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Abstract

Amyotrophic lateral sclerosis (ALS) is an invariably fatal neurodegenerative disease

that is characterised by rapidly progressive motor neuron death. The pathological

mechanisms responsible for the disease remain elusive and effective therapeutics are

yet to be identified. Given the inherent difficulties of studying neurodegenerative

conditions, animal models that reflect disease characteristics are essential to investigate

the aetiology of the condition. By furthering our understanding of the cellular mechanisms

involved, potential biomarkers and therapeutic targets can be identified for diagnostic,

monitoring and treatment purposes.

Current animal models have provided limited insights into ALS pathogenesis and

it is widely considered that no existing model of ALS adequately reflects the disease

phenotype. Furthermore, therapeutics found to be beneficial in these models have so

far failed to translate to human clinical trials. Therefore, there remains a need for

novel animal models of ALS that better reflect human disease characteristics.

This project sought to develop novel zebrafish and nematode worm models of ALS

using a variety of strategies, based upon recently identified disease-linked mutations in

the CCNF gene. These models will be the first to allow examination of the phenotypic

effect of motor neuron, compared to ubiquitous expression of a human ALS-linked

transgene and its zebrafish homologue, and a determination of the effect of a fluorescent

tag on protein behaviour in vivo. Comparison of these models will allow selection of

the optimal model for immediate functional studies and provide information that may

be used to inform the design of future animal models of the disease.
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1
Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease

characterised by the progressive death of motor neurons in the motor cortex, brainstem

and spinal cord. Clinically, this results in rapidly advancing muscle spasticity, atrophy

and paralysis, typically progressing to patient death from respiratory complications

within 3–5 years of symptom onset (Rowland and Shneider, 2001). Pathologically,

the condition is characterised by the degeneration of both upper and lower motor

neurons, cytoplasmic aggregation of ubiquitinated proteins within surviving neurons

(Lansbury and Lashuel, 2006), eosinophilic intraneuronal inclusions (Bunina bodies)

(Okamoto et al., 2008), and a neural inflammatory response with microglial activation

(Turner et al., 2004). The majority of patients also demonstrate cytoplasmic mislocalisation

of the TAR-DNA binding protein, TDP-43, which becomes a component of the characteristic

cytoplasmic aggregates (Barmada et al., 2010).

Cytoplasmic aggregation of ubiquitinated proteins positive for TDP-43 is also seen

in the neurons of the majority of patients with frontotemporal dementia (FTD), a

neurodegenerative disease that develops as a result of neuronal loss in the frontal

and temporal cortices (Ling et al., 2013). This neuronal loss leads to progressive

and severe personality changes, as well as loss of language skills. Up to 50% of ALS

1



2

patients develop some degree of cognitive impairment (Ringholz et al., 2005) and

approximately 15% meet the criteria for diagnosis of ALS-FTD. Conversely, approximately

15% of FTD patients develop the clinical signs of ALS. Therefore, the two conditions are

linked both pathologically and clinically and so have come to be regarded as different

ends of a neurodegenerative disease spectrum (Ringholz et al., 2005). The etiology

underlying the characteristic pathology of both conditions remains poorly understood

and reliable biomarkers and effective treatments are yet to be identified.

Investigating the underlying pathological mechanisms of ALS and FTD is challenging.

This is due to the astounding complexity of the human central nervous system (CNS),

compounded by the current lack of methods to access and study pathophysiological

changes within the CNS in situ as the disease progresses. Such studies therefore,

rely heavily on disease models generated to reflect pathological characteristics of the

condition. These models are also essential for initial testing of the safety and efficacy

of potential therapeutics.

The identification of ALS-linked mutations in the superoxide dismutase 1 gene

(SOD1 ) in 1993 represented a significant breakthrough in ALS research, as it allowed,

for the first time, generation of cellular and animal models of the disease. Several

additional genes that harbour ALS-linked mutations have since been identified (reviewed

by Robberecht and Philips (2013); Ling et al. (2013)). This has lead to the

development of a variety of animal models based on ALS-linked mutations in a range

of genes (Table 1.1). Approximately 10% of ALS cases are considered familial (FALS)

as they demonstrate genetic inheritance of the disease, while the remaining 90% have

no known family history and are considered to be sporadic (SALS). The majority of

familial and sporadic cases are clinically and pathologically indistinguishable, therefore

animal models based on FALS-linked mutations should reflect the pathological changes

seen in both forms of the disease (Iguchi et al., 2013).

Multiple ALS-linked genes encode proteins that are involved in one of two overlapping

pathways: RNA processing and protein homeostasis (Ling et al., 2013). Therefore,

disturbances in these highly regulated pathways are strongly implicated in disease

pathogenesis. No models have yet been developed based on mutations in ALS-linked

genes known to function in protein homeostasis, however multiple models have been

developed based on mutations in two ALS-linked genes involved in RNA processing,
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TARDBP and FUS. These models demonstrate a motor neuron disease-like phenotype

and reflect some of the pathological features of the disease. These and other animal

models (Table 1.1) have indicated multiple cellular processes are involved in disease

pathogenesis, including RNA dysregulation, protein misfolding, protein degradation,

oxidative stress, excitotoxicity, defective axonal transport and mitochondrial dysfunction

(Turner et al., 2013; Ling et al., 2013).

While genetic studies and animal models have been the principal tools in advancing

our understanding of ALS, the pathological mechanisms responsible for the disease

remain elusive. Novel, improved models are desperately required, as no model yet

exists that adequately reflects the ALS phenotype (Turner et al., 2013). For example,

some mouse models based on TARDBP mutations develop the hallmark ALS features

of motor neuron death and subsequent muscle atrophy (Wegorzewska et al., 2009).

However, they fail to reproduce other characteristic pathology, most notably a progression

of paralysis over time, Bunina bodies and cytoplasmic mislocalisation of TDP-43.

Moreover, death in these animals results from a loss of function of intestinal smooth

muscle, leading to bowel obstruction, not as a consequence of motor neuron loss

(Hatzipetros et al., 2013).

The greatest concern with current models is the failure thus far, of any potential

therapeutic that has shown promise in animal trials to translate to successful human

clinical trials (Benatar, 2007). To date, there have been over 50 publications describing

therapeutic agents that extend the lifespan of the SOD1 mouse, but none of these drugs

have shown significant benefits in human patients. One drug that showed efficacy in

the mouse model, minocycline, was actually found to be detrimental in a phase III

clinical trial, with patients showing a more rapid decline and higher mortality rates

(Gordon et al., 2007).

The majority of the current animal models of ALS have been developed in rodents,

however the use of both Caenorhabditis elegans (nematode worm) and Danio rerio

(zebrafish) as models of neurodegenerative disease are increasing in popularity. Both

species have a comparatively simple nervous system, which is readily visualised in

vivo, due to the transparency of the animal at the embryonic stage (zebrafish), or

throughout life (C. elegans). Furthermore, their small size equates to low-cost housing

and maintenance, while their external fertilisation, high fertility and fecundity, and

rapid development allow for efficient disease model development (Teschendorf and
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Link, 2009; Kabashi et al., 2011b). This efficiency permits the cost-effective and

rapid assessment of various transgenic strategies. Comparison of the phenotype that

results from each technique allows the identification of the optimal model design within

a short time period. Not only does this generate the most phenotypically accurate

non-mammalian models for immediate investigation of disease biology and potential

therapeutics, but the knowledge may be used in future studies to help inform the

best strategy for model development. Key features of zebrafish and worm models are

summarised in Table 1.2.
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It is not only the emergence of new model species that offers the opportunity to

develop novel disease models, but also the continued discovery of novel ALS-linked

gene mutations. Currently, mutations in known ALS-linked genes account for only

60% of FALS and 10% of SALS cases (Robberecht and Philips, 2013). Each new

ALS-linked gene identified brings into focus potential pathogenic pathways and allows

the generation of novel animal models to examine those pathways.

Exome capture and next generation sequencing technologies have greatly accelerated

gene discovery in ALS. This is demonstrated by the recent identification of disease-linked

mutations in the Valosin containing protein gene (VCP) in an ALS family (Johnson

et al., 2010), and mutations in the cyclin F gene (CCNF ) in ALS and FTD patients

(manuscript submitted). The proteins encoded by these genes (VCP and cyclin F),

both play a role in maintaining protein homeostasis and are the focus of this project.

VCP mutations are primarily associated with Inclusion Body Myopathy associated

with Pagets disease of bone and frontotemporal dementia (IBMPFD), a multisystem

degenerative disorder involving muscle, brain and bone tissue (Ju and Weihl, 2010).

To date, 19 IBMPFD linked mutations and four ALS-linked mutations have been

identified in VCP (Johnson et al., 2010) (Table 1.3).
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Table 1.3: Mutations in VCP identified in ALS and IBMPFD patients

ALS-associated mutations IBMPFD-associated mutations

R191Q I27V

R159G R93C

S592N R95G/C

R155H P137L

R155C/P/L/S

G157R

R159C/H

R191Q

L198N

A232E

T262A

N387H

A439S

D592N

Recently, in a large Australian family with ALS and FTD, our laboratory identified

a mutation in CCNF that segregated with disease in the family. A worldwide collaborative

effort has subsequently identified additional ALS and FTD-linked CCNF mutations in

familial and sporadic patients, and rare single nucleotide polymorphisms (SNPs) in

patients as well as control populations (Table 1.4).
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Table 1.4: CCNF mutations identified in ALS/FTD patients and control populations

FALS-associated

mutations

FTD/SALS-associated

mutations

SNPs found in patients

and controls

K97R S3G H69Y

S195R T181I A74T

S509P T543I G161R

S621G E624K V318G

I772T R392T R406Q

R574Q

F604I

Q669STOP

T698M

V714M

Both VCP and cyclin F are integral components of one of the two major protein

degradation pathways, the ubiquitin-proteosome system (UPS). The UPS is a selective

system whereby specific proteins are tagged for degradation through the addition of

ubiquitin molecules. Cyclin F is part of the E3 ubiquitin-protein ligase complex, which

catalyses this ubiquitination. UPS chaperone proteins, one of which is VCP, recognise

and bind to the ubiquitin molecules, then transfer the complex to the proteasome for

degradation (Figure 1.1) (Nandi et al., 2006).
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Figure 1.1: Schematic of the ubiquitin proteosome system (UPS) (Compiled from infor-
mation presented in Nandi et al. (2006)). This figure illustrates the role of CCNF and
VCP within the proteosome-mediated protein degradation pathway. CCNF is a component
of the E3 ubiquitin ligase complex, responsible for catalyzing the transfer of ubiquitin to the
target protein. VCP functions later in the UPS pathway, acting as a chaperone to transfer
ubiquitinated proteins to the proteasome.
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There is substantial evidence that failure of the UPS, and therefore a failure of

protein homeostasis, has a significant role in ALS pathogenesis. Firstly, one of the

pathological hallmarks of the disease is the cytoplasmic aggregation of ubiquitinated

proteins (Robberecht and Philips, 2013; Bendotti et al., 2012), implicating a

failure of protein clearance by the UPS. Secondly, studies of a transgenic SOD1 mouse

model have demonstrated that the mutant SOD1 protein both escapes degradation by

the UPS, and inhibits its activity, as indicated by reduced proteosome activity within

the spinal cord (Kabashi et al., 2004; Cheroni et al., 2009). Finally, a number of

rare ALS-linked mutations have recently been identified in genes directly associated

with the UPS, including UBQLN2 (Deng et al., 2011), SQSTM1 (Fecto et al.,

2011), VCP (Johnson et al., 2010) and now CCNF.

At this stage, ALS-linked gene mutations known to affect protein homeostasis have

not been used to generate animal models. However, two mouse models have been

generated based on IBMPFD-associated VCP mutations (R155H and A232E) which

demonstrate ALS-like pathology within their spinal cords. This pathology includes

motor neuron degeneration with aggregation of TDP-43 positive ubiquitinated proteins

(Badadani et al., 2010; Custer et al., 2010). While these models do recapitulate

some key pathological features of ALS, they do not develop the progressive, fatal

ALS-like disease, and motor neuron degeneration is limited to the ventral horn of the

spinal cord. Furthermore, the models also develop pathology consistent with IBMPFD

that is not seen in ALS patients, such as degeneration of bony tissue.

This project aimed to address the current lack of ALS models based on gene

mutations with a role in protein homeostasis and to investigate approaches to develop

superior animal models to those currently available. Development of these models was

based upon two hypotheses. First, that overexpression of an ALS-linked mutation

in CCNF will produce a motor neuron disease phenotype in C.elegans and zebrafish,

and second, that different transgenic techniques will generate models with distinct

phenotypes.

The primary aim of the project therefore was to develop multiple novel animal

models of ALS in two species, based on mutations in CCNF. Multiple species were

selected for the project with the goal of maximising their potential downstream applications

in biomolecular studies and high throughput preclinical trials. The second project

aim, of developing superior models of ALS, was addressed through the use of different
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transgenic strategies. Comparison of the resulting phenotypes from each strategy will

provide knowledge that may be used to inform the future design of both non-mammalian

and mammalian disease models. The development of animal models that better reflect

the pathology seen patients will lead to more reliable insights into disease biology and

provide a more accurate indication of the efficacy of potential therapeutics.



2
Methods

2.1 VCP gene mutation analysis

At the request of collaborators, patient DNA was screeened for the presence of mutations

within VCP as part of this project. The techniques used for mutation analysis of

VCP include the polymerase chain reaction (PCR, Section 2.1.1), gel electrophoresis

(Section 2.1.2), Sanger sequencing and chromatogram analysis (Section 2.1.3).

2.1.1 PCR

The 17 coding exons of VCP and 50 base pairs (bp) of adjacent flanking intronic

sequences were amplified by PCR. PCR primers had been designed using ExonPrimer

software (http://ihg.gsf.de/ihg/ExonPrimer) prior to the commencement of this

project (Table 2.1). If the intronic region was small, two exons were amplified in a

single PCR. Using a control DNA sample, PCR with each primer set was initially

optimised with MyTaq DNA polymerase (Bioline) and Mastercycler pro (Eppendorf,

USA) thermocycler conditions as shown in Table 2.2. An eight-temperature gradient

was used to determine optimum annealing temperature (TA) for each PCR reaction

13
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(Table 2.3).

Table 2.1: PCR primers for amplification of VCP coding exons.

Primer Sequence

VCP Ex1 F CTTGCCACCGCTCGTAG

VCP Ex1 R CTTTCCTGGTCTCCACCTCTC

VCP Ex2-3 F AAGTATGAGTTTTAGAGACTGGCG

VCP Ex2-3 R CTGTAATGCAGGCTATCTCTGG

VCP Ex4 F TTTGGACACCCAGTGCTTG

VCP Ex4 R AAGATGTTCCAAGGTTTATTCCC

VCP Ex5 F TGATGAGTTCTCACTTTGTCTTG

VCP Ex5 R GACAGTTACCACATGATGCCAC

VCP Ex6 F TGGAATGATTTAGAGAAACTCAGC

VCP Ex6 R GGACAGGATTAGACATTGGCAC

VCP Ex7 F AGCGCTAGTCAAGCCATTTTAG

VCP Ex7 R CCAGCTCATAAGCCCAGTTC

VCP Ex8-9 F ACCTGTCTCTGGGCCAAAC

VCP Ex8-9 R TGAAGGGCTTCAAGAGGATTAG

VCP Ex10 F TCACCCTAGGCCTGTCTCTTAC

VCP Ex10 R AGTTCCCAGCAACTGCCTAGAG

VCP Ex11-12 F TTGTCTCTGAGCCTCCTGC

VCP Ex11-12 R TGACACCCTGAGATCACCC

VCP Ex13 F TGGAGGGGATGCTTCTG

VCP Ex13 R AACAGCCTCTATTCCTTGCC

VCP Ex14 F CCACCACGTTTGCCTAGAG

VCP Ex14 R CTAAAGAGCACTCCGTACCAGC

VCP Ex15 F CCCAAAGATCTGCGTATCTCG

VCP Ex15 R ACTCCAGGGCATGGTGG

VCP Ex16-17 F TAAACTGCAGTAATGGGAGGC

VCP Ex16-17 R CCCCAGGGAACAAGGTC
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Table 2.2: PCR conditions for amplification of VCP -coding exons.

Reagent Volume (µ)l

MyTaq DNA polymerase 5

10mM F primer 0.4

10mM R primer 0.4

20ng control DNA 1

dH2O 3.2

10µl

Temperature Time Cycles

950C 10 min 1
Ś

940C 15 sec 40
Ś

50-700C 30 sec 40
Ś

720C 30 sec 40
Ś

720C 7 min 1
Ś

Table 2.3: Annealing temperature gradient for optimisation of VCP PCR conditions

Sample Temperature

1 53.40C

2 55.70C

3 58.30C

4 61.00C

5 63.70C

6 66.10C

7 68.00C

8 69.40C

If the exon PCR failed to optimise with the conditions in Table 2.2, a second

optimisation PCR (Table 2.4) was performed with the addition of 10
Ś

PCR Enhancer

(Life Technologies) and a refined eight-temperature annealing gradient (Table 2.5).

