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Abstract  
 

The fused in sarcoma (FUS) gene is mutated in 4% of familial cases of 

Amyotrophic lateral sclerosis (ALS) and 1% of sporadic cases. Moreover, FUS 

immunoreactive inclusions are present in both ALS patients. Importantly, 

mutations in FUS account for a particularly aggressive, juvenile form of the 

disease. Hence, elucidating the pathological role of FUS in ALS is crucial for 

understanding the disease. While the mechanisms underlying 

neurodegeneration in ALS are not fully understood, defects in alternative 

splicing have been previously associated with ALS disease pathology. 

Additionally, alternative spliced forms of proteins linked to ALS, have also been 

implicated. This thesis focuses on the study of a newly identified, extracellular 

isoform of FUS, which was termed ‘FUSEC’. FUSEC has a unique N-terminus 

sequence but shares its C-terminus with canonical FUS. For FUS, the most 

abundant ALS mutations are enriched at the C-terminus. Here it was confirmed 

FUSEC expression at the mRNA and protein level. Furthermore, it was 

demonstrated it is N-glycosylated mostly with complex N-glycans, and this 

regulates its secretion. Also it was studied its intracellular localization and its 

potential normal functions. Finally, the role of FUSEC in ALS was examined. 

FUSEC bearing ALS mutations demonstrated inclusion formation, induction of 

ER stress and Golgi fragmentation and finally apoptosis, key cellular features of 

ALS. The discovery of a new alternatively spliced isoform of FUS provides novel 

insights into the pathogenic mechanisms implicated in ALS. 
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1.1. Amyotrophic lateral sclerosis 
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that 

selectively affects upper and lower motor neurons of the brainstem, cortex and 

spinal cord [1]. ALS results in muscular weakness and with a rapid progression, 

it leads to paralysis and death, due to respiratory failure, usually within 3 to 5 

years of diagnosis [2]. Most of ALS cases are classified as sporadic (sALS), 

with unknown aetiology, whereas 10% of cases are hereditary, termed familial 

ALS (fALS) [3]. Nonetheless, misfolded protein aggregates, forming motor 

neuronal inclusions are a common pathological hallmark of both sporadic and 

familial ALS, which clinically appear identical. The underlying 

pathophysiological mechanisms are still poorly understood and there is 

currently no effective treatment. In 2009, mutations in the Fused in Sarcoma 

(FUS) gene were first linked to familial ALS and to date more than 50 FUS 

mutations have been identified [4, 5]. In addition, FUS mutations were 

subsequently identified in a subset of sALS patients [6]. Interestingly, FUS 

mutations account for a particularly aggressive, juvenile form of disease [7-10]. 

Moreover, FUS immunoreactive inclusions are present in motor neurons of 

sALS, non-SOD1 fALS and 10% frontotemporal lobar degeneration (FTLD) 

patients [7, 11, 12]. This thesis focuses on the study of a novel, extracellular 

isoform of FUS, ‘FUSEC’. It aims to characterise both WT and mutant forms of 

FUSEC, thus broadening our knowledge of the FUS protein and its relationship 

to ALS.  

	

1.1.1 Clinical features and symptoms of ALS 
ALS is the most common adult onset motor neuron disorder. It is characterized 

by a progressive loss of both upper and lower motor neurons in the brain and 

spinal cord. ALS spreads progressively from an initial focal site of onset, leading 

to loss of control of the voluntary muscles, and death due to respiratory failure 

on average within 3 to 5 years from diagnosis [1]. The clinical features are 

heterogeneous, and can be categorised according to the site of onset, rate of 

progression and population of motor neurons lost, whether they are upper or 

lower [13]. The most common presentations of ALS are categorised as classical 

ALS (70%), ALS-FTD (5-15%), with isolated bulbar involvement or isolated 
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bulbar palsy (5%), and progressive spinal muscular atrophy, together with 

primary lateral sclerosis (10%) [14, 15].  

There is currently no available reliable diagnostic biomarker, which leads 

to a 9-12 month delay in the diagnosis of ALS [16]. Since 1990, the El Escorial 

Criteria (ECC) have been used for the diagnosis of ALS [17], which focus on the 

clinical and electrophysiological evidence of lower and upper motor neuron 

degeneration, and the spread of clinical symptoms [17]. However, it was 

previously noted that the ECC is very restrictive and results in difficulties in the 

diagnosis of some cases of ALS.  Hence these guidelines were updated more 

recently, and the ‘Awaji Criteria’ were proposed as an additional tool to increase 

the sensitivity of the EEC of probable or definite ALS cases [18, 19]. 

The targeting of upper motor neurons (UMN) in the motor cortex in ALS 

results in muscle stiffness, spasticity and hyperreflexia, whereas the 

involvement of lower motor neurons (LMN) in the brainstem and spinal cord 

leads to increased electrical irritability, spontaneous muscle twitching, 

weakness and finally motor neuron loss [15, 20]. These latter events translate 

into muscle denervation and ultimately, muscle atrophy [15, 20]. Additionally, in 

some studies it is reported that up to 85% of ALS patients will also experience 

sensory defects, although the underlying molecular mechanisms are not well 

understood [21].  

ALS is characterized by a focal onset of symptoms, which spreads 

through adjacent anatomic regions, reflecting its clinical spread [22, 23]. Cross-

sectional studies report that the spread of motor neuron degeneration is within, 

and between, the UMN and LMNs, which underlies the complex and 

heterogeneous clinical manifestation [22].  

 

1.1.2 Epidemiology of ALS 
The incidence and prevalence of ALS varies worldwide [24-26]. In Europe the 

incidence is recorded to be 2.6 individuals per 100,000 persons per year [27], 

whereas in China this number drops to 0.51-0.6 individuals per 100,000 [28]. 

Similarly, the prevalence in European populations is 6.9-9 people per 

100,000/year [27, 29], and again in China this number drops to 1.97-3.04 

individuals per 100,000 [28]. We can not eliminate the possibility that these 
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differences are due to reduced diagnosis in some remote Chinese populations.	

Interestingly, higher rates of ALS are found in people from the Kii Peninsula of 

Honshu Island, Japan, and from the Chamorro people of Guam [30, 31].  

There are many factors that influence survival rate of ALS, including age 

of onset, presence of dementia, degree of diagnostic certainty, site of onset, 

body weight at the time of disease diagnosis, duration of treatment and 

gastrostomy [29, 32]. ALS mortality appears to be lower in highly ethnically 

“mixed” populations [25]. Studies of European populations have estimated that 

70% of patients with ALS die within 3 years of the first appearance of symptoms 

[27]. In contrast, 5-10% of ALS patients survive more than 8 years [33] although 

this number can vary, depending on the inclusion criteria used in the analysis 

[28]. A recent study determined that ALS patients who took riluzole for more 

than 75% of disease duration survived 11 months longer than those patients 

that took riluzole for less than this period [32].  

Gender is considered to be a risk factor for ALS, as the male: female 

incidence ratio is 1.6-2:1 [29, 34], although men and women are equally 

affected when the disease begins after the age of 70 years [35]. In European 

countries, the mean age of onset is 66.6 years [36] whereas in India, an earlier 

age of disease onset is observed, 46.2 years [37]. Nevertheless, ALS is often 

associated with aging because the age group with the highest prevalence is 70-

79 years [29]. It has also been predicted that in the future, as the population 

ages, the incidence of ALS will increase 20% by 2040 in Europe [36] and 

across the globe, 69% by 2040 [38].  

 

1.1.3 Environmental factors 
Several environmental factors are hypothesized to contribute to the risk of ALS, 

such as smoking, exposure to toxins, physical activity, viral infection and head 

trauma [39].  

Smoking has been considered as a risk factor for ALS for a long time, but 

there is still no clear evidence of its relationship to ALS. Systematic reviews of 

case-controlled and cohort studies evaluating smoking with the incidence of 

ALS, finds no strong association, but conclude that smoking is a risk factor for 

ALS in women [40, 41]. However no study has described a strong correlative 
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relationship between smoking and ALS [42]. Smoking has also been negatively 

associated with the median survival of ALS, independently of their respiratory 

status [43]. 

 

Exposure to some environmental toxins, including pesticides, organic 

solvents, environmental pollutants and heavy metals, are proposed to be risk 

factors for ALS [44-47]. One of the best studied examples, with substantial 

evidence linking it to ALS, is the toxin β-N-methylamino-L-alanine (BMAA). 

Elevated rates of ALS, PD and dementia complex (ALS–PDC), were reported in 

the Chamorro population in Guam [48], which has been associated with 

exposure to BMAA [48]. It has been suggested that BMAA, present in cycad 

seeds, undergoes biomagnification through the food chain [31, 49]. According 

to this hypothesis, animals consumed by the Guam population such as flying 

foxes, which are eaten traditionally by the Chamorro people, contain high 

concentration of BMAA [31, 49]. Consistent with this notion, high concentrations 

of BMAA are present in brains from ALS–PDC patients from Guam [50]. In 

addition, BMAA is a secondary metabolite produced by cyanobacteria, which 

possess a ubiquitous distribution in terrestrial and aquatic habitats, potentially 

expanding BMAA exposure to other regions. Supporting this hypothesis, high 

concentrations of BMAA were detected in the brains of ALS patients in Florida, 

where high concentrations of cyanobacteria are found [51]. However, there is 

no direct evidence of the effect of BMAA on humans; the only direct evidence 

comes from studies involving cell lines and animal models [52, 53]. 

Interestingly, recently a rat model with a single neonatal subcutaneous injection 

of 400 mg/kg BMAA developed neuropathology resembling ALS–PDC [52]. It 

has been further characterized that BMAA may become misincorporated into 

protein translation of L-serine [54]. 

 

Two controversial studies concluded that Gulf War veterans were twice 

as likely to develop ALS than non-veterans [55, 56]. Whilst the results of these 

studies were questioned because of the calculations used to determine the 

excess risk, the US Institute of Medicine issued a report confirming the 

association between military service and ALS [57]. This has been further 

confirmed by later studies [58, 59]. This predisposition to ALS is not exclusive to 
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military personal from the Gulf war, because a Danish study identified 1.3 fold 

increase in ALS in Air Force and Marine personnel [60]. These findings suggest 

that the risk of ALS in military occupations could be due to exposure to 

environmental factors related to these specialities or to a predilection 

associated with physical aspects of military. 

 

Premorbid fitness has also been proposed to be a risk factor of ALS, but 

this has not been conclusively determined. A review of case-controlled studies 

concluded that physical activity (PA) was not a risk factor for ALS; however 

there is some evidence suggesting a higher risk in athletes participating in 

professional football, although this is not clear [61]. Professional football players 

in Italy and the US, and professional cross-country skiers in Sweden, do have 

higher rates of ALS [62-64]. The first of these studies, studying the relationship 

between ALS and PA, detected a slightly decreased rate of death in ALS 

patients with previously high PA [65]. Additionally, a recent study of young 

Swedish men examined over 37 years did not identify any association between 

ALS and PA, but it did find that low muscle strength was a significant predictor 

of ALS, in contrast to high overall muscle strength [66]. The lack of relationship 

between ALS and PA was also confirmed by population-based studies, which 

implied that PA has a protective role instead [67, 68]. 

These results together with the lack of strong correlation between PA 

and ALS [65, 67] imply that PA is not a risk factor for ALS. Alternatively, it has 

been proposed that very physically active people are protected from common 

diseases, such as diabetes, cancer and cardiovascular disease, and are thus 

more likely to develop rare diseases such as ALS. Hence this notion provides a 

possible explanation as to why PA is implicated as a risk factor for ALS [69]. 

 

It has also been suggested that head trauma is the risk factor linking 

professional sports such as soccer to ALS [70]. A retrospective study on a 

Swiss population determined that head injuries were the only environmental 

factor predisposing to ALS [71]. On the contrary, a case-controlled study 

involving 300 cases and 300 controls found no relationship between ALS and 

sport or sport-related traumas [72]. Furthermore, a population-based study 
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suggested that sport related-trauma at earlier ages (before 55 years) was 

associated with ALS (odds ratio =1,2) but not later ages [73].  

 

 Environmental studies are complex and the numerous possible 

contributing factors are difficult to control. However, to date, there is not enough 

evidence to conclude that a single environmental factor is a strong risk factor for 

ALS, implying that a combination of several environmental factors together with 

a genetic predisposition could contribute to ALS. 

 

1.1.4 ALS and frontotemporal dementia (FTD) continuum 
Although classified as two different diseases at the beginning, it is now 

accepted that ALS and frontotemporal dementia (FTD) are clinically, genetically 

and pathologically linked forming a continuum disease spectrum. FTD is the 

second most common cause of dementia in patients younger than 65 after 

Alzheimer’s disease [74]. FTD pathology includes atrophy of the frontal and 

temporal lobes, which translate in behavioural and language changes [75]. 

Approximately 50% of ALS patients develop cognitive and behavioural 

abnormalities and 13% have concomitant behavioural variant FTD [14]. 

Additionally, 15% of FTD patients display ALS clinical features [76, 77]. The 

overlap of ALS and FTD was confirmed by the discovery of common causes. 

These include mutations in TARDBP, FUS, TANK-binding kinase -1 (TBK-1), 

Ubiquilin2 (UBQLN2), optineurin and cyclin F (CCNF) [78]. Additionally, the 

identification of C9ORF72 repeat expansion as the major cause of fALS and 

FTD, has strengthened the notion that these diseases are extremes on a single 

disease continuum.  

	

1.1.5 Genetics of ALS 
Genetic studies allow identification of new ALS-associated genes that enable us 

to model the disease, identifying possible underlying pathways involved in 

neurodegeneration in ALS. The familial forms of ALS accounts for 5-10% of 

ALS cases [79]. The first identified gene linked to fALS in 2003 was superoxide 

dismutase 1 (SOD1), and currently there are approximately 30 genes 

associated with ALS [80]. In the next section a review of the most common 
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mutations associated with fALS: SOD1, TARDBP, FUS and C9ORF72, are 

presented [81]. 

SOD1 

Mutations in SOD1 were the first identified cause of ALS and population studies 

estimate that SOD1 mutations account for approximately 20% of fALS and 1% 

of sALS cases [80, 82, 83]. It should be noted that SOD1 is the most frequently 

mutated gene in the Chinese population, accounting for 25.3% of fALS and 

1.6% of sALS [28, 84].  

Almost 200 SOD1 mutations have been linked to ALS 

(http://alsod.iop.kcl.ac.uk/), but only a small proportion of these have genetic 

evidence of pathogenicity [3]. Most of the identified mutations are point 

mutations that result in an autosomal dominant mode of inheritance [85, 86]. 

Additionally, some SOD1 mutations have been linked to FTD [87, 88]. 

SOD1 mutations present high heterogeneity in their clinical presentation, 

disease course and phenotype. SOD1 mutations A4V and G13R are associated 

with rapid disease progression compared to other mutations, particularly to two 

recently identified mutations in sALS, G73D and V120F, that display slower 

disease progression [84, 89-92]. Interestingly, the A4V mutation accounts for 

40% of SOD1 mutations in the US but it is rarely found in Europe [93]. In 

Norway there is a cluster of the SOD1 H45R mutation that is related to longer 

survival rates [29], similar to the D90A mutation which presents a slower 

progression compared to others [94]. 

SOD1 encodes a 32 kDa homodimeric Cu/Zn-binding enzyme which is 

mainly localized in the cytoplasm, but it is also present in the mitochondria [95], 

peroxisomes [96] nucleus [97] and in the extracellular compartment [98]. SOD1 

is composed of eight β-antiparallel strands and two metal atoms that assist in 

catalysing the inactivation of superoxide anions to oxygen and hydrogen 

peroxide [99]. 

ALS mutations to SOD1 can alter its structure in two ways. Mutations in 

the beta-barrel modify its structure with no alterations in metal content, or 

alternatively, mutations that affect the metal-binding site, result in lack of copper 

or zinc [100].  
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The pathogenic mechanism induced by mutant SOD1 in ALS was initially 

thought to be mediated by alterations in enzymatic activity [101]. However, later 

studies revealed that some SOD1 mutations maintain their enzymatic activity 

and no correlation between SOD1 mutant enzymatic activity and disease 

progression was observed [102-104]. Hence subsequently, a toxic gain of 

function mechanism was proposed to underlie SOD1 pathology in ALS. 

Moreover, this hypothesis was further confirmed when a mouse model lacking 

SOD1 presented no motor neuron phenotype before 6 months of age [105]. On 

the contrary, a SOD1 G93A mouse model developed motor deficits and 

degeneration of the neuromuscular junction at early stages, 80-90 days [106]. 

 Whilst still not fully understood, additional studies have provided more 

evidence that a gain of toxic function of mutant SOD1 is involved in ALS. 

Mutations that lead to destabilization of the SOD1 structure promote 

oligomerization and aggregation [107, 108]. Mutant SOD1 cytoplasmic 

aggregates are found in fALS cases [80] and its wild-type (WT) counterpart in 

sALS spinal cords [109-113]. The underlying mechanism that drives SOD1 

aggregation is still not fully understood. However, destabilization of the dimeric 

interface by ALS mutations can increase the tendency of SOD1 to unfold [114]. 

Furthermore, oxidation is thought to play a role in the misfolding and hence 

aggregation of WT SOD1 [109]. 

 Aggregated and misfolded forms of SOD1 have been shown to trigger a 

wide range of cellular pathways linked to neurodegeneration, including ER and 

mitochondrial stress, proteasome and autophagy defects and ER-Golgi 

trafficking defects [95, 115-117]. Interestingly, SOD1 aggregates have been 

shown to seed assembly and to be transmissible among neurons in a prion-like 

fashion, thus transmitting ALS pathology to neighbouring cells [101, 115, 118-

120].  

TARDBP 

TAR DNA-binding protein 43 (TDP-43) was firstly identified as the major 

component of ubiquitinated protein aggregates in affected neurons of ALS and 

FTLD patients in 2006 [121, 122]. Two years later, mutations in the gene 

encoding TDP-43, TARDBP, were directly linked to familial and sporadic ALS 
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and FTLD [123-125]. TARDBP mutations account for 3-6% of non-SOD1 fALS 

cases and 0-2% of sALS cases [124, 126-128]. To date, around 50 ALS 

mutations have been discovered in TARDBP, most of which are inherited 

missense mutations located at the C-terminus of the protein [128, 129]. 

TDP-43 inclusions are detected in 97% of ALS cases [130, 131] in 

affected brains and spinal cords, where it is abnormally hyperphosphorylated 

and ubiquitinated, together with the presence of a C-terminal TDP-43 fragment 

[121, 122]. Additionally, in neurons containing these aggregates, TDP-43 is 

mislocalized from the nucleus to the cytoplasm [121]. 

TDP-43 is a highly conserved RNA/DNA binding protein that is primarily 

found in the nucleus, and contains 414 amino acids (aa) encoded by six exons. 

It contains 2 RNA recognition motif (RRM) domains, a nuclear localization 

signal (NLS), a nuclear export signal (NES) and a C-terminal glycine rich region 

[132]. The normal functions of TDP-43 are still not fully understood, but it has 

been implicated in the entire process of messenger RNA (mRNA) biogenesis, in 

splicing regulation [133, 134], and in endosomal and mRNA trafficking and 

signalling in dendrites [135-138]. 

In its pathological form, TDP-43 is cleaved to form a C-terminal fragment 

containing the glycine rich domain, in selectively enriched affected cortical 

regions, but not in the spinal cord of ALS and FTD patients [139]. Full-length 

WT and mutants of TDP-43 are prone to aggregation under chronic oxidative 

stress conditions [140]. Additionally, an alternatively spliced form of TDP-43, 

produced from an alternative start codon, was found to be upregulated and 

aggregated in ALS patient tissue [141]. Moreover, TDP-43 has the capacity to 

autoregulate itself in a negative feedback loop, via binding to its own mRNA 

through the C-terminal domain [142]. Therefore, TDP-43 aggregation is a 

complex multifactorial process. In addition, as well as being ubiquitinated and 

hyperphosphorylated, TDP-43 is also acetylated and small ubiquitin-like 

modifier (SUMO)ylated in ALS and it is likely that alterations in all of these post-

translational modifications will affect its aggregation propensity and toxicity 

[121, 122, 143, 144]. 

The neurodegenerative mechanism associated with pathological forms of 

TDP-43 are related to loss of function of nuclear TDP-43 and a gain of function 

of cytoplasmic aggregates. Depletion of nuclear TDP-43 in post-mortem human 
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brains is associated with alteration in the autoregulation of TARDBP, 

suggesting that loss of function also occurs in ALS patients [145]. Additionally, 

clearance of nuclear TDP-43 is associated with defects in its normal splicing 

functions [146, 147]. However, aggregation of TDP-43 has also been reported 

to trigger several cellular pathways leading to toxicity. TDP-43 aggregates are 

toxic in several different experimental models [148, 149]. Mice overexpressing 

TDP-43 with a defective NLS display accumulation of insoluble, cytoplasmic 

TDP-43 inclusions in the brain and spinal cord, in association with motor neuron 

loss and motor dysfunction, leading to death [150].  

FUS 

Similar to TDP-43, mutations in FUS are associated with both ALS and FTD. 

More than 50 mutations have now been identified in the FUS gene, accounting 

for 4-6% of fALS and 0.7-1.8% of sALS cases. Furthermore, 2% of sALS 

patients display FUS immunoreactive inclusions [151-155]. Mutations in FUS 

are rare in FTD patients, although a proportion of FTLD cases display FUS 

inclusions (FTLD-FUS) [156]. FUS is also an RNA/DNA binding protein involved 

in a wide range of cellular functions, from alternative splicing to DNA damage 

and repair [157-160]. However, the role of FUS in ALS pathology has not been 

studied in detail compared to TDP-43. The FUS protein structure, normal 

functions and its pathogenic pathways in ALS will be further explained in 

Section 1.2., page 34. 

C9ORF72 

An ALS and FTD risk locus was first identified on the chromosome 9p2, but no 

gene was identified [161]. Subsequently the retention of a large hexanucleotide 

(G4C2) non-coding repeat expansion in the first intron of C9ORF72 was then 

linked to both ALS and FTD [161, 162].  

The C9ORF72 repeat expansion is the most common genetic cause of 

both ALS and FTD in caucasian population. In the Finnish population, the 

mutation in C9ORF72 accounts for 46% of fALS, 21.2% sALS and 29.3% of 

FTD cases [162]. Whereas the cohorts analysed in the original studies identified 
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11.7% of familial FTD and 23.5 of fALS cases with mutations in this gene [161]. 

However, C9ORF72 repeat expansion accounts for rare FTD cases in Asian 

countries [163, 164].  

A higher prevalence of female patients with C9ORF72 ALS is evident, 

with a risk ratio of 1.16, whereas, there is no sex difference in C9ORF72 FTD 

patients [165]. The clinical symptoms of C9ORF72 patients are heterogeneous 

among ALS and FTLD but also within the FTLD group. The clinical 

manifestation of C9ORF72 patients is quite heterogeneous, with different 

phenotypic characteristics compared to other ALS mutations.. The median 

survival rate from symptom onset was 3.2 years lower than TDP-43 carriers and 

longer than FUS carriers [166]. Males with spinal onset have particularly rapid 

progression of ALS [166-168].  

C9ORF72 follows a process of unconventional repeat-associated non-

ATG (RAN) translation [169]. The G4C2 repeats are translated into all six sense 

and antisense frames generating five RAN dipeptide repeat proteins (DPRs) 

[169]. A systematic review of studies of C9ORF72 patient inclusions revealed 

that a common theme was the high density of TDP-43 positive inclusions in the 

substantia nigra, whereas inclusions in the cerebellum were positive for 

sequestosome-1/p62 and DPRs, but negative for TDP-43 [170]. TDP-43, p62 

and the DPRs were also often found in the hippocampus, but p62 and the 

DPRs were more abundant [170]. All five DRP proteins are found in the 

inclusions of ALS/FTS patient’s brains together with p62, and the majority of 

these aggregates contain poly-GA [171, 172]. In healthy controls the G4C2 

sequence is repeated 1 to 25 times, whereas in C9ORF72 ALS and FTD cases, 

this region is repeated fifty to several thousand times [173, 174], although the 

minimum number of repeats necessary for toxicity remains to be determined. 

The normal function of C9ORF72 protein is not fully elucidated but 

bioinformatics studies have suggested that C9ORF72 contains a DEN domain 

[175, 176]. DEN domain-containing proteins are a highly conserved family of 

expressed in normal and neoplastic cell (DENN) proteins. This family of protein 

are related to Rab guanine-diphosphate/triphosphate exchange factors that 

activate Rab-GTPases. C9ORF72 has been related to the modulation of 

membrane trafficking and autophagy [177, 178]. 



General introduction 13	
	

	

Several pathogenic mechanisms have been implicated in C9ORF72 

pathology. Firstly, reduced transcription of the mutant allele leads to loss of 

function of the C9ORF72 protein, referred to as haploinsufficiency [179]. 

Reduced transcription of C9ORF72 and associated protein levels were detected 

in C9ORF72 post-mortem tissue from fALS-FTD patients, confirming this notion 

[161, 180, 181]. This has also been demonstrated in animal models, where 

deletion or reduction of C9ORF72 expression promotes defective axon 

formation and motor-dysfunction [182-184]. However, there are also numerous 

C9ORF72 knock out animal models that do not develop ALS/FTD 

neurodegenerative phenotype, arguing against a unique role of 

haploinsufficiency in C9ORF72 underlying mechanism in these diseases [185-

187]. 

Secondly, bidirectional transcription and generation of sense and 

antisense transcripts containing expanded G4C2 regions accumulate in nuclear 

RNA foci, conferring a possible toxic gain of function [188]. RNA foci have been 

detected in the frontal cortex and spinal cord of C9ORF72 patients [161]. Thus 

sequestrating RNA-binding proteins impeding their normal function [189, 190]. 

The third mechanism linked to C9ORF72 is the repeat-associated non 

ATG (RAN) translation [191]. The accumulation of sense (polyGA, polyGP, 

polyGR) and antisense (polyPA, polyPR and polyGP) dipeptide repeat or RAN 

proteins was confirmed which are cytotoxic in cell models [169, 179, 188, 192-

194]. They are thought to play a crucial role in the impairment of 

nucleocytoplasmic transport [195]. Overexpression of polyGR or polyPR 

induces the assembly of stress granules (SGs), and recently nucleocytoplasmic 

transport factors were found to localize within SGs, which leads to the 

impartment of these factors [195-197]. 

Interestingly, cell-to-cell transmission of DPRs has been demonstrated in 

cell models [198, 199]. However, treatment with antibodies against anti-GA 

blocked this transmission and aggregation, revealing a possible therapeutic 

strategy [199]. 
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1.1.6 Possible pathogenic mechanisms implicated in ALS 
There are now numerous pathophysiological mechanisms linked to ALS, which 

will be discussed in detail below (Figure 1.1). 
 

	
	
Figure 1.1 Mechanisms of pathogenesis in ALS (a) Misfolded proteins form 
intracellular inclusions. (b) Misfolded proteins are transmitted in a prion-like mechanism 
between cells (c) RNA binding proteins are mislocalized in the cytoplasm within SGs, 
and are cleared from the nucleus which impairs splicing activity. Additionally, RNA foci 
are formed by C9ORF72 repeats. (d) Impaired nucleo-cytoplasmic transport. (e) ER-
Golgi homeostasis impairment: disruption of ER-Golgi trafficking, Golgi fragmentation 
and ER stress.  (f) Disruption of axonal transport. (g) Inhibition of microtubule-based 
anterograde and retrograde transport. (h) Non-cell autonomous toxicity by non-
neuronal cells. (i) Mitochondrial dysfunction. (j) Glutamate excitotoxicity. (k) Autophagy 
deregulation. (l) Inhibition of the UPS. 

Protein misfolding and the formation of inclusions 

Neurodegenerative diseases share a common pathological hallmark, the 

formation of protein inclusions containing aggregated, misfolded proteins, 

hence they are also termed ‘protein conformation disorders’. These disorders 

include Alzheimer’s disease (AD), Parkinson disease (PD), Huntington disease 
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(HD), Transmissible spongiform encephalopathy, as well as ALS. The 

population of neurons affected and the region of the brain involved confer the 

diverse clinical symptoms and progression of each disease [200]. 

In ALS, cytoplasmic inclusions are present in motor neurons and 

oligodendrocytes from the spinal cord and some brain regions (hippocampus 

and cerebellum) [201]. The ubiquitinated aggregates primarily detected in ALS 

patients are Lewy body-like hyaline inclusions or skein-like inclusions, which 

display randomly arranged filament morphology covered by fine granular 

structures [202, 203]. Additionally, small eosinophilic inclusions termed ‘bunina 

bodies’, and round hyaline inclusions are also present in ALS patients [204-

207].  

In fALS, the presence of inclusions containing the mutated proteins is an 

important characteristic. In sALS patients however, surprisingly, the misfolded 

inclusions contain WT versions of the same proteins associated with fALS. 

Ubiquitin-positive inclusions containing WT TDP-43 are the major hallmark of 

almost all ALS cases (97%), including sALS and fALS cases not involving 

SOD1 [121, 131, 208, 209]. In contrast, SOD1 hyaline-like inclusions and 

neurofilament inclusions are only present in SOD1 fALS cases, and in a subset 

of sALS cases [109, 210-212].  

C9ORF72 fALS patients display TDP-43 positive inclusions in the 

anterior horn regions similar to other fALS cases. However, in addition, these 

patients also present with TDP-43 negative, p62 and ubiquilin-2 positive 

cytoplasmic and nuclear inclusions in the hippocampus, frontotemporal 

neocortex and cerebellum [213-216], as well as the DPRs [217-219]. 

Interestingly, C9ORF72 cases display mislocalization of phosphorylated TDP-

43 in the frontal and motor cortex and in the spinal anterior horn, but only 4% of 

cases present inclusions positive for both [181]. 

FUS immunoreactive inclusions are present in non-SOD1 fALS and 

sALS motor neurons and these inclusions are also positive for TDP-43, p62 and 

ubiquitin in sALS cases, ALS/dementia, TDP-43 fALS, and non-SOD1 fALS [12, 

220]. In contrast, the FUS inclusions present in mutant FUS fALS cases are 

negative for TDP-43 [221]. FUS inclusions are characterised by a skein-like and 

basophilic inclusion morphology in FUS-ALS and sALS motor neurons [12, 222-

226]. 
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Ciryam and colleagues recently proposed that the inclusions in ALS are 

formed by co-aggregation of supersaturated proteins, referring to proteins that 

are normally present in the cell at higher concentrations than predicted by their 

solubilities, and FUS, SOD1 and TDP-43 were all found to be supersaturated 

[227]. It is possible that reduced protein turnover, specifically in motor neurons, 

triggers the accumulation of such proteins, thus rendering them more sensitive 

to the formation of protein inclusions [227]. Accumulating evidence suggests 

that misfolded oligomers or small aggregated forms of these proteins are more 

likely to be toxic in ALS, rather than the large macroscopic aggregates or 

inclusions that are visible microscopically [228, 229].	

Glutamate excitotoxicity 

Excitotoxicity refers to over-activation of glutamate receptors, leading to neuron 

hyperpolarisation, and an increase in the concentration of calcium (Ca2+) 

entering the cell. Motor neurons are especially vulnerable to deregulation of 

intracellular Ca2+ levels and excitotoxicity, because they express high levels of 

Ca2+–permeable α-amino-5-methyl-3-hydroxisoxazolone-4-propionate (AMPA) 

receptors that lack the GluR2 subunit [230]. Hyperexcitability is a common 

documented phenomenon in both sporadic and familial cases of ALS, and in 

some cases of FTD [221, 231-235].  

Glutamate levels are elevated in the cerebrospinal fluid (CSF) of sALS 

patients [236-239]. Under normal conditions, pre-synaptic neurons release 

glutamate into the synapse, where the levels of glutamate are tightly regulated. 

Both neurons and astrocytes have the capacity to release and take up 

glutamate to regulate this balance [240, 241]. Glutamate transporters are 

required to maintain glutamate homeostasis, but it has been suggested that in 

ALS this is impaired. Excitatory amino acid transporter 2 (EAAT2), which is 

expressed by astrocytes, has been the focus of extensive research in this area. 

Mice lacking glutamate transporter 1 (GLT-1) (homologous to EAAT2), display 

lethal spontaneous seizures, degeneration of hippocampal neurons and early 

death [242]. In sALS and fALS patients the function of EAAT2 is reduced [243-

245], but clinical trials using Ceftriaxone, a compound that increases glutamate 

clearance via EAAT2 function, did not modify disease course [246]. 
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It has been postulated that excitotoxicity could be induced by an 

imbalance of γ-aminobutyric acid (GABA) and glycine levels, leading to 

deregulated inhibition and excitation of synaptic transmission. In the brain, the 

majority of inhibitory interneurons use GABA, while inhibitory interneurons from 

the spinal cord use GABA and glycine as neurotransmitters [247]. Clinical 

neurophysiological studies of ALS patients have revealed dysfunctional cortical 

inhibition involvement in ALS [234, 248-251]. In ALS patients, in the motor 

cortex mRNA expression of the α1 GABA receptor was reduced, which was 

also recapitulated in G93A SOD1 transgenic mice [252, 253]. Accordingly to 

this, in Wobbler mice, a motor neuron mouse model that displays decreased 

motor neuron survival, loss of GABAergic neurons and reduced levels of GABA 

in the spinal cord were observed [254-256]. Similarly, in another animal model, 

the TDP-43 A315T mouse, impairment of GABAergic inhibition was observed 

[257]. Hence, besides to the loss of interneurons, disruption on cortical GABA 

signalling might be also involved in impairment of inhibitory circuits. 

Riluzole was the first FDA-approved compound to treat ALS, which 

increases life expectancy by ~3 months [258]. It has been proposed that 

Riluzole alleviates neuronal excitability via pre-synaptic and post-synaptic 

mechanisms [259-261], by increasing glutamate uptake, modulating glutamate 

receptors and Na+ and Ca+ levels, and inhibiting GABA reuptake [262-265]. 

However, since Riluzole increases life expectancy only modestly, it remains to 

be determined whether glutamate excitotoxicity is a cause or a consequence of 

neurodegeneration.  

Mitochondrial impairment 

Mitochondria are the major organelles responsible for generating ATP via 

oxidative phosphorylation, and they are also involved in buffering of calcium 

levels, phospholipid biogenesis and apoptosis [266]. Several cellular 

manifestations related to mitochondria impairment are present in ALS, including 

defective oxidative phosphorylation, increased reactive oxygen species (ROS) 

production, defective calcium homeostasis, impaired mitochondrial dynamics, 

decreased ATP generation, and reduced mitophagy [267]. 
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Neurons have high energy demands due to their specialised functions, 

and with their large size and long axonal terminals, motor neurons are 

particularly vulnerable to mitochondrial dysfunction. Recently, a second drug for 

ALS was approved: Edaravone [268, 269], which is thought to prevent lipid 

peroxidation, a mechanism that is associated with mitochondrial dysfunction 

[270, 271]. 

 

Abnormal mitochondrial structures and aberrant distribution have been 

reported in both sALS and fALS. Changes in mitochondrial density and 

distribution were detected in post-mortem spinal cord from sALS patients [272]. 

Conglomerates of aggregated dark mitochondria were present in synapses from 

anterior horn neurons of lumbar spinal cords from ALS patients [273]. 

Additionally, altered mitochondrial structures have been identified in skeletal 

muscle of ALS patients [274]. ALS related proteins, TDP-43, FUS, SOD1 and 

C9ORF72 associated poly-GR, localize or interact with mitochondria [208, 275-

281]. Additionally, patient derived induced pluripotent stem cells (iPSCs), cell 

lines and animal models expressing TDP-43, FUS, SOD1 or C9ORF72, 

displayed damaged mitochondrial morphology [116, 276, 279, 281-288]. 

The endoplasmic reticulum (ER) and mitochondria associate and can 

mutually modulate their morphology and function via mitochondria-associated 

membranes (MAMs). The ER and mitochondria are physically related through 

MAMs, where ER-mitochondria communication takes place. Approximately 20% 

of the mitochondrial surface is highly associated to the ER membrane [289, 

290]. Disrupted MAMs have emerged as a cause of mitochondrial dysfunction 

in ALS [290] and ALS-associated proteins impair MAMs in different ways. TDP-

43 and FUS disrupt interaction of ER-localized VAMP-associated protein B/C 

(VAPB) and mitochondrial resident tyrosine phosphatase-interacting protein-51 

(PTPIP51) via activation of GSK3 β [291, 292], which normally modulates ER-

mitochondria association [291]. Disruption of this VAPB-PTPIP51 interaction by 

FUS and TDP-43 disrupts calcium exchange between ER and mitochondria, 

consequently decreasing ATP production [291, 292]. Sigma-1 receptor (S1R) is 

enriched in MAMs, and its function is to facilitate calcium delivery from the ER 

to mitochondria, and phospholipid exchange. Interestingly, S1R knockout mice 

displayed features of ALS [293] and loss of S1R exacerbated the ALS 
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phenotype in transgenic SOD1 G93A mice, and reduction of S1R activity led to 

axonal degeneration followed by cell death in human primary motor neurons 

[293-295]. Additionally, mutations in VAPB and S1R are present in a proportion 

of familial ALS cases [295, 296]. Furthermore, the MAM compartment transfers 

stress signals from the ER to mitochondria, mediated by the unfolded protein 

response (UPR) which is induced in ALS [297]. In addition, clearance of 

damaged mitochondrial by autophagy, termed ‘mitophagy’ [298] is also inhibited 

in ALS, resulting in accumulation of damaged mitochondria [275, 299-301]. 

Non-cell autonomous toxicity  

Growing evidence supports the idea that ALS pathology also involves non-

neuronal cells such astrocytes, microglia. Activated microglia is detected in 

brains of ALS patients [302, 303]. Additionally, postmortem studies on ALS 

patients brains, demonstrated that activated microglia, astrocytes and infiltrating 

T cells are localized in sites of motor neuron degeneration [304]. Furthermore 

protein aggregation and inclusions are also identified in astrocytes of ALS 

patients surrounding the motor neurons [305, 306]. Moreover, some ALS 

mutant genes are highly expressed in microglia such as C9ORF72, progranulin 

and TBK1 [307-310]. Confirming this notion, astrocytes cultured from both fALS 

and sALS patients induced toxicity causing neuronal death [311].  

In SOD1 mice models it has been extensively reported the role of 

microglia in ALS neurodgeneration. The expression of mutants SOD1 in 

microglia was necessary to induce ALS phenotype [312]. According to this, 

extracellular SOD1 induces motor neuron toxicity through the activation of 

microglia which increases the release of ROS, pro-inflammatory cytokines and 

glutamate [313-315]. This cross talk among different cellular types gets even 

more complicated, implicating other cells than microglia and astrocytes. For 

instance, deregulation of miR 126-5p in myocytes of SOD1 G93A mice leads to 

upregulation of destabilizing factors facilitating axon degeneration and 

neuromuscular junction (NMJ) disruption [316]. More work is needed to 

elucidate the precise role of non-neuronal cells in ALS neurodegeneration. 
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Autophagy disruption  

Initially the major function of autophagy was thought to be to provide nutrients 

under conditions of cell starvation, a process which is not selective. However, 

later autophagy was shown to possess cytoprotective functions, and its main 

role was determined to be elimination of unwanted proteins or organelles, a 

process known as selective autophagy. Autophagy is activated upon condition 

of ER stress, starvation, hypoxia, and protein aggregation among others [317]. 

A specific form of selective autophagy is induced by protein aggregates, termed 

‘aggrephagy’. 

 

Optineurin is an autophagy receptor and mutations in optineurin account 

for 3% of fALS and 1% of sALS cases [318]. Similarly, TBK1 is a kinase that 

phosphorylates autophagy receptors p62 and optineurin, and TBK1 mutations 

are associated with 4% of fALS cases [319, 320]. Other autophagy related 

genes are found mutated in ALS, but in considerably lower frequency, these 

include: vesicle-associated membrane protein-associated protein B (VAPB) 

[153], Valosin-containing protein (VCP) [321, 322], ubiquilin 2 (UBQLN2) [323], 

Alsin [324], Charged multivesicular protein 2B (CHMP2B) [325], and Factor-

induced gene 4 (FIG4) [326, 327]. 

Selective autophagy is necessary to ameliorate the accumulation of 

harmful material, such as protein aggregates [328]. Hence it is not surprising 

that impairment of autophagy has been proposed to be an underlying cause of 

ALS, and this has been described in cellular and animal models of ALS [329]. In 

addition, in sALS the presence of autophagosomes in association with protein 

inclusions has also been described [330]. Additionally, mutations in autophagy 

related genes have been associated with ALS [331]. Mutations in SQSTM1 or 

p62 are present in ALS and FTD cases [332-334], and an ALS mutant in the 

LIR domain of p62 has been tightly associated with autophagy disruption, as it 

reduced the affinity between p62 and LC3-II, interaction needed for the 

autophagosome formation [335]. The normal cellular function of C9ORF72 is 

associated with autophagy. Interaction of C9ORF72 with ULK1 and Rab 

proteins involved in autophagy initiation has been described, and C9ORF72 

haploinsufficiency in cell lines and primary neurons leads to reduced autophagy 
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levels and increased p62 accumulation [336]. iPSCs derived from C9ORF72 

patients displayed increased accumulation of p62 compared to controls, 

suggesting that autophagy was impaired [189]. In SOD1 G93A transgenic mice, 

increased LC3-II levels were reported in spinal cord motor neurons, 

representing an accumulation of autophagosomes [337].  

ALS-associated FUS mutants have been shown to impair the early 

stages of autophagy [338]. Mutant FUS inhibits the formation of the 

autophagosome precursor, the omegasome, and early autophagosomes 

recruited less ATG9 and LC3-II, both of which are required for autophagosome 

enlargement, in neuronal cell lines [338]. Furthermore, mutant FUS SGs 

colocalize with autophagosomes, and inhibition of autophagy in primary 

neurons leads to accumulation of SGs containing FUS [339]. Several studies 

have suggested that autophagy induction inhibits the formation of SGs 

containing FUS, and increases survival in mice cortical neurons and in a 

Drosophila model of ALS [339, 340]. Additionally, FUS binds to RNAs of genes 

involved in autophagy or protein ubiquitination, such as UBQLN1, UBQLN2, 

SQSTM1 and VCP [341-343]. Therefore, mutant FUS may also impair 

autophagy by disrupting regulation of mRNAs involved in this process. 

 Hence together these studies imply that dysfunction to autophagy is an 

important mechanism involved in ALS. Protein aggregation and reduced 

clearance of protein aggregates due to autophagy defects in ALS, probably 

combine to render motor neurons vulnerable to neurodegeneration.  

Dysfunction to RNA metabolism  

Since multiple mutations that cause ALS have been identified in RNA binding 

proteins (RBP), ALS has been described as a disease related to RNA 

dysfunction involving both loss and gain of functions of RNA binding proteins. 

Firstly, numerous RBP, including FUS and TDP-43, are present in cytoplasmic 

aggregates, accompanied by clearance or reduction of expression of each RBP 

from the nucleus [126, 344]. This may therefore result in splicing defects in the 

nucleus, which is further discussed in Chapter 3, section 3.1.3. Secondly, the 

involvement of RNA binding proteins in the formation of ribonucleoprotein 

(RNP) granules, and the aberrant phase transitions by ALS-associated mutant 
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RBPs is likely to confer a gain of toxicity (reviewed in the next section). Finally, 

the formation of RNA foci by the extended C9ORF72 repeat expansion is also 

likely to impact on cellular functions. 

Major research efforts are focused on elucidating whether 

neurodegeneration by the C9ORF72 repeat expansion is driven by RNA 

toxicity, or toxic function of the DPRs. Expression of the sense RNA is toxic in 

rat primary neurons [345], and zebrafish C9ORF72 models expressing 

expanded sense and antisense RNAs developed a motor phenotype [346]. 

Hence, RNA foci may be an important therapeutic target, by designing 

antisense oligonucleotides targeting sense RNA stand or G-quadruplex binding 

molecules which target the sense-strand specific G-quadruplex RNA secondary 

structures [190, 196, 347, 348]. Importantly, RNA-targeting C9ORFf72 repeats 

expansion have successfully reduced or eliminated RNA foci [349]. However, 

there is considerable evidence that the DPRs are also highly toxic, particularly 

the arginine-containing peptides [195, 345]. Hence, these findings combined 

with the lack of association of RNA foci with clinic-pathological features in 

C9ORF72 patients, suggests that C9ORF72 toxicity may be a complex 

mechanism involving both RNA foci and DPRs [350].  

The formation of stress granules 

SGs are a type of RNP granule that do not possess an enveloping membrane, 

but they maintain defined protein and RNA composition which is different from 

the cytosol. RNP granules include nucleoli [351], Cajal bodies [352], nuclear 

speckles and paraspeckles [351] , processing bodies (PBs) [353], sites of DNA 

damage [354], as well as SGs [355]. Pathological inclusions colocalize with SGs 

markers in ALS and FTD patient tissues, in addition to cell culture models [138, 

356-358]. 

 

SGs are spheroid or ellipsoid cytoplasmic structures, that dynamically 

assembly or disassemble in relation to cellular stress. SGs assembly is induced 

by heat shock, oxidative stress, hypoxia, mitochondrial dysfunction, glucose 

starvation, proteotoxic stress, viral infections or ER stress [359-362]. However, 

once the stress is resolved, the SGs disassemble. The purpose of SG formation 
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is thought to be inhibition of translation of specific mRNAs in specific subcellular 

compartments such as axon terminals and dendritic spines, when the cell is 

subjected to unfavourable conditions. SGs also exchange components with 

polysomes of PBs to prioritize translation or degradation of some mRNA 

transcripts, hence they are responsible for modulating the cellular proteome 

until the stress resolves [363]. 

The assembly of SGs is not fully understood; however it is likely to 

initiate from a pool of translationally inactive RNPs and mRNA [359, 364]. 

Additional RNB (RNA binding) proteins containing intrinsically disordered 

domains (IDD), such prion-like domains, are incorporated into SGs, such as T-

Cell-Restricted Intracellular Antigen-1 (TIA-1), Ras GTPase-activating protein-

binding protein 1 (G3BP1) and proteins that do not bind to mRNA, but are 

sequestered due to protein-protein interactions [360, 365]. 

 

SGs, and RNP granules in general, form reversible transient higher order 

structures that are separated from the cytoplasmic environment by the 

formation of a non-membranous liquid-liquid phase-state (LLPS). This feature 

allows the exchange of fluid components from the surrounding compartment. In 

these membrane-less phase separated droplets, proteins are concentrated 

approximately 100-fold when compared to the surrounding cytosol [360]. The 

formation of these condensate droplets is modulated by both multivalent forces 

among proteins and RNA, and by low affinity protein-protein interactions 

through IDD [366, 367]. While IDD and structural plasticity facilitate multivalent 

interactions, the RNA binding domains are critical for the interaction with 

specific mRNAs [368]. The ability of IDD to self-assemble is constantly 

regulated by chaperones, such as the heat shock proteins [369-371], and also 

by post-translational modifications such as phosphorylation and poly ADP-

ribosylation [372, 373].  

The formation of SGs has been suggested to be a key step in the 

production of pathological aggregates in ALS and FTD [374-376]. RBP involved 

in ALS, including FUS, TDP-43, heterogeneous nuclear ribonucleoprotein 1 

(hnRNPA1), hnRNPA2/B1 and TIA1, can modify phase behaviour, promoting a 

more stable gelled state when mutated or post-translationally modified [354, 
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355, 368, 377-383]. The role of FUS in the modulation of LLPS will be reviewed 

in section 1.3.1 of this chapter. 

Mutagenesis studies of TDP-43 revealed that an alpha-helical segment 

(320-340 amino acids) in the middle of the C-terminal domain, is necessary to 

condense and assemble TDP-43 into SGs [377, 380, 384, 385]. Furthermore, 

three tryptophan (Trp) residues in this domain, specifically Trp-334, are 

necessary for TDP-43 LLPS formation, with little contribution from the other two 

residues [384]. Cells expressing ALS-linked forms of TDP-43 and profilin-1 alter 

SGs morphology and assembly/disassembly [138, 380, 386, 387]. Since most 

of the ALS mutations are clustered at the C-terminal domain of TDP-43, it has 

been proposed that direct or indirect modulation of these key tryptophan 

residues is responsible for impairing SG dynamics [384]. 

C9ORF72 and DPRs localize in PBs and SGs upon stress stimuli, and 

the long isoform of C9ORF72 regulates SGs formation [388, 389]. RNA-RNA 

interactions also contribute to SG assembly attracting RBP, and the DPRs 

increase the propensity of RNA to assemble into SGs [390]. Additionally, the 

hexanucleotide repeat expansion G4C2 RNA adopts a G-quadruplex 

conformation, that seeds the assembly of RNA granules in vitro [391]. The 

length of the G4C2 repeat correlates with the degree of protein condensation in 

vitro in cells culture and in cell-free models [391]. PR repeats separate via a 

liquid-liquid phase transition, sequestering proteins involved in RNA metabolism 

[389]. PR100 localizes in cytoplasmic SGs, which requires phosphorylated eiF2α 

and G3BP1, and the resulting SGs displayed reduced dynamics and they were 

enriched for ALS-related proteins [389]. Additionally, it was shown that GR and 

PR DPRs further alter phase separation, towards a more rigid state of prion-like 

domain-containing proteins [392], through their interaction with prion-like 

domain of RBP (nhRNPA1, FUS, TIA-1) [389, 392]. 

SGs are thought to be a key factor for the formation of the inclusions 

characteristic of ALS and FTD. In ALS animal models, Ataxin-2 is a modifier of 

neurodegeneration. Interestingly, Ataxin-2 is an RBP involved in the regulation 

of SGs assembly [393]. Recent studies have focused on modulation of Ataxin-2 

expression as a therapeutic target of ALS, with the aim of alleviating the 

transition of SGs to pathological aggregates [394].  
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Impairment of cellular trafficking 

(i) Axonal transport	
Efficient axonal transport is necessary for the maintenance and regeneration of 

neuronal axons and defects in axonal transport have been implicated in motor 

neuron diseases [395-397] and in early disease stages in ALS animal models 

[398, 399]. Axonal transport depends on molecular motor proteins such as 

kinesin, dynein and myosin [400] and recently, mutations within the C-terminal 

cargo domain of a kinesin family member, KIF5A were discovered in ALS [401]. 

KIF5A is responsible for the transport of RNA and RNP granules to neuronal 

dendrites and axons [401]. Similarly, other proteins involved in cytoskeleton 

functions, dynactin subunit 1 (DCTN1), profilin-1 (PNF1) [402], Tubulin Alpha 4a 

(TUBA4A) [402-407] are mutated in ALS.  

Retrograde axonal transport defects were identified in G93A SOD1 pre-

symptomatic mice [408, 409] and transport of different cargoes, such as 

mitochondria [286], neurofilaments [410] and vesicles [408], are disrupted in 

these animals. Axonal transport of mitochondrial and vesicles was also 

disrupted by the C9ORF72 DPRs, but not by RNA foci, in a Drosophila model 

[411]. 

Hence together this evidence suggests that axonal transport defects are 

common in ALS. Furthermore, inhibited axonal transport of mRNAs could be 

further affected by disruption of ER-Golgi trafficking and nucleocytoplasmic 

defects in ALS.  

 

(ii) Trafficking in the soma 
(a) Nuclear- cytoplasmic shuttling defects 

Nuclear-cytoplasmic transport is a mechanism regulated by the nuclear pore 

complex (NPC). NPCs are formed by approximately 30 nucleoporins [412, 413] 

and they are composed of nucleoplasmic and cytoplasmic rings, with an inner 

ring complex. The central channel is composed of nucleoporins that possess 

prion-like domains that face the inner central channel, forming a selectively 

permeable phase separation mesh [414]. Small molecules, less than 30 kDa, 

can passively diffuse through the NPCs; however, larger molecules require 

nuclear transport receptors [415]. These receptors directly interact with the 
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prion-like domain network, guaranteeing efficient transport though the NPC. 

The majority of nuclear transport receptors are importins and exportins, which 

belong to the Karyopherin β family [416]. Interestingly, studies of yeast and 

Drosophila models of C9ORF72 have revealed that nuclear receptors are 

genetic modifiers of neurodegeneration [195, 196, 417, 418]. Moreover, poly-

GR and PR cause defects in nucleocytoplasmic transport [419, 420]. 

Overexpression of cytoplasmic truncated TDP-43 also impaired 

nucleocytoplasmic transport [421]. Additionally, reduced expression or 

cytoplasmic mislocalization and aggregation of importins have been detected in 

brain and spinal cords of sALS, fALS and FTLD-FUS patients [11, 422-424]. 

Hence together these data imply that nucleocytoplasmic defects are a common 

and important mechanism in ALS and FTD. 

It has been recently demonstrated that nuclear-cytoplasmic transport 

defects could be mediated by SGs assembly alterations. A study of poly-DPRs 

and cytoplasmic TDP-43 expression in human embryonic kidneys 293T 

(HEK293T) cells, revealed that nucleocytoplasmic transport factors were 

recruited into SGs [197]. Furthermore, SG assembly was concluded to be the 

underlying mechanism of disrupted nucleocytoplasmic transport, and treating 

C9ORF72 iPS-derived motor neurons with SG inhibitors resulted in recovery of 

nucleocytoplasmic transport defects [197]. Similarly, in a Drosophila model of 

C9ORF72, restoration of nucleocytoplasmic transport by inhibitors of SG 

assembly, was accompanied by inhibition of neurodegeneration [197]. 

Nevertheless, permanent stress granule inhibition could have a deleterious 

effect on cells since it regulates protein synthesis and it has been shown to 

compromise neuronal viability [425]. 

 (b) ER-Golgi transport defects 

Optimal ER-Golgi trafficking is essential for autophagy and axonal transport, as 

well as for proper function of the secretory pathway and the Golgi and ER 

organelles. ER-Golgi transport is inhibited in neuronal cells expressing mutant 

SOD1, TDP-43 or FUS [426]. However, expression of Rab1 restored ER-Golgi 

trafficking and prevented mutant SOD1-induced inclusion formation and 

apoptosis, implying that ER-Golgi trafficking is linked to neurodegeneration 

[426]. Furthermore, disruption of ER-Golgi trafficking by mutant SOD1 occurs in 

advance to ER stress, Golgi fragmentation, protein aggregation and apoptosis 
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[115]. C9ORF72 colocalize with different Rab family membranes, including 

Rab1, and C9ORF72 knock down has been linked to defective autophagy and 

endocytic trafficking [427]. 

Similarly, knockdown of TDP-43 in rat hippocampal neurons resulted in 

diminished endosomal transport [137]. Expression of TDP-43 ALS-mutants 

results in less efficient transport in rodent primary neurons compared to WT 

[135, 428, 429].  It has recently been proposed that this results from enhanced 

viscosity of axonal RNP granules due to mutations in TDP-43 [428]. 

ER stress and the UPR 

The ER is an organelle with a crucial role in maintaining cellular homeostasis 

and function. It is responsible for the control of correct protein folding and 

processing of secretory proteins. ER stress results when homeostasis is 

perturbed by the accumulation of misfolded proteins within the ER.  This leads 

to induction of the Unfolded Protein Response (UPR), a distinct set of signalling 

pathways that aim to resolve the load of misfolded proteins [430].  

Misfolding of proteins can be triggered by alteration of the cellular redox 

state [431], nutrient deprivation [432], failure of protein post-translational 

modification [433], increased synthesis of secretory proteins and calcium 

imbalance [434] . Deregulation of the Endoplasmic-reticulum-associated protein 

degradation (ERAD) system, impairment of ER-Golgi transport and reduction of 

ER calcium levels, leading to inactivation of some ER-resident calcium binding 

chaperones, such as calreticulin, endoplasmin, Binding immunoglobulin protein 

(BiP) and Protein Disulfide Isomerase (PDI), can also trigger ER stress [435, 

436]. 

The early phase of the UPR involves several cellular processes; i) 

inhibition of protein translation, ii) expansion of ER volume, iii) upregulation of 

ER chaperones that assist with protein misfolding, iv) increased activity of 

ERAD, which promotes the clearance of misfolded proteins from the ER by 

translocation to the cytosol, where they are degraded by the Ubiquitin-

Proteasome System (UPS), and v) induction of macroautophagy [437, 438]. 

Overall, these events aim to resolve protein aggregation and accumulation 

within the ER, and thus restore cellular homeostasis [439]. However, if the UPR 
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cannot resolve these protein imperfections and ER stress is prolonged or 

severe, this can result in apoptosis [440]. During normal aging and under 

pathological conditions, ER stress can persist and the UPR shifts from having a 

protective role to becoming pro-apoptotic [441]. 

There are three major sensor proteins that detect the accumulation of 

misfolded proteins within the ER: protein kinase RNA like endoplasmic 

reticulum kinase (PERK), inositol requiring kinase-1 (IRE-1) and activating 

transcription factor 6 (ATF6) [442]. These sensors activate a signalling cascade, 

resulting in activation of transcription factors that inhibit protein synthesis and 

induce UPR genes. Under normal conditions the ER luminal domain of each 

UPR sensor protein binds to BiP, which maintains them in an inactive state 

[442]. BiP has a higher affinity for misfolded proteins than correctly folded 

proteins. Hence, under conditions of ER stress, it binds to misfolded proteins, 

resulting in its dissociation from each sensor protein [443]. This activates each 

UPR sensor resulting in initiation of the UPR cascade [443].  

Activation of PERK leads to its dimerization and trans-phosphorylation 

[444], which results in further recruitment and phosphorylation of nuclear factor 

E2 related factor 2 (Nrf2) and serine 51 of eukaryotic translation initiation factor 

2α (eIF2α) [445, 446]. Phosphorylation eIF2α results in inhibition of protein 

synthesis and translation of specific transcription factors related to the UPR, 

such as activating transcription factor 4 (ATF4) [447]. Following activation, 

ATF4 translocates to the nucleus where it induces expression of specific genes 

encoding proteins involved in ERAD, ER chaperones [448], the antioxidant 

response and autophagy [449]. 

 Activation of IRE1 results in auto- phosphorylation, which induces its 

RNAse activity [437, 450]. This activity of IRE1 mediates the cleavage of ER 

associated mRNA causing their degradation and secondly, the cleavage of 26 

base pairs from X-box binding protein -1 (XBP1) [451]. This leads to a change 

in reading frame in XBP1 mRNA, resulting in a potent bZIP transcription factor, 

spliced XBP1 [452]. Spliced XBP1 then translocates to the nucleus, where it 

controls the expression of genes encoding proteins involved in protein quality 

control (PQC), chaperones, and ERAD, as well as lipid synthesis to facilitate 

expansion of the volume of the ER [453].  
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Thirdly, activation of ATF6 by its dissociation from BiP exposes a Golgi 

localization sequence. Hence, under ER stress conditions, ATF6 translocates to 

the Golgi, where it is cleaved by two proteases (site 1 and site 2 proteases) 

[454]. This produces the cytoplasmic domain of ATF6 that translocates to the 

nucleus, where it activates UPR genes [455, 456]. 

C/EBP homologous protein (CHOP), also known as DNA damage 153 

(GADD 153), is a master regulator of the apoptotic pathway of the UPR. CHOP 

is downstream of both the PERK and ATF6 pathways, and in additional, the 

IRE1 pathway can induce expression of CHOP through XBP1 splicing [457, 

458]. CHOP can induce expression of genes encoding pro-apoptotic proteins, 

including Bcl2-interacting mediator of cell death (BIM), p53 upregulated 

modulator of apoptosis (PUMA), Bcl-2-associated_X_protein (Bax) and Death 

receptor 5 (DR5) [458-460]. The IRE1 pathway also induces apoptosis through 

Tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2) and 

apoptosis signal-regulating kinase 1 (ASK1). This pathway activates extrinsic 

apoptosis, in which proteolytic activation of caspase-12/4 activates procaspase-

9 to activate procaspase-3 [461]. At the same time, it also induces apoptosis 

through the upregulation of c-jun NH2 terminal kinase (JNK) [441]. 

ER stress and UPR activation in ALS 

Induction of ER stress has been described in both sporadic and familial ALS. In 

sALS, most of the UPR proteins described before (eIF2α, CHOP, ATF6, IRE1, 

PERK, Bip) and additionally PDI and Endoplasmic reticulum resident protein 57 

(ERp57) were found upregulated in the spinal cord of patients [118, 462, 463]. 

UPR sensors, chaperones and apoptotic proteins were upregulated, in SOD1 

G93A mice spinal cords, before symptom onset [464, 465], implying that ER 

stress is an early event in ALS pathology. Additionally, CHOP was upregulated 

in motor neurons and glia cells of the spinal cord in mutant SOD1 G93A 

transgenic mice [463]. 

In Neuro-2a (N2A) cell lines, induction of ER stress results in re-

distribution of WT and mutant TDP-43 to the cytoplasm [466]. In the same 

study, overexpression of WT and mutant TDP-43 lead to upregulation of ATF-6 

and XBP1 and increased nuclear immunoreactivity for CHOP, indicating its 
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activation [466]. Moreover, TDP-43 and the UPR chaperone PDI co-

immunoprecipitated from N2A cell lysates, and PDI was upregulated in spinal 

cords of A315T mutant TDP-43 mouse spinal cords [466]. Furthermore, 

overexpression of poly (GA) dipeptide repeat proteins, produced by non-ATG 

translation of the C9ORF72 repeat expansion, in neuronal culture increased 

neuronal death by triggering ER stress [171]. PDI is associated with protein 

misfolding in ALS, and overexpression of PDI and another ER chaperone, 

Erp57, are protective in neuronal cells expressing mutant SOD1 [467, 468]. 

