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Background: Amyotrophic Lateral3 A1 AOT OEOh E1 xEEAE Al OOE.
enerate, is a late onset neurodegenerative condition that accounts for ~1 in 400 UK
deaths,typically within 3-5 years from the intial manifestations of diseaselt forms

part of abroad spectrum of clinically, genetically as well as pathologically hetergen

eous disorders that include behavioural variant frontotemporal lobar degeneration
(bvFTLD).A large intronic hexanucleotide&G repeat expansionof >30 copieswas

recently identified, in 2011, in the previously uncharacterised chromosome 8pen
readingframe 72 (COORF7pgenewhich is now thought to explain up to 43% of fam-

ilial ALS(~20 -30% of familial FTLD)andaround 7% of gporadic casesRationale &
Hypothesis: Theprinciple aim of the PhD was to perform gene expression profiling

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

this proved unreliable, owing to the sheeabundance of eryhrocyte derived alpha

and betahaemoglobintranscripts that are contained within the sample and the var

iability in the efficiencyof its removal using the Ambio® GLOBINClea™ or NUGEN
Ovation® WBreduction strategies.Insteaddiseaserelated changesn transcription/
alternative splicing were detected in a large bank (n=820) of patient and control ty

i PET Al AGOT EA AAIlT T1TETAO j,#,860q xEOE OEA
mechanism(s) of neurotoxicity associated with theCOORF7ZxC repeat expansion

and, 2) establishing within this specific genetic subtype, modifiers of a fast (<2yrs)
OAOOOO Oi1Tx j11U0O0Qq AEOAAOA DPOI COAOGOET I
therapeuticresearch.Methodology: Biotinylated, sensestrand cDNAtargets of ~40

-70nt were hybridized onto HumanExon1.0STGeneChi@ Arrays. A GEGRMA norm

alisation procedure was carried out in ParteR Genomics Suit& and differentially
expressed or alternatively spliced transcripts were detected at the 5% significance

level (p<0.05) with a fold-AE AT CA OEOAOET | AFirdiAgs: IOvepap8 ¢ 1 A
marginal increasein gene transcription was observed with respect t&C90ORF7259.
3%,n=650/1,096) andnonC90ORF72elated SAL$atients (63.9%,n=1,148/1,796)
compared to neurolagyically healthy controls. DAVID enriched gene ontology terms
included translation, which was specific to carriers of the GG repeat, in addition to

RNAprocessing,DNAmetabolism,RNP complex biogenesis and the cell cycle which



reflect more common features of the broader ALS phenotype. A number of key vali
dation targets, including several RNA binding partners of the4G; repeat (FUS, RPL
22, NUDT2, PURA, EIF4Ad HNRNPAO/F were subsequently confirmed in a gRT
PCR assayisoform A/B specific transcripts of the COORF72ene, itself, were found
not to bedifferentially expressedacrossOEA |, #, 8 O ET OEA %#! ##
cation cohorts. Conclusions: Whether pathogenicity of the GG expanded allele ar
ises as a consequence of haploinsufficiency orrtbugh 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 ofCO9ORF72
binding partners and other, RNA processing & splicing tated transcripts fits with

the hypothesis that the cells are attempting to compensate for the sequestration of
theseproteins into toxic RNAfociin the cytoplasmwhich leadsto disruption of their
normal physiological function.Small sample sizes meantrhited conclusions could
be drawn from the analysisof COORF72pecificmodifiers 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 lengtiwould need tobe con

sidered in conductingfuture 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 progressiveHardiman et al 2011
andinvariably fatal (Dion et al 2009), late onsetneurodegenerative disorders which

include: Amyotrophic Lateral Sclerosis (ALS) (~60%)Section1.2.1); ALS with con

comitant frontotemporal lobar degeneration (ALS+FTLD) (<5p mbq | O O0AOQOEEI
disease(ALS+PD)~5%) (Lomen-Hoerth etal 2003, Manno et al 2013; Progressive

Bulbar Palsy (PBP) £ 20%) (Section 1.2.2.}); Progressive Muscular Atrophy (PMA)

(~10%) (Section1.2.2.3 andPrimary Lateral Sclerosis (PLS)~«2-5%) (Section2.2.

2.2).

1.1.2 Epidemiology

MND has a prevalence of 3.4 or 5.2 (range-8) per 100,000 of the North American
and European Caucasian populations, respectivelfTraynor et al 1999). Incidence
rates vary,but are reported to occur within the region of 06 (Sicily) (De Domenico
et al 1988 Rosati et al 19779 and 2.4 (Finland)(Murros & Fogelholm 1983)with an
average of 1 or 2 individuals per 100,000/year Chio et al 20133 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 thefrequency 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/yedaXaji et
al 2012, Okamotoet al 2009) where there havebeenreports of a ALS/Parknsonism
-dementiacomplex;but is, however, considerablylower acrossthe Far East (1.3 per
100,000/year) (Kihira etal 2005, Yoshidaet al 1998), Africa (0.9 per 100,000/year)
(Marin etal 2012, Radhakrishnanet al 1986) and Asia (0.3 per 100,000/year) (Fong



et al 1996). A slight trend towards a male preponderance is evidentLeblond et al
2014) with male to female (M:F) ratios ranging between 1.2 and 1.5(L.ogroscino
et al 2010, McCombe & Henderson 201 Prognostic factors that have been found
to correlate negatively with survival include poor nutritional status, signs of bulbar
or respiratory muscle involvement, early ageat symptom onset,a short diagnostic
delay and evidenceof cognitive dysfunction (Logroscino & Bennett 2014 Scotton et
al 2012).

1.1.3 Diagnosis

A single definitive diagnostic test for MND does not cuently exist (Hardiman et al
2011). Clinical evaluationsbased upon a detailed history and physical examination
of the patient, are supported by electrophysiological testing [e.g. electromyography
(EMG) as well as sensory and motarerve conduction velocities], neuropsychiatric
evaluation, imaging [e.g. magnetic resonance imaging (M)Rf the brain and spinal
cord (SCJ}, genetic consultation and neuropathtogical 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 exclusin of other neuromuscular disorders that can mimic MN
degeneration (Hardiman et al 2011, Sathasivam 201QTurner & Talbot 2013). The
World Federation of Neurology introduced the El Ecorial Rating Criteria (EEC) in
1994, later amended in 1998, to ensure standardization in the diagnosis of MIND
for the purposes of clinical researchi{Figure 1.1) (Brooks 1994, Brooks et al 200Q.
According to this systempatients are assigned to one of foudiagnostic categories
namely definite, probable, possible or suspected AL&s determined by the various
levels of certainty with which clinical and laboratory asessments & made.Signs
of upper MN (UMN) dysfunction includeincreased muscle tone, hyperreflexa and
spasticity, whereas lower MN (LMN) dysfunction is characterised by severe muscle
wasting & weaknessaswell ashyporeflexia, fasciculationsand cramping (Kinsley &
Siddique2001).Often,however,the initial manifestationsof the diseaseare mild and
relatively non-descript (McDermott & Shaw2008). Its insidious nature meansthat a

period of observation,lasting 12 months or longer, may berequired (Paganoni et al



[ Possible ALS Suspected ALS

UMN+LMN signs UMN+LMN signs UMN+LMN signsin LMN signsinat
in three regions in at least two only oneregion least two regions
regions OR
AND UMN signsin two
UMN rostral to regions
LMN signs OR
LMN rostral to UMN
signs

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 UMNupper motor neurone.

2014) before apatient is referred to a specialist neurologist and a diagnosis of MND
can be confirmed (Nzwalo et al 2014). Hence, an urgent need exists for tdentifi -
cation of specific biological markers or biomarkers that can facilitatan 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, Mendé& 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 havebeenpublished by the American Academy of Neurology (AAN) and the
European Federation of NeurologicalSocieties(EFNS) Overthe yearsthere havebe-
enmore than thirty phasell and phase lliclinical trials of promising therapeutic ag
ents identified from variousin vitro andin vivo studies, including lithium carbonate
(LICALS) brain derived neurotrophic factor (BDNF), Novartis (Ozanezumab), ONO
2506 (Arundic acid), minocycline and Copaxorfe(glatiramer acetate) which relate

to patient LCL samples in the National MNDA DNA Bank, held at the Health Protect
ion Agency (Public HealthEngland, UK), that were subsequently recruited into the
ECACdiscovery (Section4.1.1)andreplication (Section 4.1.2) cohorts [REVIEWED
BRIEFLYIN APPENDIX TABLE B4]. Disappointingly, however, these have yielded li



ttle successwith the glutamate antagonist, Riluzole(Bensimon et al 1994) remain
ing the only Food and Drug Administration(FDA) approved drug for the treatment
of MNDin the UK (Hardiman etal 2011). Individual responsesvary with amodest in-
crease in survival of~2-3 months (Miller et al 2007, Riviere et al 1998) reported in
some sufferersput not others. Current efforts, therefore, are largely focused on sy
mptom managementand alleviating pain and discomfort in order to maintain as ge

od a quality of life for as long as possible (McDerott & 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, @netic counsellor,
nutritionist, pulmonologist, socialworker and speech/occupational therapist (Bede
et al 2011, Kinsley & Siddique 2001). Muscle relaxants such as benzodiazepine and
baclofenmaybe administeredto relieve spasticity and cramping (Ashworh et al 20
04). Oral secretionscanbe controlled with the use of a saline nebulizer in combinat
ion with abeta} [-r€ceptor antagonist (e.g. metoprolol/propranolol), tricyclic anti-
depressant compounds, mucolytic agents and mechanical suctioning devices (And
ersenetal 2007, Miller et al 2009b). Complications associated with increased meta
bolic activities and difficulties in swallowing (dysphagia)(Miller etal2009a) such as
weight lossand 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
cutaneousendoscopic gatrostomy (PEG) feeding tube. If tolerated, ncinvasive 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 aparticularly 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 mediansurvival times being extendedby approximately

7 months (Bourke etal 2006, Farrero etal 2005, Hannan et al 2014). Several studies
havealsoevaluatedthe use of Vitamin C/E or multivitamin supplements, herbapr-
eparationssuch asGingkobiloba and Ginsengcoenzyme Q10, antioxidant therapies
andzinc but sample sizeshavebeensmal andthe effectsof theseagentsremain con-
troversial (Cameron& Rosenfeld 2002, Galbussera et al 2006, Kaufmann et al 2009,
Orrell et al 2007).



1.2 Amyotrophic Lateral Sclerosis

1.2.1ALS

Amyotrophic meaning atrophy of the muscles and ateral Sclerosis referring to the
hardened tissues and scarring of the lateral spinadord (ALS) was first reported by
French physician and neurologist, JeaMartin Charcotover a century ago (Charcot
& Joffroy1869) (Leblond et al 2014). It represents ly far the most common form of
MND accounting for up to twethirds (~60%) of cases (Ekbom 1992, Gomes Mda &
Engelhardt 2013, Kumar et al 2011). In America it is more commonly referred to as
Lou' A E Odts€adeld memory of the famous New York Yankees basab player of
the samename(Lewis & Gordon 2007),who died prematurely from the condition in
1941, aged just 37 yearsALS is characterised by the rapid degeneration and progr
AOGOEOA 1100 1T &£ AT OE 5-.80h AT 1 OE Gaidal C
AAT 1O 1T £ OGEA DPOEI AOU i1 01T 0 AT OO6A@ AT A
nucleiandanterior horn cellsj ! ( #obth@ Brainstem and SQ(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 occursfocally andis 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 forS

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

advancementand eventual widespread paralysis culminates irrespiratory failure,
typically within 3-5yrs from the initial point of diagnosis(Cluskey& Ramsdern2001).
Although somepatients will progress more rapidly, dying inside a year, it is anticip
atedthat only around one in twenty cases will survive beyond a decade (Gordon 20
11,McDermott & Shaw2008, Preuxet al 1996). Additionally, executive and memory
deficits alsoafflict between25 and 50% of casegGoldstein& Abrahams 2013); with
10to 20% of thesemeeting the diagnostic criteria for frontotemporal lobar degene
ration (FTLD) (Barson et al 2000, Massman et al 1996, Phukan et al 2012, Ringholz
etal 2005, Strong et al 2009) by the time they have reached their terminal stages of

diseaseprogressionandviceversg ~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! 1 U E A HiseAs@(ALQ),FTLD is recognised as the
secondmost frequent cause of preseile dementia, accounting for between five and
fifteen percentof cases occurring in individuals before the age of 65 (Coop&mock
et al 2014a). It is characterised by a progressive phenotype in which severe frontal
andtemporal lobe atrophy leads to alteations in personality and behaviour as well
asimpaired cognitive functioning andlanguagedifficulties (Neumann 2013, Riedl et
al 2014). According to the Neary defined consensus criteria of 1998, three clinically
distinct subtypes are thought to exist: abehavioural variant FTLD (bvFTLD) most
commonlyassociatedwith ALS;b) progressive nonfluent aphasia (PNFA) including
word retrieval problems and loss of speech and c¢) semantic dementia (SD) produc
ing deficits in word comprehension and memory (Mignarr et al 2014, Morimoto et
al2012). Evidence of a family history of MND or dementia is usually apparent in-ar
ound 25 to 50% of caseswith mutations having been identified inthe microtubule
associated protein, tau MAPT), progranulin (PGRN and presenilin (PSEN [Briefly
reviewed in Sectionl1.2.5.3), in addition to a number of ALS causative genes, namely
transactive response(TAR) DNAbinding protein (TARDBF, fused in sarcoma FUS,
angiogenin(ANQ, ataxin2 (ATXN3, ubiquilin 2 (UBQLNZ2, profilin 1 (PAN1), sigma
non-opioid intracellular receptor 1 (SIGMARJ), chargedmultivesicular body protein
2b (CHMP2B, valosin-containing protein (VCB, heterogeneous nuclear ribonuclee
protein A1 (HNRNPAJ (Section 12.5.1) (Ferrari et al 2012, Maclenzie et al 2014)
and chromosome9 open reading frame 72 COORF7R(Section 12.5.4) which is the
focusofthis project. Along established clinical, neuropathological and genetic over
lap between ALSand 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)n some insta
nces, ~4% of ALS and around 230% of FTLD patients, Parkinsonian features may
also be apparenincluding poor response to Levodopa (tdopa), 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 variat or Flail Arm (FA)

syndrome was originally described by Alfred Vulpian in 1886 and accounts for ~11



% of cases. It is a condition of predominant LMN dysfunction, characterised by pro

ximal wasting and progressive weakness of the upper limbs. Traditiongl] it is tho-

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

which hasapeakinthemid-g TA DA xné6 O A O ODPI OAddeddndj 3! ,
ET OEA AAOI U tmdO 1TO0 unmdO A& O EI OOAT AAO
first or seconddegreerelative who is affected(Calvoet al 2014b, Kinsley & Siddique

2001). Onedistinguishing feature, however, is diseaseduration with 52% exceeding
5yearssurvival and 17.4% extendingbeyond 10 years(Chioet al 2011a, Wijesekera

etal 2009). Furthermore, FTLDwhich is typically diagnosedin501 pnb 1T £ OAI
!, 36 DPAOEAT OO EO &£ O1T A Oi AA AECRAERINAOI U
rome (~1.4%) (Wolf et al 2014)

Therarer 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 s 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 medianageof symptom onset is

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

patients affected.DiseaseD OT COAOOEI T EO OUDPEAAI T U OI 1T x/

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

1.2.2 Other Rare Variants of MND
1.2.2.1 PBP

Progressivebulbar palsy (PBP) was originally described in 1860 by Guillaume Ben
jamin Amand Duchenne as labioglossopharyngeal paralysis (Broussolle et al 2012),
which was laterrenamed by Wachsmuth in 1864. It is a condition of both UMN and
LMNinvolvement that primarily affectsthe musclescontrolling speechand swallow-
ing (Hughes& Wiles 1998, Rochaet al 2005). Symptoms include weak palatal move
ment,anexcessive/uncontrollable production of saliva,reducedgagreflexes,tongue

fasciculationsand emaotional lability (EL), in addition to, dysarthria (speech impair



ment) and dysphagia (Cerero Lapiedra et al 2002, Talacko & Reade 1990). PBP has
a higher prevalence in women than ran (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,-Byrs after the initial
manifestations of disease. Although initialljthought to be a distinct phenotypic en

tity, accountingfor 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) andin much of the current literature many of these cases have been—e

classified accordingly as having bulbabnset ALS (Karam et al 2010).

1.2.2.2 PLS

Primary Lateral Sclerosis (PLS) is a relatively rare, atypical form of MND which acc
ountsfor between 2 and 5% of caseqKuipers-Upmeijer etal 2001, Le Forestier et al
2001, Pringle etal 1992, Singeret 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 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 degeneratiorand in the absence of pronounced musc
ular atrophy, asa triad of hyperreflexia, mild tomoderate 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

ProgressiveMuscular Atrophy (PMA) was originally described in 1850 by Francois

Amilcar Aran asacondition of pure LMNinvolvement 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 &mily history have been

OAAT OAAA j 21 x1 ATA ¢mpmg8 00i COAOOGEOA AAC.
stem and SC are known to bring about fasciculations that ultimately lead to severe
muscle weakness and atrophyCervenakova et al 2000, Jansen et al 168 In com

parison to thosediagnosedwith O A 1 A AIG EPAIA patients exhibit a greater male



preponderance with a slightly older than anticipated age of symptom onset and a |
ongerdiseaseduration [median survival 48 versus 36 monthgTsuchiya et al 204,
Visser et al 2008)].

1.2.3 ALS Pathology

At autopsy,specimens derived from familial ALS (FALS) and SALS patients are larg
elyindistinguishable. Both are characterisedby: a) degenerationof the CST carrying

axonal nerve fibres, which project fromOEA DOEI AOU 11 01T O AT OOA
A@OAT OEOGA 11060 1T £ ,-.60 xEOEET OEA AOAEI
82): b) degenerationandi T OO0 1T £ 5- .80 ET Al OAET ¢ GEAT O
idal cellsof the primary motor cortex (Hammer etal 1979, Maekawa et al 2004, Ud

akaetal 1986) and c) widespreadreactive gliosis which is a more generic feature of

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

AO Al pwwph 3AEEEAZEAO AO Aire clgssically@iBnarked OE A O
by the presenceof ubiquitinated intracellular proteinaceousLewy body (LB) (20-40

%) or skein-like inclusions (90%) that are immunoreactive for TDR43 or FUS (Arai

et al 2006, Deng et al 2010, Ling et al 2010, Neumann et al 2008dditional cresc
entshapedinclusionsj 3 # finfréQu@nt) maybeseen in the upper cortical layers ||

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 Bunirdies (70-80%)
(Okamotoet al 1993, Sasaki& Maruyamal1994) and axonal spheroids (frequent) oe
AOOOET ¢ ET -.80 1T &# OEA 3# j#1 OAl O ¢AUO
CilTi AOAOGA ET Al OOEIT O j(#)60Qq OEAO AA AT |
tions of neurofilament subunits and peripherin are amuch rarer occurrence and us

ually restricted to cases involving mutant SOD1 (mtSODL1) (Ince et al 1998, Leblond

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

In addition to the classic ubiquitinaged, p62 and TDP43 positive, neuronal and glial

AUulOil bl AOIi EA ET Al OOEIT 1 6 AROAOEAAA AAF OA EI
stemand SC(Cooper-Knocketal2015a), COORF72ALSand ALSFTLDrelated cases
canalsobecharacterised by the superimpositon of extra-motor features which are

observed in the hippocampus, frontal neocortex and cerebellum (Aarraj et al 20

11, CooperKnocket al2012b, Murray et al 2011, Stewart et al 2012). These include

9



further ubiquitinated, p62 positive but TDP-43 negatve, neuronal cytoplasmic(NCI)
andintranuclear (NII) inclusion bodieswhich are immunoreactive for both sense as

xAT T AO AT OEOAT OA AEDADOEGAAGRAIER )Y pOdueedT OA
from non-ATG mediatedor RANtranslation of the aberrantly expanded GG repeat

(Section 1.2.5.4 (Gendron et al 201&, Mann et al 2013, Mori et al 2018).

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 fnm the study oftransgenic SOD%9Amice (Ferraiuolo et al
2007) with particular emphasison 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, howe\er, in the antioxidant gene copper/zinc superoxide di
smutasel (SODJ areresponsiblefor only a minority, (~2%) of the total number of
ALS casegRosen et al 1993) (Section 1.2.5.1)1With the emergence of manynew
genetic subtypes (Table 1.}, most notably COORF72accounting for up to 43% of F
ALSandaround 7% of SALS caseSection1.2.5.4) (Cooper-Knocket al 2012b), and
the identification of TDP-43 as well as othemutated proteins as major constituents
of. # )($e@ionl.2.3)(Neumannet al 2006)a complex interplay between multiple
diseasecausative 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), norcell autonomous glia and iflammation (Section 1.2.4.6), aut
ophagy(Sectionl.2.4.7),apoptosis (Section 1.2.4.8) andperhaps 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 a consequence of a cytosolic
imbalancebetweenthe production of reactive oxygenspecies(ROS), a consequence
of aerobicrespiration, andtheir subsequentneutralisation, degradation or removal,
to affect the prevailing reducing environmentinside the cell (Barber & Shaw 2010)
together with the O U O OiAability(to overcome or repair ROS damage to structural

constituents of lipids, proteins and nucleic acidsThe leakage of electrons from the

10



mitochondrial respiratory electrontransport chain,alongwith xanthine oxidaseand
cytochrome P450,contribut e to incomplete oxidative phosphorylation of molecular
oxygen (Q). This leads to the generation of superoxide anior(©--) and hydrogen
peroxide (H20,) 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 (ONOQO); molecules which subsequently cause
protein carbonyls to form, nitrosylation of tyrosine residues, lipid peroxidation and
oxidative damage to DNA and RN@& urner et al 2013).

1.2.4.2 Glutamate Excitotoxicity

A state of excitotoxicity arises from an increased or prolonged stimulatioof post
synaptic, sodiumdependent inotropic AMPA (alphaAmino-3-hydroxyl-5-methyl-4
-isoxazolepropionic acid)or NMDA (N-methyl-D-aspartate) receptors by glutamate
which triggers a large influx of calcium ions (C&) (Corona et al 2007 Turner et al
2013). Elevatedlevelsof this excitatory neurotransmitter compound are detectable
in patient CSF which is found to correlate with disease severi{spreuxVaroquaux
et al 2002). The permeability of AMPAreceptorsis determined in alarge part by the
"1 02¢ jcl OOAI AOGA OAAAPOT O ¢q OOAOIEO
This, in combination with the fact that these cells have a smallezalcium buffering
capacity compared to other neuronal populations (e.g. oculomotor neurons which
are generally sparedin ALS), offers aninsight asto the reasonswhy it is perhapsthe

- . dmBich are most susceptibleto excitotoxic injury & deathin neurodegeneration
(Robberecht & Philips2013). A substantialrise in intracellular Ca2* concentrations
results in the production of ROSrom the mitochondrion that establishes a negative
feedbackloop involving impaired EAAT2(glial excitatory amino acid transporter2)
function and reducedre-uptake of glutamate from the synaptic cleft(Grosskreutz et
al 2010, Konget al 2014). Sgnificant decreases in the level of EAAT2 proteiaxpre-
ssionhavebeenobservedin around 80% of human autopsy derived brainand SQi-
ssue(Rothsteinet al 1995); whereas overexpressing endogenous forms in thiean-
sgenic SOD%%3Amouse has been shown to delay the onset of motor deficif§uo et
al 2003). The minor allele of SNP rs12608932 (Table 1)3Section 1.2.5.1.11) in the
unc-13 homolog A UNC13A gene (Diekstra et al 2012, van Es et al 2009c), an imp

11



ortant regulator of synaptic glutamaterelease, 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 calpainand/ or cathepsin protease enzymes regulatéhe
cleavageof apoptosisinducing factor (AlIF) andits subsequent translocation irto the
nucleuswhere it elicits large scaleDNAfragmentation and programmedcelldeathin

acaspasdndependentmanner (Candeet 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 Striphosphate (ATP) production. In addition to providing
the cellwith asourceof energy,theseorganellesare also required for the regulation
of apoptosis andcalciumion homeostasis(Kasahara & Scorrano 2014) (Section 1.2.
4.2). Morphological, ultra-structural and biochemical abnormalitieshave beenobs-
ervedin both FALSand SALScasesn the form of enlarged,vacuolated mitochondria
with inner membrane defects and aberrantly arranged cristaéHirano et al 1984).
There is also evidence to suggest that transportation of mitochondria alonygicrot-
OAT AOG ET '',3 1T AU AA Ei pAEORRA® AGBEIAED OODWD
the disease(Shiet al2010). Severalmitochondrial modulators with neuroprotective
properties in mammaliancell 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 cholesterotlike compound, Olesoxime, that stabilizes the outer
membrane, through its association with voltage-dependent anionselective channel
(VDAQ and benzodiazepine receptorgBordet et al 2007, Martin 2010, Sunyach et
al 2012).

1.2.4.4 Axonal Transport

-. 80 AOA OAITEAT O ObPilT T AAEATEOI O 1T &£ Al OA
to maintain cellular homeostasis and for communication between the cell body and
distant nerve terminals (ChevalierLarsen & Holzbaur 200§. Genetic alterations in

a number of cytoskeletal components, adaptor molecules and motor pmns have

12



been associatedvith the diseaseincluding dynactin (DCTN3, neurofilament heavy

chain (NEFH (Section 1.2.51.10), profilin 1 (PFNJ (Section 12.5.2.9)and kinesin
associatedprotein 3 (KIFAP3) (Section1.2.51.11).ReducedmessengeRNA(MRNA)

transcript levels pertaining to neurofilament light chain NEFL, a causative gene of
#EAOAT O - AOEA 411 0E j#-4Qq AEOAAOAR EAOA
patients (Bergeron et al 1999. RNA processingroteins TDR43 (Section 1.25.2.1)

and FUS (Section 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
initsaberOAT O OANOAOOOAOQET T HVolkdningeCaDD@O COAT O

1.2.4.5 Intracellular Protein Aggregation

A major pathological feature of ALS, as dussed previously in Section 1.3, is the
presenceof p62 positive, ubiquitinated intracellular proteinaceous inclusion bodies
whichAAAOI O AOA ET OEA AUOI Pl AOGiI T e GNABOEAOQ,
Many have been shown to benmunoreactive for COORF72, TDR3, FUS or SOD1
amongseveralother translated products of ALScausative genesdepending on the
underlying geneticcauseof the disease For example,whilst FUSand SODImutation
carriers contain aggregatesof theseproteins, they are found to be negative for TDR
43, unlike TARDBPRand mostother ALS casesThe precisemannerin which protein
aggregationcontribut esto MN degeneration is uncleawith experimental evidence
pointing towards both loss of function and gain of function mechanisns (Blokhuis et
al 2013).

1.2.4.6 The Role of Non-Cell Autonomous Glia and Inflammation

OEAAT AA xEEAE OOCCAOOO OEAO OEA AOOOT AU
CNS are determinants of disease onset and progressi(Boillee et al 2006 Wang et

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

non-cell autonomous neurodegeneration in the pathogenesis of Al(8ppel et al 20

11, llieva etal 2009). Theincreasingactivation 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 et
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her markers of inflammation including tumor necrosis factor alpha4 . &4 q AT A &
ligand (FasL);apotent inducer of apoptosis(Section1.2.4.8)(Petri et al 2006, Kuhle

etal 2009, Meissneret al 2010, Mitchell et al 2009, Sekizawa et al 1998). Treatment

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

ed from the roots of the traditional Chinese herbTripterygium wilfordii (Thunder

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

ed beneficial in prolonging the lifespan of ALS rodents with reports of a sigiant
dose-dependentincreasein survival, reducedweight loss, improved rotarod perfo-

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

al 2005, Kiaei et al 2006 Neymotin et al 209).

1.2.4.7 Autophagy

In ALSaggregatesof misfolded mutant (mt) or wild -type (WT) proteins (Section 1.2
4.5) accumulate in the cytosoWwhich overwhelms the wiquitin -proteasomesystem
(UPS)and causesit to becomeimpaired. The cells attempt tocompensate in order
to maintain ahomeostaticenvironment, by activating the autophagosone-lysosome
clearance pathvay (Li et al 2008h Sasaki 201). This along with several autophagy
inducing compounds such as thium, resveratrol and trehalose(Albani et al 2010
Fornai et al 2008, Gomeset al 2010) haveproven beneficialin promoting survival of
- . G delaying diseaseprogressionin the SODE9%Amouse model(Ghavami et al
2014).

1.2.4.8 Apoptosis

Activation of cell surfacedeathreceptors (e.g.Fas)by extrinsic factors such ast . & |
and TNFrelated apoptosis-inducing ligand (TRAIL), or endoplasmic reticulum (ER)
stressand mitochondrial releaseof cytochrome c causedby intrinsic factors suchas
DNAdamageand OStriggers acascade otaspase ¢ysteine-aspartic acid protease)
enzymesthat initiate apoptosis or programmed cell death.Morphological feaures
associatedwith this processinclude cell rounding, chromatin condensation, nuclear
fragmentation, shrinking cell volume, cytoskeletal disassembly and blebbing of the

plasma menbrane prior to phagocytosisby macrophages which have been seen in

14



ALS(Ghavami et al 2014.

1.2.4.9 RNA Processing

Theidentification of RNA binding proteins TDPt ¢ AT A &53 AO AT 1 OOE
in up to 90% of non-SODL1 linked FALS and SALS cag¢ésai et al 2006 Neumann et
al 2006) andthe segregationof anumber of pathological changeswith the diseasein
theseaswell asother related genes(Table 1.1), including COORF72Section 12.5.4)

is strong evidencein supportofaOi 1 A T £ 2.1 Ol EAEOU E AA
in ALS(Baumer et al 201Q Polymenidou et al 2013.

1.2.5 Genetic Factors

MNDandits clinical variants (Sections 1.1.1) represent a genetically heterogeneous
group of neurologicaldisorders with more than twenty different chromosomal loci
(Table 11) having been identified through linkage analysis [ALSS8, 10, 15, 17, 19
and ALSFTLD1-2], cardidate gene association (CGA) studies [ALS9], homozygosity
mapping [ALS12 and 16], targeted sequencing [ALS11], repeat association studies
[ALS13]andnextgeneration sequencing (NGS) approaches including exome/whole
genome analyses [ALS14, 18 and 28] (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 relativeho is known to beaffected(Byrne

et al 2011). Mutations in SOD1(Section 1.2.5.1.1),TARDBRSection 1.2.5.2.1)FUS
(Section 1.2.5.2.2) andC9ORF7ZSection1.2.5.4), amongothers listed in Table 11,
are now thought to explain up to twethirds of pedigrees(Ravits 2014, Renton et al
2014). The mode of transmission follows a Mendelian pattern of inheritance that is
largely autosomaldominant (AD); although autosomal recessive (ARand Xlinked
forms havebeendescribed.In the majority of instances disease onset is expected to
occu during mid-late adulthood, however, juvenile onset(<25yrs) and young orset
ALS(<45yrs) are also known to account for1 or 10% of cases, respectivel{Calvo
et al 2014b, Leblond et al 2014, Logroscino et al 2010)

In the following sections, ALS (Section 1.2.5.1), AIESLD (Section 1.2.5.2nd1.2.5.
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Locus Chr. Gene Function Mode Onset Mutation Diagnosis Ref.(s)
ALS1 21922.11 SOD1 oxidative stress AD/AR adult SNV ALS, PMA (Rosen et al 1993
ALS2 2033.2 ALSIN guanine nucleotide exchange factor AR juvenile SNV ALS, PLS, HSP (Hand et al 2003
ALS3 18921 unknown  unknown AD adult unknown ALS (Hand et al 2002
ALS4 9034.13  SETX DNA/RNA helicase AD juvenile SNV ALS, AOA2 (Chen et al 2004
ALS5 15¢g21.1 SPG11 transmembrane protein AR juvenile SNV ALS, HSP (Daoudet al 2012b)
ALS6 16pl1l.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
ALSS8 20913.33 VAPB vesicular trafficking AD adult SNV ALS, SMA (Nishimura et al 2004
ALS9 14911.1 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 6021 FIG4 phosphoinositide phosphatase activity AD adult SNV ALS,PLS, CMT (Chow et al 2@9)
ALS12 10p13 OPTN ocular tension, vesicular trafficking AD/AR adult SNV ALS, POAG (Maruyama et al 2010
ALS13 12924.12 ATXN2 unknown AD adult CAG repeat ALS, FTLD, SCA! (Elden et al 2010
ALS14 9p13.3 VCP ATP-binding, vesicle transport/fusion ~ AD adult SNV IBMPFD/ALS, (Johnson et al 201D
FTLD,CMT, HSP
ALS15 Xpll.2.1 UBQLN2 ubiquitination, protein degradation X-linked adult, juvenile SNV ALSFTLD (Deng et al 201)
ALS16 9p13.3 SIGMAR1 endoplasmic reticulum chaperone AR juvenile SNV ALSFTLD (Luty et al 2010
ALS17 3pl12.1 CHMP2B vesiaular trafficking AD adult SNV ALS, PMA, FTLD (Parkinson et al 200§
ALS18 17pl13.3 PFN1 cytoskeletal dynamics AD adult SNV ALS, FTLD (Wu et al 20123
ALS19 2033-g34 ERBB4 epidermal growth factor receptor AD adult SNV ALS (Takahashi et al 2013
ALS20 12g13.1 HNRNPA1 RNA metabolism AD adult SNV IBMPFD/ALS (Kim et al 2013
ALS21 5031.2 MATR3 RNA metabolism AD adult SNV ALS, VCPDM (Johnson et al 2013
ALSFTLD1 9921-q22 unknown unknown AD adult SNV ALSFTLD (Hosler et al 2000
ALSFTLD2 9p21.2 C90RFZ  unknown AD adult GG repeat ALSFTLD (DeJesusHernandez et al

2011, Renton et al 2012

Table 1.1 Summary of Genetic Loci and ALS Causative Genes in ALSoD4dlsod.iop.kcl.ac.uk) [Adapted from Leblond et al (2014)].
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.4)and FTLD (Section 1.2.5.3) loci are discussed with a focus on those genes which
havebeendesignatedan ALSnumber accordingto information attained from ALSoD,
the Amyotrophic Lateral Sclerosis Online Genetics Databasdieat is freely available

at alsod.iop.kcl.ac.uKAbel et al 2013).

1.2.5.1 ALS Loci
1.2.5.11 SOD1

The free radical scavenging enzyme coppérinc superoxide dismutase 1 SODJ,
situated at the chromosome 21g22.11 locus (Table 1), was discovered byRosen
et al (1993) more than twenty years ago as the first causative gene linked tbe
pathogenesisof AD and, acrossparts of Scandinavia,AR inherited forms of adult-
onsetALS (ALS1)Since then>170 missense mutations of variable penetrance have
been identified, AT T ET ¢ OEA CAT A fatChaiki@tlal 2812 Jued C
al 2014). Theseaccount for between 12 and 3% of FALS cases and a further 2 to
7% of SALS case$Ajroud-Driss & Siddique 2014 Battistini et al 2005, Chio et al
2008, GrosLouis 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% becomingsymptomatic before the ageof 70 (Siddique et al 199).
Patients present with predominantly lower limb weakness and in the absence of

impaired executive functioning(Millecamps et al2010, Turner et al 2005). Median

- L L s o~ N
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4 years from the initial manifestation of disease symptoms untilthe onset of
respiratory failure; although considerablephenotypic variability hasbeenobserved
with respectto SODZllinked ALS(Renton et al 2014 Su et al 2013. For example a
dominant p.A4V substitution that arose twice from a single common ancestor in
Europe and North America, whee it accounts for 50% of FALS cases, is associated
with aparticularly aggressivediseasecourseof ~12 months (Cudkowicz et al 1997
Saeed et al 2009 Homoz/gous carriers of the pD90A mutation, on the other had,
develop a much milder phenotype that i<haracterised by a long disease duration
extendingbeyond 10 years(Al-Chalabi et al 1998 Andersen et al 1996. A distinct
neuropathological profile apparent in FALS pagnts with a SODImutation or the

transgenic S 169%3Amousemodel hasbeendescribed(Bruijn et al 2004, Mackenzie

17


http://www.alsod.iop.kcl.ac.uk/

et al 2007, Pickles & Vande Velde 201Pwhich is found to be absent in the majaty

of SALSasegq Brotherton et al 2012, Kerman et al 201Q Liu et al 2009). Aggrecates

of mutant or misfolded WTB OT OAET AOA 1T AOAOOAA ET OEA
and glia of the brain and CN$Banci et al 200§. These inclusios are found to be
immunoreactive against antibodies for ubiquitn but stain negative for TDP43

(Section 1.2.53.1) and FUS (Section 2.5.3.2) (Ling et al 2013.

SOD1is a ubiquitously expressed metalloenzyme with antioxidant properties that
normally functions to protect cells against elevated levels dROS (Section 2.4.1).
Specifically, it has been shown to act as a catalyst for the conversion of superoxide
anions (&) into molecular oxygen (Q) and hydrogen peroxide (HOz) (Therrien &
Parker 2014). A correlation between reduced enzyme activity and disease severity
is not evident(Borchelt et al 1994 Saccon et al 201Bpointing towards a toxic gain

of function mechanism in which pathogenicity ases from both cell autonomous as
well as noncell autonomous processegAjroud-Driss & Siddique 2014 Ling et al
2013).

1.2.51.2 ALSIN

Mutations (n=23) in the gene encoding alsinALSIN, situated at the clmomosome
2033.2 locus (Table 1.}, are the cause of a rare spectrum of AR inherited disorders
including a juvenile onset form of ALS (ALSZHadano et al 2001 Yang et al 200},
PLS wth oculomotor signs (Section 12.2.2 (Pringle et al 1992 and infantile-onset
ascending spastic paraplegia (IAHSKEymard-Pierre et al 2002 Eymard-Pierre et
al 2006, GrosLouis 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 (CH) 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, VerschuurenBemelmans 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 -kérminal Ran GTPase (guanosine
triphosphatase) regulator of chromatin condensation 1 (RCC1) domain; b) the Rho

GTPase diffuse B cell ymphoma/Pleckstrin homology (Db1/PH) domain and c) the
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Cterminal Rab5-GTPase vacuolar protein sorting 9 (VPS9) domain. There are also
seven membrane occupation and recogniin nexus (MORN) repeats which span a
region between the Db1/PH and VPS9 domains that have since been recognised as
key modulators of Rab5GTPase activity(Chandran et al 2007Hadano 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 ALSINmMRNA transcripts are apparent in caes of ALS2 whereas thosehich
only affect the long form tend to be associated with UMN variants PLS and ISHAP
(Panzeri et al 2006 Yang et al 200). 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 MN& are shown to haveimpaired AMPAreceptor mediatedtrafficking
which increasestheir susceptibility to glutamate excitotoxicity (Section1.2.4.2 (Lai

et al 2006). In addition, the WT protein has been found to interact with mtSOD1 to
attenuate Nox2-dependentendosomalROSdamage(Section 1.2.5.1.1) (Kanekura et

al 2004, Li et al 2011).

12.51.3 SETX

Senataxin GETX, a DNA/RNA helicase situated at the chmosome 9q34.13 locus,
(Table 11) is a rare cause of ataxia oculomotor apiia type 2 (AOA2)Y 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 1998Chen et al 2004Zhao
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 featusRabin et al
1999). The precise function of senataxin is not known. However, its structure is
predicted to contain a Ploop adenosine triphosphate and guanosine triphosphate
(ATP-GTP) binding site which is highlyconserved across yeast and mammalian

systems and has been shown to play a critical role in nucleotide unwindinghen
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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 & repaifSu et al 2014
Tanner & Linder 2001).

1.2.51.4 SPG11

Spatacsin SPG1)1which is situated at the chronosome 15g21.1 locus (Table 1)1
is the most common cause of hereditary spastic paraplegia (HSP) with occasional
Parkinsonian features and pronounced thinning of the corpus callosuifAnheim 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 (ALS&)rlacchio et

al 2010) characterisedby a disease onset of less than 25yrs and a median survival
spanningthree and a half decadeq Daoud et al 2012b. Clinical manifestationsvary
with the majority of patients experiencing distal muscle weakness, sg#city 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 functionnonsense or frameshift mutations have
been identified as well as a small number of splice site alterations drinsertions or
deletions which promote early termination of translation through the introduction

of a premature UAG/UAA/UGA stop codofiguchi et al 2013 Orlacchio et al 2010.
Although spatacsin has not yet beefully characterised in the mammalian system,
it is shown to be an essential requirement for neuromuscular junction connectivity
and axonal outgrowth in the developing zebrafisi{Martin et al 2012, Southgate et
al 2010).

12.51.5 VAPB

Two single base substitutions in the VAMP (vesiclassociated membrae protein)
associatedprotein B (VAPB gene situated at the chromosome20g13.33locus,have
been associated with <1% of familial cases of AD inherd adult-onset ALS (ALS8)
(Table 11) (Chen et al 2010Millecamps et al 201Q. Phenotypicheterogeneity has

beenobserved,with awide variety of clinical presentations rangingfrom caseswith

e sz L o~ N
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of PMA (Section 1.2.2)3or ALS with essential tremor(Nishimura et al 2004). The
MtVAPB protein sequesters its WT counterpart into ubiquitin, p62 ad TDP43
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 increasin 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 ishe disruption of ephrin (Eph) receptor mediated
signalling via a reduction in ligand availability from the cleavage and secretion of
VAPB amineterminal domains that would ordinarily serve to protect the cells

against glutamateexcitotoxicity (Section 1.2.4.2 (Tsuda et al 2009.

12.51.6 FIG4

The FIG4gene encoding the phosphoinositide fphosphatase enzyme, situated at
the chromosome 6q21 locus (Table 1), is reported to account for around 2% of
AD inherited adult onset ALS (ALS11) and PL(Section 12.2.2) 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
asretrograde membranetransport through the trans-Golginetwork (Ferguson et al
2010, Iguchi et al 2013 Rutherford et al 2006, Zhang et al 2007.

12.51.7 OPTN

The optineurin (OPTN gene, situated at he dhiromosome 10p13 locus (Table 1.},
was originally identified as a major cause of primary open angle glaucoma (POAG)
(Fuse et al 2004Huang et al 2014 Rezaie et al 2002Xiao et al 2009 and more
recently Pagd6 O AE OA A OA (Albaghalet al 2010 CHugy"etCal 2019. In
2010, Maruyamaand colleaguesdescribed a deleterious heterozygous c.1743A>G
(p.E478G) missense substitution, c302C>T (p.Q398X) truncation andn exon five
deletion in three Japarese consanguineous families whiclto-segregatal with an
AD/AR inherited form of adult-onset ALS (ALS12). Subsequent studies reported
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mutations in OPTNto be a relatively rare occurrence in Caucasian populations of

North European or Scandinavian descent (~0.2%JChio et al 2012h 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 cytosolptic 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 pathogendachaner et al 2012Renton et al 2019.

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

the neurotoxicity of mutantT POET AOOET O xAOAO - .60 ET !
the WT protein lifts inhibition of activation of the nuclear factor kappalight-chain-
enhancer of activated B cells (Nf " @ OOAT OAOEDPOET T Al OACOI ¢
mitochondrial apoptotic signalling cascades and programmed cell death @) Gain

of function mediated by an impaired autophgosomesystem andthe subsequent
accumulation of toxic intracellular protein aggregategAkizuki et al 2013, Korac et

al 2013).

12.51.8 ERBB4

Recently, two single nucleotide varianty 3. 6 6 0q | £ OAAOAAekb DAT A
-b2 avian erythroblastic leukemia viraloncogene homolog 4 ERBB4 gene, situated

atthe chromosome2q33-g34 locus (Table 11), have been identified through whole
genome sequencing (WGS) and linkage analysis agase 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 sloywith a median survival of greater than five
UAAOO8 4EA A8cyxymn' €! jbP82wcx1q Al OAOAOQEI
kinase domain is associated v an older than anticipated age of symptom onset
peaking in the midsixties or early seventieswhereas the less common ¢.3823C>T
(p.R1275W) substitution at the highly conserved @erminal region is associated

with a younger anset ALS of around 45 year&£RB4 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 neuregulinl (NRG1)
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binding (Takahashi etal 2013). ERBB4 knock-down in mice is demonstrated to be
embryonically lethal (Gassmann et al 1996AT A ET OEA OAOEAOAI
derived human postmortem SC tissue depleted levels of the cysteinech domain
(CRD) containing isoforms of NRG1 have been detecté€8ong et al 2012, further
implicating the NRG1ERBB signalling pathway as another plausible mechanism of
pathogenicity in ALS(Takahashi et al 2013.

1.2.51.9 MATRS3

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

3 (MATRJ gene, situated at the ctomosome 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 (VCPDNMuller et

al 2014, Senderek et a&2009, Yamashita et al 2014)n 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 SALSasesClinicalmanifestations includewidespread UMNand LMN signs

xEOE AOEAATEAA AGE DM OIGAMITEG £ xAAET AOOh AOE
plantar responses, increased jaw jerk with clonus, fasciculations, severe wasting of

the tongue and respiratory dysfunctian 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 nowarriers of aMATR3mutation

revealed universal matrin-3 proteinopathy in resE AOAT - . 80 nude@E ET (
staining and occasionalmore diffuse cytoplasmicstaining (Johnson et al 2014) The

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

of 125kDa that has leen shown to nteract with TDP-43 (Section 1.2.52.1) (Salton

et al 2011). Its importance in the neurodegenerative disease process is not yet well
understood, althoughit is known to function in aspectsof RNAprocessingincluding

the nuclear retention of hypekAAEOAA 2. 180 AT A 1 2.1 OO0ATC
genesilencing/chromatin remodelling (Hock et al 2007, Zhang & Carmichael 2001)

1.2.5.1.10 Other Rare Genetic CauseBALS

Additional loci that have been implicated in the pathogenesis of AD inherited forms
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of the diseasefor which a designated ALS number has mget been assigned in the
ALSoD(alsod.iop.kcl.ac.uk(Abeletal 2013) either dueto lack of evidence regarding

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

Gene Name Locus Reference
ARHE&F28 Rho guanine nucleotide exchange 5913 (Droppelmann et al
factor (GEF) 28 2013)
CHCHD10  coiled-coil-helix-coiled-coil-helix 22911 (Bannwarth et al 2014)
domain containing 10
DAO D-amino-acid oxidase 12924 (Mitchell et al 2010)
DCTN1 dynactin 1 2pl3 (Puls et al 2003)
EWSR1 %xET C680 OAOAIT T A I 22g12.2  (Couthouis et al 2012)
1
HNRNPA2B1 heterogeneous nuclear 7p15 (Kim et al 2013)
ribonucleoprotein A2/B1
LMNB1 lamin B1 5023 (Johnson et al 2014)
NEFH neurofilament, heavy polypeptide 22012-q13 (Figlewicz et al 1994)
PRPH peripherin 12912 (Gros-Louis et al 2004)
SPAST spastin 2p24-p21 (Meyer et al 2005)
SQSTM1 sequestosome 1 50935 (Rubino et al 2012)
TAF15 TAF15 RNA polymerase Il, TATA boy 17qg11.1-q11.2  (Couthouis et al2011)

binding protein

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%, willhave developed an idiopathic form of the condition for which the
cause(s) are still largely unknown(Byrne et al 201]). Estimates of heritability from
studiesconductedusingtwin dataare predicted to lie between 0.38 and 0.78 (ACh
alabietal 2010). A17 and 9-fold increase respectvely in the relative lifetime risk of
the siblings and progeny of sporadicindex casesn alarge Svedish 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 ombination 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 (Huisian et al 2013) and traumatic
head injury (Pupillo etal 2012, Schmidtet al 2010) contributing to its aetiology (Wi-
ngo et al 2011)
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Both clinically and pathologically, SALSpatients are virtually indistinguishable from
their FALScounterparts suggestingthat they share common mechanisms which un
derlie MN degeneration(Section1.2.4)(Wijesekera& Leigh2009). Indeed in a small
proportion of cases, fewer than 10%, mutations have been identified within the eo
ding regions of causal cadidate genes of FALS includin@9ORF72ZSection 1.2.5.4),
SODXSection 1.2.5.1.1)TARDBR(Section 1.2.5.2.1) andFUS(Section 1.2.5.2.2JAn
dersen & AlChalabi 2011, Rademakers & van Blitterswijk 2013, van Blitterswijk et
al2012a).In most instances, however, the genetic component has yet to be determ
ined. Genomewide association studies (GWAS) appeared, at least initially, to have
highlighted anumber of promising susceptibility loci, including 9p21 (Section 1.2.5.
4) which led to the discovery of a large, intronic hexanucleotide repeat expansion in
C90RF72Renton et al 2011, DeJesudernandez et al 2011)hat is now thought to
accountfor up to 43% of FALS and ~7% of apparently SALS cases (Coosarock et

al 2012b). Disappointingly, however, many GWAS8ndings are associated with rsk
alleles that have smalbdds ratios (ORS @il haveyet to be convincingly replicated
(Chio et al 2009b, Cronin et al 2009, Daoud et al 2010, Fernand8antiago et al 20
11, Fogh et al 2011, lida eal 2011, Kwee et al 2012, Nicholl et al 1999, Schymick et
al 2007, van Es et al 2009b)n a recent report, published by Kopperset al (2013),
sequencingof exons of potential candidate genes frorseveral of thesestudies, inc
luding UNC13Aand C9ORF72Table 1.3),failed to establish a significant enrichment
of coding variants in a large (n=2,122) SALS casentrol population (Leblond et al
2014,Rentonet al 2014) of Dutch descent. This provides evidence in supp®f the
proposition of a rare variant hypothesis: Rather than the associated SNP or micros
atellite marker representing asignpostthat reflectsthe effectsof a common proxim

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

of substantially higher impact which are responsible for producing so called synth
etic associationsIn this scenario,asignificant number of potential hits are expected
to go undetected, not as a consequence of many individuals sharing ideatigveak
effect variants, but because minority groups of SALS patients are likely to each har

bour adifferent highimpact variant (Dickson et al 2010, Robinson 2010).

