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Abstract

Background: A noncoding (GC:)» hexanucleotide repeat expansion in chromosome 9 open
reading frame 72G90rf72 is a major cause of both amyotroplaiteral sclerosis (ALS) and
frontotemporal dementia (FTD), together referred to a®\CS/FTD. It is unknown how the
repeat expansion causes-8BS/FTD, however there is evidence that C9orf72 mRNA levels
are reduced in patients, suggest®gorf72lossof-function (LOF) viahaploinsufficiency
may contribute to CGRALS/FTD. Understanding how haploinsufficiency may lead to the
development of CRALS/FTD is dependent on a better understanding of C9orf72 protein
function. Recent work from our laboratory and oghercell lines have shown that C9orf72

regulates autophaghut thein vivorelevance of autophagyeficits remains unclear.

Objectives: To investigate ifC9orf72LOF via haploinsufficiencyresults in CO9ALS/FTD
due to defective autophagy using a stable zebr@®irf72LOF model.

Methods: Genome editing techniques were used to target sequences within exon 1 and exon
7 of the zebrafish orthologue 6Borf72(C13H90rf72; zgc10846To investigate the eftes

of C13H90rf72LOF, we characterised survival, motor function and anxik&ybehaviour.
Immunohistochemical analysis of neuromuscular junctions (NMJs) was also performed. To
investigate the role of C9orf72 in autophamy vivo, autophagic fluxwas meaured.
Additionally, we lookedfor symptoms of splenomegaly, due to recent evidence that full

ablationof C9orf72in mice resulted in immune systewlated pathology.

Results: Three independent lines of zefisa carrying different frameshifhutations in exon

1 (SH470) and exon 7 (SH448 and SH451) were characterised. Survival monitoring suggests
that mutations irC13H9orf72do not lead to loss of viability. A subtle reduction in motor
function is observed iradult C13H90rf72 LOF zebrafish, buno corresponding NMJ
pathology, and there is no evidence of anxlédy behaviourin adults Zebrafish
C13H9orf72 was found to interact with a member of the autophagy initiation complex, but
further work is needed to determine whether it plays a remylable in autophagy in
zebrafish. Additionally, no signs dadignificant splenomegaly were observed in these

zebrafish.

Conclusions:Results obtained do not support the hypothesisGBatf72LOF is sufficient
to cause CALS/FTD alone, which complemenpublished findings i€90orf72LOF mouse

models.
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1. Introduction
1.1. Amyotrophic Lateral Sclerosis

1.1.1. Background
Amyotrophic lateral sclerosis (ALS) is a rapidly progressive, fatal neurodegenerative

disease. It is characterised by degeneration of motor neurons (MNs) within the cerebral
cortex (known as upper motor neurdngMNSs), brainstem and the ventral horn oéth
spinal cord (lower motor neurond.MNs) (Rowland and Shneider 200Ege figure 1.1).

The result of this degeneration is muscle weakness, wastingvantualparalysis The
disease is fatal, usually within®2years of diagnosislue to respiratory failurélhere are
currently twotreatmens available including Riluzole, which has a modest effect on life
span andmore recentlfedaravonewhich has been reported to show efficacy in a small
subset of people with AL@ensimon et al. 1994, Abe et al. 2017)
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Figure 1.1 Schematic diagram of upper and lower motor neuronsUpper motor
neurons (UMN) are motor neurons that originate in the motor region of the cerebral
cortex. They carry motor information to lower motor neurons (LMN) located in the
brainstem or the ventral ho of the spinal cord. The LMN innervate skeletal muscle
fibres, acting as a link between UMN and musgBewland and Shneider 2001)



1.1.2. Clinical features of ALS
The termmotor neuron disease (MNBgscribes a group of neurodegenerative disorders

which selectively affecMNs. There are four main types of MNBLS, Primary Lateral
Sclerosis (PLS)Progressive Muscular Atroph§?MA) and Progressive Bulbar Palsy
(PBP). Although there i®oth clinical ad neuropathological overlap between these
different forms, eachype has distinct features. ALS the most common form of MND
characterised bgrogressive degenerationlwdth UMNs and LMNSs. Other less common
forms of MND are characterised by the MNgigdly affected. It is reported that less than
5% of cases are classified as PLS, which affects only the URblsland and Shneider
2001) Additionally, PMA comprises around 10% of MND cases, characterised by
initially affecting LMNs(Rowland and Shneider 200H5inally, around 25% of cases are
classified as PBP, although a recent study reported 87% of such patients eventually
develop ALS, suggesting these are actually butimmet ALS patientgKaram, Scelsa
and MacGowan 2010)

Theclinical hallmarks of ALS are due to a distinctive combination of signs of both LMN
degeneration, including muscle weaknegsyphy and fasciculatienalongside features

of UMN degeneration, such as muscular spasticity and hyperrefigaaviand and
Shneider 2001)Interestingly, certain subgroups of LMNs appear to be resistant to
degeneration throughout the disease co(@zenley et al. 2016, Nijssen, Comley and
Hedlund2017) Oculomotor MNSs, including the oahotor (CNIII), trochlear (IV) and
abducens (VI) nuclei appear to be spared during did€zigei et al. 1992) These are
involved in regulating eye movement; thus-#sacking devices can be used which enable
ALS patients to communicate when they can no longer sf@akgari et al. 2013)
Additionall vy, MNs in the Onufés nucl eus
pelvic floor muscles, remain relatively unaffec{@arvalho, Schwartz and Swash 1995)
This means that ALS patiesdio not suffer from incontinence. However, the reasons for

this differential vulnerability in MNs is not fully understood.

Approximately 70% of ALS patients present with limabset disese, with around 25%
suffering from bulbaonset diseaséiernan et al. 2011)In contrast, symptom onset
involving the trunk or respiratory muscles is rd&winnen and Robberecht 2014)
Typically, symptoms rapidly progress throughout the course of the disorder before
culminating in a debilitating failure of the neuromusculatsgn.Incidence rates of ALS

are stimated to be 2.16 per 100,000 perspaarsin western populationd_ogroscino et



al. 2010) Additionally, it has been reported that incidence rates are higher amongst males
(3.0 per 100,000 psonyeard comparedo females (2.4 per 100,000 persgesrg in
Europe(Logroscino et al. 2010}t is reported that the lifetime risk of developing ALS is

1 in 400(Johnston et al. 2006] he peak age of onset is %8 for sporadic disease and
47-52 for familial diseasé€Kiernan et al. 2011)however there are alsare juvenile
variants of ALS, such as ALS2, whereseh of symptoms occurs in either the first or
second decade of lif¢rang et al. 2001)

The disease is usually fatal withint@ 5 years post initial diagnosidue b respiratory
failure (Kiernan et al. 2011)However, around -80% of patients can survive up to 10
years post initial diagnosi&Chio et al. 2009)It has ben observed that older age at
symptom onset, bulbamset disease and onset of disease within the trunk or respiratory
muscles are all linked to reduced survi{@&vinnen and Robberecht 2014, Talbot 2009)
Alternatively, a younger age of symptom onset and donbet disease are linked to
prolonged survivalSwinnen and Robberecht 2014, Talbot 2008gre are currently two
treatments available. Firstly, Riluzole, which has a modest effect on lifg Bpasimon

et al. 1994) Secondly, there is Edaravone, which has recently been reported to show
efficacy in a small subset of people with A{&be et al. 2017)Aside from this, standard
treatment for ALS is palliative and involves multidisciplinary care, including nutritional

and respiratory support.

It has been observed that ALS patients have clinical, pathological and genetic overlap
with other neurodegenerativdiseases. Loss of cortical neurons in the frontal and/or
temporal lobes is commonly seen, resulting in a condition called frontal temporal
dementia (FTD). The link between ALS and FTD will be covered in greater detail
sectionl.1.6.

1.1.3. Neuropathologicalfeatures of ALS
Regarding neuropathology, it was discovered in 1988 that ubiquitinated inclusions (UBIs)

are hallmarks of ALSLeigh & al. 1988, Lowe et al. 1988Microscopically, UBIs are
observed as skeilike aggregates or dense, round structufégyare most commonly
observed in neuronbut havealsobeen reporteth glial cells(Arai et al. 2003)For many
years, the protein constituents of UBIs were unknown. It is now knowT &RtDNA-
binding protein 43TDP-43) is the major constituent of UBlin both ALS and FTD
patientgNeumann et al. 2006Althoughinclusions positive for TDE3 are noted in the

majority of ALS cases, they aretseen irfused in sarcom@rUS)- or Cu/Zn superoxide



dismutase {SODJ)-linked ALS. The daraderistic pathology in FUR\LS are UBIs
positive for FUS, but negativef TDR4 3 , t asynuckein(iwiatkowski @ al. 2009,
Vance et al. 2009)Additionally, in SOD2ALS, UBIs positive for SOD1, but igative
for TDP-43 are observe@Mackenzie et al. 2007)

In addition to UBIs, there are several other pathognomonic features of ALS. Bunina
bodies (BBs) are small, eosinophilic inclusions observed in the remaining LMNSs in
approximately 8aL00% of patient¢Piao et al. 2003)BBs stain positive for statin C

and transferrifOkamoto et al. 1993, Mizunet al. 2006b)but negative for a variety of
proteins associated with neurodegenerasom ¢ h  a s -syauualgin apdeathyloid U
precursor proteirfOkamoto et al. 1993, Mizuno et al. 2006b, Sasaki and Ilwata 2006,
Mizuno et al. 2006a)However, the biological significance of BBs is still not fully
understood. Additioally, large multifocal accumulations of phosphorylated and non
phosphorylated neurofilament subunits, called hyaline conglomerate inclusions (HCIs),
have been observéthce, Lowe and Shaw 1998)lowever, these are also noted in other
diseases and in normal patients, questioning their specificity to(Aigh et al. 1989,
Sobue et al. 1990)

As well as the pathognomonic neuropathologyregd, it has been observed that genetic
variants of ALS show distinct pathology in patients. For exampleACR'FTD patents

have been reported to hapd2/SQSTM1 positive, TDB3 negative UBIs in the
cerebellum, hippocampus and neocor(@k-Sarraj et al. 2011, Coop&nock et al.

2012) aggregates of dipeptide repeat (DPRs) proteins in the cerebellum, hippocampus
and frontotemporal neocort€éAsh et al. 2013, Mori et al. 2013c, Mori et al. 2013a, Zu

et al. 2013)and RNA foci in the frontal cortex, motor cortex, hippocampus, cerebellum
and spinal cordCooperKnock et al. 2014b, Mizielinska et al. 2013Jhese will be

discussed in further detail in section 1.2.4.



1.1.4. Genetics of ALS
Sporadic ALScaseqsALS), where a patient Isano evident family history of ALS, are

estimated to account for 5% of all ALS cases, with familial AL&asegfALS), where

a patient has a family history of ALS in a first seconetlegree relative, accoufdr 5-
10% ofALS casesTypically, fALS isinherited in an autosomal dominant (AD) manner;
however there are rare cases of both autosomal recessive (AR) dinded disease.
Since the discovery thatutations in SODtause around 20% of fALS cases more than
two decades ag®osen et al. 1993nore than 2ALS-causing genes hagabsequently
been identifiedrevealing the genetic heterogeneity of this disortiés.reported that the
genetic etiology for around twihirds of fALS and 11% of sALS is now knowRenton,
Chio and Traynn2014) The genes identified to be associated with fALS and fALS/FTD

are summarised in table 1.1, with the original references.



Table 1.1 Causal genetic mutations in fALS and fALS/FTD.Chromosomal loci, function and inheritance of genes found to be involved in fALS

Gene Chromosome Pathology/Function Inheritance Phenotype Reference(s)

SOD1 21922 Oxidative stress, UPS amditophagy AD ALS (Rosen et al. 1993)

ALSIN 2033 Endosomalrafficking andcell signalling AR ALS (Yang et al. 2001)

DCTN1 2p13 Axonal transport AD ALS (Puls et al. 2003)

Unknown 18921 -- AD ALS (Hand et al. 2002)

SETX 9934 RNA processing AD ALS (Chen et al. 2004)

SPG11 15¢921.1 DNA damage repair andxonal growth AR ALS (Orlacchio et al. 2010)

FUS 16pl1.2 RNA processing AD ALS, FTD (Kwiatkowski et al. 2009, Vance et al. 2009)

Unknown  20pl3 - AD ALS (Sapp et al. 2003)

VAPB 20013.32 Vesicle trafficking, UPR an&R stress AD ALS (Nishimura et al. 2004)

ANG 14q11.2 RNA metabolism andngiogenesis AD ALS, FTD (Greenway et al. 2006)

TARDBP  1p36.22 RNA metabolism AD ALS, FTD (Sreedharan et al. 2008)

FIG4 60921 Endosomal trafficking AD ALS (Chow et al. 2009)

OPTN 10p13 Autophagy AD andAR ALS (Maruyama et al. 2010)

VCP 9p13.3 Autophagy AD ALS, FTD (Johnson et al. 2010)

UBQLN2  Xp11.21 UPS and atophagy XD ALS/FTD (Deng et al. 2011)

SIGMAR1 9p13.3 UPR, ER stress arutoteasome AD ALS/FTD  (Luty et al. 2010, AlSaif, Al-Mohanna and

Bohlega 2011)

CHMP2B 3pl1.2 Endosomal trafficking andutophagy AD ALS, FTD (Parkinson et al. 2006)

PFN1 17pl3.2 Cytoskeleton andxonal growth AD ALS,FTD (Wu etal. 2012)

ERBB4 2934 Neuronal development AD ALS (Takahashi et al. 2013)

HNRNPA1 12g13.13 RNA metabolism AD ALS (Kim et al. 2013)

MATR3 5031.2 RNA metabolism AD ALS (Johnson et al. 2014)

C9orf72 9p21.2 RNA metabolism, endosomal trafficking and AD ALS/FTD (Renton et al. 2011, DeJesdsrnandez et al.
autophagy 2011)

CHCHD10 22911.23 Mitochondrial maintenance AD ALS/FTD (Bannwarth et al. 2014)

SQSTM1  5@35.2 Autophagy angrotein degradation AD ALS/FTD (Fecto et al. 2011)

TBK1 12q14.2 Autophagy andheuroinflammation AD ALS/FTD (Cirulli et al. 2015, Freischmidt et al. 2015)

TUBA4A 2035 Cytoskeld¢on AD ALS (Smith et al. 2014)

ANXA1l  10922.3 Vesicular traffickingprotein AD ALS (Smith et al. 2017)




1.1.4.1. Genetic risk factors in ALS
In addition to known ALS causal genasyeral genetic ristactors have been identified

that increase the risk of developing ALS and/or to modify the disease phenotype in
patients, via methods such as genemnde association studies (GWAS) or wh@&eome
sequencing. Such genetic risk factorelude ATXN2 (Elden et al. 2010) Large
expansions of repeats within the trinucleotide CAGAINXN2 have previously been
reportedio cause spinocerebellar ataxia typ@rbert et al. 1996)However, in 2010 it

was identified that intermediatength expansions increased the risk for AE&len et

al. 2010) These intermediatiength expansions IATXN2have now been reported as the
most important riskactor for ALSFTD, as they have been observed to coincide with
C9orf72 repeat expansions in @QS/FTD patientgCiura et al. 2016)In addition to
ATXN2,other genetic risk factors have been identified includihNgC13A(van Es et al.
2009) SMN1(Corcia et al. 2006gndEPHA4(Van Hoecke et al. 2012dentification of
genetic risk factors could help to explain why members of the same family, who inherit
the same causal mutation, present with ALS at different ages and sites of onset for
example. Further understanditiggse variants in the future may help in developing more

effective therapies to treat ALS.

1.1.4.2. The oligogenic nature of ALS
An emerging theme in ALS is oligogenic inheritance. This refers to a situation in which

mutations in two or more AlL-Bnked genes mayebrequired to develop disegtattante

et al. 2015a)Several large scale studiesve revealed the oligogenic nature of ALS. For
examplejn 5/97 fALS probands, mutations in more than one AdsSociated gene were
identified, including: FUS and TARDBP mutations in combination with ANG mutations;
and C9orf72 repeat expansions with TARODBBOD1 and FUS mutationévan
Blitterswijk et al. 2012h)Additionally an Irish populatiotvased study>@mining over

400 ALS cases reported that 1.6% of the cohort had mutations in more than one ALS
gene(Kenna et al. 2013)Interestingly, oligogenic inheritance Qorf72 with other
ALS-linked genes is the most commonly reported combination, with over 10 ALS

causing genetic variants descrilfdttante et al. 2015a)

As expansions in C9orf72 are so common, it is importantévatuate ALS cases where
the causal mutation was identified before the discove§Quirf72,as this may increase
the number otases with mutations in two or more AliSked genes. It could be that

one of the mutations is weakly penetrant, thus both are needed to develop disease in a



synergistic or additive way. Alternatively, it could be one of the mutations, or the whole
gene iself, has been falsely related to ALS. In the future, lagde global studies will

be needed to investigate the relevance of oligogenic inheritance to ALS. Additionally,
cellular and animal models will be required to model oligogenic disease to fuallgtion

characterise how identified genes interact to cause disease.

1.1.5. General pathogenic mechanisms
The identification of multiple ALSausing genes has enabled researchers to elucidate

potential molecular mechanisms underlying the disordier.common with other
neurodegenerative diseases, pathogenic mechanisms are multifactorial and not yet fully
understood. The general consensus is that a complex interplay between several
mechanisms leads to the selective degeneration of UMNs and LMNs observed in ALS.
Someof the cellular events believed to cause such destruction include; oxidative stress,
excitotoxicity, mitochondrial dysfunebn, protein aggregation, impaired axonal
transport, defective RNADNA processingand activation of nomeuronal cells
(Ferraiuolo et al. 2011) all of which share commonality with other neurodegenerative

disordersSee tabld.2for an overview of these mechanisms.

Understanding the potential alecular mechanisms in ALS is not only important in
further understanding clinical features of ALS, but it is also essential in unmasking
potential targets for neuroprotective therapies. For el@nameliorating excitotoxicity

via the use of Riluzolaasbeena successful pharmacological strategy to slow down the
progression of AL§Lacomblez et al. 1996, Bensimon et al. 199¥]ditionally, the

newly approvededaravonea neuroprotective drug with properties of a free radical
scavenger, has been shown to reduce oxidative stress and slow down the progression of
ALS (Abe et al. 2017)Thereis a growing needo further understand the genetics and
pathogenic mechanisms underlying ALS, in order to develop more efedisease

modifying therapies.



Table 1.2 Summary of general pathogenic mechanisms involved in ALS.

Pathogenic mechanism

Key evidence with reference(s)

Oxidative stress;

Imbalance in generation and/or remov:
of reactive oxygen species (ROS),
coinciding with inability of the system
to remove and/or repair RGBduced
damage

Excitoxicity;

Excitoxicity results in excessive
stimulation of glutamate receptors
resulting in increased calcium influx int
postsynaptic reurors, which results in
toxicity

Mitochondrial dysfunction;
Mitochondria are critical to cell surviva
acting as an energy source, buffering
intracellular calcium and regulating
apoptosis

Protein aggregation;

Insoluble protein aggregates are a
hallmark of ALS, suggesting a collapse
in protein homeostasis (see section 1..

Oxidative stress results in structural damage, including DNA, RNA and proteins, and disrupts re
sensitive signalling pathways

Mutations in the gen80ODJ, which encodes major antioxidant protein, account for approx. 20% o
fALS caseqRosen et al. 1993)

Biosamples from ALS patients show elevakexdkls of free radical damag8impson et al. 2004)
Increased levels of oxidative damage to proteins, lipids and DNA found in SALS andrs@ztl
fALS postmortem tissug(Shaw et al. 1995)

Oxidative damage occurs in cellular and murine models of SOD1 relatedR&Siuolo et al. 2011)

Raised levels of glutamate found in CSF of AlR®thstein et al. 1990)

KO of EAATZ2 in vitro andin vivo (astrocytic glutamate transporter) results in neuronal death
(Rothstein et al. 1996)

Overexpression of EAAT2 in mutant SOD1 transgenic mouse delayed onset of motor (@&fioitst
al. 2003)

Reduction in spinalard EAAT2 protein in engtage SOD1 rodent models of ABruijn et al. 1997,
Howland et al. 2002)

Only diseasenodifying drug to dateRiluzole, has antglutamatergic activityDoble 1996)

Defective respiratory chain function found in tissue from ALS patients and mSODJ1 rodent mode
associated with oxidative damage to mitochondrial proteins and (Wakslemann etla2002,
Mattiazzi et al. 2002)

Thus dysreglated energy metabolism likely to contribute to MN dysfunction in ALS

Calcium buffering impaired in mitochondria purified from CNS of mSOD1 r{li@miano et al. 2006
Altered nmitochondrial morphology observed in spinal MNs from ALS pati¢8esaki and Iwata 2007
This is also observed in primanyotor neurons and NS84 cells expressing mutant SO[Menzies et
al. 2002)

Inclusions found in both degenerating neurons and surroundin@Pgia et al. 2003, Zhang et al.
2008, Nishihira et al. 2008)




Impaired axonal transport;
Efficient axonal transport is critical for
axonal finction

Dysregulated RNA metabolism;
Numerous RNA/DNA binding proteins
associated with fALS, including TDP
43, FUS, ANG, ATXN2 and hnRNPA1
(see table 1.1)

Activation of nonneuronal cells;
Widely accepted concept that ALS is a
non-cell autonomous procegBerraiuolo
etal. 2011)

Most common inclusions contain ubiquitinated proteins, indicating a problem with the ubiquitin
proteasome syste(PS) andautophagy degradation pathwgieumann et al. 2006, Blokhuis et al.
2013)

Several ALSlinked genes play role in protein trafficking or degradation pathways, incllu#e@_N2,
p62/SQSTM1, VCP, C9orf72, OPTN, TBKsee table 1.1)

Evidence of ER stress in ALS patient CNS tissue, plus cellular and animal r{iddals et al. 2013)

Many ALS-linked genes are involved with axonal transport and/or the cytoskeleton (see table 1.
suggesting impaired axonal transport contributes to ALS pathogenesis

Defective axonal transport occurs early in disease in mSOD1 mice and impairs anterograde trai
mitochondria(De Vos et al. 2007, Kieran et al. 2005, Williamson and Cleveland 1999, Bilsland e
2010)

Mutations inDCTNZY, essential for retrograde transport, led to degation of MNs and premature
death in rodentéPuls et al. 2003, Laird et al. 2008)

TDP-43 forms the characteristic neuronal inclusions in most ALS ¢isasnann et al. 2006ininus
fALS cases linked to FUS and SOD1 mutati@Msackenzie et al. 2007, Vance et al. 2009,
Kwiatkowski et al. 2009)

Sense ad antisense RNA transcripts are present in intranuclear foci-lLS9casegGendron et al.
2013) which are reported to sequester a number of RNA binding proteins and perturb their func
including:hnRNP A3, hnRNP Al, hnRNRAL/F, SRSF2, ALYREF and ADARB@ori et al. 2013b,
Xu et al. 2013, Lee et al. 2013, Donnellyaet2013, CoopeKnock et al. 2014b)

Suwival of mice expressing SOB#Ain MNs improved when surrounded by WT roeuronal cells
(Clement et al. 2003)

Survival of SOD£%*transgenic mice is prolonged by eliminating mutant SOD1 gene from sever:
non-neuronal cell typefyamanaka et al. 2008, Boillee et al. 2006, Kang et al. 2013)
ALS-derived astrocys have been shown to be toxic to MNsitro (Nagai et al.2007)

Astrocytes and microglia are activated in ALS, resulting in an inciagse-inflammatory cytokine
activity, which is seen in CNS tissues from ALS pati€Ptsilipsand Robberecht 2011)
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1.1.6. The ALS-FTD spectrum
ALS patients often show a loss of cortical neurons in the frontal and/or temporal lobes.

Such neurodegeneration is characteristic obradition called FTD, whicls the leading
causeofdemmnt i a after Al zh e iinnmeividuas udder$®vithare . It
incidence rate of 3:8.1 per 100 000 perseyears in the 4%4 age group(Van
Langenhove, van der Zee and Van Broeckhoven 2Mi&¢ase dation isapproximately

6-8 years post diagnosand there is currently no cufelodges et al. 2003, Vossel and
Miller 2008). It is a heterogeneous condition and there are three clinically recognised
subgroups of the diseasayith variable symptoms and distinciocations of
neurodegeneratiofyan Langenhove et al. 201@ee table 1)3 There is a stmg genetic
contribution to FTDand aound 50% ©casesrethought to bdamilial. Mutations in the
microtubule associated protein tddAPT) (Hutton et al. 1998and progranulifPGRN

(Baker et al. 2006, Cruts et al. 2008e believed to explain around-20% of these
cases.Accumulating eidencehas revealed that ALS and FTD are linked clinically,
pathologically and genetically, with both disorders recognised as two extremes of a

clinico-pathological continuum.

Table 1.3 Subgroups of frontotemporal dementia (FTD).

FTD subtype Characteristic neuropathology Main clinical characteristics

Behavioural Prefrontal neurodegeneration Disinhibition, apathy, lack of

variant FID emotional concern, stereotypi

(bvFTD) behaviour, egcutive
dysfunction and hyperorality

Progressive non Left perisylvian atrophy Labored speech and

fluent aphasia aggramatism

(PNFA)

Semantic Atrophy of anterior temporal ~ Comprehension deficits,

dementigSD)  lobes naming error with fluent
speech

Clinically, in addition to the characteristic motor dysfunction observed in ALS, it has
been estimated that up to 50% of patients show evidence of cognitive or behavioural
impairment(Ringholz et al. 2005)Two studies on large ALS patient cohorts revealed
around 1518% of such patients met the clinical criteria for FEBg table 1)3Ringholz

et al. 2005, LometiHoerth et al. 2003)Additionally, it is estimated around 15% of FTD
patients have motor dysfunction, meeting the clinical criteria of AldnenHoerth et

al. 2002, Burrell et al. 2011Yhe cognitive changes in patients with both ALS and FTD

usually resembles bvFTQillo et al. 2010) however there are reports describing PNFA
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or SD in association with AL$Ostberg and Bogdanovic 2011, Catani et al. 2004)
Interestingly, FTDALS patients sometimes develop hallucinations or delusions, which
is not often seen in pure FTM™endezet al. 2008, Lillo et al. 2010)n the majority of
cases, FTD symptoms precede those of AM&n Langenhove et al. 2012)

A major breakthrough in elucidating shared pathogenic mechanisms between ALS and
FTD occurredn 2006, when eidence revealed that TR43 wasthe major ubiquitinated
protein found within UBIs in both disordefldeumann et al. 20065ubsequently, it was
identified that mutations in the gene encoding 3P were causative in ALS
(Sreedharan et al. 200&8nd FTD(Borroni et al. 2009yases. Additionally, mutations in

the gene encodingUS, were discovered to account for rare ALS and FTD c@g¢ar

Deerlin et & 2008, Kwiatkowski et al. 2009, Vance et al. 2Q08}erestingly, both of

these are RNA binding protes and play a role in RNA metabolisfhiherefore, this
suggests that aberrant RNA processing may be a central pathogenic mechanism in the
causation of ALS, ALS/FTD ardr FTD.

Additionally, several other genes which encode proteins involved in proteindd¢igra
pathways or maintaining protein homeostasis, have been identified to cause ALS,
ALS/FTD and/or FTD. This noexhaustive list includestbiquillin-2 (UBQLN-2) (Deng

et al. 2011)valosin containing proteirfCP) (Johnson et al. 2010pptineurin OPTN
(Maruyama et al. 2010)vesicleassociated membrane prot@issociated tein B
(VAPB (Nishimura et al. 2004)charged multivesicular body prote2B or chromatin
modifying protein 2B CHMP2B (Parkinson et al. 2006)and p62/sequestosome
(SQSTM] (Fecto et al. 2011)Alongside the characteristic protein aggregates identified

in both ALS and FTD, these discoveries indicate a disruption in proteostasis may also be

a central pathogenic mechanism in both disgeseawvell asaberrant RNA processing.

In 2011 a norcoding hexanucleotide repeat expansion in chromosome 9 open reading
frame 72 C9orf72 was identified as the most common mutation found in ALS (40% of
fALS and 620% sALS) and FTD (25% of fFTD and 6% sFT{DeJesuddernandez et

al. 2011, Renton et al. 2011Yhis genetic variant will be discussed in detail in section
1.2.
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1.2. Chromosome 9 open reading frame 72390rf72)

1.2.1. Identification of C9orf72as an ALS and FTD-disease gene
In 2006, genetic linkage analysis performed by tadividual groupgVance et al. 2006,

Morita et al. 2006pn familes affected by botALS and FTD revealed linkage of ALS

FTD to chromosome 9p. Subsequent genetic linkage reports indicated this shared
chromosomal regio was located at 9p21321.1 (Van Langenhove et al. 2012)
Additionally, several genome wide association studies (GWAS) on large cohorts of
unrelated ALS patients and contr@lan Es et al. 2009, Shatunov et al. 2010, Laaksovirta
et al.2010)also reported linkage to chromosome 9p regiomatkat at 9p21. This trend

was also demonstrated & GWAS on a large group of BFTDP patientgVan Deerlin

et al. 2010) Amalgamation of these repoiitedicated that genetic variation within the
identified chromosomal region affected bo#milial and sporadic ALS and Brcases.

In 2010, the identified locus which linked these families on chromosome 9p was narrowed
to a 232 kb interval, which was showndontain three protein encoding gen@Sorf72,
MOBKL2B, IFNK (Laaksovirta et al. 2010Finally, in 2011, two individual research
teams reported that the causative mutation within this region wg$4@2)n
hexanucleotide repeat expansion in intron C8brf72(DeJesuddernandez et al. 2011,
Renton et al. 2011 his wadaterconfirmed in a separate stuf@gijselinck et al. 2012)

1.2.2. (G4C2)n hexanucleotide repeat expansions in C9orf72
As discussed, aoncoding hexanucleotide repeat expansiorC®orf72 is the most

common mutation found in ALS (40% of fALS and26% sALS) and FTD (25% of
fFTD and 6% sFTD)YDeJesudHernandez et al. 2011, Renton et al. 20The human
C9orf72gene ENST000006197D.4) has 11 exons in total) of which arecoding exons
andis reported to balternatively spliced into tiee proteircoding transcript variants,
V1-V3 (DeJesudHernandez et al. 2011, Renton et al. 2QFigure 1.2. It is predicted
that these three transcripts lead to the expression of two altermsifeems of the
C9orf72 protein. Firstly, a long protein isoform (C9orf72L) of 48dino acids (aa),
encoded by VAnd V3. Secondly, a short protein isoform (C988) of 222aa, encoded
for by V2 1t is reported that these isoforms are widely expressed in a number of brain
regions and peripheral tissu¢BeJesuddernandez et al. 2011, Waite et al. 2014)
However, such data has been hampered by the fact that reliab{eanfr2 antibodies
were not commercially avable. Recently, a group designed antibodies which
specifically recognise the two C9orf72 protein isofo(Xigso et al. 2015)It was reported

that the two isoforma are localised to distinct parts of the cEthr example, C9orf72L is
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localiseddiffusely throughout the cytoplasm in cerebellar Purkinje cells, and C9orf72S

expression is localised to the nuclear membrane of Purkinje(X&ls et al. 2015)

Genomic C9orf72:

1a 1b 2

Transcript variants:
ATG

vi

|_. ATG
v2

ATG
v3 r

Il Non-coding exon/UTR
O cCoding exon

Figure 1.2 Schematic diagram of C9orf72Introns are represented by lines and exons
by boxes; white boxes are coding exons whereas red boxes ateding exon8JTRs

The (GC2)n repeat expansion is located between the-guaiing exons la and 1b of
C9orf72 as indicated by the yellow box:9orf72is alternatively spliced into three
proten-coding transcripts; V3. Transcript variants V1 and V3 encode the long
isoform (C9orf72L). Transcript variant V2 encodes the short isoform (C968Y.2The
transcription start site is upstream of exon 1A and th4Xs repeat in V2 and V3.
However,in V1 the (GC>)n repeat is upstream of the transcription start site. Adapted
from (DeJesuddernandez et al. 2011)
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Repeatprimed PCR (rpPCR) assaygere often used to determine whether a sample
carries a large pathogenic expansidawever, this technique coutnhly reliably predict

size up to a maximum of 30 repef®entonet al. 2011)thus amplification of the entire
pathogenicC9orf72repeat expansion wast possible by tlsimethod. Southern blotting

is a much more reliable method to predict true repeatdsing thiste hni que, &éno
repeat size in healthy individuals is estimated to be <30 units, although approximately
90% have fewer than 10 uni(RicherMartel et al. 2016)Conversely, the number of
repeats in ALS patients can range from several hundred to several thousaiiBeakits

et al. 2013, Buchman et al. 2013, van Blittersweilal. 2013)

In many repeat expansion disorders, the size of the pathological repeat expansion
influences the observed clinical phenotype. For example, myotonic dystrophy type |
(DM1) is caused by a (CT@lepeat expansion in a noncoding regiodMPK (Brook
et al. 1992, Mahadevan et al. 199Phe number of repeats BMPK is reported to show
a high degree of instability, which appear to predispt®e repeat toward further
expansionvan Blitterswijk, DeJesublernandez and Rademakers 201 2alditionally,
longer expansions have been reported to correlate with more severe symptoms and an
earlier age of onset in successive generations (genetic anticip@aonBlitterswijk et
al. 2012a) RegardingC9orf72, sizing of the (GCy)n repeat expansion via southern
blotting has revealed somatic heterogeneity within individuals, with different expansion
lengths observed in different tissy&gck et al. 2013, van Blitterswijk et al. 2013, Harms
et al. 2013, Huebers et al. 201&omaic heterogeneity suggests instability within the
(G4Co)n repeat expansion and evidence of genetic anticipationHALBFTD has been
reported, with decreasing onset age dfl7years in subsequent generati{Bsnussi et
al. 2014, Chio et al. 2012, Gijselinck et al. 2012, Hsiung et al. 2012, Stewart et al. 2012)
However, genetic anticipation is not seen in all con@slesuddemandez et al. 2011,
Renton et al. 2011)t is still not clear whether the observed genetic anticipation in C9
ALS/FTD patients is related to expansion size. Although, a recent study reported an
increase in expansion size from parent to offsp{iigselinck et al. 2016)

1.2.3. Clinical features of C3ALS/FTD
In general, the ALS and/or FTD phenotypes associated with #®)(Eepeat expansion
are representative of the whole clinical spectrum. However, some distinct phenotypes
have been reported. There is a higher incidence dbuahset diseas@CooperKnock

et al. 2012, Millecamps et al. 2012, Stewart eR@ll2) An earlier age of onset is often
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observed iC9orf72linked ALS (C%linked) (Byrne et al. 2012, Coopdinock, Shaw
and Kirby2014a) Some cohorts report that mal®-linked ALS paients present at a
younger age of onset than R@9® ALS cases(Williams et al. 2013) There is also
evidence for a shorter disease duration in patients carrying i@2){@peat expansion
(CooperKnock et al. 2014a)There is a higher prevalence of cognitive and/or behavioural
changes ifC9-linked ALS patients, with conorbid dementia observed in approxieigt
50% of C9-linked ALS patients compared to only 12% in HO8 ALS casegByrne et

al. 2012) Thecognitive changes in Cnked ALS and/or FTD resembles bvFTDillo

et al. 2010) Additionally, a higher frequency of psychotic symptoms, including
hallucinations and delusions, is often observe@%linked FTD compared to classical
FTD (Mendez et al. 2008, Lillo et al. 2010)here is also a higher than expected incidence
of parkinsonism in patients carrying thes@)» repeat expansion, gikkying symptoms
such as hypokinesia/bradykineqi@/ilke et al. 2016) However, the (@& 2)» repeat
expansion does not seem to be a¢Coaperi at ec
Knock et al. 2013)

The basis for the clinical heterogeneity noted in patients carrying th&)(Gepeat
expansion is not fully understood. A potential explanation is that there is a correlation
between expansion size and clinical phenotype. There is evidence for @8dimked

FTD, where repeat size in the cerebellum has been identified to tenweta disease

(van Blitterswijk et al. 2013However, there is ho conclusive data to suppostithALS
(CooperKnock et al. 2014a)Additionally, patients carrying the repeat expansion in
C9orf72are often observed to have mutations in other -Ah&ed genes. Interestingly,

it has been identified th&@9orf72repeat expansions coinciding with TEB, FUS or
SOD1 mutations are linked to causing@WLS (Lattante et al. 2015aAlternatively,
C9orf72repeat expansions coincidimgth tau or p62/SQSTM1 mutations are linked to
causing pure FTQLattante et al. 201H. This suggests th&9orf72repeat expansions
may be a risk factor for developing ALS, ALS/FTD and/or FTD in patients, with the
second mutation potentially contributing to where along the spectrum the patient lies.
However, the molecular mechanisorglerlying the oligogenic hypothesis would need to

be further investigatedsing cellular and animal models.
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1.2.4. Neuropathological features of COALS/FTD
In relation to pathology, patients with the repeat expansions exhibit typical chatamsteris

noted in cassical ALSHowever, there are a number of neuropathological changes which
appear to be specific ©9orf72patients.