 

Most of the proteins associated with ALS are not normally present within 

the ER.  Hence, whilst it remains unknown how ER stress is triggered in ALS, 

several mechanisms have been postulated in relation to cytoplasmically 

localized ALS-associated proteins. These include indirect mechanisms whereby 

cytoplasmic SOD1 impairs ERAD or ER-Golgi transport, leading to 

accumulation of misfolded proteins within the ER and hence ER stress [115, 

117, 119]. And also a direct mechanism for FUS and TDP-43 which were shown 

to induce ER-Golgi defects from the luminal side of the ER or its membrane, 

respectively [426].  

Golgi fragmentation 

Related to inhibition of ER-Golgi transport and ER stress, fragmentation of the 

neuronal Golgi apparatus has long been associated with ALS. The Golgi 

apparatus is an important cellular organelle responsible for the post-

translational modification of proteins and lipids, as well as their sorting and 

trafficking. Proteins and lipids are first synthesized in the ER, from where they 

transit to the Golgi, where they are further modified by glycosylation, sulphation 

or proteolytic cleavage. From the Golgi, they are sorted and trafficked to their 

final destinations, such as the endo-lysosomal system, secretory granules or 

the plasma membrane [469]. In mammals, the Golgi apparatus is a stack of five 

to eight flattened membrane cisternae, which are inter-connected laterally by 

tubular structures that provide the characteristic ribbon morphology to the Golgi 

[470]. In neurons the Golgi is usually situated adjacent to the centrosome and it 

also extends to dendrites and axons. It consists of three functional 
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compartments, the cis-, media- and trans-Golgi network, and in neurites, it is 

present in Golgi outposts [471].  

The structure of the Golgi is highly dynamic, and it can assemble and 

disassemble under physiological conditions. During mitosis, the Golgi is 

fragmented into vesicular and tubular structures that become dispersed in the 

cytoplasm to facilitate equal distribution to the resulting daughter cells [472]. 

However, this normal physiological mechanism can become pathological during 

disease conditions, and fragmentation of the Golgi then becomes irreversible 

[473]. Microtubule alterations [474, 475], or impaired secretory trafficking also 

leads to irreversible Golgi fragmentation [476]. This can subsequently lead to 

disruption of the secretory pathway, or perturbation of the post-translational 

modification and sorting of proteins.  

Due to its central role in the secretory pathway, Golgi dysfunction in 

general can perturb cellular homeostasis that can lead to diseases such as 

ALS. Golgi fragmentation has been detected as an early event in animal models 

of ALS, prior to apoptosis, thus it has been implicated in the neurodegenerative 

process [477, 478]. In highly specialized cells such as neurons rely on this 

organelle for efficient transport in the cell body [479], which in turn may render 

them vulnerable to changes in Golgi morphology and function. 

In ALS, Golgi fragmentation has been detected in motor neurons from 

the spinal cord, brainstem and cortex in both sporadic and familial ALS human 

motor neurons [480-483]. It has also been detected in transgenic mice models 

bearing ALS-mutant TDP-43 and SOD1 [474, 478, 484-487] and in cell lines 

and primary neurons overexpressing ALS-mutant Optineurin and VAPB 

respectively [318, 488, 489].  

The molecular mechanism responsible for Golgi fragmentation is not fully 

understood; however, two mechanisms have been proposed. The first 

mechanism involves the alteration of microtubules [474, 475]. It has been 

shown in mouse models that Golgi fragmentation is caused by the disruption of 

polymerization of Golgi-nucleated microtubules [474, 475]. Secondly, Golgi 

fragmentation occurs when ER protein export is altered, or when vesicular 

trafficking from the Golgi is inhibited [115, 426, 490]. The formation of Golgi 

stacks requires continuous recycling of proteins from or to the ER, therefore 
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bidirectional vesicular transport with the ER is essential for Golgi organization 

[491, 492]. 

‘Prion-like’ mechanism or propagation of protein misfolding. 

ALS has a focal site of onset with accentuated motor weakness in the spinal 

and bulbar regions that advances in an orderly and gradual manner through the 

anatomy during disease progression [22, 23, 493, 494]. The prion-like 

mechanism has been suggested to be a common pathological mechanism in 

neurodegenerative diseases such as prion diseases, Alzheimer’s disease and 

ALS [495-499]. In this mechanism, misfolded aggregated proteins form seeds 

which serve as a template to trigger the aggregation of natively folded 

counterparts and are transmitted from cell to cell [500].  

Prion-like domains are composed of polypeptide sequences rich in polar 

and aromatic resides, with no or few aliphatic and charged amino acids within 

their composition [375]. They are poor in terms of amino acid diversity, which is 

the reason why they are also named “Low complexity” (LC) domains. The prion-

like or LC domains form self-templating fibrils spontaneously when isolated.. 

Proteins bearing these domains are implicated in a prion-like mechanism [23, 

120, 375, 495, 501]. 

Misfolded proteins associated with ALS have been shown to serve as a 

template for replication of protein misfolding. When adding insoluble 

phosphorylated TDP-43 from post-mortem brain spinal cord tissue to human 

kidney HEK293T cells transfected with WT TDP-43, it induced its misfolding 

and this increased upon passaging the cells [502]. Furthermore, this was 

demonstrated using misfolded recombinant TDP-43 [503]. Similarly, adding 

detergent-insoluble fractions of ALS-disease brains to human neuroblastoma 

SH-SY5Y cells triggered the misfolding of intracellular TDP-43 in a seed 

dependent manner [504] and treatment of human glioblastoma U251 cells with 

ALS-FTD-CSF, but not ALS-CSF, resulted in mislocalization and aggregation of 

TDP-43 [505]. In addition, treatment of HEK293T cells with brain lysates from 

C9ORF72 mutation carriers resulted in poly-GA aggregation, demonstrating its 

seeding ability [199]. The seeding capacity of TDP-43 has been linked to the 

presence of a prion-like domain. Interestingly however, SOD1 doesn’t possess 
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a prion-like domain, but its seeding ability has been demonstrated. Mutant 

SOD1 and misfolded WT SOD1 induced the misfolding on intracellular WT 

SOD1 in cell lines [119, 506]. Furthermore, the seeding potential of misfolded 

SOD1 has been demonstrated in vivo. Brain homogenates from symptomatic 

mutant SOD1 G93A transgenic mice were inoculated by sciatic nerve injection 

into asymptomatic mice from the same model, resulting in enhanced inclusion 

formation at 3 ± 0.2 months after injection and paralysis development [507]. 

This raises an interesting concept, where proteins without prion-like domains 

can act in the same manner than proteins with this specific domain. 

Furthermore, these proteins have been implicated in a cell-to-cell 

transmission mechanism. Transmission of C9ORF72 DPRs to neurons was 

demonstrated in cells treated with either exosomes prepared from cells 

expressing DPRs or from incubation with conditioned media only. Interestingly, 

poly (PR)50, one of the two most toxic DPRs, was significantly taken up from 

conditioned media only. These results suggest that C9ORF72 DPRs are 

transmitted via both exosome-dependent and independent mechanisms, 

however the specific mechanism mediating the uptake of DPRs remains 

unknown [198]. Similar results were obtained for TDP-43, although Feiler and 

colleagues demonstrated that more toxicity was observed in the receiving cells 

and cells preferentially took up exosomes containing TDP-43 compared to TDP-

43 from conditioned media [504, 508]. Furthermore, SOD1 prion-like 

propagation has been demonstrated in vitro, and this was shown to induce ALS 

cellular features in the receiving cells [119]. So far, only SOD1 transmissibility 

has been demonstrated in vivo. However it has only been studied in mutant 

SOD1 transgenic mice, it has not yet been demonstrated in mouse lines 

expressing its wild type human form [507, 509]. 

Hence these data suggest that the spread of ALS is driven by a prion-like 

mechanism. However, more work is needed to elucidate the exact mechanism 

underlying ALS neurodegeneration, since it could be targeted with the goal to 

slow down or inhibit ALS progression. 
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1.2 Fused in Sarcoma 
The FUS gene contains 15 exons and 14 introns, leading to the generation of 

13 transcripts [510]. To date, two isoforms of FUS are listed on the curated 

Uniprot database (https://www.uniprot.org/): i) canonical FUS, which consists of 

526 amino acids, and, ii) FUS isoform 2, a shorter version resulting from an 

alternate in-frame splice site in the 5' coding region, which generates a 525 

amino acid protein [510, 511]. 

An additional transcript variant, containing 7 exons, has also been 

described, which omits exon 7, leading to a reading frame shift and a premature 

stop codon. This transcript is predicted to undergo nonsense-mediated decay 

(NMD), therefore no protein is annotated in Uniprot database. FUS binds to its 

own mRNA in exon 7 and flanking regions, thus repressing exon 7 splicing and 

therefore autoregulating its own expression [512].  

 

FUS belongs to the FET protein family, composed of FUS, Ewing RNA-

binding protein (EWS) and TATA-binding protein associated factor 2N (encoded 

by TAF15). All FET family members are fusion oncogenes that are ubiquitously 

expressed in the human body [513]. FET proteins have a conserved structure, 

containing a N-terminal glutamine-glycine-serine-tyrosine rich prion-like domain 

(QGSY-rich region), several arginine-glycine-glycine (RGG) domains, an RNA-

recognition motif (RRM), zinc finger (ZnF) domain and a nuclear localization 

signal (NLS) (Figure 1.2). FUS is predominantly localized in the nucleus, but it 

normally has the ability to shuttle between the nucleus and the cytoplasm [514]. 

It has also been detected to be localized on dendritic spines upon neuronal 

stimuli [515, 516]. FUS has also been named ‘75kDa DNA-pairing protein’ 

because of its 75 kDa apparent mobility in SDS-PAGE [517].  

 

1.2.1 Structure of FUS  
The domain structure of FUS is highly conserved among species. This 

conservation, which is common for all the FET family members, indicating their 

highly specialized functions. 
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Figure 1.2 Schematic diagram of the domain structure of FUS, illustrating post-
translational modifications (PTMs) Each symbol indicates the type and localization 
of each PTM. QGSY-rich region: Glutamine, Glycine, Serine Tyrosine-rich region; 
RGG: Arginine, glycine-rich region; RRM: RNA recognition motive; ZnF: Zinc finger 
domain; NLS: Nuclear localization signal.   

Prion-like domain or Low complexity domain 

When the human genome was analysed using an algorithm to detect prion 

domains, it uncovered 240 genes coding for proteins that possess a domain 

similar to the yeast prion domain. Approximately 30% of the proteins containing 

prion-like domains were annotated in the gene ontology (GO) molecular 

function as “RNA binding” and 33% were annotated as “DNA binding” proteins 

[518]. In a study using an algorithm trained to detect similar domains to the 

yeast prion-domain [519], out of 27,879 proteins FUS was ranked the 15th while 

TDP-43 69th [501]. 

 

The prion-like domain of FUS is intrinsically disordered and highly 

conserved [520-522]. It is mainly composed of serine, tyrosine, glycine and 
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glutamine residues and it also contains two charged residues. The FUS prion-

like domain is composed of 24 tyrosine residues with a consensus motif of 

[S/G]-Y-[S/G], usually followed by one or two proline or glutamine residues 

[521]. 

The FUS prion-like domain is implicated in protein interaction, forming 

nuclear assemblies and RNP granules [127, 523]. In vitro experiments have 

suggested that the prion-like domain of FUS is required for its physiologically 

reversible phase separation, whereby it shifts from phase-separated liquid 

droplets to hydrogel droplets that possess amyloid fibrils structure [354, 368, 

378, 524]. The latter structures were demonstrated to sequester other prion-like 

domain domains of other FUS molecules and prion-like domains from other 

RNA binding proteins, therefore acting like a scaffold for the formation of 

membrane-less organelles [378]. Under pathological conditions, these 

assemblies shift from a reversible conformation to a stable and irreversible 

fibrillar hydrogel, which are implicated in ALS and FTD pathology [371]. 

RNA-recognition motif domain 

The RRM domain, which is responsible for binding to nucleic acid, is the most 

common RNA binding domain found in hnRNPs. FUS was initially also termed 

the ‘hnRNP P2’ protein, when discovered in myoxid liposarcoma [525]. Proteins 

containing RRM domains have important roles in RNA processing, splicing, 

export, stability, packaging and degradation [526]. A conventional conserved 

RRM domain has a β1–α1–β2–β3–α2–β4 fold secondary structure. 

Interestingly, FUS lacks 2 aromatic residues with the β3 fold that are 

responsible for conventional ring-stacking interaction between the RRM domain 

and nucleic acids [527]. Nuclear magnetic resonance (NMR) spectroscopy 

studies have revealed that FUS shares the classic secondary structure of RRM 

domains, but additionally it also contains an extended “KK-loop” between the α1 

and β2 folds, a common characteristic of the FET family [528]. Within this loop 

there are several conserved lysine residues that together with other positively 

charged residues define the nucleic acid binding site of FUS [528]. 

Nevertheless, the RRM domain of FUS has been demonstrated to bind 

nucleic acid [528, 529], even though its binding to RNA is very weak [528]. In 
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vivo experiments determined that the RRM domain was dispensable for FUS 

RNA binding ability [514]. In contrast, in a Drosophila model, where 4 

conserved phenylalanines from the RRM domain were mutated to leucines, the 

RNA binding capacity of FUS was abolished [357]. Subsequent studies that 

aimed to resolve these discrepancies revealed that combination of the RRM 

domain with an RGG domain displays a similar Kd to the RGG-Zn-RGG domain 

[529-531]. Both the RGG-RMM and RGG-Zn-RGG bound to DNA and RNA with 

the same affinity as full length FUS [529, 532]. A possible explanation for this 

will be discussed on RGG domain section. 

It has been suggested that the RRM domain has an important role in 

conferring the toxicity of FUS in ALS. For example an in vivo study concluded 

that the RRM domain was required for FUS toxicity [533]. Later on, it was 

shown that the folded RRM domain has the ability to self-assemble 

spontaneously into amyloid fibrils in vitro, which explain its capacity to affect 

FUS toxicity in ALS [522]. 

In addition, the nuclear export sequence (NES) of FUS is located in the 

RRM domain. This short sequence (289 to 298 aa), was thought to target FUS 

from the nucleus to the cytoplasm through the NPC [534]. The NES activity of 

FUS is relatively weak and is probably negatively modulated by other domains, 

including RGG1 [535]. Consistent with this notion, a more recent study 

concluded that the NES of FUS was non-functional [536]. 

 

In conclusion, the ability of the RRM domain of FUS to bind DNA and 

RNA is not fully understood. However, since RRM domains are the most heavily 

translationally modified domains in human proteome [537], it is likely that the 

post-translational modifications (PTMs) of FUS play an important role in this 

aspect.  

Zinc finger domain 

The ZnF domain of FUS is a small protein motif in which one or more zinc ions 

are responsible for stabilization of the finger-like fold through cysteine and/or 

histidine residues. This domain was first identified to bind DNA but now is 

recognised to bind RNA and lipids as well [538]. All FET family members share 
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a conserved ZnF domain, where the zinc ion is coordinated through four 

conserved cysteine residues [510], but in FUS, it has been suggested that the 

ZnF domain plays a more important role in RNA recognition than the RRM 

domain [539]. In agreement with this idea, the ZnF domain was demonstrated 

to be necessary for SGs recruitment [540], where RNA is thought to act as a 

scaffold for RNA-binding proteins [390].  

The arginine/glycine-rich domain  

RGG/RG domains are the second most common RNA-binding domain in RNA 

binding proteins [541]. They are involved in multiple functions in RNA 

metabolism, protein-protein interactions and protein localization [542]. The FET 

family members possess a tri-RGG motif, containing three repeated RGG 

sequences of different length, interspaced by different domains [542]. The 

RGG/RG domain is the least conserved among FET family members. 

The RGG/RG domains are intrinsically disordered, which is not surprising 

given that β-turns are the major structural component of RGGs [543]. The low 

complexity of RGG/RG domains is thought to provide a flexible and plastic 

conformation that guarantees recognition of a wide variety of RNAs. The first 

RGG1 domain of FUS contains an additional potential prion region, which is 

necessary for FUS aggregation [533]. This region also confers the DNA 

damage response capacity of FUS, because it contains the binding site for Poly 

(ADP-ribose) (PAR), and it also binds to G-quadruplex structures in telomeric 

DNA and non-coding telomeric RNA [158, 544]. 

As discussed above, it has been challenging to determine the domain 

responsible for the RNA binding capacity of FUS. A recent study concluded that 

the FUS RGG/RG domains co-operate with the other RNA binding domains of 

FUS to increase its affinity for RNA [545]. This finding is consistent with other 

studies which found that combination of RGG/RG with either the RRM or ZnF 

domain displayed the same binding capacity as full length FUS [529, 532]. 

In summary, the RGG domain of FUS is involved in a wide range of its 

functions. The relatively high proportion of arginine residues in this domain 

renders it susceptible to post-translational modifications that are likely to impact 

FUS’s physiological and pathogenic functions. 
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The PY nuclear localization signal 

Some of the functions of FUS are related to its ability to shuttle between the 

nucleus and cytoplasm. FUS binds to RNA in both the nucleus and cytoplasm, 

and it is involved in mRNA export and mRNA transit to neuronal dendrites [514, 

515, 546].  FUS localization in the nucleus was predicted to be mediated by a 

non-classical R/H/KX2-5 PY nuclear localization signal (PY-NLS) [547] and this 

was later confirmed experimentally [535, 548]. More recently, the RGG3 domain 

of FUS has also been implicated in its nuclear translocation [549].  

The nuclear import of FUS involves recognition and binding of specific 

residues in the PY-NLS by Transportin (also known as Karyopherin β2), which 

is responsible for translocating protein through the NPC [547, 548, 550]. The 

PY-NLS of FUS has been divided into specific different regions according to the 

nature of its interactions: Epitope I (508PGKM511), the hydrophobic motif, Epitope 

II (514RGEHRQDRR522), composed of an arginine rich helical region, and 

Epitope III (521RRERPY526), the PY fragment. The PY-NLS of FUS interacts with 

Transportin (TNPO1) via hydrophobic and electrostatic/polar interactions with 

the central helix sequence [551, 552]. The PY-NLS regions of other proteins 

bind to TNPO1 in their fully extended form, whereas FUS contains epitope II, an 

atypical central helical region, that is connected to epitopes I and III by short 

linker sequences [552]. 

  

The nuclear import of FUS is therefore essentially modulated by the 

interaction between FUS PY-NLS and TNPO1, hence any impairment of this 

interaction should alter the localization of FUS. In ALS, mutations in the C-

terminal PY-NLS domain, as well as methylation and phosphorylation, disrupt 

this interaction [344, 548, 549, 553, 554]. Interestingly, the impairment of 

binding affinity between FUS and TNPO1 correlates with FUS mislocalization in 

the cytoplasm and the duration of ALS progression [548, 551].  

 

1.2.2 Post-translational modifications of FUS 
There are more than 200 possible protein PTMs [555], which are mostly 

catalysed by specific enzymes that recognize target sequences in specific 
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proteins. PTMs can affect the folding of a protein, its subcellular localization, its 

ligand binding capacity and its function.  

 FUS is subjected to a wide range of PTMs, including methylation, 

citrullination, phosphorylation, ubiquitination, O-GlcNAcylation and acetylation 

(Figure 1.2). Hence, it is likely that PTMs play an important role in the structure, 

localization and/or functions of FUS and importantly, PTMs fine-tune the 

pathogenic role of FUS in ALS.  

Methylation 

Methylation of lysines and arginines is a common protein modification carried 

out by methyltransferases. Arginine methylation has been implicated in the 

regulation of RNA processing, DNA damage and repair, protein translocation, 

gene transcription and signal transduction [556].  

FUS has 20 sites of asymmetric dimethylation, and most of these are 

located at the C-terminal RGG3 domain [557]. Asymmetric dimethylation of 

some RNA binding proteins has been related to their nuclear-cytoplasmic 

shuttling [558]. Protein arginine methyltransferase 1 and 8 (PRMT1, PRMT8) 

bind to FUS and are responsible for its methylation [559-563].  

 

Cytoplasmic FUS is found asymmetrically dimethylated in the inclusions 

of ALS-FUS patient spinal cord sections [549]. Whilst arginine residues in the 

RGG3 C-terminal domain of FUS are responsible for direct binding of FUS to 

TNPO1, [548, 549], hypomethylated FUS bound TNPO1 with high affinity, but 

this binding was very weak for asymmetrically methylated FUS [563]. Hence 

this finding implies that in ALS, nuclear import of FUS is impaired by disruption 

in binding to TNPO1 by mutations in the NLS. This would be further 

exacerbated by methylation of the RGG3 arginines, contributing to its 

cytoplasmic mislocalocaization and aggregation. Supporting this hypothesis, 

depletion of methylation, either by knock down of PRMT1, or by treatment with 

a global methyltransferase inhibitor, reduced cytoplasmic mislocalization and 

aggregation of ALS mutant FUS [282, 564]. However, prolonged treatment with 

high concentrations of a global methyltransferase inhibitor triggered intranuclear 

aggregation of mutant FUS [564].  
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In contrast to ALS, the pathological hallmark of FTLD is co-aggregation 

of FUS in FTLD-FUS patient’s brains with TNPO1, TAF-15 and EWS [422, 565-

567]. However, mutations in FUS are not considered causative of FTLD-FUS 

[568-570]. Recently, it was determined that in FTLD-FUS, cytoplasmic FUS is 

unmethylated and to a lesser extent, mono-methylated in these inclusions [563]. 

Monomethylated and unmethylated FUS display very strong affinity to TNPO1, 

further promoting co-aggregation of both proteins in pathological inclusions and 

further impairing nuclear transport of FUS [563].  

Additionally, the hypomethylated state of FUS in FTLD has been recently 

linked to regulation of phase separation droplets [371, 571], a tightly regulated 

mechanism whereby methylation of arginines in the C-terminal domain of FUS 

modulates cation-π interactions with tyrosines from the N-terminal prion-like 

domain of FUS. These interactions regulate FUS assembly into more rigid 

structures [371]. Hypomethylated FUS assemblies were shown to display 

hydrogel-like structures, as determined by the increased presence of stiffer, 

non-spherical components, richer in antiparallel cross-β sheets, and increased 

hydrogen bonding [371]. It was further demonstrated that FUS hypomethylation 

was related to FTLD-FUS, RNP granule function [371]. 

 

Together these findings reveal that the methylation of FUS plays different 

roles in the pathology of FTLD and ALS. However, the effect of the methylation 

profile of FUS on its physiological functions remains unknown. One study 

demonstrated that FUS and PRMT1 act together to synergistically co-activate 

transcription, a process that is regulated by FUS methylation [559]. It remains to 

be determined if the other RNA/DNA binding functions of FUS are modulated by 

its methylation state.  

Phosphorylation 

Phosphorylation of FUS is involved in its nuclear-cytoplasmic shuttling, its 

response to DNA damage and regulation of its aggregation and phase-

transition capacity. The N-terminal prion-like domain of FUS is highly 

phosphorylated, as it is rich in serine, threonine, glutamine, asparagine and 



General introduction 42	
	

	

tyrosine residues. However, phosphorylation of FUS in its C-terminal domains 

has also been reported [572]. The first study describing the phosphorylation of 

FUS demonstrated that phosphorylation on serine 256, in the first RGG domain, 

prevented degradation of FUS by the proteasome [572].  

 Since FUS nuclear shuttling is mediated by the interaction of its NLS and 

TNPO1, it is not surprising that phosphorylation of the NLS is implicated in 

impairment of its nuclear import. Phosphorylation at the C-terminal residue 

Y526 by Src family kinases Fyn and c-Scr, prevented its interaction with TNPO1 

and lead to cytoplasmic accumulation [553].  

 Phosphorylation of the prion-like domain of FUS is also involved in its 

cellular localization, which is related to its function in DNA damage and repair. 

FUS was found to be phosphorylated at Ser42 by ATM (ataxia-telangiectasia 

mutated), a member of the phosphoinositide 3-kinase-like kinase (PIKK) family, 

as a response to induction of double-strand breaks (DSBs) by ionizing radiation 

[573]. However, another study reported conflicting findings, that DNA-

dependent protein kinase (DNA-PK) is responsible for FUS phosphorylation, not 

ATM [574]. Subsequently, it was shown that induction of DNA damage in 

human astrocytes and primary neurons triggers phosphorylation of FUS at the 

N-terminus prion-like domain and this regulates the translocation of FUS into 

the cytoplasm [574]. According to this, a more recent paper found that inhibition 

of DNA-PK restored the nuclear localization of FUS [575]. 

In recent years, many studies have focused on identifying the 

mechanism underlying FUS aggregation and phase-separation. DNA-PK 

phosphorylation and phosphomimetic substitution in the prion-like domain 

delayed aggregation and phase separation of FUS in the presence of RNA or 

salt [576, 577]. DNA-PK impairs the ability of FUS to be incorporated into 

hydrogels [368] and FUS prion-like domain phosphorylation and 

phosphomimetics introduce electrostatic changes, which disrupted the nature of 

the prion-like domain [576]. Interestingly, this inhibited aggregation and 

cytotoxicity of FUS in a yeast model [576] and in addition to the 14 

phosphorylation sites within the prion-like domain targeted by DNA-PK, other 

phosphorylation sites not targeted by DNA-PK were also identified, implying a 

role for other kinases [576]. 
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Two recent studies aimed to determine the region of the prion-like 

domain involved in regulation of the phase separation of FUS, and the role of 

phosphorylation in this process. Whilst the two studies had differing conclusions 

as to the identity of the core sequence responsible for the assembly of FUS into 

fibrils, they both agreed that FUS fibril formation is controlled by 

phosphorylation of specific sites in this sequence. Murray and colleagues 

concluded that DNA-PK-mediated phosphorylation of residues 42-87 inhibits 

FUS hydrogel and droplet formation [578], whereas Luo and colleagues 

determined that phosphorylation of Ser42 is critical for amyloid fibril formation 

[579].  Nevertheless, the important role of FUS phosphorylation on key 

pathways implicated in ALS, including nucleocytoplasmic shuttling, DNA 

damage and phase transition, implies that this PTM may be an interesting 

therapeutic target.  

Ubiquitination  

Ubiquitination is a reversible post-translational modification whereby ubiquitin 

binds to lysine residues within a target protein. Whilst there are various types of 

ubiquitination, polyubiquitination is responsible for driving proteins for 

degradation via the proteosome and autophagy [580, 581].  

FUS inclusions that are also immunopositive for ubiquitin are a common 

trait of several diseases affecting neurons, in the spinal cord in fALS, sALS [12], 

and in a subtype of FTLD, aFTLD-U [156, 569]. In motor neuronal cell lines, co-

expression of mutant FUS with red fluorescent protein tagged (RFP)-ubiquitin 

resulted in 30% of FUS inclusions being positive for ubiquitin 72h post-

transfection [582]. However, whilst the available evidence demonstrates that 

FUS inclusions are co-labelled with ubiquitin, there is little evidence for the 

direct ubiquitination of FUS itself.  

The degradation of FUS is proteasome-dependent but rarely, 

independent of its ubiquitination status [572]. Similarly, ubiquitination of FUS 

was not detected in biochemical analyses of the insoluble fraction of two fALS 

patient spinal cords [583]. In contrast, mass spectrometry analyses identified 

ubiquitination of FUS predominantly in its C-terminal domains (residues: K264, 

K316, K334, K348, K357, K365, K448) but the ubiquiylation status and its 
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consequence to the function of FUS has not been characterised [584-588]. FUS 

also functions as a SUMO E3 ligase for Ebp1, promoting its SUMOylation 

(attachment of the SUMO proteins to lysine residues). Interestingly, the same 

study proposed that FUS is SUMOylated itself [589].   

Further studies are therefore needed to confirm whether FUS is 

ubiquitinated, and to determine the role of ubiquitin in the function and 

degradation of FUS. Since SUMOylation can function as a secondary signal for 

marking proteins for ubiquitin-dependant degradation [590], the role of this PTM 

on the degradation of FUS should also be examined. 

O-GlcNac 

O-GlcNAcylation is a reversible and dynamic PTM of protein Ser/Thr residues, 

involving the addition of β-d-N-acetylglucosamine (GlcNAc) groups via an O-

linkage. Mass spectrometry analysis revealed that FUS was O-GlcNAc 

glycosylated at residue T19 in HEK293 cell lines [591]. However, in contrast, 

surprisingly a more recent study failed to detect the presence of O-GlcNac on 

FUS in different neuronal (Neuro2A, SH-SY5Y, A172) and non-neuronal (P19, 

HeLa, HEK 293T) cell lines by western blotting [592]. Moreover, FUS was found 

to be O-GlcNAcylated upon induction of oxidative stress, providing a possible 

explanation for the different findings obtained in these two studies [593]. 

Acetylation 

Global protein acetylation is protective against Parkinson’s disease and 

Alzheimer’s disease protein aggregation [594, 595] on the contrary, in ALS, 

acetylated TDP-43 was detected in ALS patient spinal cords, where it impaired 

the RNA binding capacity of TDP-43 and promoted its hyper-phosphorylation 

and aggregation [144]. Importantly, proteins in ALS spinal cords were 

differentially acetylated compared to controls [596]. Mass-spectrometry studies 

of human biological samples have identified three possible acetylation sites in 

FUS, at residues A2, K332, and K357 [588, 597, 598]. However the function of 

this PTMs, and the acetylation profile of FUS under pathological conditions, has 

not been investigated. Inhibition of histone deacetylases (HDAC) 6 in motor 
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neurons from FUS ALS patients ameliorates impairment of axonal transport 

[599]. Whilst this could be linked to α-tubulin acetylation, it is possible that 

HDAC6 acts directly on mutant FUS. More studies are therefore needed to 

determine if FUS acetylation is involved in ALS. 

In summary, these findings reveal that the major domains of FUS are 

subjected to numerous PTMs, particularly the prion-like domain and the RGG3 

domain. These modifications can affect the localization and conformation of 

FUS, which has implications for ALS. 

 

1.2.3 The normal cellular functions of FUS  

DNA damage 

FUS has been implicated in several DNA damage and repair processes. 

Fibroblast and lymphocytes from FUS -/- mice lines were first shown to be 

sensitive to radiation and genomic instability [600, 601], implying that FUS 

functions in the repair of DNA damage and genomic integrity. 

DSBs can normally be repaired by two major pathways: homologous 

recombination (HR) and nonhomologous end joining (NHEJ).  FUS binds to 

duplex DNA and also to single-stranded DNA, an important process in HR [602, 

603]. Baechtold and colleagues demonstrated that the formation of D-loops 

correlates with the concentration of FUS, and they identified that the C-terminal 

domain of FUS was responsible for this function [517]. Subsequently, it was 

demonstrated that the RRM domain also possesses DNA binding ability [528]. 

The most common pathway for DNA damage repair, particularly in 

neurons, is NHEJ. FUS is recruited to DSB sites together with PARP and 

HDAC1 [158, 604] during the early stages of DNA repair, since FUS localizes to 

these sites prior to recruitment of markers of DNA damage or proteins involved 

in DSB repair [604]. FUS is recruited to DNA damage foci in a PAR dependent 

manner, promoting DNA repair either by NHEJ or HR, downstream of PARP 

[158, 605]. Interestingly, it was later shown that PAR chains act as a seed for 

the formation of cytoplasmic FUS droplets in DNA damage associated 

compartments [605]. Therefore, this evidence links FUS to the formation of 

liquid droplets that would further recruit other DNA repair factors under 
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conditions of cellular stress [354]. Consistent with these findings, knockdown of 

FUS abolished the formation of γH2AX foci, the most widely used marker of 

DNA damage, after DSBs [604]. RNA Binding Motif Protein 45 interacts with 

FUS and may negatively regulate the interaction between FUS and HDAC1, 

therefore preventing excessive recruitment of HDAC1 to sites of DNA damage 

[606]. DSBs are also related to transcriptional abnormalities that are associated 

with DNA damage. Recently, Furthermore, FUS depletion impaired the capacity 

to prevent or repair R loop-associated DNA damage [607].  

 

The ends of chromosomes are protected by telomeres, repetitive 

sequences that shorten with aging and fold in G-quadruplex structures in the 

presence of Na+ and K+. Expression of WT FUS resulted in shortening of 

telomere length by binding of its RGG3 domain to telomeric DNA and telomeric 

repeat-containing RNA (TERRA). This triggers the recruitment of histone-

modifying enzymes which inhibit elongation of telomeres [544, 608]. Tyrosine 

and phenylalanine residues within the RGG3 domain of FUS are required for 

the formation and regulation of binary and ternary complexes with telomeric 

DNA and TERRA [609].  

Transcription 

FUS binds to RNA Polymerase II (RNA Pol II) and regulates its phosphorylation 

at the C-terminus [529, 610, 611]. Knockdown of WT FUS in human fibroblasts 

leads to aberrant accumulation of Ser-2 phosphorylation on RNA Pol II near the 

transcriptional start site, which also correlated with its altered nuclear 

distribution [612]. Additionally, FUS depletion perturbs back-splicing leading to 

the formation of circular RNAs (circRNAs), which regulate transcription by 

interacting with the RNA Pol II machinery [613]. In contrast, FUS can inhibit 

RNA3 activity by supressing transcription of the 5S ribosomic RNA (rRNA) and 

small RNAs [614]. 

FUS binds to chromatin and this is required for regulation of transcription 

[523]. Additionally, FUS can function as a transcription factor by binding to 

various promoters [157, 615, 616]. FUS also interacts with RNPA2 and other 

transcription factors: IID (TFIID) and IIIB (TFIIIB) [527, 614, 617, 618]. FUS also 
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interacts with Androgen Receptor (AR), together with scaffold attachment factor 

B (SAFB1), which regulates ligand-dependent transcription [619]. 

Splicing and mRNA processing  

FUS is known to bind to thousands of RNA within the cell [342, 620]. However, 

whilst numerous studies have tried to elucidate the target RNA motifs of FUS, 

the results have been conflicting. The first study that identified the RNA binding 

motifs of FUS found that recombinant FUS binds to GGUG motifs with 

nanomolar affinity [531]. An in vitro study using the recombinant RMM domain 

of FUS demonstrated that FUS binds to CGCGC motifs of RNA [621]. However, 

an NMR study determined that the ZnF domain of FUS binds to a GGUG motif, 

but no interaction was detected for the RRM domain [539]. Some CLIP-based 

studies have identified that FUS binds to GGU and GUGGU RNA motifs; 

although the enrichment of this binding was low [622, 623]. Several studies 

determined that FUS binds to GU-rich regions but no consensus motif was 

identified [512, 624].  

A recent study in which RNA CLIP-sequence tags were normalized to 

Nascent-sequence tags, identified six combinations of motifs (UGUG, CUGG, 

UGGU, GCUG, GUGG, and UUGG) [625].  Other studies have found that FUS 

has a preference for RNA regions instead of specific motifs. FUS binding-sites 

were identified at 3’ untranslated regions (UTR) of transcriptional targets and 

also in antisense RNA [342, 622, 623, 626].  However, a common finding 

amongst these studies is the affinity of FUS to bind to long introns, and to be 

enriched in the 5’UTR of long introns [622, 623]. This implies that FUS binding 

to RNA is quite promiscuous, and the involvement of several different domains 

of FUS in its RNA binding ability is consistent with this notion 

Regardless of the specific RNA binding motifs, FUS has been widely 

implicated in RNA splicing. A CLIP-seq study in HeLa cells demonstrated that 

FUS regulates its own expression by binding to exon 7 [512]. Additionally, 

overexpression of WT and ALS-mutants FUS in Drosophila resulted in 90% 

down-regulation of FUS [627], confirming its auto regulation capacity.  

Genome wide array studies have revealed that FUS regulates pre-mRNA 

splicing [620, 622, 623]. FUS interacts with splicing factors [628, 629], splicing 



General introduction 48	
	

	

complexes [630] and small nuclear ribonucleoproteins (snRNPs) [617, 631, 

632]. FUS also binds to SMN, a core protein involved in snRNPs biology. 

Recently a study involving human WT FUS expressed in mice, revealed that 

FUS and SMN function in a co-operative manner [631, 633, 634]. FUS also 

regulates RNAPII phosphorylation, a factor in the splicing cascade [610]. 

Additionally, FUS mediates the interaction between RNAPII and U1 snRNP, 

thus coupling transcription to splicing [159]. Furthermore, mRNA length is 

regulated by the binding position of FUS in the nascent RNA [624]. 

FUS co-purifies with micro RNA (miRNA) Drosha complexes and 

facilitates its recruitment to miRNA genes [635, 636]. FUS also promotes the 

biogenesis of miR-9, miR-132 and miR-134, which are involved in neuronal 

development and synaptic plasticity [636]. Furthermore, FUS interacts with 

argonaute-2 (AGO2), a component of the microRNA-induced silencing complex 

(miRISC), and it mediates microRNA gene silencing, which was also confirmed 

with its homologous counterpart in C.elegans [637]. Overexpression of WT FUS 

disrupted miRNA processing in the cytoplasm by triggering cellular stress [638]. 

In a recent study, a feed-forward regulatory loop between FUS and miR-

141/200a was identified and in the same study, interestingly, miR-200a was 

also upregulated in Alzheimer’s and Huntington’s disease [639] 

FUS is also involved in minor intron splicing, which is necessary for the 

correct splicing of a subset of mRNAs involved in muscle function, and 

postnatal maturation of spinal motor neurons [628]. Immunoprecipitation of FUS 

revealed that it binds to Mapt, Neurofilament Light Protein (NEFL), and NEFM 

[623] [640, 641]. Additionally, FUS expression regulates exon 

inclusion/exclusion of genes involved in neuronal development, neuronal 

function and neurodegeneration [620, 622]. This suggests that the splicing 

functions of FUS are closely related to the nervous system.  

mRNA transport and local translation 

The ability of FUS to shuttle between the nucleus and the cytoplasm is linked to 

the transport of mRNA to the cytoplasm [514]. In neurons, mRNA and proteins 

need to be transported over relatively long distances to reach the dendrites or 

axons, where they become translated or function respectively.  
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FUS has been linked to axonal transport by its association with motor 

proteins MyosinVA [642], Myosin VIO [643] and conventional kinesin [644]. FUS 

also associates with mRNA encoding the actin-stabilizing protein Nd1-L in 

mouse brains in response to glutamate receptor 5 (mGluR5) activation [515, 

546, 645]. Furthermore, as well as its association with the transport machinery, 

FUS can also assemble into RNP [354, 368, 379]. FUS has been detected in 

synaptic spines, where it modulates local translation, affecting regulation and 

maturation of spine morphology [515, 646]. FUS knockdown mice present 

downregulation of AMPA receptor Glua1, which inhibited synaptic maturation 

[647]. Mice overexpressing human WT FUS displayed a progressive disruption 

of NMJ, and less Synaptophisin in the pre-synapse, indicating that 

overexpression of FUS impairs synaptic protein translation [648]. Recent super-

resolution microscopy studies demonstrated that FUS localizes in axon 

terminals and co-localizes with Synaptophisin in rat hippocampal neurons [649]. 

Adenomatous polyposis coli (APC) target RNAs to cell protrusions, where they 

form APC-containing ribonucleoprotein complexes (APC-RNPs). FUS was 

detected in APC-RNPs where it modulated translation of mRNAs localized in 

these RNP complexes [646]. Similarly, a mass spectrometry study determined 

that FUS interacts with fragile X mental retardation protein (FMRP), a 

translational repressor that controls synaptic function [277]. Additionally, FUS 

has been purified from polyribosomes, further suggesting its has an active role 

in translation [650]. It is likely that any alterations in the phase separation 

properties of FUS would impact on its regulatory activities on translation and in 

its mRNA transport capacity, leading to axonal defects [411, 599].  

 

1.3 The role of FUS in ALS 
FUS mutations account for approximately 35% of juvenile fALS cases. Indeed, 

the overall average age of onset of FUS ALS (sALS and fALS) is 43.8 ± 17.2 

years [651-654], which is younger than patients with C9ORF72, SOD1 or TDP-

43 mutations [652]. Most FUS fALS cases display missense mutations that are 

inherited in a dominant fashion with incomplete penetrance [221] although one 

recessive mutation has been identified in 4 members of the same family [4]. De 

novo FUS mutations have also been identified in sALS cases, which are 
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associated particularly with early and bulbar onset forms of ALS [9, 655]. A 

comprehensive list of FUS mutations identified in ALS is displayed in Table 1.1, 

most of which are clustered at the C-terminus of FUS (Figure 1.3).  

In FUS-associated ALS, the neuropathology observed in patient motor 

neurons is very diverse. Basophilic inclusions and round FUS immunoreactive 

cytoplasmic inclusions are detected in early onset cases of ALS, whereas for 

late onset cases, FUS immmunoreactive inclusions are present in the 

cytoplasm of motor neurons and glial cells [7, 12, 226]. Together these data 

demonstrate that FUS inclusions display different morphologies in human 

patient tissues. 
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Figure 1.3 FUS domain structure with the mutations associated to ALS QGSY-rich 
region: Glutamine, Glycine, Serine Tyrosine-rich region; RGG: Arginine, glycine-rich 
region; RRM: RNA recognition motive; ZnF: Zinc finger domain; NLS: Nuclear 
localization signal.   
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Table 1.1 FUS mutations in ALS colour coded according to the domains of Figure 
1.3. 

Mutation 
% of patients Mean age of 

onset 

Mean 
Duration 
(months) 

Site of onset Ref. fALS sALS 

P18S - 2/475 36,74 - Limbs [656] 

S57del 0/80 1/145 80 10 Limbs [656] 

S96del 1/476 0/41 20s 216 NA [657] 
S115N 0/97 1/1192 60 27 Cervical [658] 

G156E 1/94 - 33 11 Bulbar [151] 

G175G 1/292 0/293 65 31 NA [4] 

G187S 0/32 1/168 79 14 Bulbar [659] 

G191S 1/45 0/964 43 108 Limbs [152] 
G206S 1/476 0/41 54 NA NA [657] 

R216C 0/45 1/964 50 NA NA [152] 

S221del 0/48 1/480 69 62 Bulbar [660] 

G225V 0/45 1/964 26 60 Limbs [152] 

G226del - 1/454 62 5 Bulbar [656] 

G230C 0/45 1/964 65 NA Limbs [152] 
G230del 0/9 1/249 59 NA Limbs [661] 

R234C 0/45 1/964 40 120 Limbs [152] 

R234L 1/94 - 66 NA Spinal [151] 
R244C 1/292 0/293 54 28.5 NA [4] 

R245V 0/5000 1/500 71 96 - [662] 

G399V 0/9 1/249 73 NA Bulbar [661] 

S402_P411delinsGG 0/17 1/91 65 13 Bulbar [663] 

S462F 1/52 - 63 24 Limbs [664] 

M464I - 1/1 74 24 Limbs [665] 

G466Vfdx14 0/17 1/91 20 22 Bulbar [663] 

G472Vfdx57 1/1 - 26 12 Limbs [666] 

Y485Afsx514 1/476 0/41 NA 18 NA [657] 

R487C 0/97 1/1192 80 36 Bulbar [658] 

R491C 0/500 1/500 65 84 Bulbar [662] 

R495X 3/647 3/1725 26.8 15 Limb / Bulbar [356, 512, 657, 658, 
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661] 

G497AfsX527 1/276 0/41 29 14.3 Limbs [657] 

R502EfsX15 - 1/454 49 60 Limbs [656] 

G504Wfsx12 1/16 1/359 22.7 6 Limbs/NA [661, 667] 

G507N 0/87 4/2604 57.5 42 Limbs/NA [6, 152, 668] 

G509D 0/500 1/500 50 13 Limbs [662] 

K510R 3/580 0/133 48 84 Limb/NA [669] 
K510E 2/62 - 30.5 9 Limb/NA [670] 

S513P 1/40 - 60 NA NA [670] 

R514G 1/198 - NA NA NA [5] 

R514S 4/514 2/296 34.4 32 Limbs/NA [4, 670, 671] 

G515C 1/292 0/293 NA NA NA [4, 153] 

E516V - 1/1 44 36 Limbs [671] 
H517D 1/15 - 42 >36 Bulbar [154] 

H517P 1/40 - 30 NA NA [670] 

H517Q 1/292 0/293 45 168 NA [4] 

R518G - 1/1523 46 NA Limbs [6] 
G519X - 1/454 20 12 Limbs [656] 

R521G 5/869 2/1093 45.9 26.9 Limbs, NA [4, 151, 154, 221, 512, 
657, 667, 672-674] 

R521H 17/1605 3/4040 46.3 38.4 Limbs, 
cervical, NA [4-6, 153, 656-658, 

664] 

R521C 33/1731 6/5757 39.4 32 Limbs, bulbar, 
NA 

[4-6, 151-153, 221, 
656-659, 664, 670, 

672, 675] 

R521L 3/667 1/731 41.8 29.7 Limbs [153, 657, 660] 

R521S 1/133 - 54 20 Limbs [153] 

R522G 1/292 0/293 28.5 25.1 NA [4] 

R524W 2/42 0/548 58 33.7 Limbs [668] 

R524T 1/292 0/293 61.6 32.9 NA [4] 

R524S 3/768 0/334 41 39 Limbs, NA [4, 657] 

P525L 4/891 9/1692 21, 10, 11 14 Limbs, bulbar, 
NA [4, 7, 35, 225, 657, 

660, 667, 672] 

P525R - - 26 12 Limbs [676] 
Y526C - 1/1 25 <12 Bulbar [10] 

NA= Not applicable 
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The pathological mechanisms induced by mutant FUS in ALS are thought to 

result from a combination of a gain of toxic function by cytoplasmic FUS 

aggregates, together with a loss of function by the partial clearance of nuclear 

FUS. Evidence for the existence of both mechanisms was provided by a study 

involving transgenic mice expressing ALS-linked R521G mutant FUS, that 

displayed evidence of DNA damage together with dendritic and synaptic 

abnormalities. Loss of the FUS-HDAC1 interaction due to sequestration of FUS 

into RNP complexes resulted in DNA damage, combined with stabilization of 

interactions between FUS and Brain-Derived Neurotrophic Factor (BDNF) 

mRNA, which impeded splicing of the latter leading to dendritic and synaptic 

impairment [677]. It is likely that misfolded FUS induces ALS by an intriguing 

and complex interplay between several different cellular mechanisms, including 

disruption to nucleo-cytoplasmic shuttling, impaired liquid:liquid phase 

separation, ER stress, Golgi fragmentation, altered DNA damage response and 

RNA defects, as discussed below. Chapter 5 describes in detail the 

mechanisms induced by mutant FUS that involve the ER-Golgi compartments; 

Golgi fragmentation, ER stress and disruption of ER-Golgi transport, as well as 

the prion-like mechanism. The remaining mechanisms will be discussed below 

(Figure 1.4). 

 

1.3.1 Defects in RNP granules/liquid phase transition 
FUS immunoreactive inclusions colocalize with SGs markers in fALS and FTD 

[548], in fALS FUS patients iPSCs [678] and in cell lines expressing ALS-

associated mutant FUS [679]. Interestingly, in asymptomatic P525L FUS fALS 

fibroblasts, heat shock and DTT treatment resulted in the localization of FUS in 

SGs and delayed the disassembly of these SGs, suggesting SGs impairment 

might be an early disease event [680]. Under conditions of oxidative stress or 

heat shock, mutant FUS localizes to SGs and P-bodies [533, 548], whereas WT 

FUS accumulates in SGs only during osmotic stress, and not during oxidative 

stress, heat shock or ER stress [681, 682]. Similar to other RNA binding 

proteins with IDD domains, under stress conditions, FUS localizes to RNP 

complexes, and in physiological conditions it undergoes liquid-liquid phase 

transition. However, in ALS or FTD, the transition from LLPS to an irreversible 
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fibrilar hydrogel state of FUS is accelerated [354, 378, 379, 548]. Unlike TDP-

43, the phase separation of FUS is not dependent on specific residues [371, 

577], instead it is driven by valence interactions between the N and C-terminal 

domains [371]. PTMs of FUS affects its interactions and binding to chaperones 

such as TNPO1 via masking key residues of FUS responsible for this 

interaction, thus affecting FUS phase transition [370, 371, 571, 574, 576, 578, 

683].  

 The propensity of mutant FUS to form a hydrogel state results in both a 

loss of function by sequestration of FUS, and also a gain of toxic function by 

sequestering several other proteins, therefore perturbing its normal function. 

Consistent with this notion, mutant FUS expressed in SH-SY5Y cells 

aggregates and colocalizes with eIF3, and recruits endogenous FUS upon 

sodium arsenite treatment [684]. Reduced protein synthesis was also detected 

in axonal termini of primary Xenopus retinal neurons overexpressing ALS/FTD 

mutant FUS, implying that the translational machinery was sequestered into 

RNP granules [379]. In FUS assemblies seeded by RNA, FUS prion-like domain 

binds to the C-terminal domain of RNAP2 [529]. hnRNP A1,  hnRNP A2/B1 and 

SMN1 became sequestered into SGs containing mutant FUS  in the absence of 

stress [684]. In a FUS transgenic C elegans model, FUS irreversible hydrogels 

failed to release cargo such as SMN and STAU-1 [379]. 

 Hence this evidence demonstrates that impaired SGs dynamics are 

important in FUS gain of function involved in ALS.   

 

1.3.2 Impaired DNA damage response  
DNA damage was detected in IPSCs-derived motor neurons bearing FUS 

mutations [685] and in motor neurons from FUS-ALS patients [604]. The role of 

WT FUS in the DNA damage response is modulated by its binding to HDAC1 

and PARP1 [158, 604, 605, 677]. In an ALS-mutant R521C FUS mouse 

models, FUS-HDAC1 interactions involving the C-terminal domains of (RGG 

and PY-NLS) are disrupted by sequestration of WT FUS into cytoplasmic 

inclusions [677]. Hence it has been shown that mutations in the RGG and PY-

NLS domains of FUS (R244C, R514S and R4521C) impair HDAC1 and FUS 

interactions, perturbing the normal cellular function of FUS in DSB repair in 
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primary neurons [604]. Additionally, FUS-ALS mutants triggered DNA-PK 

activation, which further enhanced cytoplasmic localization of FUS [575].  

 

1.3.3 RNA-splicing defects  
Under normal conditions, FUS regulates hundreds of genes [623]. In transgenic 

mice overexpressing mutant FUS more than 1000 introns were retained 

compared to animals overexpressing WT FUS [677]. In mouse embryonic motor 

neurons with null FUS or those expressing mutant P517L (the equivalent of 

human P525L), regulation of long non-coding RNA involved in motor neurons 

differentiation and maturation was different compared to those expressing WT 

FUS [686]. Similarly, knock down of FUS in SK-N-BE cells altered gene 

expression and RNA metabolism [687]. Overexpression of mutant FUS in U87 

cells altered the alternative splicing properties of MECP2 [688]. U11snRNP, a 

regulator of the minor spliceosome complex, was also retained in cytoplasmic 

aggregates formed by ALS FUS mutant P525L, which inhibited minor intron 

splicing in Hela cells [628]. 

Transcriptome analysis of small and long RNAs obtained from ALS-

mutant motor neurons differentiated from embryonic stem cells from FUS 

transgenic mice, identified several deregulated miRNAs and their corresponding 

mRNA. This included miRNA-dependent deregulation of Gria2, which is 

involved in excitatory neurotransmission [689]. Additionally, FUS mutants have 

been linked to impaired gene silencing regulated by miRNAs [637]. HEK293T 

cells stably expressing mutant FUS R495X displayed increased mRNA and 

protein of CAMK2N2 compared to WT FUS cells, by accumulation in the 

promoter region of its mRNA [616]. Hence this mechanism implies a gain in 

toxic function within the nucleus, consistent with studies in which 

overexpression of either WT or mutant FUS in the nucleus was toxic [612, 690]. 

This is not surprising since WT FUS is present in nuclear RNP granules such as 

paraspeckles and gems, and it binds to key proteins that compose these 

membrane-less compartments [634, 691, 692]. In addition, mutant FUS 

displayed enhanced binding to SMN and reduced binding to U1-snRNP; two 

key components of nuclear gems, hence these findings imply that ALS-mutant 

FUS disrupts gem formation [631, 693]. Additionally, another study reported 
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that SmB, a component of the U1 snRNP core particle, mislocalized in the 

cytoplasm together with mutant FUS in patient fibroblasts, and it coaggregated 

in SGs in Hela cells [693]. Interestingly, loss of gems was a common trait 

detected in ALS patient fibroblasts bearing FUS or TDP-43 mutations [634]. 

Moreover, overexpression of mutant R522G FUS in SH-SY5Y cells led to the 

formation of cytoplasmic aggregates that further sequestered p.54nrb/NONO, 

an protein essential for paraspeckle formation [691]. Furthermore, NONO was 

detected in cytoplasmic and nuclear inclusions present in the spinal cord of 

FUS fALS patients [691]. The direct effect of mutant FUS on the formation of 

gems and paraspeckles is likely to indirectly effect splicing. Furthermore, since 

NONO, SMN and U1-snRNP have important roles in splicing [694], this will also 

directly impact on the regulation of splicing. 

 

	
	
Figure 1.4 Mutant FUS mechanisms in ALS (a) Mutant FUS (mFUS) is mislocalized 
in the cytoplasm where it is misfolded and forms inclusions. mFUS induces 
proteasome dysfunction (b) and autophagy disruption (c). (d) mFUS perturbs ER-Golgi 
homeostasis, inhibiting ER-Golgi transport, leading to ER stress and Golgi 
fragmentation. (e) mFUS induces mitochondrial impairment by altering the interaction 
of VAPB and PTP1P51 in the MAM compartment. (f) mFUS displays impaired 
responses to DNA damage. (g) mFUS disrupts the reversible phase transition of SGs, 
promoting the formation of more rigid structures. (h) FUS nuclear translocation 
depends on its interaction with Transportin1, which is impaired by ALS mutant FUS 
and post-translational modifications at the C-terminus. (i) mFUS leads to defects in 
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splicing and impairment of binding to proteins involved in transcription (j) and miRNA 
processing (k). (l) Disruption of phase transition of RNP granules results in RNA 
transport and translation defects in specific subcellular compartments such as axons. 

	

1.4 Alternative splicing in ALS  

1.4.1 Alternative splicing: Definition, mechanism and regulators 
Splicing is a highly dynamic and conserved process in which pre-mRNA is 

processed to mature mRNA. Constitutive splicing consists of intron removal and 

ligation of the majority of exons in the order in which they appear in the gene. 

Alternative splicing is a ubiquitous regulated process during gene expression 

that results in a single gene coding for multiple proteins (Figure 1.5). This 

results from deviation from the constitutive splicing system, and the inclusion or 

exclusion of specific exons from the final processed mRNA. Following 

translation of these alternatively spliced mRNAs, the resulting proteins can 

contain differences in their amino acid sequence and, hence biological 

function/s.  

 

Genome-wide studies have estimated that 90-95% of human genes are 

alternatively spliced and mass spectrometry data has revealed that 37% of the 

~20,000 human protein-coding genes generate multiple protein isoforms [695, 

696]. Alternative splicing therefore increases the diversity of mRNA, and it 

produces diverse protein isoforms encoded by alternatively spliced genes. This 

can result in significant alterations to the properties of these proteins, such as 

changes in transactivation domains [697], protein binding capacity [698], or 

enzymatic activity [699]. Furthermore, alternative splicing can also modify the 

cellular localization of a protein by introducing either new localization signals 

[700], new post-translational modification sequences or new interaction sites 

[701]. All of these changes can modify the normal functions of a protein. 
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Figure 1.5 Alternative splicing give rise to multiple diverse proteins During 
alternative splicing, exons from precursor mRNA are differentially included. Hence, 
from a single gene multiple mRNA isoforms arise that translate into distinct proteins 
with varying characteristics. 

 

The spliceosome machinery removes introns from the pre-mRNA by 

cleavage at conserved sequences, called splice sites, while the primary 

transcript is still being synthesised by RNAPII in the nucleus. Typically, the 

splice sites are located at the 5’ and 3’ of the intron and there is also a branch 

point located anywhere from 18-40 nucleotides upstream from the 3� end of 

an intron (Figure 1.6). The spliceosome complex, composed of at least 170 

proteins and five snRNAs, recognizes these features, splice sites and branch 

points, and binds to the mRNA in an ordered manner [702]. Trans-acting 

splicing regulators, including RBPs, regulate the spliceosome machinery by 

binding directly or indirectly to cis-elements. The serine/arginine (SR)-rich 

protein family of RBPs that bind to exonic/ intronic sequences, are splicing 

enhancers [703, 704], while hnRNPs are recognized as splicing silencers [705]. 

Additionally, RBPs from other families have been implicated in the regulation of 

alternative splicing, such as FUS or TDP-43 [706]. 
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Figure 1.6 Pre-mRNA splicing process The splicing reaction is a two-step process. 
The first step involves the cleavage of the 5’ splice site and the formation of the joined 
intron-exon. The second step is the cleavage of the 3’ splice site and the union of both 
exons.  

 

The basic mechanisms involved in alternative splicing are illustrated in 

Figure 1.7: a) mutually excluding exons, b) cassette exon inclusions/skipping, 

c) alternative 3’ site, d) alternative 5’ site, e) intron retention. In vertebrates and 

invertebrates the most prevalent alternative splicing mechanism is the cassette-

type alternative exon [707]. While alternative 3’ and 5’ splice sites lead to subtle 

changes in the protein sequence, mutually excluding exons involves more 

complex changes [707]. 

Alternative splicing is regulated in a tissue-dependent manner, and it is 

also regulated during development and cellular differentiation, as well as by 

external stimuli [708-710]. Aberrant mechanisms of splicing, due to the 

presence of cis-element mutations or alterations in trans-acting splicing factors, 

are closely related to neurodegenerative diseases [711]. 
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Figure 1.7 Schematic representation of constitutive splicing and the most 
common alternative splicing events (a) Constitutive splicing, (b-f) alternative splicing 
mechanisms: (b) mutually excluding exons, (c) cassette exon inclusions/skipping, (d) 
alternative 3’ site, (e) alternative 5’ site, (f) intron retention. 

	

1.4.2 Role of alternative splicing in neurodegenerative diseases 
The brain has one of the highest levels of alternative splicing activity amongst 

all tissues [712]. Alternative splicing is responsible for neuronal differentiation 

and plasticity, and disruption of alternative splicing has been linked to 

neurological, neurodevelopmental and neurodegenerative diseases [713, 714].  
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In neurological disorders, alternative splicing is affected by alterations in 

splicing factors that are only expressed in neurons, including Polypyrimidine 

Tract Binding Protein 1 (PTBP1), RBFox proteins, and Nova1 [715]. Also, 

several neurological conditions have been linked to mutations that lead to faulty 

alternative splicing regulation, such as Alzheimer’s disease, Huntington’s 

disease, ALS and FTD [716]. Additionally, splicing regulators, SR proteins, 

hnRNPs and RBPs, are mutated, mis-localized and/or aggregated in 

neurological disorders which can impact their function in the nucleus, therefore 

impairing the regulation of alternative splicing [4, 5, 382]. 

 

Alpha-synuclein is a protein that is abundant in the human brain, which is 

strongly linked genetically and pathologically to synucleopathies (Parkinson’s 

disease, dementia with Lewy bodies, multiple system atrophy). Alpha-synuclein 

is encoded by the SNCA gene, and alternative splicing of SNCA exon 5 or 3 (or 

both) results in the production of 4 distinct isoforms; the canonical form 

(AS140), as well as AS112, AS126, and AS98. The AS112 isoform was more 

prone to aggregation than full length alpha-synuclein and co-expression of both 

forms enhanced the toxicity of full length alpha-synuclein [717].  

 

Similarly, alternative splicing of exon 2, 3 or 10 of the gene encoding 

Tau, MAPT, generates 6 distinct isoforms. These isoforms are distinguished by 

the number of microtubule binding repeat domains. Alternative splicing of exon 

10 regulates the presence of the second microtubule binding repeat, resulting in 

either three (3R) or four (4R) of these binding motifs [718]. Mutations in MAPT 

result in inclusion of exon 10, which increases expression of the 4R isoform, 

associated with familial tauopathy FTDP-17 (frontotemporal dementia with 

parkinsonism linked to chromosome 17) [719]. A recent study showed that 

imbalance between 4R and 3R isoforms was enough to induce axonal transport 

defects in human neurons [720]. Interestingly, FUS and TDP-43 are thought to 

regulate the inclusion of exon 10 within MAPT [640, 721]. FUS interacts with 

Splicing factor proline- and glutamine-rich (SFPQ) and it regulates expression of 

the 3R and 4R isoforms of Tau. Knockdown of FUS and SFPQ in mice leads to 

an increase in the ratio of 4R: 3R, resulting in accumulation of phosphorylated 

tau, the development of FTLD-behaviours and neuronal loss [640]. Expression 
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of ALS-associated mutant TDP-43 promotes tau exon 10 inclusion more 

effectively than wild-type TDP-43 [721]. 

 

1.4.3 Aberrant alternative splicing in ALS 
The normal cellular functions of FUS and TDP-43 involve splicing of mRNA. 

Even though both proteins share several structural and functional 

characteristics, studies to determine their alternatively spliced targets conclude 

that only approximately 10% of these targets overlap between the two proteins, 

suggesting that FUS and TDP-43 are involved in independent functions in 

relation to splicing [623, 722]. Interestingly, FUS and TDP-43 auto-regulate their 

own expression by alternative splicing, coupled to NMD [512, 723]. ALS-linked 

mutants of FUS and TDP-43 disrupt this autoregulatory mechanism [142, 512, 

724-726]. This can trigger a vicious cycle, in which expression of each protein is 

enhanced by lack of autoregulation, which further increases cytoplasmic 

accumulation of either FUS or TDP-43 [512, 723].  

