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Background:  Amyotrophic Lateral 3ÃÌÅÒÏÓÉÓȟ ÉÎ ×ÈÉÃÈ ÃÏÒÔÉÃÁÌ ÁÎÄ ÓÐÉÎÁÌ -.ȭÓ ÄÅÇ-

enerate, is a late onset neurodegenerative condition that accounts for ~1 in 400 UK 

deaths, typically  within  3-5 years from the initial manifestations of disease. It forms 

part  of a broad spectrum of clinically, genetically as well as pathologically hetergen-

eous disorders that include behavioural variant frontotemporal lobar degeneration 

(bvFTLD). A large intronic  hexanucleotide G4C2 repeat expansion of >30 copies was 

recently identified, in 2011, in the previously uncharacterised chromosome 9 open 

reading frame 72 (C9ORF72) gene which is now thought to explain up to 43% of fam-

ilial  ALS (~20 -30% of familial  FTLD) and around 7% of sporadic cases. Rationale & 

Hypothesis:  The principle  aim of the PhD was to perform gene expression profiling 

of peripheral tissues in ALS. In the first instance whole blood was trialled. However, 

this proved unreliable, owing to the sheer abundance of erythrocyte derived alpha 

and beta haemoglobin transcripts  that are contained within the sample and the var-

iability  in the efficiency of its removal using the Ambion® GLOBINClearTM or NuGEN 

Ovation®  WB reduction strategies. Instead disease related changes in transcription/ 

alternative splicing were detected in a large bank (n=820) of patient and control ly-

ÍÐÈÏÂÌÁÓÔÏÉÄ ÃÅÌÌ ÌÉÎÅÓ ɉ,#,ȭÓɊ ×ÉÔÈ ÔÈÅ ÍÁÉÎ ÐÕÒÐÏÓÅ ÏÆȡ ρɊ ÅÌÕÃÉÄÁÔÉÎÇ ÆÕÒÔÈÅÒ ÔÈÅ 

mechanism(s) of neurotoxicity associated with the C9ORF72 G4C2 repeat expansion 

and, 2) establishing within this specific genetic subtype, modifiers of a fast (<2yrs) 

ÖÅÒÓÕÓ ÓÌÏ× ɉІτÙÒÓɊ ÄÉÓÅÁÓÅ ÐÒÏÇÒÅÓÓÉÏÎ ÉÎ ÏÒÄÅÒ ÔÏ ÉÄÅÎÔÉÆÙ ÐÏÔÅÎÔÉÁÌ ÎÅ× ÁÒÅÁÓ ÏÆ 

therapeutic research. Methodology:  Biotinylated, sense-strand cDNA targets of ~40 

-70nt were hybridized  onto Human Exon 1.0ST GeneChip®  Arrays. A GC-RMA norm- 

alisation procedure was carried out in Partek® Genomics SuiteTM and differentially 

expressed or alternatively spliced transcripts were detected at the 5% significance 

level (p<0.05) with a fold-ÃÈÁÎÇÅ ÔÈÒÅÓÈÏÌÄ ÏÆ І ϻρȢςπ ÁÐÐÌÉÅÄȢ Findings: Overall a 

marginal increase in gene transcription was observed with respect to C9ORF72 (59. 

3%, n=650/1,096)  and nonC9ORF72-related_SALS patients (63.9%, n=1,148/1,796) 

compared to neurologically healthy controls. DAVID enriched gene ontology terms 

included translation, which was specific to carriers of the G4C2 repeat, in addition to 

RNA processing, DNA metabolism, RNP complex biogenesis and the cell cycle which 
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reflect more common features of the broader ALS phenotype. A number of key vali-

dation targets, including several RNA binding partners of the G4C2 repeat (FUS, RPL 

22, NUDT2, PURA, EIF4H and HNRNPA0/F) were subsequently confirmed in a qRT-

PCR assay. Isoform A/B specific transcripts of the C9ORF72 gene, itself, were found 

not to be differentially  expressed across ÔÈÅ ,#,ȭÓ ÉÎ ÔÈÅ %#!## ÄÉÓÃÏÖÅÒÙ ÁÎÄ ÒÅÐÌÉ-

cation cohorts. Conclusions: Whether pathogenicity of the G4C2 expanded allele ar-

ises as a consequence of haploinsufficiency or through an aberrant gain of function 

mechanism has yet to be determined; although emerging evidence favours a role of 

RNA toxicity. In light of this model, an up-regulation in the expression of C9ORF72 

binding partners and other, RNA processing & splicing related transcripts fits with 

the hypothesis that the cells are attempting to compensate for the sequestration of 

these proteins into  toxic RNA foci in the cytoplasm which leads to disruption  of their 

normal physiological function. Small sample sizes meant limited conclusions could 

be drawn from  the analysis of C9ORF72 specific modifiers of survival in ALS. Clinical 

data points towards a possible effect of gender which is supported in the literature 

but other factors such as correlations with expansion length would need to be con-

sidered in conducting future work.  
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1.1 Motor Neurone Disease Spectrum               

1.1.1 Background   

Motor  Neurone Disease (MND), originally coined by Brain in 1933, is a term used to 

encompass a broad clinical spectrum of rapidly progressive (Hardiman et al 2011) 

and invariably  fatal (Dion et al 2009), late onset neurodegenerative disorders which 

include: Amyotrophic Lateral Sclerosis (ALS) (~60%) (Section 1.2.1); ALS with con-

comitant frontotemporal lobar degeneration (ALS+FTLD) (~5-ρπϷɊ ÏÒ 0ÁÒËÉÎÓÏÎȭÓ 

disease (ALS+PD) (~5%) (Lomen-Hoerth et al 2003, Manno et al 2013); Progressive 

Bulbar Palsy (PBP) (~20%) (Section 1.2.2.1); Progressive Muscular Atrophy (PMA) 

(~10%)  (Section 1.2.2.3) and Primary Lateral Sclerosis (PLS) (~2-5%) (Section 2.2. 

2.2).    

 

1.1.2 Epidemiology   

MND has a prevalence of 3.4 or 5.2 (range 4-8) per 100,000 of the North American 

and European Caucasian populations, respectively (Traynor et al 1999). Incidence 

rates vary, but are reported to occur within the region of 0.6 (Sicily) (De Domenico 

et al 1988, Rosati et al 1977) and 2.4 (Finland) (Murros & Fogelholm 1983) with an 

average of 1 or 2 individuals per 100,000/year (Chio et al 2013a, Logroscino et al 

2008, Werneck et al 2007). This confers a relative lifetime risk of ~1 in 400 by the 

age of 70 (Johnston et al 2006). In non-European countries the frequency has been 

estimated to be higher in the Chamorro tribe, of the Western Pacific island of Guam 

(22 per 100,000/year) (Plato et al 2002, Waring et al 2004), and in several regions 

of the Kii peninsula of the Japanese island, Honshu (9.5 per 100,000/year) (Kaji et 

al 2012, Okamoto et al 2009) where there have been reports of a ALS/Parkinsonism 

-dementia complex; but is, however, considerably lower  across the Far East (1.3 per 

100,000/year)  (Kihira  et al 2005, Yoshida et al 1998), Africa (0.9 per 100,000/year) 

(Marin et al 2012, Radhakrishnan et al 1986) and Asia (0.3 per 100,000/year)  (Fong 
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et al 1996). A slight trend towards a male preponderance is evident (Leblond et al 

2014) with male to female (M:F) ratios ranging between 1.2 and 1.5:1 (Logroscino 

et al 2010, McCombe & Henderson 2010). Prognostic factors that have been found 

to correlate negatively with survival include poor nutritional status, signs of bulbar 

or respiratory muscle involvement, early age at symptom onset, a short diagnostic 

delay and evidence of cognitive dysfunction (Logroscino & Bennett 2014, Scotton et 

al 2012).  

 

1.1.3 Diagnosis   

A single definitive diagnostic test for MND does not currently exist (Hardiman et al 

2011). Clinical evaluations, based upon a detailed history and physical examination 

of the patient, are supported by electrophysiological testing [e.g. electromyography 

(EMG) as well as sensory and motor nerve conduction velocities], neuropsychiatric 

evaluation, imaging [e.g. magnetic resonance imaging (MRI) of the brain and spinal 

cord (SC)], genetic consultation and neuropathological information (McDermott & 

Shaw 2008). Other laboratory investigations, such as muscle biopsy, cerebrospinal 

fluid (CSF) analysis, serum creatine kinase measurements, thyroid function tests, a 

full blood count, erythrocyte sedimentation rate and urine protein electrophoresis, 

may also aid in the exclusion of other neuromuscular disorders that can mimic MN 

degeneration (Hardiman et al 2011, Sathasivam 2010, Turner & Talbot 2013). The 

World Federation of Neurology introduced the El Escorial Rating Criteria (EEC) in 

1994, later amended in 1998, to ensure standardization in the diagnosis of MND, 

for the purposes of clinical research (Figure 1.1) (Brooks 1994, Brooks et al 2000). 

According to this system, patients are assigned to one of four diagnostic categories, 

namely definite, probable, possible or suspected ALS, as determined by the various 

levels of certainty with which clinical and laboratory assessments are made. Signs 

of upper MN (UMN) dysfunction include increased muscle tone, hyperreflexia and 

spasticity, whereas lower MN (LMN) dysfunction is characterised by severe muscle 

wasting & weakness, as well  as hyporeflexia, fasciculations and cramping (Kinsley & 

Siddique 2001). Often, however, the initial  manifestations of the disease are mild  and 

relatively non-descript (McDermott & Shaw 2008). Its insidious nature means that a 

period of observation, lasting 12 months or longer, may be required (Paganoni et al 
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Figure 1.1 El Escorial Rating Criteria  (EEC) for the Diagnosis of MND   
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, LMN - lower motor neurone, MND - Motor 
Neurone Disease and UMN - upper motor neurone.      

 

 

2014) before a patient is referred to a specialist neurologist and a diagnosis of MND 

can be confirmed (Nzwalo et al 2014). Hence, an urgent need exists for the identifi -

cation of specific biological markers or biomarkers that can facilitate an earlier dia-

gnosis and more accurate monitoring of disease progression, as well as offering the 

potential to better predict individual responses to novel therapeutic agents and/or 

treatment strategies (Frank & Hargreaves 2003, Lehnert et al 2014, Mendez & Satt-

ler 2014, Silani et al 2011, Su et al 2013).  

  

1.1.4 Clinical Management   

As yet there is no known cure for MND. Clinical management is based on guidelines 

which have been published by the American Academy of Neurology® (AAN) and the 

European Federation of Neurological Societies (EFNS). Over the years there have be-

en more than thirty  phase II and phase III clinical trials of promising therapeutic ag-

ents identified from various in vitro and in vivo studies, including lithium carbonate 

(LiCALS), brain derived neurotrophic factor (BDNF), Novartis (Ozanezumab), ONO-

2506 (Arundic acid), minocycline and Copaxone® (glatiramer acetate) which relate 

to patient LCL samples in the National MNDA DNA Bank, held at the Health Protect-

ion Agency (Public Health England, UK), that were subsequently recruited into the 

ECACC discovery (Section 4.1.1) and replication (Section 4.1.2) cohorts [REVIEWED 

BRIEFLY IN APPENDIX TABLE B4]. Disappointingly, however, these have yielded li-
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ttle  success, with  the glutamate antagonist, Riluzole (Bensimon et al 1994) remain-

ing the only Food and Drug Administration (FDA) approved drug for  the treatment 

of MND in the UK (Hardiman et al 2011). Individual  responses vary with  a modest in-

crease in survival of ~2-3 months (Miller et al 2007, Riviere et al 1998) reported in 

some sufferers, but not others. Current efforts, therefore, are largely focused on sy-

mptom management and alleviating pain and discomfort in order to maintain as go-

od a quality of life for as long as possible (McDermott & Shaw 2008).  

The provision of palliative care is heavily reliant upon a multidisciplinary approach 

that requires a specialist neurologist and a team of trained nursing staff supported 

by additional healthcare professionals including a psychiatrist, genetic counsellor, 

nutritionist,  pulmonologist, social worker  and speech/occupational therapist (Bede 

et al 2011, Kinsley & Siddique 2001). Muscle relaxants such as benzodiazepine and 

baclofen may be administered to relieve spasticity and cramping (Ashworth et al 20 

04). Oral secretions can be controlled with  the use of a saline nebulizer in combinat-

ion with  a beta ɉɼɊ-receptor antagonist (e.g. metoprolol/propranolol), tricyclic anti-

depressant compounds, mucolytic agents and mechanical suctioning devices (And-

ersen et al 2007, Miller  et al 2009b). Complications associated with increased meta-

bolic activities and difficulties in swallowing (dysphagia) (Miller  et al 2009a) such as 

weight loss and malnutrition can be overcome by modifying the consistency of food 

and fluid intake initially, or in more advanced cases, through the insertion of a per-

cutaneous endoscopic gastrostomy (PEG) feeding tube. If tolerated, non-invasive p-

ositive pressure ventilation (NIPPV) assistance is highly recommended for patients 

with a forced vital capacity (FVC) lung function test <50% (Miller et al 1999). It has 

proven a particularly  beneficial intervention in instances where it is used for a min-

imum of five hours daily and can be implemented before the onset of severe bulbar 

dysfunction, with  reports of median survival times being extended by approximately 

7 months (Bourke et al 2006, Farrero  et al 2005, Hannan et al 2014). Several studies 

have also evaluated the use of Vitamin C/E or multivitamin supplements, herbal pr-

eparations such as Gingko biloba and Ginseng, coenzyme Q10, antioxidant therapies 

and zinc but sample sizes have been small  and the effects of these agents remain con-

troversial  (Cameron & Rosenfeld 2002, Galbussera et al 2006, Kaufmann et al 2009, 

Orrell et al 2007).     
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1.2 Amyotrophic Lateral Sclerosis               

1.2.1 ALS  

Amyotrophic meaning atrophy of the muscles and Lateral Sclerosis referring to the 

hardened tissues and scarring of the lateral spinal cord (ALS) was first reported by 

French physician and neurologist, Jean-Martin Charcot over a century ago (Charcot 

& Joffroy 1869) (Leblond et al 2014). It represents by far the most common form of 

MND accounting for up to two-thirds (~60%) of cases (Ekbom 1992, Gomes Mda & 

Engelhardt 2013, Kumar et al 2011). In America it is more commonly referred to as 

Lou 'ÅÈÒÉÇȭÓ disease in memory of the famous New York Yankees baseball player of 

the same name (Lewis & Gordon 2007), who died prematurely  from  the condition in 

1941, aged just 37 years. ALS is characterised by the rapid degeneration and progr-

ÅÓÓÉÖÅ ÌÏÓÓ ÏÆ ÂÏÔÈ 5-.ȭÓȟ ÃÏÎÓÉÓÔÉÎÇ ÏÆ ÇÉÁÎÔ "ÅÔÚȟ ÁÓ ×ÅÌÌ ÁÓȟ ÏÔÈÅÒ ÌÁÒÇÅ ÐÙramidal 

ÃÅÌÌÓ ÏÆ ÔÈÅ ÐÒÉÍÁÒÙ ÍÏÔÏÒ ÃÏÒÔÅØ ÁÎÄ ,-.ȭÓ ×ÈÉÃÈ ÉÎÃÌÕÄÅ ÔÈÅ ÃÒÁÎÉÁÌ ÍÏÔÏÒ ÎÅÒÖÅ 

nuclei and anterior  horn cells ɉ!(#ȭÓɊ of the brainstem and SC (Hardiman et al 2011, 

McDermott & Shaw 2008) (Section 1.2.3). Denervation results in muscle weakness, 

atrophy and spasticity that leads to a failure in initiating and controlling voluntary 

movements (Gordon et al 2003, Kinsley & Siddique 2001, Sathasivam 2010). Onset 

usually occurs focally and is asymmetric (Korner  et al 2011) with symptoms initially 

restri cted to the upper or lower extremities (~66%) (limb or spinal onset), bulbar 

region (~30%)  or, more infrequently, the respiratory muscles, which account for Ѕ 

5% of cases (Gautier et al 2010, Ravits et al 2007, Sekiguchi et al 2014). Contiguous 

advancement and eventual widespread paralysis culminates in respiratory failure, 

typically  within  3-5yrs from  the initial  point  of diagnosis (Cluskey & Ramsden 2001). 

Although some patients will progress more rapidly, dying inside a year, it is anticip-

ated that only around one in twenty cases will survive beyond a decade (Gordon 20 

11, McDermott & Shaw 2008, Preux et al 1996). Additionally,  executive and memory 

deficits also afflict  between 25 and 50% of cases (Goldstein & Abrahams 2013); with 

10 to 20% of these meeting the diagnostic criteria for frontotemporal lobar degene-

ration (FTLD) (Barson et al 2000, Massman et al 1996, Phukan et al 2012, Ringholz 

et al 2005, Strong et al 2009) by the time they have reached their terminal stages of 

disease progression and vice versa, ~15%  of FTLD patients (Burrell et al 2011, Lom-
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en-Hoerth et al 2002, Strong et al 1999) have reportedly presented with some deg-

ree of motor  dysfunction. After !ÌÚÈÅÉÍÅÒȭÓ disease (ALZ), FTLD is recognised as the 

second most frequent cause of presenile dementia, accounting for between five and 

fifteen percent of cases occurring in individuals before the age of 65 (Cooper-Knock 

et al 2014a). It is characterised by a progressive phenotype in which severe frontal 

and temporal lobe atrophy leads to alterations in personality and behaviour as well 

as impaired cognitive functioning and language difficulties  (Neumann 2013, Riedl et 

al 2014). According to the Neary defined consensus criteria of 1998, three clinically 

distinct subtypes are thought to exist: a) behavioural variant FTLD (bvFTLD) most 

commonly associated with  ALS; b) progressive non-fluent aphasia (PNFA) including 

word retrieval problems and loss of speech and c) semantic dementia (SD) produc-

ing deficits in word comprehension and memory (Mignarri et al 2014, Morimoto et 

al 2012). Evidence of a family history of MND or dementia is usually apparent in ar-

ound 25 to 50% of cases, with mutations having been identified in the microtubule 

associated protein, tau (MAPT), progranulin (PGRN) and presenilin (PSEN) [Briefly 

reviewed in Section 1.2.5.3], in addition  to a number of ALS causative genes, namely 

transactive response (TAR) DNA binding protein  (TARDBP), fused in sarcoma (FUS), 

angiogenin (ANG), ataxin 2 (ATXN2), ubiquilin 2 (UBQLN2), profilin 1 (PFN1), sigma 

non-opioid intracellular  receptor 1 (SIGMAR1), charged multivesicular  body protein 

2b (CHMP2B), valosin-containing protein (VCP), heterogeneous nuclear ribonucleo-

protein A1 (HNRNPA1) (Section 1.2.5.1) (Ferrari et al 2012, Mackenzie et al 2014) 

and chromosome 9 open reading frame 72 (C9ORF72) (Section 1.2.5.4) which is the 

focus of this project. A long established clinical, neuropathological and genetic over-

lap between ALS and bvFTLD is suggestive of these two heterogeneous disorders of 

the brain and central nervous system (CNS) lying on a continuum rather than form-

ing distinct and entirely separate disease entities (Pliner et al 2014). In some insta-

nces, ~4% of ALS and around 20-30% of FTLD patients, Parkinsonian features may 

also be apparent including poor response to Levodopa (L-dopa), rigidity, bradykin-

esia without resting tremor and a vertical gaze palsy (Karageorgiou & Miller 2014, 

Park & Chung 2013, Seelaar et al 2008).        

The rarer and more benign brachial amyotrophic diplegia variant or Flail Arm (FA) 

syndrome was originally described by Alfred Vulpian in 1886 and accounts for ~11 
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% of cases. It is a condition of predominant LMN dysfunction, characterised by pro-

ximal wasting and progressive weakness of the upper limbs. Traditionally, it is tho-

ught of as having a higher predisposition in men versus women, with a M:F ratio of 

9:1 (Hu et al 1998). Age at symptom onset does not differ  from  that of ȰÃÌÁÓÓÉÃÁÌ !,3ȱ 

which has a peak in the mid-φπȭÓ ÁÎÄ χπȭÓ ÆÏÒ ÓÐÏÒÁÄÉÃ ɉ3!,3Ɋ ÐÁÔÉÅÎÔÓ ÁÎd a second 

ÉÎ ÔÈÅ ÅÁÒÌÙ τπȭÓ ÏÒ υπȭÓ ÆÏÒ ÉÎÓÔÁÎÃÅÓ ×ÈÅÒÅ ÔÈÅÒÅ ÉÓ ËÎÏ×Î ÔÏ ÂÅ ÁÔ ÌÅÁÓÔ ÏÎÅ ÏÔÈÅÒ 

first  or second degree relative who is affected (Calvo et al 2014b, Kinsley & Siddique 

2001). One distinguishing feature, however, is disease duration  with  52% exceeding 

5 years survival and 17.4% extending beyond 10 years (Chio et al 2011a, Wijesekera 

et al 2009). Furthermore, FTLD which is typically  diagnosed in 5 ÔÏ ρπϷ ÏÆ ȰÃÌÁÓÓÉÃÁÌ 

!,3ȱ ÐÁÔÉÅÎÔÓ ÉÓ ÆÏÕÎÄ ÔÏ ÂÅ ÄÉÓÔÉÎÃÔÌÙ ÌÁÃËÉÎÇ ÉÎ ÃÁÓÅÓ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÈÅ FA synd-

rome (~1.4%) (Wolf et al 2014)  

The rarer  still  pseudopolyneuritic variant or Flail Leg (FL) syndrome was first iden-

tified in 1918 by a student of Pierre Marie, namely Jean Patrikios (Patrikios 1918), 

and accounts for a further 6% of cases. It is a condition of predominant LMN dysfu-

nction characterised, in the absence of overt pyramidal signs, by distal wasting and 

progressive weakness of the lower limbs, abnormal tendon reflexes and extensive 

demyelination of the corticospinal tracts (CST). The median age of symptom onset is 

reported to be 55 (range 31-79yrs) with roughly equal numbers of male and female 

patients affected. Disease ÐÒÏÇÒÅÓÓÉÏÎ ÉÓ ÔÙÐÉÃÁÌÌÙ ÓÌÏ×ÅÒ ÔÈÁÎ ÔÈÁÔ ÏÆ ȰÃÌÁÓÓÉÃÁÌ !,3ȱ 

with  a mean duration of 71 versus 36 months, respectively (Wijesekera et al 2009).  

  

1.2.2  Other Rare Variants of MND  

1.2.2.1 PBP  

Progressive bulbar palsy (PBP) was originally described in 1860 by Guillaume Ben-

jamin Amand Duchenne as labioglossopharyngeal paralysis (Broussolle et al 2012), 

which was later renamed by Wachsmuth in 1864. It is a condition of both UMN and 

LMN involvement that primarily  affects the muscles controlling  speech and swallow-

ing (Hughes & Wiles 1998, Rocha et al 2005). Symptoms include weak palatal move-

ment, an excessive/uncontrollable production  of saliva, reduced gag reflexes, tongue 

fasciculations and emotional lability (EL), in addition to, dysarthria (speech impair-
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ment) and dysphagia (Cerero Lapiedra et al 2002, Talacko & Reade 1990). PBP has 

a higher prevalence in women than men (Kuhnlein et al 2008a, McDermott & Shaw 

2008) and is associated with an especially poor prognosis in which the majority of 

patients will succumb to the onset of pulmonary pneumonia, 1-3yrs after the initial 

manifestations of disease. Although initially thought to be a distinct phenotypic en-

tity,  accounting for up to a fifth of MND cases, recent evidence has emerged to sugg-

est that as many of 87% will progress to fulfil the diagnostic criteria of definite ALS 

(Figure 1.1) and in much of the current literature many of these cases have been re-

classified accordingly as having bulbar-onset ALS (Karam et al 2010).  

 

1.2.2.2 PLS  

Primary Lateral Sclerosis (PLS) is a relatively rare, atypical form of MND which acc-

ounts for  between 2 and 5% of cases (Kuipers-Upmeijer et al 2001, Le Forestier et al 

2001, Pringle et al 1992, Singer et al 2005, Zhai et al 2003). It was initially described 

by Wilhelm Heinrich Erb in 1902 as a condition of pure UMN involvement that typ-

ically has a slower disease course of up to 17 years (Almeida et al 2013b, Hardiman 

et al 2011) and is almost exclusively idiopathic in nature (Tartaglia et al 2007). PLS 

presents clinically from CST degeneration, and in the absence of pronounced musc-

ular atrophy, as a triad of hyperreflexia, mild to moderate lower limb weakness and 

spasticity with patients often reporting stiffness, clumsiness/reduced coordination 

and occasional bladder symptoms (Gordon et al 2006, Singer et al 2007).  

 

1.2.2.3 PMA  

Progressive Muscular Atrophy  (PMA) was originally described in 1850 by François-

Amilcar Aran as a condition of pure LMN involvement that accounts for around 10% 

of the total number of MND cases (Kim et al 2009, Riku et al 2014). It is virtually al-

ways sporadic, although a few incidences involving a prior family history have been 

ÒÅÃÏÒÄÅÄ ɉ2Ï×ÌÁÎÄ ςπρπɊȢ 0ÒÏÇÒÅÓÓÉÖÅ ÄÅÇÅÎÅÒÁÔÉÏÎ ÏÆ ÔÈÅ !(#ȭÓ ×ÉÔÈÉÎ ÔÈÅ ÂÒÁÉÎ-

stem and SC are known to bring about fasciculations that ultimately lead to severe 

muscle weakness and atrophy (Cervenakova et al 2000, Jansen et al 1986). In com-

parison to those diagnosed with  ȰÃÌÁÓÓÉÃÁÌ AL3ȱȟ PMA patients exhibit a greater male 
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preponderance with a slightly older than anticipated age of symptom onset and a l-

onger disease duration [median survival 48 versus 36 months (Tsuchiya et al 2004, 

Visser et al 2008)]. 

  

1.2.3 ALS Pathology 

At autopsy, specimens derived from familial ALS (FALS) and SALS patients are larg-

ely indistinguishable. Both are characterised by: a) degeneration of the CST carrying 

axonal nerve fibres, which project from ÔÈÅ ÐÒÉÍÁÒÙ ÍÏÔÏÒ ÃÏÒÔÅØ ÔÏ ÔÈÅ ,-.ȭÓ ÁÎÄ 

ÅØÔÅÎÓÉÖÅ ÌÏÓÓ ÏÆ ,-.ȭÓ ×ÉÔÈÉÎ ÔÈÅ ÂÒÁÉÎÓÔÅÍ ÁÎÄ 3# ɉ'ÈÁÔÁË ÅÔ ÁÌ ρωψφȟ (ÕÇÈÅÓ ρω 

82); b) degeneration and ÌÏÓÓ ÏÆ 5-.ȭÓ ÉÎÃÌÕÄÉÎÇ ÇÉÁÎÔ "ÅÔÚ ÁÎÄ ÏÔÈÅÒȟ ÌÁÒÇÅ ÐÙÒÁÍ-

idal cells of the primary motor cortex (Hammer et al 1979, Maekawa et al 2004, Ud-

aka et al 1986) and c) widespread reactive gliosis which is a more generic feature of 

CNS injury and inflammation (Ekblom et al 1994, Kawamata et al 1992, Murayama 

ÅÔ ÁÌ ρωωρȟ 3ÃÈÉÆÆÅÒ ÅÔ ÁÌ ρωωφɊȢ 2ÅÓÉÄÕÁÌȟ ÁÔÒÏÐÈÉÅÄ -.ȭÓ are classically hallmarked 

by the presence of ubiquitinated  intracellular  proteinaceous Lewy body (LB) (20-40 

%) or skein-like inclusions (90%) that are immunoreactive for TDP-43 or FUS (Arai 

et al 2006, Deng et al 2010, Ling et al 2010, Neumann et al 2006). Additional cresc-

ent shaped inclusions ɉ3#)ȭÓɊ (infrequent)  may be seen in the upper cortical layers II 

to IV and dentate gyrus of MND patients with dementia (Al-Sarraj et al 2002). More-

over, there have also been reports of cystatin C containing Bunina bodies (70-80%) 

(Okamoto et al 1993, Sasaki & Maruyama 1994) and axonal spheroids (frequent) oc-

ÃÕÒÒÉÎÇ ÉÎ -.ȭÓ ÏÆ ÔÈÅ 3# ɉ#ÏÒÂÏ Ǫ (ÁÙÓ ρωωςȟ -ÉÌÌÅÃÁÍÐÓ ÅÔ ÁÌ ςππφɊȢ (ÙÁÌÉÎÅ ÃÏÎ-

ÇÌÏÍÅÒÁÔÅ ÉÎÃÌÕÓÉÏÎÓ ɉ(#)ȭÓɊ ÔÈÁÔ ÁÒÅ ÃÏÍÐÏÓÅÄ ÏÆ ÈÙÐÅÒÐÈÏÓÐÈÏÒÙÌÁÔÅÄ ÁÃÃÕÍÕÌa-

tions of neurofilament subunits and peripherin  are a much rarer occurrence and us-

ually restricted  to cases involving mutant SOD1 (mtSOD1) (Ince et al 1998, Leblond 

et al 2014, Munoz et al 1988, Sobue et al 1990).    

In addition  to the classic ubiquitinated, p62 and TDP-43 positive, neuronal and glial 

ÃÙÔÏÐÌÁÓÍÉÃ ÉÎÃÌÕÓÉÏÎÓ ÄÅÓÃÒÉÂÅÄ ÁÂÏÖÅ ÉÎ ÔÈÅ ÍÏÔÏÒ ÃÏÒÔÅØ ÁÎÄ !(#ȭÓ ÏÆ ÔÈÅ ÂÒÁÉÎ-

stem and SC (Cooper-Knock et al 2015a), C9ORF72+ ALS and ALS-FTLD related cases 

can also be characterised by the superimposition of extra-motor features which are 

observed in the hippocampus, frontal neocortex and cerebellum (Al-Sarraj et al 20 

11, Cooper-Knock et al 2012b, Murray  et al 2011, Stewart et al 2012). These include 
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further  ubiquitinated,  p62 positive but TDP-43 negative, neuronal cytoplasmic (NCI) 

and intranuclear (NII)  inclusion bodies which are immunoreactive for both sense as 

×ÅÌÌ ÁÓ ÁÎÔÉÓÅÎÓÅ ÄÉÐÅÐÔÉÄÅ ÒÅÐÅÁÔ ÐÒÏÔÅÉÎÓ ɉ$02ȭÓɊ ɉÐÏÌÙ-GA, GR and GP) produced 

from  non-ATG mediated or RAN translation  of the aberrantly expanded G4C2 repeat 

(Section 1.2.5.4) (Gendron et al 2013a, Mann et al 2013, Mori et al 2013c).   

  

1.2.4 Mechanisms Underlying MN Degeneration in ALS  

Most of our current understanding of the mechanisms which underlie MN degener-

ation in ALS has come from the study of transgenic SOD1G93A mice (Ferraiuolo et al 

2007) with  particular  emphasis on the importance of glutamate excitotoxicity  (Sect-

ion 1.2.4.2), mitochondrial dysfunction (Section 1.2.4.3) and oxidative stress (Secti-

on 1.2.4.1). Mutations, however, in the antioxidant gene copper/zinc superoxide di-

smutase 1 (SOD1) are responsible for  only a minority , (~2%) of the total number of 

ALS cases (Rosen et al 1993) (Section 1.2.5.1.1). With the emergence of many new 

genetic subtypes (Table 1.1), most notably C9ORF72; accounting for up to 43% of F 

ALS and around 7% of SALS cases (Section 1.2.5.4) (Cooper-Knock et al 2012b), and 

the identification  of TDP-43 as well as other mutated proteins as major constituents 

of .#)ȭÓ (Section 1.2.3) (Neumann et al 2006) a complex interplay between multiple 

disease causative mechanisms is now thought to exist which supports diverse roles 

such as axonal transport defects (Section 1.2.4.4), intracellular protein aggregation 

(Section 1.2.4.5), non-cell autonomous glia and inflammation (Section 1.2.4.6), aut-

ophagy (Section 1.2.4.7), apoptosis (Section 1.2.4.8) and, perhaps most significantly 

RNA processing (Section 1. 2.4.9) (Ferraiuolo et al 2011).   

 

1.2.4.1 Oxidative Stress 

Oxidative stress (OS) is a phenomenon which arises as a consequence of a cytosolic 

imbalance between the production  of reactive oxygen species (ROS), a consequence 

of aerobic respiration, and their  subsequent neutralisation, degradation or removal, 

to affect the prevailing reducing environment inside the cell (Barber & Shaw 2010); 

together with  the ÓÙÓÔÅÍȭÓ inability  to overcome or repair ROS damage to structural 

constituents of lipids, proteins and nucleic acids. The leakage of electrons from the 
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mitochondrial  respiratory  electron transport  chain, along with  xanthine oxidase and 

cytochrome P450, contribut e to incomplete oxidative phosphorylation of molecular 

oxygen (O2). This leads to the generation of superoxide anions (O2.-) and hydrogen 

peroxide (H2O2) which are themselves relatively unstable and may undergo further 

downstream reactions to produce even more potent oxidizing species e.g. hydroxyl 

free radicals (.HO) and peroxynitrite (ONOO-); molecules which subsequently cause 

protein  carbonyls to form, nitrosylation of tyrosine residues, lipid peroxidation and 

oxidative damage to DNA and RNA (Turner et al 2013).   

 

1.2.4.2 Glutamate Excitotoxicity  

A state of excitotoxicity arises from an increased or prolonged stimulation of post-

synaptic, sodium-dependent inotropic AMPA (alpha-Amino-3-hydroxyl-5-methyl-4 

-isoxazolepropionic acid) or NMDA (N-methyl-D-aspartate) receptors by glutamate 

which triggers a large influx of calcium ions (Ca2+) (Corona et al 2007, Turner et al 

2013). Elevated levels of this excitatory neurotransmitter compound are detectable 

in patient CSF which is found to correlate with disease severity (Spreux-Varoquaux 

et al 2002). The permeability  of AMPA receptors is determined in a large part by the 

'ÌÕ2ς ɉÇÌÕÔÁÍÁÔÅ ÒÅÃÅÐÔÏÒ ςɊ ÓÕÂÕÎÉÔ ×ÈÉÃÈ ÉÓ ÒÅÌÁÔÉÖÅÌÙ ÌÏ×ÌÙ ÅØÐÒÅÓÓÅÄ ÉÎ -.ȭÓȢ 

This, in combination with the fact that these cells have a smaller calcium buffering 

capacity compared to other neuronal populations (e.g. oculomotor neurons which 

are generally spared in ALS), offers an insight as to the reasons why it  is perhaps the 

-.ȭÓ which are most susceptible to excitotoxic injury  & death in neurodegeneration 

(Robberecht & Philips 2013). A substantial rise in intracellular Ca2+ concentrations 

results in the production  of ROS from  the mitochondrion  that establishes a negative 

feedback loop involving  impaired EAAT2 (glial excitatory amino acid transporter 2) 

function and reduced re-uptake of glutamate from  the synaptic cleft (Grosskreutz et 

al 2010, Kong et al 2014). Significant decreases in the level of EAAT2 protein expre-

ssion have been observed in around 80% of human autopsy derived brain and SC ti -

ssue (Rothstein et al 1995); whereas overexpressing endogenous forms in the tran-

sgenic SOD1G93A mouse has been shown to delay the onset of motor deficits (Guo et 

al 2003). The minor allele of SNP rs12608932 (Table 1.3) (Section 1.2.5.1.11) in the 

unc-13 homolog A (UNC13A) gene (Diekstra et al 2012, van Es et al 2009c), an imp-
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ortant regulator of synaptic glutamate release, is associated with an increased risk 

of developing ALS (OR 1.33, p<0.005) which correlates negatively with survival. Ul-

timately, activation of the calpain and/ or cathepsin protease enzymes regulate the 

cleavage of apoptosis inducing factor (AIF) and its subsequent translocation into the 

nucleus where it  elicits large scale DNA fragmentation and programmed cell death in 

a caspase independent manner (Cande et al 2002, Oh et al 2006, Shibata et al 2009).               

 

1.2.4.3 Mitochondrial Dysfunction  

Mitochondria are critical  for  the survival of eukaryotic cells, acting as a powerhouse 

which drives adenosine 5ȭ-triphosphate (ATP) production. In addition to providing 

the cell with  a source of energy, these organelles are also required for the regulation 

of apoptosis and calcium ion homeostasis (Kasahara & Scorrano 2014) (Section 1.2. 

4.2). Morphological, ultra-structural and biochemical abnormalities have been obs-

erved in both FALS and SALS cases in the form  of enlarged, vacuolated mitochondria 

with inner  membrane defects and aberrantly arranged cristae (Hirano et al 1984). 

There is also evidence to suggest that transportation of mitochondria along microt -

ÕÂÌÅÓ ÉÎ !,3 ÍÁÙ ÂÅ ÉÍÐÁÉÒÅÄȟ ×ÈÉÃÈ ÓÕÐÐÏÒÔÓ Á ȰÄÙÉÎÇ-ÂÁÃËȱ ÁØÏÎÏÐÁÔÈÙ ÍÏÄÅÌ ÏÆ 

the disease (Shi et al 2010). Several mitochondrial  modulators with  neuroprotective 

properties in mammalian cell and animal systems are currently under investigation 

including the immunosuppressant cyclosporine (CsA) which prevents formation of 

the mitochondrial permeability transition  pore complex (Karlsson et al 2004, Keep 

et al 2001) and the cholesterol-like compound, Olesoxime, that stabilizes the outer-

membrane, through its association with voltage-dependent anion-selective channel 

(VDAC) and benzodiazepine receptors (Bordet et al 2007, Martin 2010, Sunyach et 

al 2012).      

 

1.2.4.4 Axonal Transport  

-.ȭÓ ÁÒÅ ÒÅÌÉÁÎÔ ÕÐÏÎ ÍÅÃÈÁÎÉÓÍÓ ÏÆ ÁÎÔÅÒÏÇÒÁÄÅ ÁÎÄ ÒÅÔÒÏÇÒÁÄÅ ÁØÏÎÁÌ ÔÒÁÎÓÐÏÒÔ 

to maintain cellular homeostasis and for communication between the cell body and 

distant nerve terminals (Chevalier-Larsen & Holzbaur 2006). Genetic alterations in 

a number of cytoskeletal components, adaptor molecules and motor proteins have 
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been associated with  the disease including dynactin (DCTN1), neurofilament heavy 

chain (NEFH) (Section 1.2.5.1.10), profilin 1 ( PFN1) (Section 1.2.5.2.9) and kinesin-

associated protein  3 (KIFAP3) (Section 1.2.5.1.11). Reduced messenger RNA (mRNA) 

transcript levels pertaining to neurofilament light chain (NEFL), a causative gene of 

#ÈÁÒÃÏÔ -ÁÒÉÅ 4ÏÏÔÈ ɉ#-4Ɋ ÄÉÓÅÁÓÅȟ ÈÁÖÅ ÁÌÓÏ ÂÅÅÎ ÏÂÓÅÒÖÅÄ ÉÎ ÔÈÅ !(#ȭÓ ÏÆ 3!,3 

patients (Bergeron et al 1994). RNA processing proteins TDP-43 (Section 1.2.5.2.1) 

and FUS (Section 1.2.5.2.2) bind NFL (Lagier-Tourenne et al 2012, Polymenidou et 

al 2011, Strong et al 2007) to disrupt its normal physiological function by resulting 

in its aberÒÁÎÔ ÓÅÑÕÅÓÔÒÁÔÉÏÎ ÉÎÔÏ ÓÔÒÅÓÓ ÇÒÁÎÕÌÅÓ ɉ3'ȭÓɊ (Volkening et al 2009).     

 

1.2.4.5 Intracellular Protein Aggregation  

A major pathological feature of ALS, as discussed previously in Section 1.2.3, is the 

presence of p62 positive, ubiquitinated intracellular proteinaceous inclusion bodies 

which ÁÃÃÕÍÕÌÁÔÅ ÉÎ ÔÈÅ ÃÙÔÏÐÌÁÓÍ ÏÆ ÒÅÓÉÄÕÁÌȟ ÁÔÒÏÐÈÉÅÄ -.ȭÓ ÁÎÄ ÇÌÉÁ ÏÆ the CNS. 

Many have been shown to be immunoreactive for C9ORF72, TDP-43, FUS or SOD1; 

among several other translated products of ALS causative genes, depending on the 

underlying genetic cause of the disease. For example, whilst  FUS and SOD1 mutation 

carriers contain aggregates of these proteins, they are found to be negative for TDP-

43, unlike TARDBP and most other ALS cases. The precise manner in which protein 

aggregation contribut es to MN degeneration is unclear with  experimental evidence 

pointing  towards both loss of function and gain of function mechanisms (Blokhuis et 

al 2013).  

 

1.2.4.6 The Role of Non-Cell Autonomous Glia and Inflammation  

%ÖÉÄÅÎÃÅ ×ÈÉÃÈ ÓÕÇÇÅÓÔÓ ÔÈÁÔ ÔÈÅ ÁÓÔÒÏÃÙÔÅÓ ÁÎÄ ÍÉÃÒÏÇÌÉÁ ÓÕÒÒÏÕÎÄÉÎÇ -.ȭÓ ÉÎ ÔÈÅ 

CNS are determinants of disease onset and progression (Boillee et al 2006, Wang et 

al 2011, Wang et al 2009, Yamanaka et al 2008, Zhu et al 2014) implicates a role for 

non-cell autonomous neurodegeneration in the pathogenesis of ALS (Appel et al 20 

11, Ilieva et al 2009). The increasing activation and proliferation of these cells prod-

uces a neuroinflammatory response (Glass et al 2010, McGeer & McGeer 2002, Phi-

lips & Robberecht 2011) with elevated levels of proinflammatory cytokines and ot-
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her markers of inflammation including tumor necrosis factor alpha (4.&ɻɊ ÁÎÄ &ÁÓ 

ligand (FasL); a potent inducer of apoptosis (Section 1.2.4.8) (Petri et al 2006, Kuhle 

et al 2009, Meissner et al 2010, Mitchell et al 2009, Sekizawa et al 1998). Treatment 

with anti -inflammatory compounds such as Celastrol, a triterpene which is extract-

ed from the roots of the traditional Chinese herb, Tripterygium wilfordii (Thunder 

god vine), or Thalidomide and its derivative REVLIMID® (lenalidomide) have prov-

ed beneficial in prolonging the lifespan of ALS rodents with reports of a significant 

dose-dependent increase in survival, reduced weight loss, improved rota-rod perfo-

rmance, higher neuronal cell counts and a delay in the onset of symptoms (Kiaei et 

al 2005, Kiaei et al 2006, Neymotin et al 2009).     

 

1.2.4.7 Autophagy   

In ALS aggregates of misfolded mutant (mt)  or wild -type (WT) proteins (Section 1.2. 

4.5) accumulate in the cytosol which overwhelms the ubiquitin -proteasome system 

(UPS) and causes it  to become impaired. The cells attempt to compensate, in order 

to maintain a homeostatic environment, by activating the autophagosome-lysosome 

clearance pathway (Li et al 2008b, Sasaki 2011). This along with several autophagy 

inducing compounds such as lithium, resveratrol and trehalose (Albani et al 2010, 

Fornai et al 2008, Gomes et al 2010) have proven beneficial in promoting survival of 

-.ȭÓ and delaying disease progression in the SOD1G93A mouse model (Ghavami et al 

2014).     

 

1.2.4.8 Apoptosis  

Activation of cell surface death receptors (e.g. Fas) by extrinsic factors such as 4.&ɻ 

and TNF-related apoptosis-inducing ligand (TRAIL), or endoplasmic reticulum (ER) 

stress and mitochondrial  release of cytochrome c caused by intrinsic  factors such as 

DNA damage and OS triggers a cascade of caspase (cysteine-aspartic acid protease) 

enzymes that initiate  apoptosis or programmed cell death. Morphological features 

associated with  this process include cell rounding, chromatin condensation, nuclear 

fragmentation, shrinking cell volume, cytoskeletal disassembly and blebbing of the 

plasma membrane prior to phagocytosis by macrophages, which have been seen in 
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ALS (Ghavami et al 2014).       

 

1.2.4.9 RNA Processing  

The identification  of RNA binding proteins TDP-τσ ÁÎÄ &53 ÁÓ ÃÏÎÓÔÉÔÕÅÎÔÓ ÏÆ .#)ȭÓ 

in up to 90% of non-SOD1 linked FALS and SALS cases (Arai et al 2006, Neumann et 

al 2006) and the segregation of a number of pathological changes with  the disease in 

these as well  as other related genes (Table 1.1), including C9ORF72 (Section 1.2.5.4) 

is strong evidence in support of a ÒÏÌÅ ÏÆ 2.! ÔÏØÉÃÉÔÙ ÉÎ ÃÁÕÓÉÎÇ -.ȭÓ ÔÏ ÄÅÇÅÎÅÒÁÔÅ 

in ALS (Baumer et al 2010, Polymenidou et al 2012).   

  

1.2.5 Genetic Factors 

MND and its clinical variants (Sections 1.1.1) represent a genetically heterogeneous 

group of neurological disorders with  more than twenty different chromosomal loci 

(Table 1.1) having been identified through linkage analysis [ALS1-8, 10, 15, 17, 19 

and ALS-FTLD1-2], candidate gene association (CGA) studies [ALS9], homozygosity 

mapping [ALS12 and 16], targeted sequencing [ALS11], repeat association studies 

[ALS13] and next generation sequencing (NGS) approaches including exome/whole 

genome analyses [ALS14, 18 and 20-21] (Goodall et al 2012, Renton et al 2014). 

Between 5 and 10% of cases are reported to have a family history in which there is 

at least one other first or second degree relative who is known to be affected (Byrne 

et al 2011). Mutations in SOD1 (Section 1.2.5.1.1), TARDBP (Section 1.2.5.2.1), FUS 

(Section 1.2.5.2.2) and C9ORF72 (Section 1.2.5.4), among others listed in Table 1.1, 

are now thought to explain up to two-thirds of pedigrees (Ravits 2014, Renton et al 

2014). The mode of transmission follows a Mendelian pattern of inheritance that is 

largely autosomal dominant (AD); although autosomal recessive (AR) and X-linked 

forms have been described. In the majority of instances disease onset is expected to 

occur  during  mid-late adulthood, however, juvenile onset (<25yrs) and young onset 

ALS (<45yrs)  are also known to account for ~1 or 10% of cases, respectively (Calvo 

et al 2014b, Leblond et al 2014, Logroscino et al 2010). 

In the following sections, ALS (Section 1.2.5.1), ALS-FTLD (Section 1.2.5.2 and 1.2.5.
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Locus  Chr. Gene  Function  Mode Onset Mutation  Diagnosis Ref.(s) 

ALS1 21q22.11 SOD1 oxidative stress AD/AR adult SNV ALS, PMA (Rosen et al 1993) 

ALS2 2q33.2 ALSIN guanine nucleotide exchange factor AR juvenile  SNV ALS, PLS, HSP (Hand et al 2003) 

ALS3 18q21 unknown unknown AD adult unknown ALS (Hand et al 2002) 

ALS4 9q34.13 SETX DNA/RNA helicase AD juvenile SNV ALS, AOA2 (Chen et al 2004) 

ALS5 15q21.1 SPG11 transmembrane protein  AR juvenile SNV ALS, HSP (Daoud et al 2012b) 

ALS6 16p11.2 FUS pre-mRNA splicing and export   AD adult SNV ALS, FTLD (Chio et al 2009a) 

ALS7 20p13 unknown unknown AD adult unknown ALS (Sapp et al 2003) 

ALS8 20q13.33 VAPB vesicular trafficking AD adult SNV ALS, SMA (Nishimura et al 2004) 

ALS9 14q11.1 ANG blood vessel formation   AD adult SNV ALS, FTLD, PD (Greenway et al 2006) 

ALS10 1p36.22 TARDBP regulator of transcription/splicing  AD adult SNV ALS, FTLD, PD (Sreedharan et al 2008) 

ALS11 6q21 FIG4 phosphoinositide phosphatase activity  AD adult SNV ALS, PLS, CMT (Chow et al 2009) 

ALS12 10p13 OPTN ocular tension, vesicular trafficking AD/AR adult SNV ALS, POAG (Maruyama et al 2010) 

ALS13 12q24.12 ATXN2 unknown AD adult CAG repeat ALS, FTLD, SCA2 (Elden et al 2010) 
 

ALS14 
 

9p13.3 
 

VCP 
 

ATP-binding, vesicle transport/fusion 
 

AD 
 

adult 
 

SNV 
 

IBMPFD/ALS, 
FTLD, CMT, HSP 

 

(Johnson et al 2010) 

ALS15 Xp11.2.1 UBQLN2 ubiquitination, protein degradation X-linked adult, juvenile SNV ALS-FTLD (Deng et al 2011) 

ALS16 9p13.3 SIGMAR1 endoplasmic reticulum chaperone AR juvenile SNV ALS-FTLD (Luty et al 2010) 

ALS17 3p12.1 CHMP2B vesicular trafficking  AD adult SNV ALS, PMA, FTLD  (Parkinson et al 2006) 

ALS18 17p13.3 PFN1 cytoskeletal dynamics AD adult SNV ALS, FTLD (Wu et al 2012a) 

ALS19 2q33-q34 ERBB4 epidermal growth factor receptor  AD adult SNV ALS  (Takahashi et al 2013) 

ALS20 12q13.1 HNRNPA1 RNA metabolism  AD adult SNV IBMPFD/ALS   (Kim et al 2013) 

ALS21 5q31.2 MATR3 RNA metabolism  AD adult SNV ALS, VCPDM (Johnson et al 2014) 

ALS-FTLD1 9q21-q22 unknown unknown AD adult SNV ALS-FTLD (Hosler et al 2000) 
 

ALS-FTLD2 
 

9p21.2 
 

C9ORF72 
 

unknown 
 

AD 
 

adult 
 

G4C2 repeat 
 

ALS-FTLD 
 

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

 

Table 1.1 Summary of Genetic Loci and ALS Causative Genes in ALSoD (alsod.iop.kcl.ac.uk ) [Adapted from Leblond et al (2014)].  
 

http://www.alsod.iop.kcl.ac.uk/
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.4) and FTLD (Section 1.2.5.3) loci are discussed with a focus on those genes which 

have been designated an ALS number according to information  attained from ALSoD, 

the Amyotrophic Lateral Sclerosis Online Genetics Database that is freely available 

at alsod.iop.kcl.ac.uk (Abel et al 2013). 

 

1.2.5.1 ALS Loci 

1.2.5.1.1 SOD1  

The free radical scavenging enzyme copper/zinc superoxide dismutase 1 (SOD1), 

situated at the chromosome 21q22.11 locus (Table 1.1), was discovered by Rosen 

et al (1993) more than twenty years ago as the first causative gene linked to the 

pathogenesis of AD and, across parts of Scandinavia, AR inherited  forms of adult-

onset ALS (ALS1). Since then >170 missense mutations of variable penetrance have 

been identified, sÐÁÎÎÉÎÇ ÔÈÅ ÇÅÎÅȭÓ ÆÉÖÅ ÃÏÄÉÎÇ ÅØÏÎÓ (Al-Chalabi et al 2012, Su et 

al 2014). These account for between 12 and 23% of FALS cases and a further 2 to 

7% of SALS cases (Ajroud-Driss & Siddique 2014, Battistini et al 2005, Chio et al 

2008, Gros-Louis et al 2006, Ling et al 2013, Shaw et al 1998). Almost half of all 

carriers will become symptomatic by the time they have reached their fifth decade 

with  around 90% becoming symptomatic before the age of 70 (Siddique et al 1991). 

Patients present with predominantly lower limb weakness and in the absence of 

impaired executive functioning (Millecamps et al 2010, Turner et al 2005). Median 

ÓÕÒÖÉÖÁÌ ÍÉÒÒÏÒÓ ÔÈÁÔ ÏÆ ȰÃÌÁÓÓÉÃÁÌ !,3ȱ ɉ3ÅÃÔÉÏÎ ρȢ2.1) which ranges between 2 and 

4 years from the initial manifestation of disease symptoms until the onset of 

respiratory  failure; although considerable phenotypic variability  has been observed 

with  respect to SOD1-linked ALS (Renton et al 2014, Su et al 2014). For example a 

dominant p.A4V substitution that arose twice from a single common ancestor in 

Europe and North America, where it accounts for 50% of FALS cases, is associated 

with  a particularly  aggressive disease course of ~12 months (Cudkowicz et al 1997, 

Saeed et al 2009). Homozygous carriers of the p.D90A mutation, on the other hand, 

develop a much milder phenotype that is characterised by a long disease duration 

extending beyond 10 years (Al-Chalabi et al 1998, Andersen et al 1996). A distinct 

neuropathological profile apparent in FALS patients with a SOD1 mutation or the 

transgenic SOD1G93A mouse model has been described (Bruijn et al 2004, Mackenzie 

http://www.alsod.iop.kcl.ac.uk/
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et al 2007, Pickles & Vande Velde 2012) which is found to be absent in the majority 

of SALS cases (Brotherton et al 2012, Kerman et al 2010, Liu et al 2009). Aggregates 

of mutant or misfolded WT ÐÒÏÔÅÉÎ ÁÒÅ ÏÂÓÅÒÖÅÄ ÉÎ ÔÈÅ ÃÙÔÏÐÌÁÓÍ ÏÆ ÒÅÓÉÄÕÁÌ -.ȭÓ 

and glia of the brain and CNS (Banci et al 2008). These inclusions are found to be 

immunoreactive against antibodies for ubiquitin but stain negative for TDP-43 

(Section 1.2.5.3.1) and FUS (Section 1.2.5.3.2) (Ling et al 2013).  

SOD1 is a ubiquitously expressed metalloenzyme with antioxidant properties that 

normally functions to protect cells against elevated levels of ROS (Section 1.2.4.1). 

Specifically, it has been shown to act as a catalyst for the conversion of superoxide 

anions (O2-) into molecular oxygen (O2) and hydrogen peroxide (H2O2) (Therrien & 

Parker 2014). A correlation between reduced enzyme activity and disease severity 

is not evident (Borchelt et al 1994, Saccon et al 2013) pointing towards a toxic gain 

of function mechanism in which pathogenicity arises from both cell autonomous as 

well as non-cell autonomous processes (Ajroud-Driss & Siddique 2014, Ling et al 

2013).   

  

1.2.5.1.2 ALSIN  

Mutations (n=23) in the gene encoding alsin (ALSIN), situated at the chromosome 

2q33.2 locus (Table 1.1), are the cause of a rare spectrum of AR inherited disorders 

including a juvenile onset form of ALS (ALS2) (Hadano et al 2001, Yang et al 2001), 

PLS with oculomotor signs (Section 1.2.2.2) (Pringle et al 1992) and infantile-onset 

ascending spastic paraplegia (IAHSP) (Eymard-Pierre et al 2002, Eymard-Pierre et 

al 2006, Gros-Louis et al 2003, Wakil et al 2014). The latter are both conditions of 

primary UMN involvement with IAHSP characterised by progressive degeneration 

of the corticospinal and corticobulbar (CBT) tracts that usually begins in the distal 

extremities of the lower limbs and slowly advances to affect the upper limbs and 

bulbar muscles (Devon et al 2003, Herzfeld et al 2009, Racis et al 2014, Sztriha et 

al 2008, Verschuuren-Bemelmans et al 2008). Alsin is a ubiquitously expressed 

protein of undetermined function. Its structure contains three putative guanosine 

exchange factor (GEF) motifs including: a) the N-terminal Ran GTPase (guanosine 

triphosphatase) regulator of chromatin condensation 1 (RCC1) domain; b) the Rho 

GTPase diffuse B cell lymphoma/Pleckstrin homology (Db1/PH) domain and c) the 
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C-terminal Rab5-GTPase vacuolar protein sorting 9 (VPS9) domain. There are also 

seven membrane occupation and recognition nexus (MORN) repeats which span a 

region between the Db1/PH and VPS9 domains that have since been recognised as 

key modulators of Rab5-GTPase activity (Chandran et al 2007, Hadano et al 2007, 

Wakil et al 2014). So far most of the pathological changes that have been identified 

to date result in a frameshift/nonsense mutation. The introduction of a premature 

stop codon promoting early termination of translation leads to the production of a 

truncated protein that is inherently unstable (Yamanaka et al 2003). Of interest is 

the observation that genetic abnormalities of both long (6.5kb) and short (2.6kb) 

form ALSIN mRNA transcripts are apparent in cases of ALS2 whereas those which 

only affect the long form tend to be associated with UMN variants PLS and ISHAP 

(Panzeri et al 2006, Yang et al 2001). Chandran et al (2007) have since proposed a 

neuroprotective role for the short form product in LMNs as a possible explanation 

for the clinical diversity observed in the presence of these mutations. Furthermore, 

Alsin deficient MNȭs are shown to have impaired AMPA receptor mediated trafficking  

which increases their  susceptibility to glutamate excitotoxicity  (Section 1.2.4.2) (Lai 

et al 2006). In addition, the WT protein has been found to interact with mtSOD1 to 

attenuate Nox2-dependent endosomal ROS damage (Section 1.2.5.1.1) (Kanekura et 

al 2004, Li et al 2011).               

 

1.2.5.1.3 SETX  

Senataxin (SETX), a DNA/RNA helicase situated at the chromosome 9q34.13 locus, 

(Table 1.1) is a rare cause of ataxia oculomotor apraxia type 2 (AOA2) (Asaka et al 

2006, Duquette et al 2005, Moreira et al 2004) and an AD inherited juvenile onset 

form of ALS (ALS4) (Avemaria et al 2011, Chance et al 1998, Chen et al 2004, Zhao 

et al 2009). The latter is a condition which is characterised by a distal hereditary 

motor neuropathy (dHMN) with progressive weakness and severe muscle wasting 

of all four limbs, a prolonged survival and extensive pyramidal features (Rabin et al 

1999). The precise function of senataxin is not known. However, its structure is 

predicted to contain a P-loop adenosine triphosphate and guanosine triphosphate 

(ATP-GTP) binding site which is highly conserved across yeast and mammalian 

systems and has been shown to play a critical role in nucleotide unwinding (Chen 
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et al 2004, Molnar et al 1997); a process that is required for gene transcription in 

addition to mechanisms of DNA replication, recombination & repair (Su et al 2014, 

Tanner & Linder 2001).                

 

1.2.5.1.4 SPG11  

Spatacsin (SPG11) which is situated at the chromosome 15q21.1 locus (Table 1.1) 

is the most common cause of hereditary spastic paraplegia (HSP) with occasional 

Parkinsonian features and pronounced thinning of the corpus callosum (Anheim et 

al 2009, Guidubaldi et al 2011, Liao et al 2008, Rajakulendran et al 2011, Stevanin 

et al 2008, Winner et al 2004, Zhao et al 2013). In recent years it has also been 

associated with a rare AR inherited juvenile onset form of ALS (ALS5) (Orlacchio et 

al 2010) characterised by a disease onset of less than 25yrs and a median survival 

spanning three and a half decades (Daoud et al 2012b). Clinical manifestations vary 

with the majority of patients experiencing distal muscle weakness, spasticity and 

atrophy accompanied by a bulbar phenotype, abnormal gait and signs of pyramidal 

involvement which occur in the absence of overt cognitive or sensory impairment 

(Su et al 2014). Truncating loss of function, nonsense or frameshift mutations have 

been identified as well as a small number of splice site alterations and insertions or 

deletions which promote early termination of translation through the introduction 

of a premature UAG/UAA/UGA stop codon (Iguchi et al 2013, Orlacchio et al 2010). 

Although spatacsin has not yet been fully characterised in the mammalian system, 

it is shown to be an essential requirement for neuromuscular junction connectivity 

and axonal outgrowth in the developing zebrafish (Martin et al 2012, Southgate et 

al 2010).                 

 

1.2.5.1.5 VAPB  

Two single base substitutions in the VAMP (vesicle-associated membrane protein) 

associated protein  B (VAPB) gene, situated at the chromosome 20q13.33 locus, have 

been associated with <1% of familial cases of AD inherited adult-onset ALS (ALS8) 

(Table 1.1) (Chen et al 2010, Millecamps et al 2010). Phenotypic heterogeneity has 

been observed, with  a wide variety of clinical presentations ranging from  cases with 

ȰÃÌÁÓÓÉÃÁÌ !,3ȱ ÁÎd a faster than anticipated disease course to delayed onset forms 
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of PMA (Section 1.2.2.3) or ALS with essential tremor (Nishimura et al 2004). The 

mtVAPB protein sequesters its WT counterpart into ubiquitin, p62 and TDP-43 

positive inclusion bodies within the cytoplasm of residual MNs and glia of the CNS 

(Teuling et al 2007). Aggregation in this manner has been shown to elicit the UPR 

which is expected to lead to an increase in vulnerability to ER stress (Gkogkas et al 

2008, Ling et al 2013, Su et al 2014, Suzuki et al 2009). Another implication of a 

loss of function of WT VAPB is the disruption of ephrin (Eph) receptor mediated 

signalling via a reduction in ligand availability from the cleavage and secretion of 

VAPB amino-terminal domains that would ordinarily serve to protect the cells 

against glutamate excitotoxicity (Section 1.2.4.2) (Tsuda et al 2008).                      

 

1.2.5.1.6 FIG4  

The FIG4 gene encoding the phosphoinositide 5-phosphatase enzyme, situated at 

the chromosome 6q21 locus (Table 1.1), is reported to account for around 2% of 

AD inherited adult onset ALS (ALS11) and PLS (Section 1.2.2.2) cases in addition to 

having been identified as a cause of the AR inherited juvenile onset CMT4J (Charcot 

Marie Tooth type 4J); a severe and rapidly progressive sensory & motor peripheral 

neuropathy (Chow et al 2009, Chow et al 2007, Verdiani et al 2013). Its function is 

to regulate the cellular abundance of the signalling lipid phosphatidylinositol 3, 5-

bisphosphate [PI(3,5)2] which has been implicated in aspects of autophagy as well 

as retrograde membrane transport  through the trans-Golgi network  (Ferguson et al 

2010, Iguchi et al 2013, Rutherford et al 2006, Zhang et al 2007).                       

 

1.2.5.1.7 OPTN  

The optineurin (OPTN) gene, situated at the chromosome 10p13 locus (Table 1.1), 

was originally identified as a major cause of primary open angle glaucoma (POAG) 

(Fuse et al 2004, Huang et al 2014, Rezaie et al 2002, Xiao et al 2009) and more 

recently PageÔȭÓ ÄÉÓÅÁÓÅ ÏÆ ÂÏÎÅ ɉ0$"Ɋ (Albagha et al 2010, Chung et al 2010). In 

2010, Maruyama and colleagues described a deleterious heterozygous c.1743A>G 

(p.E478G) missense substitution, c.1502C>T (p.Q398X) truncation and an exon five 

deletion in three Japanese consanguineous families which co-segregated with an 

AD/AR inherited form of adult-onset ALS (ALS12). Subsequent studies reported 
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mutations in OPTN to be a relatively rare occurrence in Caucasian populations of 

North European or Scandinavian descent (~0.2%) (Chio et al 2012b, Kenna et al 

2013, Tumer et al 2012, van Blitterswijk et al 2012c, Weishaupt et al 2013). The 

gene itself encodes the ubiquitously expressed 67kDa cytosolic opt ic neur opathy 

inducing protein that has been shown to play a key role in cellular morphogenesis, 

membrane trafficking and transcriptional activation in addition to vasoconstriction 

and host defence against viral pathogens (Kachaner et al 2012, Renton et al 2014). 

So far, two plausible mechanisms of action have been proposed in order to explain 

the neurotoxicity of mutant ÏÐÔÉÎÅÕÒÉÎ ÔÏ×ÁÒÄÓ -.ȭÓ ÉÎ !,3ȡ ρɊ ,ÏÓÓ ÏÆ ÆÕÎÃÔÉÏÎ ÏÆ 

the WT protein lifts inhibition of activation of the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-ʆ"Ɋ ÔÒÁÎÓÃÒÉÐÔÉÏÎÁÌ ÒÅÇÕÌÁÔÏÒ ÃÏÍÐÌÅØ ÔÏ ÉÎÄÕÃÅ 

mitochondrial apoptotic signalling cascades and programmed cell death or 2) Gain 

of function mediated by an impaired autophagosome system and the subsequent 

accumulation of toxic intracellular protein aggregates (Akizuki et al 2013, Korac et 

al 2013).                            

 

1.2.5.1.8 ERBB4  

Recently, two single nucleotide variants ɉ3.6ȭÓɊ ÏÆ ÒÅÄÕÃÅÄ ÐÅÎÅÔÒÁÎÃÅ ÉÎ ÔÈÅ Ö-erb 

-b2 avian erythroblastic leukemia viral oncogene homolog 4 (ERBB4) gene, situated 

at the chromosome 2q33-q34 locus (Table 1.1), have been identified through whole 

genome sequencing (WGS) and linkage analysis as a rare cause of AD inherited 

adult onset ALS (ALS19) in three pedigrees of Japanese or Canadian descent. Signs 

of UMN and LMN involvement (Section 1.1.3) were prominent in all affected family 

members with a distinct lack of overt cognitive dysfunction (Takahashi et al 2013). 

The disease course was relatively slow, with a median survival of greater than five 

ÙÅÁÒÓȢ 4ÈÅ ÃȢςχψπ'Є! ɉÐȢ2ωςχ1Ɋ ÁÌÔÅÒÁÔÉÏÎ ÏÃÃÕÒÒÉÎÇ ×ÉÔÈÉÎ ÔÈÅ ÐÒÏÔÅÉÎȭÓ ÔÙÒÏÓÉÎÅ 

kinase domain is associated with an older than anticipated age of symptom onset 

peaking in the mid-sixties or early seventies, whereas the less common c.3823C>T 

(p.R1275W) substitution at the highly conserved C-terminal region is associated 

with a younger onset ALS of around 45 years. ERBB4 is a member of the epidermal 

growth factor (EGF) receptor family and is one of four structurally related proteins 

which are modulated through autophosphorylation upon neuregulin-1 (NRG1) 
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binding (Takahashi et al 2013). ERBB4 knock-down in mice is demonstrated to be 

embryonically lethal (Gassmann et al 1995) ÁÎÄ ÉÎ ÔÈÅ ÒÅÓÉÄÕÁÌ -.ȭÓ ÏÆ ÁÕÔÏÐÓÙ 

derived human post-mortem SC tissue depleted levels of the cysteine-rich domain 

(CRD) containing isoforms of NRG1 have been detected (Song et al 2012), further 

impl icating the NRG1-ERBB signalling pathway as another plausible mechanism of 

pathogenicity in ALS (Takahashi et al 2013).                             

 

1.2.5.1.9 MATR3  

NGS approaches have identified several missense substitutions (n=4) in the matrin 

3 (MATR3) gene, situated at the chromosome 5q32.2 locus (Table 1.1), as a cause of 

AD inherited adult onset ALS (ALS21) (Johnson et al 2014, Millecamps et al 2014) 

or vocal cord and pharyngeal weakness with distal myopathy (VCPDM) (Muller et 

al 2014, Senderek et al 2009, Yamashita et al 2014) in four large, multigenerational 

pedigrees of North European descent. Sequencing data obtained from an additional 

204 UK patients suggest that mutations occur at a frequency of 2.75% for FALS and 

<1% of SALS cases. Clinical manifestations include widespread UMN and LMN signs 

×ÉÔÈ ÅÖÉÄÅÎÃÅ ÏÆ Á ȬÓÐÌÉÔ-ÈÁÎÄȭ ÐÁÔÔÅÒÎ ÏÆ ×ÅÁËÎÅÓÓȟ ÂÒÉÓË ÔÅÎÄÏÎ ÒÅÆÌÅØÅÓȟ ÅØÔÅÎÓÏÒ 

plantar responses, increased jaw jerk with clonus, fasciculations, severe wasting of 

the tongue and respiratory dysfunction with normal cognition and a relatively slow 

disease course of up to 15 years. Neuropathological evaluations of human derived 

post-mortem SC tissue from patient carriers and non-carriers of a MATR3 mutation 

revealed universal matrin-3 proteinopathy in resÉÄÕÁÌ -.ȭÓ ×ÉÔÈ ÉÎÔÅÎÓÅ nuclear 

staining and occasional, more diffuse cytoplasmic staining (Johnson et al 2014). The 

gene encodes an RNA and DNA binding domain containing nuclear matrix protein 

of 125kDa that has been shown to interact with TDP-43 (Section 1.2.5.2.1) (Salton 

et al 2011). Its importance in the neurodegenerative disease process is not yet well 

understood, although it  is known to function in aspects of RNA processing including 

the nuclear retention of hyper-ÅÄÉÔÅÄ 2.!ȭÓ ÁÎÄ Í2.! ÔÒÁÎÓÐÏÒÔȟ $.! ÒÅÐÁÉÒ ÁÎÄ 

gene silencing/chromatin  remodelling (Hock et al 2007, Zhang & Carmichael 2001). 