Firstly, several studies have reported the presence of dotlike or star shaped p62/SQSTM1
and/or ubiquillin2 positive nuclear or cytomanic inclusions (NCIs) which are negative

for TDP-43 (Al-Sarraj et al. 2011, Coop#&nock et al. 2012, Stewart et al. 201R)is
believed that these inclusions are a specific feature of ALS caused by pathological repeat
expansions inC9orf72 (Al-Sarraj et al. 2011, Coop&nock et al. 2012) These
inclusions have been found to be located in regions such as the cerebellum, hipgocampu
and frontotemporal neocortefCooperkKnock et al. 2012) The presence of these
inclusions suggest that there is a coinciding pathomechanism te4AZ@ggregates in
C9%linked ALS.

Secondly, it is known that tH@9orf72repeat expansion is transcribed in both a sense and
antisense direction. This results in the presence of both sernSgn(@nd antisense
(CoGa)n RNA foci in several locations in the CNS of patients, including; thwetél cortex,
motor cortex, hippocampus, cerebellum and spinal @&emdron et al. @13, Mizielinska

et al. 2013, Lagieffourenne et al. 2013Whilst the majority of RNA foci are neuronal,

it has been reported that they are present in astrocytes, microgliagodbealirocytes at

a much lower frequencfMizielinska et al. 2013)Several studies have observed that
these RNA foci cdocalise with various RNA binding proteins, which could perturb their
function(Mori et al. 2013b, Xu et al. 2013, Lee et al. 2013, Donnelly et al. 2013, Gooper
Knock et al. 2014b)

Lastly, it is reported thathe (GC>)n sense and ({G2)n antisense transcriptsndergo
repeatassociated neATG (RAN) translation in all reading framesgsulting in the
synthesis of fiveaggregatiorprone dipeptide repeat (DPR) protei#sh et al. 2013,
Mori et al. 2013a, Mori et al. 2013d)ll five of these DPR proteins eamggregate in the
characteristic p62 positive, TP negative inclusions seen in COFTD/ALS patients
(Mori et al. 2013b, Mori et al. 2013c, Mori et al. 2013a, Ash et al. 20@3pcations
such as the cerebellum, hippocampus and frontotemporal neocdikionally, it is
suggested that DPR protein aggregation may precede4B0fathology, with evidence
of some DPRs within TDR3 positive inclusiongMori et al. 2013c)
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1.2.5. C9orf72 protein function
Currently, thefunction(s) of theC9orf72 proteimare beginning to be elucidated, but are

not fully understoodit is imperative to gain a better knowledgetbe normal function
of this protein in order to bothnderstand9-linked disease mechanisms and to identify
novel neuroprotective targets for future theragiesdencefor some othe potential roles

of C9orf72 is detailed in this section.

1.2.5.1. CO9orf72: anovel DENN protein?
There is emerging evidence that C9orf72 may play a role in protein trafficking, as a

member of the DENNike superfamily(Levine et al. 2013, Zhang et al. 201dhe
tripartite DENN (meaning o6differentially
module, consists of;, an-términal longin domain, a central DENN domain and-a C
terminal dDENN domain. The DENN domain is an evolutionary comsdrprotein
module,and its best characteris@ghctionis as a specific guanine nucleaiéxchange
factor (GEF) for RalssTPasegLevivier et al. 2001)The role of these GEFs is to catalyse
the exchange of GDP for GTP, whicesults in the activation of RaBTPasesThe
human genome is thought to encode up to 66 Rab GTRdsepper et al. 2012)nany

of which aremaster regulators of intracellular membrane trafficKibgyial and McBride
2001) Once activated, GTHBound Rab interacts with various effector proteins to mediate
numeraus functions, including directing vesicles to the correct site of fusiatagalung

and Novick 2011)

C9orf72L is a fullength homologueontaining all threeENN domains, whereas the
short isoform appears to show homology only to thefhinal longin domairfLevine

et al. 2013)However, the implications of these differences are not known, as the distinct
roles of each of the DENN domains are not fully underst@@ahsistentwith the
prediction that C9orf72 mayeba DENNIlike protein, an initialreport showed that
C9orf72 colocalised and cammunoprecipitated with Rab proteins implicated in both
autophagy and endocytic trafficking, including Reb-7 and-11 (Farg et al. 2014)
However, clear mechanistic details were lacking. Recently, data from ourdahdan
that C9orf72 interacts with Rab{@ebster et al. 2016alnterestingly, it was found that

it preferentially binds to GT#ound Rabla, suggestive that C9orf72 functions as an
effector of Rabla ratherdh a GEF, as would be expected of a DENN protein
(Webster et al. 2016afdditionally, it was shown that as a Rabla effector, C9orf72 was

essential in mediating the Rabfeediated translocation of the ULK complex to the
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phagophore, essential in initiating autophagosome form@fiamster et al. 2016a, Hara

et al. 2008) Converselyit has also been reported recently that C9orf72 acts as a GEF for
Rab8a and Rab39b, in complex with SMCRS8, another DiikENprotein, and WDR41
(Sellier et al. 2016)However, the interaction of C9orf72/SMCR8/WDR41 complex with
these particular Rabs appears to be mediated by SMCRS8, as GEF eotinlfyobserved

when SMCR8 is present in the comp(&ellier et al. 2016)it is known that Rab GTPases

can act in Rab GEF/GAP cascades. In such cascades, the upstream Rab, and its effectors,
recruit the GEF for the downstream Rab, whilst the downstream Rab simultaneously
recruits the GAP for thepstream RalfHutagalung and Novick 2011Yhus, our lab
suggests that C9orf72 acts in a Rab cas@atdbster et al. 2016bT herefore, it is likely

that C9orf72 links autophagy initiation to downstream events via a Rab GEF/GAP
cazade, with Rabla upstream, and Rab8a and Rab39b downgiésinster et al.
2016b)

1.2.5.2. C9orf72 and autophagy
DENN domaincontaining proteins function as GDP/GTP exchange factors (GEFs) for

Rab GTPases, which are involved in regulating a number aflaetrafficking events,
including autophagyZerial and McBride 2001, Kloepper et al. 201Recent research

has revealed a direct mechanistic role for C9orf72 in macroautophagy (hereafter referred
to as autophagy)Autophagy is a conservelysosomal degradation pathway which
involves the degradation of cytoplasmic components, such as misfolded proteins and
damaed organelles, within an autophagolysosome, for bulk degradation or recycling
(Klionsky etal. 2012) This important cellular process can be divided into four sequential
steps: translocation and initiation; elongation and recruitment; completion; lysosome
fusion and degiation (figure 1.3 (Bento et al. 2016)Autophagy is known to be
essential for neuronal health; for example, neurspatific knockout (IO) of essential
autofhagy genes such asATG7, ATGb5and FIP200 - results in the inhibition of
autophagy in neurons and subsently neurodegeneration in mouse modelsra et al.

2006, Komatsu et al. 2006, Liang et al. 20d)rthermorethere arancreasing reports

that defective autophagy plays a role in the pathogenesit®{Menzies et al. 2017)

As mentioned, UBIs are a n@pathological hallmark of Gnked ALS, as well as nen

19



Lysosome
mTOR

ULK1

Complex
l P =
ULK1 P2 VPN
Complex .Q 7 )ﬁ\ \
- =X I g -~ \ \
Class Ill — | |
' &
Class Il PI3 [l | Ly o = " - II'
Kinase \\ &8 % ) //
complex \\\ b P %
W
/ Autophagolysosome
; Phagophore Autophagosome phagoly
ATGS5/ATG7
| | 1 1 ]
Translocation Elongationand Maturation Fusion and degradation

and initiation recruitment

Figure 1.3 The autophagy pathway.Schematic diagram of the autophagy pathway. Inhibition of mMTOR (in nutrient poor conditions) releases
the ULK1 complexULK 1 then phosphorylates ATG13 and FIP200, activating the complex, which then translocates to the phagophore. This is
the first step ofutophagy initiation. The Class lll PI3 Kinase Complex then translocates to the phagophore, which is essential for efongation
the membrane. Cargo is transported to the growing phagophore by autophagy receptors, such as p62/SQSTM1, which bhedpolyoth t
ubiquitin chains on the cargo (via tbbiquitin binding UBI) domain) and LC3I on the phagophore membrane (via &3 interacting region

(LIR) domain). Mature autophagosomes then fuse with the lysosome. Autophaggsosmene fusion results imautophagolysosome, where

cargo is degraded via lysosomal hydrolagamversely in nutrient rich coitibns, mMTOR suppresses the ULKbmplex via phosphorylating
ULK 1/2 and ATG13. This suppresses autophagy initiation.
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C9 linked ALS (Menzies et al. 2017Additionally, several ALSinked genes are known

to encode proteins which function within the pathway, inelgdip62/SQSTML1,
UBQLNZ2, OPTN, TBKLandVCP(see table 1.1 herefore, the implicatiothatC9orf72
alsoplays a rolan autophagys consistent with the fact that autophagy is an important
pathway in ALS.

A characteristic neuropathology observed inALS/FTD patients is p62/SQSTM1
positive, TDP43 negative inclusion€CooperKnock et al. 2012, ASarraj et al. 2011)
The protein p62/SQSTMiargetsubiquitinated proteins to the autophagy padlvior
degradatior{Bento et al. 2016and accumulation of this protein has been associated with
inhibition of autophagyHara et al. 2006)Ihus this pathology, alongsi@arlyevidence

for C9orf72 haploinsufficiency, suggested the possibility of defective autophagy via loss
of C9orf72 function in CALS/FTD. Thereis now increasing evidencim our lab and
others that the C9orf72 protein is a key regulator of autoph@gyick, Roczniak
Ferguson and Ferguson 2016, Sellier et al. 2016, Sullivan et al. 2016a, Webster et al.
2016b, Webster et al. 2016a, Yang et al. 20t6particular there are a wealth of reports
that show C9orf72 plays a role upstreaegulating initiation of thgathway. As shown

in figure 1.3,autophagy can bactivated by the ULKL complex, which consists of ULK

1, FIP200, ATG13 and ATG10This complex is kept inactive via the phosphorylation
of ULK-1 by mTOR. Inactivation of mTOR, for example in nutrient poor conditions,
results in therelease of the ULKL initiation complex. ULK1 is then able to
phosphorylate FIP200 and ATG13, activating the complex and initiating auto@hamgy

et al. 2009, Ganley et al. 2009)verexpressionf C9orf72has been shown to activate
autophagy(Webster et al. 2016afurthermore, following disruption of theLK-1
initiation complex via depletion of FIP200, overexpression of C9orf72 no longer
activated the pathwayndicating that C9orf72 may also function at the level of the ULK

1 complex(Webster et al. 2016a)5trengthening this association, it is reported that
C9orf72 directly interacts with several members of tosnplex, including; ULK1,
FIP200 and ATG13Behrends et al. 2010, Webster et al. 2018450, recent studies
havepublishedthatdepletion of C9orf72in bothcell lines and primary neurongesults

in defective autophagy initiation and accumulation of p62/SQSTM1, similar to the
pathology seen in GALS/FTD patientgFarg et al. 2014, Yang et al. 2016, Sellier et al.
2016, Sullivan et al. 2016a, Webster et al. 2018dyling to the story, ar lab has also
identified that the C9orf72 protein @& effector of Rabla, facilitating trafficking of the
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ULK-1 initiation complex to the phagophorehich is essential for autophagosome
formation(Webster et al. 2016aonversely, others have demonstrated that a complex
consisting of C9orf72/SMCR8/WDR41 acts as a GEF for Rab8a and Rab39b, which act
further dowrstreanthe autophagy pathwaguring autophagosoe maturatior{Sellier et

al. 2016) However the GEF activity of the C9orf72/SMCR8/WDR4bpearso be
dependat on SMCR8(Sellier et al. 2016)Adding further compleity to its function,
C9orf72co-localises withlysosomes in cells when starved of amino a¢itsick et al.

2016) consistent with the lysosomeibg an important $& of function for C9orf72.
Overall, although different roles have been suggested, recent evidence stipports

involvement of C9orf72 imutophagyegulation

1.2.6. C9orf72 specific pathogenic mechanisms
Due to the discovery of the G>)n hexanucleotide re@at expansion i€9orf72 ALS

and FTD are now part -codingrepeagxp@a@ins gonol as s «
including myotonic dystrophies, fragiH¥ associated tremor/ataxia and several
spinocerebellar ataxigba Spada and Taylor 2010Research into these has elucidated
various mechanisms by which non coding repeat expansions may cause disease.
Regarding theC9orf72 repeat expansion, three principal mechanisms hared
particular attention; haploinsufficiency, RNA toxicity and repasdociatednonATG

(RAN) translation figure 1.4). The pathogenic mechanism underly@fprf72linked

ALS may be attributable to just one of these mechanisms or involve a combufadibn

three.
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Figure 1.4 Potential disease mechanisms associated with C9orf72 (G4C2)n repeat
expansion. There arecurrently three potential mechanisms by which tG8®orf72
associated hexanucleotide expansion could cause neurotoxicity. Firstly, transcriptional
silencing ofC9orf72via hypermethylation or transcription abortion may lead to reduced
C9orf72 expression and haploinsufficiency. Secondly, the hexanucleotide repeat i
transcribed in a sense and antisense direction. Thi€y\Gand/or (GGy)n repeat
containing RNA form foci, which may sequester RNA binding proteins, perturbing their
function and causing toxicity. Finally, the {G)). and/or (GG2)» repeat containing RA
undergoes repeatssociated neGATG (RAN) translation producing dipeptide repeat
(DPR) proteins, which aggregate and cause toxicity.
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1.2.6.1. Haploinsufficiency
The haploinsufficiency model suggests partial or complete loss of function of the repeat

containng allele. This pathogenic mechanism has been reported to underlie other repeat
expansion disorders such a Fragile X Syndrome (FM&n et al. 2017)A reduction in
variantspecific or totalC9orf72 messengeRNA (MRNA) in various CNS tissues,
lymphoblast cells and iPS@erived neuronffom C9orf72repeat expansion carriers has
been observed by several gropgksusHernandez et al. 2011, Gijselinck et al. 2012,
Belzil et al. 2013, Fratta et al. 2013, Almeida et al. 2028{ditionally, it has been
reported that C9orf72 protein levels are reduced in various regions of the CR&rfii2
repeat expansion carrief@/aite et al. 2014, Xiao et al. 2019)here areseveral reports
suggesting that the decreasedforf72 mRNA expression may be due to epigenetic
alterations, such as varying levels of DNA and histone methylatwbich areevents
knownto repress gene expressidrhads been reported thatethylated histones (H3K9,
H3K27, H3K79, H4K20) bind the pathogenic repeat expansion of C9orf72 in brain
regions that correspond to decreased C9orf72 mRNA levels in patieisl et al.
2013) Il n addition, It has been shown tha
(G4C2)n hexanucleotide repeat is significantly associated withkACS/FTD and that
levels of methylation are inversely correlated with disease dp§eet al. 2013)
However, others have reported thaistaberrant methylation may actually be protective
(Liu et al. 2014) Additionally, another recent report suggests that this decrease in
C9orf72 mRNA may be a result of stalled transcriptiorhe formation of distinct
polymorphic structures within th€9orf72 hexanucleotide repeat expansion, including
Gquadrupl exes and JRpsABRNAusehthe RNA posme(ase

processivity to be impaired in the repeat redidaeusler et al. 2014)

In order to establish whether decreased C9orf72 expression contributes to disease
pathogenesis, a number @0orf72knock down (KD) or knock out (KO) models have
been generated, with varying results. DeletioAbFA-1, the C.elegansrthologue of
C9orf72 resulted in agelependent progressive motor defects with an increased
sensitivity to stress induced paraly§lderrien et al. 2013)Additionally, transienKD

of C9orf72during embryonic development has been ghaavresult in locomotor and
axonal deficits in zebrafis{Ciura et al. 2013)In mice,C9orf72has been conditionally
removed in neuronal and glial cells using the NeGtia system or constitutively removed

in all cell types using targeted genome editing techni@sn et al. 2017)Although it
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is reportedhatthe C90rf72KO mouse models do not showgiss of neurodegeneration
(Koppers et al. 2015, Sudflaopez et al. 2016, O'Rourke et al. 202%anasio et al.

2016) two KO mouse models did show mild motor defgétsnasio et al. 2016nd
decreased survivalSudriaLopez et al. 2016)However, these phenotypes may be
attributed to other nderlying conditions rather than ALS/FTD, as these mobaise
consistently reportedymptoms such as enlarged spleens and lymph nodes, microglia
activation with abnormal lysosomal activity and altered cytokine produ@tamasio et

al. 2016, O'Rourke et al. 2018udriaLopez et al. 2016) In addition to animal maals,

two studies of human CGALS/FTD have provided contradictory evidence foL@F
disease mechanistairstly, a case report on a patient homozygous foCOmf72repeat
expansion argued against haploinsufficiency, as if it was the major disease mm@cihani
would be expected that this patient would have a more severe phenotype, but analysis
revealed that the phenotype was no more severe than a patient heterozygous for the
C9orf72repeat expansioffFratta et al. 2013) Conversely, a recent study reported the
presence of a novelOF C9orf72splice site mutation in a patient with ALS, supporting

haploinsufficiency as a disease mechanism ifrACS/FTD (Liu et al. 2016)

Taken together, these findings suggest that haploinsufficiency may not be the sole
pathogenic mechanism in @4.S/FTD. However, normal function of C9orf72 still
remains poorly understood, particulairiyivo. Experiments to define th®ological role

of C9orf72 are necessario guide research into how alterations in its function may
contribute to disease. C9orf72 is thought to function in autophagy, thus partial or
complete loss of its function may disrupt the pathway, exacerbating RNA toxicity or
dipeptice repeat (DPR) protein toxici{gee section 1.2.6.2 and 1.2.6.3).

1.2.6.2. RNA toxicity
The RNA toxicity hypothesis proposes thedanscripts containing th@GiCo), repeat

expansion aggregate to form RNA foci and subsequently sequestebiRMiAg proteins
(RBPs).This is hypothesised to result in the perturbed physiological function of such
RBPs. This is an attractive pathogenic mechanism as it is seen in othaydiogrepeat
expansion disorders such as myotonic dystrophy type 1 (OMi)Spada and Taylor
2010) Evidence of RNA foci in ALS was first reported in 2011, whisgywere observed

in the frontal cortex and spmh cord of two patients carrying the repeat expansion
(DeJesudHernamlez et al. 2011) Severalgroups have reported that tG®orf72repeat

expansion is transcribed in botlsense and antisse direction, resultinigp the presence
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of both sense (§&2), and antisense (Ga)n RNA foci in several locations in the CNS of
patients, including; the frontal cortex, motor cortex, hippocampus, cerebellum and spinal
cord(Gendron et al. 2013, Mizielinska et al. 2013, Ladieurenne et al. 2013, Zu et al.
2013) Whilst the majority of RNA foci are neuronal, it has been reported that they are
present in astrocytes, microglia and oligodendrocytes at a much lower frequency
(Mizielinska et al. 2013)A numberof RBPshave been reported to be sequestered by the
(G4Co)n repeatin vitro, including; hnRNP A3, hnRNP Al, hnRNR1/F, hnRNRH,
SRSF2, ALlYREF, ADARB2, nucleolin, P, A SF/ SF 2(MoriRtaan 28¥8P, 1

Xu et al. 2013, Lee et al. 2013, Donnelly et al. 2013, CoBpeck et al. 2014b, Haeusler

et al. 2014, Sareen et al. 2013, Reddy et al. 2013, Zhang et al. R04Hypothesised

that this will lead to lost areduced function of these RBRsterestingly, transcriptomic
analysis of COALS/FTD patient tissue has shown dysregulation of RNA spljcirigch

may be due to sequestration of particular RBRsoperKnock et al. 2015)

To investigate whether the RNA foci seen in patients are sufficient to cause
neurodegeneration, a number of models have been made. Expressida,Gb Bpeats

in Drosophila was found to be sufficient to cause neurodegeneration, resulting in
decreasd locomotor activity and disrupted eye morpholdy et al. 2013)PurU  wa s
found to interact with the repeat in this study and overexpression of this RBP rescued the
phenotypg(Xu et al. 2013) Additionally, in a zebrafish model expressing 38 or longer
G4C> repeats, RNA foci formed and initiated apoptotic cell deaa sequestration of
hnRNRH (Lee et al. 2013\thoughthis provides evidence that RNA foci are toxic and
possibly mediate their effect through sequestratfd®BPPs, mouse models have provided
contradictory results. Two mouse models expressing a patient d€2Bexd72 gene
containing either 500 or 8004G; repeats had abundant sense and antisense RNA foci,
as well as RAN translated DPR proteins throughout the CNS, but had no
neurodegeneration or change in survival, motor or cognitive fun¢@fRourke et al.

2015, Peters et al. 2015&dditionally, a mouse model expressing 6€&£&xepeats irthe

CNS via AAV delivery had abundant sense RNA foci, sense derived DPR proteins and
phosphorylated TDR3 inclusiongChew et al. 2015)Conversely to the aforementioned
mouse models, this model also had neuronal loss and behavioural abnormalities
reminiscent of CALS/FTD patients, including anxiety, antisocial behaviour and motor
defectdChew et al. 2015 Contradictory evidence in sevemlvivomodels suggests that

RNA foci alone may not be sufficient to cause neurodegeneration. However, future work
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should focus on elucidating the effect of sequestration of identified RBRw0, to

understand which one, if any, is critical for disease pathogenesis.

1.2.6.3. Dipeptide repeat (DPR) prdein toxicity
The repeatassociated neGATG (RAN) translation hypothesis proposes thaicts of

expanded repeats are translated despite the absence of an initiating AUG codon, resulting
in the production of polypeptides composed of repeating units chmoo acids, called
dipeptide repeat (DPR) protei(8u et al. 2011)RAN translation was first reported in

the repeat expansion disorders myotonic dystrophy type 1 and spinocerebellar ataxia type
8 (Zu et al. 2011)It has been reported that the repeat expansi@Puorf72is able to
undergobidirectional RAN translation of both the {Gp), sense and ({G.)n antisense
transcriptgAsh et al. 2013, Mori et al. 2013a, Mori et al. 201 8e3ulting in the synthesis

of five DPR proteins: pohfglycine-alanine, GA), polyglycine-proline, GP), poly
(glycine-arginine, @), poly-(proline-arginine, PR) angdoly-(proline-alanine, PAYMori

et al. 2013a, Zu et al. 2013, Ash et2013, Mori et al. 2013cAll five of these DPR
proteins ceaggregate in the characteristic p62 positive, #¥3megative inclusions seen

in COFTD/ALS patientgMori et al. 2013b, Mori et al. 2013c, Mori et al. 2013a, Ash et

al. 2QL3), in locations such as the cerebellum, hippocampus and frontotainp
neocortex. POK{GA) has been found to be the most prevalent in these inclu@vms

et al. 20Bc), with poly-(GP) and poly(GR) present to a lesser extdhis suggestdthat

DPR protein aggregation may precede ¥8pathology, with evidence of pe(EA)
aggregate cores il TDR43 positive inclusiongMori et al. 2013c)

Several groups have now demonstrated in vaiiow#ro andin vivo models that DPRs
are toxic. Many studies have focussed on {#8#;, as this ishe most abundant DPR
species in patients carrying the repeat expansibdtori et al. 2013c) For example,
expression of poNGA in primary neurons, in the absence of RNA foci, resulted in
neurotoxicity due to impaired proteasome activity and induction of endoplasmic
reticulum(ER) stresgZhang et al. 2014 Expression of poNGA in zebrafish was found

to be highly toxic(Ohki et al. 2017)Additionally, transgenic mice with abuauak poly-

GA pathology have neurodegeneration and ALS/HKB symptomgZhang et al. 2016)

As well as polyGA, arginine rich DPR proteir{poly-GR and-PR)have been extensively
studied Expression of GR or PR caused toxia@tyd early lethality in a Drosophila model
(Wen et al. 2014)interestingly, asophisticategtudygenerated two Drosophila models

one with a pure (&&2)nrepeat and one with a {Gy)nrepeat engineered to contain regular
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interruptions with stop codons to prevent translation. Both pure and interrupted repeats
formed RNA foci. However, unlike the pure repeat, the interrupted repeats could not be
RAN translated to form DPRs. Expression of the pure repeats caused toxicitgrgnd e
lethality, whereas the interrupted repeats had no effécs. supports the idea thRINA

foci are not toxic, but the DPRs gidizielinska et al. 2014)

The aforementioned models indicate that DPRs are toxic, but do not confirm that this
drives pathogenesis in humans. If DPRs are the major pathogenic sethaderlying
C9-ALS/FTD, if would be expected that DPRs accumulate in regions commonly affected
during diseasefor example motor neuronklowever,in general it igeported that there

is a low abundance of DPR proteins in these areagatient post mdem tissue
(Mackenzie, Frick and Neumann 2014, Mackenzie et al. 201583 may be explained,

as if accumulation of DPRs is toxic and results@uronal dedt, the surviving neurons
foundin post mortem tissue may never have had abundant DPR pathologgin with,
which would explain why they survivethterestingly, pathological findings from three
C9orf72FTD patients who died prematurelafter disease onset(two from
bronchopneumonia and one from myocardial infarcteuggested that DPRathology
preceded TDR3 pathology, and DPRs were abundant throughout cerebral cortical
regions, hppocampus and cerebelluigBaborie et al. 2015)This highlights that
developingminimally invasive techniques to detect DPRs in patients during the disease
coursewould beusefulto understand the role of DPR proteinseiaxly-stage disease

patlogenesis.
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1.3. Modelling neurodegenerativedisorders in zebrafish

1.3.1. Advantages of Zebrafish
The zebrafish@anio rerio) was established as a vertebrate model to study developmental

processes in the 1980s. Since then, the experimental value of the zebrafish has been
demonstrated and is increasingly being recognised as a model organism of human
disease, including neurogieneration. Zebrafish possess several characteristics that make
them beneficial to scientists. Thayevertebrate which developex uteroin transparent

eggs known aschorions, enabling scientists to monitor developing embfigoamel et

al. 1995. Embryonic development is rapid, with all major organs formed withday

post fertilisation (dpf)(Kalueff, Stewart and Gerlai 2014yvhich is an adantage in
comparison to higher vertebrate models such as rodents, which have longer gestation
periods. Zebrafish reach sexual maturity &t @®onths and are excellent breeders, with a
single female able to produce hundreds of fertile eggs each (Kegleff et al. 2014)

Due to their small size they are able to be kept in a relatively small space, which means

they are ideal fohigh-throughput genetic ardfug screens.

Thezebrafish genome is fully sequenced and is known to have 25 pairs of chromosomes,
containing>26,000 protein coding gen@dowe et al. 2013)The genetic homology is
relatively high between zebrafish and mammals, including humans, supporting the
translational value of the zebrafish. The nucleotide sequences of zebrafishshene
approximately 70% homolggwith human genes and around?84f human disease
genes have zebrafish counterparts, including those linked to neurodegenerative disorders
(Howe et al. 2013)in genetic studies it is importatd considethe genome duplication

which ocarred duringteleost evolutionyesulting induplicatecopies ofmany genef
zebrafish(Kalueff et al. 2014, Howe et al. 2013, Phillips and Westerfield 204a\yvever,
despite this, zebrafish have a similar number of chromosomes to humans and the
duplicated CNS geneseem to mostly encode proteins with similar or substantially
overlapping function and propertiékalueff et al. 2014, Howe et al. 2013, Phillips and
Westerfield 2014)As the zebrafish genome is fully sequenced they are susceptible to
genetic manipulation éstion 1.3.2). Interestingly, the study of embryonic lethal
mutations is possible in zebrafish, as they do not require a functional circulatory system
to survive in the first week, relying on their yolk and passive diffusion of oxygen, and
undeveloped empos are not resorbed, as mouse embryogkeabashi et al. 2010a)

Thus, analysis of the whelerganism phenotype can be conducted due to éxeitero

development.
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The zebrafish has a conserved, yet singdif nervous system with other higher
vertebrategBabin, Goizet and Raldua 2014) general, although much smaller, the CNS
and PNS have a similar overall organisation, including cell tgmesneuron structure
(Babin et al. 2014) Key similarities include: fore mid- and hindbrain (including
diencephalon, telencephalon and cerebellum); peripheral nervous system with motor and
sensory components; a functional bldmdin barrier; main neurotransteit systems

such as the cholinergic and domaergic pathways are present; highartebrate
behaviours and integrated neural function such as memory and social behaviour
(Wullimann and Mueller 2004, Panula et al. 2006, Jeong et al. 2008, Lieschke and Currie
2007, Babin et al. 2014 onversely, there are some structural differences, including: no
direct telencephalic projections into the spinal cord, such as the corticospinal tract;
smaller cerebral hemispheregbrafish muscle is polyneuronally innervated throughout

its lifetime;f i sh behaviour and cognitive functio
vertebrates; presence of teleost specific sensory organs such as the lai@¥aillimann

and Mueller 2004, Lieschke and Currie 2007, Babin et a4 20festerfield, McMurray

and Eisen 1986)

It is important to acknowledge that despite similarities, no model organism can reproduce
and accurately model all aspects of human neurodegenerative diseases. There are still
significant differences between zebrafish d&anans in terms of genetics, lifespan and
architecture of the nervous system, for example. It is important to understand both the
advantages and limitations when interpreting results in all model organisms, including

zebrafish.

1.3.2. Genetic tools
The zebrafsh has proven to be an essential model organism for validating pathogenicity

of novel genes or alleles in human patients. Due to its fully sequenced genome, there are
multiple known targets for reverse genetic techniques. Genes can be easily manipulated
by loss or gainof-function approaches in simple, transient assays of gene function and
by creation of stable disease models using targeted genome editing techniques. The
zebrafish offers an inexpensive and rapid alternative to generating models of
neurodegnerative disease in comparison to murine models, which are {aibensive

and costly.

In this project, the main focus is generatiorLQfF mutations. The easiest approach to

study LOF mutations in zebrafish is the injection of antisens®rpholino
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oligonucleotidegAMOs), and this method has been particularly exploited over the past
few decades for this reasdiasevicius and Ekker 200Q0) AMOs are a synthetic
derivative from DNA, with two major changes resulting in a neutral charge: i)-a six
membered morpholine ring replaces the standard deoxyribose ring; ii) -Bomon
phosphorodiamidate linkage replaces anionic phosphodiester (Summerton and
Weller 1997) Knockdown (KD) can be easily achieved by the microinjection of AMOs

at thel- to 4-cell embryonic stage. The neutral charge and small size (around 25 bases in
length) albws the AMO to diffuse throughout the embryo following microinjection
(Nasevicius and Ekker 2000)MOs bind complementary sequences of RNA or single
stranded DNA, and can be designed to temporarily downregulate gene expression by

either blocking translation or splicifgisen and Smith 2008)

The use of AMOs has significantly helped to solidify the relevance of investigating
zebrafish orthologues of human disease genes. However, the technique is often
confounded by offarget effectswhich are often caused by the induction of p53 that leads
to apoptosis, but can also be phdependentKok et al. 2015) These inconsistencies
have resultedn questions about its relevance in the extvof novel genome editing
techniques in recent years. The potential fortaffet effects has been demonstrated in
zebrafish models of neodegeneration, such as MNED of a Tardbp orthologue in
zebrafish using translation blocking AMOs has been regottio cause shorter,
disorganised motor neuron axqi&bashi et al. 2010bpulsequently, two independent
studies demonstrated that stable los§afdbpwas fully compensated by alternative
splicing of a secondardbp orthologue in the zebrafisfardbpl (Schmid et al. 2013,
Hewamadduma et al. 2013)hus, thelardbpKD-induced phenotype was not observed

in these stableTardbp mutants (Schmid et al. 2013, Hewamadduma et al. 2013)
Interestingly, one of the groups microinjected the same AMO used in the Kabashi study
into both wildtype and stabl@ardbp knockout (KO) mutants§Hewamadduma et al.
2013) They found that this resulted in severe defects in both genotypes, suggesting that
the AMO used inlie Kabashi paper may have hadtitargeteffects which contributed to

the observed phenotypgélewamadduma et al. 2013y addition, AMOmediated KD of
C13H9orf72n zebrafish has been reported to result in locomotor deficits and axonopathy
of the motor neuron&Ciuraet al. 2013)However, we have evidence which suggests that
stable loss o€13H9orf72does not recapitulate these same phenotypes, again suggesting

the phenotypes observed in the KD study were dymihto offtarget effectsqhapter
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4). As well as his, a recent study by the same group reported that AMOiated KD of
p62/SQSMTL in zebrafish again caused locomotor deficits and axonopathy of the motor
neurons (Lattante et al. 2015b)Currently, this is the only zebrafish model of
p62/SQSTM1, therefore it will be essential to investigateetifiects of p62/SQSTM1

LOF in a stableKO model to validate th& MO phenotype, given the aforementioned
discrepancies fofardbpandC13H9orf72

It is important not to disregard efrget effects, as theymay result in others
unintentionally classifying #iseas genuine effects of the gene under investigafibrs

is a particularly sensitive issue with regards to peer reviewers from disparate fields, who
may not have the necessary experience to distinguish-Kkd@ed toxicity from gene

specific AMO-induced phenotypesThe use of appropriate controls is essential so that
investigators can ensure that the phenotype they observe is specificdoehaf mterest.

For examplecontrol AMOs should always be used, which could include mismatch or
scrambled AMOs. However, even if the 6cor
rule out that the phenotype observed wit
target effect. Theefore, additional controls to test for specificity should be used. This
includes using at least two AMOs for any gene targeted, with each AMO tested
individually to ensure they result in similar phenotypes. Additionally, at least one of these
should be @&pliceinhibiting AMO, therefore even if relevant antibodies are unavailable,
guantification of the effect of the AMO could be performed using-§fCR. Specificity

could also be determined by mRNA rescue. However, this technique is only effective if
the gaes are ubiquitously expressed or have no overexpression phenotype. If the target
gene is expressed in a restricted manner or has a strong overexpression phenotype, this
method would not be suitable. Alternatively, one could compare phenotypes observed to
existing mutants. However, clearly this method is limited to whether another mutant has
been generatedlhis topic has recently been addressed by publication of a set of

guidelines for the use of morpholinos in zebrafiStainier et al. 2017).

In additionto off-target effects, the transient nature of the technique means it is not
appropriate for studying the latmset disease related phenotypes of many
neurodegenerative diseases, suchadgtonsetMND. To circumvent this issue, the
recent developmentf @enomeediting techniques such as transcription activiker
effector nucleases (TALENsJjJoung and Sander 2013nd clustered regularly
interspaced short palindromic repeats (CRIS@R)scha et al. 2013, Chang et al. 2013,
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Hwang et al. 2013)have enabled research&sinduce targeted, heritable mutations in
the zebrafish genome. Both of these techniques consist of a segpecde DNA
targeting subumiand a double stranded DNA cleaving nuclease. TALENs conset of
pair of DNA binding proteins fused to a fokl nuclease. The pair bind opposite sides of
the target site, separated by a spacer region-@Dldlcleotides, within which fok1 cuts

the DNA(Joung and Sander 2013dditionally, CRISPR consists @f complex between

a cas9 nuclease and a target specific single guide RNA (gRNA). The gRNA directs the
cas9 nuclease to a 20 nucleotide targjtd, immediately followed by @rotospacer
adjacent moti{PAM) site, where it cutthe DNA(Hruscha et al. 2013, Chang et al. 2013,
Hwang et al. 2013)I'he induction of double stranded breaks in the genome isitiate

DNA repair pathways: i) nahomologous end joining (NHEJ), which ligates the DNA
strands without a template, frequently producing small insertion or deletion (indel)
mutations; ii) homologous recombination B&J, which repairs the break with a
homologus DNA templat¢Schmid and Haass 2018)espite both techniques being able

to induce heritable mutations, they both have specific advantages addadisayes, as
detailed in table 1.4.

Overall, the ease athich potentially pathogenic genes can be transiently depleted in
zebrafish, has been exploited over the past few decaldisgechnique, alongside rescue

of LOF mutations with the human witype mRNA but not human diseasgRNA,
enables researchers terdonstrate the specificity and pathogenicity of certain human
disease geneslowever, the generation of stalll®F models in recent years has shed
light on the potential pitfalls of transient techniques such as AMOs. This calls in to
question past researeimd highlights the importance of making stable models of these
genetic variants in the future, tarther confirm pathogenicity. As techniques such as
CRISPR/Cas9 are inexpensive and rapid to perform, the next few years should see a

wealthof new zebrafib disease models.
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Table 1.4 Advantages and Disadvantages of TALENs an@RISPR/Cas9.