Splicing changes were investigated by D’Erchia and collaborators using 

RNA-seq and MATS, a software tool implementing Bayesian multivariate 

analysis of transcript splicing [727]. Using 6 ALS patients and 5 age, sex and 

ethnicity matched control lumbar spinal cords, they identified more than 794 

aberrant splicing events in genes predicted to be involved in neuronal function 

[727]. A second study that examined whole-genome exon splicing from 12 

sALS patient and 10 control lumbar spinal cords, identified that 51.35 % of 

genes aberrantly spliced in ALS motor neurons were involved in cell adhesion 

[728]. Importantly, 21 common genes identified in these two studies were 

aberrantly spliced in ALS patients [727, 728]. Furthermore, defects in alternative 

splicing and polyadenylation were detected in the cerebellum of C9ORF72 ALS 

patients [729]. Additionally, the same study detected that the abnormally 

expressed genes in C9ORF72 patients were involved in neuronal development, 

protein localization, transcription and the UPR, whereas in sALS patients, the 

abnormally expressed genes were involved in calcium transport, synaptic 

transmission and oxidative phosphorylation [729]. A recent study reports that 

TDP-43 binds hnRNPA1 mRNA and modulates its splicing [146]. Depletion of 

nuclear TDP-43, as in ALS, leads to inclusion of a cassette exon in the 



General introduction 63	
	

	

hnRNPA1 transcript and enhanced the levels of the hnRNPA1B isoform, which 

has a longer prion-like domain that increases protein aggregation and toxicity 

[146]. Interestingly, ALS patients with TDP-43 pathology also display 

cytoplasmic accumulation of hnRNPA1B [146]. Considering that TDP-43 and 

hnRNPA1 modulate a third of the transcriptome, this implies that splicing 

impairment is a key mechanism in ALS [146]. Furthermore, a shorter 

alternatively spliced variant of TDP-43 has also been reported. This isoform was 

shown to be upregulated in ALS patients and its overexpression in cell lines 

leads to neuronal death [141]. Hence together these studies point to an 

important role for alternative splicing in neurodegenerative diseases. This 

includes ALS, where important proteins implicated in pathophysiology are 

involved in the regulation of alternative splicing. 

 

1.4.4 A novel splicing mechanism predicts many new protein 
isoforms 

Bioinformatics tools have been widely used for both the prediction of new 

alternatively spliced variants and to study the functional consequences of 

alternative splicing. Automated methods to identify alternative splicing events 

conventionally regard genes as only having one single start codon, and they 

only normally consider alternative start codons when the canonical initiation 

codon is removed by splicing. However, recently, an unusual mechanism of 

alternative splicing was identified in which the N-terminal exon of a gene is 

translated into two reading frames. This new mechanism was first described for 

an alternatively spliced form of the mouse non-SMC condensin II complex 

subunit H2 (NCAPH2) gene [730]. The resulting new isoform lacks the last 17bp 

of the first exon. Whilst usually this event would change the reading frame 

downstream of the deleted region, translation from an alternative start codon 

within this region is able to rescue the reading frame, while shifting it upstream. 

The result is the production of a new protein isoform with a unique N-terminal 

sequence, which retains the same C-terminal sequence as its canonical 

counterpart (Figure 1.8). 
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Figure 1.8 Representation of the novel alternatively splicing mechanism 
previously described for NCAPH2 gene Schematic representation of the two 
alternatively spliced isoforms of NCAPH2. In the canonical variant the first exon 
becomes translated from the first start codon. In contrast, the alternatively spliced 
variant is translated from the second ATG, but it possesses a 17bp deletion at the end 
of the first exon. Hence the first exon is translated in a different reading frame to the 
canonical variant, but following the deleted sequence, the reading frame is restored 
and the remaining exons are the same for both isoforms. 

	

 Using publically available expressed sequence tags (EST) data, Wilson 

and colleagues predicted 2582 novel protein isoforms resulting from this unique 

and previously uncharacterised alternative splicing event [731]. Only two of 

these predicted proteins have been previously studied: otubain-1 and RNase κ-

02; but expression of both of these proteins resulted in important cellular 

changes. The novel isoform of RNase κ-02 was shown to localized in the 

cytoplasm, whereas its canonical counterpart was predicted to be localized in 

the plasma membrane [732]. Similarly, the canonical form of Otubain-1 

activates T-cells, while the novel alternatively spliced variant acts as a T-cell 

repressor [733]. Hence together these studies suggest that the unique amino 

terminus sequence of these new protein variants can induce important changes 

in protein localization and function.  

 

1.5 Aims of this thesis 
Alternative splicing defects are emerging as a central mechanism in ALS. And 

alternatively spliced forms of ALS related proteins are further implicated. The 

normal cellular functions of FUS involve alternative splicing, which is impaired in 

ALS. Furthermore, FUS autoregulates its own expression through alternative 

splicing. The hypothesis examined in this thesis was that an alternatively-
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spliced isoform of the FUS protein is present in neuronal cells, where it plays 

essential physiological roles in neurobiology. Furthermore, the ALS-associated 

mutations in FUSEC induce cellular dysfunction, leading to ALS pathogenesis. 

This hypothesis was addressed with the specific aims: 

 

Chapter 3: Identification of a novel extracellular isoform of FUS 
The aims of the studies described in this chapter were to confirm experimentally 

the expression of FUSEC at the mRNA and protein level in human primary 

neurons and cell lines, and to confirm its predicted extracellular localization 

using different methods. 

Chapter 4: Characterization of FUSEC 
The aim of the studies described in this chapter was to generate an 

overexpression system for FUSEC to study its normal characteristics. Here it 

was examined its post-translational modifications, cellular localization and 

identified putative binding partners, to prove insights into its biological functions.  

Chapter 5: Examining the role of FUSEC in ALS 
The aim of the studies described in Chapter 5 was to determine the effect of 

overexpressing WT and ALS-mutated FUSEC in cell lines. Putative binding 

partners of ALS-mutated FUSEC were examined to identify possible cellular 

features linked to pathophysiology, including ER stress, Golgi fragmentation, 

apoptosis and transmission of mutant FUSEC from cell-to-cell. 

 

Overall, this thesis focuses on identification and characterisation of a 

new isoform, FUSEC. It provides insights into the normal physiological role of 

FUSEC in biology and its pathogenic role in ALS.  
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2.1. Molecular biology 

2.1.1. LB medium 
Luria Bertani (LB) broth was prepared diluting 20 g of LB Broth (Bacto 

Laboratories 240230) in 1 L of distillate water (dH2O) and was autoclaved. The 

appropriate antibiotics were added (Ampicillin, Sigma) prior to be used as the 

liquid culture media for Escherichia coli (E. coli). A final concentration of 50 µg 

/mL was used for ampicillin, and the stock solutions was prepared at a 

concentration of 100 mg/mL in dH2O, sterilized and stored at -20°C. 

LB agar plates were used as the solid culture medium for E.coli in petri dishes. 

LB agar plates were prepared by dissolving 20 g of Agar (Agar, Sigma A1296-

500G) in 1L of LB broth and the solution was autoclaved. After melting the LB 

agar, appropriate antibiotics were added and the LB-agar was poured into 

sterile petri dishes and plates were allowed to set and stored inverted at 4 °C. 

 

2.1.2. Transformation  
TOP10 competent cells (Invitrogen) or NEB 5-alpha competent (High Efficiency) 

(New England Biolabs, NEB) were thawed on ice. Approximately 2-5 µL of DNA 

(25-50 ng) was added to 50 µL of competent cells. The cells were incubated on 

ice for 30 min. Following heat shock treatment at 42°C for 30 sec, cells were 

placed on ice for 5 min. 250 µL of SOC media (Invitrogen) was added to 50 µL 

of cells and tubes were incubated at 37°C, horizontally shaking at 250 rpm for 1 

h. Aliquots of 50-200 µL were spread on pre-warmed LB agar plates with the 

appropriate antibiotics. Plates were incubated at 37°C overnight. 

 

2.1.3. Preparation of plasmids (small and large scale) 
For isolation of the plasmid, 3 mL or 25 mL (mini or midi preparation 

respectively) of LB broth with the appropriate antibiotic was inoculated picking 

up a single cell colony from the appropriate plasmid and was incubated 

overnight at 37°C horizontally shaking at 250 rpm. The plasmid preparation was 

performed according to manufacturer’s protocol and plasmid DNA was isolated 

using QIAprep Spin Miniprep Kit or QIAGEN PLASMID PLUS midi Kit. The DNA 
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was resuspended in 50 or 200 µl of nuclease-free H2O, for small and large-

scale isolation respectively, and stored at -20 °C. 

 

2.1.4. Glycerol stock 

Glycerol stocks of fresh ~12 h bacterial cultures picked from single cell colonies 

were prepared by mixing 750 µL of the cultured media with 250 µL sterile 

glycerol, mixing and storing at -80°C. 

 

2.1.5. DNA quantification 

DNA was quantified by Nanodrop-2000 software (ThermoScientific). The 

concentration of DNA was analysed directly by using a Nanodrop ND-1000 

spectrophotometer. A conversion of 1.0 optical density (O.D.) at 260 nm for 

double-stranded DNA = 50 ng/µL was used to determine the original DNA 

concentration, and the A260/A280 ratio was used to assess the purity of DNA. 

Where A260<2.1/A280<1.85 was considered satisfactorily pure for transfection 

experiments. 

 

2.2. Mammalian cell culture techniques 

2.2.1. Fetal calf serum (FCS) 
FCS (Gibco) was removed from -20°C, allowed to thaw and was equilibrated to 

room temperature. FCS was then suspended in a 60°C water bath for 30 min 

with frequent mixing and was allowed to equilibrate. The heat-inactivated FCS 

was dispensed in 50 mL aliquots and stored at -20°C. 

 

2.2.2. Cell culture maintenance  
The immortalized neuronal cell line HEK293T cells were used throughout this 

study. The cells were maintained in Dulbecco's modified eagle medium high in 

glucose (DMEM) (Gibco) with 10% (v/v) heat activated FCS, incubated at 37°C 

with 5% CO2. To sub-culture the cells, they were washed with phosphate buffer 

saline (PBS, 3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl, 
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pH 7.4) and treated with 1mL of Trypsin-EDTA (Gibco) with incubation for 2 min 

at 37 ̊C to detach the cells from the flask. The cells were resuspended in 5 mL 

of DMEM (Gibco) with 10% (v/v) FCS and centrifuged at 1000 g for 5 min. The 

medium was discarded and the cell pellet was resuspended in 1 mL of DMEM 

with 10% (v/v) FCS. Then, 10 µL of cell suspension was mixed with 90 µl of 

DMEM and cell counting was made with Scepter™ 2.0 Cell Counter 

(Merkmillipore). The number of cells was multiplied by dilution factor (10) to give 

cell number per mL. Cells were then plated into 24-well plates, 6-well plates or 

50 cm2 petri dishes as required and subcultured in a fresh T75 flask at a dilution 

factor of 1:10. 

 

2.2.3. Transfection 
HEK293T cells were transfected using Lipofectamine2000 (Invitrogen) and 

Opti-MEM (Invitrogen) according to the manufacturer’s protocols, keeping 

constant the cell number and DNA amount per well between experiments. Cells 

were grown to 80% confluency and 0.5x105 cells were plated out in 24-well 

plates transfected with 500ng plasmid DNA, 2x105 cells were plated in 6-well 

plate and transfected with 2000ng plasmid DNA. The cells were incubated in a 

37°C incubator with 5% CO2 and observed post-transfection. Media was 

changed after 20 h post-transfection to Opti-MEM. 

 

2.2.4. Long-term storage of cell lines 
Low passage number cells were collected by trypsinisation in antibiotic-free 

DMEM with 10% (v/v) FCS. Approximately 1-2 million of cells were diluted per 

mL in 95 %(v/v) FCS 5% (v/v) Dimethyl sulfoxide (DMSO). Cells in freezing 

medium were dispensed in cryovials and cooled in an isopropanol-filled 

cryopresevative chamber at -80°C and then transferred to liquid nitrogen for 

long-term storage. To thaw the cells, cells were quickly warmed at 37°C, 

resuspended in 5 mL of DMEM with 10% (v/v) FBS, and to remove the DMSO 

cells were centrifuged at 1000 rpm (~200 g) for 5 min, supernatant was 

removed and cell pellet was resuspended in DMEM with 10% (v/v) FCS and 

immediately plated in T75 flasks in DMEM with 10% (v/v) FCS. 
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2.3. Protein chemistry methods 

2.3.1. Conditioned media and lysate collection 

Cells were plated and transfected, if needed, following manufacturers protocol. 

20h post-transfection media was changed to Opti-MEM (low serum media). 48h 

post-transfection, media was kept and cells were washed in PBS and incubated 

with TN Buffer (50 mM Tris-HCl pH 7.5 and 150 mM NaCl with 0.1% (v/v) SDS, 

1% (w/v) protease inhibitor cocktail (Sigma) and 1% (w/v) phosphatase inhibitor 

(Sigma)) for 15 min on ice. Cells were scrapped and samples were frozen at -

20°C. Cell lysates were thawed on ice and centrifuged at 15000 rpm (~27600 g) 

for 15min. The protein concentration was determined from the supernatant 

using BCA protein assay (Thermo scientific) (section 2.3.2). 

To process the media, 1 mL of harvested media was centrifuged at 1000 rpm 

for 5 min at 4°C twice to remove cell debris, following, the media was 

concentrated using Amicon Ultra-0.5 mL Centrifugal Filters for Protein 

Purification and Concentration (Merck Millipore Merck Ltd) by centrifugation at 

15000 rpm (~27600 g) for 20 min at 4°C. 

 

2.3.2. Bicinchoninic acid (BCA) protein assay 
The BCA protein assay (Thermo scientific) was utilised to assess the protein 

concentration of cells, according to the manufacturer’s protocol. The 

concentrations are compared to a BSA standard curve ranging from 0-2 mg/ 

mL. The samples were diluted 1:10 with dH2O, and the samples and standard 

curve were mixed with BCA reagents and incubated for 30 min at 37°C. All 

samples were done in duplicate in a 96 well plate and analysed on a 

Benchmark spectrometer (PHERstar FS) with an absorbance wavelength of 

562 nm. 

 

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

To performe SDS-PAGE electrophoresis, 20 µL of concentrated media or 20 µg 

of lysate protein samples were electrophoresed through 4-15% SDS-

polyacrylamide gels (Bio-rad), unless otherwise specify it, with 2X SDS and 
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NuPAGE™ Sample Reducing Agent (10X) (ThermoFisher). Samples with 

loading buffer were first mixed and placed on a heat block for 5 min at 90°C and 

loaded on SDS-polyacrylamide gels. As a reference ladder for molecular weight 

assessment Precision Plus Protein™ Dual Color Standards (Bio-rad) was 

loaded. Proteins were electrophoresed at 100-150V and transferred to a 

nitrocellulose membrane and blocked in 5% (w/v) non-fatty milk in Tris-buffered 

saline pH 8.0 (TBS) tween-20 (TBS-T) for 30 min, then incubated with primary 

antibody (see Table 2.1) in 5% (w/v) non-fatty milk power in TBST at 4°C 

overnight.  

Membranes were washed for 4 min, once with TBST and twice with TBS, 

and incubated at room temperature for 1 h with the correct secondary antibody 

(1:4000, HRP-conjugated goat anti rabbit, or HRP-conjugated goat anti mouse 

Chemicon) diluted in TBST. After repeating the washes, proteins were detected 

using ECL chemiluminescent reagent (Bio-rad) on Chemidoc XRS (Bio-rad). 

Membranes were stripped using Reblot Pluse solution (Chemicon), according to 

manufacturer’s protocol and reprobed. Densitometry analysis was conducted 

using IMAGEJ software (v. 1.47; National Institutes of Health). 

Alternatively, after incubation with the primary antibody, membranes 

were washed in PBS-T for 10 min three times. Membranes were incubated for 1 

h at room temperature with fluorescently labelled IRDye 800 CW goat anti-

rabbit IgG (1 : 10 000) or 680 WC IRDye CW goat anti-mouse IgG (1 : 10 000). 

Proteins were imaged using a Li-Cor Odyssey imaging system at the 

appropriate wavelength. Densitometry analysis was conducted using IMAGEJ 

software (v. 1.47; National Institutes of Health). 

 

Table 2.1 Primary antibodies used for immunoblotting 

Protein (Antigen) Dilution Species 
Catalogue number and 

manufacturer 

FUS 1:1000 Rabbit ab23439, Abcam 

HA 1:500 Mouse H3663, Sigma 

GFP 1:1000 Rabbit P/N460705, ThermoFisher 

GAPDH 1:4000 Mouse CB1001, Merk Millipore 

GAPDH 1:2000 Rabbit G8795, Merk Millipore 

Biotin con A 1:100 - * B-1005, Vector Labs 
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GM130 1:1000 Mouse 610823, BD Transduction Lab 

Nuc 1:100 Mouse  48373, Santa Cruz 

Bcl-2 1:1000 Mouse B9804, Sigma 

Flotillin-1 1:500 Rabbit Ab41927, Abcam 

TSG 101 1:1000 Rabbit Ab30871, Abcam 

FUSEC customized 

antibody 
1:500 Rabbit Genscript 

 * streptavidin HRP 

2.3.4. Sample collection for immunoprecipitation (IP) 

Cell lysate preparation for IP 

Cell were seeded in 50cm2 petri dish, in a density of 1 x 106, and transfected 

following protocol in section 2.2.3. After 20 h transfection medium was changed 

to Opti-MEM, and after 24h cells were harvested. Medium was kept and the cell 

monolayer was washed with cold PBS and cells were scrapped in 1 mL of cold 

PBS. Cells were centrifuged at 1000 g for 5 min at 4°C. Supernatant was 

discarded and the pellet was resuspended in 400 µl of lysis buffer (20 M Tris-

HCl, 150 mM NaCl, 2 mM EDTA, 1% (v/v) NP40, pH 7.4) with 1% (w/v) 

protease and 1% (w/v) phosphatase inhibitors (Sigma). Samples were 

incubated for 30 min on ice, vortexing the cells every 10 min. After 

centrifugation at 14000 g for 10 min at 4°C, the supernatant was placed in a 

new tube, the BCA was performed from this fraction (section 2.3.2) and 

samples were kept at -20°C. 

Media preparation for IP 

8 mL of media were collected from a 50 cm2 petri dish and 500 µl of Opti-MEM 

with 1% protein inhibitor (Sigma) was added. Samples were centrifuged for 5 

min at 1000 rpm (~120 g) at 4°C twice to remove cell debris. Media were 

concentrated with Amicon Ultra-15 mL Centrifugal Filters for Protein Purification 

and Concentration (Merkmillipore). The resulting volume was buffer exchanged 

three times with PBS and protease and phosphatase inhibitors and BCA was 

carried to determine the protein concentration. 
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2.3.5. Immunoprecipitation with HA-magnetic beads 
Hematoglutinin (HA) tag is a widely use epitope tag of approximately 3 kDa. To 

performe IP of HA-tagged proteins, 25 µL of HA magnetic beads 

(ThermoFisher) were washed three times in 500 µL of TBS containing 0.05 % 

(v/v) Tween-20 detergent. 500 µg of protein from the lysate and concentrated 

media were added to 25 µL of HA magnetic beads and mixed well. Then, 

samples were incubated for 5 h at 4°C with mixing. The beads were collected 

with a magnetic stand and the supernatant was kept as control. Beads were 

washed again with 500 µL of TBS-T three times. Proteins were eluted from the 

beads with 2x SDS sample buffer, gently vortexed and boiled for 10 min at 

95°C. The proteins were separated from the beads with the magnetic stand and 

loaded into 4-15% SDS-polyacrylamide gels (Bio-rad) and stained with Bio-safe 

Coomassie G-250 stain (Bio-rad). 

 

2.3.6. Immunoprecipitation with GFP trap 
The total volume of collected cell lysate or media was added to 25 µl of 

equilibrated GFP-Trap beads (ChromoTek) to a final volume of 500 µl. Samples 

were incubated for 2 h at 4°C constantly shaking. Beads were centrifuged at 

2500 g for 2 min at 4°C. Supernatant was kept as control. Beads were 

resuspended in 500 µl of dilution buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 

0.5Mm EDTA) and centrifuged at 2500 g for 2 min at 4°C and washes were 

repeated twice. 30-60 µl of 2x SDS-sample buffer was added to each sample 

and samples were boiled 10 min at 95°C to dissociate beads. Beads were 

collected by centrifugation at 2500 g for 2 min at 4°C and supernatant was 

loaded onto a 4-15% SDS-polyacrylamide gels (Bio-rad) and stained with Bio-

safe Coomassie G-250 stain (Bio-rad). 

 

2.3.7. In-Gel Protease Digestion  
The regions of interest were excised from the 4-15% SDS-polyacrylamide gels 

(Bio-rad) and were washed in 100 mM ammonium bicarbonate (NH4HCO3), pH 

7.8, and 50% (v/v) acetonitrile (ACN) in 50 mM NH4HCO3 for 10 min. Gel pieces 

were dehydrated in 100% (v/v) ACN and excess ACN was vacuum centrifuged. 

Gel pieces were then reduced with 10 mM 1,4-dithiotreitol DTT for 30 min at 
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50oC, and alkylated with 20 mM Iodoacetamide (IAA) for 45 min at room 

temperature in the dark. Digestion with trypsin (15 µl at 12.5 ng/µl) or Glu-C (15 

µl at 100 ng/µl) was carried out overnight at 37ºC, where excess buffer was 

aliquoted into a fresh tube. Tryptic or Glu-C peptides were extracted twice using 

100 µl of 50% ACN/2% formic acid, bath sonicated for 10 min each. Eluates 

from each extraction were pooled and dried to completion in a low-binding tube 

under vacuum centrifugation. Proteolytic peptides were desalted on a pre-

equilibrated C18 OMIX tip and eluted in 50 % (v/v) ACN, 0.1 % (v/v) formic acid, 

and dried under vacuum centrifugation. 

 

2.3.8. Reverse Phase (C18) Liquid Chromatography Mass 
Spectrometry (RP-LC-MS/MS) 

Peptides were resuspended in 0.1 % (v/v) formic acid (10 µl) and separated on 

a NanoLC system (Thermo) employing a 60 min gradient (2%–50% v/v 

acetonitrile, 0.1% formic acid for 54 min, ramped up to 85% ACN for 5 mins) 

with a flow rate of 300nl/min. The peptides were eluted and ionized into either 

an Orbitrap Velos (Glu-C peptides) or a Q-Exactive mass spectrometer (tryptic 

peptides) (ThermoFisher). The electrospray source was fitted with an emitter tip 

of 10 µm (New Objective, Woburn, MA) and maintained at 2.5 kV electrospray 

voltage. Precursor ions were selected for MS/MS fragmentation using a data-

dependent “Top 10” method operating in FT-FT acquisition mode with CID 

(Orbitrap Velos) or HCD (Q-Exactive) fragmentation.  

IT-MS on the Orbitrap Velos was carried out with a survey scan range 

between m/z 350 – 1800 Da with MS/MS threshold of 5000 ions for CID, with 

an isolation width of 2.0 Da and normalized collision energy of 30%. FT-MS 

analysis on the Q-Exactive was carried out with a 35,000 resolution and an 

AGC target of 1x106 ions in full MS; and MS/MS scans were carried out at 

17,500 resolution, with an AGC target of 1x105 ions. Maximum injection times 

were set to 60 and 100 milliseconds respectively. The ion selection threshold 

for triggering MS/MS fragmentation was set to 25,000 counts and an isolation 

width of 2.0 Da was used to perform HCD fragmentation with normalised 

collision energy of 30%.  
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Spectra files were processed using the Proteome Discoverer 1.4 

software (ThermoFisher) incorporating the Mascot search algorithm (Matrix 

Sciences, UK) using the UniProt/SwissProt human database, with the inclusion 

of the predicted protein sequence of FUSEC. Peptide identifications were 

determined using a 30-ppm precursor ion tolerance and a 0.8-Da MS/MS 

fragment ion tolerance for IT-MS and CID fragmentation on the Orbitrap Velos, 

or 20-ppm precursor ion tolerance and a 0.1-Da MS/MS fragment ion tolerance 

for FT-MS and HCD fragmentation on the Q-Exactive. The parameters for 

searching were: (a) carbamidomethylation modification of cysteines, which was 

considered a static modification, while (b) oxidation of methionine, and (c) 

acetyl modification on N-terminal residues, were set as variable modifications, 

allowing for maximum three missed cleavages. The data was processed 

through Percolator for estimation of false discovery rates. Protein identifications 

were validated employing a q-value of 0.01. The low abundance of peptides 

corresponding to the unique N-terminal sequence of FUSEC was also manually 

validated to verify that the MS2 ion series were correctly assigned. 

 

2.4. Microscopy 

2.4.1. Fluorescent microscopy  
After transfection of HEK293T cells, conditioned medium was removed from the 

24-welll plate and cells were washed with PBS. Cells were fixed with freshly 

prepared 4% (w/v) paraformaldehyde and incubated in dark for 15 min. Then 

cells were washed again with PBS twice, treated with Hoechst 33528 stain 

(TermoFisher) and incubated in the dark for 5 min and washed again twice with 

PBS. Slides were mounted on a drop of fluorescent mounting media (Dako) 

cells facing down, and let air-dry. 

 

2.4.2. Immunofluorescence microscopy 
To perform Immunocytochemistry  (ICC), after fixation cells were permeabilized 

with 0.1% (v/v) Triton-X in PBS for 10 min and blocked with 3% (w/v) BSA in 

PBS for 30 min. After washing three times with PBS, cells were incubated at 

4°C overnight with appropriate primary antibody (see Table 2.2) diluted in 1% 
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(w/v) BSA. Then cells were washed three times with PBS and the appropriate 

secondary antibody was added, and cells were incubated in the dark at room 

temperature for 1h (Alexa Fluor 568- conjugated rabbit anti-mouse IgG (1:250) 

or Alexa Fluor 568- conjugated mouse anti-rabbit IgG (1:250) or Alexa Fluor 

488- conjugated rabbit anti-mouse IgG (1:250), Alexa Fluor 488-conjugated 

mouse anti- rabbit IgG (1:250)). After three washes, nuclei was stained with 

Hoechst stain and slides were mounted using Dako.  
 

Table 2.2 Primary antibodies used for immunocytochemistry 

Protein (Antigen) Dilution Species 
Catalogue number, 

manufacturer 

HA 1:500 Mouse H3663, Sigma 

HA 1:100 Rabbit H6908, Sigma 

GM130 1:50 Mouse 610823, BD Transduction Lab 

FUSEC customized antibody 1:500 Rabbit Genscript 

XBP1 1:25 Rabbit sc-7160, Santa Cruz 

CHOP 1:50 Mouse sc-7351 [B-3], Santa Cruz 

Calnexin 1:100 Rabbit 22595, Abcam 

Cleaved caspase-3 1:400 Rabbit 9661, Cell Signalling Technology 

 

2.4.3. Confocal Microscopy and Image acquisition 
Cells were then photographed with 63x/na=1.4 or 100x/na=1.46 objectives on a 

Zeiss LSM 880 inverted confocal laser-scanning microscope, equipped with a 

LSM-TPMT camera (Zeiss). In multichannel imaging, photomultiplier 

sensitivities and offsets were set to a level at which bleed through effects from 

one channel to another were negligible. 
 

2.4.4. Quantitative analysis 
The percentage of cells with FUSEC inclusions, cells displaying nuclear 

immunoreactivity to CHOP or XBP1, cells with Golgi fragmentation and 

apoptotic cells, were quantified from at least 100 HEK293T cells per group 

expressing FUSEC for 48h in n=3 independent experiments. For Golgi 

fragmentation analysis, only cells where the Golgi structure was clearly visible 

were analysed.	Apoptotic nuclei were defined as condensed Hoechst-positive 
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structures under 5 µm in diameter or fragmented (multiple condensed Hoechst-

positive structures per cell). Cells undergoing cell division were excluded from 

the analysis. 

 

2.5. Statistical analysis 
The experiments were performed at minimum three times on separate days with 

compulsory one blind experiment. Data are presented as mean value ± 

standard error of the mean (SEM). Statistical comparisons between group 

means were performed using GraphPad Prism 6 software (Graph Pad software, 

Inc.). One-way or two-way ANOVA, followed by post hoc Tukey test for multiple 

comparisons was used, when justified. The significance threshold was set at 

p=0.05. 
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3.1. Introduction 
Aberrations to alternative splicing in genes encoding proteins linked to ALS 

pathologically or genetically have been described [146, 619, 633, 734]. 

Pathogenic mutations in FUS and TDP-43 are causative of a proportion of 

familial ALS cases, and cytoplasmic inclusions containing these proteins are 

present in the brain and spinal cord of ALS patients [4, 5, 7, 12, 121, 122, 125]. 

FUS and TDP-43 are both RNA/DNA-binding proteins that share numerous 

functional and structural similarities. Both are involved in mRNA biogenesis 

including alternative splicing [735, 736]. The cytoplasmic aggregation of these 

proteins has been related to their mislocalization from the nucleus, leading to 

abnormalities in regulation of alternative splicing [737, 738]. Moreover, proteins 

involved in regulation of alternative splicing are sequestered into the 

cytoplasmic inclusions, further impairing their normal cellular functions in the 

nucleus [619, 721]. Furthermore, FUS and TDP-43 autoregulate their own 

expression by alternative splicing, while mutant ALS versions of these proteins 

evade this control system [142, 512, 724-726]. 

 Interestingly, a shorter, alternatively spliced isoform of TDP-43 has been 

implicated in ALS [141]. This isoform is upregulated in ALS patient tissues, and 

its overexpression in cell lines led to the formation of cytoplasmic aggregates 

and cell death – key hallmark features of ALS pathogenesis [141]. Recently, a 

bioinformatics approach predicted the existence of a new isoform of FUS from a 

previously unrecognised splicing event, which surprisingly was predicted to be 

secreted [731]. With the emergence of recent findings indicating that the 

formation of alternatively spliced TDP-43 contributes to ALS, it was 

hypothesised that the new predicted alternatively spliced FUS isoform may also 

be relevant to ALS. Hence, the goal of the studies outlined in this chapter was i) 

to determine whether expression of the novel isoform of FUS can be confirmed 

experimentally, ii) to examine whether it is localized in the extracellular 

compartment, as predicted by Wilson and colleagues [731], and finally, iii) to 

determine whether it can be detected extracellularly, in human CSF. 
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3.1.1. A novel predicted FUS isoform 
Novel isoforms of both TDP-43 and FUS were predicted to result from this 

unique alternative splicing mechanism. The new isoform of FUS skips exon 7, 

resulting in the deletion of 35 nucleotides. Because it is translated from an 

alternative start codon located at position 683 of the canonical sequence, the 

reading frame from exon 8 onwards in the C-terminal direction is rescued, 

resulting in a different reading frame downstream of the deletion site (Figure 
3.1a and 3.1b). Following translation of this sequence, the resulting protein 

possesses a unique N-terminal sequence to canonical FUS (amino acids 1 to 

61) (Figure 3.1c and 3.1d). This novel isoform was named, FUSEC. 

 

Since most protein localization signals are found at the N-terminus, using 

the software WoLF PSORT (https://www.genscript.com/wolf-psort.html), Wilson 

et al. studied the probable cellular localization of the novel predicted isoforms 

[731, 739]. The WoLF PSORT software calculates a ‘pSort score’, which 

predicts whether a protein is secreted or not by detecting signal sequences, 

transmembrane domains and cytoplasmic domains. Finally, WoLF PSORT 

compares the protein in question to proteins that have similar PSORT scores, 

and from this it predicts the probable cellular localization of the protein. Hence, 

Wilson et al. predicted that the novel FUS isoform, FUSEC, localizes in the 

extracellular space rather than in the nucleus or cytoplasm [731]. 
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Figure 3.1 Genomic organization of FUS and FUSEC (a) The human FUS mRNA 
(top) consists of 15 exons and is located on chromosome 16p11.2. The human FUSEC 

mRNA, shown underneath, consists of 9 exons, including 8 common exons to FUS 
(exons 8-15). (b) Highlighted region of FUSEC mRNA where exon 6 and 8 are joined. 
(c) Functional domains of FUS and FUSEC proteins. The two proteins share C-terminal 
regions including the RNA-recognition motif (RRM, amino acids 285–371), two Arg-
Gly-Gly (RGG)-repeat regions (amino acids 371-422 and 453–501) which is interrupted 
by a zinc-finger motif (ZnF) (amino acids 422–453) followed by a non-conventional 
nuclear localization signal (NLS) (amino acids 510–526). FUSEC is lacking the N-
terminal Q/G/S/Y-rich region (amino acids 1-165) present in canonical FUS but it 
possesses a unique N-terminal region (amino acids 1-61), followed by a few residies of 
the G-rich region compared to canonical FUS (amino acid 165–267). The majority of 
fALS-related mutations in FUS are found in the second RGG region and the NLS, and 
these areas are shared by both canonical FUS and FUSEC. (d) Amino acid sequence of 
FUSEC. The unique N-terminus sequence is highlighted in orange. 
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The canonical form of FUS is composed of 526 amino acids, with a 

calculated molecular weight of 53 kDa. On 1D SDS PAGE gels, FUS present 

within cellular lysates fractions has been observed to migrate between ~ 60-75 

kDa depending on the sample type [530, 570, 612]. In contrast, the resulting 

novel isoform of FUS FUSEC is predicted to contain 321 amino acids with a 

calculated molecular weight of 33 kDa (Table 3.1). FUSEC is a smaller protein 

than canonical FUS because it lacks the QGSY-rich region and most of the first 

glycine rich domain (Figure 3.1c). In addition, the novel isoform FUSEC has a 

unique N-terminal sequence consisting of 61 aa (Figure 3.1d). 

 
Table 3.1 Characterization of FUS and FUSEC proteins Molecular weight (MW), 
isoelectric point (pI) and localization. * MW of 53 kDa but runs higher on an SDS-PAGE 
gel. ** predicted values. 

 FUS FUSEC 

MW (kDa) 53* 33** 

pI 9.40 9.28** 

Localization Nuclear Extracellular ** 

 

3.1.2. The Classical and Non-Classical Secretory Pathways 
Secretion is the cellular process by which soluble and membrane protein 

cargoes are delivered to the extracellular space. The secretory pathway is 

necessary for many cellular events including growth, cell homeostasis, defence, 

neurotransmission, hormone release, structural maintenance and cytokines. 

There are two overall mechanisms of secretion, depending on whether proteins 

transit via the ER and Golgi compartments or not. 

The conventional secretory pathway 

The proteins that transit through the conventional secretory pathway usually 

carry a signal peptide (SP) at their N-terminus and/or transmembrane domain, 

which directs their translocation into the ER [740]. SPs are 15-30 aa sequences 

at the N-terminus of secretory or transmembrane proteins. There is no specific 

consensus sequence for this motif, but in general it has three common features: 

a positively charged N-terminus, a hydrophobic region and a C-terminal polar, 
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uncharged region. The consensus region dictates that residues -3 and -1 with 

respect to the cleavage site must be small, neutral amino acids. The 

translocation of both soluble proteins and membrane proteins can occur co-

translationally [741], and this is the most common mechanism in mammals. On 

the other hand, translocation can also occur post-translationally, without the 

protein being folded [742]. The latter mechanism is the most common event for 

simpler organisms, but it has also been identified in mammals for specific 

proteins [742]. 

 

SPs are usually cleaved from the rest of the protein by signal peptidase 

complex during translocation across the ER membrane. The signal peptidase 

recognition site is the Ala-X-Ala motif (where X is any amino acid), located at 

the C-terminus of the signal peptide [743]. In the ER, proteins are synthesised, 

folded and partially glycosylated. For non-ER resident proteins that have been 

properly folded, they exit the ER via coat protein complexes II (COPII) vesicular 

mediated transport. After budding from the ER membrane, COPII vesicles fuse 

with the ER-Golgi intermediate compartment (ERGIC), which is a distinct 

organelle separate from the ER and cis-Golgi compartments [744]. The fusion 

of COPII vesicles with the ERGIC is a very well-orchestrated step that depends 

on the correct pairing of SNAREs on the vesicle surface and the acceptor 

membrane [745]. Microtubules are responsible for the transport of COPII 

vesicles from the ERGIC to the cis-Golgi.  

 

From the ERGIC, the secretory protein cargo transits to the Golgi 

apparatus, an organelle composed of a set of stacked cisterna with different 

enzymatic contents and activity. Adjacent to the trans-Golgi, a tubular-

compartment termed the ‘trans-Golgi- network (TGN)’ exists. Proteins are 

transported through the Golgi to the TGN via cisternal maturation. From the 

TGN proteins are sorted: a) in secretory vesicles, via constitutive secretion, 

which is a constant, non-regulated process, and b) in immature secretory 

granules, which accumulate in the cytoplasm. Upon external stimuli, they 

maturate and are transported to the plasma membrane (Figure 3.2).  
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The Unconventional Secretory Pathway 

The unconventional secretory route is composed of two major categories 

depending on whether the secreted protein possesses a signal peptide or not. 

The first route is for cytoplasmic proteins that lack a signal peptide, which can 

be secreted by one of three major mechanisms (Type I, II and III, detailed 

below), and secondly, proteins with a signal peptide and/or transmembrane 

domain (Type IV) (Figure 3.2). A common feature of both of these pathways is 

that both are induced by stress [746]. These pathways are discussed below; 

 

In Type I secretion, proteins can directly cross the plasma membrane upon 

formation of a pore, which can be self-sustained or driven by inflammation [746, 

747]. In contrast, Type II secretion involves the ABC transporter protein, and it 

has been described for the secretion of acylated peptides and yeast mating 

peptides [746]. Next, proteins secreted by the Type III mechanism follow an 

autophagosome and endosome-based process [748]. These proteins 

translocate directly across the autophagosome/endosome membrane, relying 

on these membrane-bound organelles that modify their normal function to assist 

in protein secretion. Finally, Type IV involves proteins with a signal peptide 

or/and transmembrane domain that are synthesised in the ER, but by-pass the 

Golgi on their route to the plasma membrane [749]. This process is independent 

of the classical COPII vesicular-mediated mechanism, and it is initiated upon 

induction of cellular stress, such as ER stress or mechanical stress [746].  
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Figure 3.2 Cellular secretory pathways Proteins with a signal peptide are secreted 
through the conventional secretory pathway via the ER-Golgi network. It can be 
constitutive, when is non-regulated, or regulated. The unconventional secretory 
pathways include four different types. Proteins without signal peptide are secreted 
through: Type I which is dependent on the formation of a pore in the cytoplasmic 
membrane. Type II, where ABC transported proteins assist with the secretion. Type III 
when the secretion is mediated by membrane-bound organelles, such us 
autophagosome or endosome. Finally, proteins with a signal peptide can also be 
secreted through the unconventional secretory pathway by bypassing the Golgi, Type 
IV.  

 

3.2. Aims of this chapter 
Alternative splicing is a tightly regulated mechanism that is crucial for normal 

cellular function. Aberrant splicing plays an important role in ALS pathology 

and importantly, FUS and TDP-43 normally function as regulators of 

alternative splicing. Recently, a novel alternative splicing mechanism was 

described, which gives rise to more than 2000 predicted novel isoforms. 

Among them, an alternatively spliced isoform of FUS was predicted, which 

we have termed ‘FUSEC’. Therefore, the aim of this chapter was to identify 

the novel FUS isoform at both the mRNA level and at the protein level in 
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human primary neurons and in cells lines. Finally, since the original 

bioinformatics study by Wilson et al. [731]predicted the isoform to be 

extracellular, a second aim was to confirm this in cell lines and in vivo.  

 

3.3. Material and methods 

3.3.1. Foetal human primary neurons 
Primary human foetal brain tissues were obtained from therapeutic terminations 

of 16 to 19-week-old foetuses. The primary neuronal culture work was approved 

by Macquarie University Human Ethics Committee (REF: 5201600719).  

Cortical tissue was dissected, cut into pieces under sterile conditions and 

digested using the Neuron Isolation kit (Miltenyi). Cortical neurons were plated 

in 24-well or 6-well culture plates coated with Matrigel (1/20 in Neurobasal) and 

maintained in Neurobasal medium supplemented with 1% (v/v) B-27 

supplement (Thermo Fisher Scientific, Australia), 1% (v/v) Glutamax (Thermo 

Fisher Scientific, Australia), 1% (v/v) antibiotic Antimitotic (Thermo Fisher 

Scientific, Australia), and 0.5% (v/v) glucose. The cells were maintained at 37°C 

in a humidified atmosphere of 5% CO2.  

 

3.3.2. RNA extraction and quantification  
RNA extraction from HEK293T cells and human primary neurons (8 days post-

plating) was performed using an RNeasy mini kit (QIAGEN). Cells were lysed in 

RLT (RNA lysis buffer) buffer (QIAGEN), containing 1:100 β-mercaptoethanol to 

support the binding of RNA to the silica membrane. Extraction of RNA was 

performed following the manufacturers protocol and RNA was diluted in 20 µl of 

RNAase-free water and stored at -80 ̊C.  

The concentration of RNA was analysed directly using a Nanodrop ND-1000 

spectrophotometer and RNA was quantified with the Nanodrop 2000 software. 

A conversion of 1.0 A260 = 50 ng/µl was used to determine the original RNA 

concentration, and A260:A280 and A260:230 ratios were used to examine the 

purity of RNA. When readings of A260>2.1:A280>1.85 and A260:230>1.8 were 

obtained, the RNA was considered to be satisfactorily pure.  
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3.3.3. RT-PCR and PCR 
Reverse transcriptase Polymerase Chain Reaction (RT-PCR) was carried out 

following the “Invitrogen Superscript Vilo mastermix” (Invitrogen) protocol. The 

reaction was initiated with 2 µg of RNA mixed with 4 µl of SuperScript® VILO™ 

MasterMix (Invitrogen), and DEPC-treated water was added until a final volume 

of 20 µl was obtained. A negative control reaction with no RNA was included. 

Reactions were mixed gently and incubated in a Thermocycler (Thermo 

Scientific) as follows: 25 C̊ for 10 min, 42 ̊C for 90 min, and the reaction was 

terminated at 85 ̊C for 15 min. cDNA was stored at -20 ̊C until required. To 

amplify complementary DNA (cDNA) encoding endogenous FUSEC 

(extracellular isoform of FUS), specific primers were designed (Table 3.2). The 

protocol from the manufacturer was followed. PCR reactions containing 4 µl of 5 

X MyTaq Reaction buffer was mixed with 1 µl of 10 mM Forward primer and 

Reverse primers, 1µl of template cDNA, 0.25 µl of MyTaq HS DNA polymerase 

(Bioline), in a total volume of 20 µl. A negative control reaction with no template 

cDNA was included, as well as two positive control reactions, to amplify two 

widely conservative and expressed genes, both the TATA-box binding protein 

(TBP) and the phosphoglycerate kinase I (PGKI) gene (see primers sequence 

in the Table 3.2). The cDNA was amplified in a Thermocycler 

(ThermoScientific) using an initiation denaturation temperature of 95°C for 1 

min, followed by 30 cycles of denaturation at 95°C for 15 s, annealing at 60°C 

for 15 s and extension at 72°C for 10 s. Samples were loaded onto a 3% 

agarose gel and visualized to identify DNA bands of the expected size (200 bp).  

 
Table 3.2 Primers details used for PCR 

Primer Name Primer sequence (5’-3’) 

FUSEC FP 1 ATGGCAATCAAGACCAGAGTGGT 

FUSEC RP 1 ATCCTTGGTCCCGAGGGCCCCATG 

TBP1 FP GGGAGCTGTGATGTGAAGT 

TBP1 RP GGAGGCAAGGGTACATGAGA 

PGK1 FP TCACTCGGGGCTAAGCAGATT 

PGK1 RP CAGTGCTCACATGGCTGACT 
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3.3.4. Agarose gel electrophoresis and gel extraction of plasmid 
DNA 

The DNA samples were mixed with 6x purple loading dye (New England 

Biolabs) and loaded onto a 1 % (w/v) agarose gel prepared in TAE buffer (40 

mM Tris, 1 mM EDTA, 0.114 % v/v glacial acetic acid), and 0.1 % (v/v) Gel Red 

(Biotium) with 7 µl of SYBER Safe was used as a size marker for 

electrophoresis, a 100 bp DNA ladder, hyperladder 1kb (Bioline) and easy 

ladder I (Bioline) were used to estimate the size of the DNA fragments. The gels 

were electrophoresed at 110 V for 1 h in TAE buffer and visualized under UV 

light using a ChemiDoc imaging system (Bio-rad). Target DNA fragments were 

excised from the gel and extraction of plasmid DNA was performed using 

QIAquick Gel Extraction Kit (QIAGEN) following manufacturer’s protocol. The 

final DNA pellet was eluted in 30 µl of MilliQ water and quantified using 

Nanodrop 2000 software and Sanger sequenced by the Australian Genome 

Research Facility using the primers specified. 

 

3.3.5. Acetone precipitations 
For protein acetone precipitation, 100 % acetone was pre-chilled at -80°C 

freezer, and 4 volumes of ice-cold acetone were added to the sample. Samples 

were incubated at -20°C overnight and centrifuged at 4000 xg for 10 min at 4°C. 

Supernatant was discarded and pellet was let to air dry.  

 

3.3.6. Two Dimensional Gel Electrophoresis (2DGE) 
To prepare the samples for 2DGE, 10 mL of conditioned medium from cultures 

of HEK293T cells was acetone precipitated, and the pellet was dissolved in 500 

µl of dilution buffer (7 M urea, 2 M thiourea and 4% CHAPS). The conditioned 

media pellet or 250 µl of cell lysate was buffer exchanged (using centrifuge filter 

unit) in dilution buffer until the conductivity was< 300 µS.cm-1 (x4). Samples 

were diluted in 7 M urea, 2 M thiourea, 4 % (v/v) CHAPS, 40 mM Tris-HCL and 

reduced by adding DTT to a final concentration of 5 mM, followed by incubation 

for 1 h at room temperature. Next, to alkylate the samples, acrylamide was 

added to a final concentration of 10 mM, followed by incubation for 90 min at 

room temperature. Bromophenol blue was added to each sample as an 
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indicator for isoelectric focusing. Passive re-hydration was performed in a re-

hydration tray with a 11 cm Immobilised pH gradient (IPG) 3-10 strip (Bio-rad) 

placed on top of the sample to allow passive rehydration for 5 h at room 

temperature.  

Isoelectric focusing (IEF) was conducted on a Protean IEF Cell (Bio-Rad, 

MA, USA) with a current limit of 50 µA per strip using the following program: 300 

V for 5 h, a linear gradient to 8000 V for 8 h and 8000 V until 1000 kVh was 

reached. The strips were covered by mineral oil to control the temperature 

during IEF. Focused IPG-strips were briefly rinsed in Milli-Q water and 

equilibrated with 6 M urea, 2 % (w/v) SDS and 2 % (v/v) glycerol for 30 min at 

room temperature. The second dimension gel was run on 10-20 % Criterion 

Tris-HCl pre-cast gels (Bio-Rad, MA, USA) using the following conditions: 30 V 

for 10 min and 150 V for 90 min. 2DGE separated proteins were transferred to a 

nitrocellulose membrane and immunobloting was performed using an anti-FUS 

antibody (Abcam #23439). 

 

3.3.7. Human CSF samples   
The use of human CSF samples was approved by Macquarie University Human 

Ethics Committee (REF: 5201600401). Cerebrospinal fluid samples from 

healthy subjects (n=4) were kindly donated by the Pitié-Salpêtrière Hospital in 

Paris, France (Table 3.3). 

 

 
Table 3.3 Details of healthy subjects for CSF studies 

 Age Sex 

Control 1 83 Male 

Control 2 71 Female 

Control 3 54 Female 

Control 4 59 Female 
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3.4. Results 

3.4.1. FUSEC is predicted to be a secreted protein 
To probe whether FUSEC is an extracellular protein, as predicted by Wilson et 

al. [731], we first examined the predicted localization of the protein according to 

its sequence, using three different software programs: SignalP v4.1. [750], 

TMHMM [751] and Topcons [752]. Each of these programmes is specialized in 

predicting different proteins regions (signal peptides, transmembrane regions) 

or subcellular localization. Since there is no programme that combines these 

outputs, we decided to use these three programmes to compare their outputs 

and obtain a more reliable prediction.  

 

SignalP v4.1 predicts the presence and localization of signal peptides 

from the primary sequence of a protein using two types of neural networks: 

SignalP-transmembrane (TM) and SignalP-noTM networks. Compared to 

SignalP-noTM network, SignalP-TM was trained with transmembrane domains 

as negative data and can thereby discriminate signal peptides from 

transmembrane regions. SignalP includes a decision scheme to automatically 

determine the network to be used. When SignalP-TM predicts four or more 

transmembrane regions, SignalP-TM is then used for the final prediction. The 

neural networks in SignalP produce three output scores for each position in the 

input sequence. The C-score (row cleavage site score) predicts the position of 

the cleavage signal peptide site. The C-score is high at the position immediately 

after the cleavage site (the first residue in the mature protein). The S–score 

(signal peptide score) assesses the presence or absence of a signal peptide 

within the primary sequence and it detects aas which constitute the signal 

peptide sequence. Finally the Y-score (combined cleavage site score) 

combines the C-score and the slope of the S-score, therefore identifying the 

cleavage site if the C-score has multiple peaks (where only one is the true 

cleavage site). The output shows the first 70 aa of the protein sequence, since 

signal peptides are usually found in this region. The threshold is calculated 

using Matthew’s correlation coefficient.  
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 The primary sequence of FUSEC was analysed using SignalP-TM 

network (Figure 3.3a). The default threshold was used, 0.5. One peak in C-

score (0.291) and Y-score (0.227) were detected at position 23. S-score was 

high at position 20 (0.258) and then dropped at position 28. However, no score 

reached the threshold (0.5), suggesting that FUSEC does not have a cleavable 

signal peptide. 

 

The choice of signal-TM network suggests that FUSEC has 

transmembrane residues. Therefore, it was next analysed the FUSEC protein 

sequence with TMHMM server 2.0 which predicts the presence of 

transmembrane domains within an aa sequence (Figure 3.3b). The results 

produced from TMHMM include a detailed specification of the number of 

transmembrane helices (TMH) regions. The number of residues composing the 

TMH and the probability that the N-terminus is cytoplasmic are then calculated 

[751]. Residues 1 to 21 in FUSEC were predicted to be cytoplasmic, residues 21 

to 44 were predicted to be TMH and residues 45 to 321 were predicted to be 

found extracellularly. Interestingly, the TMH predicted domain is localized within 

the first 60 aa, indicating that this domain could be a signal peptide.  

 

We then used Topcons, which is a consensus prediction tool using five 

different topology prediction algorithms: Octopus [753], Philius [754], 

PolyPhobius [755], SCAMPI (multiple sequence mode) [756] and spoctopus 

[757]. These five algorithms are used as input to the Topcons Hidden Markov 

Model (HMM). When analysing FUSEC protein sequence with this programme 

(Figure 3.3c), Philius predicted a signal peptide from residues 1 to 42 of FUSEC. 

Polyphobius detected a transmembrane helix from aa 20 to 45. Both predicted 

that the rest of the protein (after residue 45) was extracellular. Octopus, 

SCAMPI and Scopopus predicted that the whole FUSEC protein sequence was 

extracellular. Finally, Topcons consensus predicted that FUSEC had a signal 

peptide from aa 1 to 22 and that the rest of the protein is extracellular, even 

though the reliability score was quite low, possibly due to the contradictory 

predictions calculated by the different algorithms (Figure 3.3c).  
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In conclusion, the software used in this study made different predictions. 

SignalP did not predict the presence of signal peptide within FUSEC. A 

transmembrane helix at position 20-45 was predicted by both TMHMM and 

Polyphobius. Octopus, SCAMPI and Scoptopus predicted that the whole protein 

was extracellular. The presence of a signal peptide from residues 1-42 at the N-

terminus of FUSEC was predicted by Philius and the consensus Topcons. Due 

the strong similarity between transmembrane helices and signal peptides 

(which consist of a core hydrophobic region that can form alpha helices), 

classifiers have limited ability to discriminate signal peptides from 

transmembrane helices. Therefore, it is possible that the bioinformatics tools 

which predicted a TMH (TMHMM and Polyphobius) were instead detecting a 

SP. However, a common prediction from all the bioinformatics tools used here 

was that the FUSEC protein sequence is localized in the extracellular space, 

either in part, or entirely. Hence we next analysed the presence of FUSEC in the 

extracellular space experimentally. 
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Figure 3.3 Analysis of FUSEC protein sequence using bioinformatics tools that 
predict the presence of signal peptides a) Plot displaying the scores (C = cleavage, 
S = signal peptide, Y = combined) predicted for each amino acid by SignalP v4.1. (b) 
Plot displaying the prediction of a transmembrane region in FUSEC using the TMHMMs 
Software. The Y axis represents the probability and the x axis the amino acid position, 

TMHMM

SignalP4.1

50 100 200150 250 350

TOPCONS

a)

b)

c)
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on the top of the plot of the N-best predictions representing the most probable topology 
(c) Schematic diagram of the signal peptide and transmembrane domains of FUSEC 
predicted using the TOPCONS consensus programmes. The TOPCONS consensus 
results are shown on the upper part of the figure.  

	

3.4.2. FUSEC novel isoform is expressed at mRNA level in HEK293T 
cells and in human primary neurons 

Firstly, the aim was to confirm the presence of FUSEC in cell culture studies. For 

this purpose, it was analysed whether the mRNA of FUSEC was present in both 

untransfected HEK293T cells and in human primary neurons. We chose 

HEK293T	cells as they are widely used cell line in transfection studies and have 

high levels of protein expression	 that will give sufficient material to study the 

biology better. While other cells such as SH-SY5Y, due to their low protein 

expression levels could make difficult the identification and characterization of 

FUSEC protein at endogenous levels. Additionally, human primary neurons were 

used due to the relevance of FUSEC to ALS. RNA was extracted from HEK293T 

cells and human primary neurons, and then it was reverse transcribed and 

amplified using specific primers for FUSEC. A unique region in FUSEC was 

selected to perform PCR, so that the presence of endogenous FUSEC could be 

confirmed separate from the expression of canonical FUS. Specific primers 

were designed on the basis of the predicted sequence from Wilson et al. [731]. 

The forward primer binds at the alternative start codon in exon 6 and the 

reverse primer at the junction of exon 6 with 8, a unique region only found in 

FUSEC (Figure 3.4a). A negative control for PCR was included, where no cDNA 

was added to the reaction. Primers for TATA-box binding protein gene (TBP) 

and Phosphoglycerate kinase I (PGKI), two ubiquitously expressed genes in 

human tissues, were used as positive controls [758, 759]. PCR of the cDNA 

from human primary neurons (Figure 3.4b) and HEK293T cells (Figure 3.4c) 

using the primers specific for FUSEC, produced an amplicon of 200bp, 

corresponding to the expected size of the amplified region for FUSEC. Sanger 

sequencing of DNA after extraction of the PCR product from the gel, confirmed 

the presence of the FUSEC sequence (Figure 3.4d). 
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Figure 3.4 Detection of FUSEC mRNA in HEK293T cells and in human primary 
neurons using end point PCR (a) Schematic diagram of the FUSEC gene between 
exons 6 and 15. The red arrow indicates the position of the forward primer (FP) and the 
blue arrow illustrates the position of the reverse primer (RP) used for PCR. The FP and 
RP primers are used to specifically amplify FUSEC from cDNA obtained from primary 
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neurons and HEK293T cells. (b-c) Agarose gel of the PCR products obtained from 
cDNA obtained by RT-PCR from RNA extracted from human primary neurons (b) and 
HEK293T cells (c). Lanes include negative controls for PCR reaction (NC PCR), two 
positive controls with primers for TATA-Box binding protein gene (TBP) and 
Phosphoglycerate kinase I gene (PGKI) and primers FP and RP used to detect FUSEC. 
(d) DNA was extracted from the agarose gel and the sequence of the unique region of 
FUSEC was analysed by Sanger sequencing. 

	

3.4.3. FUSEC is found extracellularly, implying it is a secreted 
protein  

We then investigated expression of endogenous FUSEC at the protein level in 

conditioned media of untreated HEK293T cells. For this purpose we used an 

anti-FUS antibody that binds to the C-terminus of FUS and therefore, it will 

identify both FUS isoforms, canonical FUS and FUSEC (Figure 3.5a). Western 

blotting of the cell lysate and conditioned media fractions demonstrated the 

presence of a 75 kDa band in the lysate, corresponding to the expected size of 

canonical endogenous FUS, and a lower 40 kDa band in the concentrated 

media, representing endogenous FUSEC (Figure 3.5b). Even though the 

predicted molecular weight of FUSEC is 33 kDa, given that canonical FUS is 

known to run at a different mobility on SDS-PAGE than its predicted MW, this 

result implies that FUSEC is secreted into the media of HEK293T cells. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is an intracellular 

protein that was used as a control to detect cell lysis, which could account for 

the localization of normally cytoplasmic proteins in the media. However, 

GAPDH was hardly detected in the media, whereas it was present in the cell 

lysate fraction as expected. Together, with the absence of FUSEC in the lysate 

these findings suggest that FUSEC is not simply present in the media due to 

leakage from dead cells, thus implying that FUSEC is actively secreted into the 

media. 

 

To confirm that FUSEC is located extracellularly and hence secreted, 

2DGE of the conditioned media and lysate fraction from HEK293T cells was 

carried out. Western blotting was subsequently performed using an anti-C-

terminal FUS antibody. A ~75 kDa band of pI ~9.40 was detected in the cell 

lysate, corresponding to the expected properties of canonical FUS (Figure 
3.5c). In contrast, the conditioned media fraction contained multiple spots ~40 
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kDa in size, with a pI of ~9.28, corresponding to FUSEC. Multiple spots 

representing a single protein are often observed due to post-translational 

modification, which can alter both the molecular weight and isoelectric point of 

the native protein (Figure 3.5d) [760].  Hence these data imply that FUSEC is 

post-translationally modified. 
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Figure 3.5 Detection of FUSEC in the media of HEK293T cells (a) Schematic 
diagram representing where the anti-C-terminal FUS antibody used in this study binds 
to canonical FUS and FUSEC. (b) Western blotting of HEK293T cell lysate and media 
fractions using the anti-C-terminal FUS antibody. GAPDH is shown as a loading 
control. Molecular weight markers are shown on the left. (c, d) Western blotting of 
2DGE  using the C-terminal FUS antibody of the (c) lysate, and (d) media of HEK293T 
cells. The horizontal dimension of each gel displays the predicted isoelectric point and 
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the vertical dimension illustrates separation of proteins based on MW. The position of 
canonical FUS and FUSEC is indicated by a red frame. 

 

Next, LC-MS/MS was performed to confirm that the 40 kDa protein 

detected in the conditioned medium of HEK293T cells was FUSEC. For this 

purpose, we aimed to detect the presence of unique peptides from the N-

terminal sequence of FUSEC that are absent in canonical FUS. Media of 

untransfected cells was collected after 24 h in culture, and then concentrated 

using centrifugal filter unit. SDS-PAGE electrophoresis followed by Coomassie 

Blue staining was then performed to visualise the FUSEC band. A band at ~40 

kDa was excised from the gel and then analysed by LC-MS/MS (Figure 3.6a). 

Trypsin, which cleaves peptides at the C-terminus of lysine or arginine residues, 

is commonly used in LC-MS/MS studies to generate peptides for analysis. 

However, examination of the N-terminal protein sequence of FUSEC revealed 

that digestion with Trypsin would generate either very short or very large 

peptides (Figure 3.6b). Unfortunately, this would make detection of FUSEC 

difficult because only one conceivable proteolytic peptide (VVEVAAVAMDSR) 

could be generated for LC-MS/MS analysis. Hence, instead of Trypsin, we used 

an alternative protease: Endoproteinase Glu-C, to increase the likelihood of 

identifying more peptides (three) that are unique to FUSEC. Endoproteinase Glu-

C hydrolyses peptide bonds at the carboxyl side of Glutamic (E) and Aspartic 

(D) acid residues, thus generating peptides with a suitable length (7-35 amino 

acids) to be detected by LC-MS/MS (Figure 3.6b).  