Table 2.4: PCR conditions for amplification of VCP -coding exons that failed to optimise
under standard conditions.
Reagent Volume (µl)

MyTaq DNA polymerase 5

10mM F primer 0.4

10mM R primer 0.4

20ng control DNA 1

10x PCR enhancer 1

dH2O 2.2

10µl

Temperature Time Cycles

950C 10 min 1
Ś

940C 15 sec 40
Ś

51-57 / 60-660C 30 sec 40
Ś

720C 30 sec 40
Ś

720C 7 min 1
Ś



2.1 VCP gene mutation analysis 16

Table 2.5: Narrowed annealing temperature gradients used to optimise exons 1 and 15

Temperature

Column Exon 1 Exon 15

1 51.20C 53.40C

2 52.70C 55.70C

3 54.40C 58.30C

4 56.10C 61.00C

5 57.80C 63.70C

6 59.40C 66.10C

7 60.70C 68.00C

8 61.60C 69.40C

Once optimal conditions were established (described in Results, 3.1), all VCP

coding exons were amplified using 20µl PCR reactions for the patient DNA sample,

a control DNA and a negative control (Tables 2.6 and 2.7). Two microlitres of each

PCR product was visualised as described in Section 2.1.2.

Table 2.6: PCR reactions for exons 2–14 and 16-17

Reagent Patient Control Blank

MyTaq DNA polymerase 10 10 10

10mM F primer 0.8 0.8 0.8

10mM R primer 0.8 0.8 0.8

20ng patient DNA 1 - -

20ng control DNA - 1 -

dH2O 7.4 7.4 8.4

20µl 20µl 20µl
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Table 2.7: PCR reactions for exons 1 and 15

Reagent Patient Control Blank

MyTaq DNA polymerase 10 10 10

10mM F primer 0.8 0.8 0.8

10mM R primer 0.8 0.8 0.8

10x PCR enhancer 2 2 2

20ng patient DNA 1 - -

20ng control DNA - 1 -

dH2O 7.4 7.4 8.4

20µl 20µl 20µl

2.1.2 Imaging of PCR products

Electrophoresis was used to separate PCR products on 0.75% – 1.5% w/v agarose

gels in 1x TBE (90mM tris base, 90mM boric acid and 3mM Na4EDTA). To allow

visualisation of the bands under blue light, 1
Ś

Sybr Safe (Invitrogen) was added to

the agarose gel. PCR products were electrophoresed on the agarose gels at 100V for 40

minutes unless otherwise specified. The relevant DNA ladders Hyperladder II (Bioline),

100bp plus (Bioline) or Hyperladder 1kb (Bioline) were used to determine the size of

the PCR product.

Agarose gels were visualised and images captured on a Gel Doc EZ System (BioRad).

2.1.3 DNA sequencing and analysis

The remaining volume of PCR product (18µl) was sent to Macrogen (Korea) for

purification and Sanger sequencing using a ABI3730XL sequencer and BigDye terminator

sequencing (Life Technologies).

Every sequencing result was analysed using Sequencher v4.8 software (GeneCodes

Corporation, USA) to trim the sequence of low quality bases and compare the sequenced

product to a reference sequence.
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2.2 Developing expression constructs for in vivo

ALS models

2.2.1 Overview

C.elegans (nematode worm) constructs

Two sets of constructs were generated for expression in C.elegans using the Punc-25

vector. One set of constructs was designed to overexpress human CCNF (hCCNF ) and

the second set to overexpress hCCNF fused to a N-terminal mCherry fluorophore. Both

sets were composed of a single wild-type hCCNF construct and 21 mutant constructs,

one for each of the variants shown in Table 1.4, giving a total of 44 Punc-25 constructs

for expression in C.elegans.

D.rerio (zebrafish) constructs

Four sets of constructs were developed for expression in zebrafish. Each set consisted

of either wildtype hCCNF, the zebrafish orthlogue (zCCNF ), mutant p.S621G hCCNF

or, the orthologous zebrafish mutation, p.S623G zCCNF.

Cloning techniques

Restriction enzyme cloning techniques were used to generate the Punc-25 constructs

and the preliminary zebrafish constructs. Two different restriction sites were used to

ensure the PCR product ligated into the vector in the correct orientation. The att

site-specific Tol2 Gateway system (MultiSite Gateway Technology, Invitrogen) (Kwan

et al., 2007) was used, and will be continue to be used to generate the final constructs

for expression in zebrafish. The methods used are described in Sections 2.2.2 to 2.2.17

and the principles of the Tol2 cloning system are shown in Figure 2.1.
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Figure 2.1: Principles of the Tol2 cloning system. Recombination reactions ligate comple-
mentary attB and attP sites present on a PCR product and a pDONR vector (BP reaction).
This reaction yields entry clones that carry attL and attR sites. The LR reaction recombines
the complementary attL and attR sites on the entry clones and a pDEST destination vector
to generate the final expression clone (Kwan et al., 2007).

2.2.2 Alignment of zebrafish and human CCNF cDNA ortho-

logues

The human and zebrafish orthologues of CCNF cDNA (NM 001761.2 and NM 207048.1)

were compared by aligning the cDNA sequences using Clustal Omega 2.0 (http://www.

ebi.ac.uk/Tools/msa/clustalo/). This enabled the identification of the specific

nucleotide in the zebrafish sequence that needed to undergo site-directed mutagenesis

(Section 2.2.9) to generate the equivalent mutation to the p.S621G mutation in the

human CCNF cDNA sequence.

http://www.ebi.ac.uk/Tools/msa/clustalo/)
http://www.ebi.ac.uk/Tools/msa/clustalo/)
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2.2.3 Designing primers

All primers used in this project were synthesised by Sigma-Aldrich Pty Ltd.

Site-directed mutagenesis primers

Site-directed mutagenesis primers enable the alteration of a single nucleotide in a PCR

product by substituting the required nucleotide in the primer sequence. Primers for

the Q5 site-directed mutagenesis PCR were designed using the New England Biolabs

(NEB) online design software (www.NEBaseChanger.neb.com). The sequences for these

primers and optimal annealing temperatures for each are shown in Table 2.8.

www.NEBaseChanger.neb.com
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Table 2.8: Primers designed to generate each of the CCNF mutant constructs through
Q5 site-directed mutagenesis

Primer Sequence TA

NEBQ5 H69Y F GGTGGACAACTACGCCAGTGT 670C

NEBQ5 H69Y R AGGTCCTTCAGCTGGGAG

NEBQ5 K97R F GCTGCTGAAAGGGGGAATTTC 580C

NEBQ5 K97R R CCTTTCAAAGAGCTTCAG

NEBQ5 G161R F GTCGGTGAGCAAAGCTGCTG 660C

NEBQ5 G161R R CACGGAGGGCGGATGAAG

NEBQ5 S195R F GAGTGCTGAGGCTGTTCGAGG 670C

NEBQ5 S195R R TGCCCAAGCAGTGCAATATG

NEBQ5 S509P F CAGGCAAGTCCCTCTGACCGC 670C

NEBQ5 S509P R TAGTCCTTGGGGGCGTCA

NEBQ5 R574Q F AAACGGAAGCAGGAGAACAGCCTCC 700C

NEBQ5 R574Q R GGTTCTCCGCCCCGAGGG

NEBQ5 S621G F CGACCAGGAGGGTGAGGGCGA 690C

NEBQ5 S621G R CCTTCATAGCCAGAGCAGCAG

NEBQ5 E624K F GAGTGAGGGCAAGAAGGAGGG 650C

NEBQ5 E624K R TCCTGGTCGCCTTCATAG

NEBQ5 T698M F AAGGACGTCATGACCTCAGGGTACTCC 720C

NEBQ5 T698M R CCCTGGCTCCCGGCTGGT

NEBQ5 I772T F AACCTATGCACACACAGTGAG 600C

NEBQ5 I772T R TATCCGCTTCACCTGTTG

NEBQ5 F604I F GCTGGGCAGCATCCTCGACTG 700C

NEBQ5 F604I R AGCGTCTCCTCCTGGCTG

NEBQ5 S3G F ATCCATGGGGGGCGGCGGCGT 720C

NEBQ5 S3G R CTCTTGTCGTCATCGTCTTTGTAGTCCTTGTACAGC

NEBQ5 R392T F GACCTGGTGAGAATGATGGGC 590C

NEBQ5 R392T R CTCGTACTTGTAAGTGTTG

NEBQ5 R406Q F GGGAAGATTCAAGTCCCCACTG 640C

NEBQ5 R406Q R TTCCAAGGCGGAGACGAT

NEBQ5 Q669stop F CCAGGACCCATAGGCACTGGC 680C

NEBQ5 Q669stop R GGTCCCTTGTCCTCTGGAC

NEBQ5 A74T F CAGTGTGTGGACATGTGCCAGC 680C

NEBQ5 A74T R GCGTGGTTGTCCACCAGG

NEBQ5 V318G F GACTGGCTGGGGGAAGTTGCC 670C

NEBQ5 V318G R GATCAGAATGTACCTCATTGTGTCATTG

NEBQ5 T327K F AAGGACTTCAAAAGCCTGTGC 640C

NEBQ5 T327K R CATGGTGGCAACTTCCAC

NEBQ5 V714M F CACAAGCTCCATGGACGGTGG 680C

NEBQ5 V714M R GGACTTGCGGTGCTGACG

NEBQ5 T181I F CTGCAGAGGATTCACAAAGCATC 640C

NEBQ5 T181I R CTGGCACTCTGCCCTGAG

NEBQ5 T543I F TTAGGAGTGATACAAGACAGCCC 650C

NEBQ5 T543I R TGCAGCACACAACTGGCT

NEBQ5 zCCNF S623G F AGACCGTGAGGGCGAGGGAGA 680C

NEBQ5 zCCNF S623G R CCCTCGTATCCAGAACAGGAA

Blue indicates the nucleotide substitution in each primer set which generates the desired point mutation.
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Restriction enzyme-site cloning primers

The primers used in restriction enzyme site cloning (Sections 2.2.10 and 2.2.11) were

designed to contain the required restriction enzyme sequence and approximately 20 base

pairs (bp) complementary to the template DNA as determined by NCBI primer blast

tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Restriction enzyme

site sequences were sourced from the NEB website

(http://www.neb.com/tools-and-resources/selection). Primer sequences are shown

in Table 2.9.

Table 2.9: Primers used to amplify CCNF with the addition of restriction enzyme sites

Primer Sequence

Nhel mCherry F cagtGCTAGCgaatggtgagcaagggcgaggag

Nhel CCNF cDNA F cagtGCTAGCgaatggggagcggcggcgtggt

EcoRl CCNF cDNA R cagtCTTAAGga ttacagcctcacaaggccca

XhoI zCCNF cDNA F cagtCTCGAGct atgaaagcgggcgcgctcca

EcoRl zCCNF cDNA R cagtGAATTCgatcagaagctcagaaagg

Restriction enzyme sites are shown in red, CCNF -complementary sequence in blue and filler

sequences in black.

att-site cloning primers

The primers used in att-site cloning (Section 2.2.12 and 2.2.13) were designed to contain

the required att sequence („25bp) and 20bp complementary to the template DNA

as determined by NCBI primer blast tool (http://www.ncbi.nlm.nih.gov/tools/

primer-blast/). The att-site sequences were obtained from the MultiSite Gateway

Three-Fragment Vector Construction Kit manual (Life technologies). Primer sequences

are shown in Table 2.10).

Table 2.10: Primers used to generate PCR products for BP reactions
Primer Sequence

mCherry CCNF cDNA attB1 F ggggACAAGTTTGTACAAAAAAGCAGGCTGTatggtgagcaagggcgaggagga

mCherry CCNF cDNA attB2 F ggggACAGCTTTCTTGTACAAAGTGGGTatggtgagcaagggcgaggagga

hCCNF cDNA attB2 R ggggACCACTTTGTACAAGAAAGCTGGGTA ttacagcctcacaaggcccag

hCCNF cDNA attB3 R ggggACAACTTTGTATAATAAAGTTGAattacagcctcacaaggcccag

zCCNF cDNA attB2 R ggggACCACTTTGTACAAGAAAGCTGGGTA tcagaagctcagaaaggct

zCCNF cDNA attB3 R ggggACAACTTTGTATAATAAAGTTGA tcagaagctcagaaaggct

att site sequences are shown in red, CCNF -complementary sequence in blue and filler sequences in

black.

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.neb.com/tools-and-resources/selection
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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2.2.4 RNA extraction from zebrafish

RNA extraction from 3-day post fertilisation (dpf) zebrafish embryos (n=50) was

performed using a RNeasy Mini Kit (Qiagen). The embryos were euthanased, then

submerged in RNAlater RNA Stabilization Reagent (Qiagen). The embryos were

homogenised in Buffer RLT with a Dounce tissue grinder (Sigma Aldrich) and a 20

gauge needle and syringe. Extraction from this homogenised sample was performed

as per manufacturers instructions. The RNA product was eluted into 30µl RNase-free

water and immediately frozen at -300C.

The concentration of all RNA and DNA solutions in this project was determined

using 2µl of RNA or DNA on a NanoDrop ND-1000 spectrophotometer (Thermo

Scientific).

2.2.5 Generation of a zebrafish cDNA library

A zebrafish cDNA library was generated from the extracted zebrafish mRNA using a

Tetro cDNA Synthesis Kit (Bioline) according to manufacturer instructions (Table 2.11).

Table 2.11: Conditions for the generation of a cDNA library

Reagent Volume (µl)

mRNA (up to 5µg) 10

random hexamer primer 1

10mM dNTP mix 1

5
Ś

RT buffer 4

RNAse inhibitor 1

Tetro reverse transcriptase 1

dH2O 2

20µl

Temperature Time

250C 10 min

450C 30 min

850C 5 min

Chill on ice

To determine the integrity of the cDNA library, RT-PCR was used with amplify

the ubiquitously expressed β-actin with the primers shown in Table 2.12.
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Table 2.12: β-actin primer sequences used to confirm the integrity of the zebrafish cDNA
library

Primer Sequence

β-actin F AGAGGGAAATCGTGCGTGAC

β-actin R CAATAGTGATGACCTGGCCGT

2.2.6 CCNF PCR for subcloning

Three DNA polymerases, Accuzyme (Bioline), MyFi (Bioline) and Phusion High fidelity

DNA polymerase (NEB), were used throughout the project for PCR amplification of

CCNF. The primers used in these reactions are shown in Section 2.2.3. The PCR

conditions used for each DNA polymerase are shown in Tables 2.13 to 2.15.

Table 2.13: PCR conditions with Accuzyme DNA polymerase

Reagent Volume (µl)

Accuzyme mix 12.5

20mM F primer 0.5

20mM R primer 0.5

10ng plasmid template 1

dH2O 10.5

25µl

Temperature Time Cycles

90C 10 min 1
Ś

980C 3 min 1
Ś

950C 15 sex 30
Ś

550C 15 se 30
Ś

720C 5 min 30
Ś

Table 2.14: PCR conditions with MyFi DNA polymerase

Reagent Volume (µl)

MyFi mix 25

20mM F primer 1

20mM R primer 1

200ng plasmid template 1

dH2O 22

50µl

Temperature Time Cycles

950C 1 min 1
Ś

950C 15 sec 30
Ś

55 0C 15 sec 30
Ś

720C 1 min 40 sec 30
Ś
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Table 2.15: PCR conditions with Phusion DNA polymerase

Reagent Volume (µl)

GC buffer 10

10mM dNTPs 1

20mM F primer 2.5

20mM F primer 2.5

10ng plasmid template 1

DMSO 1.5

Phusion polymerase 0.5

dH2O 31

50µl

Temperature Time Cycles

980C 30 sec 1
Ś

980C 10 sec 30
Ś

710C 20 sec 30
Ś

720C 90 sec 30
Ś

720C 10 min 1
Ś

2.2.7 Generating an adenine overhang on a PCR product for

TA cloning

TA cloning is the ligation of a PCR product flanked by adenine overhangs with a linear

vector that carries thymine overhangs. The basic entry vector pGEM-T (Promega),

was used for TA cloning in this project(Figure 2.2).

The zCCNF PCR product was amplified from a pCMV SPORT6.1 vector (Millenium

Science) with Phusion DNA polymerase (Section 2.2.3 and 2.2.6). Phusion DNA

polymerase is a high fidelity, proof reading polymerase, and therefore generates a blunt

ended PCR product, and the addition of the adenine overhang was required. This was

achieved in by a 10µl reaction consisting of 1 unit Thermopol Taq polymerase (NEB),

1
Ś

buffer (NEB), 0.2mM dATP nucleotide (NEB) and the zCCNF PCR product. The

reaction was incubated at 720C for 25 minutes.