Genome editing technique

Advantages

Disadvantages

Transcription activatelike
effector nuclease@ALENS)

Clustered regularly intersperse:
short palindromic sequences
(CRISPR)/Cas9

High target specificity

In theory, can be targeted to any position witt
the genome as they are not constrained by a
PAM site

Off-target effects less of an issue, as the DN,
binding site is very long (approx. 36 base pai
therefore rarely, if ever, found elsewhere in t
genane (Mussolino et al. 2011, Miller et al.
2011)

Another reason for less off target effect is tha
double stranded breaks (DSB) only occur aft:
correct positioning and dimerizah of Fok1
(Christian et al. 2010)

Easy and simplé design

Less cosintensive than TALENSs

High target specificity

Have been reported to have higher mutation
efficiency- indel formation of up to 70%
reportedWang et al. 2014)

Not sensitive to methylation like TALENS
Multiplexed mutation§ mutations can be
introduced in multiple genes at the same time
via injection of multiple gRNAgWang et al.
2013)

Cas9 nickase mutants used ta@ase
specificity and reduce offirget effect§Ran et
al. 2013)

More expensive

More time consuming to generate

TALEN specificity/binding is dependent on
proteinDNA interactions which can be
affected by epigenetic status, such as
sensitivity to methylatioiBultmann et al.
2012)i this is thought to explain the little or
no mutagenesis activity in some cases

Target site selection can be limited, due to
dependency on PAM si{&ternberg et al.
2014)

Off-target effects reported bccur more
frequently than TALENgBoettcher and
McManus 2015) one reason is that gRNA
can tolerate up to 5 mismatches (\Wiatson
Crick base pairingjFu et al. 2013)
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1.3.3. Examining motor function in adult zebrafish models of
neurodegeneration
Several neurodegenerative diseases are characterised by motor dysfunction, including

Parkinsonds di sease, Hhaunoh diseasds,csuch as AliiBe s e a S
zebrafish igncreasingly being acknowledgead a model organism to study normal and/or
pathological motor function throughout its lifetirfer several reasongor example, aa
vertebrate model, it has conserved organisation of organs and tissuenmthe brain

and spinal cordAdditionally, neurogenesis begins around 10 hours post fertilisation
(hpf), synaptogenesis around 18 hpf and hatching around 52 hpf in the zglbtiafistel

et al. 1995)The aforementioned qualitiesean that bt larval and adult zebrafish are

ideal to study motor dysfunction associated with many human neurodegenerative
disorders

As gene overexpressionib can be easily achieved using injections of RNA (or cDNA)

or AMOs at the embryonic stage, there are a number of transient embryonic models which
have been used to model the toxic effects of genetic mutations associated with
neurodegenerative disease, imtthg changes in motor function. Behavioural responses

to touch and swimming can be monitored shortly after hatching in such models, as they
already have a repertoire of stereotyped motor behaviours at this(Brageau et al.

2002, Wolman and Granato 201Zor example, by 24 hpf wiltype zebrafish
spontaneously contract their tail muscles and by 48 hpf, zebrafish exhibit controlled
swimming behaviourgSzal et al. 2016) Reduction or other alterations in these
movements may indicate a motor dysfunction. There are two main approaches to measure
swimming behaviour in early development, includitigg touchevoked escape response
(TEER) and higkthroughput locomotion assays. The TEER, involves measuring
acceleration during a burst of swimming, following an external stimulus to the head or
tail. Additionally, locomotion assays can be performed usiogmercially available
automated tracking systems, such as Zebralab by ViewPoint (France), providing reliable
and highthroughput measurements of motor function. This test is also suitable fer high
throughpuin vivodrug or mutagenesis screens. Howevénpagh advantageous to have

a disease model with phenotypes at these early stages, it is not representative of human
neurodegeneration. Therefore, order to fully understand the progressive nature of
motor dysfunction in these disorders, stable gematidels of neurodegeneration must

be developeddr longterm phenotypic studies in adult zebrafish.
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There are several ways in which motor function can be investigated in both health and
disease in adult zebrafish. A study generated a fish that exprested mebrafistsodL
(Ramesh et al. 201@nd a swim tunnel test was utilised to test the motor abilities in this
transgenic line, at several different ages. Thesngeasures swimming endurance against
an increasing flow of water. Critical swimming speed:i{Jis calculated for each
individual, as the maximum swimming velocity a fish can sustain for a set duf@taart

2000, Brett 1964)The transgenic zebrafish generated in this study showed a marked
decline in Wit with increasing age compared to controls, which eventually resulted in
paralysis at end stage dise@dBamesh et al. 20107 his transgenic model recapitulates

the progressive trait of ALS. Other models of neuromuscular degeneration, such as the
Mfn2-linked Charcot Marie Tooth (CMT) disease Type 2 zebrafish model, utilised the
same techniquéChapman et al. 2013)hey also showed progressive swimming defects,
with adultMfn2 mutants displaying a dezasing Wit with age, in comparison to controls
(Chapman et al. 2013n the future, other models of neuromuscular degeneration would
benefit from using this method of testing motor performance. Another method which has
been used to observe motor function in adult zebrafish models abdeggmeration
involves using various video tracking systems to monitor swimming activity of
individuals in a tank over a set peri@bkowski et al. 2012, Wang et al. 2017, Da Costa

et al. 2014) For example, it was reported that swimming velocity of a stable transgenic
zebrafish, expressing human G93®0D1,decreased over time in comparison to controls
(Sakowski et al. 2012¥howing that this method is also sensitive in detecting changes in
motor function. However, the disadvantage to these studies is that they are time
consuming to perform on large cohorts. A novel test, called the spinrskghas the
ability to rapidly measure swimming endurance in adult zebréB&rina, Vianna and

Lara 2013) However,it is yet to be tested and published on adult zebrafish models of

neurodegeneration.

In addition to identifying motor dysfunction, defects at the neuromuscular junction (NMJ)
and a decrease in the number of motor neurons (MNs) were also observed &h the fi
expressing mutant zebrafisbdl (Ramesh et al. 2010The NMJs were analysed in this
model, as effects at the NMJ are one of the earliest defects in mouse modelgBfALS

et al. 2000, Schaefer, Sanes and Lichtman 2005, Fischer et al. 260@# this, whole
mount staining for synaptic vesicle 2 (SYa pr esy napt i-bunganaoxik e r )

( BTX i a postsynaptic marker) was performed on larvae (11dpf) and adult (12 months)
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muscletissue(Ramesh et al. 2010) They found a signi f-i cant
BTX co-localisation in transgenic fish at 12 months in comparison to controls, imdjcati
dysfunctional NMJgRamesh et al. 2010l addition, the MNs were analysed as NMJ
degeneration is followed by MN loss in ALS patients and transgenic ALS rodeats

et al. 2000 Fischer et al. 2004)To analyse this, spinal cords were taken at end stage
disease from transgensodl fish and processed for choline acetyl transferase (ChAT)
immunostaining to examine MNRamesh et al. 2010End stage, transgenic zebrafish

had a 38% reduction of MNs in comparison to conffi@Emesh et al. 2010y hese results
suggest theebeneration of NMJs and subsequent loss of MNs in the transgenic zebrafish
underlie the progressive motor dysfunction observed. Several groups have used the same
method of examining NMJs for different adwlbdl mutants(Da Costa et al. 2014,
McGown etal. 2013, Sakowski et al. 201@hd adultMfn2 mutant zebrafisliChgoman

et al. 2013)The main difference is the method in whichlooalisation was measured.

For exampl e, one study used t HRameRleehal.sono
2010) whereas another study used the Intensity Correlation Quotient (C2@pman &

al. 2013, Li et al. 2004)t may be usefuln the future to standardise whiatethod is
used.Additionally, other groups haveported usin@resyl violet Niss| Staininstead of

ChAT immunostaining, in order to count MNs in spinal cord cross sections framolcon

and transgenic fish expressing human GE2D1 (Sakowski et al. 2012)However,

both methods of MN counting are sensitive to detecting changes in MN number.

Despiteadvantages of using adult zebrafish to study motor functiereare some
limitations which must be acknowledged when interpreting results. For example, it has
been shown that zebrafish muscle is polyneuronallyruated throughout its lifetime
(Westerfield et al. 198@ndthat adult zelafish have the capability to regenerate motor
neurongReimer et al. 2008unlike mice ad humansilt is possible that this capability
could affect the severity of motor phenotypes observed in zebrafish models of
neurodegenerative disease. However, it has been reported that zebrafish do develop
severe motor defects in several models of neegederative disease, highlighting its
relevance to study such disordéRamesh et al. 2010, McGown et al. 2013, Chapman et
al. 2013, Sakowski et al. 2012)verall, there are multiple effectiveatihods to study

both motor function and the underlying pathology in adult zebrafish, showing that they
are an excellent model to study motor function in kergn phenotypic studies.
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1.3.4. Examining behaviour in adult zebrafish models of
neurodegeneration
In addition to motor dysfunction (section 1.3,8lisruptions in emotional, cognitive and

social behaviour are common phenotypes observed insdexirodegenerative diseases

i ncluding Al zWFED meéradg ki Dis ® @ & 5Se Therefoegdt $se a n ¢
essential when modelling these diseases that changes in behaviour and/or cognition can
be detected. The zebrafish is rapidly gaining popularitghabioural research as a useful
organismto study normal and/or pathgjizal behavioursTheir behavioural rggnses

are robust and appear to be conserved, resembling those seemraliaanspecies, such

as humangKalueff et al. 2014, Stewart et al. 2014, Norton and Ballyf 2010) As
discussed previouslyheé zebrafish has a conserved, yet simplified, nervoutrmys
compared with other higherertebrategBabin et al. 2014)They possess the major
neuromediator systems, including similar neurotransmitter receptors, transporters, plus
enzynes of synthesis and metaboligialueff et al. 2014) Zebrafish also have well
developed, caserved neuroendocrine systenfor example, stress responses are
medided by cortisol activated by a cascade of hypothalpimotary hormones and
acting via glucocorticoid receptors zebrafish, similar to humarZiv et al. 2013)In
addition, they are sensitive to major neurotropic drugs (such as antipsychotics, anxiolytic,
antidepressants, ethanol, sedatives and antiepileptics) and respond tm thessmilar
manner to human&alueff et al. 2014, Stewart et al. 2014 hese similarities all support

the translational value of studying behaviouzeétrafish and the potential value of testing

new drugs for major brain disorders.

Larvae can be used to measure a number of simple behaviours. For example, with the
application of automated video tracking tools, robust amtilety or anxiolyticlike
responses can be detected at this early stage in high throughput screens. However, for
larval stages the most common endpoints for these assays are locomotory, such as
distance travelled and immobility, which may subsequently increase or decrease with
anxiety(Kalueff et al. 2013, Ahmad et al. 2012)though thesendpoints may be useful

when studying the effects of anxiogenic or anxiolytic drugs for example, they may not be
suitable when studying larval zebrafish models of neurodegenerative diseases, as motor
function may be affected by alternate factors, suchegemkeration of motor neurons.
Additionally, it is reported that certain complex behaviours are not prominent in larval
zebrafish, such as social behaviours. A recent study suggests that social behaviours, such

as social preference, begin to emerge whenafish are around 2 weeks ddreosti et
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al. 2015) Analysis of social behaviours are relevant for several neurodegenerative
disorders, where patients may experience aberrant social behaviourss seginession,
disinhibition or apathy, for example. Although the number of stable genetic models of
neurodegeneration are limited, the increasing use of genome editing techniques, such as
TALENs and CRISPR/Cas9, will hopefulliccelerate thedevelopmentallowing fora

better understanding into the progressive nature of behavioural phenotypes

neurodegenerative disease.

Although more difficult to manipulate than larvae, adult zebrafish displafiaie host

of mature behaviours which make it an enticmgdel organism to study changes in
behaviour and/or cognition, complementary to existing rodent models. Adult zebrafish
are a powerful tool to model behaviours including aggression, anxiety, learning, memory
and social behaviour, which are relevant tmgmeurodegenerative diseagisrton and
Bally-Cuif 2010) Additionally, theavailability of reliable, commercially available video
tracking systems, such as the Zebralab by ViewPoint (Franwakedly strengthens
neurobehavioral analysis adultzebrafish Several groups have developed a wealth of
behavioural assays which enable the study of aggression, anxiety, learning, memory and
social behaviours in adult zebrafish, taking advantiginese video tragng systems
(Stewart et al. 2014, Norton and Ba@uif 2010)

The focus of tis study is ALS andsdiscussed, it has been reported that 50% of ALS
patients carrying the repeat expansionCi@orf72 have behavioural and/or cognitive
impairmentg(Ringholz et al. 2005)Additionally, it has been reported that around 15%

of these patients meet the clinical criteria for FTD, particularly the behavioural variant of
FTD (bvFTD) (Ringholz et al. 2005)Patents exhibit symptoms such asxiety,
disinhibition, apathy andnemory loss(Mahoney et al. 2012)There are several
established protocols available to investigate these behaviours in adult zebrafish. For
example, methods available to monigpatial learning andnemoryin the zebrafish
include the Tmaze, which is similaio a test used on roder3arland and Dowling 2001,
Norton and BallyCuif 2010) There are alse e ver a | aqguatic 6novel
novel tank diving test, open field test and liglairk boxwhich have been extensively
validated to monitor anxietlfke behaviour and are conceptually similar to rodent anxiety
tests, such as the open field t€sbpezPatino et al. 2008, Egan et al. 2009, Norton and
Bally-Cuif 2010, Serra, Medalha and Mattioli 1998hese tests have been used on adult
zebrafish models of neurodegeneration. For example, a group reported that rotenone
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treat ment of adul t z e br alike molor anchrbmnotee d P a
symptoms, including anxietike behaviour as shown lusing the lightdark tes{\Wang

et al. 2017)As well as this, zebrafish are naturally social animals and prefer to swim in
shoals. This behaviour can be disrupted by environmental, pharmacological or genetic
factors and can be ebsassessed in adult zebrafidforton and BallyCuif 2010)

1.3.5. C9orf72-ALS/FTD zebrafish models
As discussed, a noncoding4G)n hexanucleotide repeat expansioC®orf72is a major

cause of both ALS and FTD. In addition, it is not fully understood how the repeat
expansion causes disea butthree principal mechanisms have gained particular
attention, including; haploinsufficiency, RNA toxicity and repassociated, nGATG

(RAN) translation. The pathogenic mechanism underlg8grf72linked ALS may be
attributable to just one of these mechanisms or involve a combination of all three.
Zebrafish are an excellent organism to utilise as a model-#&L&IFTD. As discussed,

not only do they possess several characteristics which makelgarorganism to model
motor neuron diseases in general, but they have a highly conge9weeid 2orthologue
(C13H90rf73, sharing 68.5% nucleotide identity with the human gene. Zebrafish have
only one copy of th€C9orf72 orthologue and they are predictex possess 3 protein
coding transcripts, encoding two protein isoforms of different lengths, as observed in
humangCiura et al. 2013)It has been reported th@ail3H90orf72mRNA is expressed in
regions of the CNS including forebrain, hindbrain and spinall tor24hpf zebrafish
embryos(Ciura et al. 2013)In adult zebrafishC13H90orf72mRNA is present more
extensively in a number of organs and tissues, with notable expression in regions of the
CNS such as the forebrain, midbrain, hindbrain and spinal(Chuda et & 2013) Both
lossof-function (LOF) and gairof-function (GOF) models of C9ALS/FTD have been

generated in zebrafish, which are discussed in sections 1.3.5.1 and 1.3.5.2.

1.3.5.1. Lossof-function models
To address the LOFMypothesis, a group generated a ejen model of C9orf72

haploinsufficiency via transiertD of C13H9orf72transcripts in zebrafisfCiuraet al.
2013) KD was achieved by designing specific AMOs to target two ATG translation start
sites for all three predicted transcrip@ura et al. 2013)AMO-mediated knockdown of
C13H9orf72resulted in disrupted aborization and shortening of the nm&toron axons
(Ciura et al. 2013)a phenotype which has previously been reported in other KD models
of ALS in zebrafish, including TDB3 (Kabashi et al. 2010b)n addition, impaired
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touchevoked escape response (TEER) and spontaneous swimming behaviour was also
observed in this moddCiura et al. 2013)Despite the fact the leveff KD was not
quantified, due to lack of available aPorf72 antibodies at the time of publication; co
injection of humarC9orf72mRNA rescued both the axonopathy and locomotor defects,
supportingthe specificity of the observed phenotyp@dura et al. 2013) Despite
promising results, data from AMRKD should be treated with caution, as the technology
has various limitations, ranging from its transient efficacy to iteqal for offtarget
effects, as previously discussdd addition to tlis, ALS is principally an adult onset
disorder in humans, therefore it desirableto use a complementary approach to the
AMOs in order to study the adult phenotyipezebrafish. The aforementioned reasons
highlight the necessity to develop a stable ziéshaC13H9orf72LOF model. Recently,

a group utilised the CRISPR/Cas9 system to generate zeldfaiiOorf72LOF alleles
(Hruscha et al. 2013)They reported that the identifiddOF mutations successfully
transmitted through the germline,owever to date there are no publications

phenotypically characterising this potential model.

1.3.5.2. Gain-of-function models
The relative contribution of RNA and DPR toxicity in the context ofALS/FTD is still

under debate, since many conflicting results have bbtrined from a variety of model
systems. Regarding zebrafish, RNA injections of 8x, 38x and 7&% (@peats has
previouslybeen reported to result in RNA foci and cell death by apap&i4 hpfin a
repeat lengtllependent mannealthough no CRALS/FTD-like motor or behavioural
phenotypes were reportgilee et al. 2013)Additionally, this study did not report
evidence of RAN translation products from the repeat RNA injections in these zebrafish.
Another recenstudy generated two independent transgenic zebrafish lines carrying x80
G4C> repeatqOhki et al. 2017)It was observed that this model had key pathological
features of CALS/FTD at 28 hpf, such as RNA foci present in the spinal cord, however
RAN translation products were not detec(€dhki et al. 2017)This is possibly because

no RAN translation occurs in early development or it was below the detection limit of the
antibodies used. This model showed mild toxicity, with mild pericardial oedema
commonly observe@Ohki et al. 2017)However, as DPRs were not detected, it cannot
be determined that this mild toxicity was due to RNA foci or low level DPR protein
expression. Interestingly, this group also generated two adaliticansgenic zebrafish

lines carrying a translation initiation codon (ATG) in front of the x8@CGepeats,
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driving expression of polsA DPR proteingOhki et al. 2017)This study focussed on
poly-GA, as this is most abundant DPR species in patients carrying the repeat expansion
(Mori et al. 2013c)In additionto the presence of RNA foci in the spinal cord at 28 hpf,
this model also had abundant p@W inclusions and increased toxicity, including severe
pericardial oedema, circulatory defects and decreased sur@ddi et al. 2017)
Blocking production of polyGA using an antisense approach partially rescued the
observed phenotype, demonstrating that {8y is toxic in vivo and targeting DPR
proteins might be a useful therapeutic method in the fu{@eki et al. 2017)
Unfortunately, due to larval lethality of this model, analysis of possibl
neurodegenerative phenotypes in adulthood was not possible. Further development of
inducible GOF zebrafish models will be necessary to further digbectrelative
contribution and/or synergistic effect of repeat RNA dnERs to toxicity in C9
ALS/FTD zébrafish models.

1.4. Aims and Objectives
There are twanajor gaps in our knowledge regarding @8orf72 Firstly, it is not fully

understood how the repeat expansion causeAlSIFTD, however there is evidence
that C9orf72nRNA and protein levels are reduce patient§DeJesuddernandez et al.
2011, Gijselinck et al. 2012, Belzil et al. 2013, Fratta et al. 2013, Almeida et al. 2013,
Waite et al. 2014, Xiao et al. 2015uggesting that9orf72LOF via haploirsufficiency

may be causative in GALS/FTD. Secondly, the function of the C9orf72 protein is not
fully understood, however there is increasing evidence that C9orf72 plays a regulatory
role in autophagyFarg et al. 2014, Yang et al. 2016, Sellier et al. 2016, Sullivan et al.
2016a, Webster et al. 2016#)is essential that gaps in our knowledge are filled in order
to identify novel therapeutscfor preclinical development, which have the potential to
help the majority of ALS and FTD patientBhus, theobjective of this projedcis to test

the hypothesis that loss of C9orf72 expression causes ALS/FTD by disruption of C9orf72

function in autophagyl o investigate this, the overaihas of this project are

1. To generate a stable zebrafi@i3H90orf72LOF model using targeted genome
editing techniques

2. To characterise the model generated to determine whether loss of C13H90rf72
expression results in any ALSr FTD-like phenotypes

3. Toinvestigate the function a213H90orf72in vivo
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As discussed the initial aim of this project isgeeneratea stable zebrafis@13H9orf72

LOF model.Developingin vivo models recapitulating GALS/FTD is essential in order

to further elucidate the pathomechanisms which underlie this disorder and to aid in
evaluating the potential efficacy of novel therapi@&is can be achieved by the
development of zebrafish models, as they hold several characteristics which make it an
advantageous model to use in the study of neurodegenerative disordeas sludand

we know there is high homology between human Ab&ed genes and the
corresponding zebrafish orthologue. Importantly, there is 68.55% nucleotide identity and
76.14% amino acid identity between hum@forf72 and the zebrafish orthologue,
C13H9o0rf72(zgc: 100846). Therefore, it is expected that functional @bl€9orf72 is

likely to be similar in zebrafish and humans, thus disease mechanisms are expected to be
conserved. As discussedlMOs have been utilised to transient{D both isoforms of

the zebrafistC13H90rf72 resulting in both locomotor and axonal dés (Ciura et al.
2013) which is consistent with the aetiology of AUSowever, as ALS is an adult onset
disorder it is critical to generate a stabhf@F model in order to study the potential adult
phenotype in the zebrafish. In additi@nrecent identifiation of a noveLOF C9orf72

splice site mutation in a patient with ALS, supports haploinsufficiency as a disease
mechanism in CALS/FTD and further highlights the importance of generating this
model(Liu et al. 2016)In order to produce zebrafisil3H90orf72LOF alleles, we will

utilise targeted genome editing techniques to target coding exons 1 ai 3ddorf72,

to generatdcOF mutations in either both isoforms or theng isoform, respectively
(chapter 3).

Validated zebrafisit13H9orf72 LOF mutants will be used for characterisation studies to
address our second aim in determining whether los€1&H90orf72 results in any
ALS/FTD-like phenotypes, such as changes in survival, motor dysfumetichanges in
behaviour ¢hapter 4). As there are currently no publicaticharacterisinga stable
zebrafishC13H9orf72 LOF model of ALS/FTD, the phenotypic ctaterisation of the
generated lines will be highly important during this project. To determine the possibility
of lethal effects of th&C13H9orf72mutations, survival will be monitored as has been
done previously in our groufChapman et al. 2013Puring larval stages, they will be
monitored twice per day, with dead larvae collected for genotyping. Additionally, the
mutants will also be monitored throughout their lifetime, as it may be expected that

survival decreases during adulthood, as ALS/FTD is mainly an adult onset disorder in
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humans.To determine whether the zebrafi®i3HOorf72 LOF mutants have a motor
deficit, two approaches will be used. Firstly, the spinning task will be utilised to monitor
swimming endurancéBlazina et al. 2013)Secondlytheswim tunnel will be utilised to
measure critical swimming velocity (k) in the zebrafish, which has been used to
characterise other zebrafish models of ALS previoufRamesh et al. 2010)
Furthermore, we will confirm the basis foryaaltered motor function by quantitative
assessment of neuromuscular junctions (NMJs). In additiorALHFTD patients are
known to exhibit a number of behavialichanges such as: anxiety, disinhibition, apathy,
memory loss(Mahoney et al. 2012)There are now several protocols established to
measure behaviours such as anxiety, aggression, social preference, memory and learning
in adult zebrafisi{Norton and BallyCuif 2010) Thus, we aim toxamine anxiet-like
behaviour in our mutaniga utilising two tests which robustly meastthis behaviour in

zebrafishithe novel tank diving test and the open field analysis test.

The final aim of this project is tmvestigatethe C9orf72linked diseas mechanisms by
investigating and identifying the function of the C9orf72 proteinivo. A characteristic
phenotype of CALS/FTD is the presence of p62/SQSTML1 positive, T4¥negative
inclusions found in the cerebellum, hippocampus and the neo¢GeperkKnock et al.

2012, AlSarraj et al. 2011p62/SQSTMargetubiquitinated proteins to the autophagy
pathway for degradation and accumulation of this protein has been associated to
inhibition of autophagy, suggesting C9orf72 may function within this protein clearance
pathway(Hara et al. 2006)The presence of these pathognomonic inclusions, alongside
the identification of C9orf72 haploinsufficiency in patients, suggests that defective
autophagy via loss of C9orf72 function may be causative rACRFTD. Further
suwpporting this hypothesis, recent studies published that disruption of C9orf72 function,
in both cell lines and primary neurons, results in an inhibition of autophagy initiation and
accumulation of p62/SQSTML1, similar to the pathology seen HACR'FTD patents

(Farg et al. 2014, Yang et al. 2016, Sellier et al. 2016, Sullivan et al. 2016a, Webster et
al. 2016a) Therefore, the investigation of the role of C9orii@2/ivo, using thestable
zebrafishC13H9orf72 LOF models is an imporant aspect of this projectiapter 5).

This not only has the potential to allow for further investigation into the possible role of
autophagy deficits in disease progression, but will provide a useful tool for studying
C9orf72 functionn vivo.
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2. Materials and Methods

2.1. Materials
2.1.1. General reagents
All general chemicals and reagents, unless otlseraiated, were purchased from VWR,

Lutterworth, UK. Fompolymerase chain reacti@afl primerswere purchased from Sigma

Aldrich, Poole UK and all restriction enzymes from New England Biolabs (NEB),
Ipswich, USA
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Table 2.1 General reagents.

E3 Embryo Medium

Tricaine

5mM NacCl; 0.17mM KCI; 0.33mM Cag|
0.33mM M@SQy; 0.1mg/l Methylendlue
in dH0

400mg Tricaine powder (Sigma, #040),
97.9ml dRBO, ~2.1ml 1M Tris (pH 9).
Adjust if required to ~ pH 7

50x TAE stock solution

Embryo Deyolking Buffer

2429 Tris Base, 57.1ml acetic acid, 0.5M
EDTA pH 8.8, up to volume witdH>O
55mM NaCl, 1.8mM NaHCg) made up to

volume withdH,O

Embryo Washing Buffer

110mM NacCl, 3.5mM KCI, 2.7mM Cagl
10mM Tris.HCI pH 8.5

BRB80 Lysis Buffer

80mM PIPES pH6.8, 1mM EDA, 1mM
MgCl, 150mM NaCl, 1% v/v NP40

RIPA Lysis Buffer

50 mM Tris HCI pH6.8, 150 mM NacCl, 1
mM EDTA, 1 mM EGTA, 0.1% SDS, 0.5%
Deoxycholic acid, 1% Triton X.00

IP150 Lysis Buffer

150mM NaCl, 1mM EDTA, 1mM DTT,
0.5% (v/v) TritorX-100, 50mM HEPES,
10% (v/v) Glycerol, pH 7.5

5x Laemmlli Sample Buffer

300mM Tris pH 6.8, 25%/v glycerol, 10%
w/v SDS, 0.01% w/v bromophenol blue,
25 % vniencaptbethanol, made up to
volume withdH.O

Resolving Gel Buffer

Stacking Gel Buffer

1.5M Tris.HCI pH 8.8, made up to volume
with dH0O
0.5M Tris.HCI pH 6.8, made up to volume
with dH0O

For a 1mm thick 15%
polyacrylamide resolving gel(25ml
for 4 gels)

12.50ml of Ultra-Pure ProtoGel® 30% (w/v
Acrylamide,6.25ml resolving gel buffer,
250m 10%w/v SDS, 5.7l dH20, 250m
10%w/v ammonium persulfate (APS)52i
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N, N, -tefka, methytethythylnediamine
(TEMED)

For a 1mm thick 10%
polyacrylamide resolving gel(25ml
for 4 gels)

8.33mlof Ultra-Pure ProtoGel® 30% (w/v)
Acrylamide,6.25ml resolving gel buffer,
250m 10%w/v SDS, 1onl dH2O, 250
10%w/v ammonium persulfate (APS), 2b
TEMED

For a 1mm thick 6% stacking gel

10x Running Buffer Stock (10L)

Running Buffer (1L)

1ml 30% acrylamide, 1.25ml stacking gel
buffer, 501 10%w/v SDS, 3midH.O, 3C:I
10%w/v APS, 151 TEMED

300g Tris, 14409 Glycine, made to volume
with dHO

100ml 10xRunning Buffer Stock, 10ml 109

w/v SDS, made up to volume wittH.O

Transfer Buffer (2L)

200mI10x Running Buffer Stock, 400ml

Methanol, made to volume witiH,O

Tris-buffered saline (TBS) (1L)

For 20X stock: 48.46g Tris, 160.16g NaCl.
30ml HCI, up tovolume with dHO

TBS-T

1X TBS, 0.1%v/v TWEEN-20, made up to

volume withdH,O

Blocking Buffer

5% w/v nonfat dry milk (Marvel) in TBST

PBS (1L) For 25X stock: 200g NaCl, 5g KClI, 5g
KH2PQy, 28.6g NaHPOy up to volume with
dH20

PBD-T 50ml 1X PBS, 0.5¢8SA, 50011 DMSO,
250m Triton-X-100

Fish gelatin 27.5ml fish gelatin (Sigma, #G7765), 7.59

Sucrose, up to 50ml with dB

Coomassie Stain

50% Methanol, 10% Glacial acetic acid,
40% RO, 3g/L Coomassie Brilliant Blue
R250
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2.2. General zbrafish methods
All zebrafish maintenance and experiments were performed at the Bateson Centre or

Sheffield Institute for Translational Neuroscience (SITraN), University of Sheffield. All
procedures were conducted in accordance with the Animal Scientific Procedures Act
(ASPA) 1986, under the authority of bottroject and personal licenegranted by the
Home Office, UK.

2.2.1. Wild-type strains
All zebrafish stocks were kept in tanks at 28°C on 4ddr light, 16hour dark cycle at

the Bateson Centre, University of Sheffielthe wild-type line AB was used for all

zebrafish procedures unless otherwise stated in the protocols.

2.2.2. Zebrafish breeding and embryo collection
Zebrafish were marbled or paired the previous afternoon in order to stimulate the

production of embryos at the staf the lightdark cycle. Embryos were collected the
morning after marbling or pairwise mating. Following this, embryos were reared in E3

embryo medium and kept at 28°C up to 5 days post fertilisation (dpf), maximum.

2.2.3. Fin biopsies
Fin biopsies were takeat >3 months for genotyping. A 98ell plate was prepared with

approximately 2001 of aquaria system water in each well. Fish were put in 200ml of
Tricaine solution (4.2ml tricaine per 100ml aquaria system water) to anaesthetise them.
Once anaesthetiseiddividual fish are removed from the solution and a small section of
the tail is cut with scissors. Fish are put into a tank to recover from the anaesthetic. The
fin clip is placed in one well of the PCR plate and the tank is labelled with the
correspondig number of the well to allow for identification.

2.2.4. Dechorionating zebrafish embryos
The removal of the chorion was performed at 24hpf. Using a light microscope for
guidance, forceps were used to manually pull the chorion apart and release the embryo.

Declorionated embryos were then kept in E3 embryos medium at 28°C until required.
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2.3. General molecular biology techniques

2.3.1. Making LB broth and LB agar plates
Sterile LB broth (10g/L Tryptone, 5g/L Yeat extract, 10g/L NaEl¥ler Scientifif was

made byresuspending 25g of LB broth pder in 1L of distilled water @HO).
Additionally, sterile LB agar (10g/L Tryptone, 5g/L Yeat extract, 10g/L NaCl,
15g/LAgar) (Fisher Scientific) was made by resuspending 40g of LB agar powder in 1L
of dH.O. The mix was themutoclaved and allowed to cool for around 30 minutes.
50nmg/ml of the appropriate antibiotic was added to the LB agar in sterile conditions. The
LB agar solution was poured into 10cm petri dishes and allowed to set at RT, before being
stored at 4°C.

2.3.2. Preparation of glycerol stocks
Single colonies from LB agar plates were picked aravg in 5ml of LB broth with
50mg/ml of the appropriate antibiotic. These were left overnight on a shaker at 37°C. To
make the glycerol stock, 56Dof the bacterial culture @500 of sterile 50% glycerol
was mixed in a microcentrifuge tube. All glycerol stocks were store2DacC.

2.3.3. Preparation and purification of plasmid DNA
To obtain plasnd DNA, E.coli colonies containing the plasmid of interest were picked
and grown irbml LB broth containing 5@y/ml of the appropriate antibiotic. These were
then left overnight at 37°C on a shaker. The next day, these were centrifuged at 4000 x g
for 10 minutes in order to pellet the bacterial cells. Plasmid DNA was then extracted using
the NucleoSpin® Plasmid DNA, RNA and protein purification ktaCehery Nagé)
foll owing manufacturerds instructions.

2.3.4. Quantification of plasmid DNA
Plasmid DNA was quantified using the NanoDrop Spectrophotometerl(00D
(NanoDrop Technologies, Wilmingh, USA). The NanoDrop was initiated witiilof
nuclease free water. Subsequently, it was then blanked miitif the elution buffer used
in the NucleoSpin® Plasmid DNA, RNA and protein purification kit. To assess

concentration, i of sample plasmid DNA was thdested.
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2.4.Cloning of zebrafish C9orf72 (C13H90rf72)
2.4.1. Zebrafish C13H9orf72 plasmids

Table 2.2 Zebrafish C13H90rf72 plasmids.

Plasmid name  Construct Insert Vector Cloning strategy
Size Backbone
mycC13H9orf72 C13H9orf72 1389bp pci-neo Subcloned as

Notl/Xhol PCR
fragment from pDNR
LIB

GSTFC13H90rf72 C13H9orf2 1389bp pGEX-6p-1  Subcloned as
Notl/Xhol PCR
fragment from pCl

neo

2.4.2. Site-Directed Mutagenesis ofC13H90rf72 construct

2.4.2.1. QuickChange lightning sitedirected mutagenesis kit
The QuickChange lightning sHdirected mutagenesis ki{Agient Technologies,

#2105185) was used in order to modify th@13H9orf72construct. Primers used are
shownin table 2.3 For this, the following reaction was preparedd ®f 10x reaction

buffer; 1.9m (25ng) of dsDNA template; 1.2% (125ng) of oligonucleotide primer #1
and #2 (100ngM stock); Im of ANTP mix; 1.5 of QuickSolution reagent; made up to
50m final volume withdH2O. In addition, il of QuickChange Lightning enzyme was

added. The following cycling parameters were used:

Temperature  95°C for 2 minutes
x18 cycles 95°C 20 seconds
60°C 10 seconds
68°C 30 seconds/kb of plasmid length
Temperature  68°C 5 minutes
Infinite hold 10°C
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Table 2.3 Primers for site-directed mutagenesis of C13H9orf72 construct.

Name For war3dd )( 56 Reverg8eé) (560

C109T GGAACAGCCGCAAGTCTGAAG ATCAGCTCTCATCTTCAGA
ATGAGAGCTGAT CTTGCGGCTGTTCC

C9plus2 GCTGATGATACGTGTGCTCGTG CACCCTGCCACGAGCACCG
GCAGGGTG TATCATCAGC

Following this, 2r of Dpnl restriction enzyme was add&deach amplification reaction.
The reaction was thoroughly mixed via pipetting up and down several times and a brief
spin down.The reaction was then immediately incubated at 37°C for 5 minutes in order
to digest the parental supercoiled dsDNA.

2.4.2.2. Molecular cloning of C13H90rf72
The QuickChange lightning sHdirected mutagenesis kit suggests to transftml10
Gold® Ultracompetent cells (Agilent Technologies) with the mutagenesis reaction.
However, the mutagenized plasmid contained a chloramphenicol resistance marker, and
these E.coli are resistant to both chloramphenicol and tetracycline, therefore an
alternative strain of competent cells had to be used. OneShot® TOP10 conipeddint
(ThermoFisher Scientific) were instead transformed. OneShot® TOP10 contpetnt
were stored longerm at-80°C and for transformations, aliquots were thawed on ice for
approx. 10 minutes. To 28 of these competent cellsp2of the mutagenesis reaction
was added and the mixture left on ice for 30 minutes. After this time, the competent cells
were heat shocked for 45s at 42°C and subsequently placed on ice for a forthete®.
Following this, 25@1 of LB broth was added and the mixture incubated at 37°C for 1
hour on a shaker. After 1 hour, the sample was centrifuged at@$®0r 2 minutes to
pellet the bacterial cells. In sterile conditions, approxn200the LB broth was pipetted
off and the pellet was then resuspended in the remaining LB broth. All of the resuspended
pellet was spread on a LB agar plate containinggh@l of the appropriate antibiotic in
sterile conditions. Once dry, the plates were then inedbapside down at 37°C
overnight to allow bacterial cultures to gro®ingle colonies were picked from the
bacterial plates and plasmid DNA prepared, purified and quantified as stated in sections
2.3.3 and 2.3.4. To sequencenil®f 100ngM of purified plasmid DNA made up in

dH.O was sent to th€ore Genetics Service at the University of Sheffieddensure that
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the mutagenesis had worked successfulynce completed, the sequence data was

analysed using Sequencher Demo Version §®Behecodes, USA)

2.4.3. Subcloning C13H90rf72 into pCl-nec-myc mammalian expression
vector

2.4.3.1. Producing a blunt ended PCR product using thé>husion®
High Fidelity PCR kit
In order to subclone the construct iGl-neo mammalian expression vector, flanking

Xhol and Notl restrictiorenzyme sites were required. To do this, Bieisio® high
fidelity PCR kit (NEB #E0553vas used, according to manuf
primers containing th&¥hol or Notl restriction sites (see table 2dlow). Following this,

1m of the reaction was run on a gel to ensure the product was the predicted size.