 

Using this approach, we verified 4 peptides present in the conditioned 

media that were present in FUSEC and we confirmed these by manually 

inspecting the MS2 fragmentation based on the y/b ion series. Three peptides 

specific for FUSEC, located in the unique N-terminal sequence, were identified 

(1:1MAIKTRVVE9, 2: 17SRTVE21, 3: 50VVEVAVEAE58) and one peptide from the 

C-terminus (4: 298RGGFGPGKMDSRGE311) which is also found in canonical 

FUS (Figure 3.6c). The FUSEC -specific peptide sequence 1MAIKTRVVE9 was 

identified at m/z y4 485, y7 844, corresponding to RVVE and IKTRVVE 

respectively. Additionally, b6 718 and b8 915 were identified, representing part of 

this sequence: MAIKTR and MAIKTRVV respectively. The second peptide 
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unique for the N-terminus of FUSEC identified was 17SRTVE21, at m/z y1, 148 y2 

247, corresponding to E and VE respectively. Furthermore, m/z b1 130 b2 286 

b3 387 b4 486, corresponding to S, SR, SRT AND STRV respectively was also 

detected. The third peptide identified from the unique N-terminal of FUSEC was 

50VVEVAVEAE58, identified with m/z a1 72, a2, 86, b2 199, representing V, VV 

respectively plus ions y1 148, y6 618, y7 746 representing the peptides E, 

VAVEAE and EVAVEAE respectively. Finally, the C-terminal peptide we 

identified that is common to both FUSEC and canonical FUS was 

298RGGFGPGKMDSRGE311. Abundant ions were also detected with m/z a1/b1 

129, a2 169, a3/b3 226 a6 544, b11 1025, b10 510, corresponding to the following 

peptides respectively; R, RG, RGG, RGGFGP, RGGFGPGK, RGGFGPGKM. In 

additional ions with C charge with m/z y1 148, y2 205, y3 361, y6 814 were 

detected, corresponding to E, GE, RGE, MDSRGE respectively.  Hence these 

mass spectrometry data confirm that the alternatively spliced isoform of FUS, 

FUSEC, does indeed exist and it is expressed at sufficient levels to be 

detectable under endogenous conditions in conditioned media of HEK293T 

cells. Taken together, these results therefore confirm the discovery of a unique, 

extracellular FUS isoform (FUSEC). 
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Figure 3.6 LC-MS/MS confirms that FUSEC is present in the conditioned media of 
HEK293T cells (a) SDS-PAGE gel stained with Coomassie Blue. The conditioned 
medium prepared from HEK293T cells cultured for 24 h was concentrated and proteins 
were separated on a 4-15% SDS-PAGE gel. Following Coomassie blue staining, a 
band of the approximate expected size for FUSEC (40 kDa) was excised and subjected 
to in-gel digestion, followed by LC-MS/MS. (b) Schematic representation of FUSEC and 
peptides generated after Tryptic or Glu-C digestion. (c) Annotated spectrum of three 
different peptides generated from FUSEC after Glu-C digestion. The peptide sequence 
is shown at the top of each spectrum, with the collision-induced fragmentation pattern. 
Peptide fragment ions with the N-terminus charge area are annotated by a, b, or c and 
by x, y or z if the charge is maintained on the C-terminus. The number of amino acid 
residues present in each fragment are indicated below. (1) MAIKTRVVE peptide 
(residues 1-9). (2) SRTVE peptide (residues 17-21). (3) VVEVAVEAE peptide 
(residues 50-58). (4) MS -spectrum of a peptide generated from the C-terminal NLS 
sequence of FUSEC (RGGFGPGKMDSRGE, residues 298-311) after LC-MS/MS 
analysis.	
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3.4.4. Optimization to detect FUSEC in human CSF 

Since we confirmed that FUSEC is present in human primary neurons and 

secreted by human cell lines, we next investigated whether FUSEC is also 

present in the human CSF. CSF represents an in vivo extracellular 

compartment and it is the only extracellular fluid that is in contact with the 

central nervous system (CNS) because it originates from the ventricles and it 

surrounds the brain and spinal cord. Hence CSF is the perfect extracellular 

environment to examine for the presence of a secreted protein that is relevant 

to ALS.  

CSF obtained from healthy patients was subjected to SDS-PAGE gel 

electrophoresis and western blotting was performed using an anti-C-terminal 

FUS antibody (Figure 3.7a). The cell lysate fraction from HEK293T cells was 

used as a positive control for antibody reactivity. Western blotting revealed the 

presence of a band at 50 kDa when using a short exposure, and several 

additional bands became visible under longer exposure (Figure 3.7a). 

However, none on of the bands corresponded to the expected molecular weight 

of either canonical or FUSEC (60-75 kDa and 40 kDa respectively). As CSF 

contains immunoglobulins (IgGs) [761, 762], we hypothesized that at least some 

of these bands were non-specific and could be due to cross reactivity of the 

secondary antibody with immunoglobulins present in CSF. To test this 

hypothesis, CSF samples were loaded onto a SDS-PAGE gel under reducing 

and non-reducing conditions and western blotting was performed using the C-

terminal FUS antibody. A band at 60-75 kDa in the HEK239T cells lysate 

fraction was present, corresponding to canonical FUS, thus revealing that the 

antibody was capable of detecting FUS. However, blotting of the CSF samples 

revealed that whilst under reducing conditions, a band at 50 kDa was detected 

(asterisk in Figure 3.7a), under non-reducing conditions a single band of 250 

kDa was present (red arrow Figure 3.7a). Given that IgG has a mobility of 250 

kDa under non-reducing conditions (it has a MW of 150 kDa but runs arround 

250 kDa due to its glycosylation [763]) and at 50 kDa under reducing 

conditions, this suggests that the 50 kDa band corresponds to the heavy chain 

of IgG. To finally confirm that this band was due to unspecific binding of the 
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secondary HRP antibody with IgG, the membrane was incubated with the 

secondary HRP antibody only, without prior incubation with primary antibody. 

Again the band present at 50 kDa under reducing condition shifted to 250 kDa 

in non-reducing conditions, and no band was detected in the lysate from 

HEK923T cells (Figure 3.7b). Hence these data confirm that the band at 50 

kDa detected in the CSF was probably the result of cross reactivity from the 

secondary HRP with IgG from CSF.  Hence, from these data, it was not 

possible to confirm the presence of FUSEC in the CSF from healthy human 

samples. 
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Figure 3.7 Detection of FUSEC in human CSF (a) Western blotting of FUS in extracts 
prepared from human cerebrospinal fluid (CSF) under reducing or non-reducing 
conditions. HEK293T cell lysate (Lys) serves as a positive control of FUS expression. 
(b) Membranes were incubated with secondary HRP antibody and no primary anti-FUS 
antibody. Red asterisks indicated a ≈50 kDa band detected only under non-reducing 
conditions. Red arrows show unspecific bands around 150-250 kDa. 

 

3.4.5. Characterization of a FUSEC customised antibody 

The next aim was to confirm expression of the novel isoform FUSEC using a 

commercial antibody that was customized to be specific for the unique N-

terminus of FUSEC. This would provide additional evidence of the existence of 

FUSEC by confirming the presence of the unique N-terminus sequence. 

Furthermore, the aim was to examine expression of FUSEC in human tissues 

and CSF, using a customized antibody for future applications. 
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 A rabbit polyclonal antibody was raised against a unique peptide at the 

N-terminus of FUSEC: AVAMDSRTVEAAAGC, with the aim of detecting 

specifically the FUSEC isoform and not the canonical version of FUS (Figure 
3.8a). Validation of the customized antibody, which is referred to here as 

‘AbGenscript#1’, was performed following guidelines published by The 

International Working Group for Antibody Validation [764].  

First, the immunoreactivity of the new AbGenscript#1 antibody was 

compared to the anti-C-terminal FUS antibody (Abcam#23439) used previously 

(Figure 3.5b). Western blotting of conditioned media and lysate fractions from 

HEK293T cells revealed the presence of a band at �140 kDa in the conditioned 

media under non-reducing conditions (without reducing agent) that shifted to 60 

kDa in reducing conditions. Initially, reduction was not complete using NuPAGE 

reducing agent (which contains 500mm DTT) only because the 140 kDa band 

was retained following treatment. However, when the samples were subjected 

to stronger denaturing conditions (8 M urea and boiling for 15 minutes) most of 

the 140 kDa band disappeared and more 60 kDa was visualised (Figure 3.8b). 

This suggested that the AbGenscript#1 antibody was detecting a disulphide-

bonded dimer/monomer form of a protein. Unfortunately, there was no band 

detected at 40 kDa, the expected size of FUSEC. Hence, to confirm the 

expression of endogenous FUSEC in the conditioned media sample used in this 

analysis, the western blot membrane was re-probed with the FUS C-terminal 

antibody used previously (Abcam #23439). As expected, this revealed the 

presence of a band at 40 kDa in the media samples and a band at 75 kDa in 

the lysate fraction, demonstrating that both FUSEC and canonical FUS were 

present respectively (Figure 3.8c). This finding suggested that the customised 

antibody AbGenscript#1 did not recognize FUSEC specifically. Further analyses 

of the customized antibody were performed using overexpressed FUSEC 

(detailed in Chapter 4).  
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Figure 3.8 Examination of the specificity of the customized antibody designed 
specifically for FUSEC, AbGenscript � 1 (a) Schematic diagram illustrating 
localization of the epitope of the anti-FUS C-terminus antibody (C’-FUS, blue) and the 
anti-FUSEC customized antibody AbGenscript#1 (orange). (b) Western blotting of 
canonical FUS and FUSEC in the lysate and conditioned media fractions of HEK293T 
cells under non-reducing, reducing or denaturing conditions using the AbGenscript#1 
antibody. GAPDH was used as a loading control. (c) Western blotting of canonical FUS 
and FUSEC in the lysate and conditioned media fractions of HEK293T cells under non-
reducing, reducing or denaturing conditions using the C-terminal FUS antibody (Abcam 
#23439). 

 

3.5. Discussion  
This study provides the first experimental evidence for the existence of the 

predicted isoform of FUS, FUSEC. Expression of the isoform was confirmed at 

both the mRNA and protein level in HEK293T cells and human primary 

neurons. The FUSEC isoform is the result of a combination of an alternative start 

codon and exon skipping. LC-MS/MS analysis confirmed that FUSEC shares the 

same C-terminal sequence with its canonical counterpart, but it contains a 

unique 61 amino acid sequence at its N-terminus. Interestingly, western blotting 
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and LC-MS/MS analysis of conditioned media demonstrated that this new 

isoform is secreted into the media of HEK293T cells. Hence this study 

demonstrates that FUSEC is present in a completely new cellular location 

compared to the canonical form of FUS.  

 

Wilson et al., predicted that FUSEC was secreted, using the software 

WoLF PSORT. When analysing the protein sequence with several 

bioinformatics tools to identify the presence of a signal peptide in the current 

study, the results were not conclusive. WoLF PSORT predicts subcellular 

localization by sequence homology with known proteins. From the homologous 

proteins identified, 13 are extracellular and/or secreted, 12 with demonstrated 

cleavable signal peptide in the first 14-28 aa. Interestingly, the remaining 

protein, fibroblast growth factor 9 (FGF-9), is secreted but it possesses an 

atypical, non-cleavable signal sequence in its N-terminus [765]. FGF-9 belongs 

to the fibroblast growth factor (FGF) family, which comprises 22 homologous 

polypeptides that are involved in diverse biological activities. Most FGFs contain 

a cleavable signal peptide at the N-terminus and are also secreted. However, 

FGF-9, FGF-16 and FGF-20 are the exception, even though they are also 

secreted they contain and uncleavable bipartite signal sequence [766]. For 

FGF-16 and FGF-9, both a N-terminus and central hydrophobic domain were 

shown to be important for their secretion [766]. Even though they possess a SP 

without predictable cleavable site, both are glycosylated and secreted 

efficiently, and they translocate through the classical secretory pathway [767, 

768]. Interestingly, when the sequence of FGF-16 was analysed with SignalP-

HMM, a previous version of the SignalPv4.1 software used in this chapter, no 

cleavable SP was predicted [767], similar to FUSEC. Therefore, this suggest that 

FUSEC could have a SP that is not cleaved, but it efficiently targets FUSEC to be 

secreted through the conventional secretory pathway via the ER-Golgi 

compartments . 

 

Amplification of the cDNA from human primary neurons, with specific 

primers unique for FUSEC, confirms that this alternatively spliced variant skips 

exon 7 and it possesses an alternative start codon upstream at position 683 of 

the canonical sequence. This is potentially important as FUS autoregulates its 
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expression by binding to exon 7 and its flanking regions [512]. Canonical FUS 

bearing ALS-associated mutations has been demonstrated to skip this 

autoregulation mechanism and likely exacerbates accumulation of mutant FUS 

in ALS [512]. Therefore, one could speculate that the FUSEC isoform escapes 

this autoregulatory mechanism as it lacks exon 7 and thus may play a similar 

role as mutant canonical FUS. 

	
At the protein level, the data demonstrated that FUSEC is a secreted 

protein, and LC-MS/MS confirms that it contains a unique 61 aa sequence at 

the N-terminus and shares the same aa sequence with canonical FUS from aa 

residues 266 to 526. Peptide masses obtained in this study covered 37% of the 

unique N-terminal sequence of FUSEC which corresponded to 11.5% of the total 

FUSEC protein sequence covered. Additionally we identified 3 peptides from the 

unique N-terminus of FUSEC plus one from its C-terminus. There is no standard 

minimum % of coverage or peptides identified generally accepted to estimate 

the confidence when identifying protein by LC-MS/MS. However, the only study 

determining this suggests that coverage of at least 20% of the protein sequence 

and the identification of four peptides should give confident results [769]. Whilst 

the percentage of protein sequence covered in this study was lower than this 

recommendation, taken together with the mRNA and the western blotting 

results, provides compelling evidence for the existence of FUSEC. It is probable 

that the low percentage coverage obtained in this study was the result of the 

low abundance of endogenous FUSEC.Furthermore, the low % coverage could 

also be due to incomplete digestion of FUSEC, or alternatively due to the 

generation of peptides that were too small, too hydrophobic ,or on the contrary, 

too large or  hydrophilic. In addition, endoproteinase Glu-C also produces acidic 

peptides (with Glutamic acid at the C-terminus) which would confer FUSEC with 

a negative charge and unfortunately because LC-MS/MS is analysed in positive 

ion mode, it prefers ionisation of positive charged species. 

 

Furthermore, the LC-MS/MS results obtained in this study confirm that 

the SP of FUSEC is not cleaved because the peptide sequences identified 

included the N-terminus. There are additional examples of secreted proteins 

that retain an uncleaved SP, including albumin, PAI-2 as well as FGF-9 and 
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FGF-16 [767, 770, 771]. If the SP of FUSEC does remain uncleaved, it could be 

that this short sequence at the N-terminus of FUSEC is instrumental in 

determining the unique functions of FUSEC. In the examples of mature secreted 

proteins that retain their SP, the SP sequence gains additional specific 

functions [772-774]. For example, the N-terminal SP of secreted apolipoprotein 

(ApoM) protein is uncleaved, and it acts as an anchor for lipoproteins, and it is 

necessary for the formation of larger nascent high density lipoprotein (HDL) 

particles [774]. It is also possible that specific binding partners of FUSEC target 

the unique N-terminal sequence and therefore recruit it into new molecular 

pathways, different from the canonical isoform of FUS. 

 

FUSEC shares its nuclear localization signal with canonical FUS, since 

the two proteins share the same C-terminus. However, when using western 

blotting by either 1D or 2D gel electrophoresis, no endogenous FUSEC protein 

was detectable in the lysate fraction. The finding that a secreted protein is 

detectable in the lysate at the mRNA level but not at the protein level has been 

previously reported. Wang and colleagues showed that two secreted proteins, 

14-3-3 protein and 22 kDa glycoprotein, were similarly expressed at the mRNA 

level intracellularly, but were barely detectable at the protein level [775]. It is 

possible that the intracellular levels of FUSEC are so low they are not detectable 

by western blotting. However, in future studies this could be further investigated 

using immunocytochemistry, to determine whether FUSEC is detectable within 

the cell. Although these experiments could not be performed in the current 

study due to the lack of availability of a FUSEC specific antibody, this was further 

investigated in the studies described in next chapter using an overexpression 

system for FUSEC.  

 

Canonical FUS is an intracellular protein with the ability to shuttle 

between the nucleus and the cytoplasm. Proteins that can exist in both nuclear 

isoforms and extracellular isoforms have been reported previously. Clusterin is 

a molecular chaperone that can exist in three isoforms: pre-secretory, secretory 

and nuclear Clusterin. The two former isoforms display cytoprotective and anti-

inflammatory activity, whilst the nuclear isoform promotes cellular death [776-

778]. This suggests that these isoforms of clusterin display specialized functions 
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depending on their subcellular localization. In this study, FUSEC was not 

detected intracellularly, implying that its main cellular function may be in the 

extracellular compartment, therefore playing a completely different role than its 

canonical counterpart.  

 

GADPH was very faintly detected in the media, suggesting there was 

some leakage due to cell death. However the absence of FUSEC in the lysate 

implies that it is actively secreted. This finding is highly relevant to ALS because 

actively secreted proteins (either via extracellular vesicles or in free form) have 

been implicated in ALS pathology. One of the best studied secreted proteins 

related to ALS is SOD1, which is secreted by astrocytes, fibroblasts, spinal cord 

cultures and NSC-34 cells, and additionally is detected in the CSF of ALS 

patients [98, 313, 779-781]. SOD1 has also been shown to be actively secreted 

via exosomes [780, 782-784], via the ER-Golgi pathway [98] and also passively 

due to cell death [496]. Extracellular mutant SOD1 can induce microgliosis and 

motor neuron death, while extracellular WT SOD1 suppressed extracellular 

inflammation [313]. Additionally, extracellular aggregated misfolded SOD1 or 

exosomal SOD1 has been implicated in the propagation of ALS [509, 785, 786]. 

Hence, secreted proteins in ALS can be involved in the cell-to-cell transmission 

of pathology that is implicated in ALS between neurons and other cell types. 

 

I next tried to confirm the presence of FUSEC in CSF, which represents 

an extracellular compartment in vivo. However, the results suggest that the 50 

kDa band detected by the C-terminal FUS antibody is not specific and is due to 

cross-reactivity from the secondary antibody with proteins in CSF. Since 

albumin and immunoglobulins form more than 50-75% of the CSF proteome, 

they are likely to interfere with the immunoblotting experiments [761, 762]. It is 

also known that secondary HRP antibodies can cross-react with IgG from other 

species Similar to the results, it was previously reported that the light chain of 

IgG from healthy human CSF was found to cross-react with an anti- TDP-43 

antibody. This problem was overcome by depleting the IgG and albumin content 

of CSF samples [787]. In the future, the same approach could be used to 

determine whether FUSEC is present in CSF. A further aim of this study was to 

validate FUSEC expression in CSF using the specific customized antibody for 
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FUSEC (AbGenscript#1). However, unfortunately this antibody was found not be 

specific for FUSEC. Hence further studies are warranted to determine whether 

FUSEC is expressed in human tissues samples such as CSF, as final step in the 

confirmation of its biological existence. 

 

This study has several limitations and caveats that will now be 

discussed. In order to analyse the protein content of conditioned media, cells 

were incubated with Opti-MEM, a low serum media, to avoid high concentration 

of proteins from FBS that would interfere with the analysis. However, treating 

cells with this low serum media may affect cellular properties or induce cellular 

expression changes. A previous study using HT-1080 cells demonstrated that 

serum starvation did not change the expression of canonical FUS however, 

arguing against this possibility [513]. Hence, in future studies this needs to be 

determined for FUSEC and for the cell types used in this study. A second major 

limitation of this study was the use of HEK293T cells, rather than the use of 

neuronal cell lines or primary neurons throughout. In future studies, ideally all 

the analyses described in this chapter should be repeated using primary 

neurons.  

Implications and future perspective 

The functions of FUS and its pathogenic mechanisms in ALS are still not fully 

understood. The discovery of a novel extracellular isoform of FUS provides 

further complexity to this issue. It is possible that FUSEC shares functions with 

its canonical counterpart albeit in a completely different cellular compartment. 

Alternatively it could be that FUSEC has new unique functions due to its novel 

extracellular localization, and to its unique N-terminal sequence. Therefore, 

understanding the normal cellular functions and properties  of FUSEC is a crucial 

step towards clarifying its role in FUS-related neurodegenerative diseases.  

In the future it would also be interesting to determine whether FUSEC 

expression is tissue specific, which would imply that it possesses specific 

functions in distinct tissues. Q-PCR from different human tissues would facilitate 

understanding of its expression patterns, which could be confirmed by western 

blotting. Another FET family member, EWS, also has a brain specific isoform, 
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and its expression differs throughout different stages of neuronal differentiation 

[788].  

Conclusions 

In conclusion, this chapter confirms the expression of a new isoform of FUS at 

both the mRNA and protein level in human primary neurons and cell lines. The 

splice variant is generated from skipping exon 7 and from the presence of an 

alternative start codon.  This results in an alteration to the N-terminal protein 

sequence, and drives the protein, FUSEC, to the extracellular compartment. The 

results presented in this chapter therefore provide a framework for future 

experiments to investigate the normal functions of FUSEC and its role in ALS. 
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4.1. Introduction 
The pathogenic mechanisms that underlie ALS are not fully understood. It 

remains unclear whether neurodegeneration is related to the loss of normal 

cellular functions or a gain of toxic functions (or both) of proteins that aggregate 

in ALS. Therefore, it is important to characterise the normal cellular functions of 

WT FUSEC under non-pathological conditions because this isoform has not 

been previously described and its structure and functions are unknown. These 

findings will also provide the baseline for further studies of FUSEC and its role in 

ALS. Hence this chapter aims to characterise FUSEC and its normal cellular 

functions, in particular, investigating how FUSEC is secreted, where it is normally 

localized within the cell, and identifying its potential binding partners. 

 

4.1.1. Glycosylation of proteins 
Glycosylation is one of the most common and ubiquitous post-translational 

protein modifications. Glycoproteins are involved in many cellular functions 

including: cell-to-cell communication, microbial pathogenesis [789], tumour 

growth [790], anticoagulation [791], immune response [792] cell growth and 

metabolism [793], highlighting the potential importance of glycosylation. In the 

nervous system, glycosylation is involved in neuronal development [794], 

synaptic transmission [795], modulating neuronal ion channels [796] and 

membrane excitability [797]. 

There are four major types of glycosylation in mammals: N-linked 

glycosylation, O-linked glycosylation, C-linked mannosylation and glypiation 

[798]. O/N-linked glycosylation is the most commonly studied types of protein 

glycosylation. O-linked glycosylation begins at the Golgi apparatus where an N-

acetylgalactosamine (GalNac) residue is transferred to the side chain of a 

serine or threonine residue, which can extend to become an 8 core O-glycan 

structure [799]. O-linked glycosylation that incorporates these core O-glycan 

structures (O-GalNAc) is often a characteristic of mucin-like glycoproteins that 

constitute epithelial secretion. O-linked glycosylation also exists on 

nucleocytosolic proteins through covalent attachment of O-linked N-

acetylglucosamine (O-GlcNAc) to Ser/Thr residues by the O-GlcNAc 

Transferase (OGT), which are mostly involved in signal transduction [800, 801]. 
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Moreover, O-linked glycosylation does not appear to have a consensus 

sequence by which we can predict potential sites of O-glycosylation.  

N-glycosylation is the co-translational process that attaches an 

oligosaccharide chitobiose N-glycan core (Man3-GlcNAc2) to the amine 

nitrogen of an asparagine residue in the consensus motif N-X-S/T, where X can 

be any amino acid except proline [802, 803]. N-glycosylation assists in protein 

folding during ER translational process [804]. 

N-glycosylation process 

N-glycosylation begins at the cytoplasmic face of the ER and finishes in the ER 

lumen. The precursors for N-glycans are lipid linked oligosaccharides (LLO) that 

are derived primarily through metabolism and they enter the pathway as 

nucleotide-activated sugars; UDP-GlcNac and GDP-Man. These nucleotide 

sugars are substrates for elongation of the glycan in the cytoplasm, and in the 

ER lumen, which are converted to dolichyphosphate-bound sugars (Dol-P); Dol-

P-Man and Dol-P-Glc [804].  

On the cytoplasmic side of the ER, asparagine-Linked glycosylation 

(ALG) genes encode glycosyltransferases, which control the assembly process 

(Figure 4.1, Step a). The first step of the process is performed by ALG7 N- 

glucosamine-phosphate transferase, which adds the first GlcNAc-P to Dol-P, 

forming an ER-membrane anchored lipid dolichol phosphate (Dol-P) [805, 806]. 

ALG7 is the target of Tunicamycin, an inhibitor of N-glycosylation that is 

commonly used to induce ER stress [807]. The final cytoplasmic phase involves 

the transfer of additional carbohydrate residues: a second GlcNAc, and 5 

mannose residues, generating a Man5GlcNAc2-P-P-Dol 

tetradecaoligosaccharide [808, 809].  

The process continues in the luminal side of the ER (Figure 4.1, Step b). 

The translocation of the lipid-linked Man5GlcNAc2 oligosaccharide across the 

membrane is protein dependent and independent of ATP [810]. In the lumen of 

the ER, biosynthesis of the LLO continues, where four mannose and three 

glucose residues are added by ER luminal-oriented mannosyl and glucosyl 

transferases, forming Glc3Man9GlcNAc2-P-P-Dol [804, 811]. The resulting 

oligosaccharide structure is considered a completely assembled LLO, which is 

usually highly conserved in eukaryotes. Oligosaccharyltransferase (OST), a 
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membrane bound enzyme, catalyses the formation of a covalent N-glycosidic 

linkage between the LLO and the side-chain amide of the Asp residue of the 

polypeptide, while it emerges into the lumen [812, 813]. The LLO substrate is 

highly specific, whereas the polypeptide acceptor of OST can vary, although it 

must contain the consensus sequence [813]. Furthermore, there are additional 

constraints on the polypeptide, such as the presence of the glycosylation site 

within flexible domains such as those containing potential loops or turns 

domains and the presence of proline residues. In addition, some N-

glycosylation sites are located in defined secondary structures such as β-

sheets. Two-thirds of the potential N-glycosylation sites are used as substrates 

by OST [814, 815].  

Once the N-glycan is properly added to the protein to form the 

glycoprotein, it then undergoes a series of folding checkpoints. These 

determine whether the glycoprotein is correctly folded, and if so, it is driven 

further along the ER-Golgi pathway and hence its final localization. 

Alternatively, if it is aberrantly folded, it is targeted for degradation. The first 

checkpoint is controlled by α-glucosidase I (GS-1), which cleaves the terminal 

glucose of the LLO [816, 817]. This step inhibits rebinding of the glycoprotein to 

OST, and promotes its binding to malectin, which binds preferentially to 

misfolded proteins and targets them to ERAD [818]. Secondly, GS-II removes 

the second last glucose, leading to a glycan that binds to ER lectin-like 

chaperones, such as calnexin and calreticulin, that together with Erp57 and 

cyclophilin B (CypB) constitute the calnexin/ calreticulin cycle which supports 

the folding of the protein to its native state [819, 820]. GS-II carries out a 

second de-glycosylation step, preventing the glycoprotein binding to calnexin 

and calreticulin [820]. This also drives the glycoprotein to the last checkpoint, 

controlled by UDP-Glc:glycoprotein glucosyltransferase 1 (UGGT1), which 

forms the last step of the calnexin/calreticulin cycle [821]. UGGT1 binds to the 

glycoprotein N-gycan and if it is properly folded, it will progress to the ER-Golgi 

trafficking pathway. However, if it is not correctly folded, it will be re-

glycosylated and re-enter the calnexin/calreticulin cycle again [822]. There is an 

additional battery of chaperones; BiP, Grp94, Grp170 and a series of enzymes; 

PDI, ERp57, ERp59 and ERp72, that assist in folding and disulphide bond 

formation of the protein, during this folding cycle [817]. 
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At this point if glycoproteins are properly folded they will be transported 

to the Golgi via COPII vesicles, upon receptor recognition of the glycan chain, 

receptors such as ERGIC-53 [823], or if not degraded by ERAD [824]. However, 

instead of progressing to either the Golgi or ERAD, glycoproteins can be 

retained in the ER, where they may become susceptible to aggregation. These 

glycoprotein aggregates can be transported out of the ER via ‘EDEMosomes’, 

involving a vesicular system linked to ERAD [825]. Alternatively, aggregates 

form juxtanuclear structures, ER-protein quality control (ERQC) compartments 

and ER-associated compartments (ERACS) that are thought to maintain ER 

homeostasis by segregating ER aggregates [826]. 

In the cis-Golgi, an intermediate oligosaccharide is formed, Man5GlcNAc2 

(high mannose), which precedes the formation of more complex N-glycans, 

which takes place in the intermediate and trans-Golgi (Figure 4.1 Step c). 

Trans-Golgi branching of the mature glycan takes place by galactosidases and 

GlcnaC transferases, which add N-acetylglucosamine (GlcNAc) and galactose 

(Gal) residues. Additionally, some glycans also have fucose attached to the Asp 

residue adjacent to GlcNAc. Finally, the most important step for capping of the 

oligosaccharide is the addition of sialic acid, fucose, Gal and/or GalNAc, which 

results in three types of glycoproteins: high mannose, hybrid and complex 

(Figure 4.2). At this point, proteins are sorted to one of three destinations: the 

plasma membrane, endosomes, or if proteins are misfolded, they are 

recognized by quality control systems in the Golgi, and they are delivered to the 

lysosome for degradation [827]. 
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Figure 4.1 Simplified diagram of the N-glycosylation pathway, from the cytosolic 
face of the ER to the Golgi. (a) At the cytoplasmic face of the ER, dolichol (blue oval) 
phosphate (Dol-P) receives GlcNAc-1-P, to generate Dol-P-P-GlcNAc, which becomes 
further extended to Dol-P-P-GlcNAc2Man5. The glycolipid is translocated through the 
ER membrane to the luminal side. In the ER lumen four mannose residues and three 
glucose residues are added. The mature Dol-P-P-glycan is transferred to Asn-X-
Ser/Thr sequons while the protein is being synthesised. (b) At this point, the 
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glycoprotein is subjected to several folding checkpoints, where glucosidases remove 
three glucose residues, ER mannosidase removes a mannose residue, and calnexin 
and calreticulin assist in folding of the protein. (c) If the glycoprotein is detected as 
properly folded, it will be transported to the Golgi via COPII vesicles. In the cis-Golgi, 
mannose residues are removed until Man5GlcNAc2Asn is formed. GlcNAc transferases 
are located in the medial Golgi, where the first branching of the N-glycan begins. In the 
trans-Golgi, galactosyltransferase and sialyltransferase are responsible for attachment 
of sialic acid and galactose residues, to generate the mature glycoprotein. 

 

	
N-glycosylation can impact on protein folding, disulphide bond formation 

and the final localization of proteins. N-glycosylation has a critical role in the 

development of the nervous system. Studies from human congenital disorder of 

glycosylation are tightly related to neurological abnormalities [797].  

 

	
	

Figure 4.2 Three types of N- glycans that compose mature glycoproteins, with 
the N-glycan core Man3GlcNAc2Asn: High Mannose, Hybrid and Complex. 
 

The role of protein glycosylation in neurodegenerative diseases 

Several misfolded proteins linked to neurodegeneration are known to be 

glycosylated. Amyloid precursor protein (APP) is glycosylated (both O- and N-) 

in the CSF and this PTM is involved in its secretion in cell lines [828-830]. Tau 

glycosylation affect its phosphorylation status, such that aberrant N-

glycosylation of Tau leads to its hyperphosphorylation and amyloidogenesis 

[831, 832]. AD patients display specific differences in their glycome compared 

to controls and other non-AD neurodegenerative disease patients in serum and 

CSF samples [833, 834], and other studies have revealed alterations in 

sialylation of glycoproteins in the CSF of AD patients [835, 836].  
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In ALS, high levels of sialylated glycans and low levels of core fucosylated 

glycans were detected in the serum of ALS patients compared to healthy 

controls [837]. A more recent study concluded that the CSF of ALS patients 

contained higher levels of specific monosialylated diantennary N-glycans than 

that of controls [838]. Additionally, reduced protein O-glycosylation was 

detected in motor neurons from the spinal cord of mutant transgenic mice [839]. 

While differences in N- and O-linked glycosylation have been identified from 

secreted biofluids, another ALS protein FUS was identified to be dynamically O-

GlcNAcylated in the cell during stress granule formation upon oxidative stress 

[593]. 

 

In summary, this evidence demonstrates that glycosylation is implicated in 

neurodegenerative diseases. The glycosylation status of specific proteins 

involved in neurodegenerative conditions can affect their pathogenic capacity, 

but more broadly, glycomics profiles may have potential as biomarkers also. 

However, this field is relatively unexplored, hence further studies are required to 

determine the implication of glycosylation on the secretion of proteins involved 

in ALS. 

 

4.1.2. Protein secretion via exosomes 

Extracellular vesicles  

Extracellular vesicle (EV) research has been a growing field for the last 10 

years [840]. It has been particularly under the spotlight in relation to 

neurodegenerative diseases, where it is considered to be a promising new tool 

for diagnostics and therapeutics. EVs contain heterogeneous content, including 

RNA, proteins and lipids [841]. Therefore, EV are implicated in a wide range of 

cellular functions, although these are not completely understood.  

 

Extracellular vesicles can be divided according to their size and origin. 

Exosomes are a small type of EV, typically 50-200 nm in size, that originate 

from the trafficking of multivesicular bodies (MVB) from the cytosol to the cell 

surface [842]. Microvesicles (MV), or ectosomes, are larger EVs, of size 100-

1000 nm that are derived from the plasma membrane, and become released as 
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a response to specific stimuli [842]. Finally, apoptotic bodies are released 

during cell death and are usually larger still, of size 500-4000 nm [843]. Due to 

the heterogeneity in their size, identification and characterization of the different 

EV’s can be particularly challenging. 

Exosomes biogenesis and function 

The biogenesis of exosomes is a complex process that involves several 

different mechanisms once thought to be independent of each other. However 

more recent studies have revealed that they are interconnected. Exosome 

biogenesis begins with the formation of endocytic vesicles from the plasma 

membrane. This is followed by the maturation of endosomes into multivesicular 

bodies (MVB), and the generation of intra-luminal vesicles (ILV) in the MVB 

[844]. Finally, exosomes are produced when the ILVs fuse with the plasma 

membrane and release into the extracellular space.  

The first mechanism identified, which is also the most characterized 

process, employs the endosomal-sorting complex required for transport 

(ESCRT) machinery. Four different protein complexes compose ESCRT, which 

assists in sorting protein cargo in the endosomal membrane as well as in the 

formation of intraluminal vesicles [845]. This process was first identified from 

proteomic studies that detected TSG101 and ALIX within exosomes, two 

proteins from the ESCRT complex [846]. Another family of proteins implicated in 

exosome biogenesis and cargo selection are tetraspanins, transmembrane 

proteins that are enriched in exosomes. Expression of tetraspanins CD9, CD82, 

and CD63 affects the secretion of exosomes [847]. Lastly, lipids are also 

important in exosomal transport since they are able to modulate membrane 

curvature, fission and fusion and therefore exosome formation and cargo 

selection [847, 848].  

Exosome composition is complex as it is dependent on cell type and the 

state of cellular homeostasis, and the mechanism of biosynthesis also 

influences its cargo. Additionally, PTMs of proteins can determine the selection 

of cargo, including SUMOylation, phosphorylation and glycosylation, particularly 

the attachment of complex N-glycans [849, 850]. 

After maturation, a MVB can follow one of two fates. It can fuse with the 

lysosome, where its contents are degraded and recycled [851]. Alternatively, it 
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can fuse with the plasma membrane, releasing the newly formed exosome into 

the extracellular compartment [844].  

Exosomes can be taken up by the receiving cells by one of several 

different mechanisms. Exosomes can fuse directly with the plasma membrane 

of the target cell, and release their cargo into the cytosol of the receiving cell 

[852]. Secondly, transmembrane proteins within the exosomal membrane can 

be recognized by membrane receptors of the target cell, thus promoting fusion 

[852]. Lastly, exosomes can be internalized by the receiving cell, from where 

they are targeted to lysosomes for degradation or transcytosis [853].  

Exosomes were first thought to be simply a mechanism to remove 

unwanted proteins by the cell. It is now known however, that under normal 

conditions, exosomes are involved in many cellular functions, including cell 

migration and invasion, immunity and cell-to-cell communication, and they also 

function to protect their cargo, whether protein, lipid, or particularly, circulating 

RNA and microRNA [854]. Exosomes are implicated in the pathogenesis of 

several diseases, and it has also been suggested that they may therefore be 

potential therapeutic targets for disorders such as cancers, auto-immune 

syndromes, infectious diseases, as well as neurodegenerative diseases 

including ALS [855-858].  

Exosomes are implicated in the transmission of misfolded proteins in 

neurodegenerative disease 

Exosomes were first linked to neurodegenerative diseases when the prion 

protein (PrPc) and its misfolded form (PrPsc) were shown to be within this 

vesicles [859-861]. Later on, it was shown that exosomal release and uptake of 

PrPsc induces misfolding of PrPc and transmission of prion pathology in vitro 

and in vivo [859, 861-863]. Additionally, MVB was identified as the major 

cellular location for the conversion of PrPc to pathologenic PrPsc prior to 

exosomal release, highlighting the importance of these vesicles in pathology 

[864].  

The role of exosomes in ALS 

Several misfolded proteins that aggregate in ALS have been shown to be 

released via exosomes.  SOD1 was the first protein in ALS to be identified in 
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exosomes, and it is now established that the prion-like mechanism of SOD1 is 

in part exosome dependent [506, 782, 783]. TDP-43 has also been detected in 

exosomes from either cultured cells or CSF from ALS patients, and it has been 

demonstrated that TDP-43 transmits among cells, and is taken up from 

microvesicles [504, 508]. Also, exosomal TDP-43 obtained from CSF from 

ALS/FTD patients efficiently induced the misfolding of endogenous TDP-43 in 

U251 cells [505]. Similarly, C9ORF72 DPRs transmission has been 

demonstrated in an exosome dependent and independent manner in NSC-34 

cells [198]. Finally, WT and ALS-mutant FUS was detected in exosomes 

obtained from transfected SH-SY5Y cells, although its role in exosomes still 

remains unknown [630].  In addition to misfolded proteins, other exosomal 

cargo might be involved in ALS. MicroRNA cargo is involved in the alteration of 

microglial in ALS [865] and monocyte activation is triggered by exosomal TDP-

43 [866] both studies were performed in cell lines. 

 

Hence together this evidence suggests that exosomes are a vehicle 

which may be a potential mechanism for the release of ALS-linked proteins to 

the extracellular environment, where they are implicated in cell-to-cell 

transmission of misfolded proteins and ultimately ALS cellular pathology.  

 

4.2. Aims of this chapter 
Proteins are secreted through different mechanisms. N-glycosylation can direct 

proteins through the classical secretory pathway, and interestingly, whilst N-

glycosylation is relatively unexplored in ALS, it is implicated in other 

neurodegenerative diseases such as Alzheimer’s disease [833]. 

The previous chapter described the discovery of a new isoform of FUS, 

FUSEC, which has the unusual property of being secreted. In the studies 

outlined in this chapter, an overexpression system for this isoform was 

generated, with the aim of confirming its extracellular localization and further 

characterising its properties. The further aims of the studies outlined in this 

chapter were to examine the mechanisms by which FUSEC is secreted, focusing 

on the modification of FUSEC by N-glycosylation as a driver of its secretion, and 

the presence of FUSEC in extracellular vesicles, because these two 
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mechanisms are implicated in neurodegenerative diseases. Finally, to provide 

insights into the possible normal functions of FUSEC, its extra/intracellular 

binding partners were examined. Therefore overall this chapter aimed to 

characterise the normal characteristics and functions of FUSEC. 

	

4.3. Material and methods 

4.3.1. Vector and insert restriction enzyme digestion  
Hematoglutinin (HA)-FUS and green fluorescent protein (GFP)-FUS (canonical 

form) was purchased from Genscript in pcDNA3.1 (+) vector and codon 

optimized. All plasmid sequences where confirmed by Sanger sequencing in 

forward and reverse direction.  

HA-WT-FUSEC (6,566 bp) in pMAT-vector was purchased from 

Invitrogen, and GFP-WT-FUSEC (7,313 bp) strings from Geneart (Invitrogen). 

Both constructs were designed with Geneious software and codon optimized. 

HA-WT-FUSEC and GFP-WT-FUSEC fragments were cloned into pcDNA3.1 (+) 

vector between BamHI and EcoRV restriction enzyme sites. Restriction 

enzymes were purchased from New England Biolabs For cloning, NEB 5-alpha 

competent E.Coli cells (High Efficiency) were purchased from New England 

Biolabs.  

DNA isolated form transformed competent cells were digested to isolate 

DNA sequences and plasmids for ligation. The restriction enzyme digestion 

reactions for cloning of the -GFP and -HA tagged constructs of EC-WT-FUS-

isoform were prepared as follows:  
  

Table 4.1 Enzyme digestion reaction set up 

Reagent Amount  

Plasmid DNA 2-3 µg 

Restriction EcoRV 1  µl (10units) 

Restriction BamHI 1 µl (10units) 

10xbuffer (Multicore) 3 µl 

Pure water Up to 30 µl 

TOTAL VOLUM 30 µl 

 

The reaction was incubated at 37°C for 3 h. 



Characterization of FUSEC	 124	
	

	

 

4.3.2. De-phosphorylation of the plasmid vector 
In order to prevent self-ligation of the empty vector (pcDNA3.1. (+)), de-

phosphorylation of the 5’ phosphate was performed setting up the following 

reaction:  

 
Table 4.2 De-phosphorylation reaction set up  

Reagent Amount 

Plasmid vector DNA 39 µl 

Antarctic Phosphatase (NEB) 6 µl 

10x Antarctic Phosphatase buffer 5 µl 

Pure water Up to 50 µl 

TOTAL VOLUME 50 µl 

 

The reaction was incubated for 15 min at 37°C. Next samples were run on 

agarose gel, and DNA was extracted following protocol in Chapter 3 Section 

3.3.4.  

 

4.3.3. Ligation reaction 
To insert the HA/GFP-WT-FUSEC sequence into pcDNA3.1 (+) digested vector, 

the following ligation reaction was set up:  

 
Table 4.3 Ligation reaction set up 

Component 
Ligation reaction 

1:3 molar ratio 
Negative control  

Vector DNA 25 µg 25 µg 

Insert DNA 75 µg - 

10x ligase buffer (Promega) 1 µl 1 µl 

T4 DNA ligase (Promega) 1 µl  1 µl 

Pure water Up to 10 µl Up to 10 µl 

TOTAL VOLUME 10 µl 10µl 

 

Samples were mixed and quickly centrifuged at 1000 g, and the reaction 

was incubated overnight at 16°C in a Thermocycler (Thermo Fisher).  10 µl of 
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either the ligation or negative control reactions was used to transform 50 µl of 

NEB 5-alpha competent E.Coli. cells (High Efficiency) (New England Biolabs).   

 

4.3.4. Methods to confirm that cloning was successful: Digestion, 
agarose gel and Sequencing 

10 single colonies were selected from the LB agar plate containing E.Coli. from 

the ligation reactions, inoculated into LB broth and plasmid miniprep DNA was 

prepared to determine whether cloning of HA/GFP-FUSEC into pcDNA.3.1(+) 

was successful. Firstly, a diagnostic digestion reaction was performed. For HA-

FUSEC constructs (6,566 bp) the following enzymes were used: Pstl and XhoI 

for the first reaction generating a 1,470 and 5,096 bp fragment. For the second 

reaction XhoI and Bgl II were used, producing a 1,942 and 4,624 bp fragment. 

For the GFP-.-FUSEC constructs (7,313 bp) NruI and BamH1 were used and 

produced a 721 and 6,592 bp fragment. Secondly, BamH1 and NotI were used, 

producing a 1,766 and 5,547 bp fragments. The samples that presented the 

expected results from the diagnose digestion were send for Sanger sequencing. 

Sequencing samples were prepared by mixing 500-1000 µg of miniprep plasmid 

DNA with 1 µl of 10 mM primers (Table 4.4) and the reaction mix was made up 

to 12 µl with water. Sequencing was performed at the Australian Genome 

Research Facility (AGRF) by using Sanger sequencing method. The results 

were analysed using Basic Local Alignment Search Tool (BLAST, NCBI) and 

the chromatographs were analysed by using FinchTV.Ink software to determine 

the accuracy of the sequence. 

 
Table 4.4 Primers used for Sanger sequencing confirmation  

Primer Name Primer sequence (5’-3’) 

FUSEC FP 1 CAAATTAATCATGGCTGTCC 

FUSEC RP 1 TGGCTATGAACCCAGAGGTC 

FUSEC FP 2 ATGGCAATCAAGACCAGAGTGG 

HA RP CTTGTACAGCTCGTCCATGC 

GFP RP CGTAATCTGGAACATCGTATGG 
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4.3.5. PNGase F assay 
Cells were plated on a 50 cm2 petri dish and transfected with Lipofectamine 

2000. After 20h transfection, cells were washed with PBS and the media was 

changed to Opti-MEM. The media and cells were collected after 48h post-

transfection and the lysates were collected as per IP. Protease inhibitors were 

added to 8 mL of conditioned media, which was centrifuged at 1000 rpm (~230 

g) for 5 min at 4°C twice to discard the cell debris. Proteins were acetone 

precipitated by adding 4 volumes of ice cold acetone followed by incubation 

overnight at -20°C. Samples were centrifuged at 4000 rpm (~4000 g) for 10 min 

and pellets were resuspended in 500 µl of PBS+1 % protease inhibitor (Sigma). 

Then samples were buffer exchanged three times with PBS containing 1% 

protease inhibitors, and the protein concentration was determined using a BCA 

assay. 

A Peptide N-glycosidase F (PNGase F) (NEB) assay was carried using 

100 µg of total protein from the media and lysate fractions following the 

manufacturers protocol. Briefly, proteins were denatured with Glycoprotein 

Denaturing buffer (10X) by heating samples at 100°C for 10 min. The reactions 

were chilled on ice and centrifuged at 1000 g. To neutralize SDS, 2 µl of 10% 

(v/v) NP-40 was added to the reaction, as well as the Glycobuffer 2 (10X). 

Finally, 500 units of PNGase F were added and samples were incubated 

for 3h at 37°C. The reactions were stopped using SDS-PAGE sample buffer 

and 20 µg of protein was loaded onto an 8 % SDS-PAGE gel to analyse the 

glycosylation state by mobility shift. Control samples were treated identically but 

without the addition of PNGase F. 

 

4.3.6. Cells treatment with tunicamycin 
HEK293T cells were plated in a 6 well plate and transfected with HA-tagged 

FUSEC constructs following the protocol in the Chapter 2, section 2.2.3. At 24 h 

post-transfection, the media was replaced with Opti-MEM and tunicamycin (2.5 

mg/mL diluted in DMSO) was added to the cells in the treatment group (10-1-

0.1-0.01 µl /ml), and 4 µl of DMSO was added to the control cells. Conditioned 

media and cell lysate were collected 24 h after changing the media and western 

blotting was performed as previously described. 
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4.3.7. Glycan analysis  
HA-FUSEC captured by IP (Chapter 2, section 2.3.5) was eluted 4 times, using 

25 µl of 2 mg/mL HA-peptide by 15 min incubation at 37 °C. The eluates were 

combined and concentrated using Amicon ultra centrifugal filter unit with 10 kDa 

(Millipore), washing three times with 0.5 mL of 100 mM ammonium bicarbonate. 

The concentrate was then collected, and 50% of the sample was dot-blotted 

onto a PVDF membrane. Glycan release and clean up, was carried out as per 

Jensen 2012 Nature Protocols [867]. Approximately 4 µl of Rapid PNGaseF 

(NEB) at 1x working concentration, was used for glycan release followed by 

overnight incubation at 37 °C. Following overnight incubation, the samples were 

bath sonicated for 5 min and the samples containing released N-glycans were 

collected.  

Porous graphitized carbon (PGC) liquid chromatography mass spectrometry 

(PGC-LC-MS) 

Chromatographic separation of reduced N-glycans was carried out on an 

Ultimate 3000 LC instrument using a Hypercarb porous graphitized carbon (100 

mm x 2.1 mm, 3 µm particle size) column with mobile phases: 10 mM 

ammonium bicarbonate aqueous solution (solvent A) and 10 mM ammonium 

bicarbonate aqueous solution with 70% acetonitrile (solvent B) with a flow rate 

of 4 µl /min. The gradient program for elution of N-glycans was as follows: 0 

min, 2.6% B for 8 mins; linear increase up to 13.5% B for 2 min; linear increase 

up to 33% B for 45 min; linear increase up to 64% B for 15 min; linear increase 

up to 98% B for 1 min; held at 98% B for 5min; and then equilibrated at 2.6% B 

for 7 min, before the next injection—giving a total LC run time of 83 min. 

LTQ-Velos mass spectrometer. 

The Thermo Scientific linear ion trap (LTQ) was performed as per Ashwood 

2018 JASMS [868]. Glycans were analyzed according to following MS 

conditions: m/z 580–2000, 3 microscans, m/z 0.25 resolution (FWHM), 5 × 104 

automatic gain control (AGC) and 50 ms accumulation time and MS/MS 

conditions: m/z 0.35 resolution (FWHM); 2 × 104 AGC, 300 ms accumulation 
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time, 2 m/z window and top five data-dependent acquisition. For ion trap HCD, 

nitrogen was used as the collision gas. HCD subjected ions to 30–37.5% NCE 

with a default charge state of 2 and an activation time of 2 ms.  

Analysis and relative quantitation of N-glycans 

Mass spectrometry ions were detected over the time range of 10-45 mins were 

deconvoluted within the mass range of m/z 500-3000 and searched for putative 

N-glycan composition using Glycomod (http://www.expasy.ch/tools/glycomod). 

Compositions that were determined to be N-glycan structures based on 

published observations curated in the Unicarbkb database were then quantified 

manually by area under curve (AUC) measurements of the extracted ion 

chromatogram of m/z values corresponding to N-glycans, with a maximum peak 

width of 1min. Peak areas of glycan compositions detected with multiple charge 

states were combined for analysis and the relative quantitation of specific N-

glycan structures were calculated as a percentage of all N-glycans identified 

within each sample. 

	

4.3.8. Exosomes isolation 
To prevent cross contamination from exosomes present in FCS, exosomes 

were depleted from heat inactivated FCS by ultracentrifugation at 100, 000 g for 

16 h at 4ºC. 

Exosome-depleted FCS 10% (v/v) was added to DMEM for experiments 

involving the collection and isolation on exosomes secreted from HEK293T 

cells. Cells were seeded in a T175 flask, after 24 h cells were transfected with 

HA-FUSEC constructs (Chapter 2, section 2.2.3). After 24 h post transfection, 

the cells were lifted with trypsin and resuspended in exosome-depleted media. 

Then, cells were seeded in exosome-depleted media in a T175 flask to 80 to 

90% confluency and incubated for two days to allow maximal yield of exosome 

production from HEK293T cells.  

The conditioned media was collected from each flask and centrifuged at 2000 g 

for 10 min to clear the cell debris and whole cells. The supernatant was 

centrifuged at 10, 000 g for 30 min at 4ºC in 60 mL screw top polycarbonate 

tube (Beckman Coulter) to remove larger vesicles. The remaining supernatant 
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was then ultracentrfiuged at 100, 000 g for 70 min at 4ºC to pellet exosomes on 

a 45 Ti rotor (Beckman Coulter).  

 

The supernatant was discarded and the exosomes were resuspended with 

filtered (0.2 µm) Dulbecco’s Phosphate-Buffered Saline (DPBS) (Dulbecco’s 

Phosphate-Buffered Salines, Gibco® Thermo Fisher Scientific). 

A washing step was conducted by resuspending the exosome pellet and 

performing another ultracentrifugation at 100, 000 g for 70 minutes at 4ºC. The 

exosome pellet was resuspended in 150 to 200 µl of filtered (0.2µm) DPBS 

depending on the size of the exosome pellet. Exosomes were stored at -20ºC 

and -80ºC for short and long storage, respectively. 

 

4.4. Results 

4.4.1. Design and generation of FUSEC constructs 
In the previous chapter we identified a novel extracellular isoform of FUS 

(FUSEC) in human neuronal cells. To further study and characterize this new 

protein, a mammalian expression vector for FUSEC was designed and 

generated. 

To build a HA-tagged FUSEC (HA-FUSEC) construct, a synthetic gene 

was purchased from Invitrogen in the PMA-t vector. It was then inserted into the 

pcDNA3.1 (+) vector, between BamHI and EcoRV restriction enzymes sites . 

For the GFP-tagged FUSEC (GFP-FUSEC) construct, string DNA fragments were 

purchased from Invitrogen and cloned into the pcDNA3.1 (+) vector, between 

BamHI and EcoRV restriction enzymes sites (supplementary data). 
HA and GFP tagged FUSEC constructs were designed with the software 

Geneious. The original FUSEC sequence was codon optimized (HA vector: 

Figure 4.3b; GFP vector: Figure 4.3c) to ensure a high level of protein 

expression. The tags were placed at the C-terminus in order to avoid affecting 

the N-terminal sequence. FUS constructs tagged at the C-terminus have been 

used in other publications [533, 869]. In Figure 4.4a,b, the amino acid 

sequence for HA and GFP C-terminal tag FUSEC is detailed, colour-coded to 

FUS proteins domains (Figure 4.4c and d). 
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While human influenza hemagglutinin (HA) tag is a 9 amino acid small 

peptide that it is unlikely to have any effect on the protein sequence and 

structure, it requires the use of a secondary Alexa Fluor to be visualized under 

the microscope, with the risk of detecting unspecific binding. In contrast, a 

green fluorescent protein (GFP)-tagged construct has the advantage of being 

directly visualized by fluorescent microscopy, but the 238 amino acid peptide 

(26.9 kDa) can potentially affect the folding, localization or function of the 

protein [870]. Therefore, we used both HA- and GFP-tagged constructs 

together in this study to provide additional confidence in the results we 

obtained.	

	
	

a)

GGATCCACCATGGCCATCAAGACCAGAGTGGTGGAAGTGGCCGCCGTGGCCATGG
ATAGCAGAACAGTTGAAGCTGCTGCTGGCGTGGCAGTGGTTGCTGCTGCCGCTGC
TGCAGTGGTGGTTACAACAGCTGCTGTGGTGGCCATGAATCCCGAGGTGGTCGAA
GTTGCCGTGGAAGCCGAAGTTGCTTGGGGCCCTAGAGATCAGGGCAGCAGACAC
GATAGCGAGCAGGACAACAGCGACAACAACACCATCTTCGTGCAAGGCCTGGGCG
AGAACGTGACCATTGAGAGCGTGGCCGACTACTTCAAGCAGATCGGCATCATCAAG
ACGAACAAGAAAACCGGGCAGCCCATGATCAACCTGTACACCGACAGAGAGACAG
GCAAGCTGAAGGGCGAAGCCACCGTGTCCTTCGACGATCCTCCATCTGCCAAGGC
CGCCATCGATTGGTTCGACGGCAAAGAGTTCAGCGGCAACCCCATCAAGGTGTCC
TTTGCCACCAGACGGGCCGACTTCAATAGAGGCGGCGGAAATGGTAGAGGCGGAC
GTGGAAGAGGTGGCCCTATGGGAAGAGGCGGATATGGTGGCGGAGGATCTGGCG
GAGGTGGCAGAGGCGGTTTTCCTAGCGGAGGTGGTGGCGGCGGAGGACAACAAC
GAGCTGGCGATTGGAAGTGCCCCAATCCTACCTGCGAGAACATGAACTTCAGCTGG
CGGAACGAGTGCAACCAGTGCAAGGCTCCTAAGCCTGATGGACCAGGTGGCGGA
CCTGGCGGATCTCACATGGGAGGAAATTACGGCGACGATCGGAGAGGTGGACGCG
GCGGTTATGACAGAGGCGGCTATAGAGGACGCGGAGGCGATCGCGGAGGATTCAG
AGGTGGAAGAGGCGGCGGAGATAGAGGCGGATTTGGCCCTGGCAAGATGGACTCT
AGAGGCGAGCACCGGCAGGACAGAAGAGAGAGGCCTTACTACCCCTACGACGTGC
C C G A T T A C G C C T G A G A T A T C

HA-FUS  Sequence codon optimizedEC
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b) GFP-FUS  Sequence codon optimizedEC

GGATCCACCATGGCCATCAAGACCAGAGTGGTGGAAGTGGCCGCCGTGGCCATGG
ATAGCAGAACAGTTGAAGCTGCTGCTGGCGTGGCAGTGGTTGCTGCTGCCGCTGC
TGCAGTGGTGGTTACAACAGCTGCTGTGGTGGCCATGAATCCCGAGGTGGTCGAA
GTTGCCGTGGAAGCCGAAGTTGCTTGGGGCCCTAGAGATCAGGGCAGCAGACAC
GATAGCGAGCAGGACAACAGCGACAACAACACCATCTTCGTGCAAGGCCTGGGCG
AGAACGTGACCATTGAGAGCGTGGCCGACTACTTCAAGCAGATCGGCATCATCAAG
ACGAACAAGAAAACCGGGCAGCCCATGATCAACCTGTACACCGACAGAGAGACAG
GCAAGCTGAAGGGCGAAGCCACCGTGTCCTTCGACGATCCTCCATCTGCCAAGGC
CGCCATCGATTGGTTCGACGGCAAAGAGTTCAGCGGCAACCCCATCAAGGTGTCC
TTTGCCACCAGACGGGCCGACTTCAATAGAGGCGGCGGAAATGGTAGAGGCGGAC
GTGGAAGAGGTGGCCCTATGGGAAGAGGCGGATATGGTGGCGGAGGATCTGGCG
GAGGTGGCAGAGGCGGTTTTCCTAGCGGAGGTGGTGGCGGCGGAGGACAACAAC
GAGCTGGCGATTGGAAGTGCCCCAATCCTACCTGCGAGAACATGAACTTCAGCTGG
CGGAACGAGTGCAACCAGTGCAAGGCTCCTAAGCCTGATGGACCAGGTGGCGGA
CCTGGCGGATCTCACATGGGAGGAAATTACGGCGACGATCGGAGAGGTGGACGCG
GCGGTTATGACAGAGGCGGCTATAGAGGACGCGGAGGCGATCGCGGAGGATTCAG
AGGTGGAAGAGGCGGCGGAGATAGAGGCGGATTTGGCCCTGGCAAGATGGACTCT
AGAGGCGAGCACCGGCAGGACAGAAGAGAGAGGCCTTACATGGTGTCCAAAGGC
GAGGAACTGTTCACCGGCGTGGTGCCCATTCTGGTGGAACTGGACGGGGATGTGA
ACGGCCACAAGTTTAGCGTTAGCGGCGAAGGCGAAGGGGATGCCACATACGGAAA
GCTGACCCTGAAGTTTATCTGCACCACCGGCAAGCTGCCCGTGCCTTGGCCTACAC
TTGTGACCACACTGACCTACGGCGTGCAGTGCTTCAGCAGATACCCCGACCATATG
AAGCAGCACGACTTCTTCAAGAGCGCCATGCCTGAGGGCTACGTGCAAGAGCGGA
CCATCTTCTTTAAGGACGACGGCAACTACAAGACCAGGGCCGAAGTGAAGTTCGAG
GGCGACACCCTGGTCAACCGGATCGAGCTGAAAGGCATCGATTTCAAAGAGGACG
GCAACATCCTGGGCCACAAGCTCGAGTACAACTACAACTCCCACAACGTGTACATC
ATGGCCGACAAGCAGAAAAACGGCATCAAAGTGAACTTCAAGATCCGGCACAACAT
CGAGGACGGCTCTGTGCAGCTGGCCGATCACTACCAGCAGAACACACCCATCGGA
GATGGCCCTGTCCTGCTGCCTGACAACCACTACCTGAGCACACAGAGCGCCCTGA
GCAAGGACCCCAACGAGAAGAGGGATCACATGGTGCTGCTGGAATTCGTGACCGC
CGCTGGCATCACACTCGGCATGGACGAACTGTACAAAGGCGGAGGCAGAAGCGGC
AACTC CAGACC TCTGG AAC CACTG GATAGC GCTG CC CTC TAAGATATC

	

	
Figure 4.3 Schematic overview of FUSEC plasmids.. HA (a) and GFP (b) plasmid 
sequence between the EcoRV and BamHI restriction enzymes sites (in red). 
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Figure 4.4 Schematic representations of C-terminal HA- and GFP-tagged FUSEC 

proteins. Protein sequence for HA (a) and GFP (b) FUSEC colour coded for the 
different domains. (C) Protein structure of FUSEC with its domains and the C-terminal 
tags for HA and GFP. HA-FUSEC is a 330 aa protein and GFP-FUSEC is 560 aa protein. 
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4.4.2. FUSEC expresses in HEK293T cells and is secreted into the 
media 

The next step was to confirm the expression of HA and GFP tagged FUSEC 

protein using these constructs. To analyse the expression of HA-FUSEC, 

HEK293T cells were transfected with either pcDNA3.1 (+) empty vector (EV) 

or HA-FUS or HA-FUSEC plasmids, and the conditioned media and lysate 

fractions were collected 48h post-transfection. Western blotting of the lysate 

prepared from transfected cells using an anti-HA antibody revealed the 

presence of a band at ~60 kDa, corresponding to HA-FUS in the lysate. HA-

FUSEC was also detected in the cell lysate and it migrated at ~33 kDa 

(Figure 4.5a). No bands were detected in untransfected cells or in cells 

expressing empty vector.  

Proteins in the conditioned media of transfected cells were concentrated 

using a centrifugal filter unit, loaded onto an SDS-PAGE gel and Western 

blotted using an anti-HA antibody. The GAPDH band intensity was 

increased in the medium of cells expressing HA-FUS or HA-FUSEC, and it 

appeared similar in cells expressing EV only compared to untransfected 

cells, thus suggesting that the transfection was toxic, leading to cell death. 

However, Western blotting with an anti-HA antibody revealed no bands in 

untransfected cells or cells expressing empty vector. In addition, no band 

was detected in cells expressing HA-FUS, indicating that FUS was not 

secreted. A sharp band at ~33 kDa, together with a smear around 40-50 

kDa, was detected in the medium, corresponding to HA-FUSEC, indicating 

that HA-FUSEC was secreted (Figure 4.5b). 

Expression of the constructs was further confirmed by 

immunocytochemtry using an anti-HA antibody for HA-FUS and HA-FUSEC 

transfected cells (Figure 4.5c). Both HA-FUS and HA-FUSEC were 

expressed efficiently as detected using an anti-HA antibody. HA-FUS was 

localized in the nucleus, as expected, while HA-FUSEC was localized in the 

cytoplasm. These intriguing localization differences will be further 

investigated and discussed in section 4.4.6. of this chapter. 
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Figure 4.5 AH-FUSEC is expressed in HEK293T cells and secreted in the soluble 
media fraction. (a) Western blotting of HA-FUS, HA- FUSEC and empty vector (EV). 
GAPDH is shown as a loading control. (b) Western blotting for the media of HA-FUS, 
HA- FUSEC and empty vector in transfected HEK293T cells. (c) HEK293T cells 
overexpressing HA tag FUS and FUSEC were fixed and stained with an anti-HA 
antibody (green). Nuclei were stained with Hoechst (blue). Asterisk: nuclear 
localization, arrow: cytoplasmic localisation. Scale bar: 10 µm. 

	

The same studies were performed with GFP-FUS and GFP-FUSEC. 