 

1.2.5.1.10 Other Rare Genetic Causes of FALS 

Additional loci that have been implicated in the pathogenesis of AD inherited forms
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of the disease, for which a designated ALS number has not yet been assigned in the 

ALSoD (alsod.iop.kcl.ac.uk) (Abel et al 2013) either due to lack of evidence regarding 

transmission (i.e. low penetrance) or its rarity, are summarised in Table 1.2.  

 

Gene Name Locus Reference 
ARHGEF28 Rho guanine nucleotide exchange 

factor (GEF) 28  
5q13 (Droppelmann et al 

2013) 
CHCHD10 coiled-coil-helix-coiled-coil-helix 

domain containing 10 
22q11 (Bannwarth et al 2014) 

DAO D-amino-acid oxidase  12q24 (Mitchell et al 2010) 
DCTN1 dynactin 1 2p13 (Puls et al 2003) 
EWSR1 %×ÉÎÇȭÓ ÓÁÒÃÏÍÁ ÂÒÅÁËÐÏÉÎÔ ÒÅÇÉÏÎ 

1 
22q12.2 (Couthouis et al 2012) 

HNRNPA2B1 heterogeneous nuclear 
ribonucleoprotein A2/B1  

7p15 (Kim et al 2013) 

LMNB1 lamin B1 5q23 (Johnson et al 2014) 
NEFH neurofilament, heavy polypeptide 22q12-q13 (Figlewicz et al 1994) 
PRPH peripherin  12q12 (Gros-Louis et al 2004) 
SPAST spastin 2p24-p21 (Meyer et al 2005) 
SQSTM1 sequestosome 1 5q35 (Rubino et al 2012) 
TAF15 TAF15 RNA polymerase II, TATA box 

binding protein 
17q11.1-q11.2 (Couthouis et al 2011) 

 

Table 1.2 Additional Genetic Loci Implicated in the Pathogenesis of FALS  

 

 
 

1.2.5.1.11 Genetic Susceptibility Factors and Other Rare Causes of SALS   

It has been documented that the majority of patients diagnosed with ALS, between 

90 and 95%, will have developed an idiopathic form of the condition for which the 

cause(s) are still largely unknown (Byrne et al 2011). Estimates of heritability from 

studies conducted using twin  data are predicted to lie between 0.38 and 0.78 (Al-Ch 

alabi et al 2010). A 17 and 9-fold increase, respectively in the relative lifetime  risk of 

the siblings and progeny of sporadic index cases in  a large Swedish population based 

study has also been reported (Fang et al 2009, Hanby et al 2011). This is indicative 

of SALS being multifactorial in origin with a combination of complex genetic effects 

and environmental risk factors such as heavy metal exposure (e.g. lead, manganese 

and mercury) (Wang et al 2014), cigarette smoking (Armon 2009), de Jong et al 20 

12, Gallo et al 2009), lifetime physical activity (Huisman et al 2013) and traumatic 

head injury  (Pupillo et al 2012, Schmidt et al 2010) contributing  to its aetiology (Wi-

ngo et al 2011).  

http://www.alsod.iop.kcl.ac.uk/
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Both clinically  and pathologically, SALS patients are virtually indistinguishable from 

their  FALS counterparts suggesting that they share common mechanisms which un-

derlie MN degeneration (Section 1.2.4) (Wijesekera & Leigh 2009). Indeed in a small 

proportion of cases, fewer than 10%, mutations have been identified within the co-

ding regions of causal candidate genes of FALS including C9ORF72 (Section 1.2.5.4), 

SOD1 (Section 1.2.5.1.1), TARDBP (Section 1.2.5.2.1) and FUS (Section 1.2.5.2.2) (An 

dersen & Al-Chalabi 2011, Rademakers & van Blitterswijk 2013, van Blitterswijk et 

al 2012a). In most instances, however, the genetic component has yet to be determ-

ined. Genome-wide association studies (GWAS) appeared, at least initially, to have 

highlighted a number of promising susceptibility loci, including 9p21 (Section 1.2.5. 

4) which led to the discovery of a large, intronic hexanucleotide repeat expansion in 

C9ORF72 (Renton et al 2011, DeJesus-Hernandez et al 2011) that is now thought to 

account for  up to 43% of FALS and ~7% of apparently SALS cases (Cooper-Knock et 

al 2012b). Disappointingly, however, many GWAS findings are associated with risk 

alleles that have small odds ratios (ORȭÓɊ and have yet to be convincingly replicated 

(Chio et al 2009b, Cronin et al 2009, Daoud et al 2010, Fernandez-Santiago et al 20 

11, Fogh et al 2011, Iida et al 2011, Kwee et al 2012, Nicholl et al 1999, Schymick et 

al 2007, van Es et al 2009b). In a recent report, published by Koppers et al (2013), 

sequencing of exons of potential candidate genes from several of these studies, inc-

luding UNC13A and C9ORF72 (Table 1.3), failed to establish a significant enrichment 

of coding variants in a large (n=2,122) SALS case-control population (Leblond et al 

2014, Renton et al 2014) of Dutch descent. This provides evidence in support of the 

proposition of a rare variant hypothesis: Rather than the associated SNP or micros-

atellite  marker representing a signpost that reflects the effects of a common proxim-

al causal site it is now anticipated that there are multiple, rare and distant variants 

of substantially higher impact which are responsible for producing so called synth-

etic associations. In this scenario, a significant number of potential hits are expected 

to go undetected, not as a consequence of many individuals sharing identical weak 

effect variants, but because minority groups of SALS patients are likely to each har-

bour a different  high impact variant (Dickson et al 2010, Robinson 2010).  

The spontaneous occurrence of de novo mutations are also a possibility (Alexander 

et al 2002, Calvo et  al 2014a, Chio et al 2011b, DeJesus-Hernandez et al 2010, Laffita- 
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Gene Name Locus Reference 
ALAD aminolevulinate dehydratase 9q33.1 (Kamel et al 2003) 
C9ORF72 chromosome 9 open reading frame 72 9p21.2 (Ahmeti et al 2013; Laaksovirta et al 

2010; Le Ber et al 2009; Morita et al 
2006; Shatunov et al 2010) 

CABIN1 calcineurin binding protein 1 22p11 (Deng et al 2013b) 
CAMK1G calcium/calmodulin -dependent protein kinase IG  1q32 (Deng et al 2013b) 
CENPV centromere protein V 17p11.2 (Ahmeti et al 2013) 
CRYM crystallin, mu 16p12 (Daoud et al 2011) 
CYP2D6 cytochrome P450, family 2, subfamily D, polypeptide 6 22q13.1 (Siddons et al 1996) 
DPP6 dipeptidyl -peptidase 6 7q36.2 (Cronin et al 2008; van Es et al 2008) 
ELP3 elongator acetyltransferase complex subunit 3 8p21.1 (Simpson et al 2009) 
FGGY FGGY carbohydrate kinase domain containing  1p32 (Chio et al 2009b; van Es et al 2009b)  
ITPR2 inositol 1,4,5-triphosphate receptor type 2 12p12.1-p11.23 (van Es et al 2007) 
KIFAP3 kinesin-associated protein 3 1q24.2 (Landers et al 2009) 
LIF leukemia inhibitory factor  22q12.2 (Giess et al 2000; Meyer & Potter 1995) 
LUM lumican 12q21.3 (Daoud et al 2011) 
OGG1 8-oxoguanine DNA glycosylase 1 3p26 (Coppede et al 2007) 
PLCD1 phospholipase C, delta 1 3p22.2 (Staats et al 2013) 
SUSD2 sushi domain containing 2 22p11 (Deng et al 2013b) 
UNC13A unc-13 homolog A (C. elegans) 19p13.12 (Ahmeti et al 2013; van Es et al 2009c) 

 

Table 1.3 Genetic Susceptibility  Loci Implicated in the Pathogenesis of SALS 
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Mesa et al 2013, Zou et al 2013a). Whole exome sequencing of 47 SALS trio pedigr-

ees [i.e. the proband and both unaffected parents] led to the identification of novel 

changes in  SS18L1 (alternatively  named calcium-responsive transactivator (CREST))  

(Chesi et al 2013); a subunit  of the neuronal chromatin remodelling (nBAF) complex 

that has since been independently verified in a French cohort comprising a further 

87 FALS patients (Teyssou et al 2014).                

 

1.2.5.2 ALS-FTLD Loci   

1.2.5.2.1 TARDBP  

Transactive response (TAR) DNA binding protein 43kDa (TARDBP), situated at the 

chromosome 1p36.23 locus (Table 1.1), is a cause of AD inherited adult onset ALS 

(ALS10), bvFTLD and the combined ALS-FTLD syndrome (Borroni et al 2009, Chio 

et al 2010, Kabashi et al 2008, Kovacs et al 2009, Sreedharan et al 2008, Yokoseki 

et al 2008). More than 40 mutations primarily occurring in the C-terminus of the 

gene (Abel et al 2013, Renton et al 2014), a region considered important for normal 

protein-protein  interactions and ribonucleoprotein (RNP) binding, are now thought 

to account for 4-5% of FALS cases with fewer than 2% of SALS and bvFTLD patients 

affected (Al-Chalabi et al 2012, Gitcho et al 2008, Lattante et al 2013, Van Deerlin 

et al 2008)Ȣ ! ÔÒÅÎÄ ÔÏ×ÁÒÄÓ Á ȰÃÌÁÓÓÉÃÁÌ !,3ȱ ÐÈÅÎÏÔÙÐÅ ÉÓ ÏÂÓÅÒÖÅÄ ×ÉÔÈ Á ÓÌÉÇÈÔÌÙ 

earlier than anticipated age of symptom onset, moderately prolonged survival and 

predominant upper limb involvement (Corcia et al 2012). Originally identified as a 

protein that bound the TAR element of human immunodeficiency virus (HIV), TDP-

43 comprises nuclear export and import signals in addition to two RNA recognition 

motifs (RRMs) and a glycine rich, low sequence complexity PrLD (King et al 2012). 

Under normal physiological conditions it is ubiquitously expressed and is regarded 

to be essential for the regulation of gene transcription as well as multiple aspects of 

RNA metabolism including but not limited to microRNA (miRNA) biogenesis, stress 

granule (SG) formation, precursor messenger RNA (pre-mRNA) splicing, transport 

& stability, long non-coding RNA (lncRNA) processing and chromatin remodelling 

(Buratti & Baralle 2012, Lagier-Tourenne et al 2010, Polymenidou et al 2012). It is 

also known to bind a UG-rich sequence in intron 8 of the CFTR gene (cystic fibrosis 
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transmembrane conductance regulator) in order to promote pathological skipping 

of exon 9 in patients with cystic fibrosis (CF) (Buratti  et al 2004, Buratti et al 2001, 

Lukavsky et al 2013). Moreover, it has also been demonstrated to act as a scaffold 

ÆÏÒ ÎÕÃÌÅÁÒ ÂÏÄÉÅÓ ɉ."ȭÓɊ ÔÈÒÏÕÇÈ ÉÔÓ ÉÎÔÅÒÁÃÔÉÏÎ ×ÉÔÈ ÔÈÅ 3-. ÐÒÏÔÅÉÎ (Wang et al 

2002).     

The pathogenicity of mtTDP-τσ ÔÏ×ÁÒÄÓ -.ȭÓ ÉÎ !,3 ÉÓ ÎÏÔ ÆÕÌÌÙ ÕÎÄÅÒÓÔÏÏÄ ÁÎÄ ÉÔ 

remains uncertain as to whether toxicity arises from a loss of function mechanism, 

gain of function mechanism or indeed a combination of the two (Iguchi et al 2013, 

Ling et al 2013, Su et al 2014, Vanden Broeck et al 2014). At steady state, TDP-43 is 

concentrated in the nucleus where it carries out the majority of its activities (Ayala 

et al 2008, Winton et al 2008). Aberrant shuttling of TDP-43, however, results in its 

depletion from the nucleus and redistribution into the cytoplasm (Che et al 2011, 

Highley et al 2014, Polymenidou et al 2011, Tollervey et al 2011, Van Deerlin et al 

2008). Within  the cytoplasm, the mislocalised protein forms aggregates which are a 

major constituent of neuronal and glial inclusion bodies which are immunoreactive 

ÆÏÒ ÕÂÉÑÕÉÔÉÎ ÁÎÄ Ðφς ÂÕÔ ÎÅÇÁÔÉÖÅ ÆÏÒ ɻ-synuclein and the microtubule associated 

protein, tau (Arai et al 2006, Neumann et al 2006). These are present in more than 

ninety percent of non-SOD1 linked FALS and SALS cases as well as a subset of FTLD 

patients (~50%)  who may or may not carry a mutation in the TARDBP gene (Ling et 

al 2013, Mackenzie et al 2007, Renton et al 2014, Tan et al 2007).                               

 

1.2.5.2.2 FUS  

Missense mutations (n=78) in the fused in sarcoma or translocated in liposarcoma 

(FUS/ TLS) gene, situated at the chromosome 16p11.2 locus (Table 1.1), account for 

a further 4-5% of AD inherited adult onset ALS (ALS6) as well as rarer instances of 

the combined ALS-FTLD syndrome (<1%) (Abel et al 2013, Kwiatkowski et al 2009, 

Van Langenhove et al 2010, Vance et al 2009). Approximately equal proportions of 

male and female patients are affected (Kinsley & Siddique 2001). Penetrance of the 

disease varies widely between pedigrees with 50 to 70% of individuals developing 

symptoms by the time they have reached their fifth decade and more than ninety 

percent becoming symptomatic before the age of 71 (Blair et al 2010). Phenotypes 

associated with some of the most common pathological changes resemble those of 
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ȰÃÌÁÓÓÉÃÁÌ !,3ȱ ɉ3ÅÃÔÉÏÎ ρȢ2.1) that are characterised by predominant lower limb 

involvement, median onset of 45 years and an average disease duration of between 

30 and 48 months (Groen et al 2010, Iguchi et al 2013, Millecamps et al 2010, Yan 

et al 2010). The gene encodes a ubiquitously expressed DNA/RNA binding protein 

that shares considerable structural and functional homology with TDP-43 (Renton 

et al 2014, Su et al 2014). It contains a nuclear export and import signal, RRMs, two 

arginine rich regions and a glycine rich, low complexity PrLD (King et al 2012) and 

is involved in many of the same activities which relate to genomic maintenance, SG 

formation and RNA metabolism/processing (Lagier-Tourenne et al 2010, Ling et al 

2013). Both TDP-43 and FUS are found to associate with the survival motor neuron 

(SMN) complex that is important for the regulation of the spliceosome (Tsuiji et al 

2013, Yamazaki et al 2012). Additionally, FUS has also been implicated in the DNA 

damage response & repair pathways (Wang et al 2013). The precise mechanism by 

which mutant forms of the protein exert their neurotoxicity towards MNs in ALS is 

not known. However, in a similar manner as was described previously for TDP-43 

(Section 1.2.5.2.1), aberrant shuttling of mtFUS is expected to result in its depletion 

from the nucleus and the subsequent accumulation of misfolded aggregates within 

the cytoplasm which has led to both a loss of as well as gain of function mechanism 

having been proposed (Su et al 2014, Therrien & Parker 2014). It is of interest to 

note that mutation specific patterns of FUS pathology have been recorded which are 

ÆÏÕÎÄ ÔÏ ÃÏÒÒÅÌÁÔÅ ×ÉÔÈ ÄÉÓÅÁÓÅ ÓÅÖÅÒÉÔÙȢ 2ÏÕÎÄ ÂÁÓÏÐÈÉÌÉÃ .#)ȭÓȟ ÆÏÒ ÅØÁÍÐÌÅȟ ÁÒÅ 

associated with a rapidly progressive, young onset variant of ALS which begins in 

the late teens or early twenties (Baumer et al 2010) whereas tangle-like inclusions 

ÉÎ ÒÅÓÉÄÕÁÌ -.ȭÓ ÁÎÄ ÇÌÉÁ ÏÆ ÔÈÅ #.3 ÁÒÅ Á ÐÁÔÈÏÌÏÇÉÃÁÌ ÆÅÁÔÕÒÅ ÏÆ ÔÈÅ ÍÏÒÅ ÔÙÐÉÃÁÌ 

late onset ALS (Ling et al 2013, Mackenzie et al 2011).                                

 

1.2.5.2.3 ANG  

Mutations of low penetrance in the gene encoding angiogenin (ANG), situated at the 

chromosome 14q11.2 locus, have been identified in rare instances of AD inherited 

adult onset ALS (ALS9) (Table 1.1), ALS-FTLD or PD of predominantly Scottish or 

Irish ancestry (Greenway et al 2006, Kirby et al 2013, Rayaprolu et al 2012, van Es 

et al 2009a, van Es et al 2011, Zou et al 2012). Patient carriers are characterised in 
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approximately two-thirds of cases by a predominantly bulbar phenotype with a 

rapid decline in respiratory function that requires mechanical ventilation support, 

usually within the first 12 months of the initial manifestation of disease (Section 1. 

1.4) (Greenway et al 2006, Seilhean et al 2004). ANG is a secreted protein found in 

serum. It is a member of the pancreatic ribonuclease (RNase) A superfamily and is 

a potent inducer of neovascularisation which shares functional homology with the 

vascular endothelial growth factor (VEGF); a potential modifier of ALS progression 

(Lambrechts et al 2003, Seilhean et al 2009) . Under hypoxic conditions, angiogenin 

binds actin at the outer surface of the endothelial cells where it is internalised and 

transported into the nucleus. Here it is responsible for stimulating stress induced 

ribosomal RNA (rRNA) transcription, a rate limiting step which has implications for 

ribosome biogenesis, protein maturation and ultimately cellular growth & survival 

(Greenway et al 2006, Yamasaki et al 2009). Treatment with exogenous ANG even 

after the initial onset of symptoms improved motor function in SOD1G93A mice and 

increased life expectancy which has led to the postulation that the WT protein may 

play an important neuroprotective role within the mammalian system (Kieran et al 

2008, Sebastia et al 2009).                 

 

1.2.5.2.4 ATXN2  

Intermediate length polyglutamine (polyQ) tracts of 27 to 33 CAG repeats in exon 1 

of Ataxin 2 (ATXN2), situated at the chromosome 12q24.12 locus (Table 1.1), have 

recently been confirmed in a minority of cases with a rare AD inherited adult onset 

form of ALS (ALS13) (~1%) and bvFTLD with non-fluent aphasia (<5%) (Elden et 

al 2010, Lee et al 2011, Ross et al 2011). Expansions of more than 34 CAG repeats 

have also been associated with PD (Section 1.2.1) and spinocerebellar ataxia type 2 

(SCA2) (Gwinn-Hardy et al 2000, Imbert et al 1996, Nanetti et al 2009). Typically, 

patient carriers have a M:F ratio of 1.5:1 with signs of UMN and LMN dysfunction 

becoming apparent in the sixth or seventh decade and an average disease duration 

of approximately two  to five years. Clinical manifestations include brisk  deep tendon 

reflexes, pronounced fasciculations and weakness & spasticity of all four limbs (Van 

Langenhove et al 2012)Ȣ .ÅÕÒÏÎÁÌ ÉÎÔÒÁÎÕÃÌÅÁÒ ÉÎÃÌÕÓÉÏÎ ÂÏÄÉÅÓ ɉ.))ȭÓɊ ÐÏÓÉÔÉÖÅ ÆÏÒ 

polyQ and p62 (sequestosome) are primarily  concentrated within  the pontine nuclei 
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with more widespread TDP-43 proteinopathy apparent in the neocortex and SC. It 

has been shown to act in vitro and in vivo in an RNA dependent manner in order to 

influence TDP-43 toxicity, although the exact mechanism by which ATXN2 mutations 

cause MN degeneration in ALS is not fully understood (Baumer et al 2014, Elden et 

al 2010).       

                         

1.2.5.2.5 VCP  

Valosin-containing protein (VCP), situated at the chromosome 9p13.3 locus (Table 

1.1), is a rare genetic cause of AD inherited adult onset forms of HSP (de Bot et al 

2012), CMT (Gonzalez et al 2014), ALS (ALS14) (~1-2%) (Abramzon et al 2012), 

ALS-FTLD and IBMPFD/ALS (Bersano et al 2009, Gidaro et al 2008, Haubenberger 

et al 2005, Watts et al 2004, Weihl et al 2009); a multisystem disorder of variable 

penetrance which is characterised by FTLD with inclusion body myopathy (IBM) 

and PDB. Clinical manifestations of IBM and PDB which include atrophic, angulated 

muscle fibres and rimmed vacuoles with unremarked inflammation and an elevated 

rate of osteoclastic bone resorption may be apparent at the age of 40 (Daroszewska 

& Ralston 2006, Spina et al 2013) with evidence of impaired executive functioning 

and behavioural abnormalities or UMN and LMN signs not normally evident until 

the fifth or sixth decade (Gonzalez-Perez et al 2012, Jacquin et al 2013). Ubiquitin 

immunoreactive, TDP-τσ ÐÏÓÉÔÉÖÅ .))ȭÓ ÁÎÄ ÄÙÓÔÒÏÐÈÉÃ ÎÅÕÒÉÔÅÓ ɉ$.ȭÓɊ ×ÉÔÈ ÓÏÍÅ 

VCP ÓÔÁÉÎÉÎÇ ÁÎÄ ÏÃÃÁÓÉÏÎÁÌ .#)ȭÓ are a prominent feature upon neurohistochemical 

evaluation (Forman et al 2006, Guyant-Marechal et al 2006). The VCP protein is a 

molecular chaperone of the AAA superfamily [adenosine triphosphatase (ATPase) 

associated with diverse cellular activities] that has been implicated in a diverse 

array of cellular processes from transcriptional activation of the NF-ʆ" ÓÉÇÎÁÌÌÉÎÇ 

cascade to mechanisms of double-stranded DNA break (DSB) repair, membrane 

fusion and protein degradation (Ju et al 2009, Vandermoere et al 2006, Vij 2008, 

Wolf & Stolz 2012, Zhang et al 2000). An in vitro loss of function mutation affecting 

the cell division control (CDC48) domain of exon 5 in neuroblastoma SH-SY5Y cell 

lines resulted in mislocalization of TDP-43 to the cytosol, ER stress and impaired 

proteasome activity with a concomitant increase in the extent of caspase mediated 

apoptosis (Gitcho et al 2009).       
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1.2.5.2.6 UBQLN2  

Mutations of the ubiquilin 2 (UBQLN2) gene, situated at the chromosome Xp11.2.1 

locus (Table 1.1), are responsible for 2% of FALS and FTLD cases (Deng et al 2011, 

Gellera et al 2013, Synofzik et al 2012, Williams et al 2012) and a further 0.4% of 

SALS cases (Daoud et al 2012a). Originally found to co-segregate with the disease 

in a five generation kindred of 19 ALS (ALS15)/ALS-FTLD affected family members 

both adult and juvenile onset forms have now been reported. The genetic trait has 

a dominant mode of transmission that exhibits incomplete penetrance (Deng et al 

2011). Clinical manifestations include symptoms of dysarthria and dysphagia with 

spastic paralysis of the limbs and diminished fine motor dexterity which may occur 

in the presence or absence of behavioural and executive function deficits that are 

associated with FTLD (Fahed et al 2014). Age at diagnosis ranges between 16 and 

71 years with a mean of 33.9±14 or 47.3±11 years for male and female patients, 

respectively and average survival of approximately 3 to 4 years. At autopsy, brain 

atrophy, AHC loss, CST degeneration and astrogliosis of the SC are apparent (Deng 

et al 2011, Gellera et al 2013). Ubiquitinated, p62 positive skein-like or compact 

ubiquilin 2 immunoreactive inclusion bodies that co-localise with TDP-43 (Section 

1.2.5.3.1), FUS (Section 1.2.5.3.2) or OPTN (Section 1.2.5.1.7) but not SOD1 (Section 

1.2.5.1.1) or tau protein (Section 1.2.5.2.1) have been described (Fahed et al 2014, 

Nolle et al 2013, Williams et al 2012). Single base substitutions in the N-terminal 

proteasome binding domain (PBD) (Daoud et al 2012a) or the PXX tandem repeat 

of the collagen-like region that is important for protein-protein interactions (Deng 

et al 2011, Fahed et al 2014) impair the normal function of ubiquilin 2 which leads 

to disturbances in autophagy, the UPS (Zhang et al 2014) and ER-associated protein 

degradation (ERAD) pathway (Xia et al 2014).                                 

 

1.2.5.2.7 SIGMAR1  

The ER chaperone SIGMAR1 (sigma non-opioid intracellular receptor 1), situated 

at the chromosome 9p13.3 locus (Table 1.1), has been identified as a genetic cause 

of AD inherited  ALS-FTLD and pure FTLD in three Caucasian pedigrees of Australian 

or Polish ancestry (Luty et al 2010). A nonpolymorphic c.672*51G>T substitution 

×ÈÉÃÈ ÁÆÆÅÃÔÓ ÔÈÅ ÔÈÒÅÅ ÐÒÉÍÅ ɉσȭɊ ÕÎÔÒÁÎÓÌÁÔÅÄ ÒÅÇÉÏÎ ɉ542Ɋ ×ÁÓ ÓÈÏ×Î ÔÏ ÄÉÓÒÕÐÔ 
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mRNA splicing and transcript stability. This led to an increase in expression and a 

higher abundance of the SIGMAR1 protein in human post-mortem brain tissue and 

patient derived lymphocytes. In vitro experimentation also found overexpression 

of SIGMAR1 to result in an aberrant 2.30 or 5.20-fold induction, respectively, in the 

nuclear-cytoplasmic shuttling of TDP-43 (Section 1.2.5.3.1) and FUS (Section 1.2.5. 

3.2) (Luty et al 2010). Soon thereafter, a deleterious c.304G>C (p.E102Q) missense 

mutation in an evolutionary conserved residue of the transmembrane domain that 

is important for ligand binding was also identified as a cause of a rare AR inherited   

form of juvenile onset ALS (ALS16) (Table 1.1). Symptoms of lower limb weakness 

and spasticity in the absence of bulbar or respiratory signs were accompanied by 

exaggerated tendon reflexes and a typically slower than anticipated disease course 

(Al-Saif et al 2011). TDP-43 and FUS immunoreactive inclusions were prominent in 

the pyramidal cells of the cerebral cortex and hippocampal neurones of the dentate 

gyrus (Luty et al 2010). SIGMAR1 is a ubiquitously expressed protein considered to 

have neuroprotective effects under normal physiological conditions (Hayashi & Su 

2004, Katnik et al 2006). It is important for maintaining aspects of learning and 

memory as well as having been implicated in the unfolded protein response (UPR), 

lipid raft formation and neurite outgrowth (Al-Saif et al 2011, Hayashi & Su 2003). 

Specifically, it has been shown to play a critical role in Ca2+ homeostasis, autophagy 

and mitochondrial cytochrome c mediated programmed cell death in response to 

ER stress and glutamate excitotoxicity (Section 1.2.4.2) (Prause et al 2013, Vollrath 

et al 2014).                                  

 

1.2.5.2.8 CHMP2B 

Heterozygous missense substitutions identified in the charged multivesicular body 

protein 2b (CHMP2B) gene (n=6), situated at the chromosome 3p12.1 locus (Table 

1.1), are a rare cause of AD inherited adult onset ALS (ALS17) and bvFTLD (<1%) 

which also account for ~10% of instances involving PMA (Section 1.2.2.3) (Cox et 

al 2010, Ghanim et al 2010, Isaacs et al 2011, Momeni et al 2006, Parkinson et al 

2006, Skibinski et al 2005). Towards the motor end of the spectrum the disease is 

characterised by a predominantly  LMN phenotype. Clinical manifestations typically 

include a flaccid, atrophic tongue with  severe fasciculations, dysarthria  & dysphagia, 
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dyspnoea (a shortness of breath), respiratory  muscle weakness, bilateral wasting of 

the intrinsic  hand muscles and an abnormal flexor plantar response with brisk deep 

tendon reflexes. Age and site of onset varies considerably and along with survival, 

which has a range spanning 15 months to 5½ years, appears to be mutation specific. 

Pathologically, CHMP2B cases are hallmarked by the presence of ubiquitinated p62 

and TDP-τσ ÉÍÍÕÎÏÒÅÁÃÔÉÖÅ ÉÎÃÌÕÓÉÏÎ ÂÏÄÉÅÓ ÉÎ ÓÕÒÖÉÖÉÎÇ -.ȭÓ ÏÆ ÔÈÅ ÃÏÒÔÅØ ÁÎÄ 

ventral horn of the SC which stain negatively for  the microtubule  associated protein, 

ÔÁÕ ÁÎÄ ɻ-synuclein. There is also a lack of overt extramotor signs with substantial 

microglial activation occurring in subcortical regions (Cox et al 2010, Parkinson et 

al 2006).                

The CHMP2B protein forms an essential component of the third endosomal sorting 

complex required for transport (ESCRT)-III; responsible for surrendering ubiquitin 

ÔÁÇÇÅÄ ÃÁÒÇÏ ÔÏ ÍÕÌÔÉÖÅÓÉÃÕÌÁÒ ÂÏÄÉÅÓ ɉ-6"ȭÓɊ ×ÈÉÃÈ ÕÌÔÉÍÁÔÅÌÙ ÄÅÌÉÖÅÒ ÔÈÅÍ ÔÏ ÔÈÅ 

lysosomal machinery for degradation (Henne et al 2011, Skibinski et al 2005). An 

ÅØÏÎ φ ÍÕÔÁÔÉÏÎ ÏÆ ÔÈÅ ÇÅÎÅȭÓ ÁÃÃÅÐÔÏÒ ÓÐÌÉÃÅ ÓÉÔÅ ÁÔ ÔÈÅ ÉÎÔÒÏÎȾÅØÏÎ ÂÏÕÎÄÁÒÙ ÔÈÁÔ 

produces a C-terminal truncated protein has been shown to disrupt this pathway 

(Han et al 2012, Urwin et al 2010, van der Zee et al 2008) leading to disturbances 

in intracellular  Notch signalling and eye irregularities  in the Drosophila invertebrate 

system (Cheruiyot et al 2014).                                           

 

1.2.5.2.9 PFN1 

Missense substitutions of incomplete penetrance (n=7) concentrated within or in 

close proximity to the actin binding domain of the profilin 1 (PFN1) gene, situated 

at the chromosome 17p13.2 locus (Table 1.1), are responsible for rare instances of 

AD inherited adult onset ALS (ALS18) (~1-2%) and bvFTLD (~0.5%) with a small 

number of SALS patients (~0.2%) also affected (Chen et al 2013, Ingre et al 2013, 

Tiloca et al 2013, van Blitterswijk et al 2013a, Wu et al 2012a, Yang et al 2013). In 

a meta-analysis of 5,118 cases and 13,089 neurologically healthy controls in the 

UK population  an odds ratio  (OR) of 2.44 (p<0.05) was produced for  the dinucleotide 

variant c.350A>G (p.E117G) in exon 3 (Fratta et al 2014). The minor allele (T) of a 

synonymous c.334C>T (p.L112L) single nucleotide polymorphism (SNP) (rs13204) 

has also been reported to be a disease modifier of SALS in China with an OR of 0.73 
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(p<0.005) (Chen et al 2013). Phenotypic heterogeneity exists with bulbar or spinal 

onset occurring in the late twenties to early seventies and a median survival which 

spans a minimum of 36 months to almost three decades (Chen et al 2013, Ingre et 

al 2013, Wu et al 2012a). Upon neurohistochemical evaluation, TDP-43 pathology 

is observed with the presence of ubiquitinated, p62 positive inclusion bodies that 

are not immunoreactive for PFN1 (van Blitterswijk et al 2013a). Profilin 1 encodes 

a 140 amino acid peptide that is ubiquitously expressed and has been found to 

ÁÓÓÏÃÉÁÔÅ ×ÉÔÈ 3'ȭÓȠ ÃÙÔÏÐÌÁÓÍÉÃ 2.0 ÇÒÁÎÕÌÅÓ ÃÏÍÐÏÓÅÄ ÏÆ ÒÅÐÒÅÓÓÅÄ ÔÒÁÎÓÌÁÔÉÏÎ 

complexes (Figley et al 2014). It  is a major growth  regulator that is required for the 

conversion of monomeric or globular (G)-actin into filamentous (F)-actin which is 

essential for actin polymerization (Mockrin & Korn 1980)Ȣ )Î ÐÒÉÍÁÒÙ -.ȭÓ ×ÈÉÃÈ 

express mtPFN1, evidence of growth cone arrest and morphological deficits were 

apparent with a marked reduction in the ratio of (F) to (G)-actin (Wu et al 2012a). 

Homozygous knock-out (KO) mice were not viable, demonstrating embryonic 

lethality in an in vivo study conducted by Witke et al (2001) whilst heterozygous 

littermates exhibited a significantly shortened lifespan.                                            

 

1.2.5.2.10 HNRNPA1 

Exome sequencing and linkage analysis has recently highlighted the heterogeneous 

ribonucleoprotein A1 (HNRNPA1) gene, situated at the chromosome 12q13.1 locus 

(Table 1.1), as a rare cause of AD inherited adult onset ALS (ALS20) and IBMPFD/ 

ALS with FTLD (Section 1.2.5.2.5), otherwise known as multisystem proteinopathy 

(MSP), in a four generation kindred of American ancestry. Subsequent screening of 

a large FALS (n=212) and SALS (n=305) cohort identified two additional missense 

substitutions in the C-terminal, glycine-rich PrLD of isoform a and b at a frequency 

of 0.47 or 0.32%, respectively (Kim et al 2013). HNRNPA1 encodes an RNA binding 

protein that has been found to interact with TDP-43 (Section 1.2.5.2.1) (Buratti et 

al 2005). It  has the propensity to form spontaneously into self-seeding fibrils which 

is exacerbated by the presence of a disease causing mutation. In a Drosophila model 

that recapitulates many of the human pathological hallmarks of ALS-FTLD including 

TDP-43 proteinopathy  defective isoforms of hnRNPA1 accelerated the accumulation 

ÏÆ ÔÈÅ ÐÒÏÔÅÉÎ ÉÎÔÏ 3'ȭÓ ÁÎÄ ÄÒÏÖÅ ÔÈÅ ÆÏÒÍÁÔÉÏÎ ÏÆ ÕÂÉÑÕÉÔÉÎÁÔÅÄȟ Ðφς ÁÎÄ 4$0-43 
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ÐÏÓÉÔÉÖÅ .#)ȭÓ (King et al 2013).           

 

1.2.5.3 FTLD Loci   

1.2.5.3.1 MAPT  

The microtubule associated protein tau (MAPT) gene, situated at the chromosome 

17q21.32 locus, is associated with as many as 50% of familial FTLD cases (Hutton 

et al 1998, Onyike & Diehl-Schmid 2013, Rademakers et al 2004, Riedl et al 2014, 

Sieben et al 2012). Since its discovery almost two  decades ago more than 40 genetic 

alterations/splicing defects and a further two extended haplotypes, namely H1 and 

H2 have been described (Park & Chung 2013). Patient carriers typically have a M:F 

ratio of 1.25:1 (n=8) with a median age at symptom onset of less than 50 years and 

an average disease duration of 9.40±5.0 years (Karageorgiou & Miller 2014, Le Ber 

2013, Van Langenhove et al 2013). Symmetric frontal lobe atrophy, a characteristic 

feature upon neuroimaging of MAPT mutations in FLTD (Boeve & Hutton 2008), is 

linked to behavioural abnormalities, personality changes and dementia with rigid 

akinetic Parkinsonism & oculomotor dysfunction (Espay & Litvan 2011, Haugarvoll 

et al 2007, Park & Chung 2013, Slowinski et al 2007). At protein  level, pathogenicity 

is conferred through a loss of function or haploinsufficiency mechanism whereby 

microtubule assembly and axonal transport is impaired, leading to an accumulation 

of hyperphosphorylated tau filaments which form aggregates within the cytoplasm 

of residual MNs and microglia of the CNS (Brandt et al 2005, Gasparini et al 2007, 

Goedert et al 2012, Iovino et al 2014, Robinson et al 2014).                                               

 

1.2.5.3.2 PGRN 

Mutations in the progranulin (PGRN) gene, situated at the chromosome 17q21.31 

locus that is in close proximity to MAPT (Section 1.2.5.3.1) (Karageorgiou & Miller 

2014), are thought to account for a further 5 to 25% of familial FTLD cases (Baker 

et al 2006, Pan & Chen 2013, Sieben et al 2012). So far at least sixty-seven different 

genetic alterations of pathological significance have been reported in the literature 

(Park & Chung 2013); giving rise to a heterogeneous clinical phenotype that varies 

greatly from bvFTLD or PNFA without apraxia of speech to semantic dementia and 



37 
 

corticobasal syndrome (CBS) (Beck et al 2008, Le Ber et al 2008, Puoti et al 2014, 

Snowden et al 2006). Patient carriers typically have a M:F ratio of 0.69:1 (n=27) 

with median age at symptom onset of 60 years and an average survival of 5.80±1.9 

years (Van Langenhove et al 2013). Initial manifestations may include behavioural 

abnormalities & personality changes as well as rigid akinetic Parkinsonism and 

language impairment (Boeve & Hutton 2008, Haugarvoll et al 2007). Evidence of 

asymmetric frontal lobe atrophy which extends to the temporal/inferior  parietal 

lobes is present upon MRI (Rohrer et al 2010, Whitwell et al 2009). Reactive gliosis 

and white matter disease pathology have also been found to be prominent features 

of PGRN mutations (Kelley et al 2009, McMillan et al 2014). Moreover, tau negative 

and TDP-τσ ÐÏÓÉÔÉÖÅ ÕÂÉÑÕÉÔÉÎÁÔÅÄ ÎÅÕÒÏÎÁÌ ÃÙÔÏÐÌÁÓÍÉÃ ÉÎÃÌÕÓÉÏÎ ÂÏÄÉÅÓ ɉ.#)ȭÓɊ 

have been detected in the superficial layers of the cerebral neocortex as well as the 

hippocampal granule cells of the dentate gyrus (Josephs et al 2011, Mackenzie et al 

2010, Riedl et al 2014, Robinson et al 2014). Null mutations are thought to confer 

pathogenicity through a loss of function mechanism although the precise function 

of this particular growth factor in neuronal differentiation and survival has yet to 

be fully elucidated (Puoti et al 2014, Riedl et al 2014).                                                  

 

1.2.5.3.3 PSEN1 

A dominant negative heterozygous 3bp TCG insertion of an arginine residue at the 

position of the 352nd codon (insR352) in exon 10 of the presenilin 1 (PSEN1) gene, 

situated at the chromosome 14q24.3 locus, has been reported in a single kindred 

in which there are at least three instances of dementia (Amtul et al 2002). Although 

ÎÏÔ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÁÌÔÅÒÅÄ #3& ÏÒ ÐÌÁÓÍÁ ɼ-ÁÍÙÌÏÉÄ ɉ!ɼɊ ÌÅÖÅÌÓ ÁÓ ÓÅÅÎ ÉÎ ÃÁÓÅÓ ÏÆ 

ALZ, the mutation is thought to affect cleavage of amyloid precursor protein (APP) 

ÔÈÒÏÕÇÈ ÉÔÓ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÇÁÍÍÁ ɉɾɊ-secretase activity (Golde & Younkin 2001). The 

proband presented at 56 years of age with features of Parkinsonism, asymmetric 

paraparesis, forgetfulness, visual hallucinations, increased appetite (hyperphagia), 

personality and behavioural disturbances, delusions, hypersexuality, incontinence, 

cognitive decline and social disinhibition (Section 1.2.1) (Tang-Wai et al 2002). At 

autopsy cortical atrophy, thinning of the corpus callosum and enlarged lateral 

ventricles were apparent with marked striatal degeneration, neurophil vacuolation 
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ÁÎÄ ÇÌÉÏÓÉÓȢ 4ÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÕÂÉÑÕÉÔÉÎÁÔÅÄ .#)ȭÓȟ .))ȭÓ ÁÎÄ $.ȭÓ ÉÍÍÕÎÏÒÅÁÃÔÉÖÅ ÆÏÒ 

TDP-43 which stained negative for FUS and the microtubule associated protein, tau 

were consistent with a diagnosis of FTLD-U (FTLD with ubiquitin and TDP-43 +ve 

inclusions). The pathogenicity of the insR352 mutation, however, was called into 

question upon discovery of an IVS1+1G>A substitution in exon 1 of the PGRN gene 

(Section 1.2.5ȢσȢςɊ ÉÎ ÔÈÅ ÓÁÍÅ ÐÅÄÉÇÒÅÅ ×ÈÉÃÈ ÁÂÏÌÉÓÈÅÓ Á υȭ ÓÐÌÉÃÅ ÓÉÔÅ ÕÐÓÔÒÅÁÍ ÏÆ 

the ATG start codon encoded by a methionine residue and blocks protein synthesis 

(Boeve et al 2006).                

 

1.2.5.4 C9ORF72   

A long established association between the 9p21.2 locus of the human genome and 

a risk  for  developing ALS, bvFTLD or the combined ALS-FTLD syndrome can now be 

explained, at least partially, by the discovery in October 2011 of a pathogenic non-

coding hexanucleotide G4C2 repeat expansion that is situated in the first intron of 

exon 1a containing transcripts  or proximal  promoter  region of exon 1b containing 

transcripts of the previously uncharacterised chromosome 9 open reading frame 72 

(C9ORF72) gene (DeJesus-Hernandez et al 2011, Renton et al 2011). Repeat-primed 

PCR and Southern blotting hybridization techniques have sort to size the expansion 

in post-mortem material isolated from human frontal cortex, cerebellum and brain-

stem in  addition  to patient derived skin fibroblasts, peripheral whole blood and EBV-

transformed, immortalised  B-lymphocytes ɉ,#,ȭÓɊ (Beck et al 2013, Buchman et al 

2013, Dols-Icardo et al 2014, Harms et al 2013, Hubers et al 2013, van Blitterswijk 

et al 2013c). Somatic instability of the expanded G4C2 sequence may explain a large 

degree of the variability which ari ses between affected members of the same family 

and across different  tissue types with  average repeat lengths ranging in size between 

a few hundred and several thousand copies. Uncertainty, however, remains as to the 

precise number of repeats that are required in order to exert neurotoxicity towards 

-.ȭÓ ÉÎ !,3Ȣ !ÌÔÈÏÕÇÈ a threshold of more than 30 copies is widely accepted, some 

studies have suggested as few as 20 or 22 copies could be pathological (Byrne et al 

2013, Gomez-Tortosa et al 2013).  

The gene itself is comprised of 11 exons which span a 27.3Mb region of the short 

arm of chromosome 9p. Multiple alternatively spliced transcripts are described (n= 
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5) (ensembl.org) including three that are protein coding: two full length transcripts 

with alternated first exons [Variant I (NM_001256054) exons 1a, 2-11 and Variant 

III (NM_018325) exons 1b, 2-11] and a stable truncation [Variant II (NM_145005) 

exons 1a, 2-5]. Since the methionine residue encoding the translation initiation ATG 

start site is situated in exon 2, transcript variants I to III produce only two protein 

isoforms: isoform a of 481a.a (54.3kDa) and isoform b of 222a.a (24.8kDa) (Flicek et 

al 2014). C9ORF72 is predicted to be a putative member of the DENN superfamily of 

differentially  expressed in normal and neoplastic domain containing proteins which 

ÁÒÅ ÔÈÏÕÇÈÔ ÔÏ ÆÕÎÃÔÉÏÎ ÁÓ '%&ȭÓ ÆÏÒ small Rab GTPases (Levine et al 2013, Zhang et 

al 2012); thus, implicating them in a possible role in membrane trafficking and the 

autophagosome-lysosome clearance pathway (Farg et al 2014).  

By the autumn of 2013 several thousand incidences (n>3,300) (Woollacott & Mead 

2014) of the C9ORF72 G4C2 repeat expansion had been reported worldwide, making 

it  the most common genetic cause of both conditions identified  to date with as many 

as 43% of FALS (0.4-21% SALS) and approximately 25 to 30% of hereditary  bvFTLD 

(2.0-23% sporadic bvFTLD) patients affected (Cooper-Knock et al 2012b, Cruts et 

al 2013, Devenney et al 2014, Gijselinck et al 2012, Majounie et al 2012, Smith et al 

2013). It  has yet to be determined, however, whether pathogenicity arises from  a loss 

of function (haploinsufficiency) or gain of function mechanism mediated by repeat 

associated non-ATG (RAN) translation  of DPR (dipeptide repeat) proteins (Gendron 

et al 2013b) or the formation of toxic RNA foci (Donnelly et al 2013).  

 

1.3 Microarray Based Gene Expression Profiling               

1.3.1 Affymetrix ® Platform  

The application of microarray based technology offers the end user a rapid, high-

throughput approach to global gene expression profiling that is both reproducible 

and unbiased (Tang et al 2005). Since the advent of the Human Genome Project, 

launched almost twenty-five years ago (Watson 1990), it has become increasingly 

possible to simultaneously measure the activity of transcripts pertaining to many 

ÔÈÏÕÓÁÎÄÓ ÏÆ ÇÅÎÅÓ ÏÒ %34ȭÓ ÏÎ Á ÓÉÎÇÌÅ 'ÅÎÅ#ÈÉÐ® or array (Sharp et al 2006b).  

http://www.ensembl.org/
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Briefly, total RNA isolated from the cellular model or tissue of interest is reverse 

transcribed into complementary DNA (cDNA) that is subsequently transformed in 

vitro to yield copy RNA (cRNA) which is fluorescently labelled with an covalently 

attached biotin molecule. 4ÈÅ ȰÔÁÒÇÅÔȱ ÓÁÍÐÌÅ ÉÓ ÔÈÅÎ ÆÒÁÇÍÅÎÔÅÄ ÁÎÄ ÈÙÂÒÉÄÉÚÅÄ ÔÏ 

oligonucleotide probes that are synthesised directly onto the glass slide by means 

of combinatorial chemistry and photolithographyȢ /Î ÔÒÁÄÉÔÉÏÎÁÌ σȭ IVT expression 

arrays each transcript  is represented by 11 probe pairs. These comprise a probeset 

which contains equal numbers of perfect match (PM) and mismatch (MM), in order 

to control for hybridization specificity, 25-mer oligonucleotide sequences that are 

scattered at random across the chip (affymetrix.com). Signal intensity  readouts from 

the GeneChip® scanner once the array has been washed, stained and processed can 

be considered proportional to the amount of cRNA for any given transcript which 

has bound to its complementary sequence(s) on the GeneChip® and, hence, provides 

an accurate, robust and quantifiable measure of gene expression (Figure 1.2). 

 
 

 

Figure 1.2 Schematic Overview of the Affymetrix ® Oligonucleotide Microarray Platform for 
Global GEP of Peripheral Tissues in ALS  
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, cDNA - complementary DNA, cRNA - copy RNA 
and GEP - gene expression profiling.  

 

 

The microarray platform introduced by Affymetrix ® has quickly become one of the 

most extensively used systems for generating gene expression profiling (GEP) data

http://www.affymetrix.com/
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around the globe with  a full range of different GeneChips® now supported including 

the Human Genome (HG) U133 Plus 2.0 GeneChip®  [Chapter σȡ Ȭ7ÈÏÌÅ "ÌÏÏÄ 3ÔÕÄÙȭɎ 

and Human Exon 1.0ST GeneChip® ɍ#ÈÁÐÔÅÒ υȡ ȬC9ORF72 '%0 3ÔÕÄÙȭ ÁÎÄ #ÈÁÐÔÅÒ φȡ 

ȬC9ORF72 3ÕÒÖÉÖÁÌ 3ÔÕÄÙȭɎ !ÒÒÁÙÓ ×ÈÉÃÈ ÁÒÅ ÄÉÓÃÕÓÓÅÄ ÉÎ ÄÅÔÁÉÌ ÉÎ 3ÅÃÔÉÏÎÓ ςȢσȢρȢψȢρ 

and 2.3.2.4.1, respectively of Chapter 2: Materials and Methods (Auer et al 2009, Dal 

ma-Weiszhausz et al 2006, Okoniewski et al 2007).  

 

1.3.2 Limitations of Using Human P ost-Mortem  Tissue 

Whilst  invaluable insights have been gained, specifically with regards to elucidating 

furth er the neuropathophysiological mechanisms which underlie MN degeneration 

in ALS and indeed other neurodegenerative, as well as neuropsychiatric conditions, 

there are several limitations  associated with  the use of human post-mortem derived 

ÔÉÓÓÕÅ ÆÏÒ ÇÅÎÅÒÁÔÉÎÇ '%0ȭÓ (Altar et al 2009, Bowser et al 2006, Cooper-Knock et al 

2012c, Heath et al 2013, Malaspina & de Belleroche 2004, Papapetropoulos et al 20 

07, Tanaka et al 2006), and the subsequent identification of biologically meaningful 

markers of potential  diagnostic and/ or prognostic relevance that could in the future 

be applied in a clinical setting. Although representative of the most vulnerable neu-

ronal cell populations, brain and spinal cord tissue can be difficult to obtain and is 

often in short supply; thus, restricting the sample sizes that can be used. This limits 

the statistical power of such studies which may ultimately compromise their reliab-

ility (Cooper-Knock et al 2012a). There have also been reports of significant levels 

of RNA degradation and protein  modification that can occur ex vivo. Additional con-

siderations include inter - and intra -individual  variability, the  extent of neuroinflam-

mation at autopsy, PM delay and brain pH (Maes et al 2007). Decisions concerning 

whether to sample grey versus white matter, for example, or choosing to enrich for 

cortical MNȭs over AHCȭs will also have a profound impact. Moreover, transcription-

al profiling  of PM material inevitability  reflects only the very terminal stages of dise-

ase progression (i.e. the ÐÏÉÎÔ ÁÔ ×ÈÉÃÈ ÔÈÅ ÍÁÊÏÒÉÔÙ ÏÆ -.ȭs will have degenerated 

and already been lost from the system) (Sharp et al 2006a). Hence, the difficulty in  

establishing whether the GE changes detected on the microarray have occurred in 

response to a pathogenic trigger, are a consequence of dying MNȭs initiating apopt-

osis (Section 1.2.4.8) or due to survival signals emanating from the remaining non-
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neuronal cell populations. The latter  may be particularly  problematic when prepari-

ng whole tissue homogenates rather than deploying laser capture microdissection 

(LCM) techniques to isolate specific cell subtypes (Lederer et al 2007). In an attempt 

to overcome some of the aforementioned issues discussed above, a number of more 

readily  accessible tissues have been investigated (Table 1.4); which include periph-

eral whole venous blood specimens and immortalised, EBV-transformed B-lympho 

ÃÙÔÅÓ ɉ,#,ȭÓɊ ÔÈÁÔ ÁÒÅ ÒÅÖÉÅ×ÅÄ ÂÒÉÅÆÌÙ ÉÎ 3ÅÃÔÉÏÎÓ ρȢτȢρ ÁÎÄ ρȢτȢςȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ    

    

Periphera l Tissue Advantages Limitations  
Whole Blood - readily accessible 

- longitudinal collection 
- large sample volumes 
- good standardisation of technical 
   procedures 

- no direct involvement in ALS 
- ÕÎÒÅÌÁÔÅÄ ÔÏ -.ȭÓ 
- mixed cell population 
- high abundance of erythrocyte  
   alpha/beta haemoglobin 

PBMC - readily accessible 
- longitudinal collection 
- homogeneous cell population 

- no direct involvement in ALS 
- ÕÎÒÅÌÁÔÅÄ ÔÏ -.ȭÓ 
- ex vivo handling 

,#,ȭÓ - non-invasive collection 
- good standardisation of technical 
   procedures  
- almost limitless resource 
- large Biobank available  
- homogeneous cell population  

- no direct involvement in ALS 
- ÕÎÒÅÌÁÔÅÄ ÔÏ -.ȭÓ 

Muscle biopsy material - direct involvement in ALS - accessibility 
- invasive collection  

CSF - obtained from CNS - invasive collection 
Skin fibroblasts - readily accessible  

- model system with the genetic  
   background of the patient 
- can be reprogrammed into MN- 
   like cells 
- ÓÏÕÒÃÅ ÆÏÒ ÇÅÎÅÒÁÔÉÏÎ ÏÆ É03#ȭÓ  

- no direct involvement in ALS 

 

Table 1.4 Advantages and Limitations Associated with the Use of Peripheral Tissues for GEP 
Analysis in ALS 
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, CNS - central nervous system, CSF - cerebrospinal 
fluid, GEP - gene expression profiling, iPSC - induced pluripotent stem cell, LCL - lymphoblastoid cell 
line, MN - motor neuron and PBMC - peripheral blood mononuclear cell.    

 

 

1.3.3 The Use of Peripheral Tissues 

3ÉÎÃÅ ÔÈÅ -.ȭÓ ×ÈÉÃÈ ÄÅÇÅÎÅÒÁÔÅ ÉÎ !,3 ÃÁÎÎÏÔ ÂÅ ÈÁÒÖÅÓÔÅÄ ÄÕÒÉÎÇ ÌÉÆÅȟ ÔÈÅÒÅ ÁÒÅ 

great benefits to be had in sampling peripheral tissues that lend themselves to better 

standardization of technical procedures, are readily accessible and can be collected 

in large volumes without the need for re-sampling or longitudinally over the course 
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of the disease duration e.g. whole blood (Borovecki et al 2005, Grunblatt et al 2010, 

Maes et al 2007, Runne et al 2007, Saris et al 2009, Scherzer et al 2007, Tsuang et al 

2005) (Section 1.4.1) and, immorta lised B-lymphocytes (Section 1.4.2) (Antonell et 

al 2010, Bittel et al 2007, Kakiuchi et al 2008, Nishimura et al 2007, Talebizadeh et 

al 2014). The advantages and limitations of  each of these in addition  to peripheral 

blood mononuclear cells ɉ0"-#ȭÓɊ (Bayatti et al 2014), skin fibroblasts (Raman et al 

2014), muscle biopsy material (Calvo et al 2012) and CSF (Jones 2011) are summ-

arised in Table 1.4. 

 

1.4 GEP Studies in Neurodegenerative Disease              

1.4.1  Examples Using Peripheral Whole Venous Blood  

1.4.1.1 ALS  

Currently in the literature there has only been a single published report by Saris et 

al (2009) which documents the use of peripheral whole blood for the generation of 

ALS related transcriptomics data. In this study, 79 spinal onset and 44 bulbar onset 

ÃÁÓÅÓ ÏÆ ÁÎ ÉÄÉÏÐÁÔÈÉÃ ÎÁÔÕÒÅ ÔÈÁÔ ÍÅÔ ÔÈÅ %%# ÏÆ ÅÉÔÈÅÒ ȬÄÅÆÉÎÉÔÅȭ ÏÒ ȬÐÒÏÂÁÂÌÅȭ !,3 

(Section 1.1.3) were recruited from The Netherlands along with 123 unrelated, age 

as well as gender matched, neurologically normal healthy control subjects. These 

were further subdivided into a discovery cohort which comprised 30 SALS patients 

and controls (Dataset 1) plus two additional replication cohorts including one that 

contained a further  30 SALS patients and controls (Dataset 2) and a third containing 

the remaining 63 SALS patients and controls (Dataset 3).   

Application of the Illumina based microarray platform using Sentrix® HumanRef-8 

Expression BeadChip Arrays which represent >22,000 RefSeq curated gene targets 

identified 2,300 probes (9.4%) as being differentially expressed (DE) between the 

3!,3 ÁÎÄ ÃÏÎÔÒÏÌ ÇÒÏÕÐÉÎÇÓ ÉÎ ÔÈÅ ÄÉÓÃÏÖÅÒÙ ÃÏÈÏÒÔ ɉÓÔÕÄÅÎÔȭÓ Ô-test p<0.05) (Saris 

et al 2009); although no validation by qRT-PCR (quantitative real-time polymerase 

chain reaction) was performed. Dysregulation of CHMP2B (Section 1.2.5ȢςȢψɊ ɉᶓρȢπφ 

-fold, p<0.001) and RAB5A ɉᶓρȢρς-fold, p<0.001) were of particular interest given 

their prior association with the disease. RAB5A is a member of the Ras superfamily 
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of monomeric G-proteins that are responsible for  regulating intracellular trafficking 

and endosome formation, transportation, membrane docking & fusion (Gohre et al 

2012, Li et al 2013c, Lu et al 2014, Nayak et al 2013). They play a critical role in the 

autophagosome lysosome clearance pathway which is an important mechanism for 

cellular homeostasis and survival that has also been linked to the pathogenesis of 

ALS (Section 1.2.4.7) (Barmada et al 2014, Ferguson et al 2009, Hetz et al 2009, Li 

et al 2013b, Tarabal et al 2005). Moreover, the RAB5A guanine nucleotide exchange 

factor encoded by ALSIN (Section 1.2.5.1.2) is recognised as a causative gene of a 

rare AR inherited form of juvenile onset ALS (ALS2) (Table 1.1) (Yang et al 2001). 
 

Saris et al (2009) proceeded in performing Weighted Gene Co-expression Network 

Analysis (WGCNA) on ~8,000 probes (36.4%) which had a statistically significant 

Benjamini-Hochberg false discovery rate (FDR) corrected mean detection signal of 

p<0.05. Hierarchical clustering produced five colour coded modules ranging in size 

between 199 and 842 genes which demonstrated an association with ALS disease 

status but were found not to correlate with specific clinical phenotypes such as age 

of onset, presentation or survival. Bonferroni multiple comparison tests identified 

Blue [r1ЀπȢτψɉᶑɊȟ ÐЀσȢφπ%-05] and Yellow [r1ЀπȢφρɉᶓɊȟ ÐЀφȢςπ%-09] modules which 

were highly preserved across all three datasets and comprised predominantly up-

regulated or down-regulated clusters, respectively. Ingenuity Pathway Analysis of 

each of the top 500 ranking gene lists highlighted transcripts that are involved in 

the post-transcriptional or post-ÔÒÁÎÓÌÁÔÉÏÎÁÌ ÍÏÄÉÆÉÃÁÔÉÏÎ ÏÆ Í2.!ȭÓ ÁÎÄ ÐÒÏÔÅÉÎÓ 

as being significantly over-represented in the Blue module with neurodegeneration 

of the CNS, OS response (Section 1.2.4.1) & inflammation (Section 1.2.4.6) enriched 

in the Yellow module. Of particular interest is the dysregulation of ATXN2 (Section 

1.2.5ȢςȢτɊ ɉᶑρȢρπ-fold, p<0.001) since polyQ expansions in this gene are associated 

with a rare AD inherited form of adult onset ALS (ALS13), bvFTLD with non-fluent 

aphasia, PD and SCA2 (Table 1.2) (Elden et al 2010, Imbert et al 1996). In a further 

analysis of the top 100 most highly interconnected hub genes, Saris et al (2009) also 

identified transcripts relating to cellular stress, apoptosis and the UPR which were 

shared in common between modules with those involved in vesicular trafficking or 

mitochondrial function found to be specific for either the Blue or Yellow modules, 

respectively. Similar findings to the latter  have been recapitulated in the spinal cord, 

peripheral whole blood and muscle biopsy tissue of the transgenic SOD1G93A mouse 
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model (Saris et al 2013). 

Altered mRNA transcript levels of several genes (n=16) have also been reported in 

the motor and sensory cortices of five additional SALS patients (Wang et al 2006). 

These included ATP/GTP binding protein 1 (AGTPBP1Ɋ ɉᶓρȢπω-fold, p<0.01) which 

is thought to contribute to Purkinje cell degeneration and loss in hereditary forms 

of cerebellar ataxia (Fernandez-Gonzalez et al 2002, Lim et al 2006) and has since 

been validated in a third  independent study comparing '%0ȭÓ from 11 SALS patients 

and 9 neurologically healthy, control subjects (Lederer et al 2007). Other DE genes 

commonly dysregulated in peripheral whole blood and human post-mortem derived 

SC tissue include a number of those involved in DNA replication & repair as well as 

RNA processing, protein degradation, cellular response to stress, inflammation, Ca2+ 

homeostasis, cell cycle control, CNS vasculogenesis and glucose metabolism [ABL1, 

CAMLG, CD74, CYBA, ENG, GYS1, POLD2, RELA, S100A9, SF1, SPN, SRPK1, TXN, UBL5, 

USP11 and VIL2] (Dangond et al 2004, Ishigaki et al 2002, Jiang et al 2005, Kudo et 

al 2010, Malaspina et al 2001, Offen et al 2009).     

 

1.4.1.2 Other Neurodegenerative Disorders   

1.4ȢυȢφȢυ (ÕÎÔÉÎÇÔÏÎȭÓ $ÉÓÅÁÓÅ  

(ÕÎÔÉÎÇÔÏÎȭÓ ÄÉÓÅÁÓÅ ɉ($Ɋȟ ×ÈÉÃÈ ÈÁÓ Á ÐÒÅÖÁÌÅÎÃÅ ÏÆ ρςȢσ ÐÅÒ ρππȟπππ ÏÆ ÔÈÅ 5+ 

Caucasian population (Pringsheim et al 2012), is an adult onset movement disorder 

of monogenic inheritance that is caused by a polyQ expansion of 40 repeat lengths 

or greater in exon 1 of the HTT gene encoding the huntingtin protein (MacDonald 

et al 1993). The condition is characterised by the loss of gamma-Aminobutyric acid 

or GABAergic neurons and widespread reactive gliosis in the striatum and cerebral 

cortex (Runne et al 2007). Extrapyramidal signs include rigidity and bradykinesia, 

dystonia, reduced coordination, weight loss and chorea with cognitive decline and 

psychiatric disturbances (e.g. irritability, anxiety & depression) normally apparent 

before the onset of overt motor impairment (Ross & Tabrizi 2011).  

Transcriptional  profiling  comparing pre-symptomatic (n=5) or symptomatic (n=12) 

HD patients to fourteen unrelated, age and gender matched, neurologically normal 

healthy control subjects identified 322 of ~11,000 probes (2.9%) common to both 
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Affymetrix Human Genome U133A GeneChip® Arrays and Amersham BioSciences 

CodeLink Uniset Human I and II bioarrays with an average expression ratio of >1.8 

or <0.6 ɉÓÔÕÄÅÎÔȭÓ t-test p<0.0005) for  up and down-regulated changes, respectively. 

The majority of transcripts were increased in peripheral blood of patients relative 

to controls and reflected diverse biological processes including transcription/RNA 

processing, ubiquitin-mediated proteasomal degradation, vesicular trafficking and 

signal transduction. The top 30 highest ranking genes, as determined by probability 

value and fold-change, were assessed by qRT-PCR and a subset of 12 demonstrating 

the most significant DE selected to form  a biomarker panel which could be applied, 

using principal component analysis (PCA) mapping software, to distinguish not only 

between HD and controls, but also between different stages of disease progression 

with pre -symptomatic patients clustering distinctly between individuals which are 

symptomatic and those that are neurologically healthy in two independent cohorts 

comprising a) 16 late pre-symptomatic, 14 symptomatic and 25 controls or b) nine 

early pre-symptomatic and a further nine controls. The panel also proved effective 

in a Phase I clinical trial in monitoring individual patient responses to the histone 

deacetylase (HDAC) inhibitor sodium phenylbutyrate (Borovecki et al 2005) which 

has been shown to exhibit neuroprotective properties in a transgenic mouse model 

of the disease (Gardian et al 2005). Moreover, an up-regulation in the expression of 

7 of the 12 candidate genes (58.3%) was confirmed by qRT-PCR in human derived 

post-mortem tissue from the caudate nucleus of five additional HD brains and four 

controls (Borovecki et al 2005). In another study comparing HD (n=61), PD (n=20) 

and ischemic stroke (n=10) patients, the same approach was conducted by Lovrecic 

et al (2009) using a standard logistic regression based model which was successful 

in generating a positive predictive score of 78% with  sensitivity 82% and specificity 

53%. This finding, however, could not be replicated in lymphocytes suggesting that 

this particular panel of biomarkers may be specific to blood (Runne et al 2007).    

                                               

1.4ȢυȢφȢφ 0ÁÒËÉÎÓÏÎȭÓ $ÉÓÅÁÓÅ 

PD affects approximately 1% of the population over the age of 65 (Wirdefeldt et al 

2011) and is characterised as a slowly progressive neurodegenerative disorder 

that is characterised by a resting tremor, rigidity, gait abnormalities, asymmetric 
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bradykinesia and postural instability. Pathologically the condition  is hallmarked by 

the presence ÏÆ ɻ-ÓÙÎÕÃÌÅÉÎ ÃÏÎÔÁÉÎÉÎÇ ,"ȭÓ ÁÓ ×ell as a substantial loss of 

dopaminergic neurons from within the substantia nigra pars compacta region of 

the brain (Ali & Morris 2014).  

Transcriptional  profiling of 50 early stage PD patients with a mean Hoehn and Yahr 

score of 2.3 (range 1-4) and 55 unrelated controls including 33 disease mimics [ALZ, 

progressive supranuclear palsy (PSP), CBS or multiple systems atrophy (MSA)] and 

22 neurologically healthy control subjects which were age, gender and blood count 

matched identified 22 unique genes represented on the Affymetrix Human Genome 

U133A GeneChip® Arrays as being DE between PD patients and controls with SAM 

(significance analysis of microarrays) FDR p<0.03 and a fold-change (FC) threshold 

of ±1.25. Functional categories that were highlighted included the cell cycle, DNA/ 

RNA turnover, protein phosphorylation & transport, carbohydrate metabolism and 

apoptosis. Of particular  interest is the down-regulation of the heat shock protein 70 

(HSP70) co-chaperone suppression of tumorigenicity 13, ST13 ɉᶓρȢφσ-fold, p<0.01) 

which has been implicated in the ÁÂÅÒÒÁÎÔ ÆÏÌÄÉÎÇ ÏÆ ɻ-synuclein and its subsequent 

toxicity towards dopaminergic neurones in PD (Flower et al 2005, Klucken et al 

2004). This was later confirmed in  two independent qRT-PCR assays using different 

housekeeping genes (Scherzer et al 2007). The authors also divided the cohort into  

a training  set (62.9%) [31 PD, 18 mimics and 17 controls] and a test set (37.1%) 

[19 PD, 15 mimics and 5 controls] in order to determine an optimum biomarker 

panel of 8 candidate genes that correlated significantly with the risk of developing 

PD [OR of third tertile leave one out cross-validation 5.7 with 95% confidence 

interval (CI) between 1.6 and 21, p<0.01] (Scherzer et al 2007). In a re-analysis of 

the aforementioned dataset, Soreq et al (2008) were able to further improve the 

discriminative  power of the study by deploying distribution plots and PCA mapping 

to allow for the effective removal of outliers that may have arisen from technical 

inconsistencies. In doing so they have highlighted previously unreported changes 

in the mRNA transcript levels of genes relating to neuro-immune signalling (Soreq 

et al 2008). It is also worth noting that an intron 8 SNP encoded within one of these 

markers, VDR (vitamin  D receptor), is found to be disproportionately over-represen 

ted in Korean PD sufferers relative to the general population (Butler et al 2001, Kim
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et al 2005, Li et al 2014).  