Table 2.4 Xhol and Notl primer sequences.

Restriction cut site inserted Primer sequence( 5300 )

Xhol CTCGAGATGTCTTCAGCCTGTCCTCC

Notl GCGGCCGCTCAGAAGTTGATGAGGAGG
TCG

2.4.3.2. Zero blunt® TOPO® PCR cloning kit
Following high fidelity PCR,the blunt ended PCR product was subcloned th&

p C RBlunt II-TOPO® Vector using theZero blunt® TOPO® PCR cloning kit
according t o man uTharedctiomwas tides transfosnedinuteML.i on s
Gold® Ultracompetent cells as described below.

2.4.3.3. Molecular cloning of C13H90rf72
XL-10 Gold® Ultracompetent cells were storeeB&t°C and for transformations, aliquots
were thawed on ice for approx. 10 minutes. Tol28 these competentcellspil o f b
mercaptoethanol was added to improve transformation efficiency. To thigf 3he
TOPO reactionvas added and the mixture was left on ice for 30 minutes. After thes tim
the competent cells were heat shocked for 45s at 42°C and subsequently placed on ice for
a further 2 minutes. Following this, 2800f LB broth was added and the mixture
incubated at 37°C for 1 hour on a shaker. After 1 hour, the sample was centatuged
3893 x gfor 2 minutes to pellet the bacterial cells. In sterile conditions, approri 200
the LB broth was pipetted off and the pellet was then resuspended in the remaining LB

broth. All of the resuspended pellet was spread on a LB agar platencog&irg/ml of
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the appropriate antibiotic in sterile conditions. Once dry, the plates were then incubated
upside down at 37°C overnight to allow bacterial cultures to gBimgle colonies were

picked from the bacterial plates and plasmid DNA preparedfjguiand quantified as

stated in sections 2.3.3 and 2.3.4. To sequenoép1@00ngf of purified plasmid DNA

made up in dBD was sent to th€ore Genetics Service at the University of Sheffield.
Once completed, the sequence data was analysed using Sequencher Demo Version 5.0.1
(Genecodes, USA)

2.4.4. Restriction digests using Xhol and Notl
The C13H90rf72 construct was digested using Xhol and Nit. this, the following

reaction was set up: 2ug C13H9orf72 constrQddul Xhol; 0.5ul Notl; 1x fast digest
buffer (made from 10x stock solution) in glBiand digested for 10 minutes at 37°C.-Pre
cut pCHneo vector was used (courtesy of Emma Smith), suriguXhol and Notl fast
digest enzymes (Thermo Fisher Scientific, Delaware, USA).

2.4.5. DNA extraction from agarose gel
To separate linear DNA fragments following restriction digest, agarose gel
electrophoresis was used. Afithe sample was loaded on to% dgarose (Melford, UK)
gel, containing &1 Ethidium Bromide (EtBr) per 100ml agarose gel. Samples were loaded
adjacent to 81 of Hyperladder | Bioline). Gels were run in DNA electrophoresis tanks
(Geneflow, UK) in 1x TAE buffer. Samplegere visualised using a UV transilluminator
and DNA bands of the desired size were cut manually using a scalpel. The DNA was then
extracted and purified usingtf@e n El ut e E Ge | E x t acaomihgitm n  Ki
manuf act ur er 0l amoaont ofpudfiedt DNA nvas. quantified using a
NanoDrop spectrophotometer NIDOO (Thermo Fisher Scientific, Delaware, USA).

2.4.6. Ligation of DNA fragments
To ligate thepurified DNA fragment and linearized p@ko vector(as described in

section 2.4.4 and 2.4.5),thaiQ c k Li gat i o #H2260j NEB)Warghisu s e d
50ng of vector was combined with &@d molar excess of insert. To thisrif 2X

Quick Ligation buffer was added to the mix, followed g @f Quick T4 DNA ligase.
Volume was adjusted to a total 20 with dH.O. The mixture was centrifuged briefly

and left at RT for 10 minute&ollowing this, I of ligation mix was transformed into
XL-10 Gold® Ultracompetent cells (as described in section 2.4.3.3).
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2.4.7. Colony screening
Following transformation, a colony PCR was used to screen for successful ligations in

the transformedk.coli colonies. Single colonies were picked usirgjexilep200 tip, re
streaked on an LB agar platentaining 5@g/ml of the appropriatantibiotic(see section
2.4.7.1) and then incubated inM@f PCR reaction mixém of nucleasdree (NFywater,
2m of 5x FIREPol® master mix with 7.5mM Mgg&(Solis BioDyne),1m of 10mM T7
EEV forward primer (Sigma),rl of 10mM T3 reverse primer (SigmaJ.he following

cycling parameters were used:

Lid temperature 110°C
Temperature 95°C for 5 minutes
30x conventional cycles 95°C for 40 seconds
57°C for 45 seconds
72°C for 2minute 30 seconds
Temperature 72°C for 10 minutes
Infinite hold 10°C

5m of each sample was loaded on to a 1.5% agarose (Melford, UK) gel, contarhing 2
Ethidium Bromide (EtBr) per 100ml agarose gel. Samples were loaded adjaceidto 3
Hyperladder | (Bioline, UK). Gels were run in DNA electrophoresis tanks (Geneflow,
UK) in 1x TAE buffer. Samples were visualised using the gel imager GENi (Syngene,
UK). Selected colonies with the correct construct size were picked from-tteeadked
bacterial plates (see section 2.4.7.1) and plasmid DNA prepared, purified and quantified
asstated in sections 2.3.3 and 2.3.4. To sequencd,ca1@00ngM of purified plasmid
DNA made up in dbD was sent to the Core Genetics Service at the University of
Sheffield. Once completed, the sequence data was analysed using Sequencher Demo
Version 5.01.

2.4.7.1. Re-streaking bacterial plates
Alongside running the colony PCR as described in section 2.4.7, theBioglecolonies
picked for screening were alsosteaked on a new LB agar platentaining 5ég/ml
of the appropriate antibiotigr further wse. A grid with numbers was taped to the bottom
of the plate. When a colony was picked, it was streaked across a number and then placed
into a well containing the PCR mix, with the same number. This meant that colonies

which produced positive results dugiscreening could be identified in the future.
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2.4.8. SubcloningC13H9orf72into a pGEX-6p-1-GST expression vector
For theTnT® Quick Coupled Transcription Translation Binding ags@&g section 2.30

the C13H90rf72 construct had to be subcloned into the p&EX GST expression
vector (GE Healthcare Life Sciences). To do this the C13H9o0rf72 construct was cut using
Xhol and Notl as described previously in section 2.&dllowing this the digested
product was run on an agarose gel and purified as describedysig in section 2.4.5.

The C13H9orf72 construct was ligatedth the precut pGEX6p-1 GST expression
vector and transformed into X10 Gold® Ultracompetent cells, as described in section
2.4.6.Following this, single colonies were screened using coR@GR as described in

section 2.47, using the programme below and primers detailed in table 2.5

Temperature 94°C for 3 minutes
Conventional cycle (3Ccycles) 95°C for 40 seconds

57°C for 45 seconds

72°C for 1 minute 30 seconds
Temperature 72°C for 10minutes
Infinite hold 10°C

Table 2.5 GST forward and reverse primers.

Name For war3dd )( 50 Reverg8é)(56
GST GCTGGCAAGCCACGTTTGGTG ATGTGTCAGAGGTTTTCACCG

Selected coloniewith the correct insert size (1389bpgre picked from the rstreaked
bacterial plates (see section.Z.4) and plasmid DNA prepared, purified and quantified

as stated in sections 2.3.3 and.2.30 sequence, 1 of 100ngm of purified plasmid

DNA macde up in dHO was sent to th€ore Genetics Service at the University of
Sheffield. Once completed, the sequence data was analysed using Sequencher Demo
Version 5.0.1(Genecodes, USA)
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2.5. Methods for targeted genomeediting in zebrafish
In order to generat€13HOorf72 LOF zebrafish, two modes of targeted genome editing

were used: transcription activatitke effector nucleases (TALENS), to target coding
exon 7, andClustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and
CRISPRassociated (Cas) geng @RISPR/Cas9), to target coding exonTlargetsites

were designed iboth exon Jand exon 7to produce LOF mutations in both isoforiors

just the long isoform respectively of zebrafish C9orflt2vould not be possible howewve

to generate a zebrafish with LOF mutations affecting only the short isoform, as the entire

sequence for the short isoform is included in the long isoform.

2.5.1. TALENs
TALENSs were previously generated and microinjected by Dr Andrew Grierson prior to

the startof the current projectThe TALEN site used was as follows (spacer region

underlined):

TATATTTCAGGACGTGATgcacaaagacacqcttf@GTCTTTCATAGATGA

2.5.2. CRISPR/Cas9 target site design
The CRISPR/Cas9 genome editing system was used in order to produce iasgetizh

and/or deletion (INDEL) mutations in exon 1 of zebrai®®orf72 (C13H90rf72; zgc:
100844. The guide RNA (gRNA) anti-8épseasl ia
follows (Integrated DNA technologies):

AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGREICTTATTTTAA
CTTGCTATTTCTAGCTCTAARACACTGAGCAGCAGCAACCCTATAGTGAG
TCGTATTA CGC

with the gRNA scaffold shown in italics, the target sequence shown underlined and the

T7 site shown in bold. The target sequence was adopted from (Hruscha et al.,2013).

2.5.3. Invitro RNA transcription of the gRNA and nCas9 for
microinjection
2.5.3.1. gRNAin vitro RNA transcription
In order for directn vitro transcription to occur, the & of the custom gRNA antisense

oligonucleotide was annealed to theddT7 primer (TAATACGACTCACTATAG).
Conditions were as follows: 95°C for 5 minutes, then cooled at room temperature
overnight. The gRNA was thean vitro transcribed using the MEGAshortscrpt kit

( Ambi on) , following the manufactureros
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purified usirg t he MEGAc!| ear E kit ( Ambi on) , a (

instructions. The concentration of gRNA produced was 108.ng/

2.5.3.2. nCas9 in vitro RNA transcription
The nuclear Cas 9 (nCas9) plasnp@52nCas9nAddgene #47929was obtained from

Addgene Jaoet al., 2013 For this protocol, purified nCas9 plasmid DNA was originally
obtained from Mr Rich Lucas (SITraN), at a concentratib8rg/m. Firstly, the plasmid

DNA was lineari®d using the Notl restriction enzyme (NEB) (30 units perglof
plasmid DNA) and left at 37° overnight. Following thispilof linearised plasmid was
loaded on a 1% agarose gel in comparison to the same volume of an undigested control
to ensure the digestion had been successful. After linearization, the nCas9 mRMA was
vitro transcribed using thenMESSAGE mMACHINE kit (Ambion) following the
manufactur er 6 s nmgnok lineated tplasmid DNA ag emplate. The
transcribed RNA was then purified using

manufacturess 6s i nstruction

2.5.4. Microinjection of CRISPR/Cas9 into zebrafish embryos
The injection mix was made withriLof RNA-grade phenol red dye, added td §RNA

(540 ng/ul) 2m nCas9(6ng/ul) and up to 161 final volume with NFW.Glass capillaries
(World Precisiorinstruments) were pulled on a Mode®P Flaming/Brown micropipette
pulling machine (Sutter Instruments Co., USA) to produce capillary needles suitable for
microinjection. The needle was placed in an Eppendorf containing the injection mix and
the needle laded by capillary action. The loaded capillary needle was placed in a
micromanipulator (Leica Microsysems, Wetzlar, Germany). The needle was calibrated
using a graticule so that two ek injected a volume ohll Zebrafishwere paired the

night before ifectionas described in section 2.2.2. The following mornetglised, one

cell staged embryowere collected, as described in section 2.2.2. The embvgos
placed on a 1% agarose gel mould and excess E3 buffer removed using a Pasteur pipette
so the mald was dry to prevent the embryos moving during injection. They were then
injectedinto the yolk sac with 2nl of the gRNA/Casfjection mixture using an air
pressure injectomwith final concentration of gRNA 108pg and Cas9 1.PWgrashige
IM-300 gas ke injector). Injected embryos were collected, placed in fresh E3 and
incubated at 28°C. For each batch of injected embryos, a plateinjeated embryos

from the same pair was kept as a control. After 48 hours, a selection of injected embryos
was colleted for genotyping.

57



2.5.4.1. PCR analysis
DNA was extracted from injected embryos ath8 as described in section 2.6 The

resulting DNA was gengped as described in section 2.@usingExon 1primers gee
table2.6).

2.6. Genotyping mutant lines
2.6.1. DNA extraction
To extract DNA for genotypingsingle embryos or fin clips wer@laced in 361 of

QuickExtract™ DNA Extraction solution (Epicentre UK, #QE09050). Samples were then
incubated at 65°C for 2 hours, 99°C for 2 minutes to terminate the reaction and held at

10°C. DNA extract from fin clips was dilutiel:5 with nucleaséreewater before use

2.6.2. Genotyping primers

Table 2.6 Genotyping primers.

Name Forwar3dd)( 56 Rever 8é&) ( 5 Product
size (bp)
Exon 7 primer1 GCGCAGACGTACAA GCTTCCTCCGCTTT 220
AATCAACGTCA GGCCTTGA

Exon 7 primer 2 TGTAAAACGACGGC ACACTACGCAGAG 492
CAGTCGTCTCCAGTA ACAGACCT

ATGTCACGGT
-6 primer TACAGAGAACATGA TGTAAAACGACGG 175
GAGTCACTAACTAA  CCAGTTCAAGGCC
AAAGCGGAGGAA
GC
+6 primer TACAGAGAACATGA TGTAAAACGACGG 181
GAGTCACTAACTATT CCAGTTCAAGGCC
AC AAAGCGGAGGAA
GC
Exon 1 primer TGCTTTGTGAGCCTG CGGCGTGCAGAGG 436
ACGGTCT CAGGTAG
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2.6.3. Detecting TALEN-induced mutations via restriction fragmentlength
polymorphism (RFLP)
TALEN-induced insertion or deletion (INDEL) mutations were detected by RFLP

analysis of an Msll site overlapping the TALEN target site. Loss of the Msll site indicates
the presence of an INDEL mutation produced by the TALEN. Each PCR was prepared as
a 10m reaction, including; 7.528 of nucleasdree (NF)ywater, Ir of 10x Standardaq
Reaction Buffer (NEB #B90145), GrRof deoxynucleotide (dNTP) solution mix (NEB
#N64475), 0. of 2100mM Exon 7 primer 2 (forward), Ord of 100mM Exon 7 primer

2 (reversg 1m of template DNA (diluted 1:5) and 0.0@bof Taq DNA polymerase

(NEB #M0273S). The samples were then run using the following protocol:

Initial denature 94°C for 3 minutes
Touchdown (x15 cycles) 94°C for 30 seconds
65°C- 50°C for 45 seconds*
72°Cfor 1 minute 30 seconds
*decreases by 1°C per cycle
Conventional c y ¢ 94°C for 30 seconds
58°C for 45 seconds
72°C for 1 minute 30 seconds
Temperature 72°C for 10 minutes
Infinite hold 10°C

When using DNA extracted from fin clips 2@nventional cycles were used and when
from embryos 40 conventional cgd were used. Once completeni &f the restriction
enzyme Msll (NEB #R0571L) was added to PCR product in each well. Samples were
then incubated at 37°C for 12 hours and held at 18f@r digestion, 5x DNA loading
buffer (Bioline, UK, #37045) was added to each sample in order to monitor migration
rate of the saples during electrophoresigiicof each sample was loaded on to a 2.5%
agarosgMelford, UK) gel, containing @& Ethidium Bromide (EtBr) per 100ml agarose

gel. Sanples were loaded adjacent tol ®f Hyperladder IV (Bioline, UK) to enable
estimation of fragment sizes every 100bp. Gels were run in DNA electrophoresis tanks
(Geneflow, UK) in 1x TAE buffer. Samples were visualissthg the gel imager GENi
(Syngene, UK).
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2.6.4. Detecting CRISPR/Cas9nduced mutations via restriction fragment
length polymorphism (RFLP)
CRISPR/Cas9nduced insertion or deletion (INDEL) mutations were detected by RFLP

analysis of an Ddel site overlappingetCRISPR/Cas9 target site. Loss of the Ddel site
indicates the presence of an INDEL mutation produced by the CRISPR/Cas9. Each PCR
was prepared as a hreaction, including; 6.8l of nucleasdree (NF}water, 2r of 5x
FIREPol® master mix with 7.5mM Mde (Solis BioDyne),0.1m of 100nM Exon 1

primer (forward), 0. of 200mM Exon 1 primer (reverse) andtlof template DNA. The

samples were then run using the following protocol:

Initial denature 94°C for 3 minutes
Touchdown (x15 cycles) 94°C for 30 seonds
65°C- 50°C for 45 seconds*
72°C for 1 minute 30 seconds
*decreases 1°C per cycle
Conventional cyc 94°C for30 seconds
58°C for 45 seconds
72°C for 1 minute 30 seconds
Temperature 72°C for 10 minutes
Infinite hold 10°C

When using DNA extracted from fin clips 20 conventional cycles were used and when
from embryos 40 conventional cycles were used. Once completed, the following mix was
added to PCR product in each well: 7.150f nucleasdree (NF)} water, 2m of
CutSmat Buffer (Biolabs, #B7204S) and 0.2%Ddel (NEB, #R0O175L). Samples were
then incubated at 37°C for 12 hours and held at 10°C. After digestioipfl€ach sample

was loaded on to a 2.5% agarose (Melford, UK) gel, contaimhdgidium Bromide
(EtBr) per 100ml agarose gel. Samples were loaded adjacent tf Blyperladder IV
(Bioline) to enable estimation of fragment sizes every 100bp. Gels were run in DNA
electrophoresis tanks (Geneflow, UK) in 1x TAE buffer. Samples were visualised using

the gel imagr GENi (Syngene).
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2.6.5. Sequencing
Sequence analysis was used to confirm that loss of the restriction site was due to TALEN

or CRISPR/Casthduced mutations at the target site. To amplify DNA for sequencing,
the-6 primer (forward and reverse) and +6 prnni@rward and reverse) were used for

the TALEN lines (see table 2.6). The exon 1 primers (forward and reverse) were used for
the CRISPR/Cas9 lines (see table 2.6). Each PCR was prepared abkraat@ion,
including; 6.81 of nucleasdree (NF)water, 2r of 5x FIREPol® master mix with
7.5mM MgCb (Solis BioDyne), 0. of the appropriate forward primer (1@@1), 0.1

of the appropriate reverse primer (d®@ and I of template DNA. The PCRs were run

using the PCR cycle detailed in sections 2.6.3 angl2@nce completed,md of each

PCR product was loaded on to a 2.5% agarose (Melford, UK) gel, contaimikgEt

per 100ml buffer. PCR products were loaded adjacentitofHyperladder IV (Bioline

UK) to enable estimation of fragment sizes every 100Bels were run in DNA
electrophoresis tanks (Geneflow, UK), in 1x TAE buffer. Products were visualised using
the gel imager GENi (Syngene). DNA from the amplified PCR products are prepared for
sequencing by ExoSAP, including: Ori%Exonuclease 1 (NEB, #MI®3S), Il SAP
(Affymetrix, #78390) and 3.98 deionised water. The product was then incubated at
37°C for 45 min, 80°C for 15 min to terminate reaction and held at 10°C. PCR products
were sequenced by the Core Genetics Service at the University of Bhefiiece
completed, the sequence data was analysed using Sequencher Demo Version 5.0.1
(Genecodes, USA). Subsequent analysis of the sequences was performed using EXPASy

translate tool (http://web.expasy.org/translate/) and Clustaht¥2:{/www.ebi.ac.uk/.
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2.6.6. Real Time Quantitative Polymerase Chain Reaction (RIGPCR)
2.6.6.1. RT-gPCR primers

Table 2.7 RT-gPCR primers.

Name For war3dd )( ! Revers8®¥ (t Optimised
concentration
C13H90rf72 CCCTGACGCTGCTCA TCCACCGTCAGGTCCA 2.5nM
exon 910 GATAC AATC
EFla GGATTGCCACACGGC GGTGGATAGTCTGAGA 5nM
TCACATT AGCTCTC

2.6.6.2. DNA extraction
From the lines raisedheterozygous carriers for the identified mutations were incrossed

and offspring raisedo 5 dpf. At 5 days, 24 larvaeere collected and placed into
individual 0.5ml tubed._arvaewere suspended in fbof Trizol reagent (Invitrogen) and
incubated for @ minutes at RT. The larvaeere then homogenised using a handheld
homogeniser, ensuring the homogeniser tips waeaned between each larvae
Homogenisedarvaewere incubated at RT for 5 minutesd ®f chloroform was added

to each sample and incubatedrat for 2 minutes. Samples were then centrifuged for 15
minutes at 12000 x g at 4°C. This leads to the formation of a lower organic phase
(containing DNA and denatured proteins) and an upper agueous phase (containing RNA).
The upper aqueous layer was remyvplaced into a sterile 0.5ml tube and snap frozen

in liquid nitrogen. The upper aqueous layer was storeBDaC until genotyping had been
completed. To the lower organic phase af glycoblue (Ambion #AM9515) andrd of

100% ethanol was added. Sangpheere vortexed and centrifuged for 10 minute $&00

X g at 4°C. The resulting supernatant was discarded and the following mix was added to
each pellet: i of glycoblue (Ambion #AM9515), M of 7.5M ammonium acetate, G#

dH.O and 151 of 100% ethanolThe ammonium acetate and ethanol stabilise the nucleic
acids via neutralising the backbone of the nucleic acids and by decreasing the dielectric
constant. This makes the backbone stronger and less hydrophilic respectively. The
samples were then incubatid 30 minutes at RT and subsequently centrifuged for 10
minutes at 6000x g at RT. The supernatant was discarded, the pellet was washed in 15

of 75% ethanol and then centrifuged for 10 minutes at 15871 x g at RT. The resulting

62



supernatant was removeubthe pellet allowed to dry to complete the removal of ethanol.

The pellet was then re suspended im3{H>O and stored at 4°C for genotyping.

2.6.6.3. Genotyping
The extracted DNA was genotyped as described in sections 2.6.3 or 2.6.4 depending on

the lines beig analysed. For the PCR cycl®, conventional cycles were used. Individual
homozygous mutants and wild type siblings were identified for RNA extraction (see
section 2.6.6.4).

2.6.6.4. RNA extraction
The upper aqueous layer collected from all identified homozy/gautants and identified
wild type siblings were pooled together into tveeparate0.5ml tubes. 0.5ml of
isopropanol per 1ml of trizol was added to precipitate the RNA and incubated at RT for
10 minutes. The samples were then centrifuged for 10 minutes at 12000 x g at 4°C. The
RNA precipitate formed a pellet at the side of the tubethadesulting supernatant was
carefully removed. The pellet was washed with 1ml of 75% ethanol (made to volume with
NFW) per 1ml of trizol, vortexed and centrifuged for 5 minutes at 12000 x g at 4°C. The
supernatant was removed and the pellet allowed rta@rgi The pellet was then re
suspended in 1A of NFW before it was quantified using a NanoDrop spectrophotometer
ND-1000 (Thermo Fisher Scientific, Delaware, USA).

2.6.6.5. Reverse transcription and complementary DNA (CDNA)

synthesis
1-2mg of RNA was added to @2ml tube with il of DNAse buffer (Invitrogeh 1mi of

DNAse (NEB #M03035) and made up tomd@vith NFW. Samples were then incubated

at 37°C for 10 minutes. The reaction was terminated by addihgf 2SmM EDTA pH

8.0 and incubating at 75°C for 10 miaea. Following this, & of 25mM dNTP mix NEB
#N64475 and 1m of oligo(dT)s (Thermo Scientific #50132which primes the polyA

tail and ensure amplification of spliced mRNA only, was added and incubated at 65°C
for 5 minutes. The sample was then chiltedice for 5 minutes and collected by brief
centrifugation. To each sampleni4f 5x first strand buffer (Invitrogen) anarof 0.1M
dithiothreitol (DTT) (Invitrogen)was added. Samples were incubated at 25°C for 5
minutes before adding Ovbof Superscript I(Invitrogen). Samples were then maintained

at 25°C for a further 5 minutes, 50°C for 50 minutes and 70°C for 15 minutes to terminate
the reaction. cDNA samples were storee2@CC.
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2.6.6.6. RT-gqPCR
Prior to performing RIGPCR, primer concerations were optimised and reaction

efficiency determined via using a standard curve. All-dPICR primers and their
optimised concentrations are detailedtable 2.7 RT-gPCR was performed using the
Stratagene Mx3000PE Real T i hm@ogiek hte)randa |
MxPro v4.10 software. The cDNA samples were amplified in triplicatd B&actions
using 10r 2x Brilliant-11 ultrafast SYBR® green qPCR master mix (Agilent technologies
#600882), &l of forward primer and @ of reverse primer (at theipptimised
concentratiori see table 2)7 1m cDNA and made up to a final volume ofr@Qwith
dH20. Cyclingconditions were as follow®5°C for 10min to denature followed by 35
cycles of 95°C for 38, 60°C for Imin. Levels of mMRNA were quantifiecelative to
EF1U mRNA |l evels t@methodr ding to the opC
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2.7.Characterisation of mutant lines

2.7.1. Survival monitoring
To monitor survival of the numerous lines, heterozygous mutant carriers were incrossed

(as described in section 2.2.2), producing offspring with a mixture of genotypes (approx.
25% wild-type, 25% homozygous and 50% heterozygous for the inherited mutdtien).
larvae were raised in tanks containing up to 60 fish. The tanks were checked twice a day
up to 21dpf. Dead fish were collected and genotyped (as described in sections 2.6.3 and
2.6.4).A Kaplani Meier survival plotwas generated using Prism s6ftware(Graphpad
Software, USA).

2.7.2. Methods to examine motor function

2.7.2.1. Swimming endurance test
Critical swimming speed (§4), which is the maximum velocity a zebrafish can maintain

for a set time, was measured using a cugbaitt swim tunnel apparatus described in
Plaut., 2000 and Ramesh et al., 2040ult zebrafish were individually introduced into
the water flow chamber. The wateurrent flow rate started at 6.%8n/min. The adult
zebrafish were then subjected to this flow rate for 5 minutes. Diaerfite was then
increased in 6.58m/min increments every 5 minutes. This was done until either 30
minutes had been reached a maximum flow rate of 39.4mMm/sec, or until the zebrafish
could no longer swim and fell into a mesh net at the end of ther ilatv chamber. If
fatigued, the zebrafish were given another opportunity #enter the highest achieved
flow rate by pausing the time, reducing flow and slowly increasing the flow rate back to
the fatigue velocity. If the zebrafish could still no long&im in this current, the time
was recorded when the zebrafish stopped swimming.Was calculated based on the
following formula as previously described in Ramesh et al., 2010, Brett., 1964, Plaut.,
2000: U¢rit=U; + (UiiTi/Ti), where U; = the highest velocity maintained for a whole
interval (cm/sec)Uii = the velocity increment (6.58m/sec),Ti = the time elapsed at

fatigue velocity (minutes) and; = the time interval (5 minutes)

2.7.2.2. Spinning task
An alternative method to observe swimming endurance in our pilot cohort was the

Spinning Task(Blazina et al. 2013)This test was conducted in a 1L beaker, which
contained 800 mL of system water and a magnetic stir bar. The beaker was placed on a
magnetic stirrer and placed within an opaque box to avoid external interference. Adult
zebrafish were individually placed the beaker and allowed to habituate for 2 minutes.

Following this, the stirrer speed was gradually increased until the desired speed was
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obtained. The individual zebrafish were subjected to speeds of 400 rotations per minute
(rpm) and 500 rpm. The wateurrent generated by the magnetic stirrer produces a visible
whirlpool. A stopwatch was used to measure the swimming time, defined as the time

taken for the zebrafish to be swept into the whirlpool at each speed.

2.7.3. Methods to examine behaviour
All behavioual analysis was performed between 13-:QGt00h, using the equipment and

related software included in the ViewPoint analysis sMtewPoint Life Science, Lyon,
Francg. All analysis was done within a soundproof box, in the light\ahdn possible
the eyerimenter was located outside the area to avoid any interference with the

behavioural responses.

2.7.3.1. Novel tank diving test
In order to measure anxiety levels in adult zebrafish, the novel tank diving test was

employed as described (Rarker et al. 2014 hetest was carried out in trapezoid tanks
(17cm height x 27.3cm top x 24cm bottom x 10.2cm width) which were filled with
system water from the main aquarium supply. For consistency, system water was taken
from the aquarium the zebrafish were originally halise Prior to the test, the zebrafish
were transported into the behavioural test room and allowed to habituate for 1 hour to
acclimatise to test room conditions. Each adult zebrafish was individually placed into the
novel tank and immediately filmed ovar5minute time period. During this time, the
duration of time spent in the bottom half of the tank &otdl distance travelled was
recorded. The filming and analysis was carried out using the ViewPoint sysftemthe

test, the zebrafish were placedcckanto the holding tank. The water in the testing tank
was changed after each individual fish, to control for possible odour cues left by the
previous individual Statistical analysis performed on R3.3.2 for windows, using a one
way ANOVA with repeated nmesures. Graphs show mean + standard deviation, unless

otherwise stated, and this was performed using GraphPau Pris

2.7.3.2. Open field analysis
The open field analysis was designed to be conceptually similar to the rodent open field

test in order to measutiigmotaxis Thigmotaxis was initially measured in a rectangular
tank (26.3cm length x 16.6cm width x 15.3cm height) filled with system water to a height
of 10cm. The outer zone was defined as the regiom &om the edge of the tank, and
the time spentn this zone was determined. Fromh8nths onwards, thigmotaxis was

measured in avhite opaque polypropylene circular taR7.5cm height x 20.5cm
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diameter) filled with system water to a height of 10cm. The outer zone was defined as the
region 5¢cm from the edge of the tank, and the time spent in this zone was determined.
Prior to the test, the zebrafish were transported into the behavioural test room and allowed
to habituate for 1 hour (as mentioned in section 2.5.3.1). Zebrafish were individually
placed into the centre of the arena and filmed for a total of 6 minutes using the ViewPoint
system, with the first 1 minute discounted for acclimatisafitath behavioural session

was filmed by a camera placed above the open field appakattiag recordng time,

the duration of time spent in the periphery of the arena, duration of time spent in the centre
and total distance travelled was recorded. Following the test, the zebrafish were gently
netted back to a holding tank. The water in the testing ar@sacwanged after each
individual fish, for reasons described in section 2.5.3.1. Temporal analysis (per minute)
of the percentage of time spent in the periphery of the open field apparatus (i.e.
thigmotaxis) was calculated in the following walhigmotaxis(% time spent in the
periphery) = (Time spent in the periphery (s) / Time spent in the periphery + centre (s))

* 100. Graphs show mean + standard deviation, unless otherwise stated, and this was

performed using GraphPad Prism 7.

2.7.4. Staining adult zebrafishmuscle

2.7.4.1. Collection, fixing and sectioning of adultmuscle
11-month ault zebrafish were terminally anaesthetizetticaine. Muscle wadissected

using micro dissection tools under the microscope and subsequently fixed overnight in
4% PFA at 4°C. The tissue was then washé&diges in 1ml of dO to wash away any
remaining PFA. Muscle tissue was embedded in fish gelatine and snapdrodenice,

before being stored aB0°C. Before snap freezing, the position of the embedded tissue
was confirmed under the microscope and a line drawn on the mould to aid orientation
during sectioning. In each block, 1 piece of muscle was embedded.1%enaktryostat
sections of the tissue were performed on the Leica CM3050S cryostat, with both objective
temperature (where the block is mounted) and chamber temperature88éCiaSections

were collected orsilanecoated microscope slides (CellPath) atoked at80°C until
needed. Muscle sections were taken as lateral sections in order to give the best neuro

muscular junction (NMJ) structures for staining and imaging.

2.7.4.2. Immunostaining of muscle samples
Immunostaining of NMJs in adult muscle tissue wagormed using synaptic vesicle 2

(SV2ia pr esynapt i-bangandoxik (BTiX)a pashsgnaptic NMJ marker).
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The samples were allowed to air dry at RT for 2 hours, after being remove€edo661
Sections were rehydrated 3x 5mins in RBDThe setions were then blocked using
PBD-T with 5% normal goat serum (NGS) for 30 minutes. Following this, sections were
incubated for 30 minutes in PBD containing 5% NGS along with alexa 488 conjugated
Ubungarotoxin (molecular probes, 1:100, #814322). Afteubation, the sections were
washed 3x 15mins in PBD. Sections were then incubated with the &\R antibody
(Developmental Studies Hybridoma Bank, 1:50 of supernatant) in Pidh 5% NGS
overnight at 4°C. The following day, the samples were waéke&dmins in PBBT and
incubated in AlexaFlueb68 donkey antmouse secondary antibody (Invitrogen, 1:200)

in PBD-T with 2% NGS at 4°C overnight. The sections were then washed 6x 15mins in
PBD-T and the slides then mounted with VectaShield Hardest witRI¥ector labs).
Sections were imaged a® intervals using confocal microscopy (TCS Sp5 2, Leica).
Following this, zstacks were generated using Image J Software (National Institute of
Health). Intensity correlation quotient (ICQ@Li et al. 2004)and pre and postsynaptic

area were determined using the intensity correlation analysis and particle analysis plugins
for ImageJ.

2.7.5. Collection, fixing and measuringof adult zebrafish spleens
24-month adult zebrafish were terminally anaesthetized in tricaine. Spleens were

dissected using micro dissection tools under the microscope and subsequently fixed
overnight in 4% PFA at 4°C. The tissue was then waskedirBes in 1ml of dKO to

wash awayny remaining PFA. Images of the spleens were taken using a light microscope
and the area of each spleen was subsequently calculated using Image J Software (National
Institute of Health).
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2.8. Autophagic flux assay

2.8.1. Drug treatments for autophagic flux assay
Embryos were collected as stated in section 2.2.2. At ZLkH0) dechoronated embryos were incubated in 5ml of each ettbatments detailed

in table 2.8elow for 24 hours at 28°C. Treatments were made in a volume of 10ml and made up to volufa8 asibgyo medium, with a 2%
final DMSO concentratiorf-ollowing drug treatment, dechanated embryos were transferred into chilled 1.5ml tuthesder to prepare lysates

(see section 2.9.1)

Table 2.8 Drug treatments for autophagic flux assaylnformation adapted frortKlionsky et al. 2012)

Treatment Stock Working Effect
concentration | concentration

DMSO (Sigma) n/a 2% Control(no effect on the autophagy pathway)

Torin-1 (Tocris) 1mM 1Vl Potent and selective MTOIRhibitor resulting in the induction of autophagy

Trehalose (Sigma) n/a 2% Induces autophagy in a MTOIRdependent manger via activation of AMPK

Rapamycin (Fisher Bioreagenty 1mM 100nM Inhibits MTOR via binding RAPTOR, resulting in the induction ofcgalnagy

INK128 (Cayman Chemicals) | 2mM 250nM-1nmivi This compound is a rapalogynthetic drugs that are analogues of rapamycin),
induces autophagy in the same way as rapamycin

Ridafiromilus (APEXBIO) 2mM 250nM-1miv This compound is a rapalogyfitheticdrugs that are analogues of rapamycin), t
induces autophagy in the same way as rapamycin

AZD8055 (LKT Lab) 2mM 250nM-1nmivi This compound is a rapalogynthetic drugs that are analogues of rapamycin),
induces autophagy in the same way as rapamycin

Temsirolimus (Cayman 2mM 250nM-1miv This compound is a rapalogyfthetic drugs that are analogues of rapamycin),

Chemicals) induces autophagy in the same way as rapamycin

Bafilomycin (LKT Lab) 1007V 100nM A V-ATPase inhibitor, which neutralisgsosomal pH and ultimately prevents
autophagosombyosome fusion, resultingp autophagy inhibition

Ammonium Chloride (Acros M 100mM Neutralises lysosomal pH, which results in autophagy inhibition

Organics)

Chloroquine (Sigma) 500mM 50 Neutralisedysosomal pH, which results in autophagy inhibition
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2.9. Preparation of lysates for western blotting

2.9.1. Collecting tissue fromzebrafish embryos < 5dpf
Prior to protein extraction, zebrafish embryos < 5dpf must be deydtkecessential to

remove the yolk sac before immunoblotting, as it is enriched with the protein
Vitellogenin, which can cause overloading effects whilst blot{iMgthai, Meijer and
Simonsen 2017, Link, Shevchenko and Heisenberg 20B®%tly, dechomnated
embryos were placed in a 1.5ml tube, to whichl of embryo deyolking buffewas
added. Ap1000 was used to pipette the zebrafish embryos up and down in order to disrupt
the yolk sac. Once all yolk sacs had been disrupted, the deyolking buffer was removed
and replaced with 1ml of embryo washing buff&ollowing this each tube was
centrifuged 813000 x g for 2 minutes in embryo washing bufiambryo washindpuffer

was removed from the resulting pelletady for homogenisation (see section 2.9.3)

2.9.2. Collecting tissue fromzebrafish > 5dpf
Prior to prdein extraction, zebrafish 5dpf were prepared for lysis. As there is no yolk

sac at this age, protein was extracted from the heads of fish > 5dpf, which were removed
using a sterile scalpel before being placed into a 1.5ml tube ready for protein extraction.