HEK293T cells were transfected with GFP vector alone, GFP-FUS or GFP-

FUSEC. After 48h of transfection, cell lysates and conditioned media were 

collected. Western blotting for the lysate of transfected cells revealed the 

presence of a ≈ 26 kDa band in the GFP transfected cells, corresponding to 

GFP. GFP-FUS was detected at approximately 90 kDa, corresponding to the 

approximate MW of FUS tagged with GFP. Additionally, in the GFP-FUSEC 
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transfected cells a band at ≈ 70 kDa was detected, corresponding to GFP-

FUSEC (Figure 4.6a). 

The conditioned media from the transfected cells was concentrated, 

loaded into SDS-PAGE gels and Western blotting using an anti-GFP antibody 

was performed. In GFP transfected cells, a ≈ 26 kDa band was detected. GFP-

FUS expressing cells displayed a band of 90 kDa, a sharp band at ≈50 kDa and 

a smear at ≈ 70 kDa, together with a 26 kDa band, probably corresponding to 

incomplete translated GFP (Figure 4.6b). These results suggest that GFP 

alone is secreted, as previously described [871-873], which would explain why 

canonical FUS is detected in the media of transfected cells when tagged with 

GFP. Finally, fluorescent microscopy analyses of GFP-FUS and GFP-FUSEC 

transfected cells was performed, confirming the expression of both plasmids 

(Figure 4.6c).  

 

Together these results suggest that HA and GFP-tagged plasmids 

encoding FUS and FUSEC express well, and the resulting proteins migrate at 

the expected molecular weight when analysed by Western blotting. Additionally, 

they demonstrate that GFP itself becomes secreted, which may affect the 

tagged FUSEC.  Hence in the subsequent studies presented in this chapter, the 

HA-tagged FUSEC constructs were used preferentially, unless a fluorescent tag 

was required for specific experimental proposes.  
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Figure 4.6 GFP-FUSEC is expressed in HEK293T cells and secreted in the soluble 
media fraction. (a) Western blotting of GFP-FUS, GFP- FUSEC and empty vector (EV). 
GAPDH is shown as a loading control. (b) GFP immunobloting of GFP alone, GFP-
FUS and GFP-FUSEC HEK293T transfected cells. (c) HEK293T cells overexpressing 
GFP tag FUS and FUSEC were fixed. Nuclei were stained with Hoechst (blue). Asterisk: 
nuclear localization, arrow: cytoplasmic localisation. Scale bar: 10 µm. 

	

4.4.3. N-glycosylation regulates in part FUSEC secretion 

N-glycosylation is an important post-translational modifications that drives 

proteins through the secretory pathway [804]. The detection of several bands 

corresponding to HA-FUSEC in the medium of HEK239T cells (33-50 kDa; Fig. 

4.5b, 4.6b) suggested that overexpressed FUSEC could be glycosylated.  
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The potential N-glycosylation sites of FUSEC were first analysed using the 

NetNGlyc 1.0 server [874]. Three potential N-glycosylated sites were predicted 

at Asparagines 79, 90 and 232, localized in the RRM and ZnF domains of 

FUSEC (Figure 4.7a, 4.7b).  

To further study the N-glycosylated status of FUSEC, HEK293T cells were 

transfected with the WT HA-FUSEC construct for 48h. The conditioned media 

was collected, concentrated, and then treated with PNGase F, an amidase 

enzyme, which cleaves between the innermost GlcNAc and asparagine 

residues of high mannose, hybrid, and complex oligosaccharides [875], and 

thus removes the entire N-glycosyl oligosaccharide chain. The enzyme treated 

media was then subjected to SDS-PAGE and Western blotting was performed 

using an anti-HA antibody.  These analyses revealed the presence of a smear 

of approximately 40-50 kDa in the untreated media. However, in the PNGaseF -

treated media, a thick, sharp band was detected of ~33 kDa, consistent of 

removal of N-linked oligosaccharides by PNGaseF. As a positive control, the 

same blot was probed for concanavalin A (ConA), a plant lectin that recognises 

α-mannose residues that are found on the N-glycan core (GlcNAc2-Man3) 

structure (Figure 4.7c). The sample treated with PNGaseF had less reactivity to 

ConA compared to the untreated sample, confirming that the change in MW 

was due to the de-glycosylation by PNGaseF. Hence these data imply that 

FUSEC is N-glycosylated. 

We next examined the effect of tunicamycin treatment on FUSEC 

secretion. If N-glycosylation is involved in secretion of FUSEC, we would expect 

to see less secretion upon tunicamycin treatment. HEK293T cells were 

transfected with HA-FUSEC constructs, and at 24h post-transfection, cells were 

treated overnight with either vehicle only (DMSO) or with tunicamycin at various 

concentrations (0.01, 0.1, 1 or 10 µg/ml). The medium was collected and 

subjected to SDS-PAGE and Western blotting using an anti-HA antibody was 

performed. In cells treated with vehicle, the 33 kDa band and the 40-50 kDa 

smear were present as expected. In contrast, the intensity of the upper band 

was less in cells treated with tunicamycin and was almost undetectable in the 

cells treated at 10 µg/ml. The 33 kDa band was present in all treatment groups 
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and appeared to increase upon tunicamycin treatment, demonstrating that there 

was a fraction of secreted FUSEC that is not glycosylated (Figure 4.7d). The 

intensity of the GAPDH band increased when cells were treated with 10 µg/mL 

tunicamycin, suggesting that some cells lyse at this concentration, leading to 

release of cytoplasmic proteins into the media. This was not surprising because 

it has been previously reported that the inhibition of N-glycosylation by 

tunicamycin triggers ER stress and ultimately cell death [876]. Together, these 

results demonstrate that FUSEC is N-glycosylated and this post-translational 

modification affects its secretion. However, there is a proportion of secreted 

FUSEC that does not depend on its glycosylation, hence implying that a second 

secretory mechanism may exist such as exosome-mediated secretion, which 

will be further investigated in section 4.4.5.  
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Figure 4.7 FUSEC is N-glycosylated. (a) Protein sequence of canonical FUS (black) 
and FUSEC (common sequence with FUS in green and unique sequence of FUSEC in 
orange). N-glycosylation sites predicted with NetNGlyc1.0 Server are highlighted in 
yellow. (b) Schematic diagram of FUSEC protein structure showing the location of the 
predicted N-glycosylated sites (N79, N90, N232). (c) Conditioned media from 
HEK293T cells expressing HA-FUSEC was prepared for PNGaseF assay. Western 
blotting for HA, and conA of samples treated and not treated with PNGaseF. ConA was 
used as a positive control for de-glycosylation. (d) Western blotting of FUSEC using an 
anti-HA antibody in HEK293T cells treated with vehicle only (DMSO) or tunicamycin 
(0.01, 0.1, 1 or 10 µg/ml). GAPDH was used as control for cell lysis. 
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4.4.4. Glycomics analysis of FUSEC reveals the presence of complex 
and sialylated glycans  

We next examined the N-glycan structures attached to FUSEC using LC-MS/MS 

analysis. For this purpose, HA-FUSEC was immunoprecipitated from the media 

of HEK293T transfected cells. A fraction (20% of the IP) of the pulled-down 

protein was loaded onto a SDS-PAGE gel, and electrophoresis was performed. 

The gel was then stained with Coomassie blue. The major band detected in the 

gel was of MW 40-50 kDa, corresponding to the expected size for glycosylated 

FUSEC (Figure 4.8a). For the glycomics analysis, the glycans from the 

immunoprecipitated material were released by PNGase F treatment, separated 

and detected using porous graphitized carbon-LC-ESI-MS/MS.  

Glycan profiling of FUSEC revealed a mixture of high mannoses, hybrids 

and complex structures. From this analysis, the proposed structures of the 

glycans were predicted, according to their elution times, as represented in the 

Table 4.5. Of all the N-glycans that were identified from the IP, 88.5% of the N-

glycans detected were composed of complex structures (See Figure 4.2. as a 

reference), and 84% contained sialic acids on either or both of the α(1-

3)mannose or α(1-6)mannose arms of the N-glycan core. Bi-, tri- and tetra- 

antennary complex structures were also detected (Figure 4.8b). 

In conclusion, these data confirm that FUSEC is N-glycosylated. They 

also reveal that FUSEC is mostly composed of complex N-glycans, which are 

known to be attached to the protein in the Golgi apparatus. These data 

therefore imply, that  FUSEC is secreted through the classical ER-Golgi pathway 

[877]. 
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Figure 4.8 HA- FUSEC is N-glycosylated with complex N-glycans. (a) The 
immunoprecipitated HA-FUSEC fraction from transfected cells was loaded into an SDS 
PAGE gel, a 40-50 kDa band was excised and treated with PNGase F. (b) Average MS 
from N-glycans from HA-FUSEC of the retention time (26 -30 min) window.  
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Table 4.5 Total assigned N-glycan composition from HA-FUSEC.  

	

 

Mass MH- Composition Time Area
Relative 

%
1235.52 1235.52  (Hex)2 + (Man)3(GlcNAc)2 20 5375 4.92
698.28 1397.56 (Hex)3 + (Man)3(GlcNAc)2 16.6 1507 1.38
1397.6 1397.6 (Hex)3 + (Man)3(GlcNAc)2 16.6 714 0.65
779.32 1559.64 (Hex)4 + (Man)3(GlcNAc)2 16.5 1630 1.49

1559.68 1559.68 (Hex)4 + (Man)3(GlcNAc)2 16.5 350 0.32
860.34 1721.68  (Hex)5 + (Man)3(GlcNAc)2 16.6 1668 1.53
941.38 1883.76 (Hex)6 + (Man)3(GlcNAc)2 16.6 1359 1.24
731.3 1463.6  (HexNAc)2 (Deoxyhexose)1 + (Man)3(GlcNAc)2 20.8 3230 2.96

1463.7 1463.7  (HexNAc)2 (Deoxyhexose)1 + (Man)3(GlcNAc)2 20.8 721 0.66
832.86 1666.72  (HexNAc)3 (Deoxyhexose)1 + (Man)3(GlcNAc)2 16.1 952 0.87
832.86 1666.72  (HexNAc)3 (Deoxyhexose)1 + (Man)3(GlcNAc)2 20.2 1595 1.46
832.86 1666.72  (HexNAc)3 (Deoxyhexose)1 + (Man)3(GlcNAc)2 22.7 431 0.39
884.88 1770.76  (Hex)1 (HexNAc)2 (NeuAc)1 + (Man)3(GlcNAc)2 17.5 646 0.59
913.9 1828.8  (Hex)1 (HexNAc)3 (Deoxyhexose)1 + (Man)3(GlcNAc)2 17 1217 1.11
913.9 1828.8  (Hex)1 (HexNAc)3 (Deoxyhexose)1 + (Man)3(GlcNAc)2 18.2 358 0.33
913.9 1828.8  (Hex)1 (HexNAc)3 (Deoxyhexose)1 + (Man)3(GlcNAc)2 26.4 439 0.4
934.4 1869.8  (HexNAc)4 (Deoxyhexose)1 + (Man)3(GlcNAc)2 23.7 1151 1.05
937.4 1875.8  (Hex)2 (HexNAc)1 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)218.9 688 0.63

957.88 1916.76  (Hex)1 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 20 641 0.59
957.88 1916.76  (Hex)1 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)221.6 1356 1.24
966.42 1933.84  (Hex)2 (HexNAc)2 (Deoxyhexose)2 + (Man)3(GlcNAc)2 18.9 3058 2.8
966.42 1933.84  (Hex)2 (HexNAc)2 (Deoxyhexose)2 + (Man)3(GlcNAc)2 23.7 571 0.52
966.42 1933.84  (Hex)2 (HexNAc)2 (Deoxyhexose)2 + (Man)3(GlcNAc)2 25.8 281 0.26
966.42 1933.84  (Hex)2 (HexNAc)2 (Deoxyhexose)2 + (Man)3(GlcNAc)2 30.8 149 0.14

1038.94 2078.88 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 23.5 4517 4.13
1038.94 2078.88 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 30.6 775 0.71
1047.46 2095.92 (Hex)3 (HexNAc)2 (Deoxyhexose)2 + (Man)3(GlcNAc)2 19.8 1215 1.11
1059.46 2119.92 (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 16 1532 1.4
1059.46 2119.92 (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 18.2 262 0.24
1059.46 2119.92 (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 21 306 0.28
1059.46 2119.92 (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 21.9 897 0.82
1059.46 2119.92 (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 23.8 543 0.5
1059.46 2119.92 (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 29 280 0.26
1067.42 2135.84  (Hex)2 (HexNAc)3 (NeuAc)1 + (Man)3(GlcNAc)2 15 737 0.67
1111.48 2223.96  (Hex)2 (HexNAc)2 (NeuAc)2 + (Man)3(GlcNAc)2 18 9018 8.26
1111.48 2223.96  (Hex)2 (HexNAc)2 (NeuAc)2 + (Man)3(GlcNAc)2 24.5 1182 1.08
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1112 2225  (Hex)2 (HexNAc)2 (Deoxyhexose)2 (NeuAc)1 + (Man)3(GlcNAc)222.2 305 0.28
1132.5 2266 (Hex)1 (HexNAc)3 (Deoxyhexose)2 (NeuAc)1 + (Man)3(GlcNAc)2 17.3 428 0.39
1132.5 2266 (Hex)1 (HexNAc)3 (Deoxyhexose)2 (NeuAc)1 + (Man)3(GlcNAc)2 21 502 0.46
1132.5 2266 (Hex)1 (HexNAc)3 (Deoxyhexose)2 (NeuAc)1 + (Man)3(GlcNAc)2 27.9 444 0.41
1140.5 2282  (Hex)2 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)216.9 736 0.67
1140.5 2282  (Hex)2 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)221.3 549 0.5

1148.48 2297.96 (Hex)3 (HexNAc)3 (NeuAc)1 + (Man)3(GlcNAc)2 21.3 2050 1.88
1148.48 2297.96 (Hex)3 (HexNAc)3 (NeuAc)1 + (Man)3(GlcNAc)2 23.8 359 0.33
1184.5 2370 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)2 21.5 #### 9.88
1184.5 2370 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)2 25 113 0.1
1184.5 2370 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)2 28.6 790 0.72
1184.5 2370 (Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)2 34.3 372 0.34

1205.04 2411.08  (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)220.5 4028 3.69
1205.04 2411.08  (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)221.5 320 0.29
1205.04 2411.08  (Hex)1 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)227.3 553 0.51
1213.02 2427.04  (Hex)2 (HexNAc)3 (NeuAc)2 + (Man)3(GlcNAc)2 15.3 470 0.43
1213.02 2427.04  (Hex)2 (HexNAc)3 (NeuAc)2 + (Man)3(GlcNAc)2 27.3 139 0.13
1221.5 2444  (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)225.8 686 0.63
1221.5 2444  (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)231.8 387 0.35

1286.08 2573.16  (Hex)2 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)216.4 1739 1.59
1286.08 2573.16  (Hex)2 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)220.3 327 0.3
1294.06 2589.12  (Hex)3 (HexNAc)3 (NeuAc)2 + (Man)3(GlcNAc)2 20 1933 1.77
1294.06 2589.12  (Hex)3 (HexNAc)3 (NeuAc)2 + (Man)3(GlcNAc)2 22.3 616 0.56
1294.06 2589.12  (Hex)3 (HexNAc)3 (NeuAc)2 + (Man)3(GlcNAc)2 27.1 1079 0.99
1294.06 2589.12  (Hex)3 (HexNAc)3 (NeuAc)2 + (Man)3(GlcNAc)2 29.9 521 0.48
1294.06 2589.12  (Hex)3 (HexNAc)3 (NeuAc)2 + (Man)3(GlcNAc)2 33.4 779 0.71
1294.06 2589.12  (Hex)3 (HexNAc)3 (NeuAc)2 + (Man)3(GlcNAc)2 38.5 412 0.38
1367.1 2735.2  (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)223.8 844 0.77
1367.1 2735.2  (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)231.4 491 0.45
1367.1 2735.2  (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)236.7 327 0.3
959.38 2880.14  (Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GlcNAc)2 25.6 818 0.75
959.38 2880.14  (Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GlcNAc)2 32 2202 2.02
959.38 2880.14  (Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GlcNAc)2 38.5 279 0.26

1439.64 2880.28 (Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GlcNAc)2 19.1 479 0.44
1439.64 2880.28 (Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GlcNAc)2 25.6 2285 2.09
1439.64 2880.28 (Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GlcNAc)2 28.9 329 0.3
1439.64 2880.28 (Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GlcNAc)2 32.1 6400 5.86
1439.64 2880.28 (Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GlcNAc)2 38.5 869 0.8
1512.68 3026.36 (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 22.4 267 0.24
1512.68 3026.36 (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 28.7 363 0.33
1512.68 3026.36 (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 35.1 177 0.16
1512.68 3026.36 (Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 36.3 258 0.24
1549.7 3100.4  (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)231.5 231 0.21
1549.7 3100.4  (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)232.8 258 0.24
1549.7 3100.4  (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)2 + (Man)3(GlcNAc)236.8 281 0.26

1056.44 3171.32 (Hex)3 (HexNAc)3 (NeuAc)4 + (Man)3(GlcNAc)2 23.5 1267 1.16
1056.44 3171.32 (Hex)3 (HexNAc)3 (NeuAc)4 + (Man)3(GlcNAc)2 30.1 1497 1.37
1056.44 3171.32 (Hex)3 (HexNAc)3 (NeuAc)4 + (Man)3(GlcNAc)2 38.5 361 0.33
1585.22 3171.44  (Hex)3 (HexNAc)3 (NeuAc)4 + (Man)3(GlcNAc)2 23.5 1099 1.01
1585.22 3171.44  (Hex)3 (HexNAc)3 (NeuAc)4 + (Man)3(GlcNAc)2 30.1 966 0.88
1585.22 3171.44  (Hex)3 (HexNAc)3 (NeuAc)4 + (Man)3(GlcNAc)2 38.5 200 0.18
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Abbreviations: Hex: hexose, HexNac: N-acetylhexoseamine, NeuAc: N-

acetylneuraminic acid, Man: mannose, GlcNac: N-Acetilglucosamina 

 

4.4.5. .FUSEC is present in the media insoluble fraction but not in 
exosomes 

The results described in section 4.4.3. imply that FUSEC is secreted via a 

mechanism independent from its N-glycosylation. Hence, it was next examined 

the mechanisms of FUSEC secretion further by investigating whether FUSEC is 

present in the insoluble fraction of the media. If so, this would imply that FUSEC 

is present within extracellular vesicles, or alternatively, in an aggregated form. 

Conditioned media from HEK293T cells transfected with WT HA-FUSEC, was 

collected after 24h of transfection. The insoluble fraction of the media was 

isolated by ultracentrifugation at 100,000 g for 1 h. Western blotting using an 

anti-HA antibody revealed the presence of a band at 33 kDa, corresponding to 

the expected size for non-glycosylated HA-FUSEC (Figure 4.9a). These results 

suggest that the 33 kDa band in the media corresponding to FUSEC may also be 

secreted via extracellular vesicles or as aggregates. 

 

Hence, it was next investigated whether FUSEC was present within 

exosomes. Exosomes were isolated from the media of HA-FUSEC HEK293T 

transfected cells. Nanoparticle tracking analysis demonstrated that isolated 

particles presented exosome-like characteristics, with size ranging from 50 to 

200 nm. This was confirmed by electron microscopy analysis (Figure 4.9b). 

Additionally, whole-cell lysate and exosome isolated samples were treated to  

SDS-PAGE gel and Western blotting for different exosome markers, as well as 

1129.84 3391.52 (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 36 305 0.28
1129.84 3391.52 (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 37.4 448 0.41
1129.84 3391.52 (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 38.7 267 0.24
1695.26 3391.52 (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 36 250 0.23
1695.26 3391.52 (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 37.4 419 0.38
1695.26 3391.52 (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)3 + (Man)3(GlcNAc)2 38.7 259 0.24
1226.86 3682.58  (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)4 + (Man)3(GlcNAc)235.6 337 0.31
1226.86 3682.58  (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)4 + (Man)3(GlcNAc)237.2 1302 1.19
1840.94 3682.88  (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)4 + (Man)3(GlcNAc)235.6 112 0.1
1840.94 3682.88  (Hex)4 (HexNAc)4 (Deoxyhexose)1 (NeuAc)4 + (Man)3(GlcNAc)237.2 209 0.19
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negative controls and anti-HA antibody, was performed. HA immunoblotting 

revealed the presence of a band at 38 kDa in the lysate samples, but no bands 

were detected in the exosome preparation samples. The integrity of the 

exosome samples was confirmed by  immunoblotting using two exosomal 

markers, tsg-101 and flotillin-1, , whereas no detectable GM130 (a marker of 

the Golgi apparatus) or Bcl-2 (a marker of apoptotic membranes) were present 

indicating little contamination or cell death. However, immunoblotting for a 

nuclear marker, Nuc (nucleoporin), revealed the presence of some nuclear 

material in the exosome preparation, even though this was less than in the 

lysate (Figure 4.9c).  

These preliminary results suggest that HA-FUSEC is not present within 

exosomes, however these experiments require further optimisation and 

repetition as well as different exosome preparations to confidently rule out that 

HA-FUSEC is not secreted in an exosome-dependent manner. This experiment 

was only performed once, hence it needs repetition and optimization to improve 

the exosomes purity.  
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Figure 4.9 FUSEC is secreted in the insoluble part of the media but not in 
exosomes (a) Western blot analysis for the secretion of HA tag constructs in the 
insoluble part of the conditioned media after 1 h ultracentrifugation at 100,000 g (n=3). 
Exosomes were isolated from the conditioned media of HA-FUSEC transfected cells 
(n=1). (b) Nanoparticle tracking analysis from the isolated fraction of the media of HA-
FUSEC transfected cells. Transmission electron microscopy image of exosomes (Scale 
bar: 200 nm). (c) Western blotting of the whole cell lysate and the isolated exosome 
fraction with anti-HA antibody and a panel of antibodies to determine the purity of 
exosome fraction. 

	

4.4.6. Overexpressed FUSEC was detected in the cytoplasm of 
HEK293T cells 

Since in section 4.4.2 we were able to detect cytoplasmic FUSEC by Western 

blotting and microscopy, the next aim was to examine the localization of FUSEC 

intracellularly. HEK293T cells were transfected with FUSEC constructs for 48h. 

Cells were fixed and immunocytochemistry was performed using an anti-HA 

antibody. 
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FUSEC was present in the nucleus, either diffuse or as punctiform 

structures (Figure 4.10a and 4.10b), but this was only present in 10 % of cells 

expressing HA-FUSEC (Figure 4.10f). A proportion of 14% of cells displayed  

both nuclear and cytoplasmic diffuse FUSEC (Figure 4.10c and quantification in 

4.10f). Diffuse cytoplasmic FUSEC was present in 13% of transfected cells. 

Cytoplasmic FUSEC formed small punctiform or large inclusions in 61% of cells 

(Figure 4.10d and 4.10e and quantification in 4.10f). Additionally, 

immunochemistry with anti-HA, anti-calnexin (ER) and anti-GM130 (cis-Golgi) 

antibodies demonstrated that FUSEC partially colocalized with the ER (Figure 
4.10g) and the Golgi (Figure 4.10h) compartments. 
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Figure 4.10 Cytoplasmic distribution and subcellular localization of FUSEC (a) 
HEK293T cells were transfected with HA-FUSEC constructs, fixed and stained with an 
anti-HA antibody (green) and Hoechst for nuclei (blue). Morphological pattern for 
FUSEC localized in a-b the nucleus c-e the cytoplasm. Higher magnification images are 
provided for the cells containing cytoplasmic aggregates. Arrows: cytoplasmic 
aggregates. (f) Quantification of the cellular localization of HA-FUSEC transfected cells. 
(g-h) Confocal z-stack images from HEK293T cells overexpressing HA-FUSEC (green) 
and immunolabelled with anti-GM130 (Golgi) (g) or anti-calnexin (endoplasmic 
reticulum) (h) antibodies (red). Nucleus was stained with Hoechst (blue). Scale bar: 20 
µm. 
	

4.4.7. Identification of FUSEC binding partners 

In order to elucidate the normal functions of FUSEC the next aim was to identify 

its normal putative interacting partners within the cell, as well as in the 

conditioned media.  

For this purpose, empty vector or WT-HA-FUSEC were overexpressed in 

HEK293T cells. At 48h post-transfection, lysate and media were collected and 

processed as in Chapter 2, section 2.3.1. Next, HA magnetic beads were used 

to immunoprecipitate FUSEC from transfected cell populations, and from 

untransfected cells as a control. 10% of the immunoprecipitated material of 

each sample was loaded onto a SDS-PAGE gel and immunobloting using anti-

HA or anti-GFP antibodies was performed. In the lysate, a band at 33 kDa was 

detected in cells expressing HA-FUSEC, while no band was detected in the 

untransfected samples, confirming that the immunoprecipitation was specific. In 

the conditioned media samples, bands at 33kDa and approximately 40-50kDa 

were precipitated, corresponding to non-glycosylated and glycosylated FUSEC 

respectively. No band was detected in the untransfected samples as expected  

(Figure 4.11a).  

Next, the rest of each immunoprecipitation reaction was subjected to 

SDS-PAGE. Electrophoresis was performed for 3 mins (1 cm into the gel) so 

ensure that the proteins all had entered the gel, followed by staining with 

Coomassie Blue. The entire stained 1cm protein fraction was excised and in-gel 

digested with trypsin. LC-MS/MS analysis identified a number of interacting 

proteins from all immunoprecipitated samples. Those proteins identified in 
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untreated and empty vector samples were subtracted from the list of binding 

partners of FUSEC.  We established specific criteria that proteins must be 

identified in at least two replicates to be considered as a potential binding 

partner (all the proteins identified are listed in the appendix 8.2). 

In the lysate samples 144 interacting partners were identified. GO 

molecular function analysis revealed that 36.4% (52) of the FUSEC interacting 

proteins are involved in protein and nucleic acid binding functions. Of these 

55.8% (29) were characterised as nucleic acid binding proteins (Figure 4.11b). 

Two examples of interacting partners identified under this category are: TDP-43 

and matrin-3. In the media, 369 proteins were identified and in this case 39.3% 

(145) were protein and nucleic acid binding proteins, and 48.5% (70) of these 

were characterised as having nucleic acid binding function (Figure 4.11c). 

Again Matrin-3 was identified to bind extracellular FUSEC. 

 These results identify potential interacting partners of FUSEC, suggesting 

a potential role of FUSEC in DNA/RNA processing.  
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Figure 4.11 Identification of FUSEC binding partners. HEK293T cells were 
transfected with HA tagged-FUSEC or empty vector (EV) as a control. Lysates and 
media was collected and prepared for immunoprecipitation with HA magnetic beads. 
(a) SDS-PAGE electrophoresis and immunoblotting for the pulled down protein from 
the lysate and media with HA magnetic beads probed for HA antibody. (b) Gene 
ontology (GO) annotations for the potential putative binding partners of FUSEC in the 
lysate. (c) GO annotations for the potential putative binding partners of FUSEC in the 
media. 
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4.4.8. Antibody characterization  

In the previous chapter a customized antibody specific for FUSEC was 

purchased commercially, with the aim of examining its expression in human 

tissue. However, characterization of the antibody using endogenous FUSEC 

expressed in non-transfected cells, suggested that the antibody was not 

capable of detecting the protein.  Hence in the experiments described in this 

section, the antibody was further investigated using the overexpression system 

for FUSEC described above. 

The specificity of the customized antibody was next examined by 

overexpressing HA-tagged FUSEC in HEK293T cells, followed by a Western 

blotting using an anti-HA antibody. This confirmed expression of FUSEC in both 

the cell lysate (band at 33 kDa) and conditioned media (one band at 33kDa, 

and the second band at 40-50 kDa) fractions. However, immunoblotting using 

the FUSEC customized antibody revealed a band at ≈100 kDa in both the lysate 

and the media. Furthermore, an additional band of approximately 70 kDa was 

detected in the medium. Hence, the bands detected by the anti-HA antibody did 

not correspond to those detected by the customized antibody (Figure 4.12a).  

Secondly, the specificity of the antibody was also studied by 

immunocytochemistry. GFP-FUSEC was overexpressed in HEK293T cells and 

cells were fixed at 48h post-transfection. Immunocytochemistry using the FUSEC 

customized antibody (red), and colocalization of the red signal with GFP, were 

analysed by confocal microscopy. Unfortunately, however, there was no 

colocalization between GFP-FUSEC and the customized antibody signal, further 

suggesting that this antibody could not detect FUSEC (Figure 4.12b). To confirm 

this notion, proteins binding to the customized antibody were next examined by 

IP of the media of transfected HEK293T cells. LC-MS/MS analysis revealed that 

FUSEC was not enriched by the customised antibody, because the only peptides 

detected from the mass spectrometry were the IgG heavy and light chains of 

the customised antibody (Figure 4.12c). 

These results confirmed that the commercial customised antibody was 

not capable of detecting FUSEC. Since the customized antibody was raised 
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using a specific unique peptide present at the N-terminus of FUSEC, instead of 

using native FUSEC as an antigen, it is possible that the epitope of the 

customised antibody is masked due to the structural conformation of FUSEC. 

 

Figure 4.12 Examination of customized antibody against FUSEC (a) Western 
blotting of cell lysate and media from HEK293T cells transfected with HA-FUSEC 
construct. Immunoblotting with anti-HA antibody to confirm HA-FUSEC expression 
(middle panel). Blot was probed using an anti-FUSEC customized antibody (top panel). 
GAPDH was used as a loading control and a marker for cell lysis. (b) HEK293T cells 
overexpressing GFP tagged FUSEC were fixed and immunocytochemistry using an anti-
FUSEC customized antibody (red) and GFP-FUSEC (green) was performed. Nuclei were 
stained with Hoechst (blue). Scale bar: 20 µm. (c) Immunoprecipitation of the 
conditioned media of HEK293T cells using FUSEC customized antibody, and 
immunoblotting with the same antibody. INP: Input, FT: Flow through, IP: 
Immunoprecipitated sample.  
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4.5. Discussion 
Since FUSEC has never been studied experimentally before, it was imperative to 

examine its normal characteristics, including its cellular localization, post-

translational modifications and normal cellular function. In the results presented 

in this chapter, an overexpression system was established that allowed the 

confirmation of the unique extracellular localization of FUSEC. It was 

demonstrated that FUSEC is N-glycosylated and inhibition of glycosylation using 

tunicamycin affected its secretion. We further characterized the N-glycan 

structure of FUSEC and concluded that FUSEC is mainly composed of complex 

N-glycans. After ultracentrifugation, FUSEC was localized within the insoluble 

part of the media, but not in exosomes. Additionally, FUSEC was detectable 

intracellularly, where it was found to localize in the cytoplasm, and partially 

colocalized within membranous organelles such as the Golgi and ER 

compartments. Finally, we identified intracellular and extracellular candidate 

binding partners of FUSEC that may assist in determining the biological function 

of the isoform in the future. 

 

Previous results from this thesis suggested that FUSEC displays 

posttranslational modifications. In the 2DGE gels (Figure 3.9b, Chapter 3), 

FUSEC was detected as a train of protein isoforms corresponding to the 

expected molecular weight. These data suggest that this represents the same 

protein containing different PTMs (such as N-glycosylation) which change the 

isoelectric point of the protein. In the first blot (Figure 3.9b, Chapter 3), FUSEC 

displayed an apparent MW of 40 kDa, even though, according to its primary 

protein sequence, it was predicted to possess a MW of 33 kDa. When 

overexpressing the HA and GFP constructs, a thick band resembling a smear 

was detected. 

Several predominant proteins linked to neurodegenerative diseases are 

N-glycosylated, such as APP and Tau [828, 829, 831]. Additionally, glycomics 

alterations have been detected in serum and CSF samples of ALS patients 

compared to controls [837, 838]. Interestingly, the results in this chapter reveal 

that FUSEC is N-glycosylated, and this modulates in part its secretion. To 
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conclusively determine if N-glycosylation is essential for the secretion of FUSEC 

additional experiments are needed. Firstly, the experiments reported in this 

chapter should be repeated on endogenous FUSEC to confirm that these results 

are not due to the overexpressing system used. Additionally, future studies 

could focus on mutation of the FUSEC predicted N-glycosylated sites (for 

example, to Asp which is the amino acid most closely related to Asn) and 

examine its effect on secretion. A similar study was performed on extracellular 

SOD3, where mutation of the consensus N-glycosylated site impaired its 

secretion [878]. 

Additionally, in this chapter, it was demonstrate that FUSEC colocalizes 

partially with markers of the ER and Golgi, consistent with its secretion through 

the classical secretory pathway. The results from the glycomics studies further 

confirm this finding, because most of the glycans detected on FUSEC are 

complex and only become added to glycoproteins that have been transported to 

the Golgi apparatus for further protein folding (Figure 4.8). To confirm that 

FUSEC is secreted through this route, further studies could examine the effect of 

brefeldin A and nocodazole (which are inhibitors of ER to Golgi protein transport 

and microtubule polymerization respectively) on the secretion of FUSEC. A 

similar approach was taken previously to demonstrate that SOD1 secretion was 

brefelidin A sensitive, which implied that secretions was through the 

conventional secretory route [879]. The secretion of FUSEC through the classical 

route is relevant to ALS, since accumulating evidences implicate disruption of 

protein trafficking as a key pathogenic mechanism in ALS [115, 426]. Moreover, 

FUSEC localizes partially within the ER and Golgi organelles, therefore it could 

have a direct effect on their morphology and function. 

Moreover, it was also determined that non-glycosylated FUSEC was 

secreted in the insoluble part of the media, implying that it is secreted within 

exosomes or in an aggregated form. However in this chapter preliminary 

studies suggested that HA-FUSEC is not secreted by an exosome-dependent 

manner, although further replication of the experiments is needed to 

conclusively rule out this hypothesis. Due to time constraints, we could not 

determine whether FUSEC was secreted in an aggregated form. It would be 
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interesting to perform a filter trap assay with the media, as previously carried 

out on SOD1 aggregates [782], to investigate the possible scenario that FUSEC 

is secreted as an aggregate. SOD1 has been shown to be secreted within 

exosomes, passively upon cell death, as well and through the conventional ER-

Golgi secretory pathway [98, 782]. Similarly, the data presented in this chapter 

suggest that a similar pathway may also be relevant for FUSEC. 

 
Canonical FUS has the ability to shuttle between the nucleus and the 

cytoplasm but it is mainly localized within the nucleus. Microscopy analysis of 

over-expressed FUSEC revealed that a small proportion of FUSEC is found within 

the nucleus, similar to its canonical counterpart. This is not surprising because 

FUSEC retains the NLS of canonical FUS at its C-terminus. However, what is 

more surprising is that most intracellular FUSEC was localized in the cytoplasm, 

and this was more obvious for ALS-associated mutant forms of canonical FUS, 

not WT [880]. CCN5 (connective tissue growth factor/cysteine-rich 

61/nephroblastoma overexpressed), a secreted member of the CNN family of 

growth factors, was also shown to unexpectedly translocate in a similar way. 

Even though the CCN5 protein contains a secretory signal peptide and thus is 

secreted predominantly, it also bears a NLS, which allows CCN5 to exist in both 

the nucleus and the cytoplasm [881]. It could be hypothesized that when FUSEC 

is targeted to the ER-Golgi pathway, this interferes somehow with its targeting 

to the nucleus. It will be interesting to further study the function of the NLS in 

FUSEC in future studies by performing site directed mutagenesis to remove it. 

 

It was initially surprising that WT FUSEC forms aggregates similar to 

those formed by mutant canonical FUS, where the ALS linked mutants 

mislocalize to the cytoplasm and aggregate [582, 880, 882]. However, the 

mechanism by which FUS forms inclusions in ALS is still controversial. Some 

evidence implies that the presence of a mutation is enough to drive the 

aggregation of FUS, regardless of its cellular localization [883]. On the contrary, 

it has been proposed that the subcellular localization of FUS rather than the 

presence of mutations per se drives its aggregation. In SH-SY5Y cells and 

primary hippocampal neurons, over-expression of FUS ALS-associated mutants 
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and artificial NLS truncation lead to its diffuse cytoplasmic localization. 

However, increasing concentration of FUS drove the formation of large compact 

aggregates from small granule-like microaggregates in a concentration 

dependent manner [884], implying that the accumulation of FUS drives its 

aggregation. In a yeast model, high levels of overexpressed WT FUS led to its 

cytoplasmic localization and aggregation, which was linked to the presence of 

the inefficient NLS in yeast [533]. In contrast, when expression of WT FUS was 

restricted to the nucleus, aggregation was inhibited [533]. Similarly, WT FUS 

tagged with NES was mislocalized to the cytoplasm, where it formed inclusions 

[885], implying that its cytoplasmic expression drives aggregation. Additionally, 

WT FUS forms inclusions in sALS and non-SOD1 fALS in addition to 

ALS/dementia and FTD cases [12, 156]. Interestingly, a 35 kDa isoform of TDP-

43 was found to be up-regulated in ALS patient spinal cords, which aggregates 

and induces neuronal cell death in primary neurons [141]. Furthermore, 

overexpression of WT TDP-43 in NSC-34 and primary cortical neurons induces 

cell death [886]. Similarly, overexpression of WT TDP-43 in neuronal stem 

/progenitors and iPS, induced apoptosis [887]. Hence, overexpression of ALS-

WT proteins can cause the formation of aggregates and toxicity. As FUSEC 

lacks exon 7, it can be hypothesized that the levels of FUSEC are not 

autoregulated in the same way as canonical FUS. The lack of exon 7 in FUSEC 

may increase its expression levels, predisposing it to form aggregates. 

Consistent with this hypothesis, splicing of FUS exon 7 is regulated by binding 

to its own mRNA in exon 7 and the associated flanking regions. Furthermore, 

ALS mutations that lead to the mislocalization of FUS in the cytoplasm have this 

autoregulatory ability impaired [512]. Hence, it could be hypothesized that WT 

FUSEC expression is deregulated and that mislocalized FUSEC in the cytoplasm 

is toxic by itself. Additionally, it is possible that the use of a protein 

overexpression system in itself promoted the aggregation of FUSEC within the 

cell, due to overwhelming of the protein quality control pathway. In future, this 

could be overcome by studying the endogenous protein or by the use of a 

stable cell line, with lower levels of protein expression compared to a transient 

system. 
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This chapter also aimed to identify extracellular and intracellular binding 

partners of FUSEC. Gene Ontology analysis identified putative intracellular 

binding partners of WT FUSEC that belong to DNA/RNA binding proteins, hence 

this suggests that FUSEC may have similar functions to its canonical 

counterpart, which is also implicated in those pathways. This is not surprising as 

FUSEC shares the same C-terminus of FUS and retains four domains (the RRM, 

two RGG and a ZnF) involved in DNA/RNA binding [888]. Interestingly, two of 

the putative binding partners of FUSEC include TDP-43 and matrin-3 which are 

known to also bind canonical FUS and they aree mutated and form inclusions in 

ALS [619, 630, 889]. Additionally, matrin 3 and TDP-43 coaggregate in 

inclusions in motor neurons from sALS [890]. 

 

Interestingly, the putative binding partners of FUSEC from the extracellular 

media of transfected cells were enriched in DNA/RNA binding proteins based 

on GO analysis. These observations agree with a previous study that performed 

LC-MS/MS on the conditioned media from HMC-1cells, which concluded that 

RNA binding proteins composed 27% (high density fraction) and 17.3% (low 

density fraction) of the total proteome in the media [891]. This is highly 

interesting because RNB proteins associate and form ribonucleoprotein 

complexes with extracellular RNA [892, 893], although this mechanism remains 

poorly understood. Additionally, matrin 3 was also identified as a putative 

binding partner of FUSEC in the conditioned media. Surprisingly, matrin3 has 

been detected in extracellular vesicles from HEK293T cells and in a 

neuroblastoma cell line [894, 895]. In the future, it could be investigated 

whether FUSEC is present in other extracellular vesicles, different from 

exosomes, such as microvesicles.  

 

There are several limitations of this study that should be noted. The first 

is the use of transient transfection, which results in high levels of expression of 

proteins, which may not be reminiscent of the physiological conditions of 

FUSEC. Therefore, these studies have to be repeated under endogenous 

conditions. In future studies the putative binding partners identified for FUSEC 

should be verified by Western blotting and immunocytochemistry. Moreover, 

given that the customised antibody did not react against FUSEC, further studies 
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in this area would be enhanced by the availability of a much more specific 

customised antibody. Future studies could then focus on performing 

immunoprecipitations using a specific customised antibody, to enrich 

endogenous FUSEC for improved characterisation that is more relevant to the 

humans. The advantage of this approach is that the use of an over-expression 

system is avoided; and the binding partners are therefore capable of binding to 

FUSEC under physiological and diseased conditions. In future studies, a second 

customized antibody will be raised by immunising with more than one peptide, 

thus increasing the chance of the antibody being specific. Raising an antibody 

against the whole FUSEC protein is not ideal, as this approach has the risk of 

detecting the C-terminus, which will also react against canonical FUS. 

Additionally, FUSEC localization within the ER and Golgi organelles 

should be confirmed with other techniques such as subcellular fractionation. 

FUSEC Golgi localization could be further confirmed with electron microscopy, 

since it allows the discrimination among aggresomes and Golgi, which 

sometimes are difficult to differentiate when studying an overexpressed protein 

[896]. 

Implications and future perspective 

In ALS, there is a need to identify biomarkers that aid in the diagnosis and 

progression of disease. However, detection of specific proteins in body fluids 

(CSF, serum) can be difficult due to their low abundance. In the future we could 

take advantage of the N-glycosylated nature of FUSEC. Enriching the CSF or 

serum samples for N-glycosylated proteins prior to proteomics profiling would 

reduce the noise of the sample as these biofluids are often contaminated by 

high concentrations of albumin and IgG. Additionally, glycoproteins are 

abundant in the CSF [897] and therefore in the future, the study of the glycomic 

profile of FUSEC in healthy controls and ALS patients may identify differences 

between the two populations, which may aid future studies examining possible 

biomarkers of ALS. This approach has been adopted for other 

neurodegenerative diseases such as Parkinson’s disease [898].	
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Conclusions 

In summary, the results described in this chapter confirm that FUSEC is secreted 

via the classical secretory pathway, transiting through the ER and Golgi 

compartments. Furthermore, they reveal that N-glycosylation of FUSEC is linked 

to its secretion. Impairment of ER, Golgi and ER-Golgi trafficking are important 

pathogenic mechanisms associated with ALS, presenting the possibility that 

ALS-mutant forms of FUSEC may also have a role in ALS. Studies investigating 

this notion are presented in Chapter 5. 
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5.1. Introduction 
In the previous chapters, we characterised the novel extracellular isoform of FUS in 

terms of which unique features of FUSEC distinguishes itself from the canonical FUS. 

The purpose of the studies described in this chapter was to examine the pathogenic 

mechanisms induced by ALS-associated mutant forms of FUSEC expressed in cell lines. 

 

ER stress and Golgi fragmentation are two well defined cellular mechanisms that 

have been detected at early disease stages in ALS rodent models [478, 485, 487, 899]. 

As FUSEC is secreted via the classical secretory pathway, it was then examined whether 

ALS mutant forms of FUSEC, bearing similar mutations in the C-terminus as canonical 

FUS, trigger pathogenic mechanisms associated with these organelles, including Golgi 

fragmentation and ER stress.  

 

In the recent years, increasing evidence supports a common mechanism driving 

neurodegeneration in ALS, involving i) the formation of protein aggregates or seeds (a 

process called nucleation) which are then converted to pathological molecules and ii) 

their propagation in a self-templating manner. This mechanism leads to a subsequent 

increase in aggregate size and the release of seeds to the extracellular space where 

they are taken up by the neighbouring cells. Wild-type and mutant forms of SOD1, TDP-

43 were shown to propagate through a ‘prion-like‘ mechanism [120, 504, 508, 900]. In 

this study, it was therefore hypothesized that FUSEC is transmitted from cell-to-cell by a 

similar process and transmits ALS pathology from neuron to neuron. 

 

The role of FUS loss of function or gain of toxic function mechanisms in ALS 

In healthy subjects, FUS predominantly localizes in the nucleus, whereas in ALS 

patients with FUS mutations, FUS is redistributed to the cytoplasm of affected cells, 

where it accumulates and aggregates [4, 5]. FUS immunoreactive cytoplasmic 

inclusions are observed in sporadic and familial ALS, [12]. Over-expression of FUS 

bearing ALS mutants R521G or P525L in cell lines or animal models leads to the 

formation of cytoplasmic aggregates [282, 283, 551]. Furthermore, FUS mislocalization 

in the cytoplasm leads to a partial loss of nuclear protein [5, 901]. This loss of FUS in 

the nucleus can impair alternative splicing and/or transcription, whereas dysfunction of 

FUS in the cytoplasm, especially in the dendritic spines of neurons, can cause mRNA 

destabilization [902]. Therefore, FUS loss of function can lead to the pathogenesis of 
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ALS [687, 903]. Moreover, the overexpression of exogenous FUS without a nuclear 

localization signal (ΔNLS-FUS) provokes progressive motor deficits and neuronal loss 

in the motor cortex of transgenic mice [904]. In this model, endogenous FUS 

expression, nuclear localization, and splicing activity were not altered, indicating that 

mislocalized FUS is sufficient for proteinopathy and activates ER stress [904]. In 

another mice model, mice overexpressing mutant FUS presented loss of motor neurons 

and synaptic changes leading to denervation, whereas selective elimination of FUS in 

motor neurons does not lead to a motor phenotype [283]. These results indicate that 

FUS loss and gain of function mechanism are likely involved in the pathogenesis of 

ALS.  

 

Mutant FUS activates ER stress and induces Golgi fragmentation 

Cytoplasmic mutant FUS	bearing the R521C FUS mutation was shown to induce XBP1 

splicing and CHOP activation in NSC-34 cells, and FUS colocalized with PDI in ALS 

patient spinal cords [880]. FUS transgenic mice lacking the NLS presented higher 

phosphorylation of eIF2�  in spinal motor neurons compared to control mice, 

suggesting induction of ER stress [905]. Furthermore, over-expression of ALS-

associated FUS mutants R521H and R521C induces Golgi fragmentation in NSC-34 

cells [906]. Transgenic rats overexpressing R521C FUS mutants displayed Golgi 

fragmentation although they had a phenotype resembling FTLD [907]. Disruption of 

Golgi apparatus is linked to disrupted vesicular trafficking and secretion. A direct 

mechanism has been described for this, whereby FUS localization in the ER lumen was 

associated with disruption to ER-Golgi trafficking in a Rab1 dependent manner [426]. 

 

Altogether, this evidence suggests that in ALS, mutant FUS gains a toxic function 

that leads to disruption of ER-Golgi trafficking, which triggers ER stress and Golgi 

fragmentation. Since in the previous chapter it was shown that FUSEC is secreted by the 

classical secretory pathway, it should transit the ER-Golgi compartments. Hence, it was 

hypothesized that mutant FUSEC has a deleterious effect on these organelles 

 

FUS aggregates are transmitted through a prion-like mechanism in ALS 

Misfolded proteins may induce toxicity by impairing ER-Golgi function and the protein 

degradation pathway [115, 119, 426, 908]. Additionally, mutated RBP can alter the 



Examining the role of FUSEC in ALS	 164	
	

	

phase transition of RNA granules, sequestering other proteins and impairing their 

normal function [207, 356, 360]. Finally, protein aggregates can be transmitted from 

cell-to-cell in a prion-like fashion, inducing toxic effects to neighbouring cells [505, 507, 

909, 910]. 

 

FUS contains a prion-like glutamine/asparagine rich domain at the N-terminus 

that shares similarities with yeast prion protein [539, 579]. Purified FUS can easily 

aggregates in vitro and this domain is important for amyloid-like fiber polymerization in 

cell-free models of RNA granule formation [378]. Moreover, FUS RGG-Zn-RGG domain 

also forms fibres 10-15 nm wide and 100 nm or longer, composed of 49% beta-sheets 

and 33% random colloids [529] and the RRM domain has the capacity to irreversibly 

self-assemble into amyloid fibrils [522]. The fact that small amounts of recombinant 

G156E mutant FUS can induce the misfolding of WT FUS into amyloid-like aggregates 

in vitro [883] strongly suggests that FUS has a self-templating seeding ability shared by 

prion-like proteins. 

 

Prion-like proteins are transmitted from cell to cell, and have a deleterious effect on 

the receiving cells. The role of FUS in relation to prion-like spread in ALS in particular, is 

poorly understood. Both mutant and WT FUS have been reported within exosomes from 

SH-SY5Y and N2A cell lines but, to date, this is the only evidence of extracellular forms 

of FUS, it was in cells overexpressing FUS not endogenous conditions [630]. One study 

described the uptake of FUS in Drosophila primary neurons using flow cytometry and 

confocal microscopy, but these results need to be further validated in other systems 

[911]. Additionally, it is not known whether mutant FUS uptake induces ALS pathology 

in the receiving cells [911]. Another study demonstrated that treating primary spinal cord 

cultures with conditioned medium from WT or mutant FUS-expressing cells induced the 

misfolding of endogenous SOD1, however no uptake of FUS was detected [912]. It 

should also be noted that the authors did not provide evidence that FUS was secreted 

into the media in either of these studies, although conditioned medium was used as the 

transmission method. Together these data therefore indicate that the cell-to-cell 

transmission of FUS is poorly characterised in comparison to other proteins linked to 

ALS. 
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5.2. Aims of this chapter 
	
The existence of a novel isoform of FUS, that shares some features with canonical 

FUS, but which also display unique properties, such as its extracellular localization, can 

lead to new investigations that aim to elucidate the role of this protein in ALS. The first 

aim of the studies described in this chapter was to identify the binding partners of WT 

and ALS-mutant forms of FUSEC, given that  both loss and gain-of-function mechanisms 

are associated with FUS-ALS. The second aim was to determine whether FUSEC is 

involved in cellular mechanisms already implicated in FUS-associated ALS: inclusion 

formation, ER stress, Golgi fragmentation and apoptosis. Next, due to the unique 

cellular localization of FUS, the third aim was to determine whether ALS-associated 

mutant FUSEC is secreted differently to WT, and also whether it can be transmitted 

amongst cells. Overall these studies aimed to determine whether mutant forms of 

FUSEC imply a gain of toxic function, having a role in ALS pathology. 

 

5.3. Material and methods 

5.3.1. Site-Directed Mutagenesis 
Constructs encoding HA/GFP-WT-FUSEC were purchased form Genscript. Primers were 

designed using NEBaseChanger™ software, and known ALS mutations were 

incorporated using their sequence in the ALS mutation database 

(www.alsod.iop.kcl.ac.uk). Primers were purchased from Sigma (Table 5.1). 

Mutagenesis was carried using a Q5® Site-Directed Mutagenesis Kit (New England 

Biolabs) following the manufacturer’s protocol. Briefly, 20 ng of template DNA was used 

for the exponential amplification PCR reaction; 30 cycles elongation was performed 

using a temperature gradient, with a final step of 72°C for 195 s, which was dependent 

on plasmid length. The KLD (kinase, ligase, DpnI) enzyme treatment was performed for 

30 min at room temperature to phosphorylate and ligate the DNA and DpnI degrades 

the template DNA.  

DH5-α ultra-competent E.Coli cells (High Efficiency) (New England Biolabs) were 

transformed with ligated DNA. After inoculation of a single colony into LB broth, a 

miniprep of plasmid DNA was performed. Identification of positive colonies, with 

incorporation of the successful mutations, was confirmed by Sanger Sequencing. The 

primers used for sequencing are the same used on Chapter 4 Table 4.4. 
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Table 5.1 Primers used for the mutagenesis 

Primer Name Primer sequence (5’-3’) 

P320L FP CAGGGAGAGGCTGTATTAATGGC 

P320L RP CGATCCTGTCTGTGCTCAC 

R316G FP CCGGCAGGACGGAAGAGAGAGGC 

R316G RP TGCTCGCCTCTAGAGTCCATC 

	

5.3.2. Preparation of Insoluble Cell Fractions 
HEK293T cells were seeded in 6-well plates, at a density of 2x105 cells/ mL and 

cultured for 24 h to 80% confluence at 37°C in a humidified atmosphere of 5% CO2 in 

DMEM (Gibco) supplemented with 10% (v/v) heat-inactivated FBS. Cells were then 

transfected with lipofectamine 2000 (Invitrogen). 48-hours post-transfection, cells were 

washed with PBS and lysed on ice for 15 min in 200 µl of cold TN buffer with protease 

and phosphatase inhibitors (1:1000) and PMSF (1:500). The cell lysates were then 

frozen at -20°C until required. Samples were thawed on ice, probe sonicated (10s, 

Setting 3) and centrifuged at 45,000 rpm (~100,000 g) for 30 min at 4°C. The 

supernatant, representing the Triton-X 100 soluble fraction, was retained and a BCA 

assay was performed to determine its protein concentration. The pellet was then 

washed with TN buffer and sonicated and centrifuged as previously. The supernatant 

was discarded and the pellet was re-solubilised in 50 µl of lysis buffer composed of 50 

mM Tris-HCl, 150 mM NaCl (pH 7.6) and 2% (w/v) SDS, followed by incubation on ice 

for 5 min, probe sonication (10s, Setting 3), and centrifugation at at 45,000 rpm 

(~100,000 g) for 30 min at 22°C. According to quantification of the soluble fractions, 

volumes corresponding to ~20 µg of insoluble protein were loaded onto an 8.5% SDS 

polyacrylamide gel. 

 

5.3.3. Co-culture experiments 
HEK293T cells were first plated into 50 cm2 petri dishes, at a density of 1x106 cells/ ml. 

After 24h, two populations of cells were transfected with either Discosoma sp. red 

fluorescent protein (DsRed) vector alone or GFP-tagged constructs encoding empty 

vector, GFP-WT-FUSEC, GFP-R316G-FUSEC, or GFP-P320L-FUSEC. After 24h post-

transfection, DsRed and GFP-tagged FUSEC expressing cells were lifted and mixed in a 
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proportion of 1:1 and plated in 6-well plates or 24-well plates to be analysed by flow 

cytometry and microscopy respectively. 

5.3.4. Flow cytometry 
For flow cytometry analysis, the cells in 6-well plates were harvested, washed with PBS 

and transferred to an eppendorf tube for analysis. Flow cytometry was performed with a 

CytoFLEX flow cytometer (Beckman Coulter). Two lasers were used for this 

experiment: blue (488 nm) and yellow-green (561 nm). All parameters were set to log10 

for acquisition. 

 

5.4. Results 

5.4.1. Site directed mutagenesis to produce ALS-FUSEC mutants 
Site directed mutagenesis was performed to introduce two ALS causative mutations into 

the HA- and GFP-tagged constructs encoding FUSEC. The R521G mutant was chosen 

because it is one of the most common mutations in FUS-associated ALS, and the 

P525L mutant was selected because it is related to particularly aggressive, juvenile 

cases of ALS [8, 672, 913]. Both mutations are localized in the NLS at the C-terminus of 

FUS, and both have been previously shown to disrupt the import of FUS into the 

nucleus from the cytoplasm (Figure 5.1a) [548]. The R521G mutation in canonical FUS 

sequence corresponds to R317G in FUSEC, and the P525L mutation corresponds to 

P320L in FUSEC. Primers were designed, and mutagenesis was performed using HA-

FUSEC and GFP-FUSEC as a template. In the R316G mutant, an arginine at position 316 

is replaced by a glycine (Figure 5.1b), which is caused by the substitution of an 

adenine to a guanine in the DNA sequence (Figure 5.1c). In the P320L mutant, there is 

a substitution at of a proline with leucine at position 320 (Figure 5.1b) that results from 

replacement of a cytosine to a thymine in the DNA sequence (Figure 5.1c). Sanger 

sequencing confirmed incorporation of the desired mutations in each case, for both HA- 

and GFP-tagged constructs (Figure 5.1d) in both strands. HA-FUSEC constructs were 

used in all experiments described in this chapter, except where indicated, when a 
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fluorescent tag was required, then the GFP- FUSEC constructs were used instead. 

	

GGATCC

GATATC

ACC

CCTAGAGATCAGGGCAGCAGACAC
GATAGCGAGCAGGACAACAGCGACAACAAC

GATAGAGGCGGATTTGGCCCTGGCAAG

TGA

ATGGCCATCAAGACCAGAGTGGTGGAAGTGGCCGCCGTGGCCATGG
ATAGCAGAACAGTTGAAGCTGCTGCTGGCGTGGCAGTGGTTGCTGCTGCCGCTGC
TGCAGTGGTGGTTACAACAGCTGCTGTGGTGGCCATGAATCCCGAGGTGGTCGAA
GTTGCCGTGGAAGCCGAAGTTGCTTGGGGC
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Figure 5.1 Design and site direct mutagenesis of FUSEC to produce R316G and P320L 
mutants. (a) Schematic diagram of HA-FUSEC illustrating the position of the two ALS mutations, 
R316G and P320L. (b) HA-FUSEC protein sequence, with the different domains colour coded, 
and the amino acids mutated in R316G and P320L highlighted in black (c) HA-FUSEC nucleotide 
sequence, which is colour coded to present the protein domains. Highlighted in black are the 
codons mutated in P320L and R316G FUSEC. (d) Sanger sequencing results confirmed the 
substitution in R316G and P320L mutants. The red square highlights the successful substitution 
of the required nucleotides. Sanger sequencing confirm the replacement of proline with leucine 
in the P320L mutant and substitution of arginine for glycine in the R316G mutant. 

 

5.4.2. ALS-associated FUSEC mutants form more inclusions than WT FUSEC 
in HEK293T cells  

Firstly, expression of the ALS-associated mutant FUSEC and WT was compared. 

HEK293T cells were transfected with empty vector or HA-tagged constructs encoding 

either WT or mutant (R316G and P320L) FUSEC. The supernatant (soluble fraction) was 

analysed by SDS-PAGE, followed by immunoblotting using an anti-HA antibody. The 

pellets were retained for further experiments to isolate insoluble protein aggregates (see 

below). The blots were then stripped and re-probed using an anti-GAPDH antibody as a 

loading control. Western blotting revealed the presence of a band of the expected size 

for FUSEC, approximately 33 kDa, in lysates from cells transfected with HA-tagged WT 

or mutants R316G and P320L (Figure 5.2a), confirming that each construct properly 

expresses FUSEC protein. Expression levels of WT and mutant FUSEC were similar 

(Figure 5.2b). 

 

FUS-immunoreactive inclusions are a common pathological hallmark of mutant 

FUS fALS, non-SOD1 fALS, and sALS patient motor neurons [12]. Hence, it was next 

examined whether overexpression of ALS-mutant FUSEC in HEK293T cells leads to the 

aggregation and misfolding of FUSEC. For this purpose, pellets obtained from cells 

expressing FUSEC after lysis were further washed and solubilized with 2% SDS. SDS-

PAGE and immunoblotting of these fractions using an anti-HA antibody revealed the 

presence of HA-FUSEC WT and mutants in the insoluble fraction and formation of high 

molecular proteins  (Figure 5.2c). Quantification of these bands revealed there was no 

statistical difference between HA-FUSEC bearing R316G and P320L mutations and 

those expressing WT (Figure 5.2d). However mutant R316G displayed a trend to be 

more insoluble and form slightly more high molecular species than WT. This blot was 

also stripped and re-probed for GAPDH as a control to confirm that the soluble and 

insoluble cell fractions were correctly separated. The lack of GAPDH in the insoluble 
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fraction, but its presence in the soluble fractions as expected, confirmed that the 

fractions were successfully separated (Figure 5.2c). 

 

Next, it was assessed whether over-expression of WT and ALS-mutants HA-

FUSEC resulted in the presence of inclusions in HEK293T cells. Cells expressing FUSEC 

for 48 h were fixed and processed for immunocytochemistry using an anti-HA antibody 

and Hoechst stain to visualise the nuclei. Cells were examined using confocal 

microscopy and the percentage of cells with inclusions was quantified from at least 100 

transfected cells (Figure 5.2e). Inclusions were defined as protein aggregates visible 

under a light microscope [468, 914]. Surprisingly, WT FUSEC formed inclusions in 61% 

cells, in contrast to WT canonical FUS which normally forms few inclusions in cell 

culture [880] and it is mainly nuclear ( Figure 4.5 and 4.6). However, a significantly 

(p<0.01) higher proportion of cells expressing FUSEC mutants formed inclusions 

compared to those expressing WT (74% of cells expressing R316G and 73% of cells 

expressing P320L) (Figure 5.2f). Together these results reveal that HA-FUSEC bearing 

ALS mutations forms more inclusions than WT FUSEC.  
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Figure 5.2 ALS-mutant FUSEC form inclusions. (a) Immunoblotting of soluble lysates from 
HEK293T cells expressing untreated (UT), empty vector (EV), wild type (WT) or mutants 
(R316G and P320L) HA-FUSEC. Western blotting using an anti-HA antibody, and GAPDH was 
used as a loading control. (b) Quantification of the relative intensity of FUSEC in the blots in (a), 
normalized to GAPDH (n=5). (c) Western blotting of the detergent insoluble cell lysate fractions 
for the same samples. The membrane was immunoblotted using an anti-HA antibody, and 
GAPDH is shown as a control to confirm efficient separation of the insoluble fractions. (d) 
Quantification of FUSEC band intensity in (c) normalized to WT (n=5). (e) Fluorescent confocal 
microscopy images of FUSEC and Hoechst in HEK293T cells expressing HA-FUSEC. Scale bar: 
20 µm. White arrows indicate aggregates. (f) Quantification of the percentage of cells 
expressing HA-FUSEC with FUSEC inclusions. Mean ± SEM, n=3. **p<0.01 compared to WT. 
One way ANOVA followed by post hoc Tukey’s test. 

	

5.4.3. Identifying potential binding partners of ALS linked mutant FUSEC to 
provide insights into possible pathogenic mechanisms. 

