40.0 1.6 4.3E-03 

Centrosome organization GO:0051297 32 10.0 3.0 4.5E-03 

Chromatin remodeling GO:0006338 56 14.0 2.4 4.5E-03 
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Appendix Table A3. Gene ontology analysis of the TDP-43 Q331K differentially expressed GRASPS-
translatome at gene level 
The functional annotation chart module of DAVID was used to statistically assess the significance of biological 
process enrichment scores. GO: gene ontology. N: total number of human genes associated with the given functional 
category. GRASPS: number of human genes differentially expressed in the Q331K GRASPS-translatome for the 
given functional category. FE: fold enrichment. GO terms (172) are ranked by ascending P-Values (p < 0.005) for the 
differentially expressed gene list with log2FC >1. 

Biological process GO term N GRASPS FE P-Value 

Cell cycle GO:0007049 776 227 1.9 7.8E-23 

Cell cycle process GO:0022402 565 176 2.0 6.9E-21 

Mitotic cell cycle GO:0000278 370 129 2.2 6.2E-20 

Cellular macromolecule catabolic process GO:0044265 725 204 1.8 1.8E-18 

Macromolecule catabolic process GO:0009057 781 214 1.7 6.4E-18 

Modification-dependent macromolecule catabolic process GO:0043632 574 167 1.9 2.2E-16 

Modification-dependent protein catabolic process GO:0019941 574 167 1.9 2.2E-16 

Protein catabolic process GO:0030163 622 177 1.8 2.4E-16 

Ubiquitin-dependent protein catabolic process GO:0006511 242 91 2.4 2.4E-16 

Proteolysis involved in cellular protein catabolic process GO:0051603 600 172 1.8 2.8E-16 

Cellular protein catabolic process GO:0044257 603 172 1.8 5.0E-16 

Positive regulation of ligase activity GO:0051351 73 41 3.6 1.4E-14 

Positive regulation of ubiquitin-protein ligase activity GO:0051443 70 40 3.6 1.5E-14 

Regulation of ubiquitin-protein ligase activity during mitotic cell cycle GO:0051439 71 40 3.6 2.8E-14 

Positive regulation of ubiquitin-protein ligase activity during mitotic cell 

cycle 

GO:0051437 68 39 3.7 2.8E-14 

Positive regulation of protein ubiquitination GO:0031398 84 43 3.3 2.1E-13 

Regulation of ligase activity GO:0051340 81 42 3.3 2.4E-13 

Regulation of ubiquitin-protein ligase activity GO:0051438 78 41 3.3 2.7E-13 

Cellular response to stress GO:0033554 566 156 1.8 3.1E-13 

Proteasomal protein catabolic process GO:0010498 102 48 3.0 3.8E-13 

Proteasomal ubiquitin-dependent protein catabolic process GO:0043161 102 48 3.0 3.8E-13 

Intracellular transport GO:0046907 657 174 1.7 5.2E-13 

Regulation of protein ubiquitination GO:0031396 100 47 3.0 7.3E-13 

Anaphase-promoting complex-dependent proteasomal ubiquitin-

dependent protein catabolic process 

GO:0031145 65 36 3.5 1.3E-12 

Negative regulation of protein ubiquitination GO:0031397 74 38 3.3 5.7E-12 

Negative regulation of ubiquitin-protein ligase activity during mitotic 

cell cycle 

GO:0051436 65 35 3.4 8.0E-12 

Translation GO:0006412 331 101 1.9 1.4E-11 

Negative regulation of protein modification process GO:0031400 119 50 2.7 2.0E-11 

Negative regulation of ligase activity GO:0051352 67 35 3.3 2.4E-11 

Negative regulation of ubiquitin-protein ligase activity GO:0051444 67 35 3.3 2.4E-11 

DNA metabolic process GO:0006259 506 137 1.7 4.0E-11 

Chromatin modification GO:0016568 274 87 2.0 4.4E-11 

Cell cycle phase GO:0022403 414 117 1.8 7.2E-11 

M phase of mitotic cell cycle GO:0000087 224 74 2.1 2.0E-10 

Mitosis GO:0007067 220 73 2.1 2.1E-10 

Nuclear division GO:0000280 220 73 2.1 2.1E-10 

Response to DNA damage stimulus GO:0006974 373 106 1.8 4.3E-10 

Cell division GO:0051301 295 89 1.9 5.0E-10 

Organelle fission GO:0048285 229 74 2.1 6.0E-10 

Negative regulation of protein metabolic process GO:0051248 187 64 2.2 7.6E-10 
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Negative regulation of cellular protein metabolic process GO:0032269 180 61 2.2 3.0E-09 

Regulation of cellular protein metabolic process GO:0032268 474 123 1.7 7.1E-09 

M phase GO:0000279 329 93 1.8 7.6E-09 

Negative regulation of catalytic activity GO:0043086 277 80 1.8 3.4E-08 

Negative regulation of macromolecule metabolic process GO:0010605 734 171 1.5 3.6E-08 

Chromatin organization GO:0006325 378 101 1.7 3.8E-08 

DNA repair GO:0006281 284 81 1.8 5.1E-08 

Regulation of protein modification process GO:0031399 295 82 1.8 1.4E-07 

Chromosome organization GO:0051276 485 120 1.6 1.9E-07 

Protein modification by small protein conjugation or removal GO:0070647 160 52 2.1 2.3E-07 

Covalent chromatin modification GO:0016569 126 44 2.2 2.4E-07 

Positive regulation of protein modification process GO:0031401 187 58 2.0 2.5E-07 

Regulation of cell cycle GO:0051726 331 88 1.7 4.0E-07 

Negative regulation of molecular function GO:0044092 334 88 1.7 6.0E-07 

Proteolysis GO:0006508 1054 224 1.4 6.3E-07 

Positive regulation of macromolecule metabolic process GO:0010604 857 188 1.4 6.5E-07 

Positive regulation of protein metabolic process GO:0051247 243 69 1.8 6.6E-07 

Histone modification GO:0016570 122 42 2.2 7.3E-07 

Regulation of programmed cell death GO:0043067 812 179 1.4 9.1E-07 

Protein ubiquitination GO:0016567 119 41 2.2 9.9E-07 

Protein modification by small protein conjugation GO:0032446 132 44 2.1 1.0E-06 

Regulation of apoptosis GO:0042981 804 177 1.4 1.1E-06 

Regulation of cell death GO:0010941 815 179 1.4 1.2E-06 

Golgi vesicle transport GO:0048193 131 43 2.1 2.2E-06 

Positive regulation of cellular protein metabolic process GO:0032270 233 65 1.8 2.8E-06 

Nucleotide-excision repair GO:0006289 55 24 2.8 3.2E-06 

Cell death GO:0008219 719 159 1.4 3.3E-06 

Vesicle-mediated transport GO:0016192 576 132 1.5 3.8E-06 

Death GO:0016265 724 159 1.4 5.0E-06 

Apoptosis GO:0006915 602 136 1.4 5.9E-06 

Negative regulation of programmed cell death GO:0043069 359 89 1.6 7.7E-06 

Negative regulation of apoptosis GO:0043066 354 88 1.6 7.8E-06 

Programmed cell death GO:0012501 611 137 1.4 8.1E-06 

Negative regulation of cell death GO:0060548 360 89 1.6 8.6E-06 

Regulation of organelle organization GO:0033043 217 60 1.8 9.4E-06 

Protein localization GO:0008104 882 186 1.3 1.1E-05 

Anti-apoptosis GO:0006916 206 57 1.8 1.6E-05 

Protein transport GO:0015031 762 163 1.4 1.8E-05 

Macromolecular complex assembly GO:0065003 665 145 1.4 2.0E-05 

Cellular macromolecule localization GO:0070727 414 98 1.5 2.0E-05 

Establishment of protein localization GO:0045184 769 164 1.4 2.0E-05 

Cytoskeleton organization GO:0007010 436 102 1.5 2.3E-05 

Cell proliferation GO:0008283 436 102 1.5 2.3E-05 

Cellular protein localization GO:0034613 411 97 1.5 2.5E-05 

mRNA metabolic process GO:0016071 370 89 1.5 2.6E-05 

Macromolecular complex subunit organization GO:0043933 710 152 1.4 3.4E-05 

Protein complex assembly GO:0006461 505 114 1.4 3.6E-05 

Protein complex biogenesis GO:0070271 505 114 1.4 3.6E-05 
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Positive regulation of molecular function GO:0044093 586 129 1.4 3.8E-05 

Regulation of protein catabolic process GO:0042176 52 21 2.6 5.9E-05 

Posttranscriptional regulation of gene expression GO:0010608 211 56 1.7 6.7E-05 

Intracellular protein transport GO:0006886 374 88 1.5 6.9E-05 

Phosphorylation GO:0016310 800 166 1.3 8.1E-05 

Membrane organization GO:0016044 381 89 1.5 8.2E-05 

Positive regulation of catalytic activity GO:0043085 520 115 1.4 8.6E-05 

RNA splicing GO:0008380 284 70 1.6 9.6E-05 

mRNA processing GO:0006397 321 77 1.5 1.1E-04 

RNA processing GO:0006396 547 119 1.4 1.3E-04 

Nuclear mRNA splicing, via spliceosome GO:0000398 153 43 1.8 1.4E-04 

RNA splicing, via transesterification reactions with bulged adenosine as 

nucleophile 

GO:0000377 153 43 1.8 1.4E-04 

RNA splicing, via transesterification reactions GO:0000375 153 43 1.8 1.4E-04 

Response to UV GO:0009411 59 22 2.4 1.4E-04 

DNA catabolic process GO:0006308 60 22 2.3 1.9E-04 

Protein amino acid N-linked glycosylation GO:0006487 44 18 2.6 1.9E-04 

Microtubule cytoskeleton organization GO:0000226 147 41 1.8 2.4E-04 

Regulation of catabolic process GO:0009894 96 30 2.0 2.5E-04 

Translational initiation GO:0006413 45 18 2.5 2.7E-04 

Protein amino acid phosphorylation GO:0006468 667 139 1.3 2.7E-04 

Phosphate metabolic process GO:0006796 973 193 1.3 2.8E-04 

Phosphorus metabolic process GO:0006793 973 193 1.3 2.8E-04 

Positive regulation of I-kappaB kinase/NF-kappaB cascade GO:0043123 97 30 2.0 3.1E-04 

Regulation of I-kappaB kinase/NF-kappaB cascade GO:0043122 107 32 1.9 3.6E-04 

Interphase of mitotic cell cycle GO:0051329 103 31 1.9 4.0E-04 

Regulation of cytoskeleton organization GO:0051493 136 38 1.8 4.0E-04 

Protein import into nucleus, docking GO:0000059 17 10 3.7 4.2E-04 

Acetyl-CoA metabolic process GO:0006084 31 14 2.9 4.3E-04 

Nucleocytoplasmic transport GO:0006913 156 42 1.7 4.5E-04 

Regulation of mitotic cell cycle GO:0007346 152 41 1.7 5.1E-04 

Nuclear transport GO:0051169 158 42 1.7 5.9E-04 

Histone acetylation GO:0016573 48 18 2.4 6.5E-04 

Regulation of cellular component size GO:0032535 271 64 1.5 6.7E-04 

Interphase GO:0051325 106 31 1.9 6.8E-04 

Regulation of cell morphogenesis GO:0022604 131 36 1.7 8.2E-04 

Microtubule-based process GO:0007017 253 60 1.5 9.0E-04 

Nucleotide-excision repair, DNA damage removal GO:0000718 22 11 3.2 9.3E-04 

Hexose metabolic process GO:0019318 192 48 1.6 9.8E-04 

Positive regulation of RNA metabolic process GO:0051254 481 102 1.3 1.0E-03 

Positive regulation of transcription, DNA-dependent GO:0045893 477 101 1.3 1.2E-03 

Nitrogen compound biosynthetic process GO:0044271 325 73 1.4 1.2E-03 

DNA replication GO:0006260 190 47 1.6 1.4E-03 

Positive regulation of transcription GO:0045941 564 116 1.3 1.5E-03 

Biopolymer methylation GO:0043414 69 22 2.0 1.5E-03 

Protein amino acid acetylation GO:0006473 52 18 2.2 1.8E-03 

Cellular macromolecular complex subunit organization GO:0034621 357 78 1.4 1.8E-03 

Regulation of transcription from RNA polymerase II promoter GO:0006357 727 144 1.3 1.9E-03 

Negative regulation of cellular component organization GO:0051129 142 37 1.7 1.9E-03 
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Regulation of cellular response to stress GO:0080135 103 29 1.8 2.0E-03 

Positive regulation of gene expression GO:0010628 581 118 1.3 2.1E-03 

Androgen receptor signaling pathway GO:0030521 36 14 2.5 2.2E-03 

Regulation of Ras GTPase activity GO:0032318 104 29 1.8 2.3E-03 

Regulation of gene-specific transcription GO:0032583 134 35 1.7 2.5E-03 

Steroid hormone receptor signaling pathway GO:0030518 58 19 2.1 2.6E-03 

Positive regulation of programmed cell death GO:0043068 433 91 1.3 2.6E-03 

Regulation of cell size GO:0008361 206 49 1.5 2.6E-03 

Cellular macromolecular complex assembly GO:0034622 318 70 1.4 2.6E-03 

Release of cytochrome c from mitochondria GO:0001836 21 10 3.0 2.8E-03 

Golgi organization GO:0007030 21 10 3.0 2.8E-03 

Regulation of translational initiation GO:0006446 41 15 2.3 2.8E-03 

Positive regulation of cell death GO:0010942 435 91 1.3 3.0E-03 

Translational elongation GO:0006414 101 28 1.8 3.0E-03 

Microtubule-based transport GO:0010970 29 12 2.6 3.1E-03 

Positive regulation of apoptosis GO:0043065 430 90 1.3 3.1E-03 

Transcription from RNA polymerase II promoter GO:0006366 234 54 1.5 3.1E-03 

Negative regulation of organelle organization GO:0010639 82 24 1.9 3.1E-03 

Positive regulation of gene-specific transcription GO:0043193 87 25 1.8 3.2E-03 

Ribonucleotide metabolic process GO:0009259 147 37 1.6 3.6E-03 

Regulation of translation GO:0006417 137 35 1.6 3.6E-03 

Endocytosis GO:0006897 220 51 1.5 3.7E-03 

Membrane invagination GO:0010324 220 51 1.5 3.7E-03 

Positive regulation of cell development GO:0010720 69 21 1.9 3.7E-03 

Actin cytoskeleton organization GO:0030036 226 52 1.5 4.0E-03 

Glucose metabolic process GO:0006006 153 38 1.6 4.0E-03 

Cell cycle arrest GO:0007050 103 28 1.7 4.1E-03 

Purine ribonucleotide metabolic process GO:0009150 138 35 1.6 4.1E-03 

Positive regulation of nitrogen compound metabolic process GO:0051173 644 127 1.3 4.1E-03 

Nucleobase, nucleoside, nucleotide and nucleic acid transport GO:0015931 113 30 1.7 4.2E-03 

Regulation of GTPase activity GO:0043087 123 32 1.7 4.2E-03 

Generation of precursor metabolites and energy GO:0006091 313 68 1.4 4.2E-03 

G1/S transition of mitotic cell cycle GO:0000082 56 18 2.0 4.3E-03 

Chromatin remodeling GO:0006338 56 18 2.0 4.3E-03 

Transcription, DNA-dependent GO:0006351 292 64 1.4 4.5E-03 

Cellular response to oxidative stress GO:0034599 43 15 2.2 4.6E-03 
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Appendix Table A4. Altered biological processes and RNA-binding targets of TDP-43 in the 
differentially expressed TDP-43 Q331K whole cell transcriptome 
Major biological processes are ranked by ascending P-Values (p <0.005) for the differentially expressed gene list with 
log2FC >1 and FDR <0.2. A total of 384 DEG transcripts (31 %) bound by TDP-43 were identified in the differentially 
expressed list (1233 gene transcripts are differentially expressed in the whole cell transcriptome). Gene ontology-
clustered RNA-binding targets of TDP-43 are highlighted in red. 

Biological process Count % P-

Value 

Official gene symbols 

RNA splicing / 

processing: 

 

GO:0006396 

GO:0016071 

GO:0006397 

GO:0008380 

GO:0000375 

GO:0000377 

GO:0000398 

 

 

 

67 

46 

40 

34 

22 

22 

22 

 

 

 

6.0 

4.1 

3.6 

3.1 

2.0 

2.0 

2.0 

 

 

 

3.6E-

07 

2.2E-

05 

7.9E-

05 

6.0E-

04 

7.1E-

04 

7.1E-

04 

7.1E-

04 

ADAT1, APLP1, APP, C1D, CELF1, CPSF4, DEDD2, DICER1, DUS1L, DUS4L, 

ELAVL1, FBL, FIP1L1, FTSJ2, GEMIN4, GEMIN8, GSPT1, HNRNPF, HNRNPUL1, 

HSPA1A, INTS10, KHSRP, METTL1, MLH1, MOV10, MTO1, NHP2, NOLC1, 

PA2G4, PABPN1, PAIP1, PAN2, PCBP2, POLR2B, PPIG, PRMT5, PRMT7, PRPF39, 

PUF60, RALY, RBM10, RBM28, RBM3, RBM4, RBM5, RBM6, RBMX, RNPC3, 

RPP14, RPS15, RPS19, RSL1D1, SART3, SF3A1, SF3A2, SF3A3, SNRNP200, 

SNRNP25, SNRPD1, SNRPG, SPOP, TBL3, TFIP11, TRMT11, TXNL4A, UPF3A, 

UTP14A, WDR36, WDR83, YBX1, YTHDC1, ZCCHC11, ZCCHC8 

 

 

 

Cell cycle related: 

 

GO:0007049 

GO:0022402 

GO:0000278 

GO:0022403 

GO:0007050 

 

 

86 

65 

44 

44 

16 

 

 

7.7 

5.9 

4.0 

4.0 

1.4 

 

 

5.1E-

07 

4.8E-

06 

9.7E-

05 

1.1E-

03 

2.2E-

03 

ANAPC1, ANAPC7, APC, APP, AURKB, BCAT1, BTRC, CALM2, CCNK, CDCA5, 

CDK20, CENPE, CEP250, CETN3, CHMP1B, CUL3, DDIT3, DDX11, DMTF1, 

DTYMK, E2F6, EID1, EIF4G2, ESCO2, FBXO31, GADD45A, GSPT1, HAUS5, 

HINFP, ITGB1, JMY, KIF15, KIF20B, KRT18, LIG1, MACF1, MAP2K6, MAP9, 

MCM2, MCM8, MDM2, MLH1, MPHOSPH9, MSH2, MSH6, NASP, NBN, 

NCAPD3, NOLC1, PA2G4, PARD6B, PARD6G, PHGDH, PKD1, POLD1, POLE, 

PPP5C, PRC1, PRUNE2, PSMA2, PSMA3, PSMC3, PSMD1, PSRC1, RACGAP1, 

RAD1, RAD17, RAD21, RAD52, RASSF1, SMC3, SPAG5, SPAST, STAG2, STRADA, 

SUN2, SUPT5H, TAF1, TP53BP2, TP73, TRIP13, TUBE1, TXNL4A, UBE2D1, 

WDR6, ZWILCH 

 

Golgi / vesicle 

transport: 

 

GO:0048193 

GO:0016192 

GO:0006892 

 

 

 

25 

61 

12 

 

 

 

2.3 

5.5 

1.1 

 

 

 

2.4E-

06 

1.1E-

04 

9.6E-

04 

AP1B1, AP1S3, AP2B1, APLP1, APP, ARCN1, ARRB2, ATL2, ATP5B, ATP6V1H, 

BET1, CADPS, CADPS2, CLTC, COG2, COPG2, COPZ1, CXCL16, DOPEY1, 

ELMOD2, EPS15L1, EXOC7, FLNA, GULP1, HGS, IGF2R, KRT18, LIN7A, LMBR1L, 

LRP4, NME1-NME2, OPTN, PACSIN2, PICALM, PREB, PUM1, RAB18, RAB2A, 

RAB5A, RHOBTB3, SCFD1, SCFD2, SEC16A, SEC23B, SEC24C, SEC31A, SH3GL3, 

SNAP91, SORL1, SPAST, SPTBN4, STEAP2, STX10, STX3, STX4, SYNRG, TRIM36, 

VPS13A, VTI1B, WASF2, WDR19 

 

Protein transport/ 

localization: 

 

GO:0046907 

GO:0045184 

GO:0015031 

GO:0008104 

GO:0006886 

GO:0034613 

GO:0070727 

 

 

 

70 

79 

76 

84 

43 

45 

45 

 

 

 

6.3 

7.1 

6.8 

7.6 

3.9 

4.1 

4.1 

 

 

 

2.6E-

05 

2.7E-

05 

1.0E-

04 

2.0E-

04 

2.5E-

04 

5.0E-

04 

5.8E-

AP1B1, AP1S3, AP2B1, APP, ARCN1, ATG16L1, ATG4B, ATL2, ATP2C1, AURKB, 

BET1, CADPS, CADPS2, CENPE, CEP250, CHMP1B, CLIC5, CLTC, COG2, COPG2, 

COPZ1, DOPEY1, DSCR3, EIF4ENIF1, EXOC7, EXPH5, FGF2, FLNA, FRAS1, GRIP1, 

HDAC6, HGS, HINFP, IPO11, IPO4, KIF13A, KPNA4, KPNA5, KRT18, LIN7A, 

MACF1, MGEA5, MYL6, MYO5A, NASP, NECAB3, NFKBIA, NPC2, NUP160, 

NUP98, OPTN, PABPN1, POM121, PREB, PRICKLE1, PUM1, RAB11FIP3, RAB18, 

RAB2A, RAB5A, RANBP3, RERE, RHOBTB3, RIMS2, RPS15, SCAMP4, SCFD1, 

SCFD2, SDAD1, SEC16A, SEC23B, SEC24C, SEC31A, SLC25A27, SNF8, SNX14, 

SPAST, SPTBN4, SRP14, SRP19, SSR2, STEAP2, STRADA, STX10, STX3, STX4, 

SYNRG, TIMM17B, TIMM23, TIMM23B, TNPO2, TPM1, VPS13A, VPS26B, 

VPS53, VTI1B, WASF2, WDR19, XPO6, YWHAE 
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04 