The sportaneous occurrence ofle novomutations are ako a possibility (Alexander
etal 2002, Calvoet al2014a,Chioetal 2011b, DeJesusHernandezet al 2010, Laffita
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Gene Name Locus Reference
ALAD aminolevulinate dehydratase 9g33.1 (Kamel et al 2003)
C90RF72 chromosome 9 open reading frame 72 9p21.2 (Ahmeti et al 2013; Laaksovirta et &
2010; Le Ber et al 2009 Morita et al

2006; Shatunov et al 2019

CABIN1 calcineurin binding protein 1 22pll (Deng et al 201d)
CAMK1G calcium/calmodulin-dependent protein kinase 1G 1932 (Deng et al 201d)
CENPV centromere protein V 17pl1.2 (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 7936.2 (Cronin et al 2008 van Es et al 2008
ELP3 elongator acetyltransferasecomplex subunit 3 8p21.1 (Simpson et al 2009)
FGGY FGGY carbohydrate kinase domain containing 1p32 (Chio et al 2009b; van Es et al 2009
ITPR2 inositol 1,4,5triphosphate receptor type 2 12p12.1-p11.23 (van Es et al 2007)
KIFAP3 kinesin-associated potein 3 1924.2 (Landers et al 2009)
LIF leukemia inhibitory factor 22ql12.2 (Giess et al 2000 Meyer & Potter 1995
LUM lumican 12921.3 (Daoud et al 2011)
0GG1 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 22pl1 (Deng et al 201d)
UNC13A unc-13 homolog A C. elegans 19p13.12 (Ahmeti et al 2013 van Es et al 2009¢

Table 1.3 Genetic Susceptibility Loci Implicated in the Pathogenesis of SALS
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Mesa et 42013, 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
changesin SS18L1alternatively namedcalcium-responsivetransactivator (CRES))
(Chesietal 2013); asubunit of the neuronal chromatin remodelling (nBAF) complex
that has since been independently verified in a French cohort comprising a further
87 FALS patientTeyssou et al 2014)

1.2.5.2 ALSFTLD Loci
12.52.1 TARDBP

Transactive response (TAR) DNA binding protein 43kDalfARDBP, situated at the
chromosome 1p36.23 locus (Table 1)1 is a cause of AD inherited adult onset ALS
(ALS10), bvFTLD andhe combined ALSFTLD syndrome(Borroni et al 2009, Chio
et al 2010, Kabashi et al 2008 Kovacs et al 2009Sreedharan et al 2008Y okoseki
et al 2008). More than 40 mutations primarily occurring in the Gterminus of the
gene(Abel et al 2013 Renton et al 2014, a regionconsidered important for normal
protein-protein interactions and ribonucleoprotein(RNP) binding, are now thought
toaccount for 45% of FALS casesith fewer than 2% of SALS and bvFTLD patients
affected (Al-Chalabi et al 2012 Gitcho et al 2008 Lattante et al 2013 Van Deerlin
etal20098 ! OOAT A OI xAOAO A OAI AOGOEAAT !, 36
earlier than anticipated age of symptom onset, moderately prolonged survival and
predominant upper limb involvement (Corcia et al 2013. Originally identified as a
protein that bound the TAR element of human immunodefiency virus (HIV), TDR
43 comprises nuclear export and import signals in addition to two RNA recognition
motifs (RRMs) and a glycine rich, low sequence complexity Prl(Bling et al 2012).
Under normal physiologicalconditions it is ubiquitously expressed and is regarded
to be essential for the regulation of gentanscription as well as multiple aspects of
RNA metabolism including but not limited to microRNA (miRNA) biogenesis, stress
granule (SG) formation, precurso messenger RNA (premRNA) splicing, transport
& stability, long non-coding RNA (IncRNA) processing and chromatin remodelling
(Buratti & Baralle 2012, Lagier-Tourenne et al 2019 Polymenidou et al 2013. It is

alsoknown to bind a UGrich sequence in intron 8 of theCFTRyene (cystic fibrosis
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transmembrane conductanceregulator) 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

A O T OAI AAO AiI AEAO j."80Qq OEOI QWagdEdHO EI
2002).

The pathogenicity of mtTDRt ¢ OT x AOAO - .60 ET !, 3 EO 11
remains uncertain as to whether toxicity arises from a loss of function mechanism,

gain of function mechanism or indeed a combination of the tw@guchi et al 2013

Ling et al 2013 Su et al 2014Vanden Broeck et al 20131 At steady stateTDP-43 is
concentrated in the nucleus where it carries out the majority of its activitie¢Ayala

et al 2008 Winton et al 2008). Aberrant shuttling of TDR43, 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 al2011, Van Deerlin et al

2008). Within the cytoplasm the mislocalised protein forms aggregatesvhich are a

major constituent of neuronal and glial inclusion bodies which are immunoreactive

£ O OAENOEOET ATl A -sihyctein andthe nicloRiiuld BsSobiate®l O |
protein, tau (Arai et al 2006 Neumann et al 200§. These are present in more than

ninety percentof non-SOD1linked FALS and SALS cases as well as a subset of FTLD
patients (~50%) who may or may not carry a mutation in the TARDBRyene(Ling et

al 2013, Mackenzieet al 2007, Renton et al 2014 Tan et al 2007%.

1.2.52.2FUS

Missense mutations (n=78) in the fused in sarcoma or translocated in liposarcoma
(FUSTLS gene, situated at the chromosome 16p11.2 locus (Tablel), account br

a further 4-5% of AD inherited adult onset ALS (ALS6) as well as rarer instances of
the combined ALSFTLD syndrome (<1%)Abel et al 2013 Kwiatkowski et al 2009,
Van Langenhove et al 2010vance et al 2009. Approximately equal proportions of
male and female patients are affecte(Kinsley & Siddique 200). Penetrance of the
disease varies widely between pedigrees with 50 to 70% of individuals develam
symptoms by the time they have reached their fifth decade and more than ninety
percent becoming symptomatic before the age of 7(Blair et al 2010). Phenotypes

associated with some of the most common pathologitahanges resemble those of
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OAl AOOEAAIT 121])3nhat are BhArdc@isédiby greglominant lower limb
involvement, median onset of 45 years and an average disease duration of between
30 and 48 months(Groen & al 2010, Iguchi et al 2013 Millecamps et al 2010 Yan

et al 2010). The geneencodes a ubiquitously expressed DNA/RNA binding protein
that shares considerable structural and functional homology with TDH#3 (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 PrLDKing et al 2012 and

is involved in many of the samactivities which relate to genomic maintenance, SG
formation and RNA metabolism/processing(Lagier-Tourenne et al 201Q Ling et al
2013). Both TDP43 and FUS are found to associate with the survival motor neuron
(SMN) compkx that is important for the regulation of the spliceosomdTsuiji et al
2013, Yamazaki et al 2012. Additionally, FUS has also been implicated in the DNA
damage response & repair pathwayg¢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 pviously for TDR43
(Section 1.2.52.1), aberrant shutling 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
notethat mutation specificpatterns of FUS pathologhave been recorded whiclare
A 0T A O6i Ai OOAI ABA xEOE AEOAAOA OAOGAOEOU
asciated with a rapidly progressive, young onset variant of ALS whidbegins in
the late teens or early twentieg(Baumer et al 2010 whereas tanglelike inclusions

ET OAOEAOAI -.680 AT A CIEA 1T &£ OEA #.3 AOA
late onset ALSLing et al 2013 Mackenzie et al 201].

1.2.52.3 ANG

Mutations of low penetrancein the geneencoding angiogenin ANQ, situated at the
chromosome 14g11.2 locus, have been identified in rare instances of AD inherited
adult onset ALS (ALS9)Table 1.1), ALSFTLD 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 201Batiant 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 2004ANG is a secreted protein found in
serum. It is a member of the pancreatic ribonuclease (RNase) A superfamily and is
a potent inducer of newascularisation which shares functional homology with the
vascular endothelial growth factor (VEGF); a potential modifier of ALS progression
(Lambrechtset al 2003, Seilhean et al 2009) Under hypoxic conditionsangiogenin
binds actin at the oute surface of the endothelial cells were 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 implicaions for
ribosome biogenesis, protein maturation and ultimately cellular growth & survival
(Greenway et al 2006, Yamasaki et al 2009 reatment with exogenousANG even
after the initial onset of synptoms improved motor function in SODX9%mice and
increasedlife 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, Sebastizet al 2009).

12.52.4 ATXNZ2

Intermediate length polyglutamine (polyQ) tracts of 27 to 33 CAG repeats in exon 1
of Ataxin 2 (ATXN32, situated at the chromosome 12g24.12 locus (Table 1l), have
recently been confirmed in a minority of caes with a rare AD inherited adult onset
form of ALS (ALS13) (~1%) and bvFTLD with noffluent aphasia (<5%)(Elden et

al 2010, Lee et al 2011, Ross et al 2011fxpansions of more than 34 CAG repeats
have also beerassociated with PD (Section 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 UMBINd LMN dysfunction
becoming apparent in the sixth or seventh decade and an average disease duration
of approximately two to five years.Clinicalmanifestationsinclude brisk deeptendon
reflexes,pronouncedfasciculationsand weakness& spasticity of all four limbs (Van
Langenhove etal 20128 . AOOT 1 A1 ET OOAT OA1 AAO ET Al 60

polyQandp62 (sequestosome)are primarily concentratedwithin the pontine nuclei
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with more widespread TDR43 proteinopathy apparent in the neocortex and SC. It
has been shown to acin vitro and in vivoin an RNA dependent manner in ordeto
influence TDP-43 toxicity, although the exactmechanismby which ATXN2mutations
cause MN degeneration in ALS is not fully undgtood (Baumer et al 2014, Elden et
al 2010).

12.52.5VCP

Valosin-containing protein (VCB, situated at the cmomosome 9p13.3 locus (Table
1.1), is a rare genetic cause of AD inhiéed adult onset forms of HSKde Bot et al
2012), CMT(Gonzalez et al 2014) ALS (ALS14) (~12%) (Abramzon et al 2012)
ALSFTLD and IBMPFD/ALSBersano et al 2009, Gidaro et al 2008, Haubenberger
et al 2005, Watts et al 2004, Weihl et al 2009 multisystem disorder of variable
penetrance which is characterised by FTLD with inakion body myopathy (IBM)
and PDB. Clinical manifestations of IBM and PDB which include atrophic, angulated
musclefibres and rimmedvacuoles with unremarked inflammationand an elevated
rate of osteoclastic bone resorption may be apparent at the age of @Daroszewska

& Ralston 2006, Spina et al 2013)ith evidence of impaired executive functioning
and behavioural abnormalities or UMN and LMN signs not normally evident until
the fifth or sixth decade(GonzalezPerez et al 2012, Jacquin et al 2013Wbiquitin
immunoreactive, TDRt ¢ BT OEOEOA .))860 AT A AUOOOT PE
VCROOAET ET ¢ AT A afeA ArdntnErtiéatiire upon#dudtistochemical
evaluation (Forman et al 2006, GuyantMarechal et al 2006) The VCP protein is a
molecular chaperone of the AAA superfamilygdenosine triphosphatase (ATPase)
associated with diverse cellularactivities] that has been impicated in a diverse
array of cellular processes from transcriptional activation of the N " OECT Al 1 |
cascade to mechanisms of doublstranded DNA break (DSB) repair, membrane
fusion and protein degradation(Ju etal 2009, Vandermoere et al 2006, Vij 2008,
Wolf & Stolz 2012, Zhang et al 2000)Anin vitro loss of function mutation affecting
the cell division control (CDC48) domain of exon 5 in neuroblastoma S&IY5Y cell
lines resulted in mislocalization of TDP43 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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1.2.52.6 UBQLN2

Mutations of the wiquilin 2 (UBQLN2 gene, situated at the chromosome Xp11.2.1
locus (Table 11), are responsible for 2% of FALS and FTLD cagg¥ng et al 2011
Gellera et al 2013 Synofzik et al 2012 Williams et al 2012) and a further 0.4% of
SALScases(Daoud et al 20123. Originally found to cesegregate with the disease
in a five generation kindred of 19 ALS (ALS15)/AL&TLD affected family members
both adult and juvenile onset forms have now been repoed. The genetic trait has
a dominant mode of transmission that exhibits incomplete penetrancéDeng et al
2011). Clinical manifestations include symptoms of dysarthria and dysphagia with
spastic paralysis of the linbs 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 l&hd
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 appafestg
et al 2011, Gellera et al 2013. Ubiquitinated, p62 psitive skein-like or compact
ubiquilin 2 immunoreactive inclusion bodies that celocalise with TDR43 (Section
1.2.5.3.1), FUSSection 1.2.53.2) or OPTN (Section 2.5.1.7) but not SOD1 (Section
1.2.5.1.1) or tau protein (Section 12.5.2.1) have been describedFahed et al 2014
Nolle et al 2013 Williams et al 2012). Single base substitutions in the Nerminal
proteasome bindng domain (PBD)(Daoud et al 20123 or the PXX tandem repeat
of the collagenlike region that is important for protein-protein interactions (Deng
et al 2011, Fahed et al 2@4) impair the normal function of ubiquilin 2 which leads
to disturbancesin autophagy,the UPS(Zhang et al 2014 and ERassociated protein
degradation (ERAD) pathway(Xia et al 2019.

1.2.52.7 SIGMR1

The ER chaperoné&SIGMARXsigma non-opioid intracellular receptor 1), situated

at the cromosome 9p13.3 locus (Table 1)1 has been identified as a genetic cause

of ADinherited ALSFTLD and pureé=TLD in threeCaucasian pedigrees of Australian

or Polish ancestry(Luty et al 2010). A nonpolymorphic ¢.672*51G>T substitution
xEEAE AEEAAOO OEA OEOAA POEI A job6q O OOA
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MRNA splicing and transcript stability. This led to an in@ase in expression ad a
higher abundance of the SIGMRL protein in human postmortem brain tissue and
patient derived lymphocytes.In vitro experimentation also found overexpression
of SIGMAR1o result in an aberrant 2.30 or 5.26fold induction, respecively, in the
nuclear-cytoplasmic shuttling of TDP-43 (Section 1.2.53.1) and FUS (Section 2.5.
3.2) (Luty et al 2010). Soon thereafter, a deleterious ¢.304G>C (p.E102Q) missense
mutation in an evolutionary conseved 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 orespiratory signs were accompanied by
exaggerated tendon reflexes and a typically slower than anticipated disease course
(Al-Saif et al 201). TDR43 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. SIGMARI1is a ubiquitously expressed protein considered to
have neuroprotective effects under normal physiological caditions (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 €aghomeostasis, autophagy
and mitochondrial cytochrome ¢ mediated programmed cell death in respomesto
ER stress and glutmate excitotoxicity (Section 1.2.4) (Prause et al 2013Vollrath

et al 2014).

1.2.52.8 CHMP2B

Heterozygous missense substitutions identified in the chargd multivesicular body
protein 2b (CHMP2B gene (n=6), situated at the cltomosome 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 (Section2.2.3) (Cox et

al 2010, Ghanim et al 2010QIsaacs et al 2011Momeni et al 2006 Parkinson et al
2006, Skibinski et al 2005. Towards the motor end of the spectrum the disease is
characterised bya predominantly LMN phenotype. Clinical manifestations typically

include aflaccid,atrophic tonguewith severefasciculations,dysarthria & dysphagia,
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dyspnoea(a shortnessof breath), respiratory muscle weakness, bilateral wasting of

the intrinsic hand musclesand anabnormal flexor plantar response with brisk deep

tendon reflexes. Age and site of onset varies considerably and along with survival,

which hasarangespanning15 monthsto 5% years,appearsto be mutation specific.
Pathologically, CHMP2R:ases are hallmarked by the igsence of ubiquitinated p62

and TDRt ¢ Ei 1 OT 1 OAAAOEOA ET AI OOEiIT AT AEAO E
ventral horn of the SCwhich stain negativelyfor the microtubule associated protein,

OA O /Ayniclein. There is also a lack of overt extramotasigns with substantial
microglial activation occurring in subcortical regions(Cox et al 201QParkinson et

al 20086).

The CHMP2B protein forms an essential component of the third endosomal sorting

complex required for transport (ESCRTIIII; responsible for surrendering ubiquitin

OACCAA AAOCciT O1 | Ol OEOAOGEAOI AO AT AEAO | -
lysosomal machinery for degradation(Henne et al 2A.1, Skibinski et al 2005. An
Agi 1 ¢ 1 OOAOETT T &£/ OEA CATAGO0 AAAADPOT O O

produces a @erminal truncated protein has been shown to disrupt this pathway
(Han et al 2012 Urwin et al 2010 van der Zee et al 2008leading to disturbances
in intracellular Notchsignalling and eyeirregularities in the Drosophilainvertebrate

system(Cheruiyot et al 2019.

1.2.52.9 PFN1

Missense substitutions of incomplete penetrance (n=7) concentrated within or in
close proximity to the actin binding domain of the profilin 1 PFNJ) gene, situated
at the chomosome 17p13.2 locus (Table 1)] are responsible for are instances of
AD inherited adult onset ALS (ALS18) (~22%) and bvFTLD (~0.5%) with a small
number of SALS patients (~0.2%) also affectefChen et al 2013Ingre et al 2013
Tiloca et al 2013 van Blitterswijk et al 2013a, Wu et al 20123 Yang et al 2013. In
a metaanalysis of 5,118 cases and 13,089 neurologicallyealthy controls in the
UKpopulation anoddsratio (OR)of 2.44 (p<0.05) wasproducedfor the dinucleotide
variant ¢.350A>Qp.E117G) in exorB (Fratta et al 2014). The minor allele (T) of a
synonymous ¢.334C>Tp.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 decadd€hen et al 2013Ingre et

al 2013, Wu et al 20129. Upon neurohistochemical evaluationTDP-43 pathology

is observed with the presence of ubiquitinated, p62 positive inclusion bodies that

are not immunoreactive for PFNXvan Blitterswijk et al 2013a). Profilin 1 encodes

a 140 amino acid peptide that is ubiquitously expressed and has been found to
AOOT AEAOA xEOE 3' 60N AUuOi pi AGIEA 2.0 COA
complexes(Figley et al 2019. 1t is amajor growth regulator that is required for the
conversion ofmonomeric or globular (G)-actin into filamentous (F)-actin which is
essential foractin polymerization (Mockrin & Korn 1980)8 )1 BOEI AOU - .
express mtPFN1gevidence of growth cone arrest and morphological deficits were
apparent with a marked reduction in the ratio of(F) to (G)actin (Wu et al 20129.
Homozygous knockout (KO) mice were not viable, demonstrating embryonic
lethality in an in vivo study conducted byWitke et al (2001) whilst heterozygous

littermates exhibited a significantly shortened lifespan.

1.2.52.10 HNRNPA1

Exome sequencing and linkage analysis has recently highlighted the heterogeneous
ribonucleoprotein A1 (HNRNPAJ gene,situated at the chromosome 12g13.1 locus
(Table 11), as a rare cause of AD inherited adult onset ALS (ALS20) and IBMPFD/
ALS with FTLD (Section 2.5.2.5), otherwise known as multisystem proteinopathy
(MSP), in a four generation kindred of American ancéy. Subsequent screening of

a large FALS (n=212) and SALS (n=305) cohort identified two additional missense
substitutions in the Gterminal, glycine-rich PrLD of isoform a and b at a frequency
of 0.47 or 0.32%, respectively(Kim et al 2013. HNRNPAZncodes an RNA binding
protein that has been found to mteract with TDP-43 (Section 1.2.52.1) (Buratti et

al 2005). It has the propensityto form spontaneously into selfseeding fibrils which

is exacerbatedby the presence of a disease causing mutation. IDaosophilamodel
that recapitulates many of the human pathologicalhallmarks of ALSFTLD including
TDP-43 proteinopathy defectiveisoforms of hnRNPAlaccelerated the accumution

I £#/ OEA DOIT OAET ETOI 3'80 AT A AOT OA-430EA £

35



1.2.5.3 FTLD Loci
1.2.53.1 MAPT

The microtubule associated protein tau MAPT) gene, situated at the chromosome
17921.32 locus, is associated with as many as 50% of familial FTLD ca@dstton
et al 1998 Onyike & DiehtSchmid 2013 Rademakers et al 2004Riedl et al 2014
Sieben et al 2012. Sinceits discoveryalmosttwo decadesago more than 40 genetic
alterations/splicing defects and a further two extended haplotypes, hamely H1 and
H2 have been describedPark & 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 yea(&arageorgiou & Miller 2014 Le Ber
2013, Van Langenhove et al 2018 Symmetric frontal lobe atrophy, a characteristic
feature upon neuroimaging ofMAPTmutations 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 2013Slowinski et al 2007). At protein level, pathogenicity
is conferred through a loss of function or haploinstiiciency mechanism whereby
microtubule assemblyand axonaltransport is impaired, leadingto an accumulation
of hyperphosphorylated tau filaments which form aggregates within the cytoplasm
of residual MNs and microglia of the CN@randt et al 2005 Gasparini et al 2007
Goedert et al 2012lovino et al 2014, Robinson et al 2014.

12.53.2 PGRN

Mutations in the progranulin (PGRN gene, situated at the chromosome 17g231
locus that is in close proximity toMAPT(Section 12.5.3.1) (Karageorgiou & Miller
2014), are thought to account for a further 5 to 25% of familial FTLD cas¢Baker
et al 2006, Pan & CherR013, Sieben et al 2012. So far at least sixtyseven different
genetic alterations of pathological significance have been reported in the literature
(Park & Chung 2013; giving rise to a heterogeneous clinical lpenotype that varies

greatly from bvFTLD or PNFA without apraxia ofgeech to semantic dementia and
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corticobasal syndrome (CBS)Beck et al 2008 Le Ber et al 2008 Puoti et al 2014
Snowden et al 2009. Patient cariers 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 tempral/inferior parietal
lobes is present upon MR({Rohrer et al 20190 Whitwell et al 2009). Reactive gliosis
and white matter disease pathology have also been found to be prominent features
of PGRNnutations (Kelley et al 2009 McMillan et al 2014). Moreover, tau negative
and TDRt ¢ DI OEOEOA OAENOEOET AOGAA 1T AOGOITTAI A
have been detected in the superficial layers of the cerebral neocortex aslas the
hippocampal granule cells of the dentate gyrugJosephs et al 201IMackenzie et al
2010, Riedl et al 2014 Robinson et al 2014. Null mutations are thought to confer
pathogenicity through a loss of fundbn 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 RiedI et al 2019.

1.2.53.3 PSEN1

A dominant negative heterozygous 3bp TCG insertion of an arginine residue at the
position of the 352d codon (insR352) in exon 10 of the presenilin 1IRSENJ) gene,
situated at the chromosome 14g24.3 locus, has beenperted in a single kindred

in which there are at least three instances of dementi@Amtul et al 2002). Although
17O AOOT AEAOCAA xEOE-AAUDRBAA; #8Q 1T AOCAI A0A
ALZ, the mutation is thought to affect cleavage of amyloid precursor protein (APP)
OEOT OCE EOO EI E Bdcietdse hctivity(Galde@A duhkin 2G0J. The
proband presented at 56 years of age with features of Parkinsonism, asymmetric
paraparesis, forgetfulness, visual hallucinations, increased app&t (hyperphagia),
personality and behavioural disturbances, delusions, hypersexuality, incontinence,
cognitive decline and social disinhibition (Section 2.1) (TangWai et al 2009. 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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AT A ClIEI OEO8 4EA DPOAOCAT AR B& EAERNDEOERAOL.
TDP-43 which stained negative for FUS and the microtubule associated protein, tau

were consistent with a diagnosis of FTLRJ (FTLD with ubiquitin and TDR43 +ve
inclusions). The pathogenicity of the insR352 mutation, however, was cadl into

guestion upon discovery of an IVS1+1G>A substitution in exon 1 of tRR&GRNgyene
(Section1.2B808¢q ET OEA OAIi A PAAECOAA xEEAE A/
the ATG start codon encoded by a methionine residue and blocks protein synthesis
(Boeve et al 2006.

1.2.5.4 COORF72

A long established association between the 9p21.2 locus of the human genome and
arisk for developing ALS bvFTLDor the combined ALSFTLDsyndrome can now be
explained, at least partially, by the discovery in October 2011 of a pathogenic non
coding hexanucleotide @ repeat expansion that is situated in the first intron of
exon la containing transcripts or proximal promoter region of exon 1b containing
transcripts of the previously uncharacterisedchromosome9 openreading frame 72
(C90ORFT7pgene(DeJesusHernandezet al 2011, Renton et al 201). Repeatprimed
PCRand Southernblotting hybridization techniques have sort © size the expansion
in post-mortem material isolated from human frontal cortex, cerebellum and brain
stemin addition to patient derived skin fibroblasts, peripheral whole blood andEBW-
transformed, immortalised B-lymphocytesj , # ,(Be€kx@t al 2013 Buchman et al
2013, Dols-Icardo et al 2014 Harms et al 2013 Hubers et al 2013 van Blitterswijk

et al 20139. Somatic instability of the expanded @ sequence may explain a large
degreeof the variability which ari ses between affected members of the same family
andacrossdifferent tissuetypeswith averagerepeatlengthsrangingin sizebetween
afew hundred and severalthousandcopies.Uncertainty, however,remains as to the
precisenumber of repeatsthat are required in order to exert neurotoxicity towards
-. 80 ET !, atidesHold & mdretigak 30 copies is widely accepted, some
studies have suggested as few as 20 or 22 copies could be patholog{8lrne et al
2013, GomezTortosa 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 | (NM_001256054) exons 1a,-21 and Variant
[l (NM_018325) exons 1b, 211] and a stable truncation [Variant Il (NM_145005)
exonsla,2-5]. Sincethe methionine residue encoding the translation initiation ATG
start site is situated in exon 2, transcript variants | to Il produce only two protein
isoforms:isoform aof 481a.a(54.3kDa)andisoform b of 222a.a (24.8kDa)(Flicek et
al 2014). COORF75 predicted to be a putative member of the DENN superfamily of
differentially expressedin normal and neoplasticdomain containing proteins which
AOA OET OCEO O1 mbdl Rab &TPhse(ledne 'et%|@61OZhaAl €
al 2012); thus, implicating them ina possible role in membrane traffickirg and the

autophagosomelysosome clearance pathwayFarg et al 2019.

By the autumm of 2013 several thousand incidences (n>3,300jWoollacott & Mead
2014) ofthe COORF72xG repeat expanson had been reported worldwide, making
it the most commongeneticcauseof both conditions identified to date with as many
as43% of FALS(0.4-21% SALS)yand approximately 25 to 30% of hereditary bvFTLD
(2.0-23% sporadic bvFTLD) patients affectedCooperKnock et al 2012 Cruts et
al 2013, Devenney et al 2014Gijselinck et al 2012 Majounie et al 2012 Smith et al
2013).1t hasyetto bedetermined, however,whether pathogenicity arisesfrom aloss
of function (haploinsufficiency) or gain of function mechanism mediated by repeat
associatedhon-ATG(RAN)translation of DPR (dipeptide repeat) proteingGendron
et al 2013b) or the formation of toxic RNA foc{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 theadvent of the Human Genome Project,
launched almost twentyfive years ago(Watson 1990, it has become increasingly
possible to simultaneously measure the activity of transcripts pertaining to many
OET OOAT AO 1T £ CAT AO 1 O® a8y Sharp dtal 20060.ET CI1 A
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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 transformeah

vitro to yield copy RNA (&NA) which is fluorescently labelled with an covintly

attached biotin molecule4 EA OOAOCAO6 OAI P1 A EO OEAT A
oligonucleotide probes that are synthesised directly onto the glass slide by means

of combinatorial chemistry and phdolithography8 / 1T O O AlKTEe®pebsioi o

Qu

arrays eachtranscript is represented by 11 probe pairs. These comprise@obeset
which contains equal numbers of perfect match (PM) and mismatch (MM), in order
to control for hybridization specificity, 25-mer oligonucleotide sequenceghat are
scattered at random acrossthe chip (affymetrix.com). Signalintensity readoutsfrom
the GeneChi@ scanneroncethe array has been washed, stainednd processedcan
be considered proportional to the amount of cRNA for any given transcript which
hasboundto its complementary sequencés) onthe GeneChif and, hence, provides

an accurate, robust and quantifiale measure of gene expressio(Figure 1.2).

Total RNA cDNA Biotin-
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Figure 1.2 Schematic Overview of the Affymetrix © Oligonucleotide Microarray Platform for
Global GEP of Peripheral Tissues in ALS

Abbreviations: ALS- Amyotrophic Lateral Sclerosis, cDNAcomplementary DNA, cRNA copy RNA
and GEP- gene expression pofiling.

The microarray platform introduced by Affymetrix® has quickly become one of the

most extensively used systems for generating gene expression profiling (GEP) data
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around the globewith a full range of different GeneChigsnow supported including
the HumanGenomeHG)U133Plus2.0GeneChig [Chapterc d, O7ET 1 A "]

A A~ e N =

i A

andHuman Exon 1.0ST GeneCHip # E A D G3ORF72 600 3 OOAUS AT A #

A A~ N = s x £ N z

GIORF7B OOOEOAT 3060BHAUBY ! OOAUO xEEAE AOA AE

and2.3.2.4.1yespectively of Chapter2: 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 invaluableinsights have been gained, specifically with regards to elucidating
furth er the neuropathophysiological mechanisms which underlie MN degeneration
in ALSand indeed other neurodegenerativeas well as neuropsychit&ic conditions,
there are severallimitations associatedwith the use of human postmortem derived
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 diagnosticand/ 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, restrcting 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 asignificant levels

of RNAdegradationand protein modification that can occurex vivo.Additional con-
siderationsinclude inter - andintra-individual variability, the extent of neuroinflam-
mation at autopsy, PM delay and brain pKMaes et al 2007. Decisions concernig
whether to sample grey versus white matter, for example, or choosing to enrich for
cortical MN& over AHGS will also have a profound impact. Moreover, transcription

al profiling of PMmaterial inevitability reflectsonly the very terminal stages of dise
ase progression (i.e. th® T ET O AO xEEAE HlAavéd dedehe@ted U
and already been lost from the systemjSharp et al 20063. Hencethe difficulty in
establishing whether the GE changes detected on the microarray have occurred in
response to a pathogenic triggr, are aconsequence of dying M@ initiating apopt-

osis (Section 1.2.4.8)or due to survival signals emanating from the remainingion-
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neuronal cell populations. Thelatter may be particularly problematic when prepari-
ng whole tissuehomogenates rather tlan deploying laser capturemicrodissection
(LCM) techniquesto isolate specificcell subtypes(Lederer etal 2007).In an attempt
to overcomesomeof the aforementioned issues discussed above, a nuoar of more
readily accessible tissuetiave been investigated (Table 1.4); which include periph

eral whole venous blood specimens and immortalised, EBW¥ansformed B-lympho

AUOAO j,#,060q OEAO AOA OAOEAxAA AOEAAE U

Periphera | Tissue Advantages Limitations
Whole Blood - readily accessible - no direct involvement in ALS
- longitudinal collection -O1 OA1 AGAA OT - .
- large sample volumes - mixed cell population
- good standardisation of technical - high abundanceof erythrocyte
procedures alpha/beta haemoglobin
PBMC - readily accessible - no direct involvement in ALS
- longitudinal collection -O1 OA1 AGAA OT - .
- homogeneous cell population - ex vivohandling
, #, 060 - non-invasive collection - no direct involvement in ALS
- good standardisation of echnical -O01 OAT AOAA O1 - .
procedures

- almost limitless resource
- large Biobank available
- homogeneous cell population

Muscle biopsy material - direct involvement in ALS - accessibility
- invasive collection
CSF - obtained from CNS - invasive collection
Skin fibroblasts - readily accessible - no direct involvement in ALS

- model system with the genetic
background of the patient
- can be reprogrammed into MN
like cells
-01 OOAA &1 O cAl A
Table 1.4 Advantages and Limitations Associated with the Use of Peripheral Tissues for GEP
Analysis in ALS

Abbreviations: ALS- Amyotrophic Lateral SclerosisCNS central nervous system,CSF cerebrospinal
fluid, GEP- gene expression profiling, iPS€induced pluripotent stem cell, LCL: lymphoblastoid cell
line, MN- motor neuron and PBMG peripheral blood mononuclear cell.

1.3.3 The Use of Peripheral Tissues

3ET AA OEA - .80 xEEAE AACAT AOAOGA ET I,
great benefitsto be hadin samplingperipheral tissuesthat lend themselvesto better
standardization of technical procedures, are readily accessible and can be collected

in large volumeswithout the need for re-sampling or longitudinally over the course
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of the disease duration e.g. whole bloo{Boroveckiet al 2005, Grunblatt et al 2010,
Maeset al 2007, Runne et al2007, Sariset al 2009, Scherzer et al 2007Tsuang et al
2005) (Section 1.41) and, immortalised B-lymphocytes (Section 1.£) (Antonell et
al 2010, Bittel et al 2007, Kakiuchi et al 2008 Nishimura et al 2007, Talebizadehet
al 2014). The advantagesand limitations of eachof thesein addition to peripheral
blood mononuclearcellsj 0 " - #B&yaifetal 2014), skin fibroblasts (Raman et al
2014), musclebiopsy material (Calvo et al 2012 and CSKJones 201) are summ-

arised in Table 1.4.

1.4 GEP Studies in Neurodegenerative Disease

1.4.1 Examples Using Peripheral Whole Venous Blood

1.41.1ALS

Currently in the literature there has only been a single published report b$aris et

al (2009) which documents the use of peripherbwhole blood for the generation of

ALS related transcriptomics data. In this study, 79 spinal onset and 44 bulbar onset
AAOGAO 1T &£ A1 EAEI PAOEEA 1 AOOOA OEAO 1T AO O
(Section 1.1.3) were recruited from The Netherlads 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 cohds including one that
containedafurther 30 SALSpatients and controls (Dataset2) and a third containing

the remaining 63 SALS patients and controls (Dataset 3).

Application of the lllumina based microarray platform using Sentri® HumanRet8
Expressian BeadChip Arrays which represent >22,000 RefSeq curated gene targets
identified 2,300 probes (9.4%) as being differentially expressed (DE) between the
31,3 AT A AT 10011 cCcOl OPET ¢cO HdstpdbA(S#kiE OAT O
et al 2009); although no validation by gRTPCR (quantitative realtime polymerase
chainreaction) was performed. Dysregulation of CHMP2BSection 1258 ¢ 8 4  § p 8
-fold, p<0.001) andRAB5A} ¢ p #oul,(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 responsiblefor regulating intracellular trafficking
and endosome formation, transportation, membrane docking & fusiofiGohre et al
2012, Li et al 2013¢ Lu et al 2014 Nayak et al 2013. Theyplay a critical role in the
autophagosome lysosome clearance pathway which is an important mechanism for
cellular homeostasis and survival that haslao been linked to the pathogenesis of
ALS (Sectionl.2.4.7) (Barmada et al 2014 Ferguson et al 2009Hetz et al 2009 Li
etal 2013b, Tarabal et al 2005. Moreover, the RAB5Aguanine nucleotide exchange
factor encoded by ALSIN (Section 1.2.51.2) isrecognised as a causativgene of a
rare AR inherited form of juvenile onset ALS (ALS2) (Table 1)XYang et al 200].

Saris et al (2@9) proceeded in performing Weighted Gene Cexpression 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 clusterirg 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. Bonferoni multiple comparison tests identified
Blue[nEm8 1 Wj d Q5] @ Yelow mBom 8 ¢ p j g Q409] Bodupes \hicko
were highly preserved across all three datasets and comprised predominantly up
regulated or down-regulated clusters, respectively. Igenuity Pathway Analysis of
each of the top 500 ranking gene lists highlighted transcripts that are involved in
the posttranscriptional or post-OOAT O1 AOET T Al 11 AEAEAAQEIT 1
asbeingsignificantly over-represented in the Blue module wih neurodegeneration

of the CNS, OS response (Sextil.2.41) & inflammation (Section 1.2.4.6 enriched

in the Yellow module. Of particular interest is the dysregulation oATXN2(Section
1.2.8 ¢ 8 1 ( -folddpg@BOP L since polyQ expansions in this gene are associated
with a rare AD inherited form of adult onset ALS (ALS13), bvFTLD with neftuent
aphasia, PD and SCA2 (Table )Y.(Elden et al 201Q Imbert et al 1996). In a further
analysisof 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 canmon 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 havebeenrecapitulated in the spinal cord,

peripheral whole blood and muscle biopsy tissue of the transgenic SOB3¥# 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 fiveadditional SALS patient{Wang et al 2006.
These included ATP/GTP binding protein 1IAGTPBPQ i} ¢&-fpl® p<®.01) which

is thought to contribute to Purkinje cell degeneration and loss in hereditary forms
of cerebellar ataxia(FernandezGonzalez et al 2002Lim et al 2006) and has since
beenvalidatedin athird independentstudy comparing' %O0f@®r®11 SALS patients
and 9 neurologically healthy, control subjectg¢Lederer et al 2007. Other DE genes
commonly dysregulatedin peripheral whole blood andhuman post-mortem derived
SC tissue include a number of those involved in DNA replication & repair as well as
RNAprocessing protein degradation,cellular responseto stress, inflammation, C&
homeostasis, cell cycle control, CNS vasculogenesis and glucose metabdsBL1,
CAMLG, CD74, CYBA, ENG, GYS1, POLD2, RELA, S100A9, SF1, SPN, SRPK1, TXN, Ul
USP11and VIL2] (Dangond et al 2004Ishigaki et al 2002 Jiang et al 2005Kudo et

al 2010, Malaspina et al 2001 Offen et al 2@9).

1.4.1.2 Other Neurodegenerative Disorders
1.48uv8¢p8u (O1 OET CcOI 180 $EOAAOA

(O1 OET ¢cOiI 160 AEOAAOA | ($Qqh xEEAE EAO A B
Caucasiarpopulation (Pringsheim et al 2013, 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 theHTT geneencoding the huntingtin protein (MacDonald

et al 1993). The ondition is characterised by the loss of gamma&minobutyric acid

or GABAergic neurons and widespread reactive gliosis in the striatum and cerebral

cortex (Runne et al 2007. Extrapyramidal signs include rigidity ard 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 201).

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 GeneCHipArrays and Amersham BioSciences
CodeLink Uniset Human | and Il bioarrays with an average expression ratio of >1.8
or<0.6j O O O A-febt ©<6.@DO5)for up and down-regulated changesyespectively.
The majority of transcripts were increased in peripheral blood of patients relative
to controls and reflected diverse biological processes including transcription/RNA
processing, ubiquitinrmediated proteasomal degradation, vesicular trafficking and
signal transduction. Thetop 30 highestranking genes, as determined by probability
valueandfold-change were assessedy gRT-PCRand a subset of 12 demonstrating
the most significant DE selectedto form abiomarker panel which could be applied,
using principal componentanalysis(PCA)mapping software, to distinguish not only
between HD and controlsbut 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 presymptomatic, 14 symptomatic and 25 controls or b) nine
early pre-symptomatic and a further nine controls. The panel also proved effective
in a Phase | clinical trial inmonitoring individual patient responses to the histone
deacetylase (HDAC) inhibitor sodium phenylbutyratgBorovecki et al 2009 which
has been shown to exhibit neuroprotective properties in a transgenic mouse mobe
of the diseasgGardian et al 2005. Moreover, an upregulation in the expression of
7 of the 12 candidate genes (58.3%) was confirmed by gRACR in human derived
post-mortem tissue from the caudate nucleus of ie additional HD brains and four
controls (Borovecki et al 2009. In another study comparing HD (n=61), PD (n=20)
andischemicstroke (n=10) patients, the sameapproachwas conductedby Lovrecic
et al (2009) using a standard logistic regression based model which was successful
in generatinga positive predictive scoreof 78% with sensitivity 82% and specificity
53%. This finding, howevergcould not be replicated in lymphocyes suggesting that

this particular panel of biomarkers may be specific to bloodRunne et al 2007.

14808 98¢ OAOEET OT 180 $EOCAAOA

PD affects approximately 1% of thgopulation over the age of 65 (Wirdefeldt et al
2011) and is characterised as a slowlyprogressive 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 presencel £-OPYT OAT AET AT 1 OAlEds B&alsbstantialdlads oA O x
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 dryahr
scoreof 2.3 (range 1-4) and 55 unrelated controls including 33 diseasemimics [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 fetthange (FC) threshold
of £1.25. Functiona categories that were highlighted included the cell cycle, DNA/
RNA turnover, protein phosphorylation & transport, carbohydrate metabolism and
apoptosis.Ofparticular interest is the down-regulation of the heat shock protein 70
(HSP70) cechaperone suppession of tumorigenicity 13,ST13} ¢ p -Botpl,p<0.01)
which hasbeenimplicatedinthe AAA OOAT O -&hdcldircandlts $ubBequent
toxicity towards dopaminergic neuronesin PD (Flower et al 2005 Klucken et al
2004). This waslater confirmed in two independent qRT-PCR assays using different
housekeeping genegScherzer et al 2007. The authors alsodivided the cohort into
atraining 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 crossalidation 5.7 with 95% confidence
interval (Cl) between 1.6 and 21, p<0.01{Scherzer et al 2007. In a reanalysis of
the aforementioned datasef Soreq et al (2009 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 neurammune signalling (Soreq
et al 2008). It is also worth noting that an intron 8 SNP encoded within one of these
markers, VDR(vitamin Dreceptor), is found to be disproportionately over-represen

ted in KoreanPDsufferersrelative to the general poplation (Butler et al 2001, Kim
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et al 2005, Li et al 2014).

In a more recently published report byGrunblatt et al (2010), 4 of 12 (33.3%) pre
selected candidates based upon prior GEP analyses of human posirtem derived
brain tissue [ALDH1A1, HIST1H3, LAMB2ad PSMAZ2 (Grunblatt et al 2004 Hauser
et al 2006, Lu et al 2005 Simunovic et al 2009 Zhang et al 200% could successfully
differentiate between sporadic PD casefd 1 drug naive and 116 mediated], disease
mimics diagnosedwith ALZandneurologically healthy,elderly control subjectswith

a sensitivity and specificity of greater than 80% in qRIPCR assays of RNA isolated
from peripheral whole blood (Grunblatt et al 2010).

14.1.23!' 1 UEAEI AOBO $EOCAAOA

ALZrepresentsthe mostcommonform of agerelated dementiathat afflicts between

3 and 7% of the global population older than 75 year§Abdulrahman & Jnr 2014
Takizawa et al 2014. Progressivememory lossandadeclinein cognitive function is
accompanied by reactive gliosis, atrophy of the basal forebrain and hippocampus,
hyperphosphorylated tau (neurofibrillary tangles) (Duyckaerts et al 2009 Sabuncu

et al 2011).

4 OAT OAOEDPOEI T Al POl £ZET ET ¢ T £ DPAOEDPEAOAI
mildly symptomatic sporadic ALZ patients [Mini Mental State Examination (MMSE)
scoresof 23.4+3 out of a possible30] and anequalnumber 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%) dowregulated and 93 (9.9%)
up-regulated transcripts with an average expression ratio of >1.2 or <0.9 and SAM
2-way analysisof 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 GeneExpression 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 wersignificantly decreased in the
0"-#80 1T &£ ', : DAOEAT OGMaed et aDA0] AT allarg® |
proportion of these have been found to be gender specific, changes in 78% of those
selected in maés and 56% in females were confirmed in a gRFPCR assay (albeit in
the same cohort of samples used in the microarray experiments) and >160 probes
exhibited similar expression changes in human derived posnortem brain tissue
(Blalock et al 2004 Colangelo et al 2002Yao et al 2003 and/or transgenic animal
models of the diseasé€Dickey et al 2003Ho et al 2001, Reddy et al 2004.

1.4.1.2.45chizophrenia and Bipolar Disorder

Schizophrenia(SCHIZ)and Bipolar disorder (BPD)are severelydebilitating chronic
remitting and relapsing neuropsychiatricillnessesthat eachoccurin approximately
1% of the population. The former ischaracterised 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 diagnosedaccordingto the IV criteria of the Diagnostic
and Statistical Manual of Mental Disorders (DSM) and 28 unrelatedeurologically
healthy control subjects identified 89 of 12,674 probes (~0.7%) on the Affymetrix
U133A/plus2.0 GeneChify Arrays as being DE between the two patient groupings
and controls, applying a nosparametric ANOVA (KruskalWallis) p<0.005 without
performing a multiple comparisons correction. Twedimensional (2D) hierarchical
clustering usingthe 3 B A A O Icoiréladidd statistic demonstratedthree genetically
defined subgroups on the HeatMap which corresponded to SCHIZ, BPD and control
cases in the dginal microarray experiment. Logistic regression and ROC (Receiver
Operating Characteristic) curve analysis from patwise comparisons of SCHIZvctrl,
BPDvctrl and SCHIZvBPD determined linear and ndimear combinations of eight
of the highestranking genres, which were confirmed by gRIPCR, to be successful in

discriminating not only between a healthy versus disease status but also between
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SCHIZand BPDwith anoverall efficiency of 95%(Tsuang et al 200%. Many ofthese

putative markers were found to reside at chromosomal loci which have previously

been linked to SCHIZ [1cen.q12ADS$ 1921 (S100A9, 20913 (DATF) and 22913
(APOBEC3RB BPD [4p16 CTBP) and 4921 (CXCL]] or alternatively both of these
neuropsychiatric conditions [11922 (ATM) and 19913 (CLQ] (Badner & Gershon

2002, Cassidy et al 2007Cheng et al 2006Francks et al 201QFullerton et al 2010,

Lewis et al 2003. Furthermore, an increase in the expressioreVvels of chemokine

(C-X-C motif) ligand 1 melanoma growth stimulating activity, alphaCXCLOQ { {p8uv Y
-fold, p<0.001) has been independentlyerified in a secondgRT-PCR cohort which

was comprised of an additional 30 SCHIZ patients and 26 unrelated, neurgloally

healthy control subjects(Yao et al 200§.

1.4.2 Examples Using Immortalised Lymphoblastoid C ell Lines

1.4.2.1ALS

To date, no reports have been published on the use of peripheral E¥nsformed
Bl Ul BPET AUOAO j,#,080q O 1 AAOOOA CAT A Aab(

1.4.2.2 Other Neurodegenerative Disorders
14.2.2.1Schizophrenia

Transcriptional profiles of EBVttransformed 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 gar 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 GeneChifrrays
containing >22,000 probes for the interrogation of pwards 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 antbn-parametric

testing. These included adrenomedullin ADM and selenoprotein X1 SEPX] that
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were significantly up-regulated and the Blymphocyte and neuron specific CD200
antigen (CD200Q which was significantly downregulated (Kakiuchi et al 2009. The
former two alterations have been verified in LCLgHuang et al 2004 and plasma
(Yilmaz et al 2007 Zoroglu et al 2009 or peripheral whole blood (Glatt et al 2005

in leastone other independent SCHIZohort asreported elsewherein the literature.
ADMencodes a potent vasodilator peptide which is abundantly synthesised in the
thalamus, hypothalamus and pituitary gland where it is responsible for controlling
thebodyd O T AOOT AT AT AOET ATagidk & Bambkod 200 Although OO A O
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 (Se&-) 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 analys (Kakiuchi et al 2008).

1.4.2.2.Bipolar Disorder

Transcriptome profiling of immortalised, EBVitransformed B1 Ui PET AUOAO | ,
generated from two pairs ofmale MZ twins, aged 42 and 49 years, respectively that

were discordant for BPD using Affymetrix HU95A GeneChfpArrays which contain

probes for the interrogation of ~12,600 well characterised genes revealed overall
down-regulation in the expressionof 170 0OAT OAOED OO HJoldargreate] | & p
p<0.05) which are associated with theER stress response pathwayKakiuchi et al

2003). These included an ER chaperone, heat shock 70kDa prot&n(HPSAY

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 (XBPJ (Dunys et al 2014 Zhang & Kaufman

2006). The former resides at the chromosome 22g12.3 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-pp @ #vy' DI 1 Ui T OPEEOI
within the upstream promoter region of the XBP1gene, which disrupts its putative

binding site by altering the consensus motif from an ACIGto AGGT, is reported to

be a significant risk factor for BPD in a Japanese cohort comprising 140 bipolar |
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and 57 bipolar Il disorder cases and 451 unrelated neurologically healthy control
subjects [OR 4.60 with 95% CI between 2.1 and 10.@akiuchi et al 2003. Upon
induction of the ER stress response pathway by thapsigargin mediated €a
ATPase inhibition the authors demonstrated substantially smaller elevations in the
gRT-PCR mRNA levels o{BPland HPSA5Aranscripts in cultured LCL& from BPD
patients versus controls in a direct comparison between the treated and untreated
groups. Furtherin vitro experimentation introduced a 7 day preincubation period
exposing the cells to therapeutic concentrations of thenood 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 & Pywes 2005, Yoshida et al 200).

The findings ofKKakiuchi et al (2003, however, could not be replicated in a more
recent casecontrol study of three additional pairs of Australian MZ twins including
one male agd 23 years and two females aged 38 and 58 years, respectively which
were profiled usingthe Affymetrix HumanGenomelU133plus 2.0 GeneChif@ Arrays
(Section1.3.2.2.2)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 diaion of pro-

apoptotic pathways.

1.5 Summary of Project Aims and Objectives

The principle aim of the PhDwasto perform GEP of peripheral tissues in ALS. In the
first instance whole blood wastrialled sinceit lendsitself to good standardisation of
technical procedures,it is readily accessibleandit canbe collected in large volumes,
longitudinally. However,in evaluatingNuGENTechnologies Inc., UK patented linear
single primer isothermal amplification (SPIA™™) method this proved no more reliab-

le than the previously unsuccessful Ambio® GLOBINClea™ protocol developed in
houseby Dr Rohini Raman(2011). Evidenceis suggestiveof the sheer abundance of
erythrocyte derived alphaand betahaemoglobintranscripts (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
saipts of equalbiologicalimportance that are alsocontainedwithin the sample. For

this reason,we proceededinstead toinvestigate the useof immortalised EB\ttrans-

formedB-l Ui DET AUOAO 1T O 1 Ui PET A1l AOGOT EA AAIT I

ally homogenouscell population which can be culturedin vitro to support downstr-

eamfunctional assays)in order to addressthe following: 1) Upondiscovery,in 2011,
of alarge,intronic hexanucleotide GG repeat expansion DeJesusHernandez et aj
Rentonet al) of >30 copiesin the previously uncharacterisedCOORF72ene, which
is now recognised as the most frequent cause of ALS and bvFTLD, elucidatther

the mechanism(s)of COORF72eurotoxicity in ALSand 2) Within this specific gene
tic subtype,establishwhether there are modifiers of survival [i.e. a fast (<2yrs) ver
susslowj | 1 Wideds@progression]that canled us to identify potential new areas

of future therapeutic research.
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2.1 Clinical Characteristics

2.1.1 NuGEN Ovatior® Whole Blood Study

Participants recruited into the NuGENOvation® Whole Blood Study were Caucasian
and of North European descenfThese were comprised o6ix 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£15yrsT@ble 2.1). Survival from the
time of diagnosisto the point at which the tissue sampleswere donatedrangedfrom

12 months to aminimum of 6 yearswith average disease duration of approximately

3 years and 4 months.