To gain insights into possible pathogenic gain of toxic mechanisms induced by mutant 

FUSEC, proteins that bind to mutant FUSEC in the intracellular and extracellular cellular 

fractions were examined and compared to the putative binding partners of WT- FUSEC 

identified in Chapter 4, section 4.4.7. This approach should also provide insights into 

which proteins are co-aggregated in mutant FUSEC inclusions, as described in the 

previous section.  

 

HEK293T cells were transfected with wild type HA-FUSEC, mutant HA-FUSEC 

R316G and P320L or empty vector control. After 48 h, the conditioned media and lysate 

fractions were collected and immunoprecipitation with HA magnetic beads was 

performed to pull down putative FUSEC binding partners. Samples were loaded onto an 

SDS-PAGE gel, electrophoresis was performed for 5 min to run the proteins into the gel 

and the gel was then stained with Coomassie blue to fix the proteins. The entire lane 

was excised in each case, and proteomic analysis was performed to identify proteins 

that may bind to WT and mutant FUSEC (all the proteins identified are listed in the 

appendix 8.2). High confidence hits were those proteins identified in at least in two 

replicate experiments, and proteins identified in the control samples (empty vector and 

untreated) were subtracted from the list of possible binding proteins identified.  

For the lysate samples, 90 proteins (13.7%) were pulled down by both WT and 

the two mutants, indicating they may be shared binding partners. In contrast 97 proteins 

(14.8%) were found to be common between both the two mutants but not present in 

WT, as shown in the Venn Diagram (Figure 5.3a) [915]. Gene ontology (GO) [916] 

analysis was performed to determine the biological functions of the proteins linked to 
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FUSEC mutants exclusively (Figure 5.3b). A selection of the identified proteins are listed 

in Figure 5.3c. 

Three proteins involved in the ER quality control system were pulled down for 

both FUSEC mutants but not for WT: namely calnexin, PDIA3 and PDIA1 [917]. Calnexin 

is an ER transmembrane molecular chaperone involved in the calnexin/calreticulin 

cycle, which is responsible for interacting with newly synthesized glycoproteins in the 

ER, thus assisting with nascent protein folding and ER quality control [918]. PDIA3 (also 

known as ERp57) and PDIA1 are two protein disulphide isomerases whose expression 

is induced in response to ER stress conditions, triggering the UPR. Both are 

chaperones localized mainly in the ER, which modulate the formation of disulphide 

bonds, thus facilitating protein folding [455]. Additionally, Erp57 is a key component of 

the calnexin/calreticuin cycle [919]. 

In addition, some unique FUSEC mutant (R316G and P320L) interacting proteins 

identified were involved in the protein degradation pathway, such as ubiquitin-like 

modifier-activating enzyme 1 (UBA1), 26s protease regulatory subunit 6B (PSMC4) and 

VCP. Furthermore, several actin binding proteins were found to interact with WT FUSEC 

and both mutants. However, Cofilin-1, a non–motor-actin binding protein that has been 

linked to several pathways implicated in ALS [909, 920], was bound only to both FUSEC 

mutants and not WT.Finally, R316G -FUSEC, but not P320L or WT, pulled down G3BP1. 

Interestingly, G3BP1 is a core protein necessary for stress granule assembly [921]. 

 

These results suggest that proteins involved in the UPR induction and linked to 

proteasome degradation are potential interacting partners of mutant FUSEC, but not WT. 

These data suggests that these pathways are altered in HEK293T cells overexpressing 

R316G and P320L ALS-mutants, hence this gave us confidence to further study this 

pathway in cells overexpressing FUSEC mutants. These mechanisms were then 

investigated in more detail. 
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Figure 5.3 Evaluation of the common putative binding partners of FUSEC mutants (a) Venn 
diagram comparing the proteins pulled down by FUSEC WT and R316G and P320L mutants (b) 
Gene ontology analysis of the molecular function for the proteins pulled down uniquely by both 
ALS mutants. (c) List of some of the potential binding partners identified for FUSEC mutants.  

 

5.4.4. ALS-FUSEC mutants induce ER stress in HEK293T cells 
In the previous chapter, it was demonstrated that FUSEC partially co-localizes with ER 

and Golgi markers (section 4.4.6). Additionally, the putative binding partners of the 

FUSEC mutants identified above implied that the UPR and dysfunction of the 

proteasome system may be induced by ALS mutant of FUSEC. Additionally, our 

laboratory has previously shown that R521C and R521H mutant canonical FUS induces 

ER stress in neuronal cell lines [880]. Hence, it was next examined whether 
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overexpression of FUSEC WT and mutants induces ER stress in cell culture. For the ER 

stress experiments, as in our previous studies, rather than Western blotting, 

immunocytochemistry assays  were used so that only transfected cells were  included in 

the analysis [467, 880]. These assays are used for the purposes of analysing individual 

transfected cells only, so that outcomes are not dependent on transfection efficiency.  

This is in contrast to Western blotting which  quantifies the population as a whole,  

(transfected and untransfected), where untransfected cells can mask changes in 

expression of ER stress markers, which occur primarily in transfected cells.  

XBP1 was used as an ER stress marker, where cells with nuclear 

immunoreactivity to XBP1 were considered as undergoing ER stress. Activation of IRE1 

results in splicing of XBP1, which generates a transcription factor that translocates to 

the nucleus when the UPR is activated [456]. For this purpose, immunocytochemistry 

using anti-HA and anti-XBP1 antibodies was performed in HEK293T cells 

overexpressing empty vector, HA-tagged WT FUSEC and HA-tagged FUSEC mutants 

after 72h post-transfection (Figure 5.4a). Untreated and empty vector transfected cells 

displayed mostly cytoplasmic XBP1 expression, with only 22% and 26% cells 

respectively displaying nuclear immunoreactivity. Overexpression of WT FUSEC resulted 

in a significantly increased proportion of cells displaying nuclear localization of XBP1 

(40 %, p<0.5) compared to untreated cells, although there was no statistical difference 

to cells expressing empty vector only. However, a significantly greater proportion of 

cells overexpressing R316G and P320L mutant FUSEC was detected (60% and 54% 

respectively, p<0.01) compared to untreated cells or those expressing empty vector 

alone (22,53% and 26.05% respectively), although only mutant R316G had significant 

higher levels of ER stress compared to WT. As a positive control for ER stress, 

untransfected cells were also treated with tunicamycin (TM) (1 µg/ml), which inhibits the 

first step of N-glycosylation of proteins in the ER, thus inducing ER stress [922]. 

Approximately 38 % of cells treated with TM displayed activated XBP1 (Figure 5.4b). 

No HA immunoreactivity was detected in control cells incubated with secondary 

antibody only (no primary antibody), demonstrating that the signal obtained from the 

transfected cells was specific. 

 

Secondly, nuclear immunoreactivity to CHOP was also used as an ER stress 

marker, as described previously [467, 880]. During prolonged or unresolved ER stress 

conditions, in the pro-apoptotic phase of the UPR downstream of the IRE1, PERK and 

ATF6 pathways. CHOP becomes activated and translocates to the nucleus [458]. Cells 
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were transfected with empty vector or plasmids encoding HA-tagged WT and mutants 

FUSEC as above. ER stress were identified when CHOP was localized in the nucleus of 

cells that displayed immunoreactivity to the HA tag (Figure 5.4c). No HA 

immunoreactivity was detected in control cells incubated with secondary antibody only 

(no primary antibody), demonstrating that the signal obtained from the transfected cells 

was specific. 

In untreated cells or cells expressing empty vector, only a few cells displayed 

nuclear CHOP immunoreactivity, indicating little activation of the UPR (5% and 9% 

respectively). In contrast, significantly more cells over-expressing WT HA-tagged FUSEC 

displayed nuclear CHOP immunoreactivity (29%, p<0.05) compared to control 

untransfected cells, indicating induction of ER stress. However, nuclear CHOP 

activation was detected in a significantly greater percentage of cells expressing R316G 

(67%) and P320L (61%) (p<0.001 and p<0.01 respectively) FUSEC mutants in 

comparison to WT FUSEC, indicating that FUSEC mutants induce more ER stress than 

WT. Furthermore, the R316G mutant expressing cells presented significantly higher 

levels of ER stress when treated with TM (45 % cells with nuclear CHOP, p<0.05) while 

mutant P320L levels were similar (Figure 5.4d), indicating that they are more sensitive 

to ER stress.   

 

Together these results indicate that ER stress is induced by overexpression of 

both WT and mutant FUSEC, and hence FUSEC is capable of inducing the UPR. 

However, more ER stress was induced by ALS-related mutant FUSEC compared to WT 

FUSEC, consistent with previous studies involving canonical mutant FUS [880]. 
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Figure 5.4 Overexpression of FUSEC ALS-mutant induces ER stress in HEK293T cells. (a) 

Fluorescent confocal microscopy images of FUSEC (HA), XBP1 and Hoechst in untransfected 
HEK293T cells (UT), cells expressing empty vector (EV) or HA-FUSEC. White arrows show cells 
with nuclear activated XBP1. Scale bar: 10 µm (b) Quantification from images in (a) of the 
percentage of HA-FUSEC transfected cells with nuclear XBP1. Mean ± SEM, n=3. *p<0.05, 
**p<0.01, ***p<0.001. (c) Fluorescent confocal microscopy images of FUSEC (HA), CHOP and 
Hoechst in UT, cells expressing EV or HA-FUSEC. White arrows indicate cells with nuclear 
CHOP. As a positive control for ER stress, cells were treated with 1 µg/mL of Tunicamycin (TM). 
Scale bar: 10 µm. (d) Quantification of the percentage of transfected cells with nuclear CHOP. 
Mean ± SEM, n=3. *p<0.05, **p<0.01, ***p<0.001. One way ANOVA followed by a post hoc 
Tukey’s test.  

TM UT EV WT
R3
16
G

P3
20
L

0

20

40

60

80

*
***

***

***

*
***

***

***

***

**

%
of
tr
an
sf
ec
te
d
ce
lls

w
ith
nu
cl
ea
r
C
H
O
P

TM UT EV WT
R3
16
G

P3
20
L

0

20

40

60

80

***

**
***

***

*

**

**
*

*

%
of
tr
an
sf
ec
te
d
ce
lls

w
ith
nu
ce
la
r
XB
P
1

HA CHOP Hoechst Merge

FUS  R316GEC

FUS  P320LEC

TM

UT

FUS  WTEC

EV

No primary

HA XBP1 Hoechst Merge
a)

b)

c)

d)



Examining the role of FUSEC in ALS	 178	
	

	

	

5.4.5. ALS-FUSEC mutants localize more in the ER than WT-FUSEC 
Our laboratory previously showed that ALS mutant canonical FUS localizes more in the 

ER compared to the WT [426]. In Chapter 4, it was demonstrated that WT FUSEC was 

localized at least partially within the ER, and since FUSEC ALS-mutants induce ER 

stress, we next hypothesized that the mutants may localize more in the ER than WT. 

would explain how mutant FUSEC perturbs this organelle more than WT. To estimate the 

degree of localization of WT and mutant FUSEC with the ER, HA-tagged constructs were 

over-expressed in HEK293T cells. Calnexin, a 570 residue protein that resides in the 

ER membrane [923], was used as a marker of the ER. After 48h post-transfection, cells 

were fixed and immunocytochemistry using anti-HA and anti-calnexin antibodies was 

performed. The cells were then examined by confocal microscopy. Z-stack confocal 

analysis revealed that both WT and mutant FUSEC partially colocalized with calnexin 

(Figure 5.5a), indicating that both proteins associate with the ER. Quantification of the 

degree of colocalization using Mander´s coefficient demonstrated that R316G (0.53, 

p<0.1) and P320L (0.58, p<0.001) FUSEC colocalized significantly more with the ER 

than WT FUSEC (0.38, Figure 5.5b). Hence, these data indicate that FUSEC mutants are 

retained more in the ER compared to WT. 
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Figure 5.5 ALS-linked FUSEC mutants associate more with ER than WT FUSEC. (a) Z-series 
of merge fluorescent confocal microscopy images of FUSEC (HA in green) and calnexin (red) in 
cells expressing WT or mutant HA-FUSEC. Scale bar: 10 µm. (b) Colocalization of FUSEC and 
calnexin was quantified using Mander’s coefficient. Mean ± SEM, n=3. *p<0.05, **p<0.01. One 
way ANOVA followed by post hoc Tukey’s test. 

 

5.4.6. Cells overexpressing ALS mutant FUSEC display fragmented cis-
Golgi  

In Chapter 4, it was demonstrated that WT FUSEC partially colocalizes with GM130, a 

marker of the cis-Golgi apparatus. Given that Golgi fragmentation is a well reported 

feature of ALS biology, it was next assessed whether mutant FUSEC overexpression led 
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to fragmentation of the Golgi apparatus in HEK293T cells. Cells were transfected with 

either empty vector, HA-tagged WT or mutant FUSEC. After 72h post-transfection, cells 

were fixed and immunocytochemistry was performed using an anti-HA antibody to 

detect FUSEC expression, and an anti-GM130 antibody as a Golgi marker. Cells were 

examined using confocal microscopy and the proportion of cells expressing FUSEC with 

fragmented Golgi was quantified (Figure 5.6a). Golgi fragmentation was identified by 

the presence of condensed punctate Golgi structures in comparison to a compact, 

perinuclear ribbon morphology of the normal Golgi (Figure 5.6a). A small proportion of 

untreated cells (15%) or cells transfected with empty vector (8%) displayed fragmented 

Golgi. Slightly more cells (22%) expressing WT FUSEC displayed fragmented Golgi 

compared to controls, but the difference was not statistically significance. The 

proportion of cells with fragmented Golgi was significantly increased in cells expressing 

R316G (55,83 %, p<0.05) and P320L (60,20 %, p<0.05) (Figure 5.6b) compared to 

WT. Hence these results reveal that overexpression FUSEC ALS mutants trigger Golgi 

fragmentation in HEK293T cells.  
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Figure 5.6 FUSEC ALS-mutants induces Golgi fragmentation in HEK293T cells. (a) 
Fluorescent microscopy images of FUSEC (HA), GM130 and Hoechst in untransfected HEK293T 
cells (UT), cells expressing empty vector (EV) or HA-FUSEC. Asterisks, intact Golgi; arrows, 
fragmented Golgi. Scale bar: 10 µm. (b) Quantification of the percentage of HA-FUSEC 
transfected cells with fragmented Golgi. Mean ± SEM, n=3. *p<0.05, **p<0.01. One way 
ANOVA followed by post hoc Tukey’s test. 

	

5.4.7. ALS-FUSEC mutants induce apoptosis in HEK293T cells.  
Since prolonged ER stress and Golgi fragmentation lead to apoptosis [490], and in ALS 

motor neurons are thought to die by apoptosis [924-926], it was next examined whether 

overexpression of FUSEC triggers apoptotic cell death, using two specific markers. 

 

Activated cleaved caspase-3 was used as the first marker of apoptosis, as in 

previous studies [914] (Figure 5.7a). Immunocytochemistry using anti-HA and anti-

cleaved caspase-3 antibodies revealed that few cells expressing empty vector (2%) or 

untransfected cells (6%) expressed activated caspase-3. More cells expressing WT 

FUSEC displayed activated caspase-3 (19%) compared to control cells, but this 

difference did not reach statistical significance (Figure 5.7b). However, a greater 

proportion of cells with activated caspase-3 were detected in populations expressing 

FUSEC mutants (R316G: 49% and P320L: 37%, p<0.01) compared to WT FUSEC cells, 

untreated or empty vector controls. Positive control cells treated with TM displayed high 

levels of apoptotic nuclei (80%), as expected. 

 

Secondly, the number of cells with apoptotic nuclei was quantified according to 

their nuclear morphology, as in previous studies [467]. Cells were transfected with 

empty vector only or WT and mutant HA-tagged FUSEC constructs for 72h. Cells were 

fixed and processed for immunochemistry using an anti-HA antibody to identify cells 

expressing FUSEC and the nuclei were stained using Hoechst. Apoptotic nuclei were 

identified by condensed chromatin and fragmented morphology (Figure 5.7c). Few 

untreated cells and cells expressing empty vector or WT FUSEC displayed apoptotic 

nucleic (5%, 4% and 10% respectively).  However, significantly more cells expressing 

FUSEC mutants were undergoing apoptosis (R316G: 34%, p<0.01; P320L: 29 %, 

p<0.001) compared to WT. As expected, a major proportion of positive control cells 

treated with Tunicamycin displayed apoptotic nuclei (70%, Figure 5.7d). Hence, 

together these data reveal that overexpression of ALS-linked mutant FUSEC, but not WT 

FUSEC, induces apoptotic cell death in HEK293T cells. 
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Figure 5.7 Overexpression of ALS-mutants FUSEC induces apoptosis. (a) Fluorescent 
confocal microscopy images of FUSEC (HA), cleaved caspase-3 and Hoechst in untransfected 
HEK293T cells (UT), cells expressing empty vector (EV) or HA-FUSEC. White arrows indicate 
cells with activated cleaved caspase-3. Scale bar: 10 µm. (b) Quantification of the percentage of 
HA-FUSEC transfected cells with activated caspase-3 immunoreactivity. (c) Fluorescent confocal 
microscopy images of FUSEC (HA) and Hoechst in UT and cells expressing EV or HA-FUSEC. 
White arrows show apoptotic nuclei. As a positive control, cells were treated with 1µg/mL of 
Tunicamycin (TM). Scale bar: 10 µm. (d) Quantification of the percentage of HA-FUSEC 
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transfected cells with apoptotic nuclei. Mean ± SEM, n=3. ***p<0.001, **p<0.01, *p<0.05. One 
way ANOVA followed by post hoc Tukey’s test.  

 

5.4.8. Examining the secretion levels of ALS mutants and WT FUSEC in 
HEK293T cells 

ALS-linked FUSEC mutants accumulate in the ER and induce significantly more Golgi 

fragmentation compared to WT FUSEC. Hence, it was next hypothesised that secretion 

of the mutants could be altered compared to WT given that both the ER and Golgi are 

organelles involved in secretion. Secretion of WT and mutant FUSEC was next 

investigated in HEK293T cells transfected with empty vector or HA tagged constructs. 

After 24h post-transfection, the media was replaced with Opti-MEM, a reduced serum 

media, and cells were incubated for 24h before collection of the conditioned media. 

Conditioned media was centrifuged at 1,000 rpm (~200 g) twice to pellet the cell debris 

and the supernatant was concentrated using a centrifugal filter unit. Identical volumes 

(20 µl) of concentrated medium were subjected to SDS-PAGE, followed by staining of 

the membrane using red Ponceau to confirm that the samples had been equally loaded. 

Immunoblotting using an anti-HA antibody revealed the presence of two bands in the 

medium of FUSEC expressing cells, presumably representing the two glycoforms of 

FUSEC.  A 33 kDa band was detected, which is the expected MW for non-glycosylated 

FUSEC, and a much thicker band of approximately 50 kDa, which as described in 

Chapter 4, is expected to be a glycosylated form of FUSEC (Figure 5.8a). These bands 

were quantified using densitometry. Quantification of the total secreted FUSEC 

demonstrated that there was no significant difference between groups (Figure 5.8b). 

When the glycosylated and non-glycosylated forms of FUSEC were quantified 

separately, neither the 33 kDa band (Figure 5.8c) nor the 50 kDa (Figure 5.8d) band 

were different when compared to WT. Whilst the results were not statistically significant 

however, there appeared to be a trend suggesting that the mutants are secreted more 

than WT FUSEC. 
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Figure 5.8 Determining WT FUSEC and ALS-mutants secretion levels. (a) Western blotting 
of the conditioned media from untreated cells (UT), cells expressing empty vector (EV), WT or 
mutant HA-FUSEC. Membrane was probed for anti-HA antibody, and red Ponceau staining was 
used as a loading control. (b) Relative intensity of total HA-FUSEC normalized to protein 
expression levels in the lysate. (c) Relative intensity of non-glycosylated HA-FUSEC normalized 
to protein expression levels in the lysate. (d) Relative intensity of glycosylated HA-FUSEC 
normalized to protein expression levels in the lysate. Mean ± SEM, n=6. One way ANOVA with 
post hoc Tukey’s test. 

 

5.4.9. Examination of the cell-to-cell transfer ability of WT and ALS-FUSEC 
mutants  

The mechanism underlying the spread of ALS is unknown and the transmission of 

canonical FUS has been poorly characterised. Additionally, Cofilin-1, a putative 

interacting partner of the FUSEC mutants identified here, has been implicated in the 

uptake of SOD1 [909]. Hence it was next investigated whether FUSEC can be 

transmitted amongst cells through a prion-like mechanism, using a co-culture 

experiment. Several approaches were undertaken to test this hypothesis. Firstly, 1 mL 
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of conditioned media from cells expressing HA-FUSEC was directly added to 

untransfected cells for 24h, as previously described for SOD1 [782] and TDP-43 [508]. 

Fluorescent microscopy and Western blotting of the receiving cells were then performed 

to determine the eventual uptake of HA-FUSEC. However, these studies revealed none 

of the cells were immunofluorescent for HA-FUSEC (data not shown). It is possible that 

the levels of FUSEC secreted into conditioned media were too low to be transmitted, 

similar to TDP-43 and C9ORF72 [199, 502, 927]. Alternatively, it is possible that the 

capacity of transmitted FUSEC in cells was too low to be detected by microscopy. The 

same experiment was performed by concentrating 5 mL of media, but similar results 

were observed.  

 

Next, a different approach was undertaken. As overexpressed FUSEC was also 

detected in the cell lysate, untransfected cells were incubated with cell lysate fractions 

prepared from FUSEC transfected cells. This method was previously used to 

demonstrate the uptake of SOD1 and TDP-43 [928]. Untreated cells were incubated 

with lysate from cells expressing WT and mutant HA-FUSEC for 24h and then fixed in 

paraformaldehyde. However, immunocytochemistry using an anti-HA antibody revealed 

no cells were immunopositive for HA-FUSEC, implying that there was no uptake (data 

not shown). 

 

Recently a novel co-culture method was used to examine the transmission of 

TDP-43 and C9ORF72 DPRs [198, 199, 502, 927, 928]. Smethurst and colleagues 

used this approach to demonstrate the uptake of phosphorylated TDP-43, following 

their initial studies that failed to detect uptake using conditioned media only [502]. 

Ultimately the co-culture experimental approach was chosen next because it is arguably 

the most biologically relevant when studying cell-to-cell natural transmission of proteins. 

For these experiments, two groups of HEK293T cells were used.  The first group were 

transfected with DsRed empty vector only, as a marker of acceptor cells. The second 

population were transfected with constructs encoding GFP empty vector, or GFP-

tagged WT or FUSEC mutants. After 24 h post-transfection, both cell populations were 

trypsinised, washed in PBS and mixed together in a ratio of 1:1: DsRed:GFP-

expressing cells and re-plated in either 6 well plates for flow cytometry analysis or 24 

well plates for microscopy analysis (Figure 5.9a). After 24h, cells were lifted and 

washed with PBS and analysed using a CytoFLEX flow cytometer. Untransfected cells 

were used as a control to identify the cell population on density plots. Cells expressing 
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GFP or DsRed only were used as positive controls to assess the autofluorescence 

threshold of HEK293T cells. Unfortunately, due to the high fluorescent intensity of 

DsRed, the voltage of the flow cytometer was found not to be suitable and the results 

were therefore not conclusive (Flow cytometry results are added in the appendix 8.4).  

 

For the microscopy analysis, 24h following co-culture, cells were fixed and the 

nuclei were stained with Hoechst. Confocal microscopy was used to examine the cells 

for the presence of both DsRed and GFP. At least 200 cells were scored for each 

treatment group (Figure 5.9b). These studies revealed that GFP only (1.89%) appeared 

to be taken up by a larger proportion of cells than either GFP WT (1.31%) or R316G 

(0.85%) mutant FUSEC. However, in contrast, P320L was taken up by a significantly 

greater proportion of cells than WT or R316G (2.73%, p<0.01, p<0.001 respectively) 

(Figure 5.9c). These data suggest that more FUSEC mutant P320L was taken up 

compared to WT and R316G mutants, but this was less than the GFP empty vector 

alone. 
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Figure 5.9 Examination of uptake of GFP expressing FUSEC in HEK293T cells. (a) 
Schematic diagram to illustrate the experiment design. Two populations of HEK293T cells were 
used, expressing either DsRed or GFP, WT or mutant GFP- FUSEC separately. At 24h post-
transfection cells were harvested and re-plated mixed together at a ratio of DsRed: GFP of 1:1. 
Cells were co-cultured and after 24h, cells were analysed by flow cytometry and microscopy to 
detect cells positive for DsRed and GFP. (b) Representative fluorescent microscopy images of 
DsRed and GFP constructs expressing cells after 24h co-culture. White arrows indicate double 
positive cells. Scale bar: 20 µm. (c) Quantification of the percentage of DsRed cells with GFP 
uptake. Mean ± SEM, n=3. *p<0.05. One way ANOVA with post hoc Tukey’s test. 

 

5.5. Discussion 
In the studies described in the current chapter, it was investigated whether FUSEC is 

involved in cellular pathogenic mechanisms implicated in ALS, given that the C-

terminus of its canonical counterpart is retained, and many of the ALS linked mutants 

are clustered in this region. Over-expression of two ALS mutants of FUSEC in cell lines 

resulted in the formation of more inclusions than WT FUSEC, a known pathological 

hallmark of ALS. It was also identified proteins that function in the UPR and proteasome 

degradation as uniquely binding to ALS-mutant FUSEC. Additionally, the mutants FUSEC 

triggered ER stress, Golgi fragmentation and more apoptosis than WT FUSEC, events 

that resemble mechanisms associated with neurodegeneration in ALS. Moreover, it was 

found that mutant FUSEC (R316G and P320) localizes more in the ER than WT FUSEC. 

Finally, preliminary data was presented implying that mutant P320L - FUSEC may be 

involved in the transmission of FUS in a ‘prion-like’ fashion, although further 

experiments are necessary to confirm this. 

 

A key hallmark of ALS is the aggregation of misfolded proteins, leading to the 

formation of protein inclusions [207]. It is well established that mutant forms of the 

proteins involved in ALS form inclusions in fALS patients, and in animal models and cell 

lines, overexpression of ALS mutants also leads to the formation of inclusions [7, 150, 

344, 929, 930]. In the studies presented in the current chapter, immunocytochemistry 

revealed that mutant FUSEC formed more inclusions compared to WT. Similarly, 

although not statistically significant, mutant FUSEC appeared to be more more abundant 

in the Triton-X insoluble cell pellet of transfected cells, and formed slightly more high 

molecular species than WT. Since inclusion formation has been linked to ER stress, 

Golgi fragmentation and ultimately apoptosis [115, 318, 482, 484, 487, 906, 931], these 

results suggest that FUSEC mutants are also involved in these mechanisms that are 

already well defined in ALS.  
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It could be hypothesized that the ALS-mutants possess a different N-

glycosylation profile than WT FUSEC and this can affect their aggregation propensity, 

which has been demonstrated for other proteins [932, 933]. Additionally, N-glycosylation 

can enhance protein stability and hence decrease the tendency of misfolded proteins to 

aggregate [934]. For example, Neuroserpin undergoes aberrant polymerization in the 

ER in a neurological disorder: familial encephalopathy with Neuroserpin inclusion 

bodies [932]. Interestingly, altering the N-glycosylation profile of WT Neuroserpin, 

results in the formation of aggregates [932, 935]. The prion protein is N-glycosylated, 

and there is evidence to suggest that N-glycosylation negatively modulates its 

aggregation propensity. A recent study determined that synthetic prion protein (PrP) 

variants modified with N-glycan mimics reduced the propensity for PrP to form fibrils 

[936]. Similarly, an in vitro study using peptides derived from PrP demonstrated that N-

glycosylation decelerated the fibril formation rate [933]. However the N-glycosylation 

profile does not have any effect of prion infectivity [937, 938]. Another example is the 

protein tau, which also has important roles in neurodegenerative diseases. Tau is O-

GlcNacylated such that increasing tau O-GlcNac in tau transgenic mice (by treating the 

mice with O-GlcNacase) leads to a reduction in tau aggregation and ameliorated 

neuronal cell loss [939]. Studying the N-glycosylated profile of mutant versus WT FUSEC 

would elucidate whether this mechanism is also involved in FUSEC aggregation which 

may have further implications for disease onset and progression. 

 

The identification of potential ALS-mutant FUSEC interacting partners may 

elucidate possible gain of toxic function mechanisms of these mutants. Some of the 

interacting partners of mutants FUSEC detected in this study are involved in the UPR 

response, such Calnexin, PDI and ERp57 [940, 941]. Additionally, mutations in PDI and 

ERp57 are risk factors for ALS [942]. ERp57 is up-regulated in prion disease and in 

cellular models of Parkinson’s disease [943, 944]. In ALS, ERp57 has been shown to be 

up-regulated in spinal cord of sALS patients and patients with the SOD1 G93A mutation 

[118]. ERp57 colocalized with phosphorylated TDP-43 in sALS spinal cord [467]. 

Additionally, PDI colocalizes with FUS, TDP-43 and SOD1 inclusions in ALS patients 

tissues [880, 945]. Secondly, some binding partners are involved in the proteasome 

pathway, such as UBA1, VCP, PSMD1, suggesting that the cells overexpressing mutant 

FUSEC had this pathway impaired. This is consistent with the presence of misfolded 

mutant FUSEC. Interestingly, UBA1, VCP and PMSD12 were demonstrated to bind to 
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P525L canonical FUS [946]. Further experiments are needed to confirm the effect of 

mutant FUSEC on proteasome function.   

An interesting novel binding partner of mutant FUSEC identified from this study 

was Cofilin-1. Cofilin-1 is an actin-binding factor that regulates actin assembly and 

disassembly. C9ORF72 binds to Cofilin-1 regulating its phosphorylation and ultimately 

regulating actin-binding dynamics, which was suggested to play a role in C9ORF72 loss 

of function in ALS [920]. Intriguing, SOD1 aggregates were shown to penetrate inside 

cells following a prion-like mechanism, using cofilin-1 to remodel actin [909]. Even 

though a direct interaction between SOD1 and Cofilin-1 has not been examined, this is 

exciting evidence that could further relate mutant FUSEC to similar uptake mechanism. 

And finally, G3BP1 was identified as a possible binding partner of FUSEC R316G, which 

functions in a well-established pathogenic mechanism of FUS n the formation of stress 

granules [678, 947]. FUS localizes into SGs under stress conditions, and FUS 

mutations have been linked to the disruption of phase transition, leading to an 

irreversible liquid-to-solid phase that matures into pathological aggregates [354, 360, 

524, 681]. Interestingly, VCP, which was also found to interact with both FUSEC mutants 

in this study, is involved in clearance of SGs by autophagy [948], suggesting the 

localization of at least mutant R316G FUSEC in SG. Hence future studies are warranted 

to confirm this interaction and to determine the domains of FUSEC involved in this 

mechanism. 
 

ER stress was examined using a marker of early UPR, XBP1, and a marker of 

the later UPR, CHOP. Both markers were significantly increased in cells overexpressing 

FUSEC mutants. Interestingly, overexpression of spliced XBP1 is linked to an increase in 

general protein secretion, through the up-regulation of genes involved in the secretory 

pathway and expansion of the rough ER [949]. Furthermore, two apoptotic markers, 

CHOP nuclear immunoreactivity and the presence of condensed nuclei, were 

significantly increased in cells overexpressing ALS-mutants FUSEC, suggesting that 

irreversible ER stress triggered the apoptotic phase of UPR. 

 

It has also been reported previously that overexpression of WT forms of known 

ALS proteins can display pathologic features [109]. In this study, 61% of cells 

expressing WT FUSEC formed inclusions, and additionally, more of these cells 

presented induced ER stress when compared to untreated cells. On the contrary, there 

was no difference in the proportion of WT FUSEC cells undergoing apoptosis compared 
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to untreated controls. NSC-34 cells expressing transfected with WT canonical FUS 

displayed induced splicing of XBP1, similarly to the present study, but CHOP activation 

was not detected in the this study [880]. Overexpression of WT FUS leads to its 

cytoplasmic mislocalization in primary neurons [947], the formation of  inclusions and it 

has also been shown to be toxic in yeast and mice models of ALS [882, 950]. In animal 

models, overexpression of WT FUS leads to induced neonatal death in a slightly less 

profound manner than mutant FUS overexpression [951]. Over-expression of WT TDP-

43 in NSC-34 cells led to the formation of 15% inclusions after 72h transfection [927]. 

Moreover, overexpression of WT TDP-43 displayed up-regulated CHOP, XBP1 

activation and increased caspase-12 in Neuro2A cells and SH-SY5Y cells [466, 952]. 

Similarly, extracellular misfolded WT SOD1 impaired ER-Golgi transport and triggered 

ER stress and Golgi fragmentation in SH-SY5Y cells [119]. Hence these data together 

show that overexpression of WT versions of proteins involved in ALS can display toxic 

features. However, overexpression of pathogenic mutant forms of these ALS proteins, 

exacerbates toxic features.  

 

Previous studies from our laboratory have demonstrated that the degree of 

canonical FUS mislocalized in the cytoplasm correlates with ER stress [880]. Moreover, 

canonical and mutant forms of FUS were previously detected in the ER [426]. In the 

same study, the higher degree of ER localization of mutant FUS compared to WT was 

associated with impairment of ER-Golgi transport, a condition that is also known to 

trigger ER stress [426]. The results presented in this chapter show that FUSEC mutants 

localize more in the ER than WT. Taking into account what is already known for 

canonical FUS, one could speculate that FUSEC mutants induce ER stress more directly 

than WT, since they colocalize more with ER marker calnexin. However, the link 

between ER localization of FUSEC and ER stress induction remains to be fully defined. 

In future studies it would be worthwhile to investigate whether cytoplasmic localization 

of FUSEC affects ER homeostasis. SOD1 was detected in the ER, therefore linking it to 

direct activation of ER stress [465, 908].  However, subsequent studies concluded that it 

was localized in the cytoplasm, at the ER membrane, where it induced ER stress by its 

interaction with Derlin-1 [117] or by inhibiting ER-Golgi transport [426]. The ER 

localization of FUSEC needs to be confirmed by complementary methods, such as 

subcellular fractionation followed by western blotting, and also using a fluorescence 

protease protection assay [426]. These studies should also examine whether  mutant 

FUSEC is aggregated and misfolded in the ER. Whilst WT and mutant SOD1 localized 
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with the ER and microsome fractions, only mutant SOD1 had the propensity to 

aggregate in the ER-Golgi pathway in transgenic mutant SOD1 mice [465, 908]. 

Golgi fragmentation has been linked to other pathological mechanisms in ALS 

such as ER stress and protein aggregation [318, 490]. Golgi morphology is dependent 

on efficient vesicular trafficking between the ER and Golgi compartments. Since it was 

found that mutant FUSEC induced ER stress, it was next investigated if Golgi 

morphology was also altered. Golgi fragmentation has been detected in sALS and fALS 

motor neurons [478, 481, 482] and by overexpression of mutant FUS mutant in cell 

lines [906]. In this chapter, it was also shown that mutant FUSEC induces greater levels 

of Golgi fragmentation than WT, consistent with the induction of ER stress. The integrity 

of the ER and Golgi compartments depends on efficient vesicular trafficking between 

these two organelles. Disruption to ER-Golgi trafficking has been demonstrated for ALS 

proteins: TDP-43, FUS and SOD1 [426].  It would therefore be interesting to examine 

whether FUSEC has a similar effect on ER-Golgi trafficking in future studies. 

 

In this study there was no statistically significant difference between secretion of 

the FUSEC mutants compared to WT, although a trend towards increased secretion was 

apparent, specifically for P320L FUSEC. In these experiments, the amount of secreted 

protein detected in each case was quite variable among different replicates, which may 

explain why statistical significance was not reached. Further studies are therefore 

required to probe this further. The generation of stable cell lines with inducible 

expression of FUSEC WT or mutants that could overcome this limitation and reduce the 

experimental variability would be worthwhile  

However a feasible explanation for the increased tendency of the mutants to be 

secreted more is that this could be a protective process, in that the cell releases 

misfolded proteins in an attempt to alleviate their burden within the cell. This is 

consistent with the finding that proteasome inhibition in NIH3T3 cells increased the 

secretion of mSOD1 [313]. Filter trap assays of conditioned media of GFP-SOD1, WT 

and mutants, revealed that more aggregated SOD1 is released for mutant SOD1 when 

compared to WT [782]. Interestingly, a recently described unconventional secretory 

route, misfolding-associated protein secretion (MAPS), has been linked to the 

processing of other proteins that aggregate in ALS, including SOD1 and TDP-43, and 

also other misfolded proteins linked to neurodegenerative diseases, α-synuclein, tau 

and ataxin3 [953, 954]. The mechanism underlying MAPS is still unclear, but has been 

demonstrated to be regulated by Ubiquitin-specific protease 19 (USP19) [953]. Hence, 
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future studies could examine whether FUSEC is secreted through this pathway. To this 

end, knockout or overexpression of USP19 and examination of the effect on FUSEC 

secretion could be performed [953]. In addition, secretion of another protein linked to 

neurodegeneration, tau, was found to correlate with Golgi fragmentation [955], a 

condition it was also demonstrated is induced by mutant FUSEC. In contrast, there is 

also evidence that secretion of ALS-associated mutant SOD1 is impaired compared to 

WT in NSC-34 transfected cells, leading to aggregation and neurodegeneration [98]. In 

this study it was found that more mutant FUSEC than WT associated with the ER-Golgi 

compartments, which would imply that mutant FUSEC should be secreted more. 

Additionally, it could be that conditions triggered by FUSEC mutants increase FUSEC 

secretion through an alternative route different from the ER-Golgi, such as MAPS.  

	

In this study it was also examined whether FUSEC WT and mutants could 

transmit amongst cells in a ‘prion-like’ fashion. There have been a number of methods 

used to show how proteins can be transmitted among neurons, thus implicating them in 

the spread of neurodegenerative disease in a prion-like fashion. The most widely 

accepted method to demonstrate that a protein propagates in a prion like fashion would 

be an in vivo experiment. Unfortunately because of lack of time we were not able to do 

this here.  

In this study, different concentrations of conditioned media from FUSEC 

transfected cells and the lysate fractions were used as the transmission vehicle for 

FUSEC, but no transmission of FUSEC among cells was detected with these protocols. 

Both methods had the limitations of missing the possibility that the protein could be 

transmitted through direct cell-to-cell contact. Finally, a co-culture experiment design 

was used. This method overcomes some of the limitations that were encountered 

previously and it allows detection of protein transmission among cells by multiple 

methods such as: through exosomes, free in the media, or via cell-to-cell contact. The 

microscopy results revealed that mutant P320L is taken up more than WT and mutant 

R316G. These results need to be confirmed with another alternative approach. 

Unfortunately, the flow cytometry analysis developed during this study was not 

conclusive due to the high fluorescent intensity of DsRed cells, making the 

measurements inconclusive. These experiments should be optimised and repeated in in 

the future to generate more conclusive results. Additionally, a cell viability dye should be 

used as a control since death cells display high levels of autofluorescence, hence this 

can be detected as false positive. 	
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It was surprising that DsRed expressing cells were able to take up GFP only to 

such a high extent compared to WT or R316G FUSEC, this is an important technical 

limitation of this study.  However it is possible that a longer incubation time would 

overcome this problem in future studies. However GFP is known to be secreted [871] as 

it is shown in the previous chapter. Another study demonstrated that when inoculated 

into mice, untagged WT or mutant SOD1 was less susceptible to transmission in the 

inoculated mice spinal axis, in contrast to the yeloow fluorescent protein (YFP) tagged 

versions of the same proteins, suggesting that the fluorescent tag could affect uptake or 

spread of misfolded proteins [509]. YFP is a genetic mutant of GFP, in which threonine 

at position-203 is replaced for tyrosine, hence it is highly similar to GFP [956]. 

Furthermore it should be noted that neither this study, nor many of the studies that use 

GFP tagged proteins for co-culture experiments, include YFP or GFP empty vector only 

as a control [509, 927].   

For PrP, it has been proposed that transmission between cells is dependent on 

protein conformation. Westergard and colleagues examined the cell-to-cell transmission 

of C9ORF72 DPRs, and demonstrated that PR repeatedly displayed different 

mechanisms of transmission compared to other DPRs [198]. Similarly, different SOD1 

mutants possess different transmissibility properties [509]. These findings suggest that 

in ALS the different misfolded protein mutants display different transmissibility 

properties, which may explain why the P320L FUSEC mutant was more easily taken up.  

In contrast, the R316G mutant was not taken up as readily. Additionally this mutant was 

also found to have the trend to be secreted more than WT or R316G. Interestingly, fALS 

patients bearing the P525L FUS mutation (corresponding to P320L in FUSEC) displayed 

rapid and aggressive disease progression compared to other FUS mutations [8, 672, 

913].  

Most of the previous studies investigating uptake and transmissibly of misfolded 

proteins linked to ALS, have described low rates of transmissibility between cells:  TDP-

43 [502, 927] and C9ORF72 [199]. Similar findings were obtained in this study, where 

P320L -FUSEC give -approximately 2.73% of transmission between cells.  However, 

even low transmission rates are likely to be relevant to pathology given that these 

proteins are capable of inducing toxicity. Clearly, here more experiments are needed to 

confirm the uptake of FUSEC, and to determine if the uptake of mutant or WT FUSEC 

induces misfolding of the endofenous FUSEC and toxicity in the receiving cells. 
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In addition, other characteristics of prion-like proteins need to be examined for 

FUSEC. In future studies the seeding ability of FUSEC could be tested. These 

investigations could focus on whether overexpression of FUSEC (preferably tagged to 

facilitate its detection) and subsequent secretion into conditioned medium leads to 

misfolding of its endogenous, untagged counterpart in recipient cells. Related to this 

idea, it would also be interesting to examine whether overexpression of ALS-associated 

mutant FUSEC leads to sequestration and misfolding of endogenous, FUSEC or 

canonical FUS. Further experiments are also needed to confirm the cell-to-cell 

transmission of FUSEC.  

 

It is important to note the limitations of this study.  Firstly, the use of cell lines and 

transient transfections. Transient transfection results in high protein levels of expression 

that may not be physiological, therefore leading to a different phenotype not directly 

relevant to the disorder. Future studies would benefit from the use of an inducible, 

stable expression system to improve experimental reproducibility. Furthermore, the 

findings obtained in this study would ideally be confirmed in more physiological 

systems, either primary neurons, organotypic cultures or animal models. In particular, 

the prion-like mechanism of transmission of FUSEC would benefit from more 

physiologically relevant systems. The protocol used here involving co-culture 

experiments, is arguably more relevant than using conditioned media only applied to 

cells, to replicate the transmission of proteins between cells. However a better 

methodology would be to examine the transmission of FUSEC in animal models. 

 Finally, the binding partners identified in Figure 5.3, should be further validated, 

and also binding partners of endogenous FUSEC need to be examined and compared to 

these, to make sure that the presence of the HA tag, or the high levels of 

overexpression, are not identifying false, non-native binding partners.  However this 

requires the use of an antibody specific for FUSEC. When this thesis was completed 

however, an anti-FUSEC antibody was not available, despite the purchase of a 

customised antibody commercially.  

Implications and future perspectives 

The precise mechanism by which FUS induces motor neuron degeneration is still not 

fully understood. The identification of a novel extracellular isoform of FUS, which 

induces cellular features previously linked to FUS-ALS, is likely to be relevant to our 

future understanding of pathogenic mechanisms in ALS. Future experiments are 
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warranted to fully understand the role of FUSEC in ALS and to examine whether these 

two FUS proteins - the canonical form and FUSEC isoform - act together in a co-

operative manner, or they have independent functions. 

Conclusions  

The findings in this chapter reveal that FUSEC bearing ALS mutants, R316G and P320L, 

trigger cellular mechanisms involved in ALS. The results showed that both mutants form 

more inclusions than WT FUSEC and they also localize more in the ER, enhancing ER 

stress, Golgi fragmentation and ultimately cellular apoptosis. Additionally, it was shown 

that FUSEC mutant P320L is taken up by neighbouring cells, highlighting its potential 

role in the spread of ALS pathology. 
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Summary of the main findings of the thesis 

The first part of this thesis (Chapters 3 and 4) presents the first evidence for the 

existence of a novel extracellular FUS isoform (FUSEC), and its characterization of its 

function (Figure 6.1). Wilson and colleagues predicted this novel isoform through 

bioinformatics tools [731] and this thesis has experimentally confirmed its existence. In 

the studies presented in the first chapter, the expression of the isoform was confirmed 

at the mRNA and protein level in human primary neurons and HEK293T cells. 

Additionally, it was confirmed, using multiple techniques that FUSEC is found in the 

extracellular environment. In the studies presented in Chapter 4, it was further 

determined that FUSEC is secreted in part through the classical ER-Golgi secretory 

pathway. It was also demonstrated that FUSEC is N-glycosylated and contains mostly 

complex N-glycans that regulates its secretion. Consistent with these findings, 

overexpressed WT FUSEC colocalizes partially with ER and Golgi markers. In addition, 

in only a small proportion of transfected cells, WT FUSEC localized in the nucleus, in 

contrast to WT canonical FUS, which is found predominantly in the nucleus [4, 5]. A 

number of putative binding partners of WT FUSEC from cells lysates were identified and 

determined by GO to be involved in nucleic acid binding proteins suggesting that FUSEC 

might also play a role in this pathway, similar to canonical FUS [342, 514, 532]. 

Interestingly, binding partners that mapped to nucleic acid binding were also identified 

from extracellular FUSEC immunoprecipitations suggesting a completely new role that is 

different to the canonical FUS. Furthermore, it was demonstrated that overexpressing 

WT FUSEC leads to the formation of cytoplasmic inclusions, implying that FUSEC may be 

toxic when overexpressed in cells similar to the role of TDP-43 isoform in ALS patients 

[141].  

 

In Chapter 5 the role of FUSEC in ALS was investigated. Since FUSEC shares the 

C-terminal sequence with canonical FUS, where most of ALS-mutations are clustered, 

they should also be present in FUSEC [4, 5]. We identified putative binding partners 

unique to ALS-mutants FUSEC, mutants R316G and P320L (corresponding to mutants 

R521G and P525L in canonical FUS), distinct from those binding to WT FUSEC. 

Analysis revealed proteins involved in the UPR and proteosomal function, suggesting 

an impairment of this pathway which corresponded to higher inclusion formation in cells 

expressing FUSEC mutants compared to WT. It was further confirmed that 

overexpression of mutant FUSEC induced ER stress, Golgi fragmentation and apoptosis 
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when overexpressed in HEK293T cells. Finally, preliminary data obtained in this thesis 

suggested that mutant FUSEC has the ability to be transmitted from cell-to-cell (Figure 
6.2).  
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Figure 6.1 Schematic representation of the features of FUSEC identified in this thesis. This 

thesis has confirmed the expression of FUSEC at the mRNA and protein level in human neuronal 
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cell lines and in HEK293T cells. Furthermore it has characterized its cellular localization, its N-

glycosylation profile and identified putative binding partners in the intra/extracellular 

compartment. Future studies could focus on the examining of its three dimensional (3D) 

structure. 

	

Identification and characterization of FUSEC 

The findings obtained in Chapter 3 demonstrated that FUSEC has 61 unique amino 

acids at its N-terminal but it shares 260 amino acids at the C-terminus with canonical 

FUS. Hence FUSEC shares 5 entire domains with canonical FUS: the RRM domain, two 

RGG domains, the ZnF and the NLS. The RRM domain and the RGG-ZnF-RGG 

domains are involved in RNA and DNA binding [528, 538] and the NLS is responsible 

for its translocation to the nucleus with the assistance of the third RGG domain [548, 

549]. 

Canonical FUS is localized mainly in the nucleus, where it is involved in functions 

including alternative splicing, transcription regulation, formation of RNP complexes and 

the DNA damage response [160, 523, 636, 735]. These functions are linked to its 

capacity to bind directly to RNA and DNA, and also to bind to proteins that regulate 

these processes such as snRNPs, SMN, DROSHA, PARP and HDAC1 [604, 605, 617, 

631, 632, 634-636]. Additionally, upon certain stimuli, FUS has the ability to relocate to 

the axons and dendritic spines to transport mRNA thus facilitating local translation in 

these specific subcellular compartments [515, 546]. These functions are important for 

synapse formation, neuronal plasticity, differentiation and proliferation [515, 546]. 

Furthermore, canonical FUS has specific functions in the cytoplasm, including RNA 

stability, translation, and degradation [341]. 

 

 The C-terminal shared domains between canonical FUS and FUSEC provide 

some clues about the possible intracellular functions of FUSEC. When localized in the 

nucleus or cytoplasm, FUSEC may perform similar functions to canonical FUS, related to 

mRNA processing including splicing and mRNA transport. This possibility was 

supported by the findings of this study where putative binding partners of WT FUSEC 

were identified. Most of these were RNA/DNA binding proteins, such as Matrin-3 and 

TDP-43, which are mainly nuclear resident RNA binding proteins [888, 957]. Hence this 

implies that FUSEC is involved in nuclear mRNA processing and transport to the 

cytoplasm. However, FUSEC lacks the first 266 amino acids of canonical FUS, hence it 
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lacks the QGSY-rich domain and the intrinsically disordered first glycine-rich domain 

[543]. Both of these domains have prion-like characteristics and are involved in 

transcriptional regulation, protein-protein interactions, and regulation of FUS phase 

separation [127, 523]. While FUSEC retains most of the domains responsible for the 

DNA damage response [158, 958], FUS recruitment to DNA sites has been tightly 

linked to its phosphorylation at the N-terminal prion-like domain upon DNA damage 

[574]. Hence in future studies the ability of FUSEC in the DNA damage response should 

be investigated [573, 574]. 

 

 The functions of FUSEC in the extracellular environment remain intriguing. In this 

thesis we identified putative interacting partners of extracellular FUSEC that suggest 

DNA/RNA binding functions in that subcellular compartment. More work is needed to 

determine the specific functions of FUSEC extracellularly. An interesting area of future 

research would be to examine whether FUSEC is associated with the export of exRNA. 

exRNA has been shown to be secreted via RNP complexes and extracellular vesicles, 

hence FUSEC may be a constituent of RNP complexes or may be located within 

extracellular vesicles. Whilst in this thesis it was concluded that FUSEC is not present in 

exosomes, it remains to be elucidated whether FUSEC is present if microvesicles, 

where, interestingly, matrin-3, an extracellular FUSEC putative binding partner, has been 

identified [959, 960]. Furthermore, the binding of extracellular FUSEC with RNA could be 

investigated using the technique iCLIP, which has been used previously to identify RNA 

targets of FUS and TDP-43 [622, 736]. iCLIP combines CLIP-seq and 

immunoprecipitation and have been optimized recently, so that it now is more efficient 

and accurate than previous [961, 962].  

 

FUS functions are tightly regulated by its PTMs. This thesis presented evidence 

that FUSEC is N-glycosylated, with two potential N-glycosylated sites identified in the 

RRM domain (N79, N90) and one in the ZnF domain (N232). In contrast, N-

glycosylation of canonical FUS has not been demonstrated to date. FUS PTMs include 

methylation in the RGG3 domain [557], which is involved in the regulation of its binding 

to TRPO1, and could thus impact its nuclear import. Similarly, phosphorylation of 

residues in the PY-NLS region are implicated in disruption of this interaction [535, 553], 

leading to cytoplasmic FUS accumulation. Therefore, FUSEC nuclear localization could 

be also mediated by its phosphorylation and methylation status at its C-terminus.  
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This study has provided some clues to the possible functions of FUSEC. The 

spatial conformation of proteins has a critical effect on its function. Hence in future 

studies the three-dimensional structure of FUSEC should be elucidated to have a better 

understanding of the protein and its functions. 

 

The possible role of FUSEC in ALS  

This thesis presents evidence that WT FUSEC, and to a greater extend ALS-mutant 

FUSEC, are involved in cellular pathological features that have been shown to be a 

common trait among other ALS related proteins, including TDP-43, SOD1 and 

C9ORF72 as well as canonical FUS [115, 119, 171, 485, 487, 880, 952, 963]. These 

processes include ER stress, Golgi fragmentation and apoptosis.  

This new evidence regarding FUSEC has raised new questions however. 

Undoubtedly the prion-like domain plays a critical role in canonical FUS pathology in 

ALS. However, is it possible that FUSEC, which lacks this domain, be involved in similar 

pathways and has similar toxic effects to canonical FUS within the cell. The FUS prion-

like domain is important due to its self-assembly capacity and the formation of cross-

beta filament-containing hydrogels in vitro [378]. Indeed, some studies have 

demonstrated that these regions are required for canonical FUS aggregation [964] and 

localization into stress granules [378]. However, the C-terminal region (423-526) of 

canonical FUS promoted the aggregation of large macroscopic aggregates in vitro [533] 

and according to this study, the FUS RRM domain was required for cytotoxicity [533]. 

Hence future studies are needed to determine the role of FUSEC inclusions in its 

structure and function and to examine the role of the unique N-terminal sequence of 

FUSEC in its folding.  

 

An important role of canonical FUS toxicity in ALS is the abnormal entrapment of 

RNA-binding proteins and RNA in the inclusions, which impairs RNA regulation and 

axonal transport [965, 966]. It has been proposed that the underlying pathophysiologic 

mechanism in ALS is impairment of FUS phase transition by mutant canonical FUS, 

which promotes the formation of irreversible solid RNP granules, such as SGs [354, 

379]. Recently, it has been shown for the first time that persistent SGs transit to 

pathological inclusions that induce neuronal cell death [967]. Hence it is important to 

determine whether FUSEC would have a similar role to canonical FUS in this manner. 

This thesis presents some evidence to suggest that FUSEC could be a component of 
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SGs. Firstly, a number of potential binding partners of FUSEC were nucleic acid binding 

proteins including, TDP-43 that is known to modulate SGs formation [968]. Additionally, 

Matrin-3 was also identified and proteins involved in RNA stress granule formation were 

consistently identified as major Matrin-3 interacting partners [957]. Additionally, the data 

reveal that mutant FUSEC, R316G, possibly binds to G3BP1, a stress granule 

component. Furthermore, it also revealed that both FUSEC mutants potentially bind to 

VCP, which is localized in SGs under stress conditions, which regulates their clearance 

[948]. The prion-like domain of canonical FUS has been suggested to be responsible for 

driving FUS assembly into reversible liquid phase [378, 521, 529]. However, is this 

domain important for the irreversible assembly of SGs, which may underlie the 

formation of inclusions in ALS? It is important to note that ALS mutant proteins without a 

prion-like domain, such as SOD1, have been shown to interact with G3BP1, localize to 

SGs and impair their dynamics [969]. Cytoplasmic mislocalization is a common 

prerequisite of SGs formation. Additionally, the RGG-ZnF-RGG domain of FUS is 

necessary for the recruitment of canonical FUS into stress granules [540]. Another 

study demonstrated that the RGG domains of FUS, also present in FUSEC, were prone 

to phase separate in the presence of a molecular crowder [389]. Furthermore, the RRM 

domain of FUS, although intrinsically folded, is able to self-assemble irreversibly in to 

amyloid fibrils [522]. Hence, although FUSEC is missing the prion-like domain, this 

evidence suggests that FUSEC could be a component of SGs. Future studies to 

determine FUSEC localization in SGs are therefore warranted. Additionally, it will be 

interesting to study whether mutant FUSEC impairs SGs dynamics similar to other ALS 

related proteins and/or whether FUSEC is the main driver of RNP granule formation 

and/or whether it is passively pulled down by RBP complexes. 

 

Extracellular proteins have been implicated in the orderly spread of ALS 

pathology in a prion-like mechanism [507, 508]. This thesis presents preliminary 

evidence that mutant FUSEC could be transmitted from cell-to-cell, but this should be 

further confirmed with additional techniques and with a more biologically relevant 

disease model. More work is therefore needed to confirm the transmissibility of FUSEC 

and to investigate the prion-like properties of FUSEC. In future studies, in the first 

experiments, it would be important to elucidate if FUSEC has the ability to self- assemble 

similar to canonical FUS [522, 578]. Next it could be investigated whether FUSEC 

inclusions have amyloid like properties by examining their reactivity to thioflavin S or 

Congo red and to test their resistance to proteinase K.  
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It is also worthwhile to study the possible involvement of WT and mutant FUSEC 

in the non-cell autonomous mechanism involved in ALS. Altered functions of non-

neuronal cells have been implicated in ALS/FTD, affecting disease onset, progression 

and neurodegeneration [970, 971]. Canonical FUS is ubiquitously expressed in the CNS 

and FUS inclusions have been detected in glia and astrocytes of ALS/FTD patients [4, 

12, 972]. Interestingly, microglia activated by extracellular mutant SOD1 induces motor 

neuron degeneration [313, 314]. It would be interesting to determine whether glia and 

astrocytes also exhibit the cell-to-cell transmission of FUSEC, and examine whether 

these cells are implicated in its spread. It should also be examined whether FUSEC 

normal extracellular functions involves the communication among cells, for example 

through the transfer of exRNA that as has been described before for other protein [973] 

and if this is altered in ALS mutants. 

 

Finally, future studies should also focus on determining the mechanism 

underlying alternative splicing regulation of FUSEC. The normal functions of canonical 

FUS include alternative splicing, and FUS has been shown to autoregulate its protein 

levels through alternative splicing and NMD [512], Hence it would be interesting to 

examine whether canonical FUS regulates FUSEC expression. Similarly, also whether 

the alternative splicing defects seen in FUS ALS lead to altered expression of FUSEC. 



General discussion	 206	
	

	

Cytoplasm

Golgi Fragmentation

Stress 
granules?

Asp

AspAsp

AspAsp

Nucleus

Proteosome 
dysfunction

WT and mutant 
FUS  aggreagtionEC

FUS  
P320L 
uptake

EC

AspAsp

AspAsp

*
***

*

* *
*

*

a

AspAsp
*

AspAsp*

AspAsp*

WT FUSEC

Mutant FUSEC

*
*

*

AspAsp

ER 
stress

b

g

ce

d

f

hh

?

 
	
Figure 6.2 FUSEC is involved in molecular mechanisms related to ALS (a) Mutant FUSEC 
(P230L and R316G) localizes more in the ER and also induce more of ER stress (b) and Golgi 
fragmentation than WT FUSEC (c), triggering apoptosis. FUSEC is N-glycosylated and secreted 
through the classic secretory pathway (d). However a second secretory mechanism, implying 
aggregates or extracellular vesicles other than exosomes (e), is also implicated and needs to be 
further investigated. (f) Preliminary data demonstrated that P230L is capable of transmitting 
from cell-to-cell. The putative binding partners identified in this study suggest that 
overexpression of mutant FUSEC could lead to proteasome dysfunction (g), and localize within 
stress granules (h). However this needs to be experimentally confirmed.  

	
It is important to mention some caveats to this study. The studies presented in 

this thesis are based on the use of cell culture models overexpressing FUSEC. Although 

this model allows us to better to study FUSEC characteristics and effects on ALS cellular 

features, it has also some limitations. Transient transfection results in high levels of 

protein expression, which may not be at physiological levels, and thus not related to the 

disease. Hence, in future studies stable and inducible expression of FUSEC or the use of 

CRISPR/Cas9 technology could help to obtain protein levels closer to physiological 
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conditions. Additionally, these studies should be verified using more relevant models. 

FUSEC expression and the studies of FUSEC N-glycosylation should be confirmed in 

human tissue samples, such as CSF. Given the limitations of investigations into a 

complex disease in cell culture, it will be important in future studies to further investigate 

the role of FUSEC in ALS using in vivo models or ALS patients IPSCs. Additionally, the 

expression of FUSEC should be studied in ALS patient and control samples to validate 

its biological relevance to pathology 

	

Final conclusions 

ALS is the most common motor neuron disorder with adult onset. FUS is linked 

pathologically and genetically to both familial and sporadic cases of ALS. Importantly, 

FUS mutations are linked to an aggressive, juvenile form of ALS. However, the role of 

FUS in ALS remains largely unknown in comparison to TDP-43. The body of work 

presented in this thesis confirms the discovery of a new extracellular FUS isoform, 

FUSEC, and describes normal characteristics and functions of FUSEC. Importantly, it also 

presents evidence of its potential role in ALS. This new evidence raises several 

questions and further work is needed to determine the unique role of FUSEC under 

normal conditions and importantly, in ALS neurodegeneration in ALS.  

It is likely that the results presented in this thesis will have further implications in our 

understanding of ALS and also opens up important new avenues of research focused 

on FUSEC, such as determining the unique function of FUSEC in the extracellular 

compartment under normal conditions and in ALS. 
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Highlights of this thesis 
 

• A novel isoform of FUS has been identified, termed ‘FUSEC’. 

• FUSEC is an extracellular protein that is N-glycosylated with complex 

N-glycans, and this regulates its secretion. 

• The vast majority of potential intra- and extracellular binding partners 

of WT FUSEC are RNA/DNA binding proteins. 

• Overexpression of FUSEC bearing ALS mutations triggers cellular 

features characteristic of ALS: inclusion formation, ER stress, Golgi 

fragmentation and apoptosis. 

• Potential binding partners of mutant FUSEC are proteins involved in 

the UPR, proteasome function and stress granule formation. 