Figure 2.2: pGEM-T vector map. Schematic of the linear pGEM-T plamid (3kb) showing
the T overhangs used for T-A ligation
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2.2.8 Purification of PCR products

Gel purification

When gel purification of PCR products was required, electrophoresis was performed

on a 0.75% w/v agarose gel with 1
Ś

Sybrsafe (Invitrogen) at 100V for 1 hour. PCR

products were visualised using a Safe Imager 2.0 Blue Light Transilluminator (Life

Technologies), and the correct sized PCR bands were excised from the agarose gel

using a scalpel blade. The extracted gel was weighed, and purified with an ISOLATE

II PCR and Gel Kit (Bioline) according to manufacturer instructions. The purified

PCR product was eluted in 25µl of sterile, deionized water.

2.2.9 Q5 site-directed mutagenesis

The Q5 site-directed mutagenesis kit (NEB) was used according to manufacturers

instructions to introduce each of the 21 single nucleotide mutations into hCCNF in

a pmCherry-C1 vector (Addgene) and to introduce the p.S623G mutation (c.207AąG)

into zCCNF in the pGEM-T vector (Promega). The PCR reaction and thermocycler

conditions used for these reactions are shown in Table 2.16.

Table 2.16: Q5 site-directed mutagenesis PCR conditions

Reagent Volume (µl)

Q5 Hot-start high-fidelity 2
Ś

mastermix 12.5

10mM F primer 1.25

10mM R primer 1.25

10ng plasmid template 1

dH2O 9

25µl

Temperature Time Cycles

980C 30 sec 3 1
Ś

980C 10 sec 25
Ś

50-720C * 30 sec 25
Ś

720C 90 sec 30
Ś

72 0C 2 min 1
Ś

*Annealing temperatures for each primer is shown in Table 2.8.

Kinase-Ligase-DpnI (KLD) reactions were performed on one microlitre of the PCR
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product. The kinase enzyme phosphorylates the PCR product for subsequent ligation,

and DpnI is a restriction enzyme that cleaves the methylated template DNA. One

microlitre 10
Ś

KLD enzyme mix (supplied in kit) and 5µl of 2
Ś

KLD reaction buffer

(supplied in kit) were added to 1µ of PCR reaction made up to a final volume of 10µl.

The KLD/PCR product reaction was incubated at room temperature for 5 minutes

prior to transformation (Section 2.2.14).

2.2.10 Restriction enzyme digestion

Vector restriction enzyme digestion

Vectors were digested in 50µl reactions consisting of 5µg of vector, 10
Ś

Cutsmart

buffer (NEB) and 0.5µl of each restriction enzyme. Reactions were incubated at 370C

for a minimum 3 hours, maximum 16 hours, then heat-inactivated by a 15-minute

incubation at 800C.

One microlitre of Thermosensitive Alkaline Phosphatase (TSAP) was added per 1µg

of digested vector to catalyze the removal of the 5‘ phosphate groups, thus preventing

recircularisation of the digested vector. The TSAP reaction was incubated at 370C for

15 minutes, then heat-inactivated by incubation at 800C for 15 minutes. The digested

product was gel purified as described in Section 2.2.8.

PCR product restriction enzyme digestion

CCNF PCR products generated from the primer sets in Section 2.2.3 were gel purified

(Section 2.2.8), and eluted into 25µl. The restriction enzyme digestion reaction consisted

of 25µl purified PCR product, 0.5µl of each required restriction enzyme, 3µl of 10
Ś

Cutsmart buffer (NEB) to a final volume of 30µl. This reaction was incubated at 370C

for a minimum of 1 hour, maximum of 16 hours.

2.2.11 Ligation

Ligation reactions were required to insert either the digested PCR product into the

digested vector (Section 2.2.10), or the A-overhang zCCNF PCR product into the

pGEM-T vector (Section 2.2.7). The ligation reactions (Table 2.17) were incubated at

room temperature for 5 hours.
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Table 2.17: Ligation reaction composition

Reagent Quantity

T4 DNA ligase 1µl

Digested vector 50ng

Digested PCR product 150ng

1µl 2
Ś

Rapid Ligation Buffer (Promega) 2µl

10 µl

2.2.12 BP recombination

The BP reaction generates Tol2 entry clones by recombining attP sites present in a

pDONR vector and attB sites present in a PCR product. This reaction yields clones

that carry attL and attR sites for subsequent LR reactions to generate the final Tol2

constructs (2.1). In this project, middle entry clones (pENTR:221) and 3‘ entry clones

(pENTR:P2R-P3) carrying mCherry CCNF were required (Table 3.6). The pDONR

vectors to generate these entry clones (Figure 2.3) were included as part of the Multisite

Gateway cloning kit (Invitrogen).

Figure 2.3: Vector maps of pDONR:221 (A) and pDONR:P2R-P3 (B) demonstrating the
respective attP sites present

The amplicons containing h/zCCNF cDNA (wildtype and p.S621G/p.S623G mutant)

fused to N-terminal mCherry sequence was generated through PCR as previously

described (Section 2.2.6) using the appropriate att primers shown in Table 2.10.

The BP reaction was assembled as shown in Table 2.18. This reaction was assembled

at room temperature, then incubated at 250C for a minimum of one hour. One
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microlitre of Proteinase K was added to the reaction to inactivate any nucleases present

and this was incubated at 370C for 10 minutes.

Table 2.18: Composition of the BP reaction

Reagent Quantity

mCherry CCNF PCR product 50fmoles

pDONR vector 150ng

BP clonase enzyme mix 2µl

TE buffer pH8 xµl

10µl

2.2.13 LR recombination

The destination vectors pDEST:Tol2 pA2 and pDEST:Tol2 CG2 for use in the LR

reaction (Table 2.19) were included as part of the Multisite Gateway cloning kit

(Invitrogen). Eight LR recombination reactions were assembled on ice as shown in

Table 2.19 using the entry clones shown in Table 2.20. Reactions were incubated at

250C for 24 hours. Following incubation, one microlitre Proteinase K was added to the

reaction, and incubated at 370C for 10 minutes.

Table 2.19: Composition of the LR reaction

Reagent Quantity

5’ entry clone 10fmoles

Middle entry clone 10fmoles

3’ entry clone 10fmoles

pDEST vector 20fmoles

LR clonase II enzyme mix 2µl

TE buffer pH8 xµl

10µl



2.2 Developing expression constructs for in vivo ALS models 30

Table 2.20: Entry clones used in LR recombination reactions

5‘ clone Middle entry clone 3‘ clone Tol2 backbone vector

CMV-SP6 mCherry hCCNF wt poly A pDEST:Tol2CG2

CMV-SP6 mCherry hCCNF S621G poly A pDEST:Tol2CG2

CMV-SP6 mCherry zCCNF wt poly A pDEST:Tol2CG2

CMV-SP6 mCherry zCCNF S623G poly A pDEST:Tol2CG2

β-actin mCherry hCCNF wt poly A pDEST:Tol2pA2

β-actin mCherry hCCNF S621G poly A pDEST:Tol2pA2

β-actin mCherry hCCNF wt poly A pDEST:Tol2pA2

β-actin mCherry hCCNF S623G poly A pDEST:Tol2pA2

2.2.14 Transformation of constructs into E.coli

Constructs generated from ligation reactions (Section 2.2.11) or att-recombination

reactions (Sections 2.2.12 and 2.2.13) were transformed into Alpha-Select Gold efficiency

competent cells (Bioline) using a heat-shock method. Two microlitres of ligation or

recombination reactions was gently mixed with 25µl of competent cells, then cooled on

ice for 30 minutes. Cells were heat shocked at 420C for 30 seconds and immediately

returned to ice. SOC medium (Life technologies) was added to the heat-shocked cells,

(125µl), and the mixture incubated at 370C with shaking at 200rpm for 1 hour.

For low efficiency transformations (LR reaction, Section 2.2.13), 2µl of the reaction

was added to 50µl of competent cells and the incubation time with shaking was

extended from 1 hour to 1.5 hours.

For propagation of constructs that carry a ccbd lethal gene (Tol2 pDONR and

pDEST vectors), transformation into OneShot ccdb survival cells (Life Technologies)

was performed, following the same heat-shock protocol.

The transformed competent cells were plated onto LB-agar plates containing the

appropriate antibiotic for selection of the plasmid-carrying colonies (Table 2.21). The

plates were inverted and incubated at 370C overnight.
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Table 2.21: Antibioitic resistance of each vector

Kanamycin resistance Ampicillin resistance

pmCherry Punc-25

pmCherry-C1 pGEM-T

pDONR:221 / pENTRY:221 pDEST:CG2

pDONR:P2R-P3 / pENTRY:P2R-P3 pDEST:pA2

2.2.15 PCR validation of constructs prior to sequencing

For each transformation reaction, multiple bacterial colonies were checked for the

presence of the CCNF / zCCNF insert using PCR (Table 2.22). One vector specific

and one insert specific primer was used in hCCNF PCR reactions (Table 2.23) to

generate a PCR product „200bp in length. Two internal CCNF primers were used in

the zCCNF PCR reactions (Table 2.23).

Table 2.22: PCR conditions for validation of constructs
Reagent Volume (µl)

MyTaq mix 5

20mM F primer 0.4

20mM R primer 0.4

dH2O 4.2

colony +

10µl

Temperature Time Cycles

950C 3 min 1
Ś

950C 15 sec 30
Ś

550C 15 sec 30
Ś

720C 1 min 30
Ś

Table 2.23: Internal CCNF primers for validation of colonies

Primer Sequence

I772T T698 A CTATGAAGGCGACCAGGAGAG

T698 B CCCTGAGGTCATGACGTCCTTC

zCCNF cDNA XhoI F CAGATCTCGAGCTATGAAAGCGGGCGCGCTCCA

NEBQ5 zCCNF S623G R CCCTCGTATCCAGAACAGGAA
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2.2.16 Purification of plasmids

Following validation (Section 2.2.15), bacterial colonies confirmed as containing the

desired construct were added to 5ml LB supplemented with 2.5µl kanamycin (100mg/ml)

or 5µl ampicillin (100mg/ml) depending on their specific antibiotic resistance (Table 2.21),

and incubated overnight at 370C with shaking at 200rpm.

Glycerol stocks of each bacterial culture were prepared by adding 250µl of 100%

glycerol (Sigma-Aldrich) to 750µl of culture and stored at –800C.

Plasmids were purified from E.coli using either the ISOLATE II Plasmid Mini

Kit (Bioline) or the Spin Miniprep Kit (Quiagen) as per manufactures instructions.

Purified plasmid was eluted into 50µl of elution buffer provided with the kit.

2.2.17 Validation of final constructs

Validation of mCherry CCNF sequences

All constructs generated in this study were validated by Sanger sequencing (Macrogen).

To confirm the nucleotide sequence of the hCCNF and the mCherry hCCNF transgenes,

primers shown in Table 2.24 were used to generate six overlapping sequence products

(Figure 2.4), which were analysed using Sequencher. The primers used to confirm the

nucleotide sequence of the zCCNF and mCherry zCCNF transgenes were designed to

generate products with less overlap, hence only four sequencing primers were required

(Table 2.25, Figure 2.5).

Table 2.24: Primers used to sequence hCCNF constructs

Primer Sequence

Cherry check R CGCTCCCCATGGATCTCTTG

CCNF NEWcDNApart R TGCACGGAGAAGACTTGTTG

CCNF cDNA F CAACCACGCCAGTGTGT

CCNF NEWcDNApart F GGAGGTGAGAGCTTCCAGTG

CCNF cDNApart F AGGACAAGCGCTATGGAGAA

CCNF cDNAend F CCTGAACCCAGAACAGCATT
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Figure 2.4: Overlapping sequencing primers used to calidate hCCNF constructs.

Table 2.25: Primers used to sequence zCCNF constructs

Primer Sequence

zCCNF cDNA1 F CGGCGGCATGGACGAGCTGT

zCCNF cDNA2 F CACACTCAGGGACTACGCTG

zCCNF cDNA3 F ACACGTGTCATTAACTGGAG

mCherry zCCNF R GACGGCAGATGCTCGCTTTC

Figure 2.5: Overlapping sequencing primers used to calidate zCCNF constructs.

Validation of pmCherry-C1 constructs

Following sequencing, the ability of the four pmCherry-C1 constructs to expresss

mCherry (and therefore CCNF ) in vivo was validated prior to their use in the Tol2

expression vectors by microinjection of these constructs into zebrafish embryos at the

single cell stage of development (Section 2.3).

Validation of Tol2 expression vectors

Prior to sequencing of the Tol2 clones generated in the LR reaction, restriction enzyme

digests were performed to confirm the presence of the expected entry clones. One
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restriction site found only within the Tol2 backbone vector and one restriction site

found only in the middle entry or 3‘ entry clone were selected (Table 2.26) and the

restriction reactions (Table 2.27) performed. These reactions were incubated at 370C

for a minimum of 20 minutes, and the digested vector was gel electrophoresed and

imaged.

Table 2.26: Restriction enzymes used in digestion reactions for preliminary validation of
correct insert in Tol2 expression clones

Tol2 Construct Restriction enzymes Expected fragment size

CMV-SP6 BamHI and AngI 1371 bp and 4284 bp

β-actin 2 BamHI and AngI 1371 bp and 8422 bp

HB9 BamHI and ClaI 943bp

Table 2.27: Digestion reactions to validate LR reaction products

Reagent Volume (µl)

LR reaction product 500ng

Restriction enzyme active in 5’ clone 0.5

Restriction enzyme active in 3’ clone 0.5

10 x Cutsmart buffer 1

dH2O x

10µl
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2.3 Microinjection of pmCherry-C1 CCNF constructs

into zebrafish embryos

The four pmCherry-C1 CCNF constructs were microinjected into the animal pole of

single celled zebrafish embryos to generate transient expression models that demonstrate

mosaic expression of the transgene. Completion of the Tol2 constructs for microinjection

and model analysis is part of an ongoing project.

2.3.1 Zebrafish ethics

The housing, breeding and experimental protocols used in this project were approved

by the Animal Ethics Committee, Macquarie University (NSW, Australia) and follow

the guidelines as detailed in The Zebrafish Book (Westerfield, 2000).

2.3.2 Collection of embryos

Injections of the pmCherry-C1 constructs were performed into wild-type zebrafish.

Injection of future Tol2 constructs will be into the a HuC-GFP line (Park et al.,

2000), which demonstrates motor neuron expression of GFP.

To collect embryos for injections, one male and one female zebrafish were kept

overnight in a false bottom, pair-mating tank separated by a plastic divider. Removal

of the divider in the morning allowed the fish to come into contact, which initiated

spawning. The eggs passed through the false bottom of the tank and were collected

by straining the tank water through a plastic tea strainer. The eggs were rinsed with

system water and transferred to a Petri dish containing E3 embryo medium with 0.5%

methylene blue (Sigma-Aldrich).

The eggs were examined under a microscope to confirm fertilisation prior to injection.

2.3.3 Microinjection

Eggs collected from each breeding pair were divided into two groups: one to be

injected with the mCherry-C1 vector (hCCNF wt, hCCNF S621G, zCCNF wt and

zCCNF S623G) and one control to remain uninjected.
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The pmCherry C1 CCNF constructs were microinjected into the animal pole of the

single stage zebrafish embryos at a concentration of 25ng/µl. One microlitre of phenol

red was added to 3µl of the diluted plasmid to allow visualisation of the injected product

(Figure 2.6).

Figure 2.6: Microinjection into zebrafish embryos. Illustration of microinjection of a
plasmid into the animal pole of zebrafish emrbyo at the single cell stage of development and
subsequent mosaic expression of the mCherry flurophore

Standard protocol was followed for the injections (Westerfield, 2000), using a

Nikon SMZ745 steromicroscope, and a PicospritzerTM II Microinjection Dispense

System (General ValveTM corporation). Pipettes were pulled with a micropipette

puller (Model 700 D, David Kopf Instruments Tujunga, CA) and the tips broken by

gentle contact with forceps under the steromicroscope.

Following injection, embryos were incubated at 280C for 24 hours in a petri dish

containing E3 embryo medium (5mM NaCl, 0.17mMKCl, 10mM HEPES, 0.33mM

MgSO4, 0.33mMCaCl2 to pH 7.8). Each embyo was then screened for expression of

the mCherry flurophore using Leica M165FC stereo dissection microscope (Leica).

2.3.4 Imaging of embryos

Prior to imaging, embryos were manually dechorionated using Dumont #5 watchmaker

forceps (World Instruments).
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Embryos were euthanased at 30 hours post fertilisation (hpf) in Tricaine methanesulfonate

anaesthetic solution of pH 7.0 (mixed from 400 mg tricaine powder, 97.9 ml deionised

water 2.1 ml 1 M Tris (pH 9) (Westerfield, 2000).