Sample ID Diagnosis Gender Age at Onset Survival
BLDCONO1 control M 48 n/a
BLDCONO2 control F 47 n/a
BLDCONO4 control M 54 n/a
BLDCONO7 control F 56 n/a
BLDCONO8 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 | T80
BLDPAT27 SALS M 71 |l uBO
BLDPAT35 SALS M 71 2yrs
BLDPAT38 SALS F 46 | 5O

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 asthe ageat 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 pait at which the tissue samples were donat

AA ¢+ ET AEAAOAA AU OEA COAAOAO OEAT 10 ANOAI O
Abbreviations: ALS- Amyotrophic Lateral SclerosisBLDCON- blood control, BLD

PAT- blood patient, F - female, M- male,n/a - not applicable and S- sporadic.

2.1.2 ECACC LCL Study

%# ! ## AOOAAI EOEAA 1 Ul b i=#2D)ACCHAESASOGALST 1 E
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and 200-CTRL] wereobtained from patients and their spouses or unrelated carers
attending clinics in the Birmingham (28.8%), London 29.6%) or Sheffield (41.6%)
districts betweenNovember 2003 and June2011 (Figure 2.1). The Birmingham hub
included satellite centresfrom BelfastCity Hospital (BBe) (h=11/236), Oxford (BOXx)
(n=3/236), Bristold EYenchayHospital (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), SouthamptonGeneralHospital (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 Sheffieldhub included satellite centres from Prest
on (SPr) (n=10/341), Manchester (SMa) (n=19/341), Newcastle (SNqn=48/341),
Nottingham (SNt) (n=22/341) and Durham (SDu)n=5/341) (Figure 2.1).

mLP mLC mLPomLNh m LSh & LCa « LRo = LPy = LRf
London

Birmingham Sheffield
uBP mBC wBLi mBBe wBOx = BBr mSP mSNc mSC mSNt mSMa wSPr «SDu

Figure 2.1 ECACC LCL Breakdown of UK Biosample Collection CentresThree National Research
Hubs are represented in Orange [B] (Birmingham), Gemn [L] (London) and Red [S] (Sheffield) with
the surrounding satellite centresencodedby the prefixes: Li - Liverpool, Be- Belfast City Hospital, Ox
- Oxford,Br - Bristol Frenchay Hospital, Pe Poole General Hospital, LNhLondon National Hospital,
Sh- Southampton General Hospital, CaCambridge, LRo Royal London Hospital, LPy Plymouthd O
Derriford Hospital, LRf- London Royal Free Hospital, NeNewcastle, Nt- Nottingham, Pr- Preston,
Ma - Manchester and Du Durham.

Abbreviations: BC- Birmingham control, BP- Birmingham patient, ECACG European Collection of
Cell Cultures, LG 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
descentPatientsx AOA AEACT T OAA AAAT OAETI ¢ O OEA
amended EEC of 19983ection 1.1.3 (Figure 1.1 with either definite (n=248/620)

or probable (n=345/620) ALSin 95.7% of caseswhich included four incidences of
concomitant FTLD(Section 12.1) and two incidences of concomitant P§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 MNDincluding PBP (n=23/620) (Section 12.2.1), PLS (n=3/620)
(Sectionl1.2.2.2) and PMA (n=1/620) (Sectionl1.2.2.3. Two hundred neurologically
normal, healthy control subjectsselected from the NationaMNDA (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 FAL&=120) (Figure 2.2.

801 mFALS
| M SALS
m Ctrl

Frequency
N
o

O_| 1 1 1 T T T T T T T T T T T T 1 1
20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 9¢
Age (years)

FALS Control
M:F 1.45:1 1.74:1
Age 55.4+12yrs 63.2+11yrs
Total 120 200
&ECOOA ¢8¢ ' CA &OANOGAT AU S$EOOOEMBBETT 1T &£ 0AC

ECACC Microarray Study (n=820) [120 -FALS, 500SALS and 206CTRL]

Abbreviations: ALS- Amyotrophic Lateral Sclerosis, Ctrt control, ECACC Euro-
peancCollection of Cell Cultures, Ffemale, F- familial, LCL- lymphoblastoid cell
line, M- male and S sporadic.

All of the FALS cases were assigned to the discovery cohd@ontrols andSALS, on

the other hand,were ranked, in ascending order according to age, and allocated the
number one (discovery cohort) Section 4.1.) or two (replication cohort) ( Section

4.1.2) alternately down the list. Afurther detailed analysisof the two cohorts can be

£ 0T A AO OEA AACEITTEIC 1T &£ #EADPOAO 14 O#E,

2.2 Materials
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This project was funded by EuroMOTOR (European Wtidisciplinary ALS Network
Identification to Cure Motor Neurone Degenerationynder the Seventh Framework
HealthCooperationProgramme(FP7/2007-2013) (euromotorproject.eu). Thework
was approved by the South Sheffield Research Ethics Committee [REC12/YH/0330;
STH16573].Prior to biosamplecollectioninformed written consentwasobtainedfor

all patient and control donors agreeing to participate ineither of the two studies.

2.2.1 Biological Specimens
2.2.1.1 Peripheral Whole Blood

PAXgené@ Blood RNA Collection Tubes (2.5mL) (PreAnalytiX, GmbH) and BD Vacu
tainer® VenousCollection Tubes(6.0mL) (BD Diagnostics)were purchasedfrom BD

Biosciences, UK.

2.2.1.2 Lymphoblastoid Cell Pellets

FrozenEB\ttransformed, immortalised lymphoblastoid cell (LCL)pellets, preserved

in RNAater™ (SigmaAldrich®, UK), were obtained from the National MNDA DNA
BankheldatOEA ( AAl OE 00T OAA OE lah Colleidnl oAOdIBODIt j ( O !
ures (ECACC)Rublic Health England, UK{Section 2.3.2.).

2.2.2 Solutions, General Chemicals and Laboratory Consumables

Nucleasefree (NF) double-distilled water (ddH20) was purchasedfrom QIAGEN.td.,
UK.TEbuffer [10mM tris -(hydroxymethyl) -aminomethanehydrogenchloride (Tris-
HCl)and1mM ethylenediaminetetraaceticacid(EDTA),pH 7.5at 25°C]was supplied

by EPIEENTRE® Biotechnologies(lllumina Inc.,UK). TAEbuffer [0.4AmM Tris-acetate
EDTAand0.01mM SodiumEDTA pH 8.2 at 28C] was prepared using reagents sup
plied by SigmaAldrich®, UK. Molecular grade agarose was purchased from Bioline,
UK. The intercalating nucleic acid stain, GelRB#was purchased fromBiotium, UK.
All other generalchemicalswere purchasedfrom Thermo Fisher Scientifi® Inc., UK

including analytical grade isopropanol and absolute ethanol.
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Stratagene gPCR Human Reference Tofal. ! ¢ pt CTt EDTA/RNamefqei -
H-0] was purchasedfrom Agilent TechnologiesLtd., UK Actin, beta ACTB primers,
designed by Dr Marta Milo (Department of Biomedical Science (BMS), University of
Sheffield),were supplied by Invitrogen ™ (Life TechnologiesLtd., UK). Haemoglobin
alpha 2 HBA2 primers, designed byDr Paul Heath (SITraN), were purchased from
SigmaAldrich®, UK and optimised, previously by Dr Rohini Raman (Department of
Neuroscience, University of Sheffield)18S ribosomal RNA 18SrRNA forward and
reversesequencesvere designedand optimised by DrJ Robin Highley (SITraN). All
other standard gRT-PCRprimers were synthesisedand shippedfrom Eurofins MWG
Operon,Germany.Stratagene Brilliant Il and FastStart Universal SYBRGreen PCR
Master Mixeswere purchased from Agilent Technologies Ltd., UK arRibche Diagn
ostics(GmbH,Germany),respectively. The IDT PrimeTime® Mini g°PCR Assays were
supplied by Integrated DNATechnologie® Inc.,USABtrilliant Il Ultra-Fast gRT-PCR
Master Mix was purchased from Agilent Technologies Ltd., UK. Thivalled 96-well

plates and optical caps were manufactured by Geneflow Ltd., UK.

For performing gelshift assaysprecast15-x A1 1 | -804 poly@crytamide mini-
PROTEAR TBE™ gels were purchased from BieRad Laboratories Ltd., UK. Neutr
Avidin™ biotin -binding protein and a 1X phosphate buffered saline (PBS) solution,
supplied at pH of 7.2+0.05(Invitrogen Gibcd®), were purchasedfrom Thermo Fisher
Scientific® Inc.,UK.A 1XTris Borate EDTA(TBE) buffer solution [B9mM Tris-borate
and 2M EDTA, pH 8.3+£0.1 at 2&] was pepared using reagent supplied by Sigma
Aldrich®, UK. Ethidium bromide was also purchased from Sigmaldrich®, UK. DNA
LoadingBuffer Blue (5X) andthe molecular weight markers HyperLadder™ [V (100
-1000bp) and HyperLadderMV (25-500bp) were purchased fran Bioline Reagents
Ltd., UK.

HumanGenomeU133 (HG_U133) Plus 2.GeneChi@ Arrays used in the analysis of
#EAPOAO odq O7EITTA "11TTA 300AUG AkaysfusedE A
inthe AT A1 UOEO 1 CHORFE2APMD ADO OAU O AdIGR72FudkiEad A O
3 O O Wavdapirchasedfrom Affymetrix® Ltd., UK.More traditional o I&T Expression
Arrayswere selectedfor the whole blood study to maintain consistencybetweenthe

JB and RRRaman 201) generated datasets and irorder to draw direct comparis-

ons betweenthe NuGENOvation® Whole Blood Solution Gection 3.51.2.1) andthe
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Ambion® GLOBINCleaM (Section 3.51.2.2) protocols. For the subs@uent profiling

of EB\ttransformed, immortalised B-1 Ui D ET A U O fSéxtign 2.%3, fér @kich

a large bank ofcasesand controls was available, the more comprehensive Human
Exon 1.0ST GeneChipArrays were chosen sirte they provide better coveragd>1.
4M probesets with sequenceslesigned tospanthe entire length of the gene, rather
OEAT AAET ¢ OAOCAOAA AO OEA AZ£AO o6 AT A
amountsof degradationduring storage/handling (Section2.3.2.4.3] and in addition

to differential expression,are also beneficial in detecting novel alternative splicing

events.

2.2.3 Reagents and Kits

The PAXgen® Blood RNAlsolation Kits (PreAnalytiX,GmbH)and RNeasy Mini Kits
were purchasedfrom QIAGEN.td.,UK.DNasel (RNasefree™) (2,000 units/m L) and
10XdeoxyribonucleasgDNase)reactionbuffer [25mM MgCh (magnesiumchloride),
5mM Cad (calcium chloride) and 100mM Tris-HCI (Tris hydrochloride), pH 7.6 at
250C] were purchased from New England BioLaBsLtd., UK. Eukaryotic Total RNA
6000 Nano LabChi@ Kits were purchased from Agilent Technologies Ltd., UK. ABI
High Capacity RNA to cDNA Synthesis Kits (Applied Biosyststh were purchased
from Life Technologies Ltd., UK.

The NUGENOvation® Amplification SystemV2,Whole Blood Solution and Encorg/
Biotin Module were purchasedfrom NuGENTechnologiesinc., TheNetherlands.The
MinElute® ReactionCleanUp Kits were purchased from QIAGEN Ltd., URhe Amb-
ion® TURBO DNAree™ DNase Treatment and Removal Kit (Applied Biosysterfi}

was purchased from Life Technologies Ltd., UK.

Ambion® Kits required for the Whole Transcriptome (WT)Expression Assay were
purchased fromLife TechnologiesLtd., UK. The GeneChip Eukaryotic Poly-A RNA
Control, Fragmentation& Terminal Labelling Kits were purchasedfrom Affymetrix®

Ltd., UK. The SAPE (Streptavidin Phycoerythrin) staining solutiostringency wash

buffers and hybridization reagentswere also purchased from Affymetri® 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

Patientdonors andtheir spouses or unrelated carers were fasted overnight prior to
phlebotomy which was performed between the hours of ®0and 11.00am. Whole
venousblood was collecteddirectly into sterile (2.5mL) evacuated PAXgerieBlood
RNACo llectionTubescontaining aproprietary reagentfor the immediate stabilizat-
ion of intracellular RNA. Blood specimens were transported at RT (room temperat

ure) and stored at-20°C 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, deat 4°C, and equH
ibrated to RTfor a minimum of 2 hours, to ensure the complete lysis of blood cells,
immediately prior to extraction usingthe PAXgen@ Blood RNAIsolation Kit. Briefly,
PAXgené@ Blood RNA Collection Tube$2.5mL) were centrifuged for 10 minutes at
5,000q, the supernatant was discarded and the pellet y@issolved in RNaseree™
water. This stepwasrepeatedusingo v Tt te-suspensionbuffer andthe samples in
cubated in a 58C shaking water bath, set a 190rpm for 10 minutes, in the presence
of T 1 {proteinaseKando 1t 1t binding buffer in order to bring about protein dige-
stion. An additional centrifugation stepthroughthe PAXgen®@ shreddercolumnwas
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 absolug ethanol. After a brief 1 to 2
second centrifugation at 1,000g the lysate was pipetted directly onto the PAXgéhe
RNA spincolumn and centrifuged for a further minute at 13,000g, to permit seleet
ive binding of the RNA onto the silica membrane. The memhra was then treated
for 15minutesat2 4 xEOE pmnt, $. AOA ) AT A xmnt, $.!
unwanted traces of bound DNA. A series of subsequent wash steps were performed
in pre-optimised buffersin order to remove any remaining contaminants.Theliquid

flow-through was discardedand the spin columnstransferred to fresh microcentrif-

60



ugetubes.Two applications of elution buffer, each followed by a centrifugation step
forpo 1T ET OOA AO pohmnnC Al OOAA @déndtured for58 3 Al

minutes at 65°C and snapcooled on ice.

2.3.1.3 RNA Yield and Quality Assessment

Nucleic acid cacentrations were determined using the NanoDrop“ 1000 Spectro
photometer (Thermo Fisher Scientific® Inc.,UK).Theratio of sampleabsorbance(A)
at 260/280 or 260/230nm wavel engths was used in ordeto measurethe purity of
the isolated material. RNAthat is pure should haveavalue of approximately 2.0£0.2.
Anything below 1.8 (A2s01280) is indicative of DNA/protein contamination or may be
dueto someresidual carryover (A2so1230) of phenolic compounds and/or chaotropic
saltsfrom the extraction process.Asmall quantity of samplej p { wagshlsoremoved
to perform aEukaryotic Total RNA6000 NanoAssayon the Agilent 2100 Bioanalyzer
(Agilent Technologies Ltd., UK). Algorithm applied by the software assesses the
degreeof separationbetween18Sand 28Sribosomal peakson the electropherogram
trace in order to computean RNA integrity number (RIN) between 0 (undetectable,
completely degaded) and 10 (high quality, intact RNAYSchroeder et al 2006. In a
study conductedby Copoiset al (2007) the authors suggestthat a threshold of 7.8 is

sufficient for the generation of robust microarray gene expressiordata.

2.3.1.4 cDNA Synthesis
2.3.1.4.1 cDNA Synthesis for gRTR

Total RNAisolated from peripheral whole blood wasreversetranscribed into single-

stranded complementary DNA (sscDNA).cDNA synthesis was pdormed using the

ABIHigh CapacityRNAto cDNASynthesisKit in accordancewith the manufacturers
guidelines.41 pt C T &£ OOAOOETI ¢ I AOAOCEAI h A p8 Ai
buffermixwasAAAAA AT A OEA O OAl OAAAOQET 10.A0T 1 OI
no-RT control to check for the presence of potentially contaminating genomic DNA

was prepared asdescribed without the addition of RNA-dependentDNA polymerase

that is required for reverse transcription. Sample preparations were incubated in a

G-storm GSZThermal Cycler(GRIGeneTechnologiesLtd., UK)at 37°C forl hour and
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heat-denatured at 95°Cfor 5 minutes. In each reaction it is assumed that there is an
approximate 1:1 conversionof RNAto cDNA.The cDNAproducts were diluted in NF
ddH20 andstored at 4°Covernight or at-20°Cprior to usein either traditional SYBF®
GreengRT-PCRor IDT PrimeTime® Mini gPCRAssaysat an optimised concentration

I £ p¢c8ul C¥t, 8

2.3.1.4.2 cDNA Synthesis for Linear SPIAmplification

The Ovatior® RNA Amplification System V2 was used in order to gerate reverse
transcribed cDNAfor the NUGENTechnologiesinc. patented SPIAM method of single
primer isothermal amplification. Approximately 50ng total RNA dissolved in NF dd
H-0 was combined with the first-strand primer mix and incubated in a prewarmed
MJResearch PTEL00® Peltier Thermal Cycler (BieRad Laboratories Inc., UK) at an
annealingtemperature of 650Cfor 5 minutes. Thetubes were snapcooled on ice for
aminimum of 2 minutes prior to the addition afirst-strand buffer andenzymemaster
mix. Incubation occurred at 48°C for 60 minutes and the samples heatenatured at
700C for 15 minutes. Secondtrand cDNA synthesis was performed at I for 30
minutes followed by anadditional incubation stepat 75°C for 15 minutes. The tubes
were cooledto 4°Candplacedon ice before proceedingimmediately with the SPIAM

amplification protocol outlined in Section 2.3.1.5.1

2.3.1.5 NuGEN Ovatior® Whole Blood Solution
2.3.1.5.1 NuGEN Line&PIAM Amplification

Linear SPIAMamplification was performed usingthe NUGENOvation® Whole Blood
Solutionin conjunction with the NuGENOvation® RNAAmplification SystemV2.The
procedure was carried out under sterilised conditions in the Clean ViewV Cabinet
(Cleaver Scientific Ltd., UK). Briefly, products of the cDNA synthesis reacti@e(tr
on 2.3.1.4.2 were combined with an SPIAM Master Mix containing a unique DNA/
RNAchimeric primer, DNApolymerase and RNase H. The reaction was incubated in
apre-warmed MJResearchPTG100® Peltier Thermal Cyclerfor 1 hour at 37°C. Aft
er the first 30 minutes the programme was paused to permit the separateddition

of the Ovation® Whole Blood Reagent and, followig a second 30 minute incubation
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the tubes were heatdenatured to 99C, for 5 minutes and snaycooled on ice for at

least2 minutes before being stored at -20°C,prior to purification (Section 2.3.1.5.2

2.3.1.5.2 QIAGEN MinEl&téurification of NuGEN Amplified Material

Amplified SPIAMcDNAwas purified usingthe QIAGENMinElute® ReactionCleanUp
Kit, according to the recommendations of NUGEN Technologies Inc., UK. Briefly, the
sampleswere combinedwith binding buffer ERCand passedthrough aQIAGEN Min
Elute® Spin Column at a centrifugation speed of 13,0009 for 1 minute. Under a high
chaotropic salt concentration the cDNAis adsorbedonto the silica membranewhilst
unwanted traces of enzymes/detergens 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 flowthrough, containing contaminants was
discarded.The purified products were elutedin o 1t {NFddH20 at RTand quantified
using the NanoDrogM 1000 Spectrophotometer Section 2.3.1.3, prior to being st
ored at-20°C.

In addition, pre-amplified material from BLDPAT23 was treated with the Ambiofi
TURBODNA-free™ DNase Treatment and Removal KiBriefly, p 1t of sample was
combined with a 1X TURBO DNase buffer and 2 units of TURBO DNase enzyme in a
vmt, OAAAOQEIT O11 01 A8 &l 1 b &Elv@lumesofre ET OO0,
suspended DNase inactivatin reagent was added and the sample maintained at RT

for 5 minutes. A short centrifugation step was performed at 10,000g for 90 seconds

andthe supernatantcontaining purified cDNAcarefully transferred to afresh 0.5mL

Eppendorf tube.

2.3.1.5.3 Encoré! Biotin-Labelling of Fragmented cDNA Targets

The NUGEN Encor@ Biotin Module was used to generate fragmented, biotinylated
ss-cDNA targets suitable for hybridization onto Afymetrix® Human Genome U133
Plus2.0 GeneChi@ Arrays. Afragmentation buffer/ enzymemaster mix was applied

Ol 1811 ¢ DGONAAESAIVed i BP LD to create a final reaction volume

of o ¢ t Thesampleswere incubatedin apre-warmed MJResearchPTG100® Peltier
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Thermal Cycler at 3PC for 30 minutes before reaching a denaturation temperature
of 950Cfor 2 minutes and snap-cooledonice.A secondincubation in the presence of
aproprietary labelling buffer, reagentand enzyme mater mix wasthen performed at
370Cfor 60 minutes, followed by 70°Cfor 10 minutes. Thisresulted in attachment of
a single biotinmolecule to the 3hydroxyl terminal nucleotide of each SPIAM cDNA
fragment; with typical fragmentsrangingin length between50 and 100bp. Products

were analysed on the AgilenBioanalyser (Section 2.3.1.3and stored at-20°C.

A detailed description of the Ambion® GLOBINCleaM™ procedure, carried out by Dr

Rohini Raman Raman 2011, can be found on page 67 of her doctoral dissertation

titted: 0 AT A %@bPOAOOEI 1T 001 £ZEI ET ¢ O1 ) AAT OE &L

2.3.1.6 Quantitative Real -Time PCR

Quantitative RT-PCR(gRT-PCR)wasperformed in duplicatep mt , OAAAQEIT 1

(Table2.2) containing 12.5ngof cDNAtemplate, optimum concentrations of forward

j &ahdleversej 2 @ider sequencesa 1X Stratagene Brilliant Il SYBRGreen/2X
FastStartUniversal SYBR GreenPCR MasteMix and RNasefree™ water. Each run
also included a negative ndRT and no template control (NTC). Haemoglobin, alpha
2 (HBA2 transcript levels were measured pre and postSPIAM amplification using
the standard housekeeping gene actin, betACTB which served as a positive end
ogenouscontrol. ACTBwas selectedover other commonly chosen normalisers, such
as 18S ribosomal RNAIBSrRNA and glyceraldehyde3-phosphate dehydrogenase
(GAPDHisince it was found to exhibit the most stable level of expressiomacross all
of the samples in the experiment, using MAS 5.0 pivot data displayed by Gene@hip
Operating Software (GCOS), AffymetrixLtd., UK.

I O. 1 01 Al ¢ 39RARTR pradris AfebsAhan®bE0Dp was set up with
FAMas the reporter dye and ®X the internal reference control, using a Stratagene
Mx3000P™ Real Time PCR Thermal Cyclérom Agilent Technologies Ltd., UK. An
initial temperature stepat 95°Cfor 10 minutes wasrequired in order to activate the
SureStartTag DNApolymerase.This was followed by 40 cyclesof heat denaturation
at 95°C for 30 seconds and primer annealing/extension at 8C for 60 seconds. The

programme endedwith three final temperature steps; one at 98C for 60 seconds, a
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Gene Transcript Region 0OOEI AO 3ANGATAY Tm

GC%  Amplicon

Optimum conc.

FGGCCCTGGAGAGGATGTTCCT 61.0
HBA2 ENST00000251595 Exon 1.2 2B H' A’ HAHI' O A8 | 607
Housekeeping Gene

&8 A#l ## L # # " #. 612
ACTB  ENST00000331789 Exon 4 28 411 4'  4#1 8% 81 #° 1 550

60.0
63.2 70bp
73.3
47.6 60bp

300/300nmol

300/300nmol

Table 2.2 qRT-PCR Primers and Optimum Concentrations for Validation of the NUGEN Ovation ® Whole Blood Study

Abbreviations: o 8three prime,v &five prime, ACTB- actin, beta,& &forward primer sequence,HBA2- haemoglobin alpha 2, gqRTIPCR- quantitative real-time

PCR_2 &reverse primer sequenceand Tm- melting temperature.
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second at 60C for 30 seconds and a third at & for 30 seconds.

This technology utilises fluorescence based detection chemistrwhich enables the
investigator to accurately detect and quantify the abundance of a particular nucleic
acidtranscript during eachamplification cycle of the PCR reaction. It is reliant upon
anintercalating dye,in this caseSYBR Greenl, that binds indiscrimin ately andwith
high affinity to the minor groove of newly synthesised doublestranded DNA/cDNA.
SYBR Green | absorbs light at a maximum wavelength of 497nm ania its excited
state, it has an emission peak of around 520nm.uiing the exponential phase, he
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 ameasure directly relating to the length of the amplified
target, as well asthe number of copies producedVersion 4.10, build 389 of Strata
geneMxPro™ QPCRSoftware (Agilent TechnologiesLtd., UK) records the Ctor 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 eonc
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 postSPIAM amplified PCR praucts were of

an anticipated sizefor measurementsof ACTBand HBAZ2transcript levels in periph-

eral whole blood three SALSpatient and control sampleswere selectedat random to
perform agarosegelelectrophoresis. PCRproductsj X t andd25-500bp molecular
xAECEO [ AOEAO j dOMV)v@rejub &t 2A\Oior Apfrdxfinately 30 to

40 minutes on a 3.0% agarosegel made up in a 1X TAE buffer solution [0.4Mmfris-
acetate and 0.01mM Sodium EDTA, pH 8.2 at®®g and 3X concentration ofhe int-
ercalatingnucleicacid stain GelRedM (a non-toxic alternative to Ethidium Bromide)
[APPENDIX FIGURE A3]. The bands which formed were visualised under a UV light

source wsing the §ngene GENi Gel Documentation System

2.3.1.8 Affymetrix ® HG_U133 Plus 2.0 GeneChif Arrays
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2.3.18.1 HG_U133 Plus 2.0 GeneCprays

Affymetrix® HG_U133 Plus 2.0 GeneCRiArrays are high-density oligonucleotide
arrays with 1.3M distinct features, comprising ~54,000 probesets[11 pairs of PM
and MM probes of 25mer synthesisedin situ directly onto the glass slide by phote
lithography. Thelatter deviatesfrom its complementarytarget by asingle baseatthe
13th position where anadenine(A) is substituted for thymine (T) and guanine (G)s
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
representedin the National Cente for Biotechnology Information (NCBI)(ncbi.nim
.nih.gov) GenBankR, dbEST or RefSeq databasBénson et al 2014Boguski et al 19
93, Pruitt etal 2014). Comparedto previous generations,Plus2.0 GeneChi@® Arrays
provide coverage of an additional 6,500 genedBpguski & Schuler 1995Schuler 19
97,Schuleretal 1996) with sequenceclustersgeneratedfrom the UniGenebuild 133
(April 2001) and 159 (January 2003) of the human genome.

2.3.18.2 Hybridization

SPIAMss-cDNAtargets, post-fragmentation andlabelling, were hybridized onto the
Affymetrix® HG_U133FIus2.0 GeneChi@ Arrays following recommendationsmade

by NuGEN Technologies Inc., UK and in accordance with the instructions contained
in the GeneChifd Expression Analysis Technical Manual (Affymetrik Ltd., UK) for
use with the Affymetrix® Gene®ip® o B/T Expression Kit.

GeneChip8 were equilibrated to RT immediately prior totheir use. Reagents were

thawed on ice andthe 20X Eukaryotic hybridization control stock heatedto 65°C for

5 minutes or until the cRNA was completely resuspended. A hridization cocktail
waspreparedin 1.5mL%D D AT AT O£ OOAAO AU Al | AER20RKT C v
%OEAOUT OEA EUAOEAEUAOET T Al bié@BOdioCanddiobd A E j
of the E. colibiotin synthesis pathway and the recombinase proteirctre from the P1
bacteriophageat respectiveconcentrations of 1.5 (representsthe limit of detection),

5,25and 100pM (Anerican Type Culture Ctection)], 2X hybridization buffer (100

t , [POmMM 2-(N-morpholino)ethanesulfonic acid (MES, 0.01% Tween20 (pH 6.6

at 25°C),1M [Na‘] and 20mM EDTA, 10% dimA OEUI OOI &£ @EAA | $- 3.
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concentrations of AT T OOT I T 1 ECT 1 1§ and dufficiehtdnfounts ofRNao 8 X t
sefreeMwater O AOET ¢ OEA O OAT OAAAOQEIT 1T Oi1 Ol £
Control oligonucleotide B2 hybridizes to the checkerboardpattern in each corner of

the array aswell aspredefined featuresalongits outer edge.These distinct patterns
areimportant in aiding Microarray Suiteversion 5.0 (MAS5.0)(Affymetrix ® Ltd., UK)

in correctly aligning each array to a grid during thenitial stages ofimage handling.
Signalintensities generatedfrom the serial concentrationsof bioB,bioC bioDandcre

are usedto provide the software with additional information on the efficiency of the

hybridization, washingand staining procedures.

After the preparation of the hybridization cocktail, the tubeswere flicked to mix and

their contents collected by centrifugation. The reaction mixture was heated to 9€

for 2 minutes, then cooledto 45°C for 5 minutes and centrifuged at maximum speed

for 1 minute. The microarrays were primed with ¢ 1t 1T pf pre-hybridization mix be-

fore beingloadedinto the GeneChi@ Hybridization Oven640 (Affymetrix ® Ltd., UK)

with rotation setat 60rpm. Following an incubation step at 48C for 10 minutes, the
pre-hybridization mix was discarded and replaced wittAT EAAT OEAAT OT 1 «
of the hybridization cocktail before beingreturned to the oven for 18+2 hoursover-

night.

2.3.18.3 Washing, Staining and Scanning

Posthybridization washing and staining was performedn the GeneChif Fluidics

Station 450 applying fluidics protocol FS450 0004nd the standard 49 format Euk
GEWS2v4 450 script, which are outlined in the GeneCHhigxpression Wash, Stain

and ScanUserManualfor Cartridge Arrays (Affymetrix ® Ltd., UK) Briefly, the hybr

idization cocktail was removed and stored at 4C. Cartridges were loaded with 200

t ,non-stringent WashBuffer A[6X SSPEontaining 0.02MEDTA,3M NaCl (sodium
chloride), 0.2M NaHPQ, (monosodium phosphate) and 0.01% Tweef20] and equ

ilibrated to RT. Fresh solutions of staining reagents were then ppared. The SAPE

mix for the first and third stain contained 2X stain buffe o 1 T[LO0ONMy1 MES, 1M

[Na*] and 0.05% Tween¢ TYh pi CTI1, j ot ,idc BiBW@eBeruntti CT I

Albumin (BSA)and¢ x Tt inglecularbiology gradewater for a final reactionvolume
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of @ 1t Tt per sample.Theantibody (Ab) mix for the secondstain containedthe same
2Xstainbufferj o 1 mOM@ML j ¢ t Go&t IgG (immunoglobulin G) stock, 0.5mg
Ti, jo8¢t, qQ AEngME (2411, AD A'A! ip d8imdlegular biology
grade water, agin to achieve a final volumeop mmtf , DAO OAI Pl A8

Two post-hybridization washes, one with nonstringent Wash Buffer A at 28C, for

10 cycleswith 2 mixesper cycleand another, with stringent Wash Buffer B [100mM

MES, 0.1M [Ng and 0.01% Tween20] at 50°C, for 4 cycles with 15 mixes per cycle

was followed by the first stain in SAPE solution at 2& for 10 minutes. A posstain

washwith non-stringent Wash Buffer A at 28C for 10 cycles with 4 mixes per cycle

is then followed by asecondandthird stain at 25°Cfor 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 30C for 15 cycles with 4 mixes per cycle. The cartridges

AOA £Z£EI 1T AA xEOE ¢qumnt, T &£ ! OOAU (T 1 AET C "

2.3.1.9 Bioinformatics Analysis
2.3.1.91 Affymetri¥® GeneChip Operating Software

Imagesprocessedby the Affymetrix® GeneChi@® Scanner3000 were extractedusing
the GeneChify Operating Software (GCOS) version 1.2 (Affymetfx_td., UK).

2.3.1.92 GeneSpring GX v11.5.1

CELfiles 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 NUGENOvation® Whole Blood Studywere imported into GeneSpringsXsoftware
version 11.5.1 (Agilent Technologies Genomics Ltd., UKThu et al 2001 Dresen et
al 2003, Xu et al 2009. Raw expression values were log2 transformed and PLIER
(Probe Logarithmic Intensity Error) 16 normalisation procedure applied without the
needfor performing a baselineconversion to the median of althe samples(Gyorffy
etal 2009). DEtranscripts were detectedat the 5% significancelevel by means of an
Ol PAEOAA -©DWA &niFBRScOrreded p<0.05 and FC threshold of greater

than or equal toj ) to plus or minus () 1.50.
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2.3.19.3Gene Ontology Enrichmentalysis

Affymetrix®) $ \We€ uploaded into the Database for Annotation, Visualisation and
Integrated Discovery(DAVID)bioinformatics resourceversion 6.7 from the National
Institute for Allergy and Infectious Diseases (NIAIDwhich is freely availableonline
atdavid.abcc.ncifcrf.go(Huang da et al 2009aHuang da et al 2009h. Applying an
Homosapienshackground,functional annotation clustering analysis was performed
onGOTERM_BP_FANRdGOTERM_MF_FAjEneontology (GO)termswith O- AAE O 8
classificationstringency [Kappa:similarity term overlap 3, similarity threshold 0.50;
Classification:Initial group membership 3, final group membership 3 and muiple
linkage threshold 0.50]. Those categories identified as being significantly enriched
within the patient populations were defined ashavingaminimum EASEscoreabove
1.30and Benjamini-HochbergFDR corrected p<0.05Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathways were also interrogated using a Fishers Exatgdt

conducted at the 5% significance threshold.

An overview of the workflow AT A AT A1 UOEO DPEDPAI ET A &£ O OE
used in the assessment of the JB NuGEN Owati WB Solution versus RR Ambich
GLOBINCIlea™ protocol, for performing GEPfrom peripheral whole blood in ALS,is

provided in Figure 2.3. CELfiles generatedby Dr Rohini Raman Raman 2011 were
re-analysedin GeneSpringsXv11.5.1usingthe samemethodsasdescribedabovein

Section 2.3.1.8.2

2.3.2 GEP from Lymphoblastoid Cell Line s

2.3.2.1 Tissue Collection and Storage

Peripheral whole blood (6.0mL) was collected directly into sterile BD Vacutainér
VenousCollectionTubescontaining anticoagulants,in order to prevent clotting, and
1.0mLacidcitrate dextrosesolution B(ACDB) [14.7g/L dextrose,13.2g/L trisodium
citrateand4.8g/L citric acid]. Thesampleswere transported at RTto the HPAECACC
where isolated peripheral blood lymphocyteswere transformed in vitro, by Epstein-
Barr viral (EBV)infection, into stabilisedimmortal polyclonal B-celllines.Suspension

cultures were grown for up to 8 weeks in T25 tissue culture flasks containing 30 to
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analysis,SPIAM- single primer isothermal amplification and ssscDNA- single-stranded complemen
tary DNA.

40mL Roswell Park Memorial Institute (RPMI) 1640 medium [37C incubator with

5% carbondioxide (CQ) levels]; supplementedwith 20% FoetalBovine Serum(FBS)

and 2mM concentrations of the essential amino acid, glutamate. Frozen cell pellets
j,#,60aqh Al 1T OAET ETAQAT A BDD ®IAZE 1GMA AT A heg @xpArO A

RNAater™. These were shipped on dry ice and stored a80°C upon arrivd.

23.22QIAGENExtracti T T £ 41 OAl 2. 1! s/&OI I &OT UAT | 4

Frozenlymphoblastoid cell pellets, preservedin RNAater™, were thawed on ice for
aminimum of 1 hour prior to extraction usingthe RNeasy Mini Kit. Thetubeswere

flicked gently until the pellet was dislodged and voréxed at a low speed in order to
re-suspendthe cells.AX v {suspension,containing approximately 5x10¢ cells, was
transferred to asterile 1.5mLmicrocentrifuge tube. The sampleswere centrifuged at

13,0009 pbr 1 minute and the supernatantcontaining the RNAater™ stabilization
reagentdiscarded.Celllysiswasimmediately brought about by the addition of 600t

buffer RLT.The denaturantwithin this buffer, guanidine thiocyanate,alsofunctions

to preserve RNA integritythrough its inhibition of RNaseactivity. The sampleswere

then vortexed at maximum speeddr 1 minute to ensure complete homogenisation

of the cell lysate. Appropriatebinding conditions were achieved with the addition of

1 volume offreshly prepared 70% ethanolsolution. The lysate waspipetted up and

down three timesto mix andx 1 1t fransferred to an RNeas$ spin column, placed

inside a 2mL collectiontube, which was centrifuged at 10,0009 for 15 seconds. The

liquid flow -through was discarded and the procedure repeated with the remaining
vnmnt, 1 &£ OAIBPI A ET 1T OAAOO®I O Aol EiO6f ©A@1 AA]
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
xnnt, AOAEAO 27p AT A vnnt, AOmEmldforda® % OE.
seconds at 10,000g and the liquid flowthrough discarded. A second application of
vnmnt, AOEEAO 20% xEOE A AAT OOEAEOCAOQCEIT O
residual ethanol which would otherwise have had the potential to interfere wit a
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number of downstream reactions. A dry spin at 13,0009 for 1 minute was perform
edusingafresh 2mL collection tube in order to reduce the carryover of buffer RPE.
The spincolumns were transferred to sterile 1.5mL microcentrifuge tubes and the
total RNAelutedin T 1T {RNasefree™ water, requiring afurther centrifugation step
at 13,000gfor 1 minute. Nucleicacid concentrationscould then be determined using
the NanoDrop™ 1000 Spectrgphotometer. RNAproducts were subsequently stored
at -800C. The quality of the rtracted material was later assessed on the Agilent 21

00 Bioanalyser Section 2.3.1.3

RNAproducts of particularly poor quality (RIN score below 5.0)Junderwent DNase
treatment to purify the isolated material and to remove potentially contaminating
genomicDNB " OEAZI Uh pmnt ¢ O OA lwarthed!MJ ResdarcrE 1 A O,
PTG100® Peltier Thermal Cycler at 3PC for 10 minutes in the presence of 2 units

of$. AGA ) jpt,q ATA A p8 $.  ADARSOAGEDET T A
0.5mM CaCl, pH 7.6 at 28C]. The progam was paused and, following the separate

addition of 5mM EDTA, the samples were heated #n inactivation temperature of

700Cfor 10 minutes. Tubeswere snap-cooledon ice for aminimum of 2 minutes and

their contents collected by centrifugaton. In instances where there was no visible
improvement in the electropherogram trace of the Agilent 2100 Bioanalyser repeat

RNAextractions were performed.

2.3.2.3 Affymetrix ® WT Sense Target Labelling Assay

2.3.2.3.1Linear Amplification

41 OA1 2.1! EOI T AOGAA mOI I DAOEDPEAOAI ,#,080
analysisusingthe Ambion® Whole Transcriptome (WT) ExpressionKit. The protocol

utilises aproprietary reversetranscription priming method, designed ¢ specifically

prime non-ribosomal RNA including both polyadenylated and noipolyadenylated

MRNA. Briefly, on Day 1, total RNA is reverse transcribed into cDNA, which is then
converted into anti-sense copy RNA (asRNA) byin vitro transcription (IVT) using

aT7 RNA polymerase. Purification of the amplified asRNA was carried out on Day

2, the product of which then became the template for the synthesis of-sDNA.
Dayl1/ 1 EAAhR AT ETEOEAI ot, OAAAGEsAGngtotadl 1 OI
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RNAmadeup in NFddH-0. Serial dilution s of positive premixed exogenous controls

for the Bacillussubtilisgeneslys (1:100,000), phe (1:50,000), thr (1:25,000) anddap

(1:6,667) was performed according to instructions contained within the Affymetrix
GeneChi@ Eukaryotic Pol-ARNACtrol Kit. In the first dilution, ¢ t Roly-Acontrol

00T AE EO AAAAA O oyt, 1T &£ OEA OOPDI EAA A
andashort spinin the microcentrifuge, ¢ { of the first dilution is added to a further

w Y tofdilution buffer (1:50) to prepare the seconddilution. Thesamevolume of the

seconddilution } ¢ t isa@ainaddedto w Y tof dilution buffer (1:50) to prepare the

third dilution. Thefourth AT A AET Al AEI OOETT xAO DPOADPAO!
AEI OOET1T xEOE c¢pt, 1 &£ AEI OOEI 1T AOEAEAO | pi
Pre-preparedtoOAT 2. ! xAO OEAT Al i1 AET AA xERE ¢t ,
spike in controls prior to the introduction of the firstOOOAT A A$. ! AOAEEAC

enzymej p { master mix. Gentle vortexing and a brief 5 second centrifugation step
ensuredthorough mixing andthat the contents of the reaction were collected at the

bottom of the tube before proceedingimmediately with a2 hour incubation in a pre-

warmed MJResearchPTG100® Peltier Thermal Cycler. The samples were heated to

250Cfor 60 minutes, followed by 420C for a further 60 minutes and then cooled to

40Cfor a minimum of 2 minutes. The temperature of the lid was maintained at 3C
throughout the cycle. At the end of the programme the tubes were centrifuged for 5
secondsand placedonice.AsecondstrandcDNAbufferj p ¢ 8 At A QAT UUT A § v
mastermix wasthen addedandthe reactionvolume madeupto @ 1t {wjth NFddH-0.

The tubes were vortexed, spurdown in a microcentrifuge and incubated, this time

with the heatedlid disabled,at 16°Cfor 60 minutes followed by 65°C for 10 minutes

and then £C for & leastof 2 minutes. At the end of the programme the tubes were
againcentrifugedfor 5secondsandb1 AAAA 11 EAA8 '1 )64 AOE
fot,q | AOOAO T Egd xAO POAPAORAAADRE2¢mtA] AO
strand cDNAsample.Thetubeswere vortexed, spun-down in a microcentrifuge and
incubated at 40C for 16 hours with the heat lid set at 58C, and then maintained at

40C overnight.

Day 2 Purification of the newly synthesisedas-cRNAwasreliant on amagneticbead
basedassaydevelopedby Ambion® which removesunincorporated nucleotidesand

tracesof unwanted salts,enzymesaswell asinorganic phosphates At RTthe nucleic
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acidbinding beads} p 1 fare c@mbined with aconcentratedbufferj v mand@my{ ,

applied to the sample. After pipetting up and down three times to mix, the reaction

was transferred to the wellofa UAT OOT I B1 AOAh omnt, AT Al UOL
wasaddedandthe mixture pipetted up anddown afurther three times. The samples

were gently shaken (setting G) on a Grant Bio PMI®00 microplate shaker (Grant
Instruments Ltd., UK) for 5 minutes in order to facilitate the binding of agRNA to

the nucleic acid binding beads. The dottom plate was removed and placed on the
MagneticStand-96 (Life TechnologiesLtd.,UK)for 10 minutes until the solution was
completely transparent andthe beadshadformed atight pellet against the magnets.

The supernatantwasthen carefully aspirated and discarded ensuring not to disturb

the pellet. Working quickly to prevent the beadsfrom drying out,p ittt , 1T OAIl AEA
washsolution wasadded, the samplesvere shakenata moderate speed (setting M)

for 2%2 minutes, the beads captured on the magnetic stand for 10 minutes and the
supernatant discarded. his step was repeated andhe samples shaken vigorously

(setting V) for 1 minute to evaporateanyresidual ethano, TOAAAE T £ OEA x Al
of pre-heated (53°C) elution solution wasapplied 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 magneticstandfor 60 secondsand purified as-cRNAtransferred to sterile 0.2mL
Eppendorftubesonice.As-cRNAconcentrationswere measuredon the NanoDrop™

1000 Spectrophotometer as previously describedSection 2.31.3).

To perform the senseOOOAT A A$. ! OUT OEAOGEOh ¢t, T &£ C
combinedwith p T {agcRNAInaOl OA1 OAAAOQEITT O1T 101 A T &£ ¢
toanasA2 . ! AT 1T AAT OOAQEIT 1T 1 £ 1.0 THeGampleswérdd AA (

incubated,with the heatedlid setat 75°C, to a denaturation temperature of 7€C for

5 minutes, followed by 25°Cfor another 5 minutes andthen cooled to £C for at least

2 minutes. At the end of the programme tubes were centrifuged for 5 seconds and
placedonice.Asecond cycle sensd OOAT A A$. ! OUTI OEAOEO AOA
jet,q T AOGOAO TE@ xAO POAPAOAA AT A poet, O
tubeswere vortexed,spun-down in amicrocentrifuge andincubated,with the heated

lid set at 79C, to an annealig temperature of 23C for 10 minutes, then 42C for 1

hour 30 minutes followed by a heat denaturation step at 70°Cfor 10 minutes before
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being cooled to 4C for a minimum of 2 minutesAt the end of the programme, the

tubes were centrifuged for 5 secondsind placed on ice. The asRNA template was

OEAT AACOAAAA AU OEA AAAEOCEIT T &£ ¢t, 2.A
ensuredthe completetransfer of the enzymefrom the pipette tip to the sample. The

tubes were vortexed, spurdown in a microcentrifuge and incubated at 37C for 45

minutes, with the heatedlid setat 75°C followed by 95°Cfor 5 minutes before being

cooled to #C for at least 2 minutes. At the end of the programme, tubes containing

the newly synthesised sscDNA were centrifuged for 5seconds and placed on ice.

Purification of the sscDNA was achieved applying the same basic principles of the
magneticbead-basedassaydescribedabove,with afew minor adjustments made to

the protocol. Briefly, introducing p ¢ tof NF ddH0 water brought the final reaction
volumeupto 60f L.AtRTT OAl AEA AAEA AET AET C AAAAO | p
AT 1T AAT OOAOAA AOAEEAO jumnt,q AT A oent, ADDI
down 3 times to mix the reaction was transfeed to the well of a Ubottom plate,

120t ,of absolute ethanol added and the mixture pipetted up and down a further 3

times. Samples were gently shaken (setting G) for 5 minute thebeads capturedon
amagneticstandfor 10 minutes andthe supernatantdiscarded.Two applications of
nucleicacidwashsolutionj p 1 Twere Eachfollowed by amoderate shake (setting

M) for 2% minutes and a capture time of 10 minutes before carefully aspirating and
discarding the supernatant. Residualethanolwas evaporated ly vigorously shaking

the plate (setting V) for 1 minute. Purified sscDNAx A0 OEAT Al OOAA AU
elution solution preheated to 53C and pipetting yp and down until the beads were

fully dispersed.Following a2 minute incubation stepat RTthe sampleswere shaken
vigorously for a further 3 minutes, the beads captured on the magnetic stand for 60
secondsandthe ss-cDNAtransferred onice to sterile 0.2mL Eppendorf tubes. Again
concentrations were measured using the NanoDrdpy 1000 Spectrophotometeras

previously described Section 2.31.3). The products were stored at20°C.

2.3.2.3.2 Fragmentation

Thess-cDNAtargets were fragmentedinto lengths of approximately forty to seventy
nucleotides(~40 -70nt) applying the Affymetrix® GeneChi@ WT Fragmentationand
4AO0I ETAT , AAATTET ¢ +EO8 41 ,0waer wa§adiedtoOOA O
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bring the total reactionvolumeupto o p 8 cAffrag@entation master mix containing
a10XcDNAfragmentation buffer, 1,000 units Apurinic/Apyrimidinic Endonuclease

1 (APE 1), 10 unitsUracil-DNA Glycosylase (UDG) and RNaseeMwA OA O j pmt ,
wasDbOADAOAA 11 EAA Alofeach gp8Agample @OMbesivgEd O O A A
flicked to mix and the contents collected by centrifugation immediately prior to an
incubation stepat 370Cfor 60 minutesin apre-warmed MJResearchPTG100® Pel

tier Thermal Cyclea with the heatedlid setat 100°C. Theenzymes were heated to an
inactivation temperature of 95°C for 2 minutes and the tubes snapooled on ice. A

pt, Al E fetdinedforsideQiistribution analysis on the Agilat 2100 Bioanak

yser (Section 2.31.3.

2.3.2.3.3 Labelling

Toat v tfragmentationreaction,p v tlapelling master mix was applied containing

OAOI ET Al AAT guil OAl AT OEAUI OOAT OEAOAOQGA | 4.
concentrationsof DNAlabellingreagent; p t Th€t@beswere flicked to mix andthe
samplescentrifuged for 5 seconds immediately prior to an incubation step at 37TC

for 60 minutes in apre-warmed MJ Research PFCO0® Peltier Thermal Cycler with

the heated lid maintained at 100C. At he end of the programme the samples were
heatedto a denaturation temperature of 70°C for 10 minutes before beingcooled

to 49C for a minimum of 2 minutesand placed on ice. The products were stored at

200C.