• Preliminary evidence implies that ALS-mutant P320L FUSEC is 

transmitted among cells. 
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8.1. HA-FUSEC and GFP-FUSEC vector map 
a) b)

	

8.2. GFP-FUSEC plasmid sequence 
gacggatcgggagatctcccgatcccctatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagtatct
gctccctgcttgtgtgttggaggtcgctgagtagtgcgcgagcaaaatttaagctacaacaaggcaaggcttgaccgaca
attgcatgaagaatctgcttagggttaggcgttttgcgctgcttcgcgatgtacgggccagatatacgcgttgacattgatta
ttgactagttattaatagtaatcaattacggggtcattagttcatagcccatatatggagttccgcgttacataacttacggta
aatggcccgcctggctgaccgcccaacgacccccgcccattgacgtcaataatgacgtatgttcccatagtaacgccaata
gggactttccattgacgtcaatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgccaa
gtacgccccctattgacgtcaatgacggtaaatggcccgcctggcattatgcccagtacatgaccttatgggactttcctac
ttggcagtacatctacgtattagtcatcgctattaccatggtgatgcggttttggcagtacatcaatgggcgtggatagcggt
ttgactcacggggatttccaagtctccaccccattgacgtcaatgggagtttgttttggcaccaaaatcaacgggactttcc
aaaatgtcgtaacaactccgccccattgacgcaaatgggcggtaggcgtgtacggtgggaggtctatataagcagagctc
tctggctaactagagaacccactgcttactggcttatcgaaattaatacgactcactatagggagacccaagctggctagc
gtttaaacttaagcttggtaccgagctcggatccaccatggccatcaagaccagagtggtggaagtggccgccgtggcca
tggatagcagaacagttgaagctgctgctggcgtggcagtggttgctgctgccgctgctgcagtggtggttacaacagctg
ctgtggtggccatgaatcccgaggtggtcgaagttgccgtggaagccgaagttgcttggggccctagagatcagggcagc
agacacgatagcgagcaggacaacagcgacaacaacaccatcttcgtgcaaggcctgggcgagaacgtgaccattgag
agcgtggccgactacttcaagcagatcggcatcatcaagacgaacaagaaaaccgggcagcccatgatcaacctgtaca
ccgacagagagacaggcaagctgaagggcgaagccaccgtgtccttcgacgatcctccatctgccaaggccgccatcga
ttggttcgacggcaaagagttcagcggcaaccccatcaaggtgtcctttgccaccagacgggccgacttcaatagaggcg
gcggaaatggtagaggcggacgtggaagaggtggccctatgggaagaggcggatatggtggcggaggatctggcgga
ggtggcagaggcggttttcctagcggaggtggtggcggcggaggacaacaacgagctggcgattggaagtgccccaatc
ctacctgcgagaacatgaacttcagctggcggaacgagtgcaaccagtgcaaggctcctaagcctgatggaccaggtgg
cggacctggcggatctcacatgggaggaaattacggcgacgatcggagaggtggacgcggcggttatgacagaggcgg
ctatagaggacgcggaggcgatcgcggaggattcagaggtggaagaggcggcggagatagaggcggatttggccctgg
caagatggactctagaggcgagcaccggcaggacagacgggaaagaccttacatggtgtccaaaggcgaggaactgtt
caccggcgtggtgcccattctggtggaactggacggggatgtgaacggccacaagtttagcgttagcggcgaaggcgaa
ggggatgccacatacggaaagctgaccctgaagtttatctgcaccaccggcaagctgcccgtgccttggcctacacttgtg



	

	

accacactgacctacggcgtgcagtgcttcagcagataccccgaccatatgaagcagcacgacttcttcaagagcgccat
gcctgagggctacgtgcaagagcggaccatcttctttaaggacgacggcaactacaagaccagggccgaagtgaagttc
gagggcgacaccctggtcaaccggatcgagctgaaaggcatcgatttcaaagaggacggcaacatcctgggccacaag
ctcgagtacaactacaactcccacaacgtgtacatcatggccgacaagcagaaaaacggcatcaaagtgaacttcaaga
tccggcacaacatcgaggacggctctgtgcagctggccgatcactaccagcagaacacacccatcggagatggccctgtc
ctgctgcctgacaaccactacctgagcacacagagcgccctgagcaaggaccccaacgagaagagggatcacatggtg
ctgctggaattcgtgaccgccgctggcatcacactcggcatggacgaactgtacaaaggcggaggcagaagcggcaact
ccagacctctggaaccactggatagcgctgccctctaagatatccagcacagtggcggccgctcgagtctagagggcccg
tttaaacccgctgatcagcctcgactgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccct
ggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattctgg
ggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctct
atggcttctgaggcggaaagaaccagctggggctctagggggtatccccacgcgccctgtagcggcgcattaagcgcgg
cgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctttcttcccttcctttc
tcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcacctc
gaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttgg
agtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttataag
ggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattaattctgtggaatgtgt
gtcagttagggtgtggaaagtccccaggctccccagcaggcagaagtatgcaaagcatgcatctcaattagtcagcaacc
aggtgtggaaagtccccaggctccccagcaggcagaagtatgcaaagcatgcatctcaattagtcagcaaccatagtccc
gcccctaactccgcccatcccgcccctaactccgcccagttccgcccattctccgccccatggctgactaattttttttatttat
gcagaggccgaggccgcctctgcctctgagctattccagaagtagtgaggaggcttttttggaggcctaggcttttgcaaa
aagctcccgggagcttgtatatccattttcggatctgatcagcacgtgatgaaaaagcctgaactcaccgcgacgtctgtc
gagaagtttctgatcgaaaagttcgacagcgtctccgacctgatgcagctctcggagggcgaagaatctcgtgctttcagc
ttcgatgtaggagggcgtggatatgtcctgcgggtaaatagctgcgccgatggtttctacaaagatcgttatgtttatcggc
actttgcatcggccgcgctcccgattccggaagtgcttgacattggggaattcagcgagagcctgacctattgcatctcccg
ccgtgcacagggtgtcacgttgcaagacctgcctgaaaccgaactgcccgctgttctgcagccggtcgcggaggccatgg
atgcgatcgctgcggccgatcttagccagacgagcgggttcggcccattcggaccgcaaggaatcggtcaatacactaca
tggcgtgatttcatatgcgcgattgctgatccccatgtgtatcactggcaaactgtgatggacgacaccgtcagtgcgtccg
tcgcgcaggctctcgatgagctgatgctttgggccgaggactgccccgaagtccggcacctcgtgcacgcggatttcggct
ccaacaatgtcctgacggacaatggccgcataacagcggtcattgactggagcgaggcgatgttcggggattcccaatac
gaggtcgccaacatcttcttctggaggccgtggttggcttgtatggagcagcagacgcgctacttcgagcggaggcatccg
gagcttgcaggatcgccgcggctccgggcgtatatgctccgcattggtcttgaccaactctatcagagcttggttgacggca
atttcgatgatgcagcttgggcgcagggtcgatgcgacgcaatcgtccgatccggagccgggactgtcgggcgtacacaa
atcgcccgcagaagcgcggccgtctggaccgatggctgtgtagaagtactcgccgatagtggaaaccgacgccccagca
ctcgtccgagggcaaaggaatagcacgtgctacgagatttcgattccaccgccgccttctatgaaaggttgggcttcggaa
tcgttttccgggacgccggctggatgatcctccagcgcggggatctcatgctggagttcttcgcccaccccaacttgtttatt
gcagcttataatggttacaaataaagcaatagcatcacaaatttcacaaataaagcatttttttcactgcattctagttgtgg
tttgtccaaactcatcaatgtatcttatcatgtctgtataccgtcgacctctagctagagcttggcgtaatcatggtcatagct
gtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagcctggggtgc
ctaatgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgtcgtgccagctgcatt
aatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgctcttccgcttcctcgctcactgactcgctgcgct
cggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacgca
ggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcgtttttccatagg
ctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagatacc
aggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctccctt
cgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgt
gcacgaaccccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgactt
atcgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggt
ggcctaactacggctacactagaagaacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttg



	

	

gtagctcttgatccggcaaacaaaccaccgctggtagcggtttttttgtttgcaagcagcagattacgcgcagaaaaaaag
gatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcat
gagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaa
acttggtctgacagttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgcctga
ctccccgtcgtgtagataactacgatacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacg
ctcaccggctccagatttatcagcaataaaccagccagccggaagggccgagcgcagaagtggtcctgcaactttatccg
cctccatccagtctattaattgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccatt
gctacaggcatcgtggtgtcacgctcgtcgtttggtatggcttcattcagctccggttcccaacgatcaaggcgagttacat
gatcccccatgttgtgcaaaaaagcggttagctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatc
actcatggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaac
caagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggcgtcaatacgggataataccgcgccacatag
cagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgctgttgagatccagt
tcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaa
ggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactcttcctttttcaatattattgaa
gcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgcgcac
atttccccgaaaagtgccacctgacgtc



	

	

	
	

8.3. HA-FUSEC plasmid sequence 
gacggatcgggagatctcccgatcccctatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagtatctgctc
cctgcttgtgtgttggaggtcgctgagtagtgcgcgagcaaaatttaagctacaacaaggcaaggcttgaccgacaattgcatg
aagaatctgcttagggttaggcgttttgcgctgcttcgcgatgtacgggccagatatacgcgttgacattgattattgactagttat
taatagtaatcaattacggggtcattagttcatagcccatatatggagttccgcgttacataacttacggtaaatggcccgcctgg
ctgaccgcccaacgacccccgcccattgacgtcaataatgacgtatgttcccatagtaacgccaatagggactttccattgacgt
caatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgccaagtacgccccctattgacgtca
atgacggtaaatggcccgcctggcattatgcccagtacatgaccttatgggactttcctacttggcagtacatctacgtattagtc
atcgctattaccatggtgatgcggttttggcagtacatcaatgggcgtggatagcggtttgactcacggggatttccaagtctcca
ccccattgacgtcaatgggagtttgttttggcaccaaaatcaacgggactttccaaaatgtcgtaacaactccgccccattgacg
caaatgggcggtaggcgtgtacggtgggaggtctatataagcagagctctctggctaactagagaacccactgcttactggctt
atcgaaattaatacgactcactatagggagacccaagctggctagcgtttaaacttaagcttggtaccgagctcggatccacca
tggccatcaagaccagagtggtggaagtggccgccgtggccatggatagcagaacagttgaagctgctgctggcgtggcagt
ggttgctgctgccgctgctgcagtggtggttacaacagctgctgtggtggccatgaatcccgaggtggtcgaagttgccgtgga
agccgaagttgcttggggccctagagatcagggcagcagacacgatagcgagcaggacaacagcgacaacaacaccatcttc
gtgcaaggcctgggcgagaacgtgaccattgagagcgtggccgactacttcaagcagatcggcatcatcaagacgaacaaga
aaaccgggcagcccatgatcaacctgtacaccgacagagagacaggcaagctgaagggcgaagccaccgtgtccttcgacg
atcctccatctgccaaggccgccatcgattggttcgacggcaaagagttcagcggcaaccccatcaaggtgtcctttgccacca
gacgggccgacttcaatagaggcggcggaaatggtagaggcggacgtggaagaggtggccctatgggaagaggcggatatg
gtggcggaggatctggcggaggtggcagaggcggttttcctagcggaggtggtggcggcggaggacaacaacgagctggcg
attggaagtgccccaatcctacctgcgagaacatgaacttcagctggcggaacgagtgcaaccagtgcaaggctcctaagcct
gatggaccaggtggcggacctggcggatctcacatgggaggaaattacggcgacgatcggagaggtggacgcggcggttatg
acagaggcggctatagaggacgcggaggcgatcgcggaggattcagaggtggaagaggcggcggagatagaggcggattt
ggccctggcaagatggactctagaggcgagcaccggcaggacagaagagagaggccttactacccctacgacgtgcccgatt
acgcctgagatatccagcacagtggcggccgctcgagtctagagggcccgtttaaacccgctgatcagcctcgactgtgccttc
tagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccctggaaggtgccactcccactgtcctttcctaataaaat
gaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattg
ggaagacaatagcaggcatgctggggatgcggtgggctctatggcttctgaggcggaaagaaccagctggggctctaggggg
tatccccacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgcc
ctagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctcccttt
agggttccgatttagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcgccctga
tagacggtttttcgccctttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatc
tcggtctattcttttgatttataagggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcga
attaattctgtggaatgtgtgtcagttagggtgtggaaagtccccaggctccccagcaggcagaagtatgcaaagcatgcatct
caattagtcagcaaccaggtgtggaaagtccccaggctccccagcaggcagaagtatgcaaagcatgcatctcaattagtcag
caaccatagtcccgcccctaactccgcccatcccgcccctaactccgcccagttccgcccattctccgccccatggctgactaatt
ttttttatttatgcagaggccgaggccgcctctgcctctgagctattccagaagtagtgaggaggcttttttggaggcctaggcttt
tgcaaaaagctcccgggagcttgtatatccattttcggatctgatcagcacgtgatgaaaaagcctgaactcaccgcgacgtctg
tcgagaagtttctgatcgaaaagttcgacagcgtctccgacctgatgcagctctcggagggcgaagaatctcgtgctttcagctt
cgatgtaggagggcgtggatatgtcctgcgggtaaatagctgcgccgatggtttctacaaagatcgttatgtttatcggcactttg
catcggccgcgctcccgattccggaagtgcttgacattggggaattcagcgagagcctgacctattgcatctcccgccgtgcac
agggtgtcacgttgcaagacctgcctgaaaccgaactgcccgctgttctgcagccggtcgcggaggccatggatgcgatcgctg
cggccgatcttagccagacgagcgggttcggcccattcggaccgcaaggaatcggtcaatacactacatggcgtgatttcatat
gcgcgattgctgatccccatgtgtatcactggcaaactgtgatggacgacaccgtcagtgcgtccgtcgcgcaggctctcgatg
agctgatgctttgggccgaggactgccccgaagtccggcacctcgtgcacgcggatttcggctccaacaatgtcctgacggaca
atggccgcataacagcggtcattgactggagcgaggcgatgttcggggattcccaatacgaggtcgccaacatcttcttctgga



	

	

ggccgtggttggcttgtatggagcagcagacgcgctacttcgagcggaggcatccggagcttgcaggatcgccgcggctccgg
gcgtatatgctccgcattggtcttgaccaactctatcagagcttggttgacggcaatttcgatgatgcagcttgggcgcagggtcg
atgcgacgcaatcgtccgatccggagccgggactgtcgggcgtacacaaatcgcccgcagaagcgcggccgtctggaccgat
ggctgtgtagaagtactcgccgatagtggaaaccgacgccccagcactcgtccgagggcaaaggaatagcacgtgctacgag
atttcgattccaccgccgccttctatgaaaggttgggcttcggaatcgttttccgggacgccggctggatgatcctccagcgcgg
ggatctcatgctggagttcttcgcccaccccaacttgtttattgcagcttataatggttacaaataaagcaatagcatcacaaattt
cacaaataaagcatttttttcactgcattctagttgtggtttgtccaaactcatcaatgtatcttatcatgtctgtataccgtcgacct
ctagctagagcttggcgtaatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagcc
ggaagcataaagtgtaaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagt
cgggaaacctgtcgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgctcttccgctt
cctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccac
agaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgc
tggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacagga
ctataaagataccaggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgc
ctttctcccttcgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctggg
ctgtgtgcacgaaccccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgac
ttatcgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtgg
cctaactacggctacactagaagaacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagct
cttgatccggcaaacaaaccaccgctggtagcggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaag
aagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaa
aggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttac
caatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataact
acgatacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagca
ataaaccagccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgccgg
gaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctcgtcgtt
tggtatggcttcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagcggttagctcct
tcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctcttactgtca
tgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgctct
tgcccggcgtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcga
aaactctcaaggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttc
accagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaata
ctcatactcttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaa
taaacaaataggggttccgcgcacatttccccgaaaagtgccacctgacg	
	
	  



	

	

8.4. Uncropped   western blots  
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Figure 3 Uncropped wester blots  Uncropped western blots from figure 3.5b (a), 4.9b (b) and 5.2a 
and  5.2c (c).   
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8.5. Mass spectrometry results for binding partners (Chapter 4 and 5) 

 

	

Accession	

Sum	PEP	

Score	

Coverage	

[%]	

#	Unique	

Peptides	

Entrez		

Gene	ID	

Gene		

Symbol	

LYSATE	1	 MEDIA1	 LYSATE	2	 MEDIA2	

WT	 R316G	 P320	 WT	 R316G	 P320	 WT	 R316G	 P320	 WT	 R316G	 P320	

P78527	 401.811	 29	 110	 5591	 PRKDC	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

P49327	 378.796	 36	 72	 2194	 FASN	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	

P08670	 350.098	 80	 48	 7431	 VIM	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P04264	 319.027	 61	 35	 3848	 KRT1	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

Q14204	 314.772	 20	 79	 1778	 DYNC1H1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P13645	 288.918	 58	 29	 3858	 KRT10	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P08238	 285.933	 60	 29	 3326	 HSP90AB1	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P0DMV8	 275.456	 61	 26	 3303;	3304	

HSPA1A;	

HSPA1B	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P07437	 274.974	 68	 4	 203068	 TUBB	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	

P35580-3	 259.487	 33	 43	 4628	 MYH10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 High	 NF	 NF	

P10809	 258.46	 68	 33	 3329	 HSPD1	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

P68371	 250.452	 68	 2	 10383	 TUBB4B	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q00610-1	 247.174	 35	 48	 1213	 CLTC	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 NF	

P13639	 244.567	 60	 43	 1938	 EEF2	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	

Q08211	 239.334	 38	 41	 1660	 DHX9	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 High	 NF	 High	

P35908	 235.51	 76	 30	 3849	 KRT2	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

Q9BVA1	 234.357	 61	 1	 347733	 TUBB2B	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13885	 234.181	 61	 1	 7280	 TUBB2A	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P06733-1	 231.171	 77	 30	 2023	 ENO1	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 High	 High	

P35527	 230.448	 58	 26	 3857	 KRT9	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P11142-1	 225.267	 50	 25	 3312	 HSPA8	 High	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

P07900-2	 223.397	 40	 21	 3320	 HSP90AA1	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P35579-1	 220.781	 27	 33	 4627	 MYH9	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 High	 High	 NF	 NF	
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O75643-1	 207.463	 25	 45	 23020	 SNRNP200	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 High	

P21333	 203.688	 27	 47	 2316	 FLNA	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P09874	 197.542	 43	 32	 142	 PARP1	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 High	

P60709	 195.946	 61	 7	 60	 ACTB	 High	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 High	

Q71U36	 192.729	 58	 1	 7846	 TUBA1A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q13813	 190.446	 20	 40	 6709	 SPTAN1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9BQE3	 177.858	 53	 1	 84790	 TUBA1C	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P19338	 177.077	 35	 28	 4691	 NCL	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 High	

P05023	 170.344	 37	 30	 476	 ATP1A1	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P68366	 167.686	 50	 2	 7277	 TUBA4A	 High	 High	 High	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	

P25705-1	 163.507	 56	 27	 498	 ATP5A1	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 High	

Q00839	 162.418	 35	 30	 3192	 HNRNPU	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 High	 High	

P22314	 158.743	 36	 26	 7317	 UBA1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q13509	 157.793	 40	 3	 10381	 TUBB3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q6P2Q9	 153.088	 20	 41	 10594	 PRPF8	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P53396-1	 150.131	 43	 37	 47	 ACLY	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

P68104	 148.093	 71	 20	 1915	 EEF1A1	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P17987	 146.435	 74	 31	 6950	 TCP1	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

P11021	 143.881	 45	 25	 3309	 HSPA5	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P52272	 139.704	 41	 28	 4670	 HNRNPM	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P78371-1	 138.639	 61	 22	 10576	 CCT2	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P49411	 136.618	 54	 23	 7284	 TUFM	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 High	

Q01082-1	 135.234	 17	 32	 6711	 SPTBN1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P38646	 134.697	 44	 24	 3313	 HSPA9	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q99873	 133.453	 52	 19	 3276	 PRMT1	 High	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 NF	

P35637-1	 132.772	 26	 13	 2521	 FUS	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P14618	 132.576	 56	 24	 5315	 PKM	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 NF	

P42704	 129.017	 26	 31	 10128	 LRPPRC	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q7L2E3-2	 122.15	 29	 30	 22907	 DHX30	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	
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P11940-1	 121.506	 39	 17	 26986	 PABPC1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9NR30-1	 120.996	 37	 21	 9188	 DDX21	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P06576	 120.564	 60	 20	 506	 ATP5B	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q99832	 120.238	 50	 21	 10574	 CCT7	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P26599-3	 118.444	 38	 13	 5725	 PTBP1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 High	

P04843	 112.469	 49	 24	 6184	 RPN1	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

P07814	 112.463	 21	 26	 2058	 EPRS	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q9BQG0-2	 111.505	 29	 30	 10514	 MYBBP1A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P46940	 110.851	 19	 25	 8826	 IQGAP1	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

P33993-1	 110.651	 41	 24	 4176	 MCM7	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q9UJS0-2	 108.016	 44	 15	 10165	 SLC25A13	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P36578	 106.192	 43	 18	 6124	 RPL4	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

P17844	 105.665	 44	 19	 1655	 DDX5	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P27708	 104.477	 17	 32	 790	 CAD	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P60842	 103.33	 62	 11	 1973	 EIF4A1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P50991	 101.665	 48	 20	 10575	 CCT4	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P06737-1	 100.774	 36	 22	 5836	 PYGL	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	

P39023	 100.044	 46	 17	 6122	 RPL3	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

P08779	 99.603	 46	 8	 3868	 KRT16	 High	 NF	 High	 NF	 High	 High	 NF	 High	 High	 High	 NF	 NF	

P14625	 98.99	 28	 19	 7184	 HSP90B1	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

Q15149-1	 98.8	 9	 35	 5339	 PLEC	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P02533	 98.63	 45	 5	 3861	 KRT14	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P02538	 98.231	 35	 2	 3853	 KRT6A	 High	 High	 High	 High	 NF	 NF	 NF	 NF	 High	 High	 NF	 NF	

Q15029	 96.253	 30	 21	 9343	 EFTUD2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

O75369-8	 96.123	 17	 29	 2317	 FLNB	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P53621-1	 96.089	 26	 28	 1314	 COPA	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P13647	 96.065	 34	 12	 3852	 KRT5	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P04075-2	 95.549	 55	 16	 226	 ALDOA	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 High	 NF	 NF	

P61978-2	 94.87	 46	 19	 3190	 HNRNPK	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 NF	
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Q9BUF5	 94.821	 30	 4	 84617	 TUBB6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P04259	 94.363	 33	 2	 3854	 KRT6B	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 High	 High	 NF	 NF	

P41252	 92.506	 23	 24	 3376	 IARS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P31943	 91.918	 41	 9	 3187	 HNRNPH1	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P13010	 91.457	 42	 24	 7520	 XRCC5	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P07195	 90.703	 46	 12	 3945	 LDHB	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P43243	 90.08	 30	 20	 9782	 MATR3	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

Q86VP6-1	 90.059	 23	 24	 55832	 CAND1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P68032	 89.857	 47	 5	 70	 ACTC1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 High	

P55060-1	 89.743	 30	 23	 1434	 CSE1L	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q12905	 89.681	 58	 15	 3608	 ILF2	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

P62701	 89.265	 66	 19	 6191	 RPS4X	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

Q92841	 89.246	 33	 14	 10521	 DDX17	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P12956	 89.041	 39	 20	 2547	 XRCC6	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P17066	 87.669	 21	 3	 3310	 HSPA6	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 High	

Q9H0A0	 87.013	 27	 23	 55226	 NAT10	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P63244	 86.489	 67	 15	 10399	 GNB2L1;	RACK1	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

P60174	 84.988	 69	 15	 7167	 TPI1	 High	 High	 High	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	

Q9Y490	 84.868	 12	 19	 7094	 TLN1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14566	 83.285	 30	 22	 4175	 MCM6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14697-1	 81.927	 24	 20	 23193	 GANAB	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P55072	 81.75	 23	 15	 7415	 VCP	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

O00571	 81.656	 33	 19	 1654	 DDX3X	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

Q14498-2	 81.608	 41	 15	 9584	 RBM39	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

O43143	 81.117	 30	 19	 1665	 DHX15	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BVP2	 80.785	 28	 15	 26354	 GNL3	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 High	

P04406	 80.486	 55	 15	 2597	 GAPDH	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	

P23396	 79.924	 77	 21	 6188	 RPS3	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	 High	

P12277	 79.793	 31	 10	 1152	 CKB	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	
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Q13310-3	 79.261	 28	 9	 8761	 PABPC4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P11586	 78.96	 26	 23	 4522	 MTHFD1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P50990	 78.806	 43	 21	 10694	 CCT8	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q12931	 78.787	 27	 14	 10131	 TRAP1	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

O75533-1	 78.735	 18	 19	 23451	 SF3B1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q12906-7	 78.693	 24	 21	 3609	 ILF3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P61247	 76.438	 56	 16	 6189	 RPS3A	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

O43175	 76.312	 38	 18	 26227	 PHGDH	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	

P25205-2	 75.631	 24	 18	 4172	 MCM3	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q04637-8	 74.851	 16	 18	 1981	 EIF4G1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P09651-1	 73.94	 34	 12	 3178	 HNRNPA1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P49368-1	 72.917	 47	 20	 7203	 CCT3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O43790	 72.435	 46	 10	 3892	 KRT86	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P40926	 72.33	 56	 14	 4191	 MDH2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P23246-1	 72.248	 22	 13	 6421	 SFPQ	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 High	

Q9NZI8	 72.12	 38	 17	 10642	 IGF2BP1	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

P52597	 71.964	 37	 7	 3185	 HNRNPF	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	

Q4VCS5	 71.567	 22	 19	 154796	 AMOT	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62241	 70.826	 59	 12	 6202	 RPS8	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

Q14974	 70.446	 20	 15	 3837	 KPNB1	 High	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 High	 NF	

P33992	 70.3	 37	 20	 4174	 MCM5	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

P12236	 69.863	 49	 2	 293	 SLC25A6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 High	 NF	 High	

P48643	 69.852	 33	 13	 22948	 CCT5	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 High	

Q15365	 69.568	 41	 7	 5093	 PCBP1	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

P35232	 69.31	 68	 15	 5245	 PHB	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P53618	 68.297	 22	 16	 1315	 COPB1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P54886	 68.204	 26	 17	 5832	 ALDH18A1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62424	 68.081	 44	 16	 6130	 RPL7A	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

P00338-3	 67.963	 54	 14	 3939	 LDHA	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	
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P54136-1	 67.056	 32	 18	 5917	 RARS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P13646	 66.914	 34	 12	 3860	 KRT13	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	

P62753	 66.641	 38	 12	 6194	 RPS6	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

O43390-2	 66.572	 26	 10	 10236	 HNRNPR	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 High	

P00558	 66.293	 40	 12	 5230	 PGK1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P16615	 66.204	 20	 17	 488	 ATP2A2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O43242	 64.948	 38	 18	 5709	 PSMD3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P07355-2	 64.767	 39	 10	 302	 ANXA2	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

P30153	 64.358	 25	 12	 5518	 PPP2R1A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P41250	 64.343	 22	 13	 2617	 GARS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P14868	 64.308	 41	 18	 1615	 DARS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P33991	 63.685	 22	 15	 4173	 MCM4	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P26641-2	 63.208	 32	 15	 1937	 EEF1G	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

P46777	 63.165	 42	 13	 6125	 RPL5	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

Q15366-2	 62.974	 31	 5	 5094	 PCBP2	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q5JTH9-1	 62.428	 17	 19	 23223	 RRP12	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P15880	 61.732	 52	 15	 6187	 RPS2	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

O60506	 61.714	 31	 12	 10492	 SYNCRIP	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P05141	 61.347	 38	 5	 292	 SLC25A5	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 NF	

P12235	 61.134	 41	 1	 291	 SLC25A4	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q02878	 60.28	 42	 12	 6128	 RPL6	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 High	

P05388	 60.257	 43	 9	 6175	 RPLP0	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q92945	 59.985	 24	 14	 8570	 KHSRP	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P18124	 59.365	 49	 14	 6129	 RPL7	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	

Q15393-1	 59.026	 16	 17	 23450	 SF3B3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P29401-2	 58.998	 26	 13	 7086	 TKT	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P08708	 58.957	 53	 7	 6218	 RPS17;	RPS17L	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 High	

Q07157-2	 58.824	 10	 14	 7082	 TJP1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P13797	 58.798	 28	 14	 5358	 PLS3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	
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Q13263	 58.718	 17	 12	 10155	 TRIM28	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q99714-1	 58.554	 59	 9	 3028	 HSD17B10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O14654	 58.534	 18	 16	 8471	 IRS4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UQ35	 58.482	 8	 17	 23524	 SRRM2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q07065	 58.303	 25	 11	 10970	 CKAP4	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	

Q16891	 58.238	 27	 15	 10989	 IMMT	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 High	 NF	

P06748	 58.09	 32	 7	 4869	 NPM1	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 High	 High	

P20700	 57.911	 28	 15	 4001	 LMNB1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62269	 57.211	 63	 15	 6222	 RPS18	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

Q92616	 56.908	 8	 16	 10985	 GCN1L1;	GCN1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P07237	 56.741	 33	 12	 5034	 P4HB	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9Y678	 56.543	 17	 8	 22820	 COPG1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P15924-1	 56.477	 7	 20	 1832	 DSP	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

P40227-1	 56.397	 32	 12	 908	 CCT6A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q14240-2	 56.173	 29	 1	 1974	 EIF4A2	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P17812	 55.857	 30	 15	 1503	 CTPS1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 High	 NF	 NF	

P18621-3	 55.657	 33	 9	

100526842;	

6139	

RPL17-

C18ORF32;	

RPL17	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P12270	 55.475	 6	 14	 7175	 TPR	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q13838-2	 55.25	 31	 6	 7919	 DDX39B	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9H9B4	 54.934	 47	 10	 94081	 SFXN1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P63104	 54.284	 51	 9	 7534	 YWHAZ	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9P2E9-1	 53.913	 9	 10	 6238	 RRBP1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O14980	 53.296	 19	 16	 7514	 XPO1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95831-1	 53.295	 30	 12	 9131	 AIFM1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P11387	 53.172	 23	 17	 7150	 TOP1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9HCE1	 53.1	 19	 18	 4343	 MOV10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P22102-1	 52.926	 20	 14	 2618	 GART	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P49736	 52.593	 15	 11	 4171	 MCM2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	
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Q14152	 52.505	 13	 18	 8661	 EIF3A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q99623	 52.332	 53	 13	 11331	 PHB2	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q9UHX1-1	 52.22	 27	 9	 22827	 PUF60	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

Q9Y383	 52.129	 32	 7	 51631	 LUC7L2	 High	 High	 High	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	

P19013	 51.94	 30	 10	 3851	 KRT4	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	

Q9NXF1	 51.832	 18	 12	 54881	 TEX10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P62263	 51.067	 43	 9	 6208	 RPS14	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

P34932	 50.564	 17	 10	 3308	 HSPA4	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P78386	 50.497	 32	 7	 3891	 KRT85	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P48047	 50.203	 59	 9	 539	 ATP5O	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q02978	 50.022	 38	 11	 8402	 SLC25A11	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P45880-1	 49.393	 48	 11	 7417	 VDAC2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P46781	 49.297	 46	 15	 6203	 RPS9	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

P04844-1	 49.099	 26	 11	 6185	 RPN2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q15323	 48.674	 32	 5	 3881	 KRT31	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P40939	 48.647	 22	 10	 3030	 HADHA	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15233	 48.628	 33	 11	 4841	 NONO	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q92598-4	 48.433	 18	 10	 10808	 HSPH1	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

Q15758-1	 48.259	 26	 10	 6510	 SLC1A5	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

O00410-3	 47.988	 13	 10	 3843	 IPO5	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y5M8	 47.853	 39	 8	 58477	 SRPRB	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P30101	 47.571	 36	 14	 2923	 PDIA3	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P62979	 46.925	 51	 6	 6233	 RPS27A	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

Q9UHB9	 46.599	 19	 9	 6730	 SRP68	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	

P62081	 46.518	 44	 10	 6201	 RPS7	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

P15311	 46.382	 21	 9	 7430	 EZR	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q04695	 45.998	 24	 4	 3872	 KRT17	 NF	 NF	 High	 High	 NF	 High	 NF	 NF	 High	 High	 NF	 NF	

Q13162	 45.734	 41	 7	 10549	 PRDX4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P22695	 45.375	 30	 9	 7385	 UQCRC2	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	
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P46060	 45.245	 23	 10	 5905	 RANGAP1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q7KZF4	 45.121	 17	 13	 27044	 SND1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9BXJ9	 44.757	 17	 15	 80155	 NAA15	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P61221	 44.617	 28	 12	 6059	 ABCE1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P00505	 44.423	 27	 9	 2806	 GOT2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9NVI7	 44.341	 22	 5	 55210	 ATAD3A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

O43491-1	 44.264	 12	 11	 2037	 EPB41L2	 NF	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	 NF	

P51659-1	 44.215	 17	 10	 3295	 HSD17B4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8N1F7-1	 43.784	 20	 14	 9688	 NUP93	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P47897	 43.711	 21	 14	 5859	 QARS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P27348	 43.316	 42	 8	 10971	 YWHAQ	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q06830	 43.316	 52	 9	 5052	 PRDX1	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	

P62280	 43.297	 57	 11	 6205	 RPS11	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

P13804-1	 43.278	 36	 9	 2108	 ETFA	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q07020	 43.137	 39	 10	 6141	 RPL18	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	

Q99798	 43.128	 20	 11	 50	 ACO2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P31930	 43.041	 26	 8	 7384	 UQCRC1	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

P42766	 43.01	 30	 5	 11224	 RPL35	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

Q7Z6Z7	 42.818	 3	 10	 10075	 HUWE1	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P08195-4	 42.78	 16	 9	 6520	 SLC3A2	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

P30050-1	 42.62	 55	 6	 6136	 RPL12	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P27797	 42.265	 24	 8	 811	 CALR	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q7Z406-2	 42.264	 6	 4	 79784	 MYH14	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y262	 41.974	 24	 11	 51386	 EIF3L	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62258-1	 41.526	 55	 11	 7531	 YWHAE	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P11177	 41.074	 37	 9	 5162	 PDHB	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BUQ8	 41.025	 17	 14	 9416	 DDX23	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14525	 40.928	 27	 2	 3884	 KRT33B	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

B5ME19	 40.442	 16	 14	 728689	 EIF3CL	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	
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P12268	 40.27	 22	 9	 3615	 IMPDH2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

O43707	 40.225	 14	 10	 81	 ACTN4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P08865	 40.07	 36	 8	 3921	 RPSA	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P32969	 40.051	 43	 6	 6133	 RPL9	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P12004	 39.967	 39	 9	 5111	 PCNA	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P04181-1	 39.952	 28	 9	 4942	 OAT	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P34897-1	 39.803	 25	 11	 6472	 SHMT2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O15067	 39.454	 8	 8	 5198	 PFAS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14739	 39.405	 17	 9	 3930	 LBR	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q9BUJ2-1	 39.395	 11	 7	 11100	 HNRNPUL1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y3F4-2	 39.318	 31	 7	 11171	 STRAP	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O95678	 39.29	 11	 1	 9119	 KRT75	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q96PK6-1	 39.262	 16	 8	

10432;	

100526737	

RBM14;	

RBM14-RBM4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P55786	 39.229	 18	 16	 9520	 NPEPPS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P24752	 39.137	 23	 7	 38	 ACAT1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9NQ29	 39.134	 27	 5	 55692	 LUC7L	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

Q01546	 39.004	 11	 1	 51350	 KRT76	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	

O76011	 38.998	 21	 3	

3885;	

100653049	

KRT34;	

LOC100653049	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q13200	 38.959	 11	 8	 5708	 PSMD2	 NF	 High	 High	 NF	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P18206	 38.781	 13	 11	 7414	 VCL	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P16402	 38.674	 17	 7	 3007	 HIST1H1D	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

P22234	 38.608	 30	 10	 10606	 PAICS	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P0CG39	 38.569	 7	 2	 653781	 POTEJ	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13283	 38.397	 21	 7	 10146	 G3BP1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y230	 38.378	 25	 10	 10856	 RUVBL2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P02787	 37.802	 19	 11	 7018	 TF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 High	 High	 High	 High	

Q15084-2	 37.448	 24	 7	 10130	 PDIA6	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62249	 37.318	 55	 10	 6217	 RPS16	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	
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P31040	 36.846	 15	 7	 6389	 SDHA	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P36873-2	 36.807	 25	 2	 5501	 PPP1CC	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13435	 36.788	 14	 12	 10992	 SF3B2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62140	 36.608	 26	 2	 5500	 PPP1CB	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P08243-1	 36.589	 19	 9	 440	 ASNS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P07197	 36.353	 13	 10	 4741	 NEFM	 NF	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	

P02786	 36.226	 18	 12	 7037	 TFRC	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P14866	 35.927	 20	 10	 3191	 HNRNPL	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9UMS4	 35.918	 22	 8	 27339	 PRPF19	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y2L1-1	 35.886	 14	 10	 22894	 DIS3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O00303	 35.473	 27	 7	 8665	 EIF3F	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P12035	 35.309	 11	 1	 3850	 KRT3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	

P42285	 35.114	 13	 10	 23517	 SKIV2L2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

O94906-1	 35.093	 12	 10	 24148	 PRPF6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q16531	 35.085	 10	 9	 1642	 DDB1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P07910-1	 35.027	 35	 11	 3183	 HNRNPC	 High	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P62917	 34.912	 32	 10	 6132	 RPL8	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

Q8TDD1-2	 34.888	 15	 9	 79039	 DDX54	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UBU9-1	 34.278	 16	 7	 10482	 NXF1	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P23526-1	 34.258	 25	 10	 191	 AHCY	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

O76094	 34.076	 17	 8	 6731	 SRP72	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	

Q14103	 33.645	 26	 6	 3184	 HNRNPD	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9P258	 33.645	 28	 13	 55920	 RCC2	 NF	 High	 High	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q00325-2	 33.611	 30	 9	 5250	 SLC25A3	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

P38919	 33.53	 25	 6	 9775	 EIF4A3	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q02543	 33.194	 42	 8	 6142	 RPL18A	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

P26373-1	 33.144	 37	 10	 6137	 RPL13	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

P54577	 33.091	 21	 11	 8565	 YARS	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P02751-15	 33.044	 5	 9	 2335	 FN1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	
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P22626	 33.01	 27	 9	 3181	 HNRNPA2B1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P28288	 32.986	 19	 10	 5825	 ABCD3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P08754	 32.841	 24	 3	 2773	 GNAI3	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P08133-1	 32.719	 17	 11	 309	 ANXA6	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62937	 32.488	 64	 9	 5478	 PPIA	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NVP1	 32.384	 14	 8	 8886	 DDX18	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P46782	 32.31	 32	 6	 6193	 RPS5	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	

Q9Y265	 32.304	 22	 8	 8607	 RUVBL1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P17858-2	 32.234	 13	 6	 5211	 PFKL	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P49915	 32.017	 13	 7	 8833	 GMPS	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62826	 31.928	 39	 7	 5901	 RAN	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	 NF	

P27824-2	 31.735	 12	 7	 821	 CANX	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

O00425	 31.731	 19	 6	 10643	 IGF2BP3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P21796	 31.705	 37	 6	 7416	 VDAC1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O75534-4	 31.691	 15	 10	 7812	 CSDE1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q92900	 31.65	 13	 13	 5976	 UPF1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P06744-2	 31.607	 18	 8	 2821	 GPI	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P51991-1	 31.173	 21	 6	 220988	 HNRNPA3	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q96EY7-1	 31.112	 15	 7	 55037	 PTCD3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P27635	 30.949	 29	 7	 6134	 RPL10	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 High	 NF	

P67809	 30.946	 36	 7	 4904	 YBX1	 High	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 High	 NF	

Q9BQ39	 30.928	 14	 5	 79009	 DDX50	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62277	 30.924	 38	 7	 6207	 RPS13	 NF	 High	 High	 NF	 High	 High	 NF	 High	 High	 NF	 NF	 NF	

Q99459	 30.626	 13	 9	 988	 CDC5L	 NF	 High	 High	 NF	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

Q6UB35-1	 30.581	 9	 8	 25902	 MTHFD1L	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P31689	 30.423	 27	 8	 3301	 DNAJA1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P50402	 30.283	 33	 7	 2010	 EMD	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

Q9Y617-1	 30.266	 29	 10	 29968	 PSAT1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P41091	 30.171	 22	 8	 1968	 EIF2S3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	
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Q7Z794	 30.167	 11	 4	 374454	 KRT77	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P30084	 30.046	 19	 3	 1892	 ECHS1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	

Q9UJV9	 30.043	 18	 10	 51428	 DDX41	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q16630-2	 30.015	 11	 5	 11052	 CPSF6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P27816-1	 29.983	 8	 7	 4134	 MAP4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O75694	 29.735	 8	 9	 9631	 NUP155	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5T9A4	 29.657	 16	 2	 83858	 ATAD3B	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O00148	 29.559	 18	 1	 10212	 DDX39A	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P32119	 29.463	 34	 8	 7001	 PRDX2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P36542-1	 29.38	 29	 8	 509	 ATP5C1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q03252	 29.325	 14	 7	 84823	 LMNB2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P78347	 29.197	 12	 10	 2969	 GTF2I	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P07737	 29.102	 57	 7	 5216	 PFN1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O43290	 29.062	 11	 9	 9092	 SART1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P00367	 29.004	 16	 7	 2746	 GLUD1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P11216	 28.968	 12	 4	 5834	 PYGB	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P50454	 28.929	 18	 5	 871	 SERPINH1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 High	

Q9UG63-2	 28.849	 15	 9	 10061	 ABCF2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P35606	 28.82	 12	 9	 9276	 COPB2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NSE4	 28.809	 7	 5	 55699	 IARS2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P12532	 28.789	 20	 6	

1159;	

548596	

CKMT1B;	

CKMT1A	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8WUM4-

2	 28.577	 14	 9	 10015	 PDCD6IP	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q7RTS7	 28.522	 10	 2	 121391	 KRT74	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	

Q13148-1	 28.48	 27	 6	 23435	 TARDBP	 High	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P52292	 28.407	 26	 8	 3838	 KPNA2	 NF	 High	 High	 NF	 NF	 High	 High	 High	 NF	 NF	 NF	 High	

P13489	 28.23	 19	 6	 6050	 RNH1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q86UP2-1	 28.176	 6	 9	 3895	 KTN1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62829	 28.106	 44	 5	 9349	 RPL23	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	 NF	
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Q01780	 28.101	 10	 7	 5394	 EXOSC10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P49792	 28.057	 4	 8	 5903	 RANBP2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P09622	 27.768	 17	 7	 1738	 DLD	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q6PKG0-1	 27.765	 7	 9	 23367	 LARP1	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	

Q8TEX9-2	 27.75	 9	 7	 79711	 IPO4	 NF	 NF	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	

O95573	 27.232	 13	 7	 2181	 ACSL3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P18085	 27.219	 36	 3	 378	 ARF4	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q92621	 27.177	 6	 8	 23165	 NUP205	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62750	 27.15	 44	 8	 6147	 RPL23A	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

P48681	 27.141	 5	 8	 10763	 NES	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O75306	 26.894	 22	 7	 4720	 NDUFS2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q93008-3	 26.867	 4	 9	 8239	 USP9X	 High	 High	 NF	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P49588-2	 26.797	 9	 7	 16	 AARS	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62906	 26.68	 41	 8	 4736	 RPL10A	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

O75131	 26.65	 16	 6	 8895	 CPNE3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q06210-1	 26.604	 17	 9	 2673	 GFPT1	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62910	 26.326	 33	 5	 6161	 RPL32	 NF	 High	 High	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8IY37	 26.307	 7	 7	 57647	 DHX37	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O43592	 26.297	 10	 7	 11260	 XPOT	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62266	 26.257	 43	 5	 6228	 RPS23	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	

P30048	 26.203	 34	 5	 10935	 PRDX3	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P30041	 26.084	 35	 7	 9588	 PRDX6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P08758	 25.997	 25	 8	 308	 ANXA5	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P50914	 25.945	 21	 4	 9045	 RPL14	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 High	

P51114-1	 25.852	 11	 6	 8087	 FXR1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q16836-2	 25.788	 20	 6	 3033	 HADH	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q96AG4	 25.733	 31	 7	 55379	 LRRC59	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

Q9BSD7	 25.627	 30	 4	 84284	 NTPCR	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P26038	 25.307	 15	 4	 4478	 MSN	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	
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Q13724	 25.154	 13	 9	 7841	 MOGS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P46776	 24.929	 31	 6	 6157	 RPL27A	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

O75746	 24.917	 14	 3	 8604	 SLC25A12	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9P035	 24.822	 15	 6	 51495	

PTPLAD1;	

HACD3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P02768-1	 24.659	 8	 6	 213	 ALB	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	

Q14694-2	 24.632	 11	 8	 9100	 USP10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NU22	 24.628	 2	 8	 23195	 MDN1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P33176	 24.527	 12	 8	 3799	 KIF5B	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P55196-5	 24.495	 5	 8	 4301	 MLLT4;	AFDN	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P47756-2	 24.466	 32	 6	 832	 CAPZB	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P55884-2	 24.295	 10	 8	 8662	 EIF3B	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O15371	 24.292	 16	 7	 8664	 EIF3D	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P31939	 24.156	 17	 9	 471	 ATIC	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P84098	 24.069	 18	 5	 6143	 RPL19	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

P04899-4	 24.031	 23	 2	 2771	 GNAI2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O76021	 23.941	 15	 6	 26156	 RSL1D1	 NF	 High	 High	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 High	

Q9H857-2	 23.902	 17	 8	 64943	 NT5DC2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P28074-1	 23.889	 26	 6	 5693	 PSMB5	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P60891	 23.851	 22	 6	 5631	 PRPS1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P11413-2	 23.82	 15	 8	 2539	 G6PD	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P42167	 23.803	 19	 6	 7112	 TMPO	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q10567	 23.768	 10	 4	 162	 AP1B1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	

P53985	 23.755	 13	 3	 6566	 SLC16A1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P46778	 23.743	 26	 4	 6144	 RPL21	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UQ80	 23.559	 22	 9	 5036	 PA2G4	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62913	 23.558	 33	 6	 6135	 RPL11	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

Q14008-3	 23.541	 5	 8	 9793	 CKAP5	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P29692-2	 23.445	 9	 4	 1936	 EEF1D	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O43684	 23.422	 19	 6	 9184	 BUB3	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	
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P49756-1	 23.393	 10	 6	 58517	 RBM25	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UBF2	 23.254	 11	 5	 26958	 COPG2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O14929	 22.96	 14	 4	 8520	 HAT1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NYF8-1	 22.951	 8	 6	 9774	 BCLAF1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UBX3-2	 22.921	 23	 6	 1468	 SLC25A10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q99729-2	 22.877	 19	 5	 3182	 HNRNPAB	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y277	 22.723	 19	 4	 7419	 VDAC3	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q99460	 22.685	 8	 6	 5707	 PSMD1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O75390	 22.666	 18	 8	 1431	 CS	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P39656	 22.622	 18	 6	 1650	 DDOST	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q16352	 22.608	 16	 7	 9118	 INA	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P18669	 22.483	 26	 4	

5223;	

643576	

PGAM1;	

LOC643576	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8IY81	 22.454	 11	 7	 117246	 FTSJ3	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95757	 22.393	 8	 3	 22824	 HSPA4L	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P38159-1	 22.259	 19	 7	 27316	 RBMX	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P61204	 22.238	 29	 1	 377	 ARF3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NSD9	 22.178	 14	 8	 10056	 FARSB	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8TCJ2	 22.16	 7	 5	 201595	 STT3B	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O00541-1	 22.095	 15	 8	 23481	 PES1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P32322-3	 21.972	 21	 4	 5831	 PYCR1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q92499	 21.954	 11	 5	 1653	 DDX1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q86XK2-5	 21.931	 9	 7	 80204	 FBXO11	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P15531-2	 21.918	 34	 1	 4830	 NME1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9P2J5	 21.903	 6	 6	 51520	 LARS	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8N163-1	 21.887	 9	 8	 57805	

KIAA1967;	

CCAR2	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P84085	 21.852	 27	 1	 381	 ARF5	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q13247	 21.826	 17	 4	 6431	 SRSF6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P56192	 21.656	 10	 7	 4141	 MARS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	
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P11717	 21.458	 3	 7	 3482	 IGF2R	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q06787	 21.409	 9	 5	 2332	 FMR1	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q07955-1	 21.39	 30	 6	 6426	 SRSF1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	

Q9Y285	 21.307	 14	 7	 2193	 FARSA	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P83731	 21.229	 34	 7	 6152	 RPL24	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P35613	 21.189	 17	 5	 682	 BSG	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q5C9Z4	 21.16	 8	 6	 64434	 NOM1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q6P158-1	 21.154	 6	 6	 90957	 DHX57	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P62851	 21.076	 31	 6	 6230	 RPS25	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

P22392-2	 20.99	 43	 2	

654364;	

4830;	4831	

NME1-NME2;	

NME1;	NME2	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q53GS9	 20.961	 12	 4	 10713	 USP39	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62995	 20.925	 24	 5	 6434	 TRA2B	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P46779-3	 20.828	 28	 7	 6158	 RPL28	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

P10515	 20.769	 10	 5	 1737	 DLAT	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q99615-1	 20.764	 14	 6	 7266	 DNAJC7	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BSJ8-2	 20.547	 4	 4	 23344	 ESYT1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P25398	 20.517	 54	 6	 6206	 RPS12	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P50395-1	 20.511	 10	 1	 2665	 GDI2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15003	 20.495	 10	 6	 23397	 NCAPH	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O15042	 20.49	 6	 5	 23350	 U2SURP	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O60763-2	 20.463	 7	 6	 8615	 USO1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O94826	 20.449	 12	 6	 9868	

TOMM70A;	

TOMM70	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	

P23528	 20.403	 39	 5	 1072	 CFL1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P26368	 20.327	 16	 6	 11338	 U2AF2	 NF	 High	 High	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14684	 20.276	 11	 7	 23076	 RRP1B	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P63010-2	 20.225	 10	 4	 163	 AP2B1	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UN86	 20.144	 12	 5	 9908	 G3BP2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O14744	 20.095	 11	 7	 10419	 PRMT5	 High	 High	 NF	 NF	 High	 High	 High	 High	 NF	 High	 NF	 NF	
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P62888	 20.028	 48	 4	 6156	 RPL30	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	

Q12769	 20.009	 4	 5	 23279	 NUP160	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P31150	 19.991	 10	 1	 2664	 GDI1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9GZR7	 19.974	 6	 4	 57062	 DDX24	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P84103	 19.829	 29	 3	 6428	 SRSF3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9Y4L1	 19.778	 6	 4	 10525	 HYOU1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8N684-3	 19.697	 14	 5	 79869	 CPSF7	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NNW5	 19.666	 8	 6	 11180	 WDR6	 NF	 NF	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q15459	 19.643	 7	 4	 10291	 SF3A1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P38117	 19.621	 29	 7	 2109	 ETFB	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9HAV4	 19.569	 6	 7	 57510	 XPO5	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P24539	 19.559	 32	 6	 515	 ATP5F1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q7Z2W4	 19.436	 8	 5	 56829	 ZC3HAV1	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P49321-3	 19.403	 9	 6	 4678	 NASP	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95433	 19.059	 18	 5	 10598	 AHSA1	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O60762	 19.053	 28	 5	 8813	 DPM1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q96AE4-2	 18.971	 11	 6	 8880	 FUBP1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P48444	 18.895	 10	 6	 372	 ARCN1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P46977	 18.672	 10	 6	 3703	 STT3A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O43660-1	 18.661	 11	 5	 5356	 PLRG1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P30837	 18.604	 12	 5	 219	 ALDH1B1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P08559-4	 18.443	 16	 7	 5160	 PDHA1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H4A4	 18.406	 12	 7	 6051	 RNPEP	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q16629	 18.34	 21	 4	 6432	 SRSF7	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q02790	 18.263	 16	 6	 2288	 FKBP4	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13620	 18.246	 6	 5	 8450	 CUL4B	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P61313-1	 18.214	 24	 5	 6138	 RPL15	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

Q9P2R7	 18.12	 14	 7	 8803	 SUCLA2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95232-1	 18.065	 9	 3	 51747	 LUC7L3	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	
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O00567	 17.982	 9	 5	 10528	 NOP56	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q2NL82	 17.947	 9	 5	 55720	 TSR1	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BXS5-2	 17.929	 15	 6	 8907	 AP1M1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P00492	 17.927	 27	 5	 3251	 HPRT1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P28331-2	 17.855	 11	 6	 4719	 NDUFS1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 High	 NF	

Q5T4S7-2	 17.853	 2	 5	 23352	 UBR4	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q7Z7H8-2	 17.849	 11	 2	 124995	 MRPL10	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BXP5	 17.8	 7	 6	 51593	 SRRT	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P63173	 17.772	 50	 5	 6169	 RPL38	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P60866-2	 17.662	 24	 4	 6224	 RPS20	 NF	 High	 High	 High	 NF	 High	 High	 High	 High	 NF	 NF	 NF	

O60610-1	 17.651	 5	 5	 1729	 DIAPH1	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BRT6	 17.648	 29	 3	 84298	 LLPH	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15046-2	 17.594	 9	 5	 3735	 KARS	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14444-1	 17.567	 8	 5	 4076	 CAPRIN1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P35998	 17.499	 14	 5	 5701	 PSMC2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8TEQ6	 17.397	 4	 5	 25929	 GEMIN5	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5JTZ9	 17.391	 8	 6	 57505	 AARS2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P54819	 17.379	 20	 4	 204	 AK2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62314	 17.298	 37	 3	 6632	 SNRPD1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62244	 17.28	 44	 6	 6210	 RPS15A	 NF	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9Y6M1	 17.209	 9	 2	 10644	 IGF2BP2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15717-2	 17.184	 14	 4	 1994	 ELAVL1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62805	 17.151	 39	 4	

8359;	8361;	

8360;	8363;	

8365;	8364;	

121504;	

554313;	

8367;	8294;	

8366;	8370;	

8362;	8368	

HIST1H4A;	

HIST1H4F;	

HIST1H4D;	

HIST1H4J;	

HIST1H4H;	

HIST1H4C;	

HIST4H4;	

HIST2H4B;	

HIST1H4E;	 High	 High	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 NF	
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HIST1H4I;	

HIST1H4B;	

HIST2H4A;	

HIST1H4K;	

HIST1H4L	

Q9BZZ5-4	 17.15	 11	 5	 8539	 API5	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q8N766-1	 17.058	 5	 4	 23065	 EMC1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P01861	 17.002	 23	 6	 3503	 IGHG4	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 High	 High	 NF	

P61619	 17.002	 16	 6	 29927	 SEC61A1	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

P62854	 16.936	 31	 3	

6231;	

728937;	

101929876	

RPS26;	

RPS26P25;	

LOC101929876	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	 High	

Q5SRE5	 16.919	 3	 5	 23511	 NUP188	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P05455	 16.82	 13	 5	 6741	 SSB	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P55209	 16.769	 14	 4	 4673	 NAP1L1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P27695	 16.743	 16	 4	 328	 APEX1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P61981	 16.657	 17	 3	 7532	 YWHAG	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P61026	 16.643	 23	 2	 10890	 RAB10	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P05198	 16.515	 18	 6	 1965	 EIF2S1	 High	 High	 High	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	

P36776	 16.423	 7	 5	 9361	 LONP1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P46459	 16.419	 7	 5	 4905	 NSF	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P61224-1	 16.252	 27	 5	 5908	 RAP1B	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P26639-2	 16.244	 8	 6	 6897	 TARS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q3ZCQ8-2	 16.214	 9	 3	 92609	 TIMM50	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O00178	 16.189	 9	 4	 9567	 GTPBP1	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q08J23	 16.186	 11	 7	 54888	 NSUN2	 NF	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	 NF	

Q9BWD1-2	 16.143	 17	 4	 39	 ACAT2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P30566	 16.115	 11	 5	 158	 ADSL	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q92973-1	 16.097	 5	 3	 3842	 TNPO1	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q16795	 16.054	 14	 4	 4704	 NDUFA9	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O00203-1	 16.009	 4	 4	 8546	 AP3B1	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	
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O95347-1	 15.994	 5	 5	 10592	 SMC2	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P40938	 15.957	 14	 4	 5983	 RFC3	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O43615	 15.927	 15	 6	 10469	 TIMM44	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14690	 15.922	 3	 6	 22984	 PDCD11	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P31948-2	 15.889	 10	 6	 10963	 STIP1	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P06753-2	 15.804	 23	 4	 7170	 TPM3	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O95373	 15.777	 6	 5	 10527	 IPO7	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q00341-1	 15.776	 4	 5	 3069	 HDLBP	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8IX01-1	 15.729	 6	 4	 10147	 SUGP2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P43686	 15.675	 12	 4	 5704	 PSMC4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P40429	 15.598	 29	 6	 23521	 RPL13A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y2W1	 15.586	 5	 4	 9967	 THRAP3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P50502	 15.551	 12	 4	 6767	 ST13	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P60953	 15.484	 26	 3	 998	 CDC42	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O94905-1	 15.455	 13	 4	 11160	 ERLIN2	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

O14617-5	 15.385	 4	 3	 8943	 AP3D1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P35241-5	 15.382	 9	 1	 5962	 RDX	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P16435	 15.305	 9	 5	 5447	 POR	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96S52	 15.298	 4	 1	 94005	 PIGS	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62495	 15.295	 15	 5	 2107	 ETF1	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62820	 15.249	 22	 2	 5861	 RAB1A	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P14923	 15.241	 8	 6	 3728	 JUP	 High	 High	 High	 High	 NF	 High	 NF	 High	 High	 High	 NF	 NF	

P14324	 15.237	 12	 4	 2224	 FDPS	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q969V3	 15.191	 10	 5	 56926	 NCLN	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8WVM8	 15.178	 6	 2	 23256	 SCFD1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H0D6-1	 15.054	 6	 4	 22803	 XRN2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BVI4	 15.049	 10	 4	 79050	 NOC4L	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5JPE7	 15.036	 5	 5	 283820	 NOMO2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P18754-2	 15.021	 12	 4	 1104	 RCC1	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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Q96I99-1	 14.981	 13	 5	 8801	 SUCLG2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15637-5	 14.944	 7	 4	 7536	 SF1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95299-2	 14.881	 11	 4	 4705	 NDUFA10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

O60264	 14.786	 5	 5	 8467	 SMARCA5	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H0S4	 14.722	 7	 2	 51202	 DDX47	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62195-1	 14.691	 12	 4	 5705	 PSMC5	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P07339	 14.682	 21	 7	 1509	 CTSD	 High	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9BZE1	 14.611	 13	 5	 51253	 MRPL37	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P07196	 14.596	 9	 3	 4747	 NEFL	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UKF6	 14.53	 8	 5	 51692	 CPSF3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8NC51-1	 14.476	 9	 3	 26135	 SERBP1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P52294	 14.472	 7	 2	 3836	 KPNA1	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P22087	 14.446	 13	 3	 2091	 FBL	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P13667	 14.41	 9	 4	 9601	 PDIA4	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P28066-1	 14.378	 17	 3	 5686	 PSMA5	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q5QNW6-

2	 14.364	 38	 5	 440689	 HIST2H2BF	 High	 High	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 High	

P54709	 14.351	 14	 3	 483	 ATP1B3	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P46087-4	 14.31	 5	 3	 4839	 NOP2	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q99497	 14.255	 24	 4	 11315	 PARK7	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P35268	 14.214	 36	 5	 6146	 RPL22	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62847-4	 14.175	 13	 3	 6229	 RPS24	 NF	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 High	 High	

P23921	 14.118	 8	 3	 6240	 RRM1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q7L014	 14.077	 6	 6	 9879	 DDX46	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NX63	 14.075	 18	 4	 54927	 CHCHD3	 NF	 NF	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q01650	 14.015	 8	 3	 8140	 SLC7A5	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NWB6	 13.982	 14	 5	 55082	 ARGLU1	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

Q6L8Q7-1	 13.926	 8	 4	 201626	 PDE12	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y5Q9	 13.921	 7	 6	 9330	 GTF3C3	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15417	 13.904	 14	 4	 1266	 CNN3	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	
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P25786-2	 13.887	 16	 3	 5682	 PSMA1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P09211	 13.883	 17	 2	 2950	 GSTP1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P09960-1	 13.859	 10	 5	 4048	 LTA4H	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UBE0-1	 13.844	 10	 2	 10055	 SAE1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P49189	 13.806	 9	 4	 223	 ALDH9A1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P63151-2	 13.801	 8	 3	 5520	 PPP2R2A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q53H12	 13.773	 11	 3	 55750	 AGK	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q96CS3	 13.738	 12	 3	 23197	 FAF2	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q96T37-1	 13.649	 5	 4	 64783	 RBM15	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P47914	 13.635	 15	 3	 6159	 RPL29	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

P31946	 13.603	 17	 2	 7529	 YWHAB	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UBM7	 13.603	 11	 5	 1717	 DHCR7	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y4P3	 13.524	 9	 3	 26608	 TBL2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NTK5-1	 13.444	 9	 3	 29789	 OLA1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q96GQ7	 13.434	 7	 5	 55661	 DDX27	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P35520-2	 13.357	 9	 3	

875;	

102724560	

CBS;	

LOC102724560;	

CBSL	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y6G9	 13.266	 10	 4	 51143	 DYNC1LI1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O60832-1	 13.241	 8	 3	 1736	 DKC1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NZ01-1	 13.225	 15	 5	 9524	 TECR	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O00232-1	 13.16	 13	 5	 5718	 PSMD12	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q10713	 13.114	 7	 3	 23203	 PMPCA	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

P36871-1	 13.104	 8	 3	 5236	 PGM1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O75439	 13.098	 8	 3	 9512	 PMPCB	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y4W6	 13.055	 6	 5	 10939	 AFG3L2	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P55265-4	 13.029	 4	 4	 103	 ADAR	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q96I24-1	 13.019	 9	 5	 8939	 FUBP3	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O00159-1	 13.016	 5	 4	 4641	 MYO1C	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q96P70	 12.999	 5	 3	 55705	 IPO9	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	
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Q8WXF1	 12.999	 11	 4	 55269	 PSPC1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q14966-1	 12.993	 2	 3	 27332	 ZNF638	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P01834	 12.985	 50	 3	 3514	 IGKC	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	