In a more recently published report by Grunblatt et al (2010), 4 of 12 (33.3%) pre-

selected candidates based upon prior GEP analyses of human post-mortem derived 

brain tissue [ALDH1A1, HIST1H3, LAMB2 and PSMA2] (Grunblatt et al 2004, Hauser 

et al 2006, Lu et al 2005, Simunovic et al 2009, Zhang et al 2005) could successfully 

differentiate between sporadic PD cases [11 drug naïve and 116 mediated], disease 

mimics diagnosed with  ALZ and neurologically healthy, elderly control  subjects with 

a sensitivity and specificity of greater than 80% in qRT-PCR assays of RNA isolated 

from peripheral whole blood (Grunblatt et al 2010).        

 

1.4.1.2.3 !ÌÚÈÅÉÍÅÒȭÓ $ÉÓÅÁÓÅ  

ALZ represents the most common form  of age-related dementia that afflicts between 

3 and 7% of the global population older than 75 years (Abdulrahman & Jnr 2014, 

Takizawa et al 2014). Progressive memory loss and a decline in cognitive function is 

accompanied by reactive gliosis, atrophy of the basal forebrain and hippocampus, 

ÅØÔÒÁÃÅÌÌÕÌÁÒ ÄÅÐÏÓÉÔÉÏÎÓ ÏÆ !ɼ ɉÓÅÎÉÌÅ ÐÌÁÑÕÅÓɊ ÁÎÄ ÉÎÔracellular accumulations of 

hyperphosphorylated tau (neurofibrillary tangles) (Duyckaerts et al 2009, Sabuncu 

et al 2011).    

4ÒÁÎÓÃÒÉÐÔÉÏÎÁÌ ÐÒÏÆÉÌÉÎÇ ÏÆ ÐÅÒÉÐÈÅÒÁÌ ÂÌÏÏÄ ÍÏÎÏÎÕÃÌÅÁÒ ÃÅÌÌÓ ɉ0"-#ȭÓɊ ÆÒÏÍ ρτ 

mildly symptomatic sporadic ALZ patients [Mini Mental State Examination (MMSE) 

scores of 23.4±3 out of a possible 30] and an equal number of neurologically healthy 

age and education matched elderly control subjects using the National Institute on 

Aging (NIA) Human Mammalian Gene Collection (MGC) cDNA Arrays identified 942 

of 6,424 probes as being DE including 849 (90.1%) down-regulated and 93 (9.9%) 

up-regulated transcripts with an average expression ratio of >1.2 or <0.9 and SAM 

2-way analysis of variance (ANOVA) FDR threshold of p<0.05. Gene Set Enrichment 

Analysis (GSEA) using the online open source database that is freely available from 

the Gene Expression Omnibus (GEO) repository highlighted genes associated with 

apoptosis, protein  translation  & inflammation  that were significantly increased and 

genes associated with cytoskeletal maintenance, cellular trafficking, mitochondrial 

function, lipid metabolism, redox homeostasis, neurotransmission, transcription & 
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DNA repair or cellular response to stress which were significantly decreased in the 

0"-#ȭÓ ÏÆ !,: ÐÁÔÉÅÎÔÓ ÉÎ ÒÅÌÁÔÉÏÎ ÔÏ ÔÈÅ ÃÏÎÔÒÏÌÓ (Maes et al 2007). Whilst a large 

proportion of these have been found to be gender specific, changes in 78% of those 

selected in males and 56% in females were confirmed in a qRT-PCR assay (albeit in 

the same cohort of samples used in the microarray experiments) and >160 probes 

exhibited similar expression changes in human derived post-mortem brain tissue 

(Blalock et al 2004, Colangelo et al 2002, Yao et al 2003) and/or transgenic animal 

models of the disease (Dickey et al 2003, Ho et al 2001, Reddy et al 2004).  

                                                  

1.4.1.2.4 Schizophrenia and Bipolar Disorder  

Schizophrenia (SCHIZ) and Bipolar disorder (BPD) are severely debilitating chronic 

remitting and relapsing neuropsychiatric illnesses that each occur in approximately 

1% of the population. The former is characterised by psychosis with symptoms of 

hallucinations & delusions, disorganised speech, catatonia and variable degrees of 

motor, cognitive and/or social dysfunction (Tandon et al 2013, Tandon et al 2009); 

whereas the latter, conversely, is a mood affective disorder that is characterised by 

episodes of mania and depression and is often associated with paranoia as well as 

sleep-wake disturbances (Fagiolini et al 2013, Oswald et al 2007).     

Transcriptional profiling of individuals of Han Chinese descent including SCHIZ (n= 

30) and BPD (n=16) patients diagnosed according to the IV criteria  of the Diagnostic 

and Statistical Manual of Mental Disorders (DSM) and 28 unrelated, neurologically 

healthy control subjects identified 89 of 12,674 probes (~0.7%) on the Affymetrix 

U133A/plus2.0 GeneChip® Arrays as being DE between the two patient groupings 

and controls, applying a non-parametric ANOVA (Kruskal-Wallis) p<0.005 without 

performing a multiple comparisons correction. Two-dimensional (2D) hierarchical 

clustering using the 3ÐÅÁÒÍÁÎȭÓ correlation  statistic demonstrated three genetically 

defined subgroups on the HeatMap which corresponded to SCHIZ, BPD and control 

cases in the original microarray experiment. Logistic regression and ROC (Receiver 

Operating Characteristic) curve analysis from pair-wise comparisons of SCHIZvctrl, 

BPDvctrl and SCHIZvBPD determined linear and non-linear combinations of eight 

of the highest ranking genes, which were confirmed by qRT-PCR, to be successful in 

discriminating not only between a healthy versus disease status but also between 
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SCHIZ and BPD with  an overall efficiency of 95% (Tsuang et al 2005). Many of these 

putative markers were found to reside at chromosomal loci which have previously 

been linked to SCHIZ [1cen.q12 (ADSS), 1q21 (S100A9), 20q13 (DATF1) and 22q13 

(APOBEC3B)], BPD [4p16 (CTBP1) and 4q21 (CXCL1)] or alternatively both of these 

neuropsychiatric conditions [11q22 (ATM) and 19q13 (CLC)] (Badner & Gershon 

2002, Cassidy et al 2007, Cheng et al 2006, Francks et al 2010, Fullerton et al 2010, 

Lewis et al 2003). Furthermore, an increase in the expression levels of chemokine 

(C-X-C motif) ligand 1 melanoma growth stimulating activity, alpha (CXCL1Ɋ ɉᶑρȢυψ 

-fold, p<0.001) has been independently verified  in a second qRT-PCR cohort which 

was comprised of an additional 30 SCHIZ patients and 26 unrelated, neurologically 

healthy control subjects (Yao et al 2008).   

 

1.4.2 Examples Using Immortalised  Lymphoblastoid C ell Lines  

1.4.2.1 ALS 

To date, no reports have been published on the use of peripheral EBV-transformed 

B-ÌÙÍÐÈÏÃÙÔÅÓ ɉ,#,ȭÓɊ ÔÏ ÍÅÁÓÕÒÅ ÇÅÎÅ ÅØÐÒÅÓÓÉÏÎ ÉÎ !,3Ȣ         

 

1.4.2.2 Other Neurodegenerative Disorders     

1.4.2.2.1 Schizophrenia  

Transcriptional profiles of EBV-transformed B-lymphocytes from two pairs of MZ 

(monozygotic) twins that have a homogeneous background and are discordant for 

SCHIZ [(A) 54 year old males one of whom had diabetes mellitus with both positive 

and negative symptoms and (B) 24 year old females with one individual exhibiting 

purely negative symptoms and signs of auditory hallucinations] were generated on 

the Affymetrix® platform using Human Genome U133A Plus 2.0 GeneChip® Arrays 

containing >22,000 probes for the interrogation of upwards of 14,500 genes. From 

the analysis of five independent replicates, performed for each pair, several (n=5) 

transcripts were identified as being DE (p<0.05) between affected and unaffected 

twin members according to GeneSpring conducted parametric and non-parametric 

testing. These included adrenomedullin (ADM) and selenoprotein X1 (SEPX1) that 
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were significantly up-regulated and the B-lymphocyte and neuron specific CD200 

antigen (CD200) which was significantly down-regulated (Kakiuchi et al 2008). The 

former two alterations have been verified in LCLs (Huang et al 2004) and plasma 

(Yilmaz et al 2007, Zoroglu et al 2002) or peripheral whole blood (Glatt et al 2005) 

in least one other independent SCHIZ cohort as reported elsewhere in the literature. 

ADM encodes a potent vasodilator peptide which is abundantly synthesised in the 

thalamus, hypothalamus and pituitary gland where it is responsible for controlling 

the bodyȭÓ ÎÅÕÒÏÅÎÄÏÃÒÉÎÅ ÒÅÓÐÏÎÓÅÓ ÔÏ ÓÔÒÅÓÓ (Taylor & Samson 2004). Although 

the precise molecular function of this member of the selenoprotein family has yet 

to be elucidated, Benton (2002) has suggested that in the presence of deficiency, 

preferential  retention  of selenium ions (Se2-) within the brain could be contributing 

to mood abnormalities. The remaining immunoglobulin related genes (n=2) were 

considered potential artefacts of the EBV transformation process and subsequently 

had been excluded from all further analysis (Kakiuchi et al 2008). 

                                                       

1.4.2.2.2 Bipolar Disorder  

Transcriptome profiling of immortalised, EBV-transformed B-ÌÙÍÐÈÏÃÙÔÅÓ ɉ,#,ȭÓɊ 

generated from two pairs of male MZ twins, aged 42 and 49 years, respectively that 

were discordant for  BPD using Affymetrix Hu95A GeneChip® Arrays which contain 

probes for the interrogation of ~12,600 well characterised genes revealed overall 

down-regulation in the expression of 17 ÔÒÁÎÓÃÒÉÐÔÓ ɉͯπȢρϷɊ ɉᶓρȢφπ-fold or greater, 

p<0.05) which are associated with the ER stress response pathway (Kakiuchi et al 

2003). These included an ER chaperone, heat shock 70kDa protein 5 (HPSA5) 

which is known for its assistance in the refolding of aberrantly formed peptides 

(Ellgaard & Helenius 2003, Kleizen & Braakman 2004) as well as the HPSA5 

regulator, X-box binding protein 1 (XBP1) (Dunys et al 2014, Zhang & Kaufman 

2006). The former resides at the chromosome 22q12.3 locus which has previously 

been implicated in BPD (Marcheco-Teruel et al 2006, Mujaheed et al 2000, Potash 

et al 2008, Potash et al 2003). Moreover, a -ρρφ #ᶌ' ÐÏÌÙÍÏÒÐÈÉÓÍ ÉÄÅÎÔÉÆÉÅÄ 

within the upstream promoter region of the XBP1 gene, which disrupts its putative 

binding site by altering the consensus motif from an ACGT to AGGT, is reported to 

be a significant risk factor for BPD in a Japanese cohort comprising 140 bipolar I 
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and 57 bipolar II disorder cases and 451 unrelated neurologically healthy control 

subjects [OR 4.60 with 95% CI between 2.1 and 10.2] (Kakiuchi et al 2003). Upon 

induction of the ER stress response pathway by thapsigargin mediated Ca2+ 

ATPase inhibition the authors demonstrated substantially smaller elevations in the 

qRT-PCR mRNA levels of XBP1 and HPSA5A transcripts in cultured LCLȭs from BPD 

patients versus controls in a direct comparison between the treated and untreated 

groups. Further in vitro experimentation introduced a 7 day pre-incubation period 

exposing the cells to therapeutic concentrations of the mood stabilizing compound, 

semisodium valproate, which led to enhanced activation of the transcription factor 

ATF6 (activating transcription  factor 6) and an amelioration of this potentially toxic 

outcome (Shen & Prywes 2005, Yoshida et al 2001).   

The findings of Kakiuchi et al (2003), however, could not be replicated in a more 

recent case-control study of three additional pairs of Australian MZ twins including 

one male aged 23 years and two females aged 38 and 58 years, respectively which 

were profiled  using the Affymetrix  Human Genome U133 plus 2.0 GeneChip®  Arrays 

(Section 1.3.2.2.2). In contrast, Matigian et al (2007) reported the DE of a number of 

transcripts involved in the WNT signalling cascade that influences cell migration & 

proliferation  during  embryonic development. It is also important for axon guidance 

in the CNS as well as being a key determinant of cell fate via its mediation of pro-

apoptotic pathways.                                                                   

 

1.5 Summary of Project Aims and Objectives               

The principle  aim of the PhD was to perform GEP of peripheral tissues in ALS. In the 

first  instance whole blood was trialled  since it  lends itself to good standardisation of 

technical procedures, it  is readily accessible and it  can be collected in large volumes, 

longitudinally.  However, in evaluating NuGEN Technologies Inc., UK patented linear 

single primer  isothermal amplification  (SPIATM) method this proved no more reliab-

le than the previously unsuccessful Ambion® GLOBINClearTM protocol developed in 

house by Dr Rohini Raman (2011). Evidence is suggestive of the sheer abundance of 

erythrocyte  derived alpha and beta haemoglobin transcripts  (constituting  up to 70% 

of the total  RNA species isolated from peripheral whole blood) producing interfere-
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nce on the microarray which could mask the detection of other, less abundant tran-

scripts  of equal biological importance that are also contained within  the sample. For 

this reason, we proceeded instead to investigate the use of immortalised EBV-trans-

formed B-ÌÙÍÐÈÏÃÙÔÅÓ ÏÒ ÌÙÍÐÈÏÂÌÁÓÔÏÉÄ ÃÅÌÌ ÌÉÎÅÓ ɉ,#,ȭÓɊ ɉÒÅÐÒÅÓÅÎÔÉÎÇ Á ÇÅÎÅÔÉÃ-

ally homogenous cell population which can be cultured in vitro to support downstr-

eam functional assays) in  order  to address the following:  1) Upon discovery, in 2011, 

of a large, intronic hexanucleotide G4C2 repeat expansion (DeJesus-Hernandez et al; 

Renton et al) of >30 copies in the previously uncharacterised C9ORF72 gene, which 

is now recognised as the most frequent cause of ALS and bvFTLD, elucidate further 

the mechanism(s) of C9ORF72 neurotoxicity  in ALS and 2) Within this specific gene-

tic subtype, establish whether there are modifiers of survival [i.e. a fast (<2yrs) ver-

sus slow ɉІτÙÒÓɊ disease progression] that can led us to identify potential new areas 

of future therapeutic research.      
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2.1 Clinical Characteristics               

2.1.1 NuGEN Ovation® Whole Blood Study  

Participants recruited into  the NuGEN Ovation® Whole Blood Study were Caucasian 

and of North European descent. These were comprised of six Riluzole treated SALS 

[3-M, 3-F] patients and an equal number of age, as well as gender, matched neuro-

logically normal, healthy control [3-M, 3-F] subjects. Age at symptoms onset ranged 

between 38 and 71 years with a mean of 60.3±15yrs (Table 2.1). Survival from the 

time of diagnosis to the point  at which the tissue samples were donated ranged from 

12 months to a minimum  of 6 years with  average disease duration of approximately 

3 years and 4 months.   

 

Sample ID Diagnosis Gender Age at Onset Survival  
BLDCON01 control  M 48 n/a  
BLDCON02 control  F 47 n/a  
BLDCON04 control  M 54 n/a  
BLDCON07 control  F 56 n/a  
BLDCON08 control  M 40 n/a  
BLDCON10 control  F 43 n/a  
BLDPAT21 SALS M 66 1yr 
BLDPAT23 SALS F 70 2yrs 
BLDPAT26 SALS F 38 ІτÙÒs 
BLDPAT27 SALS M 71 ІυÙÒs 
BLDPAT35 SALS M 71 2yrs 

BLDPAT38 SALS F 46 ІφÙÒs 
    

Table 2.1 Clinical Characteristics of SALS Patient and Control Samples Re -
cruited to the NuGEN Ovation ® Whole Blood Study Symptom onset could be 
defined as the age at which the patient first presented with significant weakness. 
Survival was approximated to the nearest year and in instances where an indiv-
idual was still reported to be alive, a minimum disease duration was calculated 
using the time of diagnosis to the point at which the tissue samples were donat-
ÅÄ ɍÉÎÄÉÃÁÔÅÄ ÂÙ ÔÈÅ ÇÒÅÁÔÅÒ ÔÈÁÎ ÏÒ ÅÑÕÁÌ ÔÏ ɉІɊ ÓÙÍÂÏÌɎȢ  
 

Abbreviations: ALS - Amyotrophic  Lateral Sclerosis, BLDCON - blood control, BLD 
PAT - blood patient, F - female, M - male, n/a - not applicable and S - sporadic.        

 

 

2.1.2 ECACC LCL Study  

%#!## ÅÓÔÁÂÌÉÓÈÅÄ ÌÙÍÐÈÏÂÌÁÓÔÏÉÄ ÃÅÌÌ ÌÉÎÅÓ ɉ,#,ȭÓɊ (n=820) [120-FALS, 500-SALS 
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and 200-CTRL] were obtained from patients and their spouses or unrelated carers 

attending clinics in the Birmingham (28.8%), London (29.6%) or Sheffield (41.6%) 

districts  between November 2003 and June 2011 (Figure 2.1). The Birmingham hub 

included satellite centres from  Belfast City Hospital (BBe) (n=11/236),  Oxford (BOx) 

(n=3/236),  BristolȭÓ Frenchay Hospital (BBr) (n=2/236)  and Liverpool (BLi)  (n=27/  

236); The London hub included satellite centres from Plymouth Derriford Hospital 

(LPy) (n=2/243),  Cambridge (LCa) (n=6/243),  Southampton General Hospital (LSh) 

(n=9/243), Poole General Hospital (LPo) (n=17/243), London Royal Free Hospital 

(LRf) (n=2/243), Royal London Hospital (LRo) (n=3/243) and the London National 

Hospital (LNh) (n=14/243);  The Sheffield hub included satellite centres from Prest-

on (SPr) (n=10/341), Manchester (SMa) (n=19/341), Newcastle (SNc) (n=48/341), 

Nottingham (SNt) (n=22/341) and Durham (SDu) (n=5/341)  (Figure 2.1).   

 

Figure 2.1 ECACC LCL Breakdown of UK Biosample Collection Centres Three National Research 
Hubs are represented in Orange [B] (Birmingham), Green [L] (London) and Red [S] (Sheffield) with 
the surrounding satellite centres encoded by the prefixes: Li - Liverpool, Be - Belfast City Hospital, Ox 
- Oxford, Br - Bristol  Frenchay Hospital, Po - Poole General Hospital, LNh - London National Hospital, 
Sh - Southampton General Hospital, Ca - Cambridge, LRo - Royal London Hospital, LPy - PlymouthȭÓ 
Derriford Hospital, LRf - London Royal Free Hospital, Nc - Newcastle, Nt - Nottingham, Pr - Preston, 
Ma - Manchester and Du - Durham.  
 

Abbreviations: BC - Birmingham control, BP - Birmingham patient, ECACC - European Collection of 
Cell Cultures, LC - London control, LCL - lymphoblastoid cell line, LP - London patient, SC - Sheffield 
control and SP - Sheffield patient.        

 

All of the participants recruited to the study were Caucasian and of North European 

descent. Patients ×ÅÒÅ ÄÉÁÇÎÏÓÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ 7ÏÒÌÄ &ÅÄÅÒÁÔÉÏÎ ÏÆ .ÅÕÒÏÌÏÇÙȭÓ 

amended EEC of 1998 (Section 1.1.3) (Figure 1.1) with either definite (n=248/620 ) 

or probable (n=345/620 ) ALS in 95.7% of cases, which included four incidences of 

concomitant FTLD (Section 1.2.1) and two incidences of concomitant PD (Section 

1.2.1). In the remaining 4.3% of the cohort there were also several reported cases 
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of rare variants of MND including PBP (n=23/620) (Section 1.2.2.1), PLS (n=3/620) 

(Section 1.2.2.2) and PMA (n=1/620) (Section 1.2.2.3). Two hundred neurologically 

normal, healthy control subjects selected from the National MNDA (Motor Neurone 

Disease Association) DNA Bank were age and gender matched to the SALS (n=500) 

population with  the average FALS patient developing symptoms approximately five 

years earlier. M:F ratios were comparable across SALS cases and controls but were 

found to be slightly lower in cases of FALS (n=120) (Figure 2.2).  

  

 

 

 

 

    

  

 

 

 

  FALS SALS Control  

M:F 1.45:1 1.75:1 1.74:1 

Age  55.4±12yrs 60.2±11yrs 63.2±11yrs 

Total  120 500 200 
 

&ÉÇÕÒÅ ςȢς !ÇÅ &ÒÅÑÕÅÎÃÙ $ÉÓÔÒÉÂÕÔÉÏÎ ÏÆ 0ÁÔÉÅÎÔ ÁÎÄ #ÏÎÔÒÏÌ ,#,ȭÓ in  the 
ECACC Microarray Study (n=820)  [120 -FALS, 500-SALS and 200-CTRL]  
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, Ctrl - control, ECACC - Euro-
pean Collection of Cell Cultures, F - female, F - familial, LCL - lymphoblastoid cell 
line, M - male and S - sporadic.   

 

 

All of the FALS cases were assigned to the discovery cohort. Controls and SALS, on 

the other hand, were ranked, in ascending order according to age, and allocated the 

number one (discovery cohort) (Section 4.1.1) or two (replication cohort) ( Section 

4.1.2) alternately down the list. A further  detailed analysis of the two cohorts can be 

ÆÏÕÎÄ ÁÔ ÔÈÅ ÂÅÇÉÎÎÉÎÇ ÏÆ #ÈÁÐÔÅÒ τȡ Ȭ#ÈÁÒÁÃÔÅÒÉÓÁÔÉÏÎ ÏÆ ,#,ȭÓȭȢ   

 

2.2 Materials               
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This project was funded by EuroMOTOR (European Multidisciplinary ALS Network 

Identification to  Cure Motor Neurone Degeneration) under the Seventh Framework 

Health Cooperation Programme (FP7/2007-2013) (euromotorproject.eu). The work 

was approved by the South Sheffield Research Ethics Committee [REC12/YH/0330; 

STH16573]. Prior  to biosample collection informed  written  consent was obtained for 

all patient and control donors agreeing to participate in either of the two studies.                        

 

2.2.1 Biological Specimens   

2.2.1.1 Peripheral Whole Blood  

PAXgene® Blood RNA Collection Tubes (2.5mL) (PreAnalytiX, GmbH) and BD Vacu-

tainer®  Venous Collection Tubes (6.0mL) (BD Diagnostics) were purchased from  BD 

Biosciences, UK.                                  

 

2.2.1.2 Lymphoblastoid Cell Pellets    

Frozen EBV-transformed, immortalised  lymphoblastoid cell (LCL) pellets, preserved 

in RNAlaterTM (Sigma-Aldrich®, UK), were obtained from the National MNDA DNA 

Bank held at ÔÈÅ (ÅÁÌÔÈ 0ÒÏÔÅÃÔÉÏÎ !ÇÅÎÃÙȭÓ ɉ(0!Ɋ %ÕÒÏÐÅan Collection of Cell Cult-

ures (ECACC) (Public Health England, UK) (Section 2.3.2.1).            

 

2.2.2 Solutions, General Chemicals and Laboratory Consumables  

Nuclease free (NF) double-distilled  water (ddH20) was purchased from  QIAGEN Ltd., 

UK. TE buffer [10mM tris -(hydroxymethyl) -aminomethane hydrogen chloride (Tris-

HCl) and 1mM ethylenediaminetetraacetic acid (EDTA), pH 7.5 at 250C] was supplied 

by EPICENTRE® Biotechnologies (Illum ina Inc., UK). TAE buffer [0.4mM Tris-acetate 

EDTA and 0.01mM Sodium EDTA, pH 8.2 at 250C] was prepared using reagents sup-

plied by Sigma-Aldrich®, UK. Molecular grade agarose was purchased from Bioline, 

UK. The intercalating nucleic acid stain, GelRedTM was purchased from Biotium, UK. 

All other general chemicals were purchased from Thermo Fisher Scientific® Inc., UK 

including analytical grade isopropanol and absolute ethanol.       

http://www.euromotorproject.eu/
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Stratagene qPCR Human Reference Total 2.! ɍρʈÇȾʈ, ÉÎ πȢρÍ- EDTA/RNase-free 

H20]  was purchased from  Agilent Technologies Ltd., UK. Actin, beta (ACTB) primers, 

designed by Dr Marta Milo (Department of Biomedical Science (BMS), University of 

Sheffield), were supplied by InvitrogenTM (Life Technologies Ltd., UK). Haemoglobin 

alpha 2 (HBA2) primers, designed by Dr Paul Heath (SITraN), were purchased from 

Sigma-Aldrich®, UK and optimised, previously by Dr Rohini Raman (Department of 

Neuroscience, University of Sheffield). 18S ribosomal RNA (18SrRNA) forward and 

reverse sequences were designed and optimised by Dr J Robin Highley (SITraN). All 

other standard qRT-PCR primers  were synthesised and shipped from  Eurofins MWG 

Operon, Germany. Stratagene Brilliant II and FastStart Universal SYBR® Green PCR 

Master Mixes were purchased from Agilent Technologies Ltd., UK and Roche Diagn-

ostics (GmbH, Germany), respectively. The IDT PrimeTime® Mini qPCR Assays were 

supplied by Integrated DNA Technologies®  Inc., USA. Brilliant  III  Ultra-Fast qRT-PCR 

Master Mix was purchased from Agilent Technologies Ltd., UK. Thin-walled 96-well 

plates and optical caps were manufactured by Geneflow Ltd., UK.  

For performing  gel shift assays precast 15-×ÅÌÌ ɉρυʈ,Ɋ τ-20% polyacrylamide mini-

PROTEAN® TBETM gels were purchased from Bio-Rad Laboratories Ltd., UK. Neutr 

AvidinTM biotin -binding protein and a 1X phosphate buffered saline (PBS) solution, 

supplied at pH of 7.2±0.05 (Invitrogen  Gibco®), were purchased from  Thermo Fisher 

Scientific®  Inc., UK. A 1X Tris Borate EDTA (TBE) buffer solution [89mM Tris-borate 

and 2M EDTA, pH 8.3±0.1 at 250C] was prepared using reagent supplied by Sigma-

Aldrich®, UK. Ethidium bromide was also purchased from Sigma-Aldrich®, UK. DNA 

Loading Buffer Blue (5X) and the molecular weight markers HyperLadderTM IV (100 

-1000bp) and HyperLadderTM V (25-500bp) were purchased from Bioline Reagents 

Ltd., UK.  

Human Genome U133 (HG_U133) Plus 2.0 GeneChip® Arrays used in the analysis of 

#ÈÁÐÔÅÒ σȡ Ȭ7ÈÏÌÅ "ÌÏÏÄ 3ÔÕÄÙȭ ÁÎÄ ÔÈÅ (ÕÍÁÎ %ØÏÎ ρȢπ34 'ÅÎÅ#ÈÉÐ® Arrays used 

in the ÁÎÁÌÙÓÉÓ ÏÆ #ÈÁÐÔÅÒ υȡ ȬC9ORF72 '%0 3ÔÕÄÙȭ ÁÎÄ #ÈÁÐÔÅÒ φȡ ȬC9ORF72 Survival 

3ÔÕÄÙȭȟ were purchased from  Affymetrix ®  Ltd., UK. More traditional  σȭ IVT Expression 

Arrays were selected for  the whole blood study to maintain consistency between the 

JB and RR (Raman 2011) generated datasets and in order to draw direct comparis-

ons between the NuGEN Ovation® Whole Blood Solution (Section 3.5.1.2.1) and the 
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Ambion®  GLOBINClearTM (Section 3.5.1.2.2) protocols. For the subsequent profiling 

of EBV-transformed, immortalised B-ÌÙÍÐÈÏÃÙÔÅÓ ɉ,#,ȭÓɊ (Section 2.1.2), for which 

a large bank of cases and controls was available, the more comprehensive Human 

Exon 1.0ST GeneChip® Arrays were chosen since they provide better coverage [>1. 

4M probesets with sequences designed to span the entire length of the gene, rather 

ÔÈÁÎ ÂÅÉÎÇ ÔÁÒÇÅÔÅÄ ÁÔ ÔÈÅ ÆÁÒ σȭ ÅÎÄ ÏÆ ÔÈÅ ÔÒÁÎÓÃÒÉÐÔȟ ×ÈÉÃÈ ÍÁÙ ÂÅ ÐÒÏÎÅ ÔÏ ÓÍÁÌÌ 

amounts of degradation during  storage/handling (Section 2.3.2.4.1)]  and in addition 

to differential expression, are also beneficial in detecting novel alternative splicing 

events.        

              

2.2.3 Reagents and Kits   

The PAXgene®  Blood RNA Isolation Kits (PreAnalytiX, GmbH) and RNeasy®  Mini  Kits 

were purchased from  QIAGEN Ltd., UK. DNase I (RNase-freeTM) (2,000 units/m L) and 

10X deoxyribonuclease (DNase) reaction buffer  [25mM  MgCl2 (magnesium chloride), 

5mM CaCl2 (calcium chloride) and 100mM Tris-HCl (Tris hydrochloride), pH 7.6 at 

250C] were purchased from New England BioLabs® Ltd., UK. Eukaryotic Total RNA 

6000 Nano LabChip® Kits were purchased from Agilent Technologies Ltd., UK. ABI 

High Capacity RNA to cDNA Synthesis Kits (Applied Biosystems®) were purchased 

from Life Technologies Ltd., UK.  

The NuGEN Ovation® Amplification  System V2, Whole Blood Solution and EncoreTM 

Biotin  Module were purchased from  NuGEN Technologies Inc., The Netherlands. The 

MinElute®  Reaction Clean-Up Kits were purchased from QIAGEN Ltd., UK. The Amb-

ion® TURBO DNA-freeTM DNase Treatment and Removal Kit (Applied Biosystems®) 

was purchased from Life Technologies Ltd., UK.  

Ambion® Kits required for the Whole Transcriptome (WT) Expression Assay were 

purchased from Life Technologies Ltd., UK. The GeneChip® Eukaryotic Poly-A RNA 

Control, Fragmentation & Terminal Labelling Kits were purchased from  Affymetrix ® 

Ltd., UK. The SAPE (Streptavidin Phycoerythrin) staining solution, stringency wash 

buffers and hybridization reagents were also purchased from Affymetrix® Ltd., UK.                                   
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2.3 Methods  

2.3.1 GEP from Peripheral Whole Blood   

2.3.1.1 Tissue Collection and Storage  

Patient donors and their  spouses or unrelated carers were fasted overnight prior to 

phlebotomy which was performed between the hours of 8.00 and 11.00am. Whole 

venous blood was collected directly into sterile (2.5mL) evacuated PAXgene® Blood 

RNA Collection Tubes containing a proprietary  reagent for  the immediate stabilizat-

ion of intracellular RNA. Blood specimens were transported at RT (room temperat-

ure) and stored at -200C upon arrival, for no more than 3 years. 

 

2.3.1.2 PAXgene® Extraction of Total RNA from Whole Blood    

Blood specimens were defrosted overnight in the refrigerator, set at 40C, and equil-

ibrated to RT for a minimum of 2 hours, to ensure the complete lysis of blood cells, 

immediately prior  to extraction using the PAXgene®  Blood RNA Isolation Kit. Briefly, 

PAXgene® Blood RNA Collection Tubes (2.5mL) were centrifuged for 10 minutes at 

5,000g, the supernatant was discarded and the pellet re-dissolved in RNase-freeTM 

water. This step was repeated using συπʈ, re-suspension buffer and the samples in-

cubated in a 550C shaking water bath, set a 190rpm for 10 minutes, in the presence 

of τπʈ, proteinase K and σππʈ, binding buffer in order to bring about protein dige-

stion. An additional centrifugation step through the PAXgene®  shredder column was 

required for 3 minutes at 13,000g to homogenise the cell lysate and to remove any 

residual debris. The supernatant was then transferred into a fresh microcentrifuge 

tube and the binding conditions adjusted with absolute ethanol. After a brief 1 to 2 

second centrifugation at 1,000g the lysate was pipetted directly onto the PAXgene® 

RNA spin column and centrifuged for a further minute at 13,000g, to permit select-

ive binding of the RNA onto the silica membrane. The membrane was then treated 

for  15 minutes at 24 ×ÉÔÈ ρπʈ, $.ÁÓÅ ) ÁÎÄ χπʈ, $.! ÄÉÇÅÓÔÉÏÎ ÂÕÆÆÅÒ ÔÏ ÅÒÁÄÉÃÁÔÅ 

unwanted traces of bound DNA. A series of subsequent wash steps were performed 

in pre-optimised buffers in order to remove any remaining contaminants. The liquid 

flow-through was discarded and the spin columns transferred to fresh microcentrif-
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uge tubes. Two applications of elution buffer, each followed by a centrifugation step 

for  ρ ÍÉÎÕÔÅ ÁÔ ρσȟπππÇ ÅÌÕÔÅÄ ÔÈÅ 2.!Ȣ 3ÁÍÐÌÅÓ ɉτπʈ,Ɋ ×ÅÒÅ ÈÅÁÔ-denatured for 5 

minutes at 650C and snap-cooled on ice.     

                 

2.3.1.3 RNA Yield and Quality Assessment    

Nucleic acid concentrations were determined using the NanoDropTM 1000 Spectro-

photometer (Thermo Fisher Scientific®  Inc., UK). The ratio  of sample absorbance (A) 

at 260/280 or 260/230nm wavel engths was used in order to measure the purity of  

the isolated material. RNA that is pure should have a value of approximately 2.0±0.2. 

Anything below 1.8 (A260/280 ) is indicative of DNA/protein  contamination or may be 

due to some residual carryover (A260/230 ) of phenolic compounds and/or chaotropic 

salts from  the extraction process. A small quantity  of sample ɉρʈ,Ɋ was also removed 

to perform  a Eukaryotic Total RNA 6000 Nano Assay on the Agilent 2100 Bioanalyzer 

(Agilent Technologies Ltd., UK). An algorithm applied by the software assesses the 

degree of separation between 18S and 28S ribosomal peaks on the electropherogram 

trace in order to compute an RNA integrity number (RIN) between 0 (undetectable, 

completely degraded) and 10 (high quality, intact RNA) (Schroeder et al 2006). In a 

study conducted by Copois et al (2007)  the authors suggest that a threshold of 7.8 is 

sufficient for the generation of robust microarray gene expression data.                        

 

2.3.1.4 cDNA Synthesis    

2.3.1.4.1 cDNA Synthesis for qRT-PCR  

Total RNA isolated from  peripheral whole blood was reverse transcribed into  single-

stranded complementary DNA (ss-cDNA). cDNA synthesis was performed using the 

ABI High Capacity RNA to cDNA Synthesis Kit  in accordance with  the manufacturers 

guidelines. 4Ï ρʈÇ ÏÆ ÓÔÁÒÔÉÎÇ ÍÁÔÅÒÉÁÌȟ Á ρ8 ÅÎÚÙÍÅ ÁÎÄ ÒÅÖÅÒÓÅ ÔÒÁÎÓÃÒÉÐÔÁÓÅ ɉ24Ɋ 

buffer mix was ÁÄÄÅÄ ÁÎÄ ÔÈÅ ÔÏÔÁÌ ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅ ɉςπʈ,Ɋ ÍÁÄÅ ÕÐ ÉÎ .& ÄÄ(20. A 

no-RT control to check for the presence of potentially contaminating genomic DNA 

was prepared as described without  the addition  of RNA-dependent DNA polymerase 

that is required for reverse transcription. Sample preparations were incubated in a 

G-storm GS2 Thermal Cycler (GRI Gene Technologies Ltd., UK) at 370C for 1 hour and 
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heat-denatured at 950C for 5 minutes. In each reaction it is assumed that there is an 

approximate 1:1 conversion of RNA to cDNA. The cDNA products were diluted in NF 

ddH20 and stored at 40C overnight or at -200C prior  to use in either traditional SYBR® 

Green qRT-PCR or IDT PrimeTime®  Mini qPCR Assays at an optimised concentration  

ÏÆ ρςȢυÎÇȾʈ,Ȣ                                                                          

 

2.3.1.4.2 cDNA Synthesis for Linear SPIATM Amplification  

The Ovation® RNA Amplification System V2 was used in order to generate reverse 

transcribed cDNA for  the NuGEN Technologies Inc. patented SPIATM method of single 

primer isothermal amplification. Approximately 50ng total RNA dissolved in NF dd 

H20 was combined with the first-strand primer mix and incubated in a pre-warmed 

MJ Research PTC-100® Peltier Thermal Cycler (Bio-Rad Laboratories Inc., UK) at an 

annealing temperature of 650C for 5 minutes. The tubes were snap-cooled on ice for 

a minimum  of 2 minutes prior  to the addition  a first -strand buffer and enzyme master 

mix. Incubation occurred at 480C for 60 minutes and the samples heat-denatured at 

700C for 15 minutes. Second-strand cDNA synthesis was performed at 370C for 30 

minutes followed by an additional incubation step at 750C for 15 minutes. The tubes 

were cooled to 40C and placed on ice before proceeding immediately with  the SPIATM 

amplification protocol outlined in Section 2.3.1.5.1.                       

 

2.3.1.5 NuGEN Ovation® Whole Blood Solution     

2.3.1.5.1 NuGEN Linear SPIATM Amplification  

Linear SPIATM amplification  was performed using the NuGEN Ovation® Whole Blood 

Solution in conjunction with  the NuGEN Ovation®  RNA Amplification  System V2. The 

procedure was carried out under sterilised conditions in the Clean View UV Cabinet 

(Cleaver Scientific Ltd., UK). Briefly, products of the cDNA synthesis reaction (Secti-

on 2.3.1.4.2) were combined with an SPIATM Master Mix containing a unique DNA/ 

RNA chimeric primer,  DNA polymerase and RNase H. The reaction was incubated in 

a pre-warmed MJ Research PTC-100® Peltier Thermal Cycler for  1 hour at 370C. Aft-

er the first 30 minutes the programme was paused to permit the separate addition 

of the Ovation®  Whole Blood Reagent and, following a second 30 minute incubation 
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the tubes were heat-denatured to 950C, for 5 minutes and snap-cooled on ice for at 

least 2 minutes before being stored at -200C, prior  to purification  (Section 2.3.1.5.2).    

 

2.3.1.5.2 QIAGEN MinElute® Purification of NuGEN Amplified Material   

Amplified  SPIATM cDNA was purified  using the QIAGEN MinElute®  Reaction Clean-Up 

Kit, according to the recommendations of NuGEN Technologies Inc., UK. Briefly, the 

samples were combined with binding buffer ERC and passed through a QIAGEN Min-

Elute® Spin Column at a centrifugation speed of 13,000g for 1 minute. Under a high 

chaotropic salt concentration the cDNA is adsorbed onto the silica membrane whilst 

unwanted traces of enzymes/detergents and unincorporated nucleotides are effec-

tively removed from the system. The membrane is washed with buffer PE and 80% 

freshly prepared ethanol solution. Following each addition the columns were centr-

ifuged at 13,000g, for 1 minute and the flow-through, containing contaminants was 

discarded. The purified  products were eluted in σπʈ, NF ddH20 at RT and quantified 

using the NanoDropTM 1000 Spectrophotometer (Section 2.3.1.3), prior to being st-

ored at -200C.   

In addition, pre-amplified material from BLDPAT23 was treated with the Ambion® 

TURBO DNA-freeTM DNase Treatment and Removal Kit. Briefly, ρπʈg of sample was 

combined with a 1X TURBO DNase buffer and 2 units of TURBO DNase enzyme in a 

υπʈ, ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅȢ &ÏÌÌÏ×ÉÎÇ σπ ÍÉÎÕÔÅÓ ÉÎÃÕÂÁÔÉÏÎ ÁÔ σχ0C, 0.1 volumes of re-

suspended DNase inactivation reagent was added and the sample maintained at RT 

for  5 minutes. A short centrifugation step was performed at 10,000g for 90 seconds 

and the supernatant containing purified  cDNA carefully transferred to a fresh 0.5mL 

Eppendorf tube.                                                                                 

 

2.3.1.5.3 EncoreTM Biotin-Labelling of Fragmented cDNA Targets   

The NuGEN EncoreTM Biotin Module was used to generate fragmented, biotinylated 

ss-cDNA targets suitable for hybridization onto Affymetrix® Human Genome U133 

Plus 2.0 GeneChip® Arrays. A fragmentation buffer/ enzyme master mix was applied 

ÔÏ τȢτʈÇ ÐÕÒÉÆÉÅÄ 30)!TM cDNA dissolved in NF H20 to create a final reaction volume 

of σςʈ,Ȣ The samples were incubated in a pre-warmed MJ Research PTC-100® Peltier
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Thermal Cycler at 370C for 30 minutes before reaching a denaturation temperature  

of 950C for  2 minutes and snap-cooled on ice. A second incubation in the presence of 

a proprietary  labelling buffer, reagent and enzyme mater mix was then performed at 

370C for  60 minutes, followed by 700C for  10 minutes. This resulted in attachment of 

a single biotin molecule to the 3-hydroxyl terminal nucleotide of each SPIATM cDNA 

fragment; with  typical fragments ranging in length between 50 and 100bp. Products 

were analysed on the Agilent Bioanalyser (Section 2.3.1.3) and stored at -200C. 

A detailed description of the Ambion® GLOBINClearTM procedure, carried out by Dr 

Rohini Raman (Raman 2011), can be found on page 67 of her doctoral dissertation 

titled:  Ȱ'ÅÎÅ %ØÐÒÅÓÓÉÏÎ 0ÒÏÆÉÌÉÎÇ ÔÏ )ÄÅÎÔÉÆÙ "ÉÏÍÁÒËÅÒÓ ÏÆ -ÏÔÏÒ .ÅÕÒÏÎ $ÉÓÅÁÓÅȱȢ                        

 

2.3.1.6 Quantitative Real -Time PCR    

Quantitative RT-PCR (qRT-PCR) was performed in duplicate ρπʈ, ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅÓ 

(Table 2.2) containing 12.5ng of cDNA template, optimum  concentrations of forward 

ɉ&ȭɊ and reverse ɉ2ȭɊ primer  sequences, a 1X Stratagene Brilliant II SYBR® Green/2X 

FastStart Universal SYBR®  Green PCR Master Mix and RNase-freeTM water. Each run 

also included a negative no-RT and no template control (NTC). Haemoglobin, alpha 

2 (HBA2) transcript levels were measured pre- and post-SPIATM amplification using 

the standard housekeeping gene actin, beta (ACTB) which served as a positive end-

ogenous control. ACTB was selected over other commonly chosen normalisers, such 

as 18S ribosomal RNA (18SrRNA) and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) since it was found to exhibit the most stable level of expression, across all 

of the samples in the experiment, using MAS 5.0 pivot data displayed by GeneChip® 

Operating Software (GCOS), Affymetrix® Ltd., UK.  

! Ȱ.ÏÒÍÁÌ ς 3ÔÅÐȱ ÐÒÏÆÉÌÅ ÆÏÒ qRT-PCR products of less than 150bp was set up with 

FAM as the reporter dye and ROX the internal reference control, using a Stratagene 

Mx3000PTM Real Time PCR Thermal Cycler from Agilent Technologies Ltd., UK. An 

initial  temperature step at 950C for  10 minutes was required in order to activate the 

SureStart Taq DNA polymerase. This was followed by 40 cycles of heat denaturation 

at 950C for 30 seconds and primer annealing/extension at 600C for 60 seconds. The 

programme ended with  three final temperature steps; one at 950C for 60 seconds, a 
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 Gene Transcript  Region 0ÒÉÍÅÒ 3ÅÑÕÅÎÃÅ ɉυȭ ---Є σȭɊ  Tm GC% Amplicon  Optimum conc.  

HBA2 ENST00000251595 Exon 1-2 
Fȭ GCCCTGGAGAGGATGTTCCT 
2ȭ #'4''#4#!''4#'!!'4' 

61.0 
60.7 

60.0 
63.2 

70bp 300/300nmol  

Housekeeping Gene 

ACTB ENST00000331789 Exon 4 
&ȭ 4#!##'!'#'#''#4 
2ȭ 4!!4'4#!#'#!#'!444### 

61.2 
59.0 

73.3 
47.6 

60bp 300/300nmol  

 
 

Table 2.2 qRT-PCR Primers and Optimum Concentrations for Validation of the NuGEN Ovation ® Whole Blood Study  
 

Abbreviations: σȭ - three pri me, υȭ - five prime, ACTB - actin, beta, &ȭ - forward primer sequence, HBA2 - haemoglobin, alpha 2, qRT-PCR - quantitative real-time 
PCR, 2ȭ - reverse primer sequence and Tm - melting temperature.         
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second at 600C for 30 seconds and a third at 950C for 30 seconds.  

This technology utilises fluorescence based detection chemistry, which enables the 

investigator to accurately detect and quantify the abundance of a particular nucleic 

acid transcript  during  each amplification  cycle of the PCR reaction. It is reliant upon 

an intercalating dye, in this case SYBR®  Green I, that binds indiscrimin ately and with  

high affinity  to the minor  groove of newly synthesised double-stranded DNA/cDNA. 

SYBR® Green I absorbs light at a maximum wavelength of 497nm and, in its excited 

state, it has an emission peak of around 520nm. During the exponential phase, the 

quantity of fluorescently labelled product accumulates, in a linear manner, as more 

and more amplicons are created. This leads to a quantifiable increase in the signal 

intensity  readout; which is a measure directly relating to the length of the amplified 

target, as well as, the number of copies produced. Version 4.10, build 389 of Strata-

gene MxProTM QPCR Software (Agilent Technologies Ltd., UK) records the Ct or cycle 

threshold value which is defined as the minimum number of cycles required before 

the signal can be detected above background levels of the NTC. Relative mean conc-

entrations were determined by calculating the differences in Ct values between the 

gene of interest and the endogenous housekeeping control.                               

 

2.3.1.7 Agarose Gel Electrophoresis  

In order to ascertain whether pre- and post-SPIATM amplified PCR products were of 

an anticipated size for  measurements of ACTB and HBA2 transcript levels in periph-

eral whole blood three SALS patient and control  samples were selected at random to 

perform  agarose gel electrophoresis. PCR products ɉχʈ,Ɋ and a 25-500bp molecular 

×ÅÉÇÈÔ ÍÁÒËÅÒ ɉυʈ,Ɋ ɉ(ÙÐÅÒ,ÁÄÄÅÒTM V) were run at 120V for approximately 30 to 

40 minutes on a 3.0% agarose gel made up in a 1X TAE buffer solution [0.4Mm Tris-

acetate and 0.01mM Sodium EDTA, pH 8.2 at 250C] and 3X concentration of the int-

ercalating nucleic acid stain GelRedTM (a non-toxic alternative to Ethidium  Bromide) 

[APPENDIX FIGURE A3]. The bands which formed were visualised under a UV light 

source using the Syngene GENi Gel Documentation System.  

 

2.3.1.8 Affymetrix ® HG_U133 Plus 2.0 GeneChip® Arrays  
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2.3.1.8.1 HG_U133 Plus 2.0 GeneChip® Arrays  

Affymetrix ® HG_U133 Plus 2.0 GeneChip® Arrays are high-density oligonucleotide 

arrays with 1.3M distinct features, comprising ~54,000 probesets [11 pairs of PM 

and MM probes of 25-mer synthesised in situ directly onto the glass slide by photo-

lithography. The latter  deviates from  its complementary target by a single base at the 

13th position where an adenine (A) is substituted for thymine (T) and guanine (G) is 

substituted for  cytosine (C), or vice versa] for the detection of >47,000 unique tran-

scripts and variants including more than 38,500 well  characterised genes which are 

represented in the National Centre for Biotechnology Information (NCBI) (ncbi.nlm 

.nih.gov) GenBank®, dbEST or RefSeq database (Benson et al 2014, Boguski et al 19 

93, Pruitt  et al 2014). Compared to previous generations, Plus 2.0 GeneChip® Arrays 

provide coverage of an additional 6,500 genes (Boguski & Schuler 1995, Schuler 19 

97, Schuler et al 1996) with  sequence clusters generated from  the UniGene build  133 

(April 2001) and 159 (January 2003) of the human genome.     

 

2.3.1.8.2 Hybridization     

SPIATM ss-cDNA targets, post-fragmentation and labelling, were hybridized onto the  

Affymetrix ®  HG_U133 Plus 2.0 GeneChip® Arrays following  recommendations made 

by NuGEN Technologies Inc., UK and in accordance with the instructions contained 

in the GeneChip® Expression Analysis Technical Manual (Affymetrix® Ltd., UK) for 

use with the Affymetrix® GeneChip® σȭ IVT Expression Kit.   

GeneChips® were equilibrated to RT immediately prior to their use. Reagents were 

thawed on ice and the 20X Eukaryotic hybridization  control  stock heated to 650C for 

5 minutes or until the cRNA was completely re-suspended. A hybridization cocktail 

was prepared in 1.5mL %ÐÐÅÎÄÏÒÆ ÔÕÂÅÓ ÂÙ ÃÏÍÂÉÎÉÎÇ υπʈ, ÏÆ ÓÁÍÐÌÅ ×ÉÔÈ the 20X 

%ÕËÁÒÙÏÔÉÃ ÈÙÂÒÉÄÉÚÁÔÉÏÎ ÃÏÎÔÒÏÌ ÓÔÏÃË ɉρρʈ,Ɋ ɍÂÁÃÔÅÒÉÁÌ ÇÅÎÅÓ bioB, bioC and bioD 

of the E. coli biotin synthesis pathway and the recombinase protein cre from the P1 

bacteriophage at respective concentrations of 1.5 (represents the limit  of detection), 

5, 25 and 100pM (American Type Culture Collection)], 2X hybridization buffer (100 

ʈ,Ɋ [100mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.01% Tween-20 (pH 6.6 

at 250C), 1M [Na+] and 20mM EDTA], 10% dimÅÔÈÙÌ ÓÕÌÆÏØÉÄÅ ɉ$-3/Ɋ ɉςςʈ,Ɋȟ ςÎ- 

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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concentrations of ÃÏÎÔÒÏÌ ÏÌÉÇÏÎÕÃÌÅÏÔÉÄÅ "ς ɉσȢχʈL) and sufficient amounts of RNa 

se-freeTM water ÔÏ ÂÒÉÎÇ ÔÈÅ ÔÏÔÁÌ ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅ ÕÐ ÔÏ ςςπʈ,Ȣ  

Control oligonucleotide B2 hybridizes to the checkerboard pattern  in each corner of 

the array as well  as predefined features along its outer edge. These distinct patterns 

are important  in  aiding Microarray  Suite version 5.0 (MAS5.0) (Affymetrix ®  Ltd., UK) 

in correctly aligning each array to a grid during the initial stages of image handling. 

Signal intensities generated from  the serial concentrations of bioB, bioC, bioD and cre 

are used to provide the software with  additional information  on the efficiency of the 

hybridization,  washing and staining procedures.   

After the preparation of the hybridization  cocktail, the tubes were flicked to mix and 

their contents collected by centrifugation. The reaction mixture was heated to 990C 

for  2 minutes, then cooled to 450C for 5 minutes and centrifuged at maximum speed 

for  1 minute. The microarrays were primed with  ςππʈ, of pre-hybridization  mix be-

fore being loaded into  the GeneChip®  Hybridization  Oven 640 (Affymetrix ®  Ltd., UK) 

with  rotation  set at 60rpm. Following an incubation step at 450C for 10 minutes, the 

pre-hybridization mix was discarded and replaced with ÁÎ ÉÄÅÎÔÉÃÁÌ ÖÏÌÕÍÅȟ ςππʈ, 

of the hybridization  cocktail before being returned  to the oven for 18±2 hours over-

night.                                                                                      

 

2.3.1.8.3 Washing, Staining and Scanning      

Post-hybri dization washing and staining was performed on the GeneChip® Fluidics 

Station 450 applying fluidics protocol FS450_0004 and the standard 49 format Euk-

GEWS2v4_450 script, which are outlined in the GeneChip® Expression Wash, Stain 

and Scan User Manual for Cartridge Arrays (Affymetrix ® Ltd., UK). Briefly, the hybr-

idization cocktail was removed and stored at 40C. Cartridges were loaded with 200 

ʈ, non-stringent Wash Buffer A [6X SSPE containing 0.02M EDTA, 3M NaCl (sodium 

chloride), 0.2M NaH2PO4 (monosodium phosphate) and 0.01% Tween-20] and equ-

ilibrated to RT. Fresh solutions of staining reagents were then prepared. The SAPE 

mix for the first and third stain contained 2X stain buffer ɉσππʈ,Ɋ [100nM MES, 1M 

[Na+] and 0.05% Tween-ςπɎȟ ρÍÇȾÍ, ɉφʈ,Ɋ 3!0%ȟ υπÍÇȾÍ, ɉςτʈ,Ɋ Bovine Serum 

Albumin  (BSA) and ςχπʈ, molecular biology grade water for a final reaction volume  
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of φππʈ, per sample. The antibody (Ab) mix for  the second stain contained the same 

2X stain buffer ɉσππʈ,Ɋȟ 10mg/mL  ɉφʈ,Ɋ Goat IgG (immunoglobulin G) stock, 0.5mg 

ȾÍ, ɉσȢφʈ,Ɋ ÂÉÏÔÉÎÙÌÁÔÅÄ !Âȟ υπmg/mL (24ʈ,Ɋ "3! ÁÎÄ ςφφȢτʈ, molecular biology 

grade water, again to achieve a final volume of φππʈ, ÐÅÒ ÓÁÍÐÌÅȢ   

Two post-hybridization washes, one with non-stringent Wash Buffer A at 250C, for 

10 cycles with  2 mixes per cycle and another, with stringent Wash Buffer B [100mM 

MES, 0.1M [Na+] and 0.01% Tween-20] at 500C, for 4 cycles with 15 mixes per cycle 

was followed by the first stain in SAPE solution at 250C for 10 minutes. A post-stain 

wash with non-stringent Wash Buffer A at 250C for 10 cycles with 4 mixes per cycle 

is then followed by a second and third  stain at 250C for  10 minutes in the Ab solution 

and 10 minutes in the SAPE solution. A final wash step is then performed with non-

stringent Wash Buffer A at 300C for 15 cycles with 4 mixes per cycle. The cartridges 

ÁÒÅ ÆÉÌÌÅÄ ×ÉÔÈ ςυπʈ, ÏÆ !ÒÒÁÙ (ÏÌÄÉÎÇ "ÕÆÆÅÒ ÐÒÉÏÒ ÔÏ ÓÃÁÎÎÉÎÇȢ                                

 

2.3.1.9 Bioinformatics Analysis  

2.3.1.9.1 Affymetrix® GeneChip® Operating Software   

Images processed by the Affymetrix ®  GeneChip®  Scanner 3000 were extracted using 

the GeneChip® Operating Software (GCOS) version 1.2 (Affymetrix® Ltd., UK).                                                                                  

 

2.3.1.9.2 GeneSpring GX v11.5.1   

CEL files containing information regarding probeset signal intensities as well as the 

percentages of present (P) or absent (A) calls for patients and controls recruited to 

the NuGEN Ovation® Whole Blood Study were imported  into  GeneSpring GX software 

version 11.5.1 (Agilent Technologies Genomics Ltd., UK) (Chu et al 2001, Dresen et 

al 2003, Xu et al 2004). Raw expression values were log2 transformed and a PLIER 

(Probe Logarithmic Intensity Error)  16 normalisation procedure applied without  the 

need for  performing  a baseline conversion to the median of all the samples (Gyorffy 

et al 2009). DE transcripts  were detected at the 5% significance level by means of an 

ÕÎÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ Ô-test with an FDR corrected p<0.05 and FC threshold of greater 

than or equal to ɉІ) to plus or minus (±) 1.50.                                                                                         
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2.3.1.9.3 Gene Ontology Enrichment Analysis   

Affymetrix ®  )$ȭÓ were uploaded into the Database for Annotation, Visualisation and 

Integrated Discovery (DAVID) bioinformatics  resource version 6.7 from  the National 

Institute  for Allergy and Infectious Diseases (NIAID) which is freely available online 

at david.abcc.ncifcrf.gov (Huang da et al 2009a, Huang da et al 2009b). Applying an 

Homo sapiens background, functional annotation clustering analysis was performed 

on GOTERM_BP_FAT and GOTERM_MF_FAT gene ontology (GO) terms with  Ȭ-ÅÄÉÕÍȭ 

classification stringency [Kappa: similarity  term  overlap 3, similarity  threshold 0.50; 

Classification: Initial group membership 3, final group membership 3 and multiple 

linkage threshold 0.50]. Those categories identified as being significantly enriched 

within  the patient populations were defined as having a minimum  EASE score above 

1.30 and Benjamini-Hochberg FDR corrected p<0.05. Kyoto Encyclopaedia of Genes 

and Genomes (KEGG) pathways were also interrogated using a Fishers Exact t-test 

conducted at the 5% significance threshold.           

An overview of the workflow ÁÎÄ ÁÎÁÌÙÓÉÓ ÐÉÐÅÌÉÎÅ ÆÏÒ ÔÈÅ σȭ )64 %ØÐÒÅÓÓÉÏÎ !ÒÒÁÙÓ 

used in the assessment of the JB NuGEN Ovation® WB Solution versus RR Ambion® 

GLOBINClearTM protocol, for performing  GEP from  peripheral whole blood in ALS, is 

provided in Figure 2.3. CEL files generated by Dr Rohini Raman (Raman 2011) were 

re-analysed in GeneSpring GX v11.5.1 using the same methods as described above in 

Section 2.3.1.8.2.                                   

 

2.3.2 GEP from Lymphoblast oid Cell Lines 

2.3.2.1 Tissue Collection and Storage  

Peripheral whole blood (6.0mL) was collected directly into sterile BD Vacutainer® 

Venous Collection Tubes containing anticoagulants, in order to prevent clotting, and 

1.0mL acid citrate  dextrose solution B (ACD-B) [14.7g/L  dextrose, 13.2g/L  trisodium 

citrate and 4.8g/L  citric  acid]. The samples were transported at RT to the HPA ECACC 

where isolated peripheral blood lymphocytes were transformed in vitro , by Epstein-

Barr viral  (EBV) infection, into  stabilised immortal  polyclonal B-cell lines. Suspension 

cultures were grown for up to 8 weeks in T25 tissue culture flasks containing 30 to 

http://www.david.abcc.ncifcrf.gov/
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FÉÇÕÒÅ ςȢσ &ÌÏ×ÃÈÁÒÔ 3ÃÈÅÍÁÔÉÃ ÏÆ σȭ )64 %ØÐÒÅÓÓÉÏÎ !ÒÒÁÙ !ÎÁÌÙÓÉÓ 0ÉÐÅÌÉÎÅ %ÓÔÁÂÌÉÓÈÅÄ ÆÏÒ 
Peripheral Whole Blood in ALS.  
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, cRNA - copy RNA, DE - differential expression, 
GCOS - GeneChip® Operating Software, HG - Human Genome, IVT - in vitro transcription, KEGG -
Kyoto Encyclopaedia of Genes and Genomes,  mRNA - messenger RNA, PCA - principal component 



72 
 

analysis, SPIATM - single primer isothermal amplification and ss-cDNA - single-stranded complemen-
tary DNA.    

 

 

40mL Roswell Park Memorial Institute (RPMI) 1640 medium [370C incubator with 

5% carbon dioxide (C02) levels]; supplemented with  20% Foetal Bovine Serum (FBS) 

and 2mM concentrations of the essential amino acid, glutamate. Frozen cell pellets 

ɉ,#,ȭÓɊȟ ÃÏÎÔÁÉÎÉÎÇ ÁÐÐÒÏØÉÍÁÔÅÌÙ ςØρπ7 ÃÅÌÌÓ ÐÅÒ ÓÁÍÐÌÅȟ ×ÅÒÅ ÐÒÅÓÅÒÖÅÄ ÉÎ σππʈ, 

RNAlaterTM. These were shipped on dry ice and stored at -800C upon arrival.                              

 

2.3.2.2 QIAGEN ExtractiÏÎ ÏÆ 4ÏÔÁÌ 2.! ÆÒÏÍ &ÒÏÚÅÎ ,#,ȭs     

Frozen lymphoblastoid cell pellets, preserved in RNAlaterTM, were thawed on ice for 

a minimum  of 1 hour prior  to extraction using the RNeasy®  Mini  Kit. The tubes were 

flicked gently until the pellet was dislodged and vortexed at a low speed in order to 

re-suspend the cells. A χυʈ, suspension, containing approximately 5x106 cells, was 

transferred to a sterile 1.5mL microcentrifuge tube. The samples were centrifuged at 

13,000g for 1 minute and the supernatant containing the RNAlaterTM stabilization 

reagent discarded. Cell lysis was immediately brought about by the addition  of 600ʈ, 

buffer RLT. The denaturant within  this buffer, guanidine thiocyanate, also functions 

to preserve RNA integrity through its inhibition  of RNase activity. The samples were 

then vortexed at maximum speed for 1 minute to ensure complete homogenisation 

of the cell lysate. Appropriate binding conditions were achieved with the addition of 

1 volume of freshly prepared 70% ethanol solution. The lysate was pipetted up and 

down three times to mix and χππʈ, transferred to an RNeasy® spin column, placed 

inside a 2mL collection tube, which was centrifuged at 10,000g for 15 seconds. The 

liquid flow -through was discarded and the procedure repeated with the remaining 

υππʈ, ÏÆ ÓÁÍÐÌÅ ÉÎ ÏÒÄÅÒ ÔÏ ÐÅÒÍÉÔ ÓÅÌÅÃÔÉÖÅ ÂÉÎÄÉÎÇ ÏÆ ÕÐ ÔÏ ρππʈÇ ÔÏÔÁÌ 2.!, of > 

200bp in length, to the silica membrane. A series of subsequent wash steps flushes 

the membrane of any remaining contaminants. Following each separate addition of 

χππʈ, ÂÕÆÆÅÒ 27ρ ÁÎÄ υππʈ, ÂÕÆÆÅÒ 20% ÔÈÅ ÓÐÉÎ ÃÏÌÕÍÎÓ ×ÅÒÅ ÃÅÎÔrifuged for 15 

seconds at 10,000g and the liquid flow-through discarded. A second application of 

υππʈ, ÂÕÆÆÅÒ 20% ×ÉÔÈ Á ÃÅÎÔÒÉÆÕÇÁÔÉÏÎ ÓÔÅÐ ÁÔ ρπȟπππÇ ÆÏÒ ς ÍÉÎÕÔÅÓ ÒÅÍÏÖÅÄ ÁÎÙ 

residual ethanol which would otherwise have had the potential to interfere with a 
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number of downstream reactions. A dry spin at 13,000g for 1 minute was perform-

ed using a fresh 2mL collection tube in order to reduce the carryover of buffer RPE. 

The spin columns were transferred to sterile 1.5mL microcentrifuge tubes and the 

total  RNA eluted in τπʈ, RNase-freeTM water, requiring  a further  centrifugation step 

at 13,000g for  1 minute. Nucleic acid concentrations could then be determined using 

the NanoDropTM 1000 Spectrophotometer. RNA products were subsequently stored 

at -800C. The quality of the extracted material was later assessed on the Agilent 21 

00 Bioanalyser (Section 2.3.1.3). 

RNA products of particularly poor quality (RIN score below 5.0) underwent DNase 

treatment to purify the isolated material and to remove potentially contaminating 

genomic DNAȢ "ÒÉÅÆÌÙȟ ρπʈÇ ÔÏÔÁÌ 2.! ×ÁÓ ÉÎÃÕÂÁÔÅÄ ÉÎ Á ÐÒÅ-warmed MJ Research 

PTC-100® Peltier Thermal Cycler at 370C for 10 minutes in the presence of 2 units 

of $.ÁÓÅ ) ɉρʈ,Ɋ ÁÎÄ Á ρ8 $.ÁÓÅ ÒÅÁÃÔÉÏÎ ÂÕÆÆÅÒ ɍρπÍ- 4ÒÉÓ-HCl, 2.5mM MgCl2 and 

0.5mM CaCl2, pH 7.6 at 250C]. The program was paused and, following the separate 

addition of 5mM EDTA, the samples were heated to an inactivation temperature of 

700C for  10 minutes. Tubes were snap-cooled on ice for  a minimum  of 2 minutes and 

their contents collected by centrifugation. In instances where there was no visible 

improvement in the electropherogram trace of the Agilent 2100 Bioanalyser repeat 

RNA extractions were performed.    

                           

2.3.2.3 Affymetrix ® WT Sense-Target Labelling Assay        

2.3.2.3.1 Linear Amplification   

4ÏÔÁÌ 2.! ÉÓÏÌÁÔÅÄ ÆÒÏÍ ÐÅÒÉÐÈÅÒÁÌ ,#,ȭÓ ×ÁÓ ÐÒÅÐÁÒÅÄ ÆÏÒ ÅØÏÎ ÌÅÖÅÌ ÍÉÃÒÏÁÒÒÁÙ 

analysis using the Ambion® Whole Transcriptome (WT) Expression Kit. The protocol 

utilises a proprietary  reverse transcription  priming  method, designed to specifically 

prime non-ribosomal RNA including both polyadenylated and non-polyadenylated 

mRNA. Briefly, on Day 1, total RNA is reverse transcribed into cDNA, which is then 

converted into anti-sense copy RNA (as-cRNA) by in vitro transcription (IVT) using 

a T7 RNA polymerase. Purification of the amplified as-cRNA was carried out on Day 

2, the product of which then became the template for the synthesis of ss-cDNA. 

Day 1 /Î ÉÃÅȟ ÁÎ ÉÎÉÔÉÁÌ σʈ, ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅ ×ÁÓ ÐÒÅÐÁÒÅÄ ÃÏÎÔÁÉÎÉÎÇ ~300ng total
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RNA made up in NF ddH20. Serial dilution s of positive premixed exogenous controls 

for  the Bacillus subtilis genes lys (1:100,000), phe (1:50,000), thr  (1:25,000) and dap 

(1:6,667) was performed according to instructions contained within the Affymetrix 

GeneChip®  Eukaryotic Pol-A RNA Control  Kit. In the first  dilution,  ςʈ, Poly-A control 

ÓÔÏÃË ÉÓ ÁÄÄÅÄ ÔÏ σψʈ, ÏÆ ÔÈÅ ÓÕÐÐÌÉÅÄ ÄÉÌÕÔÉÏÎ ÂÕÆÆÅÒ ɉρȡςπɊȢ !ÆÔÅÒ ÔÈÏÒÏÕÇÈ ÍÉØÉÎÇ 

and a short spin in the microcentrifuge, ςʈ, of the first dilution is added to a further 

ωψʈ, of dilution  buffer (1:50)  to prepare the second dilution.  The same volume of the 

second dilution  ɉςʈ,Ɋ is again added to ωψʈ, of dilution buffer (1:50) to prepare the 

third  dilution.  The fourth  ÁÎÄ ÆÉÎÁÌ ÄÉÌÕÔÉÏÎ ×ÁÓ ÐÒÅÐÁÒÅÄ ÂÙ ÍÉØÉÎÇ χʈ, ÏÆ ÔÈÅ ÔÈÉÒÄ 

ÄÉÌÕÔÉÏÎ ×ÉÔÈ ςρʈ, ÏÆ ÄÉÌÕÔÉÏÎ ÂÕÆÆÅÒ ɉρȡτɊȢ  

Pre-prepared toÔÁÌ 2.! ×ÁÓ ÔÈÅÎ ÃÏÍÂÉÎÅÄ ×ÉÔÈ ςʈ, ÏÆ ÔÈÅ ÆÏÕÒÔÈ ÄÉÌÕÔÉÏÎ ÏÆ 0ÏÌ-A 

spike in controls prior to the introduction of the first-ÓÔÒÁÎÄ Ã$.! ÂÕÆÆÅÒ ɉτʈ,Ɋ ÁÎÄ 

enzyme ɉρʈ,Ɋ master mix. Gentle vortexing and a brief 5 second centrifugation step 

ensured thorough mixing and that the contents of the reaction were collected at the 

bottom of the tube before proceeding immediately with  a 2 hour incubation in a pre-

warmed MJ Research PTC-100®  Peltier Thermal Cycler. The samples were heated to 

250C for 60 minutes, followed by 420C for a further 60 minutes and then cooled to 

40C for  a minimum of 2 minutes. The temperature of the lid was maintained at 500C 

throughout  the cycle. At the end of the programme the tubes were centrifuged for 5 

seconds and placed on ice. A second-strand cDNA buffer ɉρςȢυʈ,Ɋ ÁÎÄ ÅÎÚÙÍÅ ɉυʈ,Ɋ 

master mix was then added and the reaction volume made up to φπʈ, with  NF ddH20. 