Tissue was kept on icd all times to prevent degradation.

2.9.3. Protein extraction method
For protein extraction, collected tissue (via either method described in 2.9.1 and 2.9.2)

washomogenised in a lysis buftdfor embryos, the finalolume ofBRB80lysis buffer

added was equ#d 2m of lysis buffer per embryd-or the tissue collected from zebrafish

> 5dpf, a total of 401 of RIPA lysis buffer was added to each heddrstly, the lysis

buffer mnus detergentvas added and the tissue was homogerime80 seconds using

a handheld homogeniser (Anachem Ltd, UK). Once homogenised, an equal volume of
lysis buffer containing 2x concentration of detergéeither NP40 or TritorX-100)was

added and samples were lysed on ice for 30 minutes. 1x of a 100x stock of protease
inhibitor cacktail (PIC) (Thermo Scientificjvas added to the lysis buffefollowing

lysing, samples were then centrifuged &0D0x g for 20 minutes at 4°C.

2.9.4. Protein concentration assay
The total protein concentration of each sample was quantified using tiRae@Biprotein

assay, following the manufacturerods prot
Labtech) was used to measure the absorbance of each sample at a wavelength of 595nm,
and the total protein concentration was calculated by comparing values wikihota

concentrations of bovine serum albumin (BSA) standards. Once the concentrations of the
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samples were established, appropriate dilution volumes of 5x laemmlli buffer and

deionised water were added to the samples.

2.10. Western blotting

2.10.1.SDSpolyacrylamide gelelectrophoresis (PAGE)
SDSpage was carried out using the Bad mintPROTEAN® tetra system.

Approximately 285y of each sample was loaded omither a 10% o0rl5% W/v)
polyacrylamide resolving gels with a 6%w/{) stacking gel. 81 of Precision Plus
ProteinE all bRad) &vas suh adjackmat to dhe gamples as a marker. The
samples were electrophoresed at 100V in running buffer, until the dyerdamited the

bottom of the gel.

2.10.2.Immunoblotting
Once SDSPAGE was complete, proteins were tramséd electrophoreticallfipr 1 hour

at 100V. For autophagic flux assays, proteins were transfemtdan immurblot®

PVDF membrane (Bi&Rad), which needed to be activated by methanol beforehand
Everything else was transferred onto nitrocellulose urdéssrwise statedlransfer of
protein to the membrane was verified via reversible staining with Ponceau S stain (0.1%
ponceaux, 5% acetic acid, made to volume with deionised water). Membranes were
washed with deionised water and blocked in blocking buferl hour at RT. The
membranes were then incubated witte tappropriate primary antibodgijluted in
blocking buffer for 1 hour at RT (or at 4°C overnight). Membranes were washed three
times with TBST for a total of 30 minutes. The membranes were tinenkated in
secondary antibodyonjugated to horseradish peroxidase (HRP) and diluted irTTBS

for 1 hour at RT. This was again followed by washes, as described.

Antibody binding was detected by using enhanced chemiluminescence (ECL; Thermo
Scientific, #84080), followng the manufacturers protocéinages were obtained either

by using the G:box (Syngene) or by exposing films in a dark room. In the dark room, the
membrane was placed in an autoradiography cassette and exposed on Amersham
hyperfilm ECL (GE Healthcare) for an appropriate length of time. The film was then
immersed in 1x llford multigrade developer (Harman technology Ltd) for 1 min, rinsed

in water and then placed in 1x llford hypam fixer (Harman technology Ltd) for a further

2 min. The film waghen again rinsed in water and allowed to dry at RT. Films were
scanned using the CanoScan LIDE 60 scanner (Camow) semiquantitative
densitomé&y was performed using ImageJ.
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2.10.3.Antibodies for western blotting

Table 2.9 Primary and Secondary Antibodies for Western Blotting.

Antibody Host Specificity Dilution Company
species

Primary Antibody

Anti-LC3 Rabbit  Between residues 2621 of  1:500 Novus

(NB100-2331) human LC3 protein biologicals

Anti-LC3 Rabbit  Between residues-100 of 1:1000 Novus

(NB100-2220) human LC3 protein biologicals

DM1a Mouse  Utubulin 1:1000 Sigma

(T9026)

Anti-actin Mouse  Highly specific to vertebrate 1:5000 Millipore

(#¥MAB1501) actin

p62/SQSTM1 Rabbit  Recombinant human p62  1:500 MBL

(PMO045) (120-440aa)

Anti-C9orf72 (SC Rabbit  Internal region of C9orf72 of 1:250 Santa Cruz

138763) human origin

Anti-C9orf72 Rabbit Recombinant Protein Epitop 1:250 Sigma

(HPA023873) Signature Tag (PrEST) ATLAS

antigen

Sequencecorresponding to
residues 11281 (human)

Anti-C9orf72 Rabbit  C9orf72 fusion protein 1:250 ProteinTech
(2263 71-AP) ag18326 corresponding to
residues 4310 (human)
Secondary antibody
Anti-Rabbit Goat Rabbit immunoglobulins 1:5000 Dako
immunoglobulin/HR
P
(P0448)
Anti-mouse Goat Mouse immunoglobulins 1:5000 Abcam
immunoglobulin/HR
=]
(ab97040)
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2.11. TnT® Quick Coupled Transcription Translation Kit

2111Transforming RosettaE Competent Cel
Ros et t aEompeteptE&ls were transformed with the pGEX6p1 vector containing

either zebrafish C13H9orf72 (see section 2.4.8) or human C9orf72L. The human C9orf72
construct was obtained from glycerol stocks produced by Dr Chris Webster, SITraN.
Rosetta pLysS cellsere removed fror/80°C and thawed on ice for 10 minutes prior to
transformation. 500 ng of pGEX6pl control, pGEX8p13H90rf72 or pGEX6pl
hC9orf72L plasmid DNA was transformed in tonr80 o f RosettaE pLys
Cells. The transformation and heat shpo#tocol was performed as described previously

(see section 2.4.3.3). After 1 h at °G7 bacteria were plated onto LB
ampicillin/chloramphenicol agar plates. Ampicillin resistance is conferred by the
PGEX6p1l vector, while chloramphenicol resistance isfewad by the T7 lysozyme

plasmid carried by the Rosetta pLysS cells.

2.11.2.Inoculation of start-up culture for TnT® Quick Coupled
Transcription Translation Binding assay
50ml of terrific broth (TB), supplemented with ampicillin and chloramphenicol, was

inoculaed with multiple colonies from the agar plates. These were incubated overnight

on a shaker at 37°C.

2.11.3.Inducing expression of GST protein
To 750ml of TB, 5@gy/ml of ampicillin was added. Chloramphenicol was not added as

this can inhibit protein translatiom a cuvette, 1ml of broth was taken as a blank for the
ODeoo reading, which measures cell density, on the S1200 Diode Array
Spectrophotometer (WPA). Following this, bacteria from the-stadulture were added

to the broth, until the Of3oreached an dpnal 0.05. At this point, a glycerol stock was
made (as detailed in section 2.6.2) and store8i0&C. The inoculated cultures were then
left on a shaker at 37°C and @pmeasured every 30 minutes. When culture reached
ODs000.7 and the bacteria weretime exponential growth phase, 300mM of IPTG was
added directly to the culture at 37°C to induce expression of the protein of interest from
the pGEX6p1 vector. This was left on a shaker at 37°C for 3 hours. Thangostion

broth was poured int600m| Be&ekman Tubes and centrifuged at 4000rpm for 15 mins at

4°C to form bacterial pellets (AvantiZb XP centrifuge, Beckman Coulter,-1A rotor).

2.11.4.TnT® Quick Coupled Transcription Translation Binding assay
The following reaction mix was made in a 1.5Bgpendorf using the T7 quick system

(TnT® Quick Coupled Transcription/Translation System, Promega, L1170)0#8
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reticulocyte lysate mix, 500ng in 1.5ml of the DNA template (ATG13)m03S
Methionine and nucleadese water up to a final volume of 40 This reaction was set

up for each interaction to be investigated. The mix was then incubated at 30°C for 1.5
hours. During incubation, 0.1g of the GST bacterial cell pellet or 0.25g of theG8ST
bacterial pellets weighed out in an individual Eppendbril of RB100 lysis buffer (25

mM Hepes (pH 7.5), 100 mM KOAc, 10 mM MgCLL mM DTT, 0.05% Triton X100,

10% (vol/vol) glycerol) was added to each bacterial pellet and sonicated at 99% amplitude
for 5s, followed by 20s on ice. This was repeated 3 timesativand the bacteria were
incubated at 4°C for 1 hour. During this time,nB@f Glutathione Sepharose High
performance (GSH) beads (GE healthcare, UK) per reaction tube were washed in RB100
lysis buffer. Following lysis, the bacteria were centrifugetiZa®000 x g for 5 minutes at

4°C. 1ml of the cleared bacterial lysate was added to thevgsbed GSH beads and
incubated at 4°C for 1 hour on a roller. Following this, the beads were washed 3x using
RB100 buffer to remove any unbound GST proteins andlyfirmsuspended in 400 of

RB100. Approx. 8m of thein vitro translated radiolabelled ATG13 protein was added

to each reaction and incubated at 4°C for 1 hour on a roller. The beads were then washed
3x in 1ml RB100 and GST proteins were eluted from lteads in 48 Elution Buffer

(50 mM TrisHCI (pH 7.5), 100 mM NaCl, 40 mM reduced gittliione) for 10 minutes

at RT.

2.11.5.Preparing samples for SDSPAGE and detection
For input controls, 08 of pure reticulocyte was added to 1®.Bf elution buffer and

4m 5x laemmli. For the GST controlplof the eluted GST was added ta 6f elution

buffer and 41 of 5x laemmli. For samples of interest,d®f the eluted protein was
added to #1 of 5x laemmli.The expression of the GST control is higher than th&-GS
tagged proteins of interest, and also binds to the GSH beads with a higher affinity. For
this reason, less GST control sample was loaded compared to the proteins of interest.
Samples were given a pulse spin and boiled at 100°C for 5 minutes beforegla€din
samples were run on an appropriate percentage stacking/resolving gel and run at 100V
until the dye front had run off the gel. The gel was then stained with coomassie and
subsequently detained. The detained gel was then dried using a BioRad GeleD

(Model 583). To detect radioactivity, the dry gel was placed in a cassette with a

phosphoscreen for4 days, depending on the signal (which was checked using a Geiger
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Counter). The signal was then detected using a GE healthcare Typhoon FLA7000
phosploimager.
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3. Generation of C13H90rf72 lossof-function zebrafish models of ALS/FTD

3.1.Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease

characterised by the degeneration of up@erd lower motor neurons, resulting in
weakness and eventual paralysis of nearly all of the muscles. It is known that
approximately 8% of all cases are sporadic and 10% are familial. By studying familial
ALS cases, over 30 genes have been implicated in the pathogenesis of thiHetease
Ghasemi and Brown 2015R)ighlighting the genetic heterogeneity of this disorder. Of
particular importance as the identification that a naroding (GC2), hexanucleotide
repeatexpansion, within intron 1 o€9orf72, was the most common cause of ALS
responsible for approximately /D% of all fALS cases andB0% of sALS(DeJesus
Hernandez et al. 2011, Renton et al. 2011, Gijselinck et al. 20i2unknown how the
repeat expansion causes-8BS, however there is evidence for three possible- non
exclusive pathogenic mechanisms. Reduced levels of C9orf72 mRNA in patients has been
reported, suggesting CHA@2 lossof-function (LOF) via haploinsuffiency may be
causative in CALS. Alternatively, pathogenic mechanisms may involve a toxic-gain
of-function (GOF) of the repeat containing transcripts via RNA toxicity and/or repeat
associated neATG (RAN) transation into aggregatioprone, dipeptide repeat (DPR)
proteins (C9RAN proteins).

Developingn vivomodels recapitulating CALS is essential in order to further elucidate

the pathomechanisms which underlie this disorder and to aid in evaluating thgaboten
efficacy of novel therapies. One way in which this can be achieved is with the
development of zebrafish models. Zebrafish hold several characteristics which make it an
advantageous model to use in the study of neurodegenerative disorders suchlasALS.

a lowcost vertebrate system, which produces a large number of offspring, with a short
generation time and a conserved, yet simplified, vertebrate nervous gigstbim et al.

2014) Importantly, its genome is fully sequenced and we know there is high homology
between many human ALhked genes and the corresponding zebrafish orthologue.
Importantly, there is 68.55% nucleotide identity and 76.14% amino acid identity between
humanC9orf72and the zebrafish orthologue (zgc: 100846). Therefore, it is expected that
thefunctional role of C9orf72 is likely to be similar in zebrafish and humans, thus disease

mechanisms are expected to be conserved. In addition, the potential to genetically
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manipulaé genes with a variety of techniques in zebrafietkes it a powerful genetic

tool for studyingdisease.

This study focuses on whether haploinsuffiencg€®6rf72results in the development of
ALS and in order to investigate thimethods leadintp both transient and stabliess of
C9orf72 can be utilisedPreviously,antisensemorpholinosoligonucleotids (AMOS)

have been utilised to transiently knock do@D) both isoforms of the zebrafish
C9orf72 resulting in both locomotor and axonal ddfdiCiura et al. 2013)which is
consistent with the aetiologgf ALS. Despite promising results, data from AMO
knockdown should be treated with caution. The technology has various limitations,
ranging from its transient efficacy to its potential for-tafget effects. Regarding the
latter point in particularthe @ame group that published the C9orf72 morpholino
phenotypepreviously reported thamorpholinemediatecknockdown oftardbp,the gene
encoding TDH43, resulted in motor neuron axonopathy in zebrafish emi§Kaisashi

et al. 2010h)However, subsequent groups have not managed to recapitulate this effect
(Schmid et al. 2013, Hewamadduma et al. 20@8icating thatin some situationthe
phenotypic changesbserved in morpholino studiesay be due to offarget effectsas

previously discussd

ALS is principally an adult onset disorder in humans, therefore it is essential to use a
complementary approach to the AMOs in order to study the adult phemoglerafish

As such, this present study aimed to generate stable lines of zebrafish ch@yng
mutations inC9orf72 using targeted genome editing techniqueklitionally, as a LOF
mutation has been reported in one ALS ddse et al. 2016) it is especially important

to usein vivo models to further investigate thighe highly conseved zebrafish
orthologue ispredicted to encode two different protein isoforms, whichhumans
includes; a long protein isoform encoding a 481 amino acid protein, and a short protein
isoform encoding a 222 amino acid proteihich lacks a number of exons encoding the
c-terminus of the proteint is unclear whether these isoforms have déffié functions,
thereforetarget sites were designedadath exon Jand exon 7to produce LOF mutations

in both isoformsor just the long isoform respectively of zebrafish C9orflt2vould not

be possible however to generate a zebrafish with LOF maogasiffecting only the short
isoform, as the entire sequence for the short isoform is included in the long isoform,

represented ifigure 1.2.
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Originally, transcription activatelike effector nucleases (TALENS) were useddrget
both exon 1 and 7 of zebfish C9orf72 in order toproduce LOF mutants by either
nonsense or frameshift mutatioftsvas also desirable thdtese mutations wodleither
disrupt a restriction enzyme cut site and therefore be detectesstiction fragment
length polymorphism (RFLP) analysis, or alternativddg, large enough to genotype
easily throughout the procesklowever, TALENSs initially failed to produce such
mutations in exon 1. Therefore, exon 1 was targeted again utilisingRI&PR/Cas9
system, which has been shown to transmit mutatio@®orf72successfully through the
germline, with low offtarget effects in zebrafidfiruscha et al. 2013 he effect of the
identified mutations were characterised at the ribonucleic acid (RNA) level and
successful LOF mutastaken forward for furthecharacterisatioof the ALS phenotype
(chapter 4)
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3.2. Generating C13H90rf72lossof function models using transcription
activator-like effector nucleases (TALENS)

3.2.1. Comparisons between humarC9orf72and the zebrafishorthologue

The zebrafistCorf72orthologue C13H90rf73 is highly conserved and shares 68.55%
nucleotide identity with the human gene. Zebrafish only have one cdp¥3H9orf72

there is no gene duplication. The zebrafish ortholdgidMSDART00000015128) has

10 exons intotal, 9 of which are coding exons, with a total length of 17.24figlré

3.1a8). Transcript length is 2.427 kb and translation length 462 amino acids (aa). The
human gene (ENST0000061978) has 11 exons in totaQ of which arecoding e»ons,

with a total length of 27.32 klfigure 3.1b). Transcriptiength is 3.339 kb and translation
length 481 aa.

A) Danio rerio (ENSDART00000015127.6)

2 b g g gh B

I ]
F

17.24 kb

B) Homo sapiens (ENST00000619707.4)

' 27.32 kb '

. Coding exon
D Non-coding exon/UTR

Figure 3.1 Diagram of human C9orf72 and the zebrafish orthologue.Schematic

diagramrepresenting A) zebrafisfDanio rerio) C13H9orf72and B) humanHomo
sapien$ C9orf72.
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Protein sequences, obtained from ensembl, for both h@8anf72and the zebrafish
orthologue indicate that the missing coding exon in zebrafish correspamasiém exon
3, as indicted by the protein alignmenfigure 3.2. Thiscouldbe becausensembl did
not predict the existence of exon 3 in zebrafish based on homfdoglge zebrafish
orthologue ofC9orf72 thereforethis regionwasexcluded. ldwever, itmay also be that
fish species do not harbour this exorC@orf72.

Danio rerio 1-462
Homo sapiens 1-481

Danio rerio 1-462
Homo sapiens 1-481

Danio rerio 1-462
Homo sapiens 1-481

Danio rerio 1-462
Homo sapiens 1-481

Danio rerio 1-462
Homo sapiens 1-481

Danio rerio 1-462
Homo sapiens 1-481

Danio rerio 1-462
Homo sapiens 1-481

Danio rerio 1-462
Homo sapiens 1-481

Danio rerio 1-462
Homo sapiens 1-481

MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLLLLSDGEV
MSTLCPPPSPAVAKTEIALSGKSPLLAATFAYWDNILGPRVRHIWAPKTEQVL-LSDGET
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hkkkkkkkkkkokokk kokkkk s kkkkkkk g kkkkkkokkkkkhky sokky ok kkkkkkk,
ELSFYLPLHAVCVERLKHVIRKGRICMQK-——-—-—--————————————— GYNIISMLSSE
ELSFYLPLHRVCVDRLTHIIRKGRIWMHKERQENVQKIILEGTERMEDQGQSIIPMLTGE
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Figure 3.2 Protein sequence alignment of human C9orf72 and the zebrafish
orthologue C13H90rf72.Protein sequences of the wild type hun{alomo sapiens)
C9orf72and the zebrafisfDanio rerio)orthologueC13H9orf72are shown. Thenline

tool Clustal Omega was used to perform alignments of these protein sequences. The
position of human exon 3 is shown in red, with the corresponding gapbrafiz
C13H9orf72also highlighted.
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Firstly, to ensure that the sequencing data obtained from ensembl was correct and that
this exon was in fact missing, RNA was extracted from-jfte AB zebrafish embryos.

cDNA was synthesised via reverse trandmipand the area surrounding this region was
amplified via PCR and subsequently sequenced. It was identified that the ensembl

seguence was correct and this exon was missing.

Following this, we investigated whether this region was missing in all fisbloghes of
human C9orf72 A multiple sequence alignment was generatkguie 3.3). This
alignment included protein sequences of all fish orthologueSQuirf72 as well as
lamprey, human, rodent and bird. The region under investigation was highly conserved
for the human, rodent and bird protein sequences. However, there was virtually no
conservation between the mammals and othermammalian species investigdte
There do appear to be a number of strongly hydrophobic amino acids encoded by this
exon in all species, however in the context of the whole protein this region is not
particularly hydrophobic. In six out of the ten fish orthologues this exon was missing
Since the lamprey, which is evolutionary ancestral to all the species investigated, has a
nonconserved protein sequence in this region we suggest that during evolution the
common ancestor of all fish species lost this exon, and then subsequently Gsiveral

species rgyained the exon, while others, including zebrafish, did not.

We are unclear what the role of exon 3 is in C9orf72 protéieC9orf72gene in humans
encodes two protein isoforms that share structural homology with the Differentially
Expressed in Normal and Neoplasia (DENN) proteins and the long isoform of C9orf72
(C9-L, 462aa in length), is predicted to harbour all three domatDENN residues 23

151; central DENN residues 2B22; dDENN on cterminus, exact location unpublished
(Levine et al. 203, Zhang et al. 2012[Exon 3 is located beeen the predictedDENN

and central DENN domains, suggesting that this region may have a spacer role, regulating

the distance between these two domains.
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Lamprey
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Fugu

Medaka
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ILPQSELSFYLPLHAVCVERLKHVIRKGRICMQK-—-—-——-——-—-———-———————————— GYN
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ILPQTELSFYLPLHRVCVDRLTHIIRKGRIWMHKERQENVQKIILEGTE---RMEDOGQS
ILPQTELSFYLPLHRVCVDRLTHI TRKGRIWMHKERQENVQKIVLEGTE---RMEDQGQS
ILPQTELSFYLPLHRVCVDRLTHIIRKGRIWMHKERQENVQKIVLEGTE---RMEDOGQS
ILPQSELAFYLPLHRVCVDRLTHIIRKGRIWMHKERQEHFQKIVLEGTE---RMEDOGQS

ILPQTELAFYLPLHAACVERLTHGIRKGRIWMOK--—-—--———-——-————————————— GYN
ILPOSELNFYLPLHSVCVERLKHIVRKGRICMOK--=-==-—===—-——=—————————— GYS
ILPQTELAFYLPLHAICVERFQHVIRKGRIWMQK--——-———-——-————————————— GYN
ILPQTELSEFYLPLHTVCVERLKHIIRKGRIWMOK-—————=——==—————————=——— GYN
ILPQTELPFYLPLHTVCVERLKHVIRKGRISMQK--—--—-—-—-———-———-————————— GYN
ILPQTELAFYLPLHNICVERLKHVIRKGRIWMQKPRDECVGLCCIR-—————-— KWLOGYN

ILPQTELSFYLPLHAVCVDRLKHAVRKGRICMOQKDLVLSVYVPELMTIGEYWNEDQPGEN
ILPQTELAFYLPLHNICVDRLKHVIRKGRIWMOQKKRLONICLVTIRSLEKS--IDYVOGYN
ILPQTELAFYLPLHTICVERLKHVIRKGRIWMOKVASTYRHLAL-——-—— A--CTEEQGYN

HA- O S

Figure 3.3 Multiple sequence alignment betweenvild-type zebrafish C13H90rf72

and orthologues from various speciesThe online tool Clustal Omega was used to
perform multiple sequence alignments of these protein sequences. The position of human
exon 3 is shown in red, with the corresponding positiothe various orthologues also
highlighted.
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3.2.2. Investigation of polymorphismssurrounding the target locus in exon
7

As discussed in sectio.6.3),to detect TALENinduced genome modifications within
exon 7 ofC13H9orf72,restriction fragment length polymorphism (RFLP) analysis was
utilised. Evidence of mutation was confirmed by the loss of Msll restriction enzyme
cleavage, described figure 3.4.

A

MslI* Msll
| |

1 I I 492

| |
I |

l 11 |
| 1 |
344bp 88bp 60bp

Heterozygous Homozygous Wild Type

carrier mutant
(+/-) (-/-) (+/+)
500 —
— 432bp

400 —

300 —

200 —

100 —

2880 —
300 —
200 —

100 —

Figure 3.4 Detection of nutation at exon 7 TALEN target site using restriction
fragment length polymorphism (RFLP) analysis.A) Schematic diagram representing

the size of the amplified PCR product using the exon 7 primers (top) and the size of the
fragments following restrictiorenzyme digest with Msll (bottom). B) Schematic
representation of expected bands for homozygous mutants (432 and 60bytypesid

(344, 88 and 60hmnd heterozygous carriers (4324, 88 and 60bp) product are run on

an agarose gel. C) Image of an actaghrose gel showing product from all three
genotypes. Bands at approximately 88 and 60bp are usually faint and hard to distinguish.
However, the larger bands allow for accurate genotyphsterisk marks the Msll site
within the TALEN spacer region.
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Once loss of Msll cleavage was determined, sequence analysis was performed on
undigested PCR product to confirm that this loss was due to a TAhdiMed insertion

and/or deletion (INDEL) mutation at the target site, resulting in a frameshift.

Initially, PCRamplification in prepeation for sequence analysis was perfedmsing
6exon 7 fablei 2Bk Howeldr, it (vas found that this resulted in unreadable
sequencing data, predominantely consisting of uncalled bases. Assau | t , dexon
2 Gablé2.6) were designed. These were situated further from the TALEN spacer region,
as it was possible the distance between the original primers and spacer region was too
short, thus reading straight into the heterozygous region. However, the resulting

sequencig data was still unreadable.

Further analysis of the sequencing data revealed the presence of two novel
polymorphisms either side of the target sfigure 3.5). This included asix base pair

INDEL (TTACTA upstream of the TALEN spacer regidmgtweencodingexons 6 and

7. It also included a microsatellite situated downstrearseven dinucleotide (14bp)

stretch of GT,betweencoding exors 7 and 8 Both polymorphisms lay between the
TALEN spacer regi on aenxdont h7e pfrotmyeadouwiedo, r rre
sequence reads which were impossible to interpret.
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236 4066 58 87 110 (bp)

CGTCTCCAGTAATGTCACGGTTCAAGGCTGAGTCCGGCATAGAGCTGCG
TCATTGATTTGTTTTCAAGCAGTGGCATTTTGGCTGAGCTATTTTTCAT
TAAAAGTTCAGAGATGCTGAGAAGGGAAACAGAGACATTTTACATCTCA
TTTGATGCCGCTCAGTATATGATCAGCTCAGTACACTCAGCGCAGACGT
ACAAAATCAACGTCACATGTGAAGCATTCTGTCTTTTTATAGAGATTTA
CAGAGAACATGAGAGTCACTAACTATTACTAATCTTGCGTCTTTAGGAA
TATATTTCAGGACGTGATGCACAAAGACACGCTTGTGAAGTCTTTCATA
GATGAGGTAAGTCTGCTTTCTGTCTCCTGAGCTTTATTAAAGCTTCCTC
CGCTTTGGCCTTGACAACATGTGTGTGTGTGTGTTGGTCTCTAGGTGTT
TCTGTTGARACCAGGTCTGTCTCTGCGTAGTGT

Figure 3.5 Diagram detailing the position of the novel polymorphisms discovered
surrounding the TALEN target site in exon 7.The red arrowsndicate the position of

the polymorphisms. The six bagair INDEL lies between coding exons 6 and 7
Conversely the microsatellite lies betweedingexors 7 and 8The length of each intron

and exon is represented (top). The text represents the miaagahe corresponding
nucleotide sequence. Bold text indicates ¢he x o n 7 gequénoes. rRed Zext
indicates the polymorphisms. Green text indicates the TALEN spacer region within
coding exon 7 o€13H90rf72
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To allowthe generation ofeadible sequence data, allele specific forward primers were
designed so that the alleles with 6 bp deleted (termed the minus 6 -@lel@able 2.6

and those includinthe 6 bp (termed the plus 6 allele6i table 2.§ could be amplified

in separate PCReactions. Iraddition, the reverse primer wessigned to lie upstream

of the microsatellite Optimal conditions for these primers were determined using
genomic DNA extracted from fin biopsies, which were confirmed to have the following
genotypes; homozygous for minus 6 alle®-6), homozygous for plus 6 allele (+6/+6)
and heterozygous for Hotalleles {6/+6). Using the PCR programme notedsattion

2.6.3 optimal cycle numbers were identified as describdajure 3.6.

+6 primer

TACAGAGAACATGAGAGTCACTAACTATTACTA
-6/-6 +6/+6 -6/+6 NTC ATCTTGCGTCTTTAGGAATATATTTCAGGACGT
GATGCACAAAGACACGCTTGTGAAGTCTTTCAT
AGATGAGGTAAGTCTGCTTTCTGTCTCCTGAGC
TTTATTAAAGCTTCCTCCGCTTTGGCCTTGACA
ACATGTGTGTGTGTGTGT

181bp

-6 primer

S i — TACAGAGAACATGAGAGTCACTAACTAATCTTGC
!'6/'6 +6/+6  -6/+6 GTCTTTAGGAATATATTTCAGGACGTGATGCACA
= AAGACACGCTTGTGAAGTCTTTCATAGATGAGGT

AAGTCTGCTTTCTGTCTCCTGAGCTTTATTAAAG
CTTCCTCCGCTTTGGCCTTGACAACATGTGTGTG
TGTGTGT

e cm— 175bp

Figure 3.6 Testing the allele specific primersPCR amplification of the genomic DNA
extracted from fin biopsies with the following genotypes:6 (homozygous for minus

6 allele), +6/+6 (homozygous for plus 6 allele) aé-6 (heterozygous for both alleles)

was performed. A) Shows the result usingth6exon 7 +606 pri mer s.
is only present in samples with a +6 allele. The corresponding sequence is shown on the
RHS. Primers are in black, polymorphisms are underlined or red, TALEN spacer region
i's green. B) Show®n#6hée prreisnuel rts .u sA npgr otdhuec t
seen in samples with ® allele. The corresponding sequence is shown on the RHS.
Colours are the same as previous. The cycle numbers optimised for use with the
touchdown PCR were A) 25 cycles B) 20 cycles.
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Subsequently, aPCR amplificatio in prepaation for sequence analysis was performed
usingthe allele specific primetsroughout the genotyping process. As well as improving
the quality ofthe sequencing data obtaineit,revealed that all identified dameshift

mutations were in linkage disequilibrium with the minus 6 allele.

3.2.3. ldentification and raising mutant lines generated using TALENSs
Initially, before the start of this project, fertilised, ecel staged zebrafish embryos were

successfullynicroinjected with the TALEN targeted against exon Ta&B8H9orf72and

raised to adulthood (FO founder3)ALENSs consist ofa pair of DNA binding proteins
fused to a fokl nuclease. The pair bind opposite sides of the target site, separated by a
spacer region of 220 nucleotides, within which fok1 cutse DNA, resulting in a double
stranded break (DSBJjJoung and Sander 2013Jhe cell responds to this with
endogenous repair mechanisms suchhasologous recombinatiofHR) and non
homologous end joining (NHE{Jiscussed in chapter 1, section 1.3--directed DSB

repair is mainly errofree, utilising thegenetic information contained in the undamaged
sister chromatid in a templafei and Heyer 2008)ConverselyNHEJ is erroiprone
involving direct ligation of the broken endsd can result in insertioand deletion
(INDEL) mutations(Lieber 2010) In this studywe wanted to detect INDELs within the
target site which produce frameshift mutations, as these will alter the position of the stop

codon and most likely result in a ndanctional protein.

For phenotypic characterisation of any TALENMNIuced mutations to occur, zebrafish
with mutations in germlineells needed to be generatda. achieve this, FO founders
transmitting frameshift mutations through the germline were identified. Fin biopsies were
takenfrom FO foundergor screeningusing methods described previousgdtion 2.6),
identifying all those with evidence of somatic mutatiomighin the target site. The
selectedzebrafish were subsequently outcrossed with -tyilse AB zebrafish. The
resulting offspring (F1) were screened and sequenceevfidenceof TALEN-induced
mutatons within exon 7 o€13H%rf72,in order to determine getime transmission rate
from the FO foundersFor this locus, out of the 9 F1 clutches screened, four were

identified to carry mutations (44%).

F1 offspring produced frortransmitting FO foundersave then raisetb adulthood. Fin
biopsies from all F1 offspring raised were screened and sequemagder to identify
those heteromous for frameshift mutationgigure 3.7 summarises all the frameshift

mutations identified.
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A

C13H9orf72 L.ttcaggacgtgat*' cacaaagacacgct *-':*.'raagtctttcatagatgagg..,|
B
Founder 1 l..ttcaggacgtgat‘_ ‘acaaagac--gcttat :.:aagtctttcatagatqagg...|AZ
Founder 1 I..ttcaggacgtgat Jjcacaaag-—---gctt .|1.‘:'aagtctttcatagatgagg...|A4
Founder 1 L.ttcaqqacgtgat"i ~acaaagacac--ttgt 'raagtctttcatagatqagq.“lAZ
Founder 1 L.ttcaggacgtgat‘. cacaaag-—-—-———-———-—-— aagtctttcatagatgagg...|All
Founder 2 L.ttcaggacgtgatg':«" aag--acgcottagt :'j.aagtctttcatagatqaqg...|AZ
Founder 2 l..ttcaggacgtqatu ‘acaaagac—--gcttgt :.:aagtctttcatagatgagg...lAZ
Founder 3 l (+80bp) ++++++++++++++acacgcttgt =aagtctttcatagatgagg...l +80
Founder 3 L.ttcagqacgtqatg ‘acaaa-—--cgcttagt :.:aagtctttcatagatqagg...|A4
Founder 3 L.ttcaggacgtgat‘:' ~acaaagac--gcttgt ::aagtctttcatagatgagg...| A2
Founder 4 l..ttcagg ————————————————— acgcttg _‘-aagtctttcatagatgagg...|Al7
Founder 4 L.ttcaggacgtgat‘: cacaaagac--gcttgt :=aagtctttcatagatgagg...|AZ

Figure 3.7 Diagram detailing all frameshift mutations identified in F1 offspring.

A) The wildtype C13H9o0rf72 sequence (coding exon 7) (Ensembl:
ENSDARG00000011837). Sequence highlighted in green is the TALEN spacer region.
B) The sequences derived from the mutant F1 alleles of FO founders 1, 2, 3 and 4, injected
with the TALEN targeted against coding exon 7Gif3H90rf72 Sequence highlighted

in green is the TALEN spacer region. Mutations are shown in red.
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In orderto produce a large batch with identical mutations, four F1 zebrafish identified as
heterozygous carriers for frameshift mutations were selected, ensuring that the zebrafish
chosen were each produced from a different FO founder. The selected zebrafish were
outcrossed with wildype AB zebrafish. Figure 3.8 summariges four F1 mutants

outcrossedT he resulting offspring (F2) were raised to adulthood.