Expression of the mCherry tagged transgene was confirmed through florescence

microscopy, performed on a Leica M165FC stereo dissection microscope (Leica) using

a ProRes CJ cool camera (Jenoptic). UV illumination was provided by an external

light source for fluorescence excitation (EL6000, Leica) using an mCherry filter cube

(Leica) (594mn).



3
Results

3.1 VCP mutation analysis

Individuals with mutations in VCP coding exons frequently present with a specific

neuronal pathology characterised by VCP- and ubiquitin-positive cytoplasmic and

nuclear aggregates (Watts et al., 2004; Schroder et al., 2005). Our collaborators

identified an Australian patient with this distinctive pathology in post-mortem tissue.

To determine whether the patient had a VCP mutation, DNA extracted from brain

tissue was screened for VCP mutations as part of this project.

Optimal PCR conditions for 15 of the 17 VCP exons were established using a MyTaq

DNA polymerase protocol (Figure 3.1). The remaining two exons were successfully

optimised using a modified PCR protocol (outlined in Table 2.4, Section 2.1.1) Figure 3.2.

38
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Figure 3.1: PCR optimisation for VCP exon amplification. Agarose gels of VCP PCR
products demonstrating optimal annealing temperatures for each exon (red arrows) with the
exception of Exon 1 (A) and Exon 15 (L). The blue arrow in A indicates the amplification
of a non specific product in Exon 1. Annealing temperatures indicated in (N) apply to all
reactions.

Figure 3.2: PCR optimisation for amplification of VCP exons 1 and 15. Agarose gels
indicating sucessful optimisation of Exon 1 (A) and Exon 15 (B) with the addition of PCR
enhancer and a refined temperature range as indicated. Red arrows indicate the selected
annealing temperature for subsequent PCR reactions.

The selected PCR conditions for each exon (Table 3.1), were used to sucessfully

amplify all VCP exons from the ALS patient DNA sample and from a control DNA

sample. A negative control was also included in each exon PCR (Figure 3.3). The

resultant PCR products were outsourced to Macrogen (Korea) for purification and

Sanger sequencing. The outcome of mutation analysis of each exon is summarised in

Table 3.2.
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Table 3.1: Optimised PCR conditions for each VCP exon using MyTaq DNA polymerase

Exon [TA] Conditions

1 610C MyTaq + PCR enhancer

2–3 680C MyTaq

4 660C MyTaq

5 660C MyTaq

6 660C MyTaq

7 690C MyTaq

8–9 680C MyTaq

10 660C MyTaq

11–12 660C MyTaq

13 640C MyTaq

14 660C MyTaq

15 640C MyTaq + PCR enhancer

16–17 660C MyTaq

Figure 3.3: Amplification of VCP exons. Gel electrophoresed samples of PCR products
for each of the 17 exons of VCP. P = patient sample DNA, C = control DNA and B = blank
sample. Note the blank samples for exons 15 and 16–17 are in the same well: Bx2.
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Table 3.2: Anlaysis results of VCP gene screening

Exon Sequencing result

Exon 1 no polymorphisms

Exons 2–3 no polymorphisms

Exon 4 no polymorphisms

Exon 5 c.475CąT

Exon 6 no polymorphisms

Exon 7 no polymorphisms

Exons 8–9 no polymorphisms

Exon 10 no polymorphisms

Exons 11–12 no polymorphisms

Exon 13 no polymorphisms

Exon 14 c.1839-1847 delA

Exon 15 no polymorphisms

Exons 16–17 no polymorphisms

Across all 17 exons, two variants were identified. The first variant was identified in

exon 5 (Figure 3.4) and substitutes a C to T at nucleotide position 475 (c.475CąT),

resulting in an amino acid change of arginine to cysteine at position 159 (p.R159C).

The second variant is a deletion of an adenosine nucleotide within a polyA region

of Exon 14 (Figure 3.5).

Both mutations were validated by repeating the PCR and sequencing in both

forward and reverse orientation.
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Figure 3.4: VCP missense mutation in exon 5. Sequence traces from an unaffected
control (A) and the patient (B). The arrowhead indicates the base position at which VCP is
mutated (c.475CąT)

Figure 3.5: VCP deletion mutation in ooly A region of exon 14. Sequence traces from
an unaffected control (A) and the patient (B).
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3.2 Developing expression constructs for in vivo

ALS models

3.2.1 Overview

To date, no in vivo models have been developed to specifically examine the effect of

ALS-linked mutations in protein degradation pathway genes. The constructs that thsi

project aimed to generate (summarised in Table 3.3) are based on CCNF variants

previously identified in FALS, SALS and FTD patients (unpublished data, Table 1.4)

and were designed to be expressed in either C.elegans or zebrafish.

Table 3.3: CCNF constructs to generate novel animal models of ALS
Construct Species Model Species of origin for

CCNF sequence

Expression Fluorescent tag

Punc-25 C.elegans Stable Human Neuronal Nil

Punc-25-mCherry C.elegans Stable Human Neuronal mCherry

CMV-SP6 Zebrafish Transient / stable Human / zebrafish Ubiquitous mCherry

β-actin2 Zebrafish Stable Human / zebrafish Ubiquitous mCherry

HB9-4x Zebrafish Stable Human / zebrafish Motor neuron mCherry

HB9-12x Zebrafish Stable Human / zebrafish Motor neuron mCherry

3.2.2 Site-directed mutagenesis

For the downstream in vivo analysis of mutant CCNF, site directed mutagenesis was

used to introduce the known sequence variants into CCNF cDNA. Q5 mutagenesis

(Section 2.2.9) was used to successfully introduce each of the variants from Table 1.4

separately into the hCCNF cDNA in the pmCherry-C1 hCCNF vector, and to introduce

the p.S623G mutation into zCCNF cDNA in the pGEM-T zCCNF vector. In total,

22 mutant pmCherry CCNF constructs were created.

Each mutant construct was transformed, propagated and purified (Methods sections 2.2.14

and 2.2.16).

Sequencing of a 1000bp fragment overlapping the target site was used to confirm the

presence of the variant in each construct (Figures 3.6 to 3.8). Additional sequencing

across the entire CCNF cDNA and mCherry sequence ensured that mutagenesis had

not introduced any additional nucleotide changes into these fusion constructs.
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Figure 3.6: Generation of mutant hCCNF constructs 1.A. Schematic of the location of
known mutations/SNPs within CCNF. Red arrows indicate mutations found in FALS pa-
tients, green arrows indicate mutations found in SALS patients, grey arrows indicate SNPs
found in patients and controls. B. Chromatograms generated from sequencing of hCCNF
constructs based on FALS-associated mutations. C. Chromatograms generated from se-
quencing of hCCNF constructs based on SALS-associated mutations. Arrows indicate the
location of each point mutation.
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Figure 3.7: Generation of mutant hCCNF constructs 2. Chromatograms generated from
sequencing of hCCNF constructs based on SNPs identified in public databases and present in
ALS and/or FTD patients and controls. Arrows indicate the location of each point mutation.
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Figure 3.8: Generation of mutant zCCNF constructs. Chromatograms generated from
sequencing of wild-type zCCNF (top) and mutant zCCNF (bottom) based on the p.S623G
mutation (equivalent to human p.S621G mutation). Arrow indicates the location of the point
mutation c.1867AąG.

3.2.3 Generation of Punc-25 expression constructs

The Punc-25 expression constructs were designed to contain either the hCCNF cDNA

(2,361bp) or the hCCNF cDNA fused with an N-terminal mCherry (3,099bp) within

the multiple cloning site of the Punc-25 vector. The NheI and EcoRI restriction sites

present in the multiple cloning site were used to generate these constructs (Figure 3.9).

Wild type and mutant hCCNF cDNA and wild type and mutant fusion mCherry hCCNF

cDNA was PCR amplified from the pmCherry-C1 constructs (Section 2.2.6). Forward

primers used in the PCR carried a NheI restriction site at the 5‘ end, and reverse

primers carried a EcoRI site at the 3‘ end (Table 2.9, Section 2.2.3). The 42 mutant

and two wildtype PCR products generated are shown in Table 3.4.
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Figure 3.9: Generation of Punc-25 expression constructs. Schematic summarising the
sucessful generation of the Punc-25 CCNF and Punc-25 mCherry CCNF constructs for ex-
pression in C.elegans through PCR amplification of CCNF (Section 2.2.6), digestion of the
amplicon and the Punc-25 vector (Section 2.2.10), gel purification (Section 2.2.8), ligation
(Section 2.2.11), transformation and purification of the resulting plasmids (Sections 2.2.14
and 2.2.16)

.
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Table 3.4: hCCNF cDNA PCR products.
hCCNF amplicon Expression construct generated from the amplicon

hCCNF wt Punc-25 hCCNF wt

mCherry hCCNF wt Punc-25 mCherry hCCNF wt

hCCNF S3G Punc-25 hCCNF S3G

mCherry hCCNF S3G Punc-25 mCherry hCCNF S3G

hCCNF H69Y Punc-25 hCCNF H69Y

mCherry hCCNF H69Y Punc-25 mCherry hCCNF H69Y

hCCNF A74T Punc-25 hCCNF A74T

mCherry hCCNF A74T Punc-25 mCherry hCCNF A74T

hCCNF K97R Punc-25 hCCNF K97R

mCherry hCCNF K97R Punc-25 mCherry hCCNF K97R

hCCNF G161R Punc-25 hCCNF G161R

mCherry hCCNF G161R Punc-25 mCherry hCCNF G161R

hCCNF T181I Punc-25 hCCNF T181I

mCherry hCCNF T181I Punc-25 mCherry hCCNF T181I

hCCNF S195R Punc-25 hCCNF S195R

mCherry hCCNF S195R Punc-25 mCherry hCCNF S195R

hCCNF V318G Punc-25 hCCNF V318G

mCherry hCCNF V318G Punc-25 mCherry hCCNF V318G

hCCNF R392T Punc-25 hCCNF R392T

mCherry hCCNF R392T Punc-25 mCherry hCCNF R392T

hCCNF R406Q Punc-25 hCCNF R406Q

mCherry hCCNF R406Q Punc-25 mCherry hCCNF R406Q

hCCNF S509P Punc-25 hCCNF S509P

mCherry hCCNF S509P Punc-25 mCherry hCCNF S509P

hCCNF T543I Punc-25 hCCNF T543I

mCherry hCCNF T543I Punc-25 mCherry hCCNF T543I

hCCNF R574Q Punc-25 hCCNF R574Q

mCherry hCCNF R574Q Punc-25 mCherry hCCNF R574Q

hCCNF F604I Punc-25 hCCNF F604I

mCherry hCCNF F604I Punc-25 mCherry hCCNF F604I

hCCNF S632G Punc-25 hCCNF S632G

mCherry hCCNF S621G Punc-25 mCherry hCCNF S632G

hCCNF E624K Punc-25 hCCNF E624K

mCherry hCCNF E624K Punc-25 mCherry hCCNF E624K

hCCNF Q669STOP Punc-25 hCCNF Q669STOP

mCherry hCCNF Q669STOP Punc-25 mCherry hCCNF Q669STOP

hCCNF T698M Punc-25 hCCNF T698M

mCherry hCCNF T698M Punc-25 mCherry hCCNF T698M

hCCNF V714M Punc-25 hCCNF V714M

mCherry hCCNF V714M Punc-25 mCherry hCCNF V714M

hCCNF I772T Punc-25 hCCNF I772T

mCherry hCCNF I772T Punc-25 mCherry hCCNF I772T

The PCRs successfully amplified the required hCCNF sequence or the mCherry hCCNF

fusion sequence, however, a non-specific product of approximately 400bp was also

amplified (Figure 3.10). The correct PCR product was gel purified (Section 2.2.8),

and then digested with NheI and EcoR1 restriction enzymes (Section 2.2.10).
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Figure 3.10: PCR amplification of hCCNF from pmCherry-C1 vector. Representative
agarose gel of electrophoresed PCR products hCCNFand mCherry hCCNF with size marker
Hyperladder 1 (Bioline). Purple arrows indicate products of expected size, blue arrows indi-
cate the presence of a non-specific product.

The Punc-25 vector was prepared by also digesting with NheI and EcoRI restriction

enzymes (to generate sticky ends complementary to those of the PCR products), treated

with TSAP, gel purified and ligated with the CCNF PCR products (Sections 2.2.10,

2.2.16 and 2.2.11).

Ligation reactions were transformed (Section 2.2.14) and recombinant clones identified

by colony PCR validation (Section 2.2.15) using internal CCNF primers described in

Table 2.23. A representative gel of electrophoresed products amplified by colony PCR

validation is shown in Figure 3.11.

Figure 3.11: Validation of recombinant clones. Representative agarose gel of elec-
trophoresed PCR products generated to validate recombinant clones carrying the CCNF
transgene (purple arrows). Note the two negative colonies at either end of the gel.
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Validated colonies were propagated and the plasmid DNA was successfully purified

(Section 2.2.16). DNA concentration and 260/280 ratios of each of the 44 constructs

were determined using nanodrop (Table 3.5).

Table 3.5: PCR products and Punc-25 constructs generated
Construct Concentration (ng/µl) 260/280

pSM Punc-25 CCNF wt 747.3 1.89

pSM Punc-25 mCherry CCNF wt 690.9 1.87

pSM Punc-25 mCherry CCNF S3G 496.0 1.86

pSM Punc-25 CCNF S3G 478.6 1.87

pSM Punc-25 CCNF H69Y 613.3 1.87

pSM Punc-25 mCherry CCNF H69Y 650.4 1.89

pSM Punc-25 CCNF A74T 451.9 1.8

pSM Punc-25 mCherry CCNF A74T 498.8 1.86

pSM Punc-25 CCNF K97R 482.7 1.87

pSM Punc-25 mCherry CCNF K97R 639 1.87

pSM Punc-25 CCNF G161R 734.9 1.86

pSM Punc-25 mCherry CCNF G161R 657.0 1.88

pSM Punc-25 CCNF T181I 630.1 1.86

pSM Punc-25 mCherry CCNF T118I 530.7 1.87

pSM Punc-25 CCNF S195R 846.6 1.86

pSM Punc-25 mCherry CCNF S195R 684.8 1.86

pSM Punc-25 CCNF V 318G 894.5 1.87

pSM Punc-25 mCherry CCNF V318G 436.5 1.89

pSM Punc-25 CCNF T327K 545. 1.87

pSM Punc-25 mCherry CCNF T327K 550.6 1.87

pSM Punc-25 CCNF R372T 829 1.88

pSM Punc-25 mCherry CCNF R372T 563.7 1.86

pSM Punc-25 CCNF R406Q 586.6 1.86

pSM Punc-25 mCherry CCNF R406Q 536.2 1.87

pSM Punc-25 CCNF S509P 622.5 1.89

pSM Punc-25 mCherry CCNF S509R 655.5 1.87

pSM Punc-25 CCNF T543I 557.8 1.89

pSM Punc-25 CCNF mCherry T543I 418 1.86

pSM Punc-25 CCNF R574 830.9 1.87

pSM Punc-25 mCherry CCNF R574Q 663.9 1.86

pSM Punc-25 CCNF F604T 720.0 1.84

pSM Punc-25 mCherry CCNF F604I 542.6 1.86

pSM Punc-25 CCNF S621G 874.8 1.86

pSM Punc-25 mCherry CCNF S621G 690.8 1.87

pSM Punc-25 CCNF E624K 722.4 1.87

pSM Punc-25 mCherry CCNF E624K 682.8 1.87

pSM Punc-25 CCNF Q669* 623 1.86

pSM Punc-25 mCherry CCNF Q669* 583.3 1.86

pSM Punc-25 CCNF T698M 881.5 1.89

pSM Punc-25 mCherry CCNF T698M 483.7 1.87

pSM Punc-25 CCNF V714M 308.3 1.88

pSM Punc-25 mCherry CCNF V714M 597.6 1.86

pSM Punc-25 CCNF I772T 821.8 1.86

pSM Punc-25 mCherry CCNF I772T 542.1 1.89



3.2 Developing expression constructs for in vivo ALS models 51

All constructs were diluted to 100ng/µl for sequencing. Analysis of sequence data

confirmed the correct CCNF or mCherry CCNF fusion sequence within the Punc-25

vector. If errors were present in the plasmid sequence, additional PCR validated

colonies were propagated, purified and sequenced to identify a valid Punc-25 CCNF

construct or Punc-25 mCherry CCNF fusion construct. All validated constructs were

sent to Dr Massimo Hilliard‘s laboratory at the Queensland Brain Institute for expression

and ongoing studes in C.elegans. A representative image of the C.elegans model

generated from expression of the Punc-25 CCNF wt construct in the juIs76 vdIs4

strain is shown in Figure 3.12.