The tubes were vortexed, spun-down in a microcentrifuge and incubated, this time 

with  the heated lid  disabled, at 160C for 60 minutes followed by 650C for 10 minutes 

and then 40C for at least of 2 minutes. At the end of the programme the tubes were 

again centrifuged for  5 seconds and ÐÌÁÃÅÄ ÏÎ ÉÃÅȢ !Î )64 ÂÕÆÆÅÒ ɉςτʈ,Ɋ ÁÎÄ ÅÎÚÙÍÅ 

ɉφʈ,Ɋ ÍÁÓÔÅÒ ÍÉØ ×ÁÓ ÐÒÅÐÁÒÅÄ ÁÔ 24 ÁÎÄ σπʈ, ÔÒÁÎÓÆÅÒÒÅÄ ÔÏ ÅÁÃÈ φπʈ, ÓÅÃÏÎÄ-

strand cDNA sample. The tubes were vortexed, spun-down in a microcentrifuge and 

incubated at 400C for 16 hours with the heat lid set at 500C, and then maintained at 

40C overnight.  

Day 2 Purification  of the newly synthesised as-cRNA was reliant  on a magnetic bead-

based assay developed by Ambion®  which removes unincorporated nucleotides and 

traces of unwanted salts, enzymes as well  as inorganic phosphates. At RT the nucleic 
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acid binding beads ɉρπʈ,Ɋ are combined with  a concentrated buffer ɉυπʈ,Ɋ and φπʈ, 

applied to the sample. After pipetting up and down three times to mix, the reaction 

was transferred to the well of a U-ÂÏÔÔÏÍ ÐÌÁÔÅȟ φπʈ, ÁÎÁÌÙÔÉÃÁÌ ÇÒÁÄÅ ÉÓÏÐÒÏÐÁÎÏÌ 

was added and the mixture  pipetted up and down a further  three times. The samples 

were gently shaken (setting G) on a Grant Bio PMS-1000 microplate shaker (Grant 

Instruments Ltd., UK) for 5 minutes in order to facilitate the binding of as-cRNA to 

the nucleic acid binding beads. The U-bottom plate was removed and placed on the 

Magnetic Stand-96 (Life Technologies Ltd., UK) for  10 minutes until  the solution was 

completely transparent and the beads had formed a tight pellet against the magnets. 

The supernatant was then carefully aspirated and discarded ensuring not to disturb 

the pellet. Working quickly to prevent the beads from  drying  out, ρππʈ, ÎÕÃÌÅÉÃ ÁÃÉÄ 

wash solution was added, the samples were shaken at a moderate speed (setting M) 

for 2½ minutes, the beads captured on the magnetic stand for 10 minutes and the 

supernatant discarded. This step was repeated and the samples shaken vigorously 

(setting V) for  1 minute to evaporate any residual ethanol. To ÅÁÃÈ ÏÆ ÔÈÅ ×ÅÌÌÓȟ τπʈ, 

of pre-heated (550C) elution solution was applied and the magnetic beads pipetted 

up and down several times until fully dispersed. Following a 2 minute incubation at 

RT, the samples were shaken vigorously for 3 minutes, the beads then captured on 

the magnetic stand for  60 seconds and purified  as-cRNA transferred to sterile 0.2mL 

Eppendorf tubes on ice. As-cRNA concentrations were measured on the NanoDropTM 

1000 Spectrophotometer as previously described (Section 2.3.1.3).  

To perform the sense-ÓÔÒÁÎÄ Ã$.! ÓÙÎÔÈÅÓÉÓȟ ςʈ, ÏÆ ÒÁÎÄÏÍ ÐÒÉÍÅÒÓ ×ÅÒÅ ÉÎÉÔÉÁÌÌÙ 

combined with  ρπʈÇ as-cRNA in a ÔÏÔÁÌ ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅ ÏÆ ςτʈ, ×ÈÉÃÈ ÉÓ ÅÑÕÉÖÁÌÅÎÔ 

to an as-Ã2.! ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ τυυÎÇȾʈ, ÍÁÄÅ ÕÐ ÉÎ .& ÄÄ(20. The samples were 

incubated, with  the heated lid  set at 750C, to a denaturation temperature of 700C for 

5 minutes, followed by 250C for  another 5 minutes and then cooled to 40C for at least 

2 minutes. At the end of the programme tubes were centrifuged for 5 seconds and 

placed on ice. A second cycle sense-ÓÔÒÁÎÄ Ã$.! ÓÙÎÔÈÅÓÉÓ ÂÕÆÆÅÒ ɉψʈ,Ɋ ÁÎÄ ÅÎÚÙÍÅ 

ɉψʈ,Ɋ ÍÁÓÔÅÒ ÍÉØ ×ÁÓ ÐÒÅÐÁÒÅÄ ÁÎÄ ρφʈ, ÔÒÁÎÓÆÅÒÒÅÄ ÔÏ ÔÈÅ ÒÅÁÃÔÉÏÎ ÍÉØÔÕÒÅȢ 4ÈÅ 

tubes were vortexed, spun-down in  a microcentrifuge and incubated, with  the heated 

lid set at 750C, to an annealing temperature of 250C for 10 minutes, then 420C for 1 

hour 30 minutes followed by a heat denaturation step at 700C for  10 minutes before
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being cooled to 40C for a minimum of 2 minutes. At the end of the programme, the 

tubes were centrifuged for 5 seconds and placed on ice. The as-cRNA template was 

ÔÈÅÎ ÄÅÇÒÁÄÅÄ ÂÙ ÔÈÅ ÁÄÄÉÔÉÏÎ ÏÆ ςʈ, 2.ÁÓÅ (Ȣ 0ÉÐÅÔÔÉÎÇ ÕÐ ÁÎÄ ÄÏ×Î ÔÈÒÅÅ ÔÉÍÅÓ 

ensured the complete transfer of the enzyme from  the pipette tip to the sample. The 

tubes were vortexed, spun-down in a microcentrifuge and incubated at 370C for 45 

minutes, with  the heated lid  set at 750C, followed by 950C for  5 minutes before being 

cooled to 40C for at least 2 minutes. At the end of the programme, tubes containing 

the newly synthesised ss-cDNA were centrifuged for 5 seconds and placed on ice.  

Purification of the ss-cDNA was achieved applying the same basic principles of the 

magnetic bead-based assay described above, with  a few minor adjustments made to 

the protocol. Briefly, introduci ng ρψʈ, of NF ddH20 water brought the final reaction 

volume up to 60ʈL. At RT ÎÕÃÌÅÉÃ ÁÃÉÄ ÂÉÎÄÉÎÇ ÂÅÁÄÓ ɉρπʈ,Ɋ ×ÅÒÅ ÃÏÍÂÉÎÅÄ ×ÉÔÈ Á 

ÃÏÎÃÅÎÔÒÁÔÅÄ ÂÕÆÆÅÒ ɉυπʈ,Ɋ ÁÎÄ φπʈ, ÁÐÐÌÉÅÄ ÔÏ ÔÈÅ ÓÁÍÐÌÅȢ !ÆÔÅÒ ÐÉÐÅÔÔÉÎÇ ÕÐ ÁÎÄ 

down 3 times to mix the reaction was transferred to the well of a U-bottom plate, 

120ʈ, of absolute ethanol added and the mixture pipetted up and down a further 3 

times. Samples were gently shaken (setting G) for 5 minutes, the beads captured on 

a magnetic stand for  10 minutes and the supernatant discarded. Two applications of 

nucleic acid wash solution ɉρππʈ,Ɋ were each followed by a moderate shake (setting 

M) for  2½ minutes and a capture time of 10 minutes before carefully aspirating and 

discarding the supernatant. Residual ethanol was evaporated by vigorously shaking 

the plate (setting V) for 1 minute. Purified ss-cDNA ×ÁÓ ÔÈÅÎ ÅÌÕÔÅÄ ÂÙ ÁÄÄÉÎÇ σπʈ, 

elution solution preheated to 550C and pipetting up and down until the beads were 

fully  dispersed. Following a 2 minute incubation step at RT the samples were shaken 

vigorously for a further 3 minutes, the beads captured on the magnetic stand for 60 

seconds and the ss-cDNA transferred on ice to sterile 0.2mL Eppendorf tubes. Again 

concentrations were measured using the NanoDropTM 1000 Spectrophotometer as 

previously described (Section 2.3.1.3). The products were stored at -200C.                                                                                             

 

2.3.2.3.2 Fragmentation    

The ss-cDNA targets were fragmented into  lengths of approximately forty  to seventy 

nucleotides (~40 -70nt)  applying the Affymetrix ®  GeneChip®  WT Fragmentation and 

4ÅÒÍÉÎÁÌ ,ÁÂÅÌÌÉÎÇ +ÉÔȢ 4Ï υȢυʈÇ ÏÆ ÓÔÁÒÔÉÎÇ ÍÁÔÅÒÉÁÌȟ .& ÄÄ(20 water was added to 
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bring  the total  reaction volume up to σρȢςʈ,Ȣ A fragmentation master mix containing 

a 10X cDNA fragmentation  buffer, 1,000 units Apurinic/Apyrimidinic Endonuclease 

1 (APE 1), 10 units Uracil-DNA Glycosylase (UDG) and RNase-freeTM wÁÔÅÒ ɉρπʈ,Ɋ 

was ÐÒÅÐÁÒÅÄ ÏÎ ÉÃÅ ÁÎÄ ρφȢψʈ, ÔÒÁÎÓÆÅÒÒÅÄ Ôo each cDNA sample. The tubes were 

flicked to mix and the contents collected by centrifugation immediately prior to an 

incubation step at 370C for 60 minutes in a pre-warmed MJ Research PTC-100®  Pel-

tier  Thermal Cycler  with  the heated lid  set at 1000C. The enzymes were heated to an 

inactivation temperature of 950C for 2 minutes and the tubes snap-cooled on ice. A 

ρʈ, ÁÌÉÑÕÏÔ ×ÁÓ retained for size distribution analysis on the Agilent 2100 Bioanal-

yser (Section 2.3.1.3).                                                                                                  

 

2.3.2.3.3 Labelling   

To a τυʈ, fragmentation reaction, ρυʈ, labelling master mix was applied containing 

ÔÅÒÍÉÎÁÌ ÄÅÏØÙÎÕÃÌÅÏÔÉÄÙÌ ÔÒÁÎÓÆÅÒÁÓÅ ɉ4Ä4Ɋ ɉςʈ,Ɋȟ υ8 4Ä4 ÂÕÆÆÅÒ ɉρςʈ,Ɋ ÁÎÄ υÍ- 

concentrations of DNA labelling reagent ɉρʈ,ɊȢ The tubes were flicked to mix and the 

samples centrifuged for 5 seconds immediately prior to an incubation step at 370C 

for  60 minutes in a pre-warmed MJ Research PTC-100® Peltier Thermal Cycler with 

the heated lid maintained at 1000C. At the end of the programme the samples were 

heated to a denaturation temperature of 700C for 10 minutes, before being cooled 

to 40C for a minimum of 2 minutes and placed on ice. The products were stored at -

200C.                                                                                                       

 

2.3.2.3.4 Electrophoretic Mobility Gel-Shift Assay   

The biotinylation efficiency of a proportion of the samples selected at random from 

each fragmentation and labelling batch was assessed in an Electrophoretic Mobility 

Shift Assay (EMSA) using the NeutrAvidinTM biotin -binding protein  (Holden & Tacon 

2011, Ludwig et al 1995) in accordance with the recommendations of Affymetrix® 

Ltd., UK. Precast 15-wÅÌÌ ɉρυʈ,Ɋ τ ÔÏ ςπϷ ÐÏÌÙÁÃÒÙÌÁÍÉÄÅ ÇÅÌÓ ×ÅÒÅ ÌÏÁÄÅÄ ÉÎÔÏ ÔÈÅ 

Mini-PROTEAN® Tetra Cell (Bio-Rad Laboratories Inc., UK) and the system filled  with 

a 1X TBE buffer solution containing 89mM Tris-borate and 2mM EDTA, pH 8.3±0.1 

at 250#Ȣ 4×Ï ρʈ, ÁÌÉÑÕÏÔÓ ÆÏÒ ÅÁÃh sample were transferred to separate Eppendorf 

tubes and heated to 700C for 2 minutes. A 2mg/mL concentration of NeutrAvidinTM 
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biotin -binding protein was prepared in a 1X PBS solution, pH 7.2±0.05 at 250C and 

υʈ, ÁÄÄÅÄ ÔÏ ÔÈÅ ÆÉÒÓÔ ÁÌÉÑÕÏÔ ×ÉÔÈ ÔÈÅ ÖÏÌÕÍÅ of the second aliquot being made up 

with PBS. The tubes were vortexed, spun-down in a microcentrifuge and incubated 

at RT for  5 minutes. Molecular weight markers HyperLadderTM IV (100-1000bp) and 

V (25-500bp) were loaded into  the first  and final lane of each gel. The samples were 

then combined with  5X DNA loading buffer ɉυʈ,Ɋȟ the mixture  pipetted up and down 

σ ÔÉÍÅÓ ÔÏ ÍÉØ ÁÎÄ ρπʈ, ÌÏÁÄÅÄ ÏÎÔÏ ÔÈÅ ÇÅÌ ×ÈÉÃÈ ×ÁÓ ÒÕÎ ÁÔ ρυπ ÖÏÌÔÓ ÆÏÒ ρ ÈÏÕÒȢ 

After electrophoresis the gel was stained in a 0.001% ethidium bromide solution in 

1X TBE buffer for 20 to 30 minutes and visualised under a UV light source using the 

Syngene GENi Gel Documentation System.                                      

 

2.3.2.4 Affymetrix ® Human Exon 1.0ST Arrays        

2.3.2.4.1 GeneChip® HuEx-1_0-st-v2   

The Affymetrix ®  high-density Human Exon 1.0ST GeneChip® Arrays (HuEx-1_0-st-v 

2) contain more than 5.5M distinct  features spotted directly  onto a υʈÍ square glass 

slide by means of photolithography. In total  there are in excess of 1.4M probesets [4 

PM probes assigned to each individual  exon] for  the interrogation  of upwards of one 

million  exon clusters, within  probe selection regions of empirically  supported trans-

cribed sequences, including putative full length mRNA transcripts: from the RefSeq 

(ncbi.nlm.nih.gov/refseq) (Pruitt  et al 2014), GenBank®  (ncbi.nlm.nih.gov/genbank) 

(Benson et al 2014) (n=289,961), Ensembl (ensembl.org) (n=306,583) (Fernandez-

Suarez & Schuster 2010, Flicek et al 2014) or dbEST (ncbi.nlm.nih.gov/genbank/d 

best) (n=665,175) (Boguski et al 1993) databases; synteny mapped mouse/rat gen-

omes (genome.ucsc.edu) (n=220,262) (Kuhn et al 2013), in addition to, those which 

have been predicted computationally in Ensembl, TWINSCAN (mblab.wustl.edu/n s 

can) (Brent 2008, Gross & Brent 2006), Exoniphy (cgwb.nci.nih.gov) (Blanchette et 

al 2004, Kent et al 2003), MITOMAP (mitomap.org) (Brandon et al 2005, Kogelnik et 

al 1996, Ruiz-Pesini et al 2007), VEGA (Vertebrate Genome Annotation) (sanger.ac. 

uk/resources/databases/vega) (Wilming et al 2008), GENSCAN (genes.mit.edu/gen 

scan) (Burge & Karlin 1997, Burge & Karlin 1998), or using structural RNA predict-

ion software (genome.ucsc.edu) (Karolchik et al 2014), GeneID (genome.crg.es/soft 

ware.geneid) (Guigo 1998, Parra et al 2000) and the microRNA (miRNA) registry (s 

http://www.ncbi.nlm.nih.gov/refseq
http://www.ncbi.nlm.nih.gov/refseq
http://www.ensembl.org/
http://www.ncbi.nlm.nih.gov/genbank/dbest
http://www.ncbi.nlm.nih.gov/genbank/dbest
http://www.genome.ucsc.edu/
http://www.mblab.wustl.edu/nscan
http://www.mblab.wustl.edu/nscan
http://www.cgwb.nci.nih.gov/
http://www.mitomap.org/
http://www.sanger.ac.uk/resources/databases/vega
http://www.sanger.ac.uk/resources/databases/vega
http://www.genes.mit.edu/GENSCAN
http://www.genes.mit.edu/GENSCAN
http://www.genome.ucsc.edu/
http://www.genome.crg.es/software.geneid
http://www.genome.crg.es/software.geneid
http://www.sanger.ac.uk/software/Rfam/mirna
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anger.ac.uk/software/Rfam/mirna ) (Griffith -Jones 2004) for the discovery of novel 

expression changes and/or  alternative splicing events that have not previously been 

reported (n=883,105).  

Each 25-mer oligonucleotide probe is designed to target the sense-strand of the July 

2003 NCBI build 34 of the human genome. On average, a typical gene composed of 

10 exons will be represented by approximately 30 to 40 probes distributed across 

the entire length of the protein coding transcript and not just thÅ ÆÁÒ σȭ ÅÎÄ ×ÈÉÃÈ ÉÓ 

associated with the more traditional IVT expression arrays. Another distinguishing 

feature of the Human Exon 1.0ST GeneChip® Arrays is the strategy that Affymetrix® 

has adopted for subtracting background noise. Rather than possessing a paired MM 

probe for each PM probe, they have util ised a surrogate approach that incorporates 

measurements of background signal intensities from a smaller number of around a 

ÔÈÏÕÓÁÎÄȟ ÐÏÏÌÅÄ ÐÒÏÂÅÓ ×ÉÔÈ ÉÄÅÎÔÉÃÁÌ '# ÃÏÎÔÅÎÔÓȠ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ÁÎ ȬÁÎÔÉÇÅÎÏÍÉÃȭ 

background probeset.  

                                                                                                         

2.3.2.4.2 Hybridization    

Sense-strand cDNA targets, post-fragmentation and labelling, were hybridized onto 

Human Exon 1.0ST GeneChip® !ÒÒÁÙÓ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓ 

provided in the GeneChip®  Hybridization,  Wash and Stain Module (Affymetrix® Ltd., 

UK). GeneChips® were equilibrated to RT immediately prior to use. Reagents were 

thawed on ice and the 20X Eukaryotic hybridization  control  stock heated to 650C for 

5 minutes or until the cRNA had been completely re-suspended. The hybridization 

cocktail was prepared in 1.5mL Eppendorf tubes by combining the remainder of the 

sample [58 to φπʈ, depending on whether a ςʈ, aliquot had been removed in order 

to perform  an EMSA (Section 2.3.2.3.4)]  with  3nM control  oligonucleotide B2 ɉσȢχʈ,Ɋȟ 

20X Eukaryotic hybridization  controls ɉρρʈ,Ɋ [bioB, bioC, bioD and cre at respective 

concentrations of 1.5 (represents the limit  of detection), 5, 25 and 100pM (American 

4ÙÐÅ #ÕÌÔÕÒÅ #ÏÌÌÅÃÔÉÏÎɊɎȟ ς8 ÈÙÂÒÉÄÉÚÁÔÉÏÎ ÍÉØ ɉρρπʈ,Ɋȟ χϷ $-3/ ɉρυȢτʈ,Ɋ ÁÎÄ a 

sufficient quantity  of RNase-freeTM water in order to bring the total reaction volume 

ÕÐ ÔÏ ςςπʈ,Ȣ 4ÈÅ ÔÕÂÅÓ ×ÅÒÅ ÆÌÉÃËÅÄ ÔÏ ÍÉØ ÁÎÄ ÔÈÅÉÒ ÃÏÎÔÅÎÔÓ ÃÏÌÌÅÃÔÅÄ ÂÙ ÃÅÎÔÒÉÆÕ-

gation. The hybridization cocktail was heated to 990C for 5 minutes, cooled to 450C 

for 5 minutes and centrifuged at maximum speed for 1 minute. Arrays were loaded 

http://www.sanger.ac.uk/software/Rfam/mirna
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×ÉÔÈ ςππʈ, ÏÆ ÓÁÍÐÌÅ ÁÎÄ ÉÎÃÕÂÁÔÅÄ ÁÔ τυ0C in the GeneChip® Hybridization Oven 

640 (Affymetrix® Ltd., UK) for 16±0.5 hours overnight with rotation set at 60rpm.                                                                                                              

 

2.3.2.4.3 Washing, Staining and Scanning    

Post-hybridization,  washing and staining was performed on the GeneChip® Fluidics 

Station 450 (Affymetrix ®  Ltd., UK) according to instructions contained in the Whole 

Transcript Sense Target Labelling Assay Manual for fluidics protocol FS450_0001 

that has been specifically developed for the Human Exon 1.0ST GeneChip® Arrays. 

Briefly, the hybridization cocktail was removed and stored at 40C. Cartridges were 

loaded with  ςππʈ, ÎÏÎ-stringent Wash Buffer A [6X SSPE (3M NaCl, 0.2M NaH2PO4, 

0.02M EDTA) and 0.01% Tween-20] and equilibrated to RT. Fresh solutions of the 

staining reagents were prepared. SAPE mix for  the first  and third stain contained 2X 

ÓÔÁÉÎ ÂÕÆÆÅÒ ɉσππʈ,Ɋ ɍρππmM MES, 1M [Na+] and 0.05% Tween-20], 50mg/mL BSA 

ɉςτʈ,Ɋȟ 1mg/mL  SAPE ɉφʈ,Ɋ and ςχπʈ, of molecular biology grade water for a final 

volume of φππʈ, per sample. The Ab mix for  the second stain contained the same 2X 

stain buffer ɉσππʈ,Ɋȟ 10mg/mL  Goat IgG stock ɉφʈ,Ɋȟ 0.5mg/mL biotinylated  Ab (3.6 

ʈ,Ɋȟ υπÍÇȾÍ, "3! ɉςτʈ,Ɋ ÁÎÄ ςφφȢτʈ, ÏÆ ÍÏÌÅÃÕÌÁr grade water, again to achieve 

Á ÆÉÎÁÌ ÖÏÌÕÍÅ ÏÆ φππʈ, ÐÅÒ ÓÁÍÐÌÅȢ  

Two post-hybridization washes, one with non-stringent Wash Buffer A at 300C for 

10 cycles with  2 mixes per cycle and another with stringent Wash Buffer B [100mM 

MES, 0.1M [Na+] and 0.01% Tween-20] at 500C for 6 cycles with 15 mixes per cycle, 

was followed by the first stain in SAPE solution at 350C for 5 minutes. A post-stain 

wash with non-stringent Wash Buffer A at 300C for 10 cycles with 4 mixes per cycle 

was followed by a second and third  stain at 350C for  5 minutes in the Ab solution and 

5 minutes in the SAPE solution. A final wash step was performed with non-stringent 

Wash Buffer A at 350C for 15 cycles with 4 mixes per cycle and the cartridges filled 

×ÉÔÈ ψππʈ, !ÒÒÁÙ (ÏÌÄÉÎÇ "ÕÆÆÅÒ ÐÒÉÏÒ ÔÏ ÂÅÉÎÇ ÓÃÁÎÎÅÄ ÏÎ ÔÈÅ 'ÅÎÅ#ÈÉÐ® Scanner 

3000 (Affymetrix® Ltd., UK).     

It  is important  to note that in the design of this study several steps were taken so as 

to avoid any potential  confounding effects of merging datasets from  different  batches 

of microarrays: 1) Kits and reagents were ordered in bulk from  the same supplier so 
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consistent LOT numbers could be maintained; 2) The time that had elapsed between 

processing each of the batches was kept to a minimum;  3) The same stopping points, 

storage conditions & number of freeze thaw cycles were strictly adhered to for each 

run; 4) Groupings were assigned randomly and re-assigned at each level from RNA 

extractions right  the way through to the point at which the cartridges were scanned 

and 5) Each of the groups contained roughly equal proportions of female and male 

samples with a mixture of controls, FALS and SALS cases of variable age, onset and 

disease duration.                                          

 

2.3.2.5 Bioinformatics Analysis        

2.3.2.5.1 Affymetrix® GeneChip® Operating Software    

Images processed by the Affymetrix ®  GeneChip®  Scanner 3000 were extracted using 

GCOS version 1.2 (Affymetrix ®  Ltd., UK). Reports were generated at gene (transcript 

clusters) and exon (probesets) level which plotted  signal distributions and other QC 

metrics used to evaluate the efficiency of individual hybridizations.                                                                                                                  

 

2.3.2.5.2 Partek® Genomics SuiteTM    

CEL files which had passed the QC metrics assessed by Expression ConsoleTM softw-

are version 1.3.0.187 (Affymetrix® Ltd., UK) (Section 2.3.2.5.2) were imported into 

Partek® Genomics SuiteTM software version 6.60 copyright © 2013 (Partek® Inc. St 

Louis, MO, USA) (Downey 2006, Fan et al 2011). Raw expression values were log2 

transformed, a pre-background adjustment for  GC content was applied and a quant- 

ile normalisation procedure performed using the Robust Multi -array Average (RMA) 

median polish probeset summarization algorithm  (Irizarry  et al 2003, Qu et al 2010) 

which excludes outlying  values falling below 1 or greater than 3 standard deviations 

away from  the mean (Wu et al 2004). Only core meta-probesets were considered (n 

=287,329). At transcript level these include ~22,000 unique clusters which relate to 

full -length protein coding mRNA sequences in the RefSeq and GenBank® databases.    

DE transcripts  were determined at the 5% significance threshold (Partek®
 unadjusted 

p<0.05) by means of a 2-way ANalysis of COVAriance (ANCOVA) statistical test which 

controls for  the effects of age and gender. Lists were subsequently filtered to remove
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unannotated ÔÒÁÎÓÃÒÉÐÔÓ ɉÎЀτȟσχχȾςςȟπρρɊ ÁÎÄ Á &# ÔÈÒÅÓÈÏÌÄ ÏÆ І ϻρȢςπ ÁÐÐÌÉÅÄȢ   

Aberrant splicing events were predicted at the same level of statistical significance 

using the Partek® alternative splicing index (ALT-SPLICE ANOVA) in which exon to 

exon comparisons were drawn  between disease and control  groupings for  each gene 

ÉÎ ÒÅÌÁÔÉÏÎ ÔÏ ÔÈÅ ÔÒÁÎÓÃÒÉÐÔȭÓ ÏÖÅÒÁÌÌ DE [Partek® unadjusted p-value (fold-change) 

ІπȢπυ and p-value (alt. splicing) <0.05]. To reduce the probability of predicting false 

outcomes attributed to a type I error: a) Probesets with a maximum value for log2 

transformed signal intensities below 3 across all the GeneChips® in the experiment 

were removed except for instances where a significant difference in the expression 

of a single exon exists between the two  groupings; b) Exons residing in genes whose 

expression at the level of the whole transcript was found to be significantly altered 

were excluded and c) Filtered transcript clusters with no observable differences in 

the expression levels of individual exons [Partek® ÕÎÁÄÊÕÓÔÅÄ ÐЃπȢπυȟ &# І ϻρȢςπɎ 

(Gillett et al 2009, Rabin et al 2010, Tian et al 2011). Additional transcripts (n=2,077 

/17,273)  with  fewer than four  or more than forty  probesets were also removed since 

the presence of a such small/large number of markers makes it prohibitively more 

difficult to interpret the alternative splicing events predicted to occur within these 

genes (Whistler et al 2010). Graphical outputs were obtained using easyExon 1.0.4 

Java-based platform  copyright ©  2008 which is freely available online at microarray. 

ym.edu.tw/easyExon (National Yang-Ming University, Taiwan) (Chang et al 2008).                                                                                                                  

 

2.3.2.5.3 Qlucore Omics Explorer    

Partek®  GC-RMA normalised pivot  data could also be interpreted  visually in Qlucore 

Omics Explorer software version 2.3 (Lund, Sweden). F-test statistical outputs for 

the ANOVA were filtered  at the 5% significance level (p<0.05) in order to generate 

lists of variables or genes (transcripts) which are best able to separate patient and 

control  groupings on a PCA plot  or hierarchically clustered HeatMap. Any potentially 

confounding effects due to Ȭ!ÇÅȭ (continuous) or Ȭ'ÅÎÄÅÒȭ (nominal)  were eliminated 

as factors and the lists filtered  to remove unannotated transcripts  (n=3,356/ 22,011) 

using the NetAffxTM Analysis Centre, which is freely available online at affymetrix.co 

m/analysis/index/affx  (Affymetrix ®  Ltd., UK) (Liu et al 2003), before applying a FC 

ÔÈÒÅÓÈÏÌÄ ÏÆ І ϻρȢς0.                                                                                                   

http://www.microarray.ym.edu.tw/easyExon
http://www.microarray.ym.edu.tw/easyExon
http://www.affymetrix.com/analysis/index/affx
http://www.affymetrix.com/analysis/index/affx
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2.3.2.5.4 Gene Ontology Enrichment Analysis   

Affymetrix ®  transcript clusÔÅÒ )$ȭs (gene level) or probeset identification numbers 

(exon level) were uploaded into  DAVID bioinformatics  resource version 6.7 (Section 

2.3.1.8.3). With a Homo sapiens background applied, function annotation clustering 

analysis was performed on GOTERM_BP_FAT and GOTERM_MF_FAT gene ontology 

(GO) terms ÕÓÉÎÇ Ȭ-ÅÄÉÕÍȭ ÃÌÁÓÓÉÆÉÃÁÔÉÏÎ ÓÔÒÉÎÇÅÎÃÙ [Kappa: similarity  term  overlap 

3, similarity  threshold 0.50; Classification: Initial group membership 3, final group 

membership 3 and multiple linkage threshold 0.50]. Those categories identified as 

being significantly enriched within the patient populations were defined as having a 

minimum  EASE score above 1.30 and Benjamini-Hochberg FDR corrected p<0.05.    

An overview of the workflow and analysis pipeline for the Human Exon 1.0ST Gene 

Chip® Arrays used for  the transcriptional  profiling  of peripheral EBV-transformed B-

ÌÙÍÐÈÏÃÙÔÅÓ ɉ,#,ȭÓɊ ÉÎ C9ORF72-related ALS ɍ#ÈÁÐÔÅÒ υȡ ȬC9ORF72 '%0 3ÔÕÄÙȭ ÁÎÄ 

#ÈÁÐÔÅÒ φȡ ȬC9ORF72 3ÕÒÖÉÖÁÌ 3ÔÕÄÙȭɎ is provided in Figure 2.4. 

 

2.3.2.6 Quantitative Real -Time PCR        

2.3.2.6.1 Primer Design    

Gene level expression changes observed on the Human Exon 1.0ST GeneChip®  Arrays 

were validated by qRT-PCR. Standard primers  ordered from Eurofins MWG Operon, 

Germany were designed using the NCBI Primer-BLAST tool which is freely available 

online at ncbi.nlm.nih.gov/tools/primer -blast. The reference sequence (RefSeq) of 

the full protein-coding transcript was obtained in FASTA format from ensembl.org 

and primers were designed to the region exhibiting the largest and most significant 

FC between the patient and control groupings. This was determined by plotting the 

mean probeset signal intensities from  Partek® GC-RMA normalised pivot data along 

the y-axis against the Affymetrix® probeset identification numbers along the x-axis 

using Microsoft Excel 2010 (Microsoft  Corporation, UK). Standard error  of the mean 

(SEM) was calculated by dividing the standard deviation (stdev) by the square root 

of n which represents the number of samples in each group. Oligonucleotide probes 

were mapped to the genome and their specificity for the gene of interest confirmed 

using the GATExplorer platform which is freely available online at bioinfow.dep.us

http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ensembl.org/
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Figure 2.4 Flowchart Schematic of the Human Exon 1.0ST GeneChip ® Array Analysis Pipeline 
Established for Peripheral EBV -Transformed B -LÙÍÐÈÏÃÙÔÅÓ ɉ,#,ȭÓɊ ÉÎ !,3Ȣ 
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C - cytosine, EBV - Epstein Barr virus, G - guan-
ine, GCOS - GeneChip®  Operating Software, GO - gene  ontology, LCL - lymphoblastoid cell line, RMA 
- Robust Multi -array Average, ss-cDNA - single-stranded complementary DNA and ST - sense target.    
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al.es/xgate/principal.php  (Bioinformatics  and Functional Genomics Research Group 

at the Salamanca Cancer Research Centre, Spain). Predicted dissociation curves for 

RT-PCR products could be visualised using uMELTTM software version 2.0.2 which is 

freely available online at dna.utah.edu/umelt/um.php  (Wittwer  lab for  DNA Analysis 

University of Utah, USA).  

For optimal qRT-PCR efficiency, amplicon sizes were restricted to ~100±5bp. The 

oligonucleotides were around 15 to 25bp in length to ensure adequate specificity to 

their  targeted sequence on the cDNA template but also that they remain sufficiently 

short to bind with  ease under the appropriate annealing conditions. In order  to limit  

the level of background genomic DNA amplification, primer pairs were designed to 

span an exon-exon junction wherever possible. GC content ranged between 35 and 

60% with  no more than three guanine (G) or cytosine (C) residues occurring within 

the last five at ÔÈÅ σȭ ÅÎÄ ÏÆ ÔÈÅ ÓÅÑÕÅÎÃÅȢ 4ÈÉÓ ×ÁÓ ÉÍÐÏÒÔÁÎÔ ÓÉÎÃÅ ÔÈÅ ÆÏÒÍÁÔÉÏÎ ÏÆ 

a third  hydrogen bond between these two residues means they have the propensity 

to bind to one another with  a much higher affinity than the alternate pair of adenine 

(A) and thymine (T)  residues. Although the presence of a small number of 'ȭÓ ÁÎÄ #ȭÓ 

ÁÔ ÔÈÅ σȭ ÅÎÄ ÃÁÎ ÉÍÐÒÏÖÅ ÔÈÅ ÄÅÇÒÅÅ ÏÆ ÁÓÓÏÃÉÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÐÒÉÍÅÒ ÁÎÄ Ã$.! 

template, having more than three results in too strong an association which causes 

a rise in melting temperature (Tm) and prevents the GC clamp from denaturing at 

the correct temperature. Tm is defined as the temperature at which 50% of the DNA 

duplex will separate to become single-stranded molecules and is usually optimal in  

the region of 58 to 600C.          

                                                                                           

2.3.2.6.2 Primer Optimisation and Standard Curve Analysis   

Primer  optimisation  was performed in  triplicate  ρπʈ, reaction volumes using reverse 

transcribed Stratagene qPCR Human Reference Total RNA at an initial  concentration 

of ρςȢυÎÇȾʈ,Ȣ Oligonucleotide sequences were assayed at differing combinations of 

ÆÏÒ×ÁÒÄ ɉ&ȭɊ ÁÎÄ ÒÅÖÅÒÓÅ ɉ2ȭɊ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÒÁÎÇÉÎÇ ÂÅÔ×ÅÅÎ ρυπ ÁÎÄ φππÎÍÏÌȢ ! 

NTC control was also included iÎ ÅÁÃÈ ÒÕÎ ɍ&ȭ - σππÎÍÏÌȟ 2ȭ - 300nmol] (Table 2.3). 

The standard deviation of the mean was calculated as a measure of the consistency 

between replicates of any given concentration and was used in order to determine 

the optimum cÏÍÂÉÎÁÔÉÏÎ ÏÆ &ȭ ÁÎÄ 2ȭ ÐÒÉÍÅÒÓ ÆÏÒ ÅÁÃÈ ÇÅÎÅ ×ÈÉÃÈ ×ÁÓ ÓÅÌÅÃÔÅÄ ÁÓ  

http://www.dna.utah.edu/umelt/um.php
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  2ÅÖÅÒÓÅ ɉ2ȭɊ ÐÒÉÍÅÒ 

        150nmol 300nmol 600nmol 

&
Ï
Ò
×
Á
Ò
Ä
 
ɉ
&
ȭ
Ɋ
 
Ð
Ò
É
Í
Å
Ò

 

1
5

0
n
m

o
l 

150/150  150/300  BLANK 

3
0

0
n
m

o
l 

300/150  300/300  300/600  

6
0

0
n
m

o
l 

BLANK 600/300  600/600  

           
Table 2.3 qRT-PCR Primer Optimization Oligonucleotides purchased 
from Eurofins MWG Operon, Germany were optimized for use in SYBR®  
Green qRT-0#2 !ÓÓÁÙÓ ÕÓÉÎÇ ÄÉÆÆÅÒÉÎÇ ÃÏÍÂÉÎÁÔÉÏÎÓ ÏÆ ÆÏÒ×ÁÒÄ ɉ&ȭɊ ÁÎÄ 
ÒÅÖÅÒÓÅ ɉ2ȭɊ ÐÒÉÍÅÒ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ  
 

Abbreviations: qRT-PCR - quantitative real-time PCR. 

 

 

a target for qRT-PCR validation. Specificity could be confirmed by the presence of a 

single peak on the dissociation melting curve.  

A standard curve was also produced by performing a two-fold serial dilution of the 

starting material using NF ddH20. Cycle threshold (Ct) values (y-axis) were plotted 

against the log of each known concentration of universal cDNA (copy number) along 

the x-axis. Efficiency and the coefficient of correlation (R2) were computed from the 

gradient of the incline. For reactions that were 100% efficient (slope - 3.32, R2 > 

0.99) the amount of PCR product should be seen to double with every amplification 

cycle.                                                                                                     

 

2.3.2.6.3 RNA Pooling   

RNA was pooled from  75 C9ORF72+ cases (i.e. all 39 from  the microarray  experiment 

plus an additional 36 G4C2 repeat carriers from  the ECACC discovery and replication 

cohorts combined) and 35 neurologically normal, healthy control subjects matched 

for  age and gender to incorporate measurements from a greater number of samples 

in each run. This approach was used in order  to maximise the statistical power of the 

qRT-PCR assay whilst  avoiding potential complications associated with running the 

experiments on multiple 96-well plates at differing time points and with different 
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batches ÏÆ ÒÅÁÇÅÎÔÓȢ %ÁÃÈ ÐÏÏÌ ÃÏÍÂÉÎÅÄ ςππÎÇ ÏÆ ÇÏÏÄ ÑÕÁÌÉÔÙ 2.! ɉ2). ÓÃÏÒÅ І 

7.0), from five randomly selected patient or control derived LCL samples to achieve 

Á ÔÏÔÁÌ ÉÎÐÕÔ ÏÆ ρʈÇ ÏÆ ÓÔÁÒÔing material per cDNA synthesis reaction (Table 2.4).                                                                                                         

 

Controls 

 
 
C1 
 
 

SNc0038 
SC3489 
BBe0006 
LCa0076 
SC3709 

M 
F 
F 
M 
F 

 
 
C2 

BC6295 
SC3021 
SMa0156 
BC6448 
BLi0169 

F 
F 
M 
F 
M 

 
 
C3 

SNc0041 
SC3406 
SC3278 
BC6507 
SC3150 

F 
M 
F 
M 
M 

 
 
C4 

LC0311 
BC6323 
BLi0083 
BC6234 
SC3282 

M 
M 
F 
M 
F 

 
 
C5 

SMa0033 
BLi0245 
LPo0033 
LC0455 
SNc0045 

M 
M 
M 
F 
F 

 
 
C6 
 
 

SDu0012 
LPo0027 
SNc0096 
LCa0022 
SNt0035 

F 
M 
F 
F 
M 

 
 
C7 

SNc0023 
LC0573 
BC6231 
SC3052 
LC0194 

M 
M 
M 
M 
M 

   

C9ORF72+ 

 
 
P1 

LNh0101 
BP6072 
BLi0236 
LP0125 
SP3148 

M 
F 
F 
M 
F 

 
 
P2 

SPr0059 
LP0657 
SNc0204 
LPy0018 
LP0440 

F 
M 
F 
F 
F 

 
 
P3 

LP0008 
BBr0015 
LP0305 
BP6165 
LP0437 

M 
F 
M 
F 
M 

 
 
P4 
 
 

SMa0006 
LP0665 
BP6063 
SP3534 
LP0480 

M 
F 
M 
F 
M 

 
 
P5 

SP3127 
LSh0038 
BP6029 
SP3560 
SP3118 

F 
M 
F 
M 
F 

 
 
P6 

SMa0166 
SNc0189 
SP3057 
SP3122 
SP3041 

M 
M 
M 
M 
F 

 
 
P7 

SP3469 
SP3341 
SP3298 
SP3420 
SP3413 

M 
F 
F 
F 
M 

 
 
P8 

SP3183 
SP3222 
SP3058 
SP3431 
SP3042 

M 
F 
M 
F 
M 

 
 
P9 

LP0064 
SNc0059 
SP3433 
LP0207 
SP3288 

M 
F 
M 
F 
M 

 
 
P10 

SP3010 
BP6107 
LP0203 
LP0454 
LP0359 

F 
M 
F 
M 
M 

 
 
P11 

BP6391 
LP0475 
BP6208 
LP0497 
BP6098 

M 
M 
F 
M 
M 

 
 
P12 

BLi0254 
BP6334 
BP6059 
SP3090 
LNh0040 

M 
M 
M 
M 
M 

 
 
P13 

BP6363 
BP6308 
LSh0002 
LPo0005 
SP3087 

F 
F 
M 
M 
M 

 
 
P14 

SP3462 
LP0717 
LPo0036 
BLi0251 
LP0073 

F 
M 
M 
F 
F 

 
 
P15 

LP0091 
SPr0026 
SP3006 
SP3471 
LP0248 

M 
F 
M 
M 
F 

   

 

Table 2.4 ECACC LCL Pooled RNA Samples for qRT-PCR Validation RNA of good quality 
[RIN score ІχȢπ on the Agilent 2100 Bioanalyser] was pooled from 75 C9ORF72+ cases and 35 
neurologically normal, healthy control subjects which had been matched for age and gender.    
Patient (P) and control (C) groupings were assigned at random with each pool incorporating 
material from five samples (200ng total RNA per sample).  
 

Abbreviations: (+) - positive, BC - Birmingham control, Be - Belfast City Hospital, BP - 
Birmingham patient, Br - Bristol Frenchay Hospital, C9ORF72 - chromosome 9 open reading 
frame 72, Ca - Cambridge, Du - Durham, ECACC - European Collection of Cell Cultures, F - 
female, LC - London control, LCL - lymphoblastoid cell line, Li - Liverpool, LNh - London 
National Hospital, LP - London patient, M - male, Ma - Manchester, Nc - Newcastle, Nt -
Nottingham, Pr - Preston, Po - Poole General Hospital, Py - Plymouth Derriford Hospital, qRT-
PCR - quantitative real-time PCR, RIN - RNA integrity number, SC - Sheffield control, Sh - 
Southampton Hospital and SP - Sheffield patient.        

 

 

2.3.2.6.4 cDNA Synthesis   
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Stratagene qPCR Human Reference Total RNA and pooled mRNA samples derived 

ÆÒÏÍ ÐÁÔÉÅÎÔ ÏÒ ÃÏÎÔÒÏÌ ,#,ȭÓ ×ÅÒÅ ÒÅÖÅÒÓÅ ÔÒÁÎÓÃÒÉÂÅÄ ÉÎÔÏ ÓÓ-cDNA using the ABI 

High Capacity RNA to cDNA Synthesis Kit as previously described in Section 2.3.1.4. 

1. Products were diluted in NF ddH2π ÔÏ Á ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ρςȢυÎÇȾʈ, ÁÎÄ ÓÔÏÒÅÄ ÁÔ 

-200C prior to use in either traditional SYBR® Green or IDT PrimeTime® Mini qPCR 

Assays.                                                                                                              

 

2.3.2.6.5 SYBR® Green Assays   

Traditional  qRT-PCR was performed ÉÎ ÄÕÐÌÉÃÁÔÅ ρπʈ, ÒÅÁÃÔÉÏÎ ÖÏÌÕÍÅÓ ÃÏÎÔÁÉÎÉÎÇ 

12.5ng of cDNA template, ÏÐÔÉÍÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÏÆ &ȭ ÁÎÄ 2ȭ ÐÒÉÍÅÒÓ ɉTable 2.5), 

a 1X Stratagene Brilliant  II SYBR® Green PCR Master Mix and RNase-freeTM water as 

previously described in Section 2.3.1.6. Negative no-24 ÁÎÄ .4#ȭÓ ×ÅÒÅ ÉÎÃÌÕÄÅÄ ÉÎ 

each run. Relative concentrations were normalised against the housekeeping gene 

18SrRNA and visualised using GraphPad Prism® software version 5.04 copyright © 

1992-2014 (GraphPad Software Inc., USA). Significance values were calculated in 

Microsoft Excel 2010 (Microsoft  Corporation, UK) using a one-tailed ÓÔÕÄÅÎÔȭÓ t-test. 

Gene expression changes were confirmed if the direction of change was the same as 

the microarray with p<0.05.    

 

2.3.2.6.6 PrimeTime® Mini qPCR Assays   

PrimeTime® Mini qPCR Assays from Integrated DNA Technologies INC., USA were 

ÁÌÓÏ ÐÅÒÆÏÒÍÅÄ ÉÎ ÄÕÐÌÉÃÁÔÅ ρπʈ, ÒÅÁÃÔÉÏÎ volumes with a negative no-RT and NTC. 

Each well  contained 12.5ng of cDNA template, 500nM &ȭȾ2ȭ primer  and 250nM probe 

re-suspended in TE buffer [10mM Tris-HCl and 1mM EDTA, pH 7.5 at 250C], RNase-

freeTM water and 2X Brilliant  III  Ultra-Fast qPCR Master Mix (Table 2.6). The samples 

were run  applying a Ȱ.ÏÒÍÁÌ 2 3ÔÅÐȱ profile  on the Stratagene Mx3000PTM Real Time 

PCR Thermal Cycler as outlined  previously in  Section 2.3.1.6. Relative concentrations 

were normalised against the standard housekeeping gene 18SrRNA and visualised in 

GraphPad Prism® software version 5.04 copyright © 1992-2014 (GraphPad® Soft-

ware Inc., CA USA). Significance values were calculated using Microsoft Excel 2010 

(Microsoft Corporation, UK) using a one-tailed ÓÔÕÄÅÎÔȭÓ t-test. Expression changes 

were confirmed if the direction of change was identical to the microarray with  a p<
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Gene Transcript  Region 0ÒÉÍÅÒ 3ÅÑÕÅÎÃÅ ɉυȭ ---Є σȭɊ  Tm GC% Amplicon  Optimum conc.  Efficiency  

C9ORF72 ENST00000379997 σȭ542 
&ȭ '4!4#!'!''#!4'!'4'4'444 
2ȭ '!4'4!4'!!!''#4'!#!#4'! 

58.7 
58.5 

43.5 
43.5 

98bp 150/150nmol  99.8% 

C9ORF72 ENST0000038003 σȭ542 
&ȭ ''!!!#'44####4''!4#!4 
2ȭ #!##4'!#!4####4#!#!' 

60.1 
59.8 

52.4 
60.0 

104bp 150/150nmol  101.1% 

DENR ENST00000280557 σȭ542 
&ȭ '4##44''#!4444#!#4'44# 
2ȭ #!'4#4###'444!444'!#444' 

58.4 
58.3 

45.5 
41.7 

74bp 150/300nmol  102.4% 

FGFR1 ENST00000341462 Exon 11-13 
&ȭ !'4#''!#'#!!#!'!'!!! 
2ȭ 4''!''#!4!#4##!#'!4' 

57.3 
59.4 

50.0 
55.0 

147bp 300/150nmol  115.3% 

HNRNPA0 ENST00000314940 σȭ542 
&ȭ ##4'#4!'44'#'4'44'!!44! 
2ȭ !'4!#!!'!'!4''!4'#!#!'! 

59.6 
59.2 

43.5 
43.5 

104bp 300/600nmol  96.0% 

HNRNPF ENST00000443950 Exon 3 
&ȭ #4#!'4'!4''#4!#''#44 
2ȭ #4#!#4'4#'##'4!4#4'4 

59.4 
59.4 

55.0 
55.0 

96bp 150/300nmol  102.3% 

ITGAE ENST00000263087 Exon 15-16 
&ȭ 4'''''!4#4#!'4#!''!4! 
2ȭ #'4###!'4'4##!44'4!'! 

59.1 
59.5 

52.4 
52.4 

120bp 150/150nmol  110.8% 

ITGAE ENST00000263087 Exon 20 
&ȭ !4#44##!'#4'###4!4'! 
2ȭ '4''4''##!!#4'4!!44#4' 

58.2 
59.8 

50.0 
50.0 

74bp 150/150nmol  111.8% 

KARS ENST00000319410 υȭ542 
&ȭ !#4'!'#!!'!!'4''4''4! 
2ȭ !#####4!!#!!'##44!#!' 

59.0 
59.4 

47.6 
52.4 

83bp 150/150nmol  97.4% 

MRPL41 ENST00000371443 Exon 2 
&ȭ #4''!''44#'4'#!'!4#! 
2ȭ #4#!#'4!'''#44'!'#44 

59.8 
59.8 

55.0 
55.0 

84bp 150/150nmol  107.5% 

NUDT21 ENST00000300291 σȭ542 
&ȭ '!4###4!!!44'##!##444#4 
2ȭ 4'!'#!'!!##'!!!'4!!!4!!!# 

58.7 
58.1 

43.5 
36.0 

109bp 300/150nmol  95.3% 

PHAX ENST00000297541 Exon 2 
&ȭ 4#'!'#4'44'!!!'4'4''! 
2ȭ !#4'#4#4''##!!!#4'!! 

59.9 
59.8 

47.6 
50.0 

139bp 150/300nmol  103.0% 
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PRPF19 ENST00000227524 Exon 11 
&ȭ #44#####'!4'##!#4!4# 
2ȭ !4#!4#''!''!'#4#!''! 

60.0 
59.8 

60.0 
55.0 

137bp 300/300nmol  99.4% 

PURA ENST00000331327 Exon 1 
&ȭ ''#'4'444!4'#'!'4'!' 
2ȭ ##'!'4!#44'#!'!!''4'4 

59.4 
59.8 

55.0 
52.4 

106bp 150/150nmol  108.7% 

RBM3 ENST00000376759 Exon 2-3 
&ȭ !4#4#4'!''4''4#'44'4 
2ȭ ''44''4'!!''4'!4'!!!# 

58.4 
59.7 

50.0 
50.0 

76bp 300/150nmol  100.4% 

RPL22 ENST00000234875 σȭ542 
&ȭ !4!'#4'##4#!4'##!#44 
2ȭ 4''4!'####444#!'44'4# 

59.5 
59.9 

50.0 
52.4 

90bp 600/300nmol  100.4% 

TAF13 ENST00000338366 Exon 4 
&ȭ 4''!!'ACAAGGTCGAGTACA 
2ȭ !!###4''#!!!#44##44' 

59.0 
58.6 

45.5 
58.6 

76bp 300/150nmol  98.3% 

UTP15 ENST00000296792 Exon 2-4 
&ȭ !'!####4'44#!'!44!!''! 
2ȭ 4'!!44#44'!''!!'#4'4'!# 

58.4 
58.9 

45.5 
43.5 

100bp 150/150nmol  102.9% 

ZCRB1 ENST00000266529 σȭ542 
&ȭ ''#444!44#!TGCCTGATTTGTTT 
2ȭ 4#''4#44#!''!!'444'4444 

59.1 
58.7 

36.0 
39.1 

75bp 300/150nmol  102.8% 

Housekeeping Gene 
 

18SrRNA ENST00000606783 υȭ 542 
&ȭ #4'#''#44!!444'!#4#!!# 
2ȭ #!!!4#'#4##!##!!#4!!'!! 

58.5 
59.3 

45.5 
43.5 

131bp 300/600nmol  115.5% 

 

Table 2.5 ECACC Eurofins MWG Operon qRT -PCR Primer Sequences and Optimum Concentrations   
 

Abbreviations: bp - base pairs, C9ORF72 - chromosome 9 open reading frame 72, DENR - density-regulated protein, Fȭ - forward  primer sequence, FGFR1 - fibroblast 
growth factor receptor 1, HNRNPA0 - heterogeneous nuclear ribonucleoprotein A0, HNRNPF - heterogeneous nuclear ribonucleoprotein F, ITGAE - integrin, alpha E, KARS 
- lysyl-tRNA synthetase, MRPL41 - mitochondrial ribosomal protein L41, NUDT21 - nudix (nucleoside diphosphate linked moiety X)-type motif 21, PHAX - phosphorylated 
adaptor for RNA export, PRPF19 - PRP19/PSO4 pre-mRNA processing factor 19 homolog (S. cerevisiae), PURA - purine-rich element binding protein A, Rȭ - reverse primer 
sequence, RBM3 - RNA binding motif (RNP1, RRM) protein 3, RPL22 - ribosomal protein L22, TAF13 - TAF13 RNA polymerase II, TATA box binding protein (TBP)-
associated factor, 18kDa, Tm - melting temperature, UTP15 - UTP15, U3 small nucleolar ribonucleoprotein, homolog (S. cerevisiae), UTR - untranslated region, ZCRB1 - 
zinc finger CCHC-type and RNA binding motif 1 and 18SrRNA - 18S ribosomal RNA. 
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Gene PrimeTime ®   RefSeq  Region 0ÒÉÍÅÒ 3ÅÑÕÅÎÃÅ ɉυȭ ---Є σȭɊ  0ÒÏÂÅ 3ÅÑÕÅÎÃÅ ɉυȭ ---Є σȭɊ Amplicon  

CLNS1A Hs.PT.56a.24955799 NM_001293 Exon 1-2 
&ȭ ##!'4'!GAATCCTAATCCAGAG 
2ȭ !#4'!''#4'4'#4'!!# 

56-FAM/TTACATCGC/ZEN/TGAGAGCCGCCTG/3IA 
BkFQ 

103bp 

EIF4H Hs.PT.56a.24792841 NM_022170 Exon 4-6 
&ȭ !'4#!4###4'!!'##!'! 
2ȭ !''#!'!!!!#!!'!4!!!''4' 

56-FAM/CAGAAAAGG/ZEN/TGGACCAGATGACAGA 
GG/3IABkFQ 

134bp 

FUS Hs.PT.58.40679981 NM_001170634 Exon 6-9 
&ȭ ##44'#!#!!!'!4''4'44' 
2ȭ ''#''#!'!''4''#!4  

56-FAM/AAATTTGGT/ZENGGCCCTCGGGAC/3IABk 
FQ 

128bp 

GEMIN6 Hs.PT.56a.22216821 NM_024775 Exon 1-2 
&ȭ #4'4#!#4#''!##4#444' 
2ȭ 4'!'4!###!'!'44'#'! 

56-FAM/AAGGCCCCT/ZEN/TAGAATGGCAAGATTA 
CAT/3IABkFQ 

123bp 

HNRNPH2 Hs.PT.58.904078 NM_019597 Exon 1b-2 
&ȭ '4''#!!'444''#4#!!4' 
2ȭ 4#'4#4!##'4#4#'#4!4 

56-FAM/TGGTGTAGC/ZEN/TCTAACGATACCGGGT 
/3IABkFQ 

99bp 

KARS Hs.PT.56a.39151267 NM_001130089 Exon 1-2 
&ȭ ###4!!#!!'##44!#!'#! 
2ȭ ''##'!''4'!!!'4'' 

56-FAM/CGTCAACAT/ZEN/GGCAGAGCACCCT/3IA 
BkFQ 

113bp 

NCBP2 Hs.PT.56a.39258425 NM_007362 Exon 3-4 
&ȭ '#!4#4'#'#'4'!'4! 
2ȭ '!!#4#44#!'#!!!!'4''4' 

56-FAM/TGGGTCTGG/ZEN/ATAAAATGAAGAAAAC 
AGCATG/3IABkFQ 

110bp 

POLR2G Hs.PT.56a.39433782 NM_002696 Exon 3-5 
&ȭ '4'''44''!GTTAGGATCA 
2ȭ '!''4#'4''!4'#4'44 

56-FAM/AGGGATGGA/ZEN/ATGTCGAGAGATGAAG 
C/3IABkFQ 

130bp 

UNRIP Hs.PT.56a.24263685 NM_007178 Exon 8-10 
&ȭ !''!'#4'!!''!!!'!4'# 
2ȭ '##444''!!!4'4'4'#44# 

56-FAM/AGAAGATAG/ZEN/TGGTGAGCTGGCAAAG 
C/3IABkFQ 

137bp 

Housekeeping Gene 

18SrRNA Hs.PT.39a.22214856.g NR_003286 Exon 1 
&ȭ ''!#!4#4!!'''#!4#!#!' 
2ȭ '!'!#4#4''#!4'#4!!#4!' 

56-FAM/TGCTCAATC/ZEN/TCGGGTGGCTGAA/3IA 
BkFQ 

n/a  

 

Table 2.6 ECACC PrimeTime® Mini qPCR Primer and Probe Sequences   
 

Abbreviations: bp - base pairs, CLNS1A - chloride channel, nucleotide-sensitive, 1A, EIF4H - ÅÕËÁÒÙÏÔÉÃ ÔÒÁÎÓÌÁÔÉÏÎ ÉÎÉÔÉÁÔÉÏÎ ÆÁÃÔÏÒ τ(ȟ &ȭ - forward primer  sequence, FUS - fused 
in sarcoma, GEMIN6 - gem (nuclear organelle) associated protein 6, HNRNPH2 - heterogeneous nuclear ribonucleoprotein Hς ɉ(ȭɊȟ KARS - lysyl-tRNA synthetase, NCBP2 - nuclear 
cap binding protein subunit 2, 20kDa, POLR2G - ÐÏÌÙÍÅÒÁÓÅ ɉ2.!Ɋ )) ɉ$.! ÄÉÒÅÃÔÅÄɊ ÐÏÌÙÐÅÐÔÉÄÅ 'ȟ 2ȭ - reverse primer sequence, UNRIP (STRAP) - UNR-interacting protein 
(serine/threonine kinase receptor associated protein) and 18SrRNA - 18S ribosomal RNA.    



92 
 

0.05. 

For improved specificity IDT utilises υȭ nuclease chemistry in  which a non-extendable 

DNA hydrolysis probe is fluorescently labelled with  a reporter  dye and either one or 

two  quenchers. When the probe is intact, the two molecules are maintained in close 

proximity  to one another allowing energy emitted by the reporter  to be absorbed by 

quencher(s). During the extension phase of the amplification  reaction the hydrolysis 

probe is cleaved by the υȭ to σȭ exonuclease activity  of SureStart Taq DNA polymerase 

causing the two  molecules to dissociate from  the target. A consequence of the spatial 

separation of the reporter dye and quencher(s) is a sharp increase in fluorescence 

which is then detected and recorded by the instrument.                                       
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3.1 Clinical Characteristics of the NuGEN Cohort  

An overview of the clinical characteristics of participants recruited into the NuGEN 

Ovation® Whole Blood Study is provided in Table 2.1 (Section 2.1.1). Briefly, these 

comprised 6 Riluzole treated SALS patients of North European, Caucasian descent 

and an equal number of neurologically normal, healthy control subjects that were 

as far as possible age and gender matched. Age at symptom onset ranged between 

38 and 71 years with a mean of 60.3±15yrs and an average disease duration of ~3 

years and 4 months.                                      

 

3.2 PAXgene® Blood RNA Extraction  

PAXgene® isolated material extracted from whole venous peripheral blood derived 

from each of the 12 individuals in the final NuGEN microarray cohort (Section 3.1) 

yielded between ςȢψς ÁÎÄ ωȢσςʈÇ ÔÏÔÁÌ 2.! ÆÏÒ ÄÏ×ÎÓÔÒÅÁÍ ÁÐÐÌÉÃÁÔÉÏÎÓ ÉÎÃÌÕÄÉÎÇ 

linear SPIATM amplification (Section 3.3.1) and cDNA synthesis prior to performing 

qRT-PCR (Section 3.4). Measurements of concentration and purity (Section 2.3.1.3) 

obtained using the NanoDropTM 1000 Spectrophotometer were found to be reason-

ably consistent across patient and control  groupings with  respective means of 65.00 

ϻςυÎÇȾʈ, ÁÎÄ φωȢσχϻςψÎÇȾʈ, ÁÎÄ !260/280  ratios close to 2.20. Distinct separation 

of the 18S and 28S ribosomal peaks could also be observed on the electropherogram 

traces displayed by the Agilent 2100 Bioanalyser with rRNA ratios of 1.70±0.2 and 

RNA integrity  values of 7.5 or above (Table 3.1) [Mean RIN 8.1±0.5 for  SALS patients 

and 8.2±0.5 for controls] (Figure 3.1). 

 

3.3 Human  Genome U133 Plus 2.0 GeneChip®  Array s              

3.3.1 NuGEN Ovation® Whole Blood Solution 
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Control ID  RNA Concentration  RNA Yield A260/280  RIN 

BLDCON01 48.66  ÎÇȾʈ, σȢψω ʈÇ 2.23 8.4 

BLDCON02 χχȢωρ  ÎÇȾʈ, φȢςσ ʈÇ 2.21 7.7 

BLDCON04 συȢςω  ÎÇȾʈ, ςȢψς ʈÇ 2.46 8.8 

BLDCON07 τφȢσφ  ÎÇȾʈ, σȢχρ ʈÇ 2.16 7.7 

BLDCON08 ρπρȢςφ  ÎÇȾʈ, ψȢρπ ʈÇ 2.23 8.8 

BLDCON10 ψπȢυσ  ÎÇȾʈ, φȢττ ʈÇ 2.12 7.9 

Mean Values φωȢσχ ÎÇȾʈ, 5.55 ʈÇ 2.24 8.2 

     

Patient ID  RNA Concentration  RNA Yield A260/280  RIN 

BLDPAT21 τχȢπψ  ÎÇȾʈ, σȢχχ ʈÇ 2.28 8.4 

BLDPAT23 ρρφȢτψ  ÎÇȾʈ, ωȢσς ʈÇ 2.15 7.5 

BLDPAT26 χχȢφυ  ÎÇȾʈ, φȢςρ ʈÇ 2.12 8.0 

BLDPAT27 ψπȢυτ  ÎÇȾʈ, φȢττ ʈÇ 2.14 8.1 

BLDPAT35 τυȢυυ  ÎÇȾʈ, 3Ȣφτ ʈÇ 2.25 8.8 

BLDPAT38 τψȢωρ  ÎÇȾʈ, σȢωρ ʈÇ 2.14 7.7 

Mean Values φυȢππ ÎÇȾʈ, υȢςπ ʈÇ 2.18 8.1 
 

Table 3.1 PAXgene® Blood RNA Isolation Kit Extractions: An Assessment of Quality 
and Yield from Samples in the NuGEN Ovation ® Whole Blood  Study Measurements of 
concentration ɉÎÇȾʈ,Ɋ ÁÎÄ ÐÕÒÉÔÙ ɉ!260/280 ), as determined by the ratio of absorbance (A) 
at 260/280nm , were assessed using NanoDropTM 1000 Spectrophotometer (Section 2.3. 
1.3) (Thermo Fisher Scientific® Inc., UK). Total RNA yields were calculated in micrograms 
ɉʈÇɊ ÁÎÄ 2.! ÉÎÔÅÇÒÉÔÙ ÎÕÍÂÅÒÓ ɉ2).ȭÓɊ computed on a scale of zero (undetectable, com-
pletely degraded) to ten (high quality, intact RNA) using Agilent 2100 Bioanalyzer (Agilent 
Technologies Ltd, UK). Mean values recorded across the blood control (top) [BLDCON] or 
blood patient (bottom) [BLDPAT] groupings are represented in bold.       
 

 

 

 

 

 

 

 

 

 

 

Figure  3.1 Agilent  2100  Bioanalyzer  Assessment of PAXgene®  Blood  RNA Integrity  
Agilent RNA 6000 Nano Ladder with a 25 nucleotide [nt] molecular weight marker and 
ÐÅÁËÓ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÔÏ ÔÈÅ ρψ3 ÁÎÄ ςψ3 ÒÉÂÏÓÏÍÁÌ 2.!ȭÓ ɉÒ2.!ȭÓɊ ÈÁÖÅ ÂÅÅÎ ÌÁÂÅÌÌÅÄ 
accordingly. Fragment lengths were plotted along the x-axis with RNA concentrations 
defined by arbitrary units of fluorescence [FU] plotted along the y-axis. In this example 
blood control  [BLDCON] 01 was selected as a representative electropherogram trace for 
the purposes of illustration.  
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RNA Ladder Total RNA      Ladder 

     18S 
     28S 
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3.3.1.1 NuGEN Ovation® RNA Amplification System V2  

Total RNA using a 50ng input of starting material was reverse transcribed into ss-c 

DNA following the NuGEN Technologies Inc., UK patented SPIATM method outlined 

in the previous Materials & Methods Chapter (Section 2.3.1.4.2 and 2.3.1.5.1). Yields 

of between 4.83 and φȢυρʈÇ were achieved, as determined by the NanoDropTM 1000 

Spectrophotometer (Section 2.3.1.3). Mean concentrations were largely comparable 

across the blood ÐÁÔÉÅÎÔ ɍ",$0!4Ɏ ɉρχωȢςσϻςρÎÇȾʈ,Ɋ ÁÎÄ ÂÌÏÏÄ ÃÏÎÔÒÏÌ ɍ",$#/.Ɏ 

ɉρωωȢσωϻρπÎÇȾʈ,Ɋ ÇÒÏÕÐÉÎÇÓ ×ÉÔÈ A260/280  ratios consistently above the previously 

accepted threshold of 1.8. Pre-amplified material extracted from BLDPAT23, which 

produced the lowest RNA integrit y value [RIN score 7.5 (Table 3.1)] also underwent 

DNase treatment (Section 2.3.1.5.2) in order to remove any potentially contaminat-

ing genomic DNA that may have been present in this sample. Nucleic acid products 

were purified using the QIAGEN MinElute® Reaction Clean-Up Kit before being run 

on the Agilent 2100 Bioanalyser (Section 2.3.1.3). An illustrated electropherogram 

trace (right) and corresponding gel image (left) typically generated by the instrum-

ent is depicted in Figure 3.2 (Table 3.2).    

 

 

 

 

 

 

 

 

 
 
 

Figure  3.2 Agilent  2100  Bioanalyzer  Assessment of Purified  SPIATM ss-cDNA 
Integrit y Electropherogram trace (right) and corresponding gel image (left) for 
blood patient [BLDPAT] 21 and the external RNA 6000 Nano Ladder with a 25nt 
molecular weight marker and 0.2, 0.5, 1.0, 2.0, 4.0 and 6.0kb fragments which are 
loaded at a total  concentrÁÔÉÏÎ ÏÆ ρυπÎÇȾʈ,Ȣ &ÒÁÇÍÅÎÔ ÌÅÎÇÔÈÓ ɍÎÔɎ ÁÒÅ ÉÎÄÉÃÁÔÅÄ 
along the x-axis with RNA concentrations defined by arbitrary units of fluoresc-
ence [FU] along the y-axis.   
 