Protein catabolic 

process and 

ubiquitin-dependent 

protein degradation: 

 

GO:0006511 

GO:0009057 

GO:0019941 

GO:0043632 

GO:0044265 

GO:0051603 

GO:0044257 

GO:0030163 

 

 

 

 

 

 

34 

77 

60 

60 

71 

61 

61 

62 

 

 

 

 

 

3.1 

6.9 

5.4 

5.4 

6.4 

5.5 

5.5 

5.6 

 

 

 

 

 

2.8E-

05 

1.3E-

04 

1.8E-

04 

1.8E-

04 

3.0E-

04 

3.2E-

04 

3.8E-

04 

4.9E-

04 

ANAPC1, ANAPC7, ASB13, ASB3, ATE1, ATG4B, BTRC, CBLL1, CUL3, CYCS, 

DCUN1D2, DEDD2, ENDOG, ERLEC1, ERLIN2, FBXL12, FBXO16, FBXO31, FBXO4, 

FBXW2, FOXRED2, GNS, GSPT1, GUSB, HACE1, HDAC6, HECTD1, HLTF, 

HSPA1A, KDM2B, LRRC41, MARCH6, MDM2, MGEA5, MLH1, NGLY1, NSMCE2, 

OVGP1, PAN2, PSMA2, PSMA3, PSMC3, PSMD1, RNF14, RNF216, RNF40, 

SENP3, SMURF2, SPOP, SUMO1, TXNDC12, UBA5, UBE2A, UBE2D1, UBE2G1, 

UBE2S, UBE2V2, UBXN6, UCHL3, UPF3A, USP3, USP5, USP8, USP19, USP20, 

USP28, USP36, USP37, USP44, USP45, USP47, WDR48, WSB1, XPC, YME1L1, 

ZCCHC11, ZRANB1 

DNA damage/ repair 

response: 

 

GO:0006974 

GO:0006281 

GO:0042770 

GO:0000077 

 

 

 

45 

35 

15 

10 

 

 

 

4.1 

3.2 

1.4 

0.9 

 

 

 

5.6E-

05 

2.9E-

04 

4.8E-

04 

3.0E-

03 

ANKRD17, APC, BRSK1, DDIT3, ESCO2, FAM175A, FBXO31, FOXO3, GADD45A, 

HINFP, HMGB1, IGHMBP2, JMY, LIG1, MAP2K6, MICA, MLH1, MORF4L1, 

MSH2, MSH6, NBN, NSMCE2, NUPR1, POLD1, POLE, POLH, PTPN11, RAD1, 

RAD17, RAD21, RAD52, RBM4, RFC2, SMC3, SMC6, SUMO1, TDP1, TP53BP1, 

TP73, TRIP13, TXNDC12, UBE2A, UBE2V2, XPC, ZSWIM7 

 

 

 

Macromolecular / 

ribonucleoprotein 

complex assembly: 

 

GO:0034622 

GO:0065003 

GO:0022613 

GO:0034621 

GO:0022618 

GO:0043933 

GO:0000245 

 

 

 

 

 

40 

69 

27 

43 

15 

72 

9 

 

 

 

 

3.6 

6.2 

2.4 

3.9 

1.4 

6.5 

0.8 

 

 

 

 

6.3E-

05 

6.8E-

05 

7.5E-

05 

8.8E-

05 

9.5E-

05 

9.8E-

05 

7.1E-

04 

ABI2, ADSL, APC, ATG16L1, ATL2, ATPAF1, ATPIF1, BCS1L, C1D, CELF1, CENPE, 

DAG1, DGKH, DIAPH1, DICER1, EBNA1BP2, EIF2AK3, FBL, FLNA, FTSJ2, 

GEMIN4, GEMIN8, GRB2, H2AFY, HIST1H2BJ, HIST1H4B, HIST2H2AB, 

HIST2H4A, HP1BP3, IGHMBP2, IPO11, IPO4, LIN7A, MAGI1, MCM2, MDM2, 

MED1, MED16, MIF, MLH1, MRRF, NAP1L1, NASP, NCK2, NHP2, NOLC1, 

NUP98, PA2G4, PARD6B, PDSS1, PICALM, POLR2B, PPP5C, PRKAB1, PRKAG1, 

PRMT5, PRMT7, RBM5, RPS15, RPS19, RSF1, SBF2, SDAD1, SF3A1, SF3A2, 

SF3A3, SKIL, SNAP91, SNRNP200, SNRPD1, SNRPG, SPAST, STX4, TAF1, TAF13, 

TAF6, TBL3, TFAM, TNPO2, TUBE1, TXNL4A, UTP14A, WASF1, WDR36, XPO6 

DNA metabolic 

process: 

 

GO:0006259 

 

 

 

55 

 

 

 

5.0 

 

 

 

1.3E-

04 

ANKRD17, CYCS, ENDOG, ESCO2, FAM175A, FBXO4, GADD45A, GIN1, HINFP, 

HMGB1, IGHMBP2, JMY, LIG1, MCM2, MCM8, MED1, MLH1, MORF4L1, MSH2, 

MSH6, NAP1L1, NASP, NBN, NSMCE2, NUP98, POLD1, POLE, POLH, PPIA, 

PRIM2, PRMT7, RAD1, RAD17, RAD21, RAD52, RBM4, RFC2, RMI1, SMARCAL1, 

SMC3, SMC6, SUMO1, TDP1, TFAM, TK2, TP53BP1, TP73, TRIP13, TSN, 

TXNDC12, UBE2A, UBE2V2, WRAP53, XPC, ZSWIM7 

 

Transcription, 

transcriptional 

regulation: 

 

 

 

 

 

 

 

 

 

ABCA2, ACVR2B, AES, AFF1, AFF3, APP, ARID2, ARID4B, ASCC3, ASXL1, ATF6B, 

ATF7, BACH1, BACH2, BCOR, BMP3, C1D, CAMTA1, CBFA2T2, CCNK, CD3EAP, 

CHD1, CHD2, CHD9, CNOT6, COPS2, CRABP2, CREG1, DDIT3, DEDD, DEDD2, 
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GO:0006350 

GO:0045449 

174 

198 

15.

7 

17.

8 

1.5E-

04 

3.8E-

03 

DEK, DENND4A, DMTF1, DNAJB6, DPF2, DYRK1B, E2F6, EDA2R, EED, EID1, 

ELF4, ELP2, ENO1, ERF, FAM120B, FGF2, FLNA, FOXC1, FOXO3, GRAMD4, 

GRIP1, GTF3C3, HDAC6, HINFP, HKR1, HLTF, HMG20A, HMGB1, HMGN5, 

HNRNPUL1, HTATSF1, IGHMBP2, JARID2, JMJD1C, JMY, KDM2B, KDM5C, 

KHSRP, KLF4, LRCH4, LRRFIP1, MAFB, MBTD1, MCM2, MCM8, MDM2, MECP2, 

MED1, MED16, MED20, MED25, MED29, MEIS1, MKL1, MORF4L1, MOV10, 

NAA15, NAB1, NCOA3, NCOA4, NCOA5, NCOR2, NFAT5, NFATC3, NFE2L1, 

NFKBIA, NFYB, NFYC, NME1-NME2, NR2C1, PA2G4, PBX1, PDLIM1, PHB2, 

PHTF1, PITX2, POLR1C, POLR1D, POLR2B, PPP5C, PRDM10, PREB, PRIM2, 

PRKAR1A, PRMT5, PRMT7, PSRC1, PTMA, PTOV1, PUF60, RAB18, RASSF7, 

RBM4, RERE, RNF14, RSF1, SAP18, SARNP, SCAI, SETD1B, SKIL, SLTM, SMAD7, 

SMARCAL1, SMURF2, SNF8, SUMO1, SUPT4H1, SUPT5H, TAF1, TAF13, TAF6, 

TCERG1, TCF20, TCF25, TCOF1, TEAD4, TFAM, TFCP2, TGIF2, TIGD1, TLE1, 

TLE4, TP53BP1, TP73, TRIP13, TROVE2, TSC22D1, TSC22D4, VGLL4, YBX1, 

ZBTB25, ZBTB44, ZFAT, ZFP30, ZFP62, ZFP82, ZFX, ZHX1, ZMYM2, ZNF117, 

ZNF124, ZNF131, ZNF142, ZNF146, ZNF181, ZNF182, ZNF225, ZNF236, ZNF28, 

ZNF3, ZNF302, ZNF362, ZNF394, ZNF48, ZNF500, ZNF506, ZNF525, ZNF529, 

ZNF530, ZNF532, ZNF544, ZNF562, ZNF565, ZNF568, ZNF583, ZNF585A, 

ZNF607, ZNF682, ZNF701, ZNF717, ZNF77, ZNF780A, ZNF787, ZNF79, ZNF808, 

ZNF91, ZZZ3 

 

Cellular response to 

stress: 

 

GO:0033554 

 

 

 

58 

 

 

 

5.2 

 

 

 

3.9E-

04 

ADM, ANKRD17, APC, ATG16L1, BRSK1, DDIT3, EIF2AK2, EIF2AK3, ESCO2, 

FAM129A, FAM175A, FBXO31, FOXO3, GADD45A, HDAC6, HINFP, HMGB1, 

IGHMBP2, JMY, LIG1, MAP2K4, MAP2K6, MAP3K4, MAPK9, MBIP, MICA, 

MLH1, MORF4L1, MSH2, MSH6, NBN, NSMCE2, NUPR1, POLD1, POLE, POLH, 

PTPN11, RAD1, RAD17, RAD21, RAD52, RBM4, RFC2, SMC3, SMC6, STAC, 

SUMO1, TDP1, TP53BP1, TP73, TPM1, TRIP13, TXNDC12, UBE2A, UBE2V2, 

VAPB, XPC, ZSWIM7 

 

Translation: 

 

GO:0006412 

 

 

36 

 

 

3.2 

 

 

2.2E-

03 

EIF2AK2, EIF2AK3, EIF3G, EIF4A1, EIF4E, EIF4G2, FARSA, GSPT1, IGHMBP2, 

LARS2, MARS, MRPL13, MRPL51, MRPS18A, MRPS33, MRPS7, MRRF, NCOA5, 

PAIP1, QARS, RARS, RBM3, RPL17, RPL19, RPL21, RPL26L1, RPL27, RPL27A, 

RPL31, RPL34, RPL9, RPS15, RPS19, RPS5, RSL1D1, SECISBP2 

Cellular amide/ 

amino acid 

metabolic process:  

GO:0043603 

GO:0008652 

 

 

 

 

11 

10 

 

 

 

1.0 

0.9 

 

 

 

2.6E-

03 

4.5E-

03 

ALDH4A1, ASL, ASS1, BCAT1, DCXR, DHFRL1, DLD, ENOPH1, GLYR1, IDH1, 

IDH3B, LDHB, MCCC1, NADSYN1, PHGDH, PLOD1, PSPH, SEPHS2, TPI1 

DNA recombination: 

GO:0006310 

 

 

16 

 

1.4 

 

2.6E-

03 

HMGB1, IGHMBP2, LIG1, MLH1, MSH2, MSH6, NBN, NSMCE2, PPIA, RAD21, 

RAD52, RBM4, SMC6, TRIP13, TSN, ZSWIM7 

Chromosome 

organization: 

 

GO:0051276 

 

 

 

48 

 

 

 

4.3 

 

 

 

2.7E-

03 

ACIN1, APC, ARID2, ARID4B, BCOR, CDCA5, CENPE, CHD1, CHD2, CHD9, 

DAPK3, DDX11, EED, FAM175A, FBXO4, H2AFY, HDAC6, HIST1H2BJ, HIST1H4B, 

HIST2H2AB, HIST2H4A, HLTF, HMG20A, HMGB1, HP1BP3, JMJD1C, KDM2B, 

KDM5C, MCM2, MORF4L1, MSH2, MSH6, NAP1L1, NASP, NBN, NCAPD3, 

PRMT5, PRMT7, RBM4, RERE, RNF40, RSF1, SETD1B, SMARCAL1, SMC3, 

SUPT4H1, SUPT5H, UBE2A, WRAP53 

 

ncRNA metabolic 

process: 

GO:0034660 

 

 

27 

 

 

2.4 

 

 

3.2E-

03 

ADAT1, C1D, DEDD2, DUS1L, DUS4L, FARSA, FBL, FTSJ2, GEMIN4, INTS10, 

LARS2, MARS, METTL1, MTO1, NHP2, NOLC1, PA2G4, QARS, RARS, RPP14, 

RPS15, RPS19, TBL3, TRMT11, UTP14A, WDR36, ZCCHC11 

 

Posttranscriptional 

regulation of gene 

expression: 

GO:0010608 

 

 

 

25 

 

 

 

2.3 

 

 

 

4.2E-

03 

ANKHD1, APLP1, APP, CELF1, DICER1, EIF2AK3, EIF4E, EIF4G2, ELAVL1, 

FAM129A, FLNA, MOV10, NANOS1, NCK2, PA2G4, PAIP1, PUM1, RBM3, RPS5, 

SARNP, SMAD7, SRP14, TNRC6C, YBX1, ZCCHC11 
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Appendix Table A5. Altered biological processes and RNA-binding targets of TDP-43 in the 
differentially expressed TDP-43 Q331K cytoplasmic transcriptome 
Major biological processes are ranked by ascending P-Values (p <0.005) for the differentially expressed gene list with 
log2FC >1 and FDR <0.2. A total of 662 DEG transcripts (33 %) bound by TDP-43 were identified in the differentially 
expressed list (2001 gene transcripts are differentially expressed in the cytoplasmic transcriptome). Gene ontology-
clustered RNA-binding targets of TDP-43 are highlighted in red. 

Biological process Count % P-

Value 

Official gene symbols 

Cell cycle/ nuclear 

division related: 

 

GO:0007049 

GO:0022402 

GO:0000278 

GO:0022403 

GO:0051301 

GO:0000279 

GO:0000087 

GO:0007067 

GO:0000280 

GO:0048285 

GO:0051329 

GO:0051325 

GO:0007051 

GO:0051726 

GO:0010564 

GO:0051225 

GO:0007346 

GO:0000910 

GO:0051297 

 

 

 

 

160 

124 

87 

91 

65 

69 

52 

50 

50 

50 

29 

29 

16 

56 

25 

8 

29 

12 

10 

 

 

 

 

8.7 

6.8 

4.8 

5.0 

3.6 

3.8 

2.8 

2.7 

2.7 

2.7 

1.6 

1.6 

0.9 

3.1 

1.4 

0.4 

1.6 

0.7 

0.6 

 

 

 

1.0E-

17 

1.0E-

15 

5.8E-

13 

9.0E-

12 

1.0E-

08 

2.8E-

08 

6.5E-

08 

2.4E-

07 

2.4E-

07 

8.5E-

07 

1.6E-

06 

2.9E-

06 

3.1E-

05 

3.8E-

04 

6.5E-

04 

1.1E-

04 

2.2E-

03 

2.6E-

03 

4.5E-

03 

AATF, ABL1, AHCTF1, AK1, AKT1, ANAPC7, ANXA1, ANXA11, APBB1, APC, ARL2, 

AURKA, BBS4, BIRC5, BOP1, BUB1, CAMK2D, CCNB1, CCNE2, CCNG2, CDC20, 

CDC25B, CDC25C, CDC34, CDC45, CDC5L, CDC7, CDK20, CDK5RAP3, CDKN2C, 

CENPF, CENPJ, CEP120, CEP164, CEP250, CEP63, CEP76, CETN3, CHAF1A, 

CHMP1A, CKAP2, CKS1B, CNTROB, CSRP2BP, DCLRE1A, DDX11, DLGAP5, 

DMTF1, DNM2, DST, DTYMK, DYNC1LI1, E2F3, E2F6, E2F8, ERBB2IP, ERCC2, 

ESCO1, EXO1, FAM83D, FANCD2, FBXO5, FMN2, FNTA, FOXN3, GAK, GAS1, 

GPS1, GSK3B, H2AFX, HAUS2, HAUS5, HAUS6, HELLS, HSPA8, ILF3, ITGB1, JMY, 

KATNA1, KATNB1, KCTD11, KIF20B, KNTC1, LIG1, LIG3, LLGL2, MAP3K11, 

MDM2, MDM4, MEN1, MLF1, MLH1, MLH3, MPHOSPH9, MTBP, NAE1, NASP, 

NCOR1, NDC80, NEDD1, NEK3, NEK9, NFKBIL1, NIPBL, NOTCH2, NPM1, 

NUMA1, NUSAP1, OIP5, PAPD7, PARD3, PBK, PEBP1, PIM1, PIN1, PKD2, PKIA, 

POLD1, PPP1CB, PPP2R3B, PPP3CA, PPP6C, PRC1, PRMT5, PSMA4, PSMA6, 

PSMC6, PSMD1, PSMD13, PSMD2, PSMD9, PSME3, RACGAP1, RAN, RASSF2, 

RBM7, RHOU, RPL24, RPRM, RPS15A, SEH1L, SEPT2, SF1, SH3BP4, SIAH2, 

SIRT2, SKA2, SKA3, SMC2, SPAST, STMN1, STRADB, TACC1, TAF1, TCF3, 

TCF7L2, TERF1, TET2, TEX15, TFDP2, TLK2, TOP3A, TP53BP2, TP53INP1, TUBB, 

TUBE1, TUBG1, UBA52, UBB, UIMC1, USP22, VPS4A, WDR6, WEE1, ZC3HC1, 

ZWINT 

 

 

Protein transport/ 

localization: 

 

GO:0046907 

GO:0008104 

GO:0045184 

GO:0015031 

GO:0034613 

GO:0032507 

GO:0045185 

GO:0006886 

 

 

 

 

116 

141 

123 

121 

64 

12 

13 

57 

 

 

 

 

6.3 

7.7 

6.7 

6.6 

3.5 

0.7 

0.7 

3.1 

 

 

 

 

1.6E-

08 

2.4E-

07 

1.5E-

06 

2.7E-

06 

1.3E-

AGAP1, AKAP10, AKT1, ALS2, ANK3, AP1M1, AP1S2, AP2B1, AP2S1, AP3B1, 

ARF4, ARF5, ARFGAP2, ARFIP1, ARL17B, ARRB1, ATG16L1, ATG3, ATG4B, 

ATG7, ATL2, ATL3, ATP2C1, ATP7B, BBS4, BID, BLZF1, BNIP3, CCHCR1, CCS, 

CENPF, CEP250, CHMP1A, CHMP2A, CHMP6, CLTA, COG1, COG6, COX18, 

CPT1B, CTSA, CUX1, DDX19A, DDX19B, DNAJC19, DNM2, DST, EPS15, ERBB2IP, 

ERC1, ERGIC2, EXOC7, EXPH5, FGF9, FLNA, FRAS1, GGA1, GIPC1, GOLGA5, 

GOSR1, GSK3B, HDAC6, HNRNPA1, HPS4, HSPA8, IPO4, KATNA1, KATNB1, 

KDELR2, KIF1A, KIF20A, KIF5B, KLC1, LRPPRC, MGEA5, MLH3, MON2, MYO5A, 

MYO9B, NASP, NDC80, NDUFA13, NECAP1, NFKBIA, NFKBIE, NFKBIL1, NPM1, 

NUP50, NUP98, NXT2, OS9, OSBPL5, PABPN1, PAX6, PCSK5, PEX13, PPARG, 

PPP3CA, PUM1, RAB10, RAB11A, RAB11B, RAB11FIP4, RAB14, RAB15, RAB18, 

RAB31, RAB40B, RAB6A, RAB7A, RABEP1, RAN, RANBP3, RANGRF, RBM22, 
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03 

2.6E-

03 

3.3E-

03 

4.0E-

03 

 

REEP1, RFFL, RGPD8, RHOBTB3, RHOT1, RPS15, RSRC1, SAR1B, SCAMP3, 

SCFD1, SEC23B, SEC31A, SEC61G, SEH1L, SH3D19, SLC15A4, SLC25A1, 

SLC25A12, SMG1, SNAP23, SNAP29, SNX13, SNX14, SNX5, SNX8, SORT1, 

SPAST, SPG7, SPTBN4, SQSTM1, SRP54, SRP9, STARD3, STAU1, STON1, 

STRADB, STX10, STX3, STX7, STXBP1, SYNRG, TEX15, THOC5, TIMM10, 

TIMM23B, TMSB10, TOM1L1, TOMM40, TOMM5, TOMM7, TOPORS, TRAM1, 

TRAPPC2, TRAPPC4, UPF2, USE1, VAMP7, VCP, VPS13B, VPS26A, VPS37C, 

VPS41, VPS4A, VTI1B, YIF1A, YIPF5 

 

Cellular response to 

stress: 

 

GO:0033554 

 

 

 

103 

 

 

 

5.6 

 

 

 

2.4E-

08 

AATF, ABL1, ALKBH2, APBB1, APC, ATAD5, ATF4, ATG16L1, ATMIN, ATRX, 

ATXN3, BAZ1B, BECN1, CAT, CCDC47, CCM2, CEP164, CEP63, CHAF1A, CHD1L, 

CHST3, CSNK1D, DCLRE1A, DUSP10, DUSP9, EEPD1, EIF2B4, ERCC2, ERCC5, 

ESCO1, EXO1, FADS1, FANCD2, FANCF, FANCL, FOXN3, GPS1, GSK3B, 

GTF2H2C, GTF2H4, H2AFX, HDAC6, INSIG1, JMY, LIG1, LIG3, LONP1, MAP1B, 

MAP2K4, MAP2K7, MAP3K11, MAP3K9, MAPK8, MBIP, MDFIC, MEN1, MLH1, 

MLH3, MMS19, MRPS35, MUS81, MYOF, NAE1, NSMCE2, OS9, PAPD7, PARP2, 

PARP3, PKN1, PMS1, POLD1, POLD3, POLI, POLK, PPP1CB, PPP1R15B, PRDX3, 

PXDN, REV3L, RFC3, RFC4, RPA2, RPS3, RTEL1, RUVBL2, SLC11A2, SMC6, 

SMG1, STAC, STRADB, SUMO1, TLK2, TNRC6A, TOPORS, TYMS, UBE2A, 

UBE2V2, UBR5, UIMC1, VCP, XRCC3, XRCC6BP1, ZSWIM7 

Transcription, 

transcriptional 

regulation: 

 

GO:0006350 

GO:0045449 

GO:0051252 

GO:0006355 

 

 

 

 

293.0 

343 

238 

231 

 

 

 

 

16.