C9orf725H44s/
Wild-type
C9orf725H4a9/+
Wild-type
C9orf725H4s0/+
Wild-type
Cgorf725H451/o

Q
(o8
>
o
=
=

500 ——
400 —
300 —

200 —

500

300
200

B
SH448|.ttcaggacgtgatgcacaaag----gcttgtgaagtctttcatagatgagg..|A4
SH449 | .ttcaggacgtgatgcacaaagac--gcttgtgaagtctttcatagatgagg..|A2
SH450/{.. (+80bp) ++++++++++++++acacgcttgtgaagtctttcatagatgagg..|+80
SH451 .ttcagg----————-------- scgcttgtgaagtctttcatagatgagg..|A17

Figure 3.8 Summary of F1 offspring heterozygous foframeshift mutations in exon

7 which were selected to outcros#) PCR amplification of the genomic DNA extracted
from fin biopsies taken from F1 offspring SH448, SH449, SH50 and SH451 using exon
7 primers. Following digestion with Msll, the digested P@Rduct was run on a 2.5%
agarose gel. Digested bands for each heterozygous carrier are compared ttypewild
sibling control. B) Shows the corresponding mutations identified after sequencing.
Sequence highlighted in green is the TALEN spacer regiotatduas are shown in red.
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F1 offspring with these particular frameshift mutations were selected to be outcrossed, as
they were predicted to result in truncated forms of the C13H9orf72 protein and it is
expected that thesare most likely to result iINOF mutations. An online translation tool,
ExPASYy, was used to translate the complengi@&A (cDNA) sequences of wiltlpe
C13H9orf72and of the mutate@13H9orf72alleles as previously describey(rre 3.8)

in to the corresponding protein sequenddwe online tool ClustalW2 was then used to

perform multiple sequence alignments of these protein sequéigtee 3.9).
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C13H%0rf72
SH448

MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLLLLSDGEV
MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLLLLSDGEV

SH449 MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNI LGPRVRHIWAPKSQGLLLLSDGEV
SH450 MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLLLLSDGEV
SH451 MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLLLLSDGEV
ek ok ok ok ok ok ok ok Kk k ok ok ok ok ok ok ok Kk Kk kkk k k ok ok Ak kA ok Ak kA Ak h kA kA kA A Ak A Ak A A A AR A A AR Ak
Cl13H%9orf72 TFLANHTLNGEILRSAESGAVDVKEFEFVLAEKGVIIVSLIFDGELKGDKNTCALSIILPQS
SH448 TFLANHTLNGEILRSAESGAVDVKFFVLAEKGVIIVSLIFDGELKGDKNTCALSIILPQS
SH449 TFLANHTLNGEILRSAESGAVDVKEFEFVLAEKGVIIVSLIFDGELKGDKNTCALSTIILPQS
SH450 TFLANHTLNGEILRSAESGAVDVKFFVLAEKGVIIVSLIFDGELKGDENTCALSIILPQS
SH451 TFLANHTLNGEILRSAESGAVDVKFFVLAEKGVIIVSLIFDGELKGDKNTCALSITILPQS
R R R R R R R R RS R R R R R R R R R R R R R
Cl3HS0orf72 ELSFYLPLHAVCVERLKHVIRKGRICMOKGYNIISMLSSEIVPIMELLTSMKKHSVPEEV
SH448 ELSFYLPLHAVCVERLKHVIRKGRICMQKGYNIISMLSSEIVPIMELLTSMKKHSVPEEV
SH449 ELSFYLPLHAVCVERLKHVIRKGRICMOKGYNIISMLSSEIVPIMELLTSMKKHSVPEEV
SH450 ELSFYLPLHAVCVERLKHVIRKGRICMQKGYNIISMLSSEIVPIMELLTSMKKHSVPEEV
SH451 ELSFYLPLHAVCVERLKHVIRKGRICMQKGYNIISMLSSEIVPIMELLTSMKKHSVPEEV
ek ok ok ok k ok ok ok ok ok ok ok ok k ok ok ok k Kk ok ok k k kk ok Ak kA ok Ak kA Ak h kA kA kA A Ak kA kA A A AR A A AR Ak
C13HY%0rf72 DLKDTVLNDDDIGDSCHEDFLHKATISSHLQTCGCSMVVGSNPEKVNKIVLTLCLFLTPAE
SH448 DLKDTVLNDDDIGDSCHEDFLHKAISSHLQTCGCSMVVGSNPEKVNKIVLTLCLFLTPAE
SH449 DLKDTVLNDDDIGDSCHEDFLHEKAISSHLQTCGCSMVVGSNPEKVNKIVLTLCLFLTPAE
SH450 DLKDTVLNDDDIGDSCHEDFLHKAISSHLQTCGCSMVVGSNPEKVNKIVLTLCLFLTPAE
SH451 DLKDTVLNDDDIGDSCHEDFLHKAISSHLQTCGCSMVVGSNPEKVNKIVLTLCLFLTPAE
R R R SRR R e R R R R R R R R R R R R R R R R R R
Cl3HY90orf72 RKCSRLCHPDGSFKYDTGLEVQGLLKDSTGSEVEPYRQVLYSPYPTTHIDVDINTVKEQMP
SH448 RKCSRLCHPDGSFKYDTGLEVQGLLKDSTGSEVFPYRQVLYSPYPTTHIDVDINTVKQMP
SH449 RKCSRLCHPDGSFKYDTGLEVQGLLKDSTGSEVEPYRQVLYSPYPTTHIDVDINTVKEQMP
SH450 RKCSRLCHPDGSFKYDTGLEFVQGLLKDSTGSEFVFPYRQVLYSPYPTTHIDVDINTVKQMP
SH451 RKCSRLCHPDGSFKYDTGLFVQGLLKDSTGSEFVEPYRQVLYSPYPTTHIDVDINTVKQMP
S s ok o e K ok oK ok K e ok ok K K ok Kok K ok Kk ok ok Kk Kok Kk ko kK kK kK ok Kk ok ok ok ok ok kK ok Kk kK ok
C13HSorf72 PCHEHTYHQRRYMRAELSALWKAASEDDFSSDNLINAQDSYTPDLNIFQDVMHKDTLVKS
SH448 PCHEHTYHQRRYMRAELSALWKAASEDDFSSDNLINAQDSYTPDLNIFQDVMHKGLstop
SH449 PCHEHTYHQRRYMRAELSALWKAASEDDFSSDNLINAQDSYTPDLNIFQDVMHEKDACEVE
SH450 PCHEHTYHQRRYMRAELSALWKAASEDDFSSDNLINAQDSYTPDLNIFQDVMHKDSVRGG
SH451 PCHEHTYHQRRYMRAELSALWKAASEDDFSSDNLINAQDSYTPDLNIFQDACEVEHRStop
R R R SRR R R SRR R R R R R R R R R R R R R
Cl3HY90orf72 FIDEVFLLKPGLSLRSVYLSHFLLLLHRKALTLLRYIEDETQKGKKPFRSLRNLKTDLDL
SH450 VSRGCGRVGRAATPPAPPSPSTRLstop
SH449 HRstop
C13HS0orf72 TVEGDLNIIMAMAEKLRAGLHSFVFGKSEFLTSVQERDLLINFstop

Figure 3.9 Multiple sequence alignment of wildtype and mutated C13H9or{72

protein sequence from TALEN generated lines.Complementary DNA (cDNA)
sequences of the wild typ€13H9orf72and of the mutated13H9orf72alleles, as
previously described in figure 5, were translated in to the corresponding protein sequences
using ExPASy. The oirle tool Clustal Omega was then used to perform multiple
sequence alignments of these protein sequences. The effects of each insertion or deletion
allele on protein truncation are shown.
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Fin biopsies taken from F@ffspring raisedo adulthood (SH448, $#49, SH450 and
SH451)were screened in order to identify those heterozygamsersfor the selected
frameshift mutations. The expected Mendelian inheritance pattern of 50%yp&dnd
50% heterozygous carriers was observed in all lin@sice identifiel, heterozygous
carriers from all of the lines (SH448, SH449, SH450 and SH451) were incrossed to
produce offspring (F3), in order to study any effects on early survival (chapter 4). It is
expected from such an incross to see the followliegdelianinheritance pattern; 25%
wild-type, 25% homozygous mutant and 50% heterozygous carriers for the previously

identified mutations

Following this, F3 offspring were raised to adulthood from lines SH448 and SH451, in
order to have two TALEN lines for adult phenotypltaracterisation. Fin biopsies taken
from F3offspring raisedo adulthoodwere screenednd subsequently wittypes and
homozygous mutants were selected for characterisation, followin@m@paie power

calculations ¢hapter 4).

3.2.4. Identification of null alleles in TALEN-generated lines

As previously discussed, the identified mutations in lines SH448, SH449, SH450 and
SH451 were predicted to result in a truncated form of C13H9od@2 (igure3.9).
Initially, in order to try and detect endogenous C13#E® protein levels in the wild
type and homozygous mutant zebrafish, western blotting using three commercially

available antiC9orf72 antibodies was performdayre 3.10.
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Figure 3.100bserving C13H90r{72 protein levels in zebrafishA) Untreated wild type

or C13H9orf72H451/SH45ysates were run alongside HEK293 cells treated with C9orf72
siRNA or nontargeting (NTC). Levels of endogenous C9orf72 were determined on
immunoblots using three commerciadlyailable antiC9orf72 antibodies (all 1:250). B)
HEK293 were transfected with My€9L, Myc-C9S or empty vector control. Levels of
C9orf72 were determined on immunoblots using the sameC&atif72 antibodies.

It was expected that the fu#ngthzebrafish C13H9orf72 protein would run at 52 kDa,
whereas the C13H9orf72*5Y/SH451protein will either not be visible, if the protein is not
expressed, or if the truncated protein is expressed, produce a band around 40kDa.
However, no band was visible thiese predicted kDa values with any of the commercial
anti-C9orf72 antibodies usedidqure 3.10A, only nonspecific bands also seen in the
SiRNA treated cell lysates. The human C9off7®%as expected to run at 54 kDa and
human C9orf72 at 25kDa. Endogens C9orf72S was not observed in any of the cell
lysates. However, endogenous C9orf78vas observed when HER93 were treated
with nontargeting siRNA with two of the commercial a®@Borf72 antibodies used
(Santa Cruz and ATLASIigure 3.10A. As expectd, overexpressed MyC9orf72L and
Myc-C9orf72S was observed with all antibodies tesfeglife 3.10B, indicating that

these antibodies are able to detect both C9orf72 isoforms.

Due to the lack of reliable antibodies to detect C13H9orf72 protein |€¥ElgPCRwas
performed to investigat€13H90rf72mRNA levels. This was carried out to determine
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whether the predicted truncatéeil3H9orf72 transcripts are degraded by nonsense
mediated decay. RGPCR analysis revealed a significant decrease in @taH9or72
transcript levels in homozygous mutants in comparison ld-type siblings in all lines
(figure 3.11); SH448 C13H90rf72™* mean 1.01+0.01 vsC13H9orf72H448/SHa48
0.33+0.09, unpaired ttest, p = <0.0001 SH449 C13H9orf72"* 1.01+0.01 vs
C13H9orf72H449/5H449) 34+0.11 unpaired ttest, p = <0.0001)SH450(C13H90rf72"*
1.05+0.04 vsC13H9orf72H459/SH450 0 23+0.16, unpaired-test, p=0.0006);SH451
(C13H90rf72" 1.00+0.00 vsC13H9orf72H451/SH4510 17+0.04, unpaired test, p =
<0.0001).

SH448 SH449
o 15 o 15
£ €
o o
3 3
% 1.0 5 101
] o
2 0.5 " 5 0.5 *
k] kS
[ Q
® 0.0 . ® 9.0 .
C9orf72*" C9orf72°HH8/SHIAE Coorfr2*"* C9orf7 25H449/5H449
SH450 SH451
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*kkk

C90I’f72+/+ CQorf7ZSE450/SH45O ) C90rt72+/+ C90rf72$!451/SH451

Relative levels of C9orf72

Relative levels of C90orf72

0.0

Figure 3.11 Identified frameshift mutations in coding exon 7 of C13H9orf72 gene

lead to reduced levels of C13H90rf72 transcripts in zebrafistResult from RTqPCR

to investigate whether truncated C13H90rf72 transcripts are degraded by nensense
mediated decay. In comparison to wild type siblings, homozygous mutants show a
reduction inC13H9orf72transcript levels of approximately @D% (n=3) inlines A)
SH448 (unpairedtest, p = <0.0001, n=2); B) SH449 (unpairdddt, p = <0.0001, n=2);

C) SH450 (unpairedtest, p=0.0006, n=2); D) SH451 (unpairgdst, p = <0.0001, n=3).
Levels of MRNA were quantified rlevlati ve
accor di ngtmetbhod.tEtroe bap gefresent standard deviation of the mean of
n=2-3 biological repeats. Each biological repeat contaiti 3ebrafish pooled together

per genotype.
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3.3. Generating C13H90orf72loss of function models usinghe CRISPR/Cas9
system

3.3.1. Investigation of polymorphisms surrounding the target locus in exon
1
In addition to theTALEN designed to target exonof C13H9orf72prior to the start of

this project, a TALEN waslso designed to target exon 1 @f13H90rf72 Embryos
injected with this TALEN were not taken forward to be raised at this point,vess
unsuccessful in producingALEN-induced genome modifications withithis target
locus As a result, this region waargeted again utilising an alternative &t genome
editing technique the CRISPR/Cas9 systemWe used a previously published
CRISPR/Cas9 target site within exon 1@t3H9orf72(Hruscha et al. 2013}section
2.5.2 and figure 3.12)

Inpremr ation for this, genomi c DNA ekondm AB
pr i rtt&ble 8.6) and thendigested PCR prodyancludingthe potential CRISPR site

in exon 1 was sequenced. This was doneider to identify possible polymorphisms in

this region, due to the previous identification of polymorphisms sudiogrthe target

locus in exon bf C13H90r{72.

Analysis of the sequencing data revealed a polymorphism located between the forward
primer and potential CRISPR target site within exon 1 (figf&). This involved a

single base pair change from thymine to guai#®C_1M846:c.66 T>C, resulting in

a codon change from TGT to TGGhe codon change corresponds to an amino acid
change from cysteine to tryptophan. These amino acids have different properties; cysteine
is a polar amino acid with a neutral side chain, whergasohan is an aromatic amino

acid with a hydrophobic side chain. However, tiessa known missense variant
(rs40965738). Th@olymorphism occurs in a poorly conserved region of C9orf72 and

this cysteine is nowonserved in other fish species as well asigher mammals.
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A 553 (bp)

tgctttgtgagcctgacggtctataggtttgtataagecectate
ATGTCTTCAGCCTGTCCTCCACAATCTCCAGCCGTGGCCAAGACT
GAAGTTCTGGTTGACGACTGTTGTCCTGTTCTGGCTGCGACCTTC
GCTTACTGGGACAACATCCTCGGACCTCGTGTCCGGCACATCTGG
GCACCGAAAAGCCAAGGGTTGCTGCTGCTCAGTGACGGAGAGGTC
ACATTTCTGGCCAATCACACGCTGAACGGTGAGATTTTGCGCAGC
GCAGAGAGCGGCGCGGTGGATGTCAAGTTCTTCGTCTTGGCTGAA
AAGGGAGTCATCATCGTCTCTCTGATATTTGACGGAGAACTCAAG
GGTGATAAGAACACTTGCGCGCTGTCAATCATCTTGCCGCAGTCA
GAGCTTAGCTTCTACCTGCCTCTGCACGCCG

 §

A C G A C T T G T C C T iy
F\ j/q\&
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\ f ‘I '|‘

; : - '

Figure 3.12 Schematic diagram to show position of polymorphism surrounding

target locus in exon 1A) The nucleotide sequence represents a porti@il8H9orf72

i ncl udi ng tchdengexan 1.\CIER prierrsehuences are shown in black and
italicised The identified polymorphism is shown in red. The CRISPR target sequence is
shown in green. The PAM site shown in blue. B) Shows part of the chromatogram
obtained after sequencing thise gi o n . The uncalled base 6
polymorphism.
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3.3.2. Identification and raising mutant lines generated using
CRISPR/Cas9
As described irsection 3.3.1the CRISPR/Cas9 system was utilised to target exon 1 of

zebrafishC13H9orf72 and we used a previously published CRISPR/Cas9 target site
within exon 1 ofC13H9orf72(Hruscha et al. 2013kection 2.5.2 and figure 3.44).
CRISPR/Cas9 is a complex between a tasgefific single guide RNA (gRNA) and a
Cas9 nuclease. The gRNA directs the Cas9 to the target site, which ik dokoived
by a PAMsite,resultingin DSBs As discusseth section 3.2.3thecell responds to this
with endogenous repair mechanisms sucHR&ndNHEJ. In this studywe wanted to
detect INDELs within the target site which produce frameshiftations, as these will
alter the position of the stop codon and most likely result in afurectional protein
(figure 3.13. Within the targetsite there isa restriction enzyme site for Ddel. This
restriction enzyméas a S5bpecognition sequence, wimnds optimal for rapidly detecting
CRISPR/Cas9nduced INDEL mutations for genotyping.

The published gRNAHruscha et al. 2013yvas ceinjected with Cas9 mRNA into
fertilised, onecell stage zebrafish embryos-Q075hpf). The embryos used originated
from the wildtype line AB,consistent with th@ ALEN lines produced previoushA
portion of the ingcted embryos were screened ahpf8for CRISPR/Casthduced
genome modifications at the targexbnlsite.
pr i mtbles2@)and analysed via RFLP for evidencelDEL mutations. Evidence

of mutation was confirmed by the loss of Ddel restriction enzyme cleavage, described in
figure 3.14 At this stage, digested and-digested bands were seen in samples where the
CRISPR/Cas9 injection was successful, resemblheterozygous carrier, as the injected
embryos are genetically mosaic at this poiRtllowing confirmation of genome
modifications at the target site, the remaining injected zebrafish embryos (FO founders)
were raised to adulthood.

97



nCas9 plasmid

Guide oligo
\L in vitro transcription \L

AN

gRNA nCas9 mRNA

\L Microinjection into one-cell stage embryo

Cas9 protein
gRNA

ARRRRRARRAASEN

S

\L Targetted double-strand break (DSB)

X
LT LT

X

\L Repair dsDNA

Non-homologous end-joining (NHEJ)

LT =+ LTI,

INDEL

LT T

Frameshift mutation

Figure 3.13 Diagram to show how CRISPR/Cas9 system result in nehomologous
end-joining (NHEJ). Guide oligonucleotides containing a T7 RNA polymerase binding
domain were annealed with a T7 primer (green). gRNAainintg a target binding site
(dark green) and the nCas9 plasmid wareitro transcribed. gRNA and nCas9 mRNA
were cainjected into oneell stage zebrafish embryos. The gRNA recruits the Cas9
protein to the target site to induce doubleand breaks (DSBEclose to the protospacer
adjacent motif or PAM sequence (orange). In the absence of donor DNA template, the
DSB are repaired by nemomologous end joining (NHEJ). NHEJ results in small
insertions or deletions (INDEL) which may result in frameshift mateti
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| |1 |
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208bp 201bp 27bp
B Heterozygous Homozygous Wild Type
carrier mutant
(+/-) (-/-) (+/4)
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Figure 3.14 Detection of mutation at exon 1 CRISPR/Cas9 target site using
restriction fragment length polymorphism (RFLP) analysis.A) Schematic diagram
representing the size of the amplified P@®&duct using the exon 1 primers (top) and the
size of the fragments following restriction enzyme digest with Ddel (bottom). B)
Schematic representation of expected bands for homozygous mutants (409 and 27bp),
wild-types (208, 201 ah27bp and heterozygaucarriers (409208, 201 and 27bp)
product are run on an agarose gel.l@age of an actual agarose gel showing product
from all three genotypesBands at approximately 27bp are usually faint and hard to
distinguish. However, the larger bands allow farwate genotypingisterisk marks the

Ddel site within the CRISPR/Cas9 target site.
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Once FO founders had reached adulthood, themesmitting frameshift mutations
through the germline were identifieés previously discussed in sectiBr2.3 Fin
biopsies were takefrom FO foundersor screeningusing méhods described previously
(section2.6), identifying all those with evidence of somatic mutatianihin theexon 1
target site. Theselectedzebrafish were subsequently outcrossed with -tyijsk AB
zebrafish. The resultingF1 offspring were screened and sequenced éwidence
CRISPR/Cas9nduced mutations within exon df C13H9orf72,in order to determine
gerndine transmision rate from the FO foundeiSor this locus, out of the 4 F1 clutches

screened, three were identified to carry mutations (75%).

F1 offspring produced from transmitting FO founders were then raised to adulthood.
Again, fin biopsies from all F1 offspring raised were screened and sequéanoeder to
identify those heterozygs for frameshift mutations, atone previouslyFigure 3.15

summarises all the frameshift mutations identified.

A

C13H90rf72 |..gccaagggttgctoctactcagtgacggagaggtcacatttctggecaate..

B

Founder 1|.gccaagggttgctgctoct--gtgacggagaggtcacatttctggecaate..[A2

Founder 1|.gccaagggttgctgctoctge-tgacggagaggtcacatttctggecaatce..|A3, +2

Founderz,“gccaaqqqttqctqctqctffqtqacggagaggtcacatttctggccaatcm A2

Founder 3 |.gccaagggttgctg-—————————- acggagaggtcacatttcectggccaatce..|A10

Founder 3 |.gccaagggttgetgotgo——————————————————————————— ccaatc..|A27

Figure 3.15 Diagram detailing all frameshift mutations identified in CRISPR/Cas9
generated F1 offspring. A) The wildtype C13H90rf72 sequence (coding exon 1)
(Ensembl: ENSDARGO00000011837). Sequence highlighted in green is the CRISPR
target site. B) The sequences derived from the mutant F1 alfdi€sfounders 1, 2 and

3, injected with the CRISPR/Cas9 targeted against coding exon Ql&H9orf72
Sequence highlighted in green is the CRISPR target site. Mutations are shown in red.
PAM site shown in blue.
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In order to produce a large batch witlemdical mutations, three F1 zebrafish identified

as heterozygous carriers for frameshift mutations were selected, again ensuring that the
zebrafish chosen were each produced from a different FO founder. The selected zebrafish
were outcrossed with wiltype AB zebrafish.Figure 3.16summarises the threl

mutants outcrossedhe resulting F2 offspring were raised to adulthood.
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SH470|.gccaagggttgctgctgectge-tgacggagaggtcacatttectggeccaate..|A3, +2

SH471|.gccaagggttgctgetget--gtgacggagaggtcacatttctggecaate..|A2

SH472|.gccaagggttgctg--—-—-—-—---- acggagaggtcacatttctggccaatc.. A10

Figure 3.16 Summary of the F1 offspring heterozygous for frameshift mutations in

exon 1 which were selected to outcrosg) PCR amplification of the genomic DNA
extracted from fin biopsies taken from F1 offsgri8H470,SH471and SH472using

C9E1 primers. Following digestion with Ddel, the digested PCR product was run on a
2.5% agarse gel. Digested bands for each heterozygous carrier are compared to a wild
type sibling control. B) Shows the corresponding mutations identified after sequencing.
Sequence highlighted in blue is the CRISPR target site. Mutations are shown in red. PAM
site shown in blue
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As before,F1 offspring with these particular frameshift mutations were selected to be
outcrossed, as they were predicted to result in truncated forms of the C13H9orf72 protein
and it is expected that these are most likely to resilDiir mutationsFigure 3.17 shows

the multiple sequence alignments of the mutated C13H9orf72 protein sequences
compared to the wildlype protein sequence. This was carried out in the same way as

describedn section 3.2.3.

Cl13H%0rf72 MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLLLLSDGEV
SH470 MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLLLLLTERS
SH471 MSSACPPOSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLLLLStop
SH472 MSSACPPQSPAVAKTEVLVDDCCPVLAATFAYWDNILGPRVRHIWAPKSQGLL---TERS
B L o TR
Cl13H9crf72 TFLANHTLNGEILRSAESGAVDVEFFVLAEKGVIIVSLIFDGELKGDKNTCALSIILPQS
SH470 HFWPITRstop
SH47T2 HFWPITRstop
C13H90rf72 ELSFYLPLHAVCVERLKHVIRKGRICMOKGYNIISMLSSEIVPIMELLTSMEKKHSVPEEV
C1l3H9crf72 DLKDTVLNDDDIGDSCHEDFLHKAISSHLQTCGCSMVVGSNPEKVNKIVLTLCLEFLTPAE
Cl3H9corf72 RKCSRLCHPDGSFKYDTGLFVQGLLKDSTGSEFVEPYRQVLYSPYPTTHIDVDINTVEQMP
C1l3H%90orf72 PCHEHTYHOQRRYMRAELSALWKAASEDDEFSSDNLINAQDSYTPDLNIFQDVMHKDTLVES
Cl3H9crf72 FIDEVFLLKPGLSLRSVYLSHFLLLLHRKALTLLRY IEDETQKGKKPFRSLRNLKTDLDL
C13H90rf72 TVEGDLNIIMAMAEKLRAGLHSFVFGKSFLTSVQERDLLINFstop

Figure 3.17 Multiple sequence alignment of wildtype and mutated C13H9or{72
protein sequence from CRISPR/Cas9 generated line€omplementary DNA (cDNA)
sequences of the wild typ€13H9orf72and of the mutated13H9orf72alleles, as
previously described in figure 3.16, were translated in to the corresponding protein
sequences using ExPASy. The online tool Clustal Omega was then used to perform
multiple sequence alignments of these protein sequences. The effects of edimios
deletion allele on protein truncation are shown.
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Fin biopsies taken from Faffspring raisedo adulthood (SH470, SH471 and SH472)
were screened in order to identify those heterozygausersfor the selected frameshift
mutations. As bfore, the expected Mendelian inheritance pattern of 50%typlel and

50% heterozygous carriers was observed in all lin@sice identified, heterozygous
carriers from all of the lines (SH470, SH471 and SH471) were incrossed to produce F3
offspring, in oder to study any effects on early survival (chapter 4). It is expected from
this incross to see the followingendelianinheritance pattern; 25% witype, 25%
homozygous mutant and 50% heterozygous carriers for the previously identified

mutations

Following this, F3 offspring were raised to adulthood from line SH470, in order to have
a CRISPR/Cas9 line for adult phenotypic characterisation. Fin biopsies taken from F3
offspring raised to adulthood were screenedand subsequently wiltypes and
homozygous mutas were selected for characterisation, following eappate power

calculations ¢hapter 4).

3.3.3. Identification of null alleles in CRISPR/Cas9generated lines
As previously discussed in section 3.2.4, the identified mutations in lines SH470, SH471

and SH472vere predicted to result in aitrcated form of C13H9orf72igure 3.16). Due

to the lack of reliable antibodies to detect C13H9orf72 protein levels (see figure 3.10),
RT-qPCR was performed to investig&&3H9orf72mRNA levels, to determine whether
the predicted truncatedC13H9orf72 transcripts are degraded by nonsemssliated
decay. RTqQPCR analysis revealed a significant decrease in@itaH9orf72transcript
levels in homozygous mutants compared to syjoe sblings figure 3.18), in lines
SH470 ad SH471; SH470 C13H90rf72"* 1.01+0.02 vs C13H9orf72H470/SHA70
0.46+0.07, unpaired-test, p = <0.0001); SH471C({3H90rf72"* 1.03+0.04 vs
C13H9orf72H474/SH4710 38+0.00, unpairedtest, p =<0.0001). However, there was not

a biologically relevantdifference in total C9orf72 transcript levels observed between
homozygous mutants and witgpe siblings in line SH472; SH47Z{3H9orf72"
1.02+0.03 ve<C13H9orf721472/SH470 88+0.02, unpairedtest, p = <0.0p
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Figure 3.18 Identified frameshift mutations in coding exon 1 of C13H9orf72 gene

lead to reduced levels of C13H90rf72 transcripts in zebrafistResult from RTqPCR

to investigate whether truncated C13H9orf72 transcripts are degradednsgnse
mediated decay. In comparison to wild type siblings, homozygous mutants show a
significant reduction ifC13H9orf72transcript levels in lines A) SH470 (unpairetest,

p = <0.0001, n=2); B) SH471 (unpairedest, p = <0.0001, n=2); C) but noH&72
(unpaired ttest, p = <0.05, n=2).evels of MRNA were quantified relative to loading
control EF1U mRNA | e wvmetha. Eear lwacs représengstandard t h ¢
deviation of the mean of n=2 biological repeats. Each biological repeat coBtaihs
zebrafish pooled together per genotype.
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3.4.Discussion
The initial aim of this project was to produce a stable zebr&fbrf72 LOF model of

C9-ALS/FTD, using targeted genome editing techniques. As discussed, it is not fully
understood how the repeat expansioc8orf72results in ALS/FTD, however there is
evidence for three possible, nerclusive pathogenic mechanisms. It is esaknod
model all three potential mechanisms in order to understand their contribution to disease
and this project focuses particularly on h@®orf72 LOF via haploinsufficiency may
contribute to CALS/FTD. This project utilised zebrafish for the genenataf the
model, which harbour a highly conserved orthologue of the hu@gorf72, called
C13H9orf72 Currently, only one group has published data investig&tfayf72LOF in
zebrafish. As discussed, this group digeMOs to transiently KDC13H9orf72in ther
zebrafish model, ah observed ALSike phenotypeqCiura et al. 2013)The stable
zebrafishC9orf72 LOF models which have been produced in this project are highly
important as currently no other stable zebrafish model has been charactéssatS

is manly an adukonset disorder in humans, it is essential to study the phenotypes of a
stableLOF model throughout its lifetime. This will enable further understanding as to

how this gene contributes to @3.S/FTD and to investigate protein functianvivo.

3.4.1. Comparisonsbetweentargeted genome editing techniques: TALENs
vs CRISPR/Cas9
Two targeted genome editing techniques were utilised in order to generate the stable

zebrafishC13H9orf72LOF model. As discussed, before the start of this project, TALENSs
were used to target exon 1 and exon Tb8H90rf72 TALENSs are comprised of a pair

of DNA-binding proteins, which bind to opposite sides of the target site and are separated
by a spacer regioconsisting of around 120 nucleotides. Within this spacer region, the
nonspecific fokl nuclease fused to the DNA binding proteins makes desitdeded
breaks. Although successful in targeting exon 7, the TALEN targeting exon 1 initially
failed. As a reult, the CRISPR/Cas9 system was used to target exon 1, utilising a gRNA
which has been previously publish@druscha et al. 2013)CRISPRs are a complex
between a target specific guide RNA (gRNA) and a cas9 nuclease. The gRNA guides the
cas9 to a 20 nucleotide target site, immediately followea BAM site, causing double
stranded breaks. This technique was chosen as during the project the CRISPR/Cas9
system was becoming more widely used, due to the ease of design and high mutation

efficiency of the technique. However, it is important to notaet thoth techniques
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successfully exploited DNA repair mechanisms suchHNBEJ, resulting in INDEL

mutations within the chosen target region€&BH90rf72

As previously mentionedn order for phenotypic characterisation of @RISPR/Cas9
and/orTALEN-induced mutations to occur, zebrafish witlitations ingermine cells

need to be generate@ihe FO founders injected with either CRISPR/Cas9 or TALENSs
were raised to adulthood and their offspring (F1) screened for germline transmission
(section 3.2.3 and.3.2). Interestingly, when F1 clutches were screened, it was observed
that several mutations were passed through the germline from the same féigndes (

3.7 and 3.1p Thisvariety of inherited mutations is to be expected, as the injected FO
founder fish are genetically mosaibue to the mosaic nature of the founders, it is
important to selecspecificF1 offspringheterozygous carriers férameshift mutations

to outcrossAs a result, all heterozygous carriers identified in F2 offspring will have

identical mutations

Additionally, it was noted in this project that the FO founders injected with the
CRISPR/Cas9 system had a high germline transmission rate of 75% comptreskto
injected with TALENS, at only 44%. Interestingly, the germline transmission rate
produced by the CRISPR/Cas9 injection was higher than that observed with the same
gRNA in (Hruscha et al. 2013who observed only 20%. It is possible that whilst
screening for loss of the Ddel restriction sitleat the authors may have missed some
frameshift mutations that did not disrupt this site and were therefore not detected. In the
future, due to ease of design and high germline transmission rate, the CRISPR/Cas9
system would be the method of choice PVALENSs for rapidly generating INDEL

mutation in desired target sites.
3.4.2. Genotyping mutations inC13H9orf72

Identification of CRISPR/Cas%nd TALEN-induced mutations was done via RFLP,
using the restriction enzymes Ddel and Msll, respectively. A limitation of this method is
that it only allows identification of mutations which have disrupted the restrictiogmenz

cut site. Therefore, it will not detect mutations which are present in the region but have
not disrupted the restriction cut site. This suggests that there could be more mutations
present in the founder population which were not discovered. Howeeerestriction
enzyme Msll was particularly advantageous to use to avoid this limitation, as it has a long
cut site of 10bp (CAYNNNNRTG), which means it should detect the majority of
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insertiors and deletions within the target region. A further limitatiorR#ILP is that it

only provides information on whether a mutation is present, not if it is-fnanme or
frameshift mutation. Therefore, it was essential to sequence undigested PCR product in
order to determine what the mutation was, which elongates thetygpéng process.
However, it is essential to do this step, as frameshift mutations are more likely to result
in truncated and/or nefunctional protein products. In the future, techniques such as High
Resolution Melt (HRM) analysis and SURVEYOR mutatiogtettion kits could be
utilised to speed up the genotyping process. These methods are advantageous when

mutating regions without good restriction sites.

Novel polymorphisms were identified to surround the target region in exon 7 of
C13H9o0rf72 therefore t was impossible to obtain readable sequencing @étathe
original primers gection 3.2.2). As a result, before injection of the CRISPR/Cas9, the
region surrounding the target site in exon CaBH9orf72was fully sequenced to ensure
there were no potyporphisms surrounding itThis led to the identification ofa
nonsynonymous amino acid substitution in a-oonserved region.Luckily, in both

cases, the identified polymorphisms were avoidable with the design of new primers.
However, in the future it sluld be essential to sequence the region surrounding a
potential target site before generating a new model. This is important, particularly in
zebrafish, as their genomes are highly polymorgNigsiadka and Clark 2012)his is
alsocritical to consider as whole genome sequencing was performed on the Tuebingen
strain of zebrafisl{Howe et al. 2013)Therefore, when using other strains to generate
models, such as the AB strain in this project, there may be variations in the sequence of

a particular region due to the polymorphic nature of their genomes.

Originally, it was hoped that the targeted genome editing techniques used would produce
large INDEL mutations. This would have been advantageous, as these could be simply
genotyped by resolving the bands on an agarose gel. This would negate the use of RFLP,
speealing up the genotyping process. An allele produced via injection with TALENS,
SH450, harboured an +80bp insertion in exon TH8H90rf72,which could be easily
observed on an agarose gel without digestion. However, upon further analysis, when
cDNA produed from zebrafish carrying this mutation was sequenced, an alternatively
spliced transcript was identified. The transcript carried af ha me P168Db
corresponding to the deletion of exons 7 and 8. As the mutation weane, these

transcripts could pentially produce functioning protein, therefore this line was not taken
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forward. In the future, it will be important to sequence cDN#m zebrafish carrying
large INDH_s to ensure that the expected truncatadscript is present before continuing

with characterisation.

3.4.3. Identified frameshift mutations in exon 1 and 7 ofC13H9orf72result
in truncated transcripts

The identified frameshift mutations chosen to be taken forward were selected as they are
predicted to result in auncated form of C13H9orf7Zigures 3.9 and 3.17)The full

length C13H90rf72 consists of 462 residuBse TALEN-induced frameshift mutations
located in exon 7 of£13H9orf72were predicted to result in truncations from the
following amino acid residues: SH448 residue 356; SH44iglues362; SH450 residue

384; SH451 residue 357Additionally, the CRISPR/cas@duced frameshift mutations
located in exon 1 of£13H9orf72were predicted to result in truncations from the
following amino acid residues: SH470 residue 67; SH471 residuets®b;2 residue 64.

Our RT-gPCR data demonstrates that the predicted truncated transcripts are degraded by
nonsense mediated decay before they are able to be translated into plisteisséd

further below. However, it is possible that a small amount aftamt mMRNA may be
translated into truncated, aberrant proteins. The result this has would be dependent on the
role of C13H9orf72As mentioned previously, thé9orf72gene in humans encodes two
protein isoforms that share structural homology with the Bafidally Expressed in
Normal and Neoplasia (DENN) proteiflsevine et al. 2013, Zhang et al. 201RENN

proteins are implicated in membrane trefing events as GDP/GTP exchange factors
(GEF) of Rab GTPases. The tripartite DENN module consist of the following domains in
eukaryotes: tDENN domain on the Nerminus; a central DENN domain; aDENN

domain on the @erminus(Levivier et al. 2001) The long isoform of C9orf72 (CB,

462aa in length), is predicted to harbour all three domaifd3ENN residues 2351;

central DENN residues 21222; dDENN on cterminus, exact location unpublished
(Levine et al. 2013, Zhang et al. 201Zhe short isoform of C9orf72 (€9, 212aa in

length) is predicted to contain only theDEENN and part of theentral DENN domain,

due to it lacking a portion of the-terminus of the protein. Due to high conservation
between human and zebrafish C9orf72 (76.14% amino acid identity), it is expected that
the functional role of C9orf72 is likely to be similar in batiecies. Therefore, it could

be predicted that if a small amount of mutant mRNA is translated, the CRISPR/Cas9

induced frameshift mutations resulting in truncations at residué§ B®uld result in a
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more severe phenotype in the zebrafish, as the treshpabtein would only contain part

of the UDENN. This would be dependent on whether the location of the three DENN
domains are similar in zebrafish. It is important to note the distinct roles of each of the
DENN domains are not fully understood, but itlwertainly be interesting to investigate
whether mutations located in exon 1 are more severe than those in exon 7 during

characterisation of the models.