Abbreviations: cDNA - complementary DNA, SPIATM - single primer isothermal 
amplification and ss - single-stranded.    
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  Purified SPIA TM ss-cDNA                       Biotin -Labelled ss-cDNA 

Control ID   DNase Concentration  Yield  A260/280  RIN Concentration  Yield  RIN 

BLDCON01  N ςπυȢρπ  ÎÇȾʈ, φȢρυ ʈÇ 2.38 2.2 ωφȢππ  ÎÇȾʈ, τȢψπ ʈÇ 2.6 

BLDCON02  N ςπφȢςυ  ÎÇȾʈ, φȢρω ʈÇ 1.89 2.2 ρρπȢππ  ÎÇȾʈ, υȢυπ ʈÇ 2.6 

BLDCON04  N ρωσȢσυ  ÎÇȾʈ, υȢψπ ʈÇ 2.38 2.0 ωσȢππ  ÎÇȾʈ, τȢφυ ʈÇ 2.5 

BLDCON07  N ςπυȢρχ  ÎÇȾʈ, φȢρφ ʈÇ 2.18 2.2 ρρτȢππ  ÎÇȾʈ, υȢχπ ʈÇ 2.5 

BLDCON08  N ρψςȢσς  ÎÇȾʈ, υȢτχ ʈÇ 1.88 2.3 105.00  ng/ʈ, υȢςυ ʈÇ 2.5 

BLDCON10  N ςπτȢρφ  ÎÇȾʈ, φȢρς ʈÇ 1.83 1.9 ρρρȢππ  ÎÇȾʈ, υȢυυ ʈÇ 2.5 

Mean Values   ρωωȢσω  ÎÇȾʈ, υȢωψ ʈÇ 2.09 2.1 ρπτȢψσ  ÎÇȾʈ, υȢςτ ʈÇ  2.5 

 
  

       

  Purified SPIA TM ss-cDNA                                       Biotin -Labelled ss-cDNA 

Patient ID   DNase Concentration  Yield  A260/280  RIN Concentration  Yield  RIN 

BLDPAT21  N ςρχȢπυ  ÎÇȾʈ, φȢυρ ʈÇ 1.86 2.4 ωφȢππ  ÎÇȾʈ, τȢψπ ʈÇ 2.6 

BLDPAT23  Y ρφχȢυρ  ÎÇȾʈ, υȢπσ ʈÇ 1.92 2.0 ωςȢππ  ÎÇȾʈ, τȢφπ ʈÇ 2.5 

BLDPAT26  N ρωρȢυπ  ÎÇȾʈ, υȢχυ ʈÇ 1.89 2.1 ρπψȢππ  ÎÇȾʈ, υȢτπ ʈÇ 2.5 

BLDPAT27  N ρφψȢστ  ÎÇȾʈ, υȢπυ ʈÇ 1.87 2.0 ρρπȢππ  ÎÇȾʈ, υȢυπ ʈÇ 2.5 

BLDPAT35  N ρχπȢρφ  ÎÇȾʈ, υȢρρ ʈÇ 2.41 2.2 ρπςȢππ  ÎÇȾʈ, υȢρπ ʈÇ 2.5 

BLDPAT38  N ρφπȢψς  ÎÇȾʈ, τȢψσ ʈÇ 2.40 2.0 ωφȢππ ÎÇȾʈ, τȢψπ ʈÇ 2.5 

Mean Values   17ωȢςσ  ÎÇȾʈ, υȢσψ ʈÇ 2.06 2.1   ρππȢφχ  ÎÇȾʈ, υȢπσ ʈÇ 2.5 
 

Table 3.2 Purified SPIA TM ss-cDNA: An Assessment of Quality and Yield Pre - (Left)/Post - (Right) Fragmentation &  Labelling  Measure-
ments of concentration ɉÎÇȾʈ,Ɋ and purity  (A260/280 ), as determined by the ratio of absorbance (A) at 260/280nm wavelengths, assessed using 
the NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific®  Inc., UK) (Section 2.3.1.3). Yields were calculated in ÍÉÃÒÏÇÒÁÍÓ ɉʈÇɊ ÁÎÄ 
RNA integrity numbers (RIN scores) computed on a scale of zero (undetectable, completely degraded) to ten (high quality, intact RNA) using 
the Agilent 2100 Bioanalyzer (Agilent Technologies Ltd., UK). Mean values recorded across the blood control [BLDCON] (top) or blood patient 
[BLDPAT] (bottom) groupings are represented in bold.    
 

Abbreviations: cDNA - complementary DNA, DNase - deoxyribonuclease, N - untreated, ss - single-stranded, SPIATM - single primer isothermal 
amplification and Y - treated.    
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3.3.1.2 NuGEN EncoreTM Biotin Module  

The NuGEN EncoreTM Biotin  Module (Section 2.3.1.5.3) generated between 4.60 and 

υȢχπʈÇ ÂÉÏÔÉÎÙÌÁÔÅÄ ÓÓ-Ã$.! ÆÒÁÇÍÅÎÔÓ ɍ-ÅÁÎ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ρππȢφχϻχÎÇȾʈ, ÆÏÒ 

the SALS paÔÉÅÎÔÓ ÁÎÄ ρπτȢψσϻωÎÇȾʈ, ÆÏÒ ÔÈÅ ÃÏÎÔÒÏÌÓɎ ÏÆ ͯυπ ÔÏ ςȟπππ ÎÕÃÌÅÏÔÉÄÅÓ 

in length (Table 3.2). These included >80% of targets with fewer than two hundred 

bases which were suitable for  hybridization  onto Affymetrix ®  Human Genome U133 

Plus 2.0 GeneChip® Arrays (Section 2.3.1.7) (Figure 3.3).  

 

 

 

 

 

 

 

 

 

Figure  3.3 Agilent  2100  Bioanalyzer  Assessment of Fragmented  SPIATM ss-
cDNA Integrity  Fragment lengths in nucleotides [nt] are indicated along the x-
axis with RNA concentrations, defined by arbitrary units of fluorescence [FU], 
along the y-axis. In this instance the representative electropherogram trace was 
selected from blood control [BLDCON] 02.    
 

Abbreviations: cDNA - complementary DNA, SPIATM - single primer isothermal 
amplification and ss - single-stranded. 

 

 

3.3.2 Affymetrix ® Expression ConsoleTM QC Metrics 

3.3.2.1 Eukaryotic Hybridization Controls  

Signals produced by the bacterial spike in controls BioB, BioC, BioD (three E. coli 

derived genes of the biotin synthesis pathway) and CreX (a recombinase gene from 

the P1 bacteriophage) (Section 2.3.1.7.2) were called absent for BLDCON02, 08 and 

10 and BLDPAT21, 27 and 35. For this reason these 6 SALS cases and controls were 

not represented on the plots displayed in Figure 3.4. Given that all the samples had 

     Ladder 
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been processed together and in the same batch, it can be speculated, therefore, that 

these failings have most likely arisen due to a technical error in which the hybridi-

zation controls were not spiked in at correct concentrations sufficient for detection 

on Affymetrix ®  Human Genome Plus 2.0 GeneChip® Arrays. Subsequent assessment 

of the remaining 6 SALS cases and controls identified  BLDCON07, highlighted in red, 

as a potential  outlier  (Figure 3.4) which requires careful consideration before deter-

mining whether or not this sample should be included in any further downstream 

comparative analyses.         

 

 

 
 

Figure  3.4 Eukaryotic  Hybridization  Controls  for  Samples  in  the  NuGEN Ovation ® Whole Blood 
Study Three bacterial derived genes of the E. coli biotin  synthesis pathway [BioB, BioC and BioD] and 
the recombinase gene CreX from the P1 bacteriophage were spiked in at increasing concentrations 
(left -hand panel) [1.5pM (representing the limit of detection), 5pM, 25pM and 100pM, respectively] 
immediately prior  to labelling, in order to monitor the efficiency of the hybridization reaction. In the 
right -hand panel mean signal intensities (y-axis) for probesets spotted onto the Affymetrix® Human 
Genome U133 Plus 2.0 GeneChip®  Arrays, which correspond to each of the aforementioned genes (x-
axis) are also provided. Assessment of Affymetrix® QC metrics was performed using the Expression 
ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd., UK) (Section 2.3.1.7.2). Intensity plots were 
generated in Microsoft Excel 2010 (Microsoft Corporation UK). Potential outliers are highlighted in 
red.  

 

Abbreviations: BLDCON - blood control, BLDPAT - blood patient and QC - quality control . 

 

 

3.3.2.2 GeneChip® Normalisation  

3.3.2.2.1 Noise (Raw Q)  

Noise (Raw Q) measures the extent of pixel to pixel variation  between the individual  

spots, ÏÔÈÅÒ×ÉÓÅ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȬÆÅÁÔÕÒÅÓȭ, on the Affymetrix® Human Genome U133 
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Plus 2.0 GeneChip® Arrays. Its value can be computed from data that is contained

within the .DAT files, using the Microarray Suite 5.0 (MAS 5.0) statistical algorithm, 

applied in Expression ConsoleTM software version 1.3.0.187. Noise is calculated as a 

function of the amount of inherent electrical noise that is associated with  the operat-

ion of each individual  scanner as well as the quality of the samples being hybridized 

(Figure 3.5).    

 

                                                ___ 

 

 

 

 

 

 

 

 

 
 

 

Figure  3.5 Noise (Raw Q) Calculation Microarray Suite (MAS) 
5.0 statistical algorithm  for  measuring the extent of pixel to pixel 
variation  ÂÅÔ×ÅÅÎ ÉÎÄÉÖÉÄÕÁÌ ÓÐÏÔÓ ÏÒ ÓÏ ÃÁÌÌÅÄ ȬÆÅÁÔÕÒÅÓȭ ÏÎ ÔÈÅ 
Affymetrix ®  Human Genome U133 Plus 2.0 GeneChip®  Arrays in 
the NuGEN Ovation® Whole Blood Study. Noise (Raw Q) values 
computed in Expression ConsoleTM software version 1.3.0.187 
(Affymetrix ®  Ltd., UK). Equation adapted from the Report File 
Glossary pdf available at Affymetrix.com.      

 

 

Values for  noise (Raw Q) were found to be consistent across multiple  batches [Batch 

1 run  on the 14th June 2011 0.657±0.02 and Batch 2 run on the 23rd June 2011 0.623 

±0.03; two-tailed ÓÔÕÄÅÎÔȭÓ t-test not significant]  with  a slight difference having been 

observed between alternate sample types [Blood control  (BLDCON) 0.620±0.02 and 

Blood patient (BLDPAT) 0.659±0.03; two-tailed ÓÔÕÄÅÎÔȭÓ t-test producing a p-value 

below the 5% significance threshold (p<0.05*)] (Figure 3.6).   

  

3.3.2.2.2 Scaling Factor

One key assumption, fundamental to most normalisation procedures that have been 

described for  high throughput  arrays to date, including Affymetrix ® Human Genome 

U133 Plus 2.0 GeneChip®  Arrays is that the majority  of transcripts  should remain un-

 

Ὑὥύ ὗ ρ
ὔ ᶻ

ίὸὨὩὺ

ὴὭὼὩὰ
ὛzὊzὔὊ 

 

   N = number of background features on the array 

   stdev = standard deviation 

   pixel = total number of pixels   

   n = nth background feature  

   SF = scaling factor 

   NF = normalisation factor 
 

http://www.affymetrix.com/
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Figure 3.6 Noise (Raw Q) Measurements for Samples in the NuGEN Ovation ® 
Whole  Blood  Study A Microarray Suite (MAS) 5.0 statistical algorithm was applied 
in Expression ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd., UK) in order 
to measure the extent of pixel to pixel variation between individual spots or so call-
ÅÄ ȬÆÅÁÔÕÒÅÓȭ ÏÎ ÔÈÅ !ÆÆÙÍÅÔÒÉØ® Human Genome U133 Plus 2.0 GeneChip® Arrays. 
GraphPad Prism® software version 5.04 © 1992-2014 (GraphPad Software Inc., CA 
USA) was used to plot the data and two-ÔÁÉÌÅÄ ÓÔÕÄÅÎÔȭÓ Ô-tests performed to draw 
comparisons between the different experimental batches (left panel) [p-value was 
not significant] and sample types (right panel) [Average noise: 0.659 for SALS pat-
ients versus 0.620 in controls (p<0.05*)]. 
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, BLDCON - blood control, BLD 
PAT - blood patient and S - sporadic.       

 

 

altered regardless of which experimental conditions are under manipulation; for ex-

ample, healthy versus disease status in the NuGEN Ovation® Whole Blood Study. In 

other words, if this statement holds true then the proportion of transcripts that are 

classified as either up ɉᶑɊ- ÏÒ ÄÏ×Î ɉᶓɊ-regulated, for a given threshold of statistical 

significance, should not influence the overall fluorescence intensity of each GeneCh-

ip®  which should remain comparable across the study.  

A MAS 5.0 statistical algorithm deployed by Expression ConsoleTM software version 

1.3.0.187 is used to apply a scaling factor (SF) which standardises the mean probe-

set signal intensities, in order to control for brightness. In this scenario, a measure-

ment close to 1.000 indicates that the average array intensity  is approximately equal 
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to its target intensity. According to the ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ website SF values are expect-

ed to vary considerably across species, and between different tissue/sample types, 

explaining why currently no set guidelines have been published. Nevertheless, Affy 

metrix. com does advocate that there should be no more than a 3-fold difference in 

the minimum and maximum SF values recorded for a particular experiment. Exclu-

ding BLDCON07 (19.673), this was found to be broadly the case for samples in the 

NuGEN Ovation® 7ÈÏÌÅ "ÌÏÏÄ 3ÔÕÄÙ ɍ-ÅÁÎ 3& ÖÁÌÕÅÓȡ ",$#/.ȭÓ τȢυψρϻςȢ7 versus 

",$0!4ȭÓ ςȢχςυϻςȢω ÁÎÄ Batch 1 run on the 14th June 2011 1.662±0.6 versus Batch 

2 run  on the 23rd June 2011 5.158±3.1 with respective fold changes of 1.70 or 3.10]. 

 

3.3.2.3 RNA Quality 

Affymetri x® have selected the standard housekeeping genes ACTB and GAPDH with  

which to assess the quality of input RNA; owing to their long transcript lengths and 

ubiquitous expression. The probesets for  these genes are designed to span their five 

prime  ɉυȭɊȟ mid (M)  and three ÐÒÉÍÅ ɉσȭɊ ÒÅÇÉÏÎÓȢ 3ÉÍÉÌÁÒ ÓÉÇÎÁÌ ÉÎÔÅÎÓÉÔÉÅÓ ÁÃÒÏÓÓ ÁÌÌ 

three regions is indicative of the presence of good quality RNA that is intact and has 

been labelled reliably  along the full  length of its sequence. For samples in the NuGEN 

Ovation® 7ÈÏÌÅ "ÌÏÏÄ 3ÔÕÄÙȟ σȭȾ- ÒÁÔÉÏÓ ɍACTB 2.04±0.44-fold and GAPDH 1.80±0. 

51-fold] were found to be reasonably consistent, with slightly higher and more var-

ÉÁÂÌÅ ÃÈÁÎÇÅÓ ÒÅÃÏÒÄÅÄ ÆÏÒ ÔÈÅ σȭȾυȭ ÒÁÔÉÏÓ ɍACTB 5.68±1.6-fold and GAPDH 2.43±0. 

71-fold]; suggesting that a small amount of RNA degradation may have occurred at 

ÔÈÅ ÆÁÒ υȭ ÅÎÄ ÏÆ ÔÈÅ ÔÒÁÎÓÃÒÉÐÔȢ However, given that thÅÓÅ ÁÒÅ σȭ )64 ÅØÐÒÅÓÓÉÏÎ ÁÒÒ-

ays this is not expected to cause further downstream complications (Figure 3.7).        

 

3.3.2.4 Overall Signal Quality  

3.3.2.4.1 Average Background  

The average background signal intensity  values ranged from  25.575 (BLDCON07) to 

27.534 (BLDPAT23) for  the 12 SALS patient and control samples in the final NuGEN 

Ovation® Whole Blood Study. Consistency was observed between multiple batches 

[Batch 1 run  on the 14th June 2011 27.100±0.75 versus Batch 2 run on the 23rd June 

2011 26.602±0.62; two-tailed ÓÔÕÄÅÎÔȭÓ t-test not significant]  as well  as across alter-  

http://www.affymetrix.com/
http://www.affymetrix.com/
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Figure 3.7  RNA Quality Control Check for Samples in the NuGEN Ovation®  
Whole  Blood  Study Microarray  Suite (MAS) 5.0 signal intensity  ratios between 
σȭ and υȭ ÅÎÄÓ ɉ Ɋ ÏÒ σȭ ÅÎÄ ÁÎÄ - ɉÍÉÄÄÌÅ ÒÅÇÉÏÎɊ ɉ) of the standard house-
keeping genes beta, actin (ACTB) [left -hand panel] and glyceraldehyde-3-phos 
phate dehydrogenase (GAPDH) [right -hand panel] plotted  along the y-axis. Box 
and whisker  plots were generated, applying a Tukey multiple  comparisons test, 
using GraphPad Prism®  software version 5.04 © 1992-2014 (GraphPad Softw-
are, Inc. CA USA). Assessment of Affymetrix® QC metrics was performed using 
Expression ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd., UK).  
 

!ÂÂÒÅÖÉÁÔÉÏÎÓȡ σȭ - ÔÈÒÅÅ ÐÒÉÍÅȟ υȭ - five prime and QC - quality control .   

 

 

ÎÁÔÅ ÓÁÍÐÌÅ ÔÙÐÅÓ ɍ",$#/.ȭÓ ς6.520±0.80 and ",$0!4ȭÓ 27.182±0.44; two-tailed 

ÓÔÕÄÅÎÔȭÓ Ô-test not significant] (Table 3.8).    

 

3.3.2.4.2 Average Percentage Presence Calls  

In total, 54,675 probesets are represented on the Affymetrix ®  Human Genome U133 

Plus 2.0 GeneChip®  Arrays. Each one is comprised of 11 probe pairs which contain a 

mix of PM, as well as, MM 25-mer oligonucleotide sequences pertaining to a similar 

ÎÕÍÂÅÒ ÏÆ ÇÅÎÅ ÔÒÁÎÓÃÒÉÐÔÓ ÏÒ %34ȭÓ (Section 2.3.1.7.1). On average, 44.5% of genes 

were called as present (P) for controls (n=24,330), compared to 51.2% of genes for 

SALS patients (n=27,994) in the NuGEN Ovation® Whole Blood Study. A scatter dot 

plot  displaying the mean and standard error of the mean (SEM) flagged BLDCON07, 

highlighted in red, as a potential outlier  which had a significantly lower %P then the 

remainder of the cohort (p<0.01**) (Figure 3.8).  

 

3.3.2.5 Relative Log Expression Signal  
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Figure 3.8 Average Percentage Presence Calls for Samples in the 
NuGEN Ovation® Whole Blood Study Scatter dot plot was generated 
using GraphPad Prism® software version 5.04 © 1992 to 2014 (Graph 
Pad Software, Inc. CA USA) displaying the mean and standard error of 
the mean (SEM) number of probesets as a percentage (%) of the 54,67 
5 total which were called present (P) on Affymetrix® Human Genome 
U133 Plus 2.0 GeneChip®  !ÒÒÁÙÓ ÆÏÒ 3!,3 ÐÁÔÉÅÎÔ ɉᶶɊ ÁÎÄ ÃÏÎÔÒÏÌ ɉɆ) 
samples in the NuGEN Ovation® Whole Blood Study. The range of %P 
calls which was considered acceptable is represented by the YELLOW 
shaded region between the two dashed lines at the 40 and 60% thres-
hold. Any potential outliers were highlighted in red. Assessment of QC 
metrics was performed using Expression ConsoleTM software version 
1.3.0.187 (Affymetrix® Ltd., UK). 
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, BLDCON - blood 
control, BLDPAT - blood patient, QC - quality control and S - sporadic. 

 

 

The mean absolute relative log expression (RLE) can be used as a measure of how 

the signal intensities on each individual GeneChip® compare with those across the 

rest of the experiment. A cohort which exhibits relative homogeneity should have a 

score close to zero with a small spread of values around the mean. This was found 

to be largely the case for samples in the NuGEN Ovation® Whole Blood Study with 

the exception of BLDCON07 which is highlighted in red (Figure 3.9). 

 

σȢσȢςȢφ 0ÅÁÒÓÏÎȭÓ #ÏÒÒÅÌÁÔÉÏÎ #ÏÅÆÆÉÃÉÅÎÔ  

For each pair of GeneChips® in a microarray experiment the Expression ConsoleTM 

software version 1.3.0.187 ÄÅÔÅÒÍÉÎÅÓ Á 0ÅÁÒÓÏÎȭÓ ÐÒÏÄÕÃÔ-moment correlation co-

efficient (r) , from the covariance divided by the product of the standard deviations. 

This is computed on a scale of -1 to 1 where zero equals no correlation (i.e. the data 

points are randomly distributed) and a value approaching plus (positive) or minus
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Figure  3.9 Mean Absolute Relative Log Expression (RLE) Boxplots for Samples 
in the NuGEN Ovation® Whole Blood Study RLE means and standard deviations 
for blood patient [BLDPAT] and control [BLDCON] samples in the NuGEN Ovation®  
Whole Blood Study. Whiskers represent minimum (lower) and maximum (upper) 
average probeset signal intensity  values for  each Affymetrix® Human Genome U133 
Plus 2.0 GeneChip® Array in the experiment. Assessment of QC metrics was perfor-
med using Expression ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd., UK). 
Potential outliers are highlighted in red.  
 

Abbreviations: QC - quality control. 

 

 

(negative) one is indicative of their being a strong linear relationship between the X 

and Y variables (Figure 3.10). This data can be illustrated  qualitatively  on a coloured 

matrix  as depicted in Figure 3.11. Of the samples in the NuGEN Ovation® Whole Blo-

od Study BLDCON07, highlighted in red, produced by far the weakest correlation (r)  

with a score less than half the average of the remaining cohort.   

  

 

 

 

 

Figure 3.10 Pearson  

 

 

 

&ÉÇÕÒÅ σȢρπ 0ÅÁÒÓÏÎȭÓ 0ÒÏÄÕÃÔ-Moment Correlation Co -
efficient (r) Calculation Equation adapted from Hartman 
et al 2015, which is freely available online at gcat.davidson. 
edu/DGPB/clust/background (Davidson College, NC USA © 
2015).  

 

ὶ   
Вὢὣ  

ВὢВὣ
ὔ

Вὢ  
Вὢ
ὔ

Вὣ  
Вὣ
ὔ

 

      

      X - Signal intensity values (Sample X) 

      Y - Signal intensity values (Sample Y) 

      N - Number of samples or GeneChips®  in the experiment 

http://www.gcat.davidson.edu/
http://www.gcat.davidson.edu/
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1.000 

 
0.864 

 
0.729 

 
0.593 

 
0.457 

 
0.322 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FÉÇÕÒÅ σȢρρ 0ÅÁÒÓÏÎȭÓ #ÏÒÒÅÌÁÔÉÏÎ #ÏÅÆÆÉÃÉÅÎÔ (r)  for Samples in 
the  NuGEN Ovation ®  Whole  Blood  Study For each pair-wise comp-
arison in the coloured matrix a value for r is assigned on a scale of 0. 
322 (Blue) to 1.000 (Red) where the higher the score is indicative of 
a stronger linear relationship between the X and Y variables. Potent-
ial outliers are highlighted in red. Assessment of the Affymetrix® QC 
metrics were performed in Expression ConsoleTM software version 1. 
3.0.187 (Affymetrix® Ltd., UK). 
 

Abbreviations: BLDCON - blood control, BLDPAT - blood patient and 
QC - quality control.   

 

 

3.4 Pre- and Post-SPIATM qRT-PCR Measurements 

In order to monitor  the efficiency of the NuGEN Ovation® Whole Blood Solution (Se-

ction 2.3.1.4.2 and 2.3.1.5.1) a qRT-PCR experiment was performed using tradition -

al SYBR® Green technology as outlined in Section 2.3.1.6. Relative Haemoglobin, al-

pha 2 (HBA2) mRNA transcript levels were measured against the standard housek-

eeping control, actin, beta (ACTB) (Figure 3.12) immediately prior to and following 

NuGEN Technologies Inc., UK patented SPIATM method of linear single primer isoth-

ermal amplification. ACTB was selected as the most suitable internal reference gene 

since it was found to have exhibited from MAS 5.0 pivot data (not shown) the most 

stable level of expression, of all the transcripts which are routinely assessed. Mean 

cycle threshold (Ct) values for post-SPIATM amplified material were significantly lo-

wered for ACTB [pre-SPIATM 19.278 (n=12) and post-SPIATM measurements 10.801 

(N=8); ᶓ1.80-fold (p<0.001***)]  but remained reasonable consistent for HBA2 [pre- 
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  Pre-SPIATM  Post-SPIATM  

  N mean Ct SEM  N mean Ct SEM p-value 

 ",$0!4ȭ3 6 19.417 0.243  4 12.498 1.001 0.012 

ACTB ",$#/.ȭ3 6 19.138 0.150  4 9.105 0.357 2.56E-05 

 ALL 12 19.278 0.142  8 10.801 0.808 2.23E-05 

 ",$0!4ȭ3 6 11.713 0.457  4 10.258 0.170 0.031 

HBA2 ",$#/.ȭ3 6 11.955 4.881  3 8.870 1.610 0.147 

 ALL 12 11.834 0.271  7 9.663 0.676 0.030 
 

Figure  3.12 Pre- and Post-SPIATM qRT-PCR Measurements of HBA2 mRNA Transcript  
Levels Relative to ACTB Using the NuGEN Ovation® Whole Blood Solution Mean and 
SEM cycle threshold (Ct) values (y-axis) for haemoglobin, alpha 2 (HBA2) ( ) and the int-
ernal reference control  gene actin, beta (ACTB) ( ) are provided for each treatment group 
(x-axis). The bar chart in the uppermost panel was created in GraphPad Prism® software 
version 5.04 © 1992-2014 (GraphPad Software, Inc. CA USA). Probability values were de-
ÔÅÒÍÉÎÅÄ ÁÔ ÔÈÅ υϷ ÓÉÇÎÉÆÉÃÁÎÃÅ ÔÈÒÅÓÈÏÌÄ ɉÐЃπȢπυɊ ×ÉÔÈ Á ÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ Ô-test applied 
in Microsoft Excel 2010 (Microsoft Corporation UK).  
 

Abbreviations: BLDCON - blood control, BLDPAT - blood patient, mRNA - messenger RNA, 
N - number, qRT-PCR - quantitative real-time polymerase chain reaction, SEM - standard 
error of the mean and SPIATM - single primer isothermal amplification 

 

 

SPIATM 11.833 (n=12) and post-SPIATM ÍÅÁÓÕÒÅÍÅÎÔÓ ωȢφφσ ɉ.ЀχɊȠ ᶓρȢςπ-fold (p< 

0.05*)]; an observation that also held true when the different sample types were in-

terpreted  individually  [Blood control (BLDCON): ACTB ᶓ2.10-fold (p<0.001***) and 

HBA2 ᶓ1.40-fold (p-value not significant) and Blood patient (BLDPAT): ACTB ᶓ1.60- 

fold (p<0.05*) and HBA2 ᶓ1.10-fold (p<0.05*) (Figure 3.12)]. These findings suggest 
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that the NuGEN Ovation® Whole Blood Solution, which utilises a unique DNA/RNA 

chimeric primer and proprietary whole blood reagent, has been successful in limit-

ing the amplification  of globin mRNA relative to other transcripts, in this case ACTB, 

that are also contained within the  sample in order to reduce interference on the mi-

croarray (Wright et al 2008).                                      

 

3.5 Peripheral Whole Blood  Gene Expression Data  

Direct comparisons were drawn between the JB NuGEN Ovation® and RR Ambion® 

GLOBINClearTM (Raman 2011) strategies for  performing GEP from peripheral whole 

blood using identical, age and as far as possible, gender matched patient  (BLDPAT) 

and control (BLDCON) samples which were collected at the same time in PAXgene® 

Blood RNA Collection Tubes and stored at -200C for up to three years prior to being 

processed (Table 2.1) (Section 2.3.1.1).    

    

3.5.1 GeneSpring GX v11.5.1  

3.5.1.1 Normalisation  

Affymetrix ® CEL files with the exclusion of BLDCON07, which was reported to have 

failed a number of the QC parameters (Section 3.3.2.1 and 3.3.2.6) assessed by Exp-

ression ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd, UK), were uploaded 

into  GeneSpring GX v11.5.1 analysis suite (Agilent Technologies Genomics Ltd., UK).  

Raw expression values were log2 transformed and a PLIER16 estimation algorithm 

applied (Section 2.3.1.9.2) without the  need for performing a baseline conversion to 

the median of all the samples (Figure 3.13). Normalised signal intensities (Figure 3. 

14) were visualised on a profile plot in which each of the 54,675 probesets that are 

present on Human Genome U133 Plus 2.0 GeneChip® Arrays, is represented under 

different experimental conditions (i.e. healthy versus disease status) by a single co-

loured line where red, yellow and blue indicates whether the corresponding trans-

cript has a high, intermediate or low abundance (Figure 3.14).   
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Figure 3.13  PLIER 16 Normalised Distribution of Relative Lo g2 
Transformed Signal Intensity Values  for Samples in t he NuGEN 
Ovation ®  Whole Blood Study Box and Whisker plot generated usi-
ng GeneSpring GX v11.5.1 (Agilent Technologies Genomics Ltd., UK). 
BLDCON07 was omitted on the basis that it had failed several of the 
QC parameters assessed in Expression ConsoleTM software version 
1.3.0.187. 
 

Abbreviations: BLDCON - blood control, BLDPAT - blood patient, 
PLIER - Probe Logarithmic Intensity Error and QC - quality control .       
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Figure 3.14 Profile Plot of PLIER 16 Normalised Signal Intensity 
Values for Samples in the  NuGEN Ovation® Whole Blood Study 
Mean absolute expression values which are displayed along the y-axis 
are represented under different experimental conditions (x-axis) [i.e. 
healthy (left panel) versus disease (right panel) status] for each of the 
54,675 probesets on the Affymetrix® Human Genome U133 Plus 2.0 
GeneChip®  Arrays. Red, yellow  and blue lines signify high, intermediate 
and low expressing transcripts, respectively. The plot was generated 
using GeneSpring GX software version 11.5.1 (Agilent Technologies 
Genomics Ltd., UK) with BLDCON07 having already been excluded on 
the basis that it failed several QC parameters assessed by Expression 
ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd., UK).  
 

Abbreviations: BLDCON - blood control, BLDPAT - blood patient, 
PLIER - Probe Logarithmic Intensity Error and QC - quality  control.  

 

 

3.5.1.2 Detection of Differentially Expressed Transcripts  

DE transcripts were detected at the 5% significance level in GeneSpring GX v11.5.1 

using an unpaired studeÎÔȭÓ t-test with  an FDR corrected p<0.05 and FC threshold of 

І ϻρȢυπ ɉSection 2.3.1.9.2).        

 

3.5.1.2.1 JB NuGEN Ovation® Dataset  

Analysis of the JB NuGEN Ovation® dataset identified 706 DE transcripts [unpaired 

ÓÔÕÄÅÎÔȭÓ Ô-ÔÅÓÔ &$2 ÐЃπȢπυȟ &# І ϻρȢυπɎȠ ÃÏÎÓÉÄÅÒÁÂÌy fewer than would ordinarily 

be expected by chance (n=2,733) (Figure 3.15). These included 239 genes (33.9%) 

that were significantly up-regulated ɉᶑɊ ÁÎÄ Á ÆÕÒÔÈÅÒ τφχ ÇÅÎÅÓ ɉφφȢρϷɊ ×ÈÉÃÈ ×Å-

re significantly down-ÒÅÇÕÌÁÔÅÄ ɉᶓɊ [APPENDIX TABLE A1].    

 

3.5.1.2.2 RR Ambion® GLOBINClearTM Dataset   

In contrast, analysis of the RR Ambion® GLOBINClearTM dataset (Dr Rohini Raman) 

identified a substantially greater proportion of transcripts (n=4,520) (Figure 3.15) 

as being DE ɍÕÎÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ Ô-ÔÅÓÔ &$2 ÐЃπȢπυȟ &# І ϻρȢυπɎ. These included 3,4 

40 genes (76.1%) that were significantly up-regulated ɉᶑɊ and a further 1,080 genes 

which were significantly down-ÒÅÇÕÌÁÔÅÄ ɉᶓɊ ɍ!00%.$)8 4!",% !ςɎȢ  

 

3.5.1.2.3 JB NuGEN Ovation® and RR Ambion® GLOBINClearTM Comparison  
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 ALL p<0.05  p<0.02  p<0.01  p<0.005  p<0.001  

ALL 54,675 3,785 1,449 728 371 81 
FC>1.1 22,242 3,426 1,325 685 351 78 
FC>1.5 1,643 706 296 161 82 22 
FC>2.0 74 50 27 16 11 5 
FC>3.0 6 3 3 3 3 2 
Expected by Chance  2,733 1,093 546 273 54 

 

 

 

 

 

 

 

 ALL p<0.05  p<0.02  p<0.01  p<0.005  p<0.001  

ALL 54,675 11,103 7,064 4,983 3,473 1,389 
FC>1.1 33,707 11,072 7,055 4,982 3,473 1,389 
FC>1.5 5,560 4,520 3,611 2,869 2,246 1,074 
FC>2.0 1,264 1,213 1,126 986 833 492 
FC>3.0 198 192 180 176 172 132 
Expected by Chance  2,733 1,093 546 273 54 

 

Figure  3.15 Volcano  Plots  of the  706  and  4,520  Gene Lists Detected in GeneSpring GX 
v11.5.1 Between JB NuGEN Ovation® and RR GLOBINClearTM Datasets 
   

Abbreviations: FC - fold change, JB - Joanna Bury generated CEL files and RR - Dr Rohini 
Raman generated CEL files. 
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A GeneVenn diagram depicted in Figure 3.16, of the formerly discussed JB NuGEN 

Ovation® and RR Ambion® GLOBINClearTM (Section 3.5.1.2.1 and 3.5.1.2.2) datasets 

revealed substantial differences between the 706 and 4,520 lists. Only a handful of 

transcripts (n=82) (Table 3.3) representing just 11.6 or 1.8% of genes, respectively 

were shared in common with the majority  of these disease related changes found to 

occur in opposing directions.      

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.16 GeneVenn of JB NuGEN Ovation®  and RR GLOBINClearTM 
Datasets DE transcripts were detected at the 5% significance level using 
an unpaired ÓÔÕÄÅÎÔȭÓ test (p<0.05) and applying a FC threshold of І ±1.50 
in  GeneSpring GX software version 11.5.1 (Agilent Technologies Genomics 
Ltd., UK). The Venn diagram was created using the GeneVenn application 
that is freely available online at genevenn.sourceforge.net (University of 
Southern Mississippi, USA) (Pirooznia et al 2007).     
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, DE - differentially 
expressed, FC - fold-change, JB - Joanna Bury generated CEL files, RR - Dr 
Rohini Raman generated CEL files and S - sporadic.  

 

 

3.5.1.3 Clustering Analysis

Clustering analysis conducted at the 5% significance threshold in GeneSpring GX v1 

1.5.1 applying the 706 (Section 3.5.1.2.1) and 4,520 (Section 3.5.1.2.2) filtered gene 

lists [unpaired ÓÔÕÄÅÎÔȭÓ Ô-ÔÅÓÔ &$2 ÐЃπȢπυȟ &# І ϻρȢυπɎ ÄÅÍÏÎstrated more distinct 

patient (BLDPAT) (blue) and control  (BLDCON) (red)  groupings on the PCA plot and 

hierarchically clustered HeatMap for the RR Ambion® GLOBINClearTM (Figure 3.17) 

dataset in comparison to the JB NuGEN Ovation® (Figure 3.18) dataset.  

http://www.genevenn.sourceforge.net/
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   JB NuGEN Ovation®  RR GLOBINClearTM 

Transcript  Symbol Gene Name  FC p-value FC p-value 

206697_s_at HP  haptoglobin  ᶑ 2.40-fold 0.021 ᶑ 2.69-fold 2.48E-03 
211781_x_at --- --- ᶑ 2.34-fold 0.033 ᶑ 1.97-fold 0.020 
219359_at ATHL1 ATH1, acid trehalase-like 1 (yeast) ᶑ 2.09-fold 4.06E-03 ᶑ 1.75-fold 0.021 
208470_s_at HP  haptoglobin  ᶑ 2.05-fold 0.031 ᶑ 1.98-fold 0.046 
238591_at HEXDC hexosaminidase (glycosyl hydrolase family 20, catalytic domain) containing ᶑ 1.83-fold 0.028 ᶑ 1.59-fold 0.030 
1559128_at HSDL2 hydroxysteroid dehydrogenase like 2 ᶑ 1.71-fold 9.18E-03 ᶑ 1.86-fold 8.87E-04 
226322_at TMTC1 transmembrane and tetratricopeptide repeat containing 1 ᶑ 1.69-fold 0.026 ᶑ 4.47-fold 4.55E-03 
203326_x_at COL5A1 collagen, type V, alpha 1 ᶑ 1.58-fold 0.014 ᶑ 1.97-fold 4.61E-04 
221996_s_at CLTB clathrin, light chain (Lcb) ᶑ 1.57-fold 8.79E-03 ᶑ 1.91-fold 5.91E-04 
213457_at MFHAS1 malignant fibrous histiocytoma amplified sequence 1 ᶑ 1.56-fold 8.95E-03 ᶑ 1.66-fold 0.048 
229392_s_at PIK3R2 phosphoinositide-3-kinase, regulatory subunit 2 (beta) ᶑ 1.54-fold 6.70E-03 ᶑ 2.04-fold 8.85E-04 
1558739_at DUSP16 dual specificity phosphatase 16 ᶑ 1.53-fold 0.042 ᶑ 1.80-fold 3.07E-03 
206237_s_at NRG1 neuregulin 1 ᶑ 1.51-fold 0.041 ᶑ 1.59-fold 0.046 
218978_s_at SLC25A37 solute carrier family 25, member 37 ᶑ 1.51-fold 0.046 ᶑ 1.95-fold 0.047 
205215_at RNF2 ring finger protein 2 ᶓ 1.50-fold 0.027 ᶑ 1.93-fold 6.58E-03 
206544_x_at SMARCA2 SWI/SNF related, matrix associated, actin dependent regulator of 

chromatin, subfamily a, member 2 
ᶓ 1.50-fold 0.025 ᶓ 3.06-fold 5.37E-04 

241242_at FAM120A family with sequence similarity 120A ᶓ 1.51-fold 3.96E-03 ᶑ 1.94-fold 5.62E-03 
226109_at C21ORF91 chromosome 21 open reading frame 91 ᶓ 1.52-fold 0.048 ᶑ 1.52-fold 0.032 
222313_at CNOT2 CCR4-NOT transcription complex, subunit 2 ᶓ 1.52-fold 0.038 ᶑ 2.04-fold 0.014 
1555199_at GOSR1 golgi SNAP receptor complex member 1 ᶓ 1.53-fold 0.011 ᶑ 1.62-fold 1.72E-03 
200806_s_at HSPD1 heat shock 60kDa protein 1 (chaperonin) ᶓ 1.53-fold 0.015 ᶓ 2.87-fold 5.53E-04 
223254_s_at G2E3 G2/M-phase specific E3 ubiquitin ligase ᶓ 1.55-fold 0.026 ᶑ 1.89-fold 0.041 
242760_x_at PIGB phosphatidylinositol glycan anchor biosynthesis, class B ᶓ 1.55-fold 0.026 ᶑ 1.70-fold 0.018 
1555977_at LOC727918 hypothetical LOC727918 ᶓ 1.55-fold 0.043 ᶑ 2.00-fold 1.98E-03 
216072_at --- --- ᶓ 1.55-fold 0.039 ᶑ 1.56-fold 4.89E-04 
240248_at C10ORF46 chromosome 10 open reading frame 46 ᶓ 1.57-fold 0.045 ᶑ 2.35-fold 0.036 
201409_s_at PPP1CB protein phosphatase 1, catalytic subunit, beta isoform ᶓ 1.57-fold 0.048 ᶑ 1.73-fold 0.027 
229966_at EWSR1 Ewing sarcoma breakpoint region 1 ᶓ 1.57-fold 0.048 ᶑ 2.13-fold 2.88E-03 
202412_s_at USP1 ubiquitin specific peptidase 1 ᶓ 1.57-fold 2.42E-03 ᶑ 2.50-fold 4.91E-03 
217608_at SFRS12IP1 SFRS12-interacting protein 1 ᶓ 1.58-fold 0.015 ᶑ 1.73-fold 0.018 
200889_s_at SSR1 signal sequence receptor, alpha ᶓ 1.58-fold 5.27E-04 ᶓ 1.92-fold 2.71E-03 
235009_at BOD1L biorientation of chromosomes in cell division 1-like ᶓ 1.60-fold 0.014 ᶑ 2.41-fold 2.80E-03 
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1560017_at TMTC3 transmembrane and tetratricopeptide repeat containing 3 ᶓ 1.60-fold 0.049 ᶑ 1.58-fold 5.54E-04 
1555439_at GTF3C3 general transcription factor IIIC, polypeptide 3, 102kDa ᶓ 1.61-fold 0.043 ᶑ 1.67-fold 5.84E-03 
241294_at AP1G1 adaptor-related protein complex 1, gamma 1 subunit  ᶓ 1.62-fold 0.023 ᶑ 1.78-fold 0.011 
225980_at C14ORF43 chromosome 14 open reading frame 43 ᶓ 1.62-fold 0.027 ᶓ 1.72-fold 7.84E-03 
202068_s_at LDLR low density lipoprotein receptor ᶓ 1.63-fold 0.045 ᶓ 1.83-fold 5.36E-03 
222850_s_at DNAJB14 DnaJ (Hsp40) homolog, subfamily B, member 14 ᶓ 1.63-fold 0.047 ᶑ 2.84-fold 4.39E-03 
241610_x_at PACS1 phosphofurin acidic cluster sorting protein 1 ᶓ 1.64-fold 3.51E-03 ᶑ 4.94-fold 1.01E-04 
1569302_at KIAA1731 KIAA1731 ᶓ 1.64-fold 0.033 ᶑ 1.84-fold 0.017 
229353_s_at NUCKS1 nuclear casein kinase and cyclin-dependent kinase substrate 1 ᶓ 1.65-fold 0.027 ᶑ 3.10-fold 2.90E-03 
236752_at PKP4 plakophilin 4 ᶓ 1.66-fold 1.12E-03 ᶑ 1.97-fold 0.011 
232311_at B2M Beta-2-microglobulin  ᶓ 1.67-fold 0.019 ᶑ 3.33-fold 3.07E-04 
212479_s_at RMND5A required for meiotic nuclear division 5 homolog A (S. cerevisiae) ᶓ 1.67-fold 0.023 ᶑ 1.87-fold 1.23E-03 
213518_at PRKCI protein kinase C, iota ᶓ 1.67-fold 0.047 ᶑ 2.36-fold 6.86E-04 
1561015_at KLF3 Kruppel-like factor 3 (basic) ᶓ 1.68-fold 0.014 ᶑ 1.67-fold 0.011 
235060_at LOC100190986 hypothetical LOC100190986 ᶓ 1.68-fold 0.029 ᶑ 1.67-fold 0.016 
202006_at PTPN12 protein tyrosine phosphatase, non-receptor type 12 ᶓ 1.69-fold 0.020 ᶓ 1.77-fold 0.038 
222111_at FAM63B family with sequence similarity 63, member B ᶓ 1.71-fold 0.013 ᶑ 1.57-fold 0.016 
243233_at RNU6-1 RNA, U6 small nuclear 1 ᶓ 1.72-fold 0.021 ᶑ 2.41-fold 6.03E-03 
1554241_at COCH coagulation factor C homolog, cochlin (Limulus polyphemus) ᶓ 1.72-fold 0.048 ᶑ 3.13-fold 4.26E-05 
242576_x_at N4BP2L2 NEDD4 binding protein 2-like 2 ᶓ 1.72-fold 5.97E-03 ᶑ 2.89-fold 2.11E-03 
220369_at SMEK1 SMEK homolog 1, suppressor of mek1 (Dictyostelium) ᶓ 1.72-fold 0.024 ᶑ 1.75-fold 0.016 
244679_at STK38 serine/threonine kinase 38 ᶓ 1.72-fold 0.025 ᶑ 2.23-fold 0.017 
211352_s_at NCOA3 nuclear receptor coactivator 3 ᶓ 1.73-fold 0.032 ᶑ 1.80-fold 0.033 
218294_s_at NUP50 nucleoporin 50kDa ᶓ 1.73-fold 0.016 ᶑ 2.10-fold 0.013 
200751_s_at HNRNPC heterogeneous nuclear ribonucleoprotein C (C1/C2) ᶓ 1.73-fold 5.38E-03 ᶓ 1.90-fold 1.32E-03 
201299_s_at MOBKL1B MOB1, Mps One Binder kinase activator-like 1B (yeast) ᶓ 1.75-fold 0.037 ᶑ 1.50-fold 0.016 
238317_x_at RBMS1 RNA binding motif, single stranded interacting protein 1 ᶓ 1.75-fold 0.027 ᶑ 2.62-fold 1.03E-03 
227259_at CD47 CD47 molecule ᶓ 1.76-fold 6.15E-03 ᶑ 1.85-fold 7.84E-03 
1563975_at RNF130 ring finger protein 130 ᶓ 1.76-fold 5.12E-04 ᶑ 1.56-fold 0.016 
242844_at PGGT1B protein geranylgeranyltransferase type I, beta subunit ᶓ 1.77-fold 2.46E-03 ᶑ 1.82-fold 0.022 
237461_at NLRP7 NLR family, pyrin domain containing 7 ᶓ 1.85-fold 0.020 ᶓ 1.79-fold 0.019 
214352_s_at KRAS v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog ᶓ 1.85-fold 8.23E-03 ᶑ 2.45-fold 2.60E-03 
201407_s_at PPP1CB protein phosphatase 1, catalytic subunit, beta isoform ᶓ 1.86-fold 0.044 ᶑ 2.01-fold 1.11E-03 
227364_at CAPZA1 capping protein (actin filament) muscle Z-line, alpha 1 ᶓ 1.86-fold 0.039 ᶑ 2.16-fold 6.57E-03 
1558747_at SMCHD1 structural maintenance of chromosomes flexible hinge domain containing 1 ᶓ 1.88-fold 0.036 ᶑ 2.61-fold 3.44E-03 
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233898_s_at FGFR1OP2 FGFR1 oncogene partner 2 ᶓ 1.89-fold 0.036 ᶑ 1.79-fold 0.037 
212418_at ELF1 E74-like factor 1 (ets domain transcription factor) ᶓ 1.94-fold 0.025 ᶓ 1.75-fold 5.43E-03 
224778_s_at TAOK1 TAO kinase 1 ᶓ 1.98-fold 0.041 ᶑ 2.01-fold 2.71E-03 
222409_at CORO1C coronin, actin binding protein, 1C ᶓ 1.98-fold 7.03E-03 ᶑ 1.94-fold 0.025 
230180_at DDX17 DEAD (Asp-Glu-Ala-Asp) box polypeptide 17 ᶓ 1.99-fold 0.017 ᶑ 1.71-fold 0.047 
215635_at PDE8A phosphodiesterase 8A ᶓ 1.99-fold 0.037 ᶑ 2.05-fold 0.021 
228471_at ANKRD44 ankyrin repeat domain 44 ᶓ 2.06-fold 0.033 ᶑ 3.12-fold 1.62E-05 
239957_at SETD5 SET domain containing 5 ᶓ 2.14-fold 0.026 ᶑ 2.03-fold 8.30E-03 
1552480_s_at PTPRC protein tyrosine phosphatase, receptor type, C ᶓ 2.19-fold 0.035 ᶑ 1.99-fold 0.026 
219978_s_at NUSAP1 nucleolar and spindle associated protein 1 ᶓ 2.23-fold 3.82E-03 ᶑ 2.01-fold 0.014 
228222_at PPP1CB protein phosphatase 1, catalytic subunit, beta isoform ᶓ 2.25-fold 0.030 ᶑ 3.34-fold 1.34E-03 
1552552_s_at CLEC4C C-type lectin domain family 4, member C ᶓ 2.28-fold 2.31E-03 ᶓ 2.27-fold 0.018 
201237_at CAPZA2 capping protein (actin filament) muscle Z-line, alpha 2 ᶓ 2.36-fold 0.031 ᶑ 2.53-fold 0.019 
1555687_a_at CLEC4C C-type lectin domain family 4, member C ᶓ 2.73-fold 0.015 ᶓ 2.15-fold 0.018 
231484_at ATP8A1 ATPase, aminophospholipid transporter (APLT) class I, type 8A, member 1 ᶓ 2.84-fold 0.046 ᶑ 3.82-fold 0.028 

 

Table 3.3 JB NuGEN Ovation® and RR GLOBINClearTM GeneSpring Common List (n=82) [unpaired stu ÄÅÎÔȭÓ Ô-ÔÅÓÔ ÐЃπȢπυȟ &# І ϻρȢυπɎ Affymetrix ® transcript 
IDs are ranked in order of fold-change (FC) for whole blood samples in the JB NuGEN Ovation®  dataset and corresponding values for the same BLDCON and BLDPAT 
cases are provided in the adjacent columns for the RR GLOBINClearTM dataset. Unannotated transcripts as determined using the NetAffxTM Analysis Centre, which is 
freely available at affymetrix.com/analysis/index.affx (Affymetrix ® Ltd, UK) (Liu et al 2003)ȟ ×ÅÒÅ ÒÅÐÒÅÓÅÎÔÅÄ ÂÙ ÔÈÒÅÅ ÄÁÓÈÅÄ ÌÉÎÅÓ ÕÎÄÅÒ ÔÈÅ Ȭ3ÙÍÂÏÌȭ ÁÎÄ Ȭ'ÅÎÅ 
.ÁÍÅȭ ÈÅÁÄÉÎÇÓȢ !ÒÒÏ×Ó ×ÅÒÅ ÕÓÅÄ ÔÏ ÉÎÄÉÃÁÔÅ ÔÈÅ ÄÉÒÅÃÔÉÏÎ ÏÆ ÃÈÁÎÇÅ ɍÕÐ-regulation (red) and down-regulation (green)]. Transcripts with the same direction of 
change for both datasets are highlighted in grey.  
 

Abbreviations: ATH1 - acid trehalase 1, ATP - adenosine triphosphate, BLDCON - blood control, BLDPAT - blood patient, CCR4 - chemokine (C-C motif) receptor 4, 
FGFR - fibroblast growth factor receptor, JB - Joanna Bury generated CEL files, NEDD - neural precursor cell expressed, developmentally down-regulated, NLR - 
NOD-like receptor, RR - Dr Rohini Raman generated CEL files, SNAP - snRNA activating protein, snRNA - small nuclear RNA and TAO - Thousand and One Amino Acid 
Protein.    

http://www.affymetrix.com/analysis/index.affx
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Figure 3.17  Clustering Analysis of the JB NuGEN Ovation® Dataset Apply -
ÉÎÇ ÔÈÅ χπφ 'ÅÎÅ ,ÉÓÔ ÉÎ 'ÅÎÅ3ÐÒÉÎÇ '8 ÖρρȢυȢρ ɍÕÎÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ Ô-test 
&$2 ÐЃπȢπυȟ &# І ϻ ρȢυπɎ  
 

Abbreviations: BLDCON - blood control, BLDPAT - blood patient, FC - fold 
change, JB - Joanna Bury generated CEL files and PCA - principal components 
analysis.    
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b) Hierarchically Clustered HeatMap  
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a) PCA plot  

 

 

 

 

 

 

 

 

 

 
 

 

b) Hierarchically Clustered HeatMap  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18  Clustering Analysis of the RR GLOBINClearTM Dataset 
Applying the 4,52 0 Gene List in GeneSpring GX v11.5.1 [unpaired 
ÓÔÕÄÅÎÔȭÓ Ô-ÔÅÓÔ &$2 ÐЃπȢπυȟ &# І ϻ ρȢυπɎ  
 

Abbreviations: BLDCON - blood control, BLDPAT - blood patient, FC - 
fold change, PCA - principal components analysis and RR - Dr Rohini 
Raman generated CEL files.    
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3.5.1.4 DAVID Functional Annotation Enrichment Analysis  

4ÈÅ 'ÅÎÅ3ÐÒÉÎÇ '8 ÖρρȢυȢρ ÇÅÎÅÒÁÔÅÄ χπφ ÁÎÄ τȟυςπ ÇÅÎÅ ÌÉÓÔÓ ɍÕÎÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ 

t-ÔÅÓÔ &$2 ÐЃπȢπυȟ &# І ϻρȢυπɎ ÐÅÒÔÁÉÎÉÎÇ ÔÏ *" .Õ'%. /ÖÁÔÉÏÎ® (Section 3.5.1.2.1) 

and RR Ambion®  GLOBINClearTM (Section 3.5.1.2.2) datasets could also be imported 

into DAVID bioinformatics resource version 6.7 (Huang da et al 2009a, Huang et al 

2009b). Functional annotation clustering analysis was subsequently performed on 

GOTERM_BP_FAT and GOTERM_MF_FAT gene ontology (GO) terms applying a Homo 

sapiens background and filtering  using Ȭ-ÅÄÉÕÍȭ classification stringency (Section 2. 

3.1.8.3). Note that for the analysis of the RR Ambion® GLOBINClearTM dataset the 4, 

520 list  was necessarily trimmed  to include only the top ranking 3,000 probeset IDs 

as determined by probability value since this represents the upper limit which the 

software is capable of handling in each run. Categories with a minimum EASE score 

above 1.30 and Benjamini-Hochberg FDR corrected p<0.05 were considered statist-

ically significant. In total, DAVID mapped 686 (97.2%) of 706 [230 genes ᶑ and 456 

ÇÅÎÅÓ ᶓɎ ÁÎÄ ςȟφως ɉψωȢχϷɊ ÏÆ σȟπππ ɉτȟυςπɊ ɍςȟρσπ ÇÅÎÅÓ ᶑ ÁÎÄ υφς ÇÅÎÅÓ ᶓɎ !ÆÆÙ-

metrix® probeset IDs identified from each comparison.       

 

3.5.1.4.1 JB NuGEN Ovation® Dataset  

The 706 list of DE transcripts in GeneSpring GX v11.5.1 ɍÕÎÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ Ô-test 

&$2 ÐЃπȢπυȟ &# І ϻρȢυπɎ ÆÒÏÍ ÔÈÅ *" .Õ'%. /ÖÁÔÉÏÎ® dataset was enriched for GO 

categories associated with  protein  serine/threonine  kinase activity, enzyme binding, 

intracellular transport as well as the regulation of gene transcription from the RNA 

polymerase II promoter (Table 3.4).  

 

# GO term Functional Category  EASE Count Benjamini  
1 GO:0004674 protein serine/threonine kinase activity  4.40 39 8.30E-05 
2 GO:0019899 enzyme binding 3.66 38 5.60E-03 
3 GO:0046907 intracellular transport  2.48 44 0.030 
4 GO:0006357 regulation of transcription from RNA 

polymerase II promoter 
2.47 47 0.028 

5 GO:0003702 RNA polymerase II transcription factor 
activity  

1.33 21 0.019 

  

Table 3.4 JB NuGEN Ovation® DAVID Functional Annotation Clustering Analysis  
 

Abbreviations: # - rank, DAVID - Database of Annotation, Visualisation and Integrated Discovery, 
EASE - enrichment score, GO - gene ontology and JB - Joanna Bury generated CEL files.                    
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3.5.1.4.2 RR Ambion® GLOBINClearTM Dataset 

Conversely, the 3,000 highest ranking genes in the GeneSpring GX v11.5.1 4,520 list 

of DE transcripts from the RR Ambion® GLOBINClearTM ÄÁÔÁÓÅÔ ɍÕÎÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ 

t-ÔÅÓÔ &$2 ÐЃπȢπυȟ &# І ϻρȢυπɎ ×ÅÒÅ ÆÏÕÎÄ ÔÏ ÂÅ ÅÎÒÉÃÈÅÄ ÆÏÒ '/ ÃÁÔÅÇÏÒÉÅÓ ÔÈÁÔ ÁÒÅ 

associated with chromosome organisation, nucleotide binding, mRNA metabolism, 

protein transport  and negative regulation of gene transcription (Table 3.5).      

 

# GO term Functional Category  EASE Count Benjamini  
1 GO:0051276 chromosome organization 5.60 95 4.80E-04 
2 GO:0016071 mRNA metabolic process 4.17 70 0.014 
3 GO:0015031 protein transport  4.05 126 0.016 
4 GO:0045892 negative regulation of transcription, DNA 

-templated 
3.22 80 0.029 

5 GO:0000166 nucleotide binding 3.17 321 1.90E-03 
6 GO:0009057 macromolecular catabolic process 2.80 121 0.049 
7 GO:0051173 negative regulation of nitrogen 

compound metabolic process 
2.50 103 0.049 

8 GO:0006351 transcription, DNA-templated 2.28 291 0.031 
9 GO:0051169 nuclear transport 2.05 35 0.038 

 

Table 3.5 RR GLOBINClearTM DAVD Functional Annotation Clustering Analysis  
 

Abbreviations: # - rank, DAVID - Database for Annotation, Visualisation and Integrated Discovery, 
EASE - enrichment score, GO - gene ontology, mRNA - messenger RNA and RR - Dr Rohini Raman 
generated CEL files.           

 

 

3.5.1.4.3 JB NuGEN Ovation® and RR Ambion® GLOBINClearTM Comparison   

The DAVID comparative analyses of functionally enriched GO categories which are 

summarised in Table 3.4 and 3.5 highlighted very few commonalities, with perhaps 

the exception of gene transcription, between the JB NuGEN Ovation® (Section 3.5.1. 

4.1) and RR Ambion® GLOBINClearTM (Section 3.5.1.4.2) datasets. EASE scores of 5. 

6 or  below  coupled with  relatively  low  gene counts suggest that both methodologies 

assessed here for GEP from peripheral whole blood in ALS are highly variable.      

 

3.5.1.5 KEGG Pathway Analysis  

KEGG pathway analysis also conducted in DAVID (Huang da et al 2009a, Huang et al 

2009b) identified  six shared pathways common to both the JB NuGEN Ovation® and 

RR Ambion® GLOBINClearTM datasets including MAPK signalling (Section 3.5.1.5.1) 
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[Rank 1 (13), count 20 (46), 3.2% (2.0%) uncorrected p<0.001*** (Table 3.6 and 3. 

7)], Non-small cell lung cancer, T cell receptor signalling, chronic myeloid leukemia 

and gonadotropin releasing hormone (GnRH) signalling. In the following two secti-

ons, JB NuGEN Ovation®  related gene expression changes which are associated with 

the top two most significant KEGG pathways, namely the MAPK (Section 3.5.1.5.1) 

and neurotrophin (Section 3.5.1.5.2) signalling cascades, are discussed further.  

 

# KEGG Pathway Count % p-value Benjamini  
1 MAPK signalling pathway 20 3.2 1.60E-03 0.210 
2 Oocyte meiosis 11 1.8 4.00E-03 0.250 
3 Long-term potentiation  8 1.3 7.90E-03 0.320 
4 Neurotrophin signalling pathway 11 1.8 9.20E-03 0.280 
5 Non-small cell lung cancer 7 1.1 9.50E-03 0.240 
6 T cell receptor signalling pathway 10 1.6 0.011 0.230 
7 RNA degradation 7 1.1 0.012 0.230 
8 Chronic myeloid leukemia 8 1.3 0.013 0.210 
9 NOD-like receptor signalling pathway 7 1.1 0.018 0.250 
10 Endometrial cancer 6 1.0 0.031 0.360 
11 GnRH signalling 8 1.3 0.048 0.480 

 

Table 3.6 JB NuGEN Ovation® KEGG Pathway Analysis Highlighted in yellow JB NuGEN Ovation®  
and RR Ambion® GLOBINClearTM common pathways.  
 

Abbreviations: # - rank, GnRH - gonadotropin releasing hormone, JB - Joanna Bury generated CEL 
files, KEGG - Kyoto Encyclopaedia of Genes and Genomes, MAPK - mitogen activated protein kinase, 
NOD - nucleotide binding oligomerization domain and RR - Dr Rohini Raman generated CEL files. 

 

 

3.5.1.5.1 MAPK Signalling Cascade  

The mitogen-activated protein  ËÉÎÁÓÅÓ ɉ-!0+ȭÓɊ ɉÏÔÈÅÒ×ÉÓÅ ËÎÏ×Î ÁÓ ÅØÔÒÁÃÅÌÌÕÌÁÒ 

signal-regulated kinases ɉ%2+ȭÓɊɊ are a family of serine/threonine/tyrosine specific 

kinases which are responsible for the phosphorylation of cytoplasmic components 

and nuclear ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÆÁÃÔÏÒÓ ɉ.4&ȭÓɊ ÔÈÁÔ ÒÅÇÕÌÁÔÅ ÇÅÎÅ ÅØÐÒÅÓÓÉÏÎ ÉÎ ÒÅÓÐÏÎÓÅ 

to a diverse array of extracellular stimuli including growth factors [classical MAPK 

cascade], pro-inflammatory cytokines, osmotic stress, heat shock and UV radiation 

[c-Jun N-terminal  kinase (JNK)/p38 MAPK cascade] (Murai et al 2010, Strniskova et 

al 2002). 

Upon ligand binding to the receptor tyrosine kinases of the classical MAPK cascade 

autophosphorylation is triggered in order to attract protein complexes containing 

SOS [SOS2 (son of sevenless homolog 2 (Drosophila))  ᶑ1.71-fold SALS, p<0.05] and
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# KEGG Pathway Count % p-value Benjamini  
1 Fc gamma R-mediated phagocytosis 23 1.0 8.50E-04 0.140 
2 Glioma 17 0.8 1.50E-03 0.130 
3 Endocytosis 36 1.6 1.50E-03 0.090 
4 Chronic myeloid leukemia 19 0.8 1.60E-03 0.071 
5 B cell receptor signalling pathway  19 0.8 1.60E-03 0.071 
6 Insulin signalling pathway 28 1.2 2.50E-03 0.087 
7 Adipocytokine signalling pathway 17 0.8 3.00E-03 0.089 
8 Ubiquitin mediated proteolysis 28 1.2 3.10E-03 0.078 
9 Neurotrophin signalling pathway 26 1.2 3.10E-03 0.070 
10 Phosphatidylinositol signalling system  18 0.8 3.50E-03 0.069 
11 Spliceosome 26 1.2 3.90E-03 0.070 
12 VEGF signalling pathway 18 0.8 4.00E-03 0.066 
13 MAPK signalling pathway 46 2.0 4.40E-03 0.066 
14 Renal cell carcinoma 17 0.8 4.80E-03 0.066 
15 ErbB signalling pathway 19 0.8 8.60E-03 0.110 
16 RNA degradation  14 0.6 0.011 0.120 
17 Adherens junction 17 0.8 0.012 0.130 
18 Pathways in cancer 52 2.3 0.013 0.130 
19 GnRH signalling pathway 20 0.9 0.014 0.140 
20 Pancreatic cancer 16 0.7 0.015 0.140 
21 T cell receptor signalling pathway 21 0.9 0.020 0.170 
22 Leukocyte transendothelial migration 22 1.0 0.026 0.200 
23 Natural killer cell mediated cytotoxicity 24 1.1 0.028 0.210 
24 Jak-STAT signalling pathway 27 1.2 0.028 0.210 
25 Acute myeloid leukemia 13 0.6 0.029 0.200 
26 Fc epsilon R1 signalling pathway 16 0.7 0.029 0.200 
27 mTOR signalling pathway 12 0.5 0.031 0.200 
28 Progesterone-mediated oocyte maturation 17 0.8 0.033 0.210 
29 Inositol phosphate metabolism 12 0.5 0.040 0.230 
30 Non-small cell lung cancer 12 0.5 0.040 0.230 
31 Regulation of actin cytoskeleton 34 1.5 0.047 0.260 

 

Table 3.7 RR Ambion® GLOBINClearTM KEGG Pathway Analysis Highlighted in yellow JB NuGEN 
Ovation®  and RR Ambion®  GLOBINClearTM common pathways.  
 

Abbreviations: # - rank, ErbB - epidermal growth factor receptor, GnRH - gonadotropin releasing 
hormone, JAK - Janus kinase, JB - Joanna Bury generated CEL files, KEGG - Kyoto Encyclopaedia of 
Genes and Genomes, MAPK - mitogen activated protein kinase, mTOR - mammalian target of 
rapamycin, RR - Dr Rohini Raman generated CEL files, STAT - signal transducers and activators of 
transcription  and VEGF - vascular endothelial growth factor.   

 

 

the GRB2 [GAPT (growth factor receptor-bound protein 2 (GRB2) binding adaptor 

ÐÒÏÔÅÉÎȟ ÔÒÁÎÓÍÅÍÂÒÁÎÅɊ ᶓρȢφπ-fold SALS, p<0.05] adaptor molecule to the plasma 

membrane which, in turn, leads to the activation of Ras [KRAS (Kirsten rat sarcoma 

viral  oncogene homolog) ᶓ1.85-fold SALS, p<0.01 accompanied by the inhibitory re -

gulator  RASA1 (RAS p21 protein  activator GTPase activating protein  ρɊ ᶓρȢυρ-fold S 

ALS, p<0.05].  

In the presence of the guanine nucleotide exchange factor, RasGRP [RASGRP2 (Ras 

guanyl releasing protein 2 (calcium and DAG-ÒÅÌÁÔÅÄɊ ᶑρȢυυ-fold SALS, p<0.05] Ras 
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directly, or indirectly via protein kinase C, activates Raf1, B-Raf and the oncogene 

homolog Mos which leads to the sequential phosphorylation of MAP2K1 ɉᶓρȢυφ-fold 

SALS, p<0.05), MAPK1, RPS6K [RPS6KA2/A5 (ribosomal protein S6 kinase, 90 kDa) 

ᶑρȢωφ-fold SALS, p<0.001 and ᶓ1.86-fold SALS, p<0.05 for the second and fifth poly-

peptide respectively] and cyclic adenosine monophosphate (cAMP) response elem-

ent binding transcription  factor CREB (Di Giacomo et al 2009, Lu et al 2010) in ord-

er to promote cell differentiation and survival (Figure 3.19). Furthermore, MAPK1 

that is negatively regulated by DUSP16 [DUSP16 ɉÄÕÁÌ ÓÐÅÃÉÆÉÃ ÐÈÏÓÐÈÁÔÁÓÅ ρφɊ ᶑρȢ 

53-fold SALS, p<0.05] is known to phosphorylate the calcium independent phosph-

olipase PLA2G [PLA2G4C (phospholipase A2, group IVC (cytosolic, calcium-indepen 

dÅÎÔɊ ᶑ1.81-fold SALS, p<0.01 and PLA2G6 (phospholipase A2, group VI (cytosolic, 

calcium-independent) ᶑ1.76-fold SALS, p<0.05]; a molecule considered essential for 

normal lipid metabolism (Murakami et al 2011) which may also play an important 

role in FasL mediated apoptosis (Figure 3.19) (Section 1.2.4.8) (Atsumi et al 1998). 

An overall down-regulation in Ras GTPase activity  observed on the σȭ IVT expression 

arrays in the peripheral whole blood of SALS patients recruited to the NuGEN Ovat-

ion® Whole Blood Study is expected to lead to a reduction in the levels of mitochon-

drial membrane associated B-cell CLL/lymphoma 2 protein (Bcl2) [BCLAF1 (BCL2-

ÁÓÓÏÃÉÁÔÅÄ ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÆÁÃÔÏÒ ρɊ ᶓρȢχχ-fold SALS, p<0.01; BCL2L13 (BCL2-like 13 

(apoptosis facilitator) Ɋ ᶓρȢυω-fold SALS, p<0.01], which under normal physiological 

conditions, is known to suppress cell death signals by binding to apoptotic peptida-

se activating factor 1 (APAF1) and blocking cytochrome c release (Brunet et al 2001, 

Hockenbery et al 1990, Liu et al 1996, Ruvolo et al 2001). A significant depletion in 

the abundance of Bcl2 lifts  its inhibition  of apoptosis-related cysteine peptidase act-

ivation [CASP5 (caspase 5) ᶑ2.03-fold SALS, p<0.05] thereby inducing programmed 

cell death (Kuranaga 2012, Momeni et al 2013).      