0 

19.

0 

13.

0 

13.

0 

 

 

 

 

5.2E-

08 

9.8E-

07 

1.1E-

04 

2.2E-

04 

AATF, ABL1, ADNP2, AEBP2, AHCTF1, APBB1, ARNT2, ASCC2, ASXL1, ATF2, 

ATF4, ATF5, ATF7, ATF7IP, ATRX, ATXN3, ATXN7L3, BAZ1A, BAZ1B, BAZ2B, 

BBX, BCKDHA, BCLAF1, BHLHE40, BLZF1, BPTF, BRF1, BRWD1, CAMTA1, CAT, 

CBFA2T2, CBX3, CCNC, CD3EAP, CDC5L, CDCA7, CDX2, CELSR2, CENPF, 

CHAF1A, CHD3, CHD9, CHMP1A, CLOCK, CNBP, CNOT4, CNOT6, CNOT8, 

COPS2, CREB3L2, CSDE1, CTNNBIP1, CUX1, DACH1, DDX5, DEDD, DEK, DIDO1, 

DMTF1, DNAJB6, DNM2, DNMT1, DNMT3A, DNMT3B, E2F3, E2F6, E2F8, 

EDA2R, EED, ELF2, ELP3, ELP4, ENO1, ERC1, ERCC2, ERF, ESRRA, ETV4, EWSR1, 

FADS1, FLNA, FOXN3, GABPB1, GATAD1, GON4L, GTF2A2, GTF2F1, GTF2H2C, 

GTF2H4, GTF2IRD2B, GTF3C5, HAT1, HDAC4, HDAC6, HDAC9, HELLS, HES1, 

HIVEP1, HIVEP2, HKR1, HMBOX1, HMGA1, HNF4G, HNRNPD, HOMEZ, HOXA9, 

HOXC6, HOXC9, HOXD13, IGF2BP1, IKBKG, IKZF5, ILF3, IRAK1, JMJD6, JMY, 

KAT2A, KDM1A, KDM2A, KDM2B, KHSRP, KLF3, KRBA2, L3MBTL3, LBH, LEF1, 

LIMD1, LIN54, LRPPRC, LRRFIP1, MAML2, MBD1, MDFIC, MDM2, MDM4, 

MED17, MED24, MED25, MED29, MED31, MED6, MEF2A, MEF2C, MEIS1, 

MEIS2, MEN1, MIER3, MKL1, MKL2, MLF1, MMS19, MURC, MYBL1, MYBL2, 

MYNN, MYPOP, NAA15, NCOA1, NCOA7, NCOR1, NCOR2, NDUFA13, NFAT5, 

NFATC3, NFE2L1, NFIA, NFIB, NFKBIA, NFKBIZ, NKX3-1, NOTCH2, NPM1, PAIP1, 

PAPOLA, PAX3, PAX6, PBX1, PBXIP1, PCGF3, PDCD6, PFN1, PHF1, PHF12, PHF3, 

PHF6, PIAS3, PIM1, PKIA, POLR1A, POLR1D, POLR1E, POLR2H, POLR2I, 

POLR2J2, POLR2J3, POLR2L, POLR3D, PPARG, PPM1A, PQBP1, PRDM16, 

PRDX3, PRMT5, PSMD9, PTOV1, PUF60, RAB18, RAN, RBM5, RCOR2, RIPK2, 

RNASEK, RNF4, RNPS1, RPS13, RPS3, RREB1, RRN3, RUVBL2, S1PR1, SARNP, 

SERBP1, SETD2, SF1, SFMBT1, SIM2, SIN3A, SIN3B, SIRT2, SIRT5, SLC30A9, 

SMAD7, SMAD9, SMARCD1, SNAPC3, SNAPC5, SOX5, SP4, SQSTM1, SRFBP1, 

STAT3, STON1, SUMO1, SUPT3H, TAF1, TAF1A, TAF4B, TAF6L, TAF8, TARBP2, 

TBX1, TCEAL8, TCEB2, TCF3, TCF7L2, TCFL5, TEAD2, TERF1, TFDP2, TGFBR1, 

TGIF1, TIGD2, TIGD7, TMPO, TOPORS, TRAPPC2, TRIB3, TROVE2, TSC22D3, 

TTF1, TTLL5, UBA52, UBB, UIMC1, USF1, USF2, USP22, VDR, VGLL4, WHSC1, 

YY1, ZBTB44, ZBTB6, ZFAT, ZFP64, ZFP91, ZHX1, ZKSCAN2, ZNF107, ZNF138, 

ZNF148, ZNF160, ZNF189, ZNF195, ZNF202, ZNF207, ZNF211, ZNF221, ZNF224, 

ZNF226, ZNF227, ZNF229, ZNF233, ZNF248, ZNF263, ZNF267, ZNF268, 

ZNF280D, ZNF329, ZNF331, ZNF337, ZNF35, ZNF382, ZNF404, ZNF407, 

ZNF419, ZNF426, ZNF431, ZNF433, ZNF436, ZNF44, ZNF441, ZNF470, ZNF48, 

ZNF493, ZNF518A, ZNF519, ZNF529, ZNF548, ZNF549, ZNF555, ZNF562, 

ZNF57, ZNF571, ZNF573, ZNF574, ZNF582, ZNF586, ZNF595, ZNF605, ZNF615, 

ZNF621, ZNF625, ZNF641, ZNF644, ZNF649, ZNF670, ZNF700, ZNF701, ZNF709, 

ZNF71, ZNF714, ZNF720, ZNF721, ZNF747, ZNF76, ZNF766, ZNF780B, ZNF800, 

ZNF81, ZNF813, ZNF821, ZNHIT3, ZSCAN18, ZSCAN23, ZXDA 
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Microtubule/ 

cytoskeleton based 

process: 

 

GO:0007017 

GO:0007010 

GO:0000226 

GO:0032886 

GO:0070507 

GO:0031110 

 

 

 

 

 

55 

77 

34 

16 

14 

10 

 

 

 

 

3.0 

4.2 

1.9 

0.9 

0.8 

0.6 

 

 

 

 

2.6E-

07 

5.5E-

06 

1.8E-

05 

9.6E-

05 

2.4E-

04 

3.6E-

03 

ABI2, ABL1, ACTR10, ADD1, ALDOA, AMOT, ANK3, APC, ARHGAP10, ATP2C1, 

AURKA, BBS4, CALD1, CAP2, CDC42BPB, CENPJ, CEP120, CEP250, CEP63, 

CEP76, CETN3, CNN3, CNTROB, CYTH2, DAAM2, DLC1, DNAJB6, DST, DYNC1I2, 

DYNC1LI1, DYNLL1, EPB41L1, EPB41L2, EPB41L3, ERBB2IP, FBXO5, FERMT2, 

FLNA, FMN2, HAUS2, HAUS5, HAUS6, HDAC6, INPP5K, ITGB1, KATNA1, 

KATNB1, KIF16B, KIF1A, KIF20A, KIF20B, KIF21A, KIF24, KIF5B, KIF7, KIFC3, 

KLC1, KTN1, LASP1, LRPPRC, MAP1B, MAP2, MAP3K11, MID1IP1, MLH1, 

MYO9B, NCK2, NCOR1, NDC80, NPHP4, NPM1, NUSAP1, OBSL1, OFD1, 

PACSIN2, PARVA, PEX13, PFN1, PLD2, PRC1, RACGAP1, RAN, RHOT1, RHOU, 

RICTOR, SEH1L, SEMA6A, SGCB, SKA2, SKA3, SPAST, SPG7, SPTBN4, SSH1, 

STMN1, TERF1, TMSB10, TRPM7, TUBA1B, TUBB, TUBD1, TUBE1, TUBG1, 

TUBG2, TUBGCP2, ZWINT 

 

Golgi /vesicle 

transport: 

 

GO:0048193 

GO:0016192 

GO:0006892 

GO:0006888 

 

 

 

35 

96 

18 

13 

 

 

 

1.9 

5.2 

1.0 

0.7 

 

 

 

4.1E-

07 

4.5E-

06 

6.2E-

05 

9.4E-

04 

ALS2, AP1M1, AP1S2, AP2B1, AP2S1, AP3B1, ARF4, ARF5, ARFGAP2, ARL17B, 

ARRB1, ATL2, ATL3, BLZF1, CHMP1A, CLTA, COG1, CPNE1, CUX1, CYTH1, 

CYTH2, DNM2, EHD4, ELMO2, EPN2, ERC1, ERGIC2, EXOC7, FLNA, GAPVD1, 

GGA1, GLRB, GOLGA5, GOSR1, GTF2H2C, GULP1, HSPA8, ITSN1, ITSN2, JMJD6, 

KALRN, KDELR2, KIF20A, LLGL2, LRP4, MON2, NECAP1, OSBPL1A, OSBPL5, 

PACSIN2, PLD2, PUM1, RAB14, RAB18, RAB6A, RAB7A, RABEP1, RABEPK, 

RBM12, RHOBTB3, SAR1B, SCAMP3, SCFD1, SDF4, SEC23B, SEC31A, SH3BP4, 

SH3D19, SNAP23, SNAP29, SNAP91, SORT1, SPAST, SPTBN4, SQSTM1, SRC, 

STON1, STX10, STX3, STX7, STXBP1, SYNRG, TRAPPC2, TRAPPC4, TRIM36, 

USE1, VAMP3, VAMP4, VAMP7, VCP, VLDLR, VPS26A, VPS41, VPS4A, VTI1B, 

YIF1A, YIPF5 

DNA damage/ repair 

response: 

 

GO:0006974 

GO:0006281 

 

 

 

69 

54 

 

 

 

3.8 

3.0 

 

 

 

3.6E-

06 

2.2E-

05 

AATF, ABL1, ALKBH2, APBB1, APC, ATAD5, ATMIN, ATRX, ATXN3, BAZ1B, 

CEP164, CEP63, CHAF1A, CHD1L, CSNK1D, DCLRE1A, EEPD1, ERCC2, ERCC5, 

ESCO1, EXO1, FANCD2, FANCF, FANCL, FOXN3, GTF2H2C, GTF2H4, H2AFX, 

JMY, LIG1, LIG3, MEN1, MLH1, MLH3, MMS19, MRPS35, MUS81, NAE1, 

NSMCE2, PAPD7, PARP2, PARP3, PMS1, POLD1, POLD3, POLI, POLK, PPP1CB, 

REV3L, RFC3, RFC4, RPA2, RPS3, RTEL1, RUVBL2, SMC6, SMG1, SUMO1, TLK2, 

TOPORS, TYMS, UBE2A, UBE2V2, UBR5, UIMC1, VCP, XRCC3, XRCC6BP1, 

ZSWIM7 

 

DNA metabolic 

process: 

 

GO:0006259 

 

 

 

87 

 

 

 

4.8 

 

 

 

3.9E-

06 

ABL1, ALKBH2, ATF7IP, ATRX, ATXN3, BNIP3, CCNE2, CDC25C, CDC34, CDC45, 

CDC7, CENPF, CEP164, CHAF1A, CHD1L, CSNK1D, DCLRE1A, RIT1, DNMT1, 

DNMT3A, DNMT3B, EEPD1, ERCC2, ERCC5, ESCO1, EXO1, FANCD2, FANCF, 

FANCL, GIN1, GINS1, GTF2H2C, GTF2H4, H2AFX, HELLS, HMGA1, HSPD1, JMY, 

KCTD13, KRBA2, LIG1, LIG3, LONP1, MCM9, MEN1, MLH1, MLH3, MMS19, 

MUS81, MYO18A, NAE1, NASP, NFIA, NFIB, NOL8, NSMCE2, NUP98, PAPD7, 

PARP2, PARP3, PMS1, POLD1, POLD3, POLI, POLK, PPIA, RAN, REV3L, RFC3, 

RFC4, RPA2, RRM1, RTEL1, RUVBL2, SMC6, SMG1, SUMO1, TERF1, TOP3A, 

TYMS, UBE2A, UBE2V2, UIMC1, VCP, XRCC3, XRCC6BP1, ZSWIM7 

 

Protein catabolic 

process and 

ubiquitin-dependent 

protein degradation: 

 

GO:0043632 

GO:0019941 

GO:0030163 

GO:0009057 

GO:0051603 

GO:0044257 

GO:0044265 

GO:0016567 

GO:0051248 

GO:0032269 

 

 

 

 

 

93 

93 

99 

118 

94 

94 

109 

26 

35 

33 

 

 

 

 

 

5.1 

5.1 

5.4 

6.4 

5.1 

5.1 

6.0 

1.4 

1.9 

1.8 

 

 

 

 

 

2.0E-

05 

2.0E-

05 

2.2E-

05 

3.8E-

05 

6.8E-

05 

ADAMTS9, AKT1, ANAPC7, APC, ARIH2, ASB13, ATG3, ATG4B, ATG7, AXIN1, 

BNIP3, CACYBP, CCNB1, CCNB1IP1, CDC20, CDC34, CNOT4, CPS1, DCAF15, 

RIT1, DLC1, DNMT1, DNMT3B, EDEM1, EIF2A, EIF2B4, EIF3K, EIF4E3, EIF4G3, 

ERCC2, ERCC5, ETF1, FANCL, FBXO25, FBXO33, FBXO41, FBXO45, FBXO5, 

FBXO7, FBXO9, FBXW2, FEM1B, FLNA, FNTA, FURIN, GIPC1, GTF2H2C, GTF2H4, 

HDAC4, HDAC6, HNRNPD, IGF2BP1, IGF2BP2, IGF2BP3, KDM2A, KDM2B, 

KLHL12, LONP1, MAP3K11, MAP3K9, MARCH5, MARCH7, MARCH8, MDFIC, 

MDM2, MDM4, MEN1, MGEA5, MGRN1, MIB2, MKNK1, MLH1, MTBP, MTIF3, 

MTRF1, NAE1, NCK2, NDUFA13, NEDD4L, NFKBIA, NGDN, NGLY1, NOSIP, 

NSMCE2, OS9, PAIP1, PEBP1, PIAS3, PIN1, PKN1, POP1, PPIL2, PPP1R15B, 

PPP2R4, PRKCA, PSMA4, PSMA6, PSMC6, PSMD1, PSMD13, PSMD2, PSMD9, 

PSME3, PUM1, RAB40B, RFFL, RICTOR, RNF128, RNF34, RNF40, RNF7, RNH1, 

RNPS1, RPA2, RPS5, SAE1, SARNP, SH3D19, SIAH2, SMAD7, SMG1, SOCS2, 

SOCS4, SOCS7, SPG7, SPSB1, SQSTM1, SRP9, SUMO1, TAF1, TARBP2, TCEB2, 

TGFBR1, TIA1, TIMP1, TNRC6A, TOM1L1, TOPORS, TRIM23, UBA52, UBB, 
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GO:0042176 

GO:0032268 

GO:0006511 

 

14 

70 

40 

0.8 

3.8 

2.2 

8.2E-

05 

9.5E-

05 

5.3E-

04 

9.9E-

04 

2.0E-

03 

2.3E-

03 

3.0E-

03 

4.3E-

03 

UBE2A, UBE2D2, UBE2D3, UBE2J2, UBE2K, UBE2O, UBE2V2, UBE3B, UBL5, 

UBL7, UBR3, UBR4, UBR5, UPF2, UPF3A, USE1, USP10, USP22, USP33, USP38, 

USP42, USP43, USP44, USP47, USP48, USP54, USP8, VCP, WDSUB1, YME1L1, 

ZC3HC1, ZFP91 

 

Protein modification 

by small protein 

conjugation or 

removal 

 

GO:0070647 

GO:0032446 

 

 

 

 

 

35 

30 

 

 

 

 

 

1.9 

1.6 

 

 

 

 

 

4.5E-

05 

8.6E-

05 

AKT1, ATG3, ATXN7L3, CDC34, FBXO25, FBXO9, HDAC6, KAT2A, MDM2, MIB2, 

NAE1, NEDD4L, NOSIP, OS9, PIAS3, PPIL2, RNF40, RNF7, SAE1, SIAH2, SOCS7, 

SUMO1, SUPT3H, TRIM23, UBA52, UBB, UBE2A, UBE2D2, UBE2D3, UBE2V2, 

UIMC1, USP22, USP33, VCP, WDSUB1 

 

 

 

 

Macromolecular / 

ribonucleoprotein 

complex assembly: 

 

GO:0043933 

GO:0034621 

GO:0070271 

GO:0006461 

GO:0065003 

GO:0010605 

GO:0034622 

 

 

 

 

108 

62 

80 

80 

100 

108 

52 

 

 

 

 

5.9 

3.4 

4.4 

4.4 

5.5 

5.9 

2.8 

 

 

 

 

6.4E-

05 

8.3E-

05 

1.8E-

04 

1.8E-

04 

1.9E-

04 

2.3E-

04 

1.4E-

03 

AATF, ABI2, ADSL, AHCTF1, ANAPC7, AP2S1, APBB1, APC, ARL2, ATF7IP, 

ATG16L1, ATL2, ATL3, ATPIF1, BCLAF1, BHLHE40, BNIP3, BNIP3L, BPTF, BRF1, 

CAT, CBFA2T2, CBX3, CDC20, CDC45, CDX2, CELF1, CENPF, CENPJ, CHAF1A, 

CHMP1A, COPS2, COX11, COX18, CTNNBIP1, CUX1, CYBA, DEDD, DGKH, 

DNAJB6, DNMT1, DNMT3A, DNMT3B, E2F3, E2F6, EED, EIF2A, EIF2B4, ENO1, 

ERCC2, ETF1, FBXO5, FLNA, FNTA, FOXN3, FURIN, GIPC1, GLRB, GTF2A2, 

GTF2F1, GTF2H2C, GTF2H4, H1F0, H2AFV, H2AFX, H3F3B, HAT1, HDAC4, 

HDAC6, HDAC9, HELLS, HES1, HIST1H3B, HIST1H4H, HIVEP1, HMGA1, HP1BP3, 

HSD17B10, HSPD1, IGF2BP1, IGF2BP2, IGF2BP3, ILF3, IPO4, IRAK1, KDM1A, 

KNTC1, LEF1, LONP1, LRRFIP1, MAP3K11, MBD1, MDM2, MDM4, MED17, 

MED24, MEF2C, MEIS2, MEN1, MGEA5, MLH1, MTIF3, MTRF1, MTRF1L, 

MYPOP, NASP, NCK2, NCOR1, NCOR2, NDUFA13, NPM1, NUP98, PARD3, 

PARVA, PAX3, PBXIP1, PEBP1, PEX13, PFDN6, PFKL, PHF12, PKIA, POLR2H, 

POLR2I, POLR2L, PPARG, PPP2R4, PRDM16, PRKAG1, PRKCA, PRMT5, PRPF31, 

PSMA4, PSMA6, PSMC6, PSMD1, PSMD13, PSMD2, PSMD9, PSME3, RBM5, 

RCOR2, RNF128, RPL24, RPS13, RPS15, RPS3, RRM1, SBF2, SCO2, SEH1L, SF1, 

SHMT1, SIM2, SIN3A, SIN3B, SIRT2, SIRT5, SMAD7, SNAP91, SNAPC5, SNRPC, 

SNRPD2, SPAST, SRC, SRP54, SRP9, STAT3, STMN1, STON1, SUMO1, TAF1, 

TAF4B, TAF6L, TARBP2, TAZ, TCEB2, TERF1, TGIF1, TIA1, TIMP1, TNRC6A, TSR1, 

TTF1, TUBA1B, TUBB, TUBD1, TUBE1, TUBG1, TUBG2, TUBGCP2, UBA52, UBB, 

UIMC1, VAMP3, VCP, VDR, ZFP91, ZHX1, ZNF148, ZNF189, ZNF202, ZNF382 

 

Chromatin 

organization/ 

modification: 

 

GO:0051276 

GO:0016568 

GO:0006325 

GO:0016569 

GO:0006338 

 

 

 

 

 

79 

50 

60 

25 
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4.3 
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1.4 
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7.7E-

05 

1.3E-

04 

1.2E-

03 

2.8E-

03 

4.5E-

03 

ACIN1, AEBP2, APBB1, APC, ATXN7L3, BAZ1B, BNIP3, BPTF, CABIN1, CBX3, 

CENPF, CHAF1A, CHD1L, CHD3, CHD9, CHMP1A, CHRAC1, CSRP2BP, DAPK3, 

DDX11, RIT1, DLGAP5, DNMT1, DNMT3A, DNMT3B, EED, EHMT2, FANCD2, 

H1F0, H2AFV, H2AFX, H3F3B, HAT1, HDAC4, HDAC6, HDAC9, HELLS, HIST1H3B, 

HIST1H4H, HMGA1, HP1BP3, JMJD6, KAT2A, KDM1A, KDM2A, KDM2B, 

KDM6A, MEN1, MLH3, MSL1, NASP, NCAPH2, NCOR1, NDC80, NIPBL, NPM1, 

NUSAP1, PAPD7, PHF1, PRMT5, RNF40, RTEL1, RUVBL2, SEH1L, SETD2, SIRT2, 

SMARCD1, SMC2, SUPT3H, TAF6L, TERF1, TEX15, TLK2, TTF1, UBE2A, UIMC1, 

USP22, WHSC1, ZWINT 
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Translation/ 

translational 

regulation: 