2.3.2.3.4 Electrophoretic Mobility G&hift Assay

The biotinylation efficiency of a proportion of the samples selected at random from
eachfragmentation and labelling batch was assessed in an Etemphoretic Mobility

Shift Assay(EMSA)usingthe NeutrAvidin ™ biotin -binding protein (Holden & Tacon

2011, Ludwig et al 1995 in accordance with the recommendations of Affymetri®

Ltd., UK. Precast 1WA T 1 j put, Q@ 1t O ¢mb DI T UAAOUI Al
Mini-PROTEAR Tetra Cell(Bio-RadLaboratoriesInc.,UK)andthe systemfilled with

a 1X TBE buffer solution containing 89mM Tridborate and 2mM EDTA, pH 8.31£0.1
at25%% 8 4 x1 pt, Ansanipl® webeQrangiéred tdskpirate Eppendorf

tubes and heated to 70C for 2 minutes. A 2mg/mL concentration of NeutrAvidifM
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biotin -binding protein was prepared in a 1X PBS solution, pH 7.2+0.05 at%5and

vt, AAAAA O OEA AE Od e skdors dliguotheing Béde upO E A
with PBS. The tubes were vortexed, spudown in a microcentrifuge and incubated

at RTfor 5 minutes. Molecularweight markers HyperLadder™ [V (100-1000bp) and

V (25-500bp) were loadedinto the first and final lane of ech gel. The samples were

then combinedwith 5XDNAloadingbufferj v t thelriixture pipetted up and down

c OEIi A0 O1 i E@ ATA pmnt, 1T AAAA 1101 OEA
After electrophoresis the gel was stained in a 0.001% ethidium bromide solution in
1XTBEDbuffer for 20 to 30 minutes and visualisedunder 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 GeneCHiHuEx1_QOst-v2

The Affymetrix® high-density Human Exon 1.0ST GeneCHipArrays (HUEx-1 O-st-v
2) contain more than 5.5Mdistinct featuresspotted directly ontoav t kquareglass
slide by meansof photolithography. In total there are in excess of 1.4M probesets [4
PMprobesassignedto eachindividual exon]for the interrogation of upwards of one
million exonclusters,within probe selectionregions of empirically supported trans-
cribed sequences, including putative full length mRNA transcripts: from the RefSeq
(ncbi.nlm.nih.gov/refseq) (Pruitt etal2014), GenBank (ncbi.nim.nih.gov/genbank)
(Bensonet al 2014) (n=289,961), Ensembl g€nsembl.org (n=306,583) (Fernandez
Suarez & Schuster 201(Flicek et al 2014 or dbEST (cbi.nim.nih.gov/genbank/d
best) (n=665,175) (Boguskiet 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, TWINSCAMblab.wustl.edu/ns
can) (Brent 2008, Gross & Brent 2006, Exoniphy (cgwb.nci.nih.goy (Blanchette et
al 2004, Kentetal 2003), MITOMAP(mitomap.org) (Brandon et al 2005, Kogelnik et
al 1996, Ruiz-Pesini et al 2007, VEGA (Vertebrate Genome Annotatior{sanger.ac.
uk/resources/databases/vega) (Wilming et al 2008), GENSCANgenes.mit.edugen
scan (Burge & Karlin 1997, Burge & Karlin 1998, or using structural RNA predict
ion software (genome.ucsc.edu(Karolchik et al 2014), GenelD genome.crg.es/soft
ware.geneid (Guigo 1998 Parra et al 2000 and the microRNA (miRNA) registry §
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anger.ac.uk/sotware/Rfam/mirna ) (Griffith-Jones2004) for the discovery of novel
expressionchangesand/or alternative splicing eventsthat havenot previously been
reported (n=883,105).

Each25-mer oligonucleotide probe is designedto target the sensestrand 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 justttA  £AAO o6 AT A
associated with the more traditional IVT expression arrays. Another distinguishing

feature of the HumanExon 1.0ST GeneChipArrays is the strategy that Affymetrix®
hasadoptedfor subtracting background noise. Rather than possessiragpaired MM

probe for eachPM probe, theyhave utilised a surrogate approach that incorporates
measurementsof background signal intensities from a smaller number of around a

OET OOAT Ah DI T1AA POT AAO xEOE EAAT OEA&AIT ' ;

background probeset.

2.3.2.4.2 Hybridization

Sensestrand cDNA targets, postfragmentation and labelling, were hybridized onto

Human Exon 1.0STGeneChip! OOAUO AAAT OAET ¢ OiF OEA 1 A1l
provided in the GeneChi@ Hybridization, Washand Stain Module (Affymetrix® Ltd.,

UK). GeneChip® were equilibrated to RT immediately prior to use. Reagents were

thawed onice andthe 20X Eukaryotic hybridization control stockheatedto 65°C for

5 minutes or until the cRNA had been completely reuspended.The hybridization
cocktailwaspreparedin 1.5mLEppendorftubesby combining the remainder of the
sample[58 to ¢ 1t tdependingonwhether a¢ t aliquot had been removed in order

to perform anEMSA(Section2.3.2.3.4] with 3nM control oligonucleotideB2j o 8 x t , Qh
20X Eukaryotic hybridization controls} p p fbjoE] bioC, bioand cre at respective
concentrationsof 1.5 (representsthe limit of detection), 5,25 and 100pM (American

4UPA #0O1 OOOA #7111 AAOCEITQYyh ¢8 EUAOEAEUAO
sufficient quantity of RNasefree™ water in order to bring the total reaction volume

Opb Ol ¢q¢mnt,8 4EA OOAAO xAOA mI EAEAA-OT 11
gation. The hybridization cocktail was heated to 99C for 5 minutes, cooled to 4%C

for 5 minutes and centrifuged at maximum speed for 1 mingt. Arrays were loaded
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Ln N o~ AL A

xEQOE c¢mnmnt, 1 &£ OAI bPCAn theiGAneEhip AybriliZatoA AverdA O
640 (Affymetrix® Ltd., UK) for 16+0.5 hours overnight with rotation set at 60rpm.

2.3.2.4.3 Washing, Staining and Scanning

Posthybridization, washingand staining was performed orthe GeneChif Fluidics
Station450 (Affymetrix ® Ltd., UK) according to instructions contained in the Whole
Transcript Sense Target Labelling #say Manual for fluidics protocol F$450 0001
that has been specifically developed for the Human Exon 1.0ST Gene@hprays.
Briefly, the hybridization cocktail was removed and stored at 4C. Cartridges were
loadedwith ¢ Tttt , -strindeiht Wash Buffer A [6X SSPE (3M NaCl, 0.2M NBB,
0.02M EDTA) and 0.01% Tweef20] and equilibrated to RT. Fresh solutins of the
staining reagentswere prepared. SAPEmMix for the first and third stain contained2X
OOAET A O AAAOM MESTIVING @nd 0.p5806Tween20], 50mg/mL BSA
i ¢ T tlmdnil SAPE ¢ t and x Tt of nolecular biology grade water for a final
volumeof @ Tt 1t per sample.The Ab mix for the secondstain contained the same 2X
stainbufferj o 1 1 10M@rhL GoatlgGstockj @ t Q.5thg/mL biotinylated Ab (3.6

t,qh vovmiCcri, "3! jctt, Ggralld watercapamndoachjevel A&

A EET AT OT1 01T A T&£ onnt, DBAO OAI bl A8
Two post-hybridization washes, one with nonstringent Wash Buffer A at 30C for
10 cycleswith 2 mixes per cycle and another with stringent Wash Buffer B [1L00mM
MES, 0.1M [N and 0.01% Tween20] at 50°C for 6 cycles with 15 mixes per cycle,
was followed by the first stain in SAPE solution at 3& for 5 minutes. A posstain
washwith non-stringent WashBuffer A at 3®C for 10 cycles with 4 mixes per cycle
wasfollowed by asecondandthird stain at 35°Cfor 5 minutesin the Ab solution and

5 minutes in the SAPEsolution. Afinal wash stepwas performed with non-stringent

Wash Buffer A at 38C for 15 cycés with 4 mixes per cycle and the cartridges filled

T

U

xEOE ynmt, ! O0AU (i1 AETC " OAEAO ®pdmérd Of

3000 (Affymetrix® Ltd., UK).

It isimportant to note that in the design of this study several steps were taken so as
to avoid any potential confoundingeffectsof merging datasetsfrom different batches

of microarrays: 1) Kits and reagentswere ordered in bulk from the samesupplier so
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consistentLOTnumbers could be maintained; 2) Thetime that had elapsedbetween
processing eachof the batcheswaskept to aminimum; 3) The samestopping points,
storageconditions & number of freezethaw cycles were strictly adhered to for each
run; 4) Groupings were assignedrandomly and re-assigned at eachevel 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 Affymetrik GeneChip Operating Software

Imagesprocessedby the Affymetrix® GeneChi Scanner3000 were extractedusing
GCOgSersion 1.2 (Affymetrix ® Ltd., UK).Reportswere generated at gene (transcript
clusters) and exon (probesets) level which plotted signaldistributions and other QC

metrics used to evaluate the efficiency of individual hybridizations.

2.3.2.5.2 Partek Genomics Suif&!

CELfiles which had passedthe QC metrics assessed by Expression Consdlsoftw-
are version 1.3.0.187 (Affymetri® Ltd., UK) Section 2.3.2.5.pwere imported into
Partek® Genomics Suité software version 6.60 copyright © 2013 (Partel® Inc. St
Louis, MO, USAjDowney 2006, Fan et al 201). Raw expression values were log2
transformed, a pre-backgroundadjustment for GCcontentwas applied and a quant
ile normalisation procedure performed usingthe RobustMulti -array Average(RMA)
median polish probesetsummarization algorithm (Irizarry etal2003, Quetal 2010)
which excludesoutlying valuesfalling below 1 or greaterthan 3 standard deviations
awayfrom the mean(Wu et al 2004). Only core metaprobesets were considered (n
=287,329).At transcript level theseinclude ~22,000 unique clusterswhich relate to
full-length protein coding mMRNA sequences in the RefSeq and GenBadktabases.
DEtranscripts were determinedatthe 5% significancethreshold (Partek® unadjusted
p<0.05) by meansof a2-way ANalysisof COVAriancd ANCOVAXtatistical testwhich

controls for the effectsof ageand gender.Lists were subsequentlyfiltered to remove
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unannotatedOOAT OAOEDPOO jT Ethoxx¥cchmppq AT A A
Aberrant splicing events were pedicted at the same level of statistical significance
using the Partel® alternative splicing index (ALT-SPLICE ANOVAR which exon to
exoncomparisonswere drawn betweendiseaseand control groupingsfor eachgene

ET OAI AOCEIT 1T OI OBEAPar®kd ArdaduaterpBaé (@Id-thénded Al |
| 1t 8andp-value (alt. splicing) <0.05]. To reduce the probability of predicting false
outcomesattributed to a type | error: a) Probesets with a maximum value for log2
transformed signal intensities below 3 across all the GeneChip#n the experiment

were removed except for instances where a significant difference in the expression

of asingleexonexistsbetweenthe two groupings;b) Exons residing in genes whose
expression at the level of the whole transcript was found to be significdly altered

were excluded and ¢ Filtered transcript clusters with no observable differences in
(Gillett etal 2009, Rabinetal 2010, Tian etal 2011). Additional transcripts (n=2,077
/17,273) with fewer than four or more than forty probesetswere alsoremovedsince

the presence ofa such small/large number of markers makes it prohibitively more
difficult to interpret the alternative splicing eventspredicted to occur within these
genes(Whistler et al 2010). Graphi@l outputs were obtained using easyExon 1.0.4
Javabasedplatform copyright © 2008 which is freely availableonline at microarray.

ym.edu.tw/easyExon(National YangMing University, Taiwan)(Chang et al 2003.

2.3.2.5.3 Qlucore Omics Explorer

Partek® GGRMAnNormalised pivot datacould alsobe interpreted visually in Qlucore
Omics Explorer software version 2.3 (Lund, Sweden).-fest statistical outputs for
the ANOVA werdiltered at the 5% sgnificance level (p<0.05) in orderto generate
lists of variables or genes (transcrips) which arebest able to separate pagent and
control groupings on aPCAplot or hierarchically clustered HeatMap.Any potentially
confoundingeffectsdueto 0! CcAndinuous)or O' AT (Aokniddl) were eliminated
asfactorsandthe lists filtered to remove unannotatedtranscripts (n=3,356/22,011)
using theNetAffx™ AnalysisCentre, which is freely available online aaffymetrix.co
m/analysis/index/affx (Affymetrix® Ltd., UK) (Liu et al 2003, before gplying aFC
OEOAOET I A T A£ I Mp8g
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2.3.2.5.4 Gene Ontology Enrichment Analysis

Affymetrix® transcript clusO A Os (gefedeve) or probeset identfication numbers
(exonlevel) were uploadedinto DAVIDbioinformatics resource version 6.7(Section

2.3.1.8.3. With a Homo sapien®ackground applied, function annotation clustering

analysis was performed onGOTERM_BP_FANRd GOTERM_MF_FAjJeneontology
GO)Xerms OOET ¢ O- AAEOI 6§ Al Aamp&smEiakitk @ifloverla®@ OOET ¢
3, similarity threshold 0.50; Classificationinitial group membership 3, final group
membership 3 and multiple linkage threshold 0.50]. Thos categories identified as

being significantly enriched withinthe patient populations were definedashavinga

minimum EASEscoreabove 1.30and Benjamini-HochbergFDR corrected p<0.05.

An overview of the workflow and analysis pipeline for the Human Eon 1.0ST Gene

Chip® Arrays usedfor the transcriptional profiling of peripheral EB\+transformed B-

A A~ e N =

A A~ s N =

2.3.2.6 Quantitative Real -Time PCR
2.3.2.6.1 Primer Design

Gendevelexpressionchangesobservedon the HumanExon1.0STGeneChi@ Arrays
were validated by gRT-PCRStandardprimers ordered from Eurofins MWG Operon,
Germanywere designedusingthe NCBIPrimer-BLASTtool which is freely available
online at nchi.nlm.nih.gov/tools/primer -blast. The reference sequence (RefSeq) of
the full protein-coding transcript was obtaired in FASTA format fromensembl.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
meanprobesetsignal intensities from Partek® GGRMA normalised pivot data along
the y-axis against the Affymetri® probeset identification numbers along the xaxis
using Microsoft Excel2010 (Microsoft Corporation, UK).Standarderror of the mean
(SEM) was calculated bylividing the standard deviation (stdev) by the square root
of n which representsthe number of samples in each group. Oligonucleotide probes
were mapped to the genome and their specificity for the gene of interest confirmed

using the GATEXxplorer platformwhich is freely available onlineat bioinfow.dep.us
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Figure 2.4 Flowchart Schematic of the Human Exon 1.0ST GeneChip® Array Analysis Pipeline

Established for Peripheral EBV -TransformedB -LUI DPET AUOA O

j.#,60qQ EI

Abbreviations: ALS- Amyotrophic Lateral Sclerosis, C cytosine, EBV- Epstein Barr virus, G- guan
ine, GCOSGeneChip Operating Software, G@gene ontology, LCE lymphoblastoid cell line, RMA
- Robust Multi -array Average, sscDNA- single-stranded complementary DNA ad ST- sense target.
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al.es/xgate/principal.php (Bioinformatics and Functional GenomicsResearchGroup

at the Salamanca Cancer Research Centre, Spain). Predicted dissociation curves for
RT-PCRproducts could be visualisedusinguMELT™ software version 2.0.2which is
freely availableonline atdna.utah.edu/umelt/um.php (Wittwer labfor DNAAnalysis
University of Utah, USA).

For optimal qRT-PCR efficiency, amplicon sizes were restricted to ~100+5bp h€
oligonucleotideswere around 15 to 25bp in length to ensure adequate specificity to

their targeted sequenceon the cDNA template but also that they remain sufficiently

short to bind with easeunder the appropriate annealingconditions. In order to limit

the level of background genomic DNA amplification, primer pairs were designed to

span an exorexon junction wherever possible. GC content ranged between 35 and

60% with no more than three guanine (G) or cytosine (C) residues occurring within
thelastfiveatOEA o6 AT A T £ OEA OANOAT AA8 4EEO x,
athird hydrogenbond between these two residues means they have the propensity

to bind to one anotherwith amuch higher affinity than the alternate pair of adenine

(A) andthymine (T) residues.Although the presenceof asmallnumberof* 6 O AT A # (
AO OEA o6 AT A AAT EI DPOi OA OEA AACOAA 1 E
template, having more than three results in too strong an association which causes

a rise in melting tempermature (Tm) and prevents the GC clamp from denaturing at

the correct temperature. Tmis defined asthe temperature at which 50% of the DNA

duplex will separate to becomesingle-stranded molecules and is usually optimal in

the region of 58 to 6@C.

2.3.2.6.2 Primer Optimisation and Standard Curve Analysis

Primer optimisation wasperformedin triplicate p 1t {freactionvolumesusingreverse
transcribed StratagenegP(RHumanReferenceTotal RNAat aninitial concentration

ofp ¢ 8 v 1 Qlifidnycldotide sequences were assayed at differing combinations of

Il OxAOA j&86q AT A OAOGAOOA j286q AT1TAAT OOAO
NTC control wasalso includedi A AAE -1 ir 1&806nmal)§ 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 optimumdc | AET AOET 1T T &£ &8 AT A 28 DPOEI AOO A&
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2AOAO0A j26Q DPOEI .

150nmol 300nmol 600nmol
T 3
ll@) E
< 5 150/150 150/300 BLANK
-
<L S
’O E
< 5 300/150 300/300 300/600
X o
¥e) ™
:; g
S BLANK 600/300 600/600
o
©

Table 2.3 gRT-PCR Primer Optimization Oligonucleotides purchased
from Eurofins MWG Operon, Germany were optimized for use in SYBR

GreengRTO#2 | OOAUO OOET ¢ AEAEEAOET ¢ AT 1T AET AOQEIT I

OAOAOOA j28q DPOEIi AO AT 1 AAT OOAQET T 08
Abbreviations: gRT-PCR- quantitative real-time PCR.

a target for gRFPCR validtion. 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 twinld serial dilution of the
starting material using NF ddHO. Cycle threshold (Ct) values @axis) were plotted
againstthe log of eachknown concentration of universal cDNA(copy number) along
the x-axis.Efficiencyand the coefficient of correlation (R) were computed from the
gradient of the incline. For reactions that were 100% efficient (slope 3.32, R >
0.99) the amount of PCRproduct should be seento double with every amplification

cycle.

2.3.2.6.3 RNA Pooling

RNAwaspooledfrom 75 COORF72¢aseqi.e.all 39 from the microarray experiment
plus anadditional 36 GG repeat carriers from the EGACCdiscovery and replication
cohorts combined) and 35 neurologically normal, healthyantrol subjects matched
for ageand genderto incorporate measurements from a greater number of samples
in eachrun. Thisapproachwasusedin order to maximisethe statistical power of the
gRT-PCRassaywhilst avoiding potential complications associated vth running the

experiments on multiple 96-well plates at differing time points and with different
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batchesl £ OAACAT 008

7.0), from five randomly selected patient or control derived LCL samples to laieve

WAAE DI

AT 1 AET AA

A Ol OAI E | DB nQ matefal et cONAI syhRth&3i® ikaationTable 2.4.
Controls
- SNc0038 M -BC6295 F - SNc0041 F LC0311 M
SC3489 F SC3021 F SC3406 M BC6323 M
Cl 1 BBe0006 F C2 41SMa0l156 M C3 4 SC3278 F C4 4 BLi0O083 F
LCa0076 M BC6448 F BC6507 M BC6234 M
- SC3709 F “BLiI0169 M -SC3150 M SC3282 F
- SMa0033 M -SDu0012 F - SNc0023 M
BLi0245 M LP0o0027 M LC0573 M
C5 4 LPo0033 M C6 4 SNc009% F C7 4 BC6231 M
LCO0455 F LCa0022 F SC3052 M
- SNc0045 F - SNt0035 M -LC0194 M
C9ORF72+
-LNh0101 M -SPro059 F - LP0O008 M - SMa0006 M
BP6072 F LP0657 M BBrO015 F LP0665 F
P1 4 BLi0236 F P2 4 SNc0204 F P3 4 LP0305 M P4 41 BP6063 M
LP0125 M LPy0018 F BP6165 F SP3534 F
LSP3148 F LLP0440 F LLP0437 M LLP0480 M
- SP3127 F -SMa0166 M -SP3469 M -SP3183 M
LSh0038 M SNc0189 M SP3341 F SP3222 F
P5 4 BP6029 F P6 {SP3057 M P7 4 SP3298 F P8 { SP3058 M
SP3560 M SP3122 M SP3420 F SP3431 F
- SP3118 F - SP3041 F -SP3413 M -SP3042 M
- LP0O064 M - SP3010 F -rBP6391 M - BLI0254 M
SNc0059 F BP6107 M LP0475 M BP6334 M
P9 {1 SP3433 M P104LP0203 F P114 BP6208 F P12 BP6059 M
LP0207 F LP0454 M LP0497 M SP3090 M
-SP3288 M - LP0359 M - BP6098 M - LNh0040 M
- BP6363 F - SP3462 F - LP0O091 M
BP6308 F LPO717 M SPr0026 F
P134 LSh0002 M P144 LP0o0036 M P154 SP3006 M
LPo0005 M BLi0251 F SP3471 M
-SP3087 M - LP0O073 F - LP0248 F

Table 2.4 ECACC LCL Pooled RNA Samples for gRPPCR Validation RNA of good quality
[RINscorel x 8mrthe Agilent 2100 Bioanalysg was pooled from 75C90RF72€ases 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, ECACG European Collection of Cell Cultures, F
female, ILC - 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- PooleGeneral Hospital, Py Plymouth Derriford Hospital, gRT-
PCR- quantitative real-time PCR, RIN- RNA integrity number, SC - Sheffield control, Sh -

Southampton Hospitaland SP- Sheffield patient

2.3.2.6.4 cDNA Synthesis
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Stratagene qPCR Human Reence Total RNA and pooled mRNA samples derived

AOT I DAOCGEAT O 1T O AT1T 0011 , #,-éDAA usiAgahe ABIAOA O
High Capacity RNA to cDNA Synthesis Kit as previously describedSaction 2.3.14.
1.Products were diluted inNFddHrt 0T A AT 1T AAT OOAOQETT 1 & »p

-200C prior to use in either traditional SYBR Green or IDT PrimeTimé& Mini gPCR

Assays.

2.3.2.6.55YBR Green Assays

Traditional gRT-PCRwasperformedET A OPI EAAOA pmnt, OAAAOQDEI]
12.5ng of cDNA templatel DOET 01 AT 1T AAT OOAOQET Take 25& &6
alXStratageneBrilliant 11 SYBR Green PCRMaster Mix and RNasdree™ water as
previously described inSection 2.3.1.6Negativene2 4 AT A . 4#8 O xAOA
each run. Relative concentrations wer@ormalised against the housekeeping gene
18SrRNAand visualised using GraphPad Prisfhsoftware version 5.04 copyright ©
1992-2014 (GraphPad Software Inc., USA). Significance values were calculated in
Microsoft Excel2010 (Microsoft Corporation, UK) usingaone-tailed O O O A Ates6 8 O
Geneexpressionchangeswere confirmed if the direction of change was the same as

the microarray with p<0.05.

2.3.2.6.6 PrimeTinfeMini gPCR Assays

PrimeTime® Mini gPCR Assays from Integrated DNA Technologies INC., USA were
Al 01T DPAOA&E Oi AA ET AdubéskifhA defatie ngRT anOMTE.A OE T |
Eachwell contained12.5ngof cDNAtemplate,500nM & 6 Fr@v@r and 250nM probe
re-suspendedin TE buffer [LOmM TrissHCl and 1mM EDTA, pH 7.5 at 26], RNase
free™water and 2XBrilliant 11l Ultra-FastgPCRMasterMix (Table2.6). Thesamples
wererun applyinga® . | 02 3A3 Aomfile onthe StratageneMx3000P™ RealTime
PCRThermal Cyclerasoutlined previously in Section2.3.1.6 Relative concentrations
were normalised againstthe standard housekeepinggenel8SrRNAandvisualisedin
GraphPad Prisn® software version 5.04 copyright © 19922014 (GraphPa® Soft-
ware Inc., CA USAFpignificance values were calculated using Microsoft Excel 2010
(Microsoft Corporation, UK) using a one-tailed © O O A AtlesD &fQression changes

were confirmed if the direction of change waddentical to the microarray with a p<
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Gene  Transcript Region 0OEi AO 3ANGATARE Tm GC% Amplicon Optimum conc. Efficiency
C9ORF72 ENST00000379997 0 &5 4 2 ‘;‘g !4 !4 4 Z : '4 ; , , f P ; gg:; 32:2 98bp 150/150nmol 99.8%
C9ORF72 ENST0000038003 0854 2 ‘;‘g ;# | :# j# !4 # | i !4 Z z z z i 4 gg:é 25:3 104bp 150/150nmol 101.1%
DENR ENST00000280557 ¢ 8 5 4 2 ‘;‘g ;# !4 # fi i j ;# ;# z ' j j j !4 j gg:g ﬁ:? 74bp 150/300nmol 102.4%
FGFR1  ENST00000341462 Exon 11-13 ‘;‘g !4 4 ? :# f '4 ? ;'# !4 z ; , g;:i gg:g 147bp 300/150nmol 115.3%
HNRNPAO ENST00000314940 ¢ &5 4 2 ‘;‘g f # j | z !4 : !4 4 , gg:g jg:g 104bp 300/600nmol 96.0%
HNRNPF  ENST00000443950 Exon 3 ‘;‘g z j z : ;# j !4 ;"E ;# z 4 !4 f gg:i gg:g 96bp 150/300nmol 102.3%
ITGAE  ENST00000263087 Exon 1516 ‘;‘g i '4 ;# ;# ;# : 4 Z 4 Z ; '# !4 j gg:é gg:i 120bp 150/150nmol 110.8%
ITGAE  ENST00000263087 Exon 20 ‘;‘g ' j #a j i :# ;# f !4 ;# Z # ’Z 28:; gg:g 74bp 150/150nmol 111.8%
KARS ENST00000319410 v 85 4 2 ‘;‘g : zi ;# ; ;& j : : ;# D1 # 23:2 g:i 83bp 150/150nmol 97.4%
MRPL41  ENST00000371443 Exon 2 ‘;‘g z j ;# , ; '4 !4 a# 4l @l gg:g gg:g 84bp 150/150nmol 107.5%
NUDT21  ENST0000B00291 0854 2 ‘;‘g '4 ' !4 # Z ? 4 : : ; ; 4 # f 22:1 gg:g 109bp 300/150nmol 95.3%
PHAX ENST00000297541 Exon 2 ‘;‘2 !4 z '4 ' ;# Z i '4 44 ;# Y , 28:2 gg:g 139bp 150/300nmol 103.0%



PRPF19  ENST0000022%24 Exon 11 ‘;‘g f j i ’!# Z z i | - , # z '4 gg:g gg:g 137bp 300/300nmol 99.4%
PURA ENST00000331327 Exon 1 ‘;‘g ;# '# # | 4 '4 !4 i j !4 4 ;# f : gg:g gg:g 106bp 150/150nmol 108.7%
RBM3 ENST00000376759 Exon 23 ‘;‘g - Z j #4 '4 ' , | 4 '4 4 f’ 28:‘71 28:8 76bp 300/150nmol 100.4%
RPL22 ENST00000234875 085 4 2 ‘;‘g !4 4! '4 ? 4 ;# Z z i j !4 j ;# ? gg:g gg:g 90bp 600/300nmol 100.4%
TAF13 ENST00000338366 Exon 4 ‘;‘g !4 | A#Cﬁin,TC,GQ?T!A?A# 44 gg:g gg:g 76bp 300/150nmol 98.3%
UTP15 ENST00000296792 Exon 24 ‘;‘g !4 : ? Z Z z j '4 4 !4 i , : gg:g 32:2 100bp 150/150nmol 102.9%
ZCRB1 ENST00000266529 ¢85 4 2 ‘;‘g '4 ;# # 4 ijg%TffT T TG,TT|T gg% 28:2 75bp 300/150nmol 102.8%
Housekeeping Gene

18SrRNA  ENST00000606783 v 8 542 ‘;‘g z !4 , ff‘ '4 ;& # i j ;t ;_L !4 i i , 28:2 32:2 131bp 300/600nmol 115.5%

Table 2.5 ECACC Erofins MWG Operon gRT-PCR Primer Sequences and Optimum Concentrations

Abbreviations: bp - base pairs,C9ORF72 chromosome 9 open reading frame 72DENR- density-regulated protein, F6- forward primer sequence FGFR1- fibroblast
growth factor receptor 1, HNRNPAQ heterogeneousnuclear ribonucleoprotein A0, HNRNPF heterogeneous nuclear ribonucleoprotein FITGAE- integrin, alpha E KARS
- lysyl-tRNA synthetase MRPL41- mitochondrial ribosomal protein L41, NUDT21- nudix (nucleoside diphosphate linled moiety X)}type motif 21, PHAX- phosphorylated
adaptor for RNA export,PRPF19 PRP19/PS0O4 prenRNA processing factor 19 homologS. cerevisiag PURA- purine-rich element binding protein A,RG- reverse primer
sequence RBM3- RNA binding motif (RNP1,RRM) protein 3,RPL22- ribosomal protein L22, TAF13- TAF13 RNA polymerase |l, TATA box binding protein (TBP
associated factor, 18kDa, Tm melting temperature, UTP15- UTP15, U3 small nucleolar ribonucleoprotein, homologS. cerevisiag UTR- untranslated region,ZCRB1-
zinc finger CBHGtype and RNA binding motif 1 andl8SrRNA- 18S ribosomal RNA.
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Gene PrimeTime @ RefSeq Region OOEIi AO 3ANGATAASAqQ 001 AA 3ANGAT AAQj vd Amplicon
& G} -
CLNSIA Hs.PT.56a.24955799 NM_001293 Exon 1-2 & S # # .G:AMTFCIITAAT.CCA.GA( 56-FAM/TTACATCGC/ZEN/TGAGAGCCGCCTG/3l 103bp
20 ! #4"1 #4' 4' # BKFQ
&6 ! 4#) A### 4 1| 56-FAM/CAGAAAAGG/ZEN/TGGACCAGATGACAC
EIF4H Hs.PT.56a.24792841 NM_022170 Exon 46 28 1" #1 1111 #1 1 GG/3IABKFQ 134bp
6 ' | [ I L -
FUS Hs.PT.58.4089981  NM_001170634 Exon69 &0 ##44 @b #i i1’ 1 SCFAWAATTTGGT/ZENGGCCCTCGGGACRIAE gy,
20 # # ! ! 4 FQ
&0 #4' 4#! #4#' ' | # 56-FAM/AAGGCCCCT/ZEN/TAGAATGGCAAGATT.
GEMING6  Hs.PT.56a.22216821 NM_024775 Exon 1-2 28 4" 1 Al ###1 1 CAT/3ABKFQ 123bp
&6 " 4" #!1 1" 444" ' 56-FAM/ITGGTGTAGC/ZEN/TCTAACGATACCGGG
HNRNPH2 Hs.PT.58.904078 NM_019597 Exon 1b2 28 A#' A#41 ##' 4#4 [3ABKFQ 99bp
) [ 11 -
KARS Hs.PT.56a.39151267 NM_001130089 Exon 1-2 & o # # #a - # Cog ## 4 56-FAMICGTCAACATIZEN/GGCAGAGCACCCT/3N 113bp
20 ##"' | 4' 1 11 BKFQ
&6 ' #! 4A#4' #' #' 4' 56-FAM/ITGGGTCTGG/ZEN/ATAAAATGAAGAAAA(
NCBP2 Hs.PT.56a.39258425 NM_007362 Exon 34 28 11 #A4#A4#1 " #1 AGCATG/3IABKFQ 110bp
&6 ' 4' ' GHETAGGATCA 56-FAM/AGGGATGGA/ZEN/ATGTCGAGAGATGAA
POLR2G Hs.PT.56a.39433782 NM_002696 Exon 35 28 "1 4#' 4" 1| 4" CI3ABKFQ 130bp
&6 ! "1 #4 11 1 56-FAM/AGAAGATAG/ZEN/TGGTGAGCTGGCAAA
UNRIP Hs.PT.56a.24263685 NM_007178 Exon 810 28 ' ##444' ' 111 4" CI3IABKFQ 137bp
Housekeeping Gene
&6 "'l #l 4#41 1 "' 56-FAM/TGCTCAATC/ZEN/TCGGGTGGCTGAA/3l/
18SrRNA Hs.PT.39a.22214856.g NR_003286 Exon 1 28 11 #A#4 " #1 4 BKFQ n/a

Table 2.6 ECACC PrimeTime® Mini gPCR Primer and Probe Sequences

Abbreviations: bp - base pairs,CLNS1A chloride channel, nucleotidesensitive, 1AEIFAH-AOEAOUT OEA OOAT Ol A OE foiwardEdried Ee4udried FUS- #sed O1 O
in sarcoma,GEMING- gem (nuclear organelle) associated protein BINRNPH2 heterogeneous nuclear ribonucleoprotein i j KARE lysyl-tRNA synthetaseNCBP2 nuclear

cap binding protein subunit 2, 20kDaPOLR2G BT 1 Ul AOAOGA j 2.1 Q )) | $. ! - rékdts® Arinér Ady@nc®UNRIDE R P-FUNRinterabting2pdotein
(serine/threonine kinase receptor associated protein) and18SrRNA 18S ribosomal RNA.
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0.05.

Forimproved specificity IDT utilises v Bucleasechemistry in which anon-extendable
DNAhydrolysis probe is fluorescently labelled with areporter dye and either one or
two quenchers.Whenthe probe is intact, the two molecules are maintained in close
proximity to oneanother allowing energyemitted by the reporter to be absorbedby
guencher(s).During the extensionphaseof the amplification reaction the hydrolysis
probeis cleavedbythe v tb o éxonucleaseactivity of SureStartTaqgDNApolymerase
causingthe two moleculesto dissociatefrom the target. Aconsequenceofthe spatial
separation of the reporter dye and quencher(s) is a sharp increase in fluorescence

which is then detected and reorded by the instrument.
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3.1 Clinical Characteristics of the NUGEN Cohort

An overview of the clinical characteristics of participants recruitedinto the NuGEN
Ovation® Whole Blood Stuly is provided in Table 2.1(Section 21.1). Briefly, these
comprised 6 Riluzole treated SALS patients of North European, Caucasian descent
and an equal numberof neurologically normal, halthy control subjects that were

as far as possible age angender matched. Age at symptormonset ranged between
38 and 71lyears with a mean of 60.3t1§rs and an average diseaséuration of ~3

yearsand 4months.

3.2 PAXgene® Blood RNA Extraction

PAXgené isolated material extracted from whole venous peripheral blood derived
from each of the 12 individuals in the final NUGEN microarray cohortSection 3.1
yielded betweengc 8 y¢ AT A w8oc¢ct ¢ O1T OAI 2.!' A& O
linear SPIAM amplification (Section 3.3.) and cDNA synthesis prior to performing
gRT-PCR Gection 3.4. Measurenents of concentration and purity (Section 2.3.1.3
obtained using the NanoDropM™ 1000 Spectrophotometer were found to be reason
ably consistentacrosspatient and control groupingswith respective meansof 65.00
Mcul CTA, o&80ox Mc Whoadratios cldse # 2.20 Distinct separation
of the 18Sand 28Sribosomal peakscould alsobe observedon the electropherogram
traces displayed by the Agilent 2100 Bioanalyser with rRNA ratios of 1.70+0.2 and
RNAintegrity valuesof 7.5 or above(Table3.1) [MeanRIN8.1+0.5for SALSatients
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 Ovatior® Whole Blood Solution
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Control ID RNA Concentration RNA Yield Aze0/280 RIN

BLDCONO1 48661 CT1 , o8yYw | 2.23 8.4
BLDCONO2 XX 8wp TC ©8¢0o | 2.21 7.7
BLDCONO4 cu8qw [ ¢8yYg | 2.46 8.8
BLDCONO7 TE800Q TC c8xp | 2.16 7.7
BLDCONO8 PTTP8CQ ] y8pm | 2.23 8.8
BLDCON10 Yym8uv o TC 8T T | 2.12 7.9
Mean Values pw8ocx 1 CT 555t C 2.24 8.2
Patient ID RNA Concentration RNA Yield Aos01280 RIN
BLDPAT21 TX8mY TC 838X X | 2.28 8.4
BLDPAT23 ppe8T Y ] w8aog¢g | 2.15 7.5
BLDPAT26 XX8@uU TC P8¢p | 2.12 8.0
BLDPAT27 Ym8urt TC 81T T | 2.14 8.1
BLDPAT35 TLU8ULU TC 31 1t 2.25 8.8
BLDPAT38 TPYB8wp TC o8wp | 2.14 7.7
Mean Values puv8nmn 1 CT v8¢gTm t 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 Measurementsof
at 260/280nm, were assessed using NanoDrdff 1000 Spectrophotometer Section 2.3.
1.3) (Thermo Fisher Scientifi® Inc., UK).Total RNA yields were calculated in fierograms
it cq2 Al AET OACOEOU cbnipited ArtaGcale @izero @rdedectable, can-
pletely degraded)to ten (high quality, intact RNA) usingAgilent 2100 Bioanalyzer(Agilent
Technologies Ltd, UK)Mean vdues recorded across the blood control (top) [BLDCON] or
blood patient (bottom) [BLDPAT] groupngs are represented in bold.

[FU] | 288 ; Sample 1]1
o= 18S; }
124
| |
| |
10+
| |
a1 |
| Ladder er ) |
61 | |
N | |
| |
0t |
| |
2|5 260 560 1DIDD 2DIDD 4DIDD [rt]

Figure 3.1 Agilent 2100 Bioanalyzer Assessmentof PAXgene® Blood RNAIntegrity

Agilent RNA6000 NanoLadderwith a 25 nucleotide [nt] molecular weight marker and

PAAEO AT OOAODPI T AETC O OEA pw3 AT A cw3 OEAT O i
accordingly. Fragment lengths were plotted along the-axis with RNA concentrations

defined by arbitrary units of fluorescence [FU] plotted along the yaxis. In this example

blood control [BLDCONP1 was selectedasarepresentative electropherogramtrace for

the purposesof illustration.
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3.3.1.1 NuGEN Ovatior® RNA Amplification System V2

Total RNA using a 50ng input of startig material was reverse transcribed into s
DNA following the NUGEN Technologies Inc., UK patented S™M#ethod outlined
in the previous Materials & Methods ChaptefSection2.3.1.4.2and2.3.1.5.). Yields
of between4.83and @ 8 v we¢reachieved,as determined by the NanoDrop“ 1000
Spectrophotometer(Section2.3.1.3. Meanconcentrationswere largely comparable
across the blood AOEAT O ¢ ", $0!4Y jpxw8comcpli Crt, Q
i pow8owmpml CTt , BGeeofgodtids Baadis@rily abdvétke previously
accepted threshold of 1.8. Pramplified material extracted from BLDPAT23, which
producedthe lowest RNAintegrity value [RIN score7.5(Table 3.1)] also underwent
DNase treatment Section 2.3.1.5.2in order to remove any potentially contaminat
ing genomic DNA that may have been present in thhsample. Nucleic acid products
were purified using the QIAGEN MinEluteé Reaction ClearUp Kit before being run
on the Agilent 2100 Bioanalyser $ection2.3.1.3. An illustrated electropherogram
trace (right) and corresponding gel image (left) typically generated by the instrum
ent is depicted inFigure 3.2(Table 3.2.

[FUl4 Ladder

15
6000 -

4000 - 10
2000 -

1000 -

500 -
200 -

25-

| I I | I
25 200 1000 4000 [nt]

sampt | MR
= wn
| 1
|
|

Ladder |

Figure 3.2 Agilent 2100 Bioanalyzer Assessmentof Purified SPIA™ 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

molecularweight marker and0.2,0.5,1.0,2.0,4.0and 6.0kb fragmentswhich are

loadedatatotal concentrAOET T 1T £ puonl C¥t, 8 &OACI AT O 1 AT cOl
along the xaxis with RNA concentrations defined by arbitrary units of fluorese

ence [FU] along the yaxis.

Abbreviations: cDNA- complementary DNA,SPIAM - single primer isothermal
amplification and ss- single-stranded.
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Purified SPIA™ ss-cDNA

Biotin -Labelled ss-cDNA

Control ID DNase Concentration Yield  Azsorso RIN Concentration Yield RIN
BLDCONO1 N ¢muU8pT @8puy 2.38 2.2 WE38MmTM T8yYm 26
BLDCONQ@ N Cme38¢guU P8pw 1.89 2.2 ppm8TIT v8um 26
BLDCONO4 N pwoc8ovu vadyYym 238 2.0 WOo8mTm T8pu 25
BLDCONO7 N GTmUu88pX Pp8po 218 2.2 ppTt8mm v8xm 25
BLDCONO8 N pYg8aocg V8T Y 1.88 2.3 105.00 ngft , vd8¢u 25
BLDCON10 N CTmMT8p 0O ®P8p¢ 1.83 1.9 ppp8mIT v8uvu 25
Mean Values PWWB oW V3 wy 2.09 21 pmt 8yYo V38¢QT 25
Purified SPIA™ ss-cDNA Biotin -Labelled ss-cDNA
Patient ID DNase Concentration Yield  Azsorso RIN Concentration Yield RIN
BLDPAT21 N ¢px8mvu @8uvp 186 2.4 WE 8 TT T83yYmn 26
BLDPAT23 Y pPeX8up v8mo 192 2.0 w¢8mTm T8@m 25
BLDPAT26 N pwp8urT v8xuv 1.89 2.1 pty8mm vd8tm 25
BLDPAT27 N powvw8aort v8Tvu 1.87 2.0 ppmT8MTM vd8um 25
BLDPAT35 N PXTI8pO vd8pp 241 2.2 pmmg8mm vd8pm 25
BLDPAT38 N pPOeT8 Y Tt8yYo 240 2.0 WEe 8T t8ym 25
Mean Values 17w8 o vdaouy 2.06 2.1 pPTITT8 QX v8mo 2.5

Table 3.2 Purified SPIA™ ss-cDNA: An Assessment of Quality and Yield Pre - (Left)/Post - (Right) Fragmentation & Labelling Measure
mentsof concentrationj 1T C Fandpdrity (Azsorso), asdetermined by the ratio of absorbance (A) at 260/280nm wavelengths, assessed using
the NanoDrop™ 1000 Spectrophotometer(Thermo Fisher Scientific® Inc.,UK) (Section2.3.1.3. Yieldswere calculatedini EAOT COAI O
RNA ntegrity numbers (RIN scores) computed on a scale of zero (undetectable, completely degraded) to ten (high quality, intacARNsing
the Agilent 2100 Bioanalyzer (Agilent Technologies Ltd., UK). Mean values recorded across the blood control [BLDCON] (twg)lood patient
[BLDPAT] (bottom) groupings are represented in bold.

Abbreviations: cDNA- complementary DNA, DNasedeoxyribonuclease, N untreated, ss- single-stranded, SPIAM - single primer isothermal

amplification and Y- treated.
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3.3.1.2 NuGEN Encoré&M Biotin Module

The NUGENENcore™ Biotin Module (Section2.3.1.5.3 generated between 4.60 and
v8xmt C AEIT-DEIWI AORAI HOOOO ¢ - AAT AT T AAT OOA(
the SALSp@EAT OO0 AT A pmi8yomwli CTt, A O OEA AT
in length (Table 3.2. These included >80% of targets with fewer than two hundred
baseswhich were suitable for hybridization onto Affymetrix® HumanGenomeU133

Plus 2.0 GeneChipArrays (Section 2.3.1.7 (Figure 3.3.

[FU] BLDCONEF

10+

|
|
|
|
|
|
|
|
|
|
|
|
1
|

T T T T T
25 200 500 1000 2000 4000 [nt]

Figure 3.3 Agilent 2100 Bioanalyzer Assessmentof Fragmented SPIA™ ss-
cDNAIntegrity Fragmentlengthsin nucleotides[nt] are indicated along the »
axis with RNA concentrations, defined by arbitrary units of fluorescence [FU],
alongthe y-axis.In this instancethe representative electropherogramtrace was
selected from blood control [BLDCON] 02.

Abbreviations: cDNA- complementary DNA, SPIM - single primer isothermal
amplification and ss- single-stranded.

3.3.2 Affymetrix ® Expression Console™ QC Metrics

3.3.2.1 Eukaryotic Hybridization Controls

Signals produced by the bacterial spike in controls BioBioC, BioD (threeE. coli
derived genes of thebiotin synthesis pathway) and CreX (a recombinase gene from
the P1 bacteriophage) §ection 2.3.1.7.2were called absent for BLDCONO02, 08 and
10and BLDPAT?21, 27 ad 35. For this reason these 6 SALS cases and contreéye

not represented on the plots displayed irFigure 3.4 Giventhat all the samples had
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been processed together and in the same batch, it can be speculatbdrefore, that
these failingshave 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 GenomePlus2.0 GeneChip Arrays. Subsequent assessment
of theremaining 6 SALScasesand controls identified BLDCONO7highlighted in red,
asapotential outlier (Figure 3.4) which requires careful consideration before deter-
mining whether or not this sample should be included in any furter downstream

comparative analyses.

160000 -

BioB ——BLDCONO1
140000 - BioC | ——sLDCONOS
120000 - 8ioD | —Z_zio:za;
100000 { ___ ey LoPA

BLDPAT26
80000 -

BLDPAT38

60000
40000 -

20000

BioB BioC BioD CreX

Figure 3.4 Eukaryotic Hybridization Controls for Samples in the NuGENOvation ® Whole Blood
Study Three bacterial derived genesof the E.coli biotin synthesispathway [BioB, BioCand 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 lybridization reaction. In the
right-hand panel mean signal intensities (yaxis) for probesets spotted onto the Affymetri® Human
GenomeU133Plus2.0GeneChip Arrays, which correspondto each of the aforementioned genes {x
axis) are also provided. Assessant of Affymetrix® QC metrics was performed using the Expression
ConsoléM software version 1.3.0.187 (Affymetri¥® Ltd., UK) Section 2.3.1.7.2 Intensity plots were
generated in Microsoft Excel 2010 (MicrosofCorporation UK). Potential outliers are highlighted in
red.

Abbreviations: BLDCON blood control, BLDPAT- blood patient and QG quality control.

3.3.2.2 GeneChig® Normalisation
3.3.2.2.1 Noise (Raw Q)

Noise(Raw Q) measuresthe extent of pixel to pixel variation betweenthe individual
spots,T OEAOx EOA OA £A §akhe Aihrnetrid GluntarEdeAdn® MAD 6
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Plus 2.0 GeneChipArrays. Its value can be computed from data that is contained
within the .DAT files using the Microarray Suite 5.JMAS 5.0) statistical algorithm
appliedin Expression Consol& software version 1.3.0.187Noise is calculated as a
function of the amountof inherent electrical noisethat is associatedwith the operat-
ion of eachindividual scanneraswell as the qualty of the samples being hybridized
(Figure 3.5.

Yob Py 1 OBRRL__ 2vepo
n QuQa

N = number of background features otthe array
stdev= standard deviation

pixel = total number of pixels

n = nth background feature

SF = scahg factor

NF = nornalisation factor

Figure 3.5 Noise (Raw Q) Calculation Microarray Suite (MAS)

5.0statistical algorithm for measuringthe extent of pixel to pixel

variaion AAOx AAT ET AEOEAOAI ODBI OO0 1T 0 O1T AAIIT AL
Affymetrix® Human GenomeU133Plus2.0 GeneChip Arraysin

the NUGEN Ovatiofi Whole Blood Study. Noise (Raw Q) values

computed in Expression Consol@! software version 1.30.187

(Affymetrix ® Ltd., UK).Equation adapted from the Report File

Glossary pdf available afffymetrix.com.

Valuesfor noise (Raw Q)were found to be consistentacrossmultiple batches [Batch
1run onthe 14t June2011 0.657+0.02and Batch2 run on the 234 June 2011 0.623
+0.03;two-tailed O O O A AtbstndtSignificant] with aslight difference havingbeen

observedbetweenalternate sampletypes|[Blood control (BLDCON)0.620+0.02 and

Blood patient (BLDPAT)0.659+0.03;two-tailed O O O A AtesO@oducing a pvalue

below the 5% significance thresholdp<0.05*)] (Figure 3.6.

3.3.2.2.2 Scaling Factor

Onekey assumption, fundamentalto most normalisation proceduresthat have been
describedfor high throughput arrays to date,including Affymetrix® HumanGenome

U133Plus2.0GeneChi@ Arraysis that the majority of transcripts should remain un-
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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 Consol&V software version 1.3.0.187 (Affymetri® Ltd., UK) in order
to measure the extent of pixel to pixel variation between individual spots or so call
AA ADBOHAOGE 11 CHoan GeRdeteiUA3R Plis@.0 GeneChiprrays.
GraphPad Prisn® software version 5.04 © 19922014 (GraphPad Software Inc., CA
USA) was used to plot the data and twW® AET AA Q&3O peldrnied O drav
comparisons between thedifferent 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, BLDCONblood control, BLD
PAT- blood patient and S sporadic.

altered regardlessof which experimental conditions are under manipulation; for ex-

ample, healthy versus disease status in the NUGEN Ovatilvhole Blood Study. In

other words, if this statement holds tue then the proportion of transcripts that are

classifiedaseitherupj QO AT xrégulgteg), @r a given threshold of statistical

significance, should not influence the overall fluorescence intensity ofeach GeneCh

ip® which should remain comparableacross the study.

A MAS 5.0 statistical algorithm deployed by Expression Cons&lesoftware version

1.3.0.187is used to apply a scaling factor (SF) which standardises the mean prebe

setsignalintensities, in order to control for brightness. In this scaario, a measure

ment closeto 1.000indicatesthat the averagearray intensity is approximately equal
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ed to vary considerably across species, and between different tissigample types,
explaining why currently no set guidelines have been published. Neverthelesify

metrix. com doesadvocate thatthere should be no more than a 3old difference in

the minimum and maximumSF value recorded for a particular experiment Exclu-

ding BLDCONQO7 (19.673), this was found to be broadly the case for samples in the
NUGEN OvatioR 7 ET 1 A "1 1T1T A 300AU - AAT TFgers@BAl OAC
",$0! 46 0 ¢ 8BRatchmundntheAd June D11 1.662+0.6 versus Batch

2run onthe 23 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 gen&sCTBand GAPDHwith

which to assess the quality of input RNA; owag to their long transcript lengths and
ubiquitous expression.The probesets for thesegenesare designedto span their five

primej v @) andthreeDOET A | 06 q OACET 1T 08 3EI EI AO
three regionsis indicative of the presenceof good quality RNA that is intact and has
beenlabelledreliably alongthe full length of its sequenceFor samplesin the NUGEN
Ovator®7 ET 1 A "1 11T A 3 OAGTEAD4+0.44T0kd an® BADEHL. &D+0x

51-fold] were found to be reasonably consistenwith slightly higher and more var-

EAAT A AEAT CAO OAAT OANCABA.684i6MId Grid BAPBHR. A3 OAO
71-fold]; suggesting that a small amount of RNA degradation may have occurred at
OEA EAO uvd ATl Mowevs, dvenkhatthDAA OAOEDPO®B ) 64 AT

ays this is not expected to cause further downstream complicationgigure 3.7).