Figure 3.12: Expression of Punc-25 CCNF wt in C.elegans. Representative image of
the C.elegans CCNF model using A. A GFP filter cube (395mn) to image the GABAnergic
neurons through the juIs76 ((Punc-25 GFP) transgene present in the transgenic line utilised
and B. A mCherry filter cube (594mn) to image the pre-synaptic sites through the vdIs4
(Punc-25 mCherry RAB3) transgene, also present in the transgenic line.
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3.2.4 Alignment of zebrafish and human CCNF orthologues

Alignment of the human and zebrafish CCNF cDNA sequences (NM 001761 and NM 207048)

demonstrated a 61.2% sequence homology between the two species. The p.S621G

mutation in the human gene is orthologous to p.S623G in zCCNF (Figure 3.13). The

nucleotide substitution required in the zebrafish CCNF is c.1867AąG.

Figure 3.13: Clustal Omega alignment of zebrafish and human CCNF orthologues. Rep-
resentative sample of the Clustal Omega analysis of hCCNF and zCCNF. The red arrow
indicates the location of the S621G mutation, which occurs at nucleotide position c.1861 in
hCCNF. The equivalent zCCNF mutation occurs at nucleotide position c.1867 (p.S623G.)

3.2.5 RNA extraction from zebrafish embryos

Zebrafish RNA was successfully extracted from embryos (Section 2.2.4), as demonstrated

by the presence of strong bands representative of the two dominant RNA species (18S

and 28S) in an electrophoresed sample (Figure 3.14). The concentration of this RNA

was determined to be 200ng/µl (eluted in 30µl).

Figure 3.14: RNA extracted from zebrafish embryos. Agarose gel of electrophoresed
RNA extracted from zebrafish embryos demonstrating the presence of the two dominant
rRNA species 18S and 28S. This confirms the integrity of the extracted RNA.
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The RNA was used for reverse transcription cDNA synthesis, generating a cDNA

library with a concentration of 400ng/µl (Section 2.2.5). To determine the integrity of

the cDNA library, the ubiquitously expressed β-actin cDNA was successfully amplified

using the RT-PCR reaction in Table 2.15, Section 2.2.6 and primers in Table 2.12,

(Figure 3.15).

However, there was repeated failure to RT-PCR amplify full-length zCCNF from

this cDNA library. Upon careful inspection of the designed zCCNF primers, an

error was identified in the design of the reverse primer (corrected primer sequence

is shown in Table 2.9). Due to time constraints in this project, a vector containing

full-length zCCNF cDNA (pCMV SPORT6.1 zCCNF vector) was obtained from a

zebrafish construct repository and used for the remainder of this project.

Figure 3.15: RT-PCR amplification of β´actin from zebrafish cDNA library. Agarose
gel of electrophoresed samples of β-actin and zCCNF RT-PCR amplified from the zebrafish
cDNA library, demonstrating sucessful amplification of the β-actin product, and failure of
amplification of zCCNF. This failure was found to be due to an error in primer design.

3.2.6 Subcloning into pmCherry-C1 vector

The pmCherry-C1 vector used for subcloning of hCCNF and the fused mCherry hCCNF

sequence into the C.elegans vector was obtained through Addgene, a repository for

constructs generated by other research laboratories. The Addgene vector (Figure 3.16)

carries a FLAG tag (24bp) between the N-terminal mCherry sequence and CCNF, in

lie of the multiple cloning site. As such, zCCNF could not be subcloned into this

vector. Instead, to maintain standardised constructs, both hCCNF (wild type and

p.S621G mutant) and zCCNF (wild type and p.S623G mutant) were subcloned into

the multiple cloning site of fresh pmCherry-C1 vector (Clontech).
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Subcloning of hCCNF

hCCNF (wildtype and p.S621G mutant) was directly subcloned into the Clonetech

pmCherry-C1 vector using PCR amplification to introduce EcoRI and XhoI restriction

sites, (Table 2.9, Section 2.2.6) followed by digestion and ligation reactions (Sections 2.2.10

and 2.2.11). Sequencing of the new fusion constructs (pmCherry-C1 CCNF wt and

pmCherry-C1 CCNF S621G, (Figure 3.16), confirmed the insert was present in the

correct orientation with no undesired spontaneous mutations.
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Figure 3.16: Subcloning of hCCNF into pmCherry-C1 vector. Schematic summarising
the sucessful generation of the pmCherry-C1 hCCNF vectors through PCR amplification of
hCCNF from the pmCherry-FLAG vector (Section 2.2.6), digestion of the amplicon and the
pmCherry-C1 vector (Section 2.2.10), gel purification (Section 2.2.8), ligation of digested
products (Section 2.2.11), transformation and purification of the resulting plasmids (Sec-
tions 2.2.14 and 2.2.16).



3.2 Developing expression constructs for in vivo ALS models 56

Subcloning of zCCNF

Primers containing XhoI and EcoRI restriction sites were used to PCR amplify a

zCCNF amplicon from the pCMV SPORT6.1 zCCNF vector (Section 2.2.3 and 2.2.6),

with the aim of subcloning the amplicon directly into pmCherry-C1. However, attempts

to ligate the XhoI and EcoRI digested PCR product into a similarly digested pmCherry-C1

repeatedly failed despite extensive troubleshooting.

To overcome this, the zCCNF cDNA flanked by EcoRI and XhoI restriction sites

was PCR amplified from the pmCherry-FLAG tag vector and ligated into pGEM-T

(Promega) through TA cloning (Section 2.2.7). This construct was subsequently transformed,

propagated and purified. Sanger sequencing verified the correct zCCNF cDNA sequence

in the pGEM-T vector (Sections 2.2.14, 2.2.16 and 2.1.3).

Q5 site-directed mutagenesis was used to introduce the p.S623G mutation into

the pGEM-T zCCNF vector (Section 2.2.9). The resulting pGEM-T zCCNF S623G

construct was verified by Sanger sequencing.

Wild-type and mutant p.S623G zCCNF were digested out of the pGEM-T clones

using the introduced XhoI and EcoRI restriction sites (Section 2.2.10) and gel purified

(Section 2.2.8).

Figure 3.17: Digested pGEM-T zCCNF clones. Image of gel electrophoresed sample
of digested pGEM-T zCCNF wild type and p.S623G mutant clones. Purple boxes indicate
section of gel removed for purification of zCCNF product.

The pmCherry-C1 vector was digested with XhoI and EcoRI restriction enzymes,

gel purified, and ligated with the digested zCCNF products (wildtype and p.S623G).

Troubleshooting established that a modified transformation procedure designed for

ligation reactions with a low efficiency (Section 2.2.14) was required for successful

colony growth to occur. Following PCR validation (Section 2.2.15), the pmCherry-C1 zCCNF wt

and the pmCherry-C1 zCCNF S623G fusion constructs were purified and sequenced.

Figure 3.18 illustrates the steps taken to subclone zCCNF into the pmCherry C1 vector.
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Figure 3.18: Subcloning of zCCNF into pmCherry-C1 vector. Schematic summarising
the sucessful generation of the pmCherry-C1 zCCNF vectors through PCR amplification of
zCCNF wt (Section 2.2.6), addition of an adenine overhang and subsequent TA cloning into
the pGEM-T vector (Section 2.2.7), digestion of the amplicon from the pGEM-T vector (Sec-
tion 2.2.10), gel purification (Section 2.2.8), ligation with similarly digested pmCherry-C1 vec-
tor (Section 2.2.11), transformation and purification of the resulting plasmids (Sections 2.2.14
and 2.2.16).
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3.2.7 Expression of pmCherry-C1 constructs

To confirm that mCherry CCNF amplicons were in the correct frame and would allow

for protein expression in vivo, the pmCherry-C1 CCNF constructs (pmCherry-C1 hCCNF wt,

pmCherry-C1 hCCNF S621G, pmCherry-C1 zCCNF wt and pmCherry-C1 zCCNF S623G)

were transiently expressed in zebrafish embryos. The pmCherry-C1 vector carries a

CMV promoter, that drives expression of the mCherry-CCNF fusion sequences in vivo.

Zebrafish embryos were microinjected with the constructs and screened for mCherry

expression at 30 hpf. Approximately 30% of injected embryos demonstrated transient

and mosaic expression of the mCherry CCNF transgene, as illustrated in Figure 3.19.

Figure 3.19: Expression of pmCherry CCNF constructs in zebrafish embryos. Represen-
tative images of 30hpf zebrafish embryos microinjected with each of the four pmCherry CCNF
constructs. A-D: white light images of the zebrafish embryos. E-H: Images of the same em-
bryos under mCherry filter cube (594nm), demonstrating mosaic expression of the mCherry
flurophore as highlighted by the white arrows.
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3.2.8 Generation of CCNF Tol2 constructs

The long-term project aims to generate expression constructs for each of the four

pmCherry-C1 CCNF constructs using a three-fragment vector Tol2 kit (Kwan et al.,

2007). This kit allows for the order- and orientation-specific recombination of a 5‘

entry clone (p5E), a middle entry clone (pME), and a 3‘ entry clone (p3E) with a Tol2

backbone vector in a single reaction to generate a Tol2 expression clone Figure 2.1.

The clones designed for this project will generate models that demonstrate ubiquitous

expression (driven by the CMV and β-actin promotors) and motor neuron expression

(driven by the HB9 promotor). HB9 is a weak promotor, therefore the GAL4-UAS /

KalTax systems were selected to amplifiy expression levels. The degree of amplification

required to generate suitable expression levels cannot be predicted, therefore two clones

were selected: one to amplify expression four-fold and one to amplify expression 12-fold.

The entry clones used are summarised in Table 3.6.
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The entry clone containing the CMV promoter, the βactin2 promoter and the PolyA

tail, in addition to the pDest:Tol2pA2 and pDest:Tol2CG2 destination vectors were

sourced from the Chien laboratory (http://chien.neuro.utah.edu/Tol2kitwiki),

while the p5E:HB9, pME:KalTax4 and the pME:GAL4-UAS x12 entry clones were a

kind gift from the Cole laboratory (Macquarie University). Each vector was amplified

by transformation, propagation and purification (Sections 2.14, 2.17), then validated

by Sanger sequencing using M13 F (GTTTTCCCAGTCACGAC ) and M13 R

(CAGGAAACAGCTATGAC) primers, available as universal sequencing primers at

Macrogen (Korea).

Validation of gifted Tol2 entry clones

The Tol2 Entry clones HB9, KalTax4 and the GAL4-UASx12 obtained as gifts from the

Cole laboratory were validated prior to performing BP and LR reactions. The KalTax4

clone was gifted as a GAL4-UASx4 clone, however the sequenced vector failed to align

with the reference sequence and upon analysis it was determined that no UAS site was

present.

The NCBI BLAST software (http://www.ebi.ac.uk/Tools/sss/ncbiblast/vectors.

html) was used to confirm the gifted vector carried a KalTax4 sequence. This sequence

has the same function as the GAL4-UAS clone and concequently,was used as an

alternative in the project.

BP reactions to generate Tol2 entry clones

The four mCherry CCNF fusion sequences (human and zebrafish wildtype and mutant)

were PCR amplified from the pmCherry-C1 constructs with Phusion DNA polymerase

and att B site primers (Sections 2.2.3 and 2.2.6).

Gel electrophoresis of the PCR products demonstrated the amplification of non-specific

sequences (Figure 3.20). This necessitated gel purification (Section 2.9) of the 3.1kb

mCherry CCNF product. The purified PCR products were used in a BP reaction

(Section 2.12) as illustrated in Figure 3.21.

http://chien.neuro.utah.edu/ Tol2kitwiki
http://www.ebi.ac.uk/Tools/sss/ncbiblast/vectors.html
http://www.ebi.ac.uk/Tools/sss/ncbiblast/vectors.html


3.2 Developing expression constructs for in vivo ALS models 62

Figure 3.20: PCR amplification of hCCNF and zCCNF fusion sequences. Image of
gel electrophoresed PCR products generated from the amplification of hCCNF and zCCNF
from the pmCherry-C1 vectors. Purple arrow indicates product of expected size which was
subsequently gel purified, red arrow indicates the non-specific product amplified and blue
arrow indicates primer dimer formation.

Figure 3.21: BP recombination reaction. Schematic illustrating the strategy used for
the generation of mCherry CCNF entry clones in a BP reaction. A. Generation of mid-
dle entry pENTR:221 mcherry CCNF clones through PCR amplification of mCherry CCNF
with attB1 forward primer and attB2 reverse primers. B. Generation of a 3’ pENTRY:P2R-
P3 mCherry CCNF entry clone through PCR amplification with attB2 forward primer and
attB3 reverse primer.
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These reactions generated the entry clones shown in Table 3.7.

Table 3.7: Tol2 entry clones generated through BP reactions

Middle Entry clones 3’ Entry clones

pENTR:221 hCCNF wt pENTR:P2R-P3 hCCNF wt

pENTR:221 hCCNF S621G pENTR:P2R-P3 hCCNF S621G

pENTR:221 zCCNF wt pENTR:P2R-P3 zCCNF wt

pENTRY:221 zCCNF S622G pENTR:P2R-P3 zCCNF S622G

All constructs were sequenced to confirm the presence of the correct mCherry CCNF

insert within each entry clone.

LR reactions to generate Tol2 expression vectors

The 5‘-, middle- and 3‘- entry vectors that were either purchased, gifted or generated

by BP reactions in Section 2.2.12 were recombined in LR reactions with one of two Tol2

destination vectors - pDEST:TOl2-PA2 or pDEST:Tol2-CG2 (Section 2.2.13). Due to

time constraints, only 8 of the 16 planned LR reactions were performed, as described

in Section 2.2.13.

Due to low recombination efficiencies, the incubation time for the LR reaction was

extended from the recommended 16 hours at 250C to 24 hours at 250C. Despite this,

the reaction still had a very low efficiency, so a modified transformation protocol with

an extended recovery time was used (Section 2.2.14).

The constructs were propagated and purified (Section 2.2.16), then examined by

restriction enzyme digestion (2.2.17) and gel electrophoresis (Section 2.1.2). Products

of the expected size failed to be digested from these constructs, despite repitition of

the reaction (Figure 3.22). Sequencing of the clones confirmed the presence of the

expected entry clones, however the clones were present in the incorrect locations and

orientation.
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Figure 3.22: Restriction enzyme digests of Tol2 expression clones. Representative image
of gel electrophoresed products generated by digestion of A. Tol2 hCCNF expression vectors
and B. zCCNF expression vectors, with size marker Hyperladder 1kb plus. Arrows indicate
expected size of the products of digestion. The presence of additional products of digestion
and an absence of expected products indicates a failure of the LR reaction.

Time constraints of this project precluded repitition of the BP and LR reactions

for these constructs. An ongoing project will generate these constructs and establish

the sixteen stable lines of zebrafish expressing CCNF for further analysis.



4
Discussion

4.1 ALS gene discovery

Gene mutations are the only known cause of ALS and gene discoveries have provided

insight to possible functional pathways responsible for this devastating disease. However,

the pathological mechanisms underlying ALS remain poorly understood and currently

only 60% of familial cases, and 10% of sporadic cases have an identified causal gene

mutation (Robberecht and Philips, 2013). The ongoing identification of ALS-linked

genes and gene mutations is essential to further our understanding of the molecular

mechanisms of the disease and facilitate development of disease models, which in turn

will aid the design and testing of targeted therapeutics.

The identification of novel ALS genes or novel mutations in known ALS genes can

also be of benefit to patients as it presents the opportunity to identify the specific

disease mutation in an individual or within a family. The confirmation of a gene

mutation in a patient does not currently affect treatment decisions, however it does

provide an opportunity to prevent that mutation from being inherited by subsequent

generations through the use of genetic testing of embryos and in vitro fertilisation

(IVF). Furthermore, identification of a mutation within a patient provides a definitive

65
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diagnosis of ALS and in some cases, allows a more informed prognosis to be given,

as different mutations within the same gene can be associated with different age of

onset and rapidity of progression (Chen et al., 2013). Without ALS-linked gene

identification, diagnosis is reliant on observing disease progression and can take up to

12 months.

There is great promise that ALS gene discovery will affect treatment decisions in

the near future with the rapid development of gene therapy techniques. For example,

a study using an antisense morpholino to reduce expression levels of mutant SOD1 in

patients has now entered a Phase 1 clinical trial. While results regarding efficacy of the

therapy are not yet available, the potential treatment was well tolerated by patients,

providing hope for the therapeutic approach (Miller et al., 2013).