 

GO:0006414 

GO:0006412 

GO:0006413 

GO:0006417 
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58 
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9.4E-

05 

1.1E-

04 

1.3E-

04 

4.1E-

03 

AKT1, BRF1, DHPS, DMXL2, EEF1D, EFTUD1, EIF1AD, EIF2A, EIF2B4, EIF3C, 

EIF3F, EIF3G, EIF3J, EIF3K, EIF4E3, EIF4G3, ETF1, HBS1L, IGF2BP1, IGF2BP2, 

IGF2BP3, LARS, MKNK1, MRPL11, MRPL2, MRPL22, MRPL55, MRPS16, 

MRPS18B, MRPS36, MTIF3, MTRF1, MTRF1L, NCK2, NDUFA13, NGDN, PAIP1, 

PPP1R15B, PRKCA, PUM1, RPL10, RPL14, RPL17, RPL18, RPL19, RPL21, RPL24, 

RPL26, RPL3, RPL31, RPL38, RPLP0, RPS13, RPS15, RPS15A, RPS18, RPS19, 

RPS24, RPS3, RPS3A, RPS5, SARNP, SARS2, SRP9, TARBP2, TARS, TARS2, TIA1, 

TNRC6A, TSFM, UBA52, UBB, VARS2 

Cell death/ 

apoptosis: 

 

GO:0006915 

GO:0012501 

GO:0043065 

GO:0043068 

GO:0008219 

GO:0010942 

GO:0016265 

GO:0006917 

GO:0012502 

GO:0042981 

 

 

 

 

90 

91 

67 

67 

102 

67 

102 

51 

51 

109 

 

 

 

 

4.9 

5.0 

3.7 

3.7 

5.6 

3.7 

5.6 

2.8 

2.8 

6.0 

 

 

 

 

5.0E-

04 

5.2E-

04 

9.9E-

04 

1.2E-

03 

1.3E-

03 

1.3E-

03 

1.6E-

03 

2.6E-

03 

2.8E-

03 

4.0E-

03 

AATF, ABL1, ACIN1, ACVR1C, AKT1, ALS2, ANXA1, APBB1, APC, ARNT2, ATF5, 

ATXN3, AXIN1, AXIN2, BAG4, BAG5, BCL2L11, BCL2L13, BCLAF1, BECN1, BID, 

BIRC5, BNIP2, BNIP3, BNIP3L, CADM1, CAMK1D, CASP7, CAT, CDKN2C, CFLAR, 

CKAP2, COL4A3, CTSB, DAP3, DAPK1, DAPK3, DDX19B, DEDD, RIT1, DIDO1, 

DLC1, DNAJB6, DNM2, DYNLL1, EI24, ELMO2, EPHA7, ERCC2, ERCC5, FASTK, 

FASTKD1, FASTKD2, FEM1B, FNTA, FURIN, FXR1, GAS1, GSK3B, GULP1, HDAC6, 

HELLS, HSPD1, IKBKG, IP6K2, IRAK1, ITSN1, JMJD6, JMY, KALRN, MAP3K11, 

MAP3K7, MAPK8, MCF2L, MCL1, MDM4, MEF2A, MEF2C, MEN1, MGEA5, 

MKL1, MLH1, MTCH1, MYO18A, NAE1, NDUFA13, NDUFS1, NFKBIA, NFKBIL1, 

NOTCH2, NPM1, NQO1, PAX3, PDCD5, PDCD6, PEA15, PEG10, PIM1, PRDX3, 

PRKCA, PSME3, PUF60, RABEP1, RASGRF2, RASSF5, RBM5, REEP1, RFFL, 

RHOT1, RIPK2, RNF34, RNF7, RPS3, RPS3A, RTEL1, RTKN, SEMA6A, SGK1, 

SIAH2, SLC11A2, SOCS2, SON, SORT1, SPAST, SPG20, SPG7, SQSTM1, SRC, 

STRADB, TCF7L2, TERF1, TGFBR1, TIA1, TNFRSF10B, TOPORS, TP53BP2, 

TP53INP1, TPT1, TRAF5, TRIB3, TSC22D3, TTBK2, TUBB, UBA52, UBB, UNC5C, 

VCP, VDAC1, VDR, ZC3HC1, ZDHHC16, ZFP91, ZFYVE27 

 

Phosphorylation: 

 

GO:0006468 

GO:0016310 

 

 

96 

109 

 

 

5.2 

6.0 

 

 

1.1E-

03 

3.4E-

03 

ABI2, ABL1, ACVR1C, ADRBK1, AGK, AKT1, AKT3, ARAF, ATP5E, ATP6V1D, 

AURKA, BAZ1B, BCKDK, BMP2K, BUB1, CAMK1D, CAMK2D, CDC42BPB, CDC7, 

CDK16, CDK20, CHRFAM7A, CHUK, CSNK1A1, CSNK1D, CSNK1G1, CSNK1G2, 

CSNK2A1, DAPK1, DAPK3, DDR1, DGUOK, DSTYK, EIF2A, EPHA7, ERC1, FASTK, 

FRS2, GAK, GOLGA5, GSK3B, IP6K2, IRAK1, KALRN, KSR1, LIMK2, MAK, MAP2, 

MAP2K4, MAP2K5, MAP2K7, MAP3K11, MAP3K7, MAP3K9, MAP4K4, MAPK8, 

MATK, MDFIC, MEX3B, MKNK1, MON2, MVD, NDUFA10, NDUFA5, NDUFB10, 

NDUFS1, NEK3, NEK9, NIN, NRBP2, PBK, PIM1, PINK1, PKN1, PRKACB, PRKAG1, 

PRKCA, PTPRA, PXK, RIOK3, RIPK2, RPS6KB1, RSRC1, SCYL2, SCYL3, SGK1, 

SMAD7, SMG1, SRC, STK35, STRADB, TAF1, TAZ, TBCK, TBK1, TESK1, TFG, 

TGFBR1, TLK2, TRIB3, TRPM7, TTBK2, TYRO3, UQCR10, UQCRC1, VRK1, VRK3, 

WEE1, YES1 

 

Posttranscriptional 

regulation of gene 

expression: 

GO:0010608 

 

 

 

 

38.0 

 

 

 

2.1 

 

 

 

1.2E-

03 

AKT1, AURKA, BRF1, CELF1, EIF2A, EIF2B4, EIF3K, EIF4E3, EIF4G3, ETF1, FBXO7, 

FLNA, GIPC1, HNRNPD, HPS4, HSPD1, IGF2BP1, IGF2BP2, IGF2BP3, MDM4, 

MKNK1, MTIF3, MTRF1, NCK2, NDUFA13, NGDN, PAIP1, PPP1R15B, PRKCA, 

PUM1, RPS5, SARNP, SERBP1, SMAD7, SRP9 TARBP2, TIA1, TNRC6A 

Organelle 

organization/ 

localization: 

 

GO:0033043 

GO:0051640 

 

 

 

 

 

38 

20 

 

 

 

 

2.1 

1.1 

 

 

 

 

2.0E-

03 

2.9E-

ADD1, AMOT, APC, ARPC3, BBS4, BIRC5, BUB1, CDC25C, CENPF, CEP120, 

CEP250, CEP76, DLC1, DLGAP5, DNMT1, DNMT3B, DST, DYNC1LI1, FMN2, 

HDAC6, KATNB1, KIF20B, LRPPRC, MAP1B, MAP2, MEN1, MID1IP1, MLH1, 

NCK2, NDC80, NEXN, NFKBIL1, NIN, NPM1, NUSAP1, PEBP1, PEX13, PIN1, 

PRMT5, RHOT1, RICTOR, RPS15, S1PR1, SEH1L, SEMA6A, SKA2, SKA3, SNAP23, 

SNAP29, SPTBN4, TERF1, TLK2, TMSB10 
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03 

Anti-apoptosis: 

GO:0006916 

 

36. 

 

2.0 

 

2.8E-

03 

AATF, AKT1, ANXA1, ATF5, BAG4, BECN1, BIRC5, BNIP2, BNIP3, BNIP3L, CFLAR, 

DAPK1, GSK3B, HELLS, IRAK1, MCL1, MEF2C, MKL1, MYO18A, NFKBIA, 

NOTCH2, NPM1, PEA15, RIPK2, RNF7, RTEL1, SOCS2, SON, SQSTM1, STRADB, 

TCF7L2, TGFBR1, TPT1, UBA52, UBB, ZC3HC1 
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Appendix Table A6. Altered biological processes and RNA-binding targets of TDP-43 in the 
differentially expressed TDP-43 Q331K GRASPS translatome 
Major biological processes are ranked by ascending P-Values (p <0.005) for the differentially expressed gene list with 
log2FC >1 and FDR <0.2. A total of 1377 DEG transcripts (32 %) bound by TDP-43 were identified in the differentially 
expressed list (4264 gene transcripts are differentially expressed in the GRASPS translatome). Gene ontology-
clustered RNA-binding targets of TDP-43 are highlighted in red. 

Biological process Count % P-

Value 

Official gene symbols 

Cell cycle/ nuclear 

division related: 

 

GO:0007049 

GO:0022402 

GO:0000278 

GO:0022403 

GO:0000087 

GO:0007067 

GO:0000280 

GO:0051301 

GO:0048285 

GO:0000279 

GO:0051726 

GO:0051329 

GO:0007346 

GO:0051325 

GO:0007050 

GO:0000082 

 

 

 

 

227 

176 

129 

117 

74 

73 

73 

89 

74 

93 

88 

31 

41 

31 

28 

18 

 

 

 

 

8.3 

6.4 

4.7 

4.3 

2.7 

2.7 

2.7 

3.3 

2.7 

3.4 

3.2 

1.1 

1.5 

1.1 

1.0 

0.7 

 

 

 

 

7.8E-23 

6.9E-21 

6.2E-20 

7.2E-11 

2.0E-10 

2.1E-10 

2.1E-10 

5.0E-10 

6.0E-10 

7.6E-09 

4.0E-07 

4.0E-04 

5.1E-04 

6.8E-04 

4.1E-03 

4.3E-03 

 

AATF, ADCY3, AKT1, ANAPC1, ANAPC11, ANAPC5, ANXA11, APBB1, ARAP1, 

ARHGAP8, ARHGEF2, ASNS, ASPM, AURKB, BARD1, BBS4, BCAT1, BIN3, BIRC5, 

BMP2, BOD1, BRE, BRSK1, BUB1B, CABLES1, CALM3, CASP3, CCNA1, CCNB1, 

CCNE1, CCNE2, CCNG1, CCNH, CDC123, CDC16, CDC20, CDC25A, CDC25B, 

CDC27, CDC37, CDC42, CDC45, CDCA3, CDCA7L, CDCA8, CDK1, CDK10, CDK13, 

CDK4, CDK5RAP1, CDK5RAP3, CDK7, CDKN1A, CDKN1C, CDKN3, CENPV, 

CEP250, CETN3, CFL1, CGREF1, CHEK2, CHFR, CHTF18, CHTF8, CKAP5, CLIP1, 

CSRP2BP, CUL1, CUL7, CUL9, CYLD, DAXX, DBF4B, DCTN1, DCTN2, DDB1, 

DDX11, DGKZ, DLG1, DMTF1, DNM2, DSN1, E2F6, E4F1, EGFR, EIF4G2, ERCC2, 

ERCC3, EXO1, FANCA, FANCI, FOXM1, FZR1, GADD45B, GAK, GMNN, GPS1, 

GSPT1, HAUS4, HAUS5, HAUS6, HAUS8, HBP1, HECTD3, HERC5, HEXIM2, HHEX, 

HJURP, HMG20B, HSPA8, ILF3, ILK, ILKAP, INCENP, ING4, INTS3, IRF6, ITGB1, 

JAG2, KATNB1, KLHDC3, LIG1, LIG3, LZTS1, MACF1, MAD1L1, MAD2L2, MADD, 

MAEA, MAP2K1, MAP3K11, MAP9, MAPK14, MAPK3, MAPK7, MAPRE2, 

MARK4, MCM2, MCM3, MCM5, MCM7, MDM4, MEN1, MIS12, MKI67, MLF1, 

MLH1, MPHOSPH6, MSH5, MSH6, MYC, MYCBP2, MYH10, NASP, NCAPD2, 

NCAPD3, NCAPH, NCOR1, NDE1, NEK1, NEK4, NEK6, NOLC1, NPM1, NUDC, 

NUP37, OIP5, PA2G4, PBK, PBRM1, PCNP, PCNT, PDPN, PEX11B, PIM3, PKIA, 

PKMYT1, PLK1, PML, POLE, PPP1CA, PPP3CA, PPP5C, PRC1, PRMT5, PRR5, 

PSMA1, PSMA2, PSMA3, PSMA4, PSMA6, PSMA7, PSMB7, PSMC2, PSMC3, 

PSMC3IP, PSMC4, PSMC5, PSMC6, PSMD1, PSMD10, PSMD12, PSMD13, 

PSMD3, PSMD4, PSMD6, PSMD8, PSME1, PSME3, PSMF1, PSMG2, RAD21, 

RAN, RASSF1, RB1CC1, RBBP4, RBBP8, RBM7, RCC1, RIF1, RNF167, RNF2, 

ROCK2, RPS27A, RUVBL1, SBDS, SCRIB, SEPT1, SEPT2, SEPT5, SEPT9, SESN3, 

SF1, SGSM3, SKP1, SKP2, SMARCA4, SMARCB1, SPC24, SPIN2B, STEAP3, STK11, 

STRADB, SUPT5H, SUV39H2, SYCE1L, TACC3, TAF6, TARDBP, TBRG4, TCF3, 

TCF7L2, TERF1, TFDP2, TMEM8B, TP53, TP73, TPD52L1, TPX2, TSPYL2, TUBE1, 

UBA3, UBC, UBE2C, UBE2E1, UBE2I, UIMC1, WDR6, WEE1, WTAP, XPO1, 

ZBTB16, ZBTB17, ZC3HC1, ZWINT 

 

Cellular/ protein 

catabolic process 

and ubiquitin-

dependent protein 

degradation: 

 

GO:0044265 

GO:0009057 

GO:0043632 

GO:0019941 

GO:0030163 

GO:0006511 

GO:0051603 

GO:0044257 

GO:0051351 

GO:0051443 

GO:0051439 

GO:0051437 

GO:0031398 

GO:0051340 

GO:0051438 

GO:0010498 

GO:0043161 

GO:0031396 

 

 

 

 

 

 

204 

214 

167 

167 

177 

91 

172 

172 

41 

40 

40 

39 

43 

42 

41 

48 

48 

47 

 

 

 

 

 

 

7.5 

7.8 

6.1 

6.1 

6.5 

3.3 

6.3 

6.3 

1.5 

1.5 

1.5 

1.4 

1.6 

1.5 

1.5 

1.8 

1.8 

1.7 

 

 

 

 

 

 

1.8E-18 

6.4E-18 

2.2E-16 

2.2E-16 

2.4E-16 

2.4E-16 

2.8E-16 

5.0E-16 

1.4E-14 

1.5E-14 

2.8E-14 

2.8E-14 

2.1E-13 

2.4E-13 

2.7E-13 

3.8E-13 

3.8E-13 

7.3E-13 

ACR, ADAM15, ADAM23, ADAMTS10, AIFM1, AKT1, AKT2, AMZ2, ANAPC1, 

ANAPC11, ANAPC5, APOE, ARNT, ARNTL, ASB6, ATG4A, ATG4B, AUH, BACE2, 

BAP1, BARD1, BECN1, BIRC6, BMP1, BNIP3, BRAP, BUB1B, C2, CAND1, CAND2, 

CAPN1, CAPN2, CAPNS1, CASP3, CASP6, CASP7, CBLL1, CCNB1, CCNB1IP1, 

CCNH, CD46, CD55, CDC16, CDC20, CDC27, CDCA3, CDK1, CDK7, CHFR, CLN3, 

CLN5, CLN6, CLU, CNDP2, CNOT4, CR2, CST3, CTSB, CTSD, CTSH, CUL1, CUL7, 

CUL9, CYCS, CYLD, DCUN1D2, DDB1, DDB2, DERL1, DERL2, DLD, DNAJA3, 

DNASE1L1, DNMT1, DNPEP, DPP9, E4F1, ECD, EIF2B1, EIF2B4, EIF3E, EML2, 

ERCC1, ERCC2, ERCC3, ERCC4, ERLEC1, FAF1, FAM129A, FANCL, FBXL16, 

FBXL20, FBXL4, FBXO22, FBXO36, FBXO8, FBXO9, FBXW2, FBXW7, FKBP1A, 

FLNA, FZR1, G6PD, GAA, GAN, GCLC, GIPC1, GNS, GSPT1, GTF2H2, GTF2H2C, 

GTF2H3, GUSB, HDAC6, HECTD2, HECTD3, HERC5, HERC6, HIF1A, HLTF, 

HNRNPD, HSP90B1, HTRA1, ITCH, ITGAV, KCMF1, KDM2B, LGMN, LMO7, 

LONP1, LONP2, LRRC29, LTA4H, MALT1, MARCH6, MARCH7, MDM4, MEN1, 

METAP2, MIB2, MLH1, MMP2, MPG, MUTYH, MYC, MYCBP2, NEDD4, NEDD4L, 

NF2, NGLY1, NHEJ1, NSMCE2, OS9, OSGEP, OTUB1, OTUD5, PABPC4, PACSIN3, 

PAF1, PCNP, PCSK1N, PCSK6, PEG10, PIAS1, PIAS2, PIGK, PITRM1, PJA1, PLAT, 

PLK1, PML, PMPCA, PMPCB, PNRC2, PPARA, PPP2R1A, PPP2R4, PRKAG1, 

PRKCZ, PRPF19, PSEN2, PSMA1, PSMA2, PSMA3, PSMA4, PSMA6, PSMA7, 

PSMB7, PSMC2, PSMC3, PSMC4, PSMC5, PSMC6, PSMD1, PSMD10, PSMD12, 

PSMD13, PSMD3, PSMD4, PSMD6, PSMD8, PSME1, PSME3, PSMF1, PYGL, 

RAD23A, RBCK1, RCE1, RELA, RNASEH1, RNF123, RNF14, RNF167, RNF2, 

RNF216, RNF25, RNF34, RNF40, RNF41, RNH1, RNPEP, RNPS1, RPA2, RPS27A, 

RPS6KA5, SAE1, SCPEP1, SEC11A, SENP3, SET, SGSM3, SHPRH, SKP1, SKP2, 
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GO:0031397 

GO:0051436 

GO:0051352 

GO:0051444 

GO:0051248 

GO:0032269 

GO:0006508 

GO:0016567 

GO:0042176 

GO:0009894 
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2.4E-11 

2.4E-11 

7.6E-10 

3.0E-09 

6.3E-07 

9.9E-07 

5.9E-05 

2.5E-04 

SMG7, SOCS2, SOD1, SPCS1, SPCS2, SPG7, STAMBP, STAMBPL1, STUB1, 

SUMO1, SUMO2, SUMO3, SYVN1, TAF9, TBL1XR1, TCEB1, TGFB1I1, THOP1, 

TIA1, TIMP1, TMEM189, TOM1L1, TSC1, TSPAN17, UBA2, UBA3, UBC, UBE2A, 

UBE2C, UBE2D2, UBE2D3, UBE2E1, UBE2E2, UBE2G1, UBE2H, UBE2I, UBE2J2, 

UBE2N, UBE2V1, UBE2V2, UBE3B, UBL7, UBR1, UBR3, UBR4, UBR5, UCHL1, 

UQCRC1, UQCRC2, USP11, USP14, USP15, USP19, USP21, USP28, USP3, USP33, 

USP38, USP39, USP44, USP5, USP54, USP7, USP8, VPS28, WDR48, WFDC2, 

WWP2, XPNPEP1, XPO1, YWHAE, ZBTB16, ZC3HC1, ZFP36L1, ZNRF1 

 

Cellular response to 

stress including 

oxidative stress: 

 

GO:0033554 

GO:0080135 

GO:0034599 
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3.1E-13 

2.0E-03 

4.6E-03 

AATF, AIFM1, AKT1, AKT2, ANKRD17, APBB1, APEX1, APTX, ARNT, ASNS, 

ATG16L1, ATG9A, ATMIN, ATRX, BARD1, BECN1, BRE, BRSK1, CASP3, CBS, 

CCNH, CDK1, CDK7, CDKN1A, CHD1L, CHEK2, CIDEB, CLN3, CLPB, CRKL, CTSD, 

DAXX, DBNL, DDB1, DDB2, DERL1, DERL2, DGKZ, DHRS2, DHX9, DYRK2, 

EIF2AK2, EIF2B1, EIF2B4, EIF2S1, ERCC1, ERCC2, ERCC3, ERCC4, ETV5, EXO1, 

EYA2, FAM129A, FANCA, FANCC, FANCI, FANCL, FGD4, FOS, FOXO3, G6PD, 

GNL1, GPS1, GPX3, GTF2H2, GTF2H2C, GTF2H3, HDAC6, HERPUD1, HIF1A, 

HIPK1, ING4, INTS3, KAT5, LIG1, LIG3, LONP1, MAP1B, MAP2K4, MAP2K7, 

MAP3K10, MAP3K11, MAP3K6, MAP3K7, MAPK14, MAPK9, MCM7, MEN1, 

MGMT, MLH1, MMS19, MORF4L1, MORF4L2, MPG, MSH5, MSH6, MUS81, 

MUTYH, NCOR1, NDEL1, NEDD4, NEFL, NEIL2, NEK1, NHEJ1, NONO, NPM1, 

NSMCE2, NUPR1, OS9, PCNA, PGAP2, PML, POLB, POLD2, POLE, POLE2, POLL, 

PRDX1, PRKDC, PRMT6, PRPF19, PXDN, PYCR1, RAD21, RAD23A, RB1CC1, 

RBBP8, RBM4, RECQL4, RECQL5, RFC2, RFC5, RIF1, RIPK2, RPA2, RPS3, RTEL1, 

RUVBL2, SCAMP5, SCAP, SHPRH, SIRT1, SOD1, SREBF1, STRADB, SUMO1, 

TAOK2, TAOK3, TERF2IP, TMEM189, TP53, TP53BP1, TP73, TYMS, UBE2A, 

UBE2N, UBE2V1, UBE2V2, UBR5, UIMC1, UVRAG, VAPB, WRNIP1, XRCC1, 

XRCC3, XRCC6, ZSWIM7 

 