3.3.2.4 Overall Signal Quality
3.3.2.4.1 Average Background

Theaveragebackgroundsignalintensity valuesrangedfrom 25.575(BLDCONOQ7}o
27.534 (BLDPAT23)for the 12 SALSpatient and control samples in the final NUGEN
Ovation® Whole Blood Study. Consistency was observed between multiple batches
[Batch1run on the 14h June 2011 27.100£0.75 versus Batch 2 ruon the 239 June
2011 26.602+0.62;two-tailed © O O A AtbstndtSignificant] aswell asacrossalter-
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Figure 3.7 RNA Quality Control Check for Samples in the NuGEN Ovation®

Whole Blood Study Microarray Suite(MAS)5.0signalintensity ratios between

candv BT A0 § qQ T O 06 AT A Adfikestandartl iodsd1 A OACET 1
keeping genes beta, actinXCTB [left-hand panel] and glyceraldehyde3-phos
phatedehydrogenase(GAPDH[right -hand panel] plotted alongthe y-axis. Box

andwhisker plots were generated,applying a Tukey multiple comparisonstest,

using GraphPadPrism® software version 5.04 © 19922014 (GraphPad Softw

are, Inc. CA USA). Assessment of AffymefriQC metrics was performed using

Expression Consol& software version 1.3.0.187 (Affymetrix® Ltd., UK).

! AAOAOE AOEDRAJ b é& priléandQEC- quality control.

~

I AOA OAI b1 A OWwB2én.80ahd"$ #$/0.! B7CB3OE0.44; two-tailed
0O 0 O A Atesbriwt@ignficant] (Table 3.9.

3.3.2.4.2 Avaage Percentage Presence Gall

In total, 54,675 probesetsare representedon the Affymetrix® HumanGenomeU133
Plus2.0GeneChip Arrays. Eachoneis comprisedof 11 probe pairs which contain a
mix of PM, as well as, MM 2Ber oligonucleotide sequences peaining to a similar

T O AAO T & CAT A (Qektior2B0.E.pOnQ@veiage, 4%5%0d g@nes
were calledaspresent (P)for controls (n=24,330), compared to 51.2% of genes for
SALS patients (n=27,994)n the NUGEN Ovatiofi Whole Blood Study. A scatter dot
plot displaying the mean and standard error of the mean (SEM) flagged BLDCONO7,
highlighted in red, asa potential outlier which had a significantly lower %P then the

remainder of the cohort (p<0.01** (Figure 3.9.

3.3.2.5 Relative Log Expression Signal
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Figure 3.8 Average Percentage Presence Calls for Samples in the
NuGEN Ovatior® Whole Blood Study Scatter dot plot was generated
using GraphPad Prisn® software version 5.04 © 1992 to 2014 (Graph
Pad Software, Inc. CA USA)splaying 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 Affymetri® Human Genome

U133 Plus 2.0 @neChi! OOAUO A1 O 3!, 3 PABEAT O j«q AT A
samples in the NUGEN OvatiéhWhole Blood Study. The range of %P

calls which was considered aceptable is represented by the YELLOW

shaded region between the two dashed lines at the 40 and 60% thres

hold. Any pdential outliers were highlighted in red. Assessment of QC

metrics was performed using Expression Consol# software version

1.3.0.187 (Affymetrix® Ltd., UK).

Abbreviations: ALS- Amyotrophic Lateral Sclerosis, BLDCONblood
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 GeneCh¥pcompare with those across the
rest of the experiment. A cohort which exhibits elative 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 Ovatfowhole Blood Study with

the exception of BLDCONO7 which isighlighted in red (Figure 3.9.

0808¢8@p OAAOOI T80 #1 OOATI AGET 1T #1 AEAEAEAT «
For each pair of GeneChigsin a microarray experiment the Expression Consolé/

software version 1.3.0.187AAOA O ET AO A o-Adnérddorretation d-O1 A QA
efficient (r), from the covariance divided by the product of the standard deviations.

Thisis computed on a scale ofl 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 @oa®
Whole Blood Study. Whiskers represent minimum (lower) and maximum (upper)
averageprobesetsignalintensity valuesfor each Affymetrix* Human Genome U133
Plus 2.0 GeneChipArray in the experiment. Assessment of QC metrics was perfor
med using Expresion ConsoléM software version 1.3.0.187 (Affymetri¥® Ltd., UK).
Potential outliers are highlighted in red.

Abbreviations: QG quality control.

(negative) oneis indicative of their being a strong linear relationship between the X
andY variables (Figure 3.10). This datacanbeillustrated qualitatively onacoloured
matrix asdepictedin Figure 3.11. Ofthe samplesin the NuGENOvation® Whole Blo-
od StudyBLDCONG®, highlighted in red, produced by far the weakestcorrelation (r)

with a scoreless than half the average of the raaining cohort.

X- Signal intensity values (Sample X)

Y - Signal intensity values (Sample Y)

N - Number of samples or GeneChigsin the experiment
&ECOOA o8pmnm 0AAMoOehtiCéndlationCo A OA O
efficient (r) Calculation Equation adapted fromHartman
et al 2015, which is freely available online agcat.davidson.

edu/DGPB/clust/background (Davidson College, NC USA ©
2015).
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FECOOA o8pp O0AAOOIT T 60 (i forcavplesArOET T #1 AEAEAE,

the NUGENOvation ® Whole Blood Study For each pairwise 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
astronger linear relationship between theX and Y variables. Potent
ial outliers are highlighted in red. Assessment of the AffymetrixQC
metrics were performed in ExpressionConsoléM 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-SPIA™ gRT-PCR Measurements

In order to monitor the efficiency of the NuGENOvation® Whole Blood Solution Ge
ction 2.3.1.4.2and 2.3.1.5.]) agRT-PCRexperiment was performed using tradition -

al SYBR Green technology as outlined irbection 2.3.1.6 Relative Haemoglobin, al
pha 2 HBA2 mRNA transcript levelswere measuredagainst the standard housek
eeping control, actin, beta ACTB (Figure 3.12) immediately prior to and following
NuGENTechnologiesinc.,UK patented SPIA" method of linear single primer isoth-
ermal amplification. ACTBwas selected aghe 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 postSPIAM amplified material were significantly lo-
wered for ACTB[pre-SPIAM 19.278 (n=12) and postSPIAM measurements 10.801
(N=8); £ 1.80-fold (p<0.001***)] but remained reasonable consistent foHBA2[pre-
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Cycle Threshold (Ct)
-
o
]

Wr<0001”

acte | Np<oos™
[dp<o0.001
[l p<0.05*

HBA2 | Np<0.05

|:| not significant

1

T 2 Pz s =z
1 R5Y 8 8 R 2
— (] [a] — [a) o o — [a)]
Nl E \SNE 3 RE 3
Pre-SII:’IATM Post-SIPIATM Pre-srlleTM Post-SIPIATM
ACTB HBA2
Pre-SPIAM PostSPIAM
N meanCt SEM N meanCt SEM p-value
", $0! 46 19417 0.243 4 12.498 1.001 0.012
ACTB " , $#/ . 6 19.138 0.150 4 9105 0.357 2.56E05
ALL 12 19.278 0.142 8 10.801 0.808 2.23E05
", %$0! 46 11.713 0.457 4 10.258 0.170 0.031
HBA2 "  $#/ . 6 11.955 4.881 3 8870 1.610 0.147
ALL 12 11.834 0.271 7 9.663 0.676 0.030

Figure 3.12 Pre- and Post-SPIA™ gRT-PCR Measurements of HBA2 mRNA Transcript

Levels Relative to ACTBUsing the NUGEN Ovatior® Whole Blood Solution Mean and
SEM cycle threshold (Ct) values fgxis) for haemoglobin, alpha 2IBA2 ( ) and the int-
ernal referencecontrol geneactin, beta ACTB () are provided for each treatment group
(x-axis). The bar chart in the uppermost panel was created in GraphPad Pri8reoftware
version 5.04 © 19922014 (GraphPad Software, Inc. CA USA). Prdliiy values were de-
v OECT EEAEAAT AA OrQApied 1 A

OAOI ETAA AO OEA
in Microsoft Excel 2010 (Microsoft Corporation UK).

Abbreviations: BLDCON blood control, BLDPAT- blood patient, mRNA- messenger RNA,
N - number, gqRT-PCR- quantitative real-time polymerase chain reaction, SEM standard

error of the mean and SPIAY - single primer isothermal amplification

SPIAM 11.833 (n=12) and postSPIAM| AAOOOAT AT OO0 w8-l (p<
0.05*)]; anobservationthat alsoheld true when the different sample types were in
terpreted individually [Blood control (BLDCON)ACTBg2.10-fold (p<0.001***) and
HBAZ2g1.40-fold (p-value not significant) and Blood patient (BLDPAT):ACTBg1.60-
fold (p<0.05*) and HBAZ2¢ 1.10-fold (p<0.05*) (Figure 3.12)]. Thesefindings suggest
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that the NuGEN Ovatiofi Whole Blood Solution, which utilises a uniqgue DNA/RNA
chimeric primer and proprietary whole blood reagent, has been successful in limit
ing the amplification of globin mRNArelative to other transcripts, in this caseACTB,
that are alsocontainedwithin the sample in orderto reduce interference on the mi
croarray (Wright et al 2008).

3.5 Peripheral Whole Blood GeneExpression Data

Direct comparisons were drawn between the JB NUGEN Ovatfoand RR Ambior®
GLOBINClea™ (Raman2011) strategiesfor performing GEPfrom peripheral whole
blood using identical age and as far as possihlgender matchedpatient (BLDPAT)
and control (BLDCON)samples which werecollected at the same time in PAXgerie
Blood RNA Collection Tubes and stored a20°C for up to threeyears prior to being
processed(Table 2.1 (Section 2.3.1.}

3.5.1 GeneSpring GX v11.5.1
3.5.1.1 Normalisation

Affymetrix® CEL files with the exclusion of BLDCONO7, which waeported to have
failed a numberof the QC parametergSection 3.3.2.1and 3.3.2.6 assessed by Exp
ression ConsoléM software version 1.3.0.187 (Affynetrix® Ltd, UK), were uploaded
into GeneSpringsXv11.5.1analysissuite (Agilent Technologies Genomics Ltd., UK).
Raw expression values were log2 transformed and a PLIER16 estimation algorithm
applied (Section2.3.1.9.2 without the needfor performing a baselineconversion to
the median of all the samplegFigure 3.13. Normalised signal intensities Figure 3.
14) were visualised on a profile plot in whch each of the 54,675 probesets that are
present on Human Genome U133 Plus 2.0 GeneCh#irays, is represented under
different experimental conditions (i.e. healthy versus disease status) by a singte-
loured line where red, yellow and blue indicates whtner the correspondingtrans-

cript has a high, intermediate or low abundanceRigure 3.14).
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Normalised Intensity Values
[ee)

BLDPAT?21 { —=mm
] [ P

BLDCONO1+
BLDCONG@ -
BLDCONO4
BLDCONO8H
BLDCON104
BLDPAT23 A
BLDPAT26 A
BLDPAT27 A
BLDPAT35

BLDPAT38 A

Figure 3.13 PLIER 16 Normalised Distribution of Relative Lo g2
Transformed Signal Intensity Values for Samples in the NUGEN
Ovation ® Whole Blood Study Box and Whisker plotgeneratedusi-

ng GeneSpring GX v11.5.1 (Agilent Technologies Genomics Ltd., UK).
BLDCON7 wasomitted on the basisthat it had failed several of the
QCparameters assessed irExpression Consol&" software version
1.3.0.187

Abbreviations: BLDCON- blood control, BLDPAT- blood patient,
PLIER- Probe Logarithmic Intensity Error and QC- quality control.

Normalised Intensity Values

BLDCON10 1
BLDPAT26 1
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BLDCONO1 4-
BLDCONO2 A
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BLDPAT21 A
BLDPAT23 -
BLDPAT27 A
BLDPAT35 A
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Figure 3.14 Profile Plot of PLIER 16 Normalised Signal Intensity
Values for Samples in the NUGEN Ovatior® Whole Blood Study
Mean absolute expression values which are displayed along theayis
are represented under different experimental conditions (xaxis) [i.e.
healthy (left panel) versus disease (right panel) status] for each of the
54,675 probesets on the Affymetri¥® Human Genome U133 Plus 2.0
GeneChip Arrays.Red yellow andblue lines signify high, intermediate
and low expressing transcripts, respectively. The plot was generated
using GeneSpring GX software version 11.5.1 (Agilent Techagies
Genomics Ltd., UK) with BLDCONO7 having already been excluded on
the basis that it failed several QC parameters assessed by Expression
ConsoléM software version 1.3.0.187 (Affymetri® 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

DEtranscripts were detected at the 5% significance level in GeneSpring @X1.5.1
usinganunpaired studel OtéteSt with an FDRcorrected p<0.05 andFCthreshold of
| M p Beotitn 2§3.1.Q).

3.5.1.2.1 JB NUGEN Ovatiobataset

Analysis of the JB NUGEN Ovati®rdataset identified 706 DE transcripts [unpaired
OOOAADDOO %2 bPrms8mnuh &ewer thanpwduwdmomifarid | T OE
be expectedby chance (n=2,733) Figure 3.15. These included 239 genes (33.9%)

that were significantly up-regulatedj { @ AT A A EOOOEAO 1t o¢x CAIl
re significantly down-OA C O1 A [RBPENDITEBLR1].

3.5.1.2.2 RR Ambi&GLOBINCledM Dataset

In contrast, analysis of the RR AmbidchGLOBINClea™ dataset(Dr Rohini Raman)

identified a substantially greater proportion of transcripts (n=4520) (Figure 3.15

as being DB OT DPAEOA A -OBO®®A A&1$Q36 ® I Gr 8 Thesk inctuded 3,4 Mp 8 L
40 genes(76.1%) that were significantly up-regulatedj da@da further 1,080 genes

which were significantly down-OAC Ol AOAA j £Q f! 00%. $)8 41! "

3.5.1.2.3 JB NuGEN Ovattoand RR Ambior® GLOBINCledM Comparison
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a) JB NuGEN Ovatio® m
5 -
4 -
)
=
S 3.
e
FC >1.
1- = 5.} p<0.05
FC <1.
0+ FC ANY_ | Not significant
3 -2 -1 0 1 2 3
log: (fold change)
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 @ance 2,733 1,093 546 273 54

b) RR GLOBINCleaf™ | .
6
5
/q-)\ ||
24
7
o -
S 3
o
o |
2
FC >1.5.
4 } p<0.05
1 FC <1.
FC AN\D Not significant

T T T T

43210 1 2
log: (fold change)

w-
N

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>15 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 GeneLists Detected in GeneSpring GX
v11.5.1 Between JB NUGEN Ovatior? and RR GLOBINCleaf" Datasets

Abbreviations: FC- fold change, JB Joanna Bury generated CEL files anRR- Dr Rohini
Raman generated CEL files

110



A GeneVenndiagram depicted inFigure 3.16 of the formerly discussed JB NuGEN
Ovation® and RRAmMbion® GLOBINClea (Section 3.5.1.2..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 sharedin common with the majority of these disease related changes found to

occur in opposing directions

GLOBINClear™
4,438

2..

24.0%‘

NuGEN Ovation®
624

f36.1%

63.9"/‘

Figure 3.16 GeneVenn of JB NUGEN Ovatio® and RR GLOBINClear™
Datasets DE transaipts were detectedat the 5% significance level using
anunpaired O O O A fe$t <G005) and applying aFC thresholdof | +1.50
in GeneSpringGXsoftware version 11.5.1(Agilent TechnologiesGenomics
Ltd., UK) The Venn diagram was created using the Gerenn application
that is freely available online atgenevenn.sourceforge.nefUniversity of
Southern Mississippi, USAjPirooznia et al 2007).

Abbreviations: ALS- Amyotrophic Lateral SclerosisDE - differentially
expressed, FG fold-change,JB- Joanna Bury generated CEL files, R®r
Rohini Raman geerated CEL files and- sporadic.

3.5.1.3 Clustering Analysis

Clusteringanalysisconductedat the 5% significancethreshold in GeneSpringGXvl

1.5.1 applyingthe 706 (Section 3.5.1.2.)and 4,520 Section 3.5.1.2.Pfiltered gene

lists [unpaired OO OAAD DGO &%$2 DI n8 mu rstragdmore digtipc8 v T Y
patient (BLDPAT)(blue) and control (BLDCON)red) groupingson the PCAplot and
hierarchically clustered HeatMap for the RR Ambich GLOBINCleaM (Figure 3.17)
dataset in comparison to the JB NUGEN Ovati® (Figure 3.18 dataset.
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JB NuGEN Ovatiof®

RR GLOBINCleafM

Transcript Symbol Gene Name FC p-value FC p-value
206697_s at HP haptoglobin d 2.40-fold 0.021 (2.69-fold 2.48E03
211781 x_at --- d 2.34-fold 0.033 (1.97-fold 0.020
219359 at ATHL1 ATH1, acid trehalasdike 1 (yeast) d2.09-fold 4.06603 d 1.75-fold 0.021
208470 s at HP haptoglobin d 2.05-fold 0.031 d1.98-fold 0.046
238591 at HEXDC hexosaminidase (glycosyl hydrolase family 20, catalytic domain) containin¢ d 1.83-fold 0.028 d1.59-fold 0.030
1559128 at HSDL2 hydroxysteroid dehydrogenase like 2 d1.71-fold 9.18503 ( 1.86-fold 8.87E04
226322_at TMTC1 transmembrane andtetratricopeptide repeat containing 1 d 1.69-fold 0.026 d4.47-fold 4.55E03
203326_x_at COL5A1 collagen, type V, alpha 1 d 1.58-fold 0.014 d1.97-fold 4.61E04
221996_s at CLTB clathrin, light chain (Lcb) d1.57-fold 8.79E03 (1.91-fold 5.91E04
213457 _at MFHAS1 malignant fibrous histiocytoma amplified sequence 1 d 1.56-fold 8.95E03 ( 1.66-fold 0.048
229392 s at PIK3R2 phosphoinositide-3-kinase, regulatory subunit 2 (beta) d 1.54-fold 6.70E03 ( 2.04-fold 8.85E04
1558739 at DUSP16 dual specificity phosphatase 16 d 1.53-fold 0.042 d1.80-fold 3.07E03
206237_s_at NRG1 neuregulin 1 d 1.51-fold 0.041 d1.59fold 0.046
218978 s at SLC25A37 solute carrier family 25, member 37 d 1.51-fold 0.046 d1.95-fold 0.047
205215_at RNF2 ring finger protein 2 ¢ 1.50-fold 0.027 d1.93-fold 6.58E03
206544 x_at SMARCA2 SWI/SNF related, matrix associated, actin dependent regulator of ¢ 1.50-fold 0.025 ¢ 3.06-fold 5.37E04
chromatin, subfamily a, member 2
241242 at FAM120A family with sequence similarity 120A ¢ 1.51-fold 3.96E03 ( 1.94-fold 5.62E03
226109 _at C210RF91 chromosome 21 open reading frame 91 ¢ 1.52-fold 0.048 (1.52-fold 0.032
222313 at CNOT2 CCRA4NOT transcription complex, subunit 2 ¢ 1.52-fold 0.038 ( 2.04-fold 0.014
1555199 at GOSR1 golgi SNAP reeptor complex member 1 ¢ 1.53-fold 0.011 d1.62-fold 1.72E03
200806_s at HSPD1 heat shock 60kDa protein 1 (chaperonin) ¢ 1.53-fold 0.015 ¢ 2.87-fold 5.53E04
223254 s at G2E3 G2/M-phase specific E3 ubiquitin ligase ¢ 1.55-fold 0.026 (1.89fold 0.041
242760 _x_at PIGB phosphatidylinositol glycan anchor biosynthesis, class B ¢ 1.55-fold 0.026 d1.70-fold 0.018
1555977_at  LOC727918 hypothetical LOC727918 ¢ 1.55-fold 0.043 (2.00fold 1.98E03
216072_at ¢ 1.55-fold 0.039 (1.56-fold 4.89E04
240248_at C100RF46 chromosome 10 open reading frame 46 ¢ 1.57-fold 0.045 (2.35-fold 0.036
201409 s at PPP1CB protein phosphatase 1, catalytic subunit, beta isoform ¢ 1.57-fold 0.048 (1.73-fold 0.027
229966 _at EWSR1 Ewing sarcoma breakpoint region 1 ¢ 1.57-fold 0.048 (2.13-fold 2.88E03
202412 s at USP1 ubiquitin specific peptidase 1 g 1.57-fold 2.42E03 (2.50-fold 4.91E03
217608 _at SFRS12IP1 SFRS1anteracting protein 1 ¢ 1.58-fold 0.015 (d1.73-fold 0.018
200889_s at SSR1 signal sequence receptor, alpa g 1.58fold 5.27E04 ¢ 1.92-fold 2.71E03
235009 at BODI1L biorientation of chromosomes in cell division tlike ¢ 1.60-fold 0.014 (2.41-fold 2.80E03
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1560017 _at
1555439 at
241294 at
225980_at
202068_s_at
222850 s at
241610 _x_at
1569302_at
229353 s_at
236752_at
232311 at
212479 s at
213518_at
1561015_at
235060_at
202006 _at
222111 at
243233 at
1554241 _at
242576 _x_at
220369_at
244679 at
211352 s at
218294 s at
200751 _s_at
201299 s_at
238317 _x_at
227259 at
1563975_at
242844 at
237461 at
214352 s at
201407_s_at
227364 at
1558747 at

TMTC3
GTF3C3
AP1G1
C140RF43
LDLR
DNAJB14
PACS1
KIAA1731
NUCKS1
PKP4
B2M
RMNDSA
PRKCI
KLF3

LOC100190986

PTPN12
FAM63B
RNUG1
COCH
N4BP2L2
SMEK1
STK38
NCOA3
NUP50
HNRNPC
MOBKL1B
RBMS1
CD47
RNF130
PGGT1B
NLRP7
KRAS
PPP1CB
CAPZA1
SMCHD1

transmembrane and tetratricopeptide repeat containing 3
general transcription factor IlIC, polypeptide 3, 102kDa
adaptor-related protein complex 1, gamma 1 subunit
chromosome 14 open reading frame 43

low density lipoprotein receptor

DnaJ (Hsp40) homolog, subfamily B, member 14
phosphofurin acidic cluster sorting protein 1

KIAA1731

nuclear casein kinase and cyclidependent kinase subtrate 1
plakophilin 4

Beta-2-microglobulin

required for meiotic nuclear division 5 homobg A S. cerevisiae
protein kinase C, iota

Kruppel-like factor 3 (basic)

hypothetical LOC100190986

protein tyrosine phosphatase, norreceptor type 12

family with sequence similarity 63, member B

RNA, U6 small nuclear 1

coagulation factor C homolog, cochlinLimulus polyphemuy
NEDD4 binding protein 2like 2

SMEK homolog 1, suppressor of mekDfctyostelium
serine/threonine kinase 38

nuclear receptor cactivator 3

nucleoporin 50kDa

heterogeneous nuclear ribonucleoprotein C (C1/C2)
MOB1, Mps One Binder kinase activatelike 1B (yeast)
RNA binding motif, single stranded interacting protein 1
CD47 molecule

ring finger protein 130

protein geranylgeranyltransferase type I, beta subunit
NLR family, pyrin domain ontaining 7

v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
protein phosphatase 1, catalytic subunit, beta isoform
capping protein (actin filament) muscle Zline, alpha 1

¢ 1.60-fold
¢ 1.61-fold
¢ 1.62-fold
¢ 1.62-fold
¢ 1.63-fold
¢ 1.63-fold
¢ 1.64-fold
¢ 1.64-fold
¢ 1.65-fold
¢ 1.66-fold
¢ 1.67-fold
¢ 1.67-fold
¢ 1.67-fold
¢ 1.68-fold
¢ 1.68-fold
¢ 1.69-fold
¢ 1.71-fold
¢ 1.72-fold
¢ 1.72-fold
g 1.72-fold
g 1.72-fold
g 1.72-fold
¢ 1.73-fold
¢ 1.73-fold
¢ 1.73-fold
¢, 1.75-fold
¢, 1.75-fold
¢ 1.76-fold
¢ 1.76-fold
¢ 1.77-fold
¢ 1.85-fold
¢ 1.85-fold
¢ 1.86-fold
¢ 1.86-fold

structural maintenance of chromosomes flexible hinge domain containing 1 ¢ 1.88-fold
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0.049
0.043
0.023
0.027
0.045
0.047
3.51E03
0.033
0.027
1.12E03
0.019
0.023
0.047
0.014
0.029
0.020
0.013
0.021
0.048
5.97E03
0.024
0.025
0.032
0.016
5.38E-03
0.037
0.027
6.15E03
5.12E04
2.46E-03
0.020
8.23E-03
0.044
0.039
0.036

d 1.58-fold
d 1.67-fold
d 1.78-fold
g 1.72-fold
¢ 1.83-fold
d 2.84-fold
d 4.94-fold
d 1.84-fold
d 3.10-fold
d 1.97-fold
d 3.33-fold
d 1.87-fold
d 2.36-fold
d 1.67-fold
d 1.67-fold
g 1.77-fold
d 1.57-fold
d 2.41-fold
d 3.13-fold
d 2.89-fold
d 1.75-fold
d 2.23-fold
d 1.80-fold
d 2.10-fold
g 1.90-fold
d 1.50-fold
d 2.62-fold
d 1.85-fold
d 1.56-fold
d 1.82-fold
g 1.79-fold
d 2.45-fold
d 2.01-fold
d 2.16-fold
d 2.61-fold

5.54E04
5.84E03
0.011
7.84E03
5.36E03
4.39E03
1.01E04
0.017
2.90E03
0.011
3.07E-04
1.23E03
6.86E04
0.011
0.016
0.038
0.016
6.03E-03
4.26E05
2.11E03
0.016
0.017
0.033
0.013
1.32E-03
0.016
1.03E03
7.84E03
0.016
0.022
0.019
2.60E-03
1.11E03
6.57E03
3.44E-03



233898 s at FGFR10P2
212418 at  ELF1
224778 s_at TAOK1
222409 at  COROIC
230180_at  DDX17
215635_at  PDESA
228471 _at  ANKRD44
239957 at  SETD5

1552480 _s at PTPRC
219978_s_at NUSAP1

228222 _at

PPP1CB

1552552 _s_at CLECAC

201237 _at

CAPZA2

1555687_a_at CLECA4C

231484 _at

ATP8A1

FGFR1 oncogene partner 2 ¢ 1.89-fold
E74-like factor 1 (ets domain transcription factor) ¢ 1.94-fold
TAO kinase 1 ¢ 1.98-fold
coronin, actin binding protein, 1C ¢ 1.98-fold
DEAD (AspGlu-Ala-Asp) box polypeptide 17 ¢ 1.99-fold
phosphodiesterase 8A ¢ 1.99-fold
ankyrin repeat domain 44 ¢ 2.06-fold
SET domain containing 5 ¢ 2.14-fold
protein tyrosine phosphatase, receptor type, C ¢ 2.19-fold
nucleolar and spindle associated protein 1 g 2.23-fold
protein phosphatase 1, catalytic subunit, beta isoform g 2.25-fold
C-type lectin domain family 4, member C g 2.28-fold
capping protein (actin filament) muscle Zline, alpha 2 ¢ 2.36-fold
C-type lectin domain family 4, member C g 2.73-fold

ATPase, aminophospholipid transporter (APLT) class |, type 8A, member 1 ¢ 2.84-fold

0.036
0.025
0.041
7.03E-03
0.017
0.037
0.033
0.026
0.035
3.82E-03
0.030
2.31E03
0.031
0.015
0.046

{ 1.79-fold
e, 1.75-fold
{ 2.01-fold
d 1.94-fold
q 1.71-fold
q 2.05-fold
q 3.12-fold
{ 2.03-fold
d 1.99-fold
d 2.01-fold
q 3.34-fold
£, 2.27-fold
q 2.53-fold
., 2.15-fold
q 3.82-fold

0.037
5.43E03
2.71E03

0.025

0.047

0.021
1.62E05
8.30E03

0.026

0.014
1.34E03

0.018

0.019

0.018

0.028

Table 3.3 JB NUGEN Ovatio® and RR GLOBINCleaf™ GeneSpring Common List (n=82) [unpaired stu AAT GGAOO® BT 1 8 v Affyretix®ltrangcppd v TTY
IDs are ranked in order of foldchange (FC) for whole blood samples in the JB NUGEN Ovatiolataset and corresponding values for the same BLDCON and BLDPAT
cases are provided in the adjacent column®r the RR GLOBINCIled¥ dataset. Unannotated transcripts as determined using the NetAff¥ Analysis Centre, which is
freely available ataffymetrix.com/analysis/index.affx (Affymetrix® Ltd, UK) (Liu et al 2003h

. AT Ad

EAAAET cOs8

change for both datasets are highlighted in grey.

Abbreviations: ATH1- acid trehalase 1, ATR adenosine triphosphate, BLDCONblood control, BLDPAT- blood patient, CCR4 chemokine (GC motif) receptor 4,
FGFR- fibroblast growth factor receptor, JB- Joanna Bury generated CEL fileSJEDD - neural precursor cell expressed, developmentally dowsregulated, NLR-
NODlike receptor, RR- Dr Rohini Raman generated CEL files, SNABnRNA activating protin, snRNA- small nuclear RNA andrAO- Thousand and One Amino Acid

Protein.
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a) PCAplot
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b) Hierarchically Clustered HeatMap
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Abbreviations: BLDCON- blood control, BLDPAT- blood patient, FC- fold

change, JB Joanna Bury generated CEL files arRICA- principal components

analysis.
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Figure 3.18 Clustering Analysis of the RR GLOBINCleaf™ Dataset
Applying the 4,52 0 Gene List in GeneSpring GX v11.5.1 [unpaired
brm8mnvuh

Abbreviations: BLDCON blood control, BLDPAT- blood patient, FC-
fold change, PCA principal components aralysis andRR- Dr Rohini
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3.5.1.4 DAVID Functional Annotation Enrichment Analysis

AEA ' AT A3POET C '8 Opp8us8p CAT AOAOAA xmo
t-OAO0 &%$2 DPrmn8muvh &# | Mp8u fABGeciADIAKT ET C
and RRAmbion® GLOBINClea (Section3.5.1.2.9 datasetscould also be imported

into DAVID bioinformatics resource version 6.{Huang da et al 2009aHuanget al

2009b). Functional annotation clustering analysis was subsequently performed on
GOTERM_BP_FARdGOTERM_MF_FAjEneontology (GO)terms applyingaHomo
sapiendackgroundandfiltering using® - A A El&s$ifibation stringency (Section2.

3.1.8.3). Note that forthe analysis of the RR Ambiofi GLOBINCleaM™ dataset the4,

520 list was necessarilftrimmed to include only the top ranking 3,000 probeset 1B

as determined by probability value since this repesents the upper limit which the
software is capable of handling in each run. Cageries with a minimum EASE score
abovel.30andBenjamini-HochbergFDRcorrected p<0.05 were considered statist

ically significant. In total, DAVID mapped @6 (97.2%) of 706[230 genesd and 456
CATAO g¢¥ ATA ¢chowe jyYyw8xbq T £ ohnnum-jthu

metrix® probeset IDs identified from each comparison.

3.5.1.4.1 JB NUGEN OvatiobDataset

The 706 list of DE transeipts in GeneSpring GX v11.54 01 PAEOAA teStOOA AT
&$2 PBIrn8nuh &# | Mp8u Y daleSdt was éniicBed for'GO. O' %
categoriesassociatedwith protein serine/threonine kinaseactivity, enzymebinding,
intracellular transport as well as the regulation of gene transiption from the RNA

polymerase Il promoter (Table 34).

# GO term Functional Category EASE Count Benjamini

1 GO:0004674 protein serine/threonine kinase activity 4.40 39 8.30E05

2 GO0:0019899 enzyme binding 3.66 38 5.60E03

3 GO0:0046907 intracellular transport 2.48 44 0.030

4 GO0:0006357 regulation of transcription from RNA 2.47 a7 0.028
polymerase Il promoter

5 GO0:0003702 RNA polymerase Il transcription factor 1.33 21 0.019
activity

Table 3.4 JB NUGEN Ovatio® DAVID Functional Annotation Clustering Analysis

Abbreviations: # - rank, DAVID- Database ofAnnotation, Visualisation andIntegrated Discovery,
EASE enrichment score, GQ gene ontology and]B- Joanna Bury generated CEL files.
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3.5.1.4.2 RRmbior® GLOBINCledM Dataset

Converselythe 3,000 highestranking genesin the GeneSpringGXv11.5.1 4,520 list

of DE transcripts from the RR Ambioff GLOBINCleaMA AOAOAO ¢ O1 PAEOA/
t-OA00 &$2 HBrmn8nuvh &# | mp8uny xAOA £ OT A
associated with chromosome organisation, nucleotide bindingnRNA metabolism

protein transport and negative regulationof gene transcription (Table 3.5.

# GO term Functional Category EASE Count Benjamini
1 GO0:0051276 chromosome organization 5.60 95 4.80E04
2 G0:0016071 mMRNA metabolic process 4.17 70 0.014
3 GO0:0015031 protein transport 4.05 126 0.016
4 GO:M45892 negative regulation of transcription, DNA  3.22 80 0.029
-templated
5 GO0:0000166 nucleotide binding 3.17 321 1.90E03
6 GO:0009057 macromolecular catabolic process 2.80 121 0.049
7 GO:0051173 negative regulation of nitrogen 2.50 103 0.049
compound metabolic proess
8 GO0:0006351 transcription, DNA-templated 2.28 291 0.031
9 GO0:0051169 nuclear transport 2.05 35 0.038

Table 3.5 RR GLOBINCleaf™ DAVD Functional Annotation Clustering Analysis

Abbreviations: # - rank, DAVID- Database forAnnotation, Visualisation and |ntegrated Discovery,
EASE- enrichment score, GO gene ontology, mRNA messenger RNAand RR- Dr Rohini Raman
generated CEL files

3.5.1.4.3 JB NUGEN Ovatioand RR Ambiof GLOBINCledM Comparison

The DAVID comparatre analyses of functionally enriched GO categories which are
summarised inTable 3.4and 3.5 highlighted very few commonalities, with perhaps
the exception of gae transcription, between the JB NUGEN @tion® (Section 3.5.1.
4.1) and RRAmMbion® GLOBINClea™ (Section 3.5.1.4.pdatasets.EASE scores .
6 or below coupledwith relatively low genecountssuggestthat both methodologies

assessed here for GEP from peripheral whole blood in ALS are highly variable.

3.5.1.5 KEGG Pathway Analysis

KEGGoathway analysisalsoconducted inDAVID Huang da et al 2009gHuang etal
2009b) identified six shared pathwayscommon toboth the JB NuGEN Ovatichand
RR Ambior? GLOBINClea™ datasets including MAPK signalling$ection 3.5.1.5.1
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[Rank 1 (13), count 20 (46), 3.2% (2.0%) uncaoected p<0.001***(Table 3.6and 3.
7)], Non-small cell lung cancer, T cell receptor signalling, chronic myeloid leukemia
and gonadotropin releasing hormone (GnRH) signallindn the following two secti-
ons,JBNUGENOvation® related gene expressiorchangeswhich are associated with
the top two most significant KEGG pathways, nhamely the MAP&gction 3.5.1.5.1

and neurotrophin (Section 3.5.1.5.2signalling cascades, are discussed further.

# KEGG Pathway Count % p-value Benjamini

1 MAPK signalling pathway 20 3.2 1.60E03 0.210
2 Oocyte meiosis 11 1.8 4.00E03 0.250
3 Long-term potentiation 8 1.3 7.90E03 0.320
4 Neurotrophin signalling pathway 11 1.8 9.20E03 0.280
5 Non-small cell lung cancer 7 1.1 9.50E03 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 NODlike 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 Ovatio® KEGG Pathway AnalysisHighlighted in yellow JB NuUGEN Ovatiéh
and RR Ambio® GLOBINCIleg™ common pathways.

Abbreviations: # - rank, GnRH- gonadotropin releasing hormone, JB Joanna Bury generated CEL
files, KEGG Kyoto Encyclopaedia ofGenes andGenomes, MAPK mitogen activated protein kinase,
NOD- nucleotide binding oligomerization domain andRR- Dr Rohini Raman generated CEL files

3.5.1.5.1 MAPK Signalling Cascade

Themitogen-activatedprotein EET AOAO j -1 0+80Qq j 1T OEAOxEOA
signakregulatedkinasesj %2 + @eCadathily of serine/threonine/tyrosine specific

kinases which are responsible for the phosphorylation of cytoplasmic components
andnuclearOOAT OAOEDOET T AZAAOI OO0 j.48&60Qq OEAO
to a diverse array of extracellular stimuli including growth factors [classical MAPK
cascad¢, pro-inflammatory cytokines, osmotic stress, heat shock and UV radiation
[c-JunN-terminal kinase (JNK)/p38 MAPKcascade](Murai et al 2010, Strniskova et

al 2002).

Upon ligand binding to the receptor yrosine kinases of the classical MAPK cascade
autophosphorylation is triggered in order to attract protein complexes containing
SOS $0SZson of sevenless homolog 20rosophild) d1.71-fold SALS, p<0.05] and
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# KEGG Pathway Count % p-value Benjamini

1 Fc gamma Rmediated phagocytosis 23 1.0 8.50E-04 0.140
2 Glioma 17 0.8 1.50E03 0.130
3 Endocytosis 36 1.6 1.50E03 0.090
4 Chronic myeloid leukemia 19 0.8 1.60E03 0.071
5 B cellreceptor signalling pathway 19 0.8 1.60E03 0.071
6 Insulin signalling pathway 28 1.2 2.50E03 0.087
7  Adipocytokine signalling pathway 17 0.8 3.00E03 0.089
8 Ubiquitin mediated proteolysis 28 1.2 3.10E03 0.078
9 Neurotrophin signalling pathway 26 1.2 3.10E03 0.070
10 Phosphatidylinositol signalling system 18 0.8 3.50E03 0.069
11 Spliceosome 26 1.2 3.90E03 0.070
12 VEGEF 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 4.80E03 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 JakSTAT 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 Progesteronemediated 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® GLOBINClear™ KEGG Pathway AnalysisHighlighted in yellow JB NUGEN
Ovation® and RR Ambio® GLOBINCleai™ common pathways.

Abbreviations: # - rank, ErbB - epidermal growth factor receptor, GhnRH gonadotropin releasing
hormone, JAK- Janus kinase, JBJoanna Bury generated CEL files, KEG&yoto Encyclopaedia of
Genes and Genomes, MAPK- mitogen activated protein kinase, mTOR - mammalian target of
rapamycin, RR - Dr Rohini Raman generated CEL files, STABignal transducersand activators of
transcription and VEGF vascular endothelial growth factor.

the GRB2 GAPT(growth factor receptor-bound protein 2 (GRB2) bindng adaptor
DOl OAET h OOAT Ofold $ARS) P<D.dsTladaptprangletule to the plasma
membrane which, in turn, leads to the activation of RaKRASKirsten rat sarcoma
viral oncogene homolog}k, 1.85-fold SALSp<0.01accompaniedoby the inhibitory re -
gulator RASAXRASpP21 protein activator GTPasectivating protein p Q &-fwl8 8 p
ALS, p<0.05].

In the presence of the guanine nucleotide exchange factor, RasGRR$GRPRas
guanyl releasing protein 2(calcium and DAGOA T A O A AdlH SELS 8ps0u05] B
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directly, or indirectly via protein kinase C, activates Rafl,-Raf and the oncogene
homolog Moswhich leadsto the sequential phosphorylationof MAP2K1} € p -Sold @
SALS, p<0.05), MAPK1, RPSGRHS6KA2/AFribosomal protein S6 kinase, 90 kDa)
d p 8falpSALSp<0.001andg1.86-fold SALS, p<0.05 for the second and fiftioly-
peptide respectively] ard cyclic adenosine maophosphate (CAMP) response elem
ent binding transcription factor CREB(Di Giacomo et al 2009Lu et al 2010 in ord-
er to promote cell differentiation and survival (Figure 3.19). Furthermore, MAPK1
that is negatively regulated by DUSP1pDUSP16 AOAT OPAAEAEA DET Of
53-fold SALS, p<0.05is known to phosphorylate the calcium independenphosph-
olipase PLA2GPLA2G4(phospholipase A2, group IVC (dpsolic, calciumindepen
dA 1 O1®B1-fdld SALS, p<0.01 an®LA2GEphospholipase A2, group VI (cytosolic,
calcium-independent) d1.76-fold SALSp<0.05]; amolecule consideredessential for
normal lipid metabolism (Murakami et al 2011) which may also play an important
role in FasL mediated apoptosisKigure 3.19 (Sedion 1.2.4.8) (Atsumi et al 1998.
Anoverall down-regulationin RasGTPasectivity observedon the ¢ B/T expression
arrays in the peripheral whole blood of SALS patients recruited to the NUGEN Ovat
ion® Whole Blood Studyis expected to lead to a reduction in the levis of mitochon-
drial membrane associated Bcell CLL/lymphoma 2 protein (Bcl2) BCLAFY(BCL2
AOOT AEAOAA OOAT OA addsALS] pk0.0BAIRABRCLAHIKG 13, p 8 X X
(apoptosisfacilitator) q g gadBALSp<0.01], which under normal physiological
conditions, is known to suppress cell death signals by binding to apoptotic peptida
seactivating factor 1 (APAF1)andblocking cytochromecrelease(Brunet et al 2001,
Hockenbery et al 199QLiu et al 1996 Ruvolo et al 200). A significant depletion in
the abundanceof Bcl2lifts its inhibition of apoposis-related cysteine peptidaseact-
ivation [CASPHcaspaseb) d2.03-fold SALS, p<0.05{hereby inducing programmed
cell death(Kuranaga 2012 Momeni et al 2013.

Several components of the JINK/p38 MAPK cascadessponsible for mediating cell
cycle arrest ard inducing potent pro-apoptotic signals upon detecting DNA damage
(Ghosh et al 2009Kim et al 2011, Ryazantseva et al 2008Tamagno et al 2003Van
Laethemet al 2006), were alsofound to be dysregulated in the peripheral whole ve
nousblood of SALSpatients comparedto controls. Theseinclude protein LAK1[NLK
(nemo-like kinase) g1.82-fold SALS, p<0.05], TAO1/2TTAOK1(Thousand And e
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aminoacidprotein kinase) g 1.98-fold SALSp<0.05], TGFR2 [ TGFBRZtransforming

COil xOE EAAOT Oh AAOA O ABAIBICE p20.05]) pSgHAKEY Y TTE $ |
21 protein Cdc42/Rac associated & T A O A.60falfl SALS, p<0.05], MEKKIMAP
3K1¢g1.70-fold SALS, p<0.05], MEKKMAP3KTg 1.61-fold SALS, p<0.05] antMAP

3K7 interacting protein 1 (TAB1) [MAP3K7IPXTGF-beta activated kinase 1) p 8 v w

fold SALS, p<@5].

3.5.1.5.2 Neurotrophirsignalling Cascade

The neurotrophic factors NF3 (neurotrophin-3), NT-4/5 (neurotrophin -4/5), NGF

(nerve growth factor) and BDNFrepresentafamily of small secretedproteins which

are responsible for promoting cell survival and cell death signals in theeveloping

OAT 0T our-.80 AT A 1 EAOI CI E(Brhsbhelghri2009. THeirE OE A
engagement of tropomyosinrelated tyrosine kinase receptors, namely TrkA, TrkB

and TrkC, induces receptor dimerization and autophospirylation which attracts a

whole plethora of signaltransducing moleculesto the plasmamembrane (Chao et al

2006, Skaper 2009. Of particular relevance were the SHC (Ghomology 2 domain,
containing) andSH2-B(SH2domaincontainingsignallingmediator) adaptor proteins

which are involvedET OEA OAAOOE OI-#I8 $ALS, pe0.052dhd;SOB2Z, p 8 ¢
i dpdEtd A 3! ,3h Brm8sanmuvqg Al i Pl AGAO OEHAD 1 AA
SALS, p<0.01); a smabTPasemportant for a diverse array of processes including

cellular differentiation, retrograde axonaltransport, neurite outgrowth and synaptic

plasticity (Figure 3.19) (Bhattacharyyaet al1997, Feig 2011, Stornetta & Zhu 20113

Tartaglia & Gelb 2010. The Rasproteins K,N and H function as molecular switches

which exert their effects viaseveral intracellular signalling cascades includingMAP

K (Section 3.51.5.1) and the PI3K-AKT pathways [PIK3R2(phosphoinositide-3-kin-
ase(PI13K) regulatory subunit 2, beta) 1.54-fold SALS, p<0.01 which enhances AKT
(alternative nameprotein kinase B (PKB)) inhibition of forkhead boxO3a(FBXO& ¢
1.54-fold, p<0.05and glycogen synthasekinase 3, beta (GSK3Bproteins (Leger et al

2006)]. Increasesin PI3K-mediated phosphorylation of the serine/ threonine specif-

ic kinase, AKT(Brunet et al 1999), is expectedo block the trandocation of FOX0O3a

into the nucleus thereby preventing the subsequent activation of FasLgenetransc-

ription to promote cell survival (Zheng et al 2002Zheng & Quirion 2004.
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Figure 3.19 KEGG Pathway Schematic of Neurotrophin Signalling Cascade

Abbreviations: +P-DET ODE | OU I- dp@RAICION AjOdiaivrirregilated, AKT- v-akt murine
thymoma viral oncogene homolog, ARMS ankyrin repeat rich membrane spanning, ASK-
associated X protein, B& - B-cell CLL/lymphoma 2, BDNF brain derived neurotrophic factor, B-
Raf- v-raf murine sarcoma viral oncogene homolog B, C3@uanine nucleotide releasing protein,
Cdc42- cell division control protein 42 homolog, CREB cyclic adenosine monophosphat¢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 2h ' 3-glgcpgen synthase kinase 3, beta,

JNK- ¢c-Jun Nterminal kinase, KEGG Kyoto Encyclopaedia of Genes and Genomes, MARHitogen
activated protein kinase, NADE p75NTR associated cell death executor, NGRerve growth factor,
NRAGE- neurotrophin receptor interacting melanoma antigen gene (MAGE) homolog, NTR
neurotrophin receptor, PI3K - phosphoinositide 3 kinase, PTPN1Z tyrosine protein phosphatase
non-receptor type 11, RaplA- Ras related protein, RPS6K ribosomal protein S6 kinase, SC1
Schwann cell factor 1, SH2B SH2 domain containing signalling mediator, She Src homology 2
domain containing, SOS son of sevenless, TRAF6TNF receptor associated factor 6, E3 ubiquitin
protein ligase, TNF tumour necrosis factor, Trk- tyrosine kinase receptorand YWHAH- tyrosine 3-
monooxygenase/tryptophan 5-monooxygenaseactivation protein, eta.

Additionally, Ras is also known to interact with the Raf family of serine/threonine

~

specifickinasesthat AOA ET 1T xT O | AAESOSFLSpkoms) arpl

i

RPS6Kactivity} { p3Eb ¢ A 3! , 3 h D I-fol@SAtS p<@3 fek thespcd Y @

nd and fifth polypeptides, respectively (Gysin et al 201}). RaplA, a member of the
Rasoncogene family, and its binding partner RASSHRASSFHRas association (Ral
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GDS/AF-6) domain family member 5)g p 8foldoSALS, p<0.01] exert aimilar fun-
ction which is initiated by the establishment of long lived complexeseveral additi-
onal adaptor molecules including C3G (guanine nucleotide Iemsing protein), SHP
2 (protein tyrosine phosphatase, norreceptor type 11 (PTPN11)), GAP2 (glycosyl
ation-associated protein 2) and the vcrk avian sarcoma virus CT10 oncogene hom
olog (Gotoh et al 1995 [CRKg, p 8f0ldoSALS, p8.05].

NGF bound to the type | transmembrane protein sortilin $ORTLis also a common
ligand of the p75 neurotrophin receptor (p75NTR); a member of the TNFeceptor
superfamily which activates several intracellularsignalling cascades includinghe
MAP3X1/INK/p53/B ax [MAP3K1(mitogen-activated protein kinase kinase kinase
ph %o OAENOEOET -®BIOFAORA B<D.01Fidu@ A .09 NADE/NBH Tt
AH [YWHAH(tyrosine 3-monooxygenase/tryptophan 5monooxygenase activation
protein, eta) §1.69-fold SALS, p<0.001] antNRAGE [neurotrophin receptorintera-
cting MAGE(melanomaantigen gene) homologjpathways that can induce cell cycle
arrest and programmedcelldeath. An overall downregulation in the expressionof
anumber of thesetranscripts detectedin the peripheral whole venousblood of SALS
patients compared to controls would be expected to further promote signals which
enhance cell survival Arnett et al 2007, Chen et al 2008Feng et al 201QFortress

et al 2011, Nykjaer et al 2004 Teng et al 2009.

3.6 DISCUSSION

In ALS the tissue which is primarily affected remains inaccessible during life. There

are alsoanumber of limitation s (Section 13.2) (CooperKnock et al 2012aSharp et

al 20064, Sutherland at al 2012 associated with the use of human postortem SC

anA AOAET OPAAEI AT ONn 11060 1 AAGO T &£ A1l OEA
only representative of the terminal stages of disease progressiaat which point the

majority of vulnerable neuronal cell populationswill havealready beenlost from the

system.In more recentyearsawide range of peripheral tissues Section 1.3.1and 1.