Ideally, western blot analysis would be utilised to examine protein levels of C13H90rf72
in zebrafi® carrying mutant alleles vs witype siblings. However, as shown in section
3.24, thecommercially available antibodies used were not able to detect endogenous
protein levels in the zebrafish. A reason for this may be due to the immunogen sequence
these antibodies were raised against. For example, the polyclonal ATLAS and
ProteinTech anC9orf72 antibodies were raised against immunogen sequences which
include human exon 3, which as discussed in sectiofh,3s2not present in zebrafish.
Additionally, an important limitation to consider when using these commercially
available antiC9orf72antibodies is that they do not discriminate between the two protein
isoforms of C9orf72. However, pioneering work fiao et al. 2015has ledto the
developmentof antibodies which are able to detect C9otf72and C9orf72S
individually. In the future, it would be interesting to test these antibodies on protein
extracted from the zebrafish lines generated, as the epitopes are well consereea betw

human and the zebrafish orthologue.

As a result of the lack of reliable, commercially available-@%rf72 antibodies during

this project, RTgPCR was performed on cDNA produced from identified homozygous
mutants and their wildype sblings from al lines (section 3.2.4 and 3.3.3). A reduction

in C13H90rf72 mMRNA levels in homozygous mutants would provide evidence for
degradation by nonsense mediated decay (NMD). NMD is an important surveillance
mechanism which exists in eukaryotes. It ensures tHRNAM transcripts containing
premature translation termination codons (PTCs), are degraded and thus cannot be
translated into potentially aberrant proteidsirosaki and Maquat 20146} is known that

the zebrafish genome encodes orthologues fwstraf the genes essential for NMD to
occur(Wittkopp et al. 2009)If NMD is occurring, a lower steady state of mutant mRNA
would be expected. This is what was reported in sections 3.2.4 andf@& 3ist lines
tested. Howewe it is important to acknowledge the limitations in studying NMD by

examination of mMRNA levels via RGPCR. For example, it cannot be assumed that the
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level of mMRNA is directly proportional to the level of protein expression. Factors to
consider which e#ct this correlation include pestnscriptional processes which are
essential in determining the final synthesis of the prof(@reenbaum et al. 2003)
Therefore, in the future it is hoped that there will be -#fiorf72 antibodies available to
study the endogenous C13H9orf72 protein levels in these zebrafish in oodenpare

to the RFgPCR result.

3.4.4. Determining lossof-function alleles to takeforward for phenotypic
characterisation

Following generation of frameshift mutations in both exon 1 and exon 7, using
CRISPR/Cas9 and TALENSs respectively, it had to be decided vid@é¢halleles would
be taken forward for phenotypic characterisation.

Following initial injection of the TALEN targeted against exon 7Gif3H90rf72 the

foll owing four | ines were generated: SHA44
(+80bp i ns exon 7); SH451 (@l7bp exon 7).
allele SH450 was not taken forward for characterisation due to the presence of an
alternative transcript harbouring anfinr a me @168 b p, C detetoesfpond
exon 7 and 8 o€C13H90rf72.It was shown from the RGPCR results that zebrafish
homozgous mutant for the other three mutant alleles had a significant reduction in
C13H90rf72mRNA level in compason to wildtype siblings $ection 3.2.4). As a result,

it was decided to take two alleles forward, SH448 and SH451, for phenotypic
characterisabn. Two lines were chosea allow confirmation oainy phenotypic change
observed This would strengthen confidence that any effageredue to a mutation
truncating the ¢erminus of the protein, and not any side effect in the genetic background

of that particular line.

Additionally, following injection of the CRISPR targeted against exon@I#H90orf72,

the following |lines were generated: SH47
1); SH472 (pl10bp exon -dPCR redultirseatiars3.3:3,dhiate d f
zebrafish homozygous mutant for the SH472 allele only had a minimal decrease in
C13H90rf72mRNA level (1014%) in comparison to wiltlype siblings. As RIgPCR

pri mers wer e de sendaf thal trarssaipt,iitrwas predichieat tieso
mutation would not lead to BOF and that fullength protein would be expressed.
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Therefore, it was decided not to take forward the SH472 allele for phenotypic

characterisation.

RT-gPCR results from zebrafish homozygous mutant for the othentwant alleles had

a significant reduction i€13H90orf72mRNA level in compason to wildtype siblings
(section 3.3.3). Initially, it was decided to take forward both alleles for phenotypic
characterisation, for the same reason noted for the TAg&MNeréed lines. However,

allele SH471 was unable to be taken forward due to issues regarding breeding. There was
a sex skew bias towards males in the F2 generation, with only one female a heterozygous
carrier for the SH471 mutant allele. As a result, the F2iggion were outcrossed again

with wild-type AB to produce a better ratio of males:females heterozygous carriers for
the SH471 allele. However, by the time this generation was raised, it was too late in the
project to incross these and produce an F3 g&omrrdo obtain any meaningful
characterisation data on. As a result, only one allele, SH470, was taken forward to observe

the effect of mutations in exon 1 6fL3H90rf72

3.4.5. Conclusion
In conclusion, the initial aim of this project was achieved and stadbeafzsh

C13H90rf72LOF models have been generated to take forward and characterise in the
future. To summarise, a total of four TALEdénerated lines (SH448, SH449, SH450
and SH451) and two CRISPR/Cagfnerated lines (SH470 and SH471) showed a
significant reduction iNC13H9orf72 transcript levels gection 3.2.4. and 3.3.3). As a
result, two TALENgenerated lines (SH448 and SH451) and one CRISPR/Cas9
generated line (SH470) were taken forward for phenotypic characterisation into

adulthood, as covered in chapter 4.
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4. Characterisation of C13H90rf72 lossof-function zebrafish models of ALS/FTD
4 .1.Introduction

As previously discussed, there is a link between ALS and FTD in patients who carry the
repeat expansion i€9orf72,therefore observed phenotypes may include bottomo
dysfunction and behavioural and/or cognitive changes in humans. Following the
generation of stabl€€13H9orf72 lossof-function (LOF) zebrafish, as discussed in
chapter 3, this study focussed on investigating whether I&8$3H9orf72results in any

ALS- or FTD-like phenotypes similar to those seen in patients. There is currently no
characterisedstable in vivo model of CO9ALS/FTD in the zebrafish; therefore, an
important component of this project is the phenotypic characterisatibese zebrafish.

If loss of C13H9orf72results in the development of ALS/FTD in the zebrafish, we will
expect to see changes in phenotypes such as survival, motor function and pathology, as

has been shown in other models of ALS in zebrafish.

Regarding surval, previous AMO experimentssuggest that knockdow(KD) of
C13H9orf72produces viable embryd€iura et al. 2013)it is possible that complete loss

of C13H9orf72will result in embryonic or larval lethality. However, if this was the case,
these zebrafishould still be utilised. Due to their external development and availability
in large numbers, they can be studied easily to the end of life, unlike embryonic lethal
murine models. Additionally, zebrafish that are hetggous carriers of the frameshift
mutations could also be utilised, as-88S/FTD patientmRNA levels are similar to
what we would expect to see in théisd. To determine whether the frameshiititations

in C13H9orf72result in early loss of viability in these fish, survival monitoring will be
performed during larval stages by monitoring tanks twice per day and removing dead

larvae for genotyping as previouslgscribedChapman et al. 201.3)

In order to observe any changes in motor function of aEiL@H9orf72 LOF zebrafish,

two main approaches will be utilised, including the spinning (&kzina et al. 2013)

and the swim tunngRamesh et al. 2010, Plaut 2008 loss of muscle strength is a
hallmark phenotype seen in @A.S/FTD, these two techniquesll aim to examine the
swimming endurance of the zebrafish. It is expected that if the zebrafish carrying
frameshiftmutations inC13H90rf72 develop ALS/FTDIike phenotypes, a reduction in
swimming endurance will be observed as noted in previous models ofPRdt8esh et

al. 2010) In order to confirm tl basis for any alteration in motor function observed,
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guantitative assessment of neuromuscular junctions (NMJs) will be performed, as carried

out previously ifChapman et al. 2013, Ramesh et 0)

Additionally, due to the link between ALS and FTD in patients harbouring the repeat
expansion inC9orf72 behaviouralchanges will be investigated in these zebraffsh.
previously mentioned, there are a number of established protocols which are able to
investigate behavioural changes in zebrafish, and for this study a battery of such tests

were performed on the ad@Oorf72LOF zebrafish.
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4.2.Characterisation of survival in stable C13H9orf72loss of function
zebrafish
C9-ALS/FTD patients typically surviv80.5 months after diagnosi€ooperKnock et

al. 2012) To address whethe€13H90rf72LOF zebrafish had a shorter lifespan, we

analysed survival @ar time, as reported in section 4.2.1 and 4.2.2.

4.2.1. Investigating whetherframeshift mutations in exon 1 ofC13H90rf72
leadto loss of viability

4.2.1.1. Viability up to 21dpf
To address whethérameshiftmutations in exon 1 d€13H9orf72resulted in early loss

of viability in the zebrafish, survival monitoring was performed during larval stages for
all lines generated. Heterozygous carriers from each line weressed and the resulting
offspring were monitored twice a day, with dead larvae removed for genotggsing
previously described in section 2.7.1.

There was no significant difference in survival at larval stages for lines SH471 and
SHA472, with all three genotypes showingB#% survival up to 21dpfigure 4.1, B

and C). However, there wasignificantdecline in survival at larval stages in line SH470

(p = 0.0006, ManteCox logrark test;figure 4.1 A), withknockoutof C13H9or{72in

the C13H9o0rf72"470/SH470empryos resultingn only 41% survival by 21dpf in the
observed offspring, compared to 68% fo€13H9orf72’* and 74% for
C13H9orf72H470%,
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Figure 4.1 Survival characterisation in zebrafish carrying frameshift mutations in exon 1 of C13H9orf72Figure shows KaplaiMeier plots

for lines A) SH470 (n = 3 clutches, p=0.0006, Mai@ekk logrank test) B) SH471 (n=1 clutch, ns, Mar@dx logrank test) and C) SH472 (n=4
clutches, ns, ManteCox logrank test), up to 21 dpf. Survival of witgipes areshown in green, heterozygous carriers in blue and homozygous
mutants in red. Plots generated using GraphPad Prism 6.
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4.2.1.2. Viability up to 90dpf
Heterozygous carriers from line SH470 werecinssed and raised to adulthood for

phenotypiccharacterisation. Fin biopsies were taken for genotyping at 90dpf.-A chi
s q u a r?etdst was calculated, comparing the observed and expected Mendelian
inheritance pattas for line SH470 at 90dpfable 4.1). A nossignificant interaction was

f o u n’d2) X 4380, p = 0.1119), which indicattisat the observed pattern was not
significantly different fom the expected Mendelian ratio.

Table 4.1 Expected and observed Mendelian inheritance patterns at 90dpf fdine
SH470

Line Genotype Expected Mendelian Observed Mendelian
inheritance at 90dpf (%) inheritance at 90dpf (%)
SH470 | C13H9orf72"* 25 27
C13H9orf72H470+ 50 57
C13H9orf72H470/SH470 25 16

In addition, the survival for this batch was better tludoserved previasly (section
4.2.1.1), aknockout of C13H90rf72in the C13H90rf72H470/SH47@mbryos resulted in an
average survival of 68% by 90dpf, with an average of 96% survival f8H9orf72/*
and 100% forC13H9orf72"47%"* This indicates that the result seen previoffiure

4.1) may have been due to variability in husbandry.

4.2.1.3. Survival at end stage
Following the genotyping at 90dpf, groups of 11 wiyge and 11 homozygous mutants

from line SH470 were selected, based omverocalculations from swim tunnel data
obtained from a transgen®0D 1 zebrafish model of AL§Ramesh et al. 2010)able
4.2 below summarises the original and -stelye group sizes in this cohort, indicating
there was no further decrease in survival by 12 momhehi-s q u a r?)etabt wasc
calculated, comparing theriginal and engtage group sizes for each clutéhnon
significant interaction was found ftine SH470( 1) = Q p =1).

Table 4.2 Group sizes at end stage for line SH470

Line Genotype DOB Age at end Original End stage
stage group size group size
SH470 | C13H90rf72" 30.3.16 | 12 months 11 11
C13H9orf72H470/5H4701 30,316 | 12 months 11 11
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4.2.1. Investigating whether frameshift mutations in exon 7of C13H90rf72
leadto loss of viability

4.2.1.1. Viability up to 21dpf
To address whethérameshiftmutations in exon 7 a€13H9orf72resulted in early loss

of viability in the zebrafish, survival monitoring was performed during larval stages for

all lines generated, as described in section 2.7.1.

There was no significant difference in the survival of lines SH449, SH450 and SH451 up
to 21dpf, with all three gerygpes sirviving at a similar ratefigure 4.2, BD). However,

there was a significawkedinein survival at larval stages in line SH448 (p = 0.03, Mantel
Cox logrank test; see figure 4.2 A), witlaverage survival up to 21dpf for
C13H9orf72H448/SH445ndC13H90rf72H448* embryos were 37% and 48%, respectively,
compared to 55% foC13H9orf72*. It is important to note that survival overall,
especially for Ines SH448, SH449 and SH45@re 4.2, AC) appears lower for all
genotypes in comparison to thther lines tested in section 4.2.1 and 4.2.2.
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Figure 4.2 Survival characterisation in zebrafish carrying frameshift mutations in exon 7 of C13H9orf72Figure showXaplanMeier plots for

lines A) SH448 (n = 3 clutches, p = 0.03, Mas@eix logrank test) B) SH449 (n = 3 clutches, ns, Maftek logrank test) C) SH450 (n = 2 clutches,

ns, MantelCox logrank test) and D) SH451 (n = 1 clutch, ns, Mafek logrank est), up to 21 dpf. Survival was performed during larval stages.
Survival of wildtypes are shown in green, heterozygous carriers in blue and homozygous mutants in red. Plots generated using GraphPad Prism 6
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4.2.1.2. Viability up to 90dpf
Heterozygous carriers from lines SH448 and SH451 wererdesed and raised to

adulthood for phenotypic characterisation. Fin biopsies were taken for genotyping at
90dpf. A chis q u a r’etabt wasccalculated, comparing the observed and expected
Mendelian hheritance pattas for both lines at 90dptable 4.3). For each line, 2 clutches

were raised fophenotypiccharacterisationA non-significant interaction was found for

ineSH448 clP02rh=10(89, p = 2@) =9594pF00818)d cl
Additionally, anors i gni fi cant interaction wW&s= foun
0. 04, p = 0. 9 8@2R.46am=.2923).uTheceforhig shgws that the

observed patterns were not significantly differéom the expected Mendelian ratios

resulting from a heterozygous-amoss in anyof the lines raised.

Table 4.3 Expected and observed Mendelian inheritance patterns at 90dpf for lines
SH448 and SH451

Line Genotype Expected Mendelian | Observed Mendelian
inheritance at 90dpf | inheritance at 90dpf
(%) (%)

SH448 clutch 1 | C13H9orf72"* 25 24.25
C13H9orf72H448+ 50 515
C13H9orf72H448/5H448 25 24.25

SH448 clutch 2 | C13H90rf72"* 25 22.5
C13H9orf72H448+ 50 42
C13H9orf72H448/SH448 25 35.5

SH451 clutch 1 | C13H9orf72"* 25 24.5
C13H9orf72H451+ 50 51
C13H9orf72H451/SH451 25 24.5

SH451 clutch 2 | C13H9orf72"* 25 19
C13H9orf72H451 50 51
C13H90rf72H451/SH451 25 30

In addition, the survival foline SH448 was bedt than observed previouslgection
4.2.2.1), aknockoutof C13H90rf72in the C13H9orf72H448/SH44gmbryos resulted in an
average survival of 75% by 90dpf, with an average of 84% survival $8H9orf72/*
and 81% foIlC13H9orf72H448 This indicates that the result seen previo(fityure 4.2)

may have been due to variability in husbandry.
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4.2.1.3. Survival at end stage
Following the genotyping at 90dpf, groups of 11 wiyge and 11 homozygous mutants

from lines SH448 and SH451 were selected, based on power calculations from swim
tunnel data obtained from a transgeB8i©D 1 zebrafish model of AL§Ramesh et al.

2010) However, group sizes of 10 witgipe and 10 homozygous mutants were selected

for SH451 clutch 2, as we were limited by the number of availabletyples. A chi

squae d ?) fest was calculated, comparing theginal and enestage group sizes for

each clutch. The use of a edquare test is usually inappropriate if the expected frequency

is below 5 in more than 20% of your cells. However, in the 2x2 case of tseuare test

of independence, expected frequencies less than 5 are usually considered acceptable if
Yat es 0 c or Ioyed; whiclowas dore hextlhle 4.4). In addition, a continuity
correction of 0.5 was added to each cklhon-significant interaction was found ftne
SH448 clP@Wtc=h . (w8, p = Y1607 pEA1). Additiodallyg | ut c
anonsi gni ficant i nteracti on Wé)s=0fpo=ulpathd f or
c |l ut 1) =20, p(=6). Therefore this shows that erstage group sizesere not
significantly different from theriginal group sizes, in any of the lines.

Table 4.4 Group sizes at end stage for line SH448 and SH451

Line Genotype DOB Age at Original End stage

end stage| group size | group size
SH448 clutch 1 C13H90rf72"* 28.1.15 24 11 8
C13H9orf72H448/SH448) 28 1 15 24 11 6
SH448 clutch 2 C13H90rf72"* 13.1.16 12 11 8
C13H9orf72H448/SH448| 13 1,16 12 11 9
SH451 clutch 1 C13H9orf72"* 18.3.15 24 11 11
C13H9orf72H451/5H4511 18 3,15 24 11 10
SH451 clutch 2 C13H9orf72"* 25.2.16 12 10 9
CA13H9orf72H451/SH451) 25 2 .16 12 10 10
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4.3. Characterisation of motor function in a stableC13H90rf72 loss of function
zebrafish
As discussed previously, loss of muscle strength is a hallmark phenotype seen in C9

ALS/FTD. Thus, the next aim of this project was to examine swimming endurétiee o
adult zebrafish carrying frameshiftutations inC13H9orf72 It was expected that if the
zebrafish develop\LS/FTD-like phenotypes, a reduction in swimming endurance would
be observedn order to investigate this, two methods were used. Firstly, the swim tunnel
was used to measure critical swimming speegh)df individual zebrafist{Plaut 2000)

This method had previously been used to examine motor function in zebrafish models of
motor neuron dysfunction, including in our |&Ghapman et al. 2013, Ramesh et al.
2010) Secondly, a novel method called the Spinning Task was used to examine
swimming endurancéBlazina et al. 2013)This method had an advantage over the swim
tunnel in that it was quicker to test motor function of larlgcbes of zebrafish, taking

only a few minutes per individual, compared to up to 30 minutes using thetawnel
(section 4.3.2).
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4.3.1. Pilot study examiningswimming endurance using the Spinning Task
in adult zebrafish

The Spinning Task is remented in figure 4.3, consists of individually placing a zebrafish

in to a beaker of system water containing a magnetic stirrer. The latency of the individual
to be swept into the whirlpool was recorded, at both 400rpm (figure 4.4) and 500rpm
(figure 4.5).The line SH448 (DOB 24.09.14) were the first line carnli@f mutations

raised to adulthood. Therefore, this line was used as the pilot cohort for this experiment.
Group sizes consisted of n=6 wilghe (5 males and 1 female) and n=6 homozygous
mutants 4 males and 2 females). At first, each individual was recorded for 60 seconds.
However, this was increased up to 300s at 7 months onwards. This was done to ensure

the latency of being swept into the whirlpool was recorded accurately.

i Top view camera

— —
— -
— -
-

v

(e

L |

Figure 4.3 Schematic of Spinning Task apparatusDesign of the apparatus used for
the spinning task. A-L beaker is placed on top of a stirrer with 800mL of aquarium
system water, inside opaque walls made of aaadih
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Figure 4.4 Spinning task at 400rpm. Time taken to be swept into the whirlpool at
400rpm is represented for both genotypes (C13HffA26 and C13H9orf73148/SH448

n=6) at months-A0. Meanaverage time for the group and standard deviation is shown.
An unpaired #est revealed that there is no significant difference at any time point tested.
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Figure 4.5 Spinning task at 500rpm. Time taken tobe swept into the whirlpool at
500rpm is represented for both genotypes (C13H98iii26 and C13H9orf731448/SH448

n=6) at monthsA0. Mean average time for the group and standard deviation is shown.
An unpaired {test revealed that there is no sigraii¢ difference at time points )
months At 5 months, there is a significant difference, *; p=0.0173.
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There was no significant difference observed betv@ESH9orf72H448/SH44gnytants and
their wild-type siblings at any time point tested {B) months) at 400rpm (figure 4.4).
Additionally, there was no significant difference observed between
C13H9orf72H448/SH448nytants andheir wild-type siblingsat time points 6.0 months at
500rpm (figure 4.5). However, a sifinant difference was seen at 5 months (unpaied t
test,p=0.0173, with homozygous mutants swimming longer against the cutrantheir

wild-type siblings

Additionally, the coefficient of variation wdasgh at both speeds testddlfle 4.5).The
coeflicient of variationis the standard deviation as a percentage of the meaiigier

this percentage is, the greater the level of dispersion around the mean. For example, the
averagecoefficient of variation of wiletypes in the spinning task was 95.68%#00rpm

and 80.34% at 500rpm. In comparison, the average coefficient of variation ef/peisl

in the swim tunnel was 11.67%able 4.7, SH448 clutch 1), indicating the swim tunnel
method is less variable than the spinning task. As a result, the gpiaskwas no longer

used and the primary method chosen for examining motor output was the swim tunnel.
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Table 4.5 Summary of mean = SD plus coefficient of variation at 400 and 500rpm

Genotype Time Speed| 06 N&| Mean(s)+ | Coefficient
point | (rpm) | number SD of
(month) variation
C13H9orf72"* 5 400 6 17.3318.66 | 107.66%
C13H9orf725H448/SH448 5 400 6 14.837.36 49.62%
C13H9orf72"* 5 500 6 4.50t2.26 50.18%
C13H9orf725H448/SH448 5 500 6 11.1%5.27 47.19%
C13H9orf72'"* 6 400 6 13.3315.85 | 118.84%
C13H9orf725H448/SH448 6 400 6 13.835.27 38.09%
C13H9orf72""* 6 500 6 17.50+22.40 | 128.02%
C13H9orf725H448/SH448 6 500 6 10.67+£10.54 | 98.80%
C13H9orf72"* 7 400 6 19.17+£14.22 | 74.18%
C13H9orf7 25H448/5H448 7 400 6 44.50+£33.99 | 76.39%
C13H9orf72*"* 7 500 6 10.83+8.33 76.88%
C13H9orf725H448/5H448 7 500 6 16.17+8.45 52.25%
C13H9orf72'"* 8 400 6 55.83+33.44 | 59.89%
C13H9orf725H448/5H448 8 400 6 71.83+72.99 | 101.60%
C13H9orf72"* 8 500 6 44.83+33.11 | 73.85%
C13H9orf725H448/5H448 8 500 6 23.00+9.98 43.39%
C13H9orf72"* 9 400 6 70.17498.27 | 140.06%
C13H9orf725H448/SH448 9 400 6 58.50+34.92 | 59.69%
C13H9orf72""* 9 500 6 36.17+32.39 | 89.55%
C13H9orf725H448/SH448 9 500 6 28.83+22.63 | 78.49%
C13H9orf72'"* 10 400 6 182.83+134.29¢ 73.45%
C13H9orf725H448/SH448 10 400 6 162.17+118.69 73.19%
C13H9orf72"* 10 500 6 47.50+30.18 | 63.53%
C13H9orf725H448/sH448| 10 500 6 68.83+114.10| 165.76%
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4.3.2. Examination of critical swimming speed (UWrit) using the Swim
Tunnel in adult zebrafish
As discussed in section 4.3.1, the primary method chosen for examining motor output

was the swim tunnel. As noted in tables ¥.4.11, coefficient of variation is relatively

low for both genotypes tested at alkkttime points, providing confidence that this protocol
has low variability and is sensitive to detect significant changes in motor function. This
method involved placing the individual zebrafisio the swim tunnelfigure 4.6) and
enabling them to swim against a current of wastarting atapproximately 6.58m/s.
Every five minutes, this curreiricreased by approximately 6 &8/s, until the zebrafish
could no longer swim or until a maximum of 39.47cm/s was estadddi. To quantify
endurance, critical swimming speed.{) was determined by monitoring the ability of
the zebrafish to swim against the increasing current over(Rlaat 2000)on the cohorts

summarised in table 4.6.

Figure 4.6 Image of swim tunnel apparatus used to measure swimming endurance.
The custorrbuilt swim tunnel was used to measure swimming endurance. Zebrafish were
placed in the tunnel and a current of water applied. Which they naturally swim against.
Every 5 minutes this current was increased until they could no longer swim agamst

30 minutes had passed.
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Table 4.6 Genotype and group sizes of clutches tested through swim tunnel
apparatus. Key words: WT = wild type; HOM = homozygous mutant.

Line DOB Genotype | Number | Number | Overall
of males | of females| sample size
SH448 clutch 1 | 28.1.15 | WT 5 6 11
-- -- HOM 5 6 11
SH448 clutch 2 | 13.1.16 | WT 6 5 11
-- -- HOM 6 5 11
SH451 clutch 1 | 18.3.15 | WT 5 6 11
-- -- HOM 5 6 11
SH451 clutch 2 | 25.2.16 | WT 6 4 10
-- -- HOM 6 4 10
SH470 30.3.16 | WT 5 6 11
-- -- HOM 5 6 11
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4.3.2.1. SH448 swimming endurance clutch 1 (DOB 28.1.15)
Critical swimming velocity (i) of C13H9orf72H448/SH44& e prafish andheir wild-type

siblingswas initially determined at 12, 15, 18, 21 andn2dnths (= 7 days). The results
demonstrate that &t is significantly reduced it©13H9orf72H448/SH448zaprafish at 15

months p=0.0042, 2vay ANOVA wi th fi sherés LSD test
way ANOVA wi tDHest), relatineeorwildyped(fi§ure 4.7). Additionally, a
nonsignificant reduction in b is seen at 12, 18 and 24 month€tBHorf7$H448/SH448
zebrafish figure 4.7). The meandi + SD, plus coefficient of variation is summarised in

table 4.7.

H448 (DOB 28.1.1
50- SHa48 (DOB 28.1.15) BN C13Hor72""

= C 3H90rﬂ25H44B/SH44B
ns * ns * ns

a0{ — —_— — — —

w
o
1

Ug,it (emis)

N
[=]
1

104

12 15 18 21 24
Months

Figure 4.7 Ucrit values for line SH448 clutch 1 (DOB 28.1.15Graph shows mean

Uerit values = s.d. for C9orfP2448/SH4485 wild-type siblingsat all the time points tested

in the swim tunnel. Significance tested usingg&y ANOVAwi t h Fi sher 6s LS
p<0.05 and ** p<0.01, n =-@1.

Table 4.7 Summary of line SH448 clutch 1 (DOB 28.1.15)

Genotype DOB | Age(months) | Mean Ucrit (cm/s) | Coefficient
+ SD of variation
C13H9orf72"* 28.1.15| 12 30.76x 2.24 7.28%
C13H9orf725H448/SH448 o8 1 15| 12 28.79+ 6.25 21.70%
C13H9orf72"* 28.1.15| 15 35.57 + 3.64 10.24%
C13H9orf725H448/SH448 o8 1 15| 15 29.21+ 3.57 12.22%
C13H9orf72"* 28.1.15| 18 31.43+5.19 16.52%
C13H9orf725M448/5H448) 58 1 15| 18 29.25+ 5.66 19.34%
C13H9orf72'"* 28.1.15| 21 32.27+ 6.06 18.78%
C13H9orf725H448/SH448) 98 1 15| 21 26.69+ 6.96 26.06%
C13H9orf72"* 28.1.15| 24 27.44+ 1.52 5.54%
C13HQorf725H448/SH448 o8 1 15| 24 27.34+ 5.46 19.97%
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4.3.2.2. SH448 swimmingendurance clutch 2 (DOB 13.1.16)
Next, the Wi of C13HQorf73H448/SH448zaprafish andtheir wild-type siblingswas

determined in a second clutch at 4, 6, 9 and 12 mdatiigiays) to see if the reduction

in Ucrit reported in section 4.3.2.1 wabserved earlier than 12 monthEhe results
demonstrate thatdiis reduced irC13H9orf72M448/SH44& aprafish relative to wikdypes

at all the time pointsfigure 4.8). However, this was not statistically significant at any
time point testedThe mearJcit + SD, plus coefficient of variatiors summarised in table
4.8.

SH448 (DOB 13.1.16)
50- B C13Hgorf72""

= C1 3H90W2SH448/8H443

40+

Ucrit (Cme)
8

N
o
1

104

Months

Figure 4.8 Ucrit values for line SH448 experiment 2 (DOB 13.1.16)Graph shows

mean U values + s.d. for COorf72448/SH448s wild-type siblingsat all the time points

tested in the swim tunnel. Significance tested ussig2y ANOVA wi t h Fi s
test, ns, n=4.1.

Table 4.8 Summary of line SH448 experiment 2 (DOB 13.1.16)

Genotype DOB | Age(months) | Mean Ucrit (cm/s) | Coefficient
+ SD of variation
C13H9orf72"* 13.1.16/ 4 29.92+ 4.14 13.84%
C13H9orf725M448/SH448) 13 1 16| 4 27.38+ 2.52 9.21%
C13H9orf72'"* 13.1.16| 6 31.95+ 5.68 17.78%
C13H9orf725H448/SH448) 13 1 16| 6 29.28+ 4.23 14.45%
C13Hoorf72"* 13.1.16| 9 32.32+ 4.96 15.36%
C13H9orf725H448/SH348) 13 1 16| 9 30.14+ 451 14.95%
C13H9orf72""* 13.1.16| 12 29.34+ 3.70 12.62%
C13HQorf725H448/5H448) 13 1 16| 12 28.87+ 5.87 20.32%
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4.3.2.3. SHA451 swimming endurance experiment {DOB 18.3.15)
The Ucit of C13H9orf72H451/SH45 zeprafish andheir wild-type siblingswas initially

determined a9, 12, 15, 18, 21 and 24 months (= 7 days). The results demonstrate that
Ucritis significantly reduced in C13H9orf7#51/SH4%1zeprafish 812 months(p=0.0114,
2way ANOVA wi t h )freladive to wifdtyped(fi§ute 419)eAdditionally,

a nonsignificant reduction in bk is seen at 9, 1518 21 and 24 months in
C13H9orf72H451/SHa5 70 prafish(figure 4.9) The mean Wi = SD, plus coefficient of
variationis summarised in table 4.9

SH451 (DOB 18.3.15)
50- Bl C13Hgorf72""*

= C13H90rf725H451fSH451
ns * ns ns ns ns
404

(2]
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Figure 4.9 Ucrit values for line SH451 experiment 1 (DOB 18.3.15)Graph shows
mean U values + s.d. for COorf72451/SH481ys wild-type siblingsat all the time points
tested in the swim tunnel. Significance tested usiig2y ANOVA wi t h Fi
test, * p<0.05, n =41.

Table 4.9 Summary of line SH451 experiment 1 (DOB 18.3.15)

Genotype DOB | Age (months)| Mean Ucit (cm/s) | Coefficient
+ SD of variation
C13H9orf72"* 18.3.15| 9 34.00 £5.41 15.94%
C13H9orf725H451/SH4511 18 3 15| 9 32.68 + 6.65 20.36%
C13H9orf72""* 18.3.15| 12 33.97 +5.42 15.35%
C13H9orf725H451/SH4511 18 3 15| 12 28.22 + 3.68 13.04%
C13H9orf72"* 18.3.15| 15 34.38+5.43 15.78%
C13H9orf725H451/SH45L) 18 3 15| 15 30.13+4.38 14.54%
C13Hoorf72"* 18.3.15| 18 29.98+ 4.63 15.44%
C13H9orf725H451/SH451 18 3 15| 18 28.87+ 4.24 14.68%
C13H9orf72""* 18.3.15| 21 28.99+ 3.89 13.40%
C13H9orf725H451/SH4511 18 3 15| 21 26.77+ 4.07 15.94%
C13H9orf72"* 18.3.15| 24 27.60 + 4.08 14.80%
C13H9orf725H451/SH4511 18 3 15/ 24 23.61 +9.07 38.39%
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4.3.2.4. SHA451 swimming endurance experiment 2 (DOB 25.2.16)
Next, the Wi of C13H9orf72H45YSH4S1zeprafish andtheir wild-type siblingswas

determined in a second clutch at 4, 6, 9 and 12 months (+ 7 days), to see if the reduction
in Ugit reported in sectiort.3.2.3 was observed earlier thanmm®nths. The results
demonstrate thatditis reduced irC13H9orf72"451SH4Leprafish relative to wildypes

at all the time pointg¢figure 4.10) However, this was not statistically significant at any
time point tested. The meanktt SD, plus coefficient of variation is summarised in table
4.10

SH451 (DOB 25.2.16)
50+ BN C13H9orf72*"*

[~ ] C13H90W25H45”SH451
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Figure 4.10 Ucrit values for line SH451 experiment 2 (DOB 25.2.16fcraph shows

mean U values + s.d. for CorfP2451/SH451ys wild-type siblingsat all the time points

tested in the swim tunnel. Significanested using&vay ANOVA wi th Fi s
test, ns, n =40.

Table 4.10 Summary of line SH451 experiment 2 (DOB 25.2.16)

Genotype DOB | Age (months)| Mean Ucit (cm/s) | Coefficient
+ SD of variation
C13H9orf72"* 25.2.16| 4 34.16+ 6.03 17.64%
C13H9orf725M451/SH451 o5 3 16| 4 33.42+ 4.40 13.17%
C13H9orf72'"* 25.2.16| 6 34.98+ 5.18 14.80%
C13H90orf725H451/SHA5L 95 5 16| 6 30.37+ 4.01 13.21%
C13H9orf72""* 25.2.16/ 9 35.03 + 6.50 18.57%
C13H9orf725H451/SHA5T 95 5 16| 9 33.42 +5.52 16.51%
C13H9orf72""* 25.2.16| 12 34.14 £ 5.45 15.96%
C13H9orf725H451/SH45L) 95 2 16| 12 30.98 + 5.64 18.22%
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4.3.2.5. Swimming endurance line SH470 (DOB 30.3.16)
The Wit of C13H90rf72H470/SH47Geprafish andheir wild-type siblingswvasdetermined

at4, 6, 9 and 12nonths (£ 7 days). The results demonstrate thatisJsignificantly
reduced in C13H9orf7247SH470zeprafish a® months(p=0.0276, 2vay ANOVA with
f i sher 0%}% relatigelo wildtypes (figure 4.1). Additionally, a nonsignificant
reduction in W is seen at 4, 6 and tonths in C13H9orf73*79SH47Geprafish(figure
4.17). The mean bt = SD, plus coefficient of variatioils summarised in table 4.11

SH470 (DOB 30.3.16)
50+ B C13H%orf72" /"

1 3H90rr728H470fSH4YU

ns ns * ns

404

Ucrit (cmis)
8

n
o
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Figure 4.11 Ucrit values for line SH470.Graph shows meanck values + s.d. for
C9orf7BH470SH470y5 wild-type siblings at all the time points tested in the swim tunnel.
Significance tested usingay ANOVA with Fisherdéds LSD 1t

Table 4.11 Summary of line SH470 experiment (DOB 30.3.16)

Genotype DOB Age Mean Ucrit Coefficient
(months) | (cm/s) £ SD of variation
C13H9orf72"* 30.3.16 | 4 29.85+ 3.12 10.45%
C13H9orf725H470/SH4701 30 3 16 | 4 30.23+ 2.83 9.36%
C13H9orf72"* 30.3.16 | 6 33.67 £ 4.83 14.33%
C13H9orf725H470/SH4701 30 3 16 | 6 31.94 + 3.30 10.33%
C13H9orf72"* 30.3.16 | 9 34.24 + 3.78 11.04%
C13HQorf725H470/SH4701 30.3.16 | 9 30.88+2.39 | 7.74%
C13H9orf72""* 30.3.16 | 12 32.06+ 2.80 8.72%
C13H9orf725H470/SH470 1 '30 3 16 | 12 31.00+ 4.30 13.86%

133



4.3.2.6. Investigating the correlation between weight and/or length vs
Ucrit value
If possible, zebrafish of a similar weight and length were selected when determining

experimental groups for the swim tunnéd investigate whether the weight and lengths

of individuals were infiencing swimming performance, the correlation coefficfent

weight vs Wit and length vs b (n=8-11) wascalculatedThe correlation coefficientam

take a range of values frothto +1. A value of O indicates that there is no association, a
positive value indicates a positive association and a negative value indicates a negative
association between the two variables investigatdéw magnitude of the correlation
coefficient determmes the strength of the correlation, summarised in the table below
(table 4.12 (Mukaka 2012)

Table 4.12 Guidelines to determine the strength of the correlation coefficient
Adapted from(Mukaka 2012)

Strength of assoation Size of Correlation
Very high positive (negative) correlation 0.90 to 1.004.9 toi 1.00)
High positive (negative) correlation 0.70 to 0.90-0.70 t0-0.90)
Moderate positive (negative) correlatior 0.50 to 0.704.50 t0-0.70)
Low positive (negative) correlation 0.30 to 0.5040.30 t0-0.50)
Negligible correlation 0.00 to 0.30 (0.00 teD.30)

Figures 4.12 and 4.13 show data collated from each line at thedth time point for
comparisonln most lines tested, there wasegligible correlation between weight and
Ugrit at this time poin{values <0.3figure 4.12, AC). However, the wiletype siblings

for line SH470 showed a low positive correlation between weight andvdiue >0.3)
(figure 4.12 C). Regarding lengtimé SH448 showed a low positive correlation between
length and Wi (value >0.3, figure 4.13 A). However, both lines SH451 and SH470
showed a negligible correlation between length and(\alues >0.3, figure 4.13-B).