Intracellular/ protein 

transport: 

 

 

GO:0046907 

GO:0015031 

GO:0006886 

GO:0000059 

 

 

 

 

174 

163 

88 

10 

 

 

 

 

6.4 

6.0 

3.2 

0.4 

 

 

 

 

5.2E-13 

1.8E-05 

6.9E-05 

4.2E-04 

AAAS, AAGAB, ACTN4, AFTPH, AGAP3, AKT1, ANP32A, AP1B1, AP1M1, AP1S1, 

AP2A2, AP2B1, AP2M1, AP3M2, AP4B1, APOE, ARF3, ARF5, ARFGAP1, 

ARFGAP2, ARHGEF2, ARL1, ARNTL, ATG16L1, ATG4A, ATG4B, ATG9A, ATL2, 

ATP2C1, ATP5O, ATP7B, BACE2, BBS4, BCAP31, BCL2L1, BID, BNIP3, CAMK1, 

CDC37, CEP290, CEP57, CHM, CHMP2A, CHMP4A, CHMP6, CLINT1, CLTA, CLTB, 

CLTCL1, COG2, COG4, COG5, COPA, COPZ1, CSE1L, CUX1, DCLK1, DDX19A, 

DDX19B, DERL1, DERL2, DNM2 DTNBP1, EIF5A, ENAH, ERC1, EXOC7, FLNA, 

FTH1, GABARAPL2, GDI2, GGA1, GGA3, GIPC1, GNAS, GORASP1, GOSR2, 

HDAC6, HHEX, HNRNPA1, HOOK3, HSP90B1, HSPA8, HTATIP2, ICMT, IPO11, 

IPO13, IPO4, IPO5, KATNB1, KIF17, KLC1, KLC2, KPNA4, KPNB1, LMAN2, LMF1, 

LONP2, M6PR, MACF1, MALT1, MAP1S, MAP2K1, MLX, MYH10, MYL6, MYO1C, 

MYO9B, NACA, NASP, NDE1, NDEL1, NECAP2, NEDD4, NEFL, NPC2, NPM1, 

NUP37, NUP54, NUP62CL, NUP85, NUP88, NUP93, NUP98, NUTF2, NXF1, 

OSBPL5, PCNA, PEX10, PEX19, PEX5, PITPNM1, PML, PPIF, PPP3CA, PREB, 

PRKCZ, PSEN2, PUM1, RAB11FIP3, RAB11FIP4, RAB18, RAB1B, RAB32, RAB38, 

RAB3C, RAB3IP, RAB5B, RAB7A, RAE1, RAMP2, RAN, RANBP3, RHOT2, RPH3AL, 

RRBP1, RUFY1, RYR2, SAR1A, SAR1B, SCAMP5, SCFD1, SCYL1, SEC16A, SEC23B, 

SEC24D, SEC31A, SEC61A1, SET, SFT2D3, SLC25A1, SLC25A10, SLC25A12, 

SLC25A13, SLC25A20, SMG7, SNUPN, SNX17, SNX27, SNX3, SNX5, SNX6, SNX9, 

SPG7, SRP54, SSR2, STARD3, STRADB, STX5, STX8, STXBP2, SYNGR1, SYTL1, 

SYTL5, TAOK2, THOC3, THOC5, THOC6, TIMM50, TIMM9, TMED10, TMX1, 

TNPO2, TOM1, TOM1L1, TOM1L2, TOMM40, TP53, TRAPPC1, TRAPPC3, 

TRAPPC4, TSC1, UCHL1, VAMP7, VAMP8, VPS11, VPS13A, VPS28, VPS33A, 

VPS37D, VPS41, VPS45, VTA1, VTI1B, WASF2, XPO1, XPO6, YIPF5, YKT6, 

YWHAE, YWHAZ, ZNF384 

 

Translation/ 

translational 

regulation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

AIMP1, AKT1, BRF1, CDK4, CYLD, DDX1, DHPS, DPH1, EEF1A1, EEF1B2, EEF1D, 

EEF2K, EGFR, EIF2A, EIF2AK2, EIF2B1, EIF2B4, EIF2S1, EIF3C, EIF3CL, EIF3D, 

EIF3E, EIF3H, EIF3J, EIF3K, EIF3L, EIF3M, EIF4A1, EIF4A2, EIF4B, EIF4E, EIF4E2, 

EIF4G1, EIF4G2, EIF4H, EIF5, EIF5A, EIF5B, EIF6, EPRS, FAM129A, GFM1, GFM2, 
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1.4E-11 

2.7E-04 

2.8E-03 

3.0E-03 

3.6E-03 

GSPT1, HARS, HBS1L, HSPB1, KARS, LARS, LRRC47, MARS, MIF4GD, MKNK2, 

MRPL10, MRPL27, MRPL3, MRPL30, MRPL32, MRPL33, MRPL37, MRPL42, 

MRPL48, MRPL49, MRPL55, MRPL9, MRPS7, MRRF, NACA, NARS2, PA2G4, 

PABPC4, PAIP1, PML, PTRH2, PUM1, PUM2, QARS, RBM3, RPL13, RPL15, 

RPL17, RPL18, RPL18A, RPL26L1, RPL3, RPL31, RPL36A, RPL4, RPL6, RPL7, 

RPL7L1, RPL9, RPLP0, RPS11, RPS2, RPS27A, RPS3, RPS3A, RPS6KB2, RPS7, 

RRBP1, RSL1D1, TARBP2, TARS, TARS2, TIA1, TNIP1, TNRC6B, TNRC6C, TSC1, 

TSFM, TUFM, UBC, VARS2, WARS, WARS2, YARS, ZFP36L1 

 

DNA metabolic/ 

catabolic process: 

 

GO:0006259 

GO:0006308 

GO:0006260 
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4.0E-11 

1.9E-04 

1.4E-03 

AIFM1, ANKRD17, APEX1, APTX, ATRX, BARD1, BNIP3, BRE, CASP3, CCDC88A, 

CCNE2, CCNH, CDC25A, CDC45, CDK7, CHD1L, CHTF18, CHTF8, CYCS, DDB1, 

DDB2, DMAP1, DNAJA3, DNASE1L1, DNMT1, DNMT3A, E4F1, ERCC1, ERCC2, 

ERCC3, ERCC4, EXO1, EYA2, FANCA, FANCC, FANCI, FANCL, FOS, GTF2H2, 

GTF2H2C, GTF2H3, HEMK1, HMGA1, HSPD1, IGFBP4, ING4, INTS3, KAT5, 

KCTD13, KLHDC3, LIG1, LIG3, LONP1, MCM2, MCM3, MCM4, MCM5, MCM7, 

MEN1, MGMT, MLH1, MMS19, MORF4L1, MORF4L2, MPG, MSH5, MSH6, 

MUS81, MUTYH, MYC, NAP1L1, NASP, NEIL2, NFIA, NFIC, NHEJ1, NONO, 

NSMCE2, NUP98, PCNA, PHB, PML, POLB, POLD2, POLE, POLE2, POLL, POLM, 

PPFIBP1, PRKDC, PRMT6, PRMT7, PRPF19, PSMC3IP, RAD21, RAD23A, RAN, 

RBBP4, RBBP8, RBM4, RECQL4, RECQL5, REPIN1, RFC2, RFC5, RNASEH1, RPA2, 

RRM1, RTEL1, RUVBL1, RUVBL2, SET, SHPRH, SIRT1, SMARCAL1, SMARCB1, 

SOD1, SUMO1, TERF1, TERF2IP, TFAM, TMX1, TP53, TP53BP1, TP73, TSN, 

TYMS, UBE2A, UBE2N, UBE2V2, UIMC1, UVRAG, WRAP53, WRNIP1, XRCC1, 

XRCC3, XRCC6, ZSWIM7 

 

Chromatin / histone 

modification and 

organization: 

 

GO:0016568 

GO:0006325 

GO:0051276 

GO:0016569 

GO:0016570 

GO:0016573 

GO:0006338 

GO:0006473 
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4.4E-11 

3.8E-08 

1.9E-07 

2.4E-07 

7.3E-07 

6.5E-04 

4.3E-03 

1.8E-03 

ACIN1, ACTL6A, AIFM1, APBB1, ASF1B, ATXN7L3, BCORL1, BNIP3, BRD1, BRD8, 

BRE, CABIN1, CARM1, CBX6, CDCA8, CENPV, CHD1L, CHD4, CHRAC1, CSRP2BP, 

DAPK3, DDX11, DMAP1, DNMT1, DNMT3A, EED, ERCC1, ERCC4, EYA2, EZH2, 

H2AFY, H3F3B, HDAC10, HDAC6, HDAC7, HDAC8, HIRA, HIST1H2AC, HIST2H4A, 

HJURP, HLTF, HMG20B, HMGA1, HMGN2, ING4, KAT2A, KAT5, KDM2B, KDM4B, 

KDM6A, MCM2, MEN1, MIS12, MORF4L1, MORF4L2, MSH5, MSH6, MSL3, 

MTA2, NAP1L1, NAP1L4, NASP, NCAPD2, NCAPD3, NCAPH, NCOR1, NPM1, 

PAF1, PBRM1, PCGF2, PHB, PHF1, PRKDC, PRMT5, PRMT6, PRMT7, RBBP4, 

RBM4, RNF2, RNF40, RPS6KA5, RTEL1, RUVBL1, RUVBL2, SAFB, SAP130, SET, 

SETDB1, SHPRH, SIRT1, SMARCA4, SMARCAL1, SMARCB1, SMARCD1, 

SMARCE1, SMYD3, SOX6, SRCAP, SUPT5H, SUPT6H, SUPT7L, SUV39H2, TAF5L, 

TAF9, TBL1XR1, TERF1, TERF2IP, TP53, TRIM16, TSPYL2, UBE2A, UBE2E1, 

UBE2N, UBN1, UIMC1, USP21, WHSC1, WRAP53, XRCC6, ZWINT 

 

DNA damage/ repair 

response: 

 

GO:0006974 

GO:0006281 

GO:0006289 

GO:0009411 

GO:0000718 
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4.3E-10 

5.1E-08 

3.2E-06 

1.4E-04 

9.3E-04 

AATF, AIFM1, AKT1, ANKRD17, APBB1, APEX1, APTX, ATMIN, ATRX, BARD1, 

BRE, BRSK1, CASP3, CASP7, CCNH, CDK1, CDK7, CDKN1A, CHD1L, CHEK2, 

CIDEB, DDB1, DDB2, DGKZ, DYRK2, EGFR, ERCC1, ERCC2, ERCC3, ERCC4, EXO1, 

EYA2, FANCA, FANCC, FANCI, FANCL, FECH, FOXO3, GNL1, GTF2H2, GTF2H2C, 

GTF2H3, HIPK1, ING4, INTS3, KAT5, LIG1, LIG3, MAPK14, MCM7, MEN1, 

MGMT, MLH1, MMS19, MORF4L1, MORF4L2, MPG, MSH5, MSH6, MUS81, 

MUTYH, NEDD4, NEIL2, NEK1, NHEJ1, NONO, NSMCE2, NUPR1, PCNA, PGAP2, 

PML, POLB, POLD2, POLE, POLE2, POLL, PRKDC, PRMT6, PRPF19, RAD21, 

RAD23A, RBBP8, RBM4, RECQL4, RECQL5, RELA, RFC2, RFC5, RIF1, RPA2, RPS3, 

RTEL1, RUVBL2, SDF4, SHPRH, SIRT1, SOD1, SUMO1, TDP1, TERF2IP, TP53, 

TP53BP1, TP73, TYMS, UBE2A, UBE2N, UBE2V2, UBR5, UIMC1, USF1, UVRAG, 

WRNIP1, XRCC1, XRCC3, XRCC6, ZSWIM7 

 

Macromolecule/ 

protein metabolic 

process regulation; 

protein 

modification: 

 

GO:0032268 

GO:0010605 

GO:0043086 
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7.1E-09 

3.6E-08 

3.4E-08 

1.4E-07 

AATF, ADCY3, AES, AKT1, AKT1S1, AKT2, ANAPC1, ANAPC11, ANAPC5, APBB1, 

APOE, ARNT, ARNTL, ATXN7L3, BACE2, BARD1, BCL2L1, BCL7A, BIRC5, BMP2, 

BNIP3, BRE, BRF1, BUB1B, CALCOCO1, CALM3, CAMKK2, CAND1, CASK, CASP3, 

CAST, CBLL1, CBS, CCDC88A, CCNB1, CCNE1, CCNH, CD276, CD81, CDC16, 

CDC20, CDC27, CDC45, CDK1, CDK4, CDK5RAP1, CDK7, CDKN1A, CDKN1C, 

CENPK, CHFR, CHURC1, CLN3, CLN6, CNBP, CNOT7, CREB1, CRTC1, CST3, 

CTBP1, CTBP2, CUL1, CUX1, DAXX, DBNL, DDB1, DDB2, DDX1, DDX5, DEDD, 

DGCR8, DICER1, DLC1, DMAP1, DNAJA3, DNAJB6, DNMT1, DNMT3A, DOCK7, 

DR1, DYRK2, E2F6, EED, EGFR, EIF2A, EIF2B1, EIF2B4, EIF2S1, EIF3E, EIF3H, 
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2.5E-07 

6.0E-07 

6.5E-07 

6.6E-07 

1.0E-06 

2.8E-06 

EIF3K, EIF4A2, EIF4B, EIF4E, EIF4E2, EIF4G1, EIF4G2, EIF4H, EIF5, EIF5A, EIF5B, 

ELF1, ELK1, ENO1, ERCC1, ERCC2, ERCC3, ERCC4, ETV4, FAM129A, FBXO9, 

FBXW7, FGD4, FKBP1A, FLNA, FOS, FOXA2, FOXH1, FOXO3, FOXP4, FZR1, G6PD, 

GADD45B, GATA4, GCLC, GDF7, GDNF, GIPC1, GMNN, GNAI2, GNAZ, GPS1, 

GSPT1, GTF2F1, HAND2, HDAC10, HDAC6, HDAC8, HERPUD1, HES1, HEXIM2, 

HHEX, HIF1A, HMGA1, HNRNPAB, HOPX, HOXA1, HSPB1, IFI6, ILF3, ILK, ING4, 

IRAK1, IRF6, ITCH, ITGAV, JAZF1, KAT2A, KAT5, LDB1, LMCD1, LMO7, MAF1, 

MAML2, MAP2K1, MAP3K10, MAP3K11, MAP3K6, MAPK14, MAPK9, MBD1, 

MDM4, MED6, MEF2C, MEN1, MIB2, MIF4GD, MKL1, MKNK2, MLH1, MLST8, 

MLX, MMS19, MORF4L2, MOV10, MSH6, MTA2, MYC, NCOA1, NCOR1, NEDD4, 

NEDD4L, NF2, NFAT5, NFIC, NFYC, NIF3L1, NPAS2, NPM1, NPRL2, NQO1, 

NR2F2, OS9, PA2G4, PACSIN3, PAF1, PAIP1, PALM, PAWR, PBX1, PCGF2, PCNP, 

PDGFA, PHB, PIAS1, PIAS2, PKIA, PKNOX1, PLK1, PML, POU2F1, PPARA, PPARD, 

PPM1A, PPP2R1A, PPP2R4, PRKAR1B, PRKCZ, PRKDC, PRKRIP1, PRMT6, 

PRPF19, PSEN2, PSMA1, PSMA2, PSMA3, PSMA4, PSMA6, PSMA7, PSMB7, 

PSMC2, PSMC3, PSMC3IP, PSMC4, PSMC5, PSMC6, PSMD1, PSMD10, PSMD12, 

PSMD13, PSMD3, PSMD4, PSMD6, PSMD8, PSME1, PSME3, PSMF1, PTPRU, 

PUM1, PUM2, RAN, RAPGEF3, RB1CC1, RBM3, RBM4, RELA, REST, RNF10, 

RNF14, RNF167, RNF2, RNF4, RNF40, RNF41, RPS27A, RPS3, SAE1, SCAP, 

SCMH1, SCRIB, SET, SGSM3, SH3BP5, SIRT1, SKP1, SKP2, SMAD4, SMAD5, 

SMARCA4, SMARCB1, SMARCD1, SMARCE1, SND1, SNX6, SOX4, SOX6, SPRY1, 

SREBF1, SREBF2, SRRT, STUB1, SUMO1, SUMO2, SUMO3, SUPT5H, TAF9, 

TARBP2, TBL1XR1, TBP, TBX1, TCF25, TCF3, TCF7L2, TERF1, TERF2IP, TFE3, 

TGFB1I1, TIA1, TIMP1, TMEM189, TMX1, TNFRSF1A, TNRC6B, TNRC6C, TP53, 

TP53BP1, TP73, TRIM16, TRIM28, TSC1, TSPAN17, TSPYL2, UBA3, UBC, UBE2A, 

UBE2C, UBE2D2, UBE2D3, UBE2E1, UBE2H, UBE2I, UBE2N, UBE2V1, UBE2V2, 

UCHL1, UIMC1, USF1, USF2, USP21, USP33, USP7, UTF1, VEGFA, VEGFC, VPS28, 

WDR48, WDTC1, WWP2, XRCC6, YWHAE, ZBTB16, ZEB1, ZFHX3, ZFP36L1, 

ZFYVE28, ZNF423, ZNF462, ZNF496, ZNF639, ZSCAN21 

 

Cell death/ 

apoptosis: 

 

GO:0043067 

GO:0042981 

GO:0010941 

GO:0008219 

GO:0016265 

GO:0006915 

GO:0043069 

GO:0043066 

GO:0012501 

GO:0060548 

GO:0043068 

GO:0010942 

GO:0043065 
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177 

179 

159 

159 

136 

89 

88 

137 

89 

91 

91 

90 

 

 

 

6.5 

6.5 

6.5 

5.8 

5.8 

5.0 

3.3 

3.2 

5.0 

3.3 

3.3 

3.3 

3.3 

 

 

 

9.1E-07 

1.1E-06 

1.2E-06 

3.3E-06 

5.0E-06 

5.9E-06 

7.7E-06 

7.8E-06 

8.1E-06 

8.6E-06 

2.6E-03 

3.0E-03 

3.1E-03 

AATF, ACIN1, ACTN4, ADNP, AIFM1, AIMP1, AKT1, AKT1S1, ANXA4, ANXA5, 

APBB1, APOE, APTX, ARHGDIA, ARHGEF16, ARHGEF2, ARHGEF4, ASNS, 

ATXN10, BAG1, BARD1, BCAP31, BCL2L1, BCL2L13, BECN1, BID, BIRC5, BIRC6, 

BLCAP, BMF, BNIP3, BRE, BUB1B, CADM1, CARD6, CASP3, CASP6, CASP7, CD44, 

CDK1, CDKN1A, CFL1, CHEK2, CIAPIN1, CIDEB, CLN3, CLN5, CLN6, CLPTM1L, 

CLU, COL18A1, CREB1, CSE1L, CTSB, CTSD, CUL1, CYCS, CYFIP2, DAP3, DAPK3, 

DAXX, DCTN1, DDX19B, DEDD, DHRS2, DIDO1, DLC1, DNAJA3, DNAJB6, 

DNAJC5, DNM2, DPF1, DPF2, DYRK2, EGFR, EGLN3, EIF2AK2, EIF4G2, EIF5A, 

ELMO2, ERBB2, ERCC1, ERCC2, ERCC3, EYA2, FADD, FAF1, FAIM, FASTK, FGD4, 

FKBP8, FOXO3, FUS, FXR1, GADD45B, GAN, GCH1, GCLC, GDNF, GGCT, GSN, 

GSPT1, GSTP1, HAND2, HDAC6, HERPUD1, HIPK1, HSP90B1, HSPB1, HSPD1, 

HTATIP2, IFI6, IFT57, IKBKB, IKBKG, ILK, ING4, IP6K2, IRAK1, ITSN1, JAG2, 

KCNMA1, KRT8, LITAF, LUC7L3, MADD, MAEA, MALT1, MAP1S, MAP3K10, 

MAP3K11, MAP3K7, MAPK7, MAPK9, MARK4, MCL1, MDM4, MEF2A, MEF2C, 

MEF2D, MEN1, MGMT, MKL1, MLH1, MOAP1, MSH6, MYC, MYD88, NDUFS1, 

NEFL, NEK6, NGEF, NME3, NPM1, NQO1, NUDT2, NUPR1, P2RX4, PACS2, 

PAWR, PCGF2, PCSK6, PDCD10, PDCD2, PDCD6, PEA15, PEG10, PGAP2, PGP, 

PHB, PIGT, PIM3, PML, PNPLA6, POLB, POLR2G, PPARD, PPIF, PPP2R1A, 

PRAME, PRDX1, PRKCZ, PRKDC, PSEN2, PSMC5, PSME3, PSMG2, PTRH2, PUF60, 

RAD21, RAF1, RB1CC1, RELA, RHOA, RHOT2, RIPK2, RNF216, RNF34, RPS27A, 

RPS3, RPS3A, RTEL1, RTN3, RTN4, RYR2, SCRIB, SEMA4D, SFRP1, SHARPIN, 

SHISA5, SIRT1, SKP2, SMNDC1, SOCS2, SOD1, SON, SOX4, SPG7, SPIN2B, 

SPTBN2, STAMBP, STEAP3, STRADB, SYNE1, SYVN1, TAF9, TAOK2, TARDBP, 

TBP, TBRG4, TCF7L2, TERF1, TIA1, TIAM2, TMEM173, TMX1, TNFRSF1A, TP53, 

TP73, TPT1, TRAF3, TSC22D3, TSTA3, UBC, UNC5B, VAPB, VDAC1, VEGFA, 

WWOX, YARS, YWHAE, YWHAZ, ZBTB16, ZC3HC1, ZDHHC16, ZFYVE27 

 