320 ET Al OAET C xETT A OATT 060 AITTA ¥ #EADPOAO
ised EBVitransformed B-lUT DET AUOAO j , # CIORR2 WO EBADOAOS v

ChA b O ACPORFEIB OOOE OAT 3 ODAUS Y, byEar, Ao relapithiate T AOA
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the pathogenesisof anumber of neurodegenerativeand neuropsychiatric conditions
including ALS(Sariset al 2009) (Section1.4.1.1), SCHIZand BPD(Tsuanget al 2005)
(Sectionl4.12.4and1.4.22.1-2), ALZ(Maeset al2007) (Section 14.12.3), HD(Bo-
rovecki et al 2005 (Section 1.41.2.7) and PD(Scherzer et al 2007 (Section 14.1.2.
2)that havebeenreDEAx AA AOEAAI U ET #EADPOAO pq
literatu re by Borovecki & Habek (2010) CooperKnock et al (2012c) Mohr & Liew
(2007), Sharp et al (2006b)and Woelk et al (2011).

Blood offers a particularly attractive source ofmaterial for microarray applications
owing to good standardization of technical proceduresion-invasive collection and
longitudinal sampling in large volumes(Table 14) (Burczynski & Dorner 2006). At
least80% of the geneswhich are routinely expressed in the CN&re also detectable
in the transcriptome profile of circulating blood (Liew et al 2006). Additionally, the
majority of diseasecausativegenesin ALShavebeenreported to be ubiquitously ex-
pressed(CooperKnocket al 20129. Quantifiably changes in the mRNA levels of th
esetranscripts in responseto perturbations in the micro- or macroenvironment, th-
erefore, is suggestive of blood constituting a rich biosensor powalhich has the pot
ential to act as a sentinel of the neurodegenerative disease proces&fnedy et al
2008, Pahl2005, Saratschek-Joxet al 2009). It has become apparent, however, that
the sheer abundance(Raghavachari et al 2009Winn et al 2010 of erythrocyte de-
rived alphaj ja@dbetaj h@emoglobin transcripts, comprising up to 70%of total
RNA speciesisolatedfrom peripheral whole blood preparations, could be producing
interference on the microarray that is masking the detection of other, less abundant
transcripts of equal biologicalimportance within the sample (Section 13.3) (Feezor
et al 2004, Kam et al 2012 Wright et al 2008). In order to overcome this clallenge,
and to improve the overall reliability and sensitivity of such studies, several globin
reduction strategieshavebeendeveloped(Vartanianet al 2009) including Ambion®
GLOBINClea™ (Raman2011) which utilises selective hybridization and a magnetic
beadbasedseparationmethod of depletion (Field et al 2007 and NuGEN Technolo
giesinc.,UKpatented SPIAM systemthat usesa proprietary reagent in the Ovatior®
Whole Bload Solution for generating sscDNA targets, from as little as 5ng starting
material (Dafforn et al 2004); which have proven less prone to nofspecific hybrid-

izations owing to the higher fidelity of DNA-DNA as opposed to RN®DNA Barker et
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al 2005, Debey et al 2006Eklund et al 2006, Parrish et al 201Q Tian et al 2009 int-
eractions.Previously obtained results using the Ambion GLOBINCIe@Y protocol in
combination with the PAXgen® Blood RNAcollection tubes(Dumeauxet al 2008, Li
et al 20083 Liu et al 2006) demonstrated high interindividual variability, low sam -
ple integrity and poor reproducibility ( Raman 2011); with inconsistencies between

microarray findings and subsequent gRIPCR validation experiments.

The initial aim of the PhD was to evalua@ the NUGEN Ovatioh 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 samplesvere
recruited to the study from the Raman(2011) cohort with specimenscollectedatthe
same time in different PAXgen@ Blood RNA Collection TubesSection 2.3.1.) and
stored at-209C for a maximum of 3 years prior to being processedltAough stora-
ge times differed considerably between the RR AmbiénGLOBINClea™ and the JB
NuGENOvation® datasets,PreAnalytiX does advocate that intracellular RNA should
remain stablefor up to 8 yearswithout asignificant degree of degradation occuring
ex vivo(preanalytix.com). The achievement of comparable RNA concentrations and
yieldsthat produced similar ratios of absorbencies at 260/280nm wavelengths and
EECE 2.! ET OACOEOU O%ektioni23.1.§ én)the Agdent@B00 | O .
Bioanalyzer is supportive of this statement. The electropherogram traces are illust
rative of good quality, intact RNA having been extracted using the PAXgéri&lood
RNAIsolation Kits (Section2.3.1.2 (Figure 3.1) and post-hybridization QCmeasures
assessed using Expression Consolesoftware version 1.3.0.187 (Affymetri® Ltd.,
UK)were also relatively corsistent between the two (Table 3.8 with reduced noise
(RawQ), lower background (bgrd) signal intensities and higher %P calls associated
with the JB NuGEN Ovatich dataset

Circulating blood is classifiedasafluid connectivetissuethat isin apermanent state
of renewal and is known to play a pivotal role in physiological homeostasis, cellular
immunity andinflammation. It is composed of a mixed cell populatiothat contains
plasma(55%), erythrocytes (43%), leukocytes(<1%) [neutrophils, lymphocytes(T-
cells, Bcells 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 mammaliarbody (Joehanes et al 2012Vlohr & Liew 2007).
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a) JB NuGEN Ovatio® dataset

GAPDH

. 0, . ~ .
RNA Yield A260/280 RIN Bgrd RaW(Q) SF 0P cd 6 OA

BLDCONO1 3.891g 2.23 8.4 27.3 0.643 2.3 51 1.70
BLDCONO2 6.23{g 2.21 7.7 25.6 0.598 8.3 42 3.09
BLDCONO4 2.82tg 2.46 8.8 27.4 0.637 2.2 52 1.72
BLDCONO7 3.71tg 2.16 7.7 25.6 0.643 19.7 31 1.94
BLDCONO8 8.10tg 2.23 8.8 26.4 0.605 3.6 48 3.54
BLDCON10 64419 212 7.9 26.8 0.596 6.6 43 2.61
BLDPAT21 3.77tg 2.28 8.4 26.6 0.613 8.6 40 3.27
BLDPAT23 9.32tg 2.15 7.5 27.5 0.670 15 54 1.64
BLDPAT26 6.21tg 2.12 8.0 27.5 0.654 13 53 1.97
BLDPAT27 6.44tg 214 8.1 26.7 0.665 1.9 53 3.19
BLDPAT35 3.64tg 2.25 8.8 27.5 0.660 2.1 51 1.82
BLDPAT38 391tg 214 7.7 27.3 0.692 11 56 2.68
Mean 537tg 221 8.2 26.9 0.640 3.6 49 2.43

b) RR Ambion GLOBINClear™ dataset

GAPDH

. 0, - = < s
RNA Yield A260/280 RIN Bgrd RaW(Q) SF %P o & OA

BLDCONO1  1.44tg 211 85 516 1800 05 45 3.57
BLDCONO2  1.91tg 220 81 389 1100 0.9 49 3.60
BLDCONO4  1.47tg 205 84 619 2100 06 43 2.70
BLDCONO7  2.10fg 220 88 396 1200 09 45 3.04
BLDCONOS  4.18{g 218 89 387 1100 10 44 3.68
BLDCON10  1.89tg 2.17 88 454 1400 0.8 43 2.30
BLDPAT21  1.89tg 2.09 84 653 2200 06 44 2.30
BLDPAT23  4.35tg 213 88 845 2800 05 44 1.99
BLDPAT26  1.72t{g 213 89 745 2400 04 46 2.02
BLDPAT27  1.70tg 214 87 736 2400 0.4 47 4.30
BLDPAT35  1.68{g 208 88 558 1800 06 47 3.09
BLDPAT38  1.90fg 199 88 582 1900 05 47 2.94
Mean 219tg 212 87 573 1850 0.6 42 2.96

Table 3.8 Summary of JB NUGEN Ovatior® and RR Ambion ® GLOBINCleaf™ QC Parameters
RNA purity, as determined by absorbance ratig at 260/280nm (Azso0280) Wavelengths, and yield
were measured usingthe NanoDrop™ 1000 Spectrophotometer (Thermo Fisher Scientific® Inc.,
5+Qq8 2.! EIT OACOsEvete cdmpuited dnaBcalp af yer@indetectable, completely
degraded) to ten(high quality, intact RNA) using the Agilent 2100 Bioanalyzer (Agilent Technolo
gies Ltd., UK)Meanvaluesrecorded acrossthe JB NUGEN Ovatich(top) or RR Ambior® GLOBIN
Clear™™ (bottom) datasets arerepresented in bold. Affymetrix® QC parameters including noise
(Raw Q), average background (bgrd) signal intensities, scaling factor (SF), percentggesence
(%P) calls andGAPDHo-8 8 OAOET xAOA AOOAOOADfitware verb@ELGAOOET 1
0.187 (Affymetrix® Ltd., UK) Significant outliers removed from subsequent downstream analyses
are highlighted in red.

I AAOA OE A-Gniek pride, v &fiGe prime, BLDCON blood control, BLDPAT- blood patient,
GAPDH glyceraldehyde 3phosphate dehydrogenase, JBJoanna Bury generated CEL files, QC
quality control and RR- Dr Rahini Raman generated CEL files

Consequentially, a distinct pssibility exists that there are a number of potentially
confounding environmental covariates which may also influence the transcriptome

profile of circulating blood (Dumeaux et al 201QLeonardson et al §10). To control
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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
doseof Riluzole (50mg twice daily); c) BLDCON donors were recruitefom patient
partners or unrelated carers; d) Samples were collected by venepuncture between
the hours of 8.00amand 11.00amand e) The subjectswere fastedovernight prior to
phlebotomy. One limitation of the study, however, still remained. Since a fudlood
count was not performed at the time the tissue was donate@Raman 201)) it is not
possible to determine the extent to which differences in the relative abudance of
different cell populations is havingon the OA O O 1 O A (Béhnett 868l 8003 Jiang

et al 2005, Whitney et al 2003).

Theefficiency of the NUGEN Technologies Inc., UK patented linear SPi8ystem in
limiting the amount ofamplified globin cDNArelative to other, less abundantrans-
cripts alsocontainedwithin the sample,which are of equal biologicaimportance (in
this case the standard housekeeping control, beta actin)ag assessed in a qRPCR
assaywith the size of the amplified products having been confirmed by agarose gel
electrophoresis(Section3.4) [APPENDIX FIGURE3]. Across the cohorimean cycle
threshold (Ct) values were shown to be significantly lowered foACTB[pre-SPIAM
19.278(n=12) versus postSPIAM 10.801 (n=8) measurements;g 1.80-fold (p<0.00
1***)] but hadremainedreasonably consistenfor HBA2[pre-SPIAM 11.833 (n=12)
versuspost-SPIAM9.663 (n=7) measurements;g 1.20-fold (p<0.05*) (Figure 3.12)];
suggesting,initially , thatthe NUGENOvation® Whole Blood Solutionhad besn suc-
cussfulin reducing the levels of globin. However,despite multiple attempts Ct val
ues could not be recorded for more than 40% of the posSPIAM samples analysed
asdemonstrated by asizeablereduction in N (Figure 3.12). Thereason for this is un-
clear, although it is plausible,given the unchasacteristic nature of the amplification
plots which were generated using Stratagene Brilliant [l [APPENDIX FIGURE Al] or
21T AEA &AOO30A00 51 EOAOOGAT f1 00%. $)8-&)"'5
rietary reagentmay not be compatible with the SYBR Greenfluorescence based de
tection method deployedin this study and alternatives, such as TagMan probeswo-
uld needto be trialled. There is also evidencen the literature that ACTBmay notbe
the most suitable candidatefor useasanendogenous control when analysingvhole

blood and other genes, including peptidylpropyl isomerase BRPIB, for example,
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would also need to be onsidered alongside the more traditional choices (Pachat

al 2004).1n Expressbon ConsoléM software version 1.3.0.187 (Affymetrix® Ltd., UK)
MAS 5.0 normalised pivot data for Affymetri® Human Genome U133 Plus 2.0 Gene
Chip® Arrays found mean probeset signal intensities foHBA2and ACTBto be comt
parable, but both were substantially higher than either GAPDHor 18SrRNA(Figure
3.20).

10000

8000

6000

4000

Mean Signal Intensity

2000+

T T *_
HBA1/2 ACTB GAPDH 18SrRNA

Figure 3.20 MAS 5.0 Signal Intensities for HBA1/2 Transcripts and
the Housekeeping Genes ACTB, GAPDH and 18SrRNAean probeset
signal intensity values for the JB NUGEN Ovati®iHuman Genome U133
Plus 2.0 GeneChif Arrays normalised in Expression Consol@ software
version 1.3.0.187 (Affymetrix® Ltd., UK) using Microarray Suite 5.0 (MAS
5.0) and plotted in GraphPad Prisi software version 5.04 © 19922014
(GraphPad Software Inc., CA USA). Error barspresent SEM (standard
error of the mean).

Abbreviations: ACTB- actin beta, GAPDH glyceraldehyde 3phosphate
dehydrogenase,HBA1/2 - haemoglobin alpha 1/2, JB- Joanna Bury ge
nerated CEL files and rRNAribosomal RNA.

Anoverall down-regulation in the level of gene transcription was apparent in the JB
NuGEN Ovatiofd dataset (Figure 3.15) (Section 3.5.1.2.1) with 467 (66.1%) of the
706DEOOAT OAOEDPOO ET ' AT A3POET C-test BDRGEOOB v 8 p
&# | Mp8unY A QE HekrEadbn e@predsioik thd pEriitieral Avhofe
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 cohd of SALS patients and controls (n=12)

in which a total of twenty-eight commonly dysregulated transcripts were identified

including zinc finger DNAbinding protein 652 (ZNF652 [JBNuGENOvation® §2.30

I T A 31 ,3h BPrn8mnmphn 22 &EAOT AI AOGO g¢8mrth
receptor type, C PTPRE[JB NuGEN Ovatiche, ¢ 8&ml Ah Brn8mnuvn 22
1.12-fold, p<0.05] (Raman et al 2014. ZNF652 interacts with the putative breast

tumor suppressor corebinding factor runt domain alpha subunit 2; translocated to

3 (CBFA2T3)to inhibit transcription of the HeLaE-box binding protein (HEB)which
hasimportant implications for myogenesis and haematopoiesi@umar et al 2008.
PTPRGnaybeassociatedwith apoptosis(Yi et al2011) and has been shown to play

apivotal role in maintaining intracellular C&* homeostasis(Duplay et al 1996, Lane

et al 1991, Qin & Chock 2002)hich could link it to the induction of excitotoxicity; a

major mechanismcontributing to the degenerationand 1 00 1T £ - . 860 ET |
1.2.4.2)(Grosskreutz et al 2010)Aberrations in the PTPR@enehavealsoconferred
increased susceptibility for developing certain autonmune diseases including MS

(Do et al 2006, Schwinzer et al 2003and rheumatoid arthritis (Miterski et al 2004,

Plant et al 2012) Moreover, loss of CD45function in a mousemodel of ALZ induces
xEAAODOAAA | EAOI CIl EAI  AA Ofafuagirhu et al 20118 OE A
a pathological hallmark of this disease (Section 1.4.1.2)3

In contrast, an overall upregulation in the level of gene transcription was apparent

in the RRAmMbion GLOBINClea™ dataset(Figure 3.15) with 3,440 (76.1%) of 4,520
DEtranscripts in GeneSpringGXv11.5.1[unpaired OO OAAODDG® & $2 DOl ns8m
+1.50] exhibiting asignificantincreasein expressionin the peripheral whole venous

blood of SALSpatients comparedto controls (Section3.5.1.2.2).This percentagewas
evenhigher (86.9%) in ananalysisof the top 1,215 hits, ranked by probability value,

xEOE Al &# | mMg8m8 t@thatdepiteAhe sk of ideftical 4g& A OA O
gender & ethnicity matched donor samples there was more than aféld difference

inthe numberof DEOOAT OAOEDPOO ET ' AT A3DPOET C-test8 Op p
&$2 DBrn8nuvh &# | mp 8u m YionAHATo6Rahd RRANDAN *
GLOBINCleaM™ (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

approachto GEPin blood. Alternatively, it could also signify agreater proportion of
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false positive outcomes which is supported by a lack of gRHCR validation of gene
targets identified in the RR Ambion GLOBINCIeBf dataset(Raman 2011)

Very few of the aforementioned transcriptional changes detected in the peripheral
blood of SALS patients compared to controls were shared in commdetween the
JBNUuGENOvation® andRRAmbion GLOBINClea datasets(Figure 3.15) with only
athird (34.2%) of these82 transcripts (encoding78 unique genes)reported to occur
in the samedirection of change(Table 3.3). These included: haptoglobin HP), a risk
factor for idiopathic PD (Alberio et al 2013, CostaMallen et al 2008)which confers
protection againstelevatedlevelsof OS(Section1.2.4.1) and hasbeenshownto play
an important role in iron (Fe2*) homeostasis(Arguelles et al 2010) the ER adaptor
moleculetransmembranetetratricopeptide repeatcontaining 1 (TMTCJ (Sunryd et
al 2014); neuregulin 1 (NRG]), a possible endidate gene of SCHIZ and BRDeng
et al 2013a, Walker et al 2010fhat 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 2008)d DUSP16a keyregulator
of T helper (Th) cell differentiation (Musikacharoen et al 2011xhat hasbeenshown
to interact with the MAPK signalling cascade (Section 3.5.1.5.1) which were -up
regulated in addition to the type Il transmembrane glycoprotein @ype lectin
domain family, 4 member C CLEC4Limplicated in the innate immune response
and inflammation (Riboldi et al 2011); protein tyrosine phosphatase, norreceptor
type 12 (PTPN13, apotent tumor suppressorcritical for celladhesionandmigration
(Luo et al 2014), signal sequenceaeceptor, alpha (SSR}) responsible for protein
translocation across the ER membranéViesbah et al 2006) molecular chaperone
heat shock 60kDa protein 1 KHISPDJ), a rare cause of hereditary spastic paraplegia
(SPG13)(Hansen et al 2002, Hewamadduma et al 2008yhich is essential for the
correct folding and assembly of newly imported proteins into the mitochondria
(Magnoni et al 2014)as well as the RIA processing gene heterogeneous nuclear
ribonucleoprotein C HNRNPE (Romano & Buratti 2013) which were shown to be

consistently down-regulated.

KEGGathway analysisproducedbetter enrichment usingthe DAVIDbioinformatics
resource version 6.7 than functional annotation clustering perforred on GO terms

(Section 3.5.1.4 and 3.5.1.5), although Benjamiiiochberg FDR corrected fvalues
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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), perceg&a
3.2(2.0),p=1.60E03 (4.40E-03)] and Neurotrophin (Section3.5.1.5.2)[Rank#4 (9)
count11 (26), percentagel.8(1.2), p=9.20E03 (3.10E-03)] signalling cascadesvith
oocytemeiosis,NOD ke receptor signalling,endometrial cancerand LTP (long term
potentiation) specificto the IBNUGENOvation® dataset(Table 3.6) andendocytosis,
ubiquitin -mediated proteolysis, phosphatidylinositol signalling, spliceosome, ErbB
signalling, VEGFsignalling and regulation of the actin cytoskeletonspecificto the RR
Ambion GLOBINCledM dataset (Table 3.7)PIK3R2 which is associated with four
of these pathways, was identified as the only DE transcript [JB NUGEN Ovatiah
1.54-fold, p<0.01; RR Ambion GLOBINCI€&rd ¢ 8fald, p<0.001] with a direction
of change thatcorrelated between the two methodologies (Table 3.3). This enzyme
was found to be significantly upregulated in the blood of SALS patients compared
to controls andis considered to be important in regulating DNA replication and cell
survival (Marques et al 2009) However, it remains unclearasto the reasons why so
many other transcripts including PTPRQIBNUGENOvation® g ¢ 8fpldyp<0.05;RR
Ambion GLOBINCleaM d p 8faldy p<0.05] and the vKi-ras2 Kirsten rat sarcoma
viral oncogenehomolog (KRA$ [JBNuGENOvation® g1.85-fold, p<0.05; RRAmbion
GLOBINClea™ d ¢ 8fold, p<0.05] appear to exert apposing regulatory effects in
blood specimens derived from identical patient and control samples. Dysregulation
of the MAPKSsignalling cascadds, nevertheless,an interesting finding that warrants
further investigation (Limviphuvadh et al 2007). Previously elevated levels of p38
-10+ EAOA AAAT T AOAOOAA daicroghdoch the(BODIFO A |
transgenicmousemodel 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 ALSpatients carrying a CHMP2Bnutation (Section 1.2.52.8)
(Cox et al 2010)

In conclusion,alack of consistencybetweenthe JBNuGENOvation® and RR Ambion
GLOBINCled™ datasets analysed in this chapterGCCAOOO OEAO OEA
AT A 1 CciTAET OOAT OAOEDPOO OOEI 1T OAI AET O
clarification. Given the problems outlined above (i.e. blood is composed of a mixed

cell population not directly affected by the neurodegeerative disease process and
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isinfluenced by environmental covariates)there is good rationale in the alternative
useof immortalised EB\ttransformed B-lymphocytesj , #, 8 Oq j 3AAQEIT 1
eliminate the need for resampling, are a genetically homogesous cell population

and can be culturedin vitro to support downstream functional assayqGladkevich

et al 2004, Hu et al 2011, Min et al 2010, Shtilbans et al 2011)
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Thefocusof this methodologicalchapterwas toAE AOAAOAOEOA OEA 1 AO
in the ECACC discovery and replication cohorts, which were being screened as part

of awider project (N°259867) funded by EuroMOTORFP7/2007-2013), under the

Severth Framework Health CooperationProgramme.Dueto time constraints, it was

not possibleto include all casesand controls in the scopeof the PhD.Instead specific
OOAOGADGO 1 £ , # ,aécqding th xrdct crdkih (B.4 ddtohed for age and

gende), in order to perform the subsequentdownstream comparative analysesout-
inedinO# EADPCODRF7D 0 3 ODOAUS AJIBRFI®ERADEORO 9300,
detailed summaryof the clinical and genetic information of each cohort is provided
(Section4.1.1and4.1.2), alongwith measures of RNA yield$ection 4.2 and micro-

array QCparameters,asassessedy the Affymetrix® Expression ConsoléM (Section

4.3).

4.1 ECACC EBMransformed B -Lymphocytes

4.1.1 ECACDiscovery Cohort
4.1.1.1 Clinical Characteristics
4.1.1.1.1 Control Cases

Neurological U 11T Of AT h EAAI OEU MM 37-Bweérédlargelyfre-6 O j 1
cruited to the ECACdiscovery cohort (Section 2.1.2 from patient partners or their

unrelated carersin the National MNDA DNA Bank. These were comped of 27 Bir

mingham (27.0%) casesncluding onefrom BelfastCity Hospital [C020-(BBe0006)],

onefrom Oxford [C090-(BOx0073)] and eight from Liverpool [C02-(BLi0245), C039
-(BLi0169), C065(BLi0123), C083-(BLi 0269), C086-(BLi0217), C093(BLI0196), C
096-(BLi0029) and CO97(BLi0083)]; 26 London (26.0%) cases including two from
Cambridge [C019(LCa0022) and C021(LCa0076)], three from Poole General Hes

pital [CO5-(LP00033), CO1#(LP0o0027) and C053(LP00062)] and four from South
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ampton General Hospital [012-(LSh0025), C015(LSh0032), C038(LSh0022) and
C046-(LSh0023)] and 47 Sheffield (47.0%) cases including three from Nottingham
[CO48-(SNt0005),C02-(SNt0073) and C024-(SNt0035)], four from Manchester[CO
1-(SMa0033), C033(SMa0183), C036SMa0156) and ©77-(SMa0047)], one from
Durham [C013-(SDu0012)],five from Preston [C08(SPr0050), C016(SPr0014), CO
22-(SPr0086),C072(SPr0048)and C074(SPr0068)] and elevenfrom Newcastle [C
04-(SNc0091),C07-(SNc0038), CO9(SNc0103), C013(SNc0045), CO19(SNc0096),
C025(SNc0218), C029(SNc0023),C044-(SNc0041),C047-(SNc0149),C076-(SNcO
106106) and C085-(SNc0035)]. Age at consultation ranged between 33 and 84 yea
rs with ameanof 63.2t11yrs. TheM:Fratio was1.70:1(Figure4.1) [APPENDIX TAB
LE B1].

[e2]
o

| mFALS
SALS
50 m Ctrl
<. 40 -
o
c
(0]
= 30
o
" 20
10
_-——-—//
O 1 T T T T T T T T T 1
23-28 35-40 47-52 5%4 7476 83-88
Age (years)
FALS SALS Control
M:F 1.45:1 1.43:1 1.70:1
Age 55.4+12yrs 60.6£12yrs 63.2+11yrs
Total 120 250 100
Figure 4.1 Age Frequency Distributio nof PatE AT & AT A #1171 0011 , #, &

in the ECACC Discovery Cohort (n=470)

Abbreviations: ALS - Amyotrophic Lateral Sclerosis, Ctrl - control,
ECACG EuropeanCollectionof CellCultures,F- familial, F- female,LCL
-lympho-blastoid cell line, M- male and S sporadic.

4.1.1.1.2 Familial Cases

FALSpatient derived , # , (i=C20) [71-M, 49-F] recruited to the ECAC@iscovery

cohortwere comprised of 31 Birmingham (25.8%) cases includingne 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+FTD 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
ALSFRSR

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 , # , itk ECAC@iscovery (n=470) and Replication (n=350) Cohort Highlighted in red
are the final sample numbers obtained following ssessment of QC metrics iExpression Consol& software version 1.3.0.187 (Affymetri® Ltd.,
UK).

Abbreviations: ALS- Amyotrophic Lateral SclerosisCTRL- control, ECACC European Collectim of Cell Cultures, F familial, F - female, FRSR -
Revised Functional Rating Scale, FTLDfrontotemporal lobar degeneration, LCL- lymphoblastoid cell line, M- male, n/a - not available, PBP
Progressive Bullar Palsy, PDO AOEET O 1 8 O Phintag RafedlSbleroBis, BMA Progressive Muscular Atrophy, QE€quality control and S
- sporadic.
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[FO78-(BOx0029)], one from Bristol Frenchay Hospital [F4§BBr0015)] and seven
from Liverpool [FO20-(BLi0236), FO38-(BLi0249), FO45-(BLi0254), FO72-(BLi025
1), FO74-(BLi0272), F094-(BLi0246) and F103(BLi0265)]; 48 London (40.0%) ca
ses including one from Southampton General Hospital [F162.Sh0038)], one from
Plymouth Derriford Hospital [FO29-(LPy0018)], one from Poole General Hospital [F
058-(LP0036)] andtwo from Cambridge [FO14(LCa0111) and FO52(LCa0026)] &
nd 44 Sheffield (34.2%) cases including three from Preston [FO1(BPr0085), F025
-(SPr0059) and F101(SPr0026)], five from Newcastle [FO27(SNc0204), FO64(SN
c0063), FO71(SNc0031), F109(SNc0202) and F118(SNc0189)] and five from Ma
nchester [F028(SMa0020), FO81(SMa0006), FO95(SMa0008), F108(SMa0078)
andF117-(SMa0166)].The M:Fratio was 1.45:1 (Figure 4.1) [APPENDIXTABLEB2].

Themajority of FALSpatients,94.2% (n=113/120) were diagnosedaccordingto the
71 01 A &AAAOAOQETT 1T £ . AOOIisectiog UBYpFighre R) AAA
with either definite (n=57/113) or probable ALS (n=56/113) (Table 4.]) including
oneincidenceofconcomitant 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 diagnoed with PLS [FO87(SP3216)] (Section 1.2.2.2) and six were diagnosed
with PBP [F029-(LPy0018), FO041-(LP0440), FG&2-(LCa0026),F058-(LP00036), F1
00-(SP3070) and F118(SNc0189] (Section 1.2.2.1). Age at symptom onset ranged
between23 and 82 yearswith ameanof 55.4+12yrs.Survival ranged from 6 months
to 18 yearsand 8 monthsin 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 theremai-
ning 4.1% of cases (n=5/120) the individualwas still reported to be alive as of June
2013 with a minimum disease duration of either 4F047-(BP6502)], 6 [FO13-(BP6
494)], 9 [FO54-(SP3048) and F119(SP3218)] or 11 years [FO15(LP0460)], respe-
ctively. Limb or spinal onset at 47.5% (n=57/120) [S6FALS, XPLS (familial)] was
more prominent than the onset of bulbamweakness 31.7% (n=38/120) [32FALSa-
nd 6-PBP(familial)], a mixed presentation 14.2% (n= 17/120) [17-FALS] orthe on-
setof respiratory muscle dysfunction 1.7% (n=2/120) [2-FALS]. Informatian regar-
ding presentation was unavailable for the remaining 4. 9%n=6/120) [6-FALS]of
the cohort. RevisedALSFunctional Rating Scale (ALSFR) scoresrangedbetween

0 (severedisability) and 48 (normal function) (Castrillo-Viguera et al 2010, Cedarb
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aum et al 1999 Gordon & Cheung 2006Kollewe et al 200§ with an average of 31.
8113 for 99.0% of FALS (n=199/120) Figure 4.2.

Frequency
a
=

0-10 10-20 20-30 30-40 40-30
ALSFRS-R

Figure 4.2 ALSFRSR Frequency Distribution of FALS (n=120) Recruited to

the ECACC Discovery Cohort.Revised ALS Functional Rating Scale scores on a
scaleof 0 to 48 where zerorepresents severedisability and a scoreof forty -eight
signifies that normal function ispreserved. Mean ALSFRR plotted along the x
axis is computed based on measurements that are incorporated from a series of
OxAl OA NOAOOEIT 1O OAI AGET ¢ O OEA DPAOEAT 080 A
including but not limited to: speech, salivation, wallowing, dressing & hygiene,
walking, climbing stairs, handwriting and shortnessof breath (SOB)(Cedarbaum

et al 1999). Relative counts or frequencies along the-gxis were calculated as a
percentage of the total number of FALEn=119/120) in the ECACC discovery
cohort for which this information was available.

Abbreviations: ALS- Amyotrophic Lateral Sclerosis ECACC EuropeanCollection
of Cell Cultures, F familial and FRSR - Functional Rating Scale Revised.

For the Sheffield casessome additional clinical information could be extracted from
the local database Ofthese, 7.3% (n=3/41) [2-FALS and 1PLS (familial)] were pro-
neto EL,afurther 2.4% (n=1/41) [1-FALS]sufferedfrom 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) [¥-ALS] Section 1.1.
4). Dysarthria and dysphagia was also apparent in 29.3% (n2141) [10 -FALS, 1F
ALS+PD and #PBP (familial)] of the cohort with PEG feeding becoming a necessary
intervention in four of these latter cases [8FALS and IFALS+PD]. One in ten (n=4/
41) [3-FALS and 1IFALS+PD] patients were norambulant and a further 171% (n=
7/41) [7-FALS)were unableto walk without assistanceCurrent smokerscomprised
7.3%(n=3/41) [2-FALSand 1-PBP (familial) of the cohort, exsmokers who had not
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smoked a cigarette in the last 18 years 2.4% (n=1/41) FFALS] and norsmokers a
further 46.3% (n=19/41) [18-FALS and IFALS+PD]. For the remaining 43.9% (n=
18/41) [13 -FALS and 5PBP (familial)] of cases this information was not disclosed.

A strong family history of dementiawas associatal with up to 4.9% of the Sheffield
pedigrees(n=2/4 1) [FO89-(SP3331) and F115(SP3118)]. There were also reports
of at least one other neurological codition occurring in a first degree relative of an
additional 12.2% of kindred s (n=5/41) . Theseincluded oneincidence of ALZ [FO89-
(SP3331)](Section 1.3.1.3.1and another of hereditary PD(Section 12.1) [F114-(S
P3560)].

4.1.1.1.3 Sporadic Cases

SALatientderived, # , (1=F50) [147-M,103-F]recruited to the ECAC@iscovery

cohort were comprised of 40 Birmingham (16.0%) casedncluding 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%) casedncluding onefrom PooleGeneralHospital [S035-(LP0o0010)] and

165 Sheffield(66.0%) casesncluding twenty -onefrom Newcastle[S012-(SNc0022),
S046-(SNc0001),S077-(SNc0042),S088-(SNc0086),S089(SNc0053),S105(SNc00
18), S106(SNc0077), S136(SNc0010), S134gSNc0016), S141(SNc0071), S15

SNc0090), S155SNc0055), S156SNc0029), S182SNc0008), S193(SNc0024), S
203-(SNc0059),5209(SNc0012),S212-(SNc00®), S223(SNc0095),5225(SNc009
2) andS232(SNc0051) and twelve from NottinghamS036-(SNt0031), SO67(SNtO

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 1.43:1Figure 4.1) [APPENDIX TABLE B3].

Themajority of SALS patients, 94.8% (n237/250) were diagnosedwith 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 FTLIPS093-(SP3049), S178SP314
5) and S191(SP3042)] (Section 12.1). Of the remaining 5.2%of the cohort (n=13
/ 250), one patient was diagnosed with PMA [S0665P3230)] (Section 12.2.3) and

139



twelve were diagnosed with PBAS040-(SP3271), S044(SP3329), S045SP3289),

S105(SNc0018), 306-(SNc0077),S129(SNt0024) and S232(SNc0051)] (Section
1.2.2.7). Age at symptom onset ranged between 22 and 86 yeansth a mean of 60.
6x12yrs(Table4.1). Survival ranged from 4 months to 7 gars and 8 months witha
meanof2.75+1.3yrs.Limb onset58.4% (n=146/250) [145-SALS1-PMA(sporadic)]

was more prominent than the onset of bulbar weakness 30.4% (n=76/250) [66A
LSand 12-PBP(sporadic)], amixed presentation 9.2% (n=23/250) [23-SALSr on-

setin the respiratory muscles2.0% (n=5/250) [5-SALSkombined.ALSFRSRscores
ranged between 0 (severe disability) and 48 (normal function) Figure 4.3 with an

average 0f33.1+£10 for 84.0% of SALS (n=210/250)

Frequency
I
o

0-10 10-20 20-30 30-40 40-30
ALSFRS-R

Figure 4.3 ALSFRSR Frequency Distribution of SALS (n=250) Recruited to

the ECACC Discovery Cohort.Revised ALS Functional Rating Scale scores on a
scaleof 0 to 48 where zerorepresents severedisability and a scoreof forty -eight
signifies that normal function is preserved. Mean ALSFRB plotted along the x
axis is computed based on measurements that are incorporated from a series of
OxAl OA NOAOOEIT 1O OAI AGET ¢ O OEA DPAOEAT 080 A
including but not limited to: speech, salvation, swallowing, dressing & hygiene,
walking, climbing stairs, handwriting and shortnessof breath (SOB)(Cedarbaum

et al 1999). Relative counts or frequencies along the-gixis were calculated as a
percentage of the total numbe of SALS (n=210/250) in the ECACC discovery
cohort for which this information was available.

Abbreviations: ALS- Amyotrophic Lateral Sclerosis ECACC EuropeanCollection
of Cell Cultures, F familial and FRSR - Functional Rating Scale Revised.

For the Sheffieldcasessome additional clinical infamation could be extracted from
the localdatabase Ofthese12.7% (n=21/165) [19-SALSand 2-PBP(sporadic)] were
prone to EL, a further 1.2% (n=2/165) [2SALS] suffered from hypersialorrhea and
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almost aquarter (n=39/165) [36 -SALS and &BP (sporadic)] displayed symptoms
of dyspnoeawith 33.3% of theselatter cases(n=13/39) [13 -SALS] requiring NIPPV
support (Section 1.1.4. Dysarthria and dysphagia was alsapparent in 31.5% (n=5
2/165) [49 -SALS an d3”BP (sporadic)] of the cohort with PEG feeding becoming a
necessaryintervention in eighteenof these latter cases [17SALS and 4PBP (spora
dic)]. Four individuals presented with the rare FA variant of the disase 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 [S11EP3347)
and S116-(SP3351)].0Onein 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
smokerscomprised 3.6% of the cohort (n=6/165) [6 -SALS], exsmokers who had n
ot smoked a cigarette for a minimum of 12 months (mean 21.4+9yrgh=17/165) [
16-SALSand 1-PMA(sporadic)] a further 10.3% and norrsmokers 55.8% (n=92/16
5) [87-SALS and 8°BP (sporadic)]. For the remaining 30.3% (n=50/165) [43SALS

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), S066(SP3338),
S069(SP3230), S112SP3363), S121(SP3420), S162(SP3326) and S247SP335
3)], PD (Section 12.1) [S146-(SP3132), S148(SP3368), S1674SP3327) and S227
(SP3043)]and Multiple Sclerosis (MS) Etemadifar et al 2012 Ismail et al 2013 [S
148-(SP3368),5153(SP3423)and S236(SP3286)]. A family history of dementia [S
08-(SP3111), S042(SP3122), SO78SP3140), S116SP3351), S172(SP3067), S19
1-(SP304) and S22%(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) [X2olon, 2throat,
4-stomachand 1-other], cerebrovasculardisease(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.FFamilial 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, 1FALS+PD and-PBP] with two additional patients
waiting to commence treatment at the time of biosample collection. Vitamin C/E or
multivitamin supplementswere collectively being taken by 15.8% (n=19/120) [19
FALS] of the cohort As well aghe Riluzole therapy, several patients (n=3/120) [3
FALS] were also participants of the BDNF [FO9(SP3534)], minocycline [FO73(BP
6165)] or lithium carbonate (LICALS)[F053-(SP3610)] drug trials [APPENDIX TAB
LEB4]. In contrast, 14.2% (n=17/120) [14-FALS, 2PBP (familial) and XPLS (famit
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 2PBP (familial)] this information was not

available.

4.1.1.2.2 Sporadic Cases

Riluzole wasalso used to treat 88.0% of SALS patients (n=220/250) [20SALS, 3
SALS+FTLDL1-PBPand 1-PMA(sporadic)]. In asmall number of casesapproxima-
tely 1.8% (n=4/220) [3-SALS and 4PBP (sporadic)] the individual experience adv
erse side effects and the medation was withdrawn. Vitamin C/E and multivitamin
supplements were collectively being taken by 40.8% (n=102/250) [93SALS, 1SAL
S+FTLD6-PBPand 1-PMA(sporadic)] of the cohort. As well as the Riluzole therapy
several patients (n=12/250) [12-SALS] werealso participants of theglatiramer ac-
etate (Copaxon®) [S176-(SP3385)], ON@2506 (Arundic acid) [S118(SP3030), S1
32-(SP3413), S149SP3391), S168LP0001), S203(SNc0059) and S237(BP6008
)] or minocycline [S050-(SP3023), S121(SP3420), S1574LP0015), S164(LP0053)
and S212-(SNc0002)]drug trials [APPENDIX TABLE B4]. In contrast, 11.6% (n=29/
250) [28-SALS and 4PBP (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

AO OEA AAceElTTEITC T &£ OEA POI EAAO OEA -CAT AC

own. However, upon the discovery, in October 2011, of a pathogenic roading G
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G hexanucleotiderepeat expansion(Renton et al 2011 DeJesusHernandez et al 20
11) in intron 1 of the previously uncharacterisedC9ORF73ene Section 12.5.4), a
further 40.8% of FALS (n=49120) [42 -FALS, 1FALS+PD and 4’BP] and 10.0% of
SALS (n=25/250) [24-SALS and 4PBP (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 Sheffieldor National MNDADNABankwere screened for genetic defects
in SOD1TARDBRInd FUSprior to the commencenent of this study. SOD Imutations
occurredatafrequencyof4.4% (n=5/115) (Sectionl1.2.5.1.1). Thesewere primarily
clustered in exon 4 and included the single base substitutions ¢.305A>G (p.D102G)
[F120-(SP3218)],c.335G>Ap.C111Y)[F103-(BLi0265)] andc.341T>C (p.I114T)F
031-(SP3526)andF053-(SP3610)].For Londonindividual [FO68-(LP0075)] theam-

ino acid change was not known. Rarer pathological changes were also described in
exon6 of TARDBRnNcluding ¢.1043G>T (p.G348V) [F09ZSP3154)] and ¢.1009A>G
(p.-.M337V) [FO15(LP0460), FO40(SP3068) and FO67(SP3086)]and in exon 15 of
FUSIncluding ¢.1555C>G(p.Q519E) [F086(LP0051)] and ¢.1562G>A§.R521H)[F
036-(LP0193) and FO3(LP0048)]; accounting for ~3.8% (n=4/106) (Section 12.5.
2.1) or 2.9% (n=3/103) (Section 1.2.52.2) of FALS cases, respectively. In a more-re
centscreeningof the C9ORF78ene(CooperKnocket al 2012b), repeat-primed PCR
detected >30 copies of the & 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 alse o
ne example of oligogenic inheritance: Patient sample [FOS&P3462)], in addition

to carrying the expansionin C9ORF72was also known to harbour a heterozygous c.
964G>A (p.E322K) missense substitution iexon 10 of theOPTNgene Section 5.3.
2.1) (Bury et al 2015 (Table 4.2.

4.1.1.3.2 Sporadic Cases

Ofthe sporadic casespatient samples [S166(SP3082) andS146-(SP3132)]carry a
SNP inthe first [c.85A>G (p.129V)]or third [c.618A>C (p.Q206H)] exon oCHMP2B
respectively(Sectionl.2.5.2.8) (Coxetal 2010). Another individual [S062-(SP3301)]
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Birmingham London  Sheffield ALL

Familial
SOD1 exon 4 p.D102G 0 0 1
p.C111Y 1 0 0
p.1114T 0 0 2
not known not known 0 1 0 4.4%
TARDBP exon 6 p.G348V 0 1 1
p.M337V 0 0 2 1.2%
FUS exon 15 p.Q519E 0 1 0
p.R521H 0 1 0
p.R522G 0 1 0 3.0%
CO0OR72 non-coding GG repeat 15 19 15 40.8%
C90RF72+0OPTI 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%
CI90RF72 non-coding &G repeat 2 2 21 10.0%
CHMP2B exon 1 p.129V-SNP 0 0 1
exon 3 p.Q206HSNP 0 0 1 0.8%
Total 2 2 24 11.2%

Table 4.2 Summary of Genetic Variants Reported in the ECACC Discovery Cohort

Abbreviations: ANG- angiogenin, C9ORF72 chromosome 9 open reading frame 72CHMP2B-
charged multivesicular protein 2B, ECACE European Collection of Cell CulturesFUS- fused in
sarcoma,OPTN- optineurin, SNP- single nucleotide polymorphism,SOD1- copper/zinc superoxide
dismutase 1 andTARDBR transactive response TAR) DNA binding protein.

was heterozygous for a ¢.232A>G (p.K54mB)issense substitution in exon 2 oANG
(Section1.2.5.2.3) (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 weatso
known to harbour the GG repeat expansion inCOORF72Table 4.2.

4.1.2 ECACQReplication Cohort

4.1.2.1 Clinical Characteristics
4.12.1.1 Control Cases

Neurologicallyl T Of AT h EAAI OEU AT IMO3IBF]iwere l#gel§ @ | T Ep
cruited to the ECACC replication cohort from patient partners and their unrelated

carersin the National MNDADNABank (Section 2.1.2. These were comprised of 31
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Birmingham (31.0%) casesincluding 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 [C116(BOx0
008)], onefrom BelfastCity Hospital [C153(BBe0002)] and one from Bristol Fren-
chay Hospital [C156(BBr0020)]; 28 London (28.0%) casesncluding two from Po-
ole General Hospital [C119LP0o0059) and C122(LP0o0087)], two from Cambridge
[C189-(LCa0093) and C196(LCa0134)] and one from Plymouth Derriford Hospgal
[C125-(LPy0011)] and 41 Sheffield (41.1%) cases including six from Newcastle [C1
02-(SNc0201), C109(SNc0158), C135SNc0125), C144(SNc0078), C146SNc016
7) and C157-(SNc0015)],ten from Manchester[C111-(SMa0096),C124-(SMa0227),
C133(SMa0009), CB9-(SMa0188), C153(SMa0050), C163(SMa0054), C167(SM
a0203), C170(SMa0232), C171(SMa0133) and C194SMa0013)], one from Prest
on [C104(SPr0016)], one from Nottingham [C177(SNt0075)] and two from Durh-
am[C197-(SDu0009)and C120-(SDu0007)].Ageat consultation rangedbetween35
and 83 yearswith ameanof 63.4+10yrs. The M:F ratio was 1.78:1Kigure 4.4 [APP
ENDIX TABLE B5].

601 mm sALS
I Ctrl

Frequency
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o o o
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SALS Control
M:F 2.17:1 1.78:1
Age 59.7+11yrs 63.4+10yrs
Total 250 100
Figure 441 CA & OANOGAT AU S$EOOOEAOOEIT 1T &£ 0AGEAT O

in the ECACC Replication Cohort (n=350)

Abbreviations: ALS- Amyotrophic Lateral Sclerosis, Ctrl control, ECACC
- European Collection of Cell Cultures, Ffemale, LCL- lymphoblastoid
cellline, M- male and S sporadic
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4.1.2.1.2 Sporadic Cases

31,3 PAOEAT O AAOE OM A&9F] récruite®dto fhd HCAQGep(atic p X p
on cohort were comprisedof 107 Birmingham (42.8%) casesncluding onefrom Be-
Ifast City Hospital [S432-(BBe0015)]; 96 London (38.4%) cases including foufrom
Southampton General Hospital [S322L.Sh0002), S326(LSh0016), S405(LSh0028
) and S473-(LSh0004)] and nine from PooleGeneralHospital [S289(LP00003),S29
8-(LP00001),S349(LP00016),S362-(LP00019),S383(LP00018), S394(LP00009),
S429(LP00039), S485(LP0o0005) and S489(LP00017)] and 47 Sheffield (18.8%)
cases includingtwo from Preston [S446-(SPr0005)and S456-(SPr0001)], two from
Durham [S327(SDu0001) and S47&SDu0005)], seven from Nottingham [S274S
Nt0008), S3593(SNt0012), S407(SNt0042), S427(SNt0021), S463(SNt0013), S46
4-(SNt0040) and S492-(SNt0019)] and five from Newcastle [S299SNc0028), S305
-(SNc0043), S38a(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 diagnosedséction1.1.3)
(Figure 1.1) with either definite (n=81/243) or probable ALS (n=162/243) includ-
ing one incidence of concomitant PDSection 12.1) [S455-(BP6152)] (Table 4.1).
Of the remaining 2.8% (n=7/250) of the cohort, two patients were diagnosed with
PLS Gection 12.2.2) [S301-(SP3402) and S497(SP3234)] and five were diagnosed
with PBP (Section 12.2.1) [S272-(SP3253, S299SNc0028), S30§BP6328), S349
(BP6100) and S359(SNt0012)]. Age at symptom onset raged 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 SALShis information was not available and in the remaining 2% (n=1
3/250) of caseghe individual wasstill reported to be alive as of June 2013 with mi
nimum disease duration of either 7 [S284(LP0482) and S304(LP0400)], 8 [S298
(LP00001), S326(LSh0016), S353(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.Onsetoccurred focally in at
least 90.0% (n=225/250) of cases. Of these, 71.5% (n=161/225) [158ALS and 2
PLS(sporadic)] presentedwith asymmetric weakness in the upper and/or lower |+
mbs,26.7% (n=60/225) [55-SALSand 5-PBP (sporadic)] experienced bulbar symp
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tomsandafurther 1.8% (n=4/225) [4-SALShadimpaired respiratory function. The
remaining 10.0% (n=25/250) of the cohort comprised 20 SALS cases of mixed pres
entation andfive incidenceswhere the site of onsetwasnot known. ALSFRSRscores
rangedbetweenO (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.

Frequency

0 S , ,
0-10 10-20 20-30 30-40 40-50
ALSFRS-R

Figure 4.5 ALSFRSR Frequency Distribution of SALS (n=250) Recruited to
the ECACC ReplicationCohort Revised ALS Functional Ratg Scale scores on a
scale of Oto 48 where zero represents severe disability and a swe of forty-eight
signifies that normal function is preserved. Mean ALSFRS plotted along the x
axis is computed based on measurements that are incorporated from a series of
OxAl OA NOAOGOEI T O OAI AOET ¢ OI OEA DPAOEAT 0860 A
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-gxis 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, ECACEuropean Collection
of Cell Cultures, FRR - Revisal Functional Rating Scale and Ssporadic.

For the Sheffieldcasessome additional clinical infamation could be extracted from
the local database. Of these 4.3% (n=2/47) [SALS] were prone to EL, 10.6% (n=5
147) [5 -SALS] suffered pronounced dyspnoeaith 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 dysphagiawere alsoapparentin 23.4% (n=11
147) [10-SALSand 1-PBP(sporadic)] of the cohort with PEG feeding becoming a re
cessaryintervention in the case the PBP patient. Three individuals were neambu-
lant with afurther 12.8% (n=6/47) [6 -SALS] unable to walk without asistance. Cu
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rrent smokers comprised 10.6% (n=5/47) [5-SALS] of the cohort, esmokers who
hadnot smokedacigarettein the last 8 yearsa further 4.3% (n=2/47) [2-SALS] and
non-smokers 42.6% (n=20/47) [19-SALS and 4PBP (sporadic)]. For the remaining
42.5% (n=20/47) [13-SALS, 1SALS+PD, #BP (sporadic) and 2PLS (sporadic)] of

cases this information was not disclosed.

There werereports of at least one other neurological condition occurring in a first
degreerelative of 8.5% (n=4/47) of Sheffieldpedigrees which received a diagnosis
of SALS inthe ECACC replication cohort includingD (Section 12.1) [S306-(SP343
9) and S482(SP3367)],HD (Section 14.1.2.1) [S284-(SP369)], tremor [S461-(SP3
107)] and ALZ Gection 1.3.1.3.1[S272-(SP3253)].Incidences of cancer affecting 6
4% (n=3/47) [1-bowel, 1-breastand 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 case§1=221/250) [213-SALS1-SALS+PD,4#BP and 2PLS (sporadic)]. In
asmallnumber of instancesapproximately 3.6% (n=8/221) [8-SALS}he individual
experiencedadverseside effectsand the medication waswithdrawn. Vitamin C/E or
multivitamin supplementswere collectively being taken by 26.4% (n=66/250) [63
SALS2-PBPand 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 [S45(QLP
0014)], ONO2506 (Arundic acid) [S413(LP0019)], minocycline [S253(BP6180)]
or glatiramer acetate (Coxone®) [S333-(LP0432)] drug trials [APPENDIX TABLE
B4].In contrast, 14.0% (n=35/250) [34-SALSand 1-PBP(sporadic)] chosenot to re-
ceive any kind of disease modifying therapy and for the remaining 0.8% (n=2/250)

[2-SALS] of the cohort this informationwas not available.