Several components of the JNK/p38 MAPK cascades, responsible for mediating cell 

cycle arrest and inducing potent pro-apoptotic signals upon detecting DNA damage 

(Ghosh et al 2009, Kim et al 2011, Ryazantseva et al 2008, Tamagno et al 2003, Van 

Laethem et al 2006), were also found to be dysregulated in the peripheral whole ve-

nous blood of SALS patients compared to controls. These include protein  LAK1 [NLK 

(nemo-like kinase) ᶓ1.82-fold SALS, p<0.05], TAO1/2 [TAOK1 (Thousand And One 
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amino acid protein  kinase) ᶓ1.98-fold SALS, p<0.05], TGFR-2 [TGFBR2 (transforming  

ÇÒÏ×ÔÈ ÆÁÃÔÏÒȟ ÂÅÔÁ ÒÅÃÅÐÔÏÒ )) ɉχπȾψπË$ÁɊɊ ᶓρȢψς-fold SALS, p<0.05], p58 [PAK2 p 

21 protein Cdc42/Rac associated kÉÎÁÓÅ ςɊ ᶓ1.60-fold SALS, p<0.05], MEKK1 [MAP 

3K1 ᶓ1.70-fold SALS, p<0.05], MEKK7 [MAP3K7 ᶓ 1.61-fold SALS, p<0.05] and MAP 

3K7 interacting protein  1 (TAB1) [MAP3K7IP1 (TGF-beta activated kinase 1) ᶑρȢυω-

fold SALS, p<0.05].         

 

3.5.1.5.2 Neurotrophin Signalling Cascade  

The neurotrophic factors NT-3 (neurotrophin -3), NT-4/5 (neurotrophin -4/5), NGF 

(nerve growth  factor)  and BDNF represent a family of small secreted proteins which 

are responsible for promoting cell survival and cell death signals in the developing 

ÓÅÎÓÏÒÙȾ-.ȭÓ ÁÎÄ ÍÉÃÒÏÇÌÉÁÌ ÃÅÌÌÓ ÏÆ ÔÈÅ ÍÁÍÍÁÌÉÁÎ #.3 (Ernsberger 2009). Their 

engagement of tropomyosin-related tyrosine kinase receptors, namely TrkA, TrkB 

and TrkC, induces receptor dimerization and autophosphorylat ion which attracts a 

whole plethora of signal transducing molecules to the plasma membrane (Chao et al 

2006, Skaper 2008). Of particular relevance were the SHC (Src homology 2 domain, 

containing)  and SH2-B (SH2 domain containing signalling mediator)  adaptor proteins 

which are involved ÉÎ ÔÈÅ ÒÅÃÒÕÉÔÍÅÎÔ ÏÆ '2"ς ɉᶓρȢφπ-fold SALS, p<0.05) and SOS2 

ɉᶑρȢχρ-ÆÏÌÄ 3!,3ȟ ÐЃπȢπυɊ ÃÏÍÐÌÅØÅÓ ÔÈÁÔ ÌÅÁÄÓ ÔÏ ÔÈÅ ÁÃÔÉÖÁÔÉÏÎ ÏÆ 2ÁÓ ɉᶓρȢψυ-fold 

SALS, p<0.01); a small GTPase important  for  a diverse array of processes including 

cellular differentiation,  retrograde axonal transport, neurite outgrowth  and synaptic 

plasticity  (Figure 3.19) (Bhattacharyya et al 1997, Feig 2011, Stornetta & Zhu 2011, 

Tartaglia & Gelb 2010). The Ras proteins K, N and H function as molecular switches 

which exert their effects via several intracellular signalling cascades including MAP 

K (Section 3.5.1.5.1) and the PI3K-AKT pathways [PIK3R2 (phosphoinositide-3-kin-

ase (PI3K) regulatory subunit 2, beta) ᶑ1.54-fold SALS, p<0.01 which enhances AKT 

(alternative  name protein  kinase B (PKB)) inhibition  of forkhead box O3a (FBXO3Ɋ ᶓ  

1.54-fold, p<0.05 and glycogen synthase kinase 3, beta (GSK3B) proteins (Leger et al 

2006)]. Increases in  PI3K-mediated phosphorylation of the serine/ threonine specif-

ic kinase, AKT (Brunet et al 1999), is expected to block the translocation of FOXO3a 

into  the nucleus; thereby preventing the subsequent activation of FasL gene transc-

ription to promote cell survival (Zheng et al 2002, Zheng & Quirion 2004).  
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Figure 3.19 KEGG Pathway Schematic of Neurotrophin Signalling Cascade    
 

Abbreviations: +P - ÐÈÏÓÐÈÏÒÙÌÁÔÉÏÎȟ ɉᶑɊ - up-ÒÅÇÕÌÁÔÅÄȟ ɉᶓɊ - down-regulated, AKT - v-akt murine 
thymoma viral oncogene homolog, ARMS - ankyrin repeat rich membrane spanning, ASK - 
associated X protein, Bcl2 - B-cell CLL/lymphoma 2, BDNF - brain derived neurotrophic factor, B-
Raf - v-raf murine sarcoma viral oncogene homolog B, C3G - guanine nucleotide releasing protein, 
Cdc42 - cell division control protein 42 homolog, CREB - cyclic adenosine monophosphate (cAMP) 
responsive element binding protein, Crk - v-crk avian sarcoma virus CT10 oncogene homolog, Fas - 
first apoptosis signal, FasL - Fas ligand, FBXO3 - forkhead box O3, Gab - GRB2 associated binding 
protein, GRB2 - growth factor receptor bound protein 2ȟ '3+σɼ - glycogen synthase kinase 3, beta, 
JNK - c-Jun N-terminal kinase, KEGG - Kyoto Encyclopaedia of Genes and Genomes, MAPK - mitogen 
activated protein kinase, NADE - p75NTR associated cell death executor, NGF - nerve growth factor, 
NRAGE - neurotrophin receptor interacting melanoma antigen gene (MAGE) homolog, NTR - 
neurotrophin receptor, PI3K - phosphoinositide 3 kinase, PTPN11 - tyrosine protein phosphatase 
non-receptor type 11, Rap1A - Ras related protein, RPS6K - ribosomal protein S6 kinase, SC1 - 
Schwann cell factor 1, SH2B - SH2 domain containing signalling mediator, Shc - Src homology 2 
domain containing, SOS - son of sevenless, TRAF6 - TNF receptor associated factor 6, E3 ubiquitin 
protein ligase, TNF - tumour necrosis factor, Trk - tyrosine kinase receptor and YWHAH - tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, eta. 

 

 

Additionally, Ras is also known to interact with the Raf family of serine/threonine 

specific kinases that ÁÒÅ ËÎÏ×Î ÔÏ ÍÅÄÉÁÔÅ -!0ς+ρ ɉᶓρȢυφ-fold SALS, p<0.05) and 

RPS6K activity  ɉᶑρȢωφ-ÆÏÌÄ 3!,3ȟ ÐЃπȢππρ ÁÎÄ ᶓρȢψφ-fold SALS, p<0.05 for the seco-

nd and fifth polypeptides, respectively (Gysin et al 2011)). Rap1A, a member of the 

Ras oncogene family, and its binding partner RASSF5 [RASSF5 (Ras association (Ral 
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 GDS/AF-6) domain family member 5) ᶓρȢυω-fold SALS, p<0.01] exert a similar fun-

ction which is initiated by the establishment of long lived complexes several additi-

onal adaptor molecules including C3G (guanine nucleotide releasing protein), SHP-

2 (protein tyrosine phosphatase, non-receptor type 11 (PTPN11)), GAP2 (glycosyl-

ation-associated protein 2) and the v-crk avian sarcoma virus CT10 oncogene hom-

olog (Gotoh et al 1995) [CRK ᶓρȢυω-fold SALS, p<0.05].   

NGF bound to the type I transmembrane protein sortilin (SORT1) is also a common 

ligand of the p75 neurotrophin receptor (p75NTR); a member of the TNF-receptor 

superfamily which activates several intracellular signalling cascades including the 

MAP3K1/JNK/p53/B ax [MAP3K1 (mitogen-activated protein kinase kinase kinase 

ρȟ %σ ÕÂÉÑÕÉÔÉÎ ÐÒÏÔÅÉÎ ÌÉÇÁÓÅɊ ᶓρȢχπ-fold SALS, p<0.01 (Figure 3.19)] , NADE/YWH 

AH [YWHAH (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein, eta) ᶓ1.69-fold SALS, p<0.001] and NRAGE [neurotrophin receptor-intera-

cting MAGE (melanoma antigen gene) homolog] pathways that can induce cell cycle 

arrest and programmed cell death. An overall down-regulation in the expression of 

a number of these transcripts  detected in the peripheral whole venous blood of SALS 

patients compared to controls would be expected to further promote signals which 

enhance cell survival (Arnett et al 2007, Chen et al 2008, Feng et al 2010, Fortress 

et al 2011, Nykjaer et al 2004, Teng et al 2005).          

 

3.6 DISCUSSION 

In ALS the tissue which is primarily affected remains inaccessible during life. There 

are also a number of limitation s (Section 1.3.2) (Cooper-Knock et al 2012a, Sharp et 

al 2006a, Sutherland at al 2011) associated with the use of human post-mortem SC 

anÄ ÂÒÁÉÎ ÓÐÅÃÉÍÅÎÓȠ ÎÏÔ ÌÅÁÓÔ ÏÆ ÁÌÌ ÔÈÁÔ ÔÈÅ '%0ȭÓ ÇÅÎÅÒÁÔÅÄ ÆÒÏÍ ÓÕÃÈ ÍÁÔÅÒÉÁÌ ÉÓ 

only representative of the terminal stages of disease progression at which point the 

majority  of vulnerable neuronal cell populations will  have already been lost from  the 

system. In more recent years a wide range of peripheral tissues (Section 1.3.1 and 1. 

3.2Ɋ ÉÎÃÌÕÄÉÎÇ ×ÈÏÌÅ ÖÅÎÏÕÓ ÂÌÏÏÄ ɍ#ÈÁÐÔÅÒ σȡ Ȭ7ÈÏÌÅ "ÌÏÏÄ 3ÔÕÄÙȭɎ ÁÎÄ ÉÍÍÏÒÔÁÌ-

ised EBV-transformed B-lÙÍÐÈÏÃÙÔÅÓ ɉ,#,ȭÓɊ ɍ#ÈÁÐÔÅÒ υȡ ȬC9ORF72 '%0 3ÔÕÄÙȭ ÁÎÄ 

ChÁÐÔÅÒ φȡ ȬC9ORF72 3ÕÒÖÉÖÁÌ 3ÔÕÄÙȭɎ ÈÁÖÅ ÂÅÅÎ ÏÂÓÅÒÖÅÄ, by many, to recapitulate 
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the pathogenesis of a number of neurodegenerative and neuropsychiatric conditions 

including ALS (Saris et al 2009) (Section 1.4.1.1), SCHIZ and BPD (Tsuang et al 2005) 

(Section 1.4.1.2.4 and 1.4.2.2.1-2), ALZ (Maes et al 2007) (Section 1.4.1.2.3), HD (Bo-

rovecki et al 2005) (Section 1.4.1.2.1) and PD (Scherzer et al 2007) (Section 1.4.1.2. 

2) that have been reÖÉÅ×ÅÄ ÂÒÉÅÆÌÙ ÉÎ #ÈÁÐÔÅÒ ρȡ Ȭ)ÎÔÒÏÄÕÃÔÉÏÎȭ ÁÎÄ ÅÌÓÅ×ÈÅÒÅ ÉÎ ÔÈÅ 

literatu re by Borovecki & Habek (2010), Cooper-Knock et al (2012c), Mohr & Liew 

(2007), Sharp et al (2006b) and Woelk et al (2011).  

Blood offers a particularly attractive source of material for microarray applications 

owing to good standardization of technical procedures, non-invasive collection and 

longitudinal sampling in large volumes (Table 1.4) (Burczynski & Dorner 2006). At 

least 80% of the genes which are routinely expressed in the CNS are also detectable 

in the transcriptome profile of circulating blood (Liew et al 2006). Additionally, the 

majority  of disease causative genes in ALS have been reported  to be ubiquitously ex-

pressed (Cooper-Knock et al 2012c). Quantifiably changes in the mRNA levels of th-

ese transcripts in  response to perturbations  in the micro- or macroenvironment, th-

erefore, is suggestive of blood constituting a rich biosensor pool which has the pot-

ential to act as a sentinel of the neurodegenerative disease process (Kennedy et al 

2008, Pahl 2005, Staratschek-Jox et al 2009). It has become apparent, however, that 

the sheer abundance (Raghavachari et al 2009, Winn et al 2010) of erythrocyte de-

rived alpha ɉɻɊ and beta ɉɼɊ haemoglobin transcripts, comprising up to 70% of total 

RNA species isolated from  peripheral whole blood preparations, could be producing 

interference on the microarray  that is masking the detection of other, less abundant 

transcripts  of equal biological importance within the sample (Section 1.3.3) (Feezor 

et al 2004, Kam et al 2012, Wright et al 2008). In order to overcome this challenge, 

and to improve the overall reliability and sensitivity of such studies, several globin 

reduction strategies have been developed (Vartanian et al 2009) including Ambion® 

GLOBINClearTM (Raman 2011) which utilises selective hybridization and a magnetic 

bead based separation method of depletion (Field et al 2007) and NuGEN Technolo-

gies Inc., UK patented SPIATM system that uses a proprietary reagent in the Ovation® 

Whole Blood Solution for generating ss-cDNA targets, from as little as 5ng starting 

material (Dafforn et al 2004); which have proven less prone to non-specific hybrid-

izations owing to the higher fidelity  of DNA-DNA as opposed to RNA-DNA (Barker et 
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al 2005, Debey et al 2006, Eklund et al 2006, Parrish et al 2010, Tian et al 2009) int -

eractions. Previously obtained results using the Ambion GLOBINClearTM protocol in 

combination with  the PAXgene®  Blood RNA collection tubes (Dumeaux et al 2008, Li 

et al 2008a, Liu et al 2006) demonstrated high interindividual variability, low sam-

ple integrity and poor reproducibility ( Raman 2011); with inconsistencies between 

microarray findings and subsequent qRT-PCR validation experiments.  

The initial aim of the PhD was to evaluate the NuGEN Ovation® Whole Blood Soluti-

on as a suitable alternative for the generation of robust gene expression data from 

peripheral whole blood. For direct comparability, patient and control samples were 

recruited  to the study from  the Raman (2011)  cohort with  specimens collected at the 

same time in different PAXgene® Blood RNA Collection Tubes (Section 2.3.1.1) and 

stored at -200C for a maximum of 3 years prior to being processed. Although stora-

ge times differed considerably between the RR Ambion® GLOBINClearTM and the JB 

NuGEN Ovation® datasets, PreAnalytiX does advocate that intracellular RNA should 

remain stable for  up to 8 years without  a significant degree of degradation occurring 

ex vivo (preanalytix.com). The achievement of comparable RNA concentrations and 

yields that produced similar ratios of absorbencies at 260/280nm wavelengths and 

ÈÉÇÈ 2.! ÉÎÔÅÇÒÉÔÙ ÖÁÌÕÅÓ ɍ2).ȭÓ χȢυ ÏÒ ÁÂÏÖÅ ɉSection 2.3.1.3)] on the Agilent 2100 

Bioanalyzer is supportive of this statement. The electropherogram traces are illust-

rative of good quality, intact RNA having been extracted using the PAXgene® Blood 

RNA Isolation Kits (Section 2.3.1.2) (Figure 3.1) and post-hybridization  QC measures 

assessed using Expression ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd., 

UK) were also relatively consistent between the two (Table 3.8) with reduced noise 

(Raw Q), lower background (bgrd) signal intensities and higher %P calls associated 

with the JB NuGEN Ovation®  dataset.  

Circulating blood is classified as a fluid  connective tissue that is in a permanent state 

of renewal and is known to play a pivotal role in physiological homeostasis, cellular 

immunity  and inflammation. It is composed of a mixed cell population that contains 

plasma (55%), erythrocytes (43%), leukocytes (<1%) [neutrophils,  lymphocytes (T-

cells, B-cells and natural killer or NK cells), monocytes, basophils and eosinophils] 

and platelets (1.5%) which continuously permeates and interacts with every other 

tissue and organ of the mammalian body (Joehanes et al 2012, Mohr & Liew 2007).  

http://www.preanalytix.com/
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a) JB NuGEN Ovation® dataset  

 RNA Yield  A260/280  RIN Bgrd  Raw(Q) SF %P 
GAPDH 
σȭ-υȭ ÒÁÔÉÏ 

BLDCON01 3.89 ʈg 2.23 8.4 27.3 0.643 2.3 51 1.70 
BLDCON02 6.23 ʈg 2.21 7.7 25.6 0.598 8.3 42 3.09 
BLDCON04 2.82 ʈg 2.46 8.8 27.4 0.637 2.2 52 1.72 
BLDCON07 3.71 ʈg 2.16 7.7 25.6 0.643 19.7 31 1.94 
BLDCON08 8.10 ʈg 2.23 8.8 26.4 0.605 3.6 48 3.54 
BLDCON10 6.44 ʈg 2.12 7.9 26.8 0.596 6.6 43 2.61 
BLDPAT21 3.77 ʈg 2.28 8.4 26.6 0.613 8.6 40 3.27 
BLDPAT23 9.32 ʈg 2.15 7.5 27.5 0.670 1.5 54 1.64 
BLDPAT26 6.21 ʈg 2.12 8.0 27.5 0.654 1.3 53 1.97 
BLDPAT27 6.44 ʈg 2.14 8.1 26.7 0.665 1.9 53 3.19 
BLDPAT35 3.64 ʈg 2.25 8.8 27.5 0.660 2.1 51 1.82 
BLDPAT38 3.91 ʈg 2.14 7.7 27.3 0.692 1.1 56 2.68 
Mean 5.37 ʈg  2.21 8.2 26.9 0.640 3.6 49 2.43 
         

b) RR Ambion GLOBINClearTM dataset  

 RNA Yield  A260/280  RIN Bgrd  Raw(Q) SF %P 
GAPDH 
σȭ-υȭ ÒÁÔÉÏ 

BLDCON01 1.44 ʈg 2.11 8.5 51.6 1.800 0.5 45 3.57 
BLDCON02 1.91 ʈg 2.20 8.1 38.9 1.100 0.9 49 3.60 
BLDCON04 1.47 ʈg 2.05 8.4 61.9 2.100 0.6 43 2.70 
BLDCON07 2.10 ʈg 2.20 8.8 39.6 1.200 0.9 45 3.04 
BLDCON08 4.18 ʈg 2.18 8.9 38.7 1.100 1.0 44 3.68 
BLDCON10 1.89 ʈg 2.17 8.8 45.4 1.400 0.8 43 2.30 
BLDPAT21 1.89 ʈg 2.09 8.4 65.3 2.200 0.6 44 2.30 
BLDPAT23 4.35 ʈg 2.13 8.8 84.5 2.800 0.5 44 1.99 
BLDPAT26 1.72 ʈg 2.13 8.9 74.5 2.400 0.4 46 2.02 
BLDPAT27 1.70 ʈg 2.14 8.7 73.6 2.400 0.4 47 4.30 
BLDPAT35 1.68 ʈg 2.08 8.8 55.8 1.800 0.6 47 3.09 
BLDPAT38 1.90 ʈg 1.99 8.8 58.2 1.900 0.5 47 2.94 
Mean 2.19 ʈg 2.12 8.7 57.3 1.850 0.6 42 2.96 

 

Table 3.8 Summary of JB NuGEN Ovation® and RR Ambion ®  GLOBINClearTM QC Parameters 
RNA purity, as determined by absorbance ratios at 260/280nm (A260/280 ) wavelengths, and yield 
were measured using the NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific®  Inc., 
5+ɊȢ 2.! ÉÎÔÅÇÒÉÔÙ ÎÕÍÂÅÒÓ ɉ2).ȭs) were computed on a scale of zero (undetectable, completely 
degraded) to ten (high quality, intact RNA) using the Agilent 2100 Bioanalyzer (Agilent Technolo-
gies Ltd., UK). Mean values recorded across the JB NuGEN Ovation® (top) or RR Ambion® GLOBIN 
ClearTM (bottom) datasets are represented in bold. Affymetrix® QC parameters including noise 
(Raw Q), average background (bgrd) signal intensities, scaling factor (SF), percentage presence 
(%P) calls and GAPDH σȭ-υȭ ÒÁÔÉÏ ×ÅÒÅ ÁÓÓÅÓÓÅÄ ÉÎ %ØÐÒÅÓÓÉÏÎ #ÏÎÓÏÌÅTM software version 1.3. 
0.187 (Affymetrix® Ltd., UK). Significant outliers removed from subsequent downstream analyses 
are highlighted in red. 
 

!ÂÂÒÅÖÉÁÔÉÏÎÓȡ σȭ - three prime, υȭ - five prime, BLDCON - blood control, BLDPAT - blood patient, 
GAPDH - glyceraldehyde 3-phosphate dehydrogenase, JB - Joanna Bury generated CEL files, QC - 
quality control and RR - Dr Rohini Raman generated CEL files.      

 

 

Consequentially, a distinct possibility exists that there are a number of potentially 

confounding environmental covariates which may also influence the transcriptome 

profile  of circulating blood (Dumeaux et al 2010, Leonardson et al 2010). To control 



  

 128 
 

for the variability introduced by such factors: a) Individuals were matched as far as 

possible for their age, gender and ethnicity; b) BLDPAT donors were all on a stable 

dose of Riluzole (50mg twice daily);  c) BLDCON donors were recruited from patient 

partners or unrelated carers; d) Samples were collected by venepuncture between 

the hours of 8.00am and 11.00am and e) The subjects were fasted overnight prior to 

phlebotomy. One limitation of the study, however, still remained. Since a full blood 

count was not performed at the time the tissue was donated (Raman 2011) it is not 

possible to determine the extent to which differences in the relative abundance of 

different  cell populations is having on the ÒÅÓÕÌÔÁÎÔ '%0ȭÓ (Bennett et al 2003, Jiang 

et al 2005, Whitney et al 2003).   

The efficiency of the NuGEN Technologies Inc., UK patented linear SPIATM system in 

limiting  the amount of amplified globin cDNA relative to other, less abundant trans-

cripts  also contained within  the sample, which are of equal biological importance (in 

this case the standard housekeeping control, beta actin) was assessed in a qRT-PCR 

assay with the size of the amplified products having been confirmed by agarose gel 

electrophoresis (Section 3.4) [APPENDIX FIGURE A3]. Across the cohort mean cycle 

threshold (Ct) values were shown to be significantly lowered for ACTB [pre-SPIATM 

19.278 (n=12) versus post-SPIATM 10.801 (n=8) measurements; ᶓ1.80-fold (p<0.00 

1***)]  but had remained reasonably consistent for HBA2 [pre-SPIATM 11.833 (n=12) 

versus post-SPIATM 9.663 (n=7)  measurements; ᶓ1.20-fold (p<0.05*) (Figure 3.12)]; 

suggesting, initially , that the NuGEN Ovation® Whole Blood Solution had been suc-

cussful in reducing the levels of globin. However, despite multiple attempts Ct val-

ues could not be recorded for more than 40% of the post-SPIATM samples analysed, 

as demonstrated by a sizeable reduction in N (Figure 3.12). The reason for this is un-

clear, although it is plausible, given the uncharacteristic nature of the amplification 

plots which were generated using Stratagene Brilliant II [APPENDIX FIGURE A1] or 

2ÏÃÈÅ &ÁÓÔ3ÔÁÒÔ 5ÎÉÖÅÒÓÁÌ ɍ!00%.$)8 &)'52% !ςɎ -ÁÓÔÅÒ -ÉØȟ ÔÈÁÔ .Õ'%.ȭÓ ÐÒÏÐ-

rietary  reagent may not be compatible with  the SYBR®  Green fluorescence based de- 

tection method deployed in this study and alternatives, such as TaqMan probes, wo-

uld need to be trialled. There is also evidence in the literature that ACTB may not be 

the most suitable candidate for  use as an endogenous control when analysing whole 

blood and other genes, including peptidylpropyl isomerase B (PPIB), for example, 
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would also need to be considered alongside the more traditional choices (Pachot et 

al 2004). In Expression ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd., UK) 

MAS 5.0 normalised pivot data for Affymetrix® Human Genome U133 Plus 2.0 Gene 

Chip®  Arrays found mean probeset signal intensities for HBA2 and ACTB to be com-

parable, but both were substantially higher than either GAPDH or 18SrRNA (Figure 

3.20). 

  
 

 

Figure 3.20 MAS 5.0 Signal Intensities for HBA1/2 Transcripts and 
the Housekeeping Genes ACTB, GAPDH and 18SrRNA Mean probeset 
signal intensity values for the JB NuGEN Ovation® Human Genome U133 
Plus 2.0 GeneChip®  Arrays normalised in Expression ConsoleTM software 
version 1.3.0.187 (Affymetrix® Ltd., UK) using Microarray Suite 5.0 (MAS 
5.0) and plotted in GraphPad Prism® software version 5.04 © 1992-2014 
(GraphPad Software Inc., CA USA). Error bars represent SEM (standard 
error of the mean). 
 

Abbreviations: ACTB - actin beta, GAPDH - glyceraldehyde 3-phosphate 
dehydrogenase, HBA1/2 - haemoglobin alpha 1/2, JB - Joanna Bury ge-
nerated CEL files and rRNA - ribosomal RNA.   

 

 

An overall down-regulation in the level of gene transcription was apparent in the JB 

NuGEN Ovation® dataset (Figure 3.15) (Section 3.5.1.2.1) with 467 (66.1%) of the 

706 DE ÔÒÁÎÓÃÒÉÐÔÓ ÉÎ 'ÅÎÅ3ÐÒÉÎÇ '8 ÖρρȢυȢρ ɍÕÎÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ Ô-test FDR p<0.05, 

&# І ϻρȢυπɎ ÅØÈÉÂÉÔÉÎÇ Á ÓÉÇÎÉÆÉÃÁÎÔ decrease in expression in the peripheral whole 

venous blood of SALS patients (n=6) compared to equal numbers of neurologically 

normal, healthy control  subjects. A similar trend has also been observed in cultured 
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skin fibroblasts derived from a second cohort of SALS patients and controls (n=12) 

in which a total of twenty-eight commonly dysregulated transcripts were identified 

including zinc finger DNA binding protein  652 (ZNF652) [JB NuGEN Ovation®  ᶓ2.30 

-ÆÏÌÄ 3!,3ȟ ÐЃπȢπρȠ 22 &ÉÂÒÏÂÌÁÓÔ ᶓςȢπτȟ ÐЃπȢπυɎ ÁÎÄ ÐÒÏÔÅÉÎ ÔÙÒÏÓÉÎÅ ÐÈÏÓÐÈÁÔÁÓÅȟ 

receptor type, C (PTPRC) [JB NuGEN Ovation® ᶓςȢςπ-ÆÏÌÄȟ ÐЃπȢπυȠ 22 &ÉÂÒÏÂÌÁÓÔ ᶓ 

1.12-fold, p<0.05] (Raman et al 2014). ZNF652 interacts with the putative breast 

tumor suppressor core-binding factor runt domain alpha subunit 2; translocated to 

3 (CBFA2T3) to inhibit  transcription  of the HeLa E-box binding protein  (HEB) which 

has important  implications for  myogenesis and haematopoiesis (Kumar et al 2008). 

PTPRC may be associated with  apoptosis (Yi et al 2011) and has been shown to play 

a pivotal  role in maintaining intracellular  Ca2+ homeostasis (Duplay et al 1996, Lane 

et al 1991, Qin & Chock 2002) which could link  it  to the induction  of excitotoxicity; a 

major mechanism contributing  to the degeneration and ÌÏÓÓ ÏÆ -.ȭÓ ÉÎ !,3 ɉ3ÅÃÔÉÏÎ 

1.2.4.2) (Grosskreutz et al 2010). Aberrations in the PTPRC gene have also conferred 

increased susceptibility for developing certain autoimmune diseases including MS 

(Do et al 2006, Schwinzer et al 2003) and rheumatoid arthritis (Miterski et al 2004, 

Plant et al 2012). Moreover, loss of CD45 function in a mouse model of ALZ induces 

×ÉÄÅÓÐÒÅÁÄ ÍÉÃÒÏÇÌÉÁÌ ÁÃÔÉÖÁÔÉÏÎ ÁÎÄ ÔÈÅ ÆÏÒÍÁÔÉÏÎ ÏÆ !ɼ plaques (Zhu et al 2011); 

a pathological hallmark of this disease (Section 1.4.1.2.3).  

In contrast, an overall up-regulation in the level of gene transcription was apparent 

in the RR Ambion GLOBINClearTM dataset (Figure 3.15) with 3,440 (76.1%) of 4,520 

DE transcripts  in GeneSpring GX v11.5.1 [unpaired  ÓÔÕÄÅÎÔȭÓ t-ÔÅÓÔ &$2 ÐЃπȢπυȟ &# І 

±1.50] exhibiting  a significant increase in expression in the peripheral whole venous 

blood of SALS patients compared to controls (Section 3.5.1.2.2). This percentage was 

even higher (86.9%) in an analysis of the top 1,215 hits, ranked by probability  value, 

×ÉÔÈ ÁÎ &# І ϻςȢπȢ )Ô ÉÓ ÁÌÓÏ ÏÆ ÉÎÔÅÒÅÓÔ ÔÏ ÎÏte that despite the use of identical age, 

gender & ethnicity matched donor samples there was more than a 6-fold difference 

in the number of DE ÔÒÁÎÓÃÒÉÐÔÓ ÉÎ 'ÅÎÅ3ÐÒÉÎÇ '8 ÖρρȢυȢρ ɍÕÎÐÁÉÒÅÄ ÓÔÕÄÅÎÔȭÓ Ô-test 

&$2 ÐЃπȢπυȟ &# І ϻρȢυπɎ ÂÅÔ×ÅÅÎ ÔÈÅ *" .Õ'%. /ÖÁÔion® (n=706) and RR Ambion 

GLOBINClearTM (n=4,520) datasets with 2,733 expected to occur by chance (Figure 

3.14). It can be speculated, therefore, that the latter may provide a more sensitive 

approach to GEP in blood. Alternatively, it  could also signify a greater proportion of 
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false positive outcomes which is supported by a lack of qRT-PCR validation of gene 

targets identified in the RR Ambion GLOBINClearTM dataset (Raman 2011).  

Very few of the aforementioned transcriptional changes detected in the peripheral 

blood of SALS patients compared to controls were shared in common between the 

JB NuGEN Ovation®  and RR Ambion GLOBINClearTM datasets (Figure 3.15) with  only 

a third  (34.2%) of these 82 transcripts  (encoding 78 unique genes) reported to occur 

in the same direction  of change (Table 3.3). These included: haptoglobin (HP), a risk 

factor for idiopathic PD (Alberio et al 2013, Costa-Mallen et al 2008) which confers 

protection  against elevated levels of OS (Section 1.2.4.1) and has been shown to play 

an important role in iron (Fe2+) homeostasis (Arguelles et al 2010); the ER adaptor 

molecule transmembrane tetratricopeptide  repeat containing 1 (TMTC1) (Sunryd et 

al 2014); neuregulin 1 (NRG1), a possible candidate gene of SCHIZ and BPD (Deng 

et al 2013a, Walker et al 2010) that promotes skeletal muscle fibre development 

and maintains synaptic plasticity in the hippocampus during learning and memory 

(Liu et al 2011, Mei & Xiong 2008, Neddens et al 2009) and DUSP16, a key regulator 

of T helper (Th)  cell differentiation  (Musikacharoen et al 2011) that has been shown 

to interact with the MAPK signalling cascade (Section 3.5.1.5.1) which were up-

regulated in addition to the type II transmembrane glycoprotein C-type lectin 

domain family, 4 member C (CLEC4C) implicated in the innate immune response 

and inflammation (Riboldi et al 2011); protein tyrosine phosphatase, non-receptor 

type 12 (PTPN12), a potent tumor  suppressor critical  for  cell adhesion and migration 

(Luo et al 2014); signal sequence receptor, alpha (SSR1) responsible for  protein 

translocation across the ER membrane (Mesbah et al 2006); molecular chaperone 

heat shock 60kDa protein 1 (HSPD1), a rare cause of hereditary spastic paraplegia 

(SPG13) (Hansen et al 2002, Hewamadduma et al 2008) which is essential for the 

correct folding and assembly of newly imported proteins into the mitochondria 

(Magnoni et al 2014) as well as the RNA processing gene heterogeneous nuclear 

ribonucleoprotein C (HNRNPC) (Romano & Buratti 2013) which were shown to be 

consistently down-regulated. 
 

KEGG pathway analysis produced better enrichment using the DAVID bioinformatics 

resource version 6.7 than functional annotation clustering performed on GO terms 

(Section 3.5.1.4 and 3.5.1.5), although Benjamini-Hochberg FDR corrected p-values 
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did not reach the 5% significance threshold. Commonly dysregulated pathways (n= 

7) included the MAPK (Section 3.5.1.5.1) [Rank #1 (13), count 20 (46), percentage 

3.2 (2.0), p=1.60E-03 (4.40E-03)]  and Neurotrophin  (Section 3.5.1.5.2) [Rank #4 (9) 

count 11 (26), percentage 1.8 (1.2), p=9.20E-03 (3.10E-03)]  signalling cascades with 

oocyte meiosis, NOD-like receptor signalling, endometrial cancer and LTP (long term 

potentiation)  specific to the JB NuGEN Ovation®  dataset (Table 3.6) and endocytosis, 

ubiquitin -mediated proteolysis, phosphatidylinositol signalling, spliceosome, ErbB 

signalling, VEGF signalling and regulation of the actin cytoskeleton specific to the RR 

Ambion GLOBINClearTM dataset (Table 3.7). PIK3R2, which is associated with four 

of these pathways, was identified as the only DE transcript [JB NuGEN Ovation® ᶑ 

1.54-fold, p<0.01; RR Ambion GLOBINClearTM ᶑςȢπτ-fold, p<0.001] with a direction 

of change that correlated between the two methodologies (Table 3.3). This enzyme 

was found to be significantly up-regulated in the blood of SALS patients compared 

to controls and is considered to be important in regulating DNA replication and cell 

survival (Marques et al 2009). However, it  remains unclear as to the reasons why so 

many other transcripts  including PTPRC [JB NuGEN Ovation® ᶓςȢρω-fold, p<0.05; RR 

Ambion GLOBINClearTM ᶑρȢωω-fold, p<0.05] and the v-Ki-ras2 Kirsten rat sarcoma 

viral  oncogene homolog (KRAS) [JB NuGEN Ovation® ᶓ1.85-fold, p<0.05; RR Ambion 

GLOBINClearTM ᶑςȢτυ-fold, p<0.05] appear to exert apposing regulatory effects in 

blood specimens derived from identical patient and control samples. Dysregulation 

of the MAPK signalling cascade is, nevertheless, an interesting finding that warrants 

further investigation (Limviphuvadh et al 2007). Previously elevated levels of p38 

-!0+ ÈÁÖÅ ÂÅÅÎ ÏÂÓÅÒÖÅÄ ÉÎ ÔÈÅ ÖÅÎÔÒÁÌ ÈÏÒÎ -.ȭÓ ÁÎd microglia of the SOD1G93A 

transgenic mouse model of the disease which is linked to the induction of apoptosis 

(Veglianese et al 2006) and genes of the same pathway have also been shown to be 

significantly altered in ALS patients carrying a CHMP2B mutation (Section 1.2.5.2.8) 

(Cox et al 2010).   

In conclusion, a lack of consistency between the JB NuGEN Ovation® and RR Ambion 

GLOBINClearTM datasets analysed in this chapter sÕÇÇÅÓÔÓ ÔÈÁÔ ÔÈÅ ÁÂÕÎÄÁÎÃÅ ÏÆ ɻ 

ÁÎÄ ɼ ÇÌÏÂÉÎ ÔÒÁÎÓÃÒÉÐÔÓ ÓÔÉÌÌ ÒÅÍÁÉÎÓ Á ÃÏÎÔÅÎÔÉÏÕÓ ÉÓÓÕÅ ×ÈÉÃÈ ×ÉÌÌ ÒÅÑÕÉÒÅ ÆÕÒÔÈÅÒ 

clarification. Given the problems outlined above (i.e. blood is composed of a mixed 

cell population not directly affected by the neurodegenerative disease process and 
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is influenced by environmental covariates) there is good rationale in the alternative 

use of immortalised EBV-transformed B-lymphocytes ɉ,#,ȭÓɊ ɉ3ÅÃÔÉÏÎ ρȢσȢςɊ ×ÈÉÃÈ 

eliminate the need for re-sampling, are a genetically homogeneous cell population 

and can be cultured in vitro to support downstream functional assays (Gladkevich 

et al 2004, Hu et al 2011, Min et al 2010, Shtilbans et al 2011).  
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#(!04%2 τȡ #(!2!#4%2)3!4)/. /& ,#,ȭ3 
 

The focus of this methodological chapter was to ÃÈÁÒÁÃÔÅÒÉÓÅ ÔÈÅ ÌÁÒÇÅ ÂÁÎË ÏÆ ,#,ȭÓ 

in the ECACC discovery and replication cohorts, which were being screened as part 

of a wider  project (N0 259867) funded by EuroMOTOR (FP7/2007-2013), under the 

Seventh Framework Health Cooperation Programme. Due to time constraints, it  was 

not possible to include all cases and controls in the scope of the PhD. Instead specific 

ÓÕÂÓÅÔÓ ÏÆ ,#,ȭÓ ×ÅÒÅ ÓÅÌÅÃÔÅÄ, according to strict criteria (e.g. matched for age and 

gender),  in order  to perform  the subsequent downstream comparative analyses out-

lined in Ȭ#ÈÁÐÔÅÒ υȡ C9ORF72 '%0 3ÔÕÄÙȭ ÁÎÄ Ȭ#ÈÁÐÔÅÒ φȡ C9ORF72 3ÕÒÖÉÖÁÌ 3ÔÕÄÙȭȢ ! 

detailed summary of the clinical and genetic information of each cohort is provided 

(Section 4.1.1 and 4.1.2), along with  measures of RNA yield (Section 4.2) and micro-

array QC parameters, as assessed by the Affymetrix® Expression ConsoleTM (Section 

4.3).                                                

 

4.1 ECACC EBV-Transformed B -Lymphocytes   

4.1.1 ECACC Discovery Cohort   

4.1.1.1 Clinical Characteristics  

4.1.1.1.1 Control Cases  

NeurologicalÌÙ ÎÏÒÍÁÌȟ ÈÅÁÌÔÈÙ ÃÏÎÔÒÏÌ ,#,ȭÓ ɉÎЀρππɊ ɍφσ-M, 37-F] were largely re-

cruited to the ECACC discovery cohort (Section 2.1.2) from patient partners or their 

unrelated carers in the National MNDA DNA Bank. These were comprised of 27 Bir-

mingham (27.0%) cases including one from  Belfast City Hospital [C020-(BBe0006)],   

one from  Oxford [C090-(BOx0073)] and eight from  Liverpool [C02-(BLi0245), C039 

-(BLi0169), C065-(BLi0123), C083-(BLi 0269), C086-(BLi0217), C093-(BLI0196), C 

096-(BLi0029)  and C097-(BLi0083)]; 26 London (26.0%) cases including two from 

Cambridge [C019-(LCa0022) and C021-(LCa0076)], three from Poole General Hos-

pital  [C05-(LPo0033), C017-(LPo0027) and C053-(LPo0062)] and four from South-
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ampton General Hospital [C012-(LSh0025), C015-(LSh0032), C038-(LSh0022) and 

C046-(LSh0023)] and 47 Sheffield (47.0%) cases including three from Nottingham 

[C048-(SNt0005), C052-(SNt0073) and C024-(SNt0035)], four  from  Manchester [C0 

1-(SMa0033), C033-(SMa0183), C036-(SMa0156) and C077-(SMa0047)], one from 

Durham [C013-(SDu0012)], five from Preston [C08-(SPr0050), C010-(SPr0014), C0  

22-(SPr0086), C072-(SPr0048) and C074-(SPr0068)] and eleven from Newcastle [C 

04-(SNc0091), C07-(SNc0038), C09-(SNc0103), C011-(SNc0045), C019-(SNc0096), 

C025-(SNc0218), C029-(SNc0023), C044-(SNc0041), C047-(SNc0149), C076-(SNc0 

106106) and C085-(SNc0035)]. Age at consultation ranged between 33 and 84 yea-

rs with  a mean of 63.2±11yrs. The M:F ratio  was 1.70:1 (Figure 4.1) [APPENDIX TAB 

LE B1].  

                                                             

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.1 Age Frequency Distributio n of PatÉÅÎÔ ÁÎÄ #ÏÎÔÒÏÌ ,#,ȭÓ 
in the ECACC Discovery Cohort (n=470)   

 

  Abbreviations: ALS - Amyotrophic Lateral Sclerosis, Ctrl - control, 
ECACC - European Collection of Cell Cultures, F - familial, F - female, LCL 

- lympho-blastoid cell line, M - male and S - sporadic.         

 

 

4.1.1.1.2 Familial Cases   

FALS patient derived ,#,ȭÓ (n=120) [71-M, 49-F] recruited to the ECACC discovery 

cohort were comprised of 31 Birmingham (25.8%) cases including one from Oxford  
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 ----------- Replication Cohort ----------- --------------------------------------- Discovery Cohort --------------------------------------- 

 SALS CTRL SALS FALS ALL CTRL 
M:F 2.17:1 1.78:1 1.43:1 1.45:1 1.43:1 1.70:1 
Age       
        range 31-87yrs 35-83yrs 22-86yrs 23-82yrs 22-86yrs 33-84yrs 
        mean 60yrs 63yrs 61yrs 55yrs 59yrs 63yrs 
Onset       
        Limb 161  (64.4%) n/a  146  (58.4%)     57  (47.5%) 203  (54.9%) n/a  
        Bulbar         60   (24.0%) n/a          76  (30.4%)     38  (31.7%) 114  (30.8%) n/a  
        Mixed         20       (8.0%) n/a          23     (9.2%)     17  (14.1%)         40   (10.8%) n/a  
        Respiratory            4     (1.6%) n/a             5     (2.0%)              2      (1.7%)            7     (1.9%) n/a  
        unknown           5      (2.0%) n/a             0     (0.0%)              6      (5.0%)           6     (1.6%) n/a  
Diagnosis        
        ALS 242  (96.8%) n/a  234  (93.6%)   111  (92.6%)  345  (93.2%) n/a  
        ALS+FTLD           0     (0.0%) n/a             3     (1.2%)             1     (0.8%)           4     (1.1%) n/a  
        ALS+PD           1     (0.4%) n/a             0     (0.0%)             1     (0.8%)           1     (0.3%) n/a  
        PBP           5     (2.0%) n/a          12     (4.8%)             6     (5.0%)         18     (4.8%) n/a  
        PLS           2     (0.8%) n/a            0     (0.0%)                1     (0.8%)            1     (0.3%) n/a  
        PMA           0     (0.0%) n/a            1     (0.4%)               0     (0.0%)            1     (0.3%) n/a  
ALSFRS-R       
        range 0-48 n/a  0-48 0-48 0-48 n/a  
        mean 34 n/a  33 32 33 n/a  
Survival       
        range 0.4-10.3yrs n/a  0.3-7.7yrs 0.5-18.7yrs 0.3-18.7yrs n/a  
         mean 3.7yrs n/a  2.8yrs 2.9yrs 2.8yrs n/a  
Total  250 (249) 100 (100)  250 (244) 120 (118) 370 (362) 100 (97)  

 

Table  4.1 Clinical  Summary  of Patient  and  Control  ,#,ȭÓ in  the  ECACC Discovery  (n=470 )  and Replication  (n=350) Coho rt  Highlighted in red 
are the final sample numbers obtained following assessment of QC metrics in Expression ConsoleTM software version 1.3.0.187 (Affymetrix®  Ltd., 
UK).    
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, CTRL - control, ECACC - European Collection of Cell Cultures, F - familial, F - female, FRS-R - 
Revised Functional Rating Scale, FTLD - frontotemporal lobar degeneration, LCL - lymphoblastoid cell line, M - male, n/a - not available, PBP - 
Progressive Bulbar Palsy, PD - 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅȟ 0,3 - Primary Lateral Sclerosis, PMA - Progressive Muscular Atrophy, QC - quality control and S 
- sporadic. 
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[F078-(BOx0029)], one from Bristol Frenchay Hospital [F48-(BBr0015)] and seven 

from Liverpool [F020-(BLi0236), F038-(BLi0249), F045-(BLi0254), F072-(BLi025 

1), F074-(BLi0272), F094-(BLi0246)  and F103-(BLi0265)]; 48 London (40.0%) ca-

ses including one from Southampton General Hospital [F102-(LSh0038)], one from 

Plymouth Derriford  Hospital [F029-(LPy0018)], one from Poole General Hospital [F 

058-(LP0036)] and two from Cambridge [F014-(LCa0111) and F052-(LCa0026)] a-

nd 44 Sheffield (34.2%) cases including three from Preston [F010-(SPr0085), F025 

-(SPr0059) and F101-(SPr0026)], five from Newcastle [F027-(SNc0204), F064-(SN 

c0063), F071-(SNc0031), F109-(SNc0202) and F118-(SNc0189)] and five from Ma-

nchester [F028-(SMa0020), F081-(SMa0006), F095-(SMa0008), F108-(SMa0078) 

and F117-(SMa0166)]. The M:F ratio  was 1.45:1 (Figure 4.1) [APPENDIX TABLE B2].  

The majority  of FALS patients, 94.2% (n=113/120)  were diagnosed according to the 

7ÏÒÌÄ &ÅÄÅÒÁÔÉÏÎ ÏÆ .ÅÕÒÏÌÏÇÙȭÓ ÁÍÅÎÄÅÄ %%# ÏÆ ρωωψ ɉSection 1.1.3) (Figure 1.1) 

with either definite (n=57/113) or probable ALS (n=56/113) (Table 4.1) including 

one incidence of concomitant FTLD [F115-(SP3118)] and another of concomitant PD 

[F114-(SP3560)] (Section 1.2.1). Of the remaining 5.8% (n=7/120) of patients, one 

was diagnosed with PLS [F087-(SP3216)] (Section 1.2.2.2) and six were diagnosed 

with PBP [F029-(LPy0018), F041-(LP0440), F052-(LCa0026), F058-(LPo0036), F1 

00-(SP3070) and F118-(SNc0189)] (Section 1.2.2.1). Age at symptom onset ranged 

between 23 and 82 years with  a mean of 55.4±12yrs. Survival ranged from 6 months 

to 18 years and 8 months in 81.7% of cases (n=98/120) with a mean of 2.92±2.3yrs. 

For 14.2% of FALS (n=17/120) this information was not available and in the remai-

ning 4.1% of cases (n=5/120) the individual was still reported to be alive as of June 

2013 with a minimum disease duration of either 4 [F047-(BP6502)], 6 [F013-(BP6 

494)], 9 [F054-(SP3048) and F119-(SP3218)] or 11 years [F015-(LP0460)], respe-

ctively. Limb or spinal onset at 47.5% (n=57/120) [56-FALS, 1-PLS (familial)] was 

more prominent than the onset of bulbar weakness 31.7% (n=38/120) [32-FALS a-

nd 6-PBP (familial)], a mixed presentation 14.2% (n= 17/120) [17-FALS] or the on-

set of respiratory  muscle dysfunction 1.7% (n=2/120) [2-FALS]. Information regar-

ding presentation was unavailable for the remaining 4. 9% (n=6/120)  [6-FALS] of 

the cohort. Revised ALS Functional Rating Scale (ALSFRS-R) scores ranged between 

0 (severe disability)  and 48 (normal function) (Castrillo-Viguera et al 2010, Cedarb  
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aum et al 1999, Gordon & Cheung 2006, Kollewe et al 2008) with an average of 31. 

8±13 for 99.0% of FALS (n=199/120) (Figure 4.2). 

 
 

 

 

 

 

 

 

 

 

 

Figure 4.2 ALSFRS-R Frequency Distribution of FALS (n=120) Recruited to 
the ECACC Discovery Cohort. Revised ALS Functional Rating Scale scores on a 
scale of 0 to 48 where zero represents severe disability  and a score of forty -eight 
signifies that normal function is preserved. Mean ALSFRS-R plotted along the x-
axis is computed based on measurements that are incorporated from a series of 
Ô×ÅÌÖÅ ÑÕÅÓÔÉÏÎÓ ÒÅÌÁÔÉÎÇ ÔÏ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÁÂÉÌÉÔÙ ÔÏ ÐÅÒÆÏÒÍ ÃÏÍÍÏÎ ÄÁÉÌÙ ÔÁÓËÓ 
including but not limited to: speech, salivation, swallowing, dressing & hygiene, 
walking, climbing stairs, handwriting  and shortness of breath (SOB) (Cedarbaum 
et al 1999). Relative counts or frequencies along the y-axis were calculated as a 
percentage of the total number of FALS (n=119/120) in the ECACC discovery 
cohort for which this information was available. 
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, ECACC - European Collection 
of Cell Cultures, F - familial and FRS-R - Functional Rating Scale Revised.   

 

 

For the Sheffield cases some additional clinical information could be extracted from 

the local database. Of these, 7.3% (n=3/41) [2-FALS and 1-PLS (familial)] were pro-

ne to EL, a further  2.4% (n=1/41)  [1-FALS] suffered from  excessive salivation or hy-

persialorrhea and approximately a fifth (n=8/41) [8 -FALS] reported dyspnoea with 

37.5% of these latter cases requiring NIPPV support (n=3/8) [3-FALS] (Section 1.1. 

4). Dysarthria and dysphagia was also apparent in 29.3% (n=12/41) [10 -FALS, 1-F 

ALS+PD and 1-PBP (familial)] of the cohort with PEG feeding becoming a necessary 

intervention  in four of these latter cases [3-FALS and 1-FALS+PD]. One in ten (n=4/ 

41) [3-FALS and 1-FALS+PD] patients were non-ambulant and a further 17.1% (n= 

7/41)  [7-FALS] were unable to walk without  assistance. Current smokers comprised 

7.3% (n=3/41)  [2-FALS and 1-PBP (familial) of the cohort, ex-smokers who had not 
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smoked a cigarette in the last 18 years 2.4% (n=1/41) [1-FALS] and non-smokers a 

furth er 46.3% (n=19/41) [18-FALS and 1-FALS+PD]. For the remaining 43.9% (n= 

18/41) [13 -FALS and 5-PBP (familial)] of cases this information was not disclosed. 

A strong family history  of dementia was associated with  up to 4.9% of the Sheffield 

pedigrees (n=2/4 1) [F089-(SP3331) and F115-(SP3118)]. There were also reports 

of at least one other neurological condition occurring in a first degree relative of an 

additional  12.2% of kindreds (n=5/41) . These included one incidence of ALZ [F089- 

(SP3331)] (Section 1.3.1.3.1) and another of hereditary PD (Section 1.2.1) [F114-(S 

P3560)].             

 

4.1.1.1.3 Sporadic Cases   

SALS patient derived ,#,ȭÓ (n=250) [147-M, 103-F] recruited  to the ECACC discovery 

cohort  were comprised of 40 Birmingham (16.0%) cases including three from  Liver-

pool [S074-(BLi0048), S098-(BLi0037)  and S181-(BLi0039)]  and eight from Belfast 

City Hospital [S05-(BBe0007), S09-(BBe0018), S052-(BBe0016), S058-(BBe0001), 

S087-(BBe0009), S122-(BBe0014), S196-(BBe0013) and S248-(BBe0003)]; 45 Lon- 

don (18.0%) cases including one from  Poole General Hospital [S035-(LPo0010)] and 

165 Sheffield (66.0%) cases including twenty-one from  Newcastle [S012-(SNc0022), 

S046-(SNc0001), S077-(SNc0042), S088-(SNc0086), S089-(SNc0053), S105-(SNc00 

18), S106-(SNc0077), S130-(SNc0010), S134a-(SNc0016), S141-(SNc0071), S152-( 

SNc0090), S155-(SNc0055), S156-(SNc0029), S182-(SNc0008), S193-(SNc0024), S 

203-(SNc0059), S209-(SNc0012), S212-(SNc0002), S223-(SNc0095), S225-(SNc009 

2) andS232-(SNc0051) and twelve from Nottingham [S036-(SNt0031), S067-(SNt0 

038), S075-(SNt0034), S096-(SNt0001), S115-(SNt0004), S129-(SNt0024), S138b-( 

SNt0017), S140-(SNt0020), S158-(SNt0006), S198-(SNt0016), S219-(SNt0036)  and 

S240-(SNt0030)]. The M:F ratio was 1.43:1 (Figure 4.1) [APPENDIX TABLE B3]. 

The majority  of SALS patients, 94.8% (n=237/250)  were diagnosed with either def-

inite  (n=110/237)  or probable ALS (n=127/237) (Section 1.1.3) (Figure 1.1) (Table 

4.1) including three incidences of concomitant FTLD [S093-(SP3049), S178-(SP314 

5) and S191-(SP3042)] (Section 1.2.1). Of the remaining 5.2% of the cohort (n=13 

/ 250), one patient was diagnosed with PMA [S069-(SP3230)] (Section 1.2.2.3) and 
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twelve were diagnosed with PBP [S040-(SP3271), S044-(SP3329), S045-(SP3289), 

S105-(SNc0018), S106-(SNc0077), S129-(SNt0024) and S232-(SNc0051)] (Section 

1.2.2.1). Age at symptom onset ranged between 22 and 86 years with a mean of 60. 

6±12yrs (Table 4.1). Survival ranged from 4 months to 7 years and 8 months with a 

mean of 2.75±1.3yrs. Limb onset 58.4% (n=146/250)  [145-SALS, 1-PMA (sporadic)] 

was more prominent than the onset of bulbar weakness 30.4% (n=76/250) [64-SA 

LS and 12-PBP (sporadic)], a mixed presentation 9.2% (n=23/250)  [23-SALS] or  on-

set in the respiratory  muscles 2.0% (n=5/250)  [5-SALS] combined. ALSFRS-R scores    

ranged between 0 (severe disability) and 48 (normal function) (Figure 4.3) with an 

average of 33.1±10 for 84.0% of SALS (n=210/250). 

 

 

 

 

 

Figure 4.3 ALSFRS-R Frequency Distribution of SALS (n=250) Recruited to 
the ECACC Discovery Cohort. Revised ALS Functional Rating Scale scores on a 
scale of 0 to 48 where zero represents severe disability  and a score of forty -eight 
signifies that normal function is preserved. Mean ALSFRS-R plotted along the x-
axis is computed based on measurements that are incorporated from a series of 
Ô×ÅÌÖÅ ÑÕÅÓÔÉÏÎÓ ÒÅÌÁÔÉÎÇ ÔÏ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÁÂÉÌÉÔÙ ÔÏ ÐÅÒÆÏÒÍ ÃÏÍÍÏÎ ÄÁÉÌÙ ÔÁÓËÓ 
including but not limited to: speech, salivation, swallowing, dressing & hygiene, 
walking, climbing stairs, handwriting  and shortness of breath (SOB) (Cedarbaum 
et al 1999). Relative counts or frequencies along the y-axis were calculated as a 
percentage of the total number of SALS (n=210/250) in the ECACC discovery 
cohort for which this information was available. 
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, ECACC - European Collection 
of Cell Cultures, F - familial and FRS-R - Functional Rating Scale Revised.   

 

 

For  the Sheffield cases some additional clinical information could be extracted from 

the local database. Of these 12.7% (n=21/165)  [19-SALS and 2-PBP (sporadic)]  were 

prone to EL, a further 1.2% (n=2/165) [2-SALS] suffered from hypersialorrhea and 
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almost a quarter (n=39/165) [36 -SALS and 3-PBP (sporadic)] displayed symptoms 

of dyspnoea, with  33.3% of these latter cases (n=13/39) [13 -SALS] requiring NIPPV 

support (Section 1.1.4). Dysarthria and dysphagia was also apparent in 31.5% (n=5 

2/165) [49 -SALS an d3-PBP (sporadic)] of the cohort with PEG feeding becoming a 

necessary intervention  in eighteen of these latter cases [17-SALS and 1-PBP (spora-

dic)]. Four individuals presented with the rare FA variant of the disease (Section 1. 

1.5.1) [S015-(SP3299), S042-(SP3122), S060-(SP3338) and S223-(SNc0095)] and t-

wo additional cases presented with a clinical history of depression [S113-(SP3347) 

and S116-(SP3351)]. One in twenty-five patients were non-ambulant (n=7/165) [7 -

SALS] with a further 18.2% (n=30/165) unable to walk without assistance. Current 

smokers comprised 3.6% of the cohort (n=6/165) [6 -SALS], ex-smokers who had n-

ot smoked a cigarette for a minimum of 12 months (mean 21.4±9yrs) (n=17/165) [ 

16-SALS and 1-PMA (sporadic)]  a further 10.3% and non-smokers 55.8% (n=92/16 

5) [87-SALS and 5-PBP (sporadic)]. For the remaining 30.3% (n=50/165) [43-SALS 

and 7-PBP (sporadic)] of cases this information was not disclosed.  

There were reports of at least one other neurological condition occurring in a first 

degree relative of 7.3% (n=12/165) of apparently sporadic, Sheffield ALS kindreds 

including ALZ (Section 1.3.1.3.1) [S010-(SP3275), S054-(SP3179), S060-(SP3338), 

S069-(SP3230), S112-(SP3363), S121-(SP3420), S162-(SP3326) and S247-(SP335 

3)], PD (Section 1.2.1) [S146-(SP3132), S148-(SP3368), S167-(SP3327) and S227-

(SP3043)] and Multiple Sclerosis (MS) (Etemadifar et al 2012, Ismail et al 2013) [S 

148-(SP3368), S153-(SP3423) and S236-(SP3286)]. A family history of dementia [S 

08-(SP3111), S042-(SP3122), S078-(SP3140), S116-(SP3351), S172-(SP3067), S19 

1-(SP3042) and S227-(SP3043)] was also associated with up to 4.2% (n=7/165) of 

cases. In addition, cancer affected a further 11.5% (n=19/165) [12-colon, 2-throat, 

4-stomach and 1-other], cerebrovascular disease (CVA) 1.2% (n=2/165), inflamma-

tory bowel disease (IBD) 0.6% (n=1/165) and depression/strokes 1.2% (n=2/165) 

of Sheffield pedigrees.  

 

4.1.1.2 Therapeutics Used to Treat the Cohort  

4.1.1.2.1 Familial Cases  
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Riluzole, administered at a dose of 50mg twice daily, was being used to treat 76.7% 

of FALS (n=92/120) [89-FALS, 1-FALS+PD and 2-PBP] with two additional patients 

waiting to commence treatment at the time of biosample collection. Vitamin C/E or 

multivitamin  supplements were collectively being taken by 15.8% (n=19/120) [19-

FALS] of the cohort. As well as the Riluzole therapy, several patients (n=3/120) [3-

FALS] were also participants of the BDNF [F091-(SP3534)], minocycline [F073-(BP 

6165)]  or lithium  carbonate (LiCALS) [F053-(SP3610)] drug trials [APPENDIX TAB 

LE B4]. In contrast, 14.2% (n=17/120) [14-FALS, 2-PBP (familial) and 1-PLS (famil-

ial)] chose not to receive any kind of disease modifying therapy and for the remain-

ing 7.5% of FALS (n=9/120)  [7-FALS and 2-PBP (familial)] this information was not 

available.  

 

4.1.1.2.2 Sporadic Cases   

Riluzole was also used to treat 88.0% of SALS patients (n=220/250) [205-SALS, 3-

SALS+FTLD, 11-PBP and 1-PMA (sporadic)]. In a small number of cases, approxima-

tely 1.8% (n=4/220) [3 -SALS and 1-PBP (sporadic)] the individual experience adv-

erse side effects and the medication was withdrawn. Vitamin C/E and multivitamin 

supplements were collectively being taken by 40.8% (n=102/250) [93-SALS, 1-SAL 

S+FTLD, 6-PBP and 1-PMA (sporadic)] of the cohort. As well as the Riluzole therapy 

several patients (n=12/250) [12-SALS] were also participants of the glatiramer ac-

etate (Copaxone®) [S176-(SP3385)], ONO-2506 (Arundic acid) [S118-(SP3030), S1 

32-(SP3413), S149-(SP3391), S168-(LP0001), S203-(SNc0059) and S237-(BP6008 

)] or minocycline [S050-(SP3023), S121-(SP3420), S157-(LP0015), S164-(LP0053) 

and S212-(SNc0002)] drug trials [APPENDIX TABLE B4]. In contrast, 11.6% (n=29/  

250) [28-SALS and 1-PBP (sporadic)] chose not to receive any kind of disease mod-

ifying therapy and for the remaining 0.4% (n=1/250) [1-SALS] of SALS this inform-

ation was not available.  

 

4.1.1.3 Genetic Status of the Cohort  

AÔ ÔÈÅ ÂÅÇÉÎÎÉÎÇ ÏÆ ÔÈÅ ÐÒÏÊÅÃÔ ÔÈÅ ÇÅÎÅÔÉÃ ÓÔÁÔÕÓ ÏÆ ÔÈÅ ÍÁÊÏÒÉÔÙ ÏÆ ,#,ȭÓ ×ÁÓ ÕÎËÎ-

own. However, upon the discovery, in October 2011, of a pathogenic non-coding G4 
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C2 hexanucleotide repeat expansion (Renton et al 2011, DeJesus-Hernandez et al 20 

11) in intron 1 of the previously uncharacterised C9ORF72 gene (Section 1.2.5.4), a 

further 40.8% of FALS (n=49/120) [42 -FALS, 1-FALS+PD and 6-PBP] and 10.0% of 

SALS (n=25/250) [24-SALS and 1-PBP (sporadic)] cases have now been genetically 

assigned.   

  

4.1.1.3.1 Familial Cases   

All familial index cases in the ECACC discovery cohort for which DNA was available 

in the local Sheffield or National MNDA DNA Bank were screened for genetic defects 

in SOD1, TARDBP and FUS prior  to the commencement of this study. SOD1 mutations 

occurred at a frequency of 4.4% (n=5/115)  (Section 1.2.5.1.1). These were primarily 

clustered in exon 4 and included the single base substitutions c.305A>G (p.D102G) 

[F120-(SP3218)], c.335G>A (p.C111Y) [F103-(BLi0265)]  and c.341T>C (p.I114T) [F 

031-(SP3526) and F053-(SP3610)]. For London individual  [F068-(LP0075)] the am-

ino acid change was not known. Rarer pathological changes were also described in 

exon 6 of TARDBP including c.1043G>T (p.G348V) [F092-(SP3154)] and c.1009A>G 

(p.M337V) [F015-(LP0460), F040-(SP3068) and F067-(SP3086)] and in exon 15 of 

FUS including c.1555C>G (p.Q519E) [F086-(LP0051)] and c.1562G>A (p.R521H) [F 

036-(LP0193) and F03-(LP0048)]; accounting for ~3.8% (n=4/106) (Section 1.2.5. 

2.1) or 2.9% (n=3/103)  (Section 1.2.5.2.2) of FALS cases, respectively. In a more re-

cent screening of the C9ORF72 gene (Cooper-Knock et al 2012b), repeat-primed  PCR 

detected >30 copies of the G4C2 repeat in 48.4% (n=15/31) of Birmingham, 39.6% 

(19/48) of London and 36.6% (n=15/41) of Sheffield FALS cases. There was also o-

ne example of oligogenic inheritance: Patient sample [F056-(SP3462)], in addition 

to carrying the expansion in C9ORF72, was also known to harbour a heterozygous c. 

964G>A (p.E322K) missense substitution in exon 10 of the OPTN gene (Section 5.3. 

2.1) (Bury et al 2015) (Table 4.2). 

 

4.1.1.3.2 Sporadic Cases   

Of the sporadic cases, patient samples [S166-(SP3082) and S146-(SP3132)] carry  a 

SNP in the first [c.85A>G (p.I29V)] or third [c.618A>C (p.Q206H)] exon of CHMP2B, 

respectively (Section 1.2.5.2.8) (Cox et al 2010). Another individual  [S062-(SP3301)]
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Table 4.2 Summary of Genetic Variants Reported in the ECACC Discovery Cohort  
 

Abbreviations: ANG - angiogenin, C9ORF72 - chromosome 9 open reading frame 72, CHMP2B - 
charged multivesicular protein 2B, ECACC - European Collection of Cell Cultures, FUS - fused in 
sarcoma, OPTN - optineurin, SNP - single nucleotide polymorphism, SOD1 - copper/zinc superoxide 
dismutase 1 and TARDBP - transactive response (TAR) DNA binding protein. 

 

 

was heterozygous for a c.232A>G (p.K54E) missense substitution in exon 2 of ANG 

(Section 1.2.5.2.3) (Kirby et al 2013). An additional 5.0% (n=2/40) of Birmingham, 

4.4% (n=2/45) of London and 12.7% (n=21/165) of Sheffield SALS cases were also 

known to harbour the G4C2 repeat expansion in C9ORF72 (Table 4.2).        

  

4.1.2 ECACC Replication  Cohort   

4.1.2.1 Clinical Characteristics  

4.1.2.1.1 Control Cases  

Neurologically ÎÏÒÍÁÌȟ ÈÅÁÌÔÈÙ ÃÏÎÔÒÏÌ ,#,ȭÓ ɉÎЀρππɊ ɍφτ-M, 36-F] were largely re-

cruited to the ECACC replication cohort from patient partners and their unrelated 

carers in the National MNDA DNA Bank (Section 2.1.2). These were comprised of 31  

   Birmingham  London  Sheffield  ALL 
Familial        
SOD1 exon 4 p.D102G 

p.C111Y 
p.I114T 

0 
1 
0 

0 
0 
0 

1 
0 
2 

 
 
 

 not known not known 0 1 0 4.4% 
TARDBP exon 6 p.G348V 

p.M337V 
0 
0 

1 
0 

1 
2 

 
1.2% 

FUS exon 15 p.Q519E 
p.R521H 
p.R522G 

0 
0 
0 

1 
1 
1 

0 
0 
0 

 
 

3.0% 

C9ORF72 non-coding G4C2 repeat 15 19 15 40.8% 

C9ORF72+OPTN exon 10 p.E322K 0 0 1 0.8% 

Total    16 24 21 50.8%  

       
Sporadic        
ANG exon 2 p.K54E 0 0 1 0.4% 

C9ORF72  non-coding G4C2 repeat 2 2 21 10.0% 

CHMP2B exon 1 
exon 3 

p.I29V-SNP 
p.Q206H-SNP 

0 
0 

0 
0 

1 
1 

 
0.8% 

Total    2 2 24 11.2%  
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Birmingham (31.0%) cases including nine from Liverpool [C117-(BLi0224), C130-( 

BLi0105), C148-(BLi0259), C160-(BLi0032), C162-(BLi0198), C175-(BLi0021), C18 

5-(BLi0240), C188-(BLi0074) and C195-(BLi0204)], one from Oxford [C110-(BOx0 

008)], one from  Belfast City Hospital [C153-(BBe0002)] and one from Bristol Fren-

chay Hospital [C150-(BBr0020)]; 28 London (28.0%) cases including two from Po-

ole General Hospital [C119-(LPo0059) and C122-(LPo0087)], two from Cambridge 

[C189-(LCa0093) and C190-(LCa0134)] and one from Plymouth Derriford Hospital 

[C125-(LPy0011)] and 41 Sheffield (41.1%) cases including six from Newcastle [C1 

02-(SNc0201), C109-(SNc0158), C135-(SNc0125), C144-(SNc0078), C146-(SNc016 

7) and C157-(SNc0015)], ten from  Manchester [C111-(SMa0096), C124-(SMa0227), 

C133-(SMa0009), C139-(SMa0188), C151-(SMa0050), C163-(SMa0054), C167-(SM 

a0203), C170-(SMa0232), C171-(SMa0133) and C194-(SMa0013)], one from Prest-

on [C104-(SPr0016)], one from Nottingham [C177-(SNt0075)] and two from Durh-

am [C197-(SDu0009) and C120-(SDu0007)]. Age at consultation ranged between 35 

and 83 years with  a mean of 63.4±10yrs. The M:F ratio was 1.78:1 (Figure 4.4) [APP 

ENDIX TABLE B5].  