Golgi /vesicle 

transport: 

 

GO:0048193 

GO:0016192 

 

 

 

43 

132 

 

 

 

1.6 

4.8 

 

 

 

2.2E-06 

3.8E-06 

ABCA7, ACR, AGAP3, AP1B1, AP1M1, AP1S1, AP2A2, AP2B1, AP2M1, AP3M2, 

AP4B1, APOE, ARAP3, ARF3, ARF5, ARFGAP1, ARFGAP2, ARL1, ARRB2, ATL2, 

ATP5B, ATP6V1H, BCAP31, CD302, CLINT1, CLN3, CLTA, CLTB, CLTCL1, COG2, 

COG4, COG5, COPA, COPZ1, CORO1C, CPNE1, CPNE3, CTBP1, CUX1, CYTH1, 

DAB2, DBNL, DCLK1, DENND1A, DNM2, DTNBP1, DYNC2H1, EHD4, ELMO2, 
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GO:0007030 

 

 

10 0.4 2.8E-03 EPN1, EPN2, EPS15L1, ERC1, ERGIC3, EXOC7, FLNA, FNBP1, FTH1, GABARAPL2, 

GGA1, GGA3, GOLGB1, GORASP1, GOSR2, GSN, GTF2H2, GTF2H2C, HOOK3, 

HSPA8, ITGAV, ITSN1, ITSN2, KIF17, LMBR1L, LRP1, M6PR, MAP2K1, MFGE8, 

MRC2, MYH10, NECAP2, NEDD4, NKD2, OSBPL5, PACSIN3, PI4KB, PICALM, 

PREB, PUM1, RAB18, RAB3IP, RAB7A, RABEPK, RAMP2, RBM12, RPH3AL, RTN3, 

RUFY1, SAR1A, SAR1B, SCAMP5, SCARB1, SCFD1, SCYL1, SDF4, SEC16A, 

SEC23B, SEC24D, SEC31A, SEPT5, SH3GL1, SNX17, SNX3, SORL1, SPTBN2, STX5, 

STX8, STXBP2, STXBP6, SYNE1, SYTL1, SYTL5, TFRC, TMED10, TMX1, TOM1, 

TRAPPC1, TRAPPC3, TRAPPC4, VAMP7, VAMP8, VPS13A, VPS33A, VPS41, 

VPS45, VTI1B, WASF2, YIPF5, YKT6, YWHAZ 

 

Organelle 

organization/ 

localization: 

 

GO:0033043 

GO:0051129 

GO:0010639 

 

 

 

 

 

60 

37 

24 

 

 

 

 

2.2 

1.4 

0.9 

 

 

 

 

9.4E-06 

1.9E-03 

3.1E-03 

ACTR3, ACTR3B, ARAP1, ARHGDIA, ARHGEF1, ARHGEF2, ARPC1A, ARPC3, 

ARPC5, CAPG, CAPZA2, CAPZB, CCDC88A, CDC16, CDC42, CDK13, CENPV, 

CEP250, CFL1, CLU, CST3, CUL7, CUL9, DLC1, DNMT1, ERCC1, ERCC4, GSN, 

HDAC6, HECTD3, ILK, KATNB1, LINGO1, MACF1, MAD2L2, MAP1B, MAP4, 

MEN1, MID1IP1, MLST8, MYC, MYCBP2, NEK6, NF2, NPM1, PACSIN3, PDGFA, 

PFN2, PKMYT1, PML, PRKCZ, PRMT5, PSMG2, RCC1, RHOA, ROCK2, RTN4, 

SBDS, SCAMP5, SEMA4F, SET, SPTBN2, STMN3, SYNPO, TERF1, TERF2IP, 

TGFBR3, TMSB10, TSC1, UBE2N, XPO1 

 

Protein localization: 

 

GO:0008104 

GO:0070727 

GO:0045184 

GO:0034613 

 

 

186 

98 

164 

97 

 

 

6.8 

3.6 

6.0 

3.5 

 

 

1.1E-05 

2.0E-05 

2.0E-05 

2.5E-05 

AAGAB, ACTN4, AFTPH, AGAP3, AKT1, ALG2, AP1B1, AP1M1, AP1S1, AP2A2, 

AP2B1, AP2M1, AP3M2, AP4B1, ARF3, ARF5, ARFGAP1, ARFGAP2, ARHGEF2, 

ARNTL, ATG16L1, ATG4A, ATG4B, ATG9A, AURKB, BACE2, BBS4, BCAP31, BID, 

BIN3, CD81, CDC37, CDC42, CEP250, CEP290, CEP57, CHM, CHMP2A, CHMP4A, 

CHMP6, CLTA, CLTB, CLTCL1, COG2, COG4, COG5, COPA, COPZ1, CSE1L, 

DDX19A, DDX19B, DERL1, DERL2, DYNC2H1, EGFR, EIF5A, ERC1, ERCC3, EXOC7, 

FAF1, FLNA, FLNB, GABARAPL2, GDI2, GGA1, GGA3, GIPC1, GNAS, GORASP1, 

GOSR2, GPAA1, HDAC6, HOOK3, HSP90B1, ICMT, IPO11, IPO13, IPO4, IPO5, 

KATNB1, KIF17, KPNA4, KPNB1, LMAN2, LMF1, LONP2, MACF1, MYO1C, NACA, 

NASP, NECAP2, NEDD4, NFKBIB, NPM1, NUP37, NUP54, NUP62CL, NUP85, 

NUP88, NUP93, NUP98, NUTF2, OS9, PALM, PCNA, PEX10, PEX19, PEX5, 

PITPNM1, PML, PPP3CA, PREB, PSEN2, PTPRU, RAB11FIP3, RAB11FIP4, RAB18, 

RAB1B, RAB32, RAB38, RAB3C, RAB3IP, RAB5B, RAB7A, RAMP2, RAN, RANBP3, 

RPH3AL, RRBP1, RUFY1, SAR1A, SAR1B, SCAMP5, SCFD1, SEC16A, SEC23B, 

SEC24D, SEC31A, SEC61A1, SFT2D3, SNUPN, SNX17, SNX27, SNX3, SNX5, SNX6, 

SNX9, SRP54, SSR2, STAU1, STRADB, STX5, STXBP2, SUPT7L, SYNGR1, SYTL1, 

SYTL5, TACC3, TAOK2, TERF2IP, TIMM50, TIMM9, TLN2, TMED10, TMSB10, 

TNPO2, TOM1, TOM1L1, TOM1L2, TOMM40, TP53, VAMP7, VPS11, VPS13A, 

VPS28, VPS33A, VPS37D, VPS41, VPS45, VTA1, VTI1B, XPO1, XPO6, YIPF5, YKT6, 

YWHAE, YWHAZ  

 

Anti-apoptosis: 

 

GO:0006916 

 

 

57 

 

 

2.1 

 

 

1.6E-05 

AATF, AKT1, AKT1S1, ANXA4, ANXA5, APOE, ARHGDIA, BAG1, BCL2L1, BECN1, 

BIRC5, BIRC6, BNIP3, CDK1, CFL1, CIAPIN1, CLU, GCLC, GDNF, GSTP1, HSP90B1, 

HSPB1, HTATIP2, IFI6, IKBKB, IRAK1, MALT1, MCL1, MEF2C, MKL1, MYC, 

MYD88, NPM1, PEA15, PGAP2, POLB, PRKCZ, RELA, RIPK2, RPS27A, RTEL1, 

SEMA4D, SFRP1, SKP2, SOCS2, SOD1, SON, STAMBP, STRADB, SYVN1, TCF7L2, 

TMX1, TPT1, UBC, VEGFA, YWHAZ, ZC3HC1 

 

Macromolecular / 

ribonucleoprotein 

complex assembly: 

 

GO:0065003 

GO:0043933 

GO:0006461 

GO:0070271 

GO:0034621 

GO:0034622 

 

 

 

 

145 

152 

114 

114 

78 

47 

 

 

 

 

5.3 

5.6 

4.2 

4.4 

2.9 

1.7 

 

 

 

 

2.0E-05 

3.4E-05 

3.6E-05 

3.6E-05 

1.8E-03 

1.4E-03 

AASS, ABI2, ADSL, ANXA5, APOE, ARPC4, ASF1B, ATG16L1, ATL2, ATPAF1, 

ATPAF2, BCS1L, BRF1, CAPG, CAPZA2, CCNH, CDK7, CENPV, CLNS1A, COG4, 

COX11, CSE1L, DCTPP1, DDX1, DECR1, DGKD, DICER1, EIF2A, EIF6, EPRS, 

ERCC2, ERCC3, EVL, FADD, FANCA, FANCC, FKBP1A, FLNA, GCH1, GEMIN6, 

GFM2, GPAA1, GPX3, GRB2, GSN, GTF2A1, GTF2F1, GTF2H2, GTF2H2C, 

GTF2H3, H2AFY, H3F3B, HIST1H2AC, HIST2H4A, HJURP, HMGA1, HSPA4, 

HSPD1, IKBKAP, ILK, IPO11, IPO13, IPO4, IPO5, IRAK1, KPNB1, LONP1, MALT1, 

MAP2K1, MAP3K11, MAZ, MCM2, MDM4, MED16, MED24, MIS12, MLH1, 

MPP6, MRRF, MYC, NAP1L1, NAP1L4, NASP, NDUFS7, NDUFS8, NEFL, NPM1, 

NUP98, P2RX4, PDSS1, PEX5, PFKP, PICALM, PIH1D1, PILRB, PML, POLR2D, 

POLR2G, POLR2H, POLR2I, PPP2R1A, PPP5C, PRKAB1, PRKAG1, PRKCZ, PRMT5, 

PRMT7, PRPF31, PSMG1, PSMG2, RRM1, SCARB1, SEPT9, SET, SF1, SF3A1, 

SHPRH, SMAD4, SMARCE1, SMNDC1, SNRPD3, SNUPN, SPAG9, SRP54, SRR, 



299 

STK16, TAF6, TAF9, TARBP2, TBP, TBPL1, TCP1, TERF1, TFAM, TNFRSF1A, 

TNPO2, TP53, TRIM21, TRIM4, TSC1, TSPYL2, TUBA1B, TUBA1C, TUBA4A, 

TUBB6, TUBB8, TUBE1, TUBGCP2, TUBGCP4, USP39, VAMP8, XPO1, XPO6 

 

Microtubule/ 

cytoskeleton based 

process: 

 

GO:0007010 

GO:0000226 

GO:0051493 

GO:0007017 

GO:0010970 

GO:0030036 

 

 

 

 

102 

41 

38 

60 

12 

52 

 

 

 

 

3.7 

1.5 

1.4 

2.2 

0.4 

1.9 

 

 

 

 

2.3E-05 

2.4E-04 

4.0E-04 

9.0E-04 

3.1E-03 

4.0E-03 

ABI2, ABLIM1, ACTG1, ACTN4, ACTR10, ACTR3, ACTR3B, ALDOA, APOE, ARAP1, 

ARAP3, ARHGAP10, ARHGAP8, ARHGEF2, ARPC1A, ARPC3, ARPC4, ARPC5, 

ATP2C1, BBS4, BIN3, BUB1B, CAPG, CAPZA2, CAPZB, CCDC88A, CDC42, CEP250, 

CETN3, CFL1, CKAP5, CNN2, CNN3, DBN1, DCTN2, DIAPH3, DLC1, DLG1, 

DNAJB6, DOCK7, DYNC1I2, DYNC2H1, EPB41L1, EPB41L2, EVL, FERMT2, FGD4, 

FHOD1, FLNA, FLNB, GSN, HAUS4, HAUS5, HAUS6, HAUS8, HDAC6, HOOK3, ILK, 

INF2, INPP5K, ITGB1, KATNB1, KIF17, KIF21A, KIF2A, KIF3C, KIF5C, KLC1, KLC2, 

KRT19, KRT8, LMO7, MACF1, MAEA, MAP1B, MAP1S, MAP2K1, MAP3K11, 

MAP4, MARK1, MARK4, MID1IP1, MLH1, MLST8, MTSS1, MYCBP2, MYH10, 

MYO9B, NCOR1, NDE1, NDEL1, NEFL, NF2, NPHP4, NPM1, OBSL1, OFD1, PALM, 

PCM1, PCNT, PDGFA, PFN2, PLS3, PPP1R9A, PPP4C, PRC1, PRKCZ, PRR5, RAF1, 

RAN, RCC1, RHOA, RHOT2, RND1, ROCK2, SBDS, SOD1, SPG7, SPTBN2, STMN3, 

SYNPO, TACC3, TAOK2, TERF1, TLN2, TMSB10, TSC1, TUBA1B, TUBA1C, 

TUBA4A, TUBB6, TUBB8, TUBE1, TUBGCP2, TUBGCP4, TUBGCP6, UBE2C, 

UCHL1, WASF2, XPO1, ZWINT 

 

Cell proliferation: 

 

GO:0008283 

 

 

102 

 

 

3.7 

 

 

2.3E-05 

AMBN, ANXA7, ARHGEF1, ASPM, BCAT1, BST2, BUB1B, CBFA2T3, CD276, CD81, 

CDC16, CDC25A, CDC27, CDK7, CSE1L, CSRP2, CTF1, CUL1, DAB2, DCTN2, DLG1, 

DPH1, E4F1, EGFR, EMP2, EPHB4, ERBB2, ERBB4, ERCC1, ERCC2, FKBP1A, FTH1, 

GLUL, GNAI2, GNB1, HDGF, HHEX, HHIP, HSPD1, IFNAR2, IGFBP4, ILK, IMPDH1, 

IMPDH2, IRF6, LIPA, LRP1, MALT1, MAP2K1, MAP3K11, MAPRE2, MCM7, 

MDM4, MKI67, MORF4L1, MTCP1, MYC, MYH10, NASP, NDE1, NDEL1, NF2, 

NUDC, NUMB, PA2G4, PCNA, PDGFA, PDPN, PDXK, PLK1, PPARD, PRDX1, 

PRMT5, PRPF19, PSPH, RAF1, RAP1B, RAPGEF3, RIPK2, SBDS, SCARB1, SCRIB, 

SKP2, SRRT, STIL, TACC3, TBX1, TCF19, TCF7L2, TGFBR3, TMX1, TP53, TPX2, 

TXNRD1, UBE2V2, UBR5, UCHL1, USP8, VEGFA, VEGFC, VTI1B, ZEB1 

 

RNA processing/ 

splicing: 

 

GO:0016071 

GO:0008380 

GO:0006397 

GO:0006396 

GO:0000398 

GO:0000377 

GO:0000375 

 

 

 

 

89 

70 

77 

119 

43 

43 

43 

 

 

 

3.3 

2.6 

2.8 

4.4 

1.6 

1.6 

1.6 

 

 

 

2.6E-05 

9.6E-05 

1.1E-04 

1.3E-04 

1.4E-04 

1.4E-04 

1.4E-04 

AUH, BRF1, CDK5RAP1, CLNS1A, CPSF1, CPSF3L, CPSF4, CPSF7, CSTF1, CSTF2T, 

DDX1, DDX5, DDX56, DGCR8, DHX9, DICER1, DUS1L, DUS3L, EIF3E, ELAC1, 

ELAC2, FTSJ1, FTSJ2, FUS, GDNF, GEMIN6, GRSF1, GSPT1, GTF2F1, GTPBP3, 

HNRNPA1, HNRNPC, HNRNPD, HNRNPF, HNRNPH1, HNRNPH3, HNRNPK, 

HNRNPL, HNRNPM, HNRNPUL1, IMP4, INTS10, INTS3, INTS7, INTS8, KHDRBS3, 

KHSRP, KIAA0391, LSM4, LUC7L3, MLH1, MOV10, NOLC1, NONO, NOP2, 

NSUN2, PA2G4, PABPC1, PABPC4, PAIP1, PCBP2, PCBP3, PCF11, PLRG1, PNRC2, 

POLR2D, POLR2G, POLR2H, POLR2I, PPIE, PPIL3, PPP2R1A, PPP4R2, PRMT5, 

PRMT7, PRPF19, PRPF31, PRPF40A, PRPF8, PTBP1, PTBP2, PUF60, PUS1, PUS3, 

RBM23, RBM3, RBM39, RBM4, RBM4B, RNH1, RNPS1, RPL36A, RPL7, RPS7, 

RSL1D1, SART3, SBDS, SF1, SF3A1, SF3B1, SF3B2, SLBP, SMG7, SMNDC1, 

SNRNP27, SNRPD3, SNUPN, SRPK1, SRRM2, SRRT, SSU72, TARBP2, TARDBP, 

TFB2M, TFIP11, THOC3, TRA2B, TRMT1, TRMT2B, TRMU, TSEN2, U2AF2, 

USP39, UTP18, UTP6, VEGFA, WDR55, WTAP, YBX1, ZFP36L1, ZNF638 

 

Positive regulation 

of molecular 

function/ catalytic 

activity: 

 

GO:0044093 

GO:0043085 

 

 

 

 

129 

115 

 

 

 

 

 

4.7 

4.2 

 

 

 

 

3.8E-05 

8.6E-05 

ACR, ACTN4, ADCY3, ADCYAP1R1, AGK, AKT1, AMH, ANAPC1, ANAPC11, 

ANAPC5, APOE, ARAP1, BCL2L13, BUD31, CALM3, CCDC88A, CCNB1, CD81, 

CDC16, CDC20, CDC25B, CDC27, CDC42, CDK1, CUL1, CYCS, DAXX, DBNL, DGKA, 

DGKD, DGKZ, DLC1, DNAJA3, DOCK7, EFNA1, EGFR, ERBB2, ERC1, ERCC2, FGD4, 

FKBP1A, FZR1, GABARAPL2, GADD45B, GCH1, GDNF, GNAI2, GNAS, GNB1, 

GSPT1, HIF1A, HSPD1, IFT57, IKBKB, IKBKG, ILK, IRAK1, LRP1, MADD, MALT1, 

MAP2K1, MAP3K10, MAP3K11, MAP3K6, MAP3K7, MEN1, MOAP1, MSH6, 

MYC, MYD88, NDEL1, NHEJ1, NPM1, NTRK2, PILRB, PLK1, PML, PPP2R4, 

PRKACB, PRKAG1, PRKAR1B, PRKCZ, PSEN2, PSMA1, PSMA2, PSMA3, PSMA4, 

PSMA6, PSMA7, PSMB7, PSMC2, PSMC3, PSMC4, PSMC5, PSMC6, PSMD1, 

PSMD10, PSMD12, PSMD13, PSMD3, PSMD4, PSMD6, PSMD8, PSME1, PSME3, 

PSMF1, RELA, RIPK2, RPS27A, RPS3, SCARB1, SCRIB, SKP1, SMARCA4, 

SMARCB1, SOD1, SPAG9, STRADB, TAOK2, TERF1, TGFBR3, TMEM189, TP53, 

TSC1, UBC, UBE2C, UBE2E1, UBE2N, UBE2V1, WRAP53 
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Posttranscriptional 

regulation of gene 

expression: 

 

GO:0010608 

 

 

 

 

56 

 

 

 

 

2.0 

 

 

 

 

6.7E-05 

AKT1, APTX, BRF1, CDK4, DDX1, DGCR8, DHX9, DICER1, DNAJA3, EIF2A, EIF2B1, 

EIF2B4, EIF2S1, EIF3E, EIF3H, EIF3K, EIF4A2, EIF4B, EIF4E, EIF4E2 EIF4G1, 

EIF4G2, EIF4H, EIF5, EIF5A, EIF5B, FAM129A, FLNA, GDNF, GIPC1, HNRNPD, 

HSPB1, HSPD1, MDM4, MIF4GD, MKNK2, MOV10, PA2G4, PABPC1, PAIP1, 

PML, PRKDC, PUM1, PUM2, RBM3, SND1, SOX4, SRRT, TARBP2, TIA1, TNRC6B, 

TNRC6C, TSC1, VEGFA, YBX1, ZFP36L1 

 

Phosphorylation, 

regulation of 

phosphorylation: 

 

GO:0016310 

GO:0006468 

GO:0006796 

GO:0006793 

 

 

 

 

 

166 

139 

193 

193 

 

 

 

 

6.1 

5.1 

7.1 

7.1 

 

 

 

 

8.1E-05 

2.7E-04 

2.8E-04 

2.8E-04 

ABI2, AGK, AKAP9, AKT1, AKT2, ATP5A1, ATP5B, ATP5G2, ATP5O, ATP6V0C, 

ATP6V1D, ATP6V1E1, ATP6V1H, AURKB, BMP2, BRSK1, BRSK2, CAMK1, 

CAMKK2, CAMKV, CASK, CD81, CDC25A, CDC25B, CDK1, CDK10, CDK13, CDK16, 

CDK4, CDK7, CDKN3, CFL1, CHEK2, CLK3, CREB1, CSK, CSNK1A1, CSNK1G2, 

CSNK1G3, CSNK2A1, CTBP1, DAPK3, DAXX, DBNL, DCLK1, DDR1, DDR2, DGUOK, 

DLD, DMPK, DUSP3, DYRK2, EEF2K, EFNA1, EGFR, EIF2A, EIF2AK2, EIF2S1, 

EPHA8, EPHB1, EPHB4, ERBB2, ERBB4, ERC1, ERCC3, EYA2, FASTK, FGD4, 

FGFR1, FGFR2, FGFR3, GADD45B, GAK, GALK2, GDF7, GK, GMFB, GNAI2, GRK6, 

HIPK1, IKBKAP, IKBKB, ILK, ILKAP, INPPL1, IP6K2, IPPK, IRAK1, MADD, MAP2K1, 

MAP2K4, MAP2K5, MAP2K7, MAP3K10, MAP3K11, MAP3K6, MAP3K7, 

MAP4K4, MAPK14, MAPK3, MAPK7, MAPK9, MAPKAPK5, MARK1, MARK2, 

MARK3, MARK4, MELK, MINPP1, MKNK2, MTMR14, MYLK, NADK, NDUFA10, 

NDUFA7, NDUFS1, NDUFS7, NDUFS8, NDUFV1, NEK1, NEK4, NEK6, NTRK2, 

PAK4, PBK, PDK2, PHKG2, PI4KB, PIK3C2A, PIK3CD, PIM3, PIP5K1A, PKMYT1, 

PKN2, PLK1, PML, PNCK, PPA2, PPEF1, PPM1A, PPP1CA, PPP2R1A, PPP3CA, 

PPP5C, PRKACB, PRKAG1, PRKAR1B, PRKCZ, PRKD2, PRKDC, PTP4A2, PTPN12, 

PTPN2, PTPRA, PTPRS, PTPRU, RAF1, RIPK2, ROCK2, ROR1, RPS6KA2, RPS6KA5, 

RPS6KB1, RPS6KB2, SBF1, SCYL1, SDHAF2, SIK3, SOD1, SPAG9, SRPK1, SSH3, 

STK11, STK16, STK24, STK25, STK32C, STK40, STRADB, STYXL1, TAOK2, TAOK3, 

TGFBR3, THTPA, TIMM50, TRIM28, TYK2, ULK3, UQCR10, UQCRC1, UQCRC2, 

WEE1, WNK2 

 