4.1.2.3 Genetic Status of the Cohort

TARDBHnutations were reported in the ECACC replication cohort at a frequency of
1.2% (n=3/250). Theyincludedac.269C>T(p.A90V)SNPin exon3[S412-(SP3147)]
andtwo single basesubstitutions, namely c.859G>A(p.G287S)S461-(SP3107)]and
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€.962C>T(p.A321V)[S352-(SP3484)]in exon6. 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
aminimum of thirty copiesofthe &G repeatexpanson in C9ORF72There was also
one exampleof oligogenicinheritance (Section5.3.2.2 involving patient sample [S3
52-(SP3484)] which wasC90ORF72#and also found to harbour a heterozygous mis
sense €.962C>T (p.A321)\vmnutation in exon 6 of TARDBRKIirby et al 2010) (Table
4.3).

Birmingham  London  Sheffield ALL

TARDBP exon 3 p.A90V-SNP 0 0 1

exon 6 p.G287S 0 0 1 0.8%
CI90RF72 non-coding GG repeat 6 9 1 6.4%
C90RF72+TARDB 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, ECAG®&uropean Collection of
Cell Cultures, SNPsingle nucleotide polymorphism and TARDBR transactive response(TAR) DNA
binding protein.

4.2 QIAGEN Extraction of Total RNA

HavingassignedLCLsamplesfrom the National MNDA DNA Bank to each of the two
cohorts describedabovein Section4.1.1and 4.1.2, aliquots of frozen stocks, preser
vedin RNAater™, were requestedfrom ECACCSection 2.2.1.2. One Sheffielccon-
trol [C200-(SC3479)]andthree SALS patients including two from Birmingham [S49
8-(BP6326) and S499(BP6272)] and one from BelfastCity Hospital [S248(BBe000
3)] were no longer available.These sampledailed the EBV{transformation process

and, following two unsuccessful attempts, were removed from our study design.

Usingl ) ! ' 9Ne&$P Mini Kit (Section2.3.2.9), total RNAwas isolated from 469
(99.8%) of 470 LCLsamples[120-FALS249-SALS and 106CTR.] in the ECACC dis
covery cohort and 347 (99.1%) of 350 LCL samples [248ALS and 99CTRL] in the
ECACC replication cohort. Collectively, 617 patients [120ALS and 497SALS] and
199 ageand, as far as possible, gender matched neurologically normal, hésitcon-
trol subjectsyielded between800ngand¢ mt ¢ OT OAl 2. ! 8ectibnd AAT O
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3.1.3) on the NanoDrog™ 1000 Spectrophotometer were reasonably consistent ac

Ol 60 AT ET 0OOh xEOE OAOPAAOGEOA 1 AAT O AT A
(Sectiond.1.))andp T T8 L p M T ESctidn@.X.P. Congistency was also obsesv
edacrossOEA AEAZEAOAT O OAI PI A OUPAO r $EOAT OAO
@T8TI CTt, &XCBOWEAl @p8 3!, 3 OA0OQT 2ADI
L CTRLand 144.56+47.3ng/{ L SALYFigure 4.6)], extraction batches(Table 4.4and

Figure 4.8 and kits (Figure 4.7). Absorbance ratios at 260/280nm wavelengths ra

nged1.8 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 18Sand 28Sribosomal peakswas observed on the elecwpherogram trace with
rRNA ratios [28S/18S] of around 2.2 Figure 4.9. Average RIN scores were 8.3 for
samplesin the ECACGiscovery cohort and 7.4 for samplesin the ECACC replication
cohort (Figure 4.6. Theseremained reasonablyconsistentacrossthe different sam-
ple typeswithin eachcohort [Discovery: 8.1 CTRL8.3FALSand 8.3 SALS versus Re
plication: 7.0 CTRLand 7.6 SALSput steadily declined over time when examired by
extraction batch (Table4.4andFigure 4.8) or kit (Figure 4.7). Despite the reduction,
meanvaluesdid not fall below the previously acceptedthreshold of 7.0 (Ramanet 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. TIs additional processing step hadailed

to improve the purity of the isolated material Figure 410) AT A xEAO8 O 11 OA
majority of instances, performing repeat extractions from frozer_CL pellets using

afresh QIAGENRNeasy Mini Kit alsohadlittle impact onthe RNA quality and yield

that wasachieved (Table 4.5.

4.3 Human Exon 1.0ST GeneChi® 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 TypeSunmary plots
produced using GraphPad Prisr® software version 5.04. Whiskers representminimum
and maximum RNA concentrations measured on the NanoDrBp 1000 Spectrophoto
meter (left panels) or RNA integrity values (RINasdetermined by the Agilent 2100 Bie
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.
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Figure 4.7 ECACC RNA Extraction Boxplots Grouped by QIAGEN RNeas§ Mini Kit Summary
plots produced using GraphRd Prisn® software version 5.04. Whiskers represenminimum and
maximum RNAconcentrationsmeasured on the NanoDrop¥ 1000 Spectrophotometer (left panel)
or RNA integrity values (RINb)@sdetermined on a scale of 0 (undetectable, completely degraded)
to 10 (high quality, intact RNA)by the Agilent 2100 Bioanalyser (right panel)

151



500+ _

400+ — T
=
=
= _
= 300 T T T
o
3]
=
o
S 2001
<
z,
[a's
100
0] 7.7 T T T T T T T T T
I 11 m 1w v VI VIl VIl X X
=
o~
2 1 L 1
0 T T T T T T T T T T
1 11 m 1w v VI VIl VIl IX X
Discovery Replication
Batch #

Figure 4.8 ECACC RNA Extraction Boxplots Grouped by Batch Summary plots produced
using GraphPad Prisifi software version 5.04. Whiskers represent minimum and maxraum
RNA concentrations measured on the NanoDrdld 1000 Spectrophotometer (upper) or RNA
integrity values (RING)Q@s determined by the Agilent 2100 Bioanalyzer (lower)which were
achieved for each batch of lymphoblastoid cell lines in the ECACC Discovesft]l[I-V] and

Replication (right) [VI-X] cohorts.

ECACC Batch number (#)

I Il 1l [\ \Y
FALS F1-24 F25-48 F49-72 F73-96 F97-120
SALS S1:50 S51-100 S$101-149 S150199 $200-248
Control C1-20 C21:-40 C41-60 C61-80 C81-100

ECACC Batch number (#)

VI Vil VI IX X
SALS S249299 S300-349 S350-399 S400449 S450499
Control C101-120 C121-140 C141-160 C161-180 C181-200

Table 4.4 ECACC LCL Batche€ellpelletswere preserved in RNAater™ and shipped on dry ice.
Dispatch dates and freezer code a) Discexy Cohort | 15/11/2011 [D -ORANGE], 1l 22/11/2011
[D-GREEN], 111 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 [RGREEN], 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 prefsx C - control, F -

familial patient or S- sporadic patient.
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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

0oEA EOACIi ATOO AO A O1 OA1 AT T AAT OOAOCETT 1T &£ punicr
corresponding electrophoresis gel images for bfontrol 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 codficient and SP- Sheffield patient
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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 fran 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
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First Extraction Second Extraction
260/280 260/230 RNA Yield RIN 260/280 260/230 RNAYield RIN

C084 1.99 2.07 3.68 > 2.02 1.65 4.44 6.6
co087 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 -
27 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 RNeas$ 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 NanoDrogMp mmmtmmt 3 DAAOOT PET OT 1 AOAO8 41 OA1 UEAT A xAO 1

RNA integrity number (RIN) computedon a scale of zero (undetectable, completely degraded) to ten
(intact, high quality RNA) by the Agilent 2100 Bioanalger. Green shading indicates improved yield
and/or quality of the isolated material when the extraction procedure was repeated. Conversely, red
representssamples 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 AntiSense cRNA

The isolated materal wasin vitro transcribed (Section 2.3.2.3.}, following the first
step of linear amplification, into ascRNA using the Ambiofi Whole Transcriptome
(WT) Expression Kit [APPENDIX TABLE B7]. Concentratioobetween 39564ng/

t ,ando h T w Y 8 xwere &Higvedfrom an input of 312.7+36.5ng total RNA with

i ETEI O AT A 1 A@EI Oi UEATA T &£ potC AT A
allofthe, # ,ti@atQvere receivedin the ECACC discovery cohort (n=469/470) [100
-CTRL, 126FALS and 249SALS], plus an additional seve@90ORF72-8ALS patients
ET OEA w#! ## OAPI EAAOEIT AT ET OO0 xEEAE
4yrs) versusshort (<2yrs) survival study [S268-(BP6107), S319(LP0203), S368(L
P0454), S373(LP0359), S352(SP3484), S446(BP6297) and S438(LP0411)]. Me
asurementson the NanoDrop™ 1000 Spectrophotometer were found to be consist

ent across thedifferent sample types with means and standard deviations of 1,883.
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TnMMXow8aogol C¥t, h phpokBX2eE0s.XIngth fpd CTHL FA AT A
LSand SALSrespectively.Absorbanceratios at 260/280nm wavelengthsrangedbe-
tween 1.97 and 2.32 Figure 4.11).
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Figure 4.11 ECACC asRNA Amplification Boxplot Grouped by S ample
Type Summary plots produced using GraphPad Prism® software version
5.04 copyright © 1992-2014 (GraphPadPrism® Inc., USA). Whiskers rep
resent minimum and maximum antisense copy RNA (asRNA) concentra
tions achieved onthe NanoDropg™ 1000 Spetrophotometer for linearly
amplified material derived from control (CTRL), familial ALS (FALS) and
sporadic ALS (SALS}amplesin the final ECACQA.CL microarray cohort
(n=476/470) [100-CTRL 120-FALS and 256SALS]

4.3.1.1.2 Singk&tranded cDNA

Following the secondstep of linear amplification usingthe Ambion® WT Expression

Kit (Section2.3.2.3.) aninput of 10 Qurified asscRNAyielded betweenu 8 x and C

p ¢ 8 wapriev@ly synthesisedss-cDNA Measuremensonthe NanoDrop™™ 1000 Sp
ectrophotometer were consistentacrossthe different sample types with means and

OOAT AAOA AARAOBEAOETTO 1T £ cow8yYynmouv8ptl CTt, |
I C Tfor,CTRLFALS and SALS, respectively. Absorbance ratios at 2880nm wa-

velengths ranged between 1.95 and 2.10F(gure 4.12 [APPENDIXTABLE B7].

4.3.1.2 Fragmented ss-cDNA

Sensestrand cDNA targets were generated from 451 (94.8%) of 476 LCL samples
96-CTRL116-FALSand 239-SALScomprising the final microarray cohort, with the
remaining 25 (5.2%) samples [4CTRL, 4FALS and 17SALS] failing to amplify. Ap
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Figure 4.12 ECACC ssDNA Amplification Boxplot Grouped by Sample
Type Summary plots produced usingGraphPad Prism® software version
5.04 copyright © 1992 to 2014 (GraphPa® Software Inc., CA USA). Whisk
ersrepresent theminimum and maximum single-stranded complementary
DNA (sscDNA) concentrations on the NanoDrop" 1000 Spectrophotome

ter that were achieved for linearlyamplified material derived from control
(CTRL), familial ALS (FALS) or sporadic ALS (SALS) samples in the final

ECACC LCL microarray cohort (n=476/470) [LO&CTRL, 1206FALS and
256-SALS].

plication of the Affymetrix GeneChi®@ WT Fragmentationand Terminal Labelling Kit
producedfragmentsof ~40 to 70nt in length. Sizedistribution analysisofa random-
ly selectedsubsetof pre- and post-fragmented nucleic acid products was performed
onthe Agilent 2100 Bioanalyzer. Representative traces and their corregmding gel

images are illustrated inFigure 4.13(Section 2.3.1.3

540

a) unfragmented sscDNA b) fragmented sscDNA;

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) postfragmented singlestranded complementary DNA (sscDNA) amplified from
sporadic sample [S446(BP6297)] in the ECACC replication cohort using the Affymetrix Geneip®
Whole Transcriptome (WT) Fragmentation and Terminal Labelling Kit.

Abbreviations: BP- Birmingham patient, ECACEEuropean Collection of Cell Cultures, [FUJfluore-
scent units, [nt] - nucleotides, [s]- seconds, S sedimentation coefficient
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4.3.1.3 Biotinylation of Sense -Strand Targets

Thebiotinylation efficiency (Section 2.3.2.3.%0f the labelling process was assessed
on randomly selected ECACC control, FALS and SALS LCL samples fromadabe
amplification batchesby performing an electrophoretic mobility shift assay (EMSA)
as depicted inFigure 4.14 Fragmented sensestrand cDNA targets were incubated
in the presenceor absenceof the biotin -binding protein, NeutrAvidin ™ before being
loadedonto 4 to 20% gradient polyacrylamide gels and electrophoresed at 150v for
approximately 1 hour. Negativecontrols containing unbound biotin-tagged cDNA in
lanes 3, 5, 7, 9 and 11 ran close to the dye front. In the NeAxidin ™ positive sam:
ples in lanes 2, 4, 6, 8, 10 and 12 nucleic agidotein complexes (~60kDa) formed
of a substantially larger molecular weight which migrate through the nordenatur-
ing gelmatrix at a slower rate; resulting in the detection of a shi€d band at around
300 to 400bp (red arrow). Stainingwith a0.001% ethidium bromide solution for 30
to 40 minutes permits this change in banding pattern between NeutrAvidii posi-
tive (+) and NeutrAvidin™ negative () lanes (Figure 4.14) to be visualised under a

UV light source using the Syngene GENi Gel Documentation System.

9 10 11 12 13

1000bp
900bp
800bp
700bp

600bp

500bp
400bp

R |

300bp

200bp

100bp

Figure 4.14 Electrophoretic Mobility Shift Assay (EMSA) Representative electrophoresis

gel image assessing labelling efficiency of fragmtad sensestrand cDNA targets generated

AOI T ,#,860 ET OEA AET Al | EGTRU AGASUNdRIFALIPO j T ET U
Samples incubated in the presence (+) or absence 6f biotin-binding protein NeutrAvidin ™

were run with DNA markers of 25bp molecular weight (HyperLadder™ V) in lane 1 and

100bp (HyperLadder™ V) 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 visualisel 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 Console™ QC Metrics
4.3.2.1 Eukaryotic Hybridization Controls

Three genesof the E.coli biotin synthesispathway (BioB, BioC and BioD) in addition
to the recombinase gendérom the P1 bacteriophage (CreX)ection2.3.2.4.9 were
spikedin atincreasingconcentrations[1.5pM,5pM, 25pMand 100pM, respectively]
of the hybridization reaction. Since itis anticipatedthat these targets will not cross
hybridize with samples of a nonbacterial or non-viral origin, the intensity pattern
for these controls should be seen to mimic the increase in target concentratifie.
BioB<BioC<BioD<CreXdlescribedabove. For the%# | # # , #prode®to GeEhE O
casein all but one instance(Figure 4.15) involving familial sample [FO42(SP3303)]
which is represented by the red line in plot b) ofigure 4.16

BioB, at a mncentration of 1.5pM, represents the absolute limit of detection. Irthe
Affymetrix® Expression Consol& software version 1.3.0.187 ateast one probeset
pertaining to this endogenous control was flagged as present for each array which

is a strong indicdor of having achieved good overall sensitivity.
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Figure 4.15 Eukaryotic Hybridization Controls  Bacterial spike in controls E. coliderived 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 Affymetixjuality control metrics
was performed using the Expression Consol¥ 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 Crpdb-

esets on theAffymetrix Human Exon 1.0ST GeneCHipArrays for a) control (CTRL), b) familial (FAL
S)and c) sporadic (SALS) samples ithe final microarray cohort [95-CTRL (C73 failed to scan), 116
FALS and239-SALS]. Each line representa single array with outliers highlighted in red [FO42-(SP
3303)]. Assessment of Affymetri® QC metricsperformed using the Expression Consol&V 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 GeneChip8 [95-CTRL, 116FALS and 239SALS] in the final microarray cohort
which exduded one Birmingham control [C073-(BC6091)] that failed to scan.Values
were comparableacrossthe different sampletypes with means and standard devia
tions of 191.448+45.92 204.245+45.03 and 204.609+45.88or controls, FALS and
SALS respectively(Figure 4.17).

Tukey defined outliers with significantly higher (n=5/450) [1-CTRL, 2FALS and 2
SALS] or lower (n=3/450) [3-SALS] average background signal intensities included
one female control [CO31(SC3709)], five FALS patient§3-M, 2-F) [FO1-(LP0137),
F08-(BP6074), FO76(SP3670), FO79(SP3508) and FO99(LP0073)] and two SALS
patients (2-F) [S033(SP3045) and S203SNc0059)].

4.3.2.2.2AveragePercentage Presence Call

I'T AOAOACAh ¢o8pb |1 Epuyph o nhe@tsanfta®@dEblk ¢ ¢ x
RefSeqgwhich are incorporated onto the Affymetrix® Human Exon 1.0ST GeneCHip
Arrays were flaggedas present(P) (Figure4.18). This percentageproved reasonably

consistentacrossthe different sample typeswith means and standard deviations of
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Figure 4.17 Mean Background Signal Intensities Across LCL Sample Types

Summary box and whisker plotswere generatedin GraphPa® Prism software
version5.04copyright © 1992-2014 (GraphPa® Software Inc.,CAUSA)applying
aTukeymultiple comparisontest. Samples of significantly higher or lower mean
background(bgrd) signalintensities (outliers) werehighlightedin red (n=8/450)
[1-CTRL, 5FALSand 2-SALS]Assessmenbf Affymetrix® QCmetrics performed
using Expression Console 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.
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Figure 4.18 Average Percentage Presence (%P) Calls Across LCL Sample Types
Summaryboxand whisker plots produced in GraphPad Prisifi software version 5.04
copyright © 1992-2014 (GraphPad® SoftwareInc.,CAUSA)applying a Tukey multiple

comparisonstest. Outliers of insufficient quality with EA x AO OE AT

ptoehoou

probesets called as present (P) on AffymetrixHuman Exon 1.0ST GeneCHipArrays
are highlighted in red (n=9/450) [1-CTRL2-FALSand 6-SALS]. The geen data points
represent Tukey identified outliers that have a percentage presence call above the
user defined threshold of 50.0%. Assessment of Affymet@xQC metrics performed
using Expression Consol& software version 1.3.0.187.
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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), 62.914.7% (n=180,730+13,505) and 62.8+4.5%
(n=180, 443+12,930) for controls, FALS andBALSrespectively.

Outliers were determined by performing a Tukey multiple comparisons test (Figure
4.18).Sampleswith %P callsbelow the applied threshold of 50.0% were considered
to be ofpoorer quality. Theseincluded one female control [CO76SNc0106)], tvo F
ALS patients (M, 1-F) [FO42-(SP3303) and FO95(SMa0008)] and 6 SALS patients
(2-M, 4F) [S044(SP3329), S096(SP3304), S11ASP3363), S123BP6021), S130
(SNc0010) and S186BP6025)].

4.3.2.2.3 Area bider the Receiver OperatinGharacteristic Curve

The Receiver Operating Characteristic (ROC) curve plots the detection rate of true
positive (+ve) controls, ameasurementof sensitivity, againstthe falsedetection 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 GeneChfps the
final microarray cohort. Consistency was observed across sample types with means
and standard deviations 010.845+0.02, 0.849+0.02 and 0.854+0.08r controls, FA
LS and SALSespectively. Samples falling outside this rargyincluded four controls
(3-M,1-F) [C038-(LSh0022),0076-(SNc0106),0087-(BC6166)and C091-(SC3741)],
four FALS patients (2M, 2-F) [F042-(SP3303),F080-(SP3508), P85-(LP0013) and
F095-(SMa@08)] andten SALSpatients (6-M, 4-F) [S108-(SP3384),S119(SP3073),
S123(BP6021), S136(SNc0010), S145SP3065), S162(SP3326), S215SP3187),
S220(SP3105), S244(BP6052) and S352(SP3484)].

4.3.2.3 Signal Comparability

4.3.23.1 All Probeset MeaRignal Intensities

Averagesignalintensities across all probesets included at the level of the transcript

161



(n=22,011) (Figure 4.199 were found to be marginally lower than those observed

at the level ofthe individual exon (n=287,329) Figure 4.19h. Means and standard
deviations were comparable between different sample typeEGENE LEVEI6.94+0.
12,6.95+0.10and 6.98+0.11for 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].

7.5 a) Whole Transcript 7.54 b) Individual Exon
> ] 2 é %
= 701 E 7.0
g o g e
- - 0 RN
E v O T E o %0 00g00*
g ¢ . g ’ e
- bﬂ -
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CTRL FALS SALS CTRL FALS SALS

Figure 4.19 Mean Probeset Signal Intensities A cross LCL Sample TypesSummary 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 (GraphPa® 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 Consdle software version 1.3.0.187.

Abbreviations: ALS- Amyotrophic Lateral Sclerosis, TRL - control, F- familial, LCL- lympho-
blastoid cell lines, QG quality control and S- sporadic.

Tukey defined outliers which were detected at both levels of analyses included fou
controls (2-M, 2-F) [C079-(SC3279), C087ABC6166), C096(BOx0073) and CO9Y(S
C3741)],for FALS patients (2M, 2-F) [FO14-(LCa0111), FO42(SP3303), FO85(LPO
013) and F095(SMa0008)] and six SALS patients (81, 3F) [S06(SP3062), S162
SP3326), S18§SP3090), S215(SP3187), S226(SP3105) and S352SP3484)].

4.3.2.3.2 Signal Histogram

Density histogramspertaining to log2 transformed average GARMA normalised si
gnalintensity valueswere plotted at a) whole transcript andb) individual exonlevel
in ExpressionConsoléM 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
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Figure 4.20 Signal Histogr am Plots Each series of coloured bars represesthe distribution

of log2 transformed, average GRMA 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 ConsoléM software version 1.3.0.187 (Affymetri¥® Ltd., UK).

Abbreviations: QG- 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.Relative Log Expression Signal

Meanabsolute relative log expression (RLE]s 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 asmall spreadof valuesaround the mean Samples in the ECACC microarray

study that deviated significantly from this scenario Section 3.3.2.%, with means or
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standard deviations above the 0.500 threshold, included six controls (81, 3-F) [CO
38-(LSh0002),C076-(SNc0106), CO79SC3279), C087BC6166), CO96(BOX0073)
and Q091-(SC3741)]three FALS (M, 2-F) [FO42-(SP3303),F080-(SP3508) and FO
95-(SMa0008)]and eleven SALS(8-M, 3-F) [S108(SP3384), S112SP3363), S119
(SP3073),5123(BP6021), S130(SNc0010), S145SP3065), S162SP3326), S189
(SP3090),5215(SP3187),5220-(SP3105) and S352SP3484)] patients Figure 4.2
1).

4321 OAAOOT 160 #1 OOA1I AGET 1T #1 AEEEAEAI

(@)

Foreachpair of arrays, ExpressionConsoléM software version 1.3.0.187determines
OEA 0 AAOOIi-rhonént chralatibricdedicient (r) (Section 3.3.2.5from the
covariancedivided by the product of the standard deviations.This is computed on a
scale of-1 to 1 where zero equals no correlatior(i.e. the data points are randomly
distributed ) and avalueto closeto plus (positive) or minus (negative) one indicates
thatthere isastrong linear relationship betweenthe Xand Y variables (Figure 3.10.
The data can be illustrated qualitatively on a coloured matrix as depicted iRigure
4.22.1n the ECACC microaay experiment r exceed 0.725 for all paiwise 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
eseincluded one male control [C091(SC3F41)], two FALS patients (M, 1-F) [FO4-
2-(SP3303) and FO95(SMa0008)] and three SALS patients (&1, 1-F) [S189(SP30
90), S215(SP3187) and S35ASP3484)] (Figure 4.22.

4.3.2.5 Affymetrix ® Expression Console™ Summary

Intotal,x 8 ybp j 1T Ecuv¥toumnmq ,#, 60 ET OEA £ERLAI %+
10/116 -FALS and 18/239SALS Table 4.6] failed one or more posthybridization
QCparameters assessed in Expression ConsdWesoftware version 1.3.0.187 Signal
intensity files (CEL files) generated for three controls (2V, 1-F) [CO76-(SNc0106),
C087-(BC6166)and C091-(SC3741)],two FALS patients (M, 1-F) [F042-(SP3303)
and FO095(SMa000 8)] and seven SALS patientsM, 3-F) [S123(BP6021), S130
(SNc0010, S162(SP3326),5189(SP3090),5215(SP3187), S226(SP3105) andS3
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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, G100, b) familial (FALS) samples, K120, c) spe
radic (SALS) samples, $132 and d) sporadic (SALS) samples, S13R10 in the ECACC microarray
experiment. Whiskers represent minimum and maximum average probeset signal intensities at the
level of the whole transcript. Assessnent of Affymetrix® quality control (QC) metrics was performed
using Expression Consol& software version 1.3.0.187.

Abbreviations: C- control, F - familial and S- sporadic.
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Figure 422 0AA0OT 1 60 #1 OO0A| BaChEpaitwisetdomparidein A Ehk calbured
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® QCmetrics performed in Expresson ConsoléM 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
sscDNA -4 -4 -17
Hybridization -1 -0 -0
Final Total 95 116 239

Table 4.6 Summary of Control, FALS and SALS LCL Samples iRinal 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 sevenC90ORF72€ases from the ECACC replication cohort wdh 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 totds highlighted in bold.

Abbreviations: ALS- Amyotrophic Lateral SclerosisC90RF72 chromosome 9
openreading frame 72, ECACC European Collection of Cell Cultures, Hamilial,
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 inTable 4.7

Affymetrix® Expression Consol&" QC Metric

bac spike bgrd mean %P AUC all probeset mean RLE PPMCC

CO076
co87
C091
F042
F095
S123
S130
S162
S189
S215
S220
S352

Table 4.7 Affymetrix ® Expression Console™ 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, PPMCGO AAOQOT 1 6 0 Diidcor@abich cdefficiedt, QC- quality control, RLE -
relative log expression and S sporadic.

4.4 DISCUSSION

Participants (n=820) [120-FALS500-SALSand 200-CTRL]attending clinics (Section
2.1.2) in the Birmingham, London or Sheffielddistricts (Figure 2.1) betweenNovem-
ber 2003 andJune2011,who were subsequentlyrecruited to the ECACC microarray
cohort, were Caucasiarand of North Europeandescent.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 ratioof approximately 1.75:1. Typically ratios range
between 1.20 and 1.50:XSection 1.1.2; which is comparable to the FALS groupt
1.45:1(McCombe & Henderson 2010 All patients were diagnosedaccordingto the
World FederationT £ . AOOT 1 T C U 80061998 (FylreA\1X)X Seetietit.1.3
with the majority having either definite 39.4% (n=244/620) or probable ALS55.3%
(n=343/620). Therewere four incidencesof ALSwith concomitant FTLD(Sectionl.
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1.5.9 [1-FALS and 3SALS] and twdurther incidencesof ALS with concomitant PD
(Section1.2.1) [1-FALSand 1-SALS]In the remaining 4.4% (n=27/620) of cases it
is likely that arevision has beermade to the originaldiagnosisof ALSafter the sam

pleswere acceptedinto the National MNDADNABank.Thesecomprisedseveral ra

rer variants of MND including: PBP(Section1.2.2.1) (n=23/27) [6 -FALSand 17-SA

LS]in which the bulbar musclesare primarily affected(Gregoriou et al 1969 Karam

etal2010, Talacko & Reade 199)) PLS(Section 12.2.2) (n=3/27) [1-FALSand 2-SA
LS] o pure UMN involvement(Gotkine & Argov 2007 Praline et al 201Q Pringle et

al 1992, Tartaglia et al 2007) and PMA(Section 12.2.3) (n=1/27) [1 -SALS] of pure
LMN involvement (de Carvalho et al 2007Visser et al 2008 Visser et al 2007.

FALScasesexhibited amoderately 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 midifties compared to early sixties [FALS 55£11.9 (range
23-82) years and SALS 60+11.4 (range 20 x @ UA A O O -tgstp&o@d &) 06 O O
This was casistent 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 2019 Korner et
al 2011, Ravits et al 2007 Sekiguchi et al 2014. In addition, survival wasobserved
to be similar betweenFALS and SALS groups [FALS 22028 (range 0.518.7) years
and SALS 3.2+1.74 (range 0.390.3) years]; although differences werereported to
occur between SALS othe ECACC discovergSection 4.1.) and replication (Section
4.1.2) cohorts with respective means andstandard deviations of 2.8+1.34 years or
4.0+2.30yearsAT A A O@eStAdkive@plobability value of 7.26E12 (Cluskey
& Ramsden2001, McDermott & Shaw 2007. Onepossibleexplanationfor this skew
in survival data stems fromthe fact that sampleswith complete clinical information
immediately availableto handwere prioritised to the discovery cohort at the start of
the project, to prevent delays in commencing the studyAnother unintentional con-
sequenceofhowthe, # ,w&r@consignedto acohort (ranking of SALSand controls
in ascending order of age and arbitrarily assigning them number one or two altern
ately down the list) wasthe considerablyhigher M:Fratio for SALSn the replication
(2.17:1) (Section4.1.2) versusdiscovery cohorts (1.43:1) (Section4.1.1) (Table4.1).
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This canberectified, however, usingthe Partek® GenomicsSuite™ analysis pipeline
outlined in Section 2.3.2.5.2vhich includes age and gender as covariaté&igure 2.

4) in order to control for any potential biasthat may beintroduced bysuchfactors.

Mutations were detectedin the FALS patients at a frequency of 40.8% f@90RF72
(n=49/120) (Sectionl.2.54),4.4%for SOD1n=5/115) (Section1.2.51.1), 3.8% for
FUSn=4/106) (Sectionl.2.5.2.2) and2.9% for TARDBRNn=3/103) ( Section1.2.52.
1) (Table 4.2 and in the SALS patients at a frequency of 8.0% fGOORF72n=40/
500), 0.6% forTARDBRN=3/500), 0.4% for CHMP2Bn=2/500) (Secton 1.2.52.8
and 0.2%for ANG(n=1/500) (Sectionl1.2.5 2.3 (Table4.3). 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 cen
sistentwith the previously published reports ofCooperKnock 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 COORF72
caseswere two examplesof oligogenicinheritance, including one FALS patient [FO5
6-(SP3462)]with an OPTNmutation (Bury etal 2015) (Section5.3.2.1) andasecond
SALSatients [S352-(SP3484)]with a TARDBRnutation (Kirby et al 2010) (Section
5.32.2). In this latter instance,althoughthe patient wasenteredinto the databaseas
asporadiccasejt is likely, especiallyin light of the above that the individual does in
fact represent a familial case which has aen as a consequence of incomplete pen
etrance or may have been misclassified due to a lack of information regarding fam
ily history. SinceALS is typically an adult onset disorder ofelatively short life exp-
ectancy there is achancethat affectedrelativesof someseeminglySALS 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 beenade.

Acrossthe ECACC discoverySection 4.1.) and replication (Section 4.1.2 cohorts
four LCLsanples [3-SALS and 4CTRL]failed the EBVttransformation process and,
following two unsuccessful attempts, were rejected from the final study design. On
the NanoDrop™ 1000 Spectrophotometer(Section 2.3.1.3 high yields [APPENDIX
TABLE B7] and purity @oeorzso 2.0£0.2, 99.3% was achievedfor the remaining 816
[120-FALSA97-SALSand 199-CTRL]sampleswith little or no evidence of protein/
DNAcontamination following QIAGENextraction of total RNA(Section2.3.2.2 from
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the frozen cellpellets (Figure 4.68). 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; O O O A Aekt §<®.001*6)], but had steadily declined over

time. All of the QIAGEN RNea&Mini Kits were purchasedin a single batch and lot

# at the beginning of the projectTo test whether the storage of the kits was having
animpact, 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 instancesthe RNA quality and yield had actually deteriorated rathethan show-

ET ¢ AT EIi DOl OAI AT On OOCCAOOET ¢ AOAAUA OE.
degradation to occurex vivo(Caliskan et al 2014. Also, in simply taking a fixed vol

ume of the suspension, different densities of celloald have been present in each

round of the extractions. Another factor worth considering is the quality of the ofi

ginal sample used folEB\ttransformation, sincethe extractions were performed in

the order in which they were receivedfrom ECACC and it ia likely proposition that

OEA ,#,60 DPOIOGEIC Ii100 AEZAZEEAOI O O bDBOT A
batches

Forthe ECACGQnicroarray study in the subsequent two results chaptergChapter 5
@I0RF72 %0 3 OOAUS AJIBRFZZLAITBAOM AP qO G®WhAole! | AET
Transcriptome (WT) Expression Kit was used to generate linearly amplified mater

ial for all samples received in the discovery cohort§ection 4.1.), plus an addition

al sevenC90RF72¢ases in the replication cohort §ection 4.1.2 [120-FALS, 256S
ALS and 106CTRL] whichmet the criteria for inclusion into the analysis of L6 C j |
4yrs) versus Short (<2yrs) survival.Sufficient quantities of s-cDNA wereachieved

in 94.7% of cases (N=451/476) [116-FALS, 239SALS and 96CTRL] [APPENDIX TA
BLE B7].Postfragmentation and labelling, targets of ~4070nt were hybridized on

to Affymetrix® Human Exon 1.0ST GeneCHipArrays. For one control, namely [C@
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 Condble
software version 1.3.0.187 Section 23.2.5.7) [116-FALS, 239SALS and 95CTRL].
Following assessment of a series of quality control (QC) parameters summarized in

Table4.7,2.7% (n=12/450) [2-FALS, ¥SALS and 3CTRL] were identified as having
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failed at least three of these measures and were removed froany subsequent de
x] OOOAATI AT i DBAOAOEOA AT Al UOAOG8 , AGAO EO
3.3%) hadaRINscoreof below 5.0which suggestgshat the original samples were of
poor quality. Therefore, given the size of the cohortit did not warrant the expense

of repeating these individual amplifications.
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Thediscovery by Rentonet aland DeJesusHernandez et &, in 2011, of gpathogenic
&G repeatexpansionin the previously uncharacterisedCOORF78enerepresented

a unique opportunity in which to study a specific genetic subtype that accounts for
agreater proportion of caseghan SODXSectionl1.2.51.1), TARDBRSection1.2.52.
1) or FUS(Section1.2.5.2.2) mutations combined.In this chapterC1 T AAT ' %06 O
patient derived, EBVtransformed B-lymphocytescarrying the COORF72xpansion,
were comparedon Affymetrix® Human Exon 1.0ST GeneCHipArrays to a subset of
ECACGALSpatients and controls. Subsequent, downstream functional annotation
clustering analysisconductedin DAVIDbioinformatics resource version 6.7 enabled
us to elucidate further themechanisms of COORF72 toxicity. In addition, it was also
anticipated that this approachwould aid in distinguishing between the mechanisms
linked, specifically, to COORF72elated disease from those which antribute to MN

degeneration more widely in ALS.

5.1 COORF7Z2and non C9ORF72Related SALS Cohort

5.1.1 ECACC EBVransformed B -Lymphocytes
5.1.1.1 Clinical Characteristics
5.1.1.1.1 Control Cases

Neurologically normal, healthy control , # , (=£¥/100) [15-M,12-F] selectedfrom
the ECACdiscoverycohort werelargely recruited from patient partners or their un-
related carers(Section4.1.1). Thesewere comprisedof 8 Birmingham (29.6%) cases
including two from Liverpool [C039-(BLi0169) and C097#(BLi0083)] and one from
BelfastCity Hospital [C020-(BBe0006)]; 4 London (14.8%) casesncluding onefrom
Cambridge[C021-LCa0076)]andonefrom Poole GeneralHospital [CO5-(LP0o0033)]
and 15 Sheffield(55.6%) casesncluding three from Newcastle[C04-(SNc0091),C07
-(SNc0038)and C044-(SNc0041)],onefrom Preston [C08(SPr0050)] and one from
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Manchester[Q036-(SMa0156)]. Ageat consultation rangedbetween36 and 84 years
with a mean of 60.7+13ys. The M:F atio was 1.25:1(Figure 5.1).

18 7 C9ORF72+
16 | ™ SALS
I Ctrl
14 A
> 12 1
<
o 10 /
>
g 8-
LL 6 -
4 -
27 /—""—\
0 +—="

22-29 30-37 38-45 46-53 54-61 62-69 70-77 78-85
Age (years)

CIO90ORF72+ 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 Distributon of P AOEAT &6 AT A #1171 0011 , #,

the ECACCC90RF72and NonC9ORF72Related _SALS Study

Abbreviations: ALS- Amyotrophic Lateral SclerosisC9ORF72 chromosome
9 open reading frame 72, Ctrt control, ECACGC European Collection of Cell
Cultures,F - female,LCL- lymphoblastoid cell lines,M - male and S sporadic.

5.1.1.1.2 CO9ORF¥Zases

~ s s A s~

[19-M, 21-F] consisted of 18 FALS and 23AL Sselectedfrom the ECACC discovery
(Section 4.1.) and replication (Section 4.1.2 cohorts. Thesewere comprised of7
Birmingham (17.5%) casesincluding onefrom Oxford [FO78-(BOx0029)]; 9 London
(22.5%) cases and 24 Sheffield (60.0%) cases includimmge from Newcastle [S203
(SNc0059)]andtwo from Manchester[FO81-(SMa0006)and F117-(SMa0166)].The
combined M:F ratio was 0.91:1 However,differenceswere observed betweenthe
two sample types COORF72 FALS 0.80:1 andC9ORF728ALS 1.00:1]Figure 5.7).

Themajority of COORF72cases95.0% (n=38/40) were diagnosedaccording to the
71T Ol A &AAAOAOQETT 1 £ . AOOIFigure§Seactighil.A3 AAA
with either definite (n=22/38) [9 -familial, 13-sporadic] or probable (n=16/38) [8-
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familial, 8-sporadic] ALSincluding oneincidenceof concomitant FTLD [F115(SP31
18)] and another of concomitantPD(Section1.2.1) [F114-(SP3560)]. Theremaining
5.0% (n=2/40) of the cohort were diagnosed with PBP (Section 1.2.2.1) [F14$P3
070) and S165(SP3222)].Age at symptom onset (i.e. when the patient first experi
encedsignificant weakness) ranged between 28 and 70 yeamwith a mean of 55.7+
11yrs for COORF72+ALSor 36 and 71 years with a mean of 55.6+11ns for COORF
72+SALSDiseaseduration ranged from 7 to 107 months or 11 to 73 months with a
mean of 2.93+2.3yrs forlC9ORF72FALS and 2.54+1.4yrs foCOORF728ALSresp-
ectively (Table5.1). Limb onsetaccountedfor 50.0% of cases (n=20/40) [6-FALS, 1
FASL+P[and 13-SALS], bulbar onset and a further 32.5% (n=13/40) [6-ALS, 1FA
LS+FTLD, 6SALS and 4PBP (sporadic)] and a mixed presentatio 15.0% (n=6/40)
[3-FALS2-SALSand 1-PBP(sporadic)]. Information regarding site of onset vas not
available for the remaining 2.5% of the cohort (n=1/40) [:FALS]. ALSFR&scores
rangedbetweenO (severedisability) and46 (near normal function) with an average
of 30.1+£12 for 100% of C9ORF72 FALSand 30.2+14 for 86.4% ofC9ORF726ALS
(n=19/22).

For the Sheffieldcasessome additional clinical information could be extracted from
the local database Approximately afifth, 20.8% (n=5/24) [1-FALSand4-SA_S]were
prone to EL,another 20.8% (n=5/24) [1-FALS1-FALS+FTLDand 3-SALSHisplayed
symptoms of dyspnoea and 8.3% (n=2/24) [1FALS and 1SALS] had suffered from
hypersialorrhea. Dysarthria anddysphagia were apparent in 45.8% (n=11/24) [2
FALS, IFALS®D, LFALS+FTLD, BALS and 2BP (Lfamilial, 1-sporadic)] of the
cohort with PEGeeding(Sectionl.1.4) becominganecessaryintervention in 36.4%
(n=4/11) [1-FALS]1-FALS+P[and2-SALSpfthese latter cass. There was also one
sporadic individual who presented with the rare and more benign FA variant of the
disease[S042-(SP3122)](Sectionl.2.1). Threepatients, 12.5%[1-FALS, 1IFALS+D
and 1-SALS]were non-ambulantwith afurther 8.3% (n=2/24) [1-FALS and 1SALS]
unableto walk without needingassistance Current smokers comprised 4.2% of the
cohort (n=1/2 4) [1-PBP (familial)], exsmokers afurther 8.3% (n=2/24) [2 -SALS]
and non-smokers66.7% (n=16/24) [5-FALS1-FALS+PD9-SALSand 1-PBP(spora-
dic)]. For the remaining 20.8% of the cohort (n=5/24) [2FALS and 3SALS}his in-

formation was not disclosed.
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CI9ORF72g C9ORF72s 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+FTID 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
ALSFRSR

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 & in the ECACQC90RF72and NonC9ORF72Related SALS StudyHighlighted in red
arethe final samplenumbers obtained follow ing assessmenbf QCmetrics using ExpressionConsoléM software version 1.3.0.187(Affymetrix ® Ltd.,
UK).

Abbreviations: ALS- Amyotrophic Lateral Sclerosis,C90RF72 chromosome 9 open reading frame 72, CTRL control, ECACG European
Collection of Cell Cultures,F - familial, F - female, FRSR - Functional Rating Scale &vised, FLD - frontotemporal lobar degeneration, LCL-
lymphoblastoid cell lines, M- male, PD-0 AOEET OT T & O - Piogrésdive Buidar Palgy,0PLSPrimary Lateral Sclerosis, PMA Progressive
Muscular Atrophy, QC- quality control and S- sporadic.
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A strong family history of ALZ [FO89(SP3331) and S124(SP3420)], PD [F144(SP
3560)] or dementia[F115-(SP3118)and S042(SP3122)] was associated with upo
16.7% of COORF72+ALS(n=3/18) and 9.1% of COORF7286ALS (n=2/22). In the
case of sporadic sample [S186SP3431)] at least one incidence of colon cancer in a

first degree relative had also been reported.

5.1.1.1.NonCO90RF~Related SALS Gas

ThenonA @D AT OEI T AAOOUET C , #,-0,Q4FhdelecEf@@AA T,
the ECACdiscoverycohort (Section4.1.1). Thesewere comprisedof 7 Birmingham

(12.1%) cases including two from Belfast CityHospital [S05(BBe0007) and S052
(BBe0016)]; 7 London (12.1%) casesincluding onefrom Poole General Hospital [SO
35-(LP00010)] and 44 Sheffield(75.8%) casesncluding two from Newcastle[S012-
(SNc0022)and S089-(SNc0053)]and four from Nottingham [S036-(SNt0031), S129
-(SNt0024),S198(SNt0016)and S219(SNt0036)]. The M:Fratio was1.42:1(Figure

5.1).

Themajority of nonCOORF72elated SALSases91.4% (n=53/58) were diagnosed
with either definite (n=34/53) or probable (n=19/53) ALSincluding two incidences
of concomitant FTLD [S093SP3049) and S17§SP3145)]. The remaining 8.6% of
the cohort (n=5/58) were diagnosed with PBHS040-(SP3271), S044(SP3329),S1
29-(SNL0024), S198(SNt0016) and S230-(SP3159)]. Ageat symptom onset ranged
between22 and 82 years with aneanof 61.3+12yrs. Disease duration ranged from
4%> to 92 months with a mean of2.76x£1.5ys (Table 5.1). Limb onset accounted for
48.3% of caseqn=28/58) [28 -SALS], bulbar onset a fulter 41.4% (n=24/58) [17 -
SALS, ZSALS+FTLERaNd 5-PBP(sporadic)], mixed presentation 6.9% (n=4/58) [4-
SALSEnd onset in the respiratory muscles the remaining 3.4%n=2/58) [2 -SALS].
ALSFRSR scores ranged betwen 0 (severe disability) and46 (near normal funct-
ion) with an average of 30.8+10 for 87.9%f nonC9ORF72elated_SAL$N=51/58)
[44-SALS, SALS+FTLD and-PBP (sporadic).

For the Sheffieldcases some additional clinical information could be extracteddm
the local databaseOf these, 20.5% (n=814) [7 -SALS and Z2PBP (sporadic)] were
prone to EL, a further 2.3% (n=1/44) [1-SALS] presated with a clinical history of
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depressionand approximately onethird, 34.1% (n=15/44) [12 -SALS, 1SALS+FTLD
and 2-PBP (sporadig] displayed symptoms of dyspnoeawith six patients [6-SALS]
requiring NIPPVsupport (Sectionl.1.4). Dysarthria and dysphagiawere apparentin
50.0% of the cohort (n=22/44) [18-SALS, ZSALS+FTLD and-PBP (sporadic)] with
PEeedingbecominganecessaryintervention in sevenof theselatter caseqd6-SALS
and 1-PBP(sporadic)]. Two patients, 4.6% [2-SALSwere 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], exsmokers who had not smoked
a cigarette for a minimum of 20 years (mea1.7+2.9yrs) a further 6.8% (n=3/44)
[2-SALS and 4SALS+FTLD] and noismokers 63.6% (n=28/44) [24-SALS, 1SALS+
FTLDand 3-PBP(sporadic)]. For the remaining 27.3% of the cohort(n=12/44) [10 -

SALS and ZPBP (sporadic)] this information was not disclosed

Astrong family history of dementiawasassociated with up to 6.9%0f nonC9ORF72
related_SAL$n=4/58) [S08-(SP3111),S078(SP3140),S116(SP3351)andS172-SP
3067)]. An additional sporadic individual [S236-(SP3286)] was also known to have
amaternal cousin who was diagnosed with MS and in a further 8.6% of cases (n=5/
58) at least one incidence otolon [S044(SP3329)], bowel/stomach [S032(SP339
7), S062(SP3301)and 78-(SP3140)] or throat[SO076-(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 dailywyas being usedo treat 77.8%
of COORF72FALS (n=14/18) [13-FALS, 1FALS+FTLD and -FALS+PD] an®5.5%
of OORF72 SALSNn=21/22) [20-SALSand 1-PBP(sporadic)]. OneSheffieldpatient,
sporadiccase[S440-(BP6297)], experiencedadverseside effectsand the medication
waswithdrawn. Vitamin Cand/or E(n=12/40) [3-FALSand9-SALSpr multivitamin

supplements(n=3/40) [1-FALSand2-SALS)were collectively being takenby 37.5%
(n=15/40) of the cohort (Section 1.1.4. In addition to Riluzole, several individuals
were also participants of theBDNF [FO91(SP3534)], minocycline[FO73-(BP6165)
and S121-(SP3420)]or ONG2506 (Arundic acid) [S132-(SP3413)and S203-(SNc00
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59)] drug trials [APPENDIX TABLE B4{onversely,16.7% of COORF72 FALS (n3
/ 18) [2-FALSand 1-PBP (familial)] and 4.5% ofC9ORF728ALS (n=1/22) [1-SALS]
chosenot to receive any diseasemodifying therapy and for the remaining 2.5% of

the cohort (n=1/40) [1 -FALS] this information was not available.

5.11.2.2 NonC9ORF#lated SALS Cases

Riluzole was also being used to treat 96.6% ofie nonC9ORF72elated_SALS cases
(n=56/58) [49-SALS2-SALS+FTLRNd5-PBP(sporadic)]. OneBirmingham patient,
sporadiccase[S210-(BP6041)], experiencedadverseside effectsand the medication
was withdrawn. Vitamin C and/or E (n=28/58) [23-SALS, 1SALS+FTLD and-#BP
(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, severaindividuals
were also participants of the Copaxoné (glatiramer acetate)[S176-(SP3385)],ONO
2506 (Arundic acid) [S149-(SP3391)]or minocycline [S050-(SP3023)and S157(LP
0015)] drug trials. Conversely, the remaining.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 COORF72+ Cases

All COORF72FALS(n=18) [8-M, 10-F] and SALS (n=22)11-M, 11-F] patients carry
more than 30 copes of the noncoding GG hexanucleotide repeat expansiorthat
has recently been identified in intron 1 of the previously uncharacterise€€9ORF72
gene(CooperKnock et al 20121 (Section 1.2.5.4). There was also one example of
oligogenicinheritance involving an apparently sporadic Sheffield sample [S35SP
3484)] with a deleterious heterozygous ¢.962C>T (p.A321V) missense mutation in
exon 6 of theTARDBRyene(Section 4.1.2.3(Kirby et al 2010).

5.1.1.3.2NonC90RF7-Related SALS Cases

One norC90ORF7zelated_SALSoatient was reported to carry a norsynonymous
c.323A>G (p.K54E) missensesubstitution [S062-(SP3301)] in exon 2 of theANG
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gene (Kirby et al 2013) (Section4.1.1.2.9. Besidesthe aforementioned changeno

further mutations which affect this cohort have been described

5.1.2 Affymetrix ® Expression Console™ QC Metrics

In vitro transcribed biotinylated ss-cDNA targets of~40-70nt were hybridized onto
Human Exon 1.0ST GeneCHipArrays (Section 2.3.23 and 2.3.24). Affymetrix® QC
metrics were assessed in Expression ConsdMsoftware version 1.3.0.187 Section
4.3.2). Onemalecontrol (n=1/27) [C08-(SPr0050)] anda further four SALS patients
including two femalecasesrom the COORF72g¢roup (n=2/40) [S123-(BP6021)and
S352(SP3484)]and onemale[S044-(SP3329)]and athird female [S114-(SP3356)]
from the nonC9ORF72elated_SALS group (n=2/58) scored poorly againghree or
more of the parameterssummarisedin Table5.2. Thesesampleswere removedfrom
the final ECACC LCL microarray cohort and wemnsequentlynot included in any

of the subsequent downstream comparative analyses$-{gure 5.2,5.3and5.4).