Exome sequencing analysis performed in our laboratory recently identified ALS-linked

mutations in CCNF in a large Australian ALS family and worldwide collaborative

gene screening efforts subsequently identifiedCCNF mutations in familial and sporadic

ALS and FTD patients with a global frequency of 0.6 to 3.3%. This project aimed

to generate non-mammalian animal models based on mutations within this gene. In

the future, these CCNF models will be used for in vivo studies to investigate disease

pathology, and for preliminary testing of potential therapeutics. In addition to generating

animal models, this project performed mutation screening of VCP, a known ALS- and

IMBPFD-associated gene in a pathologically implicated patient.
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4.1.1 Mutation screening of VCP

The patient involved in this study was referred to the Macquarie Motor Neuron Disease

Research Centre genetics laboratory for mutation screening of the VCP gene (encoding

valosin-containing protein) due to the presence of pathological features consistent

with VCP mutations. These pathological features typically consist of VCP - and

TDP-43-positive ubiquitinated protein aggregates in muscles and neurons (Watts

et al., 2004; Schroder et al., 2005). To date, four ALS-causative mutations (Kop-

pers et al., 2012) and 19 IMBPFD-causative mutations (Kimonis et al., 2008;

Ju and Weihl, 2010) have been identified in VCP, with the majority of mutations

occurring within exon five.

The first VCP variant identified in this project (c.475CąT, p.R159C) is absent from

the public variant database dbSNP release141 (http://www.ncbi.nlm.nih.gov/SNP/)

and absent from 6500 exomes in the Exome Variant Server database (http://www.

evs.gs.washington.edu/EVS/). The variant is located in exon 5 and has previously

been reported in an IBMPFD patient in America (Spina et al., 2013). Furthermore,

alternate mutations in the same codon (p.R159G and pR159H) have been identified in

two patients in an Italian ALS-FTD family (Johnson et al., 2010) and four members of

an Austrian IMBPFD family (Haubenberger et al., 2005), which suggests a mutation

hotspot in this region. The mutated arginine residue is highly conserved across species

(Figure 4.1) which, in combination with the characteristic pathology displayed by the

patient, is highly suggestive that the variant identified in this project is the pathological

mutation in this patient.

Figure 4.1: Evolutionary conservation of amino acid 159 in VCP (highlighted in yellow).
This amino acid is substituted from an arginine to cysteine (p.R159C) in the patient sample
screened in this project.

http://www.ncbi.nlm.nih.gov/SNP/
http://www.evs.gs.washington.edu/EVS/
http://www.evs.gs.washington.edu/EVS/
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The second variant identified during mutation screening was a deletion of an adenine

nucleotide in a polyA region of exon 14. Cloning of exon 14 from gDNA to allow

sequencing of both alleles suggest that the polymorphism is heterozygous (i.e. 8 and 9

adenine nucleotides respectively). Further analysis is required to establish the standard

size of this polyA region in a large population of ALS patients and controls. The

deletion seen in this patient would produce a frameshift mutation, the significance of

which is uncertain.

The location of the polyA region within exon 14 of VCP is unusual. Evolution

has largely selected against the presence of long polyA sequences within protein coding

regions as they increase the incidence of slippage of RNA polymerase during transcription,

leading to errors in gene expression. Furthermore, slippage events during DNA replication

are also hypothesised to occur with greater frequency in polyA regions, resulting in

a greater incidence of mutational events in these areas (Linton et al., 1997). A

number of diseases are known to be associated with differential polyA site transcription

and alternate polyadenalation, for example Fragile X syndrome, the most common

form of inherited intellectual disability (Hollerer et al., 2014). The deletion of

an adenine nucleotide in VCP exon 14 of the patient screened in this project is

potentially pathogenic, however its significance remains unclear. Studies using real time

quantitative reverse transcriptase PCR (qRT-PCR) will be performed in an ongoing

project to identify and validate isoforms that result from this variant, and to determine

any effects of the polyA variant on VCP expression.
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4.1.2 PCR optimisation for screening of VCP

Optimisation of the PCR conditions for the majority of the VCP exons in this project

was relatively straightforward however, exons 1 and 15 proved more difficult. In the case

of exon 1, this may have been a consequence of its relatively high CG content (59.2%)

compared to the other VCP exons. CG-rich sequences can be significantly more

challenging to amplify as a result of their strong secondary structure that interferes with

efficient denaturing. In addition, primers designed to anneal to CG-rich targets have

a tendency to form intermolecular secondary structures that compete for annealing

position, and therefore limit amplification efficiency (Frey et al., 2008).

It is more difficult to explain why PCR enhancer was required to amplify exon 15.

The CG content of this exon is not substantially higher than the other exons (51.6%),

and the size of the amplicon is not excessively large (294bp). It was hypothesised that

suboptimal primer design could be the reason for poor PCR efficiency. Complementary

sequences between primers can result in primer dimer formation, while complementary

sequences within a single primer can result in primer hairpinning. Additionally,

complementary sequences in the template DNA at multiple sites can result in amplification

of non-specific products. However, analysis with Primer-BLAST software (http://

www.ncbi.nlm.nih.gov/tools/primer-blast) determined that the primers designed

to amplify VCP exon 15 were specific to the target sequence. Suboptimal primer design

therefore, is unlikely to be a contributor to the PCR inefficiency.

Through a process of elimination therefore, an inappropriate magnesium (Mg)

concentration in the PCR reaction appears to be the most likely cause of the inefficiency

of the reaction. Optimal Mg concentration in a PCR varies between reactions as

template DNA concentration, deoxynucleotide triphosphate (dNTPs) concentration

and the presence of any proteins or chealating agents all influence Mg requirement.

Insufficient Mg inactivates DNA polymerase, while excessive Mg can reduce enzyme

fidelity and increase non-specific amplification.

The contents of the PCR enhancer reagent from Invitrogen used in this study is

proprietary, but they are typically composed of additives aimed at enhancing denaturing

efficiency (such as betane, formamide and DMSO (Henke et al., 1997; Sarkar et al.,

1990)), increasing DNA polymerase stability (BSA, gelatin and non-ionic detergents

(Varadaraj and Skinner, 1994)), or increasing specificity of primer annealing by

http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ncbi.nlm.nih.gov/tools/primer-blast
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reducing primer secondary structures (7-deaza-2-deoxyguanosine, (Jung et al., 2002)).

The addition of glycerol or ammonium chloride makes the PCR more tolerant of

sub-optimal conditions through unknown mechanisms. The combination of these reagents

in the PCR enhancer used in this project is unknown, therefore the specific chemical

responsible for optimising the PCR for exons 1 and 15 cannot be determined.
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4.2 Animal models of ALS

The major aim of this project was to generate multiple novel non-mammalian animal

models of ALS, with the future intent of identifying which techniques produce a model

that best reflects the disease phenotype. Not only will this allow the use of models with

optimum design for immediate use in functional studies, but the knowledge may also be

applied to the design of future animal models. Projects aimed at developing improved

animal models are essential as no current model adequately reflects the pathological

features of ALS. Additionally therapeutic trials in these models have demonstrated

poor predictive ability of the efficacy of therapeutics in human patients.

Currently there is an over-reliance on the G93A SOD1 transgenic mouse model,

particularly for therapeutic testing. This model is recognised as the most phenotypically

accurate nonprimate model of ALS as it reflects many of the pathological hallmarks of

the disease, including progressive motor neuron degeneration, microglial activation and

aggregates of ubiquitinated protein (Bruijn et al., 1997; Gurney et al., 1994; Wong

et al., 1995). However, these models do not demonstrate physiologically accurate gene

expression, as they carry 23 copies of the SOD1 transgene. Furthermore, neither

SOD1 patients, nor SOD1 models demonstrate TDP-43 positive protein aggregates, a

pathological hallmark in approximately 90% of ALS patients (Neumann et al., 2006;

Arai et al., 2006).

It is not only the mutation upon which animal models are based that needs to

be assessed, but also the technical strategy used to generate them. Models based on

mutations within TARDBP (TDP-43) are a good example. The caveat of the vast

majority of these models is that they significantly over-express TARDBP under neural

promoters (Vaccaro et al., 2012; Ash et al., 2010; Liachko et al., 2010; Han-

son et al., 2010; Li et al., 2010). This is in constrast to the expression pattern

of endogenous TDP-43, which is ubiquitous and moderate. While reflecting some of

the aspects of ALS pathology, these models fail to demonstrate ubiquitinated TDP-43

positive aggregates (Swarup et al., 2011). Two TARDBP mouse models with more

physiologically accurate gene expression have recently been developed, and both of

these models demonstrate cytoplasmic ubiquitinated aggregates with TDP-43 pathology

(Swarup et al., 2011; Arnold et al., 2013). This improved phenotypic accuracy

provides a strong argument for continual re-assessment of available models and the

techniques used to generate them.
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It must be recognised however, that even if optimal techniques are identified, the

perfect animal model of ALS may never be developed. One reason for this is that

species differences can affect model phenotype, even within mammals. This fact is

demonstrated by a study that generated TARDBP transgenic cynomolgus monkeys

and rats using the same techniques. Both species developed upper and lower motor

neuron degeneration and ubiquitinated TDP-43 positive neuronal aggregates. However,

only the non-human primates demonstrated cytoplasmic TDP-43 mislocalisation and

Bunina bodies (Uchida et al., 2012). The physiological reasons behind the different

phenotypes remains unclear, however the study highlights the limitation of non-primate

models to reflect all of the aspects of human disease. These species differences may in

some part explain the failure thus far of therapeutic benefits to translate from animal

models to human clinical trials (Schnabel, 2008).

In addition to the influence of species differences, models based on a single gene

mutation, housed under standard laboratory conditions, cannot accurately mimic disease

modifiers. Epigenetic factors are believed to contribute to the substantial phenotypic

variability and irregular disease penetrance seen between carriers of the same ALS-linked

gene mutation (Kearney, 2011). Furthermore, discordant disease phenotypes are

seen within sets of identical twins (Xi et al., 2014), suggesting a significant role of

environmental factors in disease development.

Despite the inability of any animal model of ALS to accurately reflect all of the

pathological features of the disease, they currently remain the only means to study

cellular disease biology in vivo. This reliance on imperfect models leads to a need for

multiple models, each of which reflect different aspects of ALS pathology. This can

be achieved by basing models on mutations within ALS-linked genes that function in

different cellular pathways, or different locations within these pathways. The majority

of models established thus far are based on mutations that primarily influence antioxidant

activity (SOD1 ), and RNA processing (TARDBP and FUS ). Still required are models

based on mutations that influence other primary pathways, particularly protein homeostasis,

and other cellular processes such as excitotoxicity, defective axonal transport and

mitochondrial dysfunction.
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4.3 C.elegans models generated in this project

4.3.1 Nematode strain

One of the major advantages of C.elegans as models of neurodegenerative disease

is that they maintain transparency throughout life, allowing in vivo imaging and

analysis of neurons as they develop and degenerate. To capitalise on this advantage

the juIs76 vdIs4 transgenic line of C.elegans has been used by collaborators at the

Queensland Brain Institute for expression of the constructs generated in this project.

The juIs76 transgene (Punc-25 GFP) expresses GFP in the GABAergic nerves and

the vdIs4 (Punc-25 mCherry RAB3) transgene expresses mCherry at the pre-synaptic

sites of these neurons. The use of this transgenic line therefore allows visualisation

of the GABAergic motor neurons and their synapses without the need for fixing and

staining, which which permits sequential analysis to be performed throughout the

worms lifetime.

4.3.2 Features of the C.elegans expression vectors

Punc-25 vector

The Punc-25 vector was used in this project at the request of collaborators. The

unc-25 gene promoter is expressed exclusively in GABAergic neurons, therefore the

CCNF models based on the Punc-25 constructs will demonstrate stable, neuronal

expression of the transgene. Unc promoters (-25 and -47) have previously been used to

generate C.elegans models of ALS (Li et al., 2013; Vaccaro et al., 2012), and these

models demonstrate an ALS-like phenotype that includes neuronal degeneration and

cytoplasmic protein aggregates.

mCherry flurophore

The two sets of Punc-25 constructs generated in this project are differentiated by

the presence or absence of a mCherry fluorescent reporter at the N terminus of the

CCNF sequence. Fluorescent reporters are currently the gold standard method for

examining protein expression and cellular localisation, however their potential to affect

model phenotype must be recognised. Two recent studies have highlighted this; both

demonstrating altered behavior of a target protein as a consequence of a fluorescent
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tag (Landgraf et al., 2012; Huang et al., 2014).

Landgraf et al. (2012) examined the effect of fluorescent tags on protein degradation

and localisation within bacteria. They demonstrated that all tags tested, including the

commonly used GFP, distorted proteolysis to some extent. Furthermore, some tags

resulted in significant mislocalisation of the tagged protein and increased the tendency

of the proteins to aggregate. The second study (Huang et al., 2014) examined the

effect of a mCherry fluorophore on lysosome behavior in cell culture. They found that

direct fusion of a mCherry tag to the protein of interest (TPP1) affected lysosomal

targeting. Linker sequences between the tag and the protein were required to eliminate

this effect.

Altered protein homeostasis, protein aggregation and protein mislocalisation are

all pathological features of ALS, thus the findings of these studies are directly relevant

to models of the condition. Multiple C.elegans and mouse models of ALS have been

established that express a fluorescent reporter (Wang et al., 2009; Li et al., 2013;

Zhang et al., 2011; Li et al., 2014; Ayers et al., 2014), and all demonstrate some

of the pathological features of ALS. The two sets of C.elegans constructs generated in

this project will allow a comparison of cyclin F behaviour in the presence and absence

of a fuorescent tag.

Analysis of these models is currently in progress at the Queensland Brain Institute.

4.3.3 Transgenic techniques in C.elegans

Collaborators at the Queensland Brain Institute will co-inject the Punc-25 CCNF

plasmids with a fluorescent marker into the gonad of an adult worm to generate the

C.elegans models. The CCNF transgene will form extra-chromosomal concatamers

within the gonads, which will be stably inherited with reasonable efficiency (Berkowitz

et al., 2008).

There is a second technique to generate transgenic C.elegans lines, known as biolistic

transformation (Isik and Berezikov, 2013; Hochbaum et al., 2010). This technique

uses DNA–coated gold particles to introduce exogenous DNA into the germline. When

exposed to calcium chloride, the gold particles form a complex with the endogenous
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DNA, integrating the transgene. This approach requires significantly less operator skill

than microinjection, however has a much lower efficiency, therefore a larger number of

worms must be treated.

4.3.4 Caveats of the C.eleagans models

The evolutionary distance between C.elegans and humans is the most significant caveat

of the models. This distance is refelcted by a lack of conservation of some genes,

including CCNF (http://www.asia.ensembl.org), and some physiological systems,

such as an adaptive inflammatory system. The role of the inflammatory system in

ALS is unclear, but neural inflammation with microglial activation is a pathological

characteristic of the disease (Turner et al., 2004). Therefore, the effect of an innate

as opposed to an adaptive inflammatory system on model phenotype is potentially

significant.

The second significant caveat of the C.elegans model is a consequence of the GABAergic

neuron expression produced by the unc-25 promoter. Endogenous cyclin F (encoded

by CCNF ) is a ubiquitously expressed protein (Bai et al., 1994), and it is unclear how

this expression pattern will reflect the pathology seen in patients.

A further potential caveat of the C.elegans models is the use of a N-terminal

mCherry fluorescent reporter. The position of a fluorescent reporter fused to a gene

of interest has the potential to affect protein behaviour as shown by Stadler et al.

(2013). This study compared the cellular localisation of over 500 human proteins in the

presence of a N-terminal reporter and a C-terminal reporter (cyan fluorescent protein,

CFP or yellow fluorescent protein, YFP). 26% of proteins examined demonstrated

dissimilar localisation patterns. Therefore, to minimise the possibility of localisation

artifacts, this study ideally would have generated additional constructs expressing a

C-terminal mCherry reporter.

Prior to the commencement of this project, attempts were made to generate C-terminal

mCherry CCNF constructs for expression in cell culture. Generation and sequencing

of the constructs was challenging and transfected fibroblasts failed to demonstrate

any mCherry expression. The N-terminal mCherry tag was successfully trialled as an

alternative and consequently used for all future work.

http://www.asia.ensembl.org
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4.3.5 Characterisation of the C.elegans models

Preliminary analysis of the C.elegans models is underway at the Queensland Brain

Institute. These models will be examined over the coming months, to quantify spontaneous

motility, characterise any paralysis that may develop with respect to time of onset and

severity, analyse neuronal degeneration through measurement of motor neuron length

and abberrant branching, examine the GABAergic neuronal synpases for indications of

early degeneration, determine CCNF protein localisation and the presence or absence

of protein aggregates within the neurons of the models.

The first hypothesis for this study is that comparison of these criteria will establish

a difference in phenotype between the CCNF variants that correlates with the patient

groups in which the variants have been found. The mutations considered high priority,

as they are found in FALS and SALS cases, are theorised to result in a more severe,

earlier onset motor neuron phenotype than the low priority SNPs found in patients

and controls (Table 1.4, Introduction).

The second hypothesis is that comparison of the mCherry CCNF transgenic worms

and the CCNF transgenic worms will demonstrate differences in protein localisation

and/or protein aggregation as a consequence of the fluorescent tag. This will be the first

in vivo study to directly compare tagged and untagged models of neurodegenerative

disease.