P61254	 12.962	 27	 6	 6154	 RPL26	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	

Q7L576-1	 12.876	 3	 3	 23191	 CYFIP1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P20042	 12.834	 11	 4	 8894	 EIF2S2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

A1L0T0	 12.804	 7	 3	 10994	 ILVBL	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P61289-2	 12.762	 18	 4	 10197	 PSME3	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O94813	 12.675	 3	 4	 9353	 SLIT2	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	

P07954	 12.667	 6	 2	 2271	 FH	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q10570	 12.665	 3	 5	 29894	 CPSF1	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P13611	 12.664	 1	 4	 1462	 VCAN	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

P56945-6	 12.623	 5	 4	 9564	 BCAR1	 NF	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	

P21127-1	 12.62	 6	 5	 984	 CDK11B	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P82933	 12.618	 11	 4	 64965	 MRPS9	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P37837	 12.614	 13	 4	 6888	 TALDO1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q15181	 12.599	 14	 2	 5464	 PPA1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96HS1-1	 12.553	 17	 5	 192111	 PGAM5	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

Q9UHD8-1	 12.527	 8	 4	 10801	 SEPT9	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P52209	 12.507	 8	 3	 5226	 PGD	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P19367-3	 12.495	 5	 3	 3098	 HK1	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P61077-3	 12.492	 23	 2	 7323	 UBE2D3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P51116	 12.442	 5	 2	 9513	 FXR2	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5T749	 12.417	 8	 5	 448834	 KPRP	 NF	 High	 High	 High	 High	 High	 NF	 NF	 High	 High	 High	 NF	

Q9BZI7-1	 12.401	 8	 4	 65109	 UPF3B	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q1KMD3	 12.388	 7	 5	 221092	 HNRNPUL2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14160-3	 12.312	 4	 4	 23513	 SCRIB	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UJZ1	 12.305	 12	 2	 30968	 STOML2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BZE4	 12.287	 7	 4	 23560	 GTPBP4	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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Q9BWF3-1	 12.221	 9	 3	 5936	 RBM4	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O94925-1	 12.136	 5	 2	 2744	 GLS	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P23284	 12.113	 19	 4	 5479	 PPIB	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y4W2	 12.092	 5	 3	 81887	 LAS1L	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P07305	 12.072	 16	 3	 3005	 H1F0	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

Q96C36	 12.031	 19	 3	 29920	 PYCR2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13084	 12.02	 20	 3	 10573	 MRPL28	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O75874	 11.99	 8	 2	 3417	 IDH1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BYD6	 11.927	 11	 2	 65008	 MRPL1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O60684	 11.896	 7	 2	 23633	 KPNA6	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y276	 11.87	 5	 1	 617	 BCS1L	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q16850-1	 11.763	 10	 3	 1595	 CYP51A1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P61160-2	 11.729	 10	 3	 10097	 ACTR2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8NBS9-1	 11.663	 6	 2	 81567	 TXNDC5	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P60900	 11.653	 14	 3	 5687	 PSMA6	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q53GQ0	 11.589	 15	 3	 51144	 HSD17B12	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P26196	 11.567	 10	 3	 1656	 DDX6	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q99575	 11.563	 6	 6	 10940	 POP1	 NF	 NF	 NF	 NF	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	

P61353	 11.549	 36	 4	 6155	 RPL27	 High	 High	 High	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	

P35658-5	 11.547	 2	 2	 8021	 NUP214	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P02545	 11.514	 5	 2	 4000	 LMNA	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P51571	 11.502	 17	 2	 6748	 SSR4	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q92688	 11.479	 18	 3	 10541	 ANP32B	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q04917	 11.473	 19	 2	 7533	 YWHAH	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8IYB3	 11.465	 6	 2	 10250	 SRRM1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NRN7	 11.461	 13	 3	 60496	 AASDHPPT	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q6YN16	 11.445	 10	 3	 84263	 HSDL2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P63241-2	 11.44	 26	 3	 1984	 EIF5A	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P55084	 11.404	 9	 4	 3032	 HADHB	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	
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P42677	 11.352	 39	 3	 6232	 RPS27	 NF	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	 NF	

Q9H2U1	 11.335	 5	 4	 170506	 DHX36	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O75475-1	 11.315	 7	 3	 11168	 PSIP1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BQ67	 11.27	 9	 3	 83743	 GRWD1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14318-2	 11.21	 7	 2	 23770	 FKBP8	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P20020-3	 11.161	 4	 4	 490	 ATP2B1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P08574	 11.122	 9	 2	 1537	 CYC1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q01844-5	 11.118	 4	 2	 2130	 EWSR1	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

O43747-2	 11.074	 6	 5	 164	 AP1G1	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y520-7	 11.055	 1	 4	 23215	 PRRC2C	 NF	 NF	 NF	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	

P48735	 10.968	 9	 3	 3418	 IDH2	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P57088	 10.964	 11	 3	 55161	 TMEM33	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P26640	 10.789	 3	 3	

7407;	

57176	 VARS;	VARS2	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P61513	 10.786	 28	 2	 6168	 RPL37A	 NF	 High	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	

O75400	 10.717	 3	 3	 55660	 PRPF40A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P81605-2	 10.705	 21	 3	 117159	 DCD	 High	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 High	 NF	

P05091	 10.695	 6	 2	 217	 ALDH2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P61586	 10.631	 18	 2	 387	 RHOA	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P53007	 10.628	 13	 4	 6576	 SLC25A1	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

A5YKK6	 10.596	 2	 5	 23019	 CNOT1	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P28838	 10.571	 6	 3	 51056	 LAP3	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q14126	 10.497	 3	 4	 1829	 DSG2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8WWY3	 10.457	 7	 3	 26121	 PRPF31	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q7L0Y3	 10.424	 9	 4	 54931	 TRMT10C	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P57678	 10.387	 3	 3	 50628	 GEMIN4	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15031	 10.379	 4	 4	 23395	 LARS2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q5TFE4	 10.372	 12	 3	 221294	 NT5DC1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P08621-1	 10.319	 9	 4	 6625	 SNRNP70	 NF	 High	 High	 NF	 High	 High	 NF	 High	 High	 High	 NF	 NF	

Q8NI27-1	 10.275	 3	 4	 57187	 THOC2	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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Q9BU76-1	 10.26	 14	 3	 79169	 C1orf35	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UJX3-1	 10.251	 5	 2	 51434	 ANAPC7	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y5B9	 10.229	 3	 3	 11198	 SUPT16H	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8WUM0	 10.223	 5	 5	 55746	 NUP133	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P28072	 10.206	 13	 3	 5694	 PSMB6	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O14979-1	 10.182	 10	 2	 9987	

HNRNPDL;	

HNRPDL	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O00186	 10.174	 6	 3	 6814	 STXBP3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P27694	 10.133	 13	 5	 6117	 RPA1	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q92769	 10.131	 8	 3	 3066	 HDAC2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P13861	 10.122	 9	 3	 5576	 PRKAR2A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O75396	 10.065	 16	 3	 9554	 SEC22B	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P60660	 10.046	 21	 3	 4637	 MYL6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O00231-2	 10.041	 8	 3	 5717	 PSMD11	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96FW1	 10.035	 9	 2	 55611	 OTUB1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

E9PAV3	 10.006	 1	 2	 4666	 NACA	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q04760-1	 10.005	 18	 3	 2739	 GLO1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	

P23381	 9.992	 9	 3	 7453	 WARS	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P04908	 9.978	 22	 2	 8335;	3012	

HIST1H2AB;	

HIST1H2AE	 High	 High	 High	 High	 High	 NF	 High	 High	 High	 High	 High	 High	

Q5SY16	 9.978	 6	 3	 79707	 NOL9	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q07666	 9.978	 6	 2	 10657	 KHDRBS1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9P2I0	 9.954	 4	 3	 53981	 CPSF2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14203	 9.922	 2	 3	 1639	 DCTN1	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5T3I0-3	 9.89	 6	 2	 54865	 GPATCH4	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O00629	 9.88	 7	 2	 3840	 KPNA4	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P40925-3	 9.875	 11	 3	 4190	 MDH1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P10155-1	 9.871	 7	 4	 6738	 TROVE2	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P14314	 9.864	 8	 4	 5589	 PRKCSH	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q08170	 9.836	 7	 1	 6429	 SRSF4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	
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Q5JTV8-3	 9.829	 7	 3	 26092	 TOR1AIP1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P38606	 9.803	 7	 3	 523	 ATP6V1A	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 High	 NF	

Q8N1G4	 9.788	 8	 4	 57470	 LRRC47	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P52701	 9.727	 2	 3	 2956	 MSH6	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O94874-1	 9.681	 5	 4	 23376	 UFL1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q7Z478	 9.68	 3	 2	 54505	 DHX29	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P60228	 9.666	 9	 4	 3646	 EIF3E	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9HB71	 9.591	 13	 3	 27101	 CACYBP	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P43246-1	 9.577	 5	 4	 4436	 MSH2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9P2M7-1	 9.565	 3	 3	 57530	 CGN	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P51398-1	 9.538	 8	 2	 7818	 DAP3	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P25789	 9.496	 11	 4	 5685	 PSMA4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P08240-1	 9.492	 7	 4	 6734	 SRPR;	SRPRA	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UHI6	 9.469	 3	 2	 11218	 DDX20	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NP92	 9.449	 7	 2	 10884	 MRPS30	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y5A9-1	 9.368	 5	 3	 51441	 YTHDF2	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P31153	 9.361	 7	 2	 4144	 MAT2A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5D862	 9.352	 1	 2	 388698	 FLG2	 High	 High	 NF	 High	 High	 High	 NF	 NF	 High	 High	 High	 NF	

A0FGR8-2	 9.314	 5	 3	 57488	 ESYT2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O75494-1	 9.254	 11	 2	 10772	

SRSF10;	

LOC100996657	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UI10-2	 9.247	 9	 3	 8890	 EIF2B4	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P02765	 9.237	 5	 3	 197	 AHSG	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 High	 High	 NF	

Q71RC2-4	 9.167	 4	 2	 113251	 LARP4	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96HE7	 9.148	 5	 2	 30001	 ERO1L;	ERO1A	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P49591	 9.138	 4	 2	 6301	 SARS	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y2X3	 9.128	 7	 3	 51602	 NOP58	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P13995	 9.091	 9	 3	 10797	 MTHFD2	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O15269	 9.091	 5	 2	 10558	 SPTLC1	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NX20	 9.048	 11	 3	 54948	 MRPL16	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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Q14683	 9.046	 3	 3	 8243	 SMC1A	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P52907	 9.029	 9	 1	 829	 CAPZA1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q01081	 9.023	 11	 2	

7307;	

102724594	

U2AF1;	

LOC102724594;	

U2AF1L5	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P04637	 8.986	 8	 3	 7157	 TP53	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q12996-1	 8.968	 4	 2	 1479	 CSTF3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8NF37	 8.945	 5	 2	 79888	 LPCAT1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O00264	 8.905	 16	 2	 10857	 PGRMC1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q15020	 8.899	 4	 5	 9733	 SART3	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y2J2	 8.871	 2	 2	 23136	 EPB41L3	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H936	 8.864	 11	 3	 79751	 SLC25A22	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q12849	 8.835	 9	 3	 2926	 GRSF1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P51148-2	 8.834	 10	 2	 5878	 RAB5C	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13595-1	 8.825	 8	 2	 29896	 TRA2A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P50213-1	 8.816	 5	 2	 3419	 IDH3A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P56182	 8.777	 5	 2	 8568	 RRP1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P62191	 8.748	 8	 2	 5700	 PSMC1	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q49A26-1	 8.74	 6	 2	 84656	 GLYR1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q01518-1	 8.709	 9	 3	 10487	 CAP1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q12789-2	 8.688	 2	 3	 2975	 GTF3C1	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P61019-1	 8.679	 12	 2	 5862	 RAB2A	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q13243-1	 8.673	 9	 1	 6430	 SRSF5	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P78417	 8.671	 17	 4	 9446	 GSTO1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P35250-1	 8.658	 8	 2	 5982	 RFC2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P68036-3	 8.632	 16	 2	 7332	 UBE2L3	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96GA3	 8.626	 7	 2	 84946	 LTV1	 NF	 NF	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P36915-1	 8.585	 9	 3	 2794	 GNL1	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P35659-1	 8.575	 8	 3	 7913	 DEK	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P63000-2	 8.527	 14	 2	 5879	 RAC1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	
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Q9NWU5	 8.517	 16	 3	 29093	 MRPL22	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q14562	 8.511	 5	 3	 1659	 DHX8	 NF	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O00116	 8.491	 5	 2	 8540	 AGPS	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O43776	 8.482	 5	 4	 4677	 NARS	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O60841	 8.453	 4	 4	 9669	 EIF5B	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15021	 8.42	 3	 3	 9918	 NCAPD2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P39019	 8.389	 26	 4	 6223	 RPS19	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9BYG3	 8.382	 8	 2	 84365	 MKI67IP;	NIFK	 NF	 High	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	

Q9NQC3	 8.372	 2	 2	 57142	 RTN4	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P09972	 8.344	 16	 1	 230	 ALDOC	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P49419	 8.318	 5	 2	 501	 ALDH7A1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O14802	 8.305	 3	 3	 11128	 POLR3A	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8N1N4	 8.298	 4	 1	 196374	 KRT78	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q92974	 8.292	 3	 2	 9181	 ARHGEF2	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O00429-6	 8.26	 7	 2	 10059	 DNM1L	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q969N2	 8.234	 4	 2	 51604	 PIGT	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P37802-2	 8.23	 10	 2	 8407	 TAGLN2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8TAA3-1	 8.216	 10	 2	 143471	 PSMA8	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O00299	 8.207	 12	 3	 1192	 CLIC1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8IZ83	 8.192	 4	 3	 126133	 ALDH16A1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96QK1	 8.182	 4	 3	 55737	 VPS35	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NZB2-6	 8.17	 5	 4	 23196	 FAM120A	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q08945	 8.167	 7	 4	 6749	 SSRP1	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P51610-4	 8.146	 1	 2	 3054	 HCFC1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q15738	 8.131	 9	 2	 50814	 NSDHL	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P21912	 8.12	 8	 2	 6390	 SDHB	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P40937-1	 8.095	 11	 3	 5985	 RFC5	 NF	 NF	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q13573	 8.037	 6	 3	 22938	 SNW1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P35221-2	 7.978	 4	 3	 1495	 CTNNA1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	
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P07741-1	 7.975	 13	 2	 353	 APRT	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O15294	 7.941	 2	 1	 8473	 OGT	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BW72	 7.933	 24	 1	 192286	 HIGD2A	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q5T8P6	 7.915	 3	 2	 64062	 RBM26	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q53EL6-1	 7.907	 6	 2	 27250	 PDCD4	 NF	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	

Q86X55	 7.886	 4	 2	 10498	 CARM1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8IWX8	 7.874	 2	 2	 10523	 CHERP	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P78344-1	 7.85	 3	 3	 1982	 EIF4G2	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P05109	 7.801	 31	 3	 6279	 S100A8	 NF	 High	 High	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q13868	 7.8	 8	 2	 23404	 EXOSC2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NQ55-3	 7.723	 5	 2	

692312;	

56342	

PPAN-P2RY11;	

PPAN	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q6PD62	 7.721	 2	 2	 9646	 CTR9	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P83881	 7.715	 21	 2	 6173	 RPL36A	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 High	 NF	

Q96DV4	 7.7	 7	 3	 64978	 MRPL38	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q92552-2	 7.668	 8	 4	 23107	 MRPS27	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q969Y2-2	 7.654	 4	 1	 84705	 GTPBP3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8WUQ7-

2	 7.626	 3	 2	 58509	 CACTIN	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UM00-1	 7.601	 12	 2	 54499	 TMCO1	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O14828	 7.601	 8	 2	 10067	 SCAMP3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q7Z6E9	 7.593	 1	 2	 5930	 RBBP6	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H1I8-1	 7.581	 5	 2	 84164	 ASCC2	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H3U1	 7.557	 3	 3	 55898	 UNC45A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q96T76-8	 7.551	 4	 3	 64210	 MMS19	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BV20-1	 7.549	 6	 2	 84245	 MRI1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q13616	 7.531	 5	 4	 8454	 CUL1	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P17980	 7.531	 7	 2	 5702	 PSMC3	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P61106	 7.53	 9	 1	 51552	 RAB14	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P17655-1	 7.493	 4	 2	 824	 CAPN2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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P62873	 7.471	 7	 2	 2782	 GNB1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96GD0	 7.462	 8	 2	 57026	 PDXP	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P19784	 7.42	 11	 3	 1459	 CSNK2A2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q12788	 7.406	 5	 2	 10607	 TBL3	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H3N1	 7.378	 7	 2	 81542	 TMX1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O75955	 7.363	 5	 2	 10211	 FLOT1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q09028	 7.322	 6	 1	 5928	 RBBP4	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P10768	 7.316	 9	 2	 2098	 ESD	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BQA1	 7.309	 6	 2	 79084	 WDR77	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q6PI48	 7.267	 5	 3	 55157	 DARS2	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O75083	 7.264	 4	 2	 9948	 WDR1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q6PJT7-1	 7.261	 3	 2	 79882	 ZC3H14	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8NFW8	 7.26	 6	 2	 55907	 CMAS	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

P09429	 7.242	 13	 2	 3146	 HMGB1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P18583-9	 7.201	 1	 3	 6651	 SON	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H845	 7.179	 5	 3	 28976	 ACAD9	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q5JXB2	 7.162	 14	 2	 389898	 UBE2NL	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q709F0-1	 7.154	 3	 2	 84129	 ACAD11	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95197	 7.151	 2	 2	 10313	 RTN3	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8WVM0	 7.145	 7	 2	 51106	 TFB1M	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y696	 7.141	 6	 1	 25932	 CLIC4	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O14776-1	 7.068	 2	 3	 10915	 TCERG1	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q6P2E9-1	 7.066	 3	 3	 23644	 EDC4	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NY93	 7.016	 3	 1	 54606	 DDX56	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H0U3	 7.01	 5	 2	 84061	 MAGT1	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q96KR1	 7.002	 3	 3	 51663	 ZFR	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P62899-2	 6.974	 18	 2	 6160	 RPL31	 High	 High	 High	 High	 High	 High	 High	 High	 High	 High	 NF	 NF	

Q8IZL8	 6.964	 4	 3	 27043	 PELP1	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NX58	 6.925	 4	 1	 55646	 LYAR	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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P62861	 6.919	 20	 3	 2197	 FAU	 NF	 High	 High	 High	 NF	 NF	 High	 High	 High	 NF	 NF	 NF	

Q16658	 6.886	 6	 2	 6624	 FSCN1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P53597	 6.879	 7	 2	 8802	 SUCLG1	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8WWM7-

3	 6.848	 3	 4	 11273	 ATXN2L	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15006	 6.846	 10	 2	 9694	 EMC2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P27144	 6.817	 10	 2	 205	

AK4;	

LOC100507855	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P46783	 6.817	 15	 2	 6204	 RPS10	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q29RF7-1	 6.81	 2	 2	 23244	 PDS5A	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P07384	 6.785	 4	 3	 823	 CAPN1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P55036-1	 6.764	 7	 2	 5710	 PSMD4	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O00483	 6.74	 27	 2	 4697	 NDUFA4	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9P2N5	 6.726	 4	 3	 54439	 RBM27	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95782	 6.715	 5	 2	 160	 AP2A1	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BW27	 6.701	 5	 3	 79902	 NUP85	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q08554-1	 6.701	 2	 1	 1823	 DSC1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NUL7	 6.701	 3	 1	 55794	 DDX28	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P21741	 6.684	 12	 2	 4192	 MDK	 High	 NF	 NF	 High	 High	 High	 High	 NF	 High	 High	 High	 NF	

Q8IX12	 6.678	 2	 3	 55749	 CCAR1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

E9PRG8	 6.662	 16	 1	 102288414	

LOC102288414;	

C11orf98	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

Q13347	 6.662	 6	 2	 8668	 EIF3I	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q02218	 6.655	 3	 2	 4967	 OGDH	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q15477	 6.643	 1	 1	 6499	 SKIV2L	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P11310-2	 6.635	 4	 1	 34	 ACADM	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q86YZ3	 6.584	 1	 2	 388697	 HRNR	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	

P15170-3	 6.553	 5	 3	 2935	 GSPT1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O43809	 6.526	 9	 2	 11051	 NUDT21	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P35251-1	 6.513	 2	 2	 5981	 RFC1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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P25787	 6.51	 9	 1	 5683	 PSMA2	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P05386	 6.474	 14	 1	 6176	 RPLP1	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P17174	 6.448	 6	 2	 2805	 GOT1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8TEM1-1	 6.444	 1	 2	 23225	 NUP210	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O43837-1	 6.442	 4	 1	 3420	 IDH3B	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P39748	 6.391	 4	 1	 2237	 FEN1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UNQ2	 6.373	 7	 2	 27292	 DIMT1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q07021	 6.356	 5	 1	 708	 C1QBP	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y3I0	 6.354	 7	 3	 51493	 C22orf28;	RTCB	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9H9P8-1	 6.347	 5	 2	 79944	 L2HGDH	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P62306	 6.341	 24	 2	 6636	 SNRPF	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q99538	 6.307	 4	 1	 5641	 LGMN	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H2M9	 6.296	 2	 2	 25782	 RAB3GAP2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q15008-4	 6.264	 5	 2	 9861	 PSMD6	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q96PU8	 6.263	 6	 2	 9444	 QKI	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q14157-5	 6.262	 2	 2	 9898	 UBAP2L	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P13807	 6.257	 3	 2	 2997	 GYS1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96P11-4	 6.238	 4	 2	 55695	 NSUN5	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O00442-2	 6.199	 4	 1	 8634	 RTCA	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y3T9	 6.199	 3	 2	 26155	 NOC2L	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O00487	 6.19	 6	 2	 10213	 PSMD14	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O75152	 6.189	 5	 3	 9877	 ZC3H11A	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95801	 6.186	 6	 2	 7268	 TTC4	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9H6S0	 6.168	 1	 2	 64848	 YTHDC2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y5B6	 6.167	 2	 2	 94104	 GCFC1;	PAXBP1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14004-1	 6.143	 2	 1	 8621	 CDK13	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q05519	 6.135	 5	 2	 9295	 SRSF11	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P0DME0	 6.125	 8	 2	 646817	 SETP18;	SETSIP	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P21964-1	 6.103	 6	 1	 1312	 COMT	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	
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P25788-1	 6.073	 12	 3	 5684	 PSMA3	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q13363-1	 6.06	 4	 2	 1487	 CTBP1	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q7L1Q6-3	 6.024	 6	 1	 9689	 BZW1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9HDC9	 6.02	 5	 2	 57136	 APMAP	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H7E9-2	 6.017	 7	 1	 65265	 C8orf33	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q13155	 5.993	 7	 2	 7965	 AIMP2	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O60783	 5.974	 12	 1	 63931	 MRPS14	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NYK5-2	 5.965	 9	 3	 54148	 MRPL39	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P31937	 5.959	 9	 2	 11112	 HIBADH	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NQX3-2	 5.947	 2	 1	 10243	 GPHN	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BVK6	 5.925	 5	 1	 54732	 TMED9	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P07477	 5.901	 8	 1	 5644	 PRSS1	 High	 High	 NF	 NF	 High	 High	 High	 High	 High	 High	 High	 NF	

O75821	 5.882	 6	 2	 8666	 EIF3G	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UID3-1	 5.878	 3	 1	 738	 VPS51	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

A6NHR9-1	 5.87	 2	 3	 23347	 SMCHD1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UHD1	 5.864	 5	 1	 26973	 CHORDC1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9HCC0-1	 5.846	 4	 1	 64087	 MCCC2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q7L2J0-1	 5.835	 3	 1	 56257	 MEPCE	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y5J1	 5.823	 5	 1	 51096	 UTP18	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q16576-2	 5.805	 6	 1	 5931	 RBBP7	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P08631-1	 5.803	 3	 1	 3055	 HCK	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P35249	 5.785	 8	 3	 5984	 RFC4	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62318	 5.774	 15	 2	 6634	 SNRPD3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P30040-1	 5.769	 10	 2	 10961	 ERP29	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8WU90	 5.767	 3	 1	 55854	 ZC3H15	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O95202-1	 5.74	 2	 1	 3954	 LETM1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O15144	 5.735	 7	 2	 10109	 ARPC2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y295	 5.725	 6	 2	 4733	 DRG1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q86VI3	 5.704	 3	 2	 128239	 IQGAP3	 NF	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	
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Q9H7H0-3	 5.691	 4	 2	 64745	 METTL17	 NF	 High	 High	 High	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	

P00918	 5.688	 13	 3	 760	 CA2	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P01023	 5.679	 1	 2	 2	 A2M	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P42224-1	 5.666	 3	 2	 6772	 STAT1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q7Z4W1	 5.625	 9	 2	 51181	 DCXR	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y697	 5.623	 3	 1	 9054	 NFS1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O95239-1	 5.607	 3	 3	 24137	 KIF4A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9H223	 5.579	 4	 2	 30844	 EHD4	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P48147	 5.579	 4	 2	 5550	 PREP	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8N3R9-1	 5.557	 2	 1	 64398	 MPP5	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P43897	 5.552	 5	 1	 10102	 TSFM	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q86YT6	 5.538	 1	 1	 57534	 MIB1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P08237-3	 5.513	 3	 1	 5213	 PFKM	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P51149	 5.489	 10	 2	 7879	 RAB7A	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q5VT66-2	 5.471	 7	 1	 64757	 MARC1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O00560-1	 5.451	 8	 1	 6386	 SDCBP	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P23919	 5.436	 10	 2	 1841	 DTYMK	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8TDN6	 5.429	 7	 2	 55299	 BRIX1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q6UN15-1	 5.427	 2	 1	 81608	 FIP1L1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q8NE71-1	 5.427	 3	 2	 23	 ABCF1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P43034	 5.396	 4	 1	 5048	 PAFAH1B1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q16822-1	 5.393	 3	 2	 5106	 PCK2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O00506	 5.371	 4	 1	 10494	 STK25	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q4G0J3-3	 5.366	 4	 2	 51574	 LARP7	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UNN5-1	 5.32	 3	 2	 11124	 FAF1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P51553	 5.319	 5	 2	 3421	 IDH3G	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P28070	 5.302	 7	 2	 5692	 PSMB4	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BQ52-1	 5.298	 3	 3	 60528	 ELAC2	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P20618	 5.293	 8	 2	 5689	 PSMB1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	
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Q9NP64	 5.292	 6	 1	 51538	 ZCCHC17	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BYR9	 5.286	 8	 1	

85294;	

730755	

KRTAP2-4;	

KRTAP2-3	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P62857	 5.285	 30	 2	 6234	 RPS28	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P49721	 5.264	 11	 2	 5690	 PSMB2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P35030	 5.263	 4	 1	 5646	 PRSS3	 High	 High	 High	 High	 High	 High	 High	 NF	 High	 High	 High	 NF	

O15372	 5.242	 6	 2	 8667	 EIF3H	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9HB07	 5.237	 5	 2	 60314	 C12orf10	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62316	 5.237	 16	 2	 6633	 SNRPD2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BPX3	 5.218	 1	 1	 64151	 NCAPG	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NVA2-2	 5.21	 4	 2	 55752	 SEPT11	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H078-1	 5.179	 3	 2	 81570	 CLPB	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P11279	 5.173	 5	 2	 3916	 LAMP1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P78316	 5.171	 3	 2	 8602	 NOP14	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q92522	 5.169	 10	 2	 8971	 H1FX	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P12081	 5.163	 3	 1	 3035	 HARS	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8NCA5	 5.161	 2	 1	 25940	 FAM98A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q96CX2	 5.155	 6	 2	 115207	 KCTD12	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q15392	 5.137	 3	 2	 1718	 DHCR24	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P49790-3	 5.107	 2	 3	 9972	 NUP153	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NRP0-2	 5.084	 7	 1	 58505	 OSTC	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P06493	 5.082	 10	 2	 983	 CDK1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q13557-11	 5.07	 4	 2	 817	 CAMK2D	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96A33-1	 5.068	 4	 2	 57003	 CCDC47	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P02790	 5.066	 7	 3	 3263	 HPX	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

Q99569	 5.046	 2	 2	 8502	 PKP4	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BZJ0	 5.042	 3	 2	 51340	 CRNKL1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q7L2H7	 5.04	 7	 2	 10480	 EIF3M	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q02952-1	 5.038	 1	 1	 9590	 AKAP12	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q15185	 4.999	 8	 1	 10728	 PTGES3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	
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Q96AC1-3	 4.984	 3	 1	 10979	 FERMT2	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UM54-3	 4.981	 2	 2	 4646	 MYO6	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P51648-2	 4.973	 5	 2	 224	 ALDH3A2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O60716-1	 4.952	 3	 3	 1500	 CTNND1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y2Z0-1	 4.943	 6	 1	 10910	 SUGT1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q96CW1	 4.937	 6	 3	 1173	 AP2M1	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O43432-3	 4.931	 2	 1	 8672	 EIF4G3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y5Q8-3	 4.928	 4	 2	 9328	 GTF3C5	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NTZ6	 4.917	 2	 2	 10137	 RBM12	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9GZL7	 4.916	 6	 1	 55759	 WDR12	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q6NUK1	 4.91	 3	 1	 29957	 SLC25A24	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y3U8	 4.904	 18	 2	 25873	 RPL36	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9UDY2-7	 4.901	 3	 3	 9414	 TJP2	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O15020	 4.879	 1	 2	 6712	 SPTBN2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 High	 NF	 NF	

P48651	 4.87	 5	 2	 9791	 PTDSS1	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H6R4-1	 4.868	 1	 1	 65083	 NOL6	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BXW7	 4.859	 6	 2	 27440	 CECR5;	HDHD5	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q12907	 4.856	 3	 1	 10960	 LMAN2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UGY1	 4.853	 13	 1	 79159	 NOL12	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q14331	 4.836	 5	 1	 2483	 FRG1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P06730-2	 4.825	 6	 1	 1977	 EIF4E	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q14151	 4.82	 2	 2	 9667	 SAFB2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q13011	 4.82	 5	 1	 1891	 ECH1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8WYA6	 4.813	 3	 1	 56259	 CTNNBL1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O43719	 4.813	 4	 3	 27336	 HTATSF1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H583	 4.781	 2	 2	 55127	 HEATR1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q5MIZ7-1	 4.777	 2	 2	 57223	

SMEK2;	

PPP4R3B	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15388	 4.754	 13	 2	 9804	 TOMM20	 NF	 High	 High	 High	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	

P08572	 4.752	 1	 2	 1284	 COL4A2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	
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P36551	 4.742	 4	 2	 1371	 CPOX	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y388	 4.74	 7	 2	 51634	 RBMX2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P56134	 4.731	 14	 1	 9551	 ATP5J2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q99426	 4.724	 5	 1	 1155	 TBCB	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q14254	 4.717	 5	 2	 2319	 FLOT2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q15631-1	 4.717	 7	 1	 7247	 TSN	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q86UK7-1	 4.704	 1	 1	 90850	 ZNF598	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BT22	 4.7	 3	 1	 56052	 ALG1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NRG9-1	 4.668	 6	 2	 8086	 AAAS	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P11172	 4.654	 6	 2	 7372	 UMPS	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P52789	 4.653	 2	 1	 3099	 HK2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NVH0	 4.647	 2	 1	 55218	 EXD2	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P61158	 4.635	 3	 1	 10096	 ACTR3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

P19623	 4.632	 7	 2	 6723	 SRM	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UBQ0-2	 4.627	 5	 1	 51699	 VPS29	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q16643-3	 4.619	 2	 1	 1627	 DBN1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P62745	 4.606	 12	 1	 388	 RHOB	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

Q15269	 4.602	 2	 1	

5822;	

102724159	

PWP2;	

LOC102724159	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q93009	 4.598	 2	 2	 7874	 USP7	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P50570-1	 4.591	 3	 3	 1785	 DNM2	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O95168-1	 4.586	 17	 2	 4710	 NDUFB4	 NF	 High	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q09161	 4.586	 1	 1	 4686	 NCBP1	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q13098-6	 4.577	 3	 2	 2873	 GPS1	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O75122-3	 4.571	 1	 2	 23122	 CLASP2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P19525	 4.558	 2	 1	 5610	 EIF2AK2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O14880	 4.537	 10	 1	 4259	 MGST3	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q14789-2	 4.534	 1	 2	 2804	 GOLGB1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q96RQ3	 4.532	 3	 2	 56922	 MCCC1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NZM5	 4.529	 3	 1	 29997	 GLTSCR2;	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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NOP53	

P30042-1	 4.516	 4	 1	

8209;	

102724023	

C21orf33;	

LOC102724023	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P82930	 4.512	 10	 3	 65993	 MRPS34	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H490	 4.507	 4	 1	 128869	 PIGU	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NRL2	 4.506	 1	 1	 11177	 BAZ1A	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P49069	 4.501	 7	 1	 819	 CAMLG	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q13610	 4.472	 4	 2	 11137	 PWP1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BQB6-1	 4.467	 8	 1	 79001	 VKORC1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q15050	 4.463	 3	 1	 23212	 RRS1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9HD45	 4.46	 4	 2	 56889	 TM9SF3	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P62891	 4.456	 20	 1	

6170;	

285785	

RPL39;	

RPL39P3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q14C86-6	 4.451	 1	 1	 26130	 GAPVD1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8NFF5	 4.418	 4	 1	 80308	 FLAD1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O15260-1	 4.401	 5	 1	 6836	 SURF4	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q04323-2	 4.391	 4	 1	 51035	 UBXN1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P46379-3	 4.389	 1	 1	 7917	 BAG6	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P13473-3	 4.373	 4	 2	 3920	 LAMP2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P04004	 4.355	 3	 1	 7448	 VTN	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	

Q9NTJ3-1	 4.351	 2	 2	 10051	 SMC4	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H3G5	 4.349	 6	 2	 54504	 CPVL	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13642	 4.348	 4	 1	 2273	 FHL1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5SSJ5-1	 4.348	 4	 2	 50809	 HP1BP3	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q15645	 4.335	 3	 1	 9319	 TRIP13	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P47755	 4.311	 6	 1	 830	 CAPZA2	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y512	 4.309	 4	 2	 25813	 SAMM50	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q13601	 4.27	 4	 1	 11103	 KRR1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q8N9T8	 4.265	 4	 2	 65095	 KRI1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q96ME7	 4.235	 2	 1	 84450	 ZNF512	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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P04632	 4.221	 6	 1	 826	 CAPNS1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8TCT9-2	 4.213	 3	 1	 81502	 HM13	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NQZ2	 4.212	 3	 1	 57050	 UTP3	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P30520	 4.208	 2	 1	 159	 ADSS	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NYV4-1	 4.207	 1	 1	 51755	 CDK12	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P55809	 4.206	 2	 1	 5019	 OXCT1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13523	 4.189	 2	 2	 8899	 PRPF4B	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BTW9-4	 4.185	 1	 1	 6904	 TBCD	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q95604	 4.182	 4	 1	 3107	 HLA-C	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P61163	 4.18	 7	 2	 10121	 ACTR1A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P24468	 4.178	 4	 2	 7026	 NR2F2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O00767	 4.174	 4	 1	 6319	 SCD	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O60884	 4.156	 4	 2	 10294	 DNAJA2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q92797-1	 4.152	 1	 1	 8189	 SYMPK	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O14981	 4.15	 1	 1	 9044	 BTAF1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UPN3	 4.139	 0	 1	 23499	 MACF1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13428-4	 4.139	 1	 2	 6949	 TCOF1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q96EY1-1	 4.135	 3	 1	 9093	 DNAJA3	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P21399	 4.135	 2	 1	 48	 ACO1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BVC6	 4.131	 5	 1	 79073	 TMEM109	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O75150	 4.094	 2	 1	 9810	 RNF40	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5JVF3-4	 4.088	 4	 1	 55795	 PCID2	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UNM6-

2	 4.063	 5	 2	 5719	 PSMD13	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9NW13-1	 4.038	 3	 2	 55131	 RBM28	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P49821	 4.036	 4	 2	 4723	 NDUFV1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q5SW79-1	 4.031	 1	 1	 9859	 CEP170	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q86V81	 4.024	 4	 1	 10189	 ALYREF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P54105	 3.976	 5	 1	 1207	 CLNS1A	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O60701	 3.976	 4	 2	 7358	 UGDH	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	
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Q9H2U2-2	 3.973	 5	 1	 27068	 PPA2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q02241-1	 3.971	 2	 1	 9493	 KIF23	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P60981-1	 3.969	 7	 1	 11034	 DSTN	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P15121	 3.963	 6	 2	 231	 AKR1B1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BYD2	 3.961	 9	 2	 65005	 MRPL9	 NF	 NF	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q3SY69-1	 3.958	 3	 1	 160428	 ALDH1L2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P30044-1	 3.957	 7	 1	 25824	 PRDX5	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q08257	 3.944	 4	 1	 1429	 CRYZ	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y3Z3	 3.934	 3	 2	 25939	 SAMHD1	 NF	 High	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q8WWK9-

1	 3.924	 2	 1	 26586	 CKAP2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q8N3C0	 3.919	 1	 1	 10973	 ASCC3	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P99999	 3.915	 10	 1	 54205	 CYCS	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UNF1	 3.913	 3	 2	 10916	 MAGED2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P57740	 3.911	 2	 2	 57122	 NUP107	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P59998-3	 3.902	 10	 2	 10093	 ARPC4	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q92542-1	 3.889	 3	 2	 23385	 NCSTN	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y3Y2-3	 3.881	 5	 1	 26097	 CHTOP	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BTE3-1	 3.88	 3	 2	 79892	 MCMBP	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O15027-5	 3.858	 0	 1	 9919	 SEC16A	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P14678-3	 3.858	 5	 2	 6628	 SNRPB	 NF	 High	 High	 NF	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q12923-4	 3.835	 1	 2	 5783	 PTPN13	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q92538	 3.833	 1	 1	 8729	 GBF1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H5H4	 3.825	 2	 1	 79724	 ZNF768	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P56545-2	 3.818	 1	 1	 1488	 CTBP2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P20930	 3.806	 0	 1	 2312	 FLG	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	

O75489	 3.774	 12	 2	 4722	 NDUFS3	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P54578	 3.768	 3	 1	 9097	 USP14	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q13769	 3.756	 2	 2	 8563	 THOC5	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9P0L0-2	 3.745	 4	 1	 9218	 VAPA	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	
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Q96SB4-3	 3.742	 1	 1	 6732	 SRPK1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q5JRX3-2	 3.735	 1	 1	 10531	 PITRM1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O43663-1	 3.73	 2	 1	 9055	 PRC1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P49720	 3.722	 9	 1	 5691	 PSMB3	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O15226-2	 3.708	 3	 2	 55922	 NKRF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O15228	 3.7	 1	 1	 8443	 GNPAT	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P33240	 3.675	 4	 2	 1478	 CSTF2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q5T160	 3.667	 2	 1	 57038	 RARS2	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BV38	 3.658	 3	 1	 57418	 WDR18	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13823	 3.644	 2	 1	 29889	 GNL2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O00139-4	 3.62	 1	 1	 3796	 KIF2A	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UBT2	 3.618	 4	 2	 10054	 UBA2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P31350-2	 3.604	 2	 1	 6241	 RRM2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P49406	 3.601	 4	 1	 9801	 MRPL19	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y570-4	 3.6	 5	 1	 51400	 PPME1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BRL6-1	 3.598	 5	 2	 10929	 SRSF8	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NVU0	 3.574	 1	 1	

55718;	

101060521	

POLR3E;	

LOC101060521	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8ND56	 3.561	 2	 1	 26065	 LSM14A	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P29372	 3.543	 5	 1	 4350	 MPG	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P02462	 3.54	 1	 1	 1282	 COL4A1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

P49207	 3.528	 13	 2	 6164	 RPL34	 High	 High	 High	 High	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9Y676	 3.525	 4	 1	 28973	 MRPS18B	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P16152	 3.511	 4	 1	 873;	54093	 CBR1;	SETD4	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8IWS0-1	 3.501	 6	 2	 84295	 PHF6	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H7B2	 3.494	 5	 2	 84154	 RPF2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P22033	 3.491	 2	 1	 4594	 MUT	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O75027-2	 3.491	 2	 1	 22	 ABCB7	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P31942	 3.491	 6	 1	 3189	 HNRNPH3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8WVV9	 3.478	 3	 1	 92906	 HNRNPLL;	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	
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HNRPLL	

P33316-3	 3.474	 4	 1	 1854	 DUT	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

A6NDG6	 3.472	 7	 2	 283871	 PGP	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q00059	 3.461	 4	 1	 7019	 TFAM	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96G03	 3.447	 4	 1	 55276	 PGM2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BW92	 3.447	 1	 1	 80222	 TARS2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q5RKV6	 3.445	 6	 1	 118460	 EXOSC6	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UKV3-1	 3.438	 2	 2	 22985	 ACIN1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O43795	 3.437	 2	 2	 4430	 MYO1B	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q04727-3	 3.399	 1	 1	 7091	 TLE4	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BTX1	 3.398	 2	 1	 55706	

NDC1;	

TMEM48	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13464	 3.395	 1	 1	 6093	 ROCK1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P00387-3	 3.372	 3	 1	 1727	 CYB5R3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BY77	 3.37	 3	 1	 84271	 POLDIP3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P67775	 3.362	 4	 1	 5515	 PPP2CA	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P49354	 3.358	 5	 1	 2339	 FNTA	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P0C7P4	 3.353	 8	 2	 100128525	 UQCRFS1P1	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q5TDH0-3	 3.345	 2	 1	 84301	 DDI2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BZX2-1	 3.344	 5	 1	 7371	 UCK2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P40616	 3.338	 6	 1	 400	 ARL1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P02746	 3.335	 6	 1	 713	 C1QB	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62333	 3.334	 4	 1	 5706	 PSMC6	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q00577	 3.333	 3	 1	 5813	 PURA	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P24534	 3.33	 6	 1	 1933	 EEF1B2	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P35611-3	 3.322	 1	 1	 118	 ADD1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NUQ2	 3.314	 3	 1	 55326	 AGPAT5	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8TC12	 3.306	 4	 1	 51109	 RDH11	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q7Z434	 3.304	 3	 1	 57506	 MAVS	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P53004	 3.303	 3	 1	 644	 BLVRA	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	
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Q9Y2A7-2	 3.299	 1	 1	 10787	 NCKAP1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NVI1-3	 3.299	 2	 2	 55215	 FANCI	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q15126	 3.288	 6	 1	 10654	 PMVK	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P09012	 3.279	 6	 2	 6626	 SNRPA	 High	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 High	 NF	

P31944	 3.278	 4	 1	 23581	 CASP14	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	

Q9BTE7	 3.274	 4	 1	 84259	 DCUN1D5	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q15291-1	 3.265	 2	 1	 5929	 RBBP5	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O95602	 3.245	 1	 1	 25885	 POLR1A	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q8WUA4-1	 3.232	 2	 2	 2976	 GTF3C2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q92734	 3.231	 3	 1	 10342	 TFG	 NF	 High	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y450-1	 3.213	 3	 2	 10767	 HBS1L	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q02040-1	 3.209	 2	 1	 8227	 AKAP17A	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BTV4	 3.208	 3	 1	 79188	 TMEM43	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q99567	 3.206	 2	 1	 4927	 NUP88	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O15173-2	 3.174	 7	 1	 10424	 PGRMC2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P62304	 3.173	 12	 1	 6635	 SNRPE	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q5BKZ1	 3.166	 2	 1	 284695	 ZNF326	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q15907	 3.146	 5	 1	 9230	 RAB11B	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q99436	 3.145	 7	 2	 5695	 PSMB7	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BT78	 3.14	 5	 1	 51138	 COPS4	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q16543	 3.136	 2	 1	 11140	 CDC37	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P53701	 3.129	 4	 1	 3052	 HCCS	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P62070-4	 3.127	 6	 1	 22800	 RRAS2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q92947-1	 3.114	 3	 1	 2639	 GCDH	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P37108	 3.098	 7	 1	 6727	 SRP14	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O43670-4	 3.092	 3	 1	 7756	 ZNF207	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8WVX9	 3.091	 3	 1	 84188	 FAR1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O96008	 3.091	 3	 1	 10452	 TOMM40	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q02413	 3.086	 1	 1	 1828	 DSG1	 High	 NF	 NF	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	
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P60468	 3.081	 10	 1	 10952	 SEC61B	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O95819-3	 3.076	 1	 1	 9448	 MAP4K4	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P42696	 3.074	 2	 1	 23029	 RBM34	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P49711-1	 3.066	 1	 1	 10664	 CTCF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P54920	 3.059	 3	 1	 8775	 NAPA	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9GZT3	 3.053	 9	 1	 81892	 SLIRP	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O95707	 3.05	 5	 1	 10775	 POP4	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O15355	 3.048	 2	 1	 5496	 PPM1G	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O75608	 3.023	 5	 1	 10434	 LYPLA1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P30260-2	 3.02	 1	 1	 996	 CDC27	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P30046	 3.011	 9	 1	 1652	 DDT	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q5HYI8	 3	 5	 1	 285282	 RABL3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O94973-2	 2.991	 2	 1	 161	 AP2A2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O43824	 2.985	 2	 1	 8225	 GTPBP6	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H9A6	 2.976	 3	 2	 55631	 LRRC40	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96AA3	 2.973	 3	 2	 91869	 RFT1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P19388	 2.969	 5	 1	 5434	 POLR2E	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8IX18	 2.949	 2	 1	 79665	 DHX40	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P62841	 2.949	 8	 1	 6209	 RPS15	 NF	 NF	 High	 High	 High	 High	 High	 High	 NF	 NF	 High	 NF	

Q96P63-2	 2.941	 4	 2	 89777	 SERPINB12	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

Q96TA2-1	 2.94	 1	 1	 10730	 YME1L1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q13325	 2.93	 2	 1	 24138	 IFIT5	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q6DKI1	 2.926	 4	 1	 285855	 RPL7L1	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9BPW8	 2.901	 3	 1	 8508	 NIPSNAP1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q5T280	 2.893	 2	 1	 51490	

C9orf114;	

SPOUT1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UHG3	 2.887	 2	 1	 51449	 PCYOX1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q7KZI7-1	 2.882	 1	 1	 2011	 MARK2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q92979	 2.851	 8	 1	 10436	 EMG1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9HCS7	 2.847	 2	 2	 56949	 XAB2	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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P45954	 2.831	 2	 1	 36	 ACADSB	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UBQ7	 2.829	 3	 1	 9380	 GRHPR	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9P2X0-2	 2.801	 8	 1	 54344	 DPM3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y679-1	 2.789	 3	 1	 550	 AUP1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q969X5	 2.789	 3	 1	 57222	 ERGIC1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P63167	 2.783	 12	 1	 8655	 DYNLL1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P68431	 2.774	 10	 2	

8968;	8352;	

8351;	8355;	

8357;	8358;	

8350;	8353;	

8354;	8356	

HIST1H3F;	

HIST1H3C;	

HIST1H3D;	

HIST1H3G;	

HIST1H3H;	

HIST1H3B;	

HIST1H3A;	

HIST1H3E;	

HIST1H3I;	

HIST1H3J	 High	 High	 High	 High	 NF	 NF	 NF	 High	 High	 NF	 NF	 NF	

Q9UL46	 2.766	 9	 1	 5721	 PSME2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8TCS8	 2.758	 2	 2	 87178	 PNPT1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96A65	 2.74	 2	 2	 60412	 EXOC4	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

P61086	 2.735	 14	 1	 3093	 UBE2K	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q6P1X5	 2.716	 2	 2	 6873	 TAF2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P09496-1	 2.695	 4	 1	 1211	 CLTA	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P48556	 2.693	 5	 2	 5714	 PSMD8	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P23588	 2.691	 4	 2	 1975	 EIF4B	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P00491	 2.69	 3	 1	 4860	 PNP	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q969Z0-1	 2.689	 3	 1	 9238	 TBRG4	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8NBM4-1	 2.687	 3	 1	 337867	 UBAC2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P28340	 2.681	 2	 2	 5424	 POLD1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P30419	 2.678	 3	 1	 4836	 NMT1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P61009	 2.674	 5	 1	 60559	 SPCS3	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q12894-2	 2.665	 3	 1	 7866	 IFRD2	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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Q9NUD5	 2.66	 2	 1	 85364	 ZCCHC3	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O96000	 2.659	 6	 1	 4716	 NDUFB10	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O75323-1	 2.65	 3	 1	 2631	

GBAS;	

NIPSNAP2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q86TB9	 2.645	 1	 1	 219988	 PATL1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P09936	 2.642	 6	 1	 7345	 UCHL1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9P015	 2.641	 5	 1	 29088	 MRPL15	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P56537	 2.625	 10	 1	 3692	 EIF6	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q03701	 2.612	 1	 1	 10153	 CEBPZ	 NF	 High	 High	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q6P587-3	 2.609	 6	 1	 81889	 FAHD1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q13045-1	 2.593	 1	 1	 2314	 FLII	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O00764-1	 2.59	 3	 1	 8566	 PDXK	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q99829	 2.59	 4	 1	 8904	 CPNE1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q14241	 2.584	 3	 1	 6924	 TCEB3;	ELOA	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O95163	 2.583	 1	 1	 8518	 IKBKAP;	ELP1	 NF	 NF	 NF	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UEY8-1	 2.583	 1	 1	 120	 ADD3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NV06	 2.581	 3	 1	 25879	 DCAF13	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q6P1J9	 2.579	 2	 1	 79577	 CDC73	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P14174	 2.562	 8	 1	 4282	 MIF	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 High	 NF	 NF	 NF	

Q9Y2X7-3	 2.556	 1	 1	 28964	 GIT1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UMR2-1	 2.53	 2	 1	 11269	 DDX19B	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q16718	 2.53	 8	 1	 4698	 NDUFA5	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q86WB0	 2.513	 2	 1	 51530	 ZC3HC1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P82914	 2.506	 6	 2	 64960	 MRPS15	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P49755	 2.498	 4	 1	 10972	 TMED10	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P23786	 2.496	 2	 1	 1376	 CPT2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9H2H9	 2.49	 2	 1	 81539	 SLC38A1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y305-4	 2.483	 2	 1	 23597	 ACOT9	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NZL4-3	 2.481	 2	 1	 23640	 HSPBP1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P43487	 2.481	 4	 1	 5902	 RANBP1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	
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Q9H9Y6-3	 2.474	 1	 1	 84172	 POLR1B	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q92620	 2.471	 1	 1	 9785	 DHX38	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9H1A4	 2.454	 1	 1	 64682	 ANAPC1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O75165	 2.449	 1	 1	 23317	 DNAJC13	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O75348	 2.441	 12	 1	 9550	 ATP6V1G1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O15145	 2.441	 7	 1	 10094	 ARPC3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q92615	 2.435	 1	 1	 23185	 LARP4B	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q92506	 2.435	 6	 1	 7923	 HSD17B8	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O96011-1	 2.431	 4	 1	 8799	

LOC101060567;	

PEX11B	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NVU7	 2.416	 1	 1	 55153	 SDAD1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

O94832	 2.414	 2	 2	 4642	 MYO1D	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O15143	 2.412	 3	 1	 10095	 ARPC1B	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y4A5	 2.404	 0	 1	 8295	 TRRAP	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8IZ81	 2.399	 3	 1	 255520	 ELMOD2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P0CG43	 2.395	 7	 1	 100996541	

FAM157C;	

LOC100132055;	

LOC100996541	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P37198	 2.381	 2	 1	 23636	 NUP62	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P36957	 2.38	 3	 1	 1743	 DLST	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P52434-4	 2.376	 7	 1	 5437	 POLR2H	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O60831	 2.371	 6	 1	 11230	 PRAF2	 NF	 High	 High	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P43003	 2.354	 2	 1	 6507	 SLC1A3	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UKZ9	 2.347	 3	 1	 26577	 PCOLCE2	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H4L4	 2.338	 2	 1	 26168	 SENP3	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q13085-4	 2.335	 1	 1	 31	 ACACA	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O96019-1	 2.331	 2	 1	 86	 ACTL6A	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y6C9	 2.325	 4	 1	 23788	 MTCH2	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q70UQ0-4	 2.32	 2	 1	 121457	 IKBIP	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y6A5	 2.315	 2	 1	 10460	 TACC3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	
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Q8IXI1	 2.315	 2	 1	 89941	 RHOT2	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P98175-1	 2.312	 1	 1	 8241	 RBM10	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9UQE7	 2.311	 1	 1	 9126	 SMC3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P11498	 2.31	 1	 1	 5091	 PC	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q5T750	 2.292	 3	 1	 100129271	 C1orf68	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

Q9C0J8	 2.29	 1	 1	 55339	 WDR33	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q92572	 2.28	 6	 1	 1176	 AP3S1	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P12955	 2.267	 2	 1	 5184	 PEPD	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O43709-3	 2.259	 4	 1	 114049	

WBSCR22;	

BUD23	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q6WCQ1-2	 2.259	 1	 1	 23164	 MPRIP	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q14232	 2.255	 3	 1	 1967	 EIF2B1	 NF	 High	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q15154-1	 2.253	 1	 1	 5108	 PCM1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q13907-2	 2.247	 3	 1	 3422	 IDI1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q99700-1	 2.245	 1	 1	 6311	 ATXN2	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q3MHD2-2	 2.244	 7	 1	 124801	 LSM12	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y5L0-2	 2.225	 2	 1	 23534	 TNPO3	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q14247-2	 2.223	 2	 1	 2017	 CTTN	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q14671-3	 2.191	 1	 1	 9698	 PUM1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q13561-2	 2.187	 2	 1	 10540	 DCTN2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UPW6	 2.162	 1	 1	 23314	 SATB2	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BRP1	 2.161	 3	 1	 84306	 PDCD2L	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8TB61	 2.161	 3	 1	 347734	 SLC35B2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O75616-1	 2.158	 3	 1	 26284	 ERAL1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P21266	 2.157	 4	 1	 2947	 GSTM3	 NF	 High	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NQT8	 2.153	 1	 1	 23303	 KIF13B	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O95071	 2.139	 0	 1	 51366	 UBR5	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O43657	 2.128	 3	 1	 7105	 TSPAN6	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9P2R3-4	 2.124	 1	 1	 51479	 ANKFY1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8IUF8	 2.119	 3	 1	 84864	 MINA;	RIOX2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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Q13423	 2.118	 1	 1	 23530	 NNT	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q00796	 2.115	 3	 1	 6652	 SORD	 NF	 High	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P55081	 2.108	 2	 1	 4236	 MFAP1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9UNS2	 2.108	 3	 1	 8533	 COPS3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q92820	 2.104	 3	 1	 8836	 GGH	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P30086	 2.098	 4	 1	 5037	 PEBP1	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9HC38	 2.096	 3	 1	 51031	 GLOD4	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P53677	 2.094	 2	 1	 10947	 AP3M2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P39687	 2.091	 4	 1	 8125	 ANP32A	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

O15160	 2.085	 3	 1	 9533	 POLR1C	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q96RP9-2	 2.077	 1	 1	 85476	 GFM1	 NF	 High	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q8NBJ5	 2.07	 1	 1	 79709	

COLGALT1;	

GLT25D1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P52732	 2.065	 1	 1	 3832	 KIF11	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P0DOX8	 2.06	 7	 1	 		 		 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

Q16637	 2.055	 4	 1	 6606;	6607	 SMN1;	SMN2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q8TAF3-1	 2.053	 2	 1	 57599	 WDR48	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9H269	 2.039	 1	 1	 64601	 VPS16	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q96I25	 2.038	 2	 1	 84991	 RBM17	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q14728	 2.03	 3	 1	 10227	 MFSD10	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y5K5-1	 2.012	 2	 1	 51377	 UCHL5	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9NTJ5	 2.002	 2	 1	 22908	 SACM1L	 NF	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q92504	 2	 3	 1	 7922	 SLC39A7	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8N1F8	 1.983	 1	 1	 114790	 STK11IP	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O95793	 1.982	 2	 1	 6780	 STAU1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O14561	 1.978	 6	 1	 4706	 NDUFAB1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P35916	 1.978	 1	 1	 2324	 FLT4	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q13123	 1.976	 2	 1	 3550	 IK	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UI26-2	 1.959	 1	 1	 51194	 IPO11	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q96KP1	 1.939	 1	 1	 55770	 EXOC2	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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O75947-1	 1.937	 6	 1	 10476	 ATP5H	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O00471	 1.934	 2	 1	 10640	 EXOC5	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UDR5	 1.93	 2	 1	 10157	 AASS	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P07942	 1.924	 0	 1	 3912	 LAMB1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

Q9UHQ9	 1.915	 4	 1	 51706	 CYB5R1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8N8S7	 1.902	 2	 1	 55740	 ENAH	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q05086	 1.897	 1	 1	 7337	 UBE3A	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P78346-2	 1.891	 3	 1	 10556	 RPP30	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P82675	 1.88	 4	 1	 64969	 MRPS5	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q96B26	 1.872	 4	 1	 11340	 EXOSC8	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O75914-3	 1.865	 2	 1	 5063	 PAK3	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q14112-1	 1.863	 1	 1	 22795	 NID2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

Q99961	 1.862	 3	 1	 6455	 SH3GL1	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O95470	 1.859	 3	 1	 8879	 SGPL1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y6V7	 1.831	 2	 1	 54555	 DDX49	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NSI2-1	 1.827	 6	 1	 85395	 FAM207A	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NVN8	 1.815	 2	 1	 54552	 GNL3L	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

O60637	 1.804	 3	 1	 10099	 TSPAN3	 NF	 High	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O95631	 1.803	 1	 1	 9423	 NTN1	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P05089-2	 1.796	 3	 1	 383	 ARG1	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P46939-2	 1.786	 0	 1	 7402	 UTRN	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q8N9C0-2	 1.785	 1	 1	 283284	 IGSF22	 High	 High	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	

Q01581	 1.777	 2	 1	 3157	 HMGCS1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y399	 1.773	 3	 1	 51116	 MRPS2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q15436	 1.768	 2	 1	 10484	 SEC23A	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P45974-1	 1.765	 1	 1	 8078	 USP5	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8NI60-1	 1.761	 2	 1	 56997	 ADCK3;	COQ8A	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9H2G2-1	 1.749	 1	 1	 9748	 SLK	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9Y394	 1.747	 2	 1	 51635	 DHRS7	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	
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P21281	 1.745	 2	 1	 526	 ATP6V1B2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	

P42126	 1.736	 2	 1	 1632	 ECI1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q06265-2	 1.735	 2	 1	 5393	 EXOSC9	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q2TAY7	 1.735	 2	 1	 55234	 SMU1	 NF	 NF	 High	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q8IV08	 1.722	 2	 1	 23646	 PLD3	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9BYE4	 1.721	 12	 1	 6706	 SPRR2G	 NF	 NF	 NF	 NF	 High	 NF	 High	 NF	 NF	 High	 High	 NF	

Q9NVH1-1	 1.716	 2	 1	 55735	 DNAJC11	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q9HD20	 1.707	 1	 1	 57130	 ATP13A1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P56381	 1.703	 16	 1	 514	 ATP5E	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P35610	 1.7	 2	 1	 6646	 SOAT1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9UNX4	 1.693	 2	 1	 10885	 WDR3	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q96T58	 1.691	 0	 1	 23013	 SPEN	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

P61962	 1.69	 4	 1	 10238	 DCAF7	 NF	 NF	 NF	 High	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q8TAD8	 1.687	 2	 1	 79753	 SNIP1	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P56270-2	 1.687	 2	 1	 4150	 MAZ	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P61970	 1.679	 6	 1	 10204	 NUTF2	 NF	 High	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q5JPH6-2	 1.674	 3	 1	 124454	 EARS2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

Q9NRL3-3	 1.671	 1	 1	 29888	 STRN4	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

P61964	 1.668	 4	 1	 11091	 WDR5	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q86XI2-2	 1.662	 1	 1	 54892	 NCAPG2	 NF	 NF	 High	 NF	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y2R9	 1.662	 5	 1	 51081	 MRPS7	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	

O60256-1	 1.661	 2	 1	 5636	 PRPSAP2	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P02788	 1.644	 1	 1	 4057	 LTF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	

Q9UKM9-1	 1.644	 3	 1	 22913	 RALY	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BTD8-1	 1.635	 2	 1	 79171	 RBM42	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	

Q16698	 1.633	 4	 1	 1666	 DECR1	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P04040	 1.631	 2	 1	 847	 CAT	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	

Q5JSL3	 1.626	 1	 1	 139818	 DOCK11	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9BQ75	 1.61	 4	 1	 84319	 CMSS1	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	
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P23258	 1.61	 2	 1	 7283	 TUBG1	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

P18077	 1.609	 6	 1	 6165	 RPL35A	 NF	 High	 High	 High	 NF	 High	 NF	 High	 NF	 NF	 NF	 NF	

Q96EY4	 1.606	 7	 1	 55319	 TMA16	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q9Y6E2	 1.602	 2	 1	 28969	 BZW2	 NF	 NF	 High	 NF	 NF	 NF	 NF	 High	 NF	 NF	 NF	 NF	

Q14839-2	 1.6	 0	 1	 1108	 CHD4	 NF	 NF	 High	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	 NF	
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8.6. Flow cytometry results, Chapter 5 

	
DsRedGFP DsRed + GFP

DsRed + GFP-WT-FUS EC DsRed + GFP-R521G-FUS EC DsRed + GFP-P525L-FUS EC

	
Fig. 1 Flow cytometry plots with the population outside the plot highlighted in red 
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8.7. Ethics 



1. Ethics application for Human tissue samples  
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