  

 

 

 

 

 

 

 

 SALS Control  

M:F 2.17:1 1.78:1 

Age  59.7±11yrs 63.4±10yrs 

Total  250 100 
 

Figure 4.4 !ÇÅ &ÒÅÑÕÅÎÃÙ $ÉÓÔÒÉÂÕÔÉÏÎ ÏÆ 0ÁÔÉÅÎÔ ÁÎÄ #ÏÎÔÒÏÌ ,#,ȭÓ 
in  the ECACC Replication Cohort (n=350)   

 

 Abbreviations: ALS - Amyotrophic Lateral Sclerosis, Ctrl - control, ECACC 
- European Collection of Cell Cultures, F - female, LCL - lymphoblastoid 
cell line, M - male and S - sporadic    
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4.1.2.1.2 Sporadic Cases   

3!,3 ÐÁÔÉÅÎÔ ÄÅÒÉÖÅÄ ,#,ȭÓ ɉÎЀςυπɊ ɍρχρ-M, 79-F] recruited to the ECACC replicati -

on cohort were comprised of 107 Birmingham (42.8%) cases including one from  Be-

lfast City Hospital [S432-(BBe0015)]; 96 London (38.4%) cases including four from 

Southampton General Hospital [S322-(LSh0002), S326-(LSh0016), S405-(LSh0028 

) and S473-(LSh0004)] and nine from  Poole General Hospital [S289-(LPo0003), S29 

8-(LPo0001), S349-(LPo0016), S362-(LPo0019), S383-(LPo0018), S394-(LPo0009), 

S429-(LPo0039), S485-(LPo0005) and S489-(LPo0017)] and 47 Sheffield (18.8%) 

cases including two from Preston [S446-(SPr0005) and S456-(SPr0001)], two from 

Durham [S327-(SDu0001) and S476-(SDu0005)], seven from Nottingham [S274-(S 

Nt0008), S359-(SNt0012), S407-(SNt0042), S427-(SNt0021), S463-(SNt0013), S46 

4-(SNt0040) and S492-(SNt0019)] and five from Newcastle [S299-(SNc0028), S305 

-(SNc0043), S380-(SNc0049), S420-(SNc0057) and S466-(SNc0020)]. The M:F ratio 

was 2.17:1 (Figure 4.4) [APPENDIX TABLE B6]. 

The majority of SALS patients, 97.2% (n=243/250) were diagnosed (Section 1.1.3) 

(Figure 1.1) with either definite (n=81/243) or probable ALS (n=162/243)  includ-

ing one incidence of concomitant PD (Section 1.2.1) [S455-(BP6152)] (Table 4.1). 

Of the remaining 2.8% (n=7/250) of the cohort, two patients were diagnosed with 

PLS (Section 1.2.2.2) [S301-(SP3402) and S497-(SP3234)] and five were diagnosed 

with PBP (Section 1.2.2.1) [S272-(SP3253, S299-(SNc0028), S308-(BP6328), S349-

(BP6100) and S359-(SNt0012)]. Age at symptom onset ranged between 31 and 87 

years with a mean of 59.7±11yrs. Survival ranged from 5 months to 10 years and 3 

months in 80.0% (n=200/250) of cases with a mean of 3.72±2.0yrs. For 14.8% (n= 

37/250)  of SALS this information  was not available and in the remaining 5.2% (n=1 

3/250)  of cases the individual  was still  reported to be alive as of June 2013 with mi-

nimum disease duration of either 7 [S281-(LP0482) and S304-(LP0400)], 8 [S298-

(LPo0001), S326-(LSh0016), S351-(LP0451), S452-(LP0195), S453-(LP0380) and 

S454-(LP0364)], 9 [S311-(LP0086), S334-(LP0442) and S395-(LP0109)], 10 [S321 

-(LP0003)] or 12 years [S300-(LNh0020)], respectively. Onset occurred focally in at 

least 90.0% (n=225/250) of cases. Of these, 71.5% (n=161/225) [150-SALS and 2-

PLS (sporadic)]  presented with asymmetric weakness in the upper and/or lower li-

mbs, 26.7% (n=60/225)  [55-SALS and 5-PBP (sporadic)] experienced bulbar symp-
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toms and a further  1.8% (n=4/225)  [4-SALS] had impaired respiratory  function. The 

remaining 10.0% (n=25/250)  of the cohort comprised 20 SALS cases of mixed pres-

entation and five incidences where the site of onset was not known. ALSFRS-R scores 

ranged between 0 (severe disability) and 48 (normal function) with an average of 3 

4.2±10 for 55.6% of SALS (n=139/250) (Figure 4.5).          

 

 

 

 

 

 

Figure 4.5 ALSFRS-R Frequency Distribution of SALS  (n=250)  Recruited to 
the ECACC Replication Cohort Revised ALS Functional Rating Scale scores on a 
scale of 0 to 48 where zero represents severe disability and a score of forty-eight 
signifies that normal function is preserved. Mean ALSFRS-R plotted along the x-
axis is computed based on measurements that are incorporated from a series of 
Ô×ÅÌÖÅ ÑÕÅÓÔÉÏÎÓ ÒÅÌÁÔÉÎÇ ÔÏ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÁÂÉÌÉÔÙ ÔÏ ÐÅÒÆÏÒÍ ÃÏÍÍÏÎ ÄÁÉÌÙ ÔÁÓËÓ 
including but not limited to: speech, salivation, swallowing, dressing and hygiene, 
walking, climbing stairs, handwriting and shortness of breath (SOB) (Cedarbaum 
et al 1999). Relative counts or frequencies along the y-axis were calculated as a 
percentage of the total number of SALS (n=139/250) in the ECACC replication 
cohort for which this information was available.   
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, ECACC - European Collection 
of Cell Cultures, FRS-R - Revised Functional Rating Scale and S - sporadic. 

 

 

For the Sheffield cases some additional clinical information could be extracted from 

the local database. Of these 4.3% (n=2/47) [2-SALS] were prone to EL, 10.6% (n=5 

/47) [5 -SALS] suffered pronounced dyspnoea with a fifth in need of NIPPV support 

(Section 1.1.4) and one individual presented with the rarer FA variant (Section 1.1. 

5.1) [S467-(SP3198)]. Dysarthria and dysphagia were also apparent in 23.4% (n=11 

/47)  [10-SALS and 1-PBP (sporadic)]  of the cohort with  PEG feeding becoming a ne-

cessary intervention  in the case the PBP patient. Three individuals were non-ambu-

lant with  a further 12.8% (n=6/47) [6 -SALS] unable to walk without assistance. Cu-
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rrent smokers comprised 10.6% (n=5/47) [5-SALS] of the cohort, ex-smokers who 

had not smoked a cigarette in the last 8 years a further 4.3% (n=2/47) [2 -SALS] and 

non-smokers 42.6% (n=20/47) [19-SALS and 1-PBP (sporadic)]. For the remaining 

42.5% (n=20/47) [13 -SALS, 1-SALS+PD, 4-PBP (sporadic) and 2-PLS (sporadic)] of 

cases this information was not disclosed.  

There were reports of at least one other neurological condition occurring in a first 

degree relative of 8.5% (n=4/47) of Sheffield pedigrees which received a diagnosis 

of SALS in the ECACC replication cohort including PD (Section 1.2.1) [S306-(SP343 

9) and S482-(SP3367)], HD (Section 1.4.1.2.1) [S284-(SP3069)], tremor [S461-(SP3 

107)]  and ALZ (Section 1.3.1.3.1) [S272-(SP3253)]. Incidences of cancer affecting 6 

.4% (n=3/47)  [1-bowel, 1-breast and 1-other], strokes 2.1% (n=1/47)  or post-viral 

motor/immune di sorder 2.1% (n=1/47) were also reported.  

 

4.1.2.2 Therapeutics Used to Treat the Cohort  

Riluzole, administered at a dose of 50mg twice daily, was being used to treat 88.4% 

of SALS cases (n=221/250)  [213-SALS, 1-SALS+PD, 4-PBP and 2-PLS (sporadic)]. In 

a small number of instances, approximately 3.6% (n=8/221)  [8-SALS] the individual 

experienced adverse side effects and the medication was withdrawn.  Vitamin C/E or 

multivitamin  supplements were collectively being taken by 26.4% (n=66/250) [63-

SALS, 2-PBP and 1-PLS (sporadic)]  of the cohort. As well as the Riluzole therapy, se-

veral patients (n=4/250) [4 -SALS] were also participants of the Novartis [S450-(LP 

0014)], ONO-2506 (Arundic acid) [S413-(LP0019)], minocycline [S253-(BP6180)] 

or glatiramer acetate (Copaxone®) [S333-(LP0432)] drug trials [APPENDIX TABLE 

B4]. In contrast, 14.0% (n=35/250)  [34-SALS and 1-PBP (sporadic)]  chose not to re- 

ceive any kind of disease modifying therapy and for the remaining 0.8% (n=2/250) 

[2-SALS] of the cohort this information was not available.  

 

4.1.2.3 Genetic Status of the Cohort  

TARDBP mutations were reported in the ECACC replication cohort at a frequency of 

1.2% (n=3/250).  They included a c.269C>T (p.A90V) SNP in exon 3 [S412-(SP3147)] 

and two  single base substitutions, namely c.859G>A (p.G287S) [S461-(SP3107)] and 
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c.962C>T (p.A321V) [S352-(SP3484)] in exon 6. In addition, 5.6% (n=6/107) of Bir-

mingham, 9.4% (n=9/104) of London and 2.1% (n=1/48) of Sheffield SALS carried 

a minimum  of thirty  copies of the G4C2 repeat expansion in C9ORF72. There was also 

one example of oligogenic inheritance (Section 5.3.2.2) involving patient sample [S3 

52-(SP3484)] which was C9ORF72+ and also found to harbour a heterozygous mis-

sense c.962C>T (p.A321V) mutation in exon 6 of TARDBP (Kirby et al 2010) (Table 

4.3).  

 

   Birmingham  London  Sheffield  ALL 
TARDBP exon 3 

exon 6 

p.A90V-SNP 

p.G287S 

0 

0 

0 

0 

1 

1 

 

0.8% 

C9ORF72 non-coding G4C2 repeat 6 9 1 6.4% 

C9ORF72+TARDBP exon 6 p.A321V 0 0 1 0.4% 

Total    6 9 3 7.2% 
 

Table 4.3 Summary of Genetic Variants Reported in the ECACC Replication Cohort  
 

Abbreviations: C9ORF72 - chromosome 9 open reading frame 72, ECACC - European Collection of 
Cell Cultures, SNP - single nucleotide polymorphism and TARDBP - transactive response (TAR) DNA 
binding protein.   

 

 

4.2 QIAGEN Extraction of Total RNA  

Having assigned LCL samples from  the National MNDA DNA Bank to each of the two 

cohorts described above in Section 4.1.1 and 4.1.2, aliquots of frozen stocks, preser-

ved in RNAlaterTM, were requested from ECACC (Section 2.2.1.2). One Sheffield con- 

trol  [C200-(SC3479)] and three SALS patients including two from Birmingham [S49 

8-(BP6326) and S499-(BP6272)] and one from  Belfast City Hospital [S248-(BBe000 

3)] were no longer available. These samples failed the EBV-transformation process 

and, following two unsuccessful attempts, were removed from our study design.  

Using 1)!'%.ȭÓ RNeasy®  Mini  Kit  (Section 2.3.2.2), total  RNA was isolated from 469 

(99.8%) of 470 LCL samples [120-FALS, 249-SALS and 100-CTRL] in the ECACC dis-

covery cohort and 347 (99.1%) of 350 LCL samples [248-SALS and 99-CTRL] in the 

ECACC replication cohort. Collectively, 617 patients [120-FALS and 497-SALS] and 

199 age and, as far as possible, gender matched neurologically normal, healthy con-

trol  subjects yielded between 800ng and ςπʈÇ ÔÏÔÁÌ 2.!Ȣ #ÏÎÃÅÎÔÒÁÔÉÏÎÓ ɉSection 2. 
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3.1.3) on the NanoDropTM 1000 Spectrophotometer were reasonably consistent ac-

ÒÏÓÓ ÃÏÈÏÒÔÓȟ ×ÉÔÈ ÒÅÓÐÅÃÔÉÖÅ ÍÅÁÎÓ ÁÎÄ ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎÓ ÏÆ ρχρȢσχϻφτȢωÎÇȾʈ, 

(Section 4.1.1) and ρτπȢυρϻτφȢσÎÇȾʈ, ɉSection 4.1.2). Consistency was also observ-

ed across ÔÈÅ ÄÉÆÆÅÒÅÎÔ ÓÁÍÐÌÅ ÔÙÐÅÓ ɍ$ÉÓÃÏÖÅÒÙȡ ρτυȢψτϻτψȢςÎÇȾʈ, #42,ȟ ρχςȢφχϻ 

φτȢτÎÇȾʈ, &!,3 ÁÎÄ ρψρȢχςϻφψȢτÎÇȾʈ, 3!,3 ÖÅÒÓÕÓ 2ÅÐÌÉÃÁÔÉÏÎȡ ρσπȢσω±42.5ng/ʈ 

L CTRL and 144.56±47.3ng/ʈL SALS (Figure 4.6)], extraction batches (Table 4.4 and 

Figure 4.8) and kits (Figure 4.7). Absorbance ratios at 260/280nm wavelengths ra-

nged 1.8 and 2.2 in 99.3% (n=810/816) of cases [APPENDIX TABLE B7].  

RNA integrity was assessed on the Agilent 2100 Bioanalyzer. Distinct separation of 

the 18S and 28S ribosomal peaks was observed on the electropherogram trace with 

rRNA ratios [28S/18S] of around 2.2 (Figure 4.9). Average RIN scores were 8.3 for 

samples in the ECACC discovery cohort and 7.4 for  samples in the ECACC replication 

cohort (Figure 4.6). These remained reasonably consistent across the different sam-

ple types within  each cohort [Discovery: 8.1 CTRL, 8.3 FALS and 8.3 SALS versus Re-

plication: 7.0 CTRL and 7.6 SALS] but steadily declined over time when examined by 

extraction batch (Table 4.4 and Figure 4.8) or kit  (Figure 4.7). Despite the reduction, 

mean values did not fall below the previously accepted threshold of 7.0 (Raman et al 

2009, Strand et al 2007, Thompson et al 2007) that is considered to be of sufficient 

quality, in order to, reliably proceed with microarray profiling and downstream GE 

analyses.   

Samples of poor quality (RIN scores below 5.0) were DNase treated to remove any 

potentially contaminating genomic DNA. This additional processing step had failed 

to improve the purity of the isolated material (Figure 4.10) ÁÎÄ ×ÈÁÔȭÓ ÍÏÒÅȟ ÉÎ ÔÈÅ 

majority of instances, performing repeat extractions from frozen LCL pellets using 

a fresh QIAGEN RNeasy®  Mini  Kit  also had little  impact on the RNA quality and yield 

that was achieved (Table 4.5).                                                   

 

4.3 Human Exon 1.0ST GeneChip® Array Profiling  

4.3.1 Affymetrix ® WT Sense-Target Labelling Assay
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Figure 4.6 ECACC RNA Extraction Boxplots Grouped by Sample Type Summary plots 
produced using GraphPad Prism® software version 5.04. Whiskers represent minimum 
and maximum RNA concentrations measured on the NanoDropTM 1000 Spectrophoto-
meter (left panels)  or RNA integrity values (RIN) as determined by the Agilent 2100 Bio-
analyzer (right panels) that were achieved for control, familial ALS (FALS) and sporadic 
ALS (SALS) samples in the ECACC Discovery (a) or Replication (b) cohort.      

 

Figure 4.7 ECACC RNA Extraction Boxplots Grouped by QIAGEN RNeasy® Mini Kit Summary 
plots produced using GraphPad Prism® software version 5.04. Whiskers represent minimum and 
maximum RNA concentrations measured on the NanoDropTM 1000 Spectrophotometer (left panel) 
or RNA integrity values (RINȭÓ) as determined on a scale of 0 (undetectable, completely degraded) 
to 10 (high quality, intact RNA) by the Agilent 2100 Bioanalyser (right panel).  

Sample Type                                                                                      Sample Type 

Sample Type                                                                                      Sample Type 

  b)  

  a)  
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Figure 4.8 ECACC RNA Extraction Boxplots Grouped by Batch Summary plots produced 
using GraphPad Prism® software version 5.04. Whiskers represent minimum and maximum 
RNA concentrations measured on the NanoDropTM 1000 Spectrophotometer (upper) or RNA 
integrity values (RINȭÓ) as determined by the Agilent 2100 Bioanalyzer (lower) which were 
achieved for each batch of lymphoblastoid cell lines in the ECACC Discovery (left) [I -V] and 
Replication (right) [VI-X] cohorts. 

   

 ECACC Batch number (#) 
 I II  III  IV V 
FALS F1-24 F25-48 F49-72 F73-96 F97-120 
SALS S1-50 S51-100 S101-149 S150-199 S200-248 
Control C1-20 C21-40 C41-60 C61-80 C81-100 

 

ECACC Batch number (#) 
 VI VII VIII IX X 
SALS S249-299 S300-349 S350-399 S400-449 S450-499 
Control C101-120 C121-140 C141-160 C161-180 C181-200 

 

Table 4.4 ECACC LCL Batches Cell pellets were preserved in RNAlaterTM and shipped on dry ice. 
Dispatch dates and freezer code a) Discovery Cohort I 15/11/2011 [D -ORANGE], II 22/11/2011 
[D-GREEN], III 29/11/2011 [D-BLUE], IV 6/12/2011 [D-YELLOW], V 13/12/2011 [D-PINK] and 
b) Replication Cohort VI 20/12/2011 [R-ORANGE], VII 11/01/2012 [R-GREEN], VIII 24/01/ 
2012 [R-BLUE], IX 31/01/2012 [R-YELLOW], X 7/02/2012 [R-PINK]. For the purposes of this 
study each sample was assigned a unique reference number with the prefixes: C - control, F - 
familial patient or S - sporadic patient. 

        Discovery                                          Replication 
  Batch # 
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Figure 4.9 Agilent 2100 Bioanalyzer A ssessment of LCL RNA Integrity External standard a) 
RNA 6000 Nano Ladder with a 25nt molecular weight marker and 0.2kb, 0.5kb, 1kb, 2kb, 4kb and 
φËÂ ÆÒÁÇÍÅÎÔÓ ÁÔ Á ÔÏÔÁÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ρυπÎÇȾʈ,Ȣ 2ÅÐÒÅÓÅÎÔÁÔÉÖÅ ÅÌÅÃÔÒÏÐÈÅÒÏÇÒÁÍ ÔÒÁÃÅÓ ÁÎÄ 
corresponding electrophoresis gel images for b) control samples c) familial patient samples and 
d) sporadic patient samples in the ECACC Discovery and Replication cohort  
 

Abbreviations: BC - Birmingham control, BP - Birmingham patient, [FU] - fluorescent units, [nt] - 
nucleotide, S - sedimentation coefficient  and SP - Sheffield patient 
 
 
 

 
 

 

 

 

 

 

 

 

Figure 4.10 Agilent 2100 Bioanalyzer Assessment of DNase Treated Samples of Low Quality 
Representative electropherogram traces and corresponding electrophoresis gel images for poor 
quality RNA isolated from pelleted lymphoblastoid cell lines derived from sporadic sample S227 
(SP3043) in the ECACC Discovery cohort a) pre DNase treatment and b) post DNase treatment.   

Abbreviations: [FU] - fluorescent units, [nt] - nucleotide, S - sedimentation coefficient and SP - 
Sheffield patient.   

S S 

     a)                                   Ladder 

L C 

    b)                         BC6323 

d)           SP3041 

S F 

   c)                 BP6124 

   a)                           b)                     
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 First Extraction Second Extraction 
 260/280  260/230  RNA Yield RIN 260/280  260/230  RNA Yield RIN 
C084 1.99 2.07 3.68 - 2.02 1.65 4.44 6.6 
C087 2.02 1.23 4.31 2.6 2.05 2.23 4.86 2.5 
C091 2.09 2.12 4.99 - 2.06 0.82 3.21 - 
F094 2.06 1.50 8.57 5.2 2.07 2.09 7.33 3.3 
F096 1.96 0.60 3.40 - 2.06 1.73 7.19 7.7 
F100 2.04 2.25 12.52 2.9 2.06 1.23 9.25 4.8 
S153 2.05 2.16 12.52 3.0 2.08 1.67 13.86 - 
S154 2.06 2.13 13.36 2.8 2.09 2.24 7.52 - 
S220 2.06 1.59 3.95 - 2.06 1.77 6.77 - 
S227 2.09 2.02 8.77 - 2.09 2.19 12.09 2.4 
S244 2.02 2.06 6.73 1.9 2.06 2.25 5.69 2.6 

 

Table 4.5 QIAGEN RNeasy®  Mini Kit Repeat RNA Extractions from Frozen LCL Pellets Concent-
rations and absorbance (A) ratios at 260/280nm and 260/230nm wavelengths were recorded on 
the NanoDropTM ρπππ 3ÐÅÃÔÒÏÐÈÏÔÏÍÅÔÅÒȢ 4ÏÔÁÌ ÙÉÅÌÄ ×ÁÓ ÃÁÌÃÕÌÁÔÅÄ ÉÎ ÍÉÃÒÏÇÒÁÍÓ ɉʈÇɊ ÁÎÄ ÔÈÅ 
RNA integrity number (RIN) computed on a scale of zero (undetectable, completely degraded) to ten 
(intact, high quality RNA) by the Agilent 2100 Bioanalyzer. Green shading indicates improved yield 
and/or  quality  of the isolated material when the extraction procedure was repeated. Conversely, red 
represents samples that produced equally poor or even lower quality RNA following the second ext-
raction.  
  

Abbreviations: C - control, F - familial, LCL - lymphoblastoid cell line, RIN - RNA integrity number 
and S - sporadic.   

 

 

4.3.1 Affymetrix ® WT Sense-Target Labelling Assay   

4.3.1.1 Linearly Amplified Material   

4.3.1.1.1 Anti-Sense cRNA  

The isolated material was in vitro transcribed (Section 2.3.2.3.1), following the first 

step of linear amplification, into as-cRNA using the Ambion® Whole Transcriptome 

(WT) Expression Kit [APPENDIX TABLE B7]. Concentrations of between 395.64ng/ 

ʈ, and σȟτωψȢχπÎÇȾʈ, were achieved from an input of 312.7±36.5ng total RNA with 

ÍÉÎÉÍÕÍ ÁÎÄ ÍÁØÉÍÕÍ ÙÉÅÌÄ ÏÆ ρφʈÇ ÁÎÄ ρτπʈÇȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 3ÁÍÐÌÅÓ ÃÏÍÐÒÉÓÅÄ 

all of the ,#,ȭÓ that were received in the ECACC discovery cohort (n=469/470) [100 

-CTRL, 120-FALS and 249-SALS], plus an additional seven C9ORF72+ SALS patients 

ÉÎ ÔÈÅ %#!## ÒÅÐÌÉÃÁÔÉÏÎ ÃÏÈÏÒÔ ×ÈÉÃÈ ÍÅÔ ÔÈÅ ÃÒÉÔÅÒÉÁ ÆÏÒ ÉÎÃÌÕÓÉÏÎ ÉÎÔÏ ÔÈÅ ÌÏÎÇ ɉІ 

4yrs) versus short (<2yrs)  survival study [S268-(BP6107), S319-(LP0203), S368-(L 

P0454), S373-(LP0359), S352-(SP3484), S440-(BP6297) and S438-(LP0411)]. Me-

asurements on the NanoDropTM 1000 Spectrophotometer were found to be consist-

ent across the different sample types with means and standard deviations of 1,883. 
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τπϻχσωȢσσÎÇȾʈ,ȟ ρȟψσςȢςχϻφχτȢρψÎÇȾʈ, ÁÎÄ 1,933.25±608.71ng/ʈL for CTRL, FA 

LS and SALS, respectively. Absorbance ratios at 260/280nm  wavelengths ranged be- 

tween 1.97 and 2.32 (Figure 4.11). 

  

 

       

 

 

 

 

 

 

Figure 4.11 ECACC as-cRNA Amplification Boxplot Grouped by S ample 
Type Summary plots produced using GraphPad Prism®  software version 
5.04 copyright  ©  1992-2014 (GraphPad Prism® Inc., USA). Whiskers rep-
resent minimum and maximum anti-sense copy RNA (as-cRNA) concentra-
tions achieved on the NanoDropTM 1000 Spectrophotometer for linearly 
amplified material derived from control (CTRL), familial ALS (FALS) and 
sporadic ALS (SALS) samples in the final  ECACC LCL microarray cohort 
(n=476/470) [100-CTRL, 120-FALS and 256-SALS].  

 

 

4.3.1.1.2 Single-Stranded cDNA  

Following the second step of linear amplification  using the Ambion® WT Expression 

Kit  (Section 2.3.2.3.1) an input  of 10ʈÇ purified  as-cRNA yielded between υȢχωʈÇ and 

ρςȢωψʈÇ of newly synthesised ss-cDNA. Measurements on the NanoDropTM 1000 Sp-

ectrophotometer were consistent across the different sample types with means and 

ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎÓ ÏÆ ςφωȢψπϻσυȢρτÎÇȾʈ,ȟ ςφψȢςυϻσπȢσπÎÇȾʈ, ÁÎÄ ςχπȢψτϻςφȢςυ 

ÎÇȾʈ, for  CTRL, FALS and SALS, respectively. Absorbance ratios at 260/280nm wa-

velengths ranged between 1.95 and 2.10 (Figure 4.12) [APPENDIX TABLE B7].    

 

4.3.1.2 Fragmented ss-cDNA  

Sense-strand cDNA targets were generated from 451 (94.8%) of 476 LCL samples [ 

96-CTRL, 116-FALS and 239-SALS] comprising the final microarray cohort, with the 

remaining 25 (5.2%) samples [4-CTRL, 4-FALS and 17-SALS] failing to amplify. Ap-  
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Figure 4.12 ECACC ss-cDNA Amplification Boxplot Grouped by Sample 
Type Summary plots produced using GraphPad Prism®  software version 
5.04 copyright  ©  1992 to 2014 (GraphPad® Software Inc., CA USA). Whisk-
ers represent the minimum  and maximum single-stranded complementary 
DNA (ss-cDNA) concentrations on the NanoDropTM 1000 Spectrophotome-
ter that were achieved for linearly amplified material derived from control 
(CTRL), familial ALS (FALS) or sporadic ALS (SALS) samples in the final 
ECACC LCL microarray cohort (n=476/470) [100-CTRL, 120-FALS and 
256-SALS].  

 

 

plication  of the Affymetrix  GeneChip®  WT Fragmentation and Terminal Labelling Kit 

produced fragments of ~40  to 70nt in length. Size distribution  analysis of a random-

ly selected subset of pre- and post-fragmented nucleic acid products was performed 

on the Agilent 2100 Bioanalyzer. Representative traces and their corresponding gel 

images are illustrated in Figure 4.13 (Section 2.3.1.3).  

 

 

 

 

 

 

Figure 4.13 Agilent 2100 Bioanalyzer Size Distribution Analysis of Fragmented ss -cDNA Mic-
roarray Targets Representative electropherogram traces and corresponding gel images for a) pre-
fragmented and b) post-fragmented single-stranded complementary DNA (ss-cDNA) amplified from 
sporadic sample [S440-(BP6297)] in the ECACC replication cohort using the Affymetrix GeneChip® 
Whole Transcriptome (WT) Fragmentation and Terminal Labelling Kit. 
 

Abbreviations: BP - Birmingham patient, ECACC - European Collection of Cell Cultures, [FU] - fluore-
scent units, [nt] - nucleotides, [s] - seconds, S - sedimentation coefficient  

a)                                             unfragmented ss-cDNA   b)                                           fragmented ss-cDNA   
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4.3.1.3 Biotinylation of Sense -Strand Targets  

The biotinylation  efficiency (Section 2.3.2.3.4) of the labelling process was assessed 

on randomly selected ECACC control, FALS and SALS LCL samples from each of the 

amplification  batches by performing an electrophoretic mobility shift assay (EMSA) 

as depicted in Figure 4.14. Fragmented sense-strand cDNA targets were incubated 

in the presence or absence of the biotin -binding protein, NeutrAvidinTM before being 

loaded onto 4 to 20% gradient polyacrylamide gels and electrophoresed at 150v for 

approximately 1 hour. Negative controls containing unbound biotin-tagged cDNA in 

lanes 3, 5, 7, 9 and 11 ran close to the dye front. In the NeutrAvidin TM positive sam-

ples in lanes 2, 4, 6, 8, 10 and 12 nucleic acid-protein complexes (~60kDa) formed 

of a substantially larger molecular weight which migrate through the non-denatur-

ing gel matrix  at a slower rate; resulting in the detection of a shifted band at around 

300 to 400bp (red arrow).  Staining with  a 0.001% ethidium  bromide solution for 30 

to 40 minutes permits this change in banding pattern between NeutrAvidinTM posi-

tive (+) and NeutrAvidinTM negative (-) lanes (Figure 4.14) to be visualised under a 

UV light source using the  Syngene GENi Gel Documentation System.   

   

 

 

 

 

 

 

 

Figure 4.14 Electrophoretic Mobility Shift Assay (EMSA) Representative electrophoresis 
gel image assessing labelling efficiency of fragmented sense-strand cDNA targets generated 
ÆÒÏÍ ,#,ȭÓ ÉÎ ÔÈÅ ÆÉÎÁÌ ÍÉÃÒÏÁÒÒÁÙ ÃÏÈÏÒÔ ɉÎЀτυρȾτχφɊ ɍωφ-CTRL, 116-FALS and 239-SALS]. 
Samples incubated in the presence (+) or absence (-) of biotin-binding protein NeutrAvidin TM 
were run with DNA markers of 25bp molecular weight (HyperLadderTM V) in lane 1 and 
100bp (HyperLadderTM IV) molecular weight in lane 13 on 4 to 20% gradient polyacrylamide 
gels at 150v for approximately 1 hour, stained in a 0.001% Ethidium Bromide solution for 20 
to 30 minutes and visualised under a ultraviolet (UV) light source using the Syngene GENi Gel 
Documentation System.              
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Abbreviations: ALS - Amyotrophic Lateral Sclerosis, CTRL - control, bp - base pairs, cDNA - 
complementary DNA, EMSA - electrophoretic mobility shift assay, F - familial, LCL - lympho-
blastoid cell line and S - sporadic.       

 

 

4.3.2 Affymetrix ® Expression ConsoleTM QC Metrics  

4.3.2.1 Eukaryotic Hybridization Controls  

Three genes of the E. coli biotin  synthesis pathway (BioB, BioC and BioD) in addition 

to the recombinase gene from the P1 bacteriophage (CreX) (Section 2.3.2.4.2) were 

spiked in at increasing concentrations [1.5pM, 5pM, 25pM and 100pM, respectively] 

of the hybridization reaction. Since it is anticipated that these targets will not cross-

hybridize with samples of a non-bacterial or non-viral origin, the intensity pattern 

for these controls should be seen to mimic the increase in target concentration [i.e. 

BioB<BioC<BioD<CreX] described above. For the %#!## ,#,ȭÓ ÔÈÉÓ proved to be the  

case in all but one instance (Figure 4.15) involving  familial sample [F042-(SP3303)] 

which is represented by the red line in plot b) of Figure 4.16.  

BioB, at a concentration of 1.5pM, represents the absolute limit of detection. In the 

Affymetrix ® Expression ConsoleTM software version 1.3.0.187 at least one probeset 

pertaining to this endogenous control was flagged as present for each array which 

is a strong indicator of having achieved good overall sensitivity.       

 

  

Figure 4.15 Eukaryotic Hybridization Controls Bacterial spike in controls [E. coli derived genes 
of the biotin synthesis pathway BioB (blue), BioC (red), BioD (pink) and the recombinase gene CreX 
(green) from the P1 bacteriophage] at staggered concentrations of 1.5pM (representing the limit of 
detection), 5pM, 25pM and 100pM, respectively. Assessment of Affymetrix® quality control metrics 
was performed using the Expression ConsoleTM software version 1.3.0.187. 
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Figure 4.16 Bacterial Spike in Controls Mean signal intensities of BioB, BioC, BioD and CreX prob-
esets on the Affymetrix Human Exon 1.0ST GeneChip® Arrays for a) control (CTRL), b) familial (FAL 
S) and c) sporadic (SALS) samples in the final microarray cohort [95-CTRL (C73 failed to scan), 116-
FALS and 239-SALS]. Each line represents a single array with outliers highlighted in red [F042-(SP 
3303)]. Assessment of Affymetrix® QC metrics performed using the Expression ConsoleTM software 
version 1.3.0.187.    

 

 

4.3.2.2 Overall Signal Quality  

4.3.2.2.1 Average Background  

Average background signal intensities ranged between 80.566 and 367.741 for the 

450 GeneChips® [95-CTRL, 116-FALS and 239-SALS] in the final microarray cohort 

which excluded one Birmingham control  [C073-(BC6091)] that failed to scan. Values 

were comparable across the different  sample types with means and standard devia-

tions of 191.448±45.92, 204.245±45.03 and 204.609±45.88 for controls, FALS and 

SALS, respectively (Figure 4.17). 

Tukey defined outliers with significantly higher (n=5/450) [1 -CTRL, 2-FALS and 2-

SALS] or lower (n=3/450) [3-SALS] average background signal intensities included 

one female control [C031-(SC3709)], five FALS patients (3-M, 2-F) [F01-(LP0137), 

F08-(BP6074), F076-(SP3670), F079-(SP3508) and F099-(LP0073)] and two SALS 

patients (2-F) [S033-(SP3045) and S203-(SNc0059)]. 

 

4.3.2.2.2 Average Percentage Presence Calls  

/Î ÁÖÅÒÁÇÅȟ φσȢρϷ ɉÎЀρψρȟσπυɊ ÏÆ ÔÈÅ ςψχȟσςω ȬÃÏÒÅȭ ÍÅÔÁÐÒobesets annotated by 

RefSeq which are incorporated onto the Affymetrix® Human Exon 1.0ST GeneChip® 

Arrays were flagged as present (P) (Figure 4.18). This percentage proved reasonably 

consistent across the different sample types with means and standard deviations of

 a) CTRL                                                                 b) FALS                                                                  c) SALS 
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Figure 4.17 Mean Background Signal Intensities Across LCL Sample Types 
Summary box and whisker plots were generated in GraphPad® Prism software 
version 5.04 copyright ©  1992-2014 (GraphPad®  Software Inc., CA USA) applying 
a Tukey multiple  comparison test. Samples of significantly higher or lower mean 
background (bgrd)  signal intensities (outliers)  were highlighted in  red (n=8/450)  
[1-CTRL, 5-FALS and 2-SALS]. Assessment of Affymetrix ®  QC metrics performed 

using Expression ConsoleTM software version 1.3.0.187. 
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, CTRL - control, F - familial, 
LCL - lymphoblastoid cell line, QC - quality control and S - sporadic.   

   

   

 

 

 

 

 

 

 

 

 

 

Figure 4.18 Average Percentage Presence (%P) Calls Across LCL Sample Types 
Summary box and whisker plots produced in GraphPad Prism® software version 5.04 
copyright ©  1992-2014 (GraphPad®  Software Inc., CA USA) applying a Tukey multiple 
comparisons test. Outliers of insufficient  quality  with  ÆÅ×ÅÒ ÔÈÁÎ ρτσȟφφυ ȬÃÏÒÅȭ ÍÅÔÁ-
probesets called as present (P) on Affymetrix® Human Exon 1.0ST GeneChip® Arrays 
are highlighted in red (n=9/450)  [1-CTRL, 2-FALS and 6-SALS]. The green data points 
represent Tukey identified outliers that have a percentage presence call above the 
user defined threshold of 50.0%. Assessment of Affymetrix® QC metrics performed 
using Expression ConsoleTM software version 1.3.0.187.    

C76 

F42 F95 

S112 

S180 

S130 
S123 

S44 
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Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C - control,  CTRL - control, F - 
familial, LCL - lymphoblastoid cell line, QC - quality control, S - sporadic and ST - 
sense target.      

 

 

64.0±3.6% (n=183, 891±10,344), 62.9±4.7% (n=180,730±13,505) and 62.8±4.5% 

(n=180, 443±12,930) for controls, FALS and SALS, respectively.  

Outliers were determined by performing  a Tukey multiple comparisons test (Figure 

4.18). Samples with  %P calls below the applied threshold of 50.0% were considered 

to be of poorer quality. These included one female control [C076-(SNc0106)], two F 

ALS patients (1-M, 1-F) [F042-(SP3303) and F095-(SMa0008)] and 6 SALS patients 

(2-M, 4-F) [S044-(SP3329), S090-(SP3304), S112-(SP3363), S123-(BP6021), S130- 

(SNc0010) and S180-(BP6025)].                    

 

4.3.2.2.3 Area Under the Receiver Operating Characteristic Curve   

The Receiver Operating Characteristic (ROC) curve plots the detection rate of true 

positive (+ve) controls, a measurement of sensitivity, against the false detection rate 

of negative (-ve) controls; which is a function of specificity. AUC values for the area 

under the curve lied between 0.8 and 0.9 for 432 (96.0%) of 450 GeneChips® in the 

final microarray  cohort. Consistency was observed across sample types with means 

and standard deviations of 0.845±0.02, 0.849±0.02 and 0.854±0.03 for controls, FA 

LS and SALS, respectively. Samples falling outside this range included four controls 

(3-M, 1-F) [C038-(LSh0022), C076-(SNc0106), C087-(BC6166) and C091-(SC3741)], 

four  FALS patients (2-M, 2-F) [F042-(SP3303), F080-(SP3508), F085-(LP0013) and 

F095-(SMa0008)]  and ten SALS patients (6-M, 4-F) [S108-(SP3384), S119-(SP3073), 

S123-(BP6021), S130-(SNc0010), S145-(SP3065), S162-(SP3326), S215-(SP3187), 

S220-(SP3105), S244-(BP6052) and S352-(SP3484)].                

 

4.3.2.3 Signal Comparability  

4.3.2.3.1 All Probeset Mean Signal Intensities  

Average signal intensities across all probesets included at the level of the transcript 
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(n=22,011) (Figure 4.19a) were found to be marginally lower than those observed 

at the level of the individual exon (n=287,329) (Figure 4.19b). Means and standard 

deviations were comparable between different sample types [GENE LEVEL 6.94±0. 

12, 6.95±0.10 and 6.98±0.11 for  controls, FALS and SALS versus EXON LEVEL 7.05± 

0.14, 7.06±0.13 and 7.09±0.15 for controls, FALS and SALS].  

 

 
 

 

 

 

 

 

   
 

 
Figure 4.19 Mean Probeset Signal Intensities A cross LCL Sample Types Summary box and 
whisker plots at a) whole transcript or b) individual exon level were produced using GraphPad 
Prism® software version 5.04 copyright © 1992 to 2014 (GraphPad® Software Inc., CA USA) 
with a Tukey multiple comparison test applied. Outliers are represented in red. Assessment of 
Affymetrix ® QC metrics were performed in Expression ConsoleTM software version 1.3.0.187.  
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, CTRL - control, F - familial, LCL - lympho-
blastoid cell lines, QC - quality control and S - sporadic.   

 

 

Tukey defined outliers  which were detected at both levels of analyses included four 

controls (2-M, 2-F) [C079-(SC3279), C087-(BC6166), C090-(BOx0073) and C091-(S 

C3741)], for  FALS patients (2-M, 2-F) [F014-(LCa0111), F042-(SP3303), F085-(LP0 

013) and F095-(SMa0008)] and six SALS patients (3-M, 3-F) [S06-(SP3062), S162-( 

SP3326), S186-(SP3090), S215-(SP3187), S220-(SP3105) and S352-(SP3484)]. 

 

4.3.2.3.2 Signal Histogram   

Density histograms pertaining to log2 transformed average GC-RMA normalised si-

gnal intensity  values were plotted  at a) whole transcript  and b) individual  exon level 

in Expression ConsoleTM software version 1.3.0.187. In general distributions appear 

highly correlated across all 450 arrays (Figure 4.20) in the final ECACC LCL micro-

a) Whole Transcript                                                                                  b) Individual Exon  

a) Whole Transcript                                                                                  b) Individual Exon  
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Figure  4.20 Signal Histogr am Plots Each series of coloured bars represents the distribution 
of log2 transformed, average GC-RMA normalised signal intensity values for a single array at 
a) whole transcript and b) individual exon level. Assessment of QC metrics was performed in 
Expression ConsoleTM software version 1.3.0.187 (Affymetrix® Ltd., UK).  
 

Abbreviations: QC - quality control  and RMA - Robust Multi -array Average.       

 

 

array cohort with a good degree of concordance between the two different levels of 

analyses.  

 

4.3.2.3.3 Relative Log Expression Signal         

Mean absolute relative log expression (RLE) is used as a measure of how the signal 

intensities on each individual chip compare with those across the rest of the exper-

iment. A cohort which exhibits relative homogeneity should have scores close to ze-

ro with  a small spread of values around the mean. Samples in the ECACC microarray 

study that deviated significantly from this scenario (Section 3.3.2.6), with means or 

a) Whole Transcript                                                                        

 

 

 

 

 

 

 

 

b) Individ ual Exon  
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standard deviations above the 0.500 threshold, included six controls (3-M, 3-F) [C0 

38-(LSh0002), C076-(SNc0106), C079-(SC3279), C087-(BC6166), C090-(BOx0073) 

and C091-(SC3741)], three FALS (1-M, 2-F) [F042-(SP3303), F080-(SP3508) and F0 

95-(SMa0008)] and eleven SALS (8-M, 3-F) [S108-(SP3384), S112-(SP3363), S119-

(SP3073), S123-(BP6021), S130-(SNc0010), S145-(SP3065), S162-(SP3326), S189-

(SP3090), S215-(SP3187), S220-(SP3105) and S352-(SP3484)] patients (Figure 4.2 

1).       

 

4.3.2.τ 0ÅÁÒÓÏÎȭÓ #ÏÒÒÅÌÁÔÉÏÎ #ÏÅÆÆÉÃÉÅÎÔ 

For each pair  of arrays, Expression ConsoleTM software version 1.3.0.187 determines 

ÔÈÅ 0ÅÁÒÓÏÎȭÓ ÐÒÏÄÕÃÔ-moment correlation coefficient (r) (Section 3.3.2.6) from the 

covariance divided by the product of the standard deviations. This is computed on a 

scale of -1 to 1 where zero equals no correlation (i.e. the data points are randomly 

distributed ) and a value to close to plus (positive) or minus (negative) one indicates 

that there is a strong linear relationship  between the X and Y variables (Figure 3.10). 

The data can be illustrated qualitatively on a coloured matrix as depicted in Figure 

4.22. In the ECACC microarray experiment r exceed 0.725 for all pair-wise compar-

isons made across the three sample types with those hybridizations producing the 

weakest relationships represented in blue (r<0.800) or white (0.800<r<0.850). Th-

ese included one male control [C091-(SC3741)], two FALS patients (1-M, 1-F) [F04-

2-(SP3303) and F095-(SMa0008)] and three SALS patients (2-M, 1-F) [S189-(SP30 

90), S215-(SP3187) and S352-(SP3484)] (Figure 4.22). 

 

4.3.2.5 Affymetrix ® Expression ConsoleTM Summary  

In total, χȢψϷ ɉÎЀσυȾτυπɊ ,#,ȭÓ ÉÎ ÔÈÅ ÆÉÎÁÌ %#!## ÍÉÃÒÏÁÒÒÁÙ ÃÏÈÏÒÔ ɍχȾωυ-CTRL, 

10/116 -FALS and 18/239-SALS (Table 4.6)] failed one or more post-hybridization 

QC parameters assessed in Expression ConsoleTM software version 1.3.0.187. Signal 

intensity files (CEL files) generated for three controls (2-M, 1-F) [C076-(SNc0106), 

C087-(BC6166) and C091-(SC3741)], two  FALS patients (1-M, 1-F) [F042-(SP3303) 

and F095-(SMa000 8)] and seven SALS patients (4-M, 3-F) [S123-(BP6021), S130-

(SNc0010), S162-(SP3326), S189-(SP3090), S215-(SP3187), S220-(SP3105) and S3  
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Figure 4.21 Mean Absolute RLE Boxplots Absolute Relative Log Expression (RLE) means and sta-
ndard deviations for a) control (CTRL) samples, C1-100, b) familial (FALS) samples, F1-120, c) spo-
radic (SALS) samples, S1-132 and d) sporadic (SALS) samples, S133-440 in the ECACC microarray 
experiment. Whiskers represent minimum and maximum average probeset signal intensities at the 
level of the whole transcript.  Assessment of Affymetrix® quality control  (QC) metrics was performed 
using Expression ConsoleTM software version 1.3.0.187.  
 

Abbreviations: C - control, F - familial and S - sporadic. 

a) CTRL 

 

 

 

 

 

 

b) FALS 

 

 

 

 

 

c) SALS-I 

 

 

 

 

 

d) SALS-II  

 



  

 166 
 

0.781 

1.000 

0.945 

0.891 

0.836 

0.726 

0.781 

1.000 

0.945 

0.891 

0.836 

0.726 

 

 

 

 

Figure 4.22 0ÅÁÒÓÏÎȭÓ #ÏÒÒÅÌÁÔÉÏÎ #ÏÅÆÆÉÃÉÅÎÔ Each pair-wise comparison in the coloured 
matrix is assigned a value for r on a scale of 0.726 (blue) to 1.000 (red) where the higher the 
score is indicative of a stronger linear relationship between the X and Y variables. Assessment of 
Affymetrix ® QC metrics performed in Expression ConsoleTM software version 1.3.0.187. 
 

Abbreviations: C - control, F - familial , QC - quality control  and S - sporadic.  

 

 

 Control FALS SALS 
National DNA Bank 100 120 257 
ECACC -0 -0 -1 
RNA -0 -0 -0 
ss-cDNA -4 -4 -17 
Hybridization  -1 -0 -0 
Final  Total  95 116 239 

 

Table 4.6 Summary of Control, FALS and SALS LCL Samples in Final ECACC 
Microarray Cohort The initial cohort was comprised of 100 controls, 120 FALS 
and 257 SALS to include all of the LCLs in the ECACC discovery cohort plus an 
additional seven C9ORF72+ cases from the ECACC replication cohort which met 
the criteria for the long (>4yrs) versus short (<2yrs) survival study. A break-
down of the number of samples passing each of the handling and processing 
steps is provided with the final totals highlighted in bold.        
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 9 
open reading frame 72, ECACC - European Collection of Cell Cultures, F - familial, 
LCL - lymphoblastoid cell lines and S - sporadic.  
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52-(SP3484)] were of particularly  poor quality  having failed three or more of the QC 

metrics summarised in Table 4.7. 

 

   Affymetrix ® Expression ConsoleTM QC Metric 
 bac_spike bgrd_mean %P AUC all_probeset_mean RLE PPMCC 
C076        
C087        
C091        
F042        

F095        

S123        
S130        
S162        
S189        

S215        

S220        

S352        
 

Table 4.7 Affymetrix ® Expression ConsoleTM Summary of Failed LCL Samples in the ECACC 
Discovery and Replication Cohorts  
 

Key:    Passed     Failed    
 

Abbreviations: AUC - area under receiver operating curve (ROC), bac-spike - bacterial spike in 

control, bgrd - background, C - control, F - familial, LCL - lymphoblastoid cell line, P - present 
calls, PPMCC - 0ÅÁÒÓÏÎȭÓ ÐÒÏÄÕÃÔ ÍÏÍÅnt correlation coefficient, QC - quality control, RLE - 
relative log expression and S - sporadic.                         

 

 

4.4 DISCUSSION 

Participants (n=820) [120-FALS, 500-SALS and 200-CTRL] attending clinics (Section 

2.1.2) in  the Birmingham, London or Sheffield districts  (Figure 2.1) between Novem-

ber 2003 and June 2011, who were subsequently recruited  to the ECACC microarray 

cohort, were Caucasian and of North  European descent. Patient partners  or their  un-

related carers were selected as neurologically normal, healthy control subjects. Th-

ese were matched for age and gender across the SALS group, with a slightly higher 

than previously reported M:F ratio of approximately 1.75:1. Typically, ratios range 

between 1.20 and 1.50:1 (Section 1.1.2); which is comparable to the FALS group at 

1.45:1 (McCombe & Henderson 2010). All patients were diagnosed according to the 

World Federation ÏÆ .ÅÕÒÏÌÏÇÙȭÓ ÁÍÅÎÄÅÄ %%# of 1998 (Figure 1.1) (Section 1.1.3) 

with  the majority  having either definite 39.4% (n=244/620)  or probable ALS 55.3% 

(n=343/620).  There were four incidences of ALS with  concomitant FTLD (Section 1. 
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1.5.5) [1-FALS and 3-SALS] and two further  incidences of ALS with concomitant PD 

(Section 1.2.1) [1-FALS and 1-SALS]. In the remaining 4.4% (n=27/620)  of cases it 

is likely  that a revision has been made to the original diagnosis of ALS after the sam-

ples were accepted into  the National MNDA DNA Bank. These comprised several ra-

rer variants of MND including: PBP (Section 1.2.2.1) (n=23/27) [6 -FALS and 17-SA 

LS] in which the bulbar muscles are primarily  affected (Gregoriou et al 1969, Karam 

et al 2010, Talacko & Reade 1990); PLS (Section 1.2.2.2) (n=3/27)  [1-FALS and 2-SA 

LS] of pure UMN involvement (Gotkine & Argov 2007, Praline et al 2010, Pringle et 

al 1992, Tartaglia et al 2007) and PMA (Section 1.2.2.3) (n=1/27) [1 -SALS] of pure 

LMN involvement (de Carvalho et al 2007, Visser et al 2008, Visser et al 2007).   

FALS cases exhibited a moderately younger mean age of symptom onset (defined as 

the point at which the patient first presented with significant weakness) than SALS 

cases that peaked in the mid-fifties compared to early sixties [FALS 55±11.9 (range 

23-82) years and SALS 60±11.4 (range 22-ψχɊ ÙÅÁÒÓ ɉÓÔÕÄÅÎÔȭÓ Ô-test p<0.001***)]. 

This was consistent with the reports of Calvo et al (2014b) and Kinsley & Siddique 

(2001). The proportion of patients with limb onset (50%), bulbar onset (~30%), a 

mixed presentation (10-15%) or onset in the respiratory muscles (~2%) were also 

comparable to the figures published in the literature (Gautier et al 2010, Korner et 

al 2011, Ravits et al 2007, Sekiguchi et al 2014). In addition, survival was observed 

to be similar between FALS and SALS groups [FALS 2.9±2.28 (range 0.5-18.7) years 

and SALS 3.2±1.74 (range 0.39-10.3) years]; although differences were reported to 

occur between SALS of the ECACC discovery (Section 4.1.1) and replication (Section 

4.1.2) cohorts with respective means and standard deviations of 2.8±1.34 years or 

4.0±2.30 years ÁÎÄ Á ÓÔÕÄÅÎÔȭÓ t-test derived probability value of 7.26E-12 (Cluskey 

& Ramsden 2001, McDermott & Shaw 2007). One possible explanation for  this skew 

in survival data stems from the fact that samples with  complete clinical information  

immediately available to hand were prioritised  to the discovery cohort at the start  of 

the project, to prevent delays in commencing the study. Another unintentional con-

sequence of how the ,#,ȭÓ were consigned to a cohort (ranking  of SALS and controls 

in ascending order of age and arbitrarily assigning them number one or two altern-

ately down the list)  was the considerably higher M:F ratio  for  SALS in the replication 

(2.17:1) (Section 4.1.2) versus discovery cohorts (1.43:1) (Section 4.1.1) (Table 4.1). 
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This can be rectified, however, using the Partek®  Genomics SuiteTM analysis pipeline 

outlined in Section 2.3.2.5.2 which includes age and gender as covariates (Figure 2. 

4) in order to control for any potential bias that may be introduced by such factors. 

Mutations were detected in the FALS patients at a frequency of 40.8% for C9ORF72 

(n=49/120)  (Section 1.2.5.4), 4.4% for  SOD1 (n=5/115)  (Section 1.2.5.1.1), 3.8% for 

FUS (n=4/106)  (Section 1.2.5.2.2) and 2.9% for TARDBP (n=3/103) ( Section 1.2.5.2. 

1) (Table 4.2) and in the SALS patients at a frequency of 8.0% for C9ORF72 (n=40/  

500), 0.6% for TARDBP (n=3/500), 0.4% for CHMP2B (n=2/500) (Section 1.2.5.2.8) 

and 0.2% for ANG (n=1/500)  (Section 1.2.5. 2.3) (Table 4.3). With the exception of 

familial SOD1 (Rosen et al 1993) and TARDBP (Sreedharan et al 2008), which were 

recorded at a lower than anticipated frequency, the majority were found to be con-

sistent with the previously published reports of Cooper-Knock et al (2012b), DeJes-

us-Hernandez et al (2011), Greenway et al (2006), Kwiatkowski et al (2009), Park-

inson et al (2006), Renton et al (2011) and Vance et al (2009). Among the C9ORF72 

cases were two  examples of oligogenic inheritance, including one FALS patient [F05 

6-(SP3462)] with  an OPTN mutation  (Bury et al 2015) (Section 5.3.2.1) and a second 

SALS patients [S352-(SP3484)] with  a TARDBP mutation (Kirby et al 2010) (Section 

5.3.2.2). In this latter  instance, although the patient was entered into  the database as 

a sporadic case, it  is likely, especially in light of the above, that the individual does in 

fact represent a familial case which has arisen as a consequence of incomplete pen-

etrance or may have been misclassified due to a lack of information regarding fam-

ily history. Since ALS is typically an adult onset disorder of relatively short life exp-

ectancy there is a chance that affected relatives of some seemingly SALS cases have 

died (Al-Chalabi & Lewis 2011, Conforti et al 2011) either before clinical manifesta-

tions of disease or prior to a formal diagnosis of MND having been made.  

Across the ECACC discovery (Section 4.1.1) and replication (Section 4.1.2) cohorts  

four LCL samples [3-SALS and 1-CTRL] failed the EBV-transformation process and, 

following two unsuccessful attempts, were rejected from the final study design. On 

the NanoDropTM 1000 Spectrophotometer (Section 2.3.1.3) high yields [APPENDIX 

TABLE B7] and purity (A260/280  2.0±0.2, 99.3%) was achieved for  the remaining 816 

[120-FALS, 497-SALS and 199-CTRL] samples with little or no evidence of protein/ 

DNA contamination following  QIAGEN extraction of total  RNA (Section 2.3.2.2) from 
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the frozen cell pellets (Figure 4.6-8). The quality of the isolated material, as assess-

ed using the Agilent 2100 Bioanalyzer, was found to be consistent across different 

sample types, within in each of the cohorts [Mean RIN: discovery cohort 8.3 versus 

replication cohort 7.4 ɉÓÔÕÄÅÎÔȭÓ Ô-test p<0.001***)], but had steadily declined over 

time. All of the QIAGEN RNeasy® Mini Kits were purchased in a single batch and lot 

# at the beginning of the project. To test whether the storage of the kits was having 

an impact, some repeat extractions (Table 4.5) were performed using a new kit and 

freshly prepared 70% ethanol solution. This, however, proved ineffective and in so-

me instances the RNA quality and yield had actually deteriorated rather than show-

ÉÎÇ ÁÎ ÉÍÐÒÏÖÅÍÅÎÔȠ ÓÕÇÇÅÓÔÉÎÇ ÆÒÅÅÚÅ ÔÈÁ×ÉÎÇ ÏÆ ÔÈÅ ,#,ȭÓ ÍÁÙ ÈÁÖÅ ÃÁÕÓÅÄ ÓÏÍÅ 

degradation to occur ex vivo (Caliskan et al 2014). Also, in simply taking a fixed vol-

ume of the suspension, different densities of cells could have been present in each 

round of the extractions. Another factor worth considering is the quality of the ori-

ginal sample used for EBV-transformation, since the extractions were performed in 

the order  in which they were received from ECACC and it is a likely proposition that 

ÔÈÅ ,#,ȭÓ ÐÒÏÖÉÎÇ ÍÏÓÔ ÄÉÆÆÉÃÕÌÔ ÔÏ ÐÒÏÃÅÓÓ ×ÏÕÌÄ ÈÁÖÅ ÂÅÅÎ ÄÉÓÐÁÔÃÈÅÄ ÉÎ ÔÈÅ ÌÁÔÅÒ 

batches.   

For the ECACC microarray  study in the subsequent two results chapters (Chapter 5: 

ȬC9ORF72 '%0 3ÔÕÄÙȭ ÁÎÄ #ÈÁÐÔÅÒ φȡ ȬC9ORF72 Survival 3ÔÕÄÙȭɊ ÔÈÅ !ÍÂÉÏÎ® Whole 

Transcriptome (WT) Expression Kit was used to generate linearly amplified mater-

ial for all samples received in the discovery cohort (Section 4.1.1), plus an addition-

al seven C9ORF72+ cases in the replication cohort (Section 4.1.2) [120-FALS, 256-S 

ALS and 100-CTRL] which met the criteria for inclusion into the analysis of LoÎÇ ɉІ 

4yrs) versus Short (<2yrs) survival. Sufficient quantities of ss-cDNA were achieved 

in 94.7% of cases (n=451/476) [116-FALS, 239-SALS and 96-CTRL] [APPENDIX TA 

BLE B7]. Post-fragmentation and labelling, targets of ~40-70nt were hybridized on 

to Affymetrix ® Human Exon 1.0ST GeneChip® Arrays. For one control, namely [C07 

3-(BC6091)], the GeneChip® failed to scan and a signal intensity or (CEL) file could 

not be created. The remaining samples were processed using Expression ConsoleTM 

software version 1.3.0.187 (Section 2.3.2.5.1) [116-FALS, 239-SALS and 95-CTRL]. 

Following assessment of a series of quality control (QC) parameters summarized in    

Table 4.7, 2.7% (n=12/450)  [2-FALS, 7-SALS and 3-CTRL] were identified as having 
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failed at least three of these measures and were removed from any subsequent do-

×ÎÓÔÒÅÁÍ ÃÏÍÐÁÒÁÔÉÖÅ ÁÎÁÌÙÓÅÓȢ ,ÁÔÅÒ ÉÔ ×ÁÓ ÅÓÔÁÂÌÉÓÈÅÄ ÔÈÁÔ ρπ ÏÆ ÔÈÅ ρς ,#,ȭÓ ɉψ 

3.3%) had a RIN score of below 5.0 which suggests that the original samples were of 

poor quality. Therefore, given the size of the cohort, it did not warrant the expense 

of repeating these individual amplifications.    
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#(!04%2 υȡ #ύ/2&ϋφ '%0 345$9 
 

The discovery by Renton et al and DeJesus-Hernandez et al, in 2011, of a pathogenic 

G4C2 repeat expansion in the previously uncharacterised C9ORF72 gene represented 

a unique opportunity in which to study a specific genetic subtype that accounts for 

a greater proportion  of cases than SOD1 (Section 1.2.5.1.1), TARDBP (Section 1.2.5.2. 

1) or FUS (Section 1.2.5.2.2) mutations combined. In this chapter ÇÌÏÂÁÌ '%0ȭÓ ÆÒÏÍ 

patient derived, EBV-transformed B-lymphocytes carrying the C9ORF72 expansion, 

were compared on Affymetrix ® Human Exon 1.0ST GeneChip® Arrays to a subset of 

ECACC SALS patients and controls. Subsequent, downstream functional annotation 

clustering analysis conducted in DAVID bioinformatics  resource version 6.7 enabled 

us to elucidate further the mechanisms of C9ORF72 toxicity. In addition, it was also 

anticipated that this approach would aid in distinguishing between the mechanisms 

linked, specifically, to C9ORF72-related disease from those which contribute to MN 

degeneration more widely in ALS.                   

 

5.1 C9ORF72 and nonC9ORF72-Related_SALS Cohort  

5.1.1 ECACC EBV-Transformed B -Lymphocytes   

5.1.1.1 Clinical Characteristics  

5.1.1.1.1 Control Cases  

Neurologically normal, healthy control  ,#,ȭÓ (n=27/100)  [15-M, 12-F] selected from 

the ECACC discovery cohort were largely recruited from  patient partners or their  un-

related carers (Section 4.1.1). These were comprised of 8 Birmingham (29.6%) cases 

including two from Liverpool [C039-(BLi0169) and C097-(BLi0083)] and one from 

Belfast City Hospital [C020-(BBe0006)]; 4 London (14.8%) cases including one from 

Cambridge [C021-LCa0076)] and one from Poole General Hospital [C05-(LPo0033)] 

and 15 Sheffield (55.6%) cases including three from  Newcastle [C04-(SNc0091), C07 

-(SNc0038) and C044-(SNc0041)], one from Preston [C08-(SPr0050)] and one from
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Manchester [C036-(SMa0156)]. Age at consultation ranged between 36 and 84 years 

with a mean of 60.7±13yrs. The M:F ratio was 1.25:1 (Figure 5.1).                                           

 

 

 

 

 

 

 

 C9ORF72+ SALS Control  

M:F 0.91:1 1.42:1 1.25:1 

Age  55.7±11yrs 61.3±12yrs 60.7±13yrs 

Total  40 58 27 
 

Figure 5.1 Age Frequency Distribution of P ÁÔÉÅÎÔ ÁÎÄ #ÏÎÔÒÏÌ ,#,ȭÓ ÉÎ 
the ECACC C9ORF72 and NonC9ORF72-Related _SALS Study   

 

 Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 
9 open reading frame 72, Ctrl - control, ECACC - European Collection of Cell 
Cultures, F - female, LCL - lymphoblastoid cell lines, M - male and S - sporadic.         

 

 

5.1.1.1.2 C9ORF72+ Cases   

0ÁÔÉÅÎÔ ÄÅÒÉÖÅÄ ,#,ȭÓ ÃÁÒÒÙÉÎÇ ÔÈÅ '4C2 repeat expansion in C9ORF72 (n=40/620) 

[19-M, 21-F] consisted of 18 FALS and 22 SALS selected from the ECACC discovery 

(Section 4.1.1) and replication (Section 4.1.2) cohorts. These were comprised of 7 

Birmingham (17.5%) cases including one from  Oxford [F078-(BOx0029)];  9 London 

(22.5%) cases and 24 Sheffield (60.0%) cases including one from Newcastle [S203-

(SNc0059)] and two  from  Manchester [F081-(SMa0006) and F117-(SMa0166)]. The 

combined M:F ratio was 0.91:1. However, differences were observed between the 

two sample types [C9ORF72+ FALS 0.80:1 and C9ORF72+ SALS 1.00:1] (Figure 5.1).  

The majority  of C9ORF72+ cases, 95.0% (n=38/40)  were diagnosed according to the 

7ÏÒÌÄ &ÅÄÅÒÁÔÉÏÎ ÏÆ .ÅÕÒÏÌÏÇÙȭÓ ÁÍÅÎÄÅÄ %%# ÏÆ ρωωψ ɉFigure 1.1) (Section 1.1.3) 

with either definite (n=22/38) [9 -familial, 13-sporadic] or probable (n=16/38) [8 -
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familial, 8-sporadic] ALS including one incidence of concomitant FTLD [F115-(SP31 

18)]  and another of concomitant PD (Section 1.2.1) [F114-(SP3560)]. The remaining 

5.0% (n=2/40)  of the cohort were diagnosed with PBP (Section 1.2.2.1) [F100-(SP3 

070) and S165-(SP3222)]. Age at symptom onset (i.e. when the patient first experi-

enced significant weakness) ranged between 28 and 70 years with a mean of 55.7± 

11yrs for C9ORF72+ FALS or 36 and 71 years with a mean of 55.6±11yrs for C9ORF 

72+ SALS. Disease duration ranged from 7 to 107 months or 11 to 73 months with a 

mean of 2.93±2.3yrs for C9ORF72+ FALS and 2.54±1.4yrs for C9ORF72+ SALS, resp-

ectively (Table 5.1). Limb onset accounted for  50.0% of cases (n=20/40) [6-FALS, 1- 

FASL+PD and 13-SALS], bulbar onset and a further 32.5% (n=13/40) [6-FALS, 1-FA 

LS+FTLD, 6-SALS and 1-PBP (sporadic)] and a mixed presentation 15.0% (n=6/40) 

[3-FALS, 2-SALS and 1-PBP (sporadic)]. Information  regarding site of onset was not 

available for the remaining 2.5% of the cohort (n=1/40) [1-FALS]. ALSFRS-R scores 

ranged between 0 (severe disability)  and 46 (near normal function)  with  an average 

of 30.1±12 for 100% of C9ORF72+ FALS and 30.2±14 for 86.4% of C9ORF72+ SALS 

(n=19/22).  

For the Sheffield cases some additional clinical information could be extracted from 

the local database. Approximately a fifth,  20.8% (n=5/24)  [1-FALS and 4-SALS] were 

prone to EL, another 20.8% (n=5/24)  [1-FALS, 1-FALS+FTLD and 3-SALS] displayed 

symptoms of dyspnoea and 8.3% (n=2/24) [1-FALS and 1-SALS] had suffered from 

hypersialorrhea. Dysarthria and dysphagia were apparent in 45.8% (n=11/24) [2-

FALS, 1-FALS+PD, 1-FALS+FTLD, 5-SALS and 2-PBP (1-familial, 1-sporadic)] of the 

cohort with  PEG feeding (Section 1.1.4) becoming a necessary intervention  in 36.4% 

(n=4/11)  [1-FALS, 1-FALS+PD and 2-SALS] of these latter cases. There was also one 

sporadic individual who presented with the rare and more benign FA variant of the 

disease [S042-(SP3122)] (Section 1.2.1). Three patients, 12.5% [1-FALS, 1-FALS+PD 

and 1-SALS] were non-ambulant with  a further  8.3% (n=2/24) [1 -FALS and 1-SALS] 

unable to walk without  needing assistance. Current smokers comprised 4.2% of the 

cohort (n=1/2 4) [1-PBP (familial)], ex-smokers a further 8.3% (n=2/24) [2 -SALS] 

and non-smokers 66.7% (n=16/24)  [5-FALS, 1-FALS+PD, 9-SALS and 1-PBP (spora-

dic)]. For the remaining 20.8% of the cohort (n=5/24) [2-FALS and 3-SALS] this in-

formation was not disclosed. 
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 C9ORF72neg ------------------------------------ C9ORF72pos  ------------------------------------ -------- Control -------- 

 SALS SALS FALS ALL CTRL 
M:F 1.42:1 1.00:1 0.80:1 0.91:1 1.25:1 
Age      
        range 22-82yrs 36-71yrs 28-70yrs 28-71yrs 36-84yrs 
        mean 61yrs 56yrs 56yrs 56yrs 61yrs 
Onset      
        Limb 28 (48.2%) 13 (59.1%)    7 (38.9%) 20 (50.0%) n/a  
        Bulbar 24 (41.4%)              7 (31.8%)              6 (33.3%) 13 (32.5%) n/a  
        Mixed              4    (6.9%)              2    (9.1%)              4 (22.2%)              6 (15.0%) n/a  
        Respiratory              2    (3.5%)              0    (0.0%)              0    (0.0%)              0    (0.0%) n/a  
        unknown              0    (0.0%)              0    (0.0%)              1    (5.6%)              1    (2.5%) n/a  
Diagnosis       
        ALS 51 (87.9%) 21 (95.5%) 15 (83.3%) 36 (90.0%) n/a  
        ALS+FTLD              2    (3.5%)              0    (0.0%)              1    (5.6%)              1    (2.5%) n/a  
        ALS+PD              0    (0.0%)              0    (0.0%)              1    (5.6%)              1    (2.5%) n/a  
        PBP              5    (8.6%)              1    (4.5%)              1    (5.6%)              2    (5.0%) n/a  
        PLS              0    (0.0%)              0    (0.0%)              0    (0.0%)              0    (0.0%) n/a  
        PMA              0    (0.0%)              0    (0.0%)              0    (0.0%)              0    (0.0%) n/a  
ALSFRS-R      
        range 0-46 0-45 0-46 0-46 n/a  
        mean 31 30 30 30 n/a  
Survival      
        range 0.4-7.7yrs 0.9-6.1yrs 0.5-9.0yrs 0.5-9.0yrs n/a  
         mean 2.8yrs 2.5yrs 2.9yrs 2.7yrs n/a  
Total  58 (56)  22 (20)  18 (18)  40 (38)  27 (26)  

 

Table 5.1 Clinical Summary of Patient and Control LCL ȭs in the ECACC C9ORF72 and NonC9ORF72-Related _SALS Study Highlighted in red 
are the final  sample numbers obtained follow ing assessment of QC metrics using Expression ConsoleTM software version 1.3.0.187 (Affymetrix ® Ltd., 
UK).    
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 9 open reading frame 72, CTRL - control, ECACC - European 
Collection of Cell Cultures, F - familial, F - female, FRS-R - Functional Rating Scale Revised, FTLD - frontotemporal lobar degeneration, LCL - 
lymphoblastoid cell lines, M - male, PD - 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅȟ 0"0 - Progressive Bulbar Palsy, PLS - Primary Lateral Sclerosis, PMA - Progressive 
Muscular Atrophy, QC - quality control and S - sporadic.   
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A strong family history of ALZ [F089-(SP3331) and S121-(SP3420)], PD [F144-(SP 

3560)]  or dementia [F115-(SP3118) and S042-(SP3122)] was associated with up to 

16.7% of C9ORF72+ FALS (n=3/18)  and 9.1% of C9ORF72+ SALS (n=2/22). In the 

case of sporadic sample [S186-(SP3431)] at least one incidence of colon cancer in a 

first degree relative had also been reported.            