4.4 Zebrafish models generated in this project

4.4.1 Zebrafish strains

Like C.elegans, embryonic zebrafish are transparent, but pigment is deposited through

the larval stage, leading to a loss of transparency by adulthood. There is a transgenic

line of zebrafish that maintains its transparency throughout life that was considered for

use in this project (Casper line)(White et al., 2008). However, the lack of pigment

in the adult fish relies on mutations in two genes, Nacre and Roy, both of which

must be present in the homozygous state. Establishing the CCNF models with stable
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expression will require out-crossing of two generations, so maintaining a homozygous

Nacre and Roy state would be experimentally challenging, costly and time-consuming.

Additionally, Roy is still an uncharacterised zebrafish gene (http://www.zfin.org),

therefore any effect of the mutation within the Casper line, other than a loss of pigment,

remains unknown. The HuC-GFP line of zebrafish was instead selected for this project.

This is a well-characterised line developed to express GFP in the motor neurons. This

expression will allow sequential analysis of motor neuron development and structure in

vivo throughout the embryonic stage of development.

4.4.2 Zebrafish models

mCherry-C1 Zebrafish models

The pmCherry-C1 zebrafish models demonstrating transient and mosaic mCherry CCNF

expression were developed with the aim of validating the constructs prior to progressing

to Tol2 cloning. The highly variable mosaic expression that results from injection of

plasmid DNA means no definitive conclusions can be drawn from analysis of these

models. The models that will be generated from the Tol2 constructs in an ongoing

project will demonstrate either transient or stable ubiquitous expression of the transgene

and will undergo thorough analysis as discussed below.

Tol2 zebrafish models

Expression of the Tol2 constructs shown in Table 4.1 will allow a detailed analysis of the

phenotype that results from overexpression of human, compared to zebrafish CCNF.

As shown in this project, zebrafish and human CCNF share only 61.4% homology. It

is therefore reasonable to hypothesise that overexpression of zCCNF will produce a

different phenotype than overexpression of hCCNF. Differences in species physiology,

and the different temperatures at which the respective proteins naturally function (280C

vs 370C), further strengthen this hypothesis.

http://www.zfin.org
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Table 4.1: Tol2 expression constructs

Constructs for ubiquitous expression Constructs for motor neuron expression

CMV-SP6 hCCNF wt HB9 KalTax4 hCCNF wt

CMV-SP6 hCCNF S621G HB9 KalTax4 hCCNF S621G

CMV-SP6 zCCNF wt HB9 KalTax4 zCCNF wt

CMV-SP6 zCCNF S623G HB9 KalTax4 zCCNF S623G

β-actin hCCNF wt HB9 Gal4-UAS hCCNF wt

β-actin hCCNF S621G HB9 Gal4-UAS hCCNF S621G

β-actin zCCNF wt HB9 Gal4-UAS zCCNF wt

β-actin zCCNF S623G HB9 Gal4-UAS zCCNF S621G

To date, there is only one published study describing an ALS zebrafish model that

overexpresses a zebrafish transgene (SOD1 ) and six zebrafish models that overexpress

a human transgene (SOD1, TARDBP, FUS, C9orf72 and VAPB) (Table 4.2). The

model based on the zebrafish SOD1 transgene (zSOD1 ) cannot be directly compared

to the models based on the human SOD1 orthologue, as the zSOD1 construct also

carried an 11.7 kb region upstream and a 4.5 kb sequence downstream from the SOD1

gene, the effects of which cannot be quantified. Studies using the Tol2 constructs in

Table 4.1 therefore will be the first to examine whether models based on a mutation

within the human gene, or models based on a mutation within the zebrafish gene

demonstrate a similar phenotype.

Table 4.2: Established zebrafish models of ALS.
Transgene Species Expression Promoter Reference

TARDBP Human Transient pCS2+ Kabashi et al. (2010)

SOD1 Zebrafish Stable Endgenous Ramesh et al. (2010)

TARDBP & FUS Human Transient pCS2+ Kabashi et al. (2011a)

SOD1 Human Transient and stable pCS2+ and CMV Sakowski et al. (2012)

C9orf72 repeat sequence Transient pCS2+ Lee et al. (2013)

VABP Human Transient PCS2+ Kabashi et al. (2013)

SOD1 Mutation introduced

into endogenous gene

with ENU*

Stable endogenous Da Costa et al. (2014)

*ENU = N-ethyl-N-nitrosourea, chemical mutagen.

Additionally, the Tol2 models will be the first to allow a direct comparison of the

effect of different expression patterns on model phenotype. All established zebrafish

models have been generated either through injection of mRNA (transient, mosaic

expression), or with promoters that drive stable ubiquitous expression (Table 4.2). The

Tol2 constructs will generate models with ubiquitous and motor neuron expression of
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the CCNF transgene at two different levels of overexpression.

4.4.3 Features of the Tol2 constructs

Ubiquitious Promoters Two ubiquitous promoters will be used in the Tol2 constructs,

CMV-SP6 and β-actin. The CMV-SP6 promoter has the advantage of allowing in

vitro generation of mRNA to develop transient models for immediate analysis, in

addition to driving ubiquitous transgene expression in stable lines. Significant variation

in activity levels has been demonstrated between different promoters (Papadakis

et al., 2004), and no study has yet determined the optimal ubiquitous promoter

for generating phenotypically accurate zebrafish models of ALS. The Tol2 constructs

generated through this project will be the first to allow a direct comparison of the

phenotype produced by different ubiquitous promoters in a zebrafish model.

HB9 motor neuron-specific promoter The two sets of HB9 constructs will allow

a direct comparison of the phenotype generated by different expression levels of the

hCCNF and zCCNF transgenes in motor neurons. The KalTaX4 system amplifies

the expression of the weak HB9 promoter 4-fold, while the GAL4-UAS system will

amplify this expression 12-fold. The optimal expression level of a transgene is unknown.

Suffcient levels are required to produce a phenotype, however excessive expression

levels are not physiologically relevant. Generating two models at different ends of the

spectrum remians the only method available to determine optimum epxression levels.

Tol2 backbone vectors The final component of the Tol2 constructs is the Tol2

backbone vector. Two different vectors will be used, pDEST:Tol2–CG2 and

pDEST:Tol2–PA2, both of which carry a multisite Gateway cloning cassette (att sites),

a polyA signal and flanking Tol2 ends (Figure 4.6). The pDEST:TOL2–CG2 vector has

an additional cmlc2:EGFP-pA cassette that drives GFP expression in the developing

zebrafish heart. The GFP cardiac reporter is a brighter flurophore than mCherry, and

therefore will aid early screening of the founder fish which will demonstrate mosaic

transgenic expression.

The limitation of the GFP cardiac reporter is that there is potential for the regulatory
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sequences of the fluroescent marker to drive expression of the CCNF transgene, and

vice versa (Mosimann et al., 2011). This could result in cardiac expression of CCNF

in the motor neuron lines, or GFP expression in organs other than the heart, potentially

interferring with analysis of protein expression. The GFP reporter therefore, was

restricted to use with the CMV constructs as these are expected to demonstrate the

weakest expression of all the promoters, minimising the risk of cross-talk, and aiding

what would otherwise be difficult embryo selection, based on weak, mosaic mCherry

expression.

4.4.4 Troubleshooting

A number of issues arose during the generation of the zebrafish constructs which

required extensive troubleshooting. Problems encountered included errors in primer

design, plasmid contamination, inappropriate DNA polymerase for specific purposes

and multiple problems ligating, propagating and therefore subcloning. The primary

issues are discussed below.

Failure to generate zCCNF cDNA

The integrity of the zebrafish cDNA library generated through reverse transcription of

fresh RNA was demonstrated by the amplification of β-actin cDNA using pre-designed

and validated primers (Table 2.12) as shown in Figure 3.14. Upon review of the zCCNF

primers originally designed for this project, it was discovered that the sense target

sequence was used to design the reverse primer rather than the antisense sequence.

Therefore the primer set was unable to amplify the zCCNF cDNA product. A primer

with the correct sequence was designed and used to successfully amplify zCCNF in

subsequent reactions.

Subcloning zCCNF into pmCherry-C1

Direct subcloning of zCCNF from the pCMV SPORT-6.1 vector into the pmCherry-C1

vector using EcoRI and XhoI restriction sites repeatedly failed despite troubleshooting.

It was discovered that the use of an intermediate vector, pGEM-T, was required.

Further, an extended recovery time during transformations was required for successful

growth of colonies carrying the pmCherry-C1 zCCNF construct. The troubleshooting
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process described in detail below suggests that there were multiple issues interfering

with subcloning of the zCCNF amplicon. The presence of an unmapped restriction

site(s) in the pCMV SPORT6.1 zCCNF vector was hypothesised to be one of these

issues, and the second was a poor efficiency of transformation. This inefficiency

may have been due to contamination of the pmCherry-C1 vector, or the result of

an unexplained incompatibility between zCCNF and the competent cells used for

transformation.

The zCCNF cDNA sequence in the pCMV-SPORT-6.1 zCCNF vector was validated

through sequencing, however the complete vector sequence was not validated in this

way due to unnecessary costs. The vector may carry an unmapped restriction site(s)

since it was obtained from a repository, rather than a company, which could have

interfered with direct subcloning of zCCNF. This hypothesis was reached through a

process of elimination of other factors. Successful PCR amplification of zCCNF flanked

by EcoI and XhoI restriction sites from the pCMV-SPORT6.1 vector was confirmed by

Sanger sequencing. Validation of sucessful digestion of the pmCherry-C1 vector was

confirmed by gel electrophoresis and imaging (Figure 4.2). To determine if the failure of

subcloning was due to poor ligation efficiency, a number of changes to the protocol were

tested. First, all reagents used in the ligation reaction were replaced with fresh aliquots,

second, the vector:insert ratio was varied from 1:5 to 5:1, and finally, the incubation

time of the ligation reaction was extended to 16 hours. However, transformation of

these ligated products repeatedly failed to produce any colonies.
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Figure 4.2: Digestion of pmCherry-C1. Gel electrophoresis of pmChery-C1 vector pre-
and post-digestion with EcoRI and XhoI restriction enzymes. The absence of coiled and
supercoiled products in the digested vector indicate successful linearisation of the plasmid.

To validate the XhoI and EcoRI restriction sites flanking zCCNF, the PCR product

was subcloned into the pGEM-T vector through TA cloning and subsequently digested

from this vector with XhoI and EcoRI digestion enzymes. The pGEM-T vector was

chosen as an intermediate vector as it does not contain either of these restriction sites,

therefore, successful digestion of pGEM-T zCCNF with EcoRI and XhoI (Figure 4.3)

confirmed the presence and functionality of the EcoRI and XhoI sites.

Figure 4.3: Digestion of pGEM-T zCCNF vector. Gel electrophoresis image of digested
pGEM-T zCCNF vector with Hyperladder 100bp plus, illustrating separation of the zCCNF
product (2.3kb) and the pGEM-T vector ( 3kb).

The digested zCCNF product was gel purified and ligated with the digested pmCherry-C1

vector. The efficiency of the lingation and transformation was very low and only

two colonies were generated, both of which were propagated, purified and Sanger

sequenced. Sequencing analysis confirmed the presence of the zCCNF amplicon within

the pmCherry-C1 vector, however the original PCR reaction from pCMV-SPORT-6.1 zCCNF
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had introduced multiple (non-synonoymous) variants into the products. PCR of zCCNF

from pCMV-SPORT6.1 was repeated, using a proof reading DNA polymerase and the

process of subcloning into pGEM-T, and then digesting from the vector repeated.

To investigate the low efficiency of the ligation reaction between pmCherry-C1 and

the zCCNF insert, the (undigested) vector was electrophoresed for an extended time

to determine if any degradation or contamination had occurred. This demonstrated

the presence of three non-specific products in the pmCherry-C1 vector (Figure 4.4),

indicating that the aliquot used for these experiments was contaminated. Therefore a

new pmCherry-C1 preparation was propagated and purified from a validated glycerol

stock using fresh reagents folowing decomtamination of benches and pipettes. However,

gel electrophoresis of the newly prepared pmCherry-C1 demonstrated the presence of

the same three bands and efficiency of the ligation reaction remained poor. This

problem was circumvented by extending the incubation time during transformation.

Whether this poor efficiency was due to contamination of the original pmCherry-C1

vector, or due to an incompatibility of zCCNF and the competent cells remains undetermined.

Figure 4.4: Contamination of pmCherry-C1 vector. Gel electrophoresis image of
pmCherry-C1 vector with size marker Hyperladder 1kb Plus demonstrating the vector at
the expected size ( 4.7kb) and three non specific products (red arrows), suggesting contami-
nation of the vector.
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Failure of LR reactions to generate correct Tol2 expression vectors

Tol2 att recombination reactions are site-specific, which should prevent incorrect positioning

of entry clones within the final expression vector. However, sequencing of the constructs

generated by LR reactions in this project demonstrated incorrect orientation and

incorrect placement of the entry clones within the destination vector.

Retrospective analysis of the sequencing results of the preceding BP reactions

yielded an explanation. The sequencing results were initially analysed to confirm

no errors had been introduced to the mCherry CCNF sequences within the entry

clone, however the att-site sequences were not validated. Careful sequence examination

revealed that the incorrect att site (att3 instead of att1) was present at the 5‘ end of

the mCherry CCNF sequence, a consequence of the incorrect primer being used in

the inital PCR amplification. Six of the amino acids present in the att1 and att3

sites are complementary (Figure 4.5), which appears to be sufficient to allow the BP

recombination to occur, although at a low efficiency The lack of an att1 site and the

presence of two att3 sites in the LR reaction resulted in the incorrect orientation and

placement of the entry clones within the expression vector.

Figure 4.5: att site sequences. Complementary nucleotides between att1 and att3 recom-
bination sites highlighted in yellow.

Time constraints prevented repeat PCR of pmCherry CCNF from the pmCherry-C1

vectors and subsequent BP and LR reactions, however this will be performed as part

on an ongoing project.

4.4.5 Future completion of the Tol2 constructs

Due to time constraints in this project, future work will be required to complete the

Tol2 constructs (Figure 4.6) as described in the Methods section.
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Figure 4.6: Construct maps of the final Tol2 expression vectors that will be developed
from the pmCherry-C1 constructs. (A.) CMV-SP6 contruct from which mRNA will be
generated to develop transient models for immediate analysis and from which stables lines
demonstrating ubiquitious expression will be gerenated. (B.) β-actin construct from which
stable lines demonstrating ubiquitous expression will be generated. (C.) HB9-KalTax4 con-
struct from which stable lines expressing CCNF in motor neurons at 4x amplification will
be generated. (D.) HB9-Gal4-UAS construct from which stable lines expressing CCNF in
motor neurons at 12 x amplification will be generated.

4.4.6 Transgenic techniques in the zebrafish

Traditional techniques

The majority of zebrafish models that demonstrate stable expression of a transgene

have been generated using the techniques utilised in this project. The microinjection

of plasmid DNA (eg.the pmCherry-C1 constructs) results in relatively slow integration

into the host genome, and therefore, high levels of mosaicsm and low germline transmission

rates (Stuart et al., 1988). The use of vectors, such as Tol2, results in earlier

integration of the transgene and consequently higher germline transmission rates. The

Tol2 transposon system is one of the most commonly used vectors, along with retroviral
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vectors and vectors that carry meganuclease restriction sites (Table 4.3).

8

Table 4.3: Comparison of transgenic techniques in the Zebrafish.
Technique 1st zebrafish study Germline transmission

rates

Primary limitation

Plasmid DNA Stuart et al. (1988) approx 5% High levels of mosaicism limit analysis

of F0 generation, random integration
Retroviral vectors Lin et al. (1994) 70–100% Challenging to manipulate, stringent

safety requirements and random inte-

gration.
Meganucleases Thermes et al. (2002) 20–30% Random integration, unknown how ef-

ficiency is increased.
Transposon vectors Kawakami et al. (2000) 30–50% Random integration

The Tol2 transposon system used in this project is the most popular of these

techniques. Transposon constructs demonstrate germline transmission rates up to 50%

(Suster et al., 2009) with low concatemeric formation and early integration into the

host genome, reducing mosaicism (Kwan et al., 2007). Like all of the traditional

transgenic techniques however, Tol2 randomly integrates the transgene into the host

genome, which can result in significant positional effects and consequently, variable

gene expression.

One zebrafish study has overcome this limitation by co–injecting the Tol2 construct

with a site-specific integrase enzyme (PhiC31) (Mosimann et al., 2013) . This

technique is the transgenic method of choice in Drosophila, in which a large number

of PhiC31 integrase recombination sites have been inserted into the genome and their

position mapped (Groth et al., 2004; Bischof et al., 2007). However, this is not

yet the case with zebrafish. The recent study had to first establish a transgenic line of

zebrafish that carry a PhiC31 site at the desired genomic location before microinjection

of the Tol2 construct. This approach was beyond the scope of the current project.