As no high correlations were olrged for this time point, iprovides confidence that the
weight and lengths of the individuals selected for the experimental groups are not

influencing the Wi values obtained from the swim tunnel.
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Figure 4.12 Investigating the correlation between weight vs Ucrit values at 12
months. Graphs represemorrelation coefficientfor weight (g) vsUcit (cm/s) for line
A) SH448, B) SH451 and C) SH4702 Ralues shown on the graphsitlwwild-type
values in black and homozygous mutant values in red for all alleles. Group=s&ts.
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Figure 4.13 Investigating the correlation between length vs Ucrit values at 12
months. Graphs represegbrrelation coefficients for length (mm) Wit (cm/s) for line
A) SH448, B) SH451 and C) SH4702 Ralues shown on the graphs, with wiighe
values in black and homozygous mutant values in red for all alleles. Group=s&ts.
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4.3.2.7. Investigating the effect of gender on swimming endurance
To determine whether gender had an effect on thefthe zebrafish, the it + SD for

both wildtype and mutant males and females were compared. Figure 4.14 shows data
collected from each linat a 9month time point for all lines tested. In 4.14 A, there is a
significant  difference  between female  C13H9opt128/SH448  vs  male
C13H9orf72H448/5H448(5=0,0070). In 4.14 B, there is a significant difference between
male C13H9orf72* vs female C13Horf72""* (p=0.0030). There is also a significant
difference between male C13H9orf'SH1 ys female C13H9orf72H51/SH451
(p=0.0303). Additionally, in 4.14 C, there is a significant difference between male
C13H90rf72"* vs female C13H9orf7?%" (p=0.0144). This datalemonstratethat female

Ucrit is lower than male & in over half of the 9nonth data setS his is possibly linked

to body shape, as observed in figure 4.15, the female zebrafish have a distended belly, as
they contain eggs, whereas male zebrafish are generally slimmer. The females may
therefore experience increased hydrodynamic drag whenmsuag in the tunnel, causing

them to tire quicker in comparison to males.
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Figure 4.14 Observing the effect of gender on Ucrit (cm/s) at 9 month&raphs show
the range of it (cm/s) values for males aridmales, of both genotypes, for lines A)
SH448 (n=910), B) SH451 (n=4.0) and C) SH470 (n=11). Significance tested using a
onew a y

ANOVA wi t htestTA) k € .04 8) pp<d$HA1 and C) p < 0.01.

Multiple comparisons were also made, * = p < 0.08 8= p < 0.01
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Figure 4.15 Comparisons between male and female zebrafish body shape.
Photograph depicts an adult wilgpbe male (WT, M) and a wiltype female (WT, F)
zebrafish, representing tlferences in body shape. Scale bar = 1cm.
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4.3.2.8. Examination of neuromuscular junctions (NMJ) in adult
zebrafish
Defects at the neuromuscular junction (NMJ) are apparent in both ALS rodent models

and patients well before symptom ong@éscher et al. 2004, Fischer and Glass 2007)
Therefore, it wasmportantto perform pathological characteaison of NMJs in control

and homozygous mutant zebrafishie stained trunk musculatuvei t -ungdrotoxn (a
postsynaptic marker of the NMJ) and SV2 (a presynaptic marker that labels motor
neurons), and used confocal microscopy to quantify the intensity correlation quotient
(ICQ) (Li et al. 2004) sizeand numbeof both the preand postsynaptic compartments

as hadeen done in previous studi@amesh et al. 2010, Chapman et al. 20IB¢ ICQ

IS a statistically testable singlalue assessmeat the relationship between two staining
patterns: colocalising signals have O0<I1C
nonc ol ocal i sing (segrob@iztale2004)ThEstwasiinuestigaged 0 > 1 C
in 11-month old zebrafish from the lines SH448 and SH451, because it was observed that
the zebrafish had a moderate reduction i Bround this time point. If defects at the

NMJ are assoated with this altered swimming, we would expect to see a reduction in
ICQ, as well as the siznd numbepf pre- and postsynaptic compartments, indibze

of degeneration of the NMJ.
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4.3.2.8.1. NMJ analysis in C13H90rf72"* vs
C13H90rf72$H448/SH448
In 11-month old C13H9orf72148/5H448; e p r a f i s h, -bunhagotodn\s@inirgn d U

(figure 4.16 showed ICQ values of 0.20 + 0.02, which was not statistically significant
from wild-type siblings ICQ value of 0.24 + 0.06 (unpairgdsdt, ns, n=4 per genqis,
figure4.17 A). There was no significant difference in the number of reostsynaptic
compartments analysed for each section between genotypes (ungasgds, n=4 ¢r
genotypefigure 4.17 BC). The sizes of the prand postsynaptic compaments were

not evenly distributed hustaking a mean average value for size was not appropriate in
this study. Therefore, the relative frequency of pred postsynaptic area was elucidated
for both wildtype and C13H9orf721448/SH448zeprafish(figure 4.17 D-E). There was a
significantly lower frequency of prgynapticcompartmentsvith an area of up to H@n?

in the C13H9orf79"448/SH448zaprafish in comparison to wiliype siblings (two-way
ANOVA with Fisher 6s =4 geDgenoype,tsefigupd40). 0001,
However, there was no significant difference in the frequency otsymaptic
compartmentsat any other size figure 4.17 D. There was a significantly higher
frequency of possynaptic compartmerg with an area of up to f@n? in the
C13H9orf7 3144851448 aphrafish in comparison to witiype siblings (two-way ANOVA
with Fisher 6s E4PErgdnetypdijgure 4. € Hovwe\der, thare was

no significant difference ithe frequency of prgynaptic compartmestatanyother size
(figure 4.17 B.
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C13H9orf72+*

C13H90rf7 25H448/sH448

Figure 4.16 NMJ analysis for SH448 cohortat 11 months Representative images of dual immunofluorescence stainingmhth old adult
zebrafish of eacgenotype fot) Bungar ot oxin (green) apmd SV2 (red). Scale bars
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Figure 4.17 NMJ analysis for SH448 cohortat 11 months A) ICQ analysis reveals no
alteration of SVaAFBungarotoxin  cdocalisation in  C13H9orf72" or
C13H9orf72H448/SH44& ahrafish (unpairedtest, ns). BC) There is no difference in pre

and postsynaptic compartment analysed per section (unpaitest,tns). BE) Graphs
show frequency distributionf@re- and postsynaptic area (twavay ANOVA, ** p =
<0.01, **** p = <0.0001). Graphs show standard deviation. Sample size n=4 per
genotype.
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4.3.2.8.2. NMJ analysisin C13H9orf72"* vs
C13HQorf725H4s1SH451
In 11-month old C13H90orf7251SH481zeprafish, the SV2rad -budgarotoxin staining

(figure 4.18 showed ICQ values of 0.22 + 0.05, which was not statistically significant
from wild-type siblings ICQ values of 0.23 + 0.04 (unpair¢est, ns, r4 per genotype,

figure 4.19 A. There was no significant differende the number of prgynaptic
compartments analysed for each section between genotypes (ungasgds, n=4 per
genotypefigure 4.19 B. However, there was significant difference in the number of post
synaptic compartments (unpairetest, p=<0.05n=4 per genotypefigure 4.19 §. As

seen irline SH448, the sizes of the pand postsynaptic compartments were not evenly
distributed, thus taking a mean average value for size was not appropriate in this study.
Therefore, the relative frequency pfe- and postsynaptic area was elucidated for both
wild-type and C13H9orf/2*5VSH4S zeprafish (figire 4.19 DE). There was a
significantly lower frequency of preynaptic compartments with an area of up tori®

in the C13H9orf72M1451/SH451zaprafish m comparison to wildype siblings (two-way
ANOVA with Fi sher 6s=4pesdenotymdigure 4.190= Hdovevér,0 0 1 ,
there was no significant difference in the frequency ofgyreaptic compartments ahy

other ske figure 4.19 D. There was a&ignificantly lower frequency of postynaptic
compartments with an area of up tomh@ in the C13H9orf78H5/SH451zeprafish in
comparison to wildypesiblings(two-way ANOVA wi th Fi sher 6s
n=4 per genotypefigure 4.19 B. However,there was no significant difference in the

frequency of presynaptic compartments atyaother sizef(gure 4.19 B.
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a-BTX 488 a-SV2 568 Merge

C13H9orf72**

C13H90rf725H451/sH451

Figure 4.18 NMJ analysis for SH451 cohortat 11 months Representative images of dual immunofluorescence staining-wiohith old adult
zebrafish of each genotype foiBungarotoxin (green) and SV2 (re@cale bars  utm.0
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Figure 4.19NMJ analysis for SH451 cohortat 11 months A) ICQ analysis reveals no
alteration of SVAJ-Bungarotoxin cdocalisation (unpairecest, ns). BC) There is no
difference in presynaptic compartments analysed per section, but a significant difference
in postsynaptic (unpairedtest, p= <0.05). DE) Graphs show frequency distribution of
pre- and postsynaptic area (twavay ANOVA, **** p = <0.0001). Graphs show
standard deviation. Sample size n=4 per genotype.

146



4.4. Characterisation of behavioural changesn stable C13H9orf72loss of
function adult zebrafish
It is reported that 50% of ALS patients carrying the repeat expansiGarf72also

show behavioural and/or cognitive impairme(fsngholz et al. 2005)Additionally, a

study on a large ALS patient cohort revealed around 15% of these patients met the clinical
criteria for FTD, particularly the behaviouraanvant of FTD (bvFTD)Ringholz et al.

2005) Patients show symptoms such as: anxiety, disinhibition, apatiyony loss
(Mahoney et al. 2012)As well as this, there is high evidence of psychosis, most
commonly featuring hallucinations and delusi¢8ba et al. 2012, Snowden et al. 2012,
CooperKnock et al. 2014a)Adult zebrafish are a powerful tool to modslich
behaviours. There are now several protocols established to measure behaviours such as
anxiety, aggression, social preference, memory and learning in adult zebrafish, which are
relevant to the behavioural @for cognitive changes seen in-82S/FTD (Norton and
Bally-Cuif 2010) In order to characterise behaviour in @k3H9orf72LOF mutants,

we examined anxietifke behaviour via utilising two tests which robustly measure this
behaviour in adult zebfigh; the novel tank diving test and the open field @&sirton and
Bally-Cuif 2010)

4.4.1. Investigating the impact of frameshift mutations in C13H9orf720on
anxiety in adult zebrafish using the Novel Tank Diving Test
The novel tank diving testheasuresanxiety evoked by novelty stress. Zebrafish are

known to exhibit a robust behavioural response to this type of $¢€ashat et al. 2010,
Parker et al. 2012When the individual is first placed in the novel environment, their
natural instinct is to stay in the bottom of the tank. As the course of exposure to the novel
environment continues, they become more exploratory. This behaviour can be
investigated by using the novel tank diving test to examine the amount of zebeadsh
spends at thiwer halfof the tank in comparison to thegt, with moretime spentin the

lower half indicative of anxious behavio(figure 4.20). The same cohorts used for the
swim tunnel were also used for the notank diving test fable 4.6), ad tested in the
same weekAdditionally, we show the pilot datdirfe SH448, DOB 24.09.14). During
testing, eacimdividual zebrafish was filmed from the sidgith position and locomotion
tracked using the equipment and related software included in t&Pdint analysis
suite as described isection 2.7.3.1\(iewPoint Life Science, Lyon, Francd&jo analyse

any effect a tweway ANOVA with repeated measuress performed, using genotype
(wild-type or homozygous mutant) and time (five time intervals: tiBsas independent
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variables, with time spent in the lower half of the tank entered as the response. This
analysis provided 3 main results, whiare summarised in tables 4.034.18 The
measurements O0genotyped and éach imdependentt er v
variable has on time spent in the lower half of the tank, separately. The measurement
6genotype: time interval 6 analyses the i
the | ower hal f. I f a signi ftiicormeenti nitretrevrad cd
(highlighted in yellow in tales 4.134.18), this means that the effect of genotype on time
spent in the lower half of the tanksgynificantlydifferent at different time intervals. If

this is the casaesults fomthe analgis of the two independent variables separately can

be disregardedgsince these variables are interacting, and -post analysis can be

performed at different time intervals.

A

Upper half

Lower half

’ Side view camera

1 min 2min 3 min

4 min 5 min

Figure 4.20 Schematic of Novellank Diving Test. A) Diagram of the novel tank diving
test. B) Example traces of a witgpe zebrafish.
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4.4.1.1. Line SH448 (plot study)
Figures 4.21 and 4.22 display the time spent in the lower half (s) duringnieute

exposure to theovel tank, for mortts 823 (pilot study, line SH448, DOB 24.09.14, r=5

6 per genotype). During the pilot study, the groups were tested once a month. There is a
significant main effect of time interval at all of the tinpeints testedtéble 4.13,
indicating that time spent at thawer halfof the tank decreases as a function of time as
we expect figure 4.21and 4.22. It is also observed that C13H9orfr'*¢/SH448eprafish

spend longer in the lower half of the tank over the course of expwsaoeparison to
wild-type siblings at allof the time points testedigure 4.21 and 4.22). This effect was
confirmed at months-24, 16 and 20as there was a significant main effect of genotype
(table 4.13. There was no significant genotype: timesivil interaction at any time point
except for at 16 monthdaple 4.13 highlighted yellow). Poghoc analysis revealed
C13H9orf72H448/SH448snant significantly longer in the lower half of the tank compared

to wild-type siblings at minute 1 and 2 only idure 4.22 unpaired test, minute 1
p=0.0005, minute 2 p=0.042Figure4.23 shows that there were no differences between
the two groups in the distances travelled at any time point tested, confirming that any
differences seen were due to behaviour aodmotor function Z-way ANOVA with

Fi sherds 565D test, n=
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Figure 4.21 Mean time (s) spent in the lower half of the novel tank during the tank
diving test for pilot cohort (8-15m). Graphs displayime spent in lower half of tank
during the Sminute exposure to the novel taak8i 15 monthsThere was no significant
genotype: time interval interaction at any time pdiato-way ANOVA with repeated
measures)error bars show standard deviati@roup szes n=56.
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Figure 4.22Meantime (s) spent in the lower half of the novel tank during the tank diving
test for pilot cohort (16-23m). Graphs display time spent in lower half of tank during the 5
minuteexposure to the novel tank atl@3 months. There wassgnificant genotype: time
interval interaction at 16 months (tweay ANOVA with repeated measures). Rbet
analysis at 16 months revealed C13H9otf?#/SH448spent longer in the lower half of the
tank compared to wildype siblings at minute 1 and 2 only (unpaireetest, minute 1
p=0.0005, minute 2 p=0.042ZFrror bars show standard deviati@roup sizes n=5.
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Table 4.13Result from two-way ANOVA with repeated measures for pilot study line

é***é;

SH448 DOB 24.09.145i gni fi cance codes: O
performed on R3.3.2 for Windows.
Line Age | Measurement Df F Value | Pr(>F) Sig
SH448 8 Genotype 1,9 0.029 0.869 ns
Time Int 1,42 | 3.442 0.0706 .
Genotype: Time Int 1;42 | 0.073 0.7876 ns
SH448 9 Genotype 1,9 11.8 0.00744 *
Time Int 1,42 | 23.703 1.63e05 rkk
Genotype: Time Int 1,42 | 1.554 0.22 ns
SH448 10 Genotype 1;10 | 6.46 0.0293 *
Time Int 1,46 | 8.894 0.00457 *
Genotype: Time Int 1;46 | 0.329 0.56910 ns
SH448 11 Genotype 1,10 | 7.526 0.0207 *
Time Int 1;46 | 15.830 0.000244 | ***
Genotype: Time Int 1;46 | 0.006 0.940377 | ns
SH448 12 Genotype 1;10 | 5.673 0.0385 *
Time Int 1,46 | 14.990 0.00034 rkk
Genotype: Time Int 146 | 1.461 0.23288 ns
SH448 13 Genotype 1;10 | 27.38 0.000383 | ***
Time Int 1,46 | 11.933 0.0012 *
Genotype: Time Int 1,46 | 0.581 0.4499 ns
SH448 14 Genotype 1;10 | 9.882 0.0104 *
Time Int 1,46 | 25.77 6.9e06 e
Genotype: Time Int 1,46 | 0.00 0.993 ns
SH448 15 Genotype 1;10 |3.123 0.108 ns
Time Int 1,46 | 9.533 0.00342 *
Genotype: Time Int 1;46 | 0.339 0.56331 ns
SH448 16 Genotype 110 | 6.673 0.0273 *
Time Int 1,46 | 9.022 0.0043 **
Genotype: Time Int 1,46 | 5.729 0.0208 *
SH448 17 Genotype 1;10 | 3.019 0.113 ns
Time Int 1;46 | 15.485 0.000279 | ***
Genotype: Time Int 1,46 | 0.114 0.737675 | ns
SH448 18 Genotype 1,9 2.366 0.158 ns
Time Int 1;42 | 4.303 0.0442 *
Genotype: Time Int 1;42 | 0.353 0.5553 ns
SH448 19 Genotype 1,8 2.39 0.161 ns
Time Int 1,38 | 7.634 0.00878 *
Genotype: Time Int 1,38 | 3.031 0.08980 .
SH448 20 Genotype 1,8 12.04 0.00844 **
Time Int 1;38 | 20.852 5.09e05 rrk
Genotype: Time Int 1,38 | 0.401 0.53 ns
SH448 21 Genotype 1,8 2.164 0.18 ns
Time Int 1,38 | 17.019 0.000194 | ***
Genotype: Time Int 1,38 | 0.019 0.890392 | ns
SH448 22 Genotype 1,8 3.487 0.0988 .
Time Int 1;38 | 19.566 7.89e05 rrk
Genotype: Time Int 1,38 | 2.102 0.155 ns
SH448 23 Genotype 1,8 4.534 0.0659 .
Time Int 1,38 | 19.338 8.54e05 Fhk
Genotype: Time Int 1,38 | 0.103 0.75 ns
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Figure 4.23 Total distance travelledduring pilot novel tank diving. Displays the total
distance travégd in the whole tank during therBinute exposure to the novel tank. There

is no significant difference in total distance travelled between C13H96riZ&brafish

and C13H9orf7248/SH448 e prafish at @3 months ofage @ay ANOVA wi t h F
LSD test, n=56). Error bars show standard deviation.
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4.4.1.2. SH448 clutch 1 (DOB 28.1.15)
Figure 4.24displays the time spent in the lower half (s) during thenBute exposure to

the novel tank, for months24 (SH448 clutch 1, DOB 2B.15, n=611 per genotype

table 4.6). During the study, the cohort was tested once every 3 months. There is a
significant main effect of time interval at mont®snd 1524, indicating that time gent

at thelower halfof the tank decreases as a function oktims we expecfigure 4.24

table 4.14. However, this effect is not observednadnth 12(figure 4.24 table 4.1,

which indicates that the zebrafish are not displaying the typical respora novel
environment at thisime point It is also observed that C13H9orfr'48/SH448zeprafish

spend longer in thiower half of the tank over the course of exposure in comparison to
wild-type siblings, at 9 monthsfigure 4.24. This effect wagonfirmed,as there was a
significant main effect of genotype this time point (table 4.)4However, there was no
significant effect of genotype at any othiene points tested (table 4)Y14Additionally,

there was no significant genotype: time intenvaéraction at any time point except for

at 15 and 18 months (table 4,1Highlighted yellow). Poghoc analysis at 15 months
revealed C13H9orf748/SH448spent longer in théower half of the tank compared to
wild-type siblings at minute 1 only (unpaed ttest, minute 1 p=0.0331). Conversely,
posthoc analysis at 18 months revealed C13H9G¥7/SH448spent less time in the
lower half of the tank compared to wilypesiblings at minute 3 (unpairedtest, minute

3 p=0.0333), suggesting that at 18 ntiss, C13H90rf7248/SH448\yere less anxious.
Figure 4.25%hows that there were no differences between the two groups in the distances
travelled at any time point tested, confirming that any differences seen were due to
behaviour and not motor functionf2ay ANOVA wi th Fi dher s LS
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Figure 4.24 Mean time (s) spent in the lower half of the novel tank during the tank
diving test for line SH448 DOB 28.1.15Graphs display time spent in lower half of tank
during the Sminute exposure to the novel tank9%24 months. There waa significant
genotype: time interval interaction s and 18 month@wo-way ANOVA with repeated
measures). Po$ioc analysis at5 nonths revealed C13H9orf72*48/SH448spent longer
in the lower half of the tank compared to wilgbe siblings at minute 1 only (unpaired t
test, minute 1 p=0.0331). Pdsbc analysis at 18 months revealed C13H9G9/SH448
spent less time in the lowaalf of the tank compared to wilgpe siblings at minute 3
(unpaired ttest, minute 3 p=0.0333rror bars show standard deviatidgbroup sizes

n=6-11.
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Table 4.14 Result from two-way ANOVA with repeated measures for line SH448

DOB 28.01.15.Si gni fi cance <codes: 0O o6***0o,;
performed on R3.3.2 for Windows.
Line Age | Measurement Df |FValue |Pr(>F) | Sig
SH448 | 9 Genotype 1;20 | 6.433 0.0197 |*
Time Int 1;86 | 10.202 0.00196 | **
Genotype: Time Int | 1,86 | 0.539 0.46477 | ns
SH448| 12 | Genotype 1;20 | 0.997 0.33 ns
Time Int 1;86 | 0.934 0.3366 |ns
Genotype: Time Int | 1,86 | 2.911 0.0916 |.
SH448| 15 | Genotype 1;19| 2.36 0.141 ns
Time Int 1;82 | 5.033 0.0276 |*
Genotype: Timelnt | 1,82 | 6.759 0.01117 | *
SH448| 18 | Genotype 1;18 | 0.869 0.363 ns
Time Int 1;78 | 12.318 0.000749| ***
Genotype: Time Int | 1,78 | 4.073 0.047006| *
SH448| 21 | Genotype 1;16 | 0.14 0.713 ns
Time Int 1,70 | 66.136 1.04e11 | ***
Genotype: Time Int | 1,70 | 1.579 0.213 ns
SH448| 24 | Genotype 1;12 | 2.904 0.114 ns
Time Int 1;54 | 15.443 0.000244| ***
Genotype: Time Int | 1,54 | 1.302 0.258967| ns
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Figure 4.25 Total distance travelled during novel tank diving testSH448 DOB
28.1.15.Displays the total distance travelled in the whole tank during thenbte
exposure to the novel tank. There is no significant difference in total distance travelled
between C13H9orf72 zebrafish and C13H9orf?2*48/SH448eprafishat 924 months of
age(2way ANOVA wi t h Fi -4 Eermordars shod Btantdaedsieviatiom = 6
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4.4.1.3. SHA448 clutch 2 (DOB 13.1.16)
To determine whether anxielike behaviour was altered in C13H9orf'2*¢/SH44%yrior

to 9 months, aecond clutch (SH448 clutch 2, DOB.136, n=911 per genotypé table

4.6) was run through the neMank diving test. Figure 4.2isplays the time spent within

the lower half (s) during the-®minute exposure to the novel tank, at mont#i4During

the study, the cohort was tested once every 3 months. There is a significant main effect
of time interval at all of the e points tested (table 4)1%ndicating that time spent at

the lower halfof the tank decreases as a function ietias we expectigure 4.29. It is

also observed that wiltypes spend longer in thewer half of the tank over the course

of exposure in comparison to C13H9or¥#e/SH44&eprafish, att and 6 monthdigure

4.26). This effect was confirmed, as there was a significaain effect of gnotype at

this time point {@ble4.19), indicating higher anxiety levels in the witgpes. However,

there was no significant effect of genotype af ather time points tested (table 415
complimentary to SH448 clutch 1 at monthsZ®2 Additionally, there was no significant
genotype: time interval interaction at any time poingegable 4.14). Figure 4.25hows

that at 4 months C13H9orf7%#48/SH448zeprafish swim significantly less over the course

of exposure in comparison to witgpesiblings2-way ANOVA wi t h Fi she
n=911, p = <0.001), however, there were no significant differences at anytitiger

point testedconfirming that any differences seen were due to behaviour and not motor

functionat these time points.

158



ﬁ 4 months n 6 months
9 - -
= 80 i -é 8o +/+
s - C13H90rf72 s - C13H90rf72
bt bt
o 601 = C{3Hgorf72SHH4BIsHaeE 0 gy = (13Hgorf72SHe4B/SHasE
] &
2 40 z 404
o K
= =
2 204 = 204
a 3
("] "]
2 0 , , . @ 0 T : !
E 0 2 4 6 E 0 2 4 6
Minutes a Minutes
- 9 months - 12 months
X g0- X 80-
= -~ C13Hgorf72*"* s -~ C13Hgorf72"*
bed het
: 60 -5 (C13HQorf72SHA48/SH448 ‘3 60 - (13Hoorf72SH448/SHA48
2 a0 $ 40
5 =]
£ c
= 204 2 204
a 2
w '
@ 0 . . . @ 0 . . .
E 0 2 4 6 E 0 2 4 5
Minutes Minutes

Figure 4.26 Mean time (s) spent in the lower half of the novel tank during the tank
diving test for line SH448 DOB 13.1.16Graphs displagime spent in lower half of tank
during the 5minute exposure to the novel taak4-12 monthsThere was no significant
genotype: time interval interaction at any time pdiato-way ANOVA with repeated
measures)rror bars show standard deviati@roup sizes n=41.
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Table 4.15 Result from two-way ANOVA with repeated measures for line SH448
DOB 13.01.16.Si gni fi cance <codes: 0O o6***0o,; 0. 0C
performed on R3.3.2 for Windows.

Line Age | Measurement Df |FValue |Pr(>F) | Sig
SH448 | 4 Genotype 1;20 | 9.567 0.00573 | **
Time Int 1;86 | 49.890 3.97e10 | ***
Genotype: Time Int | 1,86 | 1.575 0.213 ns
SH448| 6 Genotype 1;17|7.318 0.015 *
Time Int 1;74|18.735 4.64e05 | ***
Genotype: Time Int | 1,74 | 0.029 0.864 ns
SH448| 9 Genotype 1;17 | 1.554 0.229 ns
Time Int 1;74 | 23.793 5.98e06 | ***
Genotype: Time Int | 1,74 | 0.132 0.178 ns
SH448| 12 | Genotype 1;1710.219 0.646 ns
Time Int 1;74 | 31.164 3.71e07 | ***
Genotype: Time Int | 1,74 | 0.304 0.583 ns
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Figure 4.27 Total distance travelled during novel tank diving test SH448 DOB
13.1.16.Displays the total distance travelled in the whole tank during then&te
exposure to the novel tank. There is no significant difference in total distance travelled
between C13H9orf72 zebrafish and C13H9orf?2*4¢/SH448eprafish at 6.2 months of

aeg 2way ANOVA with Fi sk howvever theSeDis at € sidanths n
(p=0.0083). Error bars show standard deviation.
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4.4.1.4. SH451 clutch 1 (DOB 18.3.15)
Figure 428dispays the time spent within the lower half ¢giring the Sminute exposure

to the novel tank, at montl®s24 (SH451 clutch 1, DOB 1815, n=1011 per genotype

i table 4.6) During the study, the cohort was tested once every 3 months. There is a
significant main effect of time interval at monthd4 S, indicating that time spent at the
lower half of the tank decreases as a function ofetiras we expecfigure 4.28 table

4.16). However, this effect is not observatl months 184 (figure 4.28 table 4.18,

which indicates that the zebrafish are datplaying the typical responge a novel
environment at thee time poins. It is also observed that wHtypes spend longer in the
lower half of the tank over the course of exposure in comparison to C13H81¥ 2448
zebrafid, at 21 monthdigure 428). This effect was confirmed, as there was a significant
main effect of genotype #tis time point (see table 4 )l éndicating higher anxiety levels

in the wildtypes. However, there was no significant effect of genotype at any atteer ti
points testd (see table 4.36 Additionally, there was no significant genotype: time
interval interaction at anynhe point tested (see table 4)1bigure4.29shows thaat 9
months C13H9orf72"5YSH451 zeprafish swim significantlynore over the course of
exposurein comparison to wildypesiblings(2-way ANOVA wi t h Fi she
n=10-11, p = <0.09, however, there were no significant differences at @hgr time

point testedconfirming that any differences seen were due to behaviour and not motor

functionat these time points.
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Figure 4.28 Mean time (s) spent in the lower half of the novel tank during the tank
diving test for SH451 DOB 18.3.15Graphs displayime spent in lower half of tank
during the 5minute exposure to the novel taak924 monthsThere was no significant
genotype: time interval interaction at any time pdiato-way ANOVA with repeated
measures)error bars show standard deviati@roup sizes n=1Q1.
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Table 4.16 Result from two-way ANOVA with repeated measures for line SH451

DOB 18.03.15.Si gni fi cance <codes: 0O o6***0o,;
performed on R3.3.2 for Windows.
Line Age | Measurement Df |FValue | Pr(>F) | Sig
SH451 | 9 Genotype 1;20| 0.491 0.492 ns
Time Int 1;86| 70.79 7.68e13 | ***
Genotype: Time Int | 1,86| 0.00 0.996 ns
SH451| 12 | Genotype 1;20| 0.126 0.727 ns
Time Int 1;86| 16.782 | 9.45e05 | ***
Genotype: Time Int | 1,86| 0.673 0.414 ns
SH451| 15 | Genotype 1;20| 0.115 0.738 ns
Time Int 1;86 | 23.21 6.17e06 | ***
Genotype: Time Int | 1;,86| 0.00 0.985 ns
SH451| 18 | Genotype 1;20| 0.019 0.893 ns
Time Int 1;86| 2.318 0.132 ns
Genotype: Time Int | 1,86| 0.341 0.561 ns
SH451| 21 | Genotype 1;19| 5.452 0.0307 |*
Time Int 1;82| 0.203 0.653 ns
Genotype: Time Int | 1,82 | 0.467 0.496 ns
SH451| 24 | Genotype 1;19| 0.778 0.389 ns
Time Int 1;82| 0.830 0.3651 |ns
Genotype: Time Int | 1,82| 3.532 0.0638
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Figure 4.29 Total distance travelled during novel tank diving test SH451 DOB
18.3.15.Displays the total distance travelled in the whole tank during then&te
exposure to the novel tank. There is no significant difference indist@nce travelled
between C13H9orf7? zebrafish and C13H9orf?2*1/SH481zeprafish at 124 months
ofage(2way ANOVA wi t h Fi s-hlp however theSels at nsomths n
(p=0.0270). Error bars show standard deviation.
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4.4.15. SH45lexperiment 2 (DOB 25.2.16)
To determine whether anxielike behaviour was altered in C13H9orf'25/SH45 grior

to 9 months, a second clutcdH451 clutch 2, DOB 25.2.16, n=BD per genotypé table
4.6)was run through the novel tank diving tésgure 430displays the the spent within
the lower half (spluring the Sminute exposure to the novel tank, at mord#i. During

the study, the cohort was tested once every 3 mohtiese is a significant nira effect

of time interval at all of the timpoints tested (table 4.} 7ndicating that time spent at
the lower half of the tank decreases as a function of timeaexpec{see figure 80).

It is also observed that witypes spend longer in tHewer half of the tank over the
course of exposure in comparison to C13H9otf¥/SH448eprafish, a6 months figure
4.30. This effect was confirmed, as there was a significant main effect of genotype at
this time point (table 4.37indicating higheranxiety levels in the wildypes. However,
there was no significant effect of genotype at any otimee points tested (table 4)17
complimentary to SH451 clutch 1 at monthd® and 24. Additionally, there was no
significant genotype: time interval intation at any time point testéable 4.17. Figure
4.31 shows thatat 6 months C13H9orf73*5V/SH451zeprafish swim significantly more
over the course of exposure in comparison to ‘ifee siblings (2-way ANOVA with

Fi sher 6s %18 p=<406% howevar, there were no significant differences at
anyothertime point testedconfirming that any differences seen were dubdbaviour

and not motor function.

166



80+

60+

40-

204

o

4 months

Time spent in lower 1/2 of tank (s)

801

60

404

204

2 a
Time (min)

9 months

Time spent in lower 1/2 of tank (s)

2 4
Time {min)

-~ C13Hgorf72*™*
- C13H90rﬂ28H451/SH451

-~ C13H9orf72*"*

- 1 3H90n725H451/5H451

Time spent in lower 1/2 of tank (s)

Time spent in lower 1/2 of tank (s)

801

60

404

204

80+

604

404

204

6 months

- C13Hgorf72""*
- 1 3H90n¢?25H45‘I/SH451

2 4
Time (min)

12 months

2 4
Time {min)

- C13Hgorf72""*

- 013H90rﬂ,28H451/SH451

Figure 4.30 Mean time (s) spent in the lower half of the novel tank during the tank
diving test for line SH451 DOB 25.2.16Graphs displayime spent in lower half of tank
during the Bminute exposure to the novel taak4-12 monthsThere was no significant
genotype: itme interval interaction at any time poiitvo-way ANOVA with repeated
measures)error bars show standard deviati@roup sizes n=-490.
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Table 4.17 Result from two-way ANOVA with repeated measures for line SH451
DOB 25.02.16.Si gni fi cance <codes: 0O o6***0o,; 0. 0C
performed on R3.3.2 for Windows.

Line Age | Measurement Df F Value | Pr(>F) | Sig
SH451 | 4 Genotype 1;18 | 0.757 0.396 ns
Time Int 1;78 | 32.085 | 2.37e07 | ***
Genotype: Time Int | 1,78 | 1.174 0.282 ns
SH451| 6 Genotype 1;18 | 21.14 0.000223] ***
Time Int 1;78 | 11.438 | 0.00113 | **
Genotype: Time Int | 1,78 | 2.322 0.13161 | ns
SH451| 9 Genotype 1;17 | 3.13 00948 .
Time Int 1;74 | 9.690 0.00263 | **
Genotype: Timelnt 1,74 | 1.578 0.21304 | ns
SH451| 12 | Genotype 1;17 | 0.306 0.588 ns
Time Int 1;74 | 11.132 | 0.00133 | **
Genotype: Time Int | 1,74 | 0.652 0.42208 | ns
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Figure 4.31 Total distance travelled during novel tank diving test SH451 DOB
25.2.16.Displays the total distance travelled in the whole tank during thenbte
exposure to the novel tank. There is no significant difference in total distance travelled
between C13H9orf7? zebrafish and C13H9org?H45Y/SH451zeprafish at 4, 9 and 12
months of age @vay ANOVA wi t h Fi slf@)ehoweger the® > attée st
months (p=0.0304). Error bars show standard deviation.
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4.4.1.6. SH470 (DOB 30.3.16)
Figure 4.32isplays the time spent withiheélower half (s)during the Sminute exposure

to the novel tank, at months1f (SH470, DOB 8.3.16, n=11 per genotyjietable 4.6).

During the study, the cohort was tested once every 3 moFilese is not a significant
effect of time interval at any time point testidure 4.32 table 4.18 which indicates

that the zebrafish are not displaying the typical response to a novel environment as we
would expect. There was also significant effecof genotype at any of thane points

tested (table 4.1)8 Additionally, there was no significant genotype: time interval
interaction at any time poi except for at 12 months (table 4, Ifghlightedyellow).
Posthoc analysis at 1thonths revealed C13eérf725747SH470pnent longer in thiower

half of the tank compared to wilype siblings at minute 1 only{unpaired-test, minute

1 p=0.0221). Figure 4.3shows that there were no differences between the two groups in
the distances travelled at any &émpoint tested, confirming that any differences seen were
due to behaviour and not motor functioafldy ANOVA wi t h Fi sher)dbs LS
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Figure 4.32 Mean time (s) spent in the lower half of thenovel tank during the tank
diving test for line SH470 DOB 30.3.16Graphs display time spent in lower half of tank
during the Sminute exposure to the novel tank a249 months. There was a significant
genotype: time interval interaction at 12 months aéae C13H9orf7970/SH470gpent
longer in the lower half of the tank compared to wde siblings at minute 1 only
(unpaired ttest, minute 1 p=0.0221). (twway ANOVA with repeated measures). Rost
hoc analysis at 12 months reveal&dror bars show stalard deviationGroup sizes
n=11.
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