Membrane 

organization, 

endocytosis and 

invagination: 

 

GO:0016044 

GO:0006897 

GO:0010324 

 

 

 

 

 

89 

51 

51 

 

 

 

 

 

3.3 

1.9 

1.9 

 

 

 

 

 

8.2E-05 

3.7E-03 

3.7E-03 

A4GALT, ABCA7, AP1B1, AP1M1, AP1S1, AP2A2, APOE, ARFGAP1, ARRB2, 

ATP5B, ATP6V1H, BCL2L1, BID, BNIP3, CCDC88A, CD302, CLINT1, CLN3, CLTA, 

CLTCL1, COL5A1, COPA, COPZ1, CORO1C, DAB2, DBNL, DENND1A, DNM2, 

DTNBP1, EGFR, EHD4, ELMO2, EMD, EPN1, EPN2, EPS15L1, FNBP1, FTH1, 

GDNF, GNPAT, GOSR2, GTF2H2, GTF2H2C, HSPA4, HSPA8, ITGAV, ITSN1, ITSN2, 

LMBR1L, LMNA, LRP1, M6PR, MFGE8, MRC2, MYH10, NDEL1, NECAP2, NEDD4, 

PACSIN3, PEX5, PI4KB, PICALM, PPIF, PREB, PUM1, RAB18, RAB7A, RABEPK, 

RAMP2, RUFY1, SAR1B, SCARB1, SEC24D, SEC31A, SH3GL1, SNX17, SNX3, 

SOD1, SORL1, STX8, TFRC, TIMM50, TIMM9, TOM1, TP53, VAMP7, VAMP8, 

VAPA, VTI1B, WASF2 

 

Protein amino acid 

N-linked 

glycosylation: 

GO:0006487 

 

 

 

 

18 

 

 

 

0.7 

 

 

 

1.9E-04 

ALG2, ALG6, ALG8, DDOST, DOLPP1, FUT8, LIPA, MAGT1, MAN1B1, MGAT1, 

MGAT2, MGAT4A, MGAT4B, MOGS, MPDU1, RPN1, STT3A, TUSC3 

I-kappaB kinase/NF-

kappaB cascade 

regulation: 

 

GO:0043123 

GO:0043122 

 

 

 

 

 

30 

32 

 

 

 

 

1.1 

1.2 

 

 

 

 

3.1E-04 

3.6E-04 

ATP2C1, BST2, CANT1, CC2D1A, DNAJA3, EEF1D, FADD, FKBP1A, FLNA, IKBKB, 

LITAF, MALT1, MAP3K7, MAVS, MIB2, MIER1, MYD88, NEK6, PPM1A, PPP5C, 

RELA, RHOA, RIPK2, SHISA5, SLC35B2, TMEM189, TMEM9B, TNFRSF1A, 

TRIM13, UBE2N, UBE2V1, VAPA, WLS 

 

Acetyl-CoA 

metabolic process: 

GO:0006084 

 

 

 

14 

 

 

0.5 

 

 

4.3E-04 

SDHA, SDHB, ACSS1, ACO2, SUCLG2, SDHC, DLD, ACACA, IDH2, IDH3B, DLAT, 

MDH2, IDH3A, MDH1 

Nucleocytoplasmic 

transport of proteins 

and RNA: 

GO:0006913 

GO:0051169 

 

 

 

42 

42 

 

 

 

1.5 

1.5 

 

 

 

4.5E-04 

5.9E-04 

AAAS, AKT1, ANP32A, ARNTL, CAMK1, CEP57, CHTOP, CKAP5, CSE1L, DDX19A, 

DDX19B, DDX39B, EIF5A, FMR1, HHEX, HNRNPA1, HTATIP2, IPO11, IPO13, 

IPO4, IPO5, KHSRP, KPNA4, KPNB1, MALT1, MLX, MYO1C, NPM1, NUP37, 

NUP54, NUP85, NUP88, NUP93, NUP98, NUTF2, NXF1, PML, PPP3CA, RAE1, 

RAN, SET, SLC23A2, SLC25A19, SLC29A1, SLC35B2, SMG7, SNUPN, SRSF1, 
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GO:0015931 

 

30 1.1 4.2E-03 

 

SRSF3, SRSF7, STRADB, THOC3, THOC5, THOC6, TNPO2, TP53, TSC1, VDAC3, 

XPO1, XPO6, ZNF384 

 

Regulation of 

cellular component 

size: 

 

GO:0032535 

 

 

 

64 

 

 

 

2.3 

 

 

 

6.7E-04 

ACTR3, ACTR3B, AKT1, AKT1S1, APBB1, ARHGAP5, ARPC1A, ARPC3, ARPC5, 

BIN3, CAPG, CAPZA2, CAPZB, CCNG1, CDH4, CDK4, CDKN1A, CFL1, CREB1, 

CSRP2, CYFIP1, DAB2, DCLK1, DDX5, DERL2, DGKD, ENO1, FGFR1, FGFR2, 

FGFR3, FHL1, GNG4, GSN, ILK, IP6K2, MAP1B, MAP2K5, MLST8, NDRG3, NEFL, 

NPM1, NUBP1, NUPR1, PFN2, PML, PPP2R1A, RB1CC1, RERG, RPTOR, RTN4, 

SEMA4F, SLC3A2, SMAD4, SPTBN2, TAF9, TGFBR3, TMSB10, TP53, TP73, TRO, 

TSC1, TSPYL2, VAT1, WDTC1  

 

Regulation of cell 

morphogenesis: 

 

GO:0022604 

 

 

 

 

36 

 

 

 

1.3 

 

 

 

8.2E-04 

ACTR3, ALDOA, ANXA7, APOE, ARAP1, ARAP3, ARHGDIA, ARHGEF1, CDH4, 

CYFIP1, DLC1, EFNA1, FERMT2, FGD4, FN1, ILK, LINGO1, LZTS1, MAP1B, 

MYH10, NDEL1, NEFL, NUMB, PALM, PALM2-AKAP2, PDPN, PLXNB2, RHOA, 

RTN4, SEMA4D, SEMA4F, SMAD4, TAOK2, TGFB1I1, TGFBR3, VEGFA 

Hexose metabolic 

process: 

 

GO:0019318 

GO:0006006 

 

 

 

48 

38 

 

 

 

1.8 

1.4 

 

 

 

9.8E-04 

4.0E-03 

ADPGK, AIMP1, AKR1A1, AKT1, ALDOA, ATF3, CREM, DLAT, ENO1, ENO2, 

ENO3, FUT8, G6PD, GAA, GALE, GALK2, GBE1, GMDS, GYG1, H6PD, KHK, LDHA, 

LDHB, MAN2A2, MAN2C1, MAPK14, MDH1, MDH2, MYC, PC, PCK2, PDK2, 

PFKFB3, PFKP, PGD, PGM1, PGM3, PHKB, PHKG2, PPARD, PPP1CA, PYGL, 

SLC25A10, SLC35A2, SLC37A4, TSTA3, USF1, WDTC1 

 

Transcriptional 

regulation, RNA 

polymerase II-

dependent- 

transcription 

regulation: 

 

GO:0051254 

GO:0045893 

GO:0045941 

GO:0006357 

GO:0010628 

GO:0032583 

GO:0006366 

GO:0043193 

GO:0006351 

 

 

 

 

 

 

 

 

102 

101 

116 

144 

118 

35 

54 

25 

64 

 

 

 

 

 

 

 

3.7 

3.7 

4.2 

5.3 

4.3 

1.3 

2.0 

0.9 

2.3 

 

 

 

 

 

 

 

1.0E-03 

1.2E-03 

1.5E-03 

1.9E-03 

2.1E-03 

2.5E-03 

3.1E-03 

3.2E-03 

4.5E-03 

AATF, AES, AFF4, ANKRD1, APBB1, APEX1, ARNT, ARNTL, ASH2L, ATXN7L3, 

BMP2, BRD8, BRF1, BUD31, CALCOCO1, CAMKK2, CAND1, CASK, CCNE1, CCNH, 

CDK7, CDKN1C, CENPK, CHD4, CHURC1, CNBP, CNOT7, CREB1, CRTC1, CTBP1, 

CUX1, DBP, DDX5, DEAF1, DNMT1, DNMT3A, DR1, E2F6, ECD, ECSIT, ELF1, 

ELK1, ELP2, ELP3, ELP4, ENO1, ERCC2, ERCC3, ETV4, FOS, FOXA2, FOXH1, 

FOXM1, FOXO3, FOXP4, GABPB1, GATA3, GATA4, GDF7, GDNF, GMEB2, 

GTF2A1, GTF2F1, GTF2H2, GTF2H2C, GTF2H3, GTF3C5, HAND2, HDAC10, 

HDAC8, HES1, HEXIM2, HHEX, HIF1A, HIRA, HLTF, HMGA1, HNRNPAB, HOPX, 

HOXA1, HTATIP2, IFNAR2, IKBKAP, ILF3, IRAK1, IRF3, IRF6, JAZF1, KAT2A, KAT5, 

LITAF, LMCD1, MAML2, MAP2K1, MAPK14, MAPK9, MAX, MAZ, MBD1, MDM4, 

MED15, MED16, MED22, MED24, MED6, MEF2C, MEN1, MKL1, MMS19, 

MORF4L2, MSL3, MTA2, MYC, NCOA1, NCOR1, NEDD4, NFAT5, NFATC4, 

NFE2L1, NFIC, NFYC, NIF3L1, NPAS2, NR2F2, PAWR, PBX1, PCGF2, PIAS1, PIAS2, 

PIR, PKIA, PKNOX1, POLR1C, POLR2D, POLR2G, POLR2H, POLR2I, POLR3D, 

POU2F1, PPARA, PPARD, PPM1A, PRKDC, PSMC3IP, PSMC5, RAN, RBBP8, 

RBM4, RELA, RHOA, RNF10, RNF14, RNF2, RNF4, RPS27A, RUVBL1, SCAP, 

SIRT1, SMAD4, SMAD5, SMARCA4, SMARCAL1, SMARCB1, SMARCD1, 

SMARCE1, SNAPC3, SOX4, SOX6, SRCAP, SREBF1, SREBF2, SUPT5H, SUPT6H, 

TAF5L, TAF6, TAF9, TARBP2, TARDBP, TBL1XR1, TBP, TBPL1, TBX1, TCEB1, 

TCF19, TCF25, TCF3, TCF7L2, TCFL5, TCOF1, TFAM, TFB2M, TFCP2, TFE3, 

TGFB1I1, TMX1, TNFRSF1A, TP53, TP53BP1, TP73, TRIM16, TRIM28, TSC22D1, 

UBC, UBN1, USF1, USF2, USP21, UTF1, VEGFA, WDTC1, XRCC6, YBX1, ZEB1, 

ZFHX3, ZNF143, ZNF423, ZNF462, ZNF496, ZSCAN21 

 

Nitrogen compound 

biosynthetic 

process: 

 

GO:0044271 

 

 

 

73 

 

 

 

2.7 

 

 

 

1.2E-03 

ADAL, ADCY3, ADSL, AKT1, ALAS1, ALDH18A1, ALDOA, AMD1, APRT, ASMTL, 

ASNS, ASNSD1, ASS1, ATIC, ATP13A1, ATP13A2, ATP1A3, ATP1B3, ATP2B1, 

ATP2B3, ATP2C1, ATP5A1, ATP5B, ATP5G2, ATP5O, ATP6V0C, ATP6V1D, 

ATP6V1E1, ATP6V1H, ATP7B, AZIN1, BCAT1, BCAT2, CBS, CTPS2, ENOPH1, 

FECH, GART, GCH1, GLUL, HAAO, IMPDH1, IMPDH2, MAT2A, MOCS2, 

NADSYN1, NFE2L1, NME3, NME4, NOS1, NQO1, ODC1, P2RX4, PADI2, PAICS, 

PNP, PPOX, PRPS1, PRPSAP2, PSAT1, PSPH, PTS, PYCR1, PYCR2, QDPR, RRM1, 

SEPHS2, SLC25A13, SRR, TBPL1, THTPA, TYMS, UMPS 

 

Biopolymer 

methylation: 

GO:0043414 

 

 

 

22 

 

 

0.8 

 

 

1.5E-03 

ATRX, CARM1, DMAP1, DNMT1, DNMT3A, EZH2, FOS, FTSJ1, FTSJ2, GSPT1, 

HEMK1, ICMT, MEN1, METTL5, NSUN2, PRMT1, PRMT2, PRMT5, PRMT6, 

PRMT7, SUV39H2, TFB2M 

Ras and GTPase 

activity regulation: 

 

 

 

 

 

 

ACAP3, AGAP3, ARAP1, ARAP3, ARFGAP1, ARFGAP2, ASAP3, CHM, DOCK7, 

EVI5L, FGD4, GDI2, MAP2K1, MLST8, NDEL1, RAB3GAP1, SCRIB, SGSM2, 
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GO:0032318 

GO:0043087 

29 

32 

1.1 

1.2 

2.3E-03 

4.2E-03 

SGSM3, SMAP1, STMN3, TBC1D1, TBC1D10A, TBC1D14, TBC1D16, TBC1D22A, 

TBC1D23, TBC1D2B, TBC1D30, TBC1D4, TBC1D9B, TSC1, 

 

Steroid hormone 

receptor signaling 

pathway: 

GO:0030518 

 

 

 

19 

 

 

 

0.7 

 

 

 

2.6E-03 

CALCOCO1, CARM1, CCNE1, CDK7, DAXX, KAT5, MED16, MED24, NCOA1, 

NEDD4, PIAS1, PIAS2, PMEPA1, RAN, RBM4, RNF14, RNF4, TGFB1I1, UBR5 

Regulation of cell 

size: 

 

GO:0008361 

 

 

 

49 

 

 

 

1.8 

 

 

 

2.6E-03 

RTN4, AKT1, DAB2, ARHGAP5, NUBP1, ILK, GNG4, MAP2K5, IP6K2, PPP2R1A, 

SLC3A2, TP53, CDK4, RPTOR, VAT1, SEMA4F, BIN3, FGFR2, FGFR1, DERL2, 

FGFR3, FHL1, PML, CCNG1, CDH4, TSPYL2, AKT1S1, NDRG3, DGKD, RB1CC1, 

TRO, NPM1, TAF9, DCLK1, ENO1, WDTC1, CREB1, MAP1B, SMAD4, DDX5, 

CSRP2, TP73, RERG, CDKN1A, NUPR1, TSC1, CYFIP1, TGFBR3, APBB1 

 

Release of 

cytochrome c from 

mitochondria: 

GO:0001836 

10 0.4 2.8E-03 BID, CASP3, GGCT, CASP7, CLU, TP53, BCL2L1, MYC, IFI6, TP73 

Ribonucleotide/ 

purine metabolic 

process: 

GO:0009259 

GO:0009150 

 

 

 

37 

35 

 

 

 

1.4 

1.3 

 

 

 

3.6E-03 

4.1E-03 

ACLY, ADAL, ADSL, ALDOA, ATIC, ATP13A1, ATP13A2, ATP1A3, ATP1B3, 

ATP2B1, ATP2B3, ATP2C1, ATP5A1, ATP5B, ATP5G2, ATP5O, ATP6V0C, 

ATP6V1D, ATP6V1E1, ATP6V1H, ATP7B, ERCC3, GART, GCH1, IMPDH1, 

IMPDH2, LONP1, MYO9B, NADK, NDUFS1, NME3, NME4, NUDT5, PAICS, PRPS1, 

SLC25A13, UMPS 

 

 

Positive regulation 

of cell development 

GO:0010720 

21 0.8 3.7E-03 BMP2, ARHGEF1, HOXA11, PLXNB2, RELA, MAP1B, XRCC6, SMAD4, CDH4, 

HOXD11, PRPF19, ACTR3, VEGFC, NDEL1, ILK, NUMB, RHOA, SEMA4D, 

TGFB1I1, NEFL, ARHGDIA 

 

Positive regulation 

of nitrogen 

compound 

metabolic process: 

 

GO:0051173 

 

 

 

 

127 

 

 

 

 

4.6 

 

 

 

 

4.1E-03 

AATF, AKT1, APBB1, APOE, ARNT, ARNTL, ATXN7L3, BMP2, BRE, BRF1, 

CALCOCO1, CAMKK2, CAND1, CASK, CCNE1, CCNH, CDK7, CENPK, CHURC1, 

CNBP, CNOT7, COMT, CREB1, CRTC1, DDAH1, DDX5, EGFR, ELF1, ELK1, ERCC2, 

ERCC3, ETV4, FOS, FOXA2, FOXH1, FOXO3, GATA4, GDF7, GDNF, GTF2F1, 

HAND2, HES1, HHEX, HIF1A, HMGA1, HNRNPAB, HOXA1, ILF3, IRAK1, IRF6, 

KAT5, MAML2, MAP2K1, MAPK14, MED6, MEF2C, MEN1, MKL1, MMS19, 

MORF4L2, MTA2, MYC, NCOA1, NFAT5, NFIC, NFYC, NIF3L1, NPAS2, NR2F2, 

P2RX4, PBX1, PDGFA, PIAS1, PIAS2, PKNOX1, POU2F1, PPARA, PPM1A, PRKDC, 

PSMC3IP, PSMC5, RAN, RBM4, RELA, RNF10, RNF14, RNF4, RPS27A, SCAP, 

SMAD4, SMAD5, SMARCA4, SMARCB1, SMARCD1, SOX4, SOX6, SREBF1, 

SREBF2, SUPT5H, TAF9, TBL1XR1, TBP, TBX1, TCF3, TCF7L2, TFE3, TGFB1I1, 

TMX1, TNFRSF1A, TP53, TP53BP1, TP73, TRIM16, TRIM28, UBC, UBE2N, 

UIMC1, USF1, USF2, USP21, UTF1, VEGFA, XRCC6, ZEB1, ZNF423, ZNF462, 

ZSCAN21, 

 

Generation of 

precursor 

metabolites and 

energy: 

 

GO:0006091 

 

 

 

 

 

68 

 

 

 

 

 

2.5 

 

 

 

 

 

4.2E-03 

ACAA1, ACADVL, ACO2, ADPGK, AKT1, ALDOA, ATP5A1, ATP5B, ATP5G2, 

ATP5O, ATP6V0C, ATP6V1D, ATP6V1E1, ATP6V1H, CYB5B, CYCS, DLAT, DLD, 

ECH1, ENO1, ENO2, ENO3, ETFA, FADS2, FDX1L, FDXR, FECH, GAA, GBE1, 

GNAS, GYG1, IDH2, IDH3A, IDH3B, LDHA, LDHB, MDH1, MDH2, NDUFA10, 

NDUFA7, NDUFS1, NDUFS7, NDUFS8, NDUFV1, NFATC4, PFKP, PGM1, PHKB, 

PHKG2, PPARD, PPP1CA, PYGL, RUNX1T1, SDHA, SDHAF2, SDHB, SDHC, 

SLC25A12, SLC25A13, SLC25A3, SUCLG2, THTPA, TMX1, TXNL1, TXNRD1, 

UQCR10, UQCRC1, UQCRC2 

 

Neuronal 

differentiation: 

 

GO:0030182 

41 1.5 4.3E-03 ACTR3, APOE, ARHGDIA, ARHGEF1, ASPM, BMP2, CDH4, CDK5RAP1, 

CDK5RAP2, CDK5RAP3, CRABP1, DBN1, EFNA1, FOXA2, HES1, ILK, IRX3, 

LINGO1, LZTS1, MAP1B, NDEL1, NEFL, NOTCH3, NTRK2, NUMB, PBX1, PLXNB2, 

PRPF19, RELA, REST, RHOA, RPS27A, RTN4, SEMA4D, SEMA4F, TGIF2, TIMP2, 

TP53, UBC, VEGFC, XRCC6 

 

tRNA 

aminoacylation: 

GO:0043039 

14 0.5 4.5E-03 AIMP1, EDRS, HARS, KARS, LARS, MARS, NARS2, QARS, TARS, TARS2, VARS2, 

WARS, WARS2, YARS 
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Appendix Table A7. Gene ontology analysis of the TDP-43 Q331K differentially expressed whole-cell 
transcriptome at gene level 
The PANTHER overrepresentation test (version 10.0 released 2015-05-15) from the Gene Ontology (GO) database 
(http://www.pantherdb.org/) was also used to statistically assess significant enrichment of biological processes 
(PANTHER GO-Slim Biological Process) and validate the DAVID analysis. N: total number of human genes 
associated with the given functional category. WCT: number of genes differentially expressed in the Q331K whole-cell 
transcriptome (WCT) for the given functional category. Exp.: number of genes expected for the given functional 
category without statistically significant enrichment. R: representation (+: overrepresented; -: underrepresented). FE: 
fold enrichment. GO terms (34) are ranked by ascending P-Values (p <0.005) for the differentially expressed gene list 
with log2FC >1. 