Affymetrix® Expression Consol& QC Metrics
bac spike bgrd mean %P AUC all probeset mean RLE PPMCC

Co008
S044
S114
S123
S352

Table 5.2 Affymetrix ® Expression Console™ Summary of Failed LCL Samples in the
C90ORF72and NonC90ORF72Related_SALS Study

Key: Passed Failed

Abbreviations: ALS- Amyotrophic Lateral Sclerosis, AU€area under receiver operating

curve (ROC) bac-spike - bacterial spikein control, bgrd - background, G control, COORF72

- chromosome 9 open reading frame 72, LGlymphoblastoid cell line, PPMCC0 AAOOT 1 8 O
product moment correlation coefficient, P- present calls, RLE relative log expression, QC

- quality control and S- sporadic.

5.2 Human Exon 1.0ST GeneChi® Array Profiling

5.2.1 Differential Gene Expression Analysis

5.2.1.1 Partek® Genomics Suite™
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Figure 5.2 Eukaryotic Hybridizat ion Controls for LCL Samples in the ECACCC90RF72and Non
CI90RF72Related_SALS StudyBacterial derived genes of thé. colibiotin synthesis pathway [BioB
(blue), BioC (red) and BioD (pink)] and the recombinase gene CreX (green) from the Pdcterioph-
agewere 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 sig@l intensities for each of theprobesets spotted orto the Affy-
metrix® Human Exon 1.0ST GeneCHipArrays are provided for a) controls (n=27), b)COORF72FA
-LS and SALS (n=40) and ¢)onC90RF72elated_SALS (n=58) patients. Assessment of Affymet?ix
QC metrics was performedising Expression Consol& software version 1.3.0.187.

Abbreviations: ALS- Amyotrophic Lateral SclerosisCOORF72 chromosome 9 open reading frame
72, ECACCG European Collection of Cell Cultures, Ffamilial, LCL- lymphoblastoid cell lines, QC-
quality control and S- sporadic.

Control |]===mmn FALS-----|| SALS |

Figure 5.3 Mean Absolute RLEBoxplots for LCL Samples inthe ECACCC90ORF72and NonC90RF
72-Related_SALSStudy Relative log expression(RLE) mears andstandard deviations for a) control
(n=27), b) COORF72¥ALS(n=18) and c) expansion non-expansion carrying SAL$n=80). Whiskers
represent minimum and maximum average probeset signal intensities for each array #te level of
the whole transcript. Asterisks (red) highlight significant outliers. Assessment ofhe Affymetrix® QC
metrics was performed using Expression Consol# software version 1.3.0.187.

Abbreviations: ALS- Amyotrophic Lateral SclerosisC9ORF72 chromosome 9 open reading frame
72, C- control, ECACG European Collectionof Cell Cultures, F familial, LCL- lymphoblastoid cell
lines, QC- quality control and S- sporadic.
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Figure 5.4 Expression Console™ Summary of Quality Control (QC) Metrics Assessed for LCL
Samples in the COORF72and NonC90ORF72Related_SALS StudyIn the top four panels box and
whisker plots were generatedfor the controls (checkerboard),C9ORF72+4unfilled) or non COORF72
related_SALS (filledusing GraphPad Prisri software version 5.04 and applying a Tukey mitiple
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 higghted 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
panele) representsthe 0 A A O Qriodué @oment correlation coefficient(r) in which each pairwise
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 Yariables. Signal histogram plots are provided at

f) transcript and g) individual exonlevel in the bottom right hand panel. Each series of coloured bars
represents the distribution of log2 transformed, average GRMA normalised signal intensities for a
single array in the experiment. Assessment of AffymetriQC metrics was performed in Expression
ConsoléM 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 andS-
sporadic.
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Affymetrix® CELfiles (n=120/125) [C9ORF72{n=38), SALINn=56) and Ctrl (n=26)]
were imported into Partek® GenomicsSuite™ software version 6.6.Raw expression
valueswere log2 transformed and a GARMA background normalisation procedure
applied usingcore metaprobesets(n=287,329) (Section2.3.2.5.9 that relate to over
twenty -two thousandunique clusters pertaining to full length protein codingmRNA
sequences in the RefSeq or GenBahkatabase DE transcripts identified between
ECACC90RF726r nonC9ORF72elated SAL&CLcasesandneurologically normal
healthy controls were detectedat the 5% significance level (unadjustd p<0.05) by
performing a2-way ANCOV Astatistical test controlling for the effects of gender and
age. Lists were filtered to remove unannotated transcripts (n=4,377/22,011) and a
FCthreshold of | £1.20applied.In instanceswhere there were multiple Affymetrix®
transcript cluster) $ for@singlegenethe identification number producing the most
significant outcomewith the greatestlevel of coverage(i.e.highestnumber of probe-
setsand/ or exon clusters) wasretained (Section 2.3.2.5.2 However, if the direction

of changewas opposing then both transcripts wereremoved.

5.2.1.1.1 COORFvetrl|

An analysis of COORF72+ALS and SALS (n=40) pants in comparison to controls
(n=26) identified 1,096 DE transcripts[Partek® unadjustedp<0.05,FCI +1.20] that
included 650 genes(59.3%) which were significantly up-regulated; da@da further
446 genes (407%) which were significantly down-OA CO1 AOAA | g Qs

5.2.1.1. NonC90RF7-Related_SALSv@t

Asimilar analysisof non-expansion carrying SALSn=56) patients in comparison to

s e oA o~z oA

+1.20] that included 1,148 genes(63.9%) which were significantly up-OA C O1 AOAA
and a further 648 genes (36.1%) whictwere significantly down-OA C 01 AOAA | g Q

5.2.1.1.3 C9ORFVEtrl and NonC9ORF7:Related_SALSw@ Comparison

A GeneVenndiagramof the two analysesdescribedabovein Sectionss.2.1.1.1and5.
2.1.1.2highlighted 501 (45.7%) of 1,096$ % OOAT OAOEDOO j 9AT 11 x¢
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207 genesg] asbeing specifically dysregulatedin COORF72FALSand SAL Soatients
(i.e.absentfrom nonC9ORF72elated_SAL$atients and controls) and anadditional

1,201 (66.9%) of 1,796 DEtranscripts (Green)[792 genesd{andt mw C AWwhkld ¢
were specifically dysregulatedin nonCOORF72elated_SAL$atients. Theremaining

54.3% (n=595/1,096) or 33.1% (n=595/1h x we q T £ $% OOAT OAOEDO
¢ 0w C Arepke€entediby the intersection of the GeneVenn diagram depicted in

the C9ORF72ctrl andnonCORF72related_RLSvctrlanalyseslt is likely, therefore

that these reflect disease relevant changes saciated with the broader ALS pheno

type rather than being specificto individual geneticsubtypes[APPENDIXTABLEBS,

B9 and B10].

C90ORF72 Control SALS
1,096 1,796
| u |
nonC90RF72-
C90ORF72vctrl related SALS
595 vctrl
501 1,201

$

ALS common

Figure 5.5 GeneVennC9ORF72Ctrl and NonC9ORF72Related_SALSvctrl

[Partek ® unadjusted p<t 8 Tuv h & #Lists pf B transtripts generated
in Partek® GenomicsSuite™ software version 6.6 copyright © 2013 (Partek®

Inc.,StLouis,MO,USA).The GeneVenrapplication wasfreely availableonline

at genevenn.sourceforge.nef{Pirooznia et al 2007 (University of Southern

Mississippi, USA)

Abbreviations: ALS- Amyotrophic Lateral SclerosisC9ORF72 chromosome
9 openreadingframe 72, ctrl - control, DE- differentially expressed FC- fold-
change andS- sporadic.

5.2.1.2 DAVID Functional Enrichment Analysis
Partek® generated lists of Affymetrid® OOAT OAOEDP O Al Gubdjdsted ) $6 O
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p<0.05FCI Mp8c¢myY xAOA Ei Bl OOAA ET O $!'6)$ AE
Functional annotation clustering analysis was performed on GOTERM_BP_FAT and
GOTERM_MF_FAT gene ontology (GO) terms applyingamo sapiendackground
andZ£E1 OAOET ¢ O O Hficaflon &rindeAdy (écion A3.266@ Categories

with anEASEscoreabove1.30and Benjamini-HochbergFDRcorrected p<0.05were
consideredasstatistically significant. Transcripts identified asbeingsignifi cantly up

{ dogdown i e&r€gulated underdifferent experimental conditions were analysed

ET AAPAT AAT 01 us 4EA O1 £OxAOA 1 APPAA phmnuyuy
genesg] and1,778(99.0%) of 1,796 (1,137 genesd and 641 genesg ] DE transcripts
identified in the analysisof COORF72ctrl (Section5.2.1.1.2 or nonC9ORF72elated
_SALSvctr(Section5.2.1.1.9, respectively. DAVID) $ é@ud not bereturned for the

remaining 26 transcript clusters which were subsequently removed.

5.2.1.2.1 COORFvVetrl

In COORF72DAOEAT O AAOEOAA ,#,80 OEA OETCIA 11
GOterm associatedwith the &G hexanucleotiderepeatexpansionfrom the Partek®

generatedlist of up-regulated geneexpressionchanges(n=644/650) wasrelated to

andd AT OEAT 1T OAl AAOA Aph@ghintolpbsters Dedd als@adked C v 6
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 5.33. From the list of down-

regulated gene expression changes (n=#/446) ion binding and transport were
amongthose most significantly featured along with cell adhesion, lipid biosynthesis

and sterol metabolign [Partek® unadO OOA A DBrm8mu h &dtegdriesmp 8 ¢ 1
included the regulation of cell migration, glycoprotein binding & metabolismas well

as ATPase activity, @upled to the transmembrane novement of substancesTable

5.3b).

5.2.1.22NonC90RF7-Related_SALSuw@

Conversely, some of the most significant biologically enriched GO terms associated

~ £ s N N £ oA

withnon-A@b AT OET 1T AAOOUET C 3!, 3 cydner&ddfstof , #, 6

184



a) COORF70 A O.Q jPartgk® unadjusted p<0.05, F&C Mg} 8 ¢
# GO term Functional category EASE Count Benjamini
1 GO:0006396 RNA processing 8.62 55 1.30E08
2 GO0:0006412 translation 7.52 41 9.30E09
3 GO0:0006259 DNA metabolic process 5.45 43 6.20E-05
4 G0:0022613 ribonucleoprotein complex biogenesis ~  3.92 23 8.90E-05
5 G0:0016891 Al AT OEATT OAT AAOA AAOE 3.24 8 5.40E03

phosphomonoesters
6 GO:0007049 cell cycle 3.18 61 2.60E-06
7  G0:0044265 cellular macromolecule catabolism 3.10 50 1.50E03
8 GO0:0043933 macromolecular complex organisation 2.74 50 1.00E03
9 GO0:0022904 respiratory electron transport chain 2.72 11 6.40E03
10 GO0:0008135 translation factor activity, nucleic acid binding  2.61 13 0.020
11 GO0:0051340 regulation of ligase activity 2.61 13 3.10E03
12 GO0:0051656 establishment oforganelle localisation 2.19 10 0.034
13 GO0:0000166 nucleotide binding 1.46 105 0.036
b) C9ORF70 A O,Q [Partek® unadjusted p<0.05,FC Mp 8¢ Y
# GO term Functional category EASE Count Benjamini
1 GO:0006811 ion transport 5.83 48 6.60E-06
2 GO0:0007155 cell adhesion 4.56 39 8.20E-04
3 G0:0016125 sterol metabolic process 3.89 14 3.40E04
4  GO:0013167 ion binding 3.68 137 5.40E04
5 G0:0008610 lipid biosynthetic process 3.29 33 3.90E-08
6 GO0:0031418 L-ascorbic acid binding 3.11 7 5.30E-04
7 GO0:0030334 regulation of cell migration 3.10 14 0.028
8 GO:0042626 ATPase activity, coupled to transmemiane 3.05 14 5 20E.04

movement of substances
9 GO0:0016717 oxidoreductase activity, acting on paired 2.86 5 4.70E04

donors, with oxidation of a pair of donors

resulting in the reduction of molecular oxygen

to two molecules of water
10 GO:0009100 glycoprotein metabolic process 2.70 19 6.00E-04
11 GO:0015295 solute:hydrogen symporter activity 2.48 6 9.60E03
12 GO0:0001666 response to hypoxia 2.42 12 0.039
13 GO0:0015294 solute:cation symporter activity 2.30 12 8.10E04
14 GO0:0000041 transition metal ion transport 2.24 10 6.80E-03
15 GO0:0001948 glycoprotein binding 1.94 6 0.043
16 GO0:0030246 carbohydrate binding 1.41 20 0.023

Table 5.3 DAVID Partek® COORF72Ctrl Functional Annotation Clustering Analysis

Abbreviations: # - OAT Egh upeDA CO1 A Boi-regylated, COORF72 chromosome 9 open
reading frame 72, ctrl- control, EASE- enrichment score, FG fold-change, DAVID Database for
Annotation, Visualisation andIntegrated Discovery and GO gene ontology.

up-regulated gene expression chares (n=1,137/1,148) were relatingto aspects of
the cell cycle including cell cycle checkpoint control, chromosome localisation, DNA
packagingspindle organisation,regulation of the cell cycle,mitotic sister chromatid
segregation and interphase of the mitotic cell cycle [Part€kunadjusted p<0.05, FC

| Mp8cmY8 4ET OA ET O11 OAA ET $. !

-

OADPI EAAO
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repair pathwaysalsofeatured prominently. Other categoriesincluded severalwhich
areimportant for RNAprocessingand RNPbiogenesis as well as DNA mebalism &
protein degradation (Table 5.49. From the list of downregulated gene expression
changes (n=641/648) ion transport & homeostasis [ParteR unadjusted p<0.05, FC
| +1.20] were among those most significantly enriched alongith regulation of cell
migration, carbohydrate binding, phospholipid biosynthesisand signaltransduction
(Table5.4b). Othercategoriesincluded solute: hydrogen symporter activity, positive

regulation of transferase activityand response to wounding.

5.2.1.2.3 COORFvV&rl and NonCOORF7Related SALSvctrlComparison

Theresults of a direct comparison between DAVIODCOORF7Zctrl (Section 5.2.1.2.}
and nonC90ORIF2-related_SALSvctrl $ection 5.2.1.2.panalyses could be displayed
in the form of a stacked column graph that is represented iRigure 5.6 Biologically
significant GOterms which were found to be specificto the COORF72FALSandSALS
patient derived, # ,w&r@®highlighted in yellow. In descending order of enrichment
theseincluded: translation aswell astranslation factor activity, nucleic acid binding
relating to protein synthesis;endoribonucleaseactivity, producing v phosphomono
-estersandthe respiratory electron transport chain (Figure 5.6a) from the list of up-
regulated gene expression changes addition to, cell adhesion, sterol netabolism,
ion binding, lipid biosynthesis and ATPase activity, coupled to the transmembrane
movementof substanceq Figure 5.6b) [Partek® unadjustedp<0.05,FCI +£1.20]from
the list of down-regulated geneexpressionchangesin contrast, GOterms specific to
non-expansioncarrying SALSatient derived, # , w&r@highlighted in green.These
included multiple categories involved in regulating the cell cycleas wdl as, protein
degradation, DNA replication/recombination and mechanisms relating to the DNA
damageresponse& repair pathways (Figure 5.6a) from the list of up-regulated gene
expressionchangesin addition to, signaltransduction, phospholipid metabolismand
homeostasis Figure 5.60) [Partek® unadjusted p<t 8 Tv h & # | MPpB8CTY
down-regulated gene expression changes. Shared categor{@d.S common)which
were significantly up-regulated included RNP complex biogenesis, RNA processing
and DNAmetabolism (Figure 5.6a) whereasthosereported to be significantly down-

regulatedincluded regulation of cellmigration and ion transport (Figure 5.6b).
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a) nonCOORF7D AT AOA A 3.4 [PaBeRAufndjiisted{p<0.05, FC +1.20]

# GO term Functional cate gory EASE Count Benjamini

1 GO:0007049 cell cycle 34.27 169 2.10E44
2 GO0:0006259 DNA metabolic process 23.00 110 5.00E-28
3 GO0:0022613 ribonucleoprotein complex biogenesis 7.98 42 1.10E10
4  G0:0051276 chromosome organisation 7.81 89 3.30E17
5 GO:@M00070 mitotic sister chromatid segregation 7.68 18 1.80E-09
6 GO0:0051329 interphase of mitotic cell cycle 7.33 27 1.10E07
7 GO0:0051726 regulation of cell cycle 7.21 57 2.70E-09
8 G0:0006323 DNA packaging 7.09 32 9.90E10
9 G0:0000166 nucleotide binding 6.82 200 3.00E06
10 GO0:0043933 macromolecular complex organisation 6.53 91 3.30E-08
11 GO:0006310 DNA recombination 6.52 25 3.10E06
12 GO:0006302 double-strand break repair 6.25 22 1.30E08
13 GO:0006396 RNA processing 6.23 77 1.30E08
14 GO:0®7051 spindle organisation 5.50 17 7.20E07
15 GO:0000072 cell cycle checkpoint 4.49 27 6.50E-09
16 GO0:0031396 regulation of protein ubiquitination 431 23 2.00E-05
17 GO:0009314 response to radiation 3.47 31 5.10E04
18 GO0:0006297 nucleotide-excisionrepair, DNA gap filling 3.37 9 2.00E-04
19 GO:0050000 chromosome localization 2.85 7 6.40E-03
20 GO0:0051186 cofactor metabolic process 2.82 29 1.90E03
21 GO0:0044265 cellular macromolecular catabolism 2.53 71 0.012
22 GO0:0051052 regulation of DNA metalwlic process 2.43 19 0.010
23 GO0:0009451 RNA modification 2.37 11 0.020
24 GO0:0010605 negative regulation of macromolecule 2.25 80 1.90E-04

metabolic process

25 GO0:0003677 DNA binding 2.16 200 3.10E05
26 GO0:0051259 protein oligomerization 2.07 23 0.042
27 GO0:0032259 methylation 1.61 15 9.10E03
28 G0:0006282 regulation of DNA repair 1.31 7 0.047

b) nonCOORF7D AT AOA A = 3.} [PaReRAudadjlisted, 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 G0:0015295 solute:hydrogen symporter activity 3.75 10 2.70E-05
3  G0:0042592 homeostatic process 3.57 51 1.50E-03
4 G0:0030334 regulation of cell migration 3.33 18 4.90E-03
5 GO0:0009967 positive regulation of signal transduction 2.66 28 2.20E-03
6  GO0:0008654 phospholipid biosynthetic process 2.51 15 1.60E-03
7 GO:0000041 transition metal ion transport 2.46 13 1.10E03
8 G0:0006826 iron ion transport 2.45 8 4.00E03
9 GO0:0006643 membrane lipid metabolic process 2.32 12 6.00E-03
10 GO:0009611 response to wounding 2.25 33 0.043
11 GO0:0051347 positive regulation of transferase activity 1.99 22 5.10E03
12 GO0:0030246 carbohydrate binding 1.99 27 0.010
13 GO0:0031418 L-ascorbic acid binding 1.68 6 0.042
14 GO:0050850 positive regulation of calciummediated 1.52 6 0.013

signalling

Table 5.4 DAVID Partek® NonC90ORF72Related_SALSv@| Functional Annotation Clustering
Analysis

Abbreviations: # - rank, dreg - up-OA C O1 A Aoi-regylated, COORF72 chromosome 9 open
reading frame 72, ctrl- control, ALS- Amyotrophic Lateral SclerosisEASE- enrichment score,GO-
gene ontology,DAVID - Database forAnnotation, Visualisation and Integrated Discovery, FC- fold-
change and S sporadic.
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G0:0051276 chromosome organisation EASE 7.81 CO90ORF72+
G0:0000070 mitotic sister chromatid segregation EASE?.68 sALs
G0:0051329 interphase of mitotic cell cycle EASEZ.33
GO0:0051726 regulation of cell cycle EASE7.21
GO:0006323 DNA packaging EASEZ.09
G0:0006310 DNA recombination EASE.52
G0:0006302 double-strand break repair EASE.25
G0:0007051 spindle organisation EASE>.50
G0:0000072 cell cycle checkpoint EASHL.49
G0:0031396 regulation of protein ubiquitination EASH.31
G0:0009314 response to radiation EASE3.47
GO:0006297 nucleotid e-excision repair, DNA gap filling EASE3.37
G0:0050000 chromosome localisation EASE2.85
G0:0051186 cofactor metabolic process EASE2.82
G0:0051052 regulation of DNA metabolic process EASP.43
G0:0009451 RNA modification EASE2.37
G0:0010605 negative regulation of macromolecule metabolic process EASR.25

G0:0003677 DNA binding EASE2.16

G0:0051259 protein oligomerization
G0:0032259 methylation EASEL.61
G0:0006282 regulation of DNA repair || EASEL.31
GO:0000166 nucleotide binding [ EASEN6 (6.82)
G0:0051656 establishment of organelle localisation | EASE2.19
G0:0051340 regulation of ligase activity EASR2.61
G0:0008135 translation factor activity, nucleic acid binding | EASE2.61

G0:0022904 respiratory electron transport chain | EASE2.72

G0:0044265 macromolecular complex organisation | [ EASR2.74 (6.53)
G0:0044265 cellular macromolecule catabolism | [ EASEB.10 (2.53)
G0:0007049 cell cycle T EASEB.18 (34.27)

G0:0016891 endoribonuclease activity, producing 5'-phosphomonoesters EASE3.24

G0:0022613 ribonudeoprotein complex biogenesis | [ EASE3.92 (7.98)

G0:0006259 DNA metabolic process [ EASES.45 (23.00)
G0:0006412 translation | | EASE?.52
G0:0006396 RNA processing [ EASEB.62 (6.23)
L B e L L e |
0 50 100 150 200 250 300 350

G0:0042592 homeostatic process EASE.57 C90RF72+
G0:0009967 positive regulation of signal transduction EASE2.66 [isALs
G0:0008654 phospholipid biosynthetic process EASR2.51
G0:0006826 iron ion transport || EASE2.45
GO0:0006643 membrane lipid metabolic process EASE2.32
G0:0009611 response to wounding EASE2.25
G0:0051347 positive regulation of transferase activity EASEL.99
G0:0050850 positive regulation of calcium-mediated signalling || EASEL.52
G0:0030246 carbohydratebinding | [ EASEL.41 (1.99)
G0:0001948 glycoprotein binding | EASEL.94
G0:0000041 transition metal ion transport | [l EASE2.24 (2.46)
G0:0015294 solute: cation symporter activity | EASE2.30
G0:0001666 response to hypoxia EASR2.42

G0:0015295 solute:hydrogen symporter activity | [l EASE2.48 (3.75)

G0:0009100 glycoprotein metabolic process EASR2.70

G0:00167 17 oxidoreductase activity, acting on paired donors | EASE2.86

G0:0042626 ATPase activity, coupled to transmembrane movement EASE3.05

G0:0030334 regulation of cell migration | [l EASE3.10 (3.33)

G0:0031418 L-ascorbicacid binding | | EASE3.11 (1.68)

G0:0008610 lipid biosynthetic process EASE3.29
G0:0043167 ion binding | EASE3.68
G0:0016125 sterol metabolicprocess | EASE3.89
G0:0007155 cell adhesion | EASE4.56
GO:0006811 ion transport | [ EASES.83 (4.73)
LN B B L L L L |

0 50 100 150 200 250 300 350

Figure 5.6 DAVID Comparison GO Terms C9ORF72Ctrl and NonC90ORF72Related_SALSvQt

Abbreviations: reg - up-O A C O1 A G doiirregglated, ALS- Amyotrophic Lateral Sclerosisgtrl -
control, @ORF72 chromosome 9 open reading fram&2, GO- gene ontology, [AVID - Database for
Annotation, Visualisation andlntegrated Discovery, EASE enrichment score and S sporadic.

188



In order to elucidate further the molecular signatures underpinning mechanisms of
neurotoxicity associatedwith the hexanucleotideGG repeatexpansionin COORF72
the top two most highly enriched GO terms [GO: 0006396 RNA processirg@gttion

5.21.3) andGO0006412 translation (Section5.2.1.4 (Table 5.3] were selected for
amore in depth comparative analysisand the subsequent identification of potential

candidate genes that ould be taken forward for gRFPCR validation.

5.2.1.3 RNA Processing

Over the past few years aberrant RNA metabolism has emerged as one of the major
playersin the pathogenesis of a number of neurodegenerative diseases that include
ALSand FTLD(Section1.2.4.9) (Baumer et al 201Q Droppelmann et al 2014 Lee et
al2013b, Ling et al 2013, Polymenidouet al 2012, van Blitterswijk & Landers2010).

It encompasses a diverse array of biological processes, from the regulation of RNA
transcription (Section 5.21.3.1) and small nuclear RNP (snRNP) biogenesiBigure
5.7) (Section5.2.1.3.9 to pre-mRNAsplicing & editing (Section5.2.1.3.3) in addition

to stabilization, transportation and post-translational degradation of mature mRNA
species(Al-Chalabi et al 2013. Table 5.5lists the DAVID output of RNA processing
related genes identified inthe COORF72ctrl analysis [Partek® unadjusted p<0.05,
FCI +1.20]. DE transcripts specific to the & repeat expansion are denoted by the
three asterisks inserted immediately after the gene symbol in the first column. Key

validation targets selected forgRT-PCR are shaded in grey.

5.2.1.3.1 Regulation of RNA Transcription

A GeneVenrdiagram comparing DAVIDoutputs of RNAprocessingrelated genesfor
the Partek?® generated lists of upregulated gene expression changes in the analysis
of COORF7Zctrl (n=56/644) (Section5.2.1.2.7) and nonCOORF7z2elated_SALSvctrl
(n=77/1,137) (Section 5.2.1.2.2identified DNA-directed RNA polymerase activity
as a ® term which was specific to LCL cases carrying thea@ repeat (Figure 5.8.
The category contained three transcripts encoding thet 6" and 7" subunit of the
large 550kDacomplexthat constitutes RNA polymerase Il (Pol Il)Collectively they

comprise components of the Rpb4/7 subcomplex; a heterodimeric association of
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Figure 5.7 SnRNP Biogenesis SchematicDE transcripts [Partek® unadjusted
p<0.05,FCI +1.20] identified on the Affymetrix® Human Exon1.0STGeneChip
Arrays asbeingspecifically dysregulated in relation toC9ORF72 wq 1 O ¢
commonbetween C9ORF72nd nonCOORF7zelated_SALSW) (i.e. changes that
are associatedwith abroader ALSphenotype) are denoted by different coloured
stars.

Abbreviations: ALS- Amyotrophic Lateral SclerosisC9ORF72 chromosome 9
open reading frame 72, CBC/(CBR)nuclear cap binding complex/protein, CB
cajalbodies,DE- differentially expressed, GDP/(GTP} guanosine diphosphate/
triphosphate, FC- fold-change, m7G seven methyl guanosine, mRNAmessen
ger RNA, IGCinterchromatin granule cluster, NPG nuclear pore complex, Oct
1 - Octamer binding protein 1, p20/80- CBP20/80 subunit, PF perichromatin
fibril, PHAX- phosphorylated adaptor for RNA export, pICLR chloride channel
nucleotide-sensitive 1A, Pol 1l- RNA polymerase Il, PRMT5 protein arginine
methyltransferase, PSE proximal sequence element, RANRAN, member RAS
oncogenefamily, SMN- survival motor neurone, SNAPe snRNA activating corm
plex,snRNP- small nuclear ribonucleoprotein, S sporadic, TAF TATA-binding
protein (TBP) associated factor, TFtranscription initiation factor, TGS1- trim -
ethylguanosinesynthasel, unrip - Unr-interacting protein, YY1- Yin Yangl and
Xpol- exportin 1.



Symbol RefSeq Transcript Gene Fold p-value
ARFGAP3*** NM_014570 3962587 ADPribosylation factor GTPase activating protein 3 qd 124 1.28E03
ARLGIP4*** NM_001002252 3435681 ADP-ribosylation-like factor 6 interacting protein 4 d 1.26 8.01E05
CD2BP2 NM_006110 3687698 CD2 (cytoplasmic tail) binding protein 2 d 1.21 0.015
CDKN2A NM_001195132 3201437 cyclin-dependent kinase inhibtor 2A (melanoma, p16, inhibits CDK4) qd 1.24 5.29E-03
CLNS1A*** NM_001293 3382948 chloride channel, nucleotidesensitive, I° qd 1.20 7.29E-03
ELAC1*** NM_018696 3788270 elaC homolog 1 (E. coli) d 1.24 1.30E03
EXOSC4*** NM_019037 3120008 exosome componat 4 q 1.27 2.04E04
FTSJ2 NM_ 013393 3035682 FtsJ homolog 2 (E. coli) qd 1.30 1.86E-04
FUS NM_004960 3656904 fused in sarcoma q 1.23 7.50E-04
GARZ1*** NM_018983 2739242 GAR1 ribonucleoprotein homolog (yeast) qg 131 6.95E-05
GEMING*** NM_024775 2477980 gem (nuclear organelle) associated protein 6 qd 1.29 1.16E04
GEMIN8P4***  NR_002830 2422227 gem (nuclear organelle) associated protein 8 pseudogene 4 d 1.25 0.014
HNRNPAO NM_006805 2877141 heterogeneous nuclear ribonucleoprotein A0 q 1.23 2.35E07
HNRNPF** NM_004966 3286286 heterogeneous nuclear ribonucleoprotein F q 1.22 6.15E-04
HNRNPH2 NM_019597 3984779 EAOAOI CAT AT 66 1 OAI AAO OEAIT 1T OAI AT B qd 1.28 0.024
HNRNPM NM_005968 3819543 heterogeneous nuclear ribonucleoprotein M qd 121 8.06E-03
LAP7** NM_016648 2740005 La ribonucleoprotein domain family, member 7 d 1.20 0.022
LSM4 NM_012321 3854892 LSM4 homolog, U6 small nuclear RNA associated (S. cerevisiae) d 1.24 7.86E03
NCBP2*** NM_007362 2713074 nuclear cap binding protein subunit 2, 20kDa qd 1.20 0.010
NOP10 NM_018648 3617403 NOP10 ribonucleoprotein homolog (yeast) qg 1.32 0.013
NUDT21*** NM_007006 3692895 nudix (nucleoside diphosphate linked moiety XJtype motif 21 q 1.20 6.68E-05
PHAX NM_032177 2827156 phosphorylated adaptor for RNA expotr q 1.27 1.79E04
PHF5A*** NM_0327528 3961955 PHD finger protein 5A qd 121 0.020
POLR2D*** NM_004805 2575134 polymerase (RNA) Il (DNA directed) polypeptide D d 1.22 0.010
POLR2F*** NM_021974 3945133 polymerase (RNA) Il (DNA directed) polypeptide F qd 122 0.020
POLR2G*** NM_002696 3333622 polymerase (RNA) Il (DNA directed) polypeptide G qd 124 3.80E04
POP4*** NM_006627 3828032 processing of precursor 4, ribonuclease P/MRP subunit (S. cerevisiae) d 1.20 0.022
POP7 NM_005837 3015769 processing of precusor 7, ribonuclease P/IMRP subunit (S. cerevisiae) qd 1.23 9.28E-03
PPIL1*** NM_016059 2952065 peptidylprolyl isomerase (cyclophilin)-like 1 d 1.22 0.017
PRPF19*** NM_014502 3375049 PRP19/PS0O4 preanRNA processing factor 19 homolog (S. cerevisiae) qg 1.21 2.24E-04
PRPF4 NM_004697 3185558 PRP4 premRNA processing factor 4 homolog (yeast) qd 124 7.62E05
RBM3*** NM_017495 3976519 RNA binding motif (RNP1, RRM) protein 3 q 1.22 9.22E-05
RPL11*** NM_170739 2325192 ribosomal protein L11 d 1.25 0.035
RPP14*** NM_001098783 2626141 ribonuclease P/MRP 14kDa subunit d 1.37 1.18E03
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RPP21*** NM_024839 2901552 ribonuclease P/MRP 21kDa subunit d 1.23 5.12E03
RPP38*** NM_183005 3236538 ribonuclease P/MRP 38kDa subunit qd 1.34 0.011
RRAGC*** NM_022157 2407729 Rasrelated GTP binding C d 1.25 6.98E04
SF3B14*** NM_016047 2544179 splicing factor 3B, 14kDa subunit d 1.21 1.84E03
SF3B4*** NM_005850 2434159 splicing factor 3B, subunit 4, 49kDa d 1.20 0.019
SNRNP40 NM_004814 2404377 small nuclear ribonucleoprotein 40kDa(U5) d 1.30 0.027
SNRPB2 NM_003092 3877776 small nuclear ribonucleoprotein polypeptide B qd 124 0.040
SNRPD2*** NM_177542 3865568 small nuclear ribonucleoprotein D2 polypeptide 16.5kDa qd 1.23 0.012
SNRPF NM_003095 3427014 small nuclear ribonucleoproteinpolypeptide F qd 1.27 7.15E03
SRSF3 NR_036610 2905118 serine/arginine -rich splicing factor 3 d 1.20 0.015
SSU72*** NM_014188 2391647 SSU72 RNA polymerase Il CTD phosphatase homolog (S. cerevisiae) d 1.25 0.034
STRAP*** NM_007178 3406421 serine/threonin e kinase receptor associated protein qd 1.20 1.27E03
TAF13*** NM_005645 4054117 TAF13 RNA polymerase I, TATA box binding protein (TBRJssociated factor, 18kDa d 1.37 3.39E04
TRMT6 NM_015939 3896524 tRNA methyltransferase 6 homolog (S. cerevisiae) qd 1.27 1.11E05
TRUB2 NM_015679 3226493 TruB pseudouridine (psi) synthase homolog 2 (E. coli) d 1.21 2.04E03
TSEN15 NR_023349 2371474 tRNA splicing endonuclease 15 homolog (S. cerevisiae) d 1.28 6.40E03
TYW3*** NR_027962 2342391 tRNA-YW synthesizing protein 3 homolog (S. cerevisiae) d 1.24 9.91E03
UTP15 NM_032175 2815455 UTP15, U3 small nucleolar ribonucleoprotein, homolog (S. cerevisiae) qd 1.28 5.25E04
UTP23 NM_032334 3112543 UTP23, small subunit (SSU) processome component, homolog (yeast) d 1.25 1.38E-03
WBP4*** NM_007187 3486807 WW domain binding protein 4 (formin binding protein 21) d 1.20 2.28E03
ZCRB1*** NM_033114 3451318 zinc finger CCH@ype and RNA binding motif 1 qd 1.26 7.15E05
ZMATS*** NM_019103 3956984 zinc finger, matrin-type 5 d 1.26 2.98E04

Table 5.5 DAVID C9ORF72Ctrl List of RNA Processing Related Genes (n=56) [Partek ®OT AAEOOOAA bPIrn8nuh &#

Mp8¢TmY

Abbreviations: COORF72- chromosome 9 open reading frame 72, ctd control, DAVID- Database forAnnotation, Visualisation and Integrated Discovery and FG fold-
change.
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C90ORF72+ Control SALS
56 77

nonC90RF72-
C90RF72vctrl related_SALS
21 vctrl
35 56

4

ALS common

a) C90ORF72 specific
# GO term Functional category EASE Count Benjamini
1 GO:0008380 RNA splicing 15.42 21 5.40E24
2 GO0:0034470 ncRNA processing 6.24 10 1.10E08
3  G0:0022613 ribonucleoprotein complex biogenesis  4.34 10 9.00E09
4  G0:0003899 DNAdirected RNA polymerase activity 1.32 3 0.022

b) ALS common

# GO term Functional category EASE Count Benjamini
1 GO:0006397 mMRNA processing 11.65 13 2.70E13
2 G0:0034470 ncRNA processing 6.74 9 4.10E09

¢) nonC9ORF72elated SALS specific

# GO term Functional category EASE Count Benjamini

1 GO0:0022613 ribonucleoprotein complex biogenesis 27.44 29 1.40E-36
2 GO0:0006397 mMRNA processing 16.44 27 2.30E26
3 GO0:0008033 tRNA procesing 5.57 8 4.00E07
4  GO0:0009451 RNA modification 4.00 7 6.40E07
5 GO0:0010608 posttranscriptional regulation of gene 2.53 8 2.90E04

expression
6 GO0:0004540 ribonuclease activity 2.49 4 0.033

Figure 5.8 GeneVenn of DAVID C9ORF72Ctrl and NonC90ORF72Related_SALSWCirl RNA

Processing Related GenesLists of DE transcripts generated usingartek® GenomicsSuite™

software version 6.6 copyright © 2013 (Partek® Inc.,StLouis,MO,USA).GeneVenrapplication

freely available online atgenevenn.sourceforge.nefUniversity of Southern Mississippi, USA)

(Pirooznia et al 2007). Functional annotation clustering analysisof up (d)/down ( &) regulated

Affymetrix® transcript cluster) $86 O xAO DAOA&ZI Oi AA ET AAPAT AAT 601U O
resource version 6.7 (lavid.abccc.ncifcrf.goy (Huang da et al 2008, Huang da et al 2009h.

Abbreviations: # - rank, ALS- Amyotrophic Lateral SclerosisC9ORF72 chromosome 9 open

reading frame 72, ctrl - control, DAVID- Databasefor Annotation, Visualisation and Integrated

Discovery, DE- differentially expressed, EASE enrichment score,GO- gene amtology, mMRNA
- messengeRNANCRNA- non-coding RNA,S- sporadic andtRNA- transfer RNA

193


http://www.genevenn.sourceforge.net/
http://www.david.abccc.ncifcrf.gov/

POLR2D (subunit 4) POLR20Opolymerase (RNA) Il (DNA directed) polypeptide D)

d p 8fgld, p=0.01], with POLR2G (subunit 7) POLR2Gpolymerase (RNA) Il (DNA
AEOAAOAAQ bl | Uaddm®mdH dnd PAILR2F (sdbgnit 6)Higure 5.9
[POLR2RpolymerAOA (2.1 Qq )) j$.! AEOANODAGMN. BT 1 U
An IDT PrimeTime® Mini gPCR assayconducted using a larger validation cohort of

pooled RNAsamplesfrom the microarray plus additional COORF72¢ase(n=75) and

control (n=35), # , fron®the ECACCdiscovery and replication cohorts (Section 2.3.

2.6.3), confirmed a diseaserelated increasein the expression ofPOLR2Gsubunit 7)

(p<0.05*) (Figure 5.9.

*
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Figure 5.9 Regulation of RNA Transcription gRT -PCR Validation Relative concentrations

measured against the standard housekeeping ged8SrRNA Means and SEM were plotted in

GraphPa® Prism software version 5.04.Probability valuescalculated in Microsoft Excel 2010

(Microsil £0 #1 OP1T OAOQEIT 1T 5+ q O @kt Genekxpriedsidn cltadgesiwdrd OO OA
confirmed if the direction of change (arrow) was the same as the microarray with p<0.05*

Abbreviations: 18SrRNA- 18S ribosomal RNAC90ORF72 chromosome9 openreading frame
72,POLR2Gpolymerase (RNA) Il (DNA directed) polypeptide GRT-PR - quantitative real-
time PCRSEM- standard error of the meanand TAF13- RNApolymerasell, TATAbox binding
protein (TBP)-associated protein 18kDa.

RNApolymerasell is found in all eukaryotic cells.It functions asan enzyme which is
essential for the synthesis of mMRNA precursors during transcription and to a lesser
extentthe synthesisof spliceosomalsmallnuclear2 . ! 6 @I 2 . (Egif&Vurphy
2008) including: U1, U2, U4 (U4atac) and UBSNRNP4@ small nuclear ribonucleo
protein, 40kDa(U5)) ([1.30-fold, p<0.05C9ORF7O A O O1  Afbldy p<d.p0& momr
C90RF7zelated_SALSvctrljwhich are all componentsof the major spliceosomein
addition to, the U7 and U11/12 SENRNP2%small nuclear ribonucleoprotein, 25kDa
(U11/12)) d1.32-fold, p<0.0001nonC9ORF7z2elated_SALSvctrlpomponentsof the
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minorODI1 EAAT OT 1 A8 3712.1860 bOi AOGAA OOAT OAOET
shorter (~150nt) , than those derivedfrom protein-AT AET C | 2rathebtiah AT A
being under the direction of a poly(A)signaltE A E-end todnation is controlled by
auniquecisAAOET C 06 (Quéli@et & 1989zdbbrdwvska et al 2012.

The five subunit snRNA activating complex (SNAPcBNAPCHsmall nuclear RNA
activati ¢ AT 1 Pl Agh DI 1 UDADREABECOORFIPHDDMO dp 8
fold, p<0.0001nonC90ORF72elated_SALSvat] istriggered by the Yin Yangl (YY1)
transcription factor and Octamerbinding protein 1 (Oct1) in order to initiate Pol II
mediatedtranscription (Emranetal 2006). SNAPaecognisesthe proximal sequence
element(PSE)contained within the upstream promoter region which promotes the
subsequentassemblyof the pre-initiation complex(PIC)at this site (Figure5.8). The

PIC comprises Pol ladaOA O 1T £ CAT AOAT OOAIT(KeAZdESRYOE T 1
et al 2006, Kim et al 2010 which include TFIIA/B (GTF2A%2/B), TFIID (GTF2D),
48&)) %11 -2 [ARREZgeneral transcription factor IIE, polypeptide 2, beta
34kDa)d1.23-fold, p<0.01CO9ORF7Zctrl], 4 &) ) (&FRF12) and TFIIH (GTF2H3)
[GTF2H3generaltranscription factor IIH, polypeptide 3, 34kDa) d1.20-fold, p<0.01
C90ORF7Zctrl]. TFIID (GTF2D)is itself amultiprotein complexcontainingthe TATA
binding protein (TBP)AT A OAOET OO 4" 0 A OOQihchding OnkgB AFAAC
(TFIID subunit 9-like) [TAF9B(TAF9BRNApolymerase Il, TBP associated factor, 31

kDa) d1.34-fold, p<0.05 COORF72ctrl and (1.42-fold, p<0.01 norCOORF72elated
SALSvctrl(Zaborowskaetal 2012)], TAF12 (TFIID subunit 12) TAF12(TAF12 RNA
polymerasell, TBPassociatedfactor, 20kDa) d1.30-fold, p<0.001C9ORF7¢ctrl and

d p 8fglgt, p<0.001nonC90ORF72elated _SALSvctrlpnd TAF13 (TFIID subunit 13)
[TAF13(TAF13RNApolymerasell, TBPassociatedfactor, 18kDa) d1.38-fold, p<0.01
C90ORF72ctrl and d1.27-fold, p<0.01 nonCOORF7z2elated_SALSuvctrl]The increase

in TAF13expressionin C9ORF72¢asescomparedto controls waslater confirmed in

a SYBR Green qRTPCR Assay (p<0.05*)Higure 5.9.

5.2.1.3.2 SNRNP Biogenesis

0 0AADOOOT O IKwlna by'the AucldacAp binding (CBE&Yomplex composed
of CBP20/80subunits[NCBP3 1 OAT AAO AADP AET AET ¢ Dbol OAE]
fold, p=0.01CO9ORF7ectrl] and, in association with PHAX[PHAX(phosphorylated

195



adaptor for RNAA @D 1T O O abld,pe0DQILIORF7TOA OOl  Afoldy p<d.p0& ¢ ¢
nonCOORF72elated_SALSuvctrlfransported into the cytoplasmunder the direction

of exportin 1 (Xpol) and RarGTPase (RANjMassenet et al 2002Pabis et al 2013
(Figure 5.7).

Within the cytoplasm,O1 2 . d@de@s3embla by the survival motor neurone (SMN)
complex comprising SMN protein(Battle et al 2006 ; reduced levels of which area
causeof AR inherited juvenile-onset $inal Muscular Atrophy (SMA) (Lefebvre et al
1995, Rodrigueset al 1995), gemins2 through to 8 (Carissimi et al 2006aCarissimi
etal 2006b) [GEMING(gem (nuclear organelle) associated protein 6){1.29-fold, p<
0.001 C9ORH2vctrl ; GEMINS (gem(nuclear organelle) associatedprotein 8) 1.25-
fold, p<0.05C90ORF7¢ctrl] andthe Unr interacting protein, unrip (alternative name
STRAP) Carissimi et al 2005 [STRARserine/ threonine kinasereceptor assocated
protein) d1.20-fold, p<0.01COORF7Zctrl] . The SMNcomplex associates with seven

i AT AAOO 1T &£# OEA 31 DOl OAET -EAT GNRoBZOMBIA O ET
nuclear ribonucleoprotein polypeptide B) d1.24-fold, p<0.05COORF7O A OO1 AT A

38-fold, p<0.01nonC90RF7z2elated SALSvctrl]P1,D2 (snRNRD2)[SNRPDZsmall
nuclearribonucleoprotein polypeptide D2) d1.23-fold, p<0.05C90ORF7ctrl], D3, E,

F (snRNRF)[SNRPRsmA 1T 1 T OAT AAO OEAT T OAl AT ®0,ipOAEIT

<0.01 C9ORF7ctrl and d p 8folgt, p<0.01 norCOORF72elated SALSvctrland G.
The affinity for SMNbinding is further regulated in a subset of thesenamely snRNP
20-fold, p<0.01C9ORFT7Zctrl] (Figure 5.7 and PRMTS5 (protein methyltransferase
5), which serves asa catalyst for the symmetrical dimethylation of specific arginine
residues The subsequentinteraction betweenthe SMNcomplex,bound Smproteins
and precurd O OlsMatkra et al 2007 Meister et al 2001, Pesiridis et al 2009
drives the ATP-dependentformation of anevolutionarily conservedheptamericring
structure that constitutesthe Smcore of the mature snRNP Following hypermethyl-
ation, by TGS1 (trimethylguan®@ ET A OUT OE A O A and @uhcationf theE A
o énd,snRNPspecificnuclearimport receptor, Snurportin 1, binds andthe importin
sub-complex, containing alfna and beta subunits (alternative name karyopherins)
[KPNA4(karyopherin alpha4 (importin alpha3)) d p 8fglg, p<0.001COORF72ctrl
and 1.20-fold, p<0.001nonCO9ORF72Zelated SALSvctrl)is recruited to the nuclear
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localisation signal (NLS) (Massenet et al 2002, which facilitates shnRNP import into
the nucleus.Transportation occursthrough nuclear pore complexesj . 0 #NUB4B
i T OAT AT BT OET -fold, pE0PEOOCIGRFB2ctr) which are embedded in

the nuclear envelope Figure 5.7).

The SMNcomplexmay also function in ribosome biogenesis and mitiple aspects of
pre-ribosomal RNA(pre-rRNA) processingthrough its association with Cajal bodies
i #9)andsmall nucleolar2 . 0jd@i T 2 in@udit®@BL (fibrillarin), GARIGAR1
(GARZribonucleoprotein homolog(yeast)) (1.31-fold, p<0.0001 COORF7ctrl] and
UTP15[UTP15U3smallnucleolarribonucleoprotein homolog(S.cerevisiag) (1.28-
fold, p<0.001C9ORF7O A O O1  Afbld) p<@.p1hqr@OORF72elated_SALSvctrl]
(Pellizzoni et al 2001, Sato et aR013, Whitehead et al 2003.

From the snRNPbiogenesispathway six genes were selected as candidates for qRT
PCROfthe six, only two (33.3%) validated:CLNS1Avhich was confirmed in an IDT
PrimeTime® Mini gPCR Assay (p<0.05*and UTP15which was confirmed using the
traditional SYBR Greentechnology(p<0.001***) (Figure5.10). GEMIN6NCBPanNd
PHAXwere not significant andfor STRARunrip) asmalltrend (d1.14-fold, p=0.068)

in the same direction as thenicroarray was observed [able 5.5.

5.2.1.3.3 Regulation of the Spliceosome

With anenrichment scoreof 15.42 (count 21,61.8%) RNA splicing was identifiedas
the highest ranking RNA processing related GO term in DAVIBigure 5.8 which is
specific to theC9ORF72xpansion Transcripts of interest included those encoding
nudix (nucleoside diphosphate linked moiety Xtype motif 21 (NUDI21) [NUDT21
d1.20-fold, p<0.0001 C9ORF7ctrl], acomponent of the cleavage factor Im (CFlm)
complex that is strongly associated with nuclear paraspeckles and has been shown
to beresponsiblefor regulating alternative polyadenylation aswell aso éndpoly(A)
site cleavageof nascentl 1 A 2 (Nadatdma et al 2012 serine/arginine -rich (SR)
splicingfactor 3 (SRp20)[SRSFg1.20-fold, p<0.05C90ORF72ctrl and d1.33-fold, p<
0.0001nonC90RF7Zelated_SALSuvctrl]pre-mRNAprocessing factors4 (hRprp4p)
[PRPF4]1.24-fold, p<0.0001C9ORF7ctrl and  p 8fgld, p<0.0001 norCOORF72
related_SALSvctrl] and 19hPrp19) [PRPF191.21-fold, p<0.001COORF7Zctrl]; a
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Figure 5.10 ShnRNP Biogenesis gRT-PCRValidation Relative concentrationsmeasured
against the standard housekeeping gen&8SrRNA Means and SEM were plotted using
GraphPa® Prism software version 5.04. Probability valuescalculated in Microsoft Excel
¢mpm j-EAOI O £O0 #1 OP1 OAOQEIT 1 -test GenéxpEession A |
changes were confirned if the direction of change was the same as thmicroarray with
p<0.05* (arrow).

T A

Abbreviations: 18SrRNA- 18S ribosomal RNAC90RF72 chromosome 9 open reading
frame 72, CLNS1A chloride channel, nucleotidesensitive, 1A,GEMING - gem (nuclear
organelle) associated protein 6 NS- not significant, NCBP2 nuclear cap binding protein
subunit 2,20kDa,PHAX- phosphorylated adaptor for RNAexport, qRT-PCR- quantitative
real-time PCRRNP- ribonucleoprotein, SEM- standard emror of the mean, snRNR small
nuclear RNP,STRAR serine/threonine kinase receptor associated proteinand UTP15-
U3 small nucleolar ribonucleoprotein, homolog §. cerevisiae
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