Genome editing techniques

The rapidly emerging genome editing techniques look set to supersede traditional

transgenic techniques, including Tol2, in the near future. This new approach makes

use of sequence-specific DNA binding domains in the form of zinc finger nucleases

(ZFNs), transcription activator-like effector nucleases (TALENs) or clustered regularly
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interspaced short palindromic repeats (CRISPRs). The site-specific binding domain

is fused to a non-specific nuclease, which generates a double strand break in the host

genome at the target site, allowing for the removal of a target gene, or the insertion of

a co-injected transgene. This results in site-specific gene knock out, or gene insertion,

eliminating positional effects and multi-site transgenic integration. Theoretically, this

should produce models with more physiologically accurate gene expression (Gaj et al.,

2014). Further, the technique confers the ability to alter multiple genes simultaneously

(Wang et al., 2013), rather than having to first establish, then interbreed two stable

lines. This will enable the development of more complex, potentially more accurate

models of multifactorial diseases in the future.

While these techniques have enormous potential to produce improved animal models

of disease, they are still in the early stages of development, which is why they were

not considered for this project. A number of zebrafish knock-out models targeting

a range of genes (unrelated to ALS) have been established using ZFNs, TALENs and

CRISPRs (Meng et al., 2008; Huang et al., 2011; Foley et al., 2009; Doyon et al.,

2008; Dahlem et al., 2012), however, to date only relatively short transgenes have

been successfully integrated into the zebrafish genome. This limited size restricts the

capacity for fusion of a fluorescent tag or regulatory sequences to the transgene.

A recent study demonstrated the first insertion of a GFP-tagged transgene into

the zebrafish genome using TALENS (Zu et al., 2013). However, the efficiency of

germline transmission was extremely low (1.5%) and the GFP tag either failed to

express, or was expressed in non-targeted tissue. The ability to efficiently and reliably

insert large DNA fragments without random integration must be established before the

technique can be widely adopted for gain-of-function models of disease. Currently, novel

models generated through genome editing still require validation through established

techniques, thus even if superseded in the future, the models generated in this study

will still have value.

4.4.7 Establishing stable zebrafish trangenic lines

To establish the 16 stable zebrafish lines, approximately 300 embryos will be injected

with each Tol2 construct. These embryos (F0 generation), will be screened for mCherry

or GFP expression at 24hpf . Those F0 fish that incorporate the pmCherry-tagged
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transgene into their genome with the lowest levels of mosaicism will be selected and

raised to maturity (founder fish).

The founder fish will demonstrate mosaic expression of CCNF, and only approximately

30% will incorporate the transgene into their germline. To determine which individuals

comprise that 30%, the founder fish will be out-crossed to wild-type HuC-GFP-line fish

to establish the F1 generation. F1 fish that demonstrate mCherry CCNF expression

will do so ubiquitously/within the motor neurons. However, each fish will be distinct,

differentiated by the number of transgenic insertions at a single location and the

frequency of insertion throughout the genome.

To develop stable lines that produce offspring with predictable transgenic expression,

a generation must be established that carries the transgene at a single location. This

will be achieved by outcrossing the F1 generation to wild-type HuC-GFP fish. Transgenes

are inherited in Mendelian fashion in the F2 generation, therefore, if 50% of the F2

embryos express mCherry CCNF, it will be assumed the F1 parent carries the transgene

at a single genomic location, and the stable line is established. Higher percentages of

mCherry CCNF positive offspring will suggest the presence of multiple insertions in

the F1 generation and further outcrossing will be necessary (Figure 4.7).

Each stable line will demonstrate a distinct expression pattern due to positional

effects and variations in the copy number of transgenes present at the insertion location.

Therefore, once established, individual transgenic lines will be assessed to determine

those which demonstrate the optimal expression pattern.
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Figure 4.7: Establishing stable lines of zebrafish. Schematic demonstrating the multiple
generations required to establish stable lines of zebrafish that carry the CCNF transgene at
a single genomic location.
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4.4.8 Caveats of the zebrafish models

Zebrafish are evolutionarily closer to humans than the invertebrate C.elegans. This is

reflected in the high conservation of physiological systems and the main architecture,

cell types, and neurotransmitters of the nervous system between the species. The

physiological processes of zebrafish do however, function at a significantly lower temperature

than humans, and the influence of this on pathological changes associated with ALS-linked

mutations is undetermined.

A second caveat of the models is that like the C.elegans models, all constructs

generated carry the mCherry fluorescent reporter at the N-terminal of the protein.

Ideally a second set of constructs would be generated carrying a C-terminal reporter

to ensure no localisation artefacts are produced.

The primary limitations of the zebrafish models however, are a consequence of

the transgenic technique used. Traditional techniques, like Tol2, result in random

transgenic integration at mutliple locations in the host genome. These factors have

significant potential to influence the phenotype of the resulting models. Furthermore,

the zebrafish models are designed to overexpress CCNF, rather that express the transgene

at physiologically accurate levels.

4.4.9 Characterisation of the zebrafish models

Analysis of the transient models generated by injection of mRNA (synthesised from

the CMV-SP6 constructs) will include quantification of motor neuron axonal length,

assessment of any aberrant axonal branching and examination of mobility through a

touch evoked swimming response trial. Furthermore, the mCherry fluorescent tag will

allow analysis of cyclin F localisation and aggregation in these models.

Once established, the stable transgenic lines will be characterised using the same

criteria, however more in depth characterisation will also be possible with the longer

time frame available. This will include immunofluorescence analysis to identify protein

aggregates. These studies will aim to establish whether any protein aggregates that

form are ubiquitinated, and whether they are positive for endogenous TDP-43. Mutations

in other ALS-linked genes, including VCP and UBQLN 2, both of which function in the

UPS, have been shown to result in co-aggregation of the mutant protein with wild-type
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TDP-43. Analysis of these models will determine whether mutant cyclin F acts in the

same way.

Analysis of the neuromuscular junctions (NMJ) at various time-points in the zebrafish

development may also be performed. NMJ defects are the earliest pathological changes

seen in ALS patients and some current zebrafish models reflect this (Hartley et al.,

2000; Ramesh et al., 2010). The integrity of the NMJ will be examined using

the SV2 antibody as a marker for the pre-synaptic terminal and α-bungarotoxin as

a maker of the post-synaptic terminal. Determining whether NMJ defects are seen

pre-symptomatically in the transgenic lines will contribute to establishing the phenotypic

accuracy of the models.

Furthermore, neural inflammation with microglial activation has been demonstrated

in ALS patients. The ability of the zebrafish models to reflect this pathology may be

examined through the use of immunohistochemistry (IHC) studies targeting inflammatory

markers.

Finally, characterisation of each of the transgenic lines will include a determination

of the transgene copy number present through quantitative PCR (qPCR), and assessment

of cyclin F expression levels through western blotting. This anlaysis will allow a

determination of which transgenic line demonstrates the most physiologically accurate

gene expression.

This in-depth characterisation will determine the optimum transgenic lines for use

in functional studies and establish which technique(s) used to generate the stable lines

produces a phenotype that best reflects that seen in ALS patients. This knowledge

may be used to inform the design of future zebrafish models of ALS based on other

gene mutations. The knowledge may also be extended to ALS model development in

other species for which it is too costly or time consuming to examine multiple strategies.

4.5 Future applications of the CCNF models

The models generated by this project will provide a novel opportunity to investigate

the cellular consequences of ALS-linked mutations within a gene known to function in

protein homeostasis. The models will be highly suited to primary studies investigating
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the early changes that occur in the neuromuscular system and they will be ideal for

functional studies into the pathophysiology of ALS, with the aim of identifying potential

therapeutics and biomarkers as early indicators of disease. Furthermore, the advantages

of the two model species used in this project make them ideal for therapeutic testing,

both on a small scale with pharmaceuticals directed at a specific target, and on a large

scale in high throughput chemical screens. The advantage of generating models based

on the same mutation in two species is that comparison of the results of functional and

therapeutic studies is possible, which will provide an indication of the consistency of

the findings across species.

4.5.1 Determination of effect of mutant CCNF on protein

behaviour

The models generated by this project will be the first animal models based on ALS-linked

mutations within CCNF. Therefore, initial functional studies are likely to focus on

characterising the mutant protein, specifically its cellular localisation and its effects on

the UPS.

Mutant proteins encoded by some ALS-associated genes (TDP-43 and FUS) have

been shown to mislocalise to the cytoplasm. This mislocaliation appears to lead directly

to motor neuron degeneration, most likely through a loss of function mechanism (Igaz

et al., 2011; Lanson et al., 2011; Xia et al., 2012). Cyclin F functions in the UPS,

which degrades both cytoplasmic and nuclear proteins and consequently, wild-type

cyclin F is found in both cellular compartments. If the mutant protein is found to

localise solely to either the nucleus or the cytoplasm, this could result in a loss of

function in one compartment and subsequent cell death.

Mislocalisation of a mutant protein is not however, essential for cell death to occur

in ALS, as illustrated by models based on mutations within UBQLN 2. Like CCNF,

UBQLN 2 is an ALS-associated gene which functions within the UPS. The mutant

protein, ubiquilin2, has not been shown to mislocalise in these models (Deng et al.,

2011). Therefore, whether CCNF will induce cellular toxicity through mislocalisation

is unclear. Both the C.elegans and the zebrafish models will be highly suited to

establishing this.
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In addition, these models will be used to establish the functional consequences of

mutant cyclin F on UPS activity. The G93A SOD1 mouse models has demonstrated

reduced activity levels of the proteasome in muscle and spinal cord (Kabashi et al.,

2004; Cheroni et al., 2009), and ubiquitin-mediated proteasomal degradation has

been showed to be impaired in a cellular model based on mutant UBQLN 2 (Deng

et al., 2011). It is theorised that mutant CCNF will have a similar effect on UPS

function. The activity levels of the proteasome in muscle and the spinal cord of models

can be assayed with kits such as the Proteasome-Gloassay kit (Promega) which will be

suited for use in the models generated by this study.

4.5.2 Functional studies in C. elegans models

In addition to these studies aimed at characterising the direct impact of mutant cyclin

F, the C.elegans models will be highly suited to a range of further studies investigating

the cellular processes involved in disease pathogenesis. For example, the transparency

of the C.elegans models make them ideal for studies examining stress granule formation

in vivo in real time. Stress granules are commonly found in ALS patient tissue and

most of the components of these granules are conserved between species (Therrien

and Parker, 2014). One C.elegans model has demonstrated their suitability for such

studies using heat as a stressor to induce granule formation (Sun et al., 2011). To

date however, only cell culture studies have examined the effect of other stressors, such

as oxidative stress, on granule formation (Vance et al., 2013). Oxidative stress plays

a significant role in aging and is also believed to be involved in ALS pathogenesis,

therefore, such studies are definately warrented.

The transparency of the C.elegans models also make them ideal for propagation

studies, to examine any prion-like activity of the mutant cyclin F. Mutant SOD1

(Munch et al., 2011), TDP-34 (Nonaka et al., 2013) and FUS (Robberecht

and Philips, 2013) have been shown to demonstrate prion-like activity, which is

hypothesised to contribute to the pattern of progressive motor neuron death seen

in ALS patients. The C.elegans models provide the first opportunity to determine

whether mutant cyclin F demonstrates the same properties.

Furthermore, the simplicity of the C.elegans nervous system lends the models to

the study of interactions between different cells of the nervous system. Recent evidence

suggests that glial cells play a significant role in motor neuron degeneration (Lasiene
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and Yamanaka, 2011). Examining how glial cells and motor neurons interact is

challenging in higher order mammals, but can be relatively simple in C.elegans, given

their nervous system is comprised of only have 302 neurons and 56 glial cells (Oikonomou

and Shaham, 2011).

4.5.3 Functional studies in zebrafish models

The C.elegans and zebrafish models will be equally suited to many of the same functional

studies, however, the zebrafish models are likely to better reflect some aspects of disease

pathology. For example, they will be the superior model for functional studies into

the role of the inflammatory system in disease pathogenesis. Unlike C.elegans, the

zebrafish immune system is remarkably similar to the human system, demonstrating

both innate and adaptive immunity. Consequently, zebrafish have been used as models

to investigate the acute inflammatory response, the interaction of the inflammatory

system with various pathogens and the inflammatory response to injury (for review,

see Meeker and Trede (2008)). Therefore, the models generated through this study

will be ideal to investigate the role of neural inflammation with microglial activation

in ALS pathology.

Furthermore, given their larger size in comparison to the C.elegans models, and

their greater similarities to humans physiologically, the transgenic zebrafish may be the

preferred model for other functional studies. Such studies include investigations of the

role of mitochondrial dysfunction, excitotoxicity, axonal transport and the endoplasmic

reticulum unfolded protein response in disease pathogenesis (Turner et al., 2013; Ling

et al., 2013).

Finally, the transgenic zebrafish lines carrying hCCNF will be suitable for direct

comparison with established zebrafish lines in our laboratory (TARDBP and FUS ), all

of which are based on the human gene.

4.5.4 Therapeutic trials

The models generated through this project will be ideal for therapeutic testing both

on a small and a large scale. Both models share the advantage of simplicity of drug

delivery because therapeutics can be added to the liquid culture of C.elegans, or the
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tank water of the zebrafish. Additionally, their high fertility and fecundity coupled

with rapid development allows for statistically significant numbers to be included in

therapeutic trials (Gosai et al., 2010; Lieschke and Currie, 2007). While both

model species share these advantages, the zebrafish models may be superior to the

C.elegans models due to the fact that like humans, they have a blood-brain barrier,

which regulates access of therapeutic agents to the CNS (Jeong et al., 2008).

The advantages of the C.elegans and zebrafish models will be most evident in high

throughput therapeutic screening of compound libraries. Such screening has become

increasingly utilised over the past decade and has successfully identified a number

of effective pharmaceuticals that are now FDA approved for a range of conditions

(reviewed in Macarron et al. (2011)). A recent study used a TDP-43 C.elegans

model of ALS to screen over 4000 FDA approved compounds. The study identified a

number of pharmaceuticals that reduced TDP-43 toxicity in the models by altering the

endoplasmic stress response (Therrien and Parker, 2014). Testing of these drugs is

yet to progress to clinical trials, however, the study does highlight the promise of the

high throughput approach in drug discovery. A significant advantage of screening drugs

already FDA approved is the increased speed of progression through clinical trials and,

if found to be beneficial, rapid availability to patients.

The ability of animal models to predict the therapeutic effect of drugs in ALS

patients has been questioned due to repeated failures of translation. Only one drug

that demonstrated positive results in animal model testing, riluzole, has shown any

benefit in human patients and remains the only approved therapeutic for ALS. The

benefit of the drug however is very modest - it has been found to extend the lifespan

of sufferers by an average of only two months (Miller et al., 2003). All other drugs

that have shown promise in animal models and progressed to clinical trials have failed

to demonstrate even this minimal effect.

Animal models that fail to adequately reflect the disease phenotype may be partially

responsible for this failure of translation, but poor study design has also been shown to

be a major contributor. A review of animal therapeutic trials demonstrated numerous

cases of inadequate sample size, failure of appropriate randomisation, selection of

inappropriate criteria and inappropriate statistical analysis. The review retested several

compounds that showed positive results in major animal studies using the G93A

SOD1 mouse (minocycline, creatine, celecoxib, sodium phenylbutyrate, ceftriaxone,
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WHIP131, thalidomide, and riluzole). Repeating these studies using an optimal study

design demonstrated no survival benefit for any of these compounds, including riluzole

(Scott et al., 2008).

Therefore, it is not only improved animal models of ALS that are required, but

improved studies with more robust design. The advantages of C.elegans and zebrafish

as models allow high numbers of animals to be included in therapeutic trials. This

lends greater statistical power to such studies, thereby enhancing study design and

consequently producing more reliable results.
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4.6 Summary

Mutation analysis in this project identified two variants in VCP coding exons in a

patient with characteristic VCP pathology. Ongoing projects will clarify the role of

the VCP variants in sporadic ALS.

This project developed 44 expression constructs based on mutations in CCNF for

expression in C.elegans. In addition, four transgenic zebrafish models were generated

to validate the mCherry CCNF fusion construct and the process was commenced to

generate 16 stable lines of zebrafish. Future work aims to complete the 16 transgenic

zebrafish models (Table 4.1) and analyse the phenotype produced by over-expression

of mutant CCNF. This analysis will indicate which of the numerous strategies used

generates the most phenotypically accurate model of ALS, information that may be

used to inform the design of future models in fish and other species.

While the models generated through this study may not reflect all of the pathological

characteristics of ALS, they are novel models based on a mutation in a gene that affects

one of the major pathogenic pathways implicated in ALS pathogenesis. As such they

have great potential to increase our knowledge regarding ALS pathology through a

variety of biomolecular studies. Such knowledge is crucial to identify accurate disease

biomarkers and effective therapeutics for what currently remains an invariably fatal

condition.
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