 

5.1.1.1.3 NonC9ORF72-Related_SALS Cases   

The non-ÅØÐÁÎÓÉÏÎ ÃÁÒÒÙÉÎÇ ,#,ȭÓ ÃÏÎÓÉÓÔÅÄ ÏÆ υψ 3!,3 ɍστ-M, 24-F] selected from 

the ECACC discovery cohort (Section 4.1.1). These were comprised of 7 Birmingham 

(12.1%) cases including two from Belfast City Hospital [S05-(BBe0007) and S052-

(BBe0016)]; 7 London (12.1%) cases including one from Poole General Hospital [S0 

35-(LPo0010)] and 44 Sheffield (75.8%) cases including two  from  Newcastle [S012-

(SNc0022) and S089-(SNc0053)] and four  from  Nottingham [S036-(SNt0031), S129 

-(SNt0024), S198-(SNt0016) and S219-(SNt0036)]. The M:F ratio  was 1.42:1 (Figure 

5.1).   

The majority  of nonC9ORF72-related_SALS cases, 91.4% (n=53/58) were diagnosed 

with  either definite (n=34/53)  or probable (n=19/53)  ALS including two incidences 

of concomitant FTLD [S093-(SP3049) and S178-(SP3145)]. The remaining 8.6% of 

the cohort (n=5/58)  were diagnosed with PBP [S040-(SP3271), S044-(SP3329), S1 

29-(SNt0024), S198-(SNt 0016) and S230-(SP3159)]. Age at symptom onset ranged 

between 22 and 82 years with a mean of 61.3±12yrs. Disease duration ranged from 

4½ to 92 months with a mean of 2.76±1.5yrs (Table 5.1). Limb onset accounted for 

48.3% of cases (n=28/58) [28 -SALS], bulbar onset a further 41.4% (n=24/58) [17-

SALS, 2-SALS+FTLD and 5-PBP (sporadic)], mixed presentation 6.9% (n=4/58)  [4-

SALS] and onset in the respiratory muscles the remaining 3.4% (n=2/58) [2 -SALS]. 

ALSFRS-R scores ranged between 0 (severe disability) and 46 (near normal funct-

ion)  with  an average of 30.8±10 for 87.9% of nonC9ORF72-related_SALS (n=51/58)  

[44-SALS, 2-SALS+FTLD and 5-PBP (sporadic)].   

For the Sheffield cases some additional clinical information could be extracted from 

the local database. Of these, 20.5% (n=9/44) [7 -SALS and 2-PBP (sporadic)] were 

prone to EL, a further 2.3% (n=1/44) [1-SALS] presented with a clinical history of 
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depression and approximately one third,  34.1% (n=15/44) [12 -SALS, 1-SALS+FTLD 

and 2-PBP (sporadic)] displayed symptoms of dyspnoea wi th six patients [6-SALS] 

requiring  NIPPV support (Section 1.1.4). Dysarthria and dysphagia were apparent in 

50.0% of the cohort (n=22/44)  [18-SALS, 2-SALS+FTLD and 2-PBP (sporadic)] with 

PEG feeding becoming a necessary intervention  in  seven of these latter  cases [6-SALS 

and 1-PBP (sporadic)]. Two patients, 4.6% [2-SALS] were non-ambulant with 22.7% 

(n=10/44) [10 -SALS] unable to walk without needing assistance. Current smokers 

comprised 2.3% of the cohort (n=1/44) [1-SALS], ex-smokers who had not smoked 

a cigarette for a minimum of 20 years (mean 21.7±2.9yrs) a further 6.8% (n=3/44) 

[2-SALS and 1-SALS+FTLD] and non-smokers 63.6% (n=28/44) [24-SALS, 1-SALS+ 

FTLD and 3-PBP (sporadic)]. For the remaining 27.3% of the cohort (n=12/44) [10 -

SALS and 2-PBP (sporadic)] this information was not disclosed.   

A strong family  history  of dementia was associated with up to 6.9% of nonC9ORF72-

related_SALS (n=4/58)  [S08-(SP3111), S078-(SP3140), S116-(SP3351) and S172-SP 

3067)] . An additional sporadic individual [S236-(SP3286)] was also known to have 

a maternal cousin who was diagnosed with MS and in a further 8.6% of cases (n=5/ 

58) at least one incidence of colon [S044-(SP3329)], bowel/stomach [S032-(SP339 

7), S062-(SP3301) and S078-(SP3140)] or throat [S076-(SP3396)] cancer had been 

reported in a first degree relative.                     

 

5.1.1.2 Therapeutics Used to Treat the Cohort  

5.1.1.2.1 C9ORF72+ Cases  

Riluzole, administered at a dose of 50mg twice daily, was being used to treat 77.8% 

of C9ORF72+ FALS (n=14/18) [13-FALS, 1-FALS+FTLD and 1-FALS+PD] and 95.5% 

of C9ORF72+ SALS (n=21/22)  [20-SALS and 1-PBP (sporadic)]. One Sheffield patient, 

sporadic case [S440-(BP6297)], experienced adverse side effects and the medication 

was withdrawn.  Vitamin C and/or  E (n=12/40)  [3-FALS and 9-SALS] or multivitamin 

supplements (n=3/40)  [1-FALS and 2-SALS] were collectively being taken by 37.5% 

(n=15/40)  of the cohort (Section 1.1.4). In addition to Riluzole, several individuals 

were also participants of the BDNF [F091-(SP3534)], minocycline [F073-(BP6165) 

and S121-(SP3420)] or ONO-2506 (Arundic  acid) [S132-(SP3413) and S203-(SNc00 
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59)]  drug trials  [APPENDIX TABLE B4]. Conversely, 16.7% of C9ORF72+ FALS (n=3 

/ 18) [2-FALS and 1-PBP (familial)] and 4.5% of C9ORF72+ SALS (n=1/22) [1-SALS] 

chose not to receive any disease modifying therapy and for  the remaining 2.5% of 

the cohort (n= 1/40) [1 -FALS] this information was not available.               

 

5.1.1.2.2 NonC9ORF72-Related_SALS Cases   

Riluzole was also being used to treat 96.6% of the nonC9ORF72-related_SALS cases 

(n=56/58)  [49-SALS, 2-SALS+FTLD and 5-PBP (sporadic)]. One Birmingham patient, 

sporadic case [S210-(BP6041)], experienced adverse side effects and the medication 

was withdrawn. Vitamin C and/or E (n=28/58) [23-SALS, 1-SALS+FTLD and 4-PBP 

(sporadic)]  or multivitamin  supplements (n=1/58)  [1-SALS] were collectively being 

taken by 51.8% (n=29/58) of the cohort. In addition to Riluzole, several individuals 

were also participants  of the Copaxone® (glatiramer  acetate) [S176-(SP3385)], ONO-

2506 (Arundic acid) [S149-(SP3391)] or minocycline [S050-(SP3023) and S157-(LP 

0015)]  drug trials . Conversely, the remaining 3.4% of the cohort (n=2/58) [2 -SALS] 

chose not receive any kind of disease modifying therapy.                                    

 

5.1.1.3 Genetic Status of the Cohort  

5.1.1.3.1 C9ORF72+ Cases  

All C9ORF72+ FALS (n=18) [8-M, 10-F] and SALS (n=22) [11-M, 11-F] patients carry 

more than 30 copies of the non-coding G4C2 hexanucleotide repeat expansion that 

has recently been identified in intron 1 of the previously uncharacterised C9ORF72 

gene (Cooper-Knock et al 2012b) (Section 1.2.5.4). There was also one example of 

oligogenic inheritance involving an apparently sporadic Sheffield sample [S352-(SP 

3484)] with a deleterious heterozygous c.962C>T (p.A321V) missense mutation in 

exon 6 of the TARDBP gene (Section 4.1.2.3) (Kirby et al 2010).                    

 

5.1.1.3.2 NonC9ORF72-Related_SALS Cases   

One nonC9ORF72-related_SALS patient was reported to carry a non-synonymous 

c.323A>G (p.K54E) missense substitution  [S062-(SP3301)] in exon 2 of the ANG 
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gene (Kirby et al 2013) (Section 4.1.1.2.2). Besides the aforementioned change no 

further mutations which affect this cohort have been described.       

 

5.1.2 Affymetrix ® Expression ConsoleTM QC Metrics 

In vitro transcribed biotinylated ss-cDNA targets of ~40-70nt were hybridized onto 

Human Exon 1.0ST GeneChip® Arrays (Section 2.3.2.3 and 2.3.2.4). Affymetrix ® QC 

metrics were assessed in Expression ConsoleTM software version 1.3.0.187 (Section 

4.3.2). One male control  (n=1/27)  [C08-(SPr0050)] and a further four SALS patients 

including two  female cases from  the C9ORF72+ group (n=2/40)  [S123-(BP6021) and 

S352-(SP3484)] and one male [S044-(SP3329)] and a third female [S114-(SP3356)] 

from the nonC9ORF72-related_SALS group (n=2/58) scored poorly against three or 

more of the parameters summarised in  Table 5.2. These samples were removed from 

the final ECACC LCL microarray cohort and were consequently not included in any 

of the subsequent downstream comparative analyses (Figure 5.2, 5.3 and 5.4).  

 

 

Table 5.2 Affymetrix ® Expression ConsoleTM Summary of Failed LCL Samples in the 
C9ORF72 and NonC9ORF72-Related_SALS Study 
 

Key:    Passed     Failed    
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, AUC - area under receiver operating 
curve (ROC), bac-spike - bacterial spike in control, bgrd - background, C - control, C9ORF72 
- chromosome 9 open reading frame 72, LCL - lymphoblastoid cell line, PPMCC - 0ÅÁÒÓÏÎȭÓ 
product moment correlation coefficient, P - present calls, RLE - relative log expression, QC 
- quality control  and S - sporadic.                         

 

 

5.2 Human Exon 1.0ST GeneChip® Array Profiling               

5.2.1 Differential Gene Expression Analysis   

5.2.1.1 Partek ® Genomics SuiteTM  

 Affymetrix ® Expression ConsoleTM QC Metrics 
 bac_spike bgrd_mean %P AUC all_probeset_mean RLE PPMCC 
C008        
S044        
S114        
S123        
S352        
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Figure 5.2 Eukaryotic Hybridizat ion Controls for LCL Samples in the ECACC C9ORF72 and Non 
C9ORF72-Related_SALS Study Bacterial derived genes of the E. coli biotin synthesis pathway [BioB 
(blue), BioC (red) and BioD (pink)] and the recombinase gene CreX (green) from the P1 bacterioph-
age were spiked in at increasing concentrations (top panel) [1.5pM (limit of detection), 5pM, 25pM 
and 100pM respectively] immediately prior  to labelling to monitor  the efficiency of the hybridization 
reaction. In the bottom panel mean signal intensities for each of the probesets spotted onto the Affy-
metrix® Human Exon 1.0ST GeneChip® Arrays are provided for a) controls (n=27), b) C9ORF72+ FA 
-LS and SALS (n=40) and c) nonC9ORF72-related_SALS (n=58) patients. Assessment of Affymetrix® 
QC metrics was performed using Expression ConsoleTM software version 1.3.0.187.  
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 9 open reading frame 
72, ECACC - European Collection of Cell Cultures, F - familial, LCL - lymphoblastoid cell lines, QC - 
quality control and S - sporadic.   
     
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  5.3 Mean Absolute  RLE Boxplots  for  LCL Samples in the ECACC C9ORF72 and NonC9ORF 
72-Related_SALS Study Relative log expression (RLE) means and standard deviations for a) control 
(n=27), b) C9ORF72+ FALS (n=18) and c) expansion/ non-expansion carrying SALS (n=80). Whiskers 

represent minimum and maximum average probeset signal intensities for each array at the level of 
the whole transcript.  Asterisks (red) highlight significant outliers. Assessment of the Affymetrix ® QC 
metrics was performed using Expression ConsoleTM software version 1.3.0.187.  
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 9 open reading frame 
72, C - control, ECACC - European Collection of Cell Cultures, F - familial, LCL - lymphoblastoid cell 
lines, QC - quality control and S - sporadic.   

a) Control                                                              b) C9orf72                                                            c) SALS 

 |--------- Control ----------|  |------- FALS ------|  |--------------------------------------------- SALS -------------------------------------------|  

* * * * 

* 
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Figure 5.4 Expression ConsoleTM Summary of Quality Control (QC) Metrics Assessed for LCL 
Samples in the C9ORF72 and NonC9ORF72-Related_SALS Study. In the top four panels box and 
whisker plots were generated for the controls (checkerboard), C9ORF72+ (unfilled) or nonC9ORF72-
related_SALS (filled) using GraphPad Prism® software version 5.04 and applying a Tukey multiple 
comparison test: a) average background (bgrd) signal, b) percentage presence (%P) calls, c) mean 
probeset signal intensities at transcript level and d) mean probeset signal intensities at individual 
exon level. Samples flagged as outliers are highlighted in red. Note that for %P statistically outlying 
cases with at least fifty percent of probesets called as present were still included in the downstream 
comparative analyses; these are represented in green. The coloured matrix in the bottom left hand 
panel e) represents the 0ÅÁÒÓÏÎȭÓ product moment correlation  coefficient (r)  in which each pair-wise 
comparison is assigned a value on a scale of 0.820 (blue) to 1.000 (red) with a high score indicative 
of a strong linear relationship between the X and Y variables. Signal histogram plots are provided at 
f)  transcript  and g) individual  exon level in the bottom right hand panel. Each series of coloured bars 
represents the distribution of log2 transformed, average GC-RMA normalised signal intensities for a 
single array in the experiment. Assessment of Affymetrix® QC metrics was performed in Expression 
ConsoleTM software version 1.3.0.187.  
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 9 open reading frame 
72, C - control, F - familial, LCL - lymphoblastoid cell line, RMA - Robust Multi -array Average and S - 
sporadic. 
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Affymetrix® CEL files (n=120/125)  [C9ORF72+ (n=38), SALS (n=56)  and Ctrl (n=26)] 

were imported  into  Partek® Genomics SuiteTM software version 6.6. Raw expression 

values were log2 transformed and a GC-RMA background normalisation procedure 

applied using core metaprobesets (n=287,329) (Section 2.3.2.5.2) that relate to over 

twenty-two  thousand unique clusters pertaining to full  length protein coding mRNA 

sequences in the RefSeq or GenBank® database. DE transcripts identified between 

ECACC C9ORF72+ or  nonC9ORF72-related_SALS LCL cases and neurologically normal 

healthy controls were detected at the 5% significance level (unadjusted p<0.05) by 

performing  a 2-way ANCOVA statistical test controlling for the effects of gender and 

age. Lists were filtered to remove unannotated transcripts (n=4,377/22,011) and a 

FC threshold of І ±1.20 applied. In instances where there were multiple  Affymetrix ® 

transcript  cluster )$ȭÓ for  a single gene the identification  number producing the most 

significant outcome with  the greatest level of coverage (i.e. highest number of probe-

sets and/ or exon clusters) was retained (Section 2.3.2.5.2). However, if the direction 

of change was opposing then both transcripts were removed.   

 

5.2.1.1.1 C9ORF72vCtrl    

An analysis of C9ORF72+ FALS and SALS (n=40) patients in comparison to controls 

(n=26) identified  1,096 DE transcripts [Partek® unadjusted p<0.05, FC І ±1.20] that 

included 650 genes (59.3%) which were significantly up-regulated ɉᶑɊ and a further 

446 genes (40.7%) which were significantly down-ÒÅÇÕÌÁÔÅÄ ɉᶓɊȢ                       

 

5.2.1.1.2 NonC9ORF72-Related_SALSvCtrl     

A similar  analysis of non-expansion carrying SALS (n=56) patients in comparison to 

identical controls identified 1,796 DE transcripts [Partek® ÕÎÁÄÊÕÓÔÅÄ ÐЃπȢπυȟ &# І 

±1.20] that included 1,148 genes (63.9%) which were significantly up-ÒÅÇÕÌÁÔÅÄ ɉᶑɊ 

and a further 648 genes (36.1%) which were significantly down-ÒÅÇÕÌÁÔÅÄ ɉᶓɊȢ                          

 

5.2.1.1.3 C9ORF72vCtrl and NonC9ORF72-Related_SALSvCtrl  Comparison    

A GeneVenn diagram of the two  analyses described above in Sections 5.2.1.1.1 and 5. 

2.1.1.2 highlighted 501 (45.7%) of 1,096 $% ÔÒÁÎÓÃÒÉÐÔÓ ɉ9ÅÌÌÏ×Ɋ ɍςωτ ÇÅÎÅÓ ᶑ ÁÎÄ 
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207 genes ᶓ]  as being specifically dysregulated in C9ORF72+ FALS and SALS patients 

(i.e. absent from  nonC9ORF72-related_SALS patients and controls) and an additional 

1,201 (66.9%) of 1,796 DE transcripts (Green) [792 genes ᶑ and τπω ÇÅÎÅÓ ᶓ] which 

were specifically dysregulated in  nonC9ORF72-related_SALS patients. The remaining 

54.3% (n=595/1,096) or 33.1% (n=595/1ȟχωφɊ ÏÆ $% ÔÒÁÎÓÃÒÉÐÔÓ ɍσυφ ÇÅÎÅÓ ᶑ ÁÎÄ 

ςσω ÇÅÎÅÓ ᶓɎ represented by the intersection of the GeneVenn diagram depicted in 

Figure 5.5 [Partek® ÕÎÁÄÊÕÓÔÅÄ ÐЃπȢπυȟ &# І ϻρȢςπɎ are shared in common between 

the C9ORF72vctrl  and nonC9ORF72-related_SALSvctrl analyses. It  is likely, therefore 

that these reflect disease relevant changes associated with the broader ALS pheno-

type rather  than being specific to individual  genetic subtypes [APPENDIX TABLE B8, 

B9 and B10].                 

 

 

 

 

 

 

 

 

 

 

 

Figure  5.5 GeneVenn C9ORF72vCtrl  and  NonC9ORF72-Related_SALSvctrl 
[Partek ® unadjusted p< πȢπυȟ &#І ϻρȢςπɎ Lists of DE transcripts generated 
in Partek®  Genomics SuiteTM software version 6.6 copyright ©  2013 (Partek® 
Inc., St Louis, MO, USA). The GeneVenn application was freely available online 
at genevenn.sourceforge.net (Pirooznia et al 2007) (University of Southern 
Mississippi, USA).     
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 
9 open reading frame 72, ctrl  - control, DE - differential ly expressed, FC - fold-
change and S - sporadic.               

 

 

5.2.1.2 DAVID Functional Enrichment Analysis 

Partek® generated lists of Affymetrix® ÔÒÁÎÓÃÒÉÐÔ ÃÌÕÓÔÅÒ )$ȭÓ ɍ0ÁÒÔÅË® unadjusted

1,096                              1,796 

Control C9ORF72+ SALS 

      501                                 1,201 

595 

http://www.genevenn.sourceforge.net/
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p<0.05, FC І ϻρȢςπɎ ×ÅÒÅ ÉÍÐÏÒÔÅÄ ÉÎÔÏ $!6)$ ÂÉÏÉÎÆÏÒÍÁÔÉÃÓ ÒÅÓÏÕÒÃÅ ÖÅÒÓÉÏÎ φȢχȢ

Functional annotation clustering analysis was performed on GOTERM_BP_FAT and 

GOTERM_MF_FAT gene ontology (GO) terms applying a Homo sapiens background 

and ÆÉÌÔÅÒÉÎÇ ÕÓÉÎÇ Ȭ-ÅÄÉÕÍȭ ÃÌÁÓÓification stringency (Section 2.3.2.5.4). Categories 

with  an EASE score above 1.30 and Benjamini-Hochberg FDR corrected p<0.05 were 

considered as statistically significant. Transcripts identified  as being signifi cantly up 

ɉᶑɊ or down ɉᶓɊ-regulated under different experimental conditions were analysed 

ÉÎÄÅÐÅÎÄÅÎÔÌÙȢ 4ÈÅ ÓÏÆÔ×ÁÒÅ ÍÁÐÐÅÄ ρȟπψψ ɉωωȢσϷɊ ÏÆ ρȟπωφ ɍφττ ÇÅÎÅÓ ᶑ ÁÎÄ τττ 

genes ᶓ]  and 1,778 (99.0%) of 1,796 [1,137 genes ᶑ and 641 genes ᶓ]  DE transcripts 

identified  in the analysis of C9ORF72vctrl  (Section 5.2.1.1.1) or nonC9ORF72-related 

_SALSvctrl (Section 5.2.1.1.2), respectively. DAVID )$ȭÓ could not be returned for the 

remaining 26 transcript clusters which were subsequently removed.       

 

5.2.1.2.1 C9ORF72vCtrl     

In C9ORF72+ ÐÁÔÉÅÎÔ ÄÅÒÉÖÅÄ ,#,ȭÓ ÔÈÅ ÓÉÎÇÌÅ ÍÏÓÔ ÓÉÇÎÉÆÉÃÁÎÔ ÂÉÏÌÏÇÉÃÁÌÌÙ ÅÎÒÉÃÈÅÄ

GO term  associated with  the G4C2 hexanucleotide repeat expansion from  the Partek®  

generated list  of up-regulated gene expression changes (n=644/650)  was related to 

RNA processing [Partek® ÕÎÁÄÊÕÓÔÅÄ ÐЃπȢπυȟ &# І ϻρȢςπɎ. RNP complex biogenesis 

and eÎÄÏÒÉÂÏÎÕÃÌÅÁÓÅ ÁÃÔÉÖÉÔÙȟ ÐÒÏÄÕÃÉÎÇ υȭ-phosphomonoesters were also ranked 

highly. Other categories included translation and translation factor activity, nucleic 

acid binding, in addition to, several processes involved in DNA metabolism, the cell 

cycle and respiratory electron transport chain (Table 5.3a). From the list of down-

regulated gene expression changes (n=444/446)  ion binding and transport were 

among those most significantly featured along with cell adhesion, lipid biosynthesis 

and sterol metabolism [Partek® unadjÕÓÔÅÄ ÐЃπȢπυȟ &# І ϻρȢςπɎȢ /ÔÈÅÒ categories 

included the regulation of cell migration, glycoprotein binding & metabolism as well 

as ATPase activity, coupled to the transmembrane movement of substances (Table 

5.3b).       

 

5.2.1.2.2 NonC9ORF72-Related_SALSvCtrl  

Conversely, some of the most significant biologically enriched GO terms associated 

with non-ÅØÐÁÎÓÉÏÎ ÃÁÒÒÙÉÎÇ 3!,3 ÄÅÒÉÖÅÄ ,#,ȭÓ ÆÒÏÍ ÔÈÅ 0ÁÒÔÅË® generated list of
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a) C9ORF72ÖÃÔÒÌ ᶑreg [Partek® unadjusted p<0.05, FC І ϻρȢς0] 

# GO term Functional category  EASE Count Benjamini  
1 GO:0006396 RNA processing 8.62 55 1.30E-08 
2 GO:0006412 translation 7.52 41 9.30E-09 
3 GO:0006259 DNA metabolic process 5.45 43 6.20E-05 
4 GO:0022613 ribonucleoprotein complex biogenesis 3.92 23 8.90E-05 

5 GO:0016891 
ÅÎÄÏÒÉÂÏÎÕÃÌÅÁÓÅ ÁÃÔÉÖÉÔÙȟ ÐÒÏÄÕÃÉÎÇ υȭ-
phosphomonoesters  

3.24 8 5.40E-03 

6 GO:0007049 cell cycle 3.18 61 2.60E-06 
7 GO:0044265 cellular macromolecule catabolism 3.10 50 1.50E-03 
8 GO:0043933 macromolecular complex organisation  2.74 50 1.00E-03 
9 GO:0022904 respiratory electron transport chain 2.72 11 6.40E-03 
10 GO:0008135 translation factor activity, nucleic acid binding 2.61 13 0.020 
11 GO:0051340 regulation of ligase activity 2.61 13 3.10E-03 
12 GO:0051656 establishment of organelle localisation 2.19 10 0.034 
13 GO:0000166 nucleotide binding 1.46 105 0.036 

 

b) C9ORF72ÖÃÔÒÌ ᶓreg [Partek® unadjusted p<0.05, FC І ϻρȢςπɎ 

# GO term Functional category  EASE Count Benjamini  
1 GO:0006811 ion transport  5.83 48 6.60E-06 
2 GO:0007155 cell adhesion 4.56 39 8.20E-04 
3 GO:0016125 sterol metabolic process 3.89 14 3.40E-04 
4 GO:0043167 ion binding 3.68 137 5.40E-04 
5 GO:0008610 lipid biosynthetic process 3.29 33 3.90E-08 
6 GO:0031418 L-ascorbic acid binding 3.11 7 5.30E-04 
7 GO:0030334 regulation of cell migration 3.10 14 0.028 

8 GO:0042626 
ATPase activity, coupled to transmembrane 
movement of substances  

3.05 14 5.20E-04 

9 GO:0016717 oxidoreductase activity, acting on paired 
donors, with oxidation of a pair of donors 
resulting in the reduction of molecular oxygen 
to two molecules of water  

2.86 5 4.70E-04 

10 GO:0009100 glycoprotein metabolic process 2.70 19 6.00E-04 
11 GO:0015295 solute:hydrogen symporter activity 2.48 6 9.60E-03 
12 GO:0001666 response to hypoxia 2.42 12 0.039 
13 GO:0015294 solute:cation symporter activity 2.30 12 8.10E-04 
14 GO:0000041 transition metal ion transport 2.24 10 6.80E-03 
15 GO:0001948 glycoprotein binding 1.94 6 0.043 
16 GO:0030246 carbohydrate binding 1.41 20 0.023 
 

Table 5.3 DAVID Partek ®  C9ORF72vCtrl Functional Annotation Clustering Analysis   
 

Abbreviations: # - ÒÁÎËȟ ᶑreg - up-ÒÅÇÕÌÁÔÅÄȟ ᶓreg - down-regulated, C9ORF72 - chromosome 9 open 
reading frame 72, ctrl - control, EASE - enrichment score, FC - fold-change, DAVID - Database for 
Annotation, Visualisation and Integrated Discovery and GO - gene ontology.                   

 

 

up-regulated gene expression changes (n=1,137/1,148) were relating to aspects of 

the cell cycle including cell cycle checkpoint control, chromosome localisation, DNA 

packaging, spindle organisation, regulation of the cell cycle, mitotic  sister chromatid 

segregation and interphase of the mitotic cell cycle [Partek® unadjusted p<0.05, FC 

І ϻρȢςπɎȢ 4ÈÏÓÅ ÉÎÖÏÌÖÅÄ ÉÎ $.! ÒÅÐÌÉÃÁÔÉÏÎȾÒÅÃÏÍÂÉÎÁÔÉÏÎ ÏÒ ÄÁÍÁÇÅ ÒÅÓÐÏÎÓÅ Ǫ 



  

 186 
 

repair  pathways also featured prominently.  Other categories included several which 

are important  for  RNA processing and RNP biogenesis as well as DNA metabolism & 

protein degradation (Table 5.4a). From the list of down-regulated gene expression 

changes (n=641/648) ion transport & homeostasis [Partek® unadjusted p<0.05, FC 

І ±1.20] were among those most significantly enriched along with regulation of cell 

migration, carbohydrate binding, phospholipid biosynthesis and signal transduction 

(Table 5.4b). Other categories included solute: hydrogen symporter activity, positive 

regulation of transferase activity and response to wounding. 

              

5.2.1.2.3 C9ORF72vctrl and NonC9ORF72-Related_SALSvctrl Comparison             

The results of a direct comparison between DAVID C9ORF72vctrl (Section 5.2.1.2.1) 

and nonC9ORF72-related_SALSvctrl (Section 5.2.1.2.2) analyses could be displayed 

in the form of a stacked column graph that is represented in Figure 5.6. Biologically 

significant GO terms which were found to be specific to the C9ORF72+ FALS and SALS 

patient derived ,#,ȭÓ were highlighted in yellow. In descending order of enrichment 

these included: translation  as well  as translation factor activity, nucleic acid binding 

relating to protein synthesis; endoribonuclease activity, producing υȭ-phosphomono 

-esters and the respiratory  electron transport  chain (Figure 5.6a) from the list  of up- 

regulated gene expression changes, in addition to, cell adhesion, sterol metabolism, 

ion binding, lipid biosynthesis and ATPase activity, coupled to the transmembrane 

movement of substances (Figure 5.6b) [Partek®  unadjusted p<0.05, FC І ±1.20] from 

the list  of down-regulated gene expression changes. In contrast, GO terms specific to 

non-expansion carrying SALS patient derived ,#,ȭÓ were highlighted in green. These 

included multiple categories involved in regulating the cell cycle, as well as, protein 

degradation, DNA replication/recombination and mechanisms relating to the DNA 

damage response & repair  pathways (Figure 5.6a) from  the list of up-regulated gene 

expression changes, in  addition  to, signal transduction, phospholipid metabolism and 

homeostasis (Figure 5.6b) [Partek® unadjusted p<πȢπυȟ &# І ϻρȢςπɎ ÆÒÏÍ ÔÈÅ ÌÉÓÔ ÏÆ 

down-regulated gene expression changes. Shared categories (ALS common) which 

were significantly up-regulated included RNP complex biogenesis, RNA processing 

and DNA metabolism (Figure 5.6a) whereas those reported to be significantly down-

regulated included regulation of cell migration and ion transport (Figure 5.6b).  
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a) nonC9ORF72-ÒÅÌÁÔÅÄͺ3!,3ÖÃÔÒÌ ᶑreg [Partek® unadjusted p<0.05, FC ±1.20] 

# GO term Functional cate gory  EASE Count Benjamini  
1 GO:0007049 cell cycle  34.27 169 2.10E-44 
2 GO:0006259 DNA metabolic process 23.00 110 5.00E-28 
3 GO:0022613 ribonucleoprotein complex biogenesis 7.98 42 1.10E-10 
4 GO:0051276 chromosome organisation 7.81 89 3.30E-17 
5 GO:0000070 mitotic sister chromatid segregation 7.68 18 1.80E-09 
6 GO:0051329 interphase of mitotic cell cycle 7.33 27 1.10E-07 
7 GO:0051726 regulation of cell cycle 7.21 57 2.70E-09 
8 GO:0006323 DNA packaging  7.09 32 9.90E-10 
9 GO:0000166 nucleotide binding 6.82 200 3.00E-06 
10 GO:0043933 macromolecular complex organisation  6.53 91 3.30E-08 
11 GO:0006310 DNA recombination 6.52 25 3.10E-06 
12 GO:0006302 double-strand break repair 6.25 22 1.30E-08 
13 GO:0006396 RNA processing 6.23 77 1.30E-08 
14 GO:0007051 spindle organisation 5.50 17 7.20E-07 
15 GO:0000072 cell cycle checkpoint 4.49 27 6.50E-09 
16 GO:0031396 regulation of protein ubiquitination  4.31 23 2.00E-05 
17 GO:0009314 response to radiation 3.47 31 5.10E-04 
18 GO:0006297 nucleotide-excision repair, DNA gap filling 3.37 9 2.00E-04 
19 GO:0050000 chromosome localization 2.85 7 6.40E-03 
20 GO:0051186 cofactor metabolic process 2.82 29 1.90E-03 
21 GO:0044265 cellular macromolecular catabolism 2.53 71 0.012 
22 GO:0051052 regulation of DNA metabolic process 2.43 19 0.010 
23 GO:0009451 RNA modification 2.37 11 0.020 
24 GO:0010605 negative regulation of macromolecule 

metabolic process 
2.25 80 1.90E-04 

25 GO:0003677 DNA binding 2.16 200 3.10E-05 
26 GO:0051259 protein oligomerization 2.07 23 0.042 
27 GO:0032259 methylation  1.61 15 9.10E-03 
28 GO:0006282 regulation of DNA repair 1.31 7 0.047 

 

b) nonC9ORF72-ÒÅÌÁÔÅÄͺ3!,3ÖÃÔÒÌ ᶓreg [Partek® unadjusted p<0.05, FC ±1.20] 

# GO term Functional category  EASE Count Benjamini  
1 GO:0006811 ion transport  4.73 52 3.80E-03 
2 GO:0015295 solute:hydrogen symporter activity 3.75 10 2.70E-05 
3 GO:0042592 homeostatic process 3.57 51 1.50E-03 
4 GO:0030334 regulation of cell migration 3.33 18 4.90E-03 
5 GO:0009967 positive regulation of signal transduction 2.66 28 2.20E-03 
6 GO:0008654 phospholipid biosynthetic process 2.51 15 1.60E-03 
7 GO:0000041 transition metal ion transport  2.46 13 1.10E-03 
8 GO:0006826 iron ion transport  2.45 8 4.00E-03 
9 GO:0006643 membrane lipid metabolic process 2.32 12 6.00E-03 
10 GO:0009611 response to wounding  2.25 33 0.043 
11 GO:0051347 positive regulation of transferase activity 1.99 22 5.10E-03 
12 GO:0030246 carbohydrate binding 1.99 27 0.010 
13 GO:0031418 L-ascorbic acid binding 1.68 6 0.042 
14 GO:0050850 positive regulation of calcium-mediated 

signalling 
1.52 6 0.013 

 

Table 5.4 DAVID Partek ®  NonC9ORF72-Related_SALSvCtrl Functional Annotation Clustering 
Analysis  
 

Abbreviations: # - rank, ᶑreg - up-ÒÅÇÕÌÁÔÅÄȟ ᶓreg - down-regulated, C9ORF72 - chromosome 9 open 
reading frame 72, ctrl - control, ALS - Amyotrophic Lateral Sclerosis, EASE - enrichment score, GO - 
gene ontology, DAVID - Database for Annotation, Visualisation and Integrated Discovery, FC - fold-
change and S - sporadic.   
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Figure 5.6 DAVID Comparison GO Terms C9ORF72vCtrl and NonC9ORF72-Related_SALSvCtrl  
 

Abbreviations: ᶑreg - up-ÒÅÇÕÌÁÔÅÄȟ ᶓreg - down-regulated, ALS - Amyotrophic Lateral Sclerosis, ctrl - 
control, C9ORF72 - chromosome 9 open reading frame 72, GO - gene ontology, DAVID - Database for 
Annotation, Visualisation and Integrated Discovery, EASE - enrichment score and S - sporadic. 
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In order to elucidate further the molecular signatures underpinning mechanisms of 

neurotoxicity  associated with  the hexanucleotide G4C2 repeat expansion in C9ORF72 

the top two most highly enriched GO terms [GO: 0006396 RNA processing (Section 

5.2.1.3) and GO: 0006412 translation  (Section 5.2.1.4) (Table 5.3)] were selected for 

a more in depth comparative analysis and the subsequent identification of potential 

candidate genes that could be taken forward for qRT-PCR validation.                 

 

5.2.1.3 RNA Processing  

Over the past few years aberrant RNA metabolism has emerged as one of the major 

players in the pathogenesis of a number of neurodegenerative diseases that include 

ALS and FTLD (Section 1.2.4.9) (Baumer et al 2010, Droppelmann et al 2014, Lee et 

al 2013b, Ling et al 2013, Polymenidou et al 2012, van Blitterswijk  & Landers 2010). 

It encompasses a diverse array of biological processes, from the regulation of RNA 

transcription ( Section 5.2.1.3.1) and small nuclear RNP (snRNP) biogenesis (Figure 

5.7) (Section 5.2.1.3.2) to pre-mRNA splicing & editing (Section 5.2.1.3.3) in addition 

to stabilization, transportation and post-translational degradation of mature mRNA 

species (Al-Chalabi et al 2013). Table 5.5 lists the DAVID output of RNA processing 

related genes identified in the C9ORF72vctrl analysis [Partek® unadjusted p<0.05, 

FC І ±1.20]. DE transcripts specific to the G4C2 repeat expansion are denoted by the 

three asterisks inserted immediately after the gene symbol in the first column. Key 

validation targets selected for qRT-PCR are shaded in grey.             

 

5.2.1.3.1 Regulation of RNA Transcription 

A GeneVenn diagram comparing DAVID outputs of RNA processing related genes for 

the Partek® generated lists of up-regulated gene expression changes in the analysis 

of C9ORF72vctrl  (n=56/644)  (Section 5.2.1.2.1) and nonC9ORF72-related_SALSvctrl 

(n=77/1,137) ( Section 5.2.1.2.2) identified DNA-directed RNA polymerase activity 

as a GO term which was specific to LCL cases carrying the G4C2 repeat (Figure 5.8). 

The category contained three transcripts encoding the 4th, 6th and 7th subunit of the 

large 550kDa complex that constitutes RNA polymerase II (Pol II). Collectively, they 

comprise components of the Rpb4/7 sub-complex; a heterodimeric association of
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Figure 5.7 SnRNP Biogenesis Schematic DE transcripts [Partek® unadjusted 
p<0.05, FC І ±1.20] identified  on the Affymetrix ®  Human Exon 1.0ST GeneChip®  
Arrays as being specifically dysregulated in relation to C9ORF72 ɉẘɊ ÏÒ ÓÈÁÒÅÄ ÉÎ 
common between C9ORF72 and nonC9ORF72-related_SALS (ẘ) (i.e. changes that 
are associated with  a broader ALS phenotype) are denoted by different coloured 
stars.  
 

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 9 
open reading frame 72, CBC/(CBP) - nuclear cap binding complex/protein, CB - 
cajal bodies, DE - differentially expressed, GDP/(GTP) - guanosine diphosphate/ 
triphosphate, FC - fold-change, m7G - seven methyl guanosine, mRNA - messen-
ger RNA, IGC - interchromatin granule cluster, NPC - nuclear pore complex, Oct-
1 - Octamer binding protein 1, p20/80 - CBP20/80 subunit, PF - perichromatin 

fibril, PHAX - phosphorylated adaptor for RNA export, plCLn - chloride channel 
nucleotide-sensitive 1A, Pol II - RNA polymerase II, PRMT5 - protein arginine 
methyltransferase, PSE - proximal sequence element, RAN - RAN, member RAS 
oncogene family, SMN - survival motor neurone, SNAPc - snRNA activating com-
plex, snRNP - small nuclear ribonucleoprotein, S - sporadic, TAF - TATA-binding 
protein (TBP) associated factor, TF - transcription initiation factor, TGS1 - trim -
ethylguanosine synthase 1, unrip  - Unr-interacting protein, YY1 - Yin Yang-1 and 
Xpo1 - exportin 1. 
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Symbol RefSeq Transcript  Gene   Fold p-value 

ARFGAP3*** NM_014570 3962587 ADP-ribosylation factor GTPase activating protein 3 ᶑ 1.24 1.28E-03 
ARL6IP4*** NM_001002252 3435681 ADP-ribosylation-like factor 6 interacting protein 4 ᶑ 1.26 8.01E-05 
CD2BP2 NM_006110 3687698 CD2 (cytoplasmic tail) binding protein 2 ᶑ 1.21 0.015 
CDKN2A NM_001195132 3201437 cyclin-dependent kinase inhibitor 2A (melanoma, p16, inhibits CDK4) ᶑ 1.24 5.29E-03 
CLNS1A*** NM_001293 3382948 chloride channel, nucleotide-sensitive, 1° ᶑ 1.20 7.29E-03 
ELAC1*** NM_018696 3788270 elaC homolog 1 (E. coli) ᶑ 1.24 1.30E-03 
EXOSC4*** NM_019037 3120008 exosome component 4 ᶑ 1.27 2.04E-04 
FTSJ2 NM_013393 3035682 FtsJ homolog 2 (E. coli)  ᶑ 1.30 1.86E-04 
FUS NM_004960 3656904 fused in sarcoma ᶑ 1.23 7.50E-04 
GAR1*** NM_018983 2739242 GAR1 ribonucleoprotein homolog (yeast) ᶑ 1.31 6.95E-05 
GEMIN6*** NM_024775 2477980 gem (nuclear organelle) associated protein 6 ᶑ 1.29 1.16E-04 
GEMIN8P4*** NR_002830 2422227 gem (nuclear organelle) associated protein 8 pseudogene 4 ᶑ 1.25 0.014 
HNRNPA0 NM_006805 2877141 heterogeneous nuclear ribonucleoprotein A0 ᶑ 1.23 2.35E-07 
HNRNPF*** NM_004966 3286286 heterogeneous nuclear ribonucleoprotein F ᶑ 1.22 6.15E-04 
HNRNPH2 NM_019597 3984779 ÈÅÔÅÒÏÇÅÎÅÏÕÓ ÎÕÃÌÅÁÒ ÒÉÂÏÎÕÃÌÅÏÐÒÏÔÅÉÎ (ς ɉ(ȭɊ ᶑ 1.28 0.024 
HNRNPM NM_005968 3819543 heterogeneous nuclear ribonucleoprotein M ᶑ 1.21 8.06E-03 
LAP7*** NM_016648 2740005 La ribonucleoprotein domain family, member 7 ᶑ 1.20 0.022 
LSM4 NM_012321 3854892 LSM4 homolog, U6 small nuclear RNA associated (S. cerevisiae) ᶑ 1.24 7.86E-03 
NCBP2*** NM_007362 2713074 nuclear cap binding protein subunit 2, 20kDa ᶑ 1.20 0.010 
NOP10 NM_018648 3617403 NOP10 ribonucleoprotein homolog (yeast) ᶑ 1.32 0.013 
NUDT21*** NM_007006 3692895 nudix (nucleoside diphosphate linked moiety X)-type motif 21 ᶑ 1.20 6.68E-05 
PHAX NM_032177 2827156 phosphorylated adaptor for RNA export ᶑ 1.27 1.79E-04 
PHF5A*** NM_0327528 3961955 PHD finger protein 5A ᶑ 1.21 0.020 
POLR2D*** NM_004805 2575134 polymerase (RNA) II (DNA directed) polypeptide D ᶑ 1.22 0.010 
POLR2F*** NM_021974 3945133 polymerase (RNA) II (DNA directed) polypeptide F ᶑ 1.22 0.020 
POLR2G*** NM_002696 3333622 polymerase (RNA) II (DNA directed) polypeptide G ᶑ 1.24 3.80E-04 
POP4*** NM_006627 3828032 processing of precursor 4, ribonuclease P/MRP subunit (S. cerevisiae) ᶑ 1.20 0.022 
POP7 NM_005837 3015769 processing of precursor 7, ribonuclease P/MRP subunit (S. cerevisiae) ᶑ 1.23 9.28E-03 
PPIL1*** NM_016059 2952065 peptidylprolyl isomerase (cyclophilin)-like 1 ᶑ 1.22 0.017 
PRPF19*** NM_014502 3375049 PRP19/PSO4 pre-mRNA processing factor 19 homolog (S. cerevisiae) ᶑ 1.21 2.24E-04 
PRPF4 NM_004697 3185558 PRP4 pre-mRNA processing factor 4 homolog (yeast) ᶑ 1.24 7.62E-05 
RBM3*** NM_017495 3976519 RNA binding motif (RNP1, RRM) protein 3 ᶑ 1.22 9.22E-05 
RPL11*** NM_170739 2325192 ribosomal protein L11 ᶑ 1.25 0.035 
RPP14*** NM_001098783 2626141 ribonuclease P/MRP 14kDa subunit ᶑ 1.37 1.18E-03 



  

 192 
 

RPP21*** NM_024839 2901552 ribonuclease P/MRP 21kDa subunit ᶑ 1.23 5.12E-03 
RPP38*** NM_183005 3236538 ribonuclease P/MRP 38kDa subunit  ᶑ 1.34 0.011 
RRAGC*** NM_022157 2407729 Ras-related GTP binding C ᶑ 1.25 6.98E-04 
SF3B14*** NM_016047 2544179 splicing factor 3B, 14kDa subunit ᶑ 1.21 1.84E-03 
SF3B4*** NM_005850 2434159 splicing factor 3B, subunit 4, 49kDa ᶑ 1.20 0.019 
SNRNP40 NM_004814 2404377 small nuclear ribonucleoprotein 40kDa (U5) ᶑ 1.30 0.027 
SNRPB2 NM_003092 3877776 small nuclear ribonucleoprotein polypeptide B ᶑ 1.24 0.040 
SNRPD2*** NM_177542 3865568 small nuclear ribonucleoprotein D2 polypeptide 16.5kDa ᶑ 1.23 0.012 
SNRPF NM_003095 3427014 small nuclear ribonucleoprotein polypeptide F ᶑ 1.27 7.15E-03 
SRSF3 NR_036610 2905118 serine/arginine -rich splicing factor 3 ᶑ 1.20 0.015 
SSU72*** NM_014188 2391647 SSU72 RNA polymerase II CTD phosphatase homolog (S. cerevisiae) ᶑ 1.25 0.034 
STRAP*** NM_007178 3406421 serine/threonin e kinase receptor associated protein  ᶑ 1.20 1.27E-03 
TAF13*** NM_005645 4054117 TAF13 RNA polymerase II, TATA box binding protein (TBP)-associated factor, 18kDa ᶑ 1.37 3.39E-04 
TRMT6 NM_015939 3896524 tRNA methyltransferase 6 homolog (S. cerevisiae) ᶑ 1.27 1.11E-05 
TRUB2 NM_015679 3226493 TruB pseudouridine (psi) synthase homolog 2 (E. coli) ᶑ 1.21 2.04E-03 
TSEN15 NR_023349 2371474 tRNA splicing endonuclease 15 homolog (S. cerevisiae) ᶑ 1.28 6.40E-03 
TYW3*** NR_027962 2342391 tRNA-yW synthesizing protein 3 homolog (S. cerevisiae) ᶑ 1.24 9.91E-03 
UTP15 NM_032175 2815455 UTP15, U3 small nucleolar ribonucleoprotein, homolog (S. cerevisiae) ᶑ 1.28 5.25E-04 
UTP23 NM_032334 3112543 UTP23, small subunit (SSU) processome component, homolog (yeast) ᶑ 1.25 1.38E-03 
WBP4*** NM_007187 3486807 WW domain binding protein 4 (formin binding protein 21) ᶑ 1.20 2.28E-03 
ZCRB1*** NM_033114 3451318 zinc finger CCHC-type and RNA binding motif 1 ᶑ 1.26 7.15E-05 
ZMAT5*** NM_019103 3956984 zinc finger, matrin-type 5 ᶑ 1.26 2.98E-04 

 

Table 5.5 DAVID C9ORF72vCtrl List of RNA Processing Related Genes (n=56) [Partek ® ÕÎÁÄÊÕÓÔÅÄ ÐЃπȢπυȟ &# І ϻρȢςπɎ  
 

Abbreviations: C9ORF72 - chromosome 9 open reading frame 72, ctrl - control, DAVID - Database for Annotation, Visualisation and Integrated Discovery and FC - fold-
change.        
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a) C9ORF72+ specific 
 

# GO term Functional category  EASE Count Benjamini  
1 GO:0008380 RNA splicing 15.42 21 5.40E-24 
2 GO:0034470 ncRNA processing  6.24 10 1.10E-08 
3 GO:0022613 ribonucleoprotein complex biogenesis 4.34 10 9.00E-09 
4 GO:0003899 DNA-directed RNA polymerase activity 1.32 3 0.022 

 
      b) ALS common 
 

 # GO term Functional category  EASE Count Benjamini  
1 GO:0006397 mRNA processing 11.65 13 2.70E-13 
2 GO:0034470 ncRNA processing 6.74 9 4.10E-09 

 
      c) nonC9ORF72-related_SALS specific  
 

# GO term Functional category  EASE Count Benjamini  
1 GO:0022613 ribonucleoprotein complex biogenesis 27.44 29 1.40E-36 
2 GO:0006397 mRNA processing 16.44 27 2.30E-26 
3 GO:0008033 tRNA processing 5.57 8 4.00E-07 
4 GO:0009451 RNA modification 4.00 7 6.40E-07 
5 GO:0010608 posttranscriptional regulation of gene 

expression 
2.53 8 2.90E-04 

6 GO:0004540 ribonuclease activity 2.49 4 0.033 
 

Figure 5.8 GeneVenn of DAVID C9ORF72vCtrl and NonC9ORF72-Related_SALSvCtrl RNA 
Processing Related Genes Lists of DE transcripts generated using Partek®  Genomics SuiteTM 

software version 6.6 copyright ©  2013 (Partek® Inc., St Louis, MO, USA). GeneVenn application 
freely available online at genevenn.sourceforge.net (University of Southern Mississippi, USA) 
(Pirooznia et al 2007). Functional annotation clustering analysis of up (ᶑ)/down ( ᶓ) regulated 
Affymetrix ®  transcript  cluster )$ȭÓ ×ÁÓ ÐÅÒÆÏÒÍÅÄ ÉÎÄÅÐÅÎÄÅÎÔÌÙ ÕÓÉÎÇ $!6)$ ÂÉÏÉÎÆÏÒÍÁÔÉÃÓ 
resource version 6.7 (david.abccc.ncifcrf.gov) (Huang da et al 2009a, Huang da et al 2009b).  
 

Abbreviations: # - rank, ALS - Amyotrophic Lateral Sclerosis, C9ORF72 - chromosome 9 open 
reading frame 72, ctrl  - control, DAVID - Database for Annotation, Visualisation and Integrated 
Discovery, DE - differentially expressed, EASE - enrichment score, GO - gene ontology, mRNA 
- messenger RNA, ncRNA - non-coding RNA, S - sporadic and tRNA - transfer RNA.  

 

   56                                    77 

Control C9ORF72+ SALS 

   35                                        

   21                                        

   56                                        

   21                                        

http://www.genevenn.sourceforge.net/
http://www.david.abccc.ncifcrf.gov/
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POLR2D (subunit 4) [POLR2D (polymerase (RNA) II (DNA directed) polypeptide D) 

ᶑρȢςς-fold, p=0.01], with POLR2G (subunit 7) [POLR2G (polymerase (RNA) II (DNA 

ÄÉÒÅÃÔÅÄɊ ÐÏÌÙÐÅÐÔÉÄÅ 'Ɋ ᶑρȢςτ-fold, p<0.001] and POLR2F (subunit 6) (Figure 5.8) 

[POLR2F (polymerÁÓÅ ɉ2.!Ɋ )) ɉ$.! ÄÉÒÅÃÔÅÄɊ ÐÏÌÙÐÅÐÔÉÄÅ & ᶑρȢςς-fold, p<0.05]. 

An IDT PrimeTime® Mini qPCR assay, conducted using a larger validation cohort of 

pooled RNA samples from  the microarray  plus additional C9ORF72+ case (n=75)  and 

control  (n=35) ,#,ȭÓ from  the ECACC discovery and replication  cohorts (Section 2.3. 

2.6.3), confirmed a disease related increase in the expression of POLR2G (subunit 7) 

(p<0.05*) (Figure 5.9). 

 

 

 

 

 

 

 

Figure 5.9 Regulation of RNA Transcription qRT -PCR Validation Relative concentrations 
measured against the standard housekeeping gene 18SrRNA. Means and SEM were plotted in 
GraphPad®  Prism software version 5.04. Probability  values calculated in Microsoft Excel 2010 
(MicrosÏÆÔ #ÏÒÐÏÒÁÔÉÏÎ 5+Ɋ ÕÓÉÎÇ Á ÏÎÅ ÔÁÉÌÅÄ ÓÔÕÄÅÎÔȭÓ Ô-test. Gene expression changes were 
confirmed if the direction of change (arrow) was the same as the microarray with p<0.05*  

 

Abbreviations: 18SrRNA - 18S ribosomal RNA, C9ORF72 - chromosome 9 open reading frame 
72, POLR2G - polymerase (RNA) II (DNA directed) polypeptide G, qRT-PCR - quantitative real-
time PCR, SEM - standard error  of the mean and TAF13 - RNA polymerase II, TATA box binding 
protein (TBP)-associated protein, 18kDa.                         

 

 

RNA polymerase II  is found in all eukaryotic cells. It  functions as an enzyme which is 

essential for the synthesis of mRNA precursors during transcription and to a lesser 

extent the synthesis of spliceosomal small nuclear 2.!ȭÓ ɉÓÎ2.!ȭÓɊ (Egloff & Murphy 

2008) including: U1, U2, U4 (U4atac) and U5 [SNRNP40 (small nuclear ribonucleo- 

protein, 40kDa (U5))  ᶑ1.30-fold, p<0.05 C9ORF72ÖÃÔÒÌ ÁÎÄ ᶑρȢυπ-fold, p<0.001 non- 

C9ORF72-related_SALSvctrl], which are all components of the major spliceosome, in 

addition to, the U7 and U11/12 [SNRNP25 (small nuclear ribonucleoprotein, 25kDa 

(U11/12))  ᶑ1.32-fold, p<0.0001 nonC9ORF72-related_SALSvctrl] components of the 

*  

1.22 

POLR2G TAF13 

*  

1.19 



  

 195 
 

minor  ÓÐÌÉÃÅÏÓÏÍÅȢ 3Î2.!ȭÓ ÐÒÏÄÕÃÅ ÔÒÁÎÓÃÒÉÐÔÓ ×ÈÉÃÈ ÁÒÅ ÉÎÔÒÏÎÌÅÓÓ ÁÎÄ ÔÙÐÉÃÁÌÌÙ 

shorter (~150nt) , than those derived from protein -ÃÏÄÉÎÇ Í2.!ȭÓȟ ÁÎÄ rather than 

being under the direction of a poly(A) signal tÈÅÉÒ σȭ-end formation is controlled by 

a unique cis-ÁÃÔÉÎÇ σȭ ÂÏØ ÅÌÅÍÅÎÔ (Cuello et al 1999, Zaborowska et al 2012).  

The five subunit snRNA activating complex (SNAPc) [SNAPC5 (small nuclear RNA 

activatiÎÇ ÃÏÍÐÌÅØȟ ÐÏÌÙÐÅÐÔÉÄÅ υȟ ρωË$ÁɊ ᶑρȢςχ-fold, p<0.05 C9ORF72ÖÃÔÒÌȠ ᶑ1.44-

fold, p<0.0001 nonC9ORF72-related_SALSvctrl]  is triggered by the Yin Yang-1 (YY1) 

transcription  factor and Octamer-binding protein  1 (Oct-1) in order to initiate Pol II 

mediated transcription  (Emran et al 2006). SNAPc recognises the proximal  sequence 

element (PSE) contained within the upstream promoter region which promotes the 

subsequent assembly of the pre-initiation  complex (PIC) at this site (Figure 5.8). The 

PIC comprises Pol II and a ÓÅÔ ÏÆ ÇÅÎÅÒÁÌ ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÆÁÃÔÏÒÓ ɉ'4&ȭÓɊ (Hanzlowsky 

et al 2006, Kim et al 2010) which include TFIIA/B (GTF2A1-2/B), TFIID (GTF2D), 

4&))%ɻɼ ɉ'4&ς%ρ-2) [GTF2E2 (general transcription factor IIE, polypeptide 2, beta 

34kDa) ᶑ1.23-fold, p<0.01 C9ORF72vctrl],  4&))&ɻɼ (GTF2F1-2) and TFIIH (GTF2H3) 

[GTF2H3 (general transcription  factor IIH, polypeptide 3, 34kDa) ᶑ1.20-fold, p<0.01 

C9ORF72vctrl].  TFIID (GTF2D) is itself a multiprotein  complex containing the TATA-

binding protein (TBP) ÁÎÄ ÖÁÒÉÏÕÓ 4"0 ÁÓÓÏÃÉÁÔÅÄ ÆÁÃÔÏÒÓ ɉ4!&ȭÓɊ, including TAF9B 

(TFIID subunit 9-like)  [TAF9B (TAF9B RNA polymerase II, TBP associated factor, 31 

kDa) ᶑ1.34-fold, p<0.05 C9ORF72vctrl  and ᶑ1.42-fold, p<0.01 nonC9ORF72-related_ 

SALSvctrl (Zaborowska et al 2012)] , TAF12 (TFIID subunit 12) [TAF12 (TAF12 RNA 

polymerase II, TBP associated factor, 20kDa) ᶑ1.30-fold, p<0.001 C9ORF72vctrl and  

ᶑρȢςχ-fold, p<0.001 nonC9ORF72-related_SALSvctrl] and TAF13 (TFIID subunit 13) 

[TAF13 (TAF13 RNA polymerase II, TBP associated factor, 18kDa) ᶑ1.38-fold, p<0.01 

C9ORF72vctrl  and ᶑ1.27-fold, p<0.01 nonC9ORF72-related_SALSvctrl]. The increase 

in TAF13 expression in C9ORF72+ cases compared to controls was later confirmed in 

a SYBR® Green qRT-PCR Assay (p<0.05*) (Figure 5.9).              

 

5.2.1.3.2 SnRNP Biogenesis  

0ÒÅÃÕÒÓÏÒ ÓÎ2.!ȭÓ ÁÒÅ bound by the nuclear cap binding (CBC)-complex composed 

of CBP20/80 subunits [NCBP2 ɉÎÕÃÌÅÁÒ ÃÁÐ ÂÉÎÄÉÎÇ ÐÒÏÔÅÉÎ ÓÕÂÕÎÉÔ ςȟ ςË$ÁɊ ᶑρȢςπ-

fold, p=0.01 C9ORF72vctrl] and, in association with PHAX, [PHAX (phosphorylated 
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adaptor for  RNA ÅØÐÏÒÔɊ ᶑρȢςχ-fold, p<0.001 C9ORF72ÖÃÔÒÌ ÁÎÄ ᶑρȢςς-fold, p<0.001 

nonC9ORF72-related_SALSvctrl] transported into the cytoplasm under the direction 

of exportin  1 (Xpo1) and Ran-GTPase (RAN) (Massenet et al 2002, Pabis et al 2013) 

(Figure 5.7). 

Withi n the cytoplasm, ÓÎ2.0ȭÓ are assembled by the survival motor neurone (SMN) 

complex comprising SMN protein (Battle et al 2006); reduced levels of which are a 

cause of AR inherited juvenile-onset Spinal Muscular Atrophy (SMA) (Lefebvre et al 

1995, Rodrigues et al 1995), gemins 2 through to 8 (Carissimi et al 2006a, Carissimi 

et al 2006b) [GEMIN6 (gem (nuclear organelle) associated protein 6) ᶑ1.29-fold, p< 

0.001 C9ORF72vctrl ; GEMIN8 (gem (nuclear organelle) associated protein  8) ᶑ1.25-

fold, p<0.05 C9ORF72vctrl]  and the Unr interacting protein , unrip (alternative name 

STRAP) (Carissimi et al 2005) [STRAP (serine/ threonine kinase receptor associated 

protein)  ᶑ1.20-fold, p<0.01 C9ORF72vctrl] . The SMN complex associates with seven 

ÍÅÍÂÅÒÓ ÏÆ ÔÈÅ 3Í ÐÒÏÔÅÉÎ ÆÁÍÉÌÙ ÔÈÁÔ ÉÎÃÌÕÄÅ "Ⱦ"ȱ ɉÓÎ2.0-"Ⱦ"ȱɊ ɍSNRPB2 (small 

nuclear ribonucleoprotein polypeptide B) ᶑ1.24-fold, p<0.05 C9ORF72ÖÃÔÒÌ ÁÎÄ ᶑρȢ 

38-fold, p<0.01 nonC9ORF72-related_SALSvctrl], D1, D2 (snRNP-D2) [SNRPD2 (small 

nuclear ribonucleoprotein  polypeptide D2) ᶑ1.23-fold, p<0.05 C9ORF72vctrl],  D3, E, 

F (snRNP-F) [SNRPF (smÁÌÌ ÎÕÃÌÅÁÒ ÒÉÂÏÎÕÃÌÅÏÐÒÏÔÅÉÎ ÐÏÌÙÐÅÐÔÉÄÅ &Ɋ ᶑρȢςχ-fold, p 

<0.01 C9ORF72vctrl and ᶑρȢςχ-fold, p<0.01 nonC9ORF72-related_SALSvctrl] and G. 

The affinity  for  SMN binding is further regulated in a subset of these, namely snRNP 

-B/"ȭȭȟ D1 and D3, by plCLn [CLNS1A (chloride channel, nucleotide-ÓÅÎÓÉÔÉÖÅȟ ρÁɊ ᶑρȢ 

20-fold, p<0.01 C9ORF72vctrl ] (Figure 5.7) and PRMT5 (protein methyltransferase 

5), which serves as a catalyst for the symmetrical dimethylation of specific arginine 

residues. The subsequent interaction  between the SMN complex, bound Sm proteins 

and precursÏÒ ÓÎ2.!ȭs (Matera et al 2007, Meister et al 2001, Pesiridis et al 2009) 

drives the ATP-dependent formation  of an evolutionarily  conserved heptameric ring 

structure  that constitutes the Sm core of the mature snRNP. Following hypermethyl-

ation, by TGS1 (trimethylguanoÓÉÎÅ ÓÙÎÔÈÁÓÅ ρɊȟ ÏÆ ÔÈÅ υȭ ÃÁÐȟ and truncation of the 

σȭ end, snRNP specific nuclear import  receptor, Snurportin  1, binds and the importin 

sub-complex, containing alpha and beta subunits (alternative name karyopherins) 

[KPNA4 (karyopherin  alpha 4 (importin  alpha 3)) ᶑρȢςχ-fold, p<0.001 C9ORF72vctrl 

and ᶑ1.20-fold, p<0.001 nonC9ORF72-related_SALSvctrl], is recruited to the nuclear 
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localisation signal (NLS) (Massenet et al 2002), which facilitates snRNP import into 

the nucleus. Transportation  occurs through nuclear pore complexes ɉ.0#ȭÓɊ [NUP43 

ɉÎÕÃÌÅÏÐÏÒÉÎ τσË$ÁɊ ᶑρȢςρ-fold, p<0.0001 C9ORF72vctrl] which are embedded in 

the nuclear envelope (Figure 5.7).  

The SMN complex may also function in ribosome biogenesis and multiple aspects of 

pre-ribosomal RNA (pre-rRNA) processing through its association with Cajal bodies 

ɉ#"ȭs) and small nucleolar 2.0ȭÓ ɉÓÎÏ2.0ȭÓɊ including FBL (fibrillarin),  GAR1 [GAR1 

(GAR1 ribonucleoprotein  homolog (yeast)) ᶑ1.31-fold, p<0.0001 C9ORF72vctrl]  and 

UTP15 [UTP15 (U3 small nucleolar ribonucleoprotein  homolog (S. cerevisiae))  ᶑ1.28-

fold, p<0.001 C9ORF72ÖÃÔÒÌ ÁÎÄ ᶑρȢςπ-fold, p<0.01 nonC9ORF72-related_SALSvctrl] 

(Pellizzoni et al 2001, Sato et al 2013, Whitehead et al 2002).  

From the snRNP biogenesis pathway six genes were selected as candidates for qRT-

PCR. Of the six, only two (33.3%) validated: CLNS1A which was confirmed in an IDT 

PrimeTime® Mini qPCR Assay (p<0.05*) and UTP15 which was confirmed using the 

traditional  SYBR® Green technology (p<0.001***)  (Figure 5.10). GEMIN6, NCBP2 and 

PHAX were not significant and for  STRAP (unrip)  a small trend  (ᶑ1.14-fold, p=0.068) 

in the same direction as the microarray was observed (Table 5.5). 

              

5.2.1.3.3 Regulation of the Spliceosome   

With an enrichment score of 15.42 (count 21, 61.8%) RNA splicing was identified as 

the highest ranking RNA processing related GO term in DAVID (Figure 5.8) which is 

specific to the C9ORF72 expansion. Transcripts of interest included: those encoding 

nudix (nucleoside diphosphate linked moiety X)-type motif 21 (NUDT21) [NUDT21 

ᶑ1.20-fold, p<0.0001 C9ORF72vctrl],  a component of the cleavage factor Im (CFIm)-

complex that is strongly associated with nuclear paraspeckles and has been shown 

to be responsible for  regulating alternative polyadenylation as well  as σȭ end poly(A) 

site cleavage of nascent ÌÎÃ2.!ȭÓ (Naganuma et al 2012); serine/arginine -rich (SR) 

splicing factor 3 (SRp20) [SRSF3 ᶑ1.20-fold, p<0.05 C9ORF72vctrl  and ᶑ1.33-fold, p< 

0.0001 nonC9ORF72-related_SALSvctrl]; pre-mRNA processing factors 4 (hRprp4p) 

[PRPF4 ᶑ1.24-fold, p<0.0001 C9ORF72vctrl and ᶑρȢςτ-fold, p<0.0001 nonC9ORF72-

related_SALSvctrl] and 19 (hPrp19) [PRPF19 ᶑ1.21-fold, p<0.001 C9ORF72vctrl];  a
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Figure  5.10 SnRNP Biogenesis qRT-PCR Validation Relative concentrations measured 
against the standard housekeeping gene 18SrRNA. Means and SEM were plotted using 
GraphPad® Prism software version 5.04. Probability values calculated in Microsoft Excel 
ςπρπ ɉ-ÉÃÒÏÓÏÆÔ #ÏÒÐÏÒÁÔÉÏÎ 5+Ɋ ÕÓÉÎÇ Á ÏÎÅ ÔÁÉÌÅÄ ÓÔÕÄÅÎÔȭÓ Ô-test. Gene expression 
changes were confirmed if the direction of change was the same as the microarray with 
p<0.05* (arrow).  
 

Abbreviations: 18SrRNA - 18S ribosomal RNA, C9ORF72 - chromosome 9 open reading 
frame 72, CLNS1A - chloride channel, nucleotide-sensitive, 1A, GEMIN6 - gem (nuclear 
organelle) associated protein 6, NS - not significant, NCBP2 - nuclear cap binding protein 
subunit 2, 20kDa, PHAX - phosphorylated adaptor for  RNA export, qRT-PCR - quantitative 
real-time PCR, RNP - ribonucleoprotein, SEM - standard error of the mean, snRNP - small 
nuclear RNP, STRAP - serine/threonine kinase receptor associated protein and UTP15 - 
U3 small nucleolar ribonucleoprotein, homolog (S. cerevisiae).  
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