Biological process GO term N WCT Exp. R FE P-Value 

Nucleobase-containing compound metabolic process GO:0006139 3467 275 196.1 + 1.4 2.22E-09 

Metabolic process GO:0008152 8247 565 466.4 + 1.21 3.41E-09 

Primary metabolic process GO:0044238 6825 477 385.9 + 1.24 1.60E-08 

Immune system process GO:0002376 1391 39 78.7 - 0.5 2.74E-07 

Immune response GO:0006955 518 8 29.3 - 0.27 2.83E-06 

RNA metabolic process GO:0016070 2360 184 133.5 + 1.38 5.53E-06 

Translation GO:0006412 435 47 24.6 + 1.91 3.06E-05 

System development GO:0048731 1271 41 71.9 - 0.57 3.46E-05 

Response to stimulus GO:0050896 2170 83 122.7 - 0.68 4.21E-05 

Protein transport GO:0015031 1082 92 61.2 + 1.5 9.23E-05 

Protein metabolic process GO:0019538 2692 197 152.2 + 1.29 1.02E-04 

Nitrogen compound metabolic process GO:0006807 1099 92 62.2 + 1.48 1.56E-04 

tRNA metabolic process GO:0006399 82 14 4.6 + 3.02 3.26E-04 

Nervous system development GO:0007399 823 25 46.5 - 0.54 3.28E-04 

Intracellular protein transport GO:0006886 1052 87 59.5 + 1.46 3.43E-04 

Cell communication GO:0007154 3006 130 170.0 - 0.76 3.60E-04 

mRNA splicing, via spliceosome GO:0000398 183 23 10.4 + 2.22 4.39E-04 

Protein localization GO:0008104 116 17 6.6 + 2.59 4.55E-04 

DNA repair GO:0006281 172 22 9.7 + 2.26 4.60E-04 

Cell cycle GO:0007049 1107 90 62.6 + 1.44 4.65E-04 

mRNA processing GO:0006397 274 30 15.5 + 1.94 6.35E-04 

DNA metabolic process GO:0006259 379 37 21.4 + 1.73 1.26E-03 

Multicellular organismal process GO:0032501 1640 66 92.7 - 0.71 1.52E-03 

Single-multicellular organism process GO:0044707 1636 66 92.5 - 0.71 1.64E-03 

Ectoderm development GO:0007398 663 21 37.5 - 0.56 2.17E-03 

Protein targeting GO:0006605 112 15 6.3 + 2.37 2.26E-03 

Transcription, DNA-dependent GO:0006351 1941 139 109.8 + 1.27 2.62E-03 

Vesicle-mediated transport GO:0016192 895 71 50.6 + 1.4 3.22E-03 

Regulation of cell cycle GO:0051726 26 6 1.5 + 4.08 4.02E-03 

Catabolic process GO:0009056 407 37 23.0 + 1.61 4.04E-03 

RNA splicing, via transesterification reactions GO:0000375 132 16 7.5 + 2.14 4.28E-03 
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Appendix Table A8. Gene ontology analysis of the TDP-43 Q331K differentially expressed 
cytoplasmic transcriptome at gene level  
The PANTHER overrepresentation test (version 10.0 released 2015-05-15) from the Gene Ontology (GO) database 
(http://www.pantherdb.org/) was also used to statistically assess significant enrichment of biological processes 
(PANTHER GO-Slim Biological Process) and validate the DAVID analysis. N: total number of human genes 
associated with the given functional category. WCT: number of genes differentially expressed in the Q331K whole-cell 
transcriptome (WCT) for the given functional category. Exp.: number of genes expected for the given functional 
category without statistically significant enrichment. R: representation (+: overrepresented; -: underrepresented). FE: 
fold enrichment. GO terms (49) are ranked by ascending P-Values (p <0.005) for the differentially expressed gene list 
with log2FC >1. 

Biological process GO term N WCT Exp. R FE P-Value 

Metabolic process GO:0008152 8247 1002 768.3 + 1.3 5.12E-27 

Primary metabolic process GO:0044238 6825 830 635.8 + 1.31 2.28E-20 

Nucleobase-containing compound metabolic 

process 

GO:0006139 3467 452 323.0 + 1.4 3.54E-14 

Protein metabolic process GO:0019538 2692 359 250.8 + 1.43 2.23E-12 

RNA metabolic process GO:0016070 2360 317 219.9 + 1.44 2.74E-11 

Transcription, DNA-dependent GO:0006351 1941 254 180.8 + 1.4 3.46E-08 

Cellular component organization or biogenesis  GO:0071840 1316 183 122.6 + 1.49 7.70E-08 

Cellular protein modification process GO:0006464 1317 180 122.7 + 1.47 3.01E-07 

Translation GO:0006412 435 76 40.5 + 1.88 3.05E-07 

Immune system process GO:0002376 1391 78 129.6 - 0.6 3.25E-07 

Organelle organization GO:0006996 571 90 53.2 + 1.69 1.86E-06 

Cellular component organization GO:0016043 1206 162 112.4 + 1.44 3.20E-06 

Nitrogen compound metabolic process GO:0006807 1099 149 102.4 + 1.46 5.02E-06 

Ion transport GO:0006811 714 34 66.5 - 0.51 6.24E-06 

Blood circulation GO:0008015 154 1 14.4 -  < 0.2 8.62E-06 

Transcription from RNA polymerase II promoter GO:0006366 1723 214 160.5 + 1.33 1.42E-05 

Cell cycle GO:0007049 1107 147 103.1 + 1.43 1.62E-05 

Sensory perception GO:0007600 455 18 42.4 - 0.42 1.72E-05 

Multicellular organismal process GO:0032501 1640 106 152.8 - 0.69 2.10E-05 

Single-multicellular organism process GO:0044707 1636 106 152.4 - 0.7 2.38E-05 

System process GO:0003008 1296 81 120.7 - 0.67 5.00E-05 

Response to stimulus GO:0050896 2170 152 202.2 - 0.75 6.42E-05 

Cation transport GO:0006812 571 28 53.2 - 0.53 9.35E-05 

Purine nucleobase metabolic process GO:0006144 88 21 8.2 + 2.56 1.25E-04 

Immune response GO:0006955 518 25 48.3 - 0.52 1.50E-04 

Cellular component biogenesis GO:0044085 310 50 28.9 + 1.73 2.01E-04 

Regulation of translation GO:0006417 148 29 13.8 + 2.1 2.21E-04 

Protein transport GO:0015031 1082 137 100.8 + 1.36 2.43E-04 

DNA repair GO:0006281 172 32 16.0 + 2 2.65E-04 

Regulation of nucleobase-containing compound 

metabolic process 

GO:0019219 1700 202 158.4 + 1.28 2.76E-04 

Vesicle-mediated transport GO:0016192 895 116 83.4 + 1.39 3.12E-04 

Intracellular protein transport GO:0006886 1052 133 98.0 + 1.36 3.16E-04 

Biosynthetic process GO:0009058 764 101 71.2 + 1.42 3.92E-04 

Neurological system process GO:0050877 1064 68 99.1 - 0.69 4.52E-04 

Mitosis GO:0007067 367 55 34.2 + 1.61 5.69E-04 

Protein phosphorylation GO:0006468 603 82 56.2 + 1.46 6.04E-04 

rRNA metabolic process GO:0016072 115 23 10.7 + 2.15 7.14E-04 
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Protein targeting GO:0006605 112 22 10.4 + 2.11 1.15E-03 

Cell-cell signaling GO:0007267 633 37 59.0 - 0.63 1.28E-03 

Catabolic process GO:0009056 407 58 37.9 + 1.53 1.30E-03 

Extracellular transport GO:0006858 113 2 10.5 -  < 0.2 1.76E-03 

Biological regulation GO:0065007 3918 416 365.0 + 1.14 1.92E-03 

mRNA processing GO:0006397 274 41 25.5 + 1.61 2.72E-03 

Mitochondrial transport GO:0006839 25 8 2.3 + 3.44 2.77E-03 

System development GO:0048731 1271 90 118.4 - 0.76 3.07E-03 

Regulation of cell cycle GO:0051726 26 8 2.4 + 3.3 3.50E-03 

Regulation of transcription from RNA polymerase II 

promoter 

GO:0006357 1319 153 122.9 + 1.25 3.68E-03 

DNA metabolic process GO:0006259 379 52 35.3 + 1.47 4.64E-03 

mRNA splicing, via spliceosome GO:0000398 183 29 17.1 + 1.7 4.98E-03 
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Appendix Table A9. Gene ontology analysis of the TDP-43 Q331K differentially expressed GRASPS-
translatome at gene level 
The PANTHER overrepresentation test (version 10.0 released 2015-05-15) from the Gene Ontology (GO) database 
(http://www.pantherdb.org/) was also used to statistically assess significant enrichment of biological processes 
(PANTHER GO-Slim Biological Process) and validate the DAVID analysis. N: total number of human genes 
associated with the given functional category. WCT: number of genes differentially expressed in the Q331K whole-cell 
transcriptome (WCT) for the given functional category. Exp.: number of genes expected for the given functional 
category without statistically significant enrichment. R: representation (+: overrepresented; -: underrepresented). FE: 
fold enrichment. GO terms (69) are ranked by ascending P-Values (p <0.005) for the differentially expressed gene list 
with log2FC >1. 

Biological process GO term N WCT Exp. R FE P-Value 

Metabolic process GO:0008152 8247 2048 1624 + 1.26 4.35E-41 

Primary metabolic process GO:0044238 6825 1710 1344 + 1.27 4.38E-33 

Protein metabolic process GO:0019538 2692 733 530.2 + 1.38 1.29E-19 

Nucleobase-containing compound metabolic 

process 

GO:0006139 3467 873 682.8 + 1.28 7.03E-15 

Translation GO:0006412 435 155 85.7 + 1.81 6.04E-12 

DNA repair GO:0006281 172 80 33.9 + 2.36 8.75E-12 

Cellular protein modification process GO:0006464 1317 370 259.4 + 1.43 1.22E-11 

Sensory perception GO:0007600 455 36 89.6 - 0.4 7.24E-11 

DNA metabolic process GO:0006259 379 134 74.6 + 1.8 2.60E-10 

Immune response GO:0006955 518 46 102.0 - 0.45 2.73E-10 

Multicellular organismal process GO:0032501 1640 221 323.0 - 0.68 2.79E-10 

Cellular component organization or biogenesis GO:0071840 1316 361 259.2 + 1.39 3.39E-10 

Single-multicellular organism process  GO:0044707 1636 221 322.2 - 0.69 3.67E-10 

Organelle organization  GO:0006996 571 180 112.5 + 1.6 1.57E-09 

Immune system process  GO:0002376 1391 185 273.9 - 0.68 2.54E-09 

Cellular component organization GO:0016043 1206 329 237.5 + 1.39 3.80E-09 

System process GO:0003008 1296 175 255.2 - 0.69 2.75E-08 

Regulation of translation GO:0006417 148 63 29.2 + 2.16 3.25E-08 

Natural killer cell activation GO:0030101 99 1 19.5 -  < 0.2 6.70E-08 

Neurological system process GO:0050877 1064 142 209.5 - 0.68 2.55E-07 

Cellular amino acid biosynthetic process GO:0008652 81 40 16.0 + 2.51 2.84E-07 

Cell-cell signaling GO:0007267 633 74 124.7 - 0.59 4.59E-07 

RNA metabolic process GO:0016070 2360 566 464.8 + 1.22 6.99E-07 

Cell cycle GO:0007049 1107 291 218.0 + 1.33 7.07E-07 

mRNA processing GO:0006397 274 93 54.0 + 1.72 7.34E-07 

Catabolic process GO:0009056 407 123 80.2 + 1.53 4.24E-06 

mRNA splicing, via spliceosome GO:0000398 183 66 36.0 + 1.83 4.35E-06 

Intracellular protein transport GO:0006886 1052 272 207.2 + 1.31 5.49E-06 

Protein transport GO:0015031 1082 277 213.1 + 1.3 9.12E-06 

Response to stimulus GO:0050896 2170 347 427.4 - 0.81 1.35E-05 

Blood circulation GO:0008015 154 10 30.3 - 0.33 1.70E-05 

Protein targeting GO:0006605 112 43 22.1 + 1.95 4.81E-05 

Cation transport GO:0006812 571 74 112.5 - 0.66 6.01E-05 

Nitrogen compound metabolic process GO:0006807 1099 272 216.4 + 1.26 1.01E-04 

Cellular component biogenesis GO:0044085 310 91 61.1 + 1.49 1.82E-04 

Protein phosphorylation GO:0006468 603 159 118.8 + 1.34 2.01E-04 

Ion transport GO:0006811 714 101 140.6 - 0.72 2.21E-04 

Protein complex biogenesis  GO:0070271 108 39 21.3 + 1.83 3.44E-04 

RNA splicing GO:0008380 135 46 26.6 + 1.73 3.77E-04 

Regulation of vasoconstriction GO:0019229 52 1 10.2 -  < 0.2 3.97E-04 

Neuron-neuron synaptic transmission GO:0007270 52 1 10.2 -  < 0.2 3.97E-04 

RNA splicing, via transesterification reactions GO:0000375 132 45 26.0 + 1.73 4.28E-04 

Cell communication GO:0007154 3006 519 592.0 - 0.88 5.32E-04 

Chromatin organization GO:0006325 250 74 49.2 + 1.5 5.48E-04 

Protein complex assembly GO:0006461 107 38 21.1 + 1.8 5.50E-04 

Transcription from RNA polymerase II promoter GO:0006366 1723 397 339.3 + 1.17 7.58E-04 

Vesicle-mediated transport GO:0016192 895 219 176.3 + 1.24 8.14E-04 

System development GO:0048731 1271 203 250.3 - 0.81 8.45E-04 
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Purine nucleobase metabolic process GO:0006144 88 32 17.3 + 1.85 9.86E-04 

Visual perception GO:0007601 219 24 43.1 - 0.56 1.05E-03 

Skeletal system development GO:0001501 232 26 45.7 - 0.57 1.06E-03 

Transcription, DNA-dependent GO:0006351 1941 440 382.3 + 1.15 1.27E-03 

Cellular amino acid metabolic process GO:0006520 264 75 52.0 + 1.44 1.48E-03 

Mitosis GO:0007067 367 99 72.3 + 1.37 1.49E-03 

DNA replication GO:0006260 161 50 31.7 + 1.58 1.55E-03 

Mesoderm development GO:0007498 671 100 132.1 - 0.76 1.84E-03 

Protein methylation GO:0006479 14 9 2.8 + 3.26 2.19E-03 

Carbohydrate metabolic process GO:0005975 573 144 112.8 + 1.28 2.36E-03 

Response to external stimulus GO:0009605 378 51 74.4 - 0.69 2.40E-03 

Regulation of cell cycle GO:0051726 26 13 5.1 + 2.54 2.45E-03 

Tricarboxylic acid cycle GO:0006099 20 11 3.9 + 2.79 2.52E-03 

Response to biotic stimulus GO:0009607 41 1 8.1 -  < 0.2 2.81E-03 

DNA recombination GO:0006310 50 20 9.9 + 2.03 2.88E-03 

B cell mediated immunity GO:0019724 141 14 27.8 - 0.5 3.01E-03 

Biosynthetic process GO:0009058 764 185 150.5 + 1.23 3.02E-03 

Regulation of molecular function GO:0065009 1096 256 215.8 + 1.19 3.37E-03 

Protein localization GO:0008104 116 37 22.8 + 1.62 3.83E-03 

Cytoskeleton organization GO:0007010 78 27 15.4 + 1.76 4.42E-03 

Synaptic transmission GO:0007268 331 45 65.2 - 0.69 4.99E-03 
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Appendix Table A10. Commonly differentially expressed TDP-43 targets 
Differentially expressed transcripts common to all the three datasets with log2 FC >1. 
Gene symbol Gene description WCT (log2 FC) CyT (log2 

FC) 

GRASPS (log2 FC) 

PUM1 pumilio RNA binding family member 1 [HGNC:14957] -1.1 1.6 1.7 

EED embryonic ectoderm development [HGNC:3188] 1.7 1.1 2.8 

UBE2A ubiquitin conjugating enzyme E2A [HGNC:12472] -1.9 -2.6 2.4 

HNRNPDL 

heterogeneous nuclear ribonucleoprotein D like 

[HGNC:5037] -1.4 -1.0 1.5 

ATF7 activating transcription factor 7 [HGNC:792] 1.7 -2.4 2.3 

ABI2 abl-interactor 2 [HGNC:24011] -2.4 1.0 2.1 

PABPN1 poly(A) binding protein, nuclear 1 [HGNC:8565] 3.0 1.5 1.5 

ATP2C1 

ATPase, Ca++ transporting, type 2C, member 1 

[HGNC:13211] -1.2 -1.6 2.2 

MYO5A myosin VA [HGNC:7602] 1.2 1.3 -1.3 

PDE4DIP phosphodiesterase 4D interacting protein [HGNC:15580] 1.1 -1.1 1.7 

ACIN1 apoptotic chromatin condensation inducer 1 [HGNC:17066] 1.1 -1.3 1.9 

NOMO2 NODAL modulator 2 [HGNC:22652] -1.5 1.0 2.9 

KIAA0101 KIAA0101 [HGNC:28961] 3.1 -1.4 1.7 

ATL2 atlastin GTPase 2 [HGNC:24047] 1.7 1.1 2.6 

DNAJB6 

 

DnaJ heat shock protein family (Hsp40) member B6 

[HGNC:14888] -2.0 1.0 1.0 

CCT5 

chaperonin containing TCP1, subunit 5 (epsilon) 

[HGNC:1618] -1.9 1.3 -1.5 

NUP98 nucleoporin 98kDa [HGNC:8068] 1.9 1.1 2.8 

VDAC1 voltage-dependent anion channel 1 [HGNC:12669] 1.8 1.2 1.5 

CELF1 CUGBP, Elav-like family member 1 [HGNC:2549] 1.0 1.2 -1.3 

VGLL4 vestigial like family member 4 [HGNC:28966] -1.5 3.7 1.3 

ATG16L1 autophagy related 16 like 1 [HGNC:21498] 3.1 1.1 -2.1 

DYM dymeclin [HGNC:21317] -2.1 -1.1 4.3 

ZDHHC20 zinc finger, DHHC-type containing 20 [HGNC:20749] -1.1 -1.7 1.2 

GLYR1 

glyoxylate reductase 1 homolog (Arabidopsis) 

[HGNC:24434] 1.1 -1.8 1.4 

NCOR2 nuclear receptor corepressor 2 [HGNC:7673] -1.0 -1.7 -1.0 

TUSC3 tumor suppressor candidate 3 [HGNC:30242] 2.3 1.3 1.9 

ENOPH1 enolase-phosphatase 1 [HGNC:24599] -1.5 1.0 1.7 

RAB18 RAB18, member RAS oncogene family [HGNC:14244] 1.1 -1.8 1.9 

MED25 mediator complex subunit 25 [HGNC:28845] -1.1 -1.1 -2.1 

NSMCE2 

 

NSE2/MMS21 homolog, SMC5-SMC6 complex SUMO ligase 

[HGNC:26513] 1.1 -1.1 -2.0 

DCUN1D4 

 

DCN1, defective in cullin neddylation 1, domain containing 

4 [HGNC:28998] 1.1 1.2 1.7 

C1orf198 chromosome 1 open reading frame 198 [HGNC:25900] -1.9 1.0 -3.9 

PIGK 

 

phosphatidylinositol glycan anchor biosynthesis class K 

[HGNC:8965] -1.6 1.1 -1.7 

DDR1 discoidin domain receptor tyrosine kinase 1 [HGNC:2730] -1.3 -1.2 -1.4 

SRSF3 serine/arginine-rich splicing factor 3 [HGNC:10785] 1.2 1.1 1.9 

TPT1 tumor protein, translationally-controlled 1 [HGNC:12022] 1.4 -1.0 1.3 

KHSRP KH-type splicing regulatory protein [HGNC:6316] 1.8 -1.8 1.1 

TPM1 tropomyosin 1 (alpha) [HGNC:12010] -2.7 1.1 -1.1 

DAPK1 death-associated protein kinase 1 [HGNC:2674] 1.6 1.0 1.3 

UBE2V2 ubiquitin conjugating enzyme E2 variant 2 [HGNC:12495] -1.1 -1.3 2.3 

NCAM1 neural cell adhesion molecule 1 [HGNC:7656] 1.0 1.0 1.6 

NASP 

 

nuclear autoantigenic sperm protein (histone-binding) 

[HGNC:7644] 1.1 -2.2 -1.1 

MATK megakaryocyte-associated tyrosine kinase [HGNC:6906] 2.9 1.0 1.4 

HN1 hematological and neurological expressed 1 [HGNC:14569] -1.3 1.0 1.1 

RHOBTB3 Rho-related BTB domain containing 3 [HGNC:18757] -1.1 1.9 -1.8 

SMC6 structural maintenance of chromosomes 6 [HGNC:20466] 1.6 1.0 -2.1 

PAIP1 poly(A) binding protein interacting protein 1 [HGNC:16945] 1.1 -1.0 -1.3 
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PTOV1 prostate tumor overexpressed 1 [HGNC:9632] -1.4 -1.2 -1.8 

ADSL adenylosuccinate lyase [HGNC:291] 1.1 -1.2 1.6 

AP2B1 

adaptor related protein complex 2, beta 1 subunit 

[HGNC:563] -1.3 -1.1 -4.5 

FLNA filamin A [HGNC:3754] 1.6 1.3 -2.1 

ADAM23 ADAM metallopeptidase domain 23 [HGNC:202] 1.5 1.1 1.8 

SUMO1 small ubiquitin-like modifier 1 [HGNC:12502] -1.8 -1.1 1.6 

ITGB1 integrin subunit beta 1 [HGNC:6153] -1.5 1.2 -4.6 

 

 

 

  

 
 
 
 
 